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Repeated charge and discharge of graphite composite electrodes in lithium-ion batteries cause cyclic volumetric changes in the
electrodes, which lead to electrode degradation and capacity fade. In this work, we measure in situ the electrochemically-induced
deformation of graphite composite electrodes. The deformation is divided into a reversible component and an irreversible component.
Reversible expansion/contraction of the composite electrodes is correlated with localized changes in graphite layer spacing associated
with different graphite-lithium intercalation compounds. Phase transitions between different intercalation compounds are manifested
during galvanostatic cycling as peaks in the derivative of capacity with respect to voltage; these peaks correspond remarkably well
with peaks in the derivative of strain with respect to voltage. Irreversible electrode deformation is correlated with deposition of
electrolyte decomposition products on graphite particles during the formation and growth of the solid electrolyte interphase (SEI).
Both the irreversible capacity and the irreversible strain developed during galvanostatic cycling increase with increasing electrode
surface area and increasing cycling time. During a potentiostatic voltage hold at 0.5 V vs Li+/0 , in which electrolyte decomposition
is the dominating electrochemical reaction, both the capacity and the electrode strain increase proportional to the square root of
time. Interestingly, the choice of polymer binder, either carboxymethyl cellulose (CMC) or polyvinylidene fluoride (PVdF), has a
significant influence on the irreversible electrode deformation, suggesting that the formation and growth of the SEI layer is influenced
by the polymer binder.
© 2016 The Electrochemical Society. [DOI: 10.1149/2.0751609jes] All rights reserved.
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Porous, particulate, composite electrodes comprised of particles of
graphite as the active material, a nanoscale conductive additive such
as carbon black, and a polymeric binder, are the most common anodes for commercial lithium-ion batteries.1 During battery charging,
lithium ions intercalate between graphite layers, forming a series of
well-ordered graphite-lithium intercalation compounds: dilute stage
I (LiCx , x < 24), stage IV (LiC24 ), stage III (LiC18 ), dilute stage II
(LiC18 ), stage II (LiC12 ), and stage I (LiC6 ).2,3 The Roman numerals denote the number of graphite layers associated with each layer
of intercalated lithium. Fully intercalated layers contain one lithium
atom per six carbon atoms, while dilute layers (denoted with a capital D, i.e. DI and DII) contain less than one lithium atom per six
carbon atoms.
Each stage of intercalation compounds has a characteristic graphite
layer spacing,2–5 and changes in the layer spacing at the atomic scale
are translated through multiple length scales. At the microscale, the
volumetric expansion of fully intercalated (stage I) polycrystalline
graphite particles has been calculated as ca. 10% from density functional theory, with experimental X-ray diffraction measurements of ca.
13% closely agreeing.4 In prior work,6 we measured the dilation of
free-standing composite graphite electrodes (not adhered to a current
collector). We found that fully lithiated electrodes develop approximately 1.5–2.0% linear strain, which corresponds to ca. 4.5–6.1%
volumetric strain assuming isotropic expansion. By releasing the constraint of the substrate, we were able to achieve highly repeatable
measurements that compared well to mechanics models.
In commercial batteries, composite electrodes are constrained by
current collectors, which limit macroscale expansion and contraction of the electrodes.7,8 As a result, the microscale particle expansion causes stresses to develop in the electrodes.9 Using substrate
curvature techniques, Sethuraman et al.10 calculated the stress development in graphite-based composite electrodes during galvanostatic cycling. Mukhopadhyay et al.11,12 found that electrodes comprised of graphitic carbon with basal planes aligned parallel to a
substrate developed significantly less stress than electrodes com-
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prised of graphitic carbon with basal planes aligned perpendicular to
a substrate.
Electrochemically-induced expansion and concurrent stress development has been investigated in other electrode materials for lithiumion batteries. Early work focused on observing expansion and fracture
of high-capacity anode materials, such as silicon and tin.13–15 More
recently, Sethuraman et al. calculated the stress in both model thin film
silicon electrodes16 as well as silicon-based composite electrodes.17
Expanding to 3D measurements, Gonzalez et al.18 characterized the
microstructural evolution of silicon composite electrodes during the
initial lithiation using X-ray computed tomography. Cathode materials have been investigated by Eastwood et al.,19 who tracked the
dilation and motion of manganese oxide cathode particles on multiple
length scales using X-ray computed tomography and digital volume
correlation.
Because of the low working voltage of graphite-based and siliconbased anodes (<0.3 V vs Li+/0 ), electrolyte species, including carbonate solvents, lithium salts, and impurities (e.g. water), reduce irreversibly at the anode surface when lithium-ion batteries are charged
for the first time.20 These reductive decomposition reactions begin
at ca. 0.8 V vs Li+/0 and continue to take place down to 0 V vs
Li+/0 .21 Electrolyte decomposition products are deposited onto the
surface of the anode, forming a thin layer, ca. 10–100 nm thick,
called the solid-electrolyte interphase (SEI).20,22 Ideally, the SEI passivates the electrode surface, preventing further electrolyte decomposition. However, particle fracture induced by cyclic fatigue during
repeated charge / discharge cycles exposes fresh anode surfaces to
the electrolyte.23–30 Lithium ions consumed during continuous electrolyte decomposition is one of the primary causes of capacity fade
associated with the anode.20 Thus, the electrochemically-induced mechanical response of the electrode (i.e. dilation, stress development,
and fracture) is directly connected to the longevity and reliability of
lithium-ion batteries.
Mukhopadhyay and Tokranov et al.31,32 correlated irreversible
stress development in oriented graphitic carbon electrodes with the
formation and growth of the SEI layer. They found that the irreversible stresses in the electrode due to SEI formation were of the
same order of magnitude as the reversible stresses due to lithium intercalation/ deintercalation. Tavassol et al.33 found that the SEI formed
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on a model gold electrode also resulted in irreversible stress generation. These results showed for the first time that surface processes
at the electrode/electrolyte interface directly affect the mechanical
response of the electrodes.
In the present work, we investigate the strain response of freestanding composite graphite electrodes (i.e. electrodes not adhered
to a substrate) during electrochemical cycling. Measurements of the
free expansion and contraction of electrodes provide a model system for understanding the mechanical response of electrodes due
to electrochemical processes alone, without influence of constraint
applied by current collectors or battery packaging. Through these
strain measurements, two principle deformation mechanisms are identified. Reversible macroscale deformation of composite graphite electrodes is correlated with changes in the graphite layer spacing at the
atomic scale as different graphite-lithium intercalation compounds are
formed. Irreversible electrode deformation is correlated with the formation and growth of the solid-electrolyte interphase (SEI). Finally,
the polymer binder utilized in the composite electrodes is found to influence both the reversible and the irreversible electrode deformation
during electrochemical cycling and SEI formation and growth.
Experimental
Electrode fabrication.—Free-standing composite graphite electrodes were fabricated using the following procedure. First, one of two
polymer binders was dissolved in a solvent: either carboxymethyl cellulose (CMC, average Mw ∼ 700,000, DOS 0.8–0.95, Sigma-Aldrich)
in deionized water in a 1:100 wt ratio, or polyvinylidene fluoride
(PVdF, Kynar, Arkema) in N-methyl-2- pyrrolidone (NMP, anhydrous, 99.5%, Sigma Aldrich) in a 1:75 or 1:50 wt ratio. Next, a
prescribed amount of graphite (<20 μm, Sigma-Aldrich) and carbon
black (CB, 100% compressed, 99.9+ % pure, Alfa Aesar) were added
to the binder solution so that the mass ratio of graphite to carbon black
ranged from 9:0 (i.e. all graphite, no carbon black) to 0:9 (i.e. all carbon black, no graphite), with the binder content remaining constant
at 10 wt%. Some suspensions were mixed with a magnetic stir rod
for several days and others were mixed using a homogenizer (Model
15007ST, Omni) at approximately 7,500 RPM for 1 hour. The mixing
protocol had no noticeable influence on the electrochemical behavior
or the strain response of the electrodes. The resulting electrode slurry
was spread onto a copper foil substrate (9 μm thick, 99.99%, MTI)
using a doctor blade to control the slurry height. After the electrode
was dry, it was carefully peeled off of the copper substrate, creating
a free-standing electrode 90–100 μm thick. Finally, fluorescent silica nano-particles were spin-cast onto the electrode surface to create
a speckle pattern for digital image correlation (Strain measurement
technique section). Then the electrode was cut into rectangular pieces,
approximately 3 × 7 mm, with a typical mass of 1.5–3.0 mg. The density of the electrodes was estimated to be in the range of 0.9–1.2 mg
mm−3 for electrodes with an 8:1:1 wt ratio of graphite, carbon black,
and either CMC or PVdF binder.
Strain measurement technique.—In prior work,6 a custom battery
half-cell was designed that allowed for optical access to a nearly unconstrained working electrode during electrochemical cycling against
a lithium metal counter electrode (Fig. S1a in the supporting information). In this work, a free-standing composite graphite electrode (i.e.
not adhered to a current collector) served as the working electrode, and
it was cantilevered off the edge of a stainless steel substrate. Spot welds
created an electrical connection between the electrode and the battery
circuit and fixed the electrode to the stainless steel substrate during
cycling. On the opposite free edge of the electrode, a polymer support
with a thin gap (approximately 200 μm) limited the out-of-plane deflection of the electrode while allowing free in-plane expansion and
contraction (Fig. S1b in the supporting information). The region of
the electrode between the two supports was nearly unconstrained, and
it was on this unconstrained region that strain measurements were
performed.

Displacements and strains in the electrode were measured by digital image correlation (DIC), an optical, non-contact, full-field strain
measurement technique. A well-correlated speckle pattern for DIC
was created by spin casting fluorescent silica nano-particles onto the
electrode surface.6,34–36 During electrochemical cycling, a laser (CrystaLaser, 532 nm, 75 mW) illuminated the electrode surface with an
elliptical spot size of ca. 4 × 5 mm to excite the fluorescent particles,
and the emitted fluorescent light was captured with a CCD sensor
(EXi Aqua camera, QImaging). Images were captured every 10 minutes of a 2.5 × 3.0 mm region of interest (ROI), located between the
two supports, immediately adjacent to the spot welds (Fig. S1b in
supporting information).
The effective strain due to free expansion and contraction of the
electrode was represented by the rotationally invariant equivalent
strain, Eeqv , defined by:
1/2
 
3
1
E i j E i j − E mm E nn
E eqv =
,
[1]
2
3
where Eij are the components of the two-dimensional, finite strain
tensor, and repeated indexes imply summation. The strain field was
isotropic and homogeneous approximately 1.0 mm away from the
spot welds.6 For each image captured during cycling, the equivalent
strain was averaged over a vertical line in the center of the region of
interest, approximately 1.5 mm away from the spot welds.
Electrochemical cycling.—Composite graphite working electrodes were cycled against a lithium metal counter electrode (0.75
mm thick, 99.9%, Alfa Aesar) in an electrolyte comprised of 1 M
LiClO4 (battery grade, dry, 99.99%, Sigma Aldrich) in a 1:3 vol. ratio
mixture of ethylene carbonate (EC, anhydrous, 99%, Sigma Aldrich)
and dimethyl carbonate (DMC, anhydrous, >99%, Sigma Aldrich).
The custom battery cell was assembled in an argon atmosphere with
O2 and H2 O levels below 5 ppm and then brought into atmospheric
conditions for testing. Within approximately 30 minutes of battery cell
assembly, the cell was placed in the experimental setup and allowed to
rest at open circuit potential for five hours while images were captured
of the fluorescent particles on the electrode surface. This five-hour rest
period allowed the cell to reach mechanical equilibrium. The reference point for all strain measurements was taken after this rest period,
just prior to cycling. A brief discussion of the rest period is provided
in the supporting information (Sec. S2).
Galvanostatic cycling.—Galvanostatic cycling tests were performed between 2 V and 10 mV vs. Li+/0 on an Arbin potentiostat/galvanostat. In this work, discharge of the half cell (i.e. lithium
ions moving from the lithium metal counter electrode to the graphite
working electrode) is referred to as “lithiation,” and charge of the half
cell (i.e. lithium ions moving from the graphite working electrode to
the lithium metal counter electrode) is referred to as “delithiation.” Images of the fluorescent particles on the electrode surface were captured
every 10 minutes. Therefore, each constant current charge/discharge
step was followed by a constant voltage hold of 11 minutes in order to
capture an image at the end of each lithiation and delithiation portion
of cycling. Following the constant voltage step, the cell rested for
10 seconds (no applied current or voltage) to allow the potentiostat /
galvanostat to switch smoothly to the next step. The C-rates reported
were calculated using the theoretical capacity of graphite, Qg = 372
mA h g−1 ,37 and the mass of graphite in the electrode, mg :
Qgmg
,
[2]
I
where I is the current used in the constant current portion of cycling.
All capacities reported were normalized by the mass of the graphite,
unless otherwise noted.
C-rate =

Potentiostatic test.—To explore the effect of electrolyte decomposition on electrode deformation, we designed a test in which
electrolyte reduction was the dominating electrochemical reaction.
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Electrodes with a mass ratio of 8:1 graphite to binder (no carbon
black) were held potentiostatically at a voltage of 0.5 V vs Li+/0 for
a certain amount of time while the current and strain responses were
monitored. The voltage of 0.5 V vs Li+/0 was below the threshold for
reduction of electrolyte solvents (ca. 0.8 V vs Li+/0 ),21 but above the
threshold for lithium intercalation into graphite (ca. 0.3 V vs Li+/0 ).2
Electrodes were fabricated without carbon black to avoid any contribution to the capacity from lithium intercalation into carbon black,
which occurs at voltages lower than ca. 1.5 V vs Li+/0 .2 Therefore, all
capacity gained during this voltage hold was directly associated with
irreversible electrolyte decomposition.
Electrode imaging.—Select electrodes were imaged in a scanning
electron microscope before and after electrochemical cycling. After
cycling, the custom battery cell was disassembled in an argon atmosphere and the electrode was rinsed with dimethyl carbonate to
remove residual electrolyte salts from the electrode surface. The electrode was then brought into atmospheric conditions, and further rinsed
with ethanol before imaging.
Results and Discussion
Representative electrode response during galvanostatic
cycling.—Fig. 1a shows the representative electrochemical behavior
of a graphite composite electrode (8:1:1 wt ratio of graphite, carbon

Figure 1. Electrochemical and mechanical response of a graphite composite
electrode during galvanostatic cycling. The electrode had a composition of
8:1:1 wt ratio of graphite, carbon black and CMC binder, and was cycled at C/20
rate for three cycles. Circled numbers denote cycle number. (a) Representative
electrochemical response and (b) representative strain response. The reversible
and irreversible portions of the capacity and strain responses are demarcated
for the first cycle.

A1967

black, and CMC binder) cycled galvanostatically at C/20 rate for
three cycles. The start of the test is marked by a red circle, at the
open circuit potential of 2.2 V vs Li+/0 . The lithiation portion of the
first cycle showed an artificially high specific capacity due to the
decomposition of the electrolyte,20 resulting in 167 mA h g−1 of
irreversible capacity. The inefficiency of the cell (i.e. the difference
between the lithiation capacity and the delithiation capacity) indicated
continued electrolyte decomposition on cycles two and three, though
to a smaller extent than the main decomposition on the first cycle.
The cell achieved a reversible capacity of approximately 360 mA h
g−1 , which is close to the theoretical capacity of graphite (372 mA h
g−1 ),37 indicating that the electrode cycled well in the custom battery
cell.
The strain response of the graphite composite electrode is shown in
Fig. 1b. The start of the test is marked by a red circle, at zero strain and
zero capacity. As lithium intercalated into the electrode, the capacity
increased and the strain increased (black curve), indicating expansion
of the electrode. As lithium was removed from the electrode, the
capacity decreased and the electrode contracted (blue curve). After the
first cycle, the electrode did not contract to its original size, resulting in
0.56% irreversible strain. The cumulative irreversible strain increased
with additional cycles. The average reversible strain of the electrode
was 1.1%, which is in good agreement with analytical predictions.6
In the following sections, the reversible and irreversible deformation of graphite composite electrodes is investigated in detail, and two
main deformation mechanisms are elucidated (Fig. 2). Namely, reversible deformation is correlated with changing spacing between
graphite layers as lithium is intercalated and deintercalated from
graphite. Irreversible deformation is correlated with the formation
and growth of the SEI layer.
Reversible
behavior:
graphite-lithium
intercalation
compounds.—During galvanostatic cycling, transitions between
graphite-lithium intercalation compounds are manifested as voltage
plateaus (inset of Fig. 1a) or equivalently as peaks in the derivative of capacity with respect to voltage. Through simultaneous
X-ray diffraction measurements of the graphite layer spacing
and galvanostatic cycling of composite graphite electrodes, Dahn
et al.2,3 associated four of the five expected phase transitions between
different intercalation compounds with specific peaks in the capacity
derivative. The voltage values where the peaks occur and the
corresponding phase transitions are listed in Table I for reference.
Following the work of Dahn et al., we present the derivative of
capacity with respect to voltage of a graphite composite electrode in
Fig. 3a. Four peaks were observed in the capacity derivative, labeled
Ai , Bi , Ci , and Di , where the subscript i denotes either the lithiation
portion of cycling (i = L) or the delithiation portion of cycling (i =
D). The peaks in the capacity derivative in Fig. 3a were associated
with specific phase transitions of intercalation compounds through
correlation of the location and relative magnitude of the peaks with
those shown by Dahn et al.2,3 The voltages at which the peaks in the
capacity derivative occurred, averaged over cycles 2–3, are listed in
Table I with the corresponding phase transitions.
The corresponding derivative of the strain with respect to voltage of a graphite composite electrode is presented in Fig. 3b. The
voltages at which the peaks of the strain derivative occurred, averaged over cycles 2–3, are listed in Table I. The peaks in the strain
derivative corresponded remarkably well with the peaks in the capacity derivative, both in terms of location and relative magnitude. This
correspondence indicates that the reversible strain developed at the
macroscale in the graphite composite electrode was directly related
to the atomic-scale changes in graphite layer spacing associated with
different graphite-lithium intercalation compounds. This mechanism
of reversible deformation is illustrated schematically in Fig. 2.
Irreversible behavior: electrolyte decomposition.—Scanning
electron micrographs of the edge of a graphite composite electrode
before and after galvanostatic cycling are presented in Fig. 4. The
images of the cycled electrode clearly reveal new material coating
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Figure 2. Schematic depicting mechanisms of reversible and irreversible deformation of graphite electrodes. (1) A pristine graphite particle has an initial size of
φo determined by the characteristic layer spacing of do between graphite layers. (2) Lithium intercalation causes the graphite layer spacing to increase by d at
the atomic scale, which is translated to the microscale as an overall size increase of the graphite particle by φLi . Deposition of electrolyte reduction products on
the surface of the graphite particle during the formation of the solid-electrolyte interphase (SEI) causes a further increase in the graphite particle size of φSEI . (3)
Upon delithiation, deformation due to lithium intercalation is recovered, but the increase in the particle size due to SEI formation is irreversible.

the surfaces of the graphite and carbon black particles. In control images (Fig. S3 in the supporting information) of an electrode that was
soaked in electrolyte for the equivalent amount of time, but was not
cycled, no coating was observed. Therefore, we believe the film on the
cycled electrodes is the solid-electrolyte interphase (SEI) composed
of electrolyte decomposition products deposited on the electricallyconductive surfaces of the graphite composite electrode during electrochemical cycling.
The formation of the SEI layer is the primary source of irreversible
capacity loss associated with graphite electrodes.20 As shown in Fig.
1, both the irreversible capacity and the irreversible strain of freestanding composite graphite electrodes accumulated primarily during
the first cycle of galvanostatic cycling, with smaller increases during
later cycles. Thus, the irreversible strain is correlated with the irreversible capacity associated with SEI formation during galvanostatic

cycling. Mukhopadhyay and Tokranov et al.31,32 similarly correlated
irreversible stress development in graphitic carbon electrodes with
SEI formation, and Tavassol et al.33 also correlated irreversible stress
with SEI formation on model gold electrodes.
In order to explore the relationship between irreversible capacity
and irreversible strain further, we systematically varied the composition of the electrodes, investigating electrodes with 9:0:1, 8:1:1, 6:3:1,
and 0:9:1 wt ratios of graphite, carbon black, and CMC binder. By
varying the ratio of graphite to carbon black in the electrode, we effectively varied the specific surface area of the electrically-conductive
portion of the electrode, βelec , which is approximated as:
βelec = M f,g βg + M f,cb βcb
[3]
where βg is the specific surface area of graphite (ca. 10 m2 g−1 ),38
βcb is the specific surface area of carbon black (ca. 60–80 m2 g−1 ,

Table I. Voltages associated with specific phase transitions between graphite-lithium intercalation compounds, taken from the peaks in the
derivative of capacity and of strain with respect to voltage (Fig. 3).
Voltage (V vs. Li+/0 )
Peak
AL
BL
CL
DL
DD
CD
BD
AD
∗ This work.
# Dahn et al.2,3

Transition
DI➔IV
III➔DII
DII➔II
II➔I
I➔II
II➔DII
DII➔III
IV➔DI

Capacity Derivative∗

Strain Derivative∗

Capacity Derivative#

0.194
0.141
0.108
0.075
0.098
0.138
0.174
0.231

0.185
–
0.109
0.076
0.098
0.139
0.175
0.218

0.195
0.127
0.107
0.060
0.107
0.141
0.146
0.231

Note, Dahn et al. were unable to associate a specific peak in the capacity derivative with the stage IV to stage III transition.
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Figure 3. Phase transitions between graphite-lithium intercalation compounds. (a) Derivative of capacity with respect to voltage and (b) derivative
of strain with respect to voltage of a graphite composite electrode cycled
galvanostatically at C/20 rate (third cycle). The derivatives correspond to
the electrochemical and mechanical data presented in Fig. 1. The peaks in
the derivatives labeled AL –DL and AD –DD correspond to the phase transitions between graphite-lithium intercalation compounds during lithiation and
delithiation respectively, which are summarized in Table I.
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manufacturer’s specification), Mf,g is the mass fraction of graphite in
the electrode, and Mf,cb is the mass fraction of carbon black in the
electrode. Because the irreversible capacity generated by SEI formation scales linearly with the surface area of the electrode,20,39 we used
these model electrodes to explore the effect of surface area on the
irreversible capacity and irreversible strain development in composite electrodes. Fig. 5 shows the cumulative irreversible capacity and
cumulative irreversible strain developed in the electrodes during galvanostatic cycling. As expected, the irreversible capacity increased
approximately linearly with increased electrode surface area. The irreversible strain also increased with increased electrode surface area,
corroborating the correlation of irreversible strain with irreversible
capacity. However, the irreversible strain increased non-linearly with
increasing electrode surface area. Previous research has shown that
the crystallographic structure and surface imperfections of carbon influence the reduction of electrolyte as strongly as surface area.20,40
Therefore, the SEI that formed on amorphous carbon may be significantly different in composition and structure compared to the SEI
that formed on graphitic carbon. We hypothesize that the non-linear
relationship between the irreversible strain and the surface area in this
study reflects different SEI layers forming on the different types of
carbon.
We next systematically varied the cycling rate of composite
graphite electrodes with a composition of either 8:1:1 or 9:0:1
graphite, carbon black, and CMC binder. Fig. 6 presents the cumulative irreversible capacity and irreversible strain of the electrodes
cycled at C/1 to C/20 rate for three cycles. Smith et al. observed
that irreversible capacity increases continuously during galvanostatic
cycling, and that total cycling time, rather than cycling rate, is the
governing influence on irreversible capacity accumulation.41 Consistent with their observations, we also observed that the cumulative
irreversible capacity increased with increased cycling time, and the
irreversible strain followed the same trend.
The similar trends of irreversible capacity and irreversible strain
with respect to electrode surface area and cycling time further support
the correlation between SEI formation and irreversible electrode deformation. To probe this relationship directly, we subjected graphite
composite electrodes to a potentiostatic voltage hold at 0.5 V vs Li+/0 ,
below the threshold voltage for electrolyte decomposition but above
the threshold for lithiation of graphite. In this test, the capacity gained
was directly associated with irreversible electrolyte decomposition

Cycled Electrode
25 µm

5 µm

(c)

(d)

25 µm

5 µm

Figure 4. Scanning electron micrographs of the edge
of a graphite composite electrode electrode before
and after electrochemical cycling. The electrode had
a composition of 8:1:1 wt ratio of graphite, carbon
black, and CMC binder, and was cycled galvanostatically at C/5 rate for five cycles. (a-b) Pristine electrode,
before cycling and (c-d) after galvanostatic cycling.
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Figure 5. Effect of electrically-conductive surface area on the irreversible
capacity and strain of graphite composite electrodes during galvanostatic cycling. (a) Irreversible capacity and (b) irreversible strain accumulated during
cycles 1–3 at C/5 rate. The irreversible capacity was normalized by the total
mass of graphite and carbon black. The approximate specific surface area of
the electrically-conductive portion of the electrode was calculated according
to Eq. 3. The dashed line in (a) represents a linear fit to the data. Error bars
represent the minimum and maximum values of individual tests. Table S1 in
the supporting information summarizes the number of tests performed for each
composition.

during the formation and growth of the SEI. Representative current,
capacity, and strain responses are presented in Fig. 7. The current initially had a large magnitude when the electrode potential was dropped
instantaneously from the open circuit potential (ca. 2 V vs Li+/0 ) to
0.5 V vs Li+/0 . As a result, the capacity increased sharply at the beginning of the voltage hold. The magnitude of the current decreased
quickly, but did not approach zero. Therefore, the capacity did not
plateau, but continued to increase throughout the voltage hold. Strikingly, the strain response followed the capacity response directly, with
a sharp increase at the beginning of the voltage hold and a continual
increase during the voltage hold. These results show that electrolyte
decomposition directly induces expansion of composite electrodes.
Interestingly, both the capacity and the strain developed during the
potentiostatic voltage hold scaled linearly with the square root of time,
after initial transient effects, as shown in Fig. 8. Smith et al.41 also
observed a continuous increase in irreversible capacity, proportional
to the square root of time, associated with electrolyte decomposition
during galvanostatic cycling. Because of the scaling with the square
root of time, they attributed the continuous increase of irreversibly
capacity to the diffusion of electrolyte components through the SEI
layer and subsequent decomposition at the electrode surface.

0

30
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90
120
Total Cycling Time (hr)

150

Figure 6. Effect of cycling rate/cycling time on the irreversible capacity and
strain of graphite composite electrodes during galvanostatic cycling. (a) Irreversible capacity and (b) irreversible strain accumulated during cycles 1–3.
Error bars represent the minimum and maximum values of individual tests.
Table S1 in the supporting information summarizes the number of tests
performed for each composition.

Motivated by the correlation between irreversible capacity and
irreversible strain observed during galvanostatic cycling (Fig. 1,
Fig. 5 and Fig. 6), the scanning electron micrographs of the SEI layer
on a cycled electrode (Fig. 4), and the electrode expansion induced
directly by electrolyte decomposition (Fig. 7 and Fig. 8), we postulate
that electrolyte decomposition products deposited onto the surface of
graphite particles (SEI layer) cause an overall increase in the size of
graphite particles, as shown schematically in Fig. 2. This irreversible
increase in particle size leads to irreversible macroscopic expansion
of the electrode. Using this model, the thickness of the SEI layer can
be roughly estimated from the irreversible strain measurements of
composite electrodes according to:
t = 0.5Do ε,

[4]

where t is the thickness of the SEI layer, Do is the diameter of the
pristine graphite particle, and ε is the irreversible deformation of the
composite electrode. Given a graphite particle size of 10–20 μm and
an irreversible deformation of the composite electrode of 1.0%, the
thickness of the SEI layer is estimated to be ca. 50–100 nm. These estimations are consistent with experimental X-ray photoelectron spectroscopy measurements of SEI thickness.22
In short, formation and growth of the SEI causes irreversible deformation of composite anodes. This conclusion, demonstrated with
model, free-standing electrodes, has implications for commercial electrodes, which are adhered to a current collector. In commercial electrodes, constraint from the current collector and battery packaging
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Figure 7. Electrochemical and mechanical response of a graphite composite
electrode during electrolyte decomposition. The electrode had a composition
of 8:1 wt ratio of graphite and CMC binder, and was held at 0.5 V vs Li+/0 for
132 hours. (a) Current, (b) capacity and (c) strain.

will restrict the free expansion of the electrode during SEI formation,
and thus stresses will generate in the electrode, which directly impacts
battery performance and lifetime.9
Effect of polymer binder.—Reversible behavior.—Polymer
binders influence the mechanical properties of composite electrodes,
such as tensile strength of the electrode and adhesion strength of
the electrode to the current collector, and these properties have been
investigated previously when the electrodes were outside of a battery environment.42,43 Here, we explored the effect of polymer binder
on the electrochemically-induced deformation of composite graphite
electrodes during battery operation. Composite electrodes were fabricated with an 8:1:1 wt ratio of graphite, carbon black, and either
carboxymethyl cellulose (CMC) or polyvinylidene (PVdF) binder and
were cycled galvanostatically at C/5 rate.
The reversible capacity and strain developed in the electrodes during galvanostatic cycling are presented in Fig. 9a. The electrodes with
CMC binder achieved a slightly increased capacity and similar strain
compared to the electrodes with PVdF binder. Improved capacity of
electrodes made with water-soluble binders such as CMC compared to
electrodes made with PVdF binder has been observed previously and
has been attributed to better adhesion between binder and active material particles, lower electrical resistance of the composite electrode,
and more uniform distribution of binder in the composite electrode.44
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(h

1/2

12
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Figure 8. Square-root scaling of the electrochemical and mechanical responses of a graphite composite electrode during electrolyte decomposition.
(a) Capacity and (b) strain. This is the same data as Fig. 7, but plotted here
against the square root of time.

We define the specific expansion of the composite electrode during
galvanostatic cycling, E Gs S , as the reversible electrode deformation
induced by a given amount of reversible lithium intercalation/ deintercalation:
Er e f
,
[5]
E Gs S =
Q r e f
where Er e f is the average reversible strain per cycle and Q r e f is the
average reversible capacity per cycle. The specific expansion ranged
between 3.6–4.5 (average 3.9) percent-strain per A h g−1 for CMCbased electrodes (based on 6 tests) and between 4.2–4.7 (average 4.5)
percent-strain per A h g−1 for PVdF-based electrodes (based on 4
tests). On average, electrodes made with CMC binder expanded approximately 16% less for a given amount of lithium insertion/removal
than electrodes made with PVdF binder. This result is consistent with
the material properties of the binders themselves: CMC polymer is
approximately 20% less compliant than PVdF polymer (Young’s modulus of ca. 1.2 GPa for CMC compared to ca. 1.0 GPa for PVdF45 ).
We hypothesize that the stiffer CMC binder constrained the electrode
more and reduced the macroscopic strain that was developed during
electrochemical cycling compared to the more compliant and ductile
PVdF binder.
Irreversible behavior.—The irreversible capacity and irreversible
strain accumulated in the graphite composite electrodes during cycles
1–3 are shown in Fig. 9b. The irreversible capacity of the PVdFbased electrodes was 11% higher than the irreversible capacity for
the CMC-based electrodes, while the irreversible strain was 170%
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Figure 9. Effect of binder on reversible and irreversible electrode behavior. The electrodes had a composition 8:1:1 wt ratio of graphite, carbon black, and
polymer binder (either CMC or PVdF), and were cycled at C/5 rate for three cycles. (a) Average reversible capacity and strain and (b) cumulative irreversible
capacity and strain. Error bars represent minimum and maximum values of the individual tests (6 tests for CMC-based electrodes and 4 tests for PVdF-based
electrodes).

higher. The irreversible capacity results are consistent with previous work that has repeatedly shown higher irreversible capacity for
PVdF-based electrodes compared to electrodes made with watersoluble binders such as CMC.46–48 The large increase in irreversible
strain given a moderate increase in irreversible capacity, however, was
not expected.
To investigate the effect of polymer binder on the irreversible
behavior of electrodes in more depth, we subjected graphite composite electrodes (composition of 8:1 wt ratio of graphite and either
CMC or PVdF binder, with no carbon black) to a potentiostatic voltage hold at 0.5 V vs Li+/0 . As mentioned previously, the capacity
gained in this test is directly associated with irreversible decomposition of electrolyte solvents during the formation and growth of the
SEI. In Fig. 10, the strain is plotted as a function of capacity developed in representative electrodes during the potentiostatic voltage
hold.
The potentiostatic experiment revealed an interesting difference
in the irreversible behavior of graphite composite electrodes made
with the two different binders. When the SEI initially formed (Region
I, corresponding to approximately the first 10 minutes of the voltage hold), the CMC-based electrode developed minimal strain while
the PVdF-based electrode developed approximately 0.3% strain. During the majority of the potentiostatic test (Region II, corresponding to
times greater than approximately 10 minutes), the strain increased linearly with capacity for both the CMC-based electrode and the PVdFbased electrode. The specific expansion of the electrodes during the
potentiostatic test, E sP S , is defined as:
E sP S =

E II
,
Q II

evidence is consistent with our strain measurements showing larger
electrode expansion due to electrolyte decomposition in PVdF-based
electrodes compared to CMC-based electrodes.
We hypothesize that the transition from Region I to Region II of
the strain versus capacity response (Fig. 10) indicates a change over
time in the nature of decomposition products that formed on the electrode surface. When the electrolyte initially decomposed, the different
binders strongly influenced the decomposition reactions and resulting
decomposition products, leading to a thicker SEI on the PVdF-based
electrodes and therefore larger composite electrode expansion. After an initial SEI was formed over the pristine electrode surface, the
binder no longer influenced electrolyte decomposition reactions, and
continued SEI growth proceeded in a similar manner for both types of
electrodes. While the strain measurements provide the first indication
of an evolving SEI, further time-resolved characterization of the SEI
composition during extended SEI growth is required to confirm this
hypothesis.

[6]

where E I I is the strain developed in the linear Region II and Q I I is
the capacity developed in the linear Region II. The specific expansion
was approximately 2.9 percent-strain per A h g−1 for CMC-based
electrodes and 3.9 percent-strain per A h g−1 for PVdF-based electrodes. The reduced specific expansion of the CMC-based electrodes
compared to PVdF-based electrodes in this linear region was likely
due to the lower compliance of the CMC binder itself compared to
the PVdF binder. This result is consistent with the reduced specific
expansion observed in the reversible electrode deformation during
galvanostatic cycling (Reversible behavior section).
We imaged both types of electrodes in a scanning electron microscope before and after potentiostatic voltage hold experiments (Fig.
11). The images of the cycled PVdF-based electrodes clearly reveal a
thicker SEI layer compared to the CMC-based electrodes. This visual

Figure 10. Effect of binder on SEI formation and growth. Strain as a function
of capacity of graphite composite electrodes during a potentiostatic voltage
hold. The electrodes had a composition of 8:1 wt ratio of graphite and polymer
binder (either CMC or PVdF), and were held at 0.5 V vs Li+/0 . The CMCbased electrode was held for 132 hours while the PVdF-based electrode was
held for 72.5 hours.
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Figure 11. Scanning electron micrographs of the edges
of graphite composite electrodes fabricated with different binders. The electrodes had a composition of 8:1
wt ratio of graphite and polymer binder (either CMC
or PVdF). (a,c) Pristine electrodes and (b,d) electrodes
after being held at 0.5 V vs Li+/0 for 100 hours.
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Conclusions
A more complete understanding of the interplay between electrode mechanics and electrochemical behavior is critical for the improvement of current electrode materials and the development of new
high-capacity electrodes for lithium-ion batteries. In this work, we
show that changes in graphite layer spacing associated with different
graphite-lithium intercalation compounds induce reversible macroscopic expansion / contraction of composite graphite electrodes during
galvanostatic cycling. Irreversible electrode deformation is correlated
with irreversible electrode capacity, as both increase with increasing
electrode surface area and total cycling time. Potentiostatic voltage
hold experiments show that the formation and growth of the solid
electrolyte interphase (SEI) directly induce macroscopic expansion
of graphite composite electrodes. These results strongly suggest that
the accumulation of electrolyte decomposition products on the surface of graphite and carbon black particles causes irreversible deformation of electrodes. The choice of polymer binder also influences
the electrochemically-induced deformation of composite electrodes.
Stiffer binders such as carboxymethyl cellulose (CMC) constrain
macroscopic electrode deformation compared to more ductile binders
such as polyvinylidene fluoride (PVdF). Additionally, the polymer
binder influences the formation and growth of the SEI layer, with a
thicker SEI forming on PVdF electrodes, resulting in larger electrode
expansion. These results, exemplified here on model electrodes, have
signification implications for commercial battery electrodes. Expansion and strain developed in the free-standing electrodes used in this
work will be translated directly into stresses in commercial electrodes
confined by current collectors and battery packaging. These stresses
in turn influence battery performance and lifetime.
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