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HIGHLIGHTS

e Large curvature change of a Si/PVDF composite electrode is observed during cycling.
e A method is proposed to measure elastic modulus and stress in the electrode.
o Effect of crack formation on stress evolution and mechanical behavior is revealed.
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Mechanical properties and lithiation-induced stress are crucial to the performance and durability of
lithium-ion batteries. Here, we report the evolution of elastic modulus and stress in a silicon/poly-
vinylidene fluoride (PVDF) composite electrode coated on a copper foil, along with a model for analyzing
the large change in the radius of curvature of the composite electrode/copper foil cantilever. The radius of
curvature of the cantilever is captured by a video camera during lithiation/delithiation. The elastic

modulus of the composite electrode decreases from about 0.64 GPa to 0.18 GPa during lithiation. It
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decreases further to about 0.10 GPa after delithiation, which is caused by the fracture of the electrode.
The magnitude of the compressive stress increases lineally during lithiation and decreases suddenly to
reach a steady state value during delithiation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Stress effects on the performance and durability of lithium-ion
batteries (LIBs) have been widely investigated [1—3] to help
develop the next generation of LIBs with higher energy density,
longer cycle life, and faster rate capabilities. Specifically, silicon (Si)
is one of the most promising negative electrode materials because
of its high theoretical capacity (~3600 mAhg~'). However,
compared with commercially used graphite electrodes, Si experi-
ences much larger volumetric expansion upon fully lithiation (~12%
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for graphite; 300% for Si) which can cause significant stress [4],
leading to cracking and delamination. Hence, observing stress
evolution and measuring changes in mechanical properties of Si-
based electrodes during electrochemical cycling are crucial for
understanding and enabling these electrodes for future LIB
applications.

Several in situ measurements of the changes in structure,
composition, and morphology of the electrodes have been reported
in the literature, including transmission electron microscopy [5], X-
ray transmission microscopy [6], atomic-force microscopy (AFM)
[7,8], nuclear magnetic resonance (NMR) [9] and optical stress
sensors. Usually, in situ measurements were conducted in thin film
electrodes. For example, Dahn and co-workers [10,11] used in situ
optical microscopy and AFM to study deformation in Li-alloy thin
film electrodes and revealed that cracks appeared primarily due to


mailto:lidawei.134@163.com
mailto:yang.t.cheng@uky.edu
mailto:jqzhang2@shu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2017.09.004&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2017.09.004
http://dx.doi.org/10.1016/j.jpowsour.2017.09.004
http://dx.doi.org/10.1016/j.jpowsour.2017.09.004

D. Li et al. / Journal of Power Sources 366 (2017) 80—85 81

the lateral contraction of the films during the delithiation process.
Stress evolution of thin film electrodes has been monitored by the
in situ wafer-curvature technique [12—16]. It measures the change
in the curvature of the inactive and stiff substrate and then con-
verted it to an in-plane stress in the film using Stoney's equation
[17]. In additional to measuring stress, Sethuraman et al. [13—15]
completed a series of wafer-curvature experiments to monitor
the changes in thin film electrode properties, such as biaxial
modulus and stress-potential coupling, during electrochemical
cycling. The same technique was also used to obtain real-time
stress measurements on carbon thin film electrodes and the
stress at the substrate/current collector was about 0.25 GPa [12].
These studies provide insights into the mechanisms associated
with deformation and stress development in LIB electrodes.

The mechanical properties of LIB electrodes have also been
calculated by ab initio quantum mechanics. Qi et al. [ 18] studied the
Young's modulus of graphite electrodes during lithium intercala-
tion using the Density Functional Theory and found that the poly-
crystalline Young's modulus of graphite electrode tripled as it was
lithiated to LiCs. Yang et al. [ 19] calculated that the Young's modulus
of LixSi would decrease from 160 to 40 GPa with increasing Li
content in the alloy. However, the in situ experimental measure-
ment of mechanical properties such as elastic modulus is much
needed.

Composite electrodes, which are typical in commercial LIBs,
have a complex porous structure consisting of active particles,
conductive graphite, and polymeric binders. It is difficult to mea-
sure in situ mechanical properties and stress evolution in composite
electrodes during electrochemical cycling. The objective of this
work is to measure in situ the elastic modulus and stress evolution
in a composite Si/PVDF electrode. A cell made of quartz was con-
structed for in situ measurements of the curvature change of the
composite electrode and a mathematical model was developed to
analyze the evolution of curvature, modulus, and stress in the
composite electrode during electrochemical cycling.

2. Experiment
2.1. Electrode preparation and cell assembly

Composite Si electrodes were made by mixing 50 wt% Si powder
(size 30—50 nm, Nanostructured & Amorphous Materials), 25 wt%
conductive carbon black (Super P C65, TIMCAL), and 25 wt% PVDF
binder (Alfa Aesar) to form a slurry [20]. The N-methyl-2-pyrroli-
done (NMP, 99.5%, Alfa Aesar) was used as the solvent to dissolve
PVDF (weight ratio of 36.3:1). Then, the slurry was casted onto a
battery grade Cu foil (24 pm thick) by using a 127 um gap doctor
blade. The electrodes were dried at 130 °C for 12 h in a vacuum
oven. A calendering machine (MIT Corporation) was used to press
the electrode to a porosity of 32.5% (see Table 1 and Appendix).

A layered electrode configuration shown in Fig. 1 was used to
investigate the relationship between curvature («) and the state of
charge (SOC) in the electrochemical experiments. The electro-
chemical cell is made of transparent quartz which allows the
measurement of the deformation of the layered electrode by a
video camera (JAI). A porous 12 um thick Si/PVDF composite

Table 1
The volume fraction of each composition.

Mass (mg) Density (g/cm®)  Volume (cm®)  Volume fraction
Si 0.8920.357 2329 0.000153 28.3%
CB 0.1785 1.6 0.000112 20.5%
PVDF 0.1785 1.77 0.000101 18.7%
Porosity — — — 32.5%

«— Quartz—

Separator Copper film
hc=24um

Lithium Silicon+CB+PVDF
WxL=4x60mm WxL=3x15mm

‘ Potentiostat

Fig. 1. A schematic illustration of the electrochemical cell.

electrode deposited on a 24 pum thick copper foil served as the
working electrode, while a lithium metal (3 mm thick, 60 mm
length and 4 mm width, Sigma Aldrich) was used as both a refer-
ence and counter electrode. The two electrodes, in the form of two
cantilever beams, were positioned facing each other and separated
by a piece of microporous polypropylene film (Woven Celgard
C3501 separator of thickness 21 um, Celgard, Inc.). The cell was
filled with 1 M LiPFg salt in a mixture of ethylene carbonate and
diethyl carbonate (EC: DEC = 1:1 vol%, BASF). The experiment was
done in a glove-box filled with ultra-high purity argon.

2.2. Electrochemical test

Electrochemical cycling of the composite Si electrode was car-
ried out in the cell described above at room temperature using Bio-
Logic potentiostats (MPG-2 and VMP-3, BioLogic). The cell was
cycled galvanostatically at a current density of 142.1 pA/cm?
(ca.C/20C-rate, theoretical capacity of 3600 mAhg~"! for silicon) for
6 h, followed by an open-circuit potential relaxation for 4 min be-
tween 0.01 and 2V vs. Li/Li*. A charge-coupled video camera (JAI)
was used to acquire pictures of the electrode during electro-
chemical cycling. Fig. 2 shows the change in the curvature of the
composite electrode during lithiation.

2.3. Mathematical model of curvature change

Mechanical analysis provides an insight into the mechanism of
deformation process. Fig. 3a illustrates the bilayer electrode ge-
ometry in the experiments by bonding an active layer to a current
collector to form a cantilever. Here, h; and h. denote the thickness
of the active layer and current collector, respectively. The composite
electrode expands and contracts as lithium diffuses into and out of
the active layer during electrochemical cycling. As the active layer
expands (contracts) while the current collector restricts it, the
composite electrode will bend to a larger (smaller) curvature, as
shown in Fig. 3b. Let the thickness direction be aligned with the z-
axis and the plate is in the x-y plane. Lithium ions are allowed to be
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Curvature=1/r

Fig. 2. Photographs of a composite-electrode (a) before and (b) during experiments; (c) schematic of the curvature of the electrode.
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Fig. 3. Configuration of the electrode in which an active layer is bonded to the current
collector.

inserted into and extracted out of the electrode from outside of
active material layer, as shown in Fig. 3.

Under the elastic deformation theory [3,21], the in-plane
normal strain has a liner variation in the thickness direction, and
can be written as:

&€ =¢€9+KZ (1)

where ¢ is the in-plane strain at the plane of z = 0 characterizing
the elongation strain of the electrode, and « is curvature. This
equation implies that the active layer and current collector are
bonded well and have the same bending curvature.

Although the active layer is a composite consisting of active
particles, polymeric binder, conducting agent, and porosity, we
assume that it is macroscopically homogeneous, isotropic, and
elastic. When the electrode is cycled at a relatively slow charge and
discharge rate, the concentration ¢ can be assumed to be a constant
along the z-axis. The constitutive equation of the active layer can be
expressed as:

01 = Eq(c)(ep + 2K) — %El (0)Qc 2)

oc = Ec(eg + zK)

where E;(c) is the Young's modulus of the electrode which is a
function of the Li concentration, and @ is partial molar volume of
active layer. The concentration dependent term —EQc/3 represents

the diffusion induced stress in the active layer.
Assuming that the bilayer is free of any mechanical constraint
and the total force and toque balances require:

h] hl
/ oudz = 0 / oyzdz = 0 3)
—h¢ —h,

Substituting Eq. (2) into Eq. (3), yields the strain g and curva-
ture « of the electrode as:
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Here, o-o5 depend on sample configuration, e.g., electrode
thickness h; and copper foil thickness h¢, and elastic modulus of
the electrode E; and copper foil E.. Rewriting Eq. (4), we obtain a
quadratic equation of the curvature and modulus ratio Rz = E./Eq,
thickness ratio R, = h¢/hy and Li concentration c. This equation and
its solution are given in Egs. (7) and (8):

khiRERE + (4Kh1Rh + 6kh{R% + 4kh{R} — 2QcRy, — 2QcR§)RE

+ Kh1
=0
(7)
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2
( - <4Kh1Rh +6kh R2 + 4k, R3 — 2QcR), — ZQCR%> + \/ <4Kh1Rh + 6kh{R? + 4xh R} — 2QcR, — 2QcR§) - 4K2h%R;§>

(8)

Re =

The elastic modulus evolution with Li concentration in the Si
composite electrode can be calculated by monitoring the curvature
change vs. time of the electrode using the CCD camera and by
measuring the thickness parameters h. and h; with a micrometer
(Mitutobo). Also, the in-plain strain, &g, is a function of Rg,Rg and Li
concentration c, as shown in Eq. (5). Stress measurements during
electrochemical cycling of the composite electrode can be per-
formed by combining Egs. (2), (4) and (5).

Based on the photos collected by the video camera, we can
extract the deformation data using a getdata graph digitizer to
obtain the curvature as a function of lithiation and delithiation
(Fig. 2c).

3. Results and discussion

Fig. 4 shows cell potential and deformation of the Si/PVDF
composite electrode plotted against time in the first 3 cycles. The
composite electrode undergoes large deformation during lith-
iation/delithiation cycles. Upon lithiation, Li-ions continuously
react with Si and cause the active layer to expand while the current
collector restricts its expansion. The mismatch deformation bends
the electrode. With increasing SOC, the deformation of the active
layer increases gradually, resulting in a large curvature. The deli-
thiation process reverses the change in the curvature of the elec-
trode. The deformation in the first cycle is smaller than with
subsequent cycles due to solid-electrolyte interphase (SEI) forma-
tion [22], which consumes a considerable amount of Li-ions. As a
result, fewer lithium ions would react with Si in the first cycle,
leading to smaller deformation. With increasing number of cycles,
the deformation causes cracks in the electrode (to be discussed
more in detail later in this section). As a result, the maximum
curvature in the 3rd cycle is, as shown in Fig. 4, smaller than that in

0.10] Curvature [ 3.0
Voltage
2.5
0.08] L
~2.0
- 0.06] L=
IE zﬂ
g L1.0 2
g 0.04 T
. | =
0.5
0.02] r
~0.0
0'00 T 3 T & T 5 T ) T » T & T ) T % T ) '0-5
0 200 400 600 800 1000 1200 1400 1600 1800

(min)

Fig. 4. Potential and curvature profiles of the Si/PVDF composite electrode during the
first 3 lithiation/delithiation cycles are shown against the time. The electrode was
galvanostatically cycled at a current density of 142.1 pA/cm? (ca. C/20) with a lower
and upper cutoff of 0.01—-2 V vs. Li/Li", respectively.

2K"I]R;11

the 2nd cycle. We focus on the curvature change in the second
cycle.

Fig. 5 shows the thickness evolution of the electrode measured
with a micrometer (Mitutobo). The thickness increases in the
lithiation process and decreases in the delithiation process
approximately linearly with h = 44 + 0.45 x SOC in the lithiation
process and h =39.5+0.61 x SOC in the delithation process,
respectively. Cracks form with the SOC during lithiation and, more
prominently during delithiation, as shown in Fig. 6.

Now we use the Eq. (8) along with the curvature data given in
Fig. 4 to extract the elastic modulus of composite electrode. In order
to do so the partial molar volume of silicon is assumed to be con-
stant Qg; = 8.25 x 10-%mol/m3[23], Qgicmaxis the volumetric strain
at full lithiation, which is about 300% volume expansion for silicon.
Volume expansion of composite electrode is believed to be smaller
than expansion of silicon since the other compositions do not
change in volume and the porosity could accommodate some vol-
ume expansion of silicon. Hence it is assumed that the volume
expansion of composite electrode is proportional to the volume
expansion of silicon by the silicon volume fraction (28.3% estimated
for our composite electrode, see appendix), ie.
QcompositesC = LsiCmax x SOC x 0.283. Substituting the curvature vs.
Li concentration and thickness ratio R, = h¢/h4, elastic modulus of
current collector E. = 117 GPa [24] into Eq. (8), the elastic modulus
of composites electrode vs. Li concentration is obtained, as shown
in Fig. 7. The measured modulus of the composite is an average
value of the whole composite electrode, including the coupling
effect of porosity and volume expansion. This method has consid-
ered the effect of extensional stiffness, stretching-bending coupling
stiffness, bending stiffness [3] of current collector on the extraction
of elastic modulus in the lithiation/delithiation process.

The results show that the Si composite electrode softens
significantly, decreasing from an initial modulus value of
0.64 GPa—0.18 GPa when the capacity is 1080 mAhg~! during the

58 4 Thickness of Silicon composite electrode
® lithiation 4 de-lithiation

56
54 4
lithiation y=44+0.45x
524

50+

h(um)

481 de-lithiation y=39.5+0.61x
46
441 .

42

T g T ) T

0 15 25 . 30
SOC(%)

0 5 1

Fig. 5. Thickness evolution of the electrode in 2nd cycle.
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Fig. 7. Elastic modulus of the Si composite electrode as a function of the electrode
capacity (which is proportional to lithium concentration) during the 2nd cycle.

second lithiation. In the delithiation process, the modulus de-
creases further with Li extraction, which is opposite to the expected
trend of modulus change vs. lithium concentration in LixSi;_ [19].
However, this trend can be explained by the formation of cracks.
Because stresses on the porous composite electrode exist during
both lithiation and delithiation, which may sever the connection
between the binder and active particles. Furthermore, more small
cracks may form near the pores in the active plate during deli-
thiation [25], which could lead to a further decrease in the modulus
of the composite since the active layer containing cracks should
have a smaller elastic modulus value than the one without cracks
[26]. These cracks are thought to be partially tensile around the
pores, although the overall stress is compressive.

The stress can be obtained from Eqgs. (2) and (5) and are shown
in Fig. 8. During lithiation, the compression increases linearly

(¢) 240min

500um,

£ 614rmin *

G, (GPa)

—a— lithiation

-0.012 —e— de-lithiation

-0.014

-0.016

0 200 400 600 800 1000 1200
Capacity(mAh/g)

Fig. 8. Stress evolution during the 2nd lithiation/delithiation cycle of the composite
electrode at C/20 rate.

against the capacity. The resulting compressive stress in the Si/
PVDF layer is measured in situ to be 0.015 GPa at a capacity of
1080 mAhg~!. However, upon delithiation, the stress rapidly be-
comes less compressive, reducing its absolute value by approxi-
mately 82% from its peak value. This large reduction in compressive
stress happens during the initial 33% of delithiation, as shown in
Fig. 8, due to volume contraction and fracture during delithiation
[27], which is consistent with observations shown in Fig. 6. This is
similar to the results of CMC/silicon composite electrode, which is
measured by a multi-beam optical stress sensor (MOSS) wafer-
curvature system [28]. Compared with the MOSS system, our de-
vice is simpler more economical, consisting of a CCD camera and a
home-made quartz cell. By considering large deformation, our
device can measure elastic modulus, as well as stress, while a MOSS
device is typically used to measure stress using Stoney equation.
Unlike most nanoindentation [29] and micro tensile [30] tests, our
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device can perform in situ measurements of the mechanical prop-
erties and stress evolution in an electrochemical environment.

4. Conclusion

An in situ method to measure the curvature, elastic modulus and
stress evolution in the composite Si/PVDF electrode is reported. A
cantilever Si composite electrode structure and a quartz cell were
designed and built for the in situ measurements. A mathematical
model was established for analyzing the relationship between the
elastic modulus, in-plane strain, stress evolution, and curvature.
The results show that the modulus drops substantially from
ca.0.64 GPa to ca. 0.18 GPa in the lithiation process. The modulus
decreases further in the delithiation process due to the formation of
cracks. The magnitude of compressive stress increases from
0.003 GPa to 0.015 GPa in the lithiation process, and decreases
rapidly in the initial delithiation process, which is caused by the
volume contraction and crack formation.
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Appendix
Volume fraction of each component in the composite electrode

Our electrode is typically a rectangular shape with length 1.5 cm
and width 0.3 cm and 12 pm in thickness. The average mass is
7.714 mg, and the copper foil is 7 mg. Therefore, the mass of the
composite (m) is 0.714 mg. The volume of the electrode can be
calculated as Vacual = LxWxh = 1.5x0.3x0.0012 = 0.00054 cm’>.

According to the relation of mass, density and volume, the
volume fraction of each component is:
@izixm%:wa()% (A1)

actual Pi X Vactual

Porosity of the composite electrode can be extracted as:

Porosity — Yactal — Vs ‘mV’CB = Vovor , 100% (A2)
actua

where, V is the volume of the composition in electrode including
silicon, carbon black, binder and porosity, p is the density. The
calculated volume fractions are given in the following table.
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