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Composite cathode coatings made of a high energy density layered oxide (Lij 2Nig.15Mng 55Co00p.102, theoretical capacity ~377
mAh-g~!), polyvinylidene fluoride (PVdF) binder, and electron-conduction additives, were bonded to an elastic substrate. An
electrochemical cell, built by pairing the cathode with a capacity-matched graphite anode, was electrochemically cycled and the
real-time average stress evolution in the cathode coating was measured using a substrate-curvature technique. Features in the stress
evolution profile showed correlations with phase changes in the oxide, thus yielding data complementary to in situ XRD studies
on this material. The stress evolution showed a complex variation with lithium concentration suggesting that the volume changes
associated with phase transformations in the oxide are not monotonically varying functions of lithium concentration. The peak tensile
stress in the cathode during oxide delithiation was approximately 1.5 MPa and the peak compressive stress during oxide lithiation
was about 6 MPa. Stress evolution in the anode coating was also measured separately using the same technique. The measured
stresses are used to estimate the internal pressures that develop in a cylindrical lithium-ion cell with jelly-roll electrodes.
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Lithium-ion cells are the primary choice for portable energy stor-
age devices because of their high energy densities. Presently, lithium-
ion cells typically contain carbon-based materials, such as graphite, in
the negative electrode (anode) and transition metal oxides in the pos-
itive electrode (cathode). State-of-the-art lithium-ion batteries have a
specific capacity of ~ 150 Wh-kg~!; energy densities, two to five times
higher, are needed to meet the performance and range requirements
of hybrid and all-electric vehicles for transportation applications.'
The energy densities can be increased by using anode and cathode
materials with higher capacities and/or higher voltages. For example,
anode materials Sn and Si can accommodate several lithium atoms per
metal/metalloid unit yielding theoretical capacities of 960 (Lis5Sn)
and 4009 mAh-g~' (Li4,Si), respectively. Cathode materials from
the xLi,MnOj - (/-x)LiMO, family of compounds have been reported
to display capacities approaching 300 mAh-g~!, significantly larger
than the 140-170 mAh-g~' useable capacities exhibited by commer-
cial materials.

Several recent investigations have focused on exploring the
structure-property relationships of the xLi;MnOj; - (/-x)LiMO,
compounds. Multiple experimental techniques including electron
microscopy,>® X-ray and neutron diffraction,*® X-ray absorption
spectroscopy,” and nuclear magnetic resonance®® have been used
to characterize the structural changes in these oxides resulting from
electrochemical cycling. In addition to structural changes, variation
in lithium concentrations during electrochemical cycling can result
in complex stress fields within (and between) the oxide secondary
particles resulting in mechanical degradation,'” which can affect per-
formance and life of the cathode coatings.!"!> The objective of this
work is to measure the real-time thickness-averaged-stress evolution
in composite cathode coatings during electrochemical cycling. This
effort complements previous studies that examined the real-time stress
evolution in anode materials and anode coatings during electrochem-
ical cycling.!3-13

In this work we report on stress evolution measurements
in composite cathode coatings containing Li;;Nig5Mngs5Cog 0,
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(0.5Li,MnOj; - 0.5LiMn 375Nig 375C0( 250, ) as the active material us-
ing the experimental method developed by Sethuraman et al.!* The
cathode was paired with a capacity-matched graphite-based anode to
mimic the conditions in a practical cell. We note that several features
in the stress evolution profiles are correlated with phase changes in the
oxide during the lithiation/delithiation process determined by in situ
X-ray diffraction (XRD) measurements.”'® We also report the stress
evolution in the graphite anode coating that was measured separately
using the same technique. These stress evolution data are then used
to estimate the internal pressures developed in a cylindrical lithium-
ion cell containing spirally-wound electrodes during a charge and
discharge cycle.

Experimental

Sample fabrication.— The positive and negative electrode for-
mulations are shown in Table I. In addition to the active ma-
terial Li;,Nip15Mngs5Co010, (with a theoretical capacity of 314
mAh-g~! and 377 mAh-g~! corresponding to delithiation states of
Lio_zNi()_]sMIl()jsCO()_lOz and Nio_lsMn0_55COo_102, respectively), the
35 pm thick positive electrode coating also contains conductive car-
bon black (SuperP) and graphite for improved electronic conductivity
and PVdF for binding the materials together and for adhesion to
a 15 pm thick Al current collector. Figs. 1a and 1b show that the
Li; 5Nig 15Mng 55Cog 1O, secondary particles comprise agglomerates
of rod and disc shaped primary particles. Here the term ‘primary’
is used to represent the individual (single crystal) cathode particle
whereas the term ‘secondary’ is used to represent an agglomerate of
primary particles. Furthermore, Table I indicates that oxide loading
in the electrode is 6.64 mg-cm? and electrode porosity is 37.1%. The
negative electrode coating (see Fig. 1c) contains graphite, SuperP
for improved electronic conductivity, and a PVdF binder for coating
cohesion and for adhesion to a 10 pwm thick Cu current collector.

The electrode samples were cut into circular discs of 50.8 mm
diameter and epoxy bonded to the rough side of single-side-polished
(111) Si wafers (nominal thickness 450 wm); a schematic and SEM
image of the assembly are shown Figs. 2a and 2b. The role of the Si
wafer is to serve as an elastic substrate which undergoes curvature
change in response to stress in the electrode bonded to it; as such,
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Table 1. Properties of composite electrodes and the proportions of

their individual constituents.?

Description Value
Cathode

Toda-HE-5050: Li],zNiollsMn0‘55C00,| 02 86% wt
Solvay 5130 PVDF binder 8% wt
Timcal SFG-6 graphite 4% wt
Timcal Super P 2 % wt
Active-material loading density 6.64 mg/cm?
Electrode porosity 37.1%
Thickness of the coating 35 pm
Thickness of the Al current collector 15 wm
Anode

ConocoPhillips: CGP-A12 graphite 89.8% wt
KF-9300 Kureha PVDF binder 6% wt
Timcal Super P 4%wt
Oxalic Acid 0.17% wt
Active-material loading density 5.61 mg/cm?
Electrode porosity 26%
Thickness of the coating 40 pm
Thickness of the Cu current collector 10 pm

the substrate may be replaced by any elastic material that does not
participate in the electrochemical reactions.

Electrochemical experiments.— The electrochemical cells were
assembled and tested in an argon-atmosphere glove box (O,, H,O
< 1 ppm) to minimize the impact of moisture and oxygen. All cells
contained a Celgard polymer separator and an electrolyte solution of
1 M lithium hexafluorophosphate (LiPFe) in a 1:1:1 ratio of ethy-
lene carbonate (EC): diethyl carbonate (DEC): dimethyl carbonate
(DMQ). Electrochemical cycling was conducted with a Solarton 1470
E Multistat. In our experiments the stresses developed in the cath-
ode coating were measured in a full cell configuration, that is, with
the graphite-based anode. The full cell was charged and discharged
galvanostatically at a current density of 0.1 mA/cm? (~C/20 rate)
between 2.0 and 4.7 V. The stresses developed in the anode coating

Graphite particle

Primary particles

PVDF binder

Figure 1. As-prepared microstructure of Lij 2Nip ;5Mng s55Co0 10, cathode
coating showing (a) secondary particles, primary particles, and SFG-6 graphite
particle. (b) A cross-sectional view of the cathode revealing substantial porosity
(c) As-prepared microstructure of graphite anode coating.
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Figure 2. (a) Schematic of the sample cross-section and the corresponding
SEM image showing the substrate, epoxy, Al current collector, and cathode
coating. The thickness of each layer is also shown. The thicknesses of the
layers are hi-hs and the corresponding bi-axial moduli are M{-My The bi-
axial modulus is defined as M = E/(1-v) where E is the Young’s Modulus
and v is Poisson’s ratio of the material. (b) Schematic of experimental setup
showing the multi-beam optical sensor for substrate curvature measurements
integrated with the electrochemical cell.

Anode coating

were measured in a half cell configuration, that is, with a Li-metal
counter electrode; the cell was galvanostatically cycled between 1.2
and 0.01 V vs. Li/Li* at a ~C/20 rate.

In situ measurement of stress in electrode coatings.— A state of
equi-biaxial stress is induced in a film (or coating) on a substrate when
the latter constrains the in-plane volume change of the former during
electrolyte wetting or electrochemical cycling. The stress evolution
in our electrode coatings was measured by monitoring the substrate
curvature with a multi-beam optical sensor (MOS) setup (k-Space
Associates, Dexter, MI). As illustrated in Fig. 2c the electrodes are
arranged such that the polished side of the silicon substrate is used for
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curvature measurements in MOS setup. The MOS system consists of
a laser source that generates a collimated beam, two etalons arranged
orthogonally to each other to generate a 2x 2 array of parallel beams,
and a CCD camera to capture the beam array reflected from the sample
surface. The relative change in the distance between the laser spots on
the CCD screen gives the sample curvature, K, as

cosd D, — D
2L D, ’

K= (1]
where D is the distance between the laser spots and D, is its initial
value, ¢ is the reflection angle of the beam, and L is the optical
path length from the sample to the CCD camera. The factor (cos
¢$)/2L, known as mirror constant, is specific to a setup and is obtained
by calibrating the system in Fig. 2 with a reference mirror of known
curvature in the sample plane. The 2 x 2 array of reflected spots enables
curvature measurement in two orthogonal directions.

The Stoney equation is widely used to determine stresses in thin
films on substrates determined by the substrate curvature method.!”!®
However, in the present study, the cathode and anode coatings cannot
be considered as thin films because their thickness is not negligible
compared to that of the substrate. In addition, the stiffness contribution
from additional layers, such as the epoxy and (Al or Cu) current
collector, needs to be considered when relating the average coating
stresses to the measured substrate curvature. Sethuraman et al.'* used
a modified Stoney equation to account for the multiple layers shown
in Fig. 2a, which is given in Equation 2.

M 1 h%l{
o= —————. [2]
Ohy f (hi, M;)

where o is the average biaxial stress in the electrode coating, A;
and M; are the coating thicknesses and bi-axial moduli, respectively;
f(h;, M;) is a function of the thickness and biaxial modulus of all the
layers shown in Fig. 2a and is given in Ref. 13. It should be noted
that for the cathode, the coating thickness, h4, changes slightly due
to oxide phase changes associated with lithium insertion/extraction
during electrochemical cycling. However, in the present study, we
assume /4 to be constant, which is reasonable given that the volume
change in layered oxides is quite small.!"!'* Similarly, we assume
that the anode coating thickness is constant during the lithiation and
delithiation processes; this assumption is consistent with our previous
data obtained on graphite-based electrodes.'3 It should also be noted
that the actual 3-D stress distribution in the coating would be highly
non-homogeneous due to the complex microstructure and multiple
constituents of the coating (Fig. 1); the stress ¢ in Eq. 2 should be
interpreted as the average in-plane normal stress that represents the
thickness average of the actual 3D stress field, which is the quantity
measured and discussed in this paper.

Results and Discussion

Stress and electrochemical response of composite cathode and an-
ode coatings.— Fig. 3 shows stress evolution in the cathode coating
on wetting by the electrolyte, i.e., prior to any electrochemical cy-
cling. Solvent absorption by the coating induces this stress, which is
measured through substrate curvature change immediately after intro-
ducing electrolyte into the electrochemical cell. The stress evolution
is approximately linear at the beginning and reaches a steady-state
value of about -1 MPa (Fig. 3) after ~ 60 min (note that compressive
stresses are shown as negative values and tensile stresses are shown
as positive values). The stress resulting from solvent absorption is
a function of the composite electrode constitution, binder material,
tortuosity, porosity, etc.; the type and nature of the active constituents
(i.e., oxide or graphite) does not appear to significantly influence this
stress. For instance, Sethuraman et al.'> observed a similar compres-
sive stress response, and measured a value of ~ —1.25 MPa, during
electrolyte absorption in a PVdF-based graphite anode.

After soaking the electrodes in electrolyte for ~60 min, the full
cell was galvanostatically cycled at a ~C/20 rate. Figs. 4a and 4c
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Figure 3. Typical stress evolution during the initial intake of electrolyte into
the porous regions of cathode and swelling of binder.

show stress evolution in the cathode coating and full cell voltage,
respectively, during the first charge/discharge cycle as a function
of time; Figs. 4b and 4d show the same information as a function
of oxide capacity. Fig. 4d shows that the first cycle charge capac-
ity is ~311 mAh—gnxid{1 (which corresponds to a stoichiometry of
Lig,1Nig15Mng55Cog10;); electrochemical activation of the oxide
particles is seen as a ~4.4 V pseudo-plateau during this cycle. This ac-
tivation is typically associated with structural changes and loss of oxy-
gen from the oxide.? The first cycle discharge capacity is ~250 mAh-
Soxide | (corresponds to a stoichiometry of Li; oNig ;5Mngs5Cog10,),
which is comparable to that obtained in coin-cell experiments.? Figs.
4a and 4b show that the stress evolution is not monotonic indicating
complex changes in the electrode during the first charge/discharge
cycle.
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Figure 4. (a)-(b) show the “average” stress evolution in cathode coating, and
(c)-(d) show potential evolution of full cell during the first charge-discharge
(C/20 rate) cycle as a function of time and capacity, respectively. (b) Shows
different regimes of changes (i.e., increase and decrease) in the cathode stresses
which could be due to volume changes associated with phase transformation. Li
removal from/insertion into cathode coating is defined as charging/discharging
respectively.
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Figure 5. (a) Potential evolution of full cell, and (b) the stress evolution of cathode as a function of capacity (full cell, C/20 rate). The inset shows that the stress
starts to increase before decreasing at the beginning of oxide lithiation (or Discharging).

In electrode coatings bonded to substrates, volume contraction of expansion and structure disordering of graphite contained in the pos-
particles leads to tensile stress and volume expansion leads to com- itive electrode.?? In addition, the maximum stress, between 1.2 and
pressive stress. The stress during the first charge cycle is entirely 1.5 MPa, displayed by the positive electrode could also be due to the
tensile indicating volume contraction of oxide particles in the elec- finite tensile strength of the PVdF binder.
trode. Fig. 4b, however, shows that the stress increases initially (stage During the first discharge cycle, the stress profile shows a brief ini-

I) until the cell voltage is ~3.9 V, then is relatively stable at ~1.2 MPa tial increase (for ~1 mAh—goxidgl) before decreasing gradually until
until the cell voltage is ~4.35 V. On further delithation, at the ~4.4 V the capacity is ~30 mAh-g.iq.~'. A pseudo-plateau is observed for

pseudo-plateau, the stress decreases (Stage 1I) and reaches ~0.2 MPa the following ~15 mAh- goxide”, following which the stress decreases
(at ~220 mAh-g.;q.~"). Further delithiation increases the electrode consistently until the cell voltage reaches 2 V. A similar behavior is
stress to ~1.5 MPa till the cell capacity reaches ~280 mAh-giq. ™" seen for the subsequent discharge cycles as well; see data for dis-
(Stage III); then the stress decreases to almost zero at 4.7 V and ~311 charge cycles 2 to 4 in Figure 5. The peak compressive stress in the
mAh-g,.q. ! capacity (Stage IV). first cycle is ~ —6 MPa and it changes only by small amounts in

The complex behavior described above is partially related to the subsequent cycles. On the other hand, the stress profile during
lattice parameter changes in Li;,Nig;5Mngs5Cop 0, during the charge cycles 2 to 4 is very different from that of cycle 1. This could
initial delithiation of a similar oxide as described by previous be attributed to the irreversible changes that occur in layered lithium
investigators.'®?! Their in operando X-ray diffraction measurements metal oxide cathodes during first cycle charging which is consistent
reveal an increase in c- and decrease in a- lattice parameters leading with the in situ XRD observations of Kang et al.>* In addition, the
to a gradual non-monotonic decrease in unit cell volume during the plasticity of the binder and the interface debonding could contribute
first charge to 4.8 V. The observed crystal structure changes do not to this irreversibility. The qualitative behavior during these cycles (2
correlate exactly with the measured stress, which indicates that the —4) is similar although there are quantitative differences; in all cases,
supposedly ‘inactive’ electrode components such as the carbons and the stress increases initially, then decreases later (Fig. 5b). Thus, stress
the binder also contribute to stress evolution. For instance, intercala- in the cathode coating during the electrochemical cycling is primarily
tion of PFs~ anions at voltages >4.45 V vs. Li/Li" leads to lattice compressive except for the relatively small tensile stress during the
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Figure 6. Potential and average stress evolution of anode coating as a function
of capacity during the first two cycles. The staging behavior of graphite is
reflected in stress evolution as well.

charging process. As noted above, the measured stress represents the
average stress in the composite coating, and not the stress in individual
oxide particles. The stress may vary considerably within the electrode
coating based on local variations in microstructure and composition.
Nevertheless, the systematic changes in the average stress reveal the
complex interactions between the various electrode coatings resulting
from structure and volume changes not only within the oxide particles,
but also within the graphite particles. It should be noted that the cal-
culated stress from Eq. 2 is quite insensitive to the elastic modulus of
the composite coating — because the predominant contribution to the
bending modulus of the sample comes from the Si wafer; for example,
a 50% uncertainty in elastic modulus of the coating employed results
in only 1% uncertainty in the stress value. Also, the curvature mea-
surements reported here (both cathode and anode) do not depend on
the surface phenomena such as SEI and electro-capillarity, because,
for the most part, forces due to SEI and electrocapillarity would be
self-equilibrating. For example, the force due to SEI or electrocapil-
larity on an isolated particle would be self-equilibrating and does not
contribute to the substrate curvature at all. Hence, these effects are not
significant for the average stress measurements reported in this work.

The potential and stress evolution within the graphite anode coat-
ing, during the first two cycles at C/20 rate is presented in Fig. 6a
and 6b, respectively. The lithiation capacity during the first cycle is
~380 mAh-g~! and the de-lithiation capacity is ~326 mAh-g~'; the
difference reflects the capacity associated with lithium ions trapped
in the solid electrolyte interphase (SEI) layer and within the graphite
particles. The potential curves show the plateau regions, both during

Journal of The Electrochemical Society, 162 (14) A2656-A2663 (2015)

6 Black color 1st Cycle
Green color 2nd Cycle
4 -— - -
I —
2 \
0 mﬂ'—mw‘?"-}
ELE“ i \?argmg - (\\\\ 2
< \ o
=
>
= -6 \ Y
(O] Q
8 - |
; ~
—— Cathode coating \ |
101~ —Anode coating =
-12
0 10 20 30 40 50

Total capacity (mAh)

Figure 7. Stress evolution in cathode and anode coatings as a function
of cell capacity during the first (black curves) and second (green curves)
charge/discharge cycles. Solid lines and dashed lines represent stress in cath-
ode and anode coatings respectively.

intercalation and de-intercalation, indicating the staging behavior of
graphite anode (i.e., a phase change behavior). During the lithiation
process the anode coating is subjected to compressive stress which
increases with capacity and reaches a peak value of —10 MPa at the
end of lithiation. Although not visible clearly, the stress behavior also
showed plateau regions corresponding to staging (indicated with ar-
rows), and is consistent with the observations of.'> Stress evolution
during delithiation, however, differs from that of the graphite an-
ode coating in."> Note from Fig. 6b that the stress becomes tensile,
increases with decreasing capacity, reaches a value of 4 MPa, and
becomes almost constant as the delithiation process continues. This
value of 4 MPa tensile stress is higher than that observed in'? where
the anode coating was mainly subjected to compressive stress during
both charge and discharge processes. The reason for the quantitative
differences between the present graphite anode coating and the one
used in'3 may be attributed to differences in electrode constitution
and porosity. For example, the anode coating in'* had slightly higher
binder content and porosity levels. However, the relative contribution
of such microstructural parameters to the observed difference in the
electrode stress evolution is unknown. This observation, neverthe-
less, suggests that processing and microstructural parameters such as
porosity level and the proportions of individual constituents are very
important in determining the stress and the consequent mechanical
degradation of composite electrodes.

Pressure exerted by spirally wound electrodes on battery casing.—
Stresses in electrode coatings result in internal pressure on the battery
casing, particularly in the cylindrical spirally wound configuration (i.e.
the jelly roll). There are multiple phenomena that contribute to internal
pressure on a battery casing during cycling, such as gas evolution,
temperature changes, etc. The objective here is to investigate the
contribution of stress in the jelly-roll electrode coating to the internal
pressure on the casing, i.e, the compressive stress induced between the
outer most layer of the jelly-roll and the casing. Fig. 7 shows the stress
evolution in cathode and anode coating as a function of cell capacity
in the first and second cycles, which is used in the following analysis
to estimate the internal pressure that would result in a spirally wound
battery casing. The classical solution for thermal stresses in a thick
walled cylinder?®* is extended here to multiple concentric cylinders
to calculate the pressure exerted by electrodes on the battery casing.
The expressions for radial displacement u# and radial stress o, in a
long cylinder (plane strain approximation) due to an axisymmetric
temperature distribution are given by,

14+v
u =
1—v

1 C2
a— [T (r)rdr+ Cir+ —. [3]
For r
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Cu- Copper current collector, 10 um
C- cathode composite film, 35 um
Al- Al current collector, 15 um

Cross section of spirally wound
cylindrical cell

u=0

A2661

S 8
G ¥
Cu 6 This 8
G 5 layer
S 4 stack
/(\:I g repeats
C g=1

Inner most radius, r;= 0.5mm for
18650 cell

Figure 8. Schematic showing the cross section of spirally wound 18650 lithium-ion battery along with geometric details of different layers. For the purposes
of this analysis, the spirals are approximated as concentric circles. The inner and outer radius of the battery are r; = 0.5 and r, = 9.3 mm, respectively. For the
thicknesses of individual layers considered in this investigation (Tables I and II), our model jelly-roll battery has 304 layers.

oFE
1—

1 E C 1 C2

o= \)rsz(r)rdr_{—l—l—\) (1—2\) r2>’ 4]
where E, v, and o are Young’s modulus, Poisson’s ratio, and coeffi-
cient of thermal expansion, respectively. 7(r) is the radial temperature
distribution; C; and C, are constants determined by the boundary
conditions at the inner and outer surfaces of the cylinder; 7; is the
inner radius of the cylinder. Exploiting the similarity between thermal
stresses and lithiation induced stresses,?® the above equations can be
written as,

I +ve c
w= 0 e r o+ 22, (5]
I—vry r
E ¢ r E C G
A iy P R -2 6
A v R (1—2\) r2) L6]

where ¢* is the eigen strain due to the uniform lithium concentration in
the electrode (i.e. the strain due to lithiation), which takes the place of
the thermal strain o7 (r); it is assumed that the lithium concentration
is uniform throughout the thickness of the cylinder, which represents a
single electrode layer. The eigen strain in cathode (or anode) coatings
at any given capacity can be obtained as,

g =0(l—v)/E, [7]

where o is the measured stress in the electrode coatings (e.g. Fig. 7). E
and v are the Young’s modulus and the Poisson’s ratio of the coating.
The eigen strain for the current collector layers (copper and aluminum)
and the separator is taken as zero since they do not participate in the
electrochemical reactions. These equations (Egs. 5, 6, and 7) assume
that the mechanical properties (E and v) of the coatings are indepen-
dent of the state of charge and are isotropic; also, the Eq. 7 is valid for
linear elastic material behavior. It should be noted that the precise val-
ues of the Young’s modulus (E) and Poisson’s ratio (v) for the cathode
coating are not available. However, several studies indicated that the E

and v values of layered oxide materials such as LiCoO, are generally
in the range of 85-180 GPa and 0.3, respectively;'! hence, a repre-
sentative value of 100 GPa for the secondary cathode particles was
assumed. The property values for the cathode (and anode) coating are
obtained by assuming a rule of mixtures with the cathode (and anode)
particles, PVdF binder and the known porosity as the constituents.

Fig. 8 schematically represents the cross section of a spirally
wound battery in which the spirals are approximated by concentric
circles, which is reasonable as the thickness of any individual layer
is relatively small (<35 pwm) compared to the overall radius of the
battery (e.g., 9.3 mm for the 18650 battery); note that an 8-layer stack
consisting of an Al current collector with cathode coating on both
sides, a Cu current collector with anode coating on both sides and 2
separator layers — forms a repeating unit in the radial direction. Egs.
5 and 6 can be extended to each layer of Fig. 8 with the following
boundary conditions, o, = 0 at r = r;, the inner most radius of the
spiral; u = 0 at r = r,, the outer radius, which is also the inner radius
of the battery casing (i.e., the battery casing is assumed to be rigid);
and

of = gt+!
ul = L+
at the interface between layers Land L+ for L =1,... ., n-1 where n

is the number of individual layers (i.e., there are in total 304 layers in
our model which considers an 18650 battery casing and the coating
thickness of the anode and cathode on which stress measurements are
reported above). The resulting system of linear equations is solved for
the constants C; and C, for each layer at a given cell capacity, which
can then be used to determine the radial stress and displacement at all
radial locations. The pressure exerted by the electrode winding at a
given capacity on the battery casing is obtained by calculating o, at r
= r,. As mentioned earlier, the material properties of each individual
layer (given in Tables I and II) are assumed to be independent of
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Table II. Mechanical properties and geometry of different layers
of the specimen used in the study.

Parameter Definition Value Comments
Si (111) wafer

E; Young’s modulus 169 GPa

V] Poisson’s ratio 0.26

hy Thickness 450 wm Measured
M, Biaxial modulus 228.3 GPa Calculated
Epoxy layer

E Young’s modulus 43GPa  Ref. 13

V) Poisson’s ratio 0.36

hy Thickness 55 um Measured
M, Biaxial modulus 6.72 GPa  Calculated
Al current

collector

Es Young’s modulus 70 GPa

V3 Poisson’s ratio 0.334

h3 Thickness 15 um Measured
M; Biaxial modulus 105 GPa  Calculated
Composite

cathode coating

Ey4 Young’s modulus 40 GPa Rule of mixtures
vy Poisson’s ratio 0.2 Rule of mixtures
hy Thickness 35 pm Measured
My Biaxial modulus 50 GPa Calculated
Other parameters

cos G/2L Mirror constant 2 Measured
dr Diameter of specimen 50.8 mm  Measured
Graphite based

anode coating

E; Young’s modulus 6.9GPa  Ref. 13

Vi Poisson’s ratio 0.3 Ref. 13

hy Thickness 35 pm

M, Biaxial modulus 10 GPa Calculated
Copper current

collector

E; Young’s modulus 117 GPa

V] Poisson’s ratio 0.347

hy Thickness 15 um

M, Biaxial modulus 179 GPa  Calculated
Celgard separator

E; Young’s modulus 0.1 GPa  Ref. 28

Vi Poisson’s ratio 0.3

hy Thickness 20 pm Measured
M, Biaxial modulus 0.14 GPa Calculated

cell capacity. Hence, the evolution of the pressure (i.e., o, at r = r,)
depends only on the eigen strain in the electrodes (see Eq. 6), which
is obtained directly from the experimental measurement shown in
Fig. 7.

Fig. 9 shows the calculated evolution of internal pressure on the
battery casing as a function of cell capacity for two charge/discharge
cycles. As expected, the pressure on the casing varies continuously
with the capacity. The pressure exerted by electrodes due to electrolyte
soaking alone is 0.15 MPa, and it increases to a peak value of approx-
imately 1 MPa at the end of charging. Upon discharge the pressure
decreases rapidly as seen in Fig. 9, relieving the internal pressure.
Although the model predicts a slightly negative pressure during dis-
charge process, it is an artifact of the simple model used here in which
perfect bonding between the casing and outer most electrode layer
is implied by the boundary conditions employed, which is applicable
only when the electrode presses against the casing (i.e., when the pres-
sure is positive). Since the main objective of calculating the pressure
is to estimate the peak positive pressure and the resulting peak stress
in the casing, the calculated negative pressure should be interpreted as
zero pressure. The pressure during the second charge process is lower
than the first cycle pressure. It can be safely assumed that the peak
pressure in the subsequent cycles will be smaller, unless the stress in

1.2
—Cycle 1
Cycle 2

o
©

Internal Pressure (MPa)
o
w

Pressure due to
electrolyte wetting
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o

/
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/
0/'.:/76\
'Z?/};g
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Figure 9. Calculated variation of internal pressure as a function of electrode
capacity for a spirally wound battery made of the cathode and anode coatings
considered above in a 18650 cell configuration. The pressure increases almost
linearly with capacity during the first charge and it is relieved rapidly during
the discharge. The negative pressures should be interpreted as zero pressure.
The peak pressure is ~1 MPa.

either cathode coating or anode coating increases in magnitude during
subsequent cycles. The circumferential (or hoop) stress in the casing
is given by,

_ Pro 8]
t
by assuming the casing as a thin walled cylinder. Here, p is internal
pressure; 7, and ¢ are radius and thickness of battery casing (Fig. 8),
respectively. For a casing with 9.3 mm radius and 100 pm assumed
thickness, an internal pressure of ~1 MPa results in 93 MPa of hoop
stress according to Eq. 8. As noted earlier, the pressure of ~1 MPa
and the calculated hoop stress value are only lower bound estimates
as there could be other sources of pressure such as gas evolution?%?’
which are not considered in this study. Using typical strength values of
200 MPa and 500 MPa for aluminum and steel respectively, the hoop
stress estimate above gives a factor of safety of 2.2 and 5.4 for the
two materials. It must be noted that the assumptions employed in the
model, i.e., isotropic electrode swelling, uniform lithiation through-
out the electrodes, eigen strain from Eq. 7 which is valid only for
linear elastic behavior, and approximate material properties of Table
I render the pressure values calculated to be first order estimates. Nev-
ertheless, these values provide valuable information for the design of
battery electrodes, packs and casings.

Og

Conclusions

Real-time average stress evolution in composite cathode coatings
made of Li; ,Nig ;5Mng 55Cog 1 O, secondary particles and anode coat-
ings made of graphite particles were measured by substrate curvature
technique. The stress evolution due to solvent absorption was moni-
tored until it reached a steady-state (approximately 60 min resulting in
a plateau value of —0.15 MPa) prior to any electrochemical cycling.

The cells were charged/discharged galvanostatically at a current
density of 0.1 mA/cm?, which corresponds to a rate of C/20. The first
cycle charge capacity of the cathode was 311 mAh/g, which is com-
parable to that obtained from a coin-cell experiment. It was observed
that the stress evolution during the initial charge/discharge cycle is not
monotonic suggesting complex changes in the crystal structure and
volume of the active material, indicating the need for a more compre-
hensive XRD study on individual primary particles to understand the
response of Li; ;Nig ;sMng s5Cog ; O, electrodes. The stress and poten-
tial evolution during the initial charge cycle is different from that of
the other charge cycles which is consistent with XRD studies on simi-
lar layered cathodes. The qualitative stress behavior is repeated in the
subsequent cycles (i.e., 2, 3, and 4™ cycle), although there are some
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quantitative differences. The stress is primarily compressive except
for the relatively small tensile stress during the charging process. The
peak compressive stress in the first cycle is approximately —6 MPa
and it changes only by a small amount in the subsequent cycles. The
stress evolution in the graphite anode coating prepared here differed
slightly from the previously reported behavior in Ref. 13 which can
be attributed to the different processing parameters of the coatings.
This observation suggests that the stress evolution and associated phe-
nomena are dependent on the microstructure and process parameters
of the coatings.

A model is presented to calculate the internal pressure that would
be generated in a spirally wound battery casing due to the electrode
stress during charge/discharge cycling. Using the experimentally mea-
sured stress values, the internal pressure in an 18650 battery casing is
calculated. As expected, the pressure on the casing varies with the cell
capacity, i.e., increases to a peak value of ~ 1 MPa at the end of the
first charge. The pressure is relieved during most of the discharge. The
peak pressure during subsequent cycles is expected to remain lower
than that of the first cycle. Hence, the pressure estimated during the
first cycle is sufficient to consider the contribution of electrode stress
on the hoop stress in the battery casing. The experiments and calcu-
lations presented here are expected to provide useful information for
the design of electrode coatings, packs and casings.

Acknowledgments

The authors gratefully acknowledge financial support from the
United States Department of Energy — EPSCoR Implementation award
(grant # DE-SC0007074). We are also grateful to the U.S. Department
of Energy’s (DOE) Cell Analysis, Modeling and Prototyping (CAMP)
Facility at Argonne National Laboratory for providing electrodes used
for this work. The CAMP facility is fully supported by DOE’s Ve-
hicle Technologies Program (VTP) within the core funding of the
Applied Battery Research (ABR) for Transportation Program. SN ac-
knowledges the financial support provided by New Jersey Institute of
Technology through the faculty startup research grant.

References

1. M. M. Thackeray, C. Wolverton, and E. D. Isaacs, Energy Environ. Sci., 5, 7854
(2012).

A2663

2. C.H. Lei, J. Barefio, J. G. Wen, L. Petrov, S.-H. Kang, and D. P. Abraham, J. Power
Sources, 178, 422 (2008).

3. J. Bareiio, C. H. Lei, J. G. Wen, S.-H. Kang, I. Petrov, and D. P. Abraham, Advanced
Materials, 22, 1122 (2010).

4. M. M. Thackeray, S.-H. Kang, C.S. Johnson, J. T. Vaughey, R. Benedek, and
S. A. Hackney, J. Mater. Chem., 17, 3112 (2007).

5. E. McCalla, A. W. Rowe, J. Camardese, and J. R. Dahn, Chem. Mater, 25, 2716
(2013).

6. D.Mohanty, J. Li, D. P. Abraham, A. Hugq, E. A. Payzant, D. L. Wood, and C. Daniel,
Chem. Mater., 26, 6272 (2014).

7. J. Barefio, M. Balasubramanian, S.-H. Kang, J.-G. Wen, C. Lei, S. V. Pol, L. Petrov,
and D. P. Abraham, Chem. Mater., 23, 2039 (2011).

8. J. Bréger, K. Kang, J. Cabana, G. Ceder, and C. P. Grey, J. Mater. Chem., 17, 3167
(2007).

9. D. Zheng, J. Cabana, W.-S. Yoon, and C.P. Grey, Chem. Mater., 22, 1209
(2010).

10. D.J. Miller, C. Proff, J. G. Wen, D. P. Abraham, and J. Barefio, Advanced Energy
Materials, 3, 1098 (2013).

11. J. G. Swallow, W. H. Woodford, F. P. McGrogan, N. Ferralis, Y.-M. Chiang, and
K. H. V. Vliet, J. Electrochem. Society, 161, F3084 (2014).

12. D. Wang, X. Wu, Z. Wang, and L. Chen, J. Power Sources, 140, 125 (2005).

13. V. A. Sethuraman, N. V. Winkle, D. P. Abraham, A. F. Bower, and P. R. Guduru, J.
Power Sources, 206, 334 (2012).

14. S.P. V. Nadimpalli, V. Sethuraman, G. Bucci, V. Srinivasan, A.F. Bower, and
P. R. Guduru, Journal of The Electrochemical Society, 160, A1885 (2013).

15. K. Zhao, M. Pharr, J.J. Vlassak, and Z. Suo, J. Appl. Physics, 108, 073517
(2010).

16. C.R. Fell, M. Chi, Y.S. Meng, and J.L. Jones, Solid State lonics, 207, 44
(2012).

17. G. G. Stoney, Proc. R. Soc. (Lond.), A82, 172 (1909).

18. L. B. Freund and S. Suresh, Thin Film Materials: Stress, Defect Formation and
Surface Evolution, Cambridge University Press, Cambridge, UK, (2004).

19. M. S. Whittingham, Chem. Rev., 104, 4271 (2004).

20. M. Bettge, Y. Li, B. Sankaran, N. D. Rago, T. Spila, R. T. Haasch, 1. Petrov, and
D. P. Abraham, J. Power Sources, 233, 346 (2013).

21. C.-H. Shen, Q. Wang, FE. Fu, L. Huang, Z. Lin, S.-Y. Shen, H. Su, X.-M. Zheng,
B.-B. Xu, J.-T. Li, and S.-G. Sun, ACS Appl. Mater. Interfaces, 6, 5516 (2014).

22. Y. Li, M. Bettge, B. Polzin, Y. Zhu, M. Balasubramanian, and D. P. Abraham, J.
Electrochemical Society, 160, A3006 (2013).

23. S.-H. Kang, W.-S. Yoon, K.-W. Nam, X.-Q. Yang, and D. P. Abraham, J. Mater. Sci.,
43, 4701 (2008).

24. S. Timoshenko and J. N. Goodier, Theory of Elasticity, McGraw Hill Book Company,
US, (1934).

25. S. Prussin, J. Applied Phys., 32, 1876 (1961).

26. A. W. Golubkov, D. Fuchs, J. Wagner, H. Wiltsche, C. Stangl, G. Fauler, G. Voitic,
A. Thalera, and V. Hackere, RSC Advances, 4, 3633 (2014).

27. D.P. Finegan, M. Scheel, J. B. Robinson, B. Tjaden, 1. Hunt, T.J. Mason,
J. Millichamp, M. D. Michiel, G. J. Offer, G. Hinds, D. J. L. Brett, and P. R. Shearing,
Nature Communications, 6, 6924 (2015).

28. J. Cannarella, X. Liu, C.Z. Leng, P. D. Sinko, G. Y. Gor, and C.B. Arnold, J.
Electrochem. Soc., 161, F3117 (2014).

Downloaded on 2015-10-10 to IP 96.225.68.40 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://dx.doi.org/10.1039/c2ee21892e
http://dx.doi.org/10.1016/j.jpowsour.2007.11.077
http://dx.doi.org/10.1016/j.jpowsour.2007.11.077
http://dx.doi.org/10.1002/adma.200904247
http://dx.doi.org/10.1002/adma.200904247
http://dx.doi.org/10.1039/b702425h
http://dx.doi.org/10.1021/cm401461m
http://dx.doi.org/10.1021/cm5031415
http://dx.doi.org/10.1021/cm200250a
http://dx.doi.org/10.1039/b702745a
http://dx.doi.org/10.1021/cm902721w
http://dx.doi.org/10.1002/aenm.201300015
http://dx.doi.org/10.1002/aenm.201300015
http://dx.doi.org/10.1149/2.0141411jes
http://dx.doi.org/10.1016/j.jpowsour.2004.06.059
http://dx.doi.org/10.1016/j.jpowsour.2012.01.036
http://dx.doi.org/10.1016/j.jpowsour.2012.01.036
http://dx.doi.org/10.1149/2.098310jes
http://dx.doi.org/10.1063/1.3492617
http://dx.doi.org/10.1016/j.ssi.2011.11.018
http://dx.doi.org/10.1098/rspa.1909.0021
http://dx.doi.org/10.1017/CBO9780511754715
http://dx.doi.org/10.1017/CBO9780511754715
http://dx.doi.org/10.1021/cr020731c
http://dx.doi.org/10.1016/j.jpowsour.2013.01.082
http://dx.doi.org/10.1021/am405844b
http://dx.doi.org/10.1149/2.002305jes
http://dx.doi.org/10.1149/2.002305jes
http://dx.doi.org/10.1007/s10853-007-2355-6
http://dx.doi.org/10.1063/1.1728256
http://dx.doi.org/10.1039/C3RA45748F
http://dx.doi.org/10.1038/ncomms7924
http://dx.doi.org/10.1149/2.0191411jes
http://dx.doi.org/10.1149/2.0191411jes
http://ecsdl.org/site/terms_use

