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HIGHLIGHTS

e Neutron diffraction reveals how stack pressure affects charging lithium-ion cells.

o Lithium-ion pouch cells lose capacity when charged under applied stress.
o Copper current collector experiences significant strain during charge cycling.
e Electrode phase transitions require more charge under higher stack pressures.
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Large volume changes of lithium-ion batteries during battery operation affect battery lifetime and performance
through mechanical degradation. Therefore, understanding the coupling between mechanics and electrochem-
istry in these systems is crucial. In this work, we use neutron diffraction to learn how commercial lithium-ion
pouch cells are affected by stack pressure during charge and discharge. We find that a change in stack pres-
sure affects the phase transitions in electrode materials, requiring more charge to reach higher state-of-charge

phases which results in effective capacity loss for the battery. Also noteworthy is that the copper current col-
lector experiences strain during charge and discharge due to the expansion of the graphite anode, something
often overlooked in these systems.

1. Introduction

It is widely recognized that mechanics and electrochemistry are
fundamentally linked in lithium-ion batteries [1-6]. During charge and
discharge, many lithium-ion electrodes experience significant volume
changes that affect the structural integrity of battery components by
causing wear-and-tear on crucial interfaces [5-8]. Consequently, a
multitude of studies have investigated this mechano-electrochemical
coupling in lithium-ion systems, usually focusing on freely expanding
systems [9-18]. However, mechanical degradation due to electrode
volume change is particularly important for batteries operating in con-
strained spaces (such as battery packs) and under stack pressures (such
as solid-state systems) [7,19,20]. Therefore, it is essential to examine
this mechano-electrochemical coupling in systems under external stress.

While there are many in-situ techniques employed to investigate the
mechanics and electrochemistry of lithium-ion batteries, neutron
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scattering measurements are particularly effective. This is because the
nonlinear neutron cross section allows for the study of lighter elements
(such as carbon) commonly found in anodes, and the long penetration
distances and large beam size permit bulk sample measurements that
eliminate complicated sample preparation [15-17,21,22]. Accordingly,
a number of neutron scattering studies have been used to look at
lithium-ion batteries, including the mechano-electrochemical coupling
of the electrodes [15-18]. In particular, neutron diffraction of pouch
cells provides insight into the crystallographic phase and lattice changes
due to lithium insertion or de-insertion [17,23-25].

In lithium-ion electrodes, the electrochemical potential of the
lithium ions changes with stress; in a material that expands with lithium
insertion (such as graphite), an applied stress forces the lattice to
compress, which makes it thermodynamically favorable for some of the
ions to leave the lattice structure to comply with the lattice strain
[26-30]. If ions cannot leave the structure, the cell potential is raised;
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thus, if the cell was being charged under stress (where the charging
current is assumed to be much higher than the current generated from
the mechano-electrochemical coupling) the cell potential is slightly
higher than without stress. This is particularly critical for large-volume
expansion electrodes, such as silicon or sulfur electrodes, as this change
in electrochemical potential is large. However, this effect is still present
in graphite and lithium cobalt oxide commercial cells, which are more
convenient to study as they have consistent quality across cells.

This mechano-electrochemical effect is expected to affect the phase
transitions that occur in electrode materials. To investigate this, neutron
diffraction charge-cycling experiments were conducted on commercial
pouch cells under constant applied stress. It was found that an increase
of stack stress changes the required amount of charge required for phase
transitions for graphite and lithium-cobalt oxide electrodes, and thus
this increase causes a small amount of capacity loss. Additionally, it was
found there is strain in the copper foil that is correlated with the
expansion of the graphite anode during charge and discharge. These
findings have important implications for understanding mechanical
degradation in lithium-ion systems under stress.

2. Experimental

In-situ neutron diffraction measurements were conducted at
VULCAN, a state-of-the-art time-of-flight neutron diffractometer at the
Spallation Neutron Source (SNS) at Oak Ridge National Laboratory [21,
22]. For this experiment, commercial lithium-ion 500-mAh jelly-rolled
(wound 17 times) pouch cells (GMB Power® 652535), with a graphite
anode, porous polymer separator, and lithium cobalt oxide (LCO)
cathode, were used. The pouch cell was placed in the VULCAN MTS®
load frame at a 45° to the incident beam, as was done in previous work
[31]. The neutron beam was positioned in the middle of the cell (full cell
volume was 23.5 x 30 x 6.5 mm® and the neutron beam gauge volume
was 5 x 12 x 5 mm°®, determined by the beam incident slits and
receiving collimators). Aluminum plates were used as spacers for the
pouch cell, to limit the interaction of the load frame with the neutron
beam. However, the gauge volume of the beam still contained some of
the aluminum spacers so the resulting data had strong aluminum peaks.
The high-intensity configuration and the 30 Hz chopper frequency was
used, and the time-of-flight neutron events were continuously collected
during the in-situ measurements.

Different constant loads of 0, -10, and —20 MPa (which corresponds
to 0, -7 and -14 kN of compressive force over the entire pouch) were
placed on the cell for the duration of the experiment. The maximum
stress placed on these cells is limited primarily by the polymer separator,
which experiences pore closure above 25 MPa stack pressure [31,32]. To
load the cell to the selected stress prior to neutron diffraction, a loading
rate of 0.33 MPa s~ was used. A Biologic® SP-300 potentiostat was used
to charge and discharge the cell. An initial equilibration period of
around 100 min allows the polymer components of the cell to viscoe-
lastically deform and reach a quasi-steady-state mechanical equilibrium.
Then, the cell was fully discharged at 100 mA to 2.75 V. Next, the cell
was charged at 100 mA, or a rate of C/5, to 4.2 V. Finally, a full
discharge step at 100 mA to 2.75 V was performed.

The neutron events were sliced and binned into histograms corre-
sponding to a change of 1 % state-of-charge (approximately 3 min) using
VDRIVE software [33]. Single peak fitting for each histogram was per-
formed using Matlab’s least squares fitting function. The pseudo-Voight
peak profile function was used, as a reasonable simplification, to fit the
in-situ diffraction peaks that do not appear significantly asymmetric,
though it is known that a more complicated back-to-back exponential
convoluted pseudo-Voight peak shape best represents the time-of-flight
neutron diffraction pattern [34]. A local linear background was sub-
tracted for each peak prior to fitting.
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3. Results and discussion

In lithium-ion Dbatteries, which are considered mechano-
electrochemical systems, cell potential shifts higher under stack pres-
sure during charge [26-30]. Both the graphite and LCO electrodes in the
pouch cells used in this study are expanding during charge, with
graphite expanding due to lithium insertion and LCO expanding due to
lithium extraction [35,36]. Thus, compressing the electrode lattices
makes it electrochemically favorable for a small amount of lithium to
leave the graphite lattice and enter the LCO lattice to reduce the lattice
strain. However, the charging current is forcing the lithium ions to move
in the opposite direction (from LCO to graphite) and is orders of
magnitude higher than the mechano-electrochemical current (100 mA
at C/5 compared to 1 mA) [28-30]. Therefore, the lithium ions cannot
relax the mechano-electrochemical strain, so the cell potential is raised.
During discharge, an applied stress still makes it favorable for lithium to
move from graphite to LCO, which is the same direction as the discharge
current, resulting in a faster discharge which effectively lowers the cell
potential.

Fig. 1a plots the charge and discharge curves at room temperature
and a C/5 rate (100 mA) with respect to time at different stress levels. As
expected, under stress, the potential of the cell is higher during charge
and lower during discharge. As the pouch cells are charge-cycled with a
constant current scheme, these shifts in potentials result in a faster
charge and discharge step for higher stresses, at the cost of capacity. The
capacities of each charge and discharge step are reported in Fig. 1a, and
the nominal capacity of these cells is 500 mA h, as stated by the
manufacturer, though cells typically have slightly higher actual capacity
at 510 mA h. Although there is slight capacity variation among these
commercial cells (around 10 mA h variation between cells), the differ-
ence in capacity due to stress, particularly for 20 MPa, indicates that
under a constant current charging scheme, some capacity is lost. This
loss of capacity is due in large part to the voltage cutoffs (4.2 V for
charging and 2.75 V for discharging) being reached earlier when the cell
is under stress, and without a constant voltage (CV) step this capacity is
not recovered. This indicates that if a lithium-ion system is known to be
under stress during its operation, the cutoff voltage window might need
to be adjusted to extract the full capacity if no CV step is used. Losses in
capacity might be due to differences in cell impedances, which increase
under applied stress. Additional contributions to the higher-stress ca-
pacity losses might be related to compression of the electrode micro-
structure (such as the closing of pores).

The state-of-charge (SOC) is defined using the capacities listed in
Fig. 1a, where the end is 100 % relative SOC (where SOC is calculated
using the capacity of the charge or discharge step). Fig. 1b plots the
differential capacity (dQ/dV) of the cells versus SOC. The differential
capacity is often used to understand the electrochemical reactions
happening within the cell, as the peaks in a dQ/dV charging curve
roughly correspond to electrode phase transitions [35-37]. As stress
increases, the charging and discharging dQ/dV peaks shift, indicating
that the cell overpotentials are increasing and electrode phase transi-
tions are shifting to different SOCs under higher stresses. This shift in
SOC might also contribute to the capacity loss under stress. To investi-
gate this, neutron diffraction can be used to identify the SOC at which
phase transitions occur at a given stress.

Fig. 2 shows the neutron diffraction results at 0 MPa for cycling at C/
5. In Fig. 2a, the center shows the diffraction results for a range of d-
spacings (1.65-2.45 1°\), binned into 1 % SOC histograms (about 3 min).
Intensities outside of the arbitrary range are shown in white. Diffraction
peaks are identified for this range of d-spacings for graphite and LCO
electrode, and copper and aluminum current collector, phases [17,23,
24]. Graphite phases are labeled following the conventions from
Ref. [23], where stage 1 L has the structure of graphite, stage 4 L has
ABAB stacking with a few lithium ions in between the layers, stage 3 L is
LiC3o, stage 2 L is LiC;g, stage 2 is LiC;2, and stage 1 is LiCe. On the left
of Fig. 2a, the applied current during a C/5 charge and discharge cycle is
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Fig. 1. Effect of stress on pouch cell charge and discharge curves
(a) C/5 charging and discharging curves for LCO/graphite pouch cells under different stress levels versus time, with capacities of each step reported. (b) The dif-

ferential capacity (dQ/dV) of the cell versus SOC.
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Fig. 2. Pouch cell diffraction results during C/5 cycling for 0 MPa

(a) (Left) Applied current of the pouch cell during C/5 cycling. (Center) Diffraction patterns at 0 MPa, with patterns binned into 1 % SOC histograms. Peaks are
identified. Intensities outside of the arbitrary range (0.0033-0.0085) are shown in white. (Right) The measured voltage of the pouch cell during C/5 cycling, at 0
MPa. (b) The Bank 1 (grains aligned with loading direction) diffraction pattern of the cell at 0 MPa at full charge and discharge, and corresponding fits of important
peaks. (c) The Bank 2 (grains perpendicular to loading direction) diffraction pattern of the cell at 0 MPa at full charge and discharge, and corresponding fits of

important peaks.
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plotted, and on the right, the measured voltage of the cell under 0 MPa is
plotted.

From Fig. 2a, it can be seen that the lithiated graphite anode (004)
and (110) peaks change drastically in d-spacing during charging and
discharging, while the copper current collector (200) and (111) peaks
vary little with SOC, which is consistent with previous experimental
results of lithium-ion electrode expansion [17,23,25,38]. Additionally,
higher lithiated graphite phases (stages 1 and 2) have peaks that only
show up once the cell has reached sufficient charge (such as the peaks
around 1.85 ;\), also consistent with previous results [17,23,25,38]. As
expected, the LCO (104) and LCO (006) cathode peaks also change with
SOC, though the LCO (102) does not, likely because it is not orthogonal
to the c-axis, where the most expansion takes place [24,35].

Diffraction patterns at all stress levels are plotted in Fig. S2. To
determine the structural evolution of the pouch cell materials, the po-
sitions of each peak are tracked through single peak fitting. Single peak
fitting for each histogram and stress was performed for the copper (200),
lithiated graphite (004), and LCO (104) peaks. These peaks were
selected because they had a strong signal and limited overlap between
other peaks. The LCO (104) peak was taken from the +90° detector data
(called Bank 2), which captures the diffraction peaks for the grains
perpendicular to the loading direction (Fig. 2a shows the —90° detector
data, called Bank 1, or grains aligned with the loading direction). Due to
grain texture, the aluminum (200) peak is much weaker perpendicular
to the loading direction, so the LCO (104) peak is visible throughout all
SOCs. For fitting LCO (104), the Al (200) peak was subtracted out from
the diffraction patterns as it was constant throughout cycling (see
Fig. S4). Due to the beam spacer, the aluminum current collector peaks
and aluminum spacer peaks cannot be distinguished, so no aluminum
phase peaks were fitted. The diffraction patterns for the cell at 0 MPa at
full charge and discharge for Bank 1 are plotted in Fig. 2b, with single
peak fits plotted. As copper (200) is near lithiated graphite peaks 1
(200), 1 (111), 1 (002) at full charge, all were fitted together to ensure
accurate results for the copper peak at high SOCs. The diffraction pat-
terns and single peak fits for Bank 2 (with Al (200) subtracted) are

a. High 0 MPa diffraction b
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shown in Fig. 2c. At low SOCs, the graphite 1 L (101) peak is near the
LCO (104) peak, so both peaks were fit to make sure the LCO (104)
results were accurate.

First, we look at the single peak fit results from the copper (200)
peak. Fig. 3a shows the diffraction pattern around the copper (200) peak
for the 0 MPa experiment, with nearby peaks identified from graphite
stages 1 and 2. Fig. 3b plots the fitted d-spacings of the copper (200)
peak during charge and discharge against SOC during the 1 % SOC time
slice for each stress level. As expected, a higher stress results in a smaller
d-spacing for copper (200), indicating that the lattice is being com-
pressed, though the magnitude of this stress is higher than expected at 0
% SOC. While the peak fits do have large error bars due to the operando
data collection (each slice is averaged over 1 % SOC of the battery), the
trend between stress levels is clear. We can calculate the (200) lattice
strain from Fig. 3b for each stress at 0 % SOC using Equation (1), where
do, is the d-spacing at a given stress (—10, —20 MPa), where SOC is set
to 0 %, do o is the d-spacing at 0 MPa and 0 % SOC, and &g mp, is the strain
at 0 % SOC at a given stress level, in the normal (along loading direction,
denoted by superscript N) or in-plane (transverse to loading direction,
denoted by superscript P) directions:

doypa — doo

1
oo @

EoMPa =

For —10 and —20 MPa, the strains for Bank 1 (normal to cell) at 0 %
SOCareef ;o = —8 x 10 *and &) _5 = — 1.3 x 1073, with the standard
error for the peak fitting approximately 2.8 x 10~ for both. We can also
fit the copper (200) peak from Bank 2 data (along the plane of the cell);
see Fig. S3 for fit results. The in-plane strains for copper (200) are
€ 10=39x10" and & ,, = 7x 10, with the standard error of
around 4.8 x 10~* for both. Along the (100) lattice plane, the diffraction
elastic modulus of copper is 101.1 GPa and the Poisson’s ratio is 0.38
[39]. Using 3D Hooke’s law, and assuming that the two in-plane di-
mensions of the pouch cell are approximately the same, we can estimate
the normal and in-plane stresses on the pouch cell to calculate the
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Fig. 3. Copper peak spacings at different stress levels. (a) The diffraction pattern around the copper (200) peak (zoomed-in from Fig. 2); arbitrary intensities range
from 0.003 to 0.0075. (b) Fitted d-spacings at different stress levels; the shaded regions represent the standard error from the fit results. (c) Compressive lattice strain
for Cu (200), with respect to the copper d-spacing at 0 MPa and 0 % SOC. (d) Expansion of each pouch cell during cycling, normalized by pouch cell thickness

(6.5 mm).
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deviatoric stresses in the normal direction (op x), reported in Table 1. We
choose to look at deviatoric stresses because this reduces the error due to
fitting by eliminating uncertainties about the dy, position [40].
Although the change of normal deviatoric stress opy is higher than the
nominal applied stress of —10 and —20 MPa calculated based on contact
area of the compression platens, given the uncertainties in the copper
peak position (estimated deviatoric stress error is reported in Table 1),
this is not unreasonable. Additional contributions to this discrepancy
could be stress concentrations within the pouch cell or the anisotropy
and texture of the copper foil.

From Fig. 3b it is clear there is a slight dependence on SOC for all
stress levels, where at higher SOCs, the copper lattice is compressed
(indicated by the decreasing d-spacing towards 100 % SOC). In the
literature, there are reports that show a difference in tensile strain for
copper current collectors connected to lithiated graphite (after the
graphite was lithiated to a given SOC, it was then scraped off and the
copper was measured by itself) [41]. However, it seems unlikely that the
copper is electrochemically active (lithium preferentially plates on
copper instead of lithiating copper). A more likely explanation of this
effect of SOC is that the graphite anode material is expanding during
charge and therefore creating internal stresses in the pouch cell which
strain the copper current collector. Fig. 3a shows that the appearance of
the graphite stage 1 and 2 peaks roughly correlate to where the (200)
peak decreases slightly, supporting this possibility. Another contribution
to the change in copper lattice might be due to thermal expansion during
charge cycling, caused by Joule heating due to internal resistances [42].

Fig. 3c plots the lattice strain of the (200) peak, calculated using
Equation (2), where d mp, is the d-spacing at the given stress level at 0 %
SOC , dy mpq is the d-spacing at the given stress level at a given SOC (x),
and €, mpq is the normal or in-plane strain at a given stress level and SOC.
The difference between strain in the charging and discharging step could
be due to the viscoelastic creep of polymeric materials in the pouch cell
affecting the actual stress on the copper over time. This is supported by
the plot of each cell’s expansion during charge and discharge, shown in
Fig. 3d, normalized by the cell thickness of 6.5 mm to get strain. The
pouch cell expansion for —10 and —20 MPa does not return to zero after
the discharge step, indicating that there was still significant creep
happening during the charging step, despite the 100-min waiting period
before the start of the experiment. While during the charging step the
strain is less for higher stresses, the difference in total pouch cell strain
during the entire discharge step is approximately the same for each
stress (~ 0.024 mm/mm). Similarly, from Fig. 3c, while the lattice strain
of copper (200) is different during charging, the total strain during the
full discharge step is similar for all three stress levels in the normal
direction.
sy = Zxttre —dore @

0.MPa

As before, we can use 3D Hooke’s law to estimate stresses due to
charge cycling a pouch cell; Table 2 reports the strain of d-spacings at 100
% SOC versus 0 % SOC (at the discharge step) in the normal and in-plane
directions (Y, ype annd €)oo upe) as well as the normal deviatoric stresses.
The change in normal deviatoric stress due to charge cycling is similar for
all stress levels, given the estimated error. As discussed earlier, un-
certainties in the strain calculation and the complex stress environment in
the pouch cell make it difficult to directly compare the nominal stress with
the calculated copper (200) strain. Also, it is possible some of this strain is

Table 1
Estimated stresses of the copper (200) peak at 0 % SOC from
3D Hooke’s law.

Applied Stress (MPa) opn (MPa)

0 0
-10 —58 + 16
—-20 -98 +17
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Table 2

Estimated stresses of the copper (200) peak due to charge and discharge.
Applied Stress (MPa) N ompa (A/A) e oompa A/A) opn (MPa)
0 —84x10* 3.2x 1074 —56 + 35
-10 —83x10* 8.1x10°* —81 +27
-20 - 7.0x10°* 9.2x 1074 —79 £25

due to thermal expansion, which should approximately be the same for all
cells as the internal resistances of the cells should be similar, with a slight
increase under stack pressure [42]. However, we expect the contribution
of thermal expansion to be very small as we are operating at slow rate
(0.2C) and the cells we are testing are not large-format. Regardless, while
the stresses due to charge cycling calculated for these commercial cells is
not high enough to plastically deform the copper foil, electrodes with
larger volume expansions, like silicon, experience mechanical degrada-
tion of the current collector [43]. This suggests that the significant in-
ternal stress on the copper foil that results from the expansion of the
anode during charge and discharge should not be neglected in discussions
on mechanical studies of these electrodes.

Next, we turn to understanding what happens to the electrode
structures during cycling under stress. Fig. 4a shows the diffraction
pattern of the LCO (104) peak at 0 MPa, from the Bank 2 detector, with
Al (200) subtracted. At 0 % SOC, LCO starts out as a rhombohedral
lattice (labeled R) which has a strong (104) peak, that increases in d-
spacing as SOC increases, as expected due to the c-axis expansion due to
lithium extraction [24,35]. In the region of 80-100 % SOC, the (104)
peak splits into two peaks; one stronger peak at around 2.02 A, and a
weaker peak at 2.004 A. This behavior agrees well with the transition in
LCO from the rhombohedral lattice to the monoclinic lattice which was
reported in the literature [24,35,44]. Therefore, we use the notation of
the monoclinic phase by labeling the peak at 2.02 A as M (111) and the
peak at 2.004 AasM (202) [44]. As can be seen from the discontinuities
of the (104) peak in Fig. 4a, this phase transition is reversible during
electrochemical cycling: first at around 80 % SOC the rhombohedral
lattice transitions to monoclinic, and then the monoclinic lattice tran-
sitions back to rhombohedral at around 90 % SOC. Nevertheless, it is
noted that the presence of this monoclinic structure is not typically
found in commercial LCO cells, but could be attributed to heterogenous
lithiation through the cell or other degradation mechanisms [44]. In this
region of d-spacings there is also a graphite anode phase 1 L (101) peak
(see Fig. S5 for the d-spacings for these peaks).

Fig. 4b plots the fitted d-spacings of the LCO peaks for each stress
level. As expected, a higher stress results in a smaller d-spacing, due to
mechanical strain. Around 95-100 % SOC, the —20 MPa case has a
higher d-spacing, likely because at this stress, the M phase does not fully
disappear. At higher stresses, the peak d-spacing switches from the R
phase to the M phase (and back) at higher SOCs. This means during both
charge and discharge, the phase transitions R <M and M < R happen at
higher SOCs with increasing stress. A higher SOC means that the phase
transition requires more of the available charge. This is consistent with
our expectations; since LCO gains lithium as it contracts, compressing
the pouch impedes lithium from leaving the LCO electrode, requiring
more of the lithium inventory to leave the structure for the phase
transitions to occur.

Graphite, on the other hand, is losing lithium as it contracts, so
compressing the pouch cell means some lithium leaves the graphite
electrode. Therefore, it can be assumed that graphite phase transitions
require more of the lithium inventory to enter the structure to occur. So,
it is expected to see the same trend in phase transition SOC as LCO: at
higher stresses, transitions require more of the available charge, or a
higher SOC. To analyze this, the (004) lithiated graphite peak was
analyzed with single peak fitting. Fig. 5a shows the diffraction pattern at
0 MPa for this (004) peak and shows that this peak is not continuous but
rather has distinct regions as SOC changes, corresponding to the
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the (004) peak, where shaded regions represent the standard error of the fit, and phases are labeled. (c) Normalized peak intensities, with first-order phase tran-

sitions labeled.

presence of different lithiated graphite phases. These phases are labeled
in Fig. 5a according to previous literature [23]. First-order phase tran-
sitions, which are indicated by local minimums in intensity, are labeled.

As expected for this peak, Fig. 5b shows the peak d-spacing changes
drastically with SOC for all stress levels [17,23]. Also, across all SOCs,
there is a decrease in d-spacing with stress due to the mechanical
deformation of the materials. To clearly see where the phase transition
occurs, Fig. 5c plots the normalized peak intensities for each stress level.
The expected shift in transition SOC is clear, where the intersection of
the two phases’ intensities shifts to higher SOC at higher stresses. There
is also a similar shift in the intensity decrease around 70 % SOC corre-
lating to the 2« 1 phase transition. The 4L « 3L transitions for both
charge and discharge and the 2—2L transition during discharge are
second-order transitions that we are unable to resolve with our peak
fitting results. Regardless, the 1L« 4L, 3L+ 2/2L, and 2« 1 transi-
tions show the same trend as LCO: a higher stress leads to a higher phase

transition SOC, therefore requiring more lithium inventory in the
graphite for transitions to occur.

From our fits of the LCO and graphite peaks, the SOC at which each
phase transition occurs for each stress level can be determined. For the
graphite first-order phase transitions, the crossover point in intensity of
the (004) peak between two co-existing phases was found using linear
fits. Fig. 6a-d shows the linear fits for the 1L« 4L and 3L« 2/2L
transitions, where the intersection of the lines shifts to higher SOC at
higher stresses. Notably, the 2L—3L transition during discharge, shown
in Fig. 6d-is shifted less than the 3L—2 transition during charge in
Fig. 6¢, suggesting that the 2 L-3 L phase transition is less affected by
applied stress than the 3 L to 2 phase transition [23]. The graphite 2 & 1
phase transition is a two-phase region, indicated as the dip in intensity in
the (004) peak around 70-100 % SOC. The SOCs for this transition were
fit using a Gaussian peak to 1-intensity, as shown in Fig. 6e. The SOC at
charge and discharge was defined as the peak center minus three times
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Fig. 6. Voltage and SOCs of the phase transitions at each stress. (a) The 1L— 4L
phase transition with linear fits. (b) The 4L—1L phase transition with linear
fits. (¢) The 3L—2 phase transition with linear fits. (d) The 2L— 3L phase
transition with linear fits. (e) The 2 < 1 phase transition, with a Gaussian fit to
1l-intensity of the (004) peak. SOCs of the transition were defined as y — 3o,
where y is the peak center and ¢ is the standard deviation. (f) LCO phase
transitions between R and M phases, determined from the derivative of d-
spacing with respect to SOC. The local minima and maxima indicate the SOC of
the transitions. (g) The charge and discharge curves for each stress, with the
SOC and cell potential of each phase transition identified.

the standard deviation ¢, which covers 99.7 % of the peak width. For the
LCO transitions, the derivative of the d-spacing of the R (104) and M
(111) peaks with respect to stress was taken, and local minima and
maxima of this derivative indicated transition SOC, as shown in Fig. 6f.

Fig. 6g plots the charge and discharge curves at each stress level,
with the SOCs and cell potentials of the phase transitions indicated.
Therefore, as phase transitions are shifted to higher SOCs at higher
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stress, these transitions happen at higher cell potentials during charge
and lower cell potentials during discharge. This is consistent with the
shifts in the dQ/dV plots shown in Fig. 1b, where the peaks and troughs
are shifted to higher SOCs.

Much of the capacity loss in a constant current charging scheme is due
to the voltage shift due to stress (as is discussed in the supplemental
document), which can be corrected by adjusting the voltage window of
cells under stack pressures. However, the capacity loss due to lithium in-
ventory consumption of phase transitions under stress is less easily fixed.
While some systems (such as solid-state batteries) require some stack
pressure, if this is not required, high stack pressure should be avoided.

4. Conclusion

We used neutron diffraction on commercial pouch cells to under-
stand how lithium-ion battery electrode materials are affected by an
applied stress during charge cycling. We compared single peak fitting
results from diffraction patterns of pouch cells charge-cycled at different
stresses for the copper current collector, lithium cobalt oxide cathode,
and graphite anode phases. It was found that the copper current col-
lector experiences a small strain during charge and discharge due to the
expansion of the graphite phases, which is often ignored in these sys-
tems. For the graphite and LCO electrodes, the effect of stress on phase
transitions was characterized and it was found that phase transitions
under higher stresses require more of the available capacity of the bat-
tery. These findings are noteworthy for any lithium-ion pouch cell being
charged in a constrained space or under stack pressures, including solid-
state cells and cells in battery packs, particularly for lithium-ion anodes
with larger volume expansion than graphite (such as silicon, tin,
aluminum, etc.). The copper current collector should not be assumed to
be mechano-electrochemically inactive; in systems with large volume
expansions the buildup of internal stresses could potentially lead to
mechanical deformation or even failure of the copper. Voltage cutoff
windows need to be shifted to account for the loss of capacity due to
mechano-electrochemical voltage shifts, and external stresses on pouch
cells should be minimized to reduce the capacity loss due to lithium
inventory loss during phase transitions under stress.
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