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Abstract

Background Self-discharge is known to cause chemical degradation in batteries; however mechanical behavior of electrode
materials during self-discharge process has not been explored.

Objective This study aims to investigate potential evolution and stress development in electrodes due to self-discharge
process, and to assess the effect of self-discharge induced stresses on the electrode performance.

Methods Germanium thin film electrodes were cycled against Na under galvanostatic and self-discharge conditions. A
multibeam optical sensor (MOS) integrated with a custom electrochemical cell was used to carry out operando stress meas-
urements during galvanostatic and self-discharge processes; a subsequent SEM analysis of the samples was carried out to
assess the influence of stresses on mechanical integrity.

Results During ~ 165 h of self-discharge, the potential evolved continuously from a fully sodiated state of SmV to 1.2 V
vs. Na/Na*, indicating continuous loss of stored sodium-ions from Ge. As a result, electrode stresses evolved continuously
throughout the OCP, changing from a compressive value of—0.5 GPa at the start of OCP to a tensile stress value of 0.71
GPa, i.e., a total stress change of 1.2 GPa without any external agency applying forces on the electrode. A prolonged (i.e.,
more than ~ 100 h) exposure to high tensile stress causes electrode fracture (mechanical damage).

Conclusions Self-discharge not only causes irreversible electrochemical parasitic losses but also promotes mechanical damage
in high volume expansion electrodes if not addressed properly. Hence, to develop high performance electrodes for recharge-
able batteries, electrochemical measurements should be coupled with mechanical characterization.
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Introduction per month [2]. On the other hand, lead-acid batteries display

a wider range, with rates varying from 2-5% and 15-25%

Self-discharge is a process in which a fully charged bat-
tery, when stored, i.e., not connected to any load or device,
slowly loses its charge over time. All primary and second-
ary batteries undergo self-discharge to some extent (i.e.,
they lose stored energy when not in use) and at different
rates. For instance, lithium-ion batteries typically experi-
ence a self-discharge of about 2% of their charge capac-
ity per month [1]. Nickel-metal hydride (Ni-MH) batteries
exhibit a higher self-discharge rate, typically about 20-25%
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per month, depending on the age of the battery [3]. One of
the main mechanisms responsible for self-discharge is the
parasitic reactions between electrode and electrolyte [4-6],
especially the passivation layer (or Solid Electrolyte Inter-
face, SEI) formation.

An ideal SEI film on the surface of the electrodes should
be stable, thin, electronically insulating, and ionically con-
ductive [7-9]. This layer, when reaches a sufficient thick-
ness, adds kinetic stability and prevents further decomposi-
tion of the electrolyte [10]. However, SEI layers on many
electrodes may not be continuous and could be unstable
due to different electrolyte characteristics [9, 11-13], which
leads to continuous parasitic reactions causing self-discharge
(i.e., consumption of the stored ions). For example, sodium
(Na) salt was found to form unstable SEI compared to those
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formed in the presence of lithium (Li) and potassium (K)
salts [14].

There has been a lot of focus on the self-discharge
mechanisms and optimization of the electrolyte/electrode
combinations of various battery chemistries. However, all
the reports in the existing literature have focused mainly on
the electrochemical aspects of the self-discharge problem.
These studies have contributed towards understanding the
chemical degradation such as loss of lithium inventory via
SEI formation/dissolution/reformation. However, they did
not consider implications of self-discharge process on the
mechanical behavior of electrodes. For example, as the self-
discharge process leads to concentration changes within an
active material, it could lead to electrode stresses.

Previous reports demonstrated experimentally that
the concentration changes in electrodes lead to volume
expansion-induced stresses. For example, Ge electrodes
can expand up to 239% when fully sodiated [15] and 260%
when fully lithiated [16], and Si expands up to 400% upon
lithiation [17]. This level of volume expansion can induce
a significant amount of stress in the battery electrodes.
Sethuraman et al., [18] Bucci et al., [19] Al-Obedi et al.,
[20] Nadimpalli et al., [21] Rakshit et al., [22] Pharr et al.,
[23] and Soni et al., [24] have measured electrode stresses
experimentally and reported that the stresses could reach
as high as 1.5 GPa. Stress is the driving force for mechani-
cal degradation, such as fracture of electrodes which con-
tributes to capacity fade [25-28]. In addition, stresses also
affect the equilibrium potential [18], reaction kinetics [29,
30], and transport processes [31]. Hence, it is imperative
to understand if stresses develop in electrodes during self-
discharge, and to ascertain if the self-discharge induced
stresses lead to mechanical damage. Despite the importance
of electrode stresses and their influence on electrochemical
and mechanical processes in electrodes, no study exists on
the mechanical behavior of electrodes during self-discharge
phenomenon. Understanding this is especially crucial for the
large volume change (next generation high energy density)
electrodes.

Therefore, the objective here was to carry out real-time
stress measurements during self-discharge process of large
volume change (high energy density) electrodes and to
ascertain if these stresses cause any mechanical damage.
To this end, Na-based electrode and electrolyte system was
chosen as a model system to study this phenomenon. Specifi-
cally, Ge thin film was chosen as the working electrode, 1
M of NaClO, in propylene carbonate (PC) with 5% fluoro-
ethylene carbonate (FEC) additive as the electrolyte, and
Na foil as the counter/reference electrode. An optical-based
experimental apparatus integrated with an electrochemical
cell was used to perform in-operando stress measurements
during self-discharge and regular electrochemical cycling. It
should be noted that the Ge electrode used in this study is a

nonporous and binder-less electrode without any conductive
additives, i.e., a solid thin film electrode, and it eliminates
all the geometric and structural complexities of a composite
electrode and leads to tractable stress and electrochemical
measurements. Note that the focus here is to investigate the
relation between self-discharge process and the electrode
stress development and to understand if these stresses cause
any associated mechanical damage of electrode. The frame-
work proposed here is more general and applicable to any
electrode/electrolyte system.

Experimental Method

Ge Thin Film Electrode and Electrochemical Cell
Preparation

Germanium films of ~100 nm thickness were sputter depos-
ited on a double-side polished fused silica (SiO,) substrates
(thickness ~500 pm, diameter ~5.08 cm) that have been
coated with ~5 nm of Ti (for better adhesion) and ~200 nm
of Cu (as a current collector). In addition, the Ge film was
also deposited on a thin Cu sheet (thickness ~150 pm) to use
in coin cells. The thickness of the deposited films was meas-
ured with a stylus profilometer. The Ge film was deposited
using (Kurt J Lesker Axis system) DC sputtering technique
with 65 W power over 2 in diameter target at 3mTorr of Ar
gas, resulting in a deposition rate of ~1 A/s. The Ge films
deposited under these conditions are known to be amorphous
[32]. The Raman spectra obtained on these sputter-deposited
Ge thin films (Fig. S1) show a broad peak, indicating the
amorphous nature of the sputter-deposited Ge films.

Figure 1 shows the schematic of the electrochemical cell
made of a Teflon beaker. The amorphous germanium (a-Ge)
film was used as the working electrode, while a 2 mm thick
sodium foil (that was prepared from Na cubes 99% trace
metals basis from Sigma Aldrich) was used as the counter/
reference electrode. The electrolyte consists of 1 M sodium
perchlorate (NaClO,, > 98% pure, Sigma Aldrich) in propyl-
ene carbonate (PC, 99.7% anhydrous, Sigma Aldrich) with
a 5 wt.% fluoroethylene carbonate (FEC, Sigma Aldrich) as
an additive [33]. A glass microfiber sheet (Grade GF/C, pore
size ~1.2 pm, Sigma Aldrich) was used as the separator to
prevent physical contact between the electrodes. Coin cells
(i.e., CR2032) were also prepared with the same electrode/
electrolyte combination. Since no curvature measurements
are performed in a coin cell, the a-Ge film deposited on a
Cu foil was used as working electrode here. All the cells,
i.e., both beaker and coin cells, were assembled inside a
glovebox (MBraun Inc.,) filled with Argon and maintained
at<0.1 ppm of O2 and <0.1 ppm of H,0.

The beaker cell shown in Fig. 1 was subjected to elec-
trochemical cycling using a Solartron 1470E potentiostat.
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Fig. 1 The schematic of the
electrochemical cell and the
multibeam optical sensor
(MOS) setup. The inset shows
the details of electrode sample
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The Ge electrodes were cycled under three different elec-
trochemical conditions: (i) galvanostatic (i.e., at a constant
current density of i =6 pA cm™2 corresponding to ~C/3.25)
sodiation/desodiation cycling between 2 V and 0.005 V
vs. Na/Na™, (ii) a single galvanostatic sodiation/desodia-
tion cycle followed by a galvanostatic sodiation until the
potential reaches 0.005 V vs. Na/Na™ and then allowing self-
discharge to occur under an open circuit potential (OCP)
condition for prolonged period (i.e., typically for more than
150 h) until potential reached 1.2 V vs. Na/Na*, and (iii)
a single galvanostatic sodiation to a potential of 0.005 V
vs. Na/Na* followed by a self-discharge (or an open cir-
cuit) condition just like (ii). The first experiment enables
measurement of baseline electrode behavior during regular
cycling while the second and third experiments are self-dis-
charge experiments. All these beaker cell experiments were
conducted inside the glove box; the current, potential, and
stresses response of the electrode were measured continu-
ously throughout these experiments.

In addition to the beaker cell, some coin cell experiments
were carried out under the same protocols mentioned above
(i-e., (i), (ii), and (iii) conditions discussed above) primarily
to characterize the electrochemical behavior of Ge electrodes
in a more standard coin cell configuration and to compare
that with the results from the beaker cell experiments men-
tioned above. The coin cells are also subjected to extensive
cycling; for example, galvanostatic cycling with i=6 pA
cm™2 for forty-seven cycles between 2 V and 0.005 V vs.
Na/Na*. Further, the a-Ge film electrodes in coin cell, after

undergoing self-discharge, were galvanostatically desodiated
to 2 V vs. Na/Na* to estimate/quantify the capacity loss due
to self-discharge. Besides these galvanostatic cycling and
self-discharge experiments, the coin cells were also sub-
jected to (a) cyclic voltammetry (CV) experiments at a scan
rate of 0.1 mV s~! between 2 V and 5 mV vs. Na/Na* and
(b) the galvanostatic intermittent titration technique (GITT)
to estimate the equilibrium potential of the a-Ge electrode as
a function of Na concentration. The experimental protocol
(with GITT step at various capacities) is shown in Fig. S2.

SEM Analysis

Scanning electron microscopy (SEM) analysis was per-
formed on the as-deposited and self-discharged a-Ge film
electrodes to understand the effect of self-discharge pro-
cess on the mechanical integrity of the electrode films. The
beaker cells were dissembled inside the glove box and sam-
ples were rinsed with propylene carbonate (PC) and imme-
diately placed in a sealed container filled with argon gas
before moving them out of the glove box. This was done to
minimize the exposure to oxygen during transportation, and
the samples were quickly transferred into the SEM chamber.

Stress Measurements using the Multibeam Optical
Sensor (MOS)

The schematic in Fig. 1 illustrates the multi-beam optical
sensor (MOS) setup that was used to monitor changes in the

SEM
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curvature of a fused silica substrate during electrochemi-
cal cycling and self-discharge process of the a-Ge film. The
MOS setup includes a laser source with a central wavelength
of 660 nm, a single collimated beam, and two etalons. This
arrangement was used to produce a 2x?2 array of laser
beams, which were directed toward the sample, as shown
in Fig. 1. A CCD camera captured the reflected laser beams
from the sample, and the resulting image appears as a 2 X2
array of circular dots on a computer monitor. The sample
curvature, k, change is determined by measuring the change
in spacing between the laser beams (or circular dots). Note
from Fig. 1, that the Na foil, glass fiber separator, and a-Ge
films remained submerged in the electrolyte throughout the
experiment, while the surface of the substrate was not sub-
merged. This avoids laser passes through the electrolyte.
The stress in the a-Ge film can be determined by

6=0,+——— (M

(Stoney's equation) [34-36], which relates substrate cur-
vature, K, to film stress, 6. Here E_, t,, and v, are Young’s
modulus, thickness, and Poisson’s ratio of the fused silica
(Si0,) substrate, respectively, while 7, represent the a-Ge
film thickness. The parameter o, is the residual stress of the
as-prepared a-Ge film that is caused by the mismatch in ther-
mal expansion between the a-Ge film and the fused silica
substrate during the deposition process. It should be noted
that the stress values reported here are based on the original
thickness #; of the a-Ge film and is the nominal stress in the
film (i.e., 7, is constant).

Results and Discussion

Electrochemical and Stress Response of a-Ge Film
during Regular Cycling

Figure 2 shows the cyclic voltammogram (CV) of the a-Ge
thin-film electrode cycled against a sodium reference elec-
trode for the first five cycles (from the coin cell experiments).
A slight increase in the current at ~0.8 V vs. Na/Na* during
the first cathodic sweep (i.e., sodiation of the pristine a-Ge
film) which was absent in all the subsequent cycles can be
attributed to the formation of the solid electrolyte interphase
layer. The sharp increase in current at ~85 mV vs. Na/Na™*
during the first cathodic sweep is attributed to the sodium
alloying reaction with germanium. Note that the potential
associate with this sharp increase shifted to the right during
subsequent cathodic sweeps, and the peak current value also
increased with cycling (i.e., the number of electrons involved
in the reaction increases [37]), suggesting improved reaction
kinetics. The anodic sweep has a single peak corresponds to
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Fig.2 Cyclic voltammogram (CV) of a-Ge film cycled against Na
foil with a sweeping rate of 1 mV/s showing the characteristic sodia-
tion/desodiation peaks

the desodiation of the a-Ge film. The peak associated with
this reaction is centered at ~0.68 V vs. Na/Na* for the first
cycle but shifted to right reaching ~0.73 V vs. Na/Na* for
the fifth cycle, while the peak values increased with each
cycle, suggesting improved electrochemical kinetics. These
observations are in agreement with the previous reports on
a-Ge films cycled against Na [15].

Figure 3a shows the potential and stress response of the
a-Ge film during a typical galvanostatic (i.e., a constant cur-
rent density of 6 pA cm™2 corresponding to ~C/3.25 rate)
sodiation/desodiation cycle with respect to time (data from
second cycle). The same data, i.e., potential and stress, is
presented in Fig. 3b and c, respectively, as a function of
capacity. Note from Fig. 3a and b, that upon sodiation (i.e.,
when sodium reacts with Ge) the potential decreases sharply
from 2 to approximately 0.8 V vs. Na/Na*, but decreases
gradually afterwards to 0.1 V vs. Na/Na* (owing to SEI
formation which is more predominant below 0.8 V vs. Na/
Na™). The potential then remains almost constant at 0.1 V
vs. Na/Nat with time (and capacity) until the end of sodia-
tion. The long plateau near 0.1 V vs. Na/Na*, corresponds to
Na alloying with the a-Ge film. At the end of the sodiation
process, the potential drops rapidly to the cutoff voltage of
5 mV vs. Na/Na*t at 425 mAh g~!. Upon desodiation, the
potential rises sharply to~0.6 V vs. Na/Na* and remains
constant until a capacity of 200 mAh g~! and increasing rap-
idly thereafter as desodiation continues to 41 mAh g~!. Note
that the plateau around 0.6 V vs. Na/Na* aligns with the Na
extraction peak shown in Fig. 2. The capacity loss during
the cycle is primarily attributed to side reactions (e.g., SEI
layer formation), and a majority of the SEI film forms during
the first cycle [38—40]. The Ge electrodes were also cycled
under the same galvanostatic conditions in a standard coin
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Fig.3 (a) Shows the stress and 1
potential response of a-Ge thin
film electrode as a function

of time; (b) and (¢) show the
potential and stress response,
respectively, as a function of
specific capacity during galva-
nostatic sodiation/desodiation
cycling
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cell configuration; the electrochemical data and observations
from both coin cell (see Fig. S3) and beaker cell experiments
agree well with the reported data by Zhang et al. [41], Bag-
getto et al. [42], and Rakshit et al. [15].

Figures 3a and c show the nominal stress response of the
a-Ge electrode as a function of time and capacity, respec-
tively, during regular galvanostatic sodiation/desodiation
cycling (C/3.25 rate). Upon sodiation, i.e., when sodium
is inserted into a-Ge matrix, the stress which is~0.8 GPa
at the start of the cycle changes linearly with capacity and
becomes compressive. Note that the compressive stress is
indicated as negative stress and tensile stress is indicated as
positive stress. The sodium insertion into Ge matrix leads to
expansion, but the elastic substrate constrains the expansion
inducing compressive stress. As the sodiation continues, the
stress increases linearly with capacity toward compressive,
attaining a peak value of —1.07 GPa at a capacity of 158
mAh g~!, decreases with capacity there after reaching a
value of —0.47 GPa at the end of sodiation (425 mAh g~!).
The linear stress variation with capacity at the beginning of
sodiation is due to elastic response and the subsequent non-
linear response is due to irreversible plastic deformation. As
soon as the desodiation process begins, i.e., when sodium
is removed from Ge matrix, the stress becomes tensile and
increases linearly at the beginning followed by nonlinear
response, mirroring the behavior observed during sodiation
process. The stress returns to the original tensile value at
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the end of desodiation prosses. This behavior is consistent
with the previous report by Rakshit et al. [15]. The results
presented in Fig. 3 establish a quantitative baseline for the
coupled electrochemical and mechanical behavior of a-Ge
during a regular galvanostatic sodiation/desodiation cycling.

Electrochemical and Mechanical Response of Ge
Electrode during Self-Discharge and the Associated
Damage

Figure 4a shows the stress and potential response of a-Ge
film during a full galvanostatic cycle followed by a second
sodiation step, an open-circuit potential (OCP) period where
self-discharge was allowed to proceed, and a third sodiation
step. The data corresponding to the self-discharge (or OCP)
step is shown in Fig. 4b separately for clarity. Note that the
data during regular galvanostatic steps in Fig. 4a matches
with the data presented in Fig. 3, i.e., standard galvanostatic
cycling. During the OCP, i.e., when the electrodes are dis-
connected, the potential is expected to relax to a steady state
value (not far from~5 mV in the present case). However, it
can be noted from Fig. 4b, that the electrode potential has
evolved continuously throughout the approximately 165 h
of OCP (or self-discharge). At the start of OCP (i.e., imme-
diately after the second sodiation) when the a-Ge electrode
is almost saturated with Na, the potential has increased
relatively quickly to~0.6 V vs. Na/Na*t within the first few

SEM
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Fig.4 (a) Shows the potential and stress response during a regular galvanostatic cycle, second galvanostatic sodiation, and the final sodiation
process; the data between the two dashed lines is plotted in (b) which corresponds to the sample response during OCP (or Self-discharge pro-
cess). (¢) and (d) show the SEM images of Ge thin film electrode before electrochemical cycling and after the self-discharge process, respec-
tively (i.e., at I and II indicated in “a”). The interesting point to note here is that the electrode which was under OCP (i.e., disconnected and not

in use) from 11 h developed cracks due to self-discharge induced stresses

hours. The potential then remained almost constant for the
next 75 h; note that the rate of increase of potential during
this stage is very small but not zero. After about 100 h the
potential again starts to increase gradually with time and
reaches another plateau potential around 1.2 V vs. Na/Na™.
This behavior was consistent among four samples tested in
beaker cell configuration and four samples tested in coin
cell configuration. The continuous change in potential is a
clear indication that the sodium is leaving germanium due to

SEM

self-discharge process, and the fact that the electrode spent a
significant amount of time (i.e., more than 80 h) at the ~0.65
V vs. Na/Na*t which according to the CV data from Fig. 2 is
close to the potential corresponding to desodiation process
supports this hypothesis.

A more interesting and surprising data is the electrode
stress presented in Fig. 4b. As mentioned earlier, the stress
response of electrodes during self-discharge process was not
studied before, and Fig. 4b shows, for the first time, how
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electrode stresses evolve during a self-discharge process.
Note from the figure that the stress in NaGe electrode at the
beginning of the self-discharge (or OCP) process was 500
MPa of compression. Since the electrodes are disconnected
during an OCP and are assumed to be under equilibrium
conditions, it is expected that the stress remains constant.
However, it is interesting to see (from Fig. 4b) that the elec-
trode stress changed continuously throughout the OCP step.
This can be attributed to the fact that the self-discharge reac-
tion drives concentration changes in the electrode, which
induces stress change. Note that as soon as the electrode is
subjected to OCP, stress started relaxing, i.e., stress changes
rapidly with time from a compressive stress of 500 MPa in
the beginning to a tensile stress value of ~ 100 MPa within
the first 17 h of OCP step. The electrode stress then remains
almost constant at this level for the next 60 h, and then
increased with time with further OCP reaching a tensile
value of 0.71 GPa. The electrode stress remains constant at
this high tensile value of 0.71 GPa until about 165 h. The
surprising fact here is that all this stress change, i.e., from a
compressive value of—0.5 GPa at the start of OCP to a ten-
sile stress value of 0.71 GPa, occurred without any external
agency applying forces on the electrode.

The stress relaxation phenomenon (i.e., stress changes
with time without the influence of any external agency)
is quite common in materials [43—45] (metals, polymers,
ceramics, amorphous materials, and composites); for exam-
ple, when a polymeric material is subjected to a constant
strain and left alone (such as the Ge electrode which is sodi-
ated completely and left alone, i.e., OCP), stress relaxes to
a constant steady state value (usually close towards zero
stress). However, what is interesting to see in Fig. 4b is that
when the electrode is left alone, i.e., under OCP, the stress
did not relax to a steady state value, but it increased with
time and became tensile without the help of any external
agency applying forces on the electrode. What this means is
that when a fully charged cell is (unused) sitting on a shelf,
the (negative) electrodes will develop tensile stresses due
to self-discharge process. Although no external forces are
acting on the electrode, the thermodynamic driving force
for self-discharge reaction in Na-Ge (to cause concentration
changes in the electrode) is strong enough to induces ten-
sile stresses in the electrode (self-discharge chemistry and
mechanical coupling). In fact, the driving force is strong
enough to produce a tensile stress as high as 0.71 GPa after
about 165 h of OCP when the electrode potential reaches
almost 1.2 V vs. Na/Na™. This is a significant observation,
because what this experiment has demonstrated is that dur-
ing self-discharge, the electrode stresses could reach tensile
stresses of the order of a GPa. Such level of large tensile
stresses lead to fracture and mechanical damage.

To understand if the self-discharge induced stresses
caused any mechanical damage, SEM analysis was

conducted on the electrodes at different stages of cycling
and are presented in Figs. 4c and d. Note that the pristine
a-Ge electrode shown in Fig. 4c has no visible cracks, but
the SEM image of the sample after self-discharge process
in Fig. 4d (and Fig. S4) shows numerous cracks confirming
our hypothesis that self-discharge induced tensile stresses
caused mechanical damage. It should be noted that Rakshit
et al. [15] demonstrated experimentally that during a regular
galvanostatic cycling when the peak tensile stress was close
to 1 GPa, no cracking was observed in the first few cycles.
However, a slightly lower stress of 0.71 GPa during a single
self-discharge process led to fracture of Na-Ge electrode.
This can be attributed to the time dependent deformation
mechanism such as creep. Since the sodiated Ge is an amor-
phous material, creep deformation mechanisms are impor-
tant [43—-45], i.e., besides the high tensile stress magnitude,
the amount of time the electrode is exposed to these high
stress levels is also very important. For example, during a
regular galvanostatic cycle (i.e.,, in Rakshit et al. [15] and in
Fig. 3) although the electrode experienced ~ 1 GPa of stress
without experiencing cracks because it was only for few
minutes; however, during the self-discharge the electrode
is subjected to tensile stress of 0.71 GPa for several hours
(i.e., close to 100 h). The materials which are susceptible
to creep tend to relax moderately high tensile stresses by
developing cracks as shown in Fig. 4d [46, 47]. Hence, time-
dependent deformation mechanisms such as creep makes
the self-discharge induced tensile stresses more detrimental
than the peak tensile stresses induced during regular galva-
nostatic cycling.

Self-discharge Mechanisms and Reactions Rates

Although the primary focus of this work is to understand the
effect of self-discharge process on the mechanical behavior
of electrodes, it is useful to see how the self-discharge rate
evolves with potential. The capacity (or charge) loss infor-
mation is required to estimate reaction rates and is typically
determined either by running a charge or a discharge pro-
cess after the OCP step [5, 6, 48-51]. However, a relation
between potential and the content (or amount) of sodium
in the electrode, along with the data from Fig. 4b, can also
provide both the charge loss and the rate at which capacity
is lost. Fig. S2 describes the details of this method.

Figure 5a depicts how the self-discharge rate (i.e., kinet-
ics) and potential (thermodynamics) are related. Note that
the self-discharge (or charge loss) rate is 0.9 pA/cm? at the
beginning and decreases with potential throughout the OCP
except at 0.6 V vs. Na/Na*, where it attains a peak value of
more than 2 pA/cm?®. This peak self-discharge rate corre-
lates with the desodiation reaction peak of the Na-Ge system
shown in the CV plot in Fig. 2. Data obtained from a coin
cell experiment (presented in Fig. S5) also agrees very well

SEM
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Fig.5 (a) The self-discharge
rate as a function of OCP. (b)
A schematic showing the self-
discharge mechanism, where
an unstable SEI forms on the
electrode during cycling and
undergoes concurrent dissolu-
tion and reformation at the
expense of the stored charge
during OCP
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with this data. The primary factor contributing to self-dis-
charge is the instability of the passivation (SEI) layer, lead-
ing to its dissolution and reformation, which results in the
continuous reduction of electrolyte solvents at the expense
of stored charge [5, 6, 52-54]. The schematic in Fig. 5b illus-
trates the process of SEI layer dissolution and reformation,
driving self-discharge. As the existing SEI layer dissolves,
the system favors the formation of a new SEI at the elec-
trode—electrolyte interface [55]. Hence, the self-discharge
rate is affected by (i) the dissolution rate of passivation layer,
(ii) the kinetics of SEI reformation, and (iii) the potential of
the electrode (or Na content within the electrode).

Since the dissolution rate of the SEI compounds may be
independent of the electrode potential or the Na content in
the electrode, the self-discharge rate may be primarily gov-
erned by the electrode potential (or Na content) and the SEI
reformation kinetics. The relatively higher self-discharge
rate observed at the beginning of the OCP step can be
attributed to the fact that the Na content in the electrode is
at the highest and the voltage of the electrode is favorable
for SEI formation. Note that the equilibrium potential for
SEI formation is 0.9 V vs. Na/Na*t [56], and the driving
force for SEI formation increases as the potential goes below
this value. Also, the stable compound between Na and Ge
is NaGe [57, 58], i.e., x=1 in Na,Ge; however, consistent
with the reports from literature, metastable compounds with
x> 1 are formed at the higher Na concentrations. Hence, a
combination of the strong driving force for SEI formation
and to form a stable NaGe compound, can be attributed to
the high self-discharge rate at the beginning. The driving
force for SEI formation decreases as the potential increases,
which is consistent with the data in Fig. 5a. Further, it is
clear from the CV curve shown in Fig. 2 that desodiation
is thermodynamically favored at 0.6 V vs Na/Na*, and at
this potential SEI formation is still favorable; hence, a com-
bination of these two conditions resulted in the peak self-
discharge rate at this potential. A comparison of potential as
a function of sodium content, during a regular galvanostatic
desodiation process and a self-discharge (or OCP) process is

(b)

presented in Fig. S6a, and it shows that the overall potential
trend is similar in both cases, with slightly lower potential
values during self-discharge conditions due to the absence
of overpotential. The close similarity of data between self-
discharge and galvanostatic desodiation conditions indicates
that self-discharge follows the same thermodynamic path-
ways as desodiation, but the rate of reaction is different. As
shown in Fig. 5a, the rate of charge leaving the electrode (or
self-discharge rate) varies throughout the self-discharge step
as opposed to a constant rate (or current prescribed) during
galvanostatic desodiation. The same analyses conducted in a
coin cell configuration (Fig. S5) is consistent with this data.

Conclusions

Mechanical behavior of a large volume expansion sodium-
ion battery anode material was investigated during a self-
discharge process (i.e., the process in which the stored
energy is lost over time when batteries are left alone and
unused). The a-Ge was used as a model electrode for the
study. Operando measurement of electrode potential and
stresses were carried out during regular and self-discharge
processes. The stress and potential response of the Ge elec-
trode during regular galvanostatic cycling agreed well with
the observations and data from the earlier reports. During
self-discharge (or OCP), the potential evolved continuously
from a fully sodiated state of 5 mV vs. Na/Na* to 1.2 V vs.
Na/Na*, indicating continuous loss of stored sodium-ions
from germanium. It was observed that the self-discharge
rate was relatively higher at the beginning of the OCP and
decreased continuously throughout the OCP process except
at 0.6 V vs. Na/Na" where self-discharge rate was the high-
est. Since the desodiation is thermodynamically favored at
0.6 V vs Na/Na*' and SEI formation is still favorable at this
potential, a combination of these two conditions is attributed
to the peak self-discharge rate at this potential.

The more interesting result is the electrode stress evo-
lution during self-discharge. When the fully sodiated
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germanium at —0.5 GPa of compressive stress was sub-
jected to OCP, stress started relaxing immediately, i.e., stress
changed rapidly with time initially to a reach tensile stress
value of ~ 100 MPa within the first 17 h of OCP step and
remained almost constant at this level for the next 60 h, and
thereafter it increased with time reaching a tensile value of
0.71 GPa. The electrode stress remains constant at this high
tensile value of 0.71 GPa until about 165 h of OCP. The
surprising fact here is that all this stress change of more
than 1.2 GPa, i.e., from a compressive value of—0.5 GPa
at the start of OCP to a tensile stress value of 0.71 GPa,
occurred without any external agency applying forces on the
electrode. Further, a tensile stress of 0.71 GPa during self-
discharge, which is slightly lower than the peak tensile stress
that occurs in regular galvanostatic cycle, caused fracture
and mechanical damage.

In summary, this study shows that the self-discharge
process not only leads to loss of sodium inventory towards
irreversible SEI reactions but also leads to significant tensile
stresses in the electrodes that cause fracture. The concentra-
tion changes that occur due to self-discharge process led to
continuous evolution of stresses in the electrode reaching
tensile levels on the order of GPa. Besides the high mag-
nitude, the amount of time the electrode is subjected to
these high tensile stresses makes the self-discharge induced
stresses more detrimental than those induced during reg-
ular galvanostatic cycling. These moderately high tensile
stresses during self-discharge nucleate and propagate cracks,
i.e., mechanically degrading the electrode material, even
when it is not actively cycled electrochemically. The amor-
phous materials such as NaGe are prone to creep deforma-
tion mechanisms, and a prolonged exposure to a moderate
level of tensile stress could lead to cracking. Hence, if self-
discharge-mechanical coupling is not properly addressed,
especially in the large volume change materials, electrodes
will be damaged without even cycling. Hence, to be able
to develop next generation high performance electrodes for
rechargeable batteries or to develop optimized electrolyte
chemistry, stress analysis should be coupled with electro-
chemical measurements.
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