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Tailoring Asymmetric Discharge-Charge Rates and Capacity
Limits to Extend Li-O2 Battery Cycle Life

Hugh Geaney®'?l and Colm O’Dwyertahcl*

Abstract: Widespread issues with the fundamental operation and
stability of Li-O, cells impact cycle life and efficiency. While the
community continues to research ways of mitigating side reactions
and improving stability to realize Li-O, battery prospects, we show that
limiting the depth-of-discharge while unbalancing discharge/charge
rate symmetry can extend Li-O; battery cycle life by ensuring efficient
reversible Li,O, formation, markedly improving cycle life. Systematic
variation of the discharge/charge currents shows that clogging from
discharging the Li-O, cell at high current (250 pA) can be somewhat
negated by recharging with a lower applied current (50 pA), with a
marked improvement in cycle life achievable. Our measurements
determined that specific reduction of the depth of discharge in
decrements from equivalent capacities of 1000 mAhg™' to 50 mAhg™
under symmetric discharge/charge currents of 50 pA strongly affected
the cumulative discharge capacity of each cell. A maximum
cumulative discharge capacity was found to occur at ~10 % depth of
discharge (500 mAhg™) and the cumulative discharge capacity of
39,500 mAhg ' was significantly greater than cells operated at higher
and lower depths of discharge. The results emphasize the importance
of appropriate discharge/charge rate and depth of discharge selection
for other cathode/electrolyte combinations for directly improving cycle
life performances of Li-O, batteries.
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Introduction

Li-O, batteries have been widely investigated as ‘post Li-ion’
energy storage solutions due to the high theoretical specific
energy of the Li-O, system.!'8] Despite the immense potential of
Li-O, batteries to revolutionize energy storage for demanding
applications (e.g. in the automotive industry), a number of
significant issues have been identified which must be addressed
if Li-O, systems are to become realistic practical replacements for
existing Li-ion batteries."'1 These issues encompass a wide
range of problems from electrode (anode and cathode) and
electrolyte instabilities to system architecture and poor rate
capabilities."> 131 Fundamentally, enhanced rechargeability is a
prerequisite for the system as only a small number of studies have
shown Li-O, batteries with cycle lifetimes of = 100 at deep
discharge.l'> " Recent efforts have focused on developing a
greater understanding of the battery chemistry occurring during
discharge and charge.['™'® The overall discharge/charge
mechanism for Li-O, batteries involves the reversible formation
and decomposition of Li,0,.2% 21 However, an increasingly
complex picture has emerged of the influence of a plethora of
factors on battery chemistry. This is particularly important as the
chemistry, size, crystallinity, and location of the discharge
products within the cathode will all influence the rechargeability of
the battery.?>?4 The electrolyte solvent in particular has been
shown to strongly influence the discharge mechanism with the
Gutman donor and acceptor numbers (DN and AN respectively)
giving insight into whether a solution or surface based growth
mechanism will dominate.?d TEGDME, DME and DMSO are the
most commonly used electrolyte solvents in Li-O; cells that have
shown a degree of stability (i.e. ability to form LiO, over an
extended number of cycles without immediate -electrolyte
decomposition). The two former electrolyte solvents possess
lower DN and AN values than DMSO, meaning that for a given
cathode architecture, DMSO discharges tend to form much larger
discharge product feature sizes, leading to higher discharge
capacities.[?®

The depth of discharge is a crucial consideration for Li-O-
batteries systems. It has been widely shown that the primary
failure mechanisms for Li-O; batteries involve the accumulation of
by-products formed by side reactions between LiO, (and its
intermediates) and the electrolyte and cathode.?”-3'l These side
reactions are particularly problematic at high charging voltages
and become more pronounced as cycle number increases.?®?
This issue has prompted researchers to operate Li-O, batteries at
less than full depths of discharge to minimize high voltage
charging and extend cycle life. Given the issues with conducting
tests at full depth of discharge, the majority of reported literature
studies focus on cycling at a fixed capacity value (routinely 1000
MANhG™" carbon).23371 This approach may allow the impact of side-
reactions to be partially alleviated because the voltage to which
the battery is charged is often much less than when tests are
conducted at full depth of discharge. Despite this, the full
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discharge capacity of Li-O, battery cathodes can vary
considerably based on their chemistry, architecture, applied
current and the chosen electrolyte composition. This means that
it is often difficult to gauge how the % depth of discharge is
represented by a capacity limit of 1000 mAhg', and (unless it is

explicitly stated) what process is the cause of limited performance.

This factor was recently emphasized with practical examples by
Noked et al. who discussed the influence of depth of discharge
(along with current collector choice, mass loading and other
important practical considerations) and highlighted its importance
in assessing practical Li-O, systems.]

It has often been stated that ‘sluggish’ kinetics for oxygen
evolution reaction (OER) during charge are a major hurdle for the
implementation of Li-O; batteries.®34% This perhaps explains why
the rate capabilities of Li-O, batteries have been more sparingly
assessed than those of Li-ion batteries.*' 42 Instead, a number of
studies have focused on the current dependent formation of Li2O»
in different electrolyte and cathode permutations as a measure of
understanding rate dependent operation (i.e. for faster discharge
behaviour). Adams et al. showed that Li,O, formation on Super P
cathodes in a TEGDME electrolyte was strongly current
dependent with large toroids only forming at lower current
densities.”3 They also presented a large influence of asymmetric
discharging and charging currents (i.e. discharge at high current
and charge at low current and vice versa) on the charging
overpotential (the potential difference between 2.96 V and the
observed charging potential) but did not assess the impact of this
asymmetry on cycle life. Asymmetric discharge and charge
currents may be a means of extending cycle life by finding
compatible discharge/charge current ratios that drive a
minimization of charge overpotentials and thus alleviate side
reactions for extended cycling without prescribed catalyst or
sacrificial/redox mediator salt addition to the cathode or
electrolyte. Unbalancing the discharge and charge rates may, as
we will show here, improve cyclability in cases where the carbon
cathode contains a lot of discharge product. Furthermore,
asymmetric discharge/charge rates may actively be desired by
manufacturers for certain applications (e.g. in cell phones where
fast charges and slow discharge rates are advantageous) and
fundamentally, it provides a means of assessing how the
discharge state and product type and morphology can be
effectively decomposed to maximize cycle life, for a
predetermined capacity limit and energy density.

In this report we investigate the influence of
discharge/charge asymmetry in determining the rechargeability of
a fixed cathode/electrolyte pairing (DMSO/LITFSI electrolyte and
carbon nanotube (CNT)/ Poly(ethylene oxide) (PEO) cathode).
The electrolyte was chosen as it facilitates higher discharge
capacities (despite not exhibiting acceptable stability for practical
applications4) than ether based electrolytes.[*>*® CNTs have
been shown to possess higher discharge capacities than
particulate carbon while also allowing easier identification of
discharge products.*®-52 PEO was utilized as a more stable
cathode binder compared to the more widely used PVDF.5 |t
must be stressed that this report is not proposing this
electrolyte/cathode pairing as a truly stable Li-O, system which
would be feasible for practical applications. Instead, tests were
done in the context of recent literature focus on understanding the
influence of different testing protocols on determining the
electrochemical response of Li-O, systems.5 The impact of high
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(250 pA), medium (100 pA) and low (50 pA) applied discharge
and charge currents on determining cycle life for a fixed depth of
discharge (1000 mAhg") is first investigated. We also assess the
influence of depth of discharge for a fixed discharge/charge
current (symmetric £50 pyA) on determining the total cumulative
discharge capacity by varying the depth of discharge from full
depth of discharge (when cycled between 2.0 — 4.5 V) to
extremely low depth of discharge (50 mAhg'). The report
suggests that a depth of discharge of ~10% results in the largest
cumulative cell discharge capacity and also highlights that
discharge/charge asymmetry may be a useful means of reducing
charge overpotential and increasing cycle life.

Results and Discussion

Since many literature reports limit the discharge capacity to 1000
mAhg" during cycling, we first investigated the nature of
discharge products formed on the CNT cathodes as a function of
applied current (Figure 1). Such capacity limits are used in Li-O»
battery analysis instead of a voltage, in order to define a depth of
discharge. However, what we will demonstrate as part of this
investigation is that the depth of discharge is also precariously
defined by a capacity limit, as it is for a voltage for the ORR
process of Li,O, formation during discharge. SEM images confirm
that the CNT cathodes show obvious discharge product formation
across the surface and within the nanotube network.

500 nm

Voltage (V)

N
g
(%)

250 n L L I
0 250 500 750
Capacity (mAhg™)

1000

Figure 1. SEM images of CNT cathodes discharged in DMSO electrolyte to a
depth of discharge of 1000 mAhg™" at with different applied currents (a,b: 50 pA
c,d: 100 pA e,f: 250 yA) and corresponding discharge profiles (g).

The sub-um sized discharge products seen at 50 yA and
100 pA are consistent with those previously seen for a DMSO
based electrolyte on a particulate carbon cathode.* % Despite
the clear presence of spherical/toroidal particles across the
surface, the underlying CNT support is still clearly visible (see
Figure S1 for SEM images of a pristine CNT cathode). In contrast,
the cathode discharged at 250 pA  showed slightly less
morphologically defined discharge products (i.e. the toroidal
shape was not as obvious) consistent with the current dependent
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size of discharge products widely reported.%6 %71 From the
corresponding discharge profiles, we observe that the discharge
potential for the cathode discharged at 50 pA is markedly higher
than at higher discharge rates (100 pA, 250 pA).

Discharge/charge tests were conducted to a fixed discharge
capacity of 1000 mAhg using high (250 pA), medium (100 pA)
and low currents (50 pA) in each of the nine possible symmetric
and asymmetric charging-discharge permutations. The first ten
cycles are shown for comparison for each of the nine
permutations of charging and discharging at 250 uA, 100 pyA and
50 pA are shown in Figure 2.

45 45 45
L sS40 4.0 4.0
S S35 35 35
g 30 _ 3.0 3.0
N 225 = 25 25
2.0 2.0 2.0
0 500 1000 0 500 1000 0 500 1000
- 45 45 45
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Figure 2. First ten discharge/charge cycles to a capacity of 1000 mAhg™' for
various symmetric and asymmetric discharge/charge currents.

It can clearly be seen that the test conducted symmetrically
at + 250 pA showed poor rechargeability and only maintained a
discharge capacity of 1000 mAhg' for 1 cycle due to the
extremely poor charging behaviour (even the first charge failed to
reach 1000 mAhg' before the upper voltage limit of 4.5 V was
reached). The discharge capacity rapidly dropped off and was
<500 mAhg"' by the third cycle. In contrast, a marked
improvement can be seen when the tests were operated under
asymmetric conditions. For the cells charged at 100 pA and 50
MA, there is an obvious improvement in capacity retention
reflected in greatly improved charging behaviour. The discharge
and charge capacities for the tests presented in Figure 2 will be
compared with the other asymmetric tests discussed in terms of
cycle life (Figure 3) and charge overpotential (Figure 4). The first
charging profiles for each of the tests discharged at 250 pA are
also shown in Figure S2) for comparison. It can clearly be seen
that the charging overpotential increases in the order of 50 pA <
100 pA < 250 pA.

Similar tests but with a discharge current of 100 pA and
charge currents of 250 pA, 100 pA and 50 pA are presented in
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Figure 2. Similar to the behaviour from discharge at 50 A, the
test with a charge current of 250 pA immediately showed an
extremely large charge overpotential and was not able to achieve
a first charge capacity of 1000 mAhg". The symmetric + 100 pA
test showed improved discharge capacity retention (6 discharge
cycles to 1000 mAhg") despite not achieving a single full capacity
charge at 4.5 V or lower. Charging at 50 pA led to an obvious
improvement in charging with significant reduction in charge
overpotential and level of charge (i.e. charging to a higher
capacity), but no improvement in the number discharge cycles.
Despite this, the first incomplete discharge capacity for this test (=
750 mAhg') was higher than that measured for the symmetric (x
100 pA) test (=500 mAhg™). The first charge profile comparison
for each of the tests (Figure S3) again showed a large
improvement for the test at 50 yA compared to the others with a
much larger charge capacity at lower voltages.

Further reduction of the discharge current to 50 pA was also
probed as a means of improving capacity retention. Even for a
five-fold increase in charging rate (charge current of 250 pA), the
capacity retention was markedly improved compared to the tests
at higher discharge currents. In fact, all of the tests with a
discharge current of 50 pA could retain a capacity of 1000 mAhg"
' for more than ten cycles when recharged at the same rate, or
charged up to five times faster. What can clearly be seen in these
tests is that the charging behaviour improved from 250 pA to 100
WA and was best after charging at 50 pA. This improved behaviour
is manifested in the reduced charge overpotential seen in the first
cycles from 250 pA to 100 pA and 50 pA (Figure S2). The first
charge profiles for each of the charge currents are also presented
in Figure S3. One means of further improving
performance/reducing the impact of side reactions may be
through the use of potentiostatic segments in charging (i.e. setting
charging potential at a fixed held upper potential limit beyond
which side-reactions are known to dominate). This possibility is
discussed in depth with an example in Figure S4 and will be the
subject of further investigations in future.

Capacity retention/cycle life summaries for the various tests
limited to capacities of 1000 mAhg™" are presented in Figure 3.
The tests are grouped according to common discharge current.
Figure 3 a) shows the cells with discharge currents of 50 yA while
Figure 3 b) and c) show the tests with discharge currents of 100
MA and 250 pA respectively. Cells discharged with an applied
current of 50 pA (Figure 3 a), all delivered >10 discharge cycles.
Increasing the charge current had a minor influence on cycle life
(i.e. incrementing the charge rate from 50 pA to 250 pA resulted
in a loss of just 3 cycles). For the tests discharged at 100 pA
(Figure 3 b), the impact of charge current was more pronounced
with only two cycles possible when charged at 250 pA. Similarly,
poor rechargeability was seen for cells discharged symmetrically
at 250 pA (Figure 3 c). Interestingly, the cycle life of the other 250
WA discharge tests with asymmetric, slower charge currents of 50
and 100 pA showed an impressive 7 and 8 cycles respectively.
This suggests that improved cycle life performance may be
achievable for other capacity-limited Li-O- battery systems if high
discharge currents are offset by slower recharge rates.
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Figure 3. Summary of discharge capacity retention for the test shown in Figures 2-4. The discharge capacity for each cycle is shown for cells discharged at a) 50

UA, b) 100 pA, c) 250 pA.

At full depth of discharge to 2 V, the total discharge capacity
decreased as a function of increased applied current with Figure
4 a) 250 pA (=2800 mAhg™"), Figure 4 b) < 100 pA (3950 mAhg
"), Figure 4 c) < 50 pA (=4450 mAhg"). These discharge
capacities are larger than the majority of capacities previously
reported for cathodes based on particulate carbons (i.e. Super P
and Ketjen black) and are particularly high given that the current
collector used here was chosen so that it does not participate in,
nor contribute to, the cell discharge and overall capacity. 5860

0 1000 2000 3000 4000 50
Capacity (mAhg™)
3.00 T T

—— 100 uA

1000 2000 3000 4000 50
Capacity (mAhg™)
3.00 T T

OFT

— 250 yA

2.50 - B

Voltage (V)

2251 1

200 . . . —]
0 1000 2000 3000 4000 5000
Capacity (mAhg™)

Figure 4. Discharge profiles and corresponding SEM image for CNT cathodes
discharged at a,b) 50 pA, c,d) 100 pA, e,f) 250 pA.

In contrast to the tests performed at limited discharge, SEM
analysis of the cathodes after a single full discharge showed much
greater amounts of discharge products with the underlying CNTs
almost completely obscured in the SEM images (Figure 4 d-f).
This complete coverage with discharge products may explain why
rechargeability at full depth was so limited (Figure S5) and is
consistent with previous studies where full depths of discharge
have led to large discharge product deposits and poor
rechargeability. 25 56. 571

Based on the observation that tests conducted under
symmetric discharge/charge conditions of + 50 pA provided the
largest number of cycles, the influence of depth of discharge on
the total cumulative discharge capacity was also investigated.
This was done by varying the depth of discharge to 1000 mAhg-',
750 mAhg™", 500 mAhg, 250 mAhg™, 80 mAhg"' and 50 mAhg™.
SEM images of the cathodes after single discharges at each of
these discharge depths are presented in Figure S6 and S7 while
examples of discharge/charge profiles at selected cycle numbers
are provided in Figure S8.

The number of discharge cycles from the Li-O, battery can
be considerably increased by controlling the reduction in the
depth of discharge as shown in Figure 5 a). For example, the cell
cycled at a depth of discharge of 1000 mAhg™" achieved 16 cycles
while the cell cycled at 50 mAhg™ achieved 556 coulombically
equivalent cycles. The data can be fitted quite well qualitatively
with an exponential decay function, thus providing a predictor for
cycle life depending on the capacity limit for this or other Li-O,
systems. The total achievable discharge capacity at each of the
investigated discharge depths is presented in Figure 5 b). It can
be seen that the smallest cumulative discharge capacity of 10,397
mAhg! was recorded at full depth of discharge (i.e. when tests
were conducted between 2.0-4.5 V as seen in Figure S5). This
finding is to be expected as this limited rechargeability at full depth
of discharge is what has influenced the maijority of literature
reports to use a fixed 1000 mAhg™" capacity limit.®% Limiting the
discharge capacity to 1000 mAhg™' led to a total discharge
capacity of 16,000 mAhg' for all cycles combined. This
achievable discharge capacity increased to 19,250 mAhg™ at a
750 mAhg™ and reached a maximum total specific capacity of
39,500 mAhg' at a discharge limit of 500 mAhg”, which
corresponds to a Li-O, battery that provides a specific energy of
~1.4 KWh kg™ consistently each cycle for over 100 cycles. This
suggests that the maximum total discharge capacity for this
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electrolyte/cathode pairing is provided at approximately 10% of
total depth of discharge (i.e. at 500 mAhg-"), corresponding to a
cell discharge voltage of 2.75 V in this case. Interestingly, total
discharge capacity decreased slightly at lower depths of
discharge (i.e. 250 mAhg" and 50 mAhg' yielded total discharge
capacities of 30,250 mAhg™ and 27,800 mAhg™ respectively)
suggesting that the fundamental instability of the
discharge/charge chemistry in this cell cannot simply be
circumvented by reducing depth of discharge.
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500 frmmmm -

250 ]

Capacity Limit (mAh g™)

0 L 1 L 1 L 1 L 1 L 1 L
0 100 200 300 400 500 600
Cycle Number

/L

(o)
N

T T T T T 77T
4t ° -
500 mAh/g
‘TC)
<} < 3 " ee 80 MAN/g P
5 € |50 mAh/g
=)
Qo o240 4
a X 1000 mAh/g
© 2 ®
o S
= a 1 ®
8 A
Full depth of discﬁarge-
0 " 1 " 1 " 1 " 1 .I/I/ 1
0 250 500 750 1000 4000 5000

Depth of Discharge (mAh g™)

Figure 5. a) Cycle number as a function of capacity limit for symmetric cycling
at 50 pA. b) Measured total capacity for the various depths of discharge
investigated.

These results highlight the importance of depth of discharge
in determining the total discharge capacity for other Li-O- battery
systems. It is important to note that the commonly used 1000
mAhg™ limit seen in the literature may represent a different
actual % depth of discharge (i.e. 1000 mAhg™"'is 50% DOD for a
cathode with a capacity of 2000 mAhg" but less than 10% DOD
for some of the highest capacity cathodes reported in the
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literaturel®®). Furthermore, while reducing depth of discharge will
almost certainly increase the number of discharge cycles
achievable (i.e. in Fig 5 b, a low capacity limit 50 mAhg™! showed
a remarkable cycle life of 556 cycles compared to just 79 cycles
at 500 mAhg™, but a lower total cell capacity of 27,800 mAhg""
compared to 39,500 mAhg' respectively, for coulombically
equivalent cycles), the total discharge capacity may not increase
linearly with decreasing depth of discharge. Furthermore, cycling
stability (particularly at limited depth of discharge) is not
necessarily an indication of true stability (i.e. reversible
formation/decomposition of Li2O5).

We mapped the variation in the discharge-charge voltage
inefficiencies (voltage gap, AE) during cycling for a series of
depths of discharge, and also for symmetrically vs.
asymmetrically discharged/charge cell cycling. Since the specific
energy round trip efficiency is limited by the significant
overpotential increase with respect to the discharge potential
required to decompose the discharge products (among other high
voltage effects), we quantified the benefit of the charging rate on
cells discharged with each depth of discharge. Figure 6 a) plots
the difference in the terminal charging overpotential against the
final discharge potential at a limited discharge capacity of 1000
mAhg™. The three cells discharged at a current of 50 pA had the
lowest voltage gap values and so the highest energy efficiency,
and maintain the lowest voltage gap for a greater number of
Coulombic efficiency cycles at the capacity limit of 1000 mAhg™.
These cells also showed a much more gradual increase in voltage
gap with each successive cycle than the tests discharged at 100
MA and 250 pA. Both cells discharged with a charge current of
250 pA (i.e. -100 pA /+250 pA and +250 pA) possessed the
highest voltage gaps of all the tests. This large voltage gap
correlates with the extremely poor rechargeability of these Li-O,
cells, and is fundamentally related to how the discharge products
form at this faster rate during discharge. Limited product
decomposition from fast discharge can be partially mitigated by
recharging at a significantly slower rate for a specific capacity limit
It can be seen that the last cycle for each of the tests (i.e. the last
cycle at the desired capacity limit of 1000 mAhg™') exhibited a
voltage gap between discharge and charge of 22.25 V.

Voltage gap analysis of cells with a 1000 mAg™ depth of
discharge symmetrically cycled at £+ 50 pA in each case, was
compared with similar tests at different depths of discharge (750
mAhg' 500 mAhg' 250 mAhg™, 80 mAhg' and 50 mAhg) in
Figure 6 b. The rate at which the voltage gap increases per cycle
(a measure of reducing energy efficiency in the cell) is lowered as
we reduced the depth of discharge. The rate increase of AE for
the test at 500 mAhg™' was markedly slower during initial cycles
than all others, which may explain the large improvement in the
total capacity at this depth of discharge as presented in Figure 5
— while lower depths of discharge also provide significant cycle
life once the charging rate is slow, all cells that exhibit a fast
increase in the voltage gap will have curtailed cycle life. The
voltage gap data for the other depths of discharge (250 mAhg™',
80 mAhg' and 50 mAhg') was limited to the first 100 cycles for
clarity and showed a clear reduction in energy loss per cycle as
the depth of discharge is decreased, thus extending the cycle life
of the battery.
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Figure 6. a) Voltage gaps (AE) between terminal voltages of discharge and charge for the various tests conducted at a fixed capacity of 1000 mAhg™. b) Voltage
gaps between discharge and charge for different depths of discharge for symmetric cycling at 50 pA.

Conclusions

In conclusion, we have investigated the impact of depth of
discharge and discharge/charge asymmetry on the cycle life of a
high capacity cathode/electrolyte pairing for Li-O, batteries. While
the best and worst cycle life values at a fixed capacity of 1000
mAhg' were seen at the lowest (x 50 pA) and highest (+ 250 pA)
symmetric applied current respectively as would be expected, it
was found that asymmetric tests with a 250 pA discharge current
but lower charge currents (50 pA or 100 pA) showed greatly
improved cycle life compared to the symmetric high current case.
Interestingly, it was found that discharging the cell with the lowest
applied current of 50 yA meant that the cycle life was less
sensitive to the subsequent charge current than for the higher
discharge currents. The number of cycles achievable with a
discharge current of 50 pA at the capacity limit of 1000 mAhg™’
was 16 (for 50 pA recharge), 14 (for 100 pA recharge) and 13 (for
250 pA recharge).

The impact of depth of discharge on determining the total
cumulative discharge capacity was also investigated. This was
done at a fixed symmetric discharge/charge current of 50 pA
(which had previously shown the best cycle life at a depth of
discharge of 1000 mAhg"). Tests conducted at full depth of
discharge (i.e. cycled between 2 V- 4.5 V) showed a rapid drop
off in capacity and a poor cycle life. Reducing the depth of
discharge to 50 mAhg™' led to a cycle life of 556 cycles (with a
total discharge capacity of 27,800 mAhg™'), however, the total
cumulative discharge capacity in this case was actually highest
for a depth of discharge of 500 mAhg™ (39,500 mAhg™). These
results suggest that ~10 % depth of discharge for this system
allows for the highest total discharge capacity. This finding has
implications for other cathode/electrolyte pairings and suggests
that future reports should investigate the impact of depth of
discharge on total (cumulative) discharge capacity and cycle life
rather than with a fixed capacity limit. Fixed capacity limits may
vary considerably as a % depth of discharge for different Li-O»

systems (electrolytes, additives, binders, cathodes, catalysts etc.)
Combining the approach of tailoring the depth of discharge with
asymmetric discharge/charge rates (which also controls LizO»
morphology) to suit desired applications may dramatically
improve cycle life for a fixed system, or at least provide a means
of gauging the cycling conditions that maximize cycle life at high
efficiency for a fixed capacity limit. Given the numerous stability
issues existing with Li-O, batteries, working within more stable
system boundaries (e.g. limiting charge overpotentials by
reducing charge rate) offers potential for Li-O, battery
performance improvements until more stable electrolyte/cathode
materials can be identified. This method can be applied to all Li-
O, cells (or other reversible electrochemical systems) with new
electrolytes and materials, especially with ORR or OER catalysts
and under conditions where surface vs solution mediated
peroxide growth affects the kinetics of reversible Li,O, formation.
The method can be adapted to compare to analytical techniques
that probe parasitic reactions, to investigate the charge-discharge
conditions that minimize the effect of parasitic reactions and other
processes that influence cycle life and energy efficiency.

Experimental Section
Materials

LiTFSI (99.95 %), anhydrous DMSO (= 99 %) and multi-walled carbon
nanotubes (outer diameter 10-15 nm, inner diameter 2-6 nm, length 0.1-
10 pm) were purchased from Sigma Aldrich. LiTFSi was dried under
vacuum at 80 °C overnight prior to use. Li chips were purchased from MTI.
PEO was purchased from Polymer Source Inc. (average mw 97,000).

Cathode preparation

Cathodes were prepared by creating slurries of multi-walled carbon
nanotubes and PEO binder in a weight ratio of 4.5:1 in NMP. The resultant
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slurries were mechanically stirred before being dip coated on stainless
steel mesh current collectors (diameter 1.76 cm?). The meshes were dried
overnight at 100 °C to remove the solvent and transferred immediately to
a glovebox. The total mass loading on each of the cathodes was 0.7 + 0.2
mg with all capacities calculated based on the mass of binder and carbon.
All currents were applied as fixed currents (50, 100, and 250 pA). For
example, this corresponds to specific currents of 142 mA/g + 28.6 mA/g
for the tests with applied currents of 100 pA.

Li-O, cell assembly and electrochemical characterization

Electrochemical tests were performed using an EI-Cell split cell. All cells
were constructed within an Ar filled glovebox (O2 and H20 < 0.1 ppm).
Given the critical role of H20 content in determining the electrochemical
response, KF (Karl Fischer) analysis was performed on the DMSO
electrolyte after preparation using a Metrohm 684 KF coulometer
instrument. The water content of the electrolyte was found to be 98 ppm
as we reported previously.?% All cathodes were prepared on stainless steel
mesh current collectors as described above. A glass fiber filter paper was
used as separator upon which 100 pl of electrolyte was added. A Li chip
(MTI) was polished on both sides and used as the anode. The cell was
tightened and removed from the glovebox where it was immediately
connected to an Oz line and then purged with 0.25 bar O2 for 60 minutes
at open circuit voltage (OCV). Following this period, the Oz flow was
ceased and the oxygen inlet and outlet valves were closed. The cell was
allowed to rest for another hour in this closed configuration.
Electrochemical measurements were conducted using a VSP Biologic
galvanostat. All galvanostatic measurements were conducted using fixed
applied currents rather than currents calculated based on the mass of the
cathode material. All voltages quoted are vs Li/Li*. The total discharge
capacity form a particular test was calculated from the product of cycle
number and the fixed capacity limit.
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