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Long cycle life and dendrite-free lithium
morphology in anode-free lithium pouch cells
enabled by a dual-salt liquid electrolyte
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3, Samuel Hames?3, Cameron Martin?,

Cells with lithium-metal anodes are viewed as the most viable future technology, with higher energy density than existing
lithium-ion batteries. Many researchers believe that for lithium-metal cells, the typical liquid electrolyte used in lithium-ion
batteries must be replaced with a solid-state electrolyte to maintain the flat, dendrite-free lithium morphologies necessary for
long-term stable cycling. Here, we show that anode-free lithium-metal pouch cells with a dual-salt LiDFOB/LiBF, liquid elec-
trolyte have 80% capacity remaining after 90 charge-discharge cycles, which is the longest life demonstrated to date for cells
with zero excess lithium. The liquid electrolyte enables smooth dendrite-free lithium morphology comprised of densely packed
columns even after 50 charge-discharge cycles. NMR measurements reveal that the electrolyte salts responsible for the excel-

lent lithium morphology are slowly consumed during cycling.

for electric vehicle and grid storage applications. To reduce

the cost of batteries in these technologies there is a con-
tinual push to improve the energy density of the cells. Replacing
the conventional graphite anode with lithium metal is one of the
most popular approaches, as this can increase the cell energy den-
sity by 40-50% (refs. ). However, this substantial increase in cell
energy is achieved only if the excess thickness of the lithium anode
is limited"’. Unfortunately, lithium-metal cells reported in the lit-
erature often use extremely thick anodes containing over 10 times
the amount of lithium actually being cycled. This huge excess could
never be used in a practical cell and makes interpretation of results
more difficult, as cycling stability becomes artificially enhanced. As
a result, researchers have called for limiting the lithium excess to
less than 50 pm (ref. *).

Limiting lithium excess is a challenge, as lithium metal is prone
to form dendrites with high surface area, which reduce cycling effi-
ciency by increasing the reactivity of the anode with the electrolyte
and forming isolated metallic lithium®~. The low cycling stability of
lithium metal is especially apparent in the anode-free or zero-excess
configuration, where cells are built with a bare copper anode and
the lithium is plated directly from the cathode on the first charge
cycle®"2. Since there is no excess lithium built into the cell, volume
is minimized (Fig. 1a) and energy density is maximized"**, but per-
formance may be very poor since there is no reservoir of fresh lith-
ium to replenish the cell during cycling. For example, Cu//NMC111
anode-free cells with a conventional carbonate electrolyte (1.2M
LiPF, in ethylene carbonate:ethyl methyl carbonate 3:7) retained
only 23% of their capacity after just one cycle".

Many different approaches have been pursued to improve cycling
stability in liquid electrolytes, including high salt concentration™',
ether solvents', fluorinated compounds', electrolyte additives'®"’,
anode surface coatings'® and external pressure*”. While these

| ithium-ion batteries are experiencing a huge surge in demand

techniques have shown some promise, further improvements are
required. Anode-free cells with optimized liquid electrolytes incor-
porating some of the above approaches still fall below 80% capacity
retention by 40 cycles or fewer”!?!-2,

Another potential path to enable the lithium-metal anode is the
use of solid-state electrolytes, which is regarded by many as the most
viable way forward*. However, solid-state electrolytes have not been
successful in completely eliminating dendrites**-*, and it is unclear
how compatible these technologies will be with existing lithium-ion
manufacturing infrastructure, in which billions of dollars have been
invested. If liquid electrolytes can be used to create safe, long-life
lithium-metal cells, then existing manufacturing equipment can be
used to rapidly commercialize high-energy-density cells.

In this work, we demonstrate a practical concentration (~1.2M)
dual-salt lithium difluoro(oxalato)borate (LiDFOB)/LiBF, liquid
electrolyte that enables the longest cycle life for anode-free cells seen
thus far: 80% capacity retention after 90 cycles. The lithium-metal
anode is dendrite free and composed of tightly packed lithium
columns 50pm in diameter even after 50 cycles. Compared with
single-salt electrolyte compositions, the dual-salt blend performed
better at varied cell voltages and was less dependent on external
pressure to achieve good cycle performance. The electrolyte salt was
observed to be continuously consumed during cycling, which is a
key finding to lead further development of liquid electrolytes. This
report demonstrates that stable cycling of lithium-metal cells may
be possible with practical liquid electrolytes, which we believe could
shift the research focus in this field away from solid-state batteries.

Cell performance with dual-salt electrolyte

We first selected single-salt electrolytes in a fluoroethylene carbon-
ate (FEC):diethyl carbonate (DEC) (volume ratio 1:2) solvent blend
to act as a control for gauging cycling stability in anode-free pouch
cells. These cells were cycled between 3.6 and 4.5V at 40°C with
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Fig. 1| Electrochemical behaviour of single- and dual-salt electrolytes. a, Sche
reduced thickness compared with an equivalent lithium-ion cell. b, Capacity ret

matic of the fully charged anode-free configuration with about 40%
ention versus cycle number for anode-free pouch cells using electrolytes

with different lithium salts. ¢,d, Capacity retention versus cycle number as a function of upper cut-off voltage for two electrolytes with different salts: 1.2 M
LiDFOB (¢) versus 0.6 M LiDFOB + 0.6 M LiBF, (d). All electrolytes use an FEC:DEC (1:2vol.) solvent mix. Pairs of cells for each electrolyte type are shown

as matching symbols.

low uniaxial pressure (~75kPa) applied to the cell stack (the method
to apply pressure is shown in Supplementary Fig. 1). It should also
be noted that these cells are operating under a very lean electro-
lyte condition of approximately 2 g Ah~'. Capacity retention data are
summarized in Fig. 1b. The 1 M LiPF; and 1 M LiBF, single-salt con-
trol cells clearly demonstrate the challenge of anode-free cycling,
as they fall below 80% retention in fewer than 15 cycles. Cycling
stability was dramatically improved with the 1 M LiDFOB single-
salt electrolyte, which reaches 60 cycles before falling below 80%
capacity. Improved lithium-metal cycling with LIDFOB has been
reported by others, especially in combination with FEC*~.

More interesting still is what happens when an additional salt is
added to this LiIDFOB electrolyte. The light-blue triangles in Fig. 1b
show the capacity retention of a 0.6 M single-salt LIDFOB electro-
lyte, which falls below 80% capacity just before 50 cycles. When
0.6 M LiPF; is added to this electrolyte there is little to no effect on
the number of cycles to 80% retention, but the onset of ‘rollover’
or complete cell failure is extended, since rollover is caused by the
consumption of LIDFOB during cycling . With the addition of 0.6 M
LiBF,, however (dark-blue circles), there is a substantial jump in ini-
tial capacity retention, with the cell making it to 80 cycles with 80%
capacity, a considerable achievement for an anode-free configura-
tion under low applied pressure with limited excess electrolyte. Cells
with a more optimized dual-salt blend of 1M LiDFOB and 0.2M
LiBF, made it to 90 cycles before dropping below 80% capacity.

The unique properties of this LIDFOB/LiBF, blend are further
highlighted through a comparison of the single- and dual-salt
electrolytes charged to varying upper cut-off voltage (Fig. 1c,d).

Figure 1c shows the cycling performance of the 1.2M single-salt
LiDFOB electrolyte charged to 4.2, 4.3 or 4.5V. Surprisingly, the
capacity retention of single-salt LiDFOB cells improves with increas-
ing upper cut-off voltage. Previous studies of LIDFOB electrolytes in
lithium-metal cells cycled below 4.3 V (refs. '>***"), so this high-volt-
age enhancement has not been reported before. The problem with
this performance improvement is that the poor oxidative stability of
LiDFOB causes it to produce a lot of gas when cycled above 4.3V
(Supplementary Fig. 2)*'. It is also impractical to require a cell to be
consistently cycled to the top of charge to maintain good perfor-
mance. Although the capacity retention for the dual-salt LIDFOB/
LiBF, blend is similar to that for 1.2M LiDFOB when cycled to
4.5V, the dual-salt LIDFOB/LiBF, blend has the added benefit that
it maintains good cycling stability across varying upper cut-off volt-
age (Fig. 1d). The dual-salt blend also produces less gas, especially
when charged only to 4.3V (Supplementary Fig. 2). Since gassing is
reduced for the LIDFOB/LiBF, blend, cells with 1 M LiDFOB and
0.2M LiBF, were able to undergo 100 charge-discharge cycles. This
was difficult for higher-concentration cells with only LIDFOB due
to the large amount of gas produced. Cells were almost ruptured
and could not remain in the test fixture.

The superior performance of the LiDFOB/LiBF, mixture is
also demonstrated in the cycling behaviour of Li||Cu half-cells
(Supplementary Fig. 3). For the pure 1.2M LiDFOB half-cell, the
lithium plating/stripping Coulombic efficiency becomes unstable
after only 15-20 cycles, while the 0.6 M LiDFOB+0.6M LiBF,
shows not only higher Coulombic efficiency but also much more
stable operation. Additionally, the half-cell voltage response
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Fig. 2 | SEM characterization of lithium morphology. a, Capacity retention versus cycle number for electrolytes with different lithium salts and two
different stack pressures with pairs of cells shown as matching symbols. b-i, SEM images of lithium morphology are shown for the two electrolyte and
pressure conditions. Images were captured on the first charge and after 50 cycles. j-m, Additional SEM images of lithium morphology for cells with
LiDFOB + LiBF, after 50 cycles at high pressure. Yellow scale bars on each image are 10 pm.

(Supplementary Fig. 3) shows that, while the pure and mixed
LiDFOB are initially very similar, after repeated cycling the pure
LiDFOB electrolyte demonstrates much larger polarization dur-
ing lithium stripping. The maximum potential of these half-cells is
limited to 1.0V, so there is no high-voltage enhancement for the
pure LiDFOB and it performs poorly, much as in the full cells with a
lower upper cut-off voltage. These results provide further evidence
that the LiDFOB/LiFB, combination is a more practical electrolyte
for anode-free cells.

Li morphology and cell performance at increased pressure
Figure 2a shows capacity retention versus cycle number for the
single-salt 1 M LiPF, (orange squares) and dual-salt 0.6 M LIDFOB +
0.6 M LiBF, (blue circles) electrolytes under varying applied pressure.
Cells with 1 M LiPF constrained under low pressure (~75kPa) have
very poor capacity retention (orange, closed squares). Previous
reports have demonstrated the ability of increased stack pressure to
improve lithium-metal cycling efficiency’>****-**, and here increas-
ing the stack pressure of the LiPF cell to 1,200kPa (orange, open
squares) more than triples the number of cycles before the cells lose
60% of the initial capacity. The test fixture used to apply pressure to
the pouch cells is shown in Supplementary Fig. 4. The application
of mechanical pressure affects the lithium morphology, which can
reduce capacity loss in two ways: (1) less dendritic lithium forms
less unusable electrically isolated metallic lithium, and (2) lower-
surface-area lithium minimizes the reactions with electrolyte that
consume active lithium to form a solid electrolyte interphase (SEI).
Scanning electron microscopy (SEM) images of lithium morphol-
ogy taken in the fully charged state (4.5V) are shown in Fig. 2b-m.
Comparable optical images are shown in Supplementary Fig. 6. Fig
2b,c shows that lithium metal plated in the LiPF, electrolyte under
low pressure is dendritic and has high surface area. Increasing stack
pressure improves capacity retention by initially resulting in a more
compact lithium surface after one charge (Fig. 2d), and destroying
the dendrite formation after 50 cycles (Fig. 2e).

Figure 2f shows that the dual-salt LiDFOB/LiBF, electrolyte
results in a dendrite-free morphology even under low pressure,
which is expected given the improved capacity retention shown
in Fig. 2a (blue, closed circles). Even after 50 cycles, the morphol-
ogy remains mostly compact (Fig. 2g). Higher stack pressure only
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slightly improves capacity retention for the dual-salt LIDFOB/LiBF,
electrolyte; cells at 50 cycles with this electrolyte show about 95%
capacity retention when cycled at 75kPa and about 97% capacity
retention when cycled at about 1,200kPa (Fig. 2a, blue circles). With
extended cycling, the dual-salt electrolyte under high stack pressure
reaches 90 cycles at 80% capacity retention (Supplementary Fig. 7).

The lithium in the dual-salt LIDFOB/LiBF, cells is close packed
and dendrite free for both low- and high-pressure cells after one
charge (Fig. 2f,h) and very flat after 50 cycles (Fig. 2g,i-m). In fact,
the quality of the lithium shown for the dual-salt LIDFOB/LiBF,
electrolyte under 1,200kPa shown in Fig. 2i represents the flattest
and most dendrite-free lithium after 50 cycles in a non-aqueous lig-
uid electrolyte of which the authors are aware. Figure 2j-m shows
that this dual-salt electrolyte under 1,200kPa results in a smooth
lithium mosaic comprised of densely packed lithium domains up
to 50 pm in diameter. In addition to these images taken at the top of
charge with the maximum amount of lithium plated, images were
taken at an intermediary state of charge with most (~80%) of the
lithium stripped away to confirm that this highly desirable lithium
morphology persists throughout the thickness of the plated lithium.
Supplementary Fig. 8 shows that even when most of the lithium
is stripped away the morphology still consists of large 50 um flat
domains, revealing that the internal structure of the plated lithium
is consistent with the surface morphology. This suggests that the
tightly packed domains achieved with LiDFOB/LiBF, electrolyte
under 1,200kPa shown in Fig. 2j-m are in fact lithium columns.
Similar smooth lithium morphology is seen on the first cycle for
cells that only use LiDFOB but have the same 1.2M total salt con-
centration (Supplementary Fig. 9), which makes sense given the
similar capacity retention for 1.2 M cells cycled to 4.5V with these
two electrolytes (Fig. 1c,d). For LiDFOB cells cycled to lower volt-
age (4.3V, 4.2V in Fig. 1c,d) or with lower salt concentration (1M
LiDFOB in Fig. 1b), it is expected that the poorer capacity retention
would also result in worse lithium morphology. Demonstrating that
such high-quality lithium can be created with a liquid electrolyte
may eventually eliminate any need for solid-state cells.

The anode electrolyte interphase
Since the lithium morphology is greatly improved by changing only
the salt used in the electrolyte, the difference in SEI composition was
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Fig. 3 | XPS spectra for lithium negative electrodes. a-c, F 1s (a), O 1s (b) and C 1s (¢) XPS spectra for negative electrodes from cells after formation with
different lithium salts: TM LiPF, (black), TM LiDFOB (green) and 0.6 M LiDFOB + 0.6 M LiBF, (blue). All electrolytes use an FEC:DEC (1:2 vol.) solvent mix.

Dashed lines show approximate binding energies of different SEl components.

explored. Figure 3 shows results from surface analysis by X-ray pho-
toelectron spectroscopy (XPS) of the negative electrode from anode-
free pouch cells with three different electrolytes. Measurements
were made after one C/5 charge C/2 discharge cycle (3.6 V-4.5V)
at 40°C and 75kPa stack pressure. Each spectrum corresponds to
an electrode formed in a different electrolyte: black—1M LiPF,,
blue—1M LiDFOB and green—0.6 M LiDFOB+0.6M LiBF,. All
electrolytes use an FEC:DEC (volume ratio 1:2) solvent mix. The
sampling depth with this technique is 2-5nm. In each region, spec-
tra are normalized to the highest intensity and a Shirley-type back-
ground is subtracted. Spectra are offset for clarity. Assignments of
components by binding energy are from the NIST XPS database as
well as other research papers*"*.

The fluorine 1s spectra in Fig. 3a contain one component at 685eV
assigned to lithium fluoride (LiF) and a second component at higher
binding energy that is broadly assigned to organic oxygen-, carbon-,
boron- and fluorine-containing components, which may be similar to
the LIDFOB decomposition products proposed by Schedlbauer et al.”
The SEI formed with LiDFOB (green) has a higher ratio of organic
fluorine components relative to LiF, whereas the SEI formed with
LiPF has more LiF relative to organic components. The increased
organic component may contribute to the improved lithium mor-
phology and cycling efficiency in the single-salt LIDFOB cells. The
SEI formed in the dual-salt LIDFOB+ LiBF, electrolyte has a large
contribution from both organic fluorine components and LiE. Other
researchers speculated that large amounts of LiF in the SEI are favour-
able for good lithium plating”. Note that only information about the
relative composition of the SEI is known from these data, not the
absolute amount of LiF present. Here, the cells with the best capacity
retention have an SEI composed of both organic components and LiF
Oxygen 1s and carbon 1s spectra are shown in Fig. 3b,c, respectively,
to further highlight the different organic SEI components formed in
the three electrolytes. Electrolyte salts react at both the negative and
positive electrodes, as indicated by the presence of boron (for LIDFOB
and LiBF, electrolytes) or phosphorus (for LiPF electrolytes). B and P
spectra are shown in Supplementary Fig. 10. Positive-electrode XPS
analysis is shown in Supplementary Fig. 11.

Electrolyte consumption

Figure 4 shows NMR measurements of electrolyte composition
during cycling for anode-free cells that started with three different
electrolytes: 0.9m (1 M) LiPF, (a,b), 0.9m (1 M) LiDFOB (c,d) and
0.5m (0.6 M) LiDFOB+0.5m (0.6 M) LiBF, (e,f). All electrolytes
used FEC:DEC (44:56 weight ratio = 1:2 volume ratio) solvent, and
cycling conditions were the same as for the cells in Fig. 1: 40°C, C/5
charge, C/2 discharge between 3.6V and 4.5V at 75kPa.

To accurately capture the trends in electrolyte composition with
cycle number, the composition at cycle zero is measured by NMR
from electrolyte extracted from a cell after filling and wetting.
Measurements made for subsequent cycles use the same method
as for cycle zero. Supplementary Table 1 compares the composition
measured on cycle zero with the composition calculated from the
mass of each component mixed into the electrolyte. For each elec-
trolyte, the salt concentration measured on cycle zero is higher than
the salt concentration measured just after formation (cycle 1). Some
salt may be consumed during the first charge cycle to form the initial
SEI, which is also indicated by the presence of boron (for LIDFOB
and LiBF, electrolytes) or phosphorus (for LiPF electrolytes) on the
electrode surface after formation (measured by XPS; Supplementary
Fig. 10). After formation, the cells with LiPF, (Fig. 4a) maintain the
same salt concentration during cycling, despite the fact that they have
less than 20% capacity remaining at cycle 20. Not much salt is con-
sumed in this system, and although the composition of the solvent
shifts to slightly higher FEC content (Fig. 4b) the amounts of electro-
lyte measured at cycle 1 and cycle 20 are similar (Supplementary Fig.
12). The primary cause of capacity loss in this system is probably not
from the consumption of lithium to form an SEI, since this would
also consume electrolyte. Instead, these cells must lose most of their
capacity from the formation of isolated metallic lithium, which is
likely given the highly dendritic lithium morphology (Fig. 2b,c).
In contrast, both LiDFOB and LiBF, are consumed during cycling
for cells that use single- or dual-salt electrolytes (Fig. 4c,e). Recall
that in Fig. 1b cells with single-salt LIDFOB electrolyte experienced
rollover in capacity retention around cycle 60. From the electrolyte
analysis results here, the rollover corresponds to when nearly all the
salt is consumed. It follows that cells with increased LIDFOB con-
tent, whether by increasing the LIDFOB concentration in the elec-
trolyte or by increasing the electrolyte volume in the cell, should
delay the onset of rollover. Supplementary Fig. 13 shows that this is
the case. Furthermore, adding LiPF to LIDFOB electrolyte is shown
in Fig. 1b to prevent rollover, since LiPF is not consumed. The cells
continue to cycle after all the LiDFOB is consumed, since LiPF is
still present in high concentration. It is also interesting to note that
after all of the LiDFOB is consumed (expected around cycle 60 for
0.6 M LiDFOB) the electrolyte composition should be 0.6 M LiPF,,
but the cells retain capacity much better than those that started with
only LiPF,. Starting with LiDFOB at the beginning makes a great
difference even after all of it has been consumed, which may be due
to better initial lithium morphology and a difference in SEI com-
position. A tri-salt electrolyte such as LiDFOB + LiBF, +LiPF, may
offer even better capacity retention than either of the dual-salt com-
binations that were tried here.
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Fig. 4 | Electrolyte composition during cycling. a-e, Cells that started with 0.9 m LiPF, electrolyte (a,b), 0.9 m LiDFOB electrolyte (c,d) or 0.5m
LiDFOB+ 0.5 m LiBF, electrolyte (e,f). All electrolytes used FEC:DEC (44 wt%:56 wt%) solvent. Pairs of cell measurements are shown as matching data
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NMR measurements on cells that started with pure 1 M LiDFOB
electrolytes show that when LiDFOB is consumed a small amount
of LiBF, is formed (Fig. 4c and Supplementary Fig. 14). Recall from
Fig. 1c that, for cells with single-salt LIDFOB electrolyte, capacity
retention versus cycle number improved with higher upper cut-off
voltage. The best capacity retention was for the cells cycled up to
4.5V. It is likely that higher voltage increases the amount of LiBF,
formed, which then improves performance by turning the electro-
lyte into a dual-salt LIDFOB +LiBF, composition.

In addition to cell failure due to complete consumption of the
salt in the electrolyte, the capacity retention in anode-free cells may
be affected by changing electrolyte transport properties as the salt
concentration decreases. Not only will electrolytes that start with
different lithium salts have different SEI compositions, but the elec-
trolyte transport properties will also be different. Previous research-
ers have shown that properties such as electrolyte diffusion can have
a big effect on lithium morphology*. The transport properties of
electrolytes used in this work have not yet been explored.

Conclusions

Anode-free pouch cells with zero excess lithium were tested with
FEC:DEC-based liquid electrolytes using different lithium salts:
LiPF,, LiBF, and LiDFOB. Cells with a dual-salt LiDFOB + LiBF,
electrolyte had the best performance of all the electrolytes
tested—80% of the original capacity was retained for 90 cycles,
which is an impressive cycle life for cells with no excess lithium.
All previous reports of anode-free cells with liquid electrolytes fall
below 80% capacity retention by 40 cycles or fewer”'*»*, SEM
images of the lithium revealed flat, mosaic-like lithium morphology
comprised of densely packed lithium columns with large domains
up to 50 um in diameter, which are desirable to prevent the forma-
tion of isolated metallic lithium and to reduce the reaction rate of
lithium with the electrolyte by minimizing the surface area. This
highly desirable lithium morphology in the dual-salt electrolyte
may be influenced by the type of SEI formed compared with other
electrolytes. XPS was used to show a dramatically different compo-
sition of the anode SEI formed in LiPF,- and LiDFOB + LiBF,-based
electrolytes. Cycle life in the dual-salt electrolyte is limited due to
the continuous consumption of LiDFOB and LiBF, during cycling,
which was observed by NMR analysis of the electrolyte. Strategies to
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overcome this salt consumption may be applied to achieve further
gains in lifetime, such as increasing electrolyte content and molar-
ity, and pairing salts that are consumed with those that are not.
Such continued success may ultimately shift the focus for enabling
lithium-metal batteries from solid-state electrolytes back towards
all-liquid electrolytes.

Methods

Electrolytes. Electrolytes were mixed from pure chemicals in an argon glovebox
using a precision balance and pipette. Chemicals used include FEC (BASE,
purity 99.4%), DEC (BASE, purity >99%), LiPF, (BASE, purity 99.9%), LIDFOB
(Capchem) and LiBF, (BASF). After mixing, electrolytes were transferred to the
pouch-sealing glovebox without exposing to air.

Pouch-cell and coin-cell testing. Dry (no electrolyte) 403025 pouch cells were
manufactured by Li-Fun Technology. Cells were vacuum sealed in a dry room
before shipping to Dalhousie University, where they were reopened in an argon-
filled glovebox then dried in an antechamber under vacuum at 100°C for 14 h.
Cells were then filled in the glovebox with 0.5ml (~0.55g) electrolyte each,
vacuum wetted for 1 min and finally vacuum sealed at —90kPa (MSK-115 A
vacuum sealer). To ensure complete electrode wetting, cells sat at 1.5V for 24h
before cycling.

Pouch cells in this study used a single-crystal LiNi,;Mn,;Co,,0, (94% active,
16mgcm~2 3.5gcm™) positive electrode facing a bare copper current collector as
the negative electrode”. During the first charge, lithium metal from the positive
electrode plates directly onto the copper current collector. Cells were cycled on
a Maccor series 4000 battery test system at 40 °C, C/5 charge and C/2 discharge,
between 3.6V and 4.5V (except where different upper cut-off voltages are listed).
For these conditions the areal capacity was about 2.4 mAh cm= and total pouch
cell capacity was about 250 mAh. Cells were clamped during cycling with rubber
blocks to achieve a low stack pressure of about 75kPa—this setup is depicted in
Supplementary Fig. 1. Where noted some cells were cycled with higher pressure by
uniaxially constraining pouch cells in a rigid enclosure. More details are provided
in Supplementary Figs. 4 and 5 and in refs. * and *.

For the Li|| Cu half-cell experiments (Supplementary Fig. 3), conventional
2325 coin cells were assembled in an Ar-filled glovebox. Each half-cell consisted of
a copper electrode (1.27 cm diameter, 0.10 mm thick) and a lithium foil counter-
electrode (1.27 mm diameter, 0.125 mm thick) with two layers of separator
(Celgard 2300). Galvanostatic charge-discharge cycling was conducted on a
Maccor cycling unit. 1.5mAh cm~ of lithium was plated at 0.5 mAhcm=and
stripped at 1.25mAh cm™ to a potential of 1.2 V.

Scanning electron microscope. Lithium-metal morphology (Fig. 2d-m) was
primarily captured with a Hitachi S-4700 scanning electron microscope (3kV
accelerating voltage and 10 nm resolution). The remaining SEM images (Fig. 2b,c)
were captured with a Phenom G2 Pro desktop scanning electron microscope (5kV
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accelerating voltage and 25 nm resolution). To prepare samples for SEM, cells were
dissected in an argon-atmosphere glovebox and electrode pieces were rinsed with
dimethyl carbonate (DMC) to remove residual salt. Dried samples were mounted
on SEM stubs with conductive carbon tape. Samples were transferred from the
glovebox to the scanning electron microscope in an argon-filled bag, and were
briefly exposed to air for less than 30s when loading in the scanning electron
microscope.

Electrode surface analysis. SEI composition was analysed by XPS. Cells were
formed at 40 °C by holding at 1.5V for 24h, charging at C/5 to 4.5V, then
discharging at C/2 to 3.8 V. After formation, cells were fully discharged to about
0.2V before dissecting in an argon glovebox to harvest electrode samples. Each
electrode piece was rinsed with ethyl methyl carbonate to remove any residual
lithium salt. After drying, electrodes were mounted on XPS sample holders using
ultrahigh-vacuum-compatible copper tape (3M). Electrodes were moved from
the glovebox to the XPS system without exposing to air using a custom transfer
suitcase. A SPECS spectrometer with a PHOIBOS 150 hemispherical analyser was
used for XPS analysis with Mg Ka radiation (hv=1,253.6eV) under ultrahigh-
vacuum conditions (<2 X 10~ mbar). See ref. * for further details.

Electrolyte extraction. Electrolyte was extracted from cells in one of two ways.
(1) Cells were cut open in a glovebox and filled with 1 ml of anhydrous deuterated
DMSO (d-DMSO, Sigma). The solvent was massaged into the jelly roll, and then
the electrolyte/d-DMSO mix was collected for analysis by NMR. (2) Cells were
cut open outside the glovebox and the jelly roll was moved to a perfluoroalkoxy
alkane vial with 10 g of DMC (BASF). Vials were sonicated for 10 min, mixed on

a wrist-action shaker for 1h, sonicated for 10 min, mixed on a wrist-action shaker
for 1h, sonicated for 10 min then mixed on a wrist-action shaker overnight. 100 mg
of the DMC/electrolyte mix was added to about 0.8 ml of anhydrous d-DMSO for
NMR analysis. Method 1 gives the salt concentration and relative percentages of
electrolyte components that were in the pouch cell. Method 2 is a total extraction
method and gives the salt concentration and total mass of each electrolyte
component present in the pouch cell. The cells in Fig. 4a—d were analysed

using method 2, which gives the composition (shown in Fig. 4b,d) and total
amount of electrolyte (shown in Supplementary Fig. 11). The cells in Fig. 4e,f
were analysed using method 1, which gives the salt concentration and relative
solvent composition.

Electrolyte analysis. Electrolyte samples prepared in d-DMSO (as described

in the previous section) were analysed using liquid NMR on a Bruker AV500
spectrometer. Proton (*H) spectra were collected over the range 0-9 ppm. Fluorine
(F) spectra were collected with no background suppression over the range —200
to 0 ppm. Peaks for each solvent component appear in the 'H spectrum at 6.7 ppm,
6.5ppm and 4.7 ppm (FEC), 3.7 ppm (DMC), and 4.2 ppm and 1.2 ppm (DEC).
Peaks for FEC and fluorine salts appear in the F spectrum at the following
chemical shifts: —123 ppm (FEC), —70 ppm (LiPF), —151 ppm (LiDFOB) and
—148 ppm (LiBF,). Peak assignments were confirmed from the 'H and "F spectra
of each pure component.

Peak areas from the 'H spectrum were used to calculate the relative FEC:DEC
composition. For electrolyte extracted by method 2 the amount of DMC present
in the NMR sample was known, so the DMC signal was used as a standard to
calculate the masses of FEC and DEC extracted from the pouch cell. The peak
areas from the F spectrum were used to calculate the salt amount relative to FEC,
which was used with the information from the 'H spectrum to calculate the salt
concentration.

Data availability
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.
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