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Although high energy density and fast charging rates are vital for
future advanced battery applications such as electric vehicles (EVs),
the impact of fast charge rates is not widely investigated for key
technologies such as those based on lithium metal. Here, for the
first time, Li metal deposition/dissolution in a superconcentrated
ionic liquid (IL) is demonstrated at the high current densities
necessary for fast charge technologies. Operation at high current is
shown to enhance the cycling efficiency from 64+3% at 1 mA cm?
up to 96t1% at 20 mA cm2 on a bare Ni substrate, providing a new
path to enable these technologies. XPS, ToF-SIMS and SEM
measurements revealed that a stable and LiF-dominated SElI,
favourable nucleation and compact dendrite-free Li morphology
enabled enhanced cycling efficiency at higher currents.

High energy density and fast charging batteries are critical for
our transition to electrified transportation and efficient
electrical energy use. The high specific capacity (3862 mAh g?)
metallic Li is widely viewed as the ultimate technology to
achieve this aim.»2 However, they are restricted by issues
associated with Li metal reactivity and dendritic formation in
organic solvents, which can result in short circuits and
drastically shortened cycle life with poor coulombic efficiencies
(CE%, 10-80%), even at relatively low current densities (<1
mA cm2).173 Thus far, this has limited the commercialisation of
Li metal battery technology to primary batteries and some
polymer electrolyte-based, relatively low rate, secondary
batteries.*”

However, high energy density batteries are needed to increase
driving range for electric vehicles and achieve longer run times
for portable applications. Implicit in this is the need to achieve
higher charging currents so that the charging times do not
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become impractically long and to allow energy recovery modes
such as regenerative breaking. For instance, the increase of
areal capacity of a battery electrode (an inherent step required
to increase battery energy density) from 2.5 to 5 mAh cm2 will
increase the charging time from 1 to 2 hours (i.e., when charged
at 2.5 mA cm); alternatively, to maintain the same charging
time of 1 h the current density must be doubled (to 5 mA cm?).
Thus, to achieve a significant practical improvement in our
current portable batteries, increased electrode areal capacities
are required, perhaps to 10 or 20 mAh cm, consequently
requiring applied current densities of 10-20 mA cm2 (or more)
to achieve charging times of less than 1 h.8

In the literature, many recent reports on high energy density Li
batteries are focused on developing effective methods to
suppress Li dendrite formation and increase CE% by altering
electrolyte composition, surface modifications and treatment
conditions that will allow compact Li deposition and stable solid
electrolyte interphase (SEl) formation.>"'” Solid state systems
such as UV-cross linked composite polymer electrolytes
composed of poly(ethylene oxide) and glymes'®1® and garnet-
type electrolytes??2! have also been recently investigated for
their ability to suppress Li dendrite formation, improve the
cycling performance and rate capability. However, they are
mostly evaluated at current densities below 1 mA cm=2 and only
a very few reports have shown efforts to increase the Li
charge/discharge rates. At the forefront, application of
superconcentrated electrolytes has shown the possibility for
high current density Li metal cycling in organic (Li| Cu, 10 mA cm-
2, 97% CE%)® and IL (Li|Li, 12 mA cm2, 99.2%)?? electrolytes. In
comparison to organic solvents, ILs are highly attractive for
addressing inherent risks associated with the alkali Li metal
electrode.?? In particular, bis(fluorosulfonyl)imide ([FSI]) anion-
based ILs have shown superior mass transport properties,?* and
[Campyr][FSI] IL ([Csmpyr] — N-methyl-N-propylpyrrolidinium)
has shown improved Li* ion mobility with both increasing Li*
concentration and temperature, resulting in stable cycling and
decreased electrode resistance in Li|Li symmetrical cells.?>26
This behaviour was suggested due to changes Li* transport
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mechanism at high concentration, which is concomitant with
the increase in Li* transference number from 0.1 to 0.2 with
increasing salt concentration. However, the superconcentrated
[Campyr][FSI] IL studies have been limited to current densities
below 1 mA cm2.

In this communication we show, for the first time, non-dendritic Li
deposition and enhancement of cycling efficiency (from 64+3% to
96+1%) at high current densities (1 to 20 mA cm?) in a
superconcentrated IL electrolyte. The enhancement is shown to be
due to the modification of nucleation features as well as the SEI
composition/structure, which directly results from the application of
higher currents. Importantly, experiments of this nature at such high
current density (i.e. 20 mA cm2) have not previously been reported
in ILs or other electrolyte systems.

Figure 1 shows the Li cycling efficiencies obtained at current densities
ranging from 0.1 to 50 mA cm2in 3.2 mol kg LiFSI in [Csmpyr][FSI]
using the cycling methodology described in the supporting
information. A cycling efficiency less than 65% (7 cycles) was
obtained at current densities at or below 1 mA cm™2. This is a
surprisingly low result, given higher cycling efficiency (~98%) has
been reported in literature at 1 mA cm2 for similar 0.5 mol kg LiTFSI
in [C4mpyr][TFSI] ILs; this high efficiency was attributed to non-
dendritic Li deposition and dissolution on the Pt substrate.?’” The
difference in efficiency reflects the difficulty in achieving high
efficiency cycling on a Ni substrate, highlighting its use as a standard
non-alloying substrate to assess lithium electrochemistry.?® Indeed,
the highest reported efficiency for a Ni electrode of 99.2% was
achieved using a related ionic liquid to that employed here, 0.35
mol kg'! LiFSI in [Csmpyr][FSI]. This champion efficiency was
achieved under optimised cell conditions, employing stack pressure
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Figure 1 - Li cycling using superconcentrated electrolyte: (a) Cycling efficiencies on a
Ni substrate from 0.1 to 50 mA cm-2 and (c) Voltage profiles for Li cycling at 1 (blue)
and 20 (red) mA cm2 at 50 °C (0.25 mAh cm deposition/dissolution step)
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and a low current density of 0.26 mA cm2.2° For [CompyrliTaSH LS,
values between 85-95% were obtained WREAOEMBFIGYIRELZH0¢H
substrate.?’ Interestingly, in Figure 1(a), the cycling efficiency
increased with increasing current density, resulting in a maximum
efficiency of 96+1% (100 cycles) at 20 mA cm?, unlike previous
studies®3® which showed relatively monotonous efficiency before
declining at higher current densities (>2 mA cm). As the current
density was further increased to 50 mA cm?, the cycling efficiency
decreased, but was retained at an 88+3% efficiency (over 30 cycles).
Figure 1(b) shows the voltage-capacity profiles for low (1 mA cm)
and high (20 mA cm2 — highest efficiency) current densities
highlighting the superior performance at high currents. The
commercial Li-ion batteries higher than 3 mAh cm areal capacity
do not sustain charge rates above 1C due to significant lithium metal
deposition on the graphite surface in
graphite/LiNiggMng,C0,0, (NMC622) cells with  carbonate
electrolyte.31-33 In fact, fast charging times for electric vehicles (EVs)
are typically restricted to below 2C (e.g., Chevrolet Bolt,3* Nissan
Leaf3> and Volkswagen e-Golf3¢). A comprehensive analysis of the
current commercial Li-ion battery performance is also provided in
these recent reports which indicate that sustained use at rates above
2C s not practical with current Li-ion technology.3’-3° In comparison,
the present study highlights the ability of the superconcentrated
electrolyte to cycle at unprecedented high current densities with
enhanced cycling efficiency.

As the initial nucleation sites and morphology play a crucial role
in subsequent Li deposition morphology and thus the cycling
efficiency,#? the nucleation process at selected current
densities was investigated. The voltage profiles for Li nucleation
on a Ni substrate, from 0.1 to 50 mA cm?, are shown in Figure
2(a). At the beginning of the Li deposition, the WE potential
dropped below 0 V vs. Li*/Li°, to a more negative value,
sufficient to overcome the energy barrier to drive Li nuclei
formation on the heterogeneous Ni substrate. A steady and
comparatively lower negative potential was observed
thereafter, during which Li deposition continued. As shown in
Figure 2(b), a notable feature was apparent, which was the
amount of charge required to reach the nucleation potential
(i.e. the lower tip of the voltage spike in Figure 2a). A magnified
view of these features is shown in Figure S1. Clearly, in
comparison to 1 mA cm, the charge required at 20 mA cm??
was much lower (0.00128 vs. 0.00014 mAh cm?2). As this
consumed charge contributes to the formation of the SEI,*344
the lower amount of charge required at 20 mA cm2 implies less
irreversible side reactions occurred, and thus a much thinner SEI
was formed. In turn, this contributes to the higher cycling
efficiency shown in Figure 1. Stark differences were also
observed in the nucleation deposit morphologies formed at 1
and 20 mA cm (Fig. 2c and d). The particles on the 1 mA cm?2
surface were at various growth stages and dendrite-like fibrous
structures were evident. In contrast, the dendrites were absent
on the 20 mA cm? surface and the resultant nuclei were small
and uniformly distributed. Further analysis of the nucleation
images (Fig. 2e and f) also highlight both the smaller nuclei size
and higher nuclei density on the 20 mA cm2 surface resulting in
approximately 105 times smaller nuclei size and 240 times
higher nuclei density after passing 0.05 mAh cm2. The
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Figure 2 - Effect of current density on Li nucleation from superconcentrated IL: (a) Voltage profiles for Li nucleation from 0.1 to 50 mA cm, (b) the charge required to
reach the nucleation potential at various current densities, SEM micrograph after Li nucleation for 0.025 mAh cm2 at (c) 1 mA cm2 and (d) 20 mA cm™, nuclei (e) size and
(f) density variation from 0.01 to 0.05 mAh cmat 1 and 20 mA cm™. (The error percentage calculated for nuclei size and nuclei density were approximately +10%)

EDX mapping of the Ni surface after deposition of Li at 1 and 20
mA cm2 for 0.05 mAh cm2 are shown in Figure S2. The dark
areas observed were attributed to the deposited Li. Therefore,
it is clear that these differences in the nucleation processes at
20 mA cm?2 including (1) significantly lower charge consumed
for SEI formation, (2) absence of Li dendrites and (3) smaller,
higher density and more uniform Li nuclei distribution, have
contributed to the higher cycling efficiency.
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Figure 3 - Characterisation of 0.05 mAh cm Li nucleation surfaces: F 1s XPS region
spectra and ToF-SIMS depth profiles for Li electrodeposits obtained at (a,b) 1 mA cm2
and (c,d) 20 mA cm™. The estimated sputter rate for depth profiling is 0.025 nm s™.

his | Lis © Th I Socj Chemi 0
PTu'rSstjglrrrﬁi 0 ?hTe T)R(S\E E’Oﬁgﬁ\&o,&cceénslsstrisfa)ﬁf this document represents the authors' peer-reviewe
The published version of the article is available from the relevant publisher.

The 1 and 20 mA cm? nucleation surfaces were further
characterised to analyse the contribution of SEI structure and
composition on the nucleation morphology (Fig. 2) and the Li
cycling behaviour (Fig. 1). Figure 3 shows the corresponding XPS
F 1s region spectra (Fig. 3a, c) and ToF-SIMS depth profiles (Fig.
3b, d) indicating clear differences in the early stages of SEI
formation. Apparently, only [FSI]- related F species were evident
on the 1 mA cm2 surface (Fig. 3a) and more reduced species
such as LiF were mostly absent. The depth profile also showed
a relatively higher intensity for IL cation related carbon species
compared to that of Li* indicating the presence of a SEl rich in
carbon species. Taking into account the amount of charge
consumed to reach the nucleation potential in Figure 2(b), the
high-count rate compared to the 20 mA cm2 surface is most
likely caused by the formation of more SEI related products. In
contrast, the 20 mA cm2 surface (Fig. 3c) clearly showed the
formation of LiF and other [FSI]- decomposition species (-
SO,F).*> The depth profile (Fig. 3d) also highlighted the
dominant intensity of Li* relative to the carbon species. As also
indicated in Figure 2(b), this suggests that the higher current
density results in more efficient production of the LiF SEI
component. Moreover, the Ni* depth profiles in Figure 3(b) and
(d) suggest a thicker or denser Li deposit for the 20 mA cm?2
sample.

The 1 mAh cm2 electrodeposits obtained at 1 and 20 mA cm™
prior to cycling (shown in Fig. 4) were also analysed to further
understand the effect of higher current density on deposit
morphology and surface chemistry, and in turn the resultant
cycling efficiency. As shown in Figure 4(a), the Li deposit formed
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Figure 4 - Surface characterisation of 1 mAh cm Li electrodeposit prior to cycling a fraction of the deposit (0.25 mAh cm2) as shown in Figure 1: SEM images, F 1s region

spectra and F-anion ToF-SIMS maps of Li electrodeposits resulted at (a,c,e) 1 mA cm?

at 1 mA cm2 showed larger particles and non-uniform deposits
with larger areas of bare Ni substrate. In comparison, a better
coverage was achieved after Li deposition at 20 mA cm™. As
shown in Figure 2, this can be attributed to the formation of a
greater number of nuclei that are uniformly dispersed.*® Most
importantly, dendritic structures were not evident at 20 mA cm-
2, The F 1s region spectrum in Figure 4(c) shows the presence of
LiF and other [FSI] related breakdown species on the 1 mA cm-
2 surface, which were not previously evident on the nucleation
samples (Fig. 3a and b). In comparison, the 20 mA cm2 surface
showed similar compositional features to that of the low rate 1
mAh cm2 electrodeposit, however, with a 2.5 times higher LiF
concentration. The ToF-SIMS mapping of F- species also showed
a more uniform and concentrated distribution on the 20 mA cm-
2 surface (Fig. 4f) compared to that of the 1 mA cm2 deposit (Fig.
4e). Previous studies have revealed that the presence of LiF,
which has a high surface diffusivity for Li* ions, is more effective
in stabilizing the SEI, suppressing dendritic growth and thus
enhancing Li cycling efficiency.'>'® Therefore, favourable SElI
properties have also contributed to the higher cycling efficiency
recorded at 20 mA cm2. In addition, these observations also
demonstrate the potential to alter the SEI composition and
structure based on the applied current density.

Conclusions

This study provides the first demonstration of a Li metal
electrode operating at high current density (20 mA cm2) made
possible in a superconcentrated LiFSI in [Csmpyr][FSI] IL
electrolyte. Significantly, enhancement in cycling efficiency, the

| J. Nam

and (b,d,f) 20 mA cm2at 50 °C.

formation of a stable LiF dominated SEI and non-dendritic Li
morphology is shown to result from the application of high
current density in this electrolyte. These are critical
requirements to achieve a true high-energy battery: a stable
and safe electrolyte and high rate performance. Surface
characterisation of nucleation and Li electrodeposit surfaces
formed at 1 and 20 mA cm?2 indicate that non-dendritic Li
morphology, smaller nuclei size, higher nuclei density, uniform
nuclei distribution and a thin, LiF rich SEI composition are key
factors leading to higher cycling efficiency (9611%) at higher
currents. Beyond the challenging Ni substrate employed here,
the use of advanced substrates, stack pressure, surface
modification and pre-treatments can be expected to allow
further enhancement in cycling efficiency.1%13-15 Thus,
superconcentrated IL electrolytes, possibly with more open
structure separators that mimic the flooded cell configuration
coupled with appropriate electrode modification, are key
materials for the advancement of high rate Li metal battery
technologies.
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