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g r a p h i c a l a b s t r a c t
� Fast chargeability of Li metal batte-
ries with carbonate electrolytes was
studied.

� LiTFSI-LiBOB electrolyte greatly en-
hances fast chargeability of Li metal
battery.

� LiTFSI-LiBOB electrolyte gives much
longer cycle life than LiPF6
electrolyte.

� LiTFSI-LiBOB electrolyte builds up a
thinner interphase layer on Li metal
anode.

� LiTFSI-LiBOB electrolyte leads to
more conductive sulfur-rich inter-
phase layer.
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Rechargeable lithium (Li) metal batteries with conventional LiPF6-carbonate electrolytes have been re-
ported to fail quickly at charging current densities of about 1.0 mA cm�2 and above. In this work, we
demonstrate the rapid charging capability of LijjLiNi0.8Co0.15Al0.05O2 (NCA) cells can be enabled by a dual-
salt electrolyte of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium bis(oxalato)borate
(LiBOB) in a carbonate solvent mixture. The cells using the LiTFSI-LiBOB dual-salt electrolyte significantly
outperform those using the LiPF6 electrolyte at high charging current densities. At the charging current
density of 1.50 mA cm�2, the LijjNCA cells with the dual-salt electrolyte can still deliver a discharge capacity
of 131 mAh g�1 and a capacity retention of 80% after 100 cycles. The LijjNCA cells with the LiPF6 electrolyte
start to show fast capacity fading after the 30th cycle and only exhibit a low capacity of 25 mAh g�1 and a
low retention of 15% after 100 cycles. The reasons for the good chargeability and cycling stability of the cells
using the LiTFSI-LiBOB dual-salt electrolyte can be attributed to the good film-formation ability of the
electrolyte on the Li metal anode and the highly conductive nature of the sulfur-rich interphase layer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Continuous development of portable electronics, electric vehi-
cles, and the smart grid requires energy storage systems that have
an energy density that is higher than the state-of-the-art lithium
(Li)-ion batteries (LIBs). To this end, Li metal batteries (LMBs) are
considered the “holy grail” of energy storage systems because of Li
metal's extremely high theoretical specific capacity (3860mAh g�1)
and the lowest redox potential (�3.040 V vs. standard hydrogen
electrode) [1]. The Li metal anode is superior in specific energy to
the conventional graphite anode (whose theoretical specific ca-
pacity is only 372 mAh g�1) used in LIBs [2]. Therefore, Li metal has
been widely used for the anodes in Li-sulfur batteries [3,4] and Li-
air batteries [5,6]. Compared to the problematical sulfur or air
cathodes, LMBs using intercalation compounds widely used in LIBs
or high-voltage conversion compounds as cathode materials could
be more promising in meeting the increasing need for electro-
chemical energy storage systems that have high energy densities
[7]. As reported by Gallagher et al., recently, the LMBs with Li metal
anodes and Li-rich layered oxide cathodes have a theoretical energy
density of ca. 900 Wh Kg�1, which is twice that of the graphite
anode and LiNi1/3Co1/3Mn1/3O2 cathode (ca. 400 Wh Kg�1) [8].

Efforts to develop LMBs before the 1980s proved fruitless mainly
because of the safety issues induced by the growth of Li dendrites
during repeated charge/discharge cycles [8e11]. Recently, tech-
nologies that suppress the growth of Li dendrites have beenwidely
investigated and developed; e.g., use of polymer or solid-state
electrolytes [12,13], highly concentrated electrolytes [14e16], self-
healing electrostatic shield electrolyte additives [17,18], and pro-
tective layers coated on Li metal anodes [19,20]. It should be noted
that the cycling stability of Li metal anodes with high Coulombic
efficiency and capacity retention, especially at relatively high
charge/discharge current densities, needs to be guaranteed in
advance to ensure successful commercialization of LMBs. Lv et al.
reported that in LijjLiNi0.8Co0.15Al0.05O2 (NCA) cells with the con-
ventional LiPF6-carbonate-based electrolyte, fast capacity fading
was observed during charging at high current densities due to the
quick formation of a highly resistive solid electrolyte interphase
(SEI) entangled with “dead” Li metal particles [21]. In LijjLiCoO2
cells, the ionic liquid (IL)-based electrolyte containing a high con-
centration of 3.2 mol kg�1 lithium bis(fluorosulfonyl)imide [LiFSI,
LiN(SO2F)2] in N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)
imide exhibited excellent rate capability, in spite of its significantly
higher viscosity and lower conductivity [22].

Compared to the use of high-cost ILs, the reformulation of
electrolytes with different Li salts is an easy and cost-effective
approach. Recently, Miao et al. explored a dual-salt electrolyte
composed of LiFSI and lithium bis(trifuoromethanesulfonyl)imide
[LiTFSI, LiN(SO2CF3)2] in mixed ether solvents in order to simulta-
neously cope with the low cycle efficiency and Li dendrite forma-
tion on the Li metal anode during charge/discharge processes [23].
Our team also investigated the effects of the highly concentrated
electrolytes of LiFSI or LiTFSI in ethers on improving Li Coulombic
efficiency (CE) and suppressing the growth of Li dendrites [14].
With the unique protection of SEI films and the improved Li growth
pattern, a high CE of ca. 99% and dendrite-free Li deposition have
been achieved. Moreover, the excellent cycling performance and
favorable Li morphology can be retained even at a high current
density of 10 mA cm�2. However, the ether-based electrolytes
normally are not electrochemically stable at voltages around 4 V, so
they cannot be used in batteries that need to be charged to 4 V and
above.

Basically, it is more practical to reformulate electrolytes based
on the state-of-the-art LiPF6-carbonate electrolytes to meet the
requirements for LMBs with high-voltage intercalation or
conversion cathode materials and at high current densities during
cycling. Compared to LiPF6, which is sensitive to moisture and heat,
LiTFSI is thermally stable and insensitive to moisture [24,25]. Xu
stated an empirical rule concerning the resistance of the SEI on the
Li metal anode: an electrolyte with higher bulk ion conductivity
usually results in an SEI of lower impedance [24]. Fast charging of
LMBs using the LiTFSI-based electrolytes may be enabled by the
highly conductive SEI formed on the Li electrode. The main limi-
tation of LiTFSI is its corrosion of the aluminum (Al) current col-
lector at voltages above 3.7 V [26e28]. Recently, we reported the
effects of the dual salts of LiTFSI and lithium bis(oxalato)borate
[LiBOB, LiB(C2O4)2] on the suppression of Al corrosion and the
improvement in cell performance of a LijjLiFePO4 (LFP) battery
system with a low LFP loading [29]. In this work, the effects of
LiTFSI-LiBOB dual-salt electrolytes on the charge rate of LMBs with
a relatively high loading NCA electrode are reported.

2. Experimental

LiTFSI, LiPF6, ethylene carbonate (EC), ethyl methyl carbonate
(EMC), and dimethyl carbonate (DMC) of battery grade were or-
dered from BASF Battery Materials. LiBOB of battery grade was
obtained from Chemetall with no charge. All of the chemicals were
stored in an MBraun glove box filled with purified argon for the
preparation of electrolytes. The dual-salt electrolyte was composed
of 0.6 M LiTFSI and 0.4 M LiBOB (or LiTFSI0.6-LiBOB0.4) in EC-EMC
(4:6 by wt.). For comparison, the control electrolyte composed of
1.0 M LiPF6 in the same EC-EMC (4:6 by wt.) mixture also was
investigated. Coated graphite (MAG-10, 1.53 mAh cm�2) and NCA
(1.50 mAh cm�2) electrodes were provided by the Argonne Na-
tional Laboratory CAMP Facility. The graphite anode contained
92wt%MAG-10 graphitewith 8wt% Kureha #C binder, and the NCA
cathode consisted of 86 wt% Toda NCA, 4 wt% SFG-6 conductive
additive, 2 wt% Super P Li, and 8 wt% Solvay 5130 binder. More
details can be found in our recent paper [30]. High-purity Li chips
(15.6 mm in diameter and 0.45 mm in thickness) were purchased
from MTI Corporation. 2325-type coin cell kits were ordered from
National Research Council of Canada.

LijjNCA coin cells with 80 mL electrolyte were assembled in the
MBraun glove box to evaluate the electrochemical properties of
various electrolytes. All cells were tested by undergoing galvano-
static charge/discharge cycles on an Arbin BT-2000 battery testing
station at room temperature using various current densities in the
voltage range of 3.0e4.3 V. A current density rate of 1C (i.e., charge
or discharge in 1 h) was set to 1.5 mA cm�2. Formation cycles were
initially conducted for two cycles at 0.1C rate for both charging and
discharging. These cycles were then followed by further cycling at
various C rates. To understand themechanism of the cycling failure,
some of the cycled cells were disassembled to harvest the Li metal
anodes. Electrochemical impedance spectra (EIS) analysis was
performed on a Solartron 1287 electrochemical workstation
coupled with a Solartron 1255B frequency response analyzer with a
10 mV perturbation at open circuit potential in the frequency range
of 106e10�1 Hz.

Cycled Li anodes were obtained from the tested cells for various
characterizations. Before the measurements, the Li electrodes were
immersed in anhydrous DMC for 24 h and then rinsed with fresh
DMC five times to remove the Li salts before drying under vacuum.
Scanning electronmicroscopy (SEM) images and the corresponding
energy dispersive X-ray spectroscopy (EDS) analysis of the Li
electrodes for both the surface and the cross-section views were
conducted on a JEOL 5800microscopewith an Oxford EDS. To avoid
electrode contamination or side reactions with atmospheric
moisture and oxygen, the samples were transferred in sealed ves-
sels filled with argon. X-ray photoelectron spectroscopy (XPS)
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analysis was carried out using an America Thermo ESCALAB250
instrument. Fourier transform infrared spectrometer (FTIR) spectra
were collected from 4000 cm�1 to 500 cm�1 on a Nicolet-670 FTIR
spectrometer.

The density functional theory (DFT) method was employed to
calculate the lowest unoccupied molecular orbital (LUMO) energies
of the Li salts and solvents as implemented in the Gaussian 09
program suite [31]. The B3LYP functional combined with the
6e311þþG(d,p) basis set was chosen in geometry optimization
calculations [32,33].

3. Results and discussion

Firstly, in order to evaluate the fast-charging properties of the
NCA electrode, the cycling performances of the graphitejjNCA cells
and the LijjNCA cells with the conventional LiPF6/EC-EMC electro-
lyte at 1.50 mA cm�2 (equal to 1C charge rate) were tested and
compared. Prior to the 1C cycling, all cells were conditioned
through two formation cycles to allow the SEI layers to be gener-
ated on both the anodes and cathodes: the LijjNCA cells were
charged and discharged at 0.15 mA cm�2 (i.e., 0.1C rate) in the
voltage range from 3.0 V to 4.3 V vs. Li/Liþ, while the graphitejjNCA
cells were charged and discharged at 0.075 mA cm�2 (i.e., 0.05C
rate) between 3.0 V and 4.3 V. As shown in Fig. 1a, the LMB (i.e.,
LijjNCA cell) is clearly demonstrated to have a higher capacity than
the LIB (i.e., graphitejjNCA cell) before the former experiences a
huge capacity fading.

The NCA cathode used in this work had an NCA mass loading of
10.2 mg cm�2, which is an intermediate mass loading compared to
those used in commercial LIBs. A thicker electrode means a higher
capacity of the total cell, so more Li is de-intercalated from and
intercalated into the cathode, and more Li is deposited on and
stripped from the Li anode, where the electrochemical performance
of the Li metal cells and the morphology change of the Li metal
anode are quite different from the cells with thin electrodes with
just 1e2 mg active material.

As shown in Fig. 1a, the graphitejjNCA cell with a conventional
LiPF6/EC-EMC electrolyte exhibits excellent cycling stability at
1.50 mA cm�2, indicating that the Liþ ion extraction from and
insertion into the NCA cathodematerial work fine at the 1C rate and
the NCA electrode is quite stable at this current density. However,
the LijjNCA cell with the same conventional LiPF6/EC-EMC elec-
trolyte experiences a continuous capacity fading and even a sharp
capacity drop after 30 cycles at the same current density of
1.50 mA cm�2 for charge and discharge. Therefore, the Li metal
Fig. 1. (a) Cycling performance of graphitejjNCA cells and LijjNCA cells with the electrolyte o
capacity and cycling efficiency of LijjNCA cells charged at various current densities and disch
cycles at a current density of 0.15 mA cm�2 for LijjNCA cells and 0.075 mA cm�2 for graph
anode should be responsible for the fast capacity fading of the
LijjNCA cell at the 1C rate of cycling.

Furthermore, the cycling performances of the LijjNCA cells with
the conventional LiPF6/EC-EMC electrolyte at various charge rates
and at the 1C discharge rate were tested and the results are shown
in Fig. 1b. At low charge current densities (0.30 and 0.75 mA cm�2),
the LijjNCA cells exhibit good cycling stability, even though the cell
at 0.75 mA cm�2 has a slightly lower capacity retention after 100
cycles than that at 0.30 mA cm�2. In addition, both cells always
keep high cycling efficiency above 98% after two formation cycles.
However, when the charge current density is increased to
1.50 mA cm�2, a huge capacity fading appears after ~30 cycles, and
the cycling efficiency drops to ~90%. Furthermore, at the current
density of 3.00 mA cm�2, the fast capacity fading starts after 20
cycles and the cycling efficiency drops similarly. This variation in
the cycling efficiency curve seems to be an indicator of fast capacity
fading. The capacity fading trend with charge current density is
similar to what Lv et al. reported [21], and is mainly caused by the
impedance increase.

It is well known that LiBOB has the advantage in SEI film for-
mation over the commonly used LiPF6 in LIBs, but its low solubility
in carbonate solvents cannot meet the requirement for high con-
ductivity of the electrolytes, especially for high-power applications
[34,35]. LiTFSI has advantages over LiPF6 in good thermal stability
and insensitivity toward moisture, and the LiTFSI-electrolytes have
high Liþ-ion conductivities similar to the LiPF6-based electrolytes.
However, LiTFSI causes serious corrosion of the Al current collector
due to the formation of soluble Al(TFSI)3 [27,36]. Recently, we found
that dual-salt LiTFSI-LiBOB electrolytes exhibit good integrated
performance, such as excellent stability, no corrosion of Al, and
high Liþ-ion conductivity, so that this kind of dual-salt electrolyte is
a promising alternative to LiPF6 [29]. In previous work [29], it was
reported that an Al current collector has excellent compatibility
with the LiTFSI0.6-LiBOB0.4/EC-EMC (4:6 by wt.) electrolyte up to
3.9 V vs. Li/Liþ. Therefore, prior to this electrolyte being used in
LijjNCA cells, the stability of the Al current collector in this dual-salt
electrolytewas first investigated at 4.3 V. As shown in Fig. S1 (in the
Supporting Information), after the LijjAl cells with the dual-salt
electrolyte were charged to 4.3 V and held at this voltage at 60 �C
for 7 days, the Al foil still remained intact and no signs of corrosion
were observed, demonstrating that the Al current collector is stable
with this LiTFSI-LiBOB dual-salt electrolyte at 4.3 V.

Fig. 2 shows the cell performance of the dual-salt LiTFSI-LiBOB
electrolyte in LijjNCA cells compared to that of the conventional
LiPF6 electrolyte. In Fig. 2a, the cell with the dual-salt electrolyte
f 1 M LiPF6/EC-EMC (4:6 by wt.) at 1.50 mA cm�2 current density. (b) Cycling stability of
arged at 1.50 mA cm�2. Prior to cycling, all cells were conditioned with two formation
itejjNCA cells in the voltage range of 3.0e4.3 V.
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exhibits a slightly higher reversible capacity (189 mAh g�1) and
initial cycling efficiency (88.7%) than that using the LiPF6 electrolyte
(with a capacity of 183 mAh g�1 and cycling efficiency of 86.7%).
This result at least further proves that the dual-salt LiTFSI-LiBOB
electrolyte causes no Al corrosion. Furthermore, the results of
cycling performance in Fig. 2b show that the LijjNCA cell with the
dual-salt LiTFSI-LiBOB electrolyte has much better cycling stability
than those with the LiPF6 electrolyte at 1.50 mA cm�2 for both
charge and discharge. After 100 cycles, the cell with the dual-salt
electrolyte can still deliver a discharge capacity of 131 mAh g�1

(80% retention compared to the first discharge capacity at the 1C
rate after two formation cycles at C/10), while that with the LiPF6
electrolyte only exhibits a low capacity of 25 mAh g�1 (15% reten-
tion). In terms of cycling efficiency, the cell with the dual-salt
electrolyte always maintains a stable high level of 97.5% after the
two formation cycles, which is slightly lower than that achieved
with the LiPF6 electrolyte (close to 99% but with large fluctuations).
The reason is probably related to the instability of LiBOB at the NCA
Fig. 2. Initial voltage profiles (a) and cycling performance (b) of the LijjNCA cells using the Li
LiTFSI-LiBOB electrolyte (c) and the LiPF6 electrolyte (d,e) and the voltage differences DV (f) b
at different cycles.
cathode surface at 4.3 V [10,24], but more investigation is needed to
confirm this to be true.

Fig. 2c and d shows the voltage profiles of the different cycles for
the cells using the LiTFSI-LiBOB and LiPF6 electrolytes, respectively.
Clearly, the capacity fading of the cell with the dual-salt electrolyte
is quite slow and the voltage change is not remarkable (Fig. 2c).
However, the cell with the LiPF6 electrolyte exhibits a fast capacity
decay with increasing cycle number, along with a huge voltage
plateau change between the 20th and 50th cycles (Fig. 2d). The
evolution of the voltage profiles of the cell with the LiPF6 electrolyte
during the period from the 30th to 45th cycles is shown in Fig. 2e,
which more clearly indicates the fast capacity drop. The charge
voltage profiles experience a huge change (from concave to
bulged), which suggests there is a charge mechanism change in the
LMBs for the LiPF6 electrolyte. Herein, the voltage difference (DV)
between the midpoint of the charge curve and that of the corre-
sponding discharge curve is used as an indicator of polarization,
and the voltage difference with cycling of the two electrolytes is
PF6 and LiTFSI-LiBOB electrolytes. Charge-discharge curves of the LijjNCA cells using the
etween the midpoint of the charge curve and that of the corresponding discharge curve
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compared in Fig. 2f. Obviously, the polarization of the LijjNCA cell
using either electrolyte continues to increase with increasing cycle
number, but the LiTFSI-LiBOB dual-salt electrolyte has a slower rise
and remains at a lower level than the LiPF6 electrolyte after 20
cycles, indicating that the interphase formed in the LiTFSI-LiBOB
electrolyte is more conductive for Liþ ions than that in LiPF6 elec-
trolyte. These electrochemical performance results strongly suggest
that the dual-salt electrolyte allows the Li metal electrode to have
good stability and tolerance for fast charging.

EIS has been used to reveal the ionic conductivity of the inter-
phase films on Li metal anodes formed in the two electrolytes
studied in this work. Fig. 3 shows the Nyquist plots of the LijjNCA
cells with the LiPF6 (a) and the LiTFSI-LiBOB (b) electrolytes at the
2nd (i.e., right after the two formation cycles) and the 100th cycles.
All Nyquist plot curves except for the one for the cell with LiPF6
electrolyte at the 100th cycle (Fig. 3a) are composed of two
deformed or incomplete semicircles in the high-to-medium fre-
quency range and a short inclined line in the low frequency range.
The semicircle in the high frequency range can be ascribed to Liþ

ion migration through the interphase film between electrode and
electrolyte, while the semicircle in the medium frequency range is
assigned to the charge transfer process. However, the Nyquist plot
for the cell with LiPF6 electrolyte at the 100th cycle exhibits only
one semicircle in the high frequency range, which can be associated
with surface film resistance, but the semicircle for the charge
transfer does not show up. All cells show reduced SEI resistances
after 100 cycles when compared to those after two formation cy-
cles, especially for the cell with the dual-salt electrolyte. This is
probably because the SEI films after cycling have high surface areas
(see Fig. S2) and contain lots of fine “inactive” Li particles (Fig. S3).
Although the LijjNCA cell with the dual-salt electrolyte exhibits
higher SEI impedance than that of the LiPF6 electrolyte right after
the two formation cycles, the former definitely shows lower surface
film resistance than the latter after cycling. This suggests that the
interphase formed on the Li electrode in the LiTFSI-LiBOB electro-
lyte is more conductive for Liþ ions than that in LiPF6 electrolyte.

The intercept impedance on the Z-real axis at high frequency in
the Nyquist plots reflects the resistance (Rb) of the bulk electrolyte
solution. The bulk resistance from the LiPF6 electrolyte distinctly
increased after 100 cycles, as shown in Fig. 3a, indicating the con-
sumption of this electrolyte during long cycling. However, the bulk
resistance from the dual-salt electrolyte remained quite stable
(Fig. 3b), suggesting that the SEI film from this LiTFSI-LiBOB elec-
trolyte is compact and prevents continuous reactions between the
Li metal anode and the electrolyte components. Here, the difference
between the surface interphase impedances (Rsf) at high frequency
(
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Fig. 3. Nyquist plots of the LijjNCA cells using the LiPF6 electrolyte (a) and the LiTFSI-LiBOB
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is mainly attributed to the change in the SEI interphase on the Li
electrode. After 100 cycles, the SEI interface impedance (Rsf) from
the dual-salt electrolyte (Fig. 3b) is much lower than that from the
LiPF6 electrolyte (Fig. 3a), which suggests that the interphase film
formed on the Li electrode in the LiTFSI-LiBOB electrolyte is much
more conductive for Liþ ions than that in LiPF6 electrolyte. Although
the Nyquist plot for the LiPF6 electrolyte does not exhibit the
semicircle for the charge transfer resistance (Rct) after 100 cycles
(Fig. 3a), so it is hard to derive the exact value of Rct after 100 cycles,
nevertheless, one can deduce that the high Rct value after 2 for-
mation cycles will result in a high Rct value after 100 cycles as well.
Therefore, the total resistance of the cell with the LiPF6 electrolyte
after 100 cycles will be higher than that with the dual-salt elec-
trolyte, resulting in higher polarization, as shown in Fig. 2f.

To further explore the reasons for the fast chargeability of the
LiTFSI-LiBOB dual-salt electrolyte and the rapid decay of the LiPF6
electrolyte, the surfaces of the cycled Li electrodes from the LijjNCA
cells after 100 cycles werewashed carefully with anhydrous DMC at
least 5 times, dried, and investigated using several technologies.
Fig. 4 shows the SEM images of the Li metal electrode surfaces after
cycling in LiTFSI-LiBOB electrolyte and LiPF6 electrolyte for 100
cycles. It is clearly seen that a thick interphase layer of about
100 mm covered the Li metal electrode cycled in the LiPF6-based
electrolyte (Fig. 4a). However, the thickness of the interphase layer
on the Li metal electrode cycled in the dual-salt electrolyte is about
20 mm (Fig. 4b), just one-fifth of the interphase layer formed in the
LiPF6-based electrolyte. The thin interphase layer from the LiTFSI-
LiBOB electrolyte is mainly caused by its ability to form a good
film on Li metal.

The EDS results from the cycled Li metal surfaces (Fig. S4) show
that a large amount of oxygen (in addition to small amounts of
phosphorus, fluorine, and carbon) exists in the interphase of the Li
electrode cycled in the LiPF6-based electrolyte. In contrast, large
amounts of both oxygen and sulfur (besides trace amounts of car-
bon and boron) were detected on the Li surface tested in the dual-
salt electrolyte. XPS was used to more accurately analyze the
chemical components and compositions of the SEI layers formed on
the surfaces of the Li electrodes after 100 cycles in the LiTFSI-LiBOB
dual-salt and the LiPF6 electrolytes. Fig. S5 shows the wide scans
over the whole spectrum range for Li electrodes cycled in the two
electrolytes. Both Li electrode surfaces have C 1s, F 1s, O 1s, and Li 1s
peaks. However, the SEI layer on the Li electrode cycled in the dual-
salt electrolyte also exhibits strong S 2p peak and weak B 1s and N
1s peaks, while that in the LiPF6 electrolyte has only a weak P 2p
peak.

When the photoelectron peaks are focused on by running
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Fig. 4. SEM images of the Li metal electrode surfaces obtained from the LijjNCA cells with the LiPF6 electrolyte (a) and the LiTFSI-LiBOB dual-salt electrolyte (b) after cycling at
1.50 mA cm�2 for 100 cycles.
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narrow scans, significant differences and more information can be
observed. The narrow scan spectra of C 1s, F 1s, O 1s, and Li 1s for
the two cycled Li surfaces are compared in Fig. 5aed, respectively.
In the C 1s spectra (Fig. 5a), the sample from the dual-salt elec-
trolyte shows major peaks at 293.1, 289.0, 286.8, and 284.8 eV, as
well as a shoulder peak at 290.2 eV, while the Li surface from the
LiPF6 electrolyte contains the main peaks at 290.3, 286.8, and
284.8 eV, as well as a minor peak at 289.0 eV. The 293.1 eV peak is
for the CeF bond in the eCF3 group, which originates from the
TFSI� anions. The 290.3 eV peak can be ascribed to the C]O in the
CO3 of Li2CO3 and/or lithium alkyl carbonate, which are from the
decomposition of the carbonate solvents. The peak at 289.0 eV is
attributed to the C]O in oxalate [e(O]C)e(C]O)e] compounds
[37], which are from the oxalato group in the BOB� anion. The
peaks at 286.8 eV and 284.8 eV are for CeO bond and CeC/CeH
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Fig. 5. XPS patterns of Li electrodes after 100 cycles in LiTFSI-LiBOB
bonds, respectively, which originate from organic carbonate sol-
vents as well. The relative intensities of these two peaks (at 286.8
and 284.8 eV) are quite different for the two samples, indicating
their different compositions in the formed SEI layers on the two Li
electrodes from different electrolytes. Generally, the intensities of
the C1s peaks for the Li electrode from the dual-salt electrolyte are
much weaker than those from the LiPF6 electrolyte, suggesting that
the decompositions of the solvents and salt anions from the dual-
salt electrolyte are less than those from the LiPF6 electrolyte,
which is also indicated by the fact that the SEI layer from the dual-
salt electrolyte is more compact, so the further reactions between Li
metal and the electrolytes can be suppressed easily.

In the F 1s spectra (Fig. 5b), the peak at 689.0 eV in the sample
from the dual-salt electrolyte is ascribed to the CeF bond of the
eCF3 group in the TFSI� anion, while the peak at 687.0 eV in the
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Table 1
LUMO energies of Li salts and carbonate solvents by DFT
calculations.

Salt or solvent LUMO energy (eV)

LiPF6 �1.44
LiTFSI �1.52
LiBOB �3.05
EC 0.94
EMC 1.21

Al foil
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sample from the LiPF6 electrolyte is for LiF, which is from the
decomposition of the PF6� anion. In the O 1s spectra (Fig. 5c), the Li
sample from the dual-salt electrolyte has a major peak located at
532.2 eV and a small shoulder peak at 533.5 eV, the former
belonging to S]O and C]O groups and the latter to the CeO and/or
BeO groups. For the sample from the LiPF6 electrolyte, the peaks at
532.2 and 533.5 eV can only be assigned to C]O and CeO,
respectively, which originate from the decompositions of carbonate
solvents. There is negligible difference for the two samples on the Li
1s spectra (Fig. 5d).

The SEI layers on the Li electrode cycled after 100 cycles in
LiTFSI-LiBOB and LiPF6 electrolytes were further analyzed using
FTIR and the spectra are shown in Fig. 6. For the SEI formed in the
LiTFSI-LiBOB electrolyte, the symmetric CF3 stretching mode is
located at 1200 cm�1, the symmetric SO2 stretching mode at
1138 cm�1, and the asymmetric SO2 stretching mode at 1355 cm�1

with a shoulder small peak at 1333 cm�1. The bands related to
Li2CO3 at 1522,1443, and 862 cm�1 are relatively weak, but they are
clearly detectable in the deposit from the LiPF6 electrolyte. In both
Li samples from the LiTFSI-LiBOB and the LiPF6 electrolytes, the
peaks at 1655, 1310, 1100, and 838 cm�1 are attributed to lithium
alkyl carbonate (ROCO2Li) and oxalate and boron-containing sem-
icarbonate-like species [37].

In general, the electrochemical reduction potential of a com-
pound is correlated with its LUMO energy, and a lower LUMO en-
ergy normally means a higher reduction potential. Therefore, the
LUMO energies of the salts and solvents studied in this work were
calculated by DFT using the Gaussian 09 program suite, and the
results are listed in Table 1. Based on this table, the electrochemi-
cally reductive decomposition of the salt and the solvent should
follow the order from high to low voltage as
LiBOB [ LiTFSI > LiPF6 [ EC > EMC. Xu et al. reported that LiBOB
started the irreversible reduction at about 1.7 V vs. Li/Liþ [38], and
Dahn and coworkers [39] found that an irreversible voltage plateau
occurred at around 1.2 V on the carbonaceous electrode surface that
corresponded to the decomposition of the EC-based solvents. Based
on the XPS and FTIR analyses, it can be seen that the main com-
ponents of the SEI layer formed in the LiTFSI-LiBOB electrolyte are
lithium oxalate, boron-containing semicarbonate-like species, and
lithium sulfonate-like species, while Li2CO3 and LiF are the main
components in the SEI layer formed in the LiPF6 electrolyte. Ac-
cording to Aurbach [40], lithium sulfonates (10�7 S cm�1) have
much higher ionic conductivity than Li2CO3 (10�8 S cm�1) and LiF
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Fig. 6. FTIR spectra of the SEI layers on Li electrodes after 100 cycles in LiTFSI-LiBOB
and LiPF6 electrolytes.
(10�8 S cm�1). Therefore, the main reason for the fast chargeability
of the LiTFSI-LiBOB electrolyte is possibly the thinner and more
conductive SEI layers composed of lithium oxalate, boron-
containing semicarbonate-like species, and lithium sulfonates.

On the basis of the above results and discussion, we propose two
reasons for the fast chargeability of the LiTFSI-LiBOB dual-salt
electrolyte in LMBs. As shown in Fig. 7, LiTFSI helps to build up a
highly conductive SEI layer on the Li electrode consisting of lithium
sulfonates during fast charging, which leads to high Liþ conduction
across the SEI layer, and LiBOB makes the SEI layer on the Li elec-
trode robust and stable during cycling, which suppresses the
growth of the SEI layer and thus results in a short diffusion distance.
Both factors synergistically enhance the charging rate of LMBs
based on LiTFSI-LiBOB dual-salt electrolytes. Additionally, LiBOB
also passivates the Al foil (the current collector for the cathode) and
prevents the consumption of LiTFSI during battery operation.

4. Conclusions

The fast chargeability of the LijjNCA cells with two carbonate-
based electrolytes was systematically investigated. The fast capac-
ity fading in the conventional LiPF6 electrolyte is related to the thick
interphase layer with high impedance covered on Li metal during
fast charging. However, the LiTFSI-LiBOB dual-salt electrolyte
exhibited good cycling stability during fast charging, because of the
ability of this electrolyte to form a good film on Li metal and the
highly conductive nature of the sulfur-rich interface layer. Even
though the exact chemistry of the interphase on Li metal is
pending, this LiTFSI-LiBOB dual-salt electrolyte is a promising
candidate for replacing the conventional LiPF6 electrolyte in fast-
chargeable LMBs.
Electrolyte

Cathode

Li

TFSI-

BOB-

Li+ Form highly conductive 

SEI layer on Li anode

(1) Make SEI robust

(2) Passivate Al foil

The SEI layer is

(1) thin & conductive

(2) Boron- & Li2SOx-

containing

Fig. 7. Schematic illustration of the effects of LiTFSI and LiBOB in the dual-salt
electrolyte.
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