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Lithium-ion batteries are experiencing a huge surge in demand 
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. 1,2). However, this substantial increase in cell 
energy is achieved only if the excess thickness of the lithium anode 
is limited1,3. 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 �m (ref. 4).

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 lithium5–7. 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 
cycle8–12. Since there is no excess lithium built into the cell, volume 
is minimized (Fig. 1a) and energy density is maximized1,3,4, 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 
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low uniaxial pressure (~75 kPa) 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�1 . Capacity retention data are 
summarized in Fig. 1b. The 1 M LiPF6 and 1 M LiBF4 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 FEC27–29.

More interesting still is what happens when an additional salt is 
added to this LiDFOB 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 LiPF6 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 
LiBF4, 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 1 M LiDFOB and 0.2 M 
LiBF4 made it to 90 cycles before dropping below 80% capacity.

The unique properties of this LiDFOB/LiBF4 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 1.2 M single-salt 
LiDFOB electrolyte charged to 4.2, 4.3 or 4.5 V. 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. 15,28,30), 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 4.3 V 
(Supplementary Fig. 2)31. 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/
LiBF4 blend is similar to that for 1.2 M LiDFOB when cycled to 
4.5 V, the dual-salt LiDFOB/LiBF4 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 4.3 V (Supplementary Fig. 2). Since gassing is 
reduced for the LiDFOB/LiBF4 blend, cells with 1 M LiDFOB and 
0.2 M LiBF4 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/LiBF4 mixture is 
also demonstrated in the cycling behaviour of Li || Cu half-cells 
(Supplementary Fig. 3). For the pure 1.2 M LiDFOB half-cell, the 
lithium plating/stripping Coulombic efficiency becomes unstable 
after only 15–20 cycles, while the 0.6 M LiDFOB � 0.6 M LiBF4 
shows not only higher Coulombic efficiency but also much more 
stable operation. Additionally, the half-cell voltage response 
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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 LiBF4 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 
4.5 V. It is likely that higher voltage increases the amount of LiBF4 
formed, which then improves performance by turning the electro-
lyte into a dual-salt LiDFOB �LiBF 4 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 morphology36. 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: 
LiPF6, LiBF4 and LiDFOB. Cells with a dual-salt LiDFOB � LiBF 4 
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 fewer9,11,22,23. SEM 
images of the lithium revealed flat, mosaic-like lithium morphology 
comprised of densely packed lithium columns with large domains 
up to 50 �m 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
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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 30 s 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 1.5 V for 24 h, charging at C/5 to 4.5 V, then 
discharging at C/2 to 3.8 V. After formation, cells were fully discharged to about 
0.2 V 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 K� radiation (hν � 1,253.6 eV) under ultrahigh-
vacuum conditions (�2 � 10 �9  mbar). See ref. 38 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 1 h, sonicated for 10 min, mixed on a wrist-action shaker 
for 1 h, 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 (1H) spectra were collected over the range 0–9 ppm. Fluorine 
(19F) spectra were collected with no background suppression over the range �200 
to 0 ppm. Peaks for each solvent component appear in the 1H spectrum at 6.7 ppm, 
6.5 ppm 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 19F spectrum at the following 
chemical shifts: �123 ppm (FEC), �70 ppm (LiPF6), �151 ppm (LiDFOB) and 
�148 ppm (LiBF4). Peak assignments were confirmed from the 1H and 19F spectra 
of each pure component.

Peak areas from the 1H 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 19F spectrum were used to calculate the salt amount relative to FEC, 
which was used with the information from the 1
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