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Rechargeable Li metal batteries (LMBs) could meet demand 
for higher energy density batteries, as the metallic Li anode 
has an excellent capacity and standard redox potential 

(3,860 mA h g−1, −3.04 V versus the standard hydrogen electrode)1–3. 
Widespread adoption of LMBs requires that Li anodes retain capac-
ity after many cycles (that is, have a long cycle life) and periods of 
storage at open circuit (that is, have a long calendar life). Recently, 
nanoscopic characterization of Li with techniques such as cryogenic 
transmission electron microscopy (cryo-TEM)4–8 and several engi-
neering strategies have improved the cycle life of Li metal anodes9–13. 
However, tests of Li metal anodes often neglect calendar ageing14–16, 
and even though the electrolyte strongly influences battery perfor-
mance, characterization is usually limited to a small set of electrolyte 
chemistries5–8. Previous work showed that incomplete passivation 
and high areal exposure of the current collector to the electrolyte 
can cause galvanic corrosion of Li during calendar ageing17,18. Much 
less is known about how chemical corrosion (that is, solid electro-
lyte interphase (SEI) growth at the Li metal surface) and the electro-
lyte chemistry affect the calendar ageing of Li metal anodes.

Although the effects of calendar ageing on LMBs are unclear, 
they are well known for Li ion batteries (LIBs) with graphite interca-
lation anodes19–21. In LIBs, reduction of the electrolyte at the anode 
surface and growth of the SEI cause most capacity losses during 
calendar ageing19,20. Losses are accelerated when the graphite anode 
is fully charged (lithiated) to a potential of about 10 mV versus Li/
Li+, thereby increasing the thermodynamic driving force for elec-
trolyte reduction20. To minimize these losses, a strongly passivating 
SEI is carefully formed on graphite during initial cycling22, and LIBs 
are generally stored at partially charged states20. In LMBs, however, 
fresh surfaces of Li metal are exposed during each electrodeposi-
tion, so the SEI must be re-formed during each charging step6, and 
the potential of Li metal is always 0 V versus Li/Li+ at open circuit. 
These two key features make the calendar ageing of LMBs uniquely 
important to understand.

In this work, we reveal the effects of calendar ageing on the 
rechargeability of Li metal anodes and LMBs. Coulometric methods 

quantify the irreversible loss of capacity during calendar ageing of Li 
in a variety of electrolyte chemistries. Combining these results with 
cryo-scanning TEM (cryo-STEM) mapping of Li aged in several 
electrolytes shows that the growth of SEI is the general cause of the 
capacity loss. The distinct SEI growth rate and surface areas of Li in 
each electrolyte determine the magnitude of the loss. This combina-
tion of electrochemical analysis, nanoscale materials characteriza-
tion and electrolyte variety provides a technical pathway for further 
studies to understand calendar ageing and SEI growth in LMBs.

Capacity loss during ageing
Coulombic efficiency (CE) measurements with a Li || Cu half-cell 
are often used to quantify the rechargeability of Li metal in a par-
ticular electrolyte14. The CE quantifies the ratio of Li output dur-
ing discharge (stripping) to Li input during charge (plating). This 
method conveniently tests the reversibility of Li electrodeposition 
and dissolution, but calendar ageing steps are generally excluded 
(Supplementary Fig. 1a). Here, we age the cells for 24 hours at open 
circuit after the plating step of the second cycle (Supplementary  
Fig. 1b). The difference between the CE of Li with and without cal-
endar ageing quantifies the extra loss of capacity:

ΔCE = CEwith ageing
2nd cycle − CEno ageing

2nd cycle . (1)

Comparisons of ΔCE with Li || Cu cells in a variety of electrolytes 
and operating conditions provide a simple platform to understand 
the underlying causes of capacity loss in LMBs.

First, we measured ΔCE in a variety of electrolyte chemistries 
from the literature, as the average CE of the first 20 cycles with-
out ageing depends on the electrolyte chemistry (Fig. 1a and 
Supplementary Fig. 2). We chose a sample of electrolytes that is 
representative of commercially available carbonate electrolytes 
and recently developed high-CE electrolytes11,23,24 (details in Fig. 1  
caption). The chosen high-CE electrolytes typify several strate-
gies, such as using two salts, additives, high salt concentrations 
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and fluorinated solvent. Our modified CE protocol shows that 
the CE of Li decreases by 2–3% after 24 hours of calendar age-
ing in most electrolytes and up to 6.7% in LiClO4 (in ethylene 
carbonate:diethylcarbonate (EC:DEC); Fig. 1a and Supplementary 
Fig. 3). Interestingly, ΔCE is relatively consistent across electrolytes, 
with average CE varying between 85–99% (Fig. 1a). For example, 
the average CE of Li is 85.5% in LiPF6 (EC:DEC) and 98.8% in LiFSI 
(fluorinated 1,4-dimethoxylbutane (FDMB)), but these electrolytes 
have a ΔCE of −1.8% and −2.5%, respectively. Capacity losses with 
Li metal anodes are generally caused by either SEI growth or the 
electrical disconnection of Li filaments during dissolution (that is, 
‘dead Li’)4. This finding suggests that the growth of SEI during cal-
endar ageing may cause ΔCE, because electrolytes with a CE > 95% 
are known to have minimal amounts of dead Li4,6,18. It is generally 
thought that high-CE electrolytes have strongly passivating SEI, so 
the similar magnitude of ΔCE in both low- and high-CE electrolytes 
is somewhat surprising11,23–25. To explain the magnitude of ΔCE in 
each electrolyte, both the surface area of Li and the rate of corrosion 
must be considered. These two factors are discussed later in the text 
after we demonstrate that SEI growth causes ΔCE.

Extended ageing times increase the magnitude of ΔCE, but at 
decreasing rates (Fig. 1b). During the first 72 hours of calendar age-
ing, the CE of Li decreases by an average of 1.8% per day, 1.3% per 
day and 3.1% per day in LiFSI (FDMB), LiPF6 (EC:DEC) and LiClO4 
(EC:DEC), respectively. After the first 72 hours, the rate of capacity 
loss slows to 0.1% per day, 0.7% per day and 0.9% per day, respec-
tively. The smoothly decreasing rate of capacity loss is consistent 
with SEI growth, which is self-passivating26. The continuity of the 
data in Fig. 1b also suggests that large amounts of dead Li are not 
formed during ageing, because this would likely cause sharp discon-
tinuities in the data.

Operational conditions like temperature more strongly affect 
ΔCE (Fig. 1c). If the cell is aged at 60 °C instead of 25 °C, then ΔCE 

increases by an order of magnitude (−1.8% to −16.6% in LiPF6 
(EC:DEC)). This result is consistent with observations of aged LIBs, 
where high temperatures accelerate the reduction of electrolyte at 
the anode and cause SEI growth20. Although high temperatures are 
reported to improve the cycle life of LMBs in some electrolytes11,27,28, 
LMBs should be stored at low temperatures.

Nanostructured Li hosts improve the CE of Li by minimizing 
dead Li4,6 and the impedance of the anode2,29, but this comes at the 
cost of higher electrochemically active surface area. Comparing 
ΔCE with planar Cu foil to a nanostructured wrinkly graphene 
host29 of the same geometric area shows that ΔCE increases from 
−1.8% to −12.8%, respectively (Fig. 1d). This scaling of ΔCE with 
surface area provides further evidence that SEI growth causes ΔCE. 
Such a large initial capacity loss with nanostructured hosts high-
lights the importance of using prelithiation9, which provides excess 
Li and minimizes surface area, or the interfacial stabilization13 of 
host materials.

Reduction of the electrolyte to form SEI can occur through two 
distinct pathways: reduction at the Li surface via chemical corro-
sion17,26 and reduction at the surface of the Cu current collector 
through galvanic corrosion17,18. The contribution of each pathway 
to capacity loss depends on the design of the cell or parameters of 
Li deposition. Chemical corrosion scales with the surface area and 
capacity of deposited Li. Galvanic corrosion scales with the surface 
area of Cu, which decreases—relative to the surface area of Li—with 
higher capacities of deposited Li18,30. Recent work proposed that 
galvanic corrosion can cause 80% of ΔCE, but the area of Cu was 
much larger than Li. Only 50 μA h cm–2 of Li was deposited18. To 
estimate the contribution of each pathway for more practical capac-
ities, we measured ΔCE for 0.5, 1 and 2 mA h cm–2 of Li (Fig. 1e  
and Supplementary Fig. 4). The consistent ΔCE (%) suggests that 
the absolute loss of Li scales with the capacity, meaning chemical 
corrosion plays a larger role than galvanic corrosion for higher 
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Fig. 1 | Effect of resting intervals on the CE of lithium metal anodes. a, The CE of lithium metal in a variety of electrolytes. These electrolytes include 1 M 
LiPF6 in EC:DEC, 1 M LiClO4 in EC:DEC, 0.6 M LiDFOB and 0.6 M LiBF4 in FEC:DEC, 1 M LiTFSI with 2.5% LiNO3 in DOL:DME, 4 M LiFSI in DME and 1 M LiFSI 
in FDMB. Each bar represents a single data point or cell. b, The second cycle CE of Li as a function of calendar ageing time. Each dot represents a single 
data point or cell. c,d, The effect of temperature (c) and Li hosts (d) on ΔCE after 24 hours of calendar ageing. e, The effect of the capacity of Li on ΔCE.
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areal capacities of Li. This analysis only provides a crude estimate. 
Exact quantification of the contribution of each distinct pathway 
using simple electroanalysis is difficult in practice. Regardless, both 
pathways cause SEI growth. Strongly passivating coatings like LiF 
may minimize chemical corrosion like they do with galvanic corro-
sion18, but an explicit study of its role on ΔCE requires a quantitative 
comparison of the surface area of Li that is beneath the coating and 
exposed to the electrolyte. Any strategy to improve Li metal anodes 
should emphasize the formation of a more passivating SEI.

Chemical corrosion and SEI growth
Cryo-STEM electron energy loss spectroscopy (EELS) mapping of 
Li anodes before and after calendar ageing confirms that SEI growth 
is the primary cause of ΔCE. This technique stabilizes Li and its SEI, 
which are sensitive to air and the electron beam, and simultaneously 
provides nanoscopic structural and chemical information to track 
the growth of SEI during ageing5,7,31. Figure 2a shows a representa-
tive cryo-STEM image of Li with a conformal and thin 10 nm SEI 
after being freshly deposited in LiPF6 (EC:DEC)—consistent with 
previous studies of this system5–8. The annular dark field (ADF) 
STEM image shows a low intensity core from the low atomic num-
ber of Li (Z = 3). The brighter intensity shell is attributed to the SEI 
and its C- and O-rich composition (Fig. 2a), which is consistent with 
previous characterization of the SEI formed in EC electrolytes4,5,7,32

. 
This form of SEI is often called the compact SEI26, as it exists as 
a thin film and is directly interfaced with Li. After Li anodes are 
aged in the electrolyte for 24 hours, the thickness of the compact SEI 

noticeably increases. A lower density layer grows above the initially 
formed SEI (Fig. 2b). We also occasionally observe local pitting of 
Li filaments (Supplementary Fig. 5), which could form dead Li dur-
ing calendar ageing, but this is rare compared to the growth of SEI. 
Extra dead Li is not likely the main cause of ΔCE, as it is rarely 
seen with cryo-STEM, the ΔCE versus time data are continuous 
(Fig. 1b) and ΔCE is independent of the stripping current density 
(Supplementary Fig. 6). We note that a previous study of calendar 
aged Li powder electrodes showed that dead Li was a major source 
of capacity loss17. In that report, high exposure of Cu to the electro-
lyte, which causes substantial galvanic corrosion at the Li || Cu inter-
face, and a looser electrical connection of the Li powder network 
explain the larger role of dead Li. In our work, the exposure of Cu 
is much less than Li, and the Li deposits have a much stronger elec-
trical connection. Nevertheless, dead Li should remain minimized.

Although models of SEI growth often describe the SEI as a confor-
mal film26,33, the growth of the compact SEI is highly heterogeneous 
over the nanoscale (Fig. 2c). We quantified the time-dependent 
thickness and heterogeneity of the compact SEI in LiPF6 (EC:DEC) 
with high resolution cryo-TEM (Fig. 2d and Supplementary Fig. 7). 
The compact SEI on freshly deposited Li has an average thickness of 
8.8 nm, and all measured thicknesses are within 7–15 nm. After 24 
and 72 hours of calendar ageing, the average thickness increases to 
28.4 and 34.9 nm, respectively. The spread of measured thicknesses 
after 24 and 72 hours of ageing also increases to 20–40 nm. These 
trends are not limited to only LiPF6 (EC:DEC) electrolyte. Li aged 
24 hours in LiClO4 (EC:DEC) and LiBF4/LiDFOB (fluoroethylene 
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carbonate (FEC):DEC) had average SEI thicknesses increase from 
7.6 to 20.9 and 8.9 to 14.8 nm, respectively (Supplementary Fig. 8). 
The compact SEI on Li aged in LiPF6 (EC:DEC) for 168 hours has 
a slightly smaller average thickness of 25.1 nm (potentially caused 
by experimental error in TEM statistics or SEI dissolution), but the 
spread of thicknesses increased to 7–92 nm. These results highlight 
the importance of using cryo-(S)TEM to characterize the thickness 
and distribution of phases of the SEI. X-ray photoelectron spectros-
copy (XPS) of Li foils also suggests the SEI grows during calendar 
ageing (Supplementary Fig. 9), but XPS10 and other tools like sec-
ondary ion mass spectrometry34,35 typically require depth profiling 
methods and may not capture nanoscopic heterogeneities.

In addition to the growth of the compact SEI, we observe 
an extended and irregular form of SEI on Li aged for 24 hours 
and longer in several electrolytes (Fig. 2e–g and Supplementary  
Figs. 10–12). This form of SEI generally spans length scales (hun-
dreds of nanometres) greater than the compact SEI (tens of nano-
metres) and is not necessarily in direct contact with Li. Compact 
and extended SEIs have been reported for carbon26,31 and Li elec-
trodes5 in commercial carbonate electrolytes, where they are typi-
cally described as an inner (inorganic) layer and an outer (organic) 
layer. These cryo-(S)TEM data suggest that the growth of an 
extended SEI is general to all electrolyte chemistries, but the mor-
phology and chemistry is unique to each electrolyte. Comparison 
of the extended SEI in each electrolyte can provide insight into its 
formation and role in ΔCE.

The extended SEI on Li aged in LiPF6 (EC:DEC) appears as dense 
clumps, with a chemically unique, high fluorine content (Fig. 2e  
and Supplementary Fig. 11b). Selected area electron diffraction 
(Supplementary Fig. 13) and the EELS F K edge (Supplementary  
Fig. 14) suggest these clumps are rich in LiF, likely arising from the 
reduction of HF impurities36,37. Precipitation of LiF outside of the 
compact SEI has been observed previously in carbonate electro-
lytes36,38; here, we observe their temporal dependence and show that 
they form on long timescales during calendar ageing. The EELS C 
K edge of the compact and extended SEI both display strong CO3 
peaks39–41, but the extended SEI has a much stronger C–H signal 
(Supplementary Fig. 15). This result suggests that the carbona-
ceous components of both SEI types contain carbonates, but the 
extended SEI is composed of more soluble, organic compounds 
such as carbonate-based polymers42,43. Simply changing the salt to 
LiClO4 results in much more abundant extended SEIs that appear as  
large, porous clumps of particles that span lengths up to  

several micrometres (Fig. 2f). Larger amounts of extended SEI with 
LiClO4 are consistent with the larger magnitude of ΔCE (−6.4% versus 
−1.8% with LiPF6). The EELS C K edge of this extended SEI also shows 
a strong C–H signal compared to the compact SEI (Supplementary 
Fig. 16), but a Cl signal is absent in the EELS spectra (Supplementary 
Fig. 17). The strong passivity of LiF particles may cause the smaller 
magnitude of ΔCE in LiPF6, relative to LiClO4 (EC:DEC).

To confirm the generality of an extended SEI, we also investi-
gated Li aged for 24 hours in LiBF4/LiDFOB (FEC:DEC), which 
has an average CE of 94.2%. An extended SEI composed of par-
ticles less than 200 nm in length forms on the aged Li (Fig. 2g and 
Supplementary Fig. 12), whereas freshly deposited Li has only a 
compact SEI (Supplementary Fig. 18). Instead of clumping together, 
these particles decorate the surface of the Li. EELS spectra indi-
cate that these particles are an organic material rich in C, O and F  
(Fig. 2g), consistent with previous characterization11. Notably, only 
the compact SEI is rich in B. This chemical divergence suggests 
that the compact SEI is derived from the BF4

− and DFOB−, and the 
extended SEI is mainly composed of more soluble reduction prod-
ucts of the FEC solvent.

Collectively, the cryo-STEM EELS mapping explicitly demon-
strates that the growth of a compact and extended SEI is the pri-
mary cause of ΔCE. This finding provides a time-dependent picture 
of SEI growth and capacity loss in LMBs. At short times, the com-
pact SEI grows via direct reduction of the electrolyte at the Li (or 
Cu) surface, where insoluble decomposition products (for example, 
Li2O and Li2CO3) precipitate firstly and directly on the surface. In 
traditional models, further growth of the SEI proceeds through dif-
fusion of the solvent to the anode–SEI interface or diffusion of elec-
trons to the SEI–electrolyte interface33. This pathway may explain 
the growth of the compact SEI, which does in fact thicken like a 
film, albeit nonuniformly. However, the extended SEI appears to 
precipitate as large clusters across the electrode, suggesting path-
ways that involve soluble decomposition products. For example, 
soluble radical species formed during the initial reduction reactions 
could propagate in the liquid phase until sufficiently insoluble prod-
ucts, such as carbonate-based polymers, precipitate onto the elec-
trode31,42–44. Similarly, soluble decomposition products (for example, 
lithium ethylene dicarbonate)5 could dissolve until they saturate the 
electrolyte and precipitate on the electrode. These precipitates will 
ultimately increase the interfacial impedance, which can cause extra 
losses of capacity. To minimize ΔCE, the solubility of electrolyte 
decomposition products should be minimized.
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Coulometry and cryo-STEM show that growth of the SEI causes 
ΔCE, but neither explains why ΔCE is similar in electrolytes with 
CE ranging from 85–99%. Usually, Li is believed to be resistant to 
corrosion and SEI growth in high-CE electrolytes. Figure 1a suggests 
this expectation may not necessarily be true. To explain this surpris-
ing result, we measured the time-dependent interfacial resistance 
of Li (Rint(t))—which is dominated by Li ion transport through the 
SEI45,46—using electrochemical impedance spectroscopy (EIS; Fig. 3 
and Supplementary Fig. 19). Quantifying Rint(t) of Li || Li symmetric 
cells tracks the growth of SEI over a well-controlled surface area, 
making a comparison of different rates of SEI growth between elec-
trolytes feasible.

Figure 3a shows that each electrolyte causes a distinct tempo-
ral evolution of Rint(t), and hence, SEI growth. Fitting Rint(t) to 
a power law (that is Rint ∝ atx), often used to empirically describe 
SEI growth26,47,48, allows for a more quantitative comparison even 
though EIS averages out the nanoscopic heterogeneities of the SEI. 
The values of a and tx are generally thought of as being proportional 
to the average resistivity and thickness of the SEI, respectively26,47,48. 
Explicit comparisons of this model to microscopic phenomenon 
(for example, SEI thickness or SEI chemistry) have limitations, but 
it can still provide general insight. Early studies of SEI with EIS cor-
rectly predicted the compact and extended structure of SEI, despite 
several simple assumptions such as the SEI having a uniform dielec-
tric constant49–51. Our model is most useful for comparing the 
relative rates of SEI growth26,47,48. The power law fits well to Rint(t)  

(Fig. 3a and Supplementary Tables 1 and 2), and distinct scaling 
factors are calculated for each electrolyte (for example, x = 0.20 for 
LiPF6 (EC:DEC) and x = 0.37 for LiFSI (FDMB); Fig. 3a). The scal-
ing of Rint(t) shows that the growth rate of the SEI (per surface area of 
Li) follows the order of LiClO4 (EC:DEC) ≈ LiFSI (FDMB) > LiBF4/
LiDFOB (FEC:DEC) > LiPF6 (EC:DEC). This trend becomes clearer 
when Rint(t) is plotted relative to Rint(t = 0) for each electrolyte  
(Fig. 3b). After three days of calendar ageing, Rint increases by a factor 
of seven in LiClO4 (EC:DEC) and LiFSI (FDMB). The Rint increases 
by a factor of only three to four in LiBF4/LiDFOB (FEC:DEC) and 
LiPF6 (EC:DEC). These data demonstrate that electrolytes with high 
CE may not necessarily have strong resistance to SEI growth during 
calendar ageing.

Comparison of the EIS data to the microstructure of deposited Li 
in the ΔCE measurements shows that an interplay between the rate 
of SEI growth and surface area of Li controls the value of ΔCE (that 
is, ΔCE ∝ rateSEI growth × ALi). Li deposited in both LiClO4 and LiPF6 
in EC:DEC has a thin or wiry microstructure (Fig. 3c). In LiClO4 
(EC:DEC), the high surface area and high rate of SEI growth result 
in the highest value of ΔCE, −6.4%. The lower rate of SEI growth in 
LiPF6 in EC:DEC causes ΔCE to decrease to −1.8%. Li deposited in 
LiFSI (FDMB) and LiBF4/LiDFOB (FEC:DEC) has a thick or chunky 
microstructure (Fig. 3c), which lowers its surface area and results in 
a high CE by limiting dead Li4. Despite the lower surface area in 
these electrolytes, the higher rates of SEI growth per area cause ΔCE 
to be similar in magnitude to that of LiPF6 (EC:DEC). This finding 

Continuous
cycling

Gradually
increasing
hysteresis

a

E profile standard cycling: no ageing E profile aged every 3rd cyclec d

E
 (

V
)

E
 (

V
)

Capacity (mA h)

Continuous cycling: no ageing
Average CE3–17 = 94.6%

100

90

80

85

95

Cycle number
0 5 10 15

100

90

80

85

95

C
E

 (
%

)

Aged every 3rd cycle
Average CE3–17 = 93.6%

b

C
E

 (
%

)

4.0

3.8

3.6

3.4

3.2

3.0

4.0

3.8

3.6

3.4

3.2

3.03.0

3.1

3.2

3.3

Capacity (mA h) Capacity (mA h) Capacity (mA h)

0 0.4 0.8 1.2 1.6
3.0

3.1

3.2

3.3

Standard cycling:
no ageing

Cycle number
0 5 10 15

Cycle number

0 5 10 15

N
or

m
al

iz
ed

 c
ap

ac
ity

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

2.00 0.4 0.8 1.2 1.6 2.00 0.4 0.8 1.2 1.6 2.00 0.4 0.8 1.2 1.6 2.0

Sharply increasing
hysteresis after

ageing

1st8th

1st8th

1st8th

1st8th

Aged every
3rd cycle

Fig. 4 | Effect of calendar ageing on the cycle life of anode-free full-cells. The full-cells use the LiBF4/LiDFOB (FEC:DEC) electrolyte and a LFP cathode 
(2 mA h cm–2 loading, cycling at C/2, 1 mA cm–2). a, CE of LFP anode-free free cells without calendar ageing (blues) and with ageing during every third 
cycle (oranges). Each shade of colour represents a particular full-cell and directly corresponds to the capacity data in b. Dashed lines are drawn at the 
average CE without ageing during cycles 3–17 (CE3–17, 94.6%) to highlight deviations of the CE. b, Normalized discharge capacities without (blues) and with 
(oranges) calendar ageing during every third cycle. Each shade of colour represents a particular full-cell, and the averages of four cells are tracked with the 
solid lines. Arrows indicate the cycles with ageing intervals, and dashed lines indicate 80 and 60% capacity retention. c, Representative E profiles of the 
first eight cycles with a zoomed-in view of the discharge process for cells without ageing. d, Representative E profiles of the first eight cycles with calendar 
ageing during every third cycle with a zoomed-in view of the discharge process.

Nature Energy | www.nature.com/natureenergy

http://www.nature.com/natureenergy


Articles Nature Energy

demonstrates that electrolytes with thick or chunky microstructures 
of Li and high CE may not necessarily form strongly passivating SEI. 
Functional electrolytes must simultaneously optimize the micro-
structure of Li and minimize the rate of SEI growth.

Full-cell performance with ageing
The ΔCE value measures the impact of calendar ageing on a sin-
gle cycle, but it is especially important to quantify the cumulative 
effect of ΔCE on the cycle life of LMBs. Figure 4 shows that calen-
dar ageing shortens the cycle life of anode-free full-cells with LiBF4/
LiDFOB (FEC:DEC) electrolyte and a LiFePO4 (LFP) cathode. We 
use this cell chemistry as a representative example, because the elec-
trolyte has strong performance in anode-free cells11, and the stable 
working potential and long cycle life and calendar life of LFP20 
ensure that Li metal dominates the capacity losses.

The full-cell measurements are consistent with the Li || Cu 
half-cell measurements in Fig. 1 and Supplementary Fig. 2. Without 
calendar ageing, the full-cells have a stable CE of 94.6% (Fig. 4a). 
They retain about 60% of their initial capacity after 12 cycles  
(Fig. 4b). The batteries aged for 24 hours in the charged state during 
every third cycle had a ΔCE of −2 to −4.5% in those same cycles 
(Fig. 4a). The consistency of the Li || Cu and full-cell measurements 
suggests that the counter electrodes used in this study (that is, LFP 
or bulk Li) are not influencing ΔCE on these timescales. Although 
the CE increases slightly in the next cycle (likely caused by reacti-
vation of electrochemically reversible SEI52 or dead Li53), the aver-
age CE is 93.6%, a 1% decrease. The capacities of the batteries show 
equivalent results (Fig. 4b). Before any calendar ageing, there is no 
statistical difference between the batteries; however, after ageing, 
those batteries retain 60% of their initial capacity after only nine 

cycles, a 25% decrease in cycle life (Fig. 4b). A higher frequency 
of ageing steps results in a shorter cycle life. Full-cells aged during 
every second and fifth cycle have 2.6% and 0.3% lower average CE, 
respectively, than cells without ageing (Supplementary Fig. 20). This 
extra few percent per cycle may seem inconsequential, but LIB can 
take about 500 days of calendar ageing to lose a similar amount of 
capacity54. Improving the cycle life of Li metal remains critical, and 
as the cycle life improves, calendar ageing will become more impor-
tant to consider with a variety of cathode chemistries.

The voltage profiles of the full-cells reinforce the expectation 
from the half-cell data in Figs. 1–3: SEI growth on Li causes the 
extra capacity loss after calendar ageing. Cells cycled without ageing 
have a gradual increase of hysteresis (Fig. 4c), which is caused by the 
steady build-up of SEI, dead Li and impedance during each cycle4. 
Voltage profiles of the full-cells aged during every third cycle show 
sharp increases of hysteresis in the cycles immediately after calen-
dar ageing (Fig. 4d). Li || Cu cells aged for 24 hours also have larger 
hysteresis after ageing (Supplementary Fig. 21). The extra growth 
of SEI during calendar ageing likely builds up impedance, causes 
larger hysteresis, and accelerates the loss of capacity.

Overall, future strategies to improve LMBs should consider the 
loss of Li during calendar ageing and its relation to the surface area 
of Li and rate of SEI growth (Fig. 5). The above data demonstrate 
that the electrolyte strongly affects these parameters. For example, 
LiClO4 (EC:DEC) forms high surface areas of Li with fast chemi-
cal corrosion (Fig. 5b); LiPF6 (EC:DEC) forms high surface areas of 
Li with slow chemical corrosion (Fig. 5d); and LiFSI (FDMB) and 
LiBF4/LiDFOB (FEC:DEC) form low surface areas of Li with fast 
corrosion (Fig. 5a). Further discovery of high-performance electro-
lyte chemistries is likely the most direct approach to optimize both 
parameters and approach Fig. 5c. Development of physical models 
for how the electrolyte chemistry affects the morphology and rate 
of SEI growth would accelerate this strategy. Combined approaches 
that use alloy-type current collectors to minimize surface area 
and strongly passivating electrolytes or protective films to prevent 
chemical corrosion could also minimize ΔCE.

Conclusions
This work quantifies the impact of calendar ageing on the recharge-
ability of Li metal anodes in a variety of electrolytes. Li metal  
typically loses about 2–3% of its capacity during 24 hours of calendar 
ageing for both high- and low-CE electrolytes. Direct visualization 
of the Li–SEI interface shows that the continuous growth of the SEI 
via chemical corrosion causes these losses of capacity. This growth of 
the SEI during calendar ageing is general, despite common thought 
that Li is resistant to corrosion in high-CE electrolytes. Each elec-
trolyte forms a unique SEI chemistry, but two general types of SEI 
structure are observed. One is a compact, film-like and inorganic 
SEI that forms prior to calendar ageing, and the other is an extended, 
irregular and organic SEI that forms after calendar ageing. The mag-
nitude of the capacity loss is related to the rate of SEI growth and 
surface area of Li in each electrolyte. High-CE electrolytes effectively 
minimize the surface area of Li, but they do not necessarily minimize 
the rate of SEI growth. Future electrolytes must simultaneously mini-
mize corrosion and surface area. Furthermore, efforts should focus 
on reusing existing SEIs from previous cycles to minimize the impact 
of calendar ageing on the cycle life of Li metal batteries.

Methods
Materials preparation. All electrolytes were prepared and handled in an 
argon-filled glovebox with a O2 concentration of <0.2 ppm and H2O concentration 
of <0.01 ppm. The 1 M LiPF6 in EC:DEC electrolyte was used as received from 
Gotion LP 40. LiClO4 (EC:DEC) was prepared with a 1:1 v/v mixture of EC (99+%, 
Acros) and DEC (>99% anhydrous, Aldrich) with 1 M LiClO4 (99+% anhydrous, 
Acros Organics). LiFSI (1,2-dimethoxyethane (DME)) was prepared with 4 M LiFSI 
(Oakwood) and DME (Aldrich). LiTFSI (1,3-dioxolane (DOL):DME) with LiNO3 
was prepared with LiTFSI (Solvay), a 1:1 mixture of DME and DOL (Aldrich) 
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and 2.5% by weight LiNO3 (Aldrich). The FDMB was synthesized by one-step 
methylation as described previously47: to a 1 l round-bottom flask were added 
300 ml dry tetrahydrofuran (THF) and 64 g 2,2,3,3-tetrafluoro-1,4-butanediol.  
The solution was cooled to 0 °C, and then 40 g NaH were added slowly. Bubbling 
was observed upon NaH addition. Then, 100 g MeI were added dropwise to the 
stirring suspension. The suspension was allowed to warm up to room temperature 
and then refluxed overnight at 60 °C. The mixture was then filtered off and the 
solvents were removed under vacuum. The crude product was vacuum distilled 
to yield the final product as a colourless liquid. The product was then filtered off 
through a 0.45 µm polytetrafluoroethylene (PTFE) filter and moved to an argon 
glovebox for further use. The yield was ~85%.

The NMR specifications were as follows: 1H NMR (THF-d8, 400 MHz): δ 
3.85–3.76 ppm (m, 4H), 3.42 ppm (s, 6H). 13C NMR (THF-d8, 100 MHz): δ 119.09–
114.06 ppm, 69.54–69.02 ppm, 59.48 ppm. 19F NMR (THF-d8, 376 MHz): δ –123.50 
to –123.58 ppm (m, 4F).

The wrinkly graphene was prepared as described previously28: 2 g of spiky nickel 
powder (Novamet) dispersed in 150 ml of deionized water was added to 1 ml of 
1 M trisodium citrate (Sigma). Next, 2 ml of 6.75 mM HAuCl4 (Sigma) was added 
under vigorous stirring. The reaction was held at room temperature for 10 min, 
and spiky nickel powder was then filtered and dried in a vacuum oven for 4 h. After 
drying, the powder was dispersed in 200 ml of triethylene glycol (Sigma) and stirred 
overnight at 250 °C. The resulting suspension was centrifuged and washed with 
ethanol five times and dried in a vacuum oven overnight. The dried powder was 
placed in a tube furnace with an Ar flow rate of 80 sccm and a temperature profile 
of heating to 100 °C at 2 °C min–1; heating to 450 °C at 20 °C min–1; and holding at 
450 °C for 1 h. The resulting graphene-covered nickel powder was etched in 1 M:1 M 
FeCl3/HCl solution overnight and then filtered, washed and dried in a vacuum oven.

The wrinkly graphene powder was then cast onto Cu foil using a conventional 
slurry and doctor-blading technique. The slurry consisted of wrinkly graphene 
powder and polyvinylidene fluoride (Kynar HSV 900) binder with a mass ratio of 
9:1 dispersed in N-methyl-2-pyrrolidone. The slurry was stirred for 12 h, then cast 
onto a Cu foil and dried at 60 °C in a vacuum oven for 6 h. Electrodes were then 
punched into 1 cm2 discs.

Electrochemical methods. Unless specified otherwise, electrochemical 
measurements used 2032-type coin-cells with 60 μl of electrolyte. High-purity Li 
foil (750 μm, 99.9% (Alfa Aesar)) and Cu foil (Pred Materials) were used in all 
experiments. Both the Li and Cu foils were punched to 1 cm2. Cu was rinsed with 
deionized water, ethanol (Fisher) and acetone (Fisher) prior to transferring to the 
Ar glovebox for coin-cell assembly to remove surface contaminants. Lithium was 
mechanically sheared with a polyethylene scraper to remove the surface oxide and 
improve electrical connection to the stainless-steel coin-cell. Once the coin-cell was 
fabricated, we formed an SEI on the Cu substrate by holding the Li || Cu cell at 0 V 
for 24 hours prior to cycling and used the CE of the second cycle as the measurable 
quantity. This protocol minimized errors from incomplete passivation of the Cu 
and more closely simulated situations where the SEI is stabilized. CE data were 
collected on an Arbin battery cycler at 25 °C unless specified otherwise.

Li || Li symmetric cells were prepared in an argon-filled glovebox with 60 μl 
of electrolyte in a coin-cell configuration. Two 1 cm2 lithium electrodes were 
polished and pressed onto stainless-steel spacers to ensure the electrodes were flat. 
Some 2032-type coin-cells were used with 25-micrometre-thick polypropylene–
polyethylene–polypropylene separators (Celgard). The first EIS measurement was 
made immediately after cell assembly, and approximately 5 minutes after the initial 
contact of the electrolyte with lithium. The measurements were made at open 
circuit, and a frequency range of 1 MHz to 0.2 Hz was used with a perturbation 
amplitude of 5 mV. The impedance of Li was continuously measured for three days.

The raw data were averaged between the two equivalent Li electrodes (that 
is, dividing by two) and normalized to the surface area of one lithium electrode 
(1 cm2). The time-dependent interfacial resistance (Rint(t)) was calculated by fitting 
the Nyquist plot of the EIS measurement to a well-accepted equivalent circuit for 
lithium anodes, which is a series of resistor/capacitor (R/C) circuits, using the 
equivalent circuit fitting feature of Biologic’s EC-Lab software46,55. The sum of 
the resistances in the equivalent circuit give the total interfacial resistance (Rint), 
which corresponds to the total width of the semicircle in the Nyquist plots. The Rint 
value was calculated for times of 0.25, 1, 5, 10, 24, 48 and 72 hours. Representative 
Nyquist plots for each electrolyte chemistry are shown in Supplementary Fig. 19, 
and calculated parameters are reported below.

The Rint(t) was fit to an empirical power law (that is Rint(t) = Atx), which is 
typically used to describe SEI growth44, via non-linear least squares fitting. The 
Python package optimize.curvefit was used, and the calculated parameters and 
calculated variances of the parameters are reported in Supplementary Table 2.

Soem 2032-type coin-cells with a 1 cm2 Cu foil anode (Pred Materials), 1 cm2 
LFP (2 mA h cm–2 loading, MTI) and 60 μl of LiBF4/LiDFOB in FEC:DEC were used 
for cycling. The Cu was prepared and rinsed using the same procedure as those in 
the half-cell measurements. Once the coin-cell was fabricated, two slow formation 
cycles (C/10, 0.2 mA cm–2) were run, after which the cell was cycled at a moderate 
rate (C/2, 1 mA cm–2), where C is the charging rate required to fully charge the 
battery in 1 hour, and C/10 denotes one tenth of the C-rate. Cut-off voltages were 
3 V for discharge and 4 V for charge. Standard cycling included no calendar ageing. 

For the cells with ageing intervals, the cells were aged at 100% state of charge for 
24 hours during every third or fifth cycle.

Materials characterization. The batteries for cryo-TEM analysis were 
disassembled in an argon-filled glovebox and rinsed with DEC to remove Li salts. 
Our rinsing procedure attempts to minimize artefacts by using minimal force and 
solvent volume; approximately 20 μl was carefully dropped onto the TEM grid after 
the battery was disassembled. Immediately after rinsing, the sample was sealed in 
an air-tight container and submerged in liquid nitrogen, and the container was 
crushed to rapidly expose the sample to cryogen without any air exposure. While 
immersed in liquid nitrogen, the sample was loaded into the cryo-TEM holder 
(Gatan 626) and inserted into the TEM column. The cryo-TEM holder uses a 
specialized shutter to prevent air exposure and condensation onto the sample, 
which preserves the specimen in its native state. Once inside the TEM column, the 
sample temperature was maintained at approximately −176 °C.

All cryo-(S)TEM characterizations were carried out using an FEI Titan 80–300 
environmental (scanning) transmission electron microscope operated at an 
accelerating voltage of 300 kV. Cryo-STEM EELS characterization was performed 
with a C2 aperture of 50 μm, a beam current of 75 pA, a camera length of 48 mm 
and a pixel dwell time of 10 ms. These settings give a convergence angle of 9.3 mrad 
and an acceptor angle of 27.8 mrad. EELS spectra were acquired on a GIF Quantum 
966 with a dispersion of 0.25 or 0.5 eV per channel in Dual EELS mode. The energy 
resolution was approximately 1.25–2 eV, measured through the full width half 
maximum of the zero-loss peak. Energy drift during spectrum imaging was corrected 
by centring the zero-loss peak to 0 eV at each pixel. The EELS fine structures 
used electron dosages of 70–150 e Å−2, which is well below the dosage where 
carbonaceous SEI components are unstable (104 e Å−2). Maps were computed through 
a two-window method, with a pre-edge window fitted to a power-law background 
and a post-edge window of 20–40 eV on the core-loss signal. TEM imaging was 
performed using a K3 IS camera (Gatan). XPS characterization was performed on 
a PHI Versaprobe I with a monochromatized Al Kα X-ray source. The chamber 
was kept at a pressure of about 10−7 Pa during characterization. High-purity Li foil 
(750 μm, 99.9%, Alfa Aesar) was used. The unrested Li was exposed to electrolyte for 
only about 2–5 minutes. Rested cells were aged in the electrolyte for 24 hours. Prior 
to characterization, the surface was rinsed with 60 μl of pure DEC (>99% anhydrous, 
Aldrich) in an Ar-filled glovebox to remove residual salt. A vacuum transfer vessel 
was used to transfer the samples directly from the Ar glovebox to the vacuum 
transfer chamber of the instrument to prevent air exposure. Gentle sputtering 
conditions (1 kV, 0.5 μA, 1 mm × 1 mm) were used for the first two sputtering cycles 
followed by 2 kV, 1 μA and 1 mm × 1 mm for the next two sputtering cycles in the 
rested case. The sputtering depths correspond to 0, 4, 8, 23 and 38 nm of SiO2.

Data availability
The datasets analysed and generated during the current study are included in the 
paper and its Supplementary Information file.
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