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Lithium-ion batteries (LIBs) have revolutionized energy storage 
and become the state-of-the-art secondary battery technol-
ogy for portable electronics and electric vehicles1,2. However, 

the practical operating temperature of LIBs is normally limited to 
between 0 and 45 °C (refs. 3,4). As the temperature drops below 0 °C, 
the reversible battery capacity is reduced as a result of the increased 
electrolyte viscosity, large polarization and slow interfacial kinet-
ics5–9. In addition, it is widely acknowledged that cycling stability 
degrades at elevated temperatures due to the increased reactivity 
of the electrode materials and consequent side reactions, namely 
severe solid electrolyte interphase (SEI) formation10–15. Accordingly, 
optimal performance in LIBs is usually achieved between 15 and 
35 °C (Fig. 1)16. Additionally, with the ever growing demand for 
high energy density, anode materials with even higher reactivities, 
such as Li metal, are being researched and implemented. Li metal 
is the ultimate anode for lithium-based batteries, with the lowest 
electrode potential (−3.04 V versus standard hydrogen electrode) 
and highest theoretic capacity (3,860 mAh g−1) of all possible candi-
dates17–19. However, the thermally induced degradation and acceler-
ated aging of Li metal batteries is expected to be exacerbated due to 
its low electrode potential and consequent high reactivity20,21.

In this Article, we show that, despite its high reactivity, Li metal 
displays an anomalously high Coulombic efficiency (CE) and long-
term cycling stability at 60 °C compared to that at 20 °C in an ether-
based electrolyte. The CE of Cu/Li cells reaches ~99% for the 10th 
cycle and stably cycles at 99–99.8% for over 300 cycles at 60 °C, while 
the CE drops to 79.7% after only 75 cycles at 20 °C. We note that an 
improved cycling performance in Li–S batteries has been reported 
at high current densities22; this was explained by a change in Li den-
drite morphology as a result of the generated local heat. Here, much 
enhanced performance is achieved at an elevated cell operating tem-
perature; importantly, this originates from a completely different  

SEI-based mechanism. Specifically, cryo-electron microscopy  
(cryo-EM) reveals an amorphous polymeric SEI formed at 20 °C, 
which is soluble in the electrolyte and fractures during cycling, thus 
offering limited passivation of the Li metal and leading to continuous 
SEI formation and mechanical instability. Conversely, a highly ordered 
layered SEI is formed at 60 °C, which effectively passivates the anode 
and maintains mechanical stability during cycling, thus inhibiting 
later-cycle SEI formation and leading to much better cycling stability.  
It is worth noting that an adverse effect of high temperature is 
observed in additive-free carbonate electrolytes: the SEI remains as 
an amorphous interphase with embedded inorganic nanoparticles 
at both 20 and 60 °C, but at 60 °C the SEI grows thicker and Li den-
drites become non-uniform, inducing worse cycling stability. We 
also demonstrate the beneficial effect of high-temperature opera-
tion in an ether-based electrolyte using LiFePO4/Li cells; at a C-rate 
of 20C, a reversible capacity of 131 mAh g−1 is achieved at 60 °C, 
compared to 61 mAh g−1 at 20 °C. The reduced SEI formation with 
larger Li particles formed at elevated temperature as well as smaller 
and more stable impedance can further enhance the performance at 
elevated temperature.

Enhanced performance demonstrated by Cu/Li cells
To study the effect of temperature on battery performance, Li foil 
was paired with Cu foil in a coin cell configuration. An ether-based 
electrolyte was adopted that consisted of 1.0 M lithium bis-trifluo-
romethanesulfonylimide (LiTFSI) in 1:1 vol/vol 1,3-dioxolane/1,2-
dimethoxyethane (DOL/DME) with 1% lithium nitrate (LiNO3)  
(by weight) additive (termed DOL/DME/LiNO3 electrolyte).

Our major finding is that the CE of Cu/Li cells cycled at a higher 
temperature is superior to the CE for those cycled at a lower tem-
perature (Fig. 2a). At a current density of 1 mA cm−2 and with a 
deposition capacity of 1 mAh cm−2, the first cycle CEs of cells cycled 
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at 60, 20, 0 and −20 °C are 97.6, 97.4, 96.1 and 65.4%, respectively. 
For the cells cycled at −20 °C, the CE drops to 27% at the second 
cycle, and remains around 30% thereafter. For cells cycled at 0 °C, 
the CE drops gradually to 58% at the 30th cycle, while a CE of 92.8% 
is retained after 51 cycles for the cells cycled at 20 °C. For the cells 
cycled at 60 °C, the CE reaches ~99% for the 10th cycle and remains 
at 99.4% for the 51st cycle. Moreover, Cu/Li cells cycled at 60 °C 
exhibited a much improved long-term cycling stability compared 
to those cycled at 20 °C (Fig. 2b); the CE at 60 °C remained high 
at 99–99.8% for over 300 cycles, while the CE at 20 °C dropped 
to 79.7% after only 75 cycles. In addition, the voltage hysteresis 
between the Li plating and stripping voltage plateaux decreases as 
the temperature is increased (Fig. 2c,d and Supplementary Fig. 1), 
which is attributed to the lower polarization and faster charge trans-
port kinetics at elevated temperature (Supplementary Figs. 2 and 3). 
Even at an ultra-high current density of 20 mA cm−2 and a high areal 
capacity of 20 mAh cm−2, the cells cycled at 60 °C still maintain a CE 
of 98.8% after 30 cycles (Supplementary Fig. 4).

Cryo-EM characterization
To elucidate the nanoscopic changes leading to the much enhanced 
CE and cycling stability at high temperatures, we studied the mor-
phological features of the Li metal particle and its SEI formed at 
20 °C and 60 °C using cryo-EM. Although the SEI is crucial to the 
initial capacity loss, long-term cycling and rate capability of Li 
batteries, it is poorly understood because of the complexity of the 
chemical/electrochemical reactions involved in its formation and 
the lack of techniques to explore its physical properties23,24. In previ-
ous studies25–27, cryo-EM techniques were developed to character-
ize the detailed structure of the Li metal and its SEI, demonstrating 
that atomic-resolution imaging of sensitive battery materials in  
their native state is possible and that battery performance depends 
intimately on the SEI nanostructure.

Li metal grows as spherical particles in the DOL/DME/LiNO3 
electrolyte system. The size of the Li metal particles deposited at 
60 °C is larger than those deposited at 20 °C (Fig. 3a,e), which could 
be attributed to the smaller overpotential and faster charge trans-
fer at higher temperature. Similarly, due to the enhanced reaction 
kinetics at elevated temperature, a thicker SEI layer is formed at 
60 °C than at 20 °C (35 nm versus 20 nm) (Fig. 3b,f). In addition, 

a distinct SEI nanostructure emerges at elevated temperature; 
while the SEI formed at 20 °C consists of an amorphous, polymeric 
interphase (Fig. 3c,d), the SEI formed at 60 °C possesses an inverse 
layered nanostructure (Fig. 3g,h), similar to that proposed by  
others25,28. Although the innermost layer consists of an amorphous 
polymer matrix, the enhanced kinetics at high temperature results 
in large grains of crystalline Li2O (~10 nm) at the outer interface 
with the liquid electrolyte. The boundaries between the Li2O layer, 
polymeric interface and Li metal are clearly observed in high- 
resolution cryo-EM image (Supplementary Fig. 5).

The organic components in the amorphous polymeric SEI 
formed at 20 °C are soluble in the electrolyte, resulting in poor 
anode passivation and a high probability of fracture. This leads to 
continuous side reactions and SEI formation, which is manifested in 
a low CE and poor cycling stability29,30. In contrast, the SEI formed 
at 60 °C has a thicker and more ordered multilayered structure, 
which makes it mechanically robust and stable during cycling, while 
also more effectively passivating the anode30,31. As a result, the cells 
cycled at 60 °C achieved much higher CEs and a more stable cycling 
life than those cycled at 20 °C.

Morphology and size distribution analysis
In addition to differences in SEI nanostructure, we also observe an 
increased size of Li metal particles with increased deposition tem-
perature. Figure 4a–i shows the morphology of Li particle nuclei 
deposited in a wide temperature window from −20 to 60 °C at a rate 
of 0.25 mA cm−2 with a capacity of 0.15 mAh cm−2. This low areal 
capacity is equivalent to a Li metal thin film of ~750 nm and allows 
us to analyse the particle size distribution. At temperatures below 
0 °C, the Li metal nuclei are small and densely packed. The dimpled 
shape of the particles is a result of the inevitable exposure to ambient 
atmosphere during sample transfer to the scanning electron micro-
scope (SEM) chamber32. As the deposition temperature increases, 
the Li nuclei increase in size and are sparsely distributed on the Cu 
substrate. These nuclei are less spherical and fuse together, which 
may be ascribed to pressing by the separator32. The non-uniformity 
of these agglomerated particles deposited at a temperature over 
30 °C makes it difficult to analyse their individual size distribution, 
so data for temperatures of 40, 50 and 60 °C are not presented in 
the following statistical data. The distributions of Li particle sizes 
deposited at different temperatures are clearly illustrated through 
the histograms in Fig. 4j, which exhibit an approximately Gaussian 
distribution (the particle size varies within a narrow size distribution 
due to heterogeneity in the electrode) and demonstrate the increase 
of Li particle size as the deposition temperature is increased.

Increased Li nuclei size at elevated temperatures is due to 
decreased polarization and overpotential. As shown in Fig. 4k, both 
the nucleation overpotential (−ηn, nucleation of Li embryos, below 
0 V versus Li/Li+) and the plateau overpotential (−ηp, Li nuclei 
growth) decrease with increasing deposition temperature. The criti-
cal nuclei radius is related to the deposition overpotential by the 
following equation32,33:

Υ η= ∕ ∣ ∣r V F2 ( ) (1)m n

where r is the lithium nucleus radius, ϒ is the surface energy of the 
Li/electrolyte interface, Vm is the molar volume of Li, F is Faraday’s 
constant and ηn is the nucleation overpotential. We observe an 
inverse relationship between nuclei size and overpotential, which is 
well supported by Fig. 4l. The larger Li particles nucleated at 60 °C 
reduce the unfavourable electrode/electrolyte contact area, inhibit 
side reactions and SEI formation, resulting in less irreversible Li 
consumption and a higher CE. The coupling of increased par-
ticle size with increased temperature is an additional contribution  
to enhanced performance of Li batteries in DOL/DME/LiNO3  
electrolyte at elevated temperatures.
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Fig. 1 | The conventional wisdom about the operating temperature of 
battery performance. As the operating temperature drops below 0 °C, the 
reversible battery capacity is reduced due to increased electrolyte viscosity 
and slower interfacial kinetics. At elevated temperatures, cycling stability 
degrades due to aggravated side reactions and severe SEI formation. As a 
result, desirable performance is achieved within an operating temperature 
range of 15–35 °C.

Nature Energy | www.nature.com/natureenergy

http://www.nature.com/natureenergy


ArticlesNature Energy

Impedance evolution analysis
The enhanced electrochemical performance at elevated tempera-
ture is also corroborated by electrochemical impedance spectros-
copy (EIS) (Fig. 5). All EIS was carried out with Li stripped to a 
voltage of 1 V versus Li+/Li. The equivalent circuit model of the 
impedance spectra is shown in Fig. 5a, where Rs reflects the com-
bined resistance of the electrolyte, separator and electrodes, RSEI and 
CSEI are the resistance and capacitance of the SEI layer, which cor-
responds to the high-frequency semicircle, Rct and Cdl are the charge 
transfer resistance and double-layer capacitance, corresponding to 
the medium frequency semicircle, and Zw is the Warburg imped-
ance attributed to the combined effect of Li ions diffusing across the 
electrode–electrolyte interface, which appears as a sloped line in the 
low-frequency region.

The calculated resistance (which includes both RSEI and Rct) 
after various cycles at different temperatures is shown in Fig. 5c,f. 
Evidently, the resistance decreases as the temperature increases, 
showing 224, 134, 32 and 7 Ω, respectively after the first cycle for 
the cells operated at −20, 0, 20 and 60 °C. We attribute the lower 
resistance at higher temperatures to decreased electrolyte viscosity,  

which enables better electrode/electrolyte contact, weaker polar-
ization and lower energy barriers for ion transfer34. As supported 
by Fig. 2c,d and Supplementary Fig. 1, cells operated at 60 °C dem-
onstrate the smallest voltage hysteresis between lithiation and deli-
thiation, demonstrating low polarization and enhanced kinetics. 
In addition, the resistances of all cells increase after cycling for 100 
cycles (cells operated at −20 °C failed after 25 cycles) with the excep-
tion of those operated at 60 °C. Cell resistances increase by 191% 
after 25 cycles for the cells operated at −20 °C (cells fail after 25 
cycles, so the impedance data thereafter are not presented), while 
resistance increases of 56 and 28% were obtained after 100 cycles 
for cells operated at 0 and 20 °C. Conversely, for cells operated at 
60 °C, the resistance decreases slightly from 7 Ω to 5.5 Ω after the 
fifth cycle, and becomes stable after 50 cycles (4.2 and 4 Ω after the 
50th and 100th cycle).

The continuous increase in cell resistance during cycling at 20 °C 
and below contrasts with the stable cell resistance at 60 °C, which 
agrees well with the above observed improved CE and cycling  
stability at elevated temperature (Fig. 2 and Supplementary  
Figs. 6 and 7). This enhancement can be explained by the improved 
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Fig. 2 | Enhanced performance at elevated temperature demonstrated by Cu/Li cells. All Cu/Li cells were cycled in DOL/DME/LiNO3 electrolyte using 
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kinetics at high temperature and optimization in the SEI nanostruc-
ture35. First, the much enhanced electrochemical kinetics at higher 
temperatures (Arrhenius-type kinetics) facilitates Li ion redox and 
decreases the charge-transfer resistance, which is consistent with the 

EIS results observed for cells operated at 60 °C (ref. 36). Second, the 
amorphous SEI polymer matrix formed at a low temperature tends 
to dissolve into electrolyte and easily fractures during lithiation 
/delithiation cycling. The repeated SEI breakdown/repair induces 

1 µm 50 nm

3.6 µm 

5.1 µm

50 nm

35 nm

20 nm

5 nm

Amorphous

5 nm

Multilayer  Li2O

Amorphous

a

e

20 °C

b

f

c

g

60 °C

SEI

Li

SEI

Li

Amorphous

Li metal

Amorphous

Li metal

Li2O

d

h

1 µm

Fig. 3 | Cryo-EM reveals an emergent SEI nanostructure formed at elevated temperature. a–h, Li metal was deposited in DOL/DME/LiNO3 electrolyte 
using 1 M LiTFSI salt at 20 °C (a–d) and 60 °C (e–h) at a rate of 1 mA cm−2 with a capacity of 0.4 mAh cm−2: cryo-EM images of Li metal particles showing 
the particle size (a,e); cryo-EM images of the SEI interface showing the SEI thickness (b,f); magnified images of the blue region (c) outlined in b and the 
green region (g) outlined in f, showing the structure of the SEI interface; schematics of the observed amorphous SEI structure on a Li particle grown at 
20 °C (d) and a thicker layered SEI nanostructure on a Li particle grown at 60 °C (h).

–0.3

0

0.3

0.6

0

15

30

100 µm100 µm100 µm

fed

cba

ihg

10 µm10 µm10 µm

5 µm5 µm5 µm

0

15

30

0

15

30

0

15

30

0

15

30

C
ou

nt
s 

(%
)

0

1

2

3

4

5

6

S
iz

e 
(µ

m
)

0 1 2 3 4 5 6
0

15

30

–20 °C –10 °C

10 °C 20 °C 30 °C

40 °C 50 °C 60 °C

0 °C

Size (µm)

0.5 1.0 1.5
0

15

30

0.5 1.0 1.5
0

15

30

–20 °C

–10 °C

–20 °C
–10 °C
0 °C
10 °C
20 °C
30 °C

50 °C
40 °C

60 °C

kj

l

0 °C

10 °C

20 °C

30 °C

–0.08

–0.04

0

V
ol

ta
ge

 v
er

su
s 

Li
+
/L

i (
V

)

Capacity (mAh cm–2)

1/overpotential (V–1) 

0 0.02 0.04

0 0.04 0.08 0.12 0.16

0 5 10 15 20 25 30

Fig. 4 | Elevated temperature nucleates larger Li particles and optimizes the electrode/electrolyte contact area. Li particles were deposited on a Cu 
substrate in DOL/DME/LiNO3 electrolyte using 1 M LiTFSI salt under various temperatures at a current density of 0.25 mA cm−2 with a capacity of 
0.15 mAh cm−2. a–i, SEM images of Li metal particles deposited at −20 °C (a), −10 °C (b), 0 °C (c), 10 °C (d), 20 °C (e), 30 °C (f), 40 °C (g), 50 °C  
(h) and 60 °C (i). j, Histograms of Li metal particle size distribution after deposition at different temperatures. Inset: enlarged images of histograms 
of particle deposition at −20 °C and −10 °C. The superimposed line shows a fitted Gaussian distribution. k, Voltage profiles of deposition at various 
temperatures. Inset: enlarged image of the red circled region to show the nucleation plateau more clearly. l, Plot of Li metal particle size versus inverse 
overpotential of Li deposition. The average size (black dots) and standard deviation (size variation, error bars) were calculated with statistics of the  
sizes of ~150 particles using Origin software. Red line, linear relationship between particle size and inverse overpotential.

Nature Energy | www.nature.com/natureenergy

http://www.nature.com/natureenergy


ArticlesNature Energy

continuous side reactions and SEI formation, resulting in increased 
resistance, decreased CE and poor stability, as observed in cells 
operated at −20, 0 and 20 °C. Conversely, the SEI formed at 60 °C is 
thicker and possesses an organic/inorganic composite layered struc-
ture, enabling it to fully passivate the surface and remain mechani-
cally stable during cycling, inhibiting later-cycle SEI formation. As 
a result, the cell operated at 60 °C exhibits a decreased resistance, 
enhanced CE and cycling stability.

Temperature effect in other electrolyte systems
To fully study the effect of temperature, the electrochemical per-
formances of Cu/Li cells in three other electrolytes were tested 
at 20 and 60 °C. The electrolytes were 1.0 M LiTFSI in 1:1 vol/vol 
DOL/DME (named as DOL/DME electrolyte) without LiNO3, 
1.0 M LiPF6 in 1:1 vol/vol ethylene carbonate and diethyl carbonate  
(EC/DEC) without or with 10% fluoroethylene carbonate (FEC) (by 
volume) additive (named EC/DEC and EC/DEC/FEC, respectively).

The results demonstrate that high temperature leads to a benefi-
cial effect on electrochemical performance in the DOL/DME or EC/
DEC/FEC electrolyte systems, similar to that in DOL/DME/LiNO3 
electrolyte, while an adverse effect is observed in EC/DEC electrolyte 
(Supplementary Figs. 8 and 9). We attribute these divergent results 
to the following two effects. First, although all SEI interfaces become 
thicker at a higher temperature, their structures evolve differently 
as temperature elevates (Supplementary Fig. 10). In DOL/DME 
electrolyte, the SEI structure remains as an amorphous, polymeric 
interphase as the temperature increases. In EC/DEC electrolyte, the 
SEI structure consists of an amorphous, polymeric interphase with 
inorganic nanoparticles embedded inside at both 20 °C and 60 °C. 
In comparison, the outer inorganic layer of SEI formed in EC/DEC/
FEC electrolyte becomes much thicker at 60 °C than at 20 °C, which 
makes the SEI more robust and mechanically stable during cycling. 

As a result, a higher CE and better cycling stability are achieved at a 
higher temperature in EC/DEC/FEC electrolyte. Second, all lithium 
nuclei in these three kinds of electrolyte show whisker-like or den-
dritic growth at 20 °C (Supplementary Fig. 11). As the temperature 
increases to 60 °C, the Li dendrites in DOL/DME electrolyte grow 
much larger and form island-like morphologies by fusing multiple 
nuclei together during growth. The larger size and island-like mor-
phology decrease the electrode/electrolyte contact area, thus inhib-
iting SEI formation and resulting in an enhanced performance at 
60 °C in DOL/DME electrolyte. In EC/DEC electrolyte, the Li den-
drites become very non-uniform at 60 °C, which induces an uneven 
impedance and current density distribution, and thus poorer cycling 
stability. Similar to DOL/DME and DOL/DME/LiNO3 electrolytes, 
the enhanced Li dendrite size formed in EC/DEC/FEC electrolyte 
at a higher temperature further benefits the battery performance. 
However, the still obvious dendritic growth of Li in EC/DEC/FEC 
electrolyte at elevated temperature limits the improvement in CE. 
Therefore, the beneficial effect of high temperature is insignificant 
in EC/DEC/FEC electrolyte (Supplementary Fig. 12).

Enhanced performance demonstrated by LiFePO4/Li cells
To further demonstrate the beneficial effect of elevated temperature 
on battery performance, Li foil was paired with a traditional LiFePO4 
cathode (LiFePO4:conductive carbon (Super P):polyvinylidene flu-
oride (PVDF) = 80:10:10 by weight) using DOL/DME/LiNO3 elec-
trolyte in a coin cell configuration. The advantage of LiFePO4 over 
other cathode materials is the high thermal stability of LiFePO4 and 
good compatibility with various electrolytes37.

As shown in Fig. 6c,d, the difference between the lithiation 
and delithiation voltage plateaux at 60 °C is decreased relative to 
20 °C (0.05 versus 0.10 V at 1C, 0.27 versus 0.43 V at 20C, where 
1C = 170 mA g−1), benefitting from the lower polarization and faster 
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charge transport kinetics at higher temperature. As a result, the 
capacities of LiFePO4/Li cells operated at 60 °C are much higher 
than those at 20 °C, with stark differences at high C-rate (142 ver-
sus 86 mAh g−1 at 10C, 131 versus 61 mAh g−1 at 20C, Fig. 6a). In 
addition, the cycling stability of LiFePO4/Li cells, which is limited 
by the CE of the Li metal anode, can be enhanced at elevated tem-
perature. At an intermediate C-rate of 1C, cells exhibited good 
cycling stability of 146 mAh g−1 after 100 cycles for 60 °C, com-
pared to 133 mAh g−1 after 100 cycles at 20 °C (Fig. 6b). The good 
cycling stability of LiFePO4/Li cells operated at 60 °C is attributed 
to the improved CE of the Li metal anode at elevated temperature, 
as demonstrated above. Our findings differ from the conventional 
viewpoint that performance is poor at high temperature; rather,  
we observe that battery operation at elevated temperature improves 
the CE and cycling stability, especially at high C-rates.

Conclusions
In summary, we have shown that high-temperature battery opera-
tion can lead to a favourable SEI nanostructure, enlarge Li par-
ticle size and provide faster kinetics, resulting in enhanced CE and 
cycling stability. The CE reaches as high as 99.8% and remains sta-
ble for over 300 cycles in DOL/DME/LiNO3 electrolyte. Cryo-EM 
characterization reveals an organic/inorganic composite layered 
SEI formed at 60 °C, distinct from the amorphous polymeric SEI 
formed at 20 °C. This emergent SEI maintains mechanical stability 
during cycling and effectively passivates the Li surface, leading to 
long-term cycling stability. Synergistically, Li particle size enlarges 
as the temperature elevates, which reduces the unfavourable elec-
trolyte/electrode interfacial area, resulting in less SEI formation 
and higher CEs. Impedance evolution analysis demonstrates that 
impedance decreases with increasing temperature and remains sta-
ble during cycling at 60 °C, which further illustrates the enhanced 
performance achieved at high temperature. This present work 

challenges conventional viewpoints on thermal considerations 
in battery operation and provides a fundamental insight into the 
effect of temperature on battery performance, widening the opera-
tional environments and applications of Li batteries.

Methods
Electrochemistry. LiFePO4 cathode films were prepared using a conventional 
slurry method. LiFePO4 powders, carbon black conductive additive (Super P, 
TIMCAL) and polyvinylidene fluoride (PVDF, Kynar HSV 900) binder, with a 
mass ratio of 8:1:1 were dispersed in N-methyl-2-pyrrolidone (NMP) and stirred 
overnight. The obtained homogeneous dispersion was doctor-bladed on high-
purity Al foil and dried at 60 °C in a vacuum oven for over 12 h. Films were then 
calendered and cut into 1 cm2 circular disks. The mass loading of the LiFePO4 
cathode was about 14–15 mg cm−2. In an Ar-filled glovebox, working electrodes 
were assembled into Type 2032 coin cells with a polymer separator (Celgard 2250) 
and Li metal foil (0.75 mm thick, 99.9%, Alfa Aesar) as the counter/reference 
electrode. A 75 µl volume of 1.0 M LiTFSI in 1:1 vol/vol DOL/DME with 1% 
LiNO3 (by weight) additive was added as the electrolyte. For the Cu/Li cell, bare 
Cu foil replaced LiFePO4 films as the working electrode, while the other processes 
remained the same. Four electrolytes were used: 1.0 M LiTFSI in 1:1 vol/vol DOL/
DME with/without 1% LiNO3 (by weight) additive, and 1.0 M LiPF6 in 1:1 vol/vol 
EC/DEC with/without 10% FEC (by volume) additive. Coin cells were loaded into 
a battery tester (Land Instruments) and cycled between 2.5 and 3.75 V (LiFePO4/
Li cell). For Cu/Li cells, Li metal with an areal capacity of 1, 3 or 20 mAh cm−2  
was deposited onto the working electrode by applying a current of 1, 3 or 
20 mA cm−2 for 1 h.

Cryo-transfer procedure. To prepare the cryo-EM sample, coin cells were 
assembled using 300-mesh Cu transmission electron microscopy (TEM) grids as 
the working electrode. After Li metal was deposited on the TEM grid, cells were 
immediately disassembled in the glovebox and TEM grids were washed with 
1,3-dioxolane to remove Li salts. Once dry, the TEM grid with plated Li was  
placed in an Eppendorf tube and transferred out of the glovebox. The positive 
pressure inside the Ar-filled glovebox (and thus the Eppendorf tube) prevented  
air from leaking into the tube. The sealed Eppendorf tube was plunged quickly  
into a bath of liquid nitrogen (LN2), then quickly crushed with a bolt cutter  
while still immersed in the LN2 to expose the Li metal to the cryogen.  
The TEM grid then carefully mounted onto a TEM cryo-holder (Gatan 626) 
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using a cryo-transfer station to ensure this entire process occurred under LN2 
immersion. During insertion into the TEM column (~1 s), a built-in shutter on 
the holder was closed to prevent contact of Li with air, while a LN2 dewar attached 
to the holder maintained the sample at cryogenic temperature. In this way, the 
reactive battery material could be safely transferred from the coin cell to the TEM 
without any chance of reaction with ambient air. Once inside the TEM column,  
the sample was kept cold at –178 °C.

Materials characterization. All cryogenic TEM characterizations were carried 
out using an FEI Titan 80–300 environmental (scanning) TEM operated at an 
accelerating voltage of 300 kV. The instrument was equipped with an aberration 
corrector in the objective lens, which was tuned before each sample analysis.  
Other characterizations were carried out using SEM (FEI Sirion, Nova NanoSEM) 
and EIS (BioLogic VMP3). All samples were rinsed with DOL and dried inside  
the glovebox before microscopy.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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