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Lithium metal has shown a lot of promise for use as an anode material in rechargeable batteries owing
to its high theoretical capacity. However, it does not meet the cycle life and safety requirements of
rechargeable batteries owing to electrolyte decomposition and dendrite formation on the surfaces of the
lithium anodes during electrochemical cycling. Here, we propose a novel electrolyte system that is
relatively stable against lithium metal and mitigates dendritic growth. Systematic design methods that
combined simulations, model-based experiments, and in situ analyses were employed to design the
system. The reduction potential of the solvent, the size of the salt anions, and the viscosity of the
electrolyte were found to be critical parameters determining the rate of dendritic growth. A lithium
metal anode in contact with the designed electrolyte exhibited remarkable cyclability (more than 100
cycles) at a high areal capacity of 12 mAh cm22.

A
nodes of lithium metal are being considered in the development of rechargeable batteries with high
energy densities1,2. The recent escalation in the demand for long-range electric vehicles (EVs) has
rekindled research on lithium–air and lithium–sulfur batteries in which Li metal anodes are an

essential component3–6. While Li metal has a theoretical capacity (3860 mAh g21) that is ten times larger
than that of the graphite anodes (372 mAh g21) used in Li-ion batteries, another important requisite for
fabricating cells with high energy densities is that the capacity per unit electrode area (areal capacity of the
electrodes) should also be high. Figure 1 illustrates the dependence of cell energy density on areal capacity for
Li-ion, Li–S, and Li–air batteries (see Supplementary Table S1 for the assumptions related to and details of
the calculations), where the energy density of a Li-ion battery is almost saturated after 6 mAh cm22. On the
contrary, the energy densities of Li–S and Li–air batteries increase without saturation. It is obvious that Li–S
and Li–air batteries have the potential to considerably improve the driving ranges of EVs. However, long-
range driving is feasible only when lithium anodes with significantly large areal capacities, preferably 10 mAh
cm22 or higher, are used.

In rechargeable lithium batteries, an areal capacity of 10 mAh cm22 corresponds to the repeated stripping and
plating of a lithium layer that measures about 50 mm in thickness. This large change in the volume of the Li
electrode can cause two serious problems: (1) continuous decomposition of the electrolyte owing to contact with
the fresh Li surface through cracks in the solid–electrolyte interphase (SEI)7; (2) acceleration of dendritic growth
because of the presence of spatially inhomogeneous SEIs and non-uniform morphology of the Li surface8–16.
These two factors can seriously affect the performance, cycle life, and safety of lithium batteries. Hence, the
prevention of electrolyte decomposition and the suppression of dendritic growth are necessary if Li anodes are to
be employed in batteries. It had been previously suggested that the surface morphologies of lithium anodes could
be controlled through the use of various electrolytes such as carbonates, esters, ethers, and ionic liquids, or
mixtures of such electrolytes8–17. Furthermore, exploiting the pressure effect18, using thin films of lithium19,
and applying block copolymer electrolytes20 have also been suggested as ways of enabling efficient cycling at
low areal capacities.

In our study, we systematically examined the effect of electrolyte composition on the cycling of Li anodes by
combining multiple methods. We screened electrochemically stable liquid solvents against Li metal anodes using
density functional theory (DFT) calculations and investigated the interactions between these screened solvents
and the Li surfaces using ab initio molecular dynamics (AIMD) simulations. Additionally, we conducted experi-
ments using Li symmetric cells to identify the key parameters affecting the dendrites’ growth rate. To further
analyze the impact of these key parameters, in situ optical microscopy was performed and a statistical model of the
parameters was investigated. Finally, Li symmetric cells were prepared using the designed electrolytes and cycled
at an areal capacity of 12 mAh cm22. To our knowledge, this is the first instance of cycling tests being performed
under such severe conditions.
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Results
The first step was to screen various solvents on the basis of their
stability against lithium metal. Three groups of solvents21 were con-
sidered as candidates (see Supplementary Table S2), and the reduc-
tion potential of each solvent molecule was calculated using a method
based on ab initio DFT. Table 1 lists 22 solvents whose calculated
reduction potentials against Li1/Li are less than 20.5 V (vs. Li1/Li),
implying that the probability of a direct reaction between these sol-
vents and lithium metal would be low. While solvent–salt interac-
tions were not considered for these calculations, the criterion of a
reduction potential below 20.5 V (vs. Li1/Li) was thought to be
adequate for screening purposes, since a previous study22 had sug-
gested the energy levels in glymes were lowered by 0.5 eV on average
when the solvent–salt interactions were considered. The screened
solvents included six linear ethers, five cyclic ethers, two aromatic
ethers, two carbonates, two amides, an amine, and a urea (see
Table 1). Except for the amide and the urea, all the screened solvents
had a dielectric constant21 of less than 10; of the linear ethers con-
sidered, the shorter ones exhibited lower reduction potentials; the
cyclic ethers showed lower reduction potentials than did the aro-
matic ones with conjugated rings. Therefore, it was inferred that
the criteria of uniform charge distribution (low dielectric constant),
short chain length (among linear ethers), and non-conjugated rings
(among cyclic ethers) might aid in the design of solvent molecules
with better electrochemical stability against reduction. Based on
these computationally screened solvents, we performed experiments
on the solubility of Li salt for further screening. As shown in
Supplementary Table S3, 11 solvents exhibiting solubilities of more
than 1.0 M for lithium tetrafluoroborate (LiBF4) salt were screened
for the following experiments.

To identify the critical parameters affecting the growth of den-
drites, we considered the properties of Li metal, as well as properties
of interfaces between Li metal and the electrolytes. We have already
shown in our previous work23 that the intrinsic properties of Li
surfaces do not significantly affect the formation of dendrites.
Hence, we shifted our focus to the interfaces formed between Li
surfaces and the electrolytes investigated. Accordingly, the effects
of four parameters, namely, the viscosities of the bulk electrolytes
(g), the interfacial energies between Li metal and the solvents (c), the

concentrations of Li ions (CLi1) in the electrolytes, and the size of the
salt anions (RA) were investigated in detail. Some of these parameters
have been studied by Monroe and Newman24 using a phenomeno-
logical model. We measured the short-circuit time (ts) of Li symmet-
ric coin cells (Fig. 2a) as an indicator of the dendrites’ growth rate.
The compositions of the electrolytes were chosen such that they bore
representative values of the parameters g, c, CLi1, and RA, with the
solvents being some of the screened ones mentioned above (see
Table 2 for the sets of electrolytes, where seven solvents—1,2-
dimethoxyethane (DME); tetraglyme; polyglyme; tetrahydrofuran
(THF); 2-methyl THF; 2,2-dimethyl THF; 2,5-dimethyl THF—were
selected from the 11 screened solvents in Supplementary Table S3).

The viscosity of the electrolyte used in a battery may influence the
movement of Li ions and affect dendritic growth. To study the effect
of g, we chose linear ethers for the solvents since the values of g could
be controlled by varying the molecular lengths of the ethers without
significantly affecting the other parameters. It is known that differ-
ences in the molecular weights of solvents usually lead to differences
in their viscosities as well. Therefore, the ts values of Li symmetric
cells that used 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in DME (90.12 g mol21), tetraglyme (222.28 g mol21),
and polyglyme (,500 g mol21) were measured. Figure 2b shows
the lithium deposition profiles of these Li symmetric cells at a current
density of 1 mA cm22 for the selected electrolytes. The Li symmetric
cell using DME showed the highest ts (,74 h) and the lowest over-
potential (,0.07 V) during lithium deposition, indicating that DME
was the solvent that was most effective in reducing dendritic growth.
The average ts values of the cell using tetraglyme was 23 h, which was
smaller than that of the DME-containing cell (56 h), indicating faster
dendritic growth. The overpotential of the tetraglyme-containing cell
was also higher than that of the DME-containing cell. The potential
of the Li symmetric cell using polyglyme jumped dramatically to over
2.5 V right after the start of lithium deposition and then increased
gradually to 5 V, suggesting that the resistance of the polyglyme-
containing cell was so high that lithium could not be deposited
readily.

Higher interfacial energy between Li metal and the solvent mole-
cules may retard dendrite formation since they would result in larger
surface areas. By analyzing the results of the AIMD simulations

Figure 1 | Dependence of the energy density of a battery cell on the areal capacity of the electrode for Li–air, Li–S, and Li-ion batteries, and the
estimated driving distance of an electric vehicle with respect to the energy density of the battery cell used. The energy densities of the battery cells were

calculated assuming that they all had the same cell structure, namely, one comprising a ‘‘current collector—cathode—electrolyte—separator—protective

layer—anode—current collector’’, with no cell packing components used. The driving distances were estimated on the basis of the car Nissan Leaf, which

uses Li-ion battery cells3 with an energy density of 140 Wh kg21 and has a driving range of 160 km (for details, see Supplementary Table S1).
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performed for the screened solvent molecules listed in Table 1, we
found that the oxygen atoms in the ether molecules are attracted to
the Li metal surface (Supplementary Fig. S1). Therefore, in order to
control the value of c, we selected four of the screened cyclic ethers:
THF; 2-methyl THF; 2,2-dimethyl THF; and 2,5-dimethyl THF. It
was assumed that the existence of methyl group(s) in the molecules of
2-methyl THF; 2,2-dimethyl THF; and 2,5-dimethyl THF would
increase c owing to a steric effect. Indeed, the values of c calculated
for THF; 2-methyl THF; 2,2-dimethyl THF; and 2,5-dimethyl THF
via the AIMD simulations were 0.453, 0.506, 0.526, and 0.567 J m22,
respectively (Supplementary Fig. S2), confirming the assumption
regarding the steric effect. Consequently, the effect of c on dendritic
growth was investigated by measuring the values of ts of Li symmetric
cells that used 1 M LiTFSI in THF; 2-methyl THF; 2,2-dimethyl
THF; and 2,5-dimethyl THF. While the overpotential of the Li sym-
metric cells increased with the number of methyl groups present in
the solvent, the differences in the ts values were negligible, judging
from the profiles of the cells. The average ts values were 40, 44, 45, and
44 h, for the Li symmetric cells employing THF; 2-methyl THF; 2,2-
dimethyl THF; and 2,5-dimethyl THF; respectively (Table 2). The ts

values increased slightly in the case of the solvents that contained
methyl groups. However, it was revealed that the change in c induced
by each solvent was not a dominant factor in determining ts.

It was assumed that a higher CLi1 would increase the number of Li
ions present near the Li anode surface, resulting in spatially uniform
Li plating. To investigate the effect of an increase in CLi1 of the
electrolyte on dendritic growth, lithium deposition was allowed to
occur in Li symmetric cells using 0.5, 1.0, 2.0, and 3.0 M LiTFSI in
tetraglyme. The average ts decreased slightly with an increase in CLi1

to up to 2.0 M (Table 2), implying that the increase in CLi1 could not
mitigate dendritic growth. Instead, it is more plausible that the
increase in concentration might have increased the viscosity of the
electrolyte, thus accelerating dendritic growth to some degree. In
the case where 3.0 M LiTFSI in tetraglyme was used, the potential
of the Li symmetric cell jumped to 1.25 V immediately and then
steadily increased to 4 V. The resistance of the 3.0 M LiTFSI cell
was so high that measuring ts was not possible.

A larger RA may have increased the degree to which Li ions con-
tributed to the ionic conductivity of the cells, since the movement of
the anions might be retarded owing to their large size. In other words,
a larger RA might increase the transference number of lithium ions25.
In order to investigate the effect of anion size on dendritic growth, we
next selected three different salts whose anions had distinct radii to
form the electrolyte: lithium iodide (LiI), LiBF4, and LiTFSI. The radii
of the anions I2, BF4

2, and TFSI2 were estimated to be 0.206, 0.24,
and 0.326 nm, respectively26,27. Therefore, the average ts values of Li

Table 1 | Reduction potentials of the screened solvents. The screened solvents had reduction potentials below 20.5 V (for the full list of the
candidate solvents, see Supplementary Table S2). The red, blue, and brown letters correspond to low-permittivity electron donors, aprotic
protophobic, and aprotic protophilic solvents, respectively

Linear ethers (7) Cyclic ethers (7) Carbonates (2)

1,2-Dimethoxyethane (21.68) 1,4-Dioxane (21.95) Diethyl carbonate (21.01)

Diethyl ether (21.64) Tetrahydropyran (21.52) Dimethyl carbonate (20.86)

Diglyme (21.56) 1,3-Dioxolane (21.48) Amides (2)
Hexamethylphosphoric triamide (21.16)

Triglyme (21.55) Tetrahydrofuran (21.43)

Diisopropyl ether (21.50) 2,5-Dimethyltetrahydrofuran (21.42) N,N-diethylacetamide (20.63)

Polyglyme (21.50) 2,2-Dimethyltetrahydrofuran (21.40) Amine (1)
Triethylamine (21.88)

Tetraglyme (21.49) 2-Methyltetrahydrofuran (21.38)

Aromatic Ethers (2) Urea (1)
o-Dimethoxybenzene (21.02) Tetramethylurea (20.53)

Anisole (20.89)

(unit: V vs. Li1/Li).
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symmetric cells using 1 M LiI, LiBF4, and LiTFSI in tetraglyme were
measured and found to be 7, 14, and 23 h, respectively (Table 2). The
value of ts for the Li symmetric cell with LiTFSI was the highest, while
the overpotential of the Li symmetric cell with LiI was the highest.

To further investigate the relationship between ts and the kinetic
properties of the electrolytes, the viscosities and ionic conductivities of
all the electrolytes mentioned above were measured (Table 2).
Figures 2c and 2d show the dependence of the ts values of the Li
symmetric cells on the viscosities and ionic conductivities, respectively,

of the eight electrolytes formed using the salt LiTFSI (i.e., DME; THF;
2-methyl THF; 2,2-dimethyl THF; 2,5-dimethyl THF combined with
1 M LiTFSI; and TEGDME combined with 0.5, 1.0, 2.0 M LiTFSIs).
The data for the other salts have been excluded to avoid the effect of
their anions’ sizes. It is obvious that their values of ts were inversely
proportional to the viscosity of the electrolyte, regardless of the other
electrolyte-related parameters such as c and CLi1 (Fig. 2c). This
confirms again that the viscosity of the electrolyte was one of the
critical factors determining the dendrites’ growth rate. However, a

Figure 2 | Measurement of the short-circuit time. (a), The Li symmetric cells used to evaluate the effect of the choice of liquid electrolyte on the growth of

lithium dendrites. (b), Lithium deposition profiles of the Li symmetric cells for a current density of 1 mA cm22, showing the effect of the molecular weight

of the solvent used. The dependence of ts of the Li symmetric cells on (c), the viscosities and (d), the ionic conductivities of various screened

solvents. The same salt (LiTFSI) was used with all the solvents.

Table 2 | Viscosities and ionic conductivities of selected screened electrolytes such that they covered a range of the four parameters
investigated; values of short-circuit time (ts) of Li symmetric cells containing these electrolytes. To ensure the reliability of the ts data,
several cells were tested for each case and the ts values of the cells were then averaged

Parameter Electrolyte Viscosity (Pa?s) Ionic conductivity (S m21) ts (h)

Viscosity of solvent 1 M LiTFSI/DME 1.46 3 1023 1.37 3 100 56
1 M LiTFSI/tetraglyme 1.31 3 1022 2.72 3 1021 23
1 M LiTFSI/polyglyme 8.97 3 1022 5.90 3 1022 –

Interfacial energy between Li metal and solvent 1 M LiTFSI/THF 1.43 3 1023 1.09 3 100 40
1 M LiTFSI/2-methyl THF 1.50 3 1023 2.18 3 1021 44
1 M LiTFSI/2,2-dimethyl THF 2.00 3 1023 3.72 3 1022 45
1 M LiTFSI/2,5-dimethyl THF 1.40 3 1023 1.85 3 1022 44

Lithium concentration of electrolyte 0.5 M LiTFSI/tetraglyme 6.35 3 1023 1.94 3 1021 27
1 M LiTFSI/tetraglyme 1.31 3 1022 2.72 3 1021 23
2 M LiTFSI/tetraglyme 6.39 3 1022 1.53 3 1021 21
3 M LiTFSI/tetraglyme 1.16 3 100 1.25 3 1024 –

Anion size of salt 1 M LiI/tetraglyme 1.40 3 1022 1.63 3 1021 7
1 M LiBF4/tetraglyme 9.25 3 1023 1.08 3 1021 14
1 M LiTFSI/tetraglyme 1.31 3 1022 2.72 3 1021 23

www.nature.com/scientificreports
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direct relationship between ts and the ionic conductivity of the electro-
lytes was not found, as can be seen in Fig. 2d. This is demonstrated
particularly clearly by the set of electrolytes selected for the experiment
based on the range of c values (Table 2). For a significant range of the
ionic conductivity between 1.09 and 0.0185 S m21, there was no
change in the ts values for an almost constant viscosity, clearly indi-
cating that dendritic growth was independent of the ionic conductivity
of the electrolyte. To summarize the results of the measurements of the
ts values, the viscosity of the electrolyte and the size of its anion were
found to be the factors with the most influence on dendritic growth.

Discussion
In order to directly observe the effects of the viscosity and anion size
on dendritic growth, an electrochemical cell was set up such that it
could be observed using in situ optical microscopy (Supplementary
Fig. S3). The dendritic growth on the Li electrode surface was
recorded in real time during lithium deposition using a 1 M solution
of LiTFSI in DME (T-DME), a 1 M solution of LiTFSI in tetraglyme
(T-tetraglyme), and a 1 M solution of LiI in tetraglyme (I-tetra-
glyme) at a current density of 5 mA cm22. A comparison of the cells
using T-DME and T-tetraglyme elucidated the effect of electrolyte
viscosity on dendritic growth, while those using T-tetraglyme and I-
tetraglyme did the same for the effect of anion size. Figure 3 shows
the morphologies of the deposited lithium layers when T-DME, T-
tetraglyme, and I-tetraglyme were used. The micrographs were taken
after a charge of 1.67 mAh cm22 had passed for each experiment. The
thicknesses of the deposited lithium layers were 130, 570, and
800 mm for T-DME, T-tetraglyme, and I-tetraglyme, respectively.
Since the thickness of each deposited lithium layers should

theoretically have been as low as 8 mm, the results indicate that
lithium was deposited in the form of dendrites in all cases. It was
also reconfirmed that DME was more effective than tetraglyme as a
solvent for mitigating dendritic growth, owing to the lower viscosity
of the former and higher effectiveness of LiTFSI in generating dense
lithium deposits than LiI because the TFSI2 anions are larger in size.

To study the effect of g in detail, we performed statistical simula-
tions using two-dimensional diffusion-limited aggregation (DLA)
models28,29. Figure 4 shows the DLA simulation results for two dif-
ferent mean collision times (t), with the value of t for the model in
Fig. 4a being nine times greater than that for the model in Fig. 4b. t,
which is defined as the average time between collisions of particles in
random motion, is proportional to the mobility (u), as shown by the
equation25,30

u~vd=F~t=m ð1Þ

where vd, F, and m are the drift velocity of the particles, the external
force to which the particles are subjected, and the mass of an indi-
vidual particle, respectively. According to the Stokes–Einstein equa-
tion, a particle randomly moving in a viscous medium experiences a
drag force (Fd) exerted by its environment, i.e., the medium. Hence,

Fd~{F~{6prgvd ð2Þ

where r is the radius of the particle. By combining equations (1) and
(2), we obtain

u~vd= {Fdð Þ~t=m~1= 6prgð Þ ð3Þ

Therefore, the DLA simulation for which the value of t was nine
times greater corresponded to the motion of Li ions in a solvent
whose viscosity was nine times lower. The results of the DLA simula-
tions, shown in Fig. 4, were comparable to those of the in situ obser-
vations, which are shown in Fig. 3, with the viscosity corresponding
to the results in Fig. 3a being nine times lower than that for the results
in Fig. 3b (Table 2). The fact that t for the simulation in Fig. 4a was
higher suggests dendritic growth with a dense and thick morphology
and one that is similar to the growth shown in Fig. 3a. Similarly, the
smaller t for the simulation in Fig. 4b indicates a long and thin
morphology similar to that seen in Fig. 3b. When the value of t of
the Li ions near the tops of the dendrites was high, the probability of
the ions reaching sites within the dendrites increased, resulting in
densification of the dendrites.

To check whether the design principles drawn from the results of
this study were valid, coin cells were prepared and tested. These cells
contained two lithium electrodes facing each other; DME (low

Figure 3 | Images of lithium dendrites taken by a microscope during the
in situ observation of lithium deposition. The electrolytes used were a, (a)

1 M solution of LiTFSI in DME, (b), a 1 M solution of LiTFSI in

tetraglyme, and (c), a 1 M solution of LiI in tetraglyme at an areal capacity

of 1.67 mAh cm22.

Figure 4 | Statistical DLA model for the simulation of dendritic growth. (a), (b), The mean collision time for Li ions for (a) was nine times greater than

that for (b). (a) and (b) correspond to Figs. 3a and 3b, respectively, with the viscosity related to Fig. 3b being nine times greater than that for Fig. 3a.

It was determined from equation (3) that the mean collision time of Li ions was inversely proportional to the viscosity of the electrolyte used.

www.nature.com/scientificreports
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reduction potential and low g) and LiTFSI (large RA) were chosen as
the representative solvent and salt, respectively, for the cells. We also
combined DME and LiTFSI with a polyethylene oxide (PEO)-based
electrolyte that contained silica as a filler and reinforced by a com-
mercial polypropylene separator to further mitigate dendritic
growth. Although the ionic conductivity of PEO is low, it is stable
with respect to Li metal and has the ability to suppress directional
dendritic growth. It is also known that a SiO2 filler increases the
dissociation of Li salts31–35 and enhances the mobility of Li ions1 in
polymer electrolytes. In addition, compressive pressure was applied
using a coil spring installed in the coin cell18. For comparison, cells
that used PEO, PEO 1 SiO2, tetraglyme 1 PEO 1 SiO2, polyglyme
1 PEO 1 SiO2, DME 1 PEO 1 SiO2, and propylene carbonate (PC)
1 PEO 1 SiO2 as electrolytes were assembled and cycled at a current
density of 3 mA cm22 and capacity of 12 mAh cm22 (Fig. 5). As
shown in Fig. 5a, the cells containing only PEO and those with PEO
1 tetraglyme 1 SiO2 and PEO 1 polyglyme 1 SiO2 experienced a

high degree of polarization during early stages of the tests and thus
could not be cycled any further. While the cell containing PC could
be cycled, its polarization increased continuously, possibly because of
the repeated decomposition of the solvent7 (Fig. 5b). On the other
hand, the cell with DME 1 PEO 1 SiO2 could be cycled a 100 times
without a significant increase in polarization, as shown in Fig. 5c,
confirming that our principles for electrolyte design were valid.

In summary, to overcome the problems of electrolyte decomposi-
tion and dendritic growth on the surfaces of Li metal anodes, we
designed liquid electrolytes by performing ab initio atomic and
statistical simulations, investigating model electrolytes using Li sym-
metric cells, and performing in situ microscopy-based analyses. We
found that the following rules were applicable for designing electro-
lytes suitable with Li anodes: the solvent should have a low reduction
potential, the salt anions should be large in size, and the resulting
electrolyte should have low viscosity. By combining a screened liquid
electrolyte with a polymer electrolyte in a pressurized cell, we could

Figure 5 | Cycling profiles of Li symmetric cells that used different electrolytes. The electrolytes used were (a), PEO, PEO 1 SiO2, tetraglyme 1 PEO 1

SiO2, and polyglyme 1 PEO 1 SiO2, (b), PC 1 PEO 1 SiO2, and (c), DME 1 PEO 1 SiO2. The same salt (LiTFSI) was used in all of the cells.

www.nature.com/scientificreports
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achieve an excellent charging/discharging durability of around 100
cycles for an anode with an extremely high areal capacity of 12 mAh
cm22. Although the practical use of this electrolyte composition
might be limited owing to the low boiling point of DME
(Supplementary Table S3), the results of this study clearly suggest
that proper electrolyte design involving the control of electrolyte
reactivity with respect to lithium, as well as the viscosity of the elec-
trolyte and its anions’ sizes, can increase the longevity of lithium
anodes.

Methods
DFT calculations. The DFT/basis-set of the B3LYP/6-311 1 G(d,p) level and the
polarized continuum model (PCM)36 for describing the solvation effect were used as
implemented in the Gaussian 03 software package37. The reduction potential was
calculated from the difference in the total energies of the reduced and neutral
molecules, which were determined on the basis of the following reduction reaction:

M solutionð Þze{ gasð Þ?M{ solutionð Þ, ð4Þ

where M and e denote a solvent molecule and an electron, respectively. To determine
whether the calculation method used was valid, we compared the results of the
calculations obtained using different DFT levels with those achieved experimentally
for different solvent molecules (Supplementary Table S4).

The AIMD simulations were performed as implemented in the Vienna ab initio
simulation package (VASP) code38. All the calculations were based on the DFT within
the Perdew–Burke–Ernzerhof generalized gradient approximation (PBE-GGA). The
projector augmented wave method, a supercell containing molecules with the exact
number depending on the experimentally determined molar mass and density of each
molecule, and a Li slab with 80 atoms were used. In all the calculations, a time step of
1 fs and a Nose thermostat at 300 K were used. The interfacial energy was defined as

ES M � Lið Þ~Etot M � Lið Þ{Etot M; bulkð Þ{Etot Li; bulkð Þ, ð5Þ

where Etot(M 2 Li) is the total energy of the supercell comprising the solvent mole-
cules and the Li metal slab and Etot(M;bulk) is the total energy of the bulk solvent
molecules, both at 300 K and 1 ps. Etot(Li;bulk) is the total energy of bulk Li.

Diffusion-limited aggregation model. A statistical model of diffusion-limited
aggregation (DLA) was used. In this model, the Li ions diffused until they collided and
were then attached to whatever they hit26. To describe the two-dimension-like in situ
cell used, we employed a two-dimensional DLA model in which the box size was 200
3 6000; 5000 particles were used. The bottom line of the box represented an anode,
i.e., the diffused Li ions were caught at the line. It was assumed that the mean collision
time of the Li ions was proportional to the number of grids traversed in each random
diffusion step28. To describe the drift motion, the weight probability in the direction of
the anode was set higher.

Design of Li symmetric cells. Li symmetric coin cells were designed to evaluate the
effect of the electrolyte on the growth of lithium dendrites, as shown in Fig. 2a. Two
lithium foils (diameter: 16 mm; thickness: 500 mm) were used as the electrodes. A
polyethylene terephthalate film (diameter: 19 mm; thickness: 100 mm), with a 12-
mm hole at its center, and a polypropylene spacer (diameter: 19 mm; thickness:
1 mm), with a 1-mm hole at its center, were used to separate the electrodes and expose
their controlled areas to improve the reproducibility of the short-circuit time ts.
Finally, the electrolyte was filled into the cell and a spring, a spacer, and a gasket were
installed. The Li symmetric cell was discharged (lithium stripping from the surface of
the negative lithium electrode, thus cleaning it electrochemically) at a current density
of 0.05 mA cm22 for 10 h for conditioning. It was then charged (lithium deposition
on the negative electrode) at 1.0 mA cm22 by means of a battery-testing system
(TOSCAT-3100, Toyo System). The viscosities and conductivities of the various
electrolytes were measured using a rheometer (MCR 302, Anton Paar) and a
conductivity meter (856 Conductivity Module, Metrohm), respectively, at 21uC. We
performed each experiment more than five times and obtained errors within 10%.

Design of the in situ Li symmetric cell. In order to directly observe and record the
growth of lithium dendrites in situ using a microscopy system (Axis Pro, Micro
Support), an in situ observation cell was designed, as shown in Supplementary Fig. S3.
Two lithium foils were used for the positive and negative electrodes. Lithium was
deposited on the negative electrode at a current density of 5.0 mA cm22 by means of a
potentiostat/galvanostat (1480 Multistat, Solartron Analytical). During lithium
deposition, images of the lithium dendrites were taken by the microscope at a capacity
of 1.67 mAh cm22; the images are shown in Fig. 3.

Preparation of the composite electrolyte and the cycle-life tests. PEO (molecular
weight: 6 3 105, Sigma-Aldrich;) powder, the salt LiTFSI (Wako Chemical), and
nano-SiO2 (Sigma-Aldrich, 10–20 nm, Sigma-Aldrich) were dissolved in acetonitrile
and stirred at room temperature for 24 h. The weight ratio of PEO/LiTFSI/SiO2 was
14.755.351. To synthesize polymer electrolytes, the formed slurry was cast on a
Teflon dish for 24 h to allow the acetonitrile to evaporate and then dried at 80uC over
a period of 24 h in a vacuum oven. The Li symmetric coin type cells were assembled

using a liquid electrolyte (1 M LiTFSI in various solvents) and a polymer electrolyte.
The cell structure was as follows: Li (0.5 mm thick)/liquid electrolyte (100 mL) 1

polymer electrolyte (50 mm)/separator (CelgardH 3501)/liquid electrolyte (100 mL) 1

polymer/Li (0.5 mm), where we used in excess of 200 mL of electrolytes since extra
electrolytes were necessary for filling the dead volume of the coin cell and squeezing
out during assembly. The cycle-life measurements were performed at a current
density of 3 mA cm22 for 4 h for each discharge and charge step using a battery
testing system (TOSCAT-3100, Toyo System). We confirmed the reproducibility of
the experiments in Fig. 5, where the experimental results in Fig. 5a showed almost no
difference, the ones in Fig. 5b showed a range between 17 and 24 cycles, and the ones
in Fig. 5c showed more than 100 cycles in the repeated experiments.
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