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Alloys such as LixSi, LiyAl and LizBi are among the most prom-
ising anode materials for Li-ion batteries (LIBs) due to their 
high theoretical capacities1. Large (>10 μm) Si, Al or Bi mic-

roparticles (SiMPs, AlMPs or BiMPs, respectively) are attractive due 
to their low production cost and high tap density. However, a large 
volume expansion during battery operation leads to the mechani-
cal fracture of particles, which induces a loss of active material and 
exposes the highly reactive surface to the electrolyte. This leads to a 
continuous growth of the solid–electrolyte interphase (SEI), electro-
lyte consumption, low cycling Coulombic efficiency (CE) and poor 
cycle life. Organic‒inorganic SEIs formed in traditional carbonate 
electrolytes are not robust enough to accommodate the volume 
expansion of SiMPs, AlMPs and BiMPs (up to 280%). Consequently, 
SiMP, AlMP and BiMP anodes exhibit a fast capacity drop, typically 
a retention of <60% in 20 charge/discharge cycles2.

Owing to the limited success in improving microsized Si electrode 
performances by optimizing the electrode fabrication3,4 and cycling 
conditions5, attention turned to Si nanoengineering. Nanosized Si 
particles and Si wires show an improved resistance to fracture dur-
ing (de)lithiation cycles6,7. One-dimensional nanowires8, core–shell 
nanostructures9,10, hollow particles11, tubes12, porous Si (ref. 13), sili-
con carbide (SiC)14,15 and SiC/MXenes16 improve the cycling stabil-
ity in half-cells. However, the complex fabrication, high cost, low tap 
density and initial CE make these approaches unsuitable for prac-
tical applications. Functional binders with self-healing and elastic 
properties kept the pulverized SiMPs coalesced without disintegra-
tion17–20, which enabled 1‒3 μm SiMPs to be charged/discharged in a 
half-cell for 150 cycles with an initial CE of 91% and average cycling 

CE of 99.6%, and in a Si/LiNi0.8Co0.15Al0.05O2 (NCA) full cell for 50 
cycles18. Encapsulating 1‒3 μm SiMPs with a conformal multilay-
ered graphene cage allows the SiMPs to expand and fracture within 
the cage, with the electrolyte blocked by a stable SEI formed on the 
graphene cage surface19. The graphene-encapsulated SiMPs exhibit 
an initial CE of 93.2%, which increases to 99.5% after five cycles21. 
However, the relatively low average cycling CE of <99.6% for Si 
(99.9% is needed for practical applications; Supplementary Fig. 1) 
requires a substantial excess of Li to be introduced either by a costly 
prelithiation step or by using oversized cathodes, which increases 
the cost or reduces the battery energy density.

Many electrolytes and additives were also developed to further 
improve the cycling CEs, but the lack of a SEI design principle for 
alloying anodes hinders success. Carbonate electrolytes with fluo-
roethylene carbonate (FEC) and/or vinylene carbonate additives 
yield the best performance21. Yet, a thick and inhomogeneous SEI 
on Si is still not robust enough to tolerate the large volume change 
of microsized Si, which results in a continuous consumption of the 
Li and electrolyte, and a loss of active Si (refs. 22–24). Hitherto, no LIB 
electrolyte was able to reach a cycling CE of >99.9% at a practical 
loading of large (>10 μm) particle alloying anodes.

Here we report a universal electrolyte design principle for alloy 
anodes using microsized Si, Al and Bi anodes as a demonstra-
tion. During lithiation/delithiation, crystal Si experiences revers-
ible changes between amorphous Si and amorphous LixSi after the 
second cycle, and Al and Bi anodes experience changes between 
crystalline metal and crystalline lithiated alloys. We demonstrate 
that 2.0 M LiPF6 in a 1:1 v/v mixture of tetrahydrofuran (THF) and 
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2-methyltetrahydrofuran (MTHF) (mixTHF) electrolyte facilitates 
the formation of thin and uniform lithium fluoride (LiF)-based 
SEIs with a low adhesion to lithiated alloy surfaces. This enables 
the SiMPs, AlMPs and BiMPs (>10 μm in size) to provide 2,800, 
970 and 380 mAh g‒1, respectively, with cycling lives of >200, a high 
initial CE of >90% and a cycling CE of >99.9% without any pre-
treatment, which shows great potential for practical applications of 
the alloy anodes.

Electrolyte design principle for alloy anodes
Current electrolytes, which include the most successful FEC-
containing formulations, form an organic–inorganic SEI that is 
strongly bonded to the alloy surface, which makes the SEI suffer 
from the same high deformation as the alloy and leads to break-
age and/or reformation of the SEI and alloy pulverization and isola-
tion (Fig. 1a)22,23,25,26. We aim, however, to form a strong SEI with 
a low adhesion (high interfacial energy (Eint)) to the alloy surface, 
so that the alloy can relocate at the interface to accommodate the 
volume change (Fig. 1b). We first considered the Si anode case. LiF 
is a suitable SEI candidate as it possesses a high Eint with lithium 
silicate (Li4SiO4, a fully lithiated surface oxide) and LixSi (Fig. 1c 
and Supplementary Fig. 2). When a high-modulus LiF SEI forms on 
a Si anode, deformation and expansion of Li4SiO4 and LixSi during 
cycling occur with little damage to the SEI shell. In addition, the 
wide bandgap and insulating nature of LiF reduces the thickness 
of the SEI (increasing the initial CE). Furthermore, the high-mod-
ulus LiF shell suppresses the LixSi pulverization. The success of the  
FEC-containing electrolytes for SiMP applications could be rooted 
in a LiF-contained SEI22,23,25,26. However, the reduction of FEC also 

generates organic components in addition to LiF. These organic 
components increase the adhesion of the SEI to the LixSi, which 
leads to SEI deformation and rupture during the LixSi expansion. 
This SEI design principle is expected to be applicable to a wide 
range of alloy anodes because of the high interface energy of LiF 
with their surfaces.

The formation of LiF SEI
The LiPF6 salt was selected as it reduces to LiF at the anode surface 
without organic by-products. It is combined with solvents that (1) 
undergo reduction at low potentials and (2) have a limited solvation 
ability to Li salts so that the LiF SEI is preferentially formed from 
LiPF6 starting at high potentials through the entire lithiation pro-
cess. The LiPF6-reduction potential depends on the extent of ionic 
aggregation27–29. Owing to the excess electron stabilization on the 
anion surrounded by multiple Li+, electrolytes with a high degree 
of aggregation are preferred to increase the LiPF6-reduction poten-
tial28. Thus, our target electrolyte should have a high-degree LiPF6 
salt aggregation and the lowest possible reduction potentials of the 
solvents to yield a high-purity LiF inner SEI layer. After the for-
mation and/or adjustment of the SEI in the initial cycles, LixSi is 
expected to expand and/or retract within the SEI shell.

For conventional ethylene carbonate–dimethyl carbonate  
(EC–DMC) (1:1) carbonate electrolytes, solvent-separated ion pairs 
(SSIPs, black in Fig. 1d) dominated ~60% of the solvation struc-
ture, with 38% being contact ion pairs (CIPs, blue) and essentially 
no ionic aggregates (AGGs, red) (Fig. 1d). The reduction of LiPF6 
CIPs in EC–DMC solvents occurred at potentials close to the those 
of the reductions of EC and DMC (Fig. 1e). Thus, LiF is expected 
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to segregate in the organic matrix to form a heterogeneous, mixed 
organic and inorganic SEI with large separate domains30. Ethers 
have low thermodynamic reduction potentials (0.0−0.3 V), which 
makes them good for supporting preferential fluorinated salt 
decomposition (Fig. 1e and Supplementary Figs. 3 and 4). Among 
them, salt aggregation increases from linear ethers to mixTHF  
(Fig. 1d and Supplementary Fig. 5). Importantly, the high degree of 
LiPF6 association in the LiPF6–mixTHF electrolyte (Fig. 1d) pushed 
the onset of the reduction potential of LiPF6 above 1.1 V, which is 
substantially higher than the reduction potentials of mixTHF (Fig. 
1e). Thus, a uniform LiF SEI layer is expected to form during the 
lithiation above 0.1 V and only minor organic components form on 
the LiF surface near the end of the Si lithiation, in sharp contrast 
to the mixed organic‒inorganic composition of a traditional SEI. 
The low mixTHF solvent viscosity (Table 1) and poor LiF solva-
tion in mixTHF solvents further enhance the kinetics of the LiF 
salt aggregation after LiPF6 reduction. Further validation of the 
molecular dynamics (MD) predictions was performed via a system-
atic Raman spectroscopy characterization of the ethers’ solvation 
(Supplementary Note 1).

We further examined the Li+ solvation structure, as it controls 
the salt reduction potential (Fig. 1e). In 1.0 M LiPF6 solutions, SSIPs 
decreased from ~60% in carbonate to ~8% in mixTHF (Fig. 1d and 
Supplementary Fig. 6), whereas CIPs increased from ~38% to 87%, 
consistent with the drop of the solvent dielectric constant from ~34 
for mixed carbonates31 to 6.8 for mixTHF (Table 1). A small fraction 
of the Li+PF6

−Li+ AGGs (~5%) was observed in the 1.0 M LiPF6–
mixTHF electrolyte, with further increases to 10% as the LiPF6 salt 
concentration increased from 1.0 to 2.0 M (Supplementary Fig. 6). 
A higher salt concentration has three benefits: (1) upshifts the salt 
decomposition potential to above 1.17 V (Fig. 1e and Supplementary 
Fig. 7b), which facilitates LiF formation due to a higher aggregation, 
(2) earlier-formed LiF SEI suppresses the solvent reduction to lower 
potentials, which inhibits the formation of organic components in 
the SEI during alloy expansion and (3) extends the electrolyte oxida-
tion potential to >4.2 V (Supplementary Note 2) for the 2.0 M LiPF6–
mixTHF electrolyte (the designed electrolyte) (Supplementary  
Figs. 7a and 8a) as the fraction of free solvent decreases. Further 
extension of the ether-based electrolyte anodic stability is pos-
sible32,33. In the designed electrolyte, the dominant LiPF6 reduction 
forms an initial LiF SEI and repairs the broken LiF SEI by newly 

formed pure LiF during lithiation because mixTHF solvents do not 
reduce until at the end of lithiation. Only at very low voltages does 
the solvent start to decompose to provide a thin layer of organic 
shell outside the LiF layer because the very low electronic conduc-
tivity of LiF also limits the reduction of mixTHF solvents. Such a 
homogeneous LiF–organic bilayer SEI, formed after the full alloy 
lithiation, is expected to be thin and hold the lithiated alloy together. 
It allows the lithiated alloy underneath LiF to deform elastically and 
plastically due to the high Eint at the LiF–alloy interface, and thus 
maintains the integrity of alloy microparticles during expansion 
and/or shrinkage (Fig. 1b). Therefore, the LiF–organic SEI bilayer 
functions as a robust shell that strongly holds the ruptured or flowed 
alloy together rather than isolating the ruptured alloy due to the 
organic-dominated SEI formed in traditional electrolytes (Fig. 1a).

Electrochemical performance of SiMPs
A Si electrode with a ~2.0 mg cm−2 loading exhibited a high capac-
ity of 5.6 mAh cm−2 and ~2,800 mAh g−1 at a current density of C/5 
(1C = 3,579 mA g−1 (Fig. 2a)) in the designed electrolyte. The high 
cycling stability is demonstrated by the overlapped charge/discharge 
curves after the second cycle (Fig. 2a). The capacity retention after 
400 cycles was 90.0% (Supplementary Fig. 9). The high and stable 
capacity indicates that SiMPs are well utilized and remain electroni-
cally connected during repeated electrochemical lithiation/delithia-
tion. The initial CE was 90.6% and the CE reached >99.9% at the 
seventh cycle and maintained thereafter (Fig. 2e and Supplementary 
Fig. 9), which is higher than the CE of small SiMPs (1‒3 µm) con-
fined by a graphene cage21 or using an elastic binder18. In 1.0 M 
LiPF6–EC–DMC (a traditional electrolyte), ~40% of the capacity 
was lost within 20 cycles (Fig. 2b) and only ~8% was maintained 
after 50 cycles. The CEs were 96‒97% in the first several cycles and 
only hovered around 98.0% after the 50th cycle with a low specific 
capacity of 200 mAh g−1. Increasing the salt concentration to 2.0 M 
in LiPF6–EC–DMC electrolyte did not improve the cycling stability 
(Supplementary Fig. 10) and even decreased the specific capacity 
due to the increased electrolyte viscosity.

The rate capability of the SiMPs in the designed electrolyte also 
far exceeds that in the traditional electrolyte. As shown in Fig. 2c,d, 
at a discharge rate of 1C (3.58 A g−1), the Si electrode can retain over 
2,400 mAh g−1, whereas only 1,098 mAh g−1 was achieved in the tra-
ditional electrolyte (Supplementary Fig. 11). Even at 3C, a capacity  

Table 1 | Properties of solvents at 25 °C from MD simulations and previous experiments

THF MTHF THF/MTHF

Number of solvents box–1 512 512 392(THF),
320 (MTHF)

Equilibration run (ns) 12 13.3 12

Production run (ns) 17.7 12 16.2

Box size (Å) 41.4 44.16 47.72

Density (MD) (kg m‒3) 864 850.5 853

Density (experimental) (kg m‒3) 882a 849.04b

Self-diffusion coefficient (MD) (10‒10 m2 ,s‒1) 30.8 25.6 29.9 (THF),
28.0 (MTHF)

Self-diffusion coefficient (experimental) (10‒10 m2 s‒1) 30c

Viscosity (MD) (mPa s) 0.42 0.48 0.45

Viscosity (experimental) (mPa s) 0.4631a 0.4776b

Dielectric constant (MD) 8.1 6.2 6.8

Dielectric constant (experimental) 7.52d 6.97d, 6.4e

aDensity and viscosity of THF from Giner et al.62. bDensity and viscosity of MTHF from Vallés et al.63. cSelf-diffusion of THF reported at 303 K from Hayamizu et al.64. dCRC Handbook of Chemistry and 
Physics65. eDelsignore et al.66.
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of 1,580 mAh g−1 was still reached in the designed electrolyte. The 
excellent rate performance was also verified on a pure Si film 
(Supplementary Note 3). Importantly, SiMPs also showed an out-
standing low-temperature performance in the designed electrolyte 
(Supplementary Fig. 12). As the temperature dropped to ‒20 and 
‒40 °C, reversible capacities of 2,304 and 1,475 mAh g−1, respec-
tively, were achieved, whereas only 658 and 0 mAh g−1 were reached 
in the traditional electrolyte. The cycling, rate and low-temperature 
performances are attributed to the thin and stable SEI, as evidenced 
by the small and almost-constant SEI resistance during cycling 
shown by impedance spectra collected at the fully lithiated state 

(Supplementary Fig. 13a). On the contrary, the SEI resistance in the 
traditional electrolyte first decreases from the first to the fifth cycle 
as SiMP fractures and increases the surface area34 (Supplementary 
Fig. 13b), followed by an impedance increase due to the continuous 
growth and thickening of the SEI on the electrode, consistent with 
previous reports35.

Performances of AlMP and BiMP anodes
The AlMP showed a flat lithiation/delithiation plateau centred at 
0.4 V (a phase transition process (Fig. 3)). The thermodynamic 
potential hysteresis was only about 0.04 V in the phase transition 

a b

c d

e

0 500 1,000 1,500 2,000 2,500 3,000
0.0

0.5

1.0

1.5

P
ot

en
tia

l v
er

su
s 

Li
/L

i+
 (

V
)

Capacity (mAh g−1)

5th20th 2nd1st

0 500 1,000 1,500 2,000 2,500 3,000
0.0

0.5

1.0

1.5
1st

2nd

5th

20th

P
ot

en
tia

l v
er

su
s 

Li
/L

i+
 (

V
)

Capacity (mAh g–1)

200150100500
0

1,000

2,000

3,000

4,000

5,000

1.0 M LiPF6–EC–DMC

Cycle number

C
ap

ac
ity

 (
m

A
h 

g−
1 )

2.0 M LiPF6–mixTHF

70

80

90

100

C
E

 (%
)

0

1,000

2,000

3,000

4,000

C /2

2.0 M LiPF6–mixTHF

1.0 M LiPF6–EC–DMC

Cycle number

C
ap

ac
ity

 (
m

A
h 

g−
1 ) 

5C

3C

2C

1C
C /2

C /5C /10

0 20 40 60 800 500 1,000 1,500 2,000 2,500 3,000
0.0

0.5

1.0

1.5

3C 1C C /2

P
ot

en
tia

l v
er

su
s 

Li
/L

i+
 (

V
)

Capacity (mAh g−1)

C /10

Fig. 2 | Cycling performance of SiMP electrodes in half-cells. a–d, Typical charge/discharge profiles of a SiMP electrode cycled in different electrolytes, 
2.0 M LiPF6–mixTHF (a), 1.0 M LiPF6–EC–DMC (b). c, Charge/discharge curves at different rates of Si cycled in 2.0 M LiPF6–mixTHF. d, Rate performance 
comparison. e, Cycling stability and CEs of SiMPs cycled in 2.0 M LiPF6–mixTHF and 1.0 M LiPF6–EC–DMC electrolytes; the rate is C/5.

Nature Energy | www.nature.com/natureenergy

http://www.nature.com/natureenergy


ArticlesNature Energy

region. X-ray diffraction (XRD) (Fig. 3b) shows that the crystalline 
Al and LiAl phase transitions take place in the charge/discharge 
process, in line with the ideal flat charge/discharge profiles. The 
absence of Al or LiAl peaks in the fully lithiated or delithiated states, 
respectively, indicates the full conversion of all the active material in 
the charge/discharge cycles.

The AlMP electrode demonstrated a good rate capability in  
the designed electrolyte (Fig. 3c,d). At 30C, a more than 50%  
capacity was achieved, and when returned to 2C, a capacity of 
~900 mAh g−1 was recovered, which indicates tolerance of the rapid 

phase transitions. Figure 3e compares the long cycling performances 
in the designed and traditional electrolytes. The capacity decayed to 
less than 10% of its initial capacity with a cycling CE of only ~85% in 
the first 20 cycles in the traditional electrolyte, consistent with pre-
vious reports36. In sharp contrast, no capacity decay was observed in 
the designed electrolyte for over 260 cycles. The CE reached 91.6% 
in the initial cycle and jumped to >99.9% at the eighth cycle and 
remained >99.9% thereafter, which is much higher than the CE of 
nano-Al confined by a titanium oxide cage10, and even comparable 
to the commercial mesocarbon microbead anodes37. The stability 
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difference is attributed to the repeated breakage and growth of the 
SEI in the traditional electrolyte, as indicated by the increased hys-
teresis (Supplementary Fig. 14).

The electrolyte also supports the BiMP electrode (Supplementary 
Figs. 15 and 16). No capacity decay was observed for over 250 cycles 
at 2C with a high cycling CE of >99.9%. At a 60C rate, a 50% capac-
ity was retained.

Characterization of the SEI on the cycled Si thin film
The SEI chemical composition was examined via X-ray photo-
electron spectroscopy (XPS) with an Ar+ sputtering depth profil-
ing (Fig. 4a). The top surface of the SEI consisted of both organic 
(RCH2OLi) and inorganic (Li2O, LiF) components. XPS elemental 
analysis after different Ar+ sputtering times shows that the content 
of carbon, indicative of organic decomposition products, decreases 
with increasing sputtering time to less than 10% after 120 s 
(Supplementary Fig. 17). Specifically, in the Si spectra, Li4SiO4, Si 
and Li–Si alloy dominate, with the Li–Si alloy signal reaching about 
~50% of all the Si signals at 600 s of sputtering, which is assumed as 
the SEI–Si interface. The C 1s signal drops to the noise level before 
reaching the SEI–Si interface, accompanied by a decrease in the 
carbon-related O−C=O signal in the O 1s spectra. Meanwhile, the 
LiF signal is still strong at the SEI–Si interface and persists through-
out the whole sputtering process, consistent with the proposed 
LiF–organic bilayer SEI structure in Fig. 1b, although minor LiF 
products also exist in the organic outerlayer of the SEI. The exis-
tence of crystalline LiF in SEI was also verified by the electron dif-
fraction patterns obtained during cryogenic transmission electron 
microscopy (cryo-TEM) experiments (Supplementary Fig. 18).  
In addition, the signals of Li4SiO4 in both the O 1s and Si 2p  
spectra reach their maximum at the SEI–Si interface. The absence 
of a SiOx peak for Si cycled in the designed electrolyte further  
confirms a complete and homogeneous lithiation of the SiOx  
layer due to a uniform SEI. This elastic Li4SiO4 layer on the  
Li–Si alloy is also beneficial to the integrity of the Si electrode38.  
The elemental composition of the bilayer SEI was confirmed 
by cryo-TEM with energy dispersive X-ray (EDX) line scans 
(Supplementary Note 4).

The surface of the SEI formed in the traditional electrolyte  
(Fig. 4b) consists of both organic RCH2OCO2Li and LiF. The carbon 
and LiF signals persist, but no Si and LixSi peaks appear during the 
sputtering, which indicates the SEI is made up of mixed organic–LiF 
compounds from the surface to the inner part, and the SEI layer is 
much thicker compared with that generated in the designed elec-
trolyte. The LiF signal intensities in the traditional electrolyte are 
lower compared with those from the SEI in the designed electrolyte, 
which indicates less LiF is generated in the traditional electrolyte. 
This is because the carbonates are reduced at a higher potential and 
contribute more to the SEI compared with the ethers39. In addition, 
the O 1s spectra of the SEI formed in the traditional electrolyte  
also exhibit less Li2O content, which indicates insufficient lithia-
tion of the SiOx on SiMPs. Moreover, in the Si 2p spectra, the origi-
nal SiOx peak emerges after sputtering for 300 s in the case of the  
carbonate electrolyte, but not in the designed electrolyte. This 
remaining SiOx indicates incomplete lithiation of the surface  
oxide, and leads to a higher inhomogeneity and resistance to Li+ 
diffusion and slow kinetics. The non-uniform lithiation due to a 
non-uniform organic‒inorganic SEI also induces a high stress and 
strain at places where expansion is highly inhomogeneous, which 
easily breaks the weak, mixed organic‒inorganic SEI. Consequently, 
repeated breaking and/or reforming of the SEI leads to a low CE and 
poor stability.

Distribution of LiF in the SEI was acquired by electron energy 
loss spectroscopy (EELS) spectral imaging. Li compounds com-
monly found in the SEI have a rather different valence plasmon 
energy and peak width40. Hence, plasmon signals were used to 
successfully differentiate them, and severe damage by the electron 
beam can be avoided at room temperature41. Using this approach, 
we performed spectral imaging in the plasmon energy range for 
cycled Si particles and analysed the composition at each pixel. A 
hollow region in the middle of each spectral image was caused by 
electron mean-free-path limitations, and trace Li was transformed 
from the LiF on beam irradiation. For Si cycled in the designed elec-
trolyte, we found a thin surface layer of LiF (Fig. 5a,b), which sup-
ports the proposed mechanism (Fig. 1b). The composition near the 
surfaces varies within a small depth (spectra in Fig. 5c). A relatively 
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sharp valence plasmon peak from LiF at ~25 eV is clearly visible  
on the outer layer. Underneath the LiF layer, a LixSiOy sublayer 
(Supplementary Fig. 19a) and LixSi are observed, which indicates 
the LiF–LixSiOy–LixSi structure. For Si cycled in traditional electro-
lytes, a mixed organic–inorganic SEI (Fig. 5d) with a broad peak 
centred around 22 eV is found for almost all of the near-surface 
spectra (Fig. 5f), which indicates that there is no substantial amount 
of LiF on the surfaces (Fig. 5e).

The roughness and thickness of the SEI during dynamic lithia-
tion/delithiation was studied by in situ electrochemical atomic force 
microscopy (AFM). A super-smooth Si wafer (~0.18 nm roughness; 
Supplementary Fig. 20) was used to monitor the surface morphol-
ogy evolution. In the designed electrolyte, the roughness increased 

to ~1.78 nm at the lithiated state and reduced to ~1.01 nm after deli-
thiation (Fig. 6a), much smaller than the values from the traditional 
electrolyte, 3.87 and 4.06 nm (Fig. 6b). The different roughness is 
consistent with the XPS Si 2p spectra, which shows that SiOx is uni-
formly fully lithiated in the designed electrolyte and non-uniformly 
partially lithiated in the traditional electrolyte. The fourfold greater 
roughness in the traditional electrolyte indicates a ~400% strain 
applied to the SEI layer by lithiated Si compared with that of the 
designed electrolyte. In addition, the decreased roughness during 
delithiation in the designed electrolyte reflects that the LiF–organic 
bilayer SEI suppresses the irregular volume expansion and holds the 
Si together, which cannot be achieved by the mixed organic‒inor-
ganic SEI from the traditional electrolyte (roughness increases after 
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delithiation). The thicknesses of the SEI bilayers are 0.37 nm for LiF 
and 2.5 nm for the organic layer (Supplementary Note 5).

The high Eint between the LiF SEI and lithiated Si and Li4SiO4 
(Fig. 1c and Supplementary Fig. 2) allows lithiated Si to expand and 
shrink to form a core–shell structure in the designed electrolyte (Fig. 
1b), which was confirmed by scanning electron microscopy (SEM) 
(Fig. 6c and Supplementary Figs. 21‒23). As the SEI is sensitive to the 
electron beam, selected-area electron-beam irradiation was applied 
to gradually remove the SEI. After removing the SEI for different 
times, the underneath walnut-like Si (or LixSi) gradually becomes 
visible (Supplementary Fig. 21). It is obvious that the bulk SiMPs 
with a polyhedral shape and rough surfaces (Supplementary Fig. 22a)  
evolved into a walnut-like integrity (Supplementary Figs. 22c  
and 23) coated with a smooth LiF–organic bilayer SEI (Fig. 6c and 
Supplementary Fig. 22b,d, barely irradiated area) after cycling in the 
designed electrolyte. This is the result of a repeated plastic flow of 
the relatively soft LixSi within the stiff LiF-rich SEI, which holds the 
Si together and limits rupturing (Supplementary Note 6). Any new 
cracks within the SEI during lithiation can be quickly healed by new 
LiF, which leads to the development of the walnut-like Si integrity 
protected under the SEI after cycling without any pulverization. Such 
a lamellar-like morphology of Si allows expansion in the direction 

perpendicular to the lamellar and the creation of the relatively small 
new LiF SEI surface needed to accommodate LixSi growth during 
lithiation. Moreover, a stiff LiF SEI is likely to withstand stress and 
prevent a void collapse during delithiation, which makes these voids 
available to accommodate LixSi expansion during the next cycle. In 
addition to the favourable mechanical properties, the LiF SEI layer 
is known to possess a high ionic-to-electronic conductivity ratio42, 
and thus a thin layer is sufficient to inhibit the unwanted electro-
chemical reactions. On the contrary, the organic components in the 
organic‒inorganic SEI formed in the traditional electrolyte have a 
low Eint with the LixSi and thus strongly bond to the LixSi surface 
and experience a similar degree of deformation as the lithiated Si 
during the volume changes, as demonstrated by the similar pulver-
ized particle morphology before and after electron-beam irradiation 
(Fig. 6d). In addition, the shear modulus of the organic-rich SEI is an 
order of magnitude lower than that of LiF (ref. 43), which is unable to 
withstand the large elastic stress before the plastic deformation and 
results in the pulverization of Si.

Full-cell performance
The designed electrolyte also enables LiFePO4 (LFP, with a 
2.3 mAh cm−2 loading) and NCA (with a 1.6 mAh cm−2 loading) 
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cathodes to achieve good cycling stability (Supplementary Figs. 24, 
25). We constructed practical SiMP-, AlMP- and BiMP//LFP and 
SiMP-, AlMP- and BiMP//NCA full cells (Fig. 7 and Supplementary 
Fig. 26). Neither precycling of the anodes or cathodes, nor preli-
thiation of these SiMP, AlMP or BiMP anodes was performed. All 
of these full cells exhibit a stable cycling and a high CE (which 
approaches 100% after the fifth cycle) at practical values of current 
density and areal capacity. Moreover, no increases in the overpoten-
tials were observed in the voltage profiles for all of these full cells at 
various cycle numbers, which indicates that both the electrodes and 
their electrode‒electrolyte interfaces remain stable during cycling. 
Preliminary SiMP//NCA full cells retained 92% capacity after 30 
cycles (Supplementary Fig. 26). The SiMP//LFP full cell retained 
80% capacity after 100 cycles in the designed electrolyte, whereas 
only 4.5% and 6.2% remained in the traditional electrolyte and with 
the FEC additive, respectively (Fig. 7b). The severe capacity decay is 
due to the continuous SEI growth on the SiMP anode, which leads 
to both a low CE and increasing hysteresis (Supplementary Fig. 27).

Conclusions
The SEI inner layer that contacts with alloy material should be purely 
inorganic with a high interface energy with the lithiated alloy and a 
high mechanical strength to accommodate the large volume change 
of the alloy anodes. A rationally designed 2.0 M LiPF6–mixTHF 
electrolyte enabled us to selectively form such a LiF–organic bilayer 
SEI on microsized alloying anodes, which allows SiMPs, AlMPs, 
and BiMPs to undergo elastic and plastic deformation within the 
SEI shell. SiMPs in the electrolyte provided a high capacity of 
2,800 mAh g−1 and 5.6 mAh cm−2 for over 400 cycles with an initial 
CE of 91% and a cycling CE of >99.9%. The SiMP//LFP full cell 
exhibited a >100 cycles life with a high cycling CE that approaches 
100% at a practical capacity of >2.0 mAh cm−2. The initial cycling 
of the AlMP//LFP, BiMP//LFP and SiMP//NCA full cells also dem-
onstrated a stable and promising performance. Thus, our finding 
suggests a simple drop-in electrolyte modification, which leads to 
high-energy, microsized alloying anode-containing batteries oper-
ating at a practical areal capacity and charge–discharge rates.

Methods
Preparation of electrodes and electrochemical measurements. For the SiMP 
electrodes, a slurry was first prepared by dispersing SiMPs (−325 mesh, as-received,  
>10 μm in size, as revealed by SEM in Supplementary Fig. 28 and crystalline, 
as confirmed by XRD), lithium polyacrylate binder (10 wt% aqueous solution) 
and Ketjen black in water with a weight ratio of 6:2:2. For the AlMP and BiMP 
electrodes (Supplementary Figs. 29 and 30), the weight ratio is changed to 8:1:1. 
The slurry was cast onto a copper (Cu) foil, dried at room temperature for 24 h and 
further dried at 90 °C overnight under vacuum. The Si electrode (with multilayer 
SiMPs; Supplementary Fig. 31) processing is the same as that of commercial 
graphite electrodes without any additional pretreatment or prelithiation. CR2032 
coin-type half-cells were assembled by sandwiching one piece of polyethylene 
separator (Celgard) and one piece of glass fibre between the SiMP electrodes and 
Li metal foil. The electrolytes used for cell assembly were: (1) 1.0 M LiPF6 in 1:1 
(v/v) EC–DMC, (2) 1.0 or 2.0 M LiPF6 in 1:1 (v/v) THF–MTHF, (3) 1.0 M LiPF6 
in triglyme (G3) and (4) 1.0 M LiTFSI (TFSI, bis(trifluoromethanesulfonyl)imide) 
in 1:1 (v/v) mixTHF. For the AlMP and BiMP electrodes, a similar protocol was 
applied for the electrode preparation.

In the galvanostatic cell tests, the current density was set at 0.2C 
(1C = theoretical capacity) in the potential range 0.06−1.0 V versus Li/Li+ using a 
battery cycler (Landt). For electrolytes other than LiPF6–mixTHF, two activation 
cycles with a voltage cutoff of 0.005 V were performed before the cycling test. Both 
the specific capacities and current densities are based on the SiMP mass only.

For SEM imaging of the electrodes after cycling, the electrodes were washed 
with MTHF to remove any residual Li salts from the surface of the electrodes. For 
full-cell testing, LFP and NCA cathodes coated on Al foil were kindly provided 
by Saft America Inc. The cells were charged with a cutoff voltage of 2.5−3.45 V 
(LFP) or 2.7−4.1 V (NCA). For the full-cell configuration, to compensate the Li 
consumption due to the SEI and cathode electrolyte interphase formation in the 
first several cycles, the capacity ratio of the cathode and anode was set as 1.3.

For XPS tests, we sputtered Si on a Cu foil as a working electrode to exclude the 
elemental interference of conductive carbon and binder, which enabled monitoring 
of the thickness depth-dependent SEI information. Experimentally, the Li//Si 

half-cells were disassembled in the delithiated state after 50 lithiation–delithiation 
cycles to examine the SEI on the Si surface. Samples were transferred into the XPS 
chamber under argon (Ar) protection to avoid any contamination by air.

Scanning transmission electron microscopy–EDX spectroscopy. The 
composition of the SEI was also explored via scanning transmission electron 
microscopy (STEM)–EDX line scans with a Hitachi HD2700C dedicated STEM 
with a probe corrector operated at 200 kV. To minimize the damage of the SEI from 
the electron beam, a liquid nitrogen cryotransfer holder was employed. In addition, 
TEM sample preparation and loading were performed in an Ar-filled glove box for 
the whole procedure to avoid exposure to air and moisture44.

STEM EELS. EELS was performed using the Nion UltraSTEM 100 STEM at 
Rutgers University. Electrons were accelerated at 60 kV with a beam current of 
~4 pA. Both convergence and EELS collection angles were set to 30 mrad. Spectral 
images were taken from 800 × 800 nm areas using 100 × 100 pixels. EEL spectra 
were collected with a dispersion of 0.15 eV per channel and a 20 ms dwell time.  
No changes were observed from annular dark-field images after the spectral 
imaging. The TEM samples used were also prepared in an Ar-filled glove box. 
To analyse the composition at each pixel, single scatterings from 3 to 50 eV were 
extracted from each EEL spectra by Fourier log deconvolution. The percentage of 
each compound was then determined by multiple linear regression. Fitting was not 
attempted for thick areas (thickness/λ > 2.5, where λ is the inelastic mean free path 
of 60 kV electrons in the material), which leaves a hollow region in the middle of 
each spectral image. A thin layer of Li metal was detected on the perimeter of  
LiF-covered Si. We found this is because the near-surface, thinner region of LiF is 
more prone to electron-beam damage than the bulk, thicker part. Also, Li metal 
was transformed from LiF by electron-beam radiation. This observation was 
confirmed by performing similar EELS mapping on reference LiF crystals.

AFM. The in situ electrochemical AFM was conducted with a Dimension ICON 
atomic force microscope set up inside an Ar-filled glove box, in which both the 
H2O and O2 levels were below 0.1 ppm, coupled with a CH Instrument 760E 
potentiostat. For all the topographical mappings, a ScanAsyst-Fluid+ probe 
(Bruker AFM Probes) was used with a nominal spring constant of 0.7 N m–1, 
composed of a silicon nitride cantilever with a sharp Si tip. This probe was also 
used to remove the soft SEI layer. An RTESPA-525 probe (Bruker AFM Probes) 
with a nominal spring constant of 200 N m–1 was used to remove the hard SEI layer 
from the substrate, which is composed of antimony-doped Si with a Si tip. The 
cycling was conducted against a Li metal foil in an electrochemical cell designed 
for LiB materials and sealed during the AFM operation.

To measure the thickness of the soft SEI layer, first the contact mode was 
operated with a ScanAsyst-Fluid+ probe with a contact force of 20 nN to remove 
the soft SEI layer in a 1.5 × 1.5 cm2 scanning area. Higher contact forces were also 
applied to assure that there was no softer SEI layer to be removed. Afterward, 
the same probe was used to conduct the peak-force tapping mode to image 
the morphology in a 5 × 5 cm2 area, which included the brushed region. This 
topography mapping compares the height between the brushed and unbrushed 
regions to measure the thickness of the soft SEI layer.

To measure the hard SEI thickness, an RTESPA-525 probe was used with a 
contact force of 3.0 μN to remove all the SEI layers from the Si substrate. Higher 
forces were also applied to make sure that no SEI layer was left on the substrate. 
(As the Young’s modulus of Si is over 100 GPa, this probe was chosen because it can 
only penetrate through surfaces with a maximum of 20‒30 GPa.)

AFM sample preparation. The substrate used for the electrochemical AFM 
measurements was a polished boron-doped Si (University Wafer) with a resistivity 
of 0.001‒0.005 Ω cm. The substrate was cut to an almost 1 cm2 surface area, and 
the surface area was then accurately measured for a charge/discharge applied 
current of 20 μA cm–2. Then it was rinsed with water and submerged into a freshly 
made Piranha solution (H2SO4:H2O2 3:1) for 3‒5 min. After that, the substrate 
was thoroughly rinsed with an excessive amount of ultrapure deionized water 
(18.2 MΩ cm) and was dried with 99.998% nitrogen gas. The backside of the 
substrate was scratched to obtain to the pure Si (more conductive) part and then 
was conductively glued to a thin Cu foil as a conductor using Pelco conductive 
carbon glue. The borders of the substrate were then glued to a Teflon adaptor 
using Torr Seal Sealant (Varian Vacuum Technologies) and were left for more than 
24 h for both the conductive glue and the sealant to cure. The substrate was then 
assembled into the Bruker electrochemical cell and kept under vacuum overnight 
before inserting it into the glove box for the electrochemical AFM measurements.

Calculation on the a-LixSi–LiF interface energy. First-principles calculations 
based on DFT were performed to study the a-LixSi–LiF interface using the Vienna 
Ab Initio Simulation Package with the Projector Augmented Wave method45–48. The 
exchange-correlation energy was described by the functional of Perderw, Burke 
and Ernzerhof49,50. The energy cutoff of the electron wavefunction was set to be 
520 eV. The geometry optimizations were performed using the conjugated gradient 
method, and the convergence threshold was set to 10‒5 eV in energy and 0.01 eV Å‒1 
in force. The work of separation for the a-LixSi–LiF interface is defined by 
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Wsep ¼ ðEa�LixSi þ ELiF � Ea�LixSi�LiFÞA
I

, where Ea�LixSi

I
, ELiF and Ea�LixSi�LiF

I
 are the 

total energy of the a-LixSi slab, LiF slab and a-LixSi–LiF interface and A represents 
the total interface area. To model the slabs, a vacuum layer larger than 12 Å was 
applied for Li4SiO4–LiF interface. In the electron-localized function, red represents 
covalent, yellow ionic and green metallic bonding (Fig. 1c, Supplementary Fig. 2).

In the bulk, the covalent Si–Si bonds are replaced with ionic Li–Si bonds 
with increasing Li concentration to form a weak bond of mixed ionic–covalent 
character, with a substantial charge depletion of the Li atoms and a charge 
accumulation of the Si atoms. The formation of weaker Li–Si bonds is expected 
to result in a transition from brittle to ductile with increasing Li concentration, 
consistent with the experimental results. The interface bonding is also mainly 
contributed by weak metallic and ionic bonds.

The work of separation for the a-LixSi–LiF interface is listed in Fig. 1c and 
shows the corresponding concentration. As the Li concentration increases, 
the work of separation increases from 0.21 J m–2 (the a-Li3.75Si–LiF interface) 
to 0.26 J m–2 (the a-Li0.25Si–LiF interface). However, the work of separation is 
much smaller than the a-LiSi–Cu interface reported by Shenoy and co-workers 
(1.55 J m–2) (ref. 51).

MD simulation methodology. MD simulations were performed using a many-
body polarizable APPLE&P force field. The APPLE&P force-field functional form 
is described in detail elsewhere27,29,52; main features of the force field are briefly 
discussed here. Electrostatic interactions are described using permanent charges 
that are centred on atoms. Off-atom-situated partial charges are also added on 
the ether oxygens in C–O–C and the N atoms of the TFSI– anion to improve the 
electrostatic potential description around these species. The atom-centred isotropic 
dipole polarizability is used to represent the induced dipoles that are damped using 
Thole formalism with the screening parameter (aT = 0.4). The repulsion‒dispersion 
interactions were modelled using a Buckingham potential. Combining rules 
developed in a previous work52, we applied them to the Buckingham potential for 
cross-terms for all atom pairs with, the exception of interactions with the Li+ cation. 
The TFSI– and Li+ force-field parameters are taken from Suo et al.27, the ether, Li 
and TFSI– parameters are taken from Alvarado et al.53 and the THF and MTHF 
charges and bonded parameters were developed in this work by fitting partial 
charges to the electrostatic potential around molecules obtained using the Møller–
Plesset perturbation theory second-order MP2 with the aug-cc-pvTz basis set54.

The MD simulation package WMI-MD was used for all the MD simulations. 
The Ewald summation method was used for the electrostatic interactions between 
the permanent charges with either permanent charges or induced dipole moments 
with k = 63 vectors. Following previous work55, multiple timestep integration was 
employed with an inner timestep of 0.5 fs (bonded interactions), a central time 
step of 1.5 fs for all non-bonded interactions within a truncation distance of 8.0 Å 
and an outer timestep of 3.0 fs for all non-bonded interactions between 7.0 Å and 
the non-bonded truncation distance of 14‒16 Å. The reciprocal part of Ewald was 
calculated every 3.0 fs. A Nose‒Hoover thermostat and a barostat were used to 
control the temperature and pressure with the associated frequencies of 10‒2 and 
0.1 × 10‒4 fs. The atomic coordinates were saved every 2 ps for postanalysis.

Initial equilibration runs of ~6 ns were performed in an NPT ensemble to 
obtain the equilibrium box size that is used in the follow-up equilibration and 
production runs performed in the NVT ensemble. The composition of each 
MD simulation cell is given in Table 2 along with the length of equilibration 
and production runs. Rounded values of molarity were used in the discussion 
of the MD simulation results. Ionic conductivity was extracted with a previously 
described methodology56 and is reported in Table 2.

Additional MD simulations were performed on pure THF and MTHF solvents 
and their mixture THF–MTHF (1:1 v/v) to validate the ability of the developed 
force field to predict thermodynamic and transport properties, as shown in Table 1.  
Viscosity and self-diffusion coefficients were extracted from the MD simulations 
using the Einstein relation52. Self-diffusion coefficients were corrected for the finite- 
size effects, as previously discussed52. Dielectric constants were calculated from 
fluctuations of the mean-squared dipole moment of the simulation box following 
the approach of Neumann and Steinhauser57 and also summarized in Table 1.

Calculations of electrolyte reduction. The reduction energy (Ered) and free 
energy (Gred) of a complex (M) relative to the Li/Li+ scale is defined using the 
thermodynamic energy cycles and is given by equations (1) and (2)58,59:

Ered Mð Þ¼ � ΔEaþΔG0
S M�ð Þ�ΔG0

S Mð Þ
� �

=F � 1:4 ð1Þ

Gred Mð Þ¼ � ΔGaþΔG0
S M�ð Þ�ΔG0

S Mð Þ
� �

F � 1:4 ð2Þ

where ΔEa and ΔGa are the electron attachment energy at 0 K and free energy in 
the gas phase at 298.15 K, respectively, ΔGS(M–) and ΔGS(M) are the free energies 
of solvation of the reduced and initial complexes, respectively, and F is the Faraday 
constant. A shift factor of 1.4 accounts for the difference between the absolute 
potential scale and Li/Li+. The shift factor depends on the nature of solvent, salt 
and concentration, and might vary by 0.1‒0.3 V due to the variation of the Li free 
energy of solvation in various solvents58,60.

QC calculations were performed using g16 Gaussian software, revision C61. 
Solvation energy was calculated using the polarized continuum model with 
THF parameters for the ether-containing solvates and acetone parameters with 
a dielectric constant of ε = 20 for LiPF6–EC–DMC clusters. A more accurate 
but computationally expensive composite G4MP2 methodology was used to 
predict the energy and free energy of the smaller clusters. DFT calculations using 
the B3LYP functional with the 6–31+G(d,p) basis set were used to predict the 
reduction stability for the larger clusters after confirming that the B3LYP/6–
31+G(d,p) calculations predicted the reduction energy and free energy for the 
smaller solvates in good agreement with the more accurate and reliable G4MP2 
calculations, as shown in Supplementary Fig. 4. When reduction of the TFSI– anion 
was coupled with its decomposition (S–N, S–C or C–F bond breaking) or P–F 
bond breaking in (LiPF6)2 B3LYP/6–31+G(d,p), DFT overestimated their reduction 
potential compared with the G4MP2 results, as shown in Supplementary Fig. 3.

Data availability
The authors declare that the data supporting the findings of this study are available 
within the article and its Supplementary Information files.
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