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Abstract

Creating a certain degree of porosity is a widely adopted strategy in maintaining the cyclic
stability of alloy anodes in Li-ion batteries (LIBs). The free space provided by the nanopores
enables to partly alleviate the large strains during lithiation for increasing structural integrity.
Instead of fabricating a nanostructured electrode with pre-designed pores, nanopores are in-
situ created during lithiation/de-lithiation of Ge electrodes, enabling the direct utilization of
microsized Ge particles. Assisting by scanning transmission electron microscopy (STEM), we
systematically explore the microstructure evolution of Ge particles during cycling. It reveals
the vital role of pore development, which is closely related to the solid electrolyte interphase
(SEI), in maintaining the stable cyclic performance. The nanostructure of SEI is further
resolved by cryo-transmission electron microscopy (cryo-TEM), which suggests that the
amorphous inorganic component is essential to the fast kinetics for inducing sufficient porosity.
Compared to the classic lithium hexafluorophosphate (LiPFs) salt in the electrolyte, the lithium

difluoro(oxalato)borate (LiDFOB) shows great advantages in constructing a highly ionic
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conductive SEI layer for facilitating the nanopore growth. This work demonstrates the critical

roles of interphase and the resulted microstructure in stabilizing the alloy microparticles.
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ion batteries

1. Introduction
The practical application of high-capacity alloy anodes would significantly increase the energy
densities of current Li-ion batteries (LIBs). These anodes such as Si, Ge, and Sn possess several
times higher theoretical capacities than graphite but suffer from severe capacity fading due to
the volume expansion upon Li ion uptake [1]. Downsizing the particles into nanoscale is among
the most effective strategies to improve cyclic stability [2, 3]. The nanostructured electrode
usually has multi-scale pores, which provide free volume to sustain the swelling of the
electrode. Hybridization with nanocarbon materials, an approach that has been widely adopted,
could further increase the cyclic stability and rate capability [4-6]. Nevertheless, a large initial
irreversible capacity is observed in these nanomaterials due to the copious formation of solid
electrolyte interphases (SEIs) on the high-surface-area electrode [7, 8]. The tap density of the
nanosized materials should also be improved to obtain a satisfactory volumetric energy density.
Microsized particles are desired because of their easy fabrication, high tap density, and
low surface area. Despite these advantages, the large size aggravates the internal stress upon
lithiation, resulting in the fracture and disconnection of particles and finally leading to severe
capacity degradation. Up to now, several promising tactics have been proposed to circumvent
the isolation of broken particles, including i) Be confined in the hollow carbon sphere. The
carbon shell not only facilitates the charge transfer but also preserves the integrity of the

electrode [9]. ii) Design a highly elastic binder. The mechanical strength of the binder is



enhanced through functionalization to sustain the volume change of particles, thus avoiding
the pulverization of active materials [10]. iii) Construct robust electrode-electrolyte interphases
[11, 12]. Several examples in Na-ion and K-ion batteries have been discovered. Microsized Sn
[13] and Bi [14, 15] show extremely stable performance with the assistance of glyme-based
electrolyte, which helps the formation of dense SEls to constrain the cracked particles. The
extension to LIBs has been partly limited by the low solubility of lithium salts in glyme solvent.
Very recently, by utilizing cyclic ether solvent, Wang et al. stabilize the Si, Al, and Bi
microsized anodes in LIBs through constructing LiF-rich SEI [16]. Nevertheless, the stability
of ether at high voltages remains a great challenge for the practical application in full cells.
Ge anode receives less attention than other alloy anodes because of its relatively high
cost. The downside is partly offset by the high capacity and fast Li ion diffusion coefficient,
making it a promising candidate for high-energy and high-power batteries. Moreover, previous
studies showed that nanopores tend to form in single Ge nanowire [17, 18], which is beneficial
to alleviating internal stress. An intriguing question is whether sufficient pores could be
developed in microsized particles, so as to assist the stabilization of the electrode if the particles
do not collapse during pore propagation. In this study, Ge particles with an average size of 1.4
um are investigated. The microstructural evolution during cycling is revealed by scanning
transmission electron microscopy (STEM). To stabilize the cyclic performance of microsized
particles, a vigorous SEI is built in the traditional carbonate electrolyte aided by the lithium
difluoro(oxalato)borate (LIiDFOB) salt. Cryo-transmission electron microscopy (cryo-TEM)
and electron energy loss spectroscopy (EELS) are employed to disclose the detailed structure

of SEI for gaining insights into its “structure-property” relationships.

2. Experimental Section

2.1. Preparation of Ge electrodes and LiCoO: electrodes



Ge (Macklin, ~200 pm, 99.999%) was mixed with carbon black, carbon fibers, and
carboxymethylcellulose sodium (CMC) (Sigma-Aldrich, average Mw ~700,000) in a weight
ratio of 7:1:1:1 by ball milling for 4 h in an argon atmosphere at a speed of 360 r min. The
as-prepared mixture was then added to deionized (DI) water and magnetically stirred. The
obtained slurry was cast onto a copper foil and dried at 60 °C in an air-circulated oven. The
LiCoO:2 electrodes were prepared by mixing commercial LiCoO2 powders (Battflex
Corporation, Wuhan), carbon black, and polyvinylidene difluoride (PVDF) with a weight ratio
of 8:1:1 in N-methy1-2-pyrrolidone (NMP) with magnetically stirring. The slurry was then
applied on an aluminum foil and dried in the oven. The electrodes were cut into discs with a
diameter of 14 mm.

2.2. Characterization

All the cycled electrodes were washed using dimethyl carbonate (DMC) to remove the
remaining salt residuals before characterization. The morphologies of electrodes were
examined on scanning electron microscopes (SEM, JEOL JSM-6335F, and TESCAN VEGA3).
The crystalline phases of the materials were detected on an X-ray diffraction (XRD) system
(Rigaku SmartLab) with Cu Ka radiation source with a scan rate of 2° min. In-situ XRD test
was conducted using a Swagelok-type cell. The active materials were directly cast on a
Beryllium window (supplied by Goodfellow, with an electrical conductivity of 303 S cm™),
serving as both a transparent X-ray window and a current collector [19, 20]. For ex-situ XRD,
the cycled cells were disassembled in the glove box. The cycled electrode was placed in the
Swagelok-type cell with active materials facing the Beryllium window for measurement. X-
ray photoelectron spectroscopy (XPS, PHI5600 by Physical Electronics, Inc.) was conducted
using a monochromatic Al Ka X-ray at 14 kV. All transmission electron microscopy (TEM)
and scanning TEM (STEM) were performed using JEOL JEM-2100F operated at 200 kV,

equipped with a Gatan Enfina electron energy loss spectrometer (EELS). Spectrum imaging of



EELS was carried out under 200 kV accelerating voltage with a 13 mrad convergence angle
for the optimal probe condition. Energy dispersion of 1.0 eV per channel and 21 mrad
collection angle were set up for EELS. HAADF images were acquired with an 89 mrad inner
angle simultaneously. The Ge, C, Li, O, F, B, and P intensity maps were extracted from the
EELS spectrum image by integrating across the energy windows of 1217-1320 (Ge L2,3 edge),
284-302 (C K edge), 55-63 (Li K edge), 532-546 (O K edge), 685-710 (F K edge), 188-207 (B
K edge), and 132-145 (P K edge) eV, respectively. To minimize the beam damage to the frail
SEI, we utilize cryo-TEM and cryo-EELS to examine their pristine morphology, lattice image,
and chemical composition. Prior to observation, the sample was transferred to a double tilt
nitrogen cooling holder (Gatan, model 636) for cryo-EM study, operated under ~-175 °C. The
system was stabilized for at least 40 min after adding the liquid nitrogen to minimize the
vibration.

2.3. Electrochemical tests

For half cells, CR2032 coin cells were assembled using the Li foil as the anode, the glass fiber
(Whatman, GF/D) as the separator, and the Ge electrode as the cathode. The mass of the active
materials on individual electrodes was about 0.8-1.0 mg cm™. To investigate the electrolyte
effect, 1 M Lithium hexafluorophosphate (LiPFs) or 1 M Lithium difluoro(oxalato)borate
(LiDFOB) in ethylene carbonate (EC) and dimethyl carbonate (DMC) at a volume ratio of 1:1
was used as the electrolyte. The half cells with the two electrolytes were discharge/charge
cycled between 0.01 and 1.5 V on a LAND 2001 CT battery tester at room temperature. To
replace the corroded Li anode, the cell with LiIDFOB at charged state was disassembled in the
glove box and re-assembled using a fresh Li foil. A voltage cuttoff of 2.0-4.25 V was applied
on the full Ge-LiCoO:2 batteries with the two electrolytes. The weight ratio of Ge and LiCoO2
in full cells is around 1:10 to ensure a 5% excess of anode capacity for avoiding Li plating. The

cell capacity of the full cell was calculated based on the weight of the cathode material in this



work. To avoid the interference of side reactions from the counter electrode side, three-
electrode Swagelok cells were fabricated for electrochemical impedance spectra (EIS)
measurements. The EIS results were obtained at a constant perturbation amplitude of 5 mV in

the frequency range between 0.01 Hz and 100k Hz.

3. Results and discussion
3.1. Electrochemical performance
Commercial Ge microparticles were directly used as active materials. Carbon black and carbon
fibers with equal amounts were incorporated as conductive additives, which proves effective
in establishing three-dimensional conductive networks [20-22]. The Ge particles, carbon
additives, and carboxymethylcellulose sodium (CMC) binder were mixed by ball milling. After
one-hour mixing, uniform dispersion of carbon additives is achieved. However, the enlarged
scan electron microscopy (SEM) image shows the presence of bare surfaces on Ge particles
(Fig. S1), necessitating longer mixing time. A four-hour ball milling is conducted to ensure
close contact between the Ge particles and carbon additives. Fig. 1a and 1b manifest that the
surface of Ge particles is covered by carbon black while carbon fibers bridge the particles to
ensure a fast electron transfer path. The microsized nature of the particles is remained due to
the low energy of planetary ball milling. An average size of 1.4 um is obtained with a deviation
of 0.5 um (inset of Fig. 1a). The crystallinity of Ge is also maintained, as shown in the XRD
spectra of Fig. S2. The crystal structure of Ge (inset of Fig. S2) is similar to diamond and Si
that belongs to a face-centered cubic system. A tiny amount of GeO: is observed in both pristine
and ball-milled samples, due possibly to the oxidation of Ge particles during the manufacture.
The electrochemical performance was evaluated by coin cells in two electrolyte systems.
In both electrolytes, representative carbonate solvents, i.e., a mixture of ethylene

carbonate/dimethyl carbonate (EC/DMC) (1:1 in volume), are adopted to be compatible with



practical applications. In addition to classic lithium hexafluorophosphate (LiPFes) salt, LIDFOB
salt is also employed to help build robust electrode/electrolyte interphases. An electrolyte
additive, LIDFOB salt has been demonstrated beneficial to the formation of electrochemical
stable cathodic electrolyte interphase (CEI) for working at a high voltage [23, 24], to the
construction of uniform SEI for smooth Li plating [25] and the stabilization of several
promising anodes [26-28]. Its effect in stabilizing alloy anodes accompanying high volume
expansion has yet to be explored. The voltage profiles of Ge anodes in LiDFOB electrolyte (1
M LiDFOB in EC/DMC) is shown in Fig. 1c. Two plateaus located at around 0.30 V and 0.16
V appear in the dQ/dV plot (inset of Fig. 1c) of the 1st discharge curve, giving rise to an
accumulative capacity of 1665 mAh g*. Accordingly, the 1st charge profile presents two
oxidation plateaus at 0.47 and 0.63 V, resulting in a charge capacity of 1299 mAh g*. It gives
an initial Coulombic efficiency of 78%. The plateaus become less visible in the 2nd cycle. A
sloping feature is observed in the discharge, while the two plateaus merge into one upon charge.
The voltage profiles of the following cycles resemble those in the 2nd cycle. It suggests two
distinct reaction paths in the initial cycle and the rest, which will be discussed later. The voltage
profiles in LiPFs electrolyte (1 M LiPFs in EC/DMC), as shown in Fig. 1d, are identical to
those in LIDFOB one, indicating the change of salt has a negligible effect on the phase
transition process. The initial Coulombic efficiency in LiPFs electrolyte has a slightly higher
value of 83%, as a reflection of the difference in the SEI formation with the two salts.

Both the structure of electrodes and the electrolyte significantly affect the cyclic
performance of microsized Ge anodes. In Fig. S3, the electrode made from a one-hour ball
milled sample undergoes a fast capacity fading. The capacity quickly decreases to 646 mAh g
Lin 50 cycles at a current density of 0.1 C. The stability is greatly improved for four-hour-
milled sample in LiDFOB electrolyte with slightly reduced particle size. A capacity of 1211

mAh g is attained after 200 cycles, accounting for 88% of its capacity in the 2nd cycle. It



signifies the importance of attaching the carbon additives to the surface of microsized particles,
which enhances the charge transfer and improves the cyclic stability. Surprisingly, the stability
in the traditional LiPFs electrolyte is much worse as shown in Fig. le. It has a similar capacity
of 1296 mAh g* in the 2nd cycle but only sustains for 70 cycles, after which a fast capacity
degradation occurs. The above observation is further confirmed in the long-cyclic tests at a
high current density of 1 C as shown in Fig. 1f. The cyclic stability is greatly improved with
the shift of electrolyte salt from LiPFs to LIDFOB. A capacity retention of 69% is obtained
after 300 cycles for the four-hour milled electrode. A fluctuation of Coulombic efficiency
occurs in around 50 cycles, which is ascribed to the corrosion of Li metal counter electrode as
proved by the optical image of the cycled Li electrode (Fig. S4). The Li corroded anode was
replaced by a fresh one for the cell with LIDFOB electrolyte at 70th and 200th cycle, as shown
in Fig. 1f. The efficiency recovers to over 99% with the replenished Li foil. Noteworthy that it
is not an obstacle in practical cells since metallic Li should be avoided in Li-ion full battery. In
comparison, the cell in LiPFs electrolyte has similar behaviors as that cycled at 0.1 C, which

exhibits a fast capacity fading after 30 cycles.
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Fig. 1. Morphology and electrochemical performance. (a), (b) SEM images of four-hour milled



electrodes with a histogram showing the distribution of Ge particle size in the inset of (a);
charge and discharge curves of four-hour milled electrodes in (¢) LiDFOB and (d) LiPFs
electrolytes with dQ/dV plots in the inset; cyclic performance of four-hour milled electrodes at

(e) 0.1 Cand (f) 1 C in LiDFOB and LiPFs electrolytes.

3.2. Structural and morphological evolution

To explore the reasons behind the variation of voltage profiles in the first two cycles, the phase
transformation of Ge was investigated by in-situ X-ray diffraction (XRD) measurement using
a Swagelok-type cell equipped with a Beryllium window as both a transparent X-ray window
and a current collector. The lithiation and de-lithiation process was conducted at a current
density of 0.1 C (corresponding to 160 mAh g). The voltage profiles and the representative
XRD patterns at different charge/discharge states were plotted in Fig. 2. Four reflexes at 27.3°,
45.3°, 53.8° and 66.1° presented in the fresh electrode are indexed to the (111), (220), (311)
and (400) planes of pristine Ge, respectively. There are not any clear changes until discharged
to 0.4 V, suggesting that the SEI formation is the major activity at the initial stage. The LiDFOB
salt decomposes at around 1.2 V, while the EC/DMC solvents degrade at around 0.8 V [28,
29]. Afterward, the intensities of Ge diffraction reflexes gradually weaken without the
appearance of new reflexes. It indicates the formation of amorphous LixGe in the second stage
of first discharge, in agreement with the previous study [30]. Once the voltage arrives at 0.1 V,
tiny reflexes at 20.2°, 23.4°, and 26.1° originating from LiisGes are observed. Their intensities
are significantly enhanced with continuous lithiation to 0.01 V, reflecting that the
crystallization of LiisGes from amorphous LixGe is the last step in the initial reduction. Upon
charging, the LiisGes phase rapidly disappears. Only a small reflex is left at 0.6 V, and no
crystalline phase presents when charged to 1.0 V. Out of our expectation, the reflexes of Ge

are not recovered even after full extraction of Li ions at 1.5 V. Therefore, the 2nd discharge



starts with amorphous instead of crystalline Ge, leading to distinct voltage profiles with 1st
cycle (Fig.1c and 1d). The amorphous state is almost maintained throughout the whole
discharge. Only one small reflex of LiisGes at 23.4° appears at the end of discharge, which
vanishes in the charging process and recovers to a disordered structure at 1.5 V. The gradual
amorphization of Ge during cycling is also confirmed by ex-situ XRD. The patterns after three

and fifty cycles in Fig. S5 indicate the absence of any crystallized phases.
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Fig. 2. Phase transition process. In-situ XRD patterns of the Ge electrode in LiDFOB

electrolyte in the first two cycles.

The above amorphization process would significantly affect the morphology of Ge
particles. The pulverization of particles is one of the primary reasons for the capacity fading of
alloy anodes. The morphology evolution of Ge is monitored by STEM to detect the internal
structure of particles. The pristine Ge has an intact form without any trace of cracks, indicating

the ball milling does not bring damage to the particles (Fig. 3a). The well-defined crystal
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lattices in high-resolution TEM (HRTEM) and sharp diffraction spots in selected area electron
diffraction (SAED) pattern in Fig. 3b reaffirm the high crystallinity of Ge particles before
cycling. After three cycles in both electrolytes, a great number of pores are produced inside the
particles (Fig. 3c and 3d). The porosity in the electrodes after 50 cycles is significantly
increased, and a flower-like morphology is captured after 300 cycles (Fig. 3e and 3g).
Compared to the electrodes cycled in LiPFs electrolyte (Fig. 3f and 3h), the development of
nanopores in LIDFOB one appears to be more prominent. Sufficient porosity plays a key role
in maintaining structural stability. With a quick pore growth, a porous Ge network is built in
LiDFOB electrolyte, providing free space for the volume swelling. In contrast, fracture of
particles occurs before adequate pores are generated when cycling in LiPFe electrolyte (Fig. 3f
and S6, label by yellow dashed curve). After 300 cycles, a considerable number of fragments
are observed, explaining the fast capacity degradation (Fig. 3h and inset, highlight in yellow

dashed circle).

Fig. 3. Microstructure evolution. (a) STEM and (b) HRTEM with SAED as inset images of the

pristine Ge; STEM images of Ge in LiDFOB electrolyte after (c) 3, (e) 50 and (g) 300 cycles;

STEM images of Ge in LiPFs electrolyte after (d) 3, (f) 50 and (h) 300 cycles.
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The formation of nanopores has been well observed in Ge nanowires, which includes
the emerging of vacancies during de-lithiation and their agglomeration into tiny voids. [17]
Therefore, pore development would largely rely on Li ion diffusivity. Electrochemical
impedance spectroscopy (EIS) is adopted to compare the Li ion diffusion coefficient in the two
electrolyte systems. Since the corrosion of Li metal occurs in the coin cell (Fig. S4), a three-
electrode system, as schematically shown in the inset of Fig. 4, is built up to avoid the
interference of the counter electrode. The EIS of the electrodes at different states, i.e., pre- and
post- cycles, are collected and shown in Fig. S7. The data are fitted using equivalent circuit
showing in the inset, where the response at high frequencies is generally ascribed to the fast
processes occurring at thin SEI layer, the reaction at medium frequencies is related to the charge
transfer at electrode/electrolyte interphase, and the points at low frequencies are associated
with the Warburg impedance [31, 32]. The values are summarized in Table S1 and S2 and
presented in Fig. 4 and S8. It shows that the Li diffusivity in the bulk region, according to
Warburg impedance, is quite close in the two electrolyte systems. It does not come as a surprise,
as the changing of salt in the electrolyte barely affects the phase transformation process. Instead,
it affects mostly on the SEI layer, and charge transfer through the interphase. Both the Rsi and
Rct are much reduced when shifting from LiPFs to LIDFOB electrolyte. Moreover, the two
values keep almost constant along with cycles in the LIDFOB system, while the ones in LiPFe
counterpart significantly increase after 30 cycles. Therefore, the sluggish process at the
interphases of LiPFs electrolyte restricts the rapid extraction of Li ions from creating sufficient

voids for fast pore development.
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Fig. 4. The resistance of the electrodes. Rsi and Rct values of Ge electrodes after different
cycles in LiDFOB and LiPFs electrolytes. Schematic of the three-electrode system and the

equivalent circuit for the EIS fitting are given in the insets.

3.3. Resolving the structure of SEI

To gain insights into how the salt of electrolyte modifies the interphase, X-ray photoelectron
spectroscopy (XPS) was applied on the Ge electrodes after three cycles to investigate the
chemical species in SEls. Binding energies were calibrated using the C 1s at 284.8 eV,
representing C=C bonds. The results indicate the SEI consists of organic alkyl carbonates and
inorganic constituents. Deconvoluted XPS spectra of C 1sand O 1s in Fig. S9a and S9b suggest
the organic species for the SEIs formed in both electrolytes are akin, which consists of mainly
lithium alkyl carbonates ROCO:L.i [33], but different inorganic components are observed in F
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1s spectra (Fig. S9c). While Li2COs-like particles are found in both the cases, rich LiF species
are presented in the one cycled in LIDFOB electrolyte, which is thought to be beneficial to
improving the ionic conductivity [25].

Apart from the compositions, the distribution and morphology of the components
would also affect the ionic conductivity of SEI. The beam-sensitive nature of SEIs makes it
challenging to give a close examination, a recently developed cryo-TEM is adopted to resolve
the nanostructures [34]. After three cycles in both electrolytes, the particles are encapsulated
in a thick SEI layer of tens of nanometers (Fig. S10 and S11). The SEI in LiDFOB electrolyte
is amorphous without any trace of crystalline structures being observed under HRTEM and
SAED (Fig. S10b and S10c). For the case in LiPFs electrolyte, the HRTEM image in Fig. S11c
shows that the SEI has an amorphous matrix comprised of organic carbonates. Both HRTEM
and SAED (Fig. S11b inset) suggest the presence of polycrystalline particles in the SEI.
According to the characteristic d-spacings, the crystals could be assigned to Li-CQOs, which is
consistent with XPS results. The contrast becomes more apparent in the samples after 50 cycles
(Fig. 5a-5f). The one in LIDFOB electrolyte shows a decrease in the crystallinity. A full
amorphous structure is captured in SAED (Fig. 5b and 5c¢). The restriction of the crystallization
and growth of inorganic particles resides in the capping effect of LIDFOB, due to the presence
of oxalate groups [25]. In contrast to it, the crystallinity of inorganic particles is well preserved,
but the size of Li2COs (circled in Fig. 5f) grows slightly larger in the SEI of the electrode cycled
in LiPFs electrolyte, as compared to the samples after 3 cycles (Fig. S11c). The poor
crystallinity of inorganic components in the SEI under LiDFOB electrolyte is partly responsible
for the enhanced ionic conductivity. A similar phenomenon is observed in the SEI formed in
Na-ion batteries [13] and also reported on Li202 case [35], whose ionic conductivity could be
improved by twelve orders of magnitude through amorphization. Another factor, which may

affect the Li ion conductivity of the SEI, is the homogeneity. The elemental distribution is
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mapped by cryo-EELS. It shows a homogeneous composition in both electrolytes (Fig. 5g and
S12). Therefore, the nature of the inorganic components and their crystallinity play vital roles

in the ionic conductivity at the interphase, which controls the development of the pores during

cycling.

Fig. 5. Composition/nanostructure of SEIs after 50 cycles probed by cryo-TEM. (a-f) High-

angle annular dark-field (HAADF) STEM and TEM images of SEIs in (a-c) LiDFOB and (d-
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f) LiPF¢ electrolytes with SAED as insets in (b, €). Note that (c¢) and (f) are the enlarged
HRTEM images for the SEI layer region. (g) HAADF-STEM image, EELS mapping with the

averaged composition SEIs in LiDFOB electrolyte.

3.4. Full cell evaluation

A Li-ion full cell is constructed to demonstrate the feasibility of the practical application of a
Ge anode and the compatibility of LiDFOB electrolyte with a cathode. A commercially
available LiCoO: is adopted as the cathode. It shows a stable capacity of 135 mAh g* with an
average discharge voltage of 3.89 V (Fig. S13). Coupling with a Ge anode, a 3.34 V class LIB
would be obtained (Fig. 6a). Fig. 6b presents the charge and discharge curves at the first three
cycles of the LiCoO2-Ge full cell in LIDFOB electrolyte. The cell has an initial charge capacity
of 161 mAh g%, but only 126 mAh g is recovered in the discharge owing to the consumption
of Li ions during SEI formation on the Ge anode surface. The discharge profiles resemble those
of the initial one in the subsequent cycles, indicative of the reversible insertion/extraction
process. Under the traditional LiPFs electrolyte, the full cell has analogous voltage profiles,
suggesting variation of salt does not change the electrochemical reactions (Fig. S14).
Nevertheless, the full cell using LiDFOB delivers much better cyclic stability. A high residual
capacity of 106 mAh g after 100 cycles is obtained based on LiCoO: with the areal loading
of ~5.9 mg cm2, corresponding to a capacity retention of 84%, as shown in Fig. 6¢. The results
verify that LIDFOB electrolyte is fully compatible with a commercial cathode, while

possessing significant advantages in stabilizing the anodes.
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Fig. 6. Full cell examination. (a) Illustration of the full cell operation by adopting the charge
and discharge curves of half Ge and LiCoO:z cells, respectively; (b) charge and discharge curves
of a full Ge-LiCoO:z battery in LiDFOB electrolyte; (¢) cyclic performance of full Ge-LiCoO:2

batteries in LIDFOB and LiPFs electrolytes.

4. Conclusions

Tuning the microstructure of alloy anodes is essential for providing sufficient free space to
accommodate the volume expansion. Rather than design a porous electrode, we utilize the
pores generated during the de-lithiation process to stabilize the Ge anode. It reveals the
microstructure evolution is closely related to the SEI. The replacement of classic LiPFs salt by

LiDFOB leads to the formation of unique SEI, consisting of amorphous inorganic particles
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embedded in the organic matrix. Such a structure significantly improves the ionic conductivity
at the interphase, assisting the development of abundant nanopores as demonstrated by the
STEM. As a consequence, the Ge anode sustains a capacity of 1211 mAh g after 200 cycles,
even with a microsized particle of 1.4 um on average. Application-wise, the strategy adopted

here is fully compatible with a full cell, thus promoting the application of microsized Ge anodes.
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