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a b s t r a c t

Silicon-based materials have been considered as the promising anode candidates for next-generation
high-energy-density lithium-ion batteries (LIBs). However, their widespread application is unfortu-
nately restricted by severe volume variations during cycling and poor electronic conductivity. To over-
come these challenges, we showcase an innovative design of dual core�shell structured Si-based
nanocomposites working as anode for LIBs with boosted performance, where the Si nanoparticle core is
tightly wrapped by a mixed lithium phosphate (Li3PO4/Li4P2O7) shell and void-preserving F-doped car-
bon shell (denoted as Si@LPO@void@FC). For such novel structured composite, the inner L3PO4/Li4P2O7

layer acting as artificial solid-electrolyte interphase (SEI) and the outer void-preserving F-doped C can
effectively tolerate the volume changes while ensuring the stability of SEI layer, facilitate the Liþ

migration and electron transfer, and reinforce the structural stability during cycling. Consequently, the
as-fabricated Si@LPO@void@FC anode exhibits a reversible capacity of 569 mAh/g after 500 cycles at 1 A/
g, and an exceptional long-term cycling stability with 76% capacity retention over 1000 cycles at 4.0 A/g
can be achieved. Additionally, the full cell assembled with Si@LPO@void@FC anode and LiFePO4 cathode
also demonstrates a good cycling performance with 117 mAh/g at 1 C for over 150 cycles with 92% ca-
pacity retention, suggesting the potentiality for practical application. Furthermore, the mechanisms of
the enhanced structural stability of Si@LPO@void@FC anode are carefully elaborated by substantial in
situ/ex situ microscopic techniques and electrochemical tests. It is expected that our findings in this work
can provide guiding significance for improving the cycling performance of Si-based composite anodes
toward high-performance LIBs.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction identified as a prime alternative to the commercial graphite anode
Owing to the conspicuous merits of extremely high theoretical
capacity (3579 mAh/g), appropriate working potential (~0.4 V vs
Liþ/Li) and abundant reserves, the silicon (Si) anode has been
hang), mswang@xmu.edu.cn
for high-energy-density lithium-ion batteries (LIBs) [1,2]. Never-
theless, the Si anode is usually subjected to huge volume variations
during cycling (~300%) [3], leading to the occurrence of cracking
and pulverization of Si particles (>150 nm) [4] associated with
uncontrolled growth of solid-electrolyte interface (SEI) [5], even-
tually, unsatisfied low Coulombic efficiency (CE) and fast capacity
degradation are produced. To tackle this challenge, tremendous
efforts have been devoted to prolong the lifespan of Si-based an-
odes [6e8]. For example, reducing the size of Si to nanoscale has
been shown to mitigate its pulverization, and thus better cycling
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performance can be obtained [9e11]. However, the nanostructured
Si with large specific surface area normally has more serious
parasitic electrolyte decomposition reactions, giving rise to lower
initial Coulomibic efficiency (ICE) [12]. Generally, it is believed that
the addition of fluoroethylene carbonate (FEC) or vinylene car-
bonate (VC) in electrolyte is favorable for reducing the side re-
actions and constructing robust SEI on nanostructured Si with
enhanced ICE and cycling stability [13]. Besides, the introduction of
an artificial SEI layer into nanostructured Si can prevent the direct
contact between Si and electrolyte, which has proven to be an
effective strategy for alleviating the uncontrol growth of SEI to
achieve better capacity retention [14e16].

By virtue of high ionic conductivity (4.5 � 10�7 S/cm), broad
electrochemical window (0e4.7 V vs. Liþ/Li) [17] and excellent
mechanical property (shear modules, 103.4 GPa) [18], lithium
phosphate (Li3PO4) working as mechanically robust artificial SEI
has been adopted as stable interfacial layers in Si or Li metallic
anode [18e20]. Accordingly, the unfavorable reaction between
electrodes and the electrolyte can be restrained and the Liþ trans-
port can be accelerated by the introduction of lithium phosphate.
Additionally, the volume changes of Si anodes can be ameliorated
during cycling [21], which makes great contributions to the
enhanced rate and cycling performance. Moreover, it has been
demonstrated that the mixed lithium phosphate of Li4P2O7/Li3PO4
composites with good mechanical characteristics can exhibit
higher ionic conductivity than that of single phase Li3PO4 and
Li4P2O7 [22], such composites are considered as appealing candi-
dates for artificial SEI layer in high-capacity LIB anodes. Although
the above-mentioned strategies can enhance the cycling perfor-
mance of Si anode, its low intrinsic electronic conductivity is
detrimental for the limited rate performance [7]. Surface coating of
conductive carbonaceous materials with Si, forming Si/carbon
composite has been demonstrated to boost the rate performance
and cycling stability, which is attributed to the high electrical/ionic
conductivities and high mechanical strength of carbonaceous ma-
terials [23,24]. However, only coated with conductive carbon layer
can normally bear the huge volumetric stress induced by the
repeated lithiation/delithiation of Si to a limited extent, resulting in
the structural and interface instabilities and subsequent capacity
fade during prolonged cycling [19]. In this regard, innovative stra-
tegies with the combination of artificial SEI design and surface
carbon modification on Si-based anodes to simultaneously achieve
the desirable high-rate capability and long-term cycling stability
are thus particularly desirable. Notably, the research on the effects
of integrating the Li4P2O7/Li3PO4 coating with carbon decoration
for Si anode to realize significant improvement in LIB performance
has not been reported.

Herein, we showcase an innovative design of core�dual shell
structured Si-based nanocomposite, in which the Si nanoparticle
core is tightly wrapped by a dual of mixed lithium phosphate
(Li3PO4/Li4P2O7) and void-preserving F-doped carbon (denoted as
Si@LPO@void@FC) working as anode for boosting LIB performance.
In order to realize the enhanced performance, such ingenious
design endows the resultant anode exhibiting the following
attractive features: (i) the continues reaction between Si and
electrolyte can be inhibited by the inner Li3PO4/Li4P2O7 (LPO) layer
and its huge volume change can be accommodated during cycling,
as evidenced by in situ transmission electron microscopy (in situ
TEM) observations; (ii) the in situ reserved voids between LPO and
FC shell render space for further buffering the volume expansion of
Si; (iii) the outer FC shell facilitate the electron/ion transportation
and reinforce the structural stability during cycling. As a result, the
as-prepared Si@LPO@void@FC anode shows superior lithium stor-
age property in terms of high reversible capacity (569mAh/g at 1 A/
g after 500 cycles), exceptional long-term cycling performance (76%
2

capacity retention, 1000 cycles at 4 A/g) and high-rate capability.
Furthermore, the full cell fabricated by Si@LPO@void@FC anode and
commercial LiFePO4 cathode can deliver desirable durability
(117 mAh/g after 150 cycles with 92% capacity retention). Addi-
tionally, the mechanisms of enhanced cycling performance are
explicitly revealed through electrochemical tests, in situ TEM
observation and ex situ microscopic techniques. It is expected that
this work can provide important insights into constructing stable
Si-based composite anodes for the realization of high-performance
LIBs.

2. Results and discussion

The synthesis procedure of Si@LPO@void@FC is illustrated in
Fig. 1a. First, the commercialized Si nanoparticles (Si NPs) and
lithium acetate (LiAc) were added into deionized (DI) water under
magnetic stirring. Second, the phytic acid (PA) and polytetra-
fluoroethylene (PTFE), acting as phosphorus source and carbon
source, were added into the above solution. After freezingedrying,
the obtained precursor powders were sintered under argon pro-
tection to form the Si@LPO@void@FC composite. For comparisons,
three samples with different amount of commercial Si NPs (45 mg,
60 mg, and 90 mg) were fabricated and denoted as Si@LPO@-
void@FC1, Si@LPO@void@FC2 and Si@LPO@void@FC3, respectively.
Herein, the formation of voids can be ascribed to the different
decomposition temperatures between LiAc, PA and PTFE [25e27].
Before carbonization process of PTFE, the decomposition of LiAc
and PA was associated with the release of small molecular, and the
formation of void-preserving structure was facilitated, which was
similar to the previous reported works [28,29].

The detailed morphology and microstructure characteristics of
as-prepared Si@LPO@void@FC were observed by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
Compared with the pristine Si NPs (Fig. S1 a-c), the Si@LPO@-
void@FCwerewell covered by LPO and void-preserving FC with the
decoration of small particles, as depicted in Fig. 1b and c. As shown
in Fig. 1d, it is evident that there are several reserved voids in
Si@LPO@void@FC, indicating the feasibility of constructing void-
preserving structure by utilizing the different decomposition
temperature of precursor. The diffraction spots belonging to Li3PO4,
Li4P2O7 and the diffraction rings corresponding to Si can be
detected in the selected area electron diffraction (SAED) patterns of
Si@LPO@void@FC (Fig. 1e), respectively. The distribution of Si,
Li3PO4 and Li4P2O7 can be further confirmed by high-resolution
TEM (HRTEM), the relevant lattice fringes in Fig. 1f can be deter-
mined as 0.379, 0.314 and 0.318 nm (Fig. 1f1, 1f2 and 1f3), corre-
sponding to the lattice spacing of Li3PO4, Si and Li4P2O7,
respectively. These experimental results demonstrates that the Si
NPs are well wrapped by the mixture of Li3PO4 and Li4P2O7.
Meanwhile, the lattice fringes of anchored particles on FC as
marked in Fig. 1g with a spacing of 0.264 nm and 0.398 nm can be
indexed to the (220) and (120) planes of Li3PO4 (Fig. 1g1, g2), which
are consistent with the FFT patterns of anchored nanoparticles
(Fig. S2). Furthermore, in order to demonstrate the generality of
this method to form this novel structure, we replace LiAc with
CH3COONa (NaAc) as precursor, which possesses relative low
decomposition temperature (~324 �C), and other experimental
conditions were controlled as the same. Accordingly, voids can also
be found in the product, as shown in Fig. S3a. This result suggests
that other acetate materials could also be used for generating the
voids. However, it should be noted that the thermal stability of
carbon source is crucial to introduce voids. When polyvinylidene
fluoride (PVDF) as carbon source is employed, which has lower
pyrolyzing temperature (~316 �C) than PTFE (~415 �C), no void can
be observed in the product, as shown in Fig. S3b.



Fig. 1. (a) Schematic diagram of the fabrication process of Si@LPO@void@FC2 composite. (b, c) SEM images, (d) TEM image, (e) SAED pattern of as-prepared Si@LPO@void@FC2
sample. (f) HRTEM image of the edge region of sample, (f1, f2, f3 are the inverse FFT images of selected area). (g) HRTEM image of anchored nanoparticles (g1, g2 are the inverse FFT
images of selected area).
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To further understand the phase constituents of Si@LPO@-
void@FC, X-Ray diffraction (XRD) measurement was conducted, as
shown in Fig. 2a. Diffraction peaks belonging to Li3PO4 and Li4P2O7
can be detected in the XRD patterns, which are in good agreement
with the TEM analysis. Moreover, three strong diffraction peaks
located at 28.4�, 47.3� and 56.1� can be assigned to the (111), (220)
and (311) facets of Si, respectively. The LPO in sample is most likely
originated from the reaction between LiAc and PA, since Li3PO4 and
Li4P2O7 phases can be obtained when directly thermal treated LiAc-
PA mixture (Fig. S4). Furthermore, the chemical compositions of
Si@LPO@void@FC2 were investigated by X-ray photoelectron
spectroscopy (XPS) measurements. As shown in Fig. 2b, the XPS full
spectrum reveals the presence of F, O, C, P and Si elements in the
sample. The high-resolution spectra of P 2p (Fig. 2c) exhibits two
strong characteristic peaks at 134.2 and 135.1 eV, respectively,
which can be assigned to PeO bond that derived from Li3PO4 and
Li4P2O7 [30e32]. Besides, a strong peak located at 531.9 eV in the
high-resolution spectra of O 1s (Fig. 2d) can be assigned as the PeO
bond as well [32]. Another peak in the O 1s spectrawhich located at
533.7 eV can be ascribed to SieO bond, consistent with the high-
resolution spectra of Si 2p (Fig. S5a). It should be noted that the
signal of SieO is probably derived from the naturally formed SiO2

on the surface of Si NPs, which is commonly observed in reported
3

results of Si anodes [33,34]. For the C 1s spectra, as shown in Fig. 2e,
the peak at 284.8, 285.3, 287.4 and 289.6 eV can be assigned to CeC/
C¼C, CeO, CeF and O¼CeO, respectively [35,36]. Moreover, in the F
1s spectra (Fig. S5b), the peak at 688.1 eV also confirmed the ex-
istence of CeF configuration [35e37]. Additionally, the signal of Li
1s can be detected due to the formation of LPO layer (Fig. S5c).
Thermo-gravimetric analysis (TGA) was further applied to clarify
the content of FC in Si@LPO@void@FC, as shown in Fig. 2f. The mass
fraction of FC is calculated to be 14.88 wt %. The Raman spectrum of
Si@LPO@void@FC exhibits strong signal of Si, and the D band
(~1346 cm�1) and G band (~1586 cm�1) representing the vibration
of disordered carbon and graphitic carbon are clearly observed. The
ratio of ID/IG is determined as 0.986, indicating the high graphitic
degree of carbon shell in the sample. In addition, high-angle
annular dark-field (HAADF) scanning TEM (STEM) and elemental
mappings of Si@LPO@void@FC2 give the evidences for the existence
of the Si, C, P, O and F in as-prepared sample (Fig. 2g). The signal of P
(Fig. 2g1), O (Fig. 2g2) and C (Fig. 2g4) are uniformly distributed on
the surface of Si NPs (Fig. 2g3), suggesting that the Si NPs are well
wrapped by Li3PO4/Li4P2O7 and FC. According to energy dispersive
spectra (EDS) of Si@LPO@void@FC2 (Fig. 2h), the mass fractions of
Si, C, P, O and F atoms are determined as 39.46%, 20.17%, 2.02%,
37.53%, 0.83%, respectively. Besides these elements, the signal of Cu



Fig. 2. (a) XRD patterns of Si@LPO@void@FC composites. (b) Full-scale XPS spectrum, high resolution XPS spectra of (c) P 2p, (d) O 1s and (e) C 1s, respectively. (f) TG pattern of
Si@LPO@void@FC2. (g) HADDF image and the corresponding elemental mappings of (g1) P, (g2) O, (g3) Si, (g4) C and (g5) F. (h) EDS analysis of Si@LPO@void@FC2 and the corre-
sponding elemental contents.
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was also detected in EDS, which is originated from Cu grids. In
addition, the EDS results of Si@LPO@void@FC1 and Si@LPO@-
void@FC3 are acquired as well (Fig. S7a-b) and the mass ratios of Si
and P for the three samples are presented in Table S1.

To evaluate the effects of LPO and void-preserving FC on the
electrochemical performance of Si-based anodes, the related elec-
trochemical performance testing was carried out. For comparison,
as-obtained commercial Si anodewas tested as well. First, the cyclic
voltammetry (CV) tests were conducted to explore the reaction
mechanism of Si@LPO@void@FC2 anode (Fig. 3a). Two cathodic
peaks located at 0.18 V and near 0.005 V can be detected, which is
related to the alloying process of Si. As for the delithiation process,
two anodic peaks at 0.38 and 0.52 V can be clearly seen, corre-
sponding to the phase transformation process of LixSi. These results
are in good agreement with the previous work [38]. Apart from the
peaks as mentioned above, other cathodic and anodic peaks can be
neglected, suggesting that the LPO layer cannot participate the
reactions during cycling.

Fig. 3b presents the galvanostatic charge-discharge profiles of
the Si@LPO@void@FC2 electrode at 1 A/g. During the first cycle, the
4

initial discharge and charge capacities of the electrode reach 936.1
and 767.2 mAh/g, respectively, corresponding to an ICE of 81.9%.
The capacity loss in the first cycle is highly related to the electrolyte
decomposition and the formation of SEI layer. During the second
cycle, a relatively stable SEI is generated and the CE is rapidly
increased to 89.1% with the discharge/charge capacities of 806.3
and 718.1 mAh/g. Subsequently, the charge-discharge profiles
remain stable, suggesting that a good cycling stability can be ob-
tained. Fig. 3c shows the cycling performance of three as-prepared
Si@LPO@void@FC anodes at 1 A/g. Due to the protection of con-
structed artificial SEI of LPO and FC, all the three electrodes present
superior cycling performance to that of bare Si anode (Fig. S8 a-c).
The cycling stability and reversible capacity of Si@LPO@void@FC
anodes are found to strongly dependent on the content of LPO.
Although the Si@LPO@void@FC3 presents higher initial discharge
capacity (920.7mAh/g) than that of Si@LPO@void@FC1 (424.6 mAh/
g) and Si@LPO@void@FC2 (605.5 mAh/g), the reversible capacity
faded much faster, only 70% capacity retention is retained after 500
cycles at 1 A/g. In contrast, the Si@LPO@void@FC1 and Si@LPO@-
void@FC2 anodes exhibit superior cycling stability with the capacity



Fig. 3. Electrochemical properties in half cell. (a) CV curves of as-assembled half-cell at the scan rate of 0.1 mV/s. (b) Discharge-charge curves, (c) cycling performance of Si@L-
PO@void@FC anodes at 1 A/g. (d) Charge-discharge profiles at various current densities and (e) rate performance. (f) EIS of Si@LPO@void@FC2 before and after different cycles at 4 A/
g. (g) Long-term cycling performance of Si@LPO@void@FC2 anode at 4 A/g. (h) Comparisons of the capacity retention of Si@LPO@void@FC2 anodes with those of previously reported
Si-based anodes [19,39e47]. (i) CV curves of Si@LPO@void@FC2 with the increasing scan rates from 0.1 mV/s to 1.0 mV/s. (j) Capacitive contribution ratios in Si@LPO@void@FC2 at
different scan rates.
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retention reaching 88% and 94% after 500 cycles, respectively.
Fig. 3d presents the galvanic charge-discharge profiles of Si@L-
PO@void@FC2 at different rates, apparently, a good rate capability
can be obtained. Fig. 3e shows the comparisons of the rate per-
formance of three Si@LPO@void@FC anodes. Obviously, the Si@L-
PO@void@FC3 exhibits the highest capacity of 1180, 999, 861, 702,
584, 509 mAh/g as compared to Si@LPO@void@FC1 (774, 599, 509,
406, 335, 294 mAh/g) and Si@LPO@void@FC2 (944, 805, 673, 523,
428, 372mAh/g) at various current densities of 0.2, 0.5, 1, 2, 3, 4 A/g.
When the current density is reduced to 0.2 A/g, the
5

Si@LPO@void@FC1 and Si@LPO@void@FC2 anodes show higher
capacity recover as compared to Si@LPO@void@FC3. In this regard,
the achieved cycling performance and reversible capacity should be
considered, and thus the Si@LPO@void@FC2 with middle content of
Si, is regarded as the most promising anode candidate. Additionally,
in order to understand the role of F-doped carbon layer (denoted as
bare FC), control experiment was conducted by directly pyrolyzing
PTFE. Fig. S9 exhibits the morphology and composition of bare FC,
and the EDS result shows that the bare FC is mainly composed of C,
F and O. As for the electrochemical performance of bare FC
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(Fig. S10), it shows extraordinary cycling stability with low specific
capacity (184.9 mAh/g after 500 cycles at 1 A/g with 89% capacity
retention and 119 mAh/g after 1000 cycles at 4 A/g with 85% ca-
pacity retention). However, benefiting from its high intrinsic elec-
tronic conductivity, bare FC exhibits superior rate performance.
Thus, the capacity contribution of Si@LPO@void@FC is mainly
originated from Si, and the coated F-doped carbon layer is benefi-
cent to the fast reaction kinetics. Moreover, the improved kinetics
of the Si@LPO@void@FC2 is confirmed by the electrochemical
impendance spectroscopy (EIS) tests (Fig. 3f and Fig. S11a). As
compared to the bare Si anode (Fig. S11b), the Si@LPO@void@FC2
exhibits lower charge-transfer resistance (fitted based on the
equivalent circuit in Fig. S11c) before and after cycling, suggesting
the importance role of LPO and FC coating that makes great con-
tributions to the enhanced reaction kinetics.

The long-term cycling performance of three Si@LPO@void@FC
anodes were evaluated, as shown in Fig. 3g and Figs. S12aeb. Due to
the syngenetic effects of LPO layer and void-preserving FC, the
Si@LPO@void@FC2 anode can deliver a high specific capacity of
400 mAh/g even after 1000 cycles at high current density of 4 A/g
with 76% capacity retention (Fig. 3g). This cycling performance is
superior to several previously reported results of Si-based anodes
as summarized in Fig. 3h and Table S2 [19,39e47]. In contrast, the
Si@LPO@void@FC1 and Si@LPO@void@FC3 can deliver specific ca-
pacities of 342 and 425 mAh/g after 1000 cycles with 90% and 64%
capacity retention, respectively (Figs. S12aeb).

In order to reveal the kinetic mechanism of Si@LPO@void@FC2
anode, the CV curves at various scan rateswere applied (Fig. 3i). The
Liþ storage mechanism of electrode can be analyzed according to
the equation of i ¼ avb, where i and v represent the value of peak
current and scan rate, respectively. When the b value is close to 0.5,
indicating that the diffusion-controlled mechanism plays a domi-
nated role.When the b value approaches 1.0, suggesting that the Liþ

storage mechanism of electrode can be attributed to a capacitive-
controlled process. In present case, the b value can be determined
as 0.61 (Fig. S13), demonstrating that the diffusion-controlled Liþ

storage mechanism is responsible for Si@LPO@void@FC2 anode.
Additionally, the capacitive contribution ratio at the high scan rate
of 1 mV/s is still below 50% (Fig. 3j), further indicating that it be-
longs to a diffusion-dominated reaction process.

To demonstrate the structural stability during cycling, in situ
TEM observations were conducted to visualize the live lithiation/
delithiation process of Si@LPO@void@FC anode, and the schematic
diagram of in situ TEM equipment is depicted in Fig. S14, as re-
ported in previous works [48,49]. Once the Si@LPO@void@FC2
electrode contacts with Li/Li2O end, a biasing voltage (3 V/�3 V) can
be applied to initiate the lithiation/delithiation process, as pre-
sented in the time-lapse TEM images (Fig. 4aec) captured from
Movie S1. The electrode undergoes volume expansion immediately
upon lithiation, indicating that the LPO layer possess sufficient ionic
transport pathways. After full lithiation, the diffraction spots of Si in
pristine sample (Fig. 4e) cannot be detected, whereas new patterns
of Li22Si5 phase are generated in the SAED patterns of lithiated
Si@LPO@void@FC2 (Fig. 4g), suggesting that the complete alloy
reaction occurs between Si and Liþ. Meanwhile, the diffraction
patterns of Li3PO4 and Li4P2O7 can be still observed in the SAED
patterns of lithiated sample, indicating that LPO is not involved in
the reactions during the whole lithiation process. This phenome-
non is consistent with the results of CV tests. Interestingly, the
Si@LPO@void@FC2 electrode remains its intrinsic structure well
during the whole lithiation process with negligible mechanical
damage. In contrast, during the delithiation process, the lithiated
Si@LPO@void@FC2 electrode is accordingly shrunk (Fig. 4d). It
should be emphasized that the Si@LPO@void@FC2 electrode can be
expanded and shrunk reversibly without observable mechanical
6

degradation in multiple lithiation/delithiation cycles (Fig. 4hek),
suggesting that the robust structure can be produced. Fig. 4f pre-
sents the dimension evolution of three particles (as marked in
Fig. 4a). Even after five cycles, the active Si nanoparticles are
expanded from 486, 279, 506 nm to 742, 367, 718 nm, respectively,
with the average expansion ratio of 42% compared with initial 2D
projected area. Note that the as-marked particles represent the
aggregation of Si nanoparticles with LPO protection rather than the
single Si nanoparticle, because the diameter of commercial Si par-
ticle is much smaller than that of the as-marked nanoparticles
(Fig. S1). Fig. 4l-p and Movie S2 display the evolution of voids
during lithiation/delithiation cycling. As shown in Fig. 4q, it can be
found that the void is gradually filled to buffer the volume expan-
sion during lithiation and can partly recover during delithiation.
The above factors can be collectively beneficent for ameliorating
the volume variations and reinforcing the structural stability dur-
ing cycling, which are favorable for the enhanced long-term cycling
stability. In contrast, as shown in Fig. S15a-d and Movie S3, the
commercial Si NPs electrode is subjected to extremely large volume
expansion, leading to fatal mechanical fracture. Although, the Si
NPs are slightly shrunk during the delithiation process (Fig. S15e-
h), the presence of cracking can be found in the bare Si nano-
particles electrode. This result clearly indicates that bare Si without
surface coating suffers from significant volume change with
remarkable mechanical degradation, eventually leading to fast ca-
pacity decay.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.mtnano.2023.100322.

To further disclose the structural evolution of Si@LPO@-
void@FC2 and bare Si nanoparticles anodes after long-term
cycling, both the ex situ TEM and SEM observations were con-
ducted. Fig. 5a and c exhibit the SEM images of Si@LPO@void@FC2
and bare Si electrode before cycling, respectively. Both the Si@L-
PO@void@FC2 and Si anodes show similar morphologies without
observable cracking at low magnification. However, the apparent
cracking begins to form only after 10 cycles at the current density
of 4 A/g (Fig. S16b) for bare Si anode, and it becomes larger with
the prolonged cycling (Fig. S16d and Fig. 5d). Impressively, no
observable mechanical damage such as cracking can be found in
Si@LPO@void@FC2 electrode after 100 cycles (Fig. S16a and b).
Even after 500 cycles, only slight cracking can be observed
(Fig. 5b). Furthermore, the Si NPs can be easily identified by the
STEM observation and its corresponding EDS mappings of cycled
Si@LPO@void@FC2 electrode (Fig. 5eej). And, the signals of P, C, O
and F elements uniformly distributed around Si NPs (Fig. 5gej),
confirming the structural stability can be achieved. Fig. 5k pre-
sents the EDS results of cycled Si@LPO@void@FC2 anode. It dem-
onstrates that the contents of P and F are higher than those of
pristine sample, which are probably originated from the electro-
lyte and SEI layer. For SAED patterns of cycled Si@LPO@void@FC2
(Fig. S17), the diffraction spots of Si, Li3PO4 and Li4P2O7 can be
detected as well, elucidating that the LPO layer still plays an
important role in preventing Si from being fractured after long-
term cycling. In contract, without the protection of LPO, isolative
Si NPs cannot be easily distinguished after 500 cycles (Fig. S18),
which is ascribed to the mechanical damage and continued reac-
tion between electrolyte with Si. These results clearly reveal that
the dual shell of LPO and void-preserving FC on Si can bring about
significant benefits for accommodating the large volume changes
of Si while ensuring stable SEI, giving rise to superior long-term
cycling stability. Based on the experimental results as discussed
above, the schematic diagram of structural evolution for com-
mercial Si anodes and Si@LPO@void@FC2 are illustrated in Fig. 5l,
suggesting that the advantageously structural design is favorable
for achieving the stable Si anode.

https://doi.org/10.1016/j.mtnano.2023.100322


Fig. 4. In situ TEM characterization of Si@LPO@void@FC2 anodes. (aed) Time-lapsed TEM images of the initial cycle process for Si@LPO@void@FC2 anode. SAED patterns (e) before
and (g) after lithiation. (f) The dimension changes of three particles (marked particles in TEM image). (hek) The morphology evolution of Si@LPO@void@FC2 anode during the
second and fifth cycles. Void evolution during (len) lithiation process and (o, p) delithiation process. (q) Histogram of the dimension evolution of void during cycling.
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In order to evaluate the feasibility for practical application, a full
LIB cell consisting of Si@LPO@void@FC2 anode and commercial
LiFePO4 cathode is assembled as shown in Fig. 6a. This full cell can
easily light up the 32 XMU (Xiamen University) logo of the red LED
array (Fig. 6b). Besides, it exhibits a superior cycling stability,
delivering a high reversible capacity of 117 mAh/g with 92% ca-
pacity retention after 150 cycles at 1 C (Fig. 6c and d), out-
performing several reported full cells assembled with Si-based
anodes (Fig. 6e) and holding promise for practical applications.
7

3. Conclusions

In summary, we have proposed the successful design and syn-
thesis a core� dual shell structured Si@L3PO4/Li4P2O7@void@FC
multicomponent anode for boosting the LIB performance. The core
of Si NP ensures high-capacity, while the interiormechanical robust
L3PO4/Li4P2O7 shell and exterior void-preserving F-doped C shell
can bring about significant benefits for accommodating volume
changes, upgrading the Liþ/e� transport kinetics and reinforcing



Fig. 5. Morphologies and compositions of Si@LPO@void@FC2 anodes after cycling. SEM images of (a) pristine, (b) cycled Si@LPO@void@FC2, (c) pristine, (d) cycled commercial Si
anode. (eej) HAADF image and corresponding elemental mappings of Si@LPO@void@FC2 anode after 500 cycles. (k) EDS analysis of cycled Si@LPO@void@FC2 anode and the
corresponding elemental mass fraction. (l) Schematic diagram of the structural evolution of commercial Si and Si@LPO@void@FC2 anodes during cycling.
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structural stability. Using in situ/ex situ TEM observations with the
combination of ex situ SEM observations, it reveals that the volume
expansion of Si NPs can be effectively accommodated by beneficial
effects form void-preserving F-doped C and LPO layer. Besides, the
overall electrode structure of Si@LPO@void@FC is sufficiently
robust without observable mechanical degradation during cycling,
which makes great contributions to long-term cycling stability.
Accordingly, the as-obtained Si@LPO@void@FC2 anode delivers a
high reversible capacity of 569 mAh/g at 1 A/g after 500 cycles, and
a superior long-term stability over 1000 cycles at high current
density of 4 A/g with 76% capacity retention can be achieved.
Impressively, when paired with a commercial LiFePO4 cathode, the
full cell also displays the favorable cycling stability (117 mAh/g, 1C
8

for over 150 cycles with 92% capacity retention). As excepted, this
work can provide insights into the development of stable Si-based
composite anodes by taking the advantage of artificial SEI design
and void-preserving carbon modification strategy. It also offers the
opportunities for the design of other electrode materials that nor-
mally undergo large volume change with enhanced performance.

4. Experimental section

4.1. Synthesis of Si@LPO@void@FC and bare FC was purchased

In a typical synthesis process, 33 mg CH3COOLi was dissolved in
DI water. Then a certain amount of commercial Si NPs (with the



Fig. 6. (a) Schematic illustration of the full cell. (b) Photograph of the “XMU” logo consists of LEDs lighted up by as-assembled full cell. (c) Charge-discharge profiles and (d) cycling
performance of full cell at 1C. (e) Capacity retention comparison between this work with other full cells assembled with Si-based anode materials [33,45,46,50e56].
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contents of 45 mg, 60 mg and 90 mg, which was purchased from
Zhejiang Zhongning Silicon Industry Co., Ltd., were added in the
solution dispersed with the assistance of ultrasonic, respectively.
Subsequently, 50 mL PA and 50 mL PTFE solution were added under
magnetic stirring for 10 min, respectively. After then, the as-
obtained solution was frozen by liquid nitrogen and dried by
lyophilization. Finally, the dried powders were transferred to
tubular furnace and sintered at 600 �C for 2 h under the protection
of Ar atmosphere. The bare FC was fabricated by directly pyrolyzing
the PTFE precursor under the protection of argon at 600 �C.

4.2. Materials characterization

The morphologies and structures of as-prepared samples were
characterized by scanning electron microscopy (Zeiss SIGMA) and
transmission electron microscopy (FEI Talos F200s). The X-ray
diffraction patterns were obtained by Bruker-axs XRD (Cu Ka1
source, l ¼ 1.5418 Å). The chemical compositions of the samples
were analyzed by X-ray photoelectron energy spectra (XPS, Thermo
Fisher, Thermo Scientific K-Alphaþ). The TGA was conducted on a
Netzsch STA 2500 under air condition with the heating rate of
10 �C/min.

4.3. Electrochemical test

In order to prepare the working electrodes, the active mate-
rial, Super P and carboxymethyl cellulose (CMC) were mixed with
the mass ratio of 8:1:1. After added a certain amount of DI water,
such mixture was milled for 8 h to form a homogeneous slurry.
Subsequently, the slurry was coated on the copper foil and cut
into electrode discs with the diameter of 12 mm. The mass
loading of the Si@LPO@void@FC is controlled at the range of
0.8e1.2 mg/cm2 on each of disks. The specific capacity of anode is
calculated based on the whole mass of Si@LPO@void@FC. After
then, the electrode disk was assembled into CR2025 coin-cells
9

using Li metal foil as counter electrode and Celgard 2400 film
as separator. 1 M LiPF6 in a mixture of ethylene carbonate, diethyl
carbonate and dimethyl carbonate (1:1:1) was selected as elec-
trolyte. The electrochemical tests were carried out on Neware
battery test system with a voltage range of 0.01e2 V at room
temperature. CV tests and EIS were conducted on an electro-
chemical workstation (CHI 660E, Chenhua, Shanghai). For EIS
measurement, a voltage amplitude of 10 mV was applied in the
frequency range of 10 MHz to 0.01 Hz. For the full cell battery
tests, the prelithiated Si@LPO@void@FC2 and commercial LiFePO4
(LFP) were applied as anode and cathode, respectively. The pre-
lithiation process for Si@LPO@void@FC2 anode was conducted
using half cells by discharging to 0.01 V at 0.2 A/g, considering
the relatively low ICE of about 82%. The cathode disks were
fabricated by mixing commercial LFP, Super P and PVDF with the
mass ratio of 8:1:1 in N-methyl-2-pyrrolidone to form a uniform
slurry. The electrochemical tests were conducted on Neware
battery test system at a voltage range of 1.5e3.7 V. Besides, in
order to balance the capacity between cathode and anode, the
mass of active materials in anode was slightly excessive to the
cathode side and the N/P ratio was controlled to be 1.2:1. The
capacity of full cell is calculated based on the mass of active
materials in cathode.
4.4. In situ TEM observation

The dynamic lithiation process of Si@LPO@void@FC and Si NPs
were observed by FEI Talos-F200s with a Nanofactory TEM-STM
holder. The Si@LPO@void@FC2 or Si NPs was placed on a Mo tip
as the working electrode and Li metal with naturally formed Li2O
was placed on a Cu tip. The naturally formed Li2O layer serve as
electrolyte. Once the Li/Li2O contact the working electrode, a pos-
itive biasing voltage (3 V) was applied on the Cu tip to initiate the
lithiation process. By reversing the applied voltage (�3 V), the
delithiation process can be observed. Moreover, to minimize the
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influence of electron beam, the electron beam dosage was
controlled below 1 A/cm2.
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