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a b s t r a c t 

Si is a promising anode material for lithium-ion batteries owing to its high theoretical capacity. How- 

ever, large stress during (de)lithiation induces severe structural pulverization, electrical contact failure, 

and unstable solid-electrolyte interface, which hampers the practical application of Si anode. Herein, a 

Si-based anode with a hierarchical pomegranate-structure (HPS-Si) was designed to modulate the stress 

variation, and a sub-micronized Si-based sphere was assembled by the nano-sized Si nanospheres with 

sub-nanometer-sized multi-phase modification of the covalently linked SiO 2–x , SiC, and carbon. The sub- 

micronized HPS-Si stacked with Si nanospheres can avoid agglomerates during cycling due to the high 

surface energy of nanomaterials. Meanwhile, the reasonable pore structure from SiO 2 reduction owing to 

density difference is enough to accommodate the limited volume expansion. The Si spheres with a size 

of about 50 nm can prevent self-cracking. SiO 2–x , and SiC as flexible and rigid layers, have been syner- 

gistically used to reduce the surface stress of conductive carbon layers to avoid cracking. The covalent 

bonding immensely strengthens the link of the modification with Si nanospheres, thus resisting stress 

effects. Consequently, a full cell comprising an HPS-Si anode and a LiCoO 2 cathode achieved an energy 

density of 415 Wh kg −1 with a capacity retention ratio of 87.9% after 300 cycles based on the active ma- 

terials. It is anticipated that the hierarchical pomegranate-structure design can provide inspiring insights 

for further studies of the practical application of silicon anode. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

With the rapid popularization of electric vehicles and the con- 

truction of large-scale energy storage systems, lithium-ion batter- 

es (LIBs) with high energy and power density are highly expected 

1–3] . Si has been regarded as one of the most promising candi- 

ates for the next generation of LIBs for its high theoretical ca- 

acity of 4200 mAh g –1 , the rational redox potential of 0.4 V vs.

i + /Li, and natural abundance [4] . Nevertheless, the dramatic vol- 

me change accompanied by (de)lithiation of Si particles gives rise 

o a large stress, which leads to a series of mechanical failures: 

i) Si particle cracks and pulverization; (ii) repeated formation of 

olid electrolyte interface (SEI) films; and (iii) loss of electrical con- 
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act with the current collector. All these issues cause fast capacity 

ading of the Si anode during repeated cycling. Until now, stress 

anagement strategies focused on size, surface modification, and 

uffer space construction, have been achieved by addressing the 

ritical issues from significant anode volume expansion upon lithi- 

tion [ 5 , 6 ]. 

Although nanosized Si ( ∼150 nm) can prevent self-cracking un- 

er large stress, mutual stress between Si particles can result in 

he delamination of electrode materials from the current collec- 

ors [ 7 , 8 ]. Meanwhile, large stress induces undesirable continu- 

us SEI growth, which leads to the consumption of electrolytes, 

engthening the Li-ion diffusion distances, and bringing about se- 

ere electrochemical performance degradation [ 9 , 10 ]. Considering 

hat such mechanical failures largely originate from stress intensifi- 

ation during volume expansion, it is important to improve cycling 

tability through stress management. For example, as a mechanical 

onfinement layer, SiO 2 has been used to prevent the change in the 

uter volume of the Si nanotubes because of its high mechanical 
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trength [11] . Furthermore, SiC [12] , TiO 2 [13] , and TiO 2–x [14] with

igher mechanical strength are also used as robust surface coat- 

ngs to achieve Si stress dispersion during lithiation, while the SiC 

ayer can prevent the carbon layer from catalyzing the chemical 

eaction between the Si and LiPF 6 , causing the degeneration of Si 

node [15] . It is well known that SiO 2–x can be used as the active

omponent to store lithium ions [16] . Nevertheless, when the ratio 

f SiO 2–x is beyond 3 wt%, it leads to an increase in the irreversible

apacity of the composites due to the reaction with lithium to 

orm Li x SiO y [17] . However, as a modified layer, Li x SiO y with good

exible properties is beneficial to facilitate stress relaxation [18] . 

he modified layer is an effective strategy for stress management. 

evertheless, the interfacial interaction between the modified lay- 

rs and Si is still an issue affecting the stability of Si-based anode 

19] . When a weak interaction between the layers suffers the cy- 

led volume change, the modified layers will inevitably lose the 

ink with Si, which loses the protection of the layers for the an- 

de [20] . Construction of the buffer space to accommodate the vol- 

me expansion of the Si anode is another essential strategy to re- 

ax the stress, such as hollow [21] , hierarchical porous [22] , and 

olk-shell structures [23] . Such sufficient free volume takes advan- 

age of stable SEI formation with reduced mechanical failure and 

table electrochemical behavior in repeated cycling. Nevertheless, 

uch strategy gives rise to large contacting resistance for the point 

ontact between Si and conductive materials [24] . Also, the redun- 

ant space causes a low volumetric energy density of the battery 

25] . 

In this study, a Si-based anode with hierarchical pomegranate- 

tructure (HPS-Si) was designed to modulate the stress variation, 
Fig. 1. Schematic diagram of the preparation process and hierarchica

2

 sub-micronized Si sphere was assembled by the nano-sized Si- 

ased nanospheres with sub-nanometer-sized surface modifica- 

ion of the covalently linked SiO 2–x , SiC, and carbon. The sub- 

icronized HPS-Si stacked with Si nanospheres can avoid agglom- 

rates during cycling because of its high surface energy of nano- 

aterials, and reasonable pore structure from SiO 2 reduction as 

 result of density difference enough to accommodate the limited 

olume expansion, which is confirmed by with the finite element 

odel (FEM) and electrochemical analysis. The Si nanospheres 

ith a size of about 50 nm can prevent from self-cracking. SiO 2–x , 

nd SiC as flexible and rigid layers, have been used synergistically 

o reduce the surface stress of conductive carbon layers to avoid 

racking. The covalent bonding showed its advantage in strength- 

ning the link of the modified layers with Si particles to achieve 

he anode with good stability, which is attributed to the strong in- 

erface action that enhances the structural integrity and facilitates 

he reaction kinetics during the repeated cycles. The mechanical 

tress and strain in the multi-scale hierarchical structure can be 

asily relaxed without redundant space. Consequently, the HPS-Si 

wns high capacity and stability and exhibits excellent cycling sta- 

ility as an anode of LIBs. 

. Experimental 

.1. Sample preparation 

The synthesis of HPS-Si is schematically illustrated in Fig. 1 . 

he SiO 2 spheres with a diameter of about 0.5 μm were syn- 

hesized via the modified Stober method with tetraethyl orthosil- 
l structure of the HPS-Si anode (TEOS: tetraethyl orthosilicate). 
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cate (TEOS) hydrolysis [26] . The first magnesiothermic reduction 

eaction (MRR-1) of SiO 2 spheres was used to prepare the Si 

omegranate-like spheres (denoting as Pure Si) by the SiO 2 and 

g powders with a mass ratio of 5:4 in argon at 700 °C for 4 h, in

hich NaCl was added as a heat scavenger and template to avoid 

he formation of Mg 2 SiO 4 and construct the unique pores [27] . To 

ake the multi-phase modification around Si nanospheres, a series 

f processes of surface passivation, acetylene chemical vapor de- 

osition (CVD), and MRR was carried out. Firstly, HPS-Si was pas- 

ivated in air at 700 °C for 2 h in a tube furnace to produce a

iO 2 layer covering Si nanospheres (denoting as Si@SiO 2 ). Secondly, 

cetylene CVD technology was used to deposit the carbon layers 

n the surface of the Si@SiO 2 , which produces the Si@SiO 2 @C. The 

RR was used again (MRR-2) to produce SiC and SiO 2–x layers by 

he Si@SiO 2 @C and Mg powders with a mass ratio of 5:1. The MgO 

as removed by HCl solution (6.0 wt%). Finally, the sample was 

ashed with deionized water, filtered, and dried in vacuum at 80 

C. The HPS-Si assembled by Si nanospheres with SiO 2–x , SiC, and 

arbon surface modification in turns. 

.2. Materials characterization 

The composition and structure of Si-based materials were char- 

cterized by X-ray diffraction (XRD, Rigaku X’pret Powder, D/MAX- 

500X, Cu K α). The microstructure and morphology were ob- 

erved by scanning electron microscope (SEM, FEI Apreo, oper- 

ted at 5 kV) and transmission electron microscope (TEM, FEI Ta- 

os F200X, operated at 200 kV). The chemical states were analyzed 

y X-ray photoelectron spectroscopy (XPS, Axis Supra, Al K α). The 

hermogravimetric analysis (TG, TA Instruments, TQ600) was per- 

ormed in air atmosphere. Nitrogen physical adsorption isotherms 

ere measured by a volumetric sorption analyzer (Micromeritics, 
ig. 2. SEM images of samples (a) SiO 2 . (b) Pure Si. (c) Si@SiO 2 . (d) Si@SiO 2 @C. (e) HPS

istribution plot of Si nanospheres. (h, i) Microstructure of nanoparticle inside HSP-Si. (j) 

3 
SAP2020). Pore size distribution (PSD) was analyzed according to 

he nonlocal density functional theory (NLDFT) method. 

.3. Electrochemical tests 

The anodes were fabricated by casting a mixture of the active 

aterial of HPS-Si or Si@SiO 2 @C, Super P, and carboxymethyl cel- 

ulose (CMC) with a weight ratio of 6:2:2 onto the copper foil. The 

oils loaded with the active materials were dried at 70 °C in vac- 

um oven overnight and punched to the disks with 12 mm in di- 

meter. The mass loading of the active material for most electrodes 

as controlled to be about 0.50 mg cm 

–2 . Coin cells (2032 type) 

ere assembled in an Ar-filled glovebox. The Pure Si, Si@SiO 2 @C 

r HPS-Si electrode and a lithium metal disk were used as the 

orking and the counter/reference electrode, and 1 M LiPF 6 dis- 

olved in a mixture of ethylene carbonate (EC) and dimethyl car- 

onate (DMC) (1:1 in vol%) was used as the electrolyte. A poten- 

iostat (Gamry30 0 0) was used to test the cyclic voltammetry (CV) 

nd electrochemical impedance spectroscopy (EIS). The cells were 

alvanostatically charged and discharged in the potential range 

f 0.01–1.5 V (vs. Li + /Li) by an automatic battery testing system 

LANHE CT3100). The galvanostatic intermittent titration technique 

GITT) was used to measure the diffusion coefficient of lithium ions 

 D Li + ) of Si@SiO 2 @C and HPS-Si samples at 0.1 A g –1 with a pulse

ime of 20 min and a relaxation time of 30 min. The calculation 

as done as below: 

 Li + = 

4 L 2 

πτ

(� E S 
� E τ

)2 

(1) 

Based on Eq. (1) , L represents the Li + diffusion length (equal 

o the electrode thickness, cm), τ stands for the relaxation time 

s), �E s represents the steady-state potential change via the cur- 
-Si. TEM images of (f, g) primary/secondary spherical structure, the inset is a size 

Corresponding element mapping of Si, C, and O in HPS-Si. 
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ent pulse, and �E τ is the potential change in current pulse af- 

er subtracting the iR drop. Full cells were assembled to further 

valuate the performance of the HPS-Si electrode. The commer- 

ial LiCoO 2 served as the cathode, and the pre-lithiated HPS-Si 

lectrode served as the anode. The pre-lithiation was enacted by 

ischarging the above-mentioned half-cell at 0.1 A g –1 and the 

ischarge cutoff potential to 0.01 V (vs. Li + /Li). The fully dis- 

harged cell was disassembled in a glove box to investigate the 

re-lithiated HPS-Si electrode. The capacity ratio of the nega- 

ive/positive (N/P ratio) was 1.1:1, operating from 2.5 to 4.3 V. 

.4. Finite element model 

Finite element simulations were conducted by a thermal- 

echanical coupled model for stress distribution and the corre- 

ponding volumetric change evaluation of the experimental struc- 

ure. The model was based on the results regarding TEM images 

ith a 1/4 circular plane used to simulate the material expansion 

rocess and the axes of the circle are restricted to their radial dis- 

lacements. In practice, the materials are tightly bonded to each 

ther, and the bonding conditions are used in the finite elements 

ith common nodal connections between multi-phase modifica- 

ions of material. The analysis of volume suppression and stress 
ig. 3. (a) XRD patterns of samples. (b) TG curves of samples. (c) Phase ratio histogram of

rofiling XPS core spectra by Ar + sputtering of HPS-Si. (f, g) XPS survey spectra, Si 2p o

tched 20 s by Ar + . 

4 
anagement depends on the material properties of multi-phase 

odification, such as the modulus of Young and the ratio of Pois- 

on. 

. Results and discussion 

.1. Morphology and microstructure 

The morphology and structure of Si-based anodes were charac- 

erized by SEM to examine the evolution process. As shown in Figs. 

(a–e) and S1 in the Supporting Information, the SiO 2 prepared by 

he Stober method presents a spherical particle with a smooth sur- 

ace and a diameter of about 0.5 μm. After the MRR-1 process, the 

mooth SiO 2 sphere is converted to the pomegranate-like sphere, 

hich is composed of single Si nanospheres with a diameter of 

0 nm ( Fig. 2 (a, b)). During the MRR-1 transformation process, a 

arge space or void will be obtained as SiO 2 possesses a smaller 

olumetric mass compared to Si. Notably, the following annealing, 

ncluding the acetylene CVD and MRR-2, will not damage the orig- 

nal structure of Si nanospheres ( Fig. 2 (c–e)) owing to its unique 

tructure. In contrast, commercial-independent SiO 2 nanoparticles 

nd Si nanoparticles undergo obvious agglomeration for their high 

urface energy during MRR and air passivation process (Fig. S2). 
 samples. (d) XPS survey spectra, C 1s of the Si@SiO 2 @C and HPS-Si. (e) C 1s depth 

f the Si@SiO 2 @C and HPS-Si. (h) XPS spectrum of the Si 2p of the HPS-Si sample 
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As shown in Fig. 2 (f, g), HPS-Si shows a sphere with a diameter

f about 0.5 μm, containing many nanoparticles with large voids 

nside and the average size of Si nanospheres is around 50 nm, 

hich provides enough space for relieving the volume expansion. 

he lattice fingerprint of the nanoparticle corresponds to the poly- 

rystalline Si and surface modification ( Fig. 2 (h)). The Si is covered 

y the layers of SiO 2–x , SiC, and amorphous carbon in turns (Figs. 

(i) and S3). The elemental mapping of HPS-Si (Fig. 2(j)) shows 

hat the Si element is intensively distributed in the nanospheres, 

ccompanied by the oxygen and carbon that mainly derived from 

he outer layers of SiO 2–x , SiC, and amorphous carbon. 

.2. Composition and interface interaction 

The phase composition of materials from SiO 2 to HPS-Si was 

xamined by XRD ( Fig. 3 (a)). The amorphous SiO 2 by the mod- 

fied Stober method is converted into polycrystalline Si after the 

RR-1 process ( Eq. (2) ), which can be confirmed by the XRD char-

cteristic peaks. Notably, the broad peak of amorphous SiO 2 dis- 

ppears, indicating a transformation from SiO 2 to Si. The subse- 

uent air passivation treatment on the Si results in the formation 

f the SiO layer ( Eq. (3) ), which is indicated by the broad peak
2 

ig. 4. (a) Cycling-induced variation of discharge capacity and CE for Pure Si, Si@SiO 2 @C

ischarge-charge curves of HPS-Si at 0.2 A g –1 . (d) Cycling performance of HPS-Si at 2.0 A

rom 0.5 to 4.0 A g –1 . (f) GITT curves of HPS-Si electrode (discharge-charge state), the ins

he discharge process for the Si@SiO 2 @C and HPS-Si electrodes. (h) Nyquist plots of the

tting impedance plot. 

5 
round 23 ° [28] . After the CVD on the passivated Si nanospheres, 

he broader peak around 23 ° resulted from overlapping peaks of 

he amorphous carbon layer and the SiO 2 layer can be discerned. 

o produce the SiC layer, MRR-2 on Si@SiO 2 @C was used. The char- 

cteristic peaks around 35.9 °, 60.2 °, and 72.8 ° corresponding to the 

rystal faces of (111), (220), and (311) of β-SiC can be observed. 

he SiC is attributed to the interfacial reaction between the SiO 2 

ayer and the amorphous carbon layer ( Eq. (4) ) since it is thermo- 

ynamically favorable to form SiC rather than Si when the amor- 

hous carbon exists [ 29 , 30 ]. Finally, XRD results further confirm 

hat HPS-Si consists of Si, SiO 2–x , SiC, and carbon. 

i O 2 + Mg → Si + MgO (2) 

i + O 2 → Si O 2 (3) 

i O 2 + C + Mg → Si O 2 −x + SiC + MgO (4) 

The composition and carbon contents of samples were inves- 

igated by thermogravimetry (TG). As shown in Fig. 3 (b), the Si 

phere (black curve) shows a weight change at about 500 °C as 

he oxidation of Si into SiO . The Si@SiO @C (red curve) begins a 
2 2 

, and HPS-Si at 0.2 A g –1 for 200 cycles. (b) CV curves of HPS-Si at 0.2 mV s –1 . (c) 

 g –1 for 500 cycles in the 25 °C. (e) The rate capability of HPS-Si at current density 

et is E vs T profile for one GITT test and (g) The diffusion coefficient of Li + during 

 HPS-Si electrode at the 5 th and 50 th cycles, the inset is an equivalent circuit for 
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eight loss at about 460 °C as the reaction of the amorphous car- 

on, the carbon content is estimated to be about 19.0 wt%. There 

nly is a small weight increase after 600 °C, indicating the dense 

iO 2 layer preventing the inner Si from oxidation. HPS-Si (blue 

urve) also shows a 14.0 wt% weight loss at about 460 °C owing to 

he carbon oxidation. The decrease in carbon ratio in HPS-Si rel- 

tive to Si@SiO 2 @C is mainly attributed to the MRR between the 

morphous carbon layer and the SiO 2 layer that consumes a part 

f carbon. The SiC can be estimated to be 14.6 wt% according to 

he amount of carbon. Meanwhile, the MRR is beneficial for the 

eduction of SiO 2 to SiO 2–x , accompanied by a higher carbon ratio. 

he Si content is estimated by the total content of Si and SiO 2–x in

he sample, the results are shown in Fig. 3 (c), it is about 80.0 and

2.5 wt% for Si@SiO 2 @C and HPS-Si. 

The porosity of samples is demonstrated in Fig. S4 and Table S1. 

ll the samples exhibit typical type-IV isotherms (Fig. S4(a)), sug- 
ig. 5. (a, b) SEM images of the anode surface of Si@SiO 2 @C and HPS-Si after 100 cycles

EM image of Fig. 5 (c). (e) Corresponding Cu and Si element mapping of Fig. 5 (c). (f–h) SE

f the corresponding advantages and drawbacks of Pure Si, Si@SiO 2 @C, and HPS-Si. (j, k) 

p XPS spectra of HPS-Si anode after 100 cycles. 

6 
esting a mesoporous structure. The pore size distribution curves 

Fig. S4(b)) confirm that the pore size ranges from 5 to 100 nm. 

uch large voids are principally produced during the conversion of 

iO 2 to Si in virtue of the difference in the volumetric mass [ 31 , 32 ].

oreover, HPS-Si has a significant formation of small mesopores 

ith a size of 2–5 nm, which is attributed to the SiO 2–x and SiC

ormation between the layers of SiO 2 and carbon by MRR-2. These 

esopores are helpful to alleviate volumetric expansion during the 

ithiation of Si and small mesopores can facilitate ion transport 

o improve the rate performance of the HPS-Si anode. Meanwhile, 

he hierarchical pomegranate-structure crosslinks the above carbon 

ayers to construct a three-dimensional conductive network in or- 

er to guarantee the transfer of electrons between the surfaces and 

nterfaces of the composite material (Fig. S5). 

The cyclic stability of the Si anode can be improved by alle- 

iating the volume expansion and enhancing the interaction be- 
. (c) SEM images of cross-sectional observation of HPS-Si electrode and (d) partial 

M images of Pure Si, Si@SiO 2 @C, and HPS-Si after 100 cycles. (i) Schematic diagram 

F 1s and Si 2p XPS spectra of Si@SiO 2 @C anode after 100 cycles. (l, m) F 1s and Si 
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ween the modified layers. In fact, each modified layer around Si 

s produced through the mechanochemical process. The SiO 2 layer 

s formed by the oxidation of Si, and the SiC layer is produced 

hrough the MRR-2 between the interface of the SiO 2 and the car- 

on. Therefore, it can be deduced that each layer is chemically 

onded through the interface. X-ray photoelectron spectroscopy 

XPS) was further used to confirm the interface interaction be- 

ween the modified layers. As shown in Fig. S6, the peaks at the 

inding energy of 101.5, 152.6, 284.6, and 531.6 eV are correspond- 

ng to Si 2p, Si 2s, C 1s, and O 1s, respectively. Notably, an addi-

ional peak at a binding energy of 100.9 eV in HPS-Si confirms the 

-Si bond that derives from the SiC and the interaction between 

he SiC and the carbon ( Fig. 3 (d, e)) [33] . The XPS spectrum of the

i 2p region ( Fig. 3 (g)) proves the Si–Si, Si–C, and Si–O bands of

PS-Si around 99.0, 100.9, and 102.6 eV, respectively. Moreover, as 

hown in Fig. 3 (f, h), HPS-Si containing Si element with a chemical 

alue of Si 4 + (103.6 eV), Si 3 + (102.7 eV), Si 2 + (101.7 eV), Si + (100.6 

V), Si 0 (99.4 eV) verify the transition from SiO 2 to SiO 2–x [ 34 , 35 ].

uch a transition from Si 4 + to Si ° further suggests the chemical 

onding between the layers of Si, SiO x , and SiC. 
2–

ig. 6. Mechanical displacement and stress distribution during lithiation of (a) Si@SiO 2 @C

ed to blue). 

7

.3. Electrochemical performance 

As shown in Fig. 4 (a), the cycle life curves of Pure Si, 

i@SiO 2 @C, and HPS-Si at 0.2 A g –1 for 200 cycles, the cell of HPS-

i keeps a stable capacity of 1272.8 mAh g –1 and more than 99% 

oulombic efficiency (CE) even after 200 cycles, which is attributed 

o the good reversibility of (de)lithiation of HPS-Si anode. Fig. 4 (b) 

hows the CV of the HPS-Si electrode, the cathodic peak around 

.18 V (vs. Li/Li + ) corresponds to the lithiation process of Si. During 

he charging process, two anodic peaks at about 0.32 and 0.53 V 

vs. Li + /Li) could be assigned to the delithiation processes of alloys 

hat are the phase transition from Li 15 Si 4 to amorphous Li x Si and 

he subsequent transition from amorphous Li x Si to Si [36] . Fig. 4 (c)

hows the potential profiles of the HPS-Si electrode at 0.2 A g –1 

or the 1st, 2nd, 60th,100th, and 200th cycles. The initial discharge 

nd charge capacities are 1737.8 and 1089.9 mAh g –1 . The first dis- 

harge exhibits a plateau below 0.10 V (vs. Li + /Li) assigned to the 

ithiation process, which generally requires a large polarization in 

he first cycle [37] , and the polarization decreases significantly as 

he cycling progresses. Rate and cycling stability were further ex- 
, (b) Si@SiO 2–x @SiC@C, (c) Si@SiC@C by FEM calculation (The value decreases from 
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mined and the results are shown in Fig. 4 (d). Even after 500 cy-

les, it maintains a capacity of 842.9 mAh g –1 with excellent ca- 

acity retention. In addition to a high capacity and an excellent 

ycling ability, HPS-Si also exhibits a good rate capability as shown 

y Fig. 4 (e). The average reversible capacity of HPS-Si delivers 1100, 

0 0, 80 0, 650, and 110 0 mAh g –1 at 0.5, 1.0, 2.0, 4.0, and 0.5 A

 

–1 . The excellent cycling stability and rate performance of HPS-Si 

re attributed to the porosity and complete carbon layer promoting 

lectrochemical kinetics, the HPS-Si relaxing the stress from vol- 

me release. 

To acquire the kinetic behavior of the Si@SiO 2 @C and HPS- 

i, GITT measurements were carried out to get D Li 
+ . As shown 

n Fig. 4 (f, g), the diffusion coefficient of the HPS-Si electrode is 

ignificantly higher than Si@SiO 2 @C at 0.1 A g –1 . As HPS-Si with 

ore mesopores from the transition of SiO 2 to SiO 2–x compared 

o Si@SiO 2 @C, it can make the unobstructed Li + transport. As an 

node material of LIBs, HPS-Si is also beneficial to get a stable 

EI film for the mechanical integrity of the overall structure. As 

he EIS shown in Fig. 4 (h), the diameters of two semicircles of 

IS represent the interfacial impedance of the SEI film ( R SEI ) and 

he charge transfer impedance ( R CT ), respectively [38] . The slope 

f the straight line in the low frequency represents the diffu- 

ion impedance of Li + in the electrode. R SEI in the high-frequency 

ange keeps stable from the 5th to 50th cycles, indicating stable 

EI film formed onto HPS-Si. The significant decrease of R CT in 

he middle-frequency range, suggests that the electric conductivity 

nd charge transfer kinetics of the cycled electrode can be effec- 

ively improved by forming a hierarchical pomegranate-structure 

Fig. S7). 
ig. 7. (a) Schematic illustration of Li-ion cell assembled by HPS-Si anode and LiCoO 2 ca

ycles. (c) The digital photo of the light strip lit by the full cell. (d) Cycling performance o

f Si-based full cell with previous reports. 

8 
.4. Structure and interface integrity after cycles 

To prove the stability of HPS-Si, the cycled cell was disassem- 

led to observe the electrode morphology of Si@SiO 2 @C and HPS- 

i. As shown in Fig. 5 (a, b), the Si@SiO 2 @C electrode has visible

racks, which can block the particle contact and accelerate the 

eparation from the current collector. The cross-sectional SEM im- 

ges of the HPS-Si electrode demonstrate the good interface con- 

act between the active material and the current collector, confirm- 

ng that the volumetric stress can be alleviated by the mechani- 

ally stable multi-scale hierarchical structure ( Fig. 5 (c–e)). Further- 

ore, the structure of HPS-Si after 10, 50, and 100 cycles is well 

ept as shown in Fig. 5 (h) and S8. In contrast, the Pure Si by

irect MRR-1 of SiO 2 has completely lost the spherical structure 

 Fig. 5 (f)). However, the situation is improved after the passiva- 

ion and acetylene CVD on the Pure Si ( Fig. 5 (g)), the Si@SiO 2 @C

till presents a sphere consisting of nanoparticles despite a little 

tructural damage. HPS-Si has significantly superior performance 

ompared to Pure Si and Si@SiO 2 @C ( Fig. 5 (i)). XPS ( Fig. 5 (j–m))

as further used to examine the composition of SEI of Si@SiO 2 @C 

nd HPS-Si after 100 cycles. According to Si 2p spectra, the forma- 

ion of Li x SiO y by the reaction of SiO 2–x with electrolyte is ben- 

ficial for the stabilization of SEI film. Li x SiF y is only present in 

he Si@SiO 2 @C sample based on F 1s and Si 2p spectra, confirm- 

ng the SiC layer can inhibit the penetration of F – to react with Si 

nd SiO 2–x [14] . Since the production of Li x SiF y not only consumes 

lectrolytes but also degrades the reversible capacity of the Si an- 

de, the inhibition of the SiC layer on the penetration of F – can 

elp the HPS-Si anode to get better cycling stability. 
thode. (b) Voltage profiles of the full cell at the 1st, 50th, 100th, 200th, and 300th 

f the full cell at 3C for 300 cycles. (e) Comparison of electrochemical performance 



F. Di, Z. Wang, C. Ge et al. Journal of Materials Science & Technology 157 (2023) 1–10 

3

F

m

(

t  

S

l  

v

e

p

a

t

m

d

p

o

a

S

c

b

a  

s

m

o

b

p

v

p

a

s

r

3

s

c

3  

2

V

3

i  

o

S

W

f

p

c

p

4

m

s

l

p

p

s

p

s

(

f

w

S

w

d

t

c

c

W

w

b

e

t

D

A

5

g

S

f

R

 

 

 

 

 

 

 

[

 

 

 

 

 

 

 

[

[  

[  

[

[  

[  

[
[  
.5. Hoop stress distribution by FEM calculation during lithiation 

To explore the stress management of surface modification, the 

EM based on TEM images ( r = 25 nm) was performed to calculate 

echanical displacement and stress distribution during lithiation 

 Fig. 6 ). The material properties such as modulus of Young and ra- 

io of Poisson refer to the previous reports (Table S2) [ 39 , 40 ]. Fig.

9 shows the hoop surface displacements of the Si model after full 

ithiation ( V LixSi : V Si = 3.8). For the Si@C model (Fig. S10), drastic

olume expansion (374%) caused by lithiation leads to the experi- 

nce of compressive stress by volume expansion of Si inside the 

article while simultaneously generating tensile stress (5.56 GPa) 

t the carbon surface layer, and large mechanical stress can crack 

he carbon surface layer. For Si@SiO 2 @C and Si@SiO 2–x @SiC@C 

odels ( Fig. 6 (a, b)), the surface displacement is significantly re- 

uced by 14% and 33%, respectively, which is attributed to the sup- 

ression of volume expansion by SiO 2 and SiC, while simultane- 

usly generating tensile stress at the carbon surface layer is 4.26 

nd 2.49 GPa, respectively. Compared to the Si@SiC@C model, the 

i@SiO 2–x @SiC@C has relatively low compressive stress due to the 

ontribution of SiO 2-x to the stress relaxation ( Fig. 6 (c)). The car- 

on layer is below the acceptable stress limits, which is in full 

ccord with the SEM images of cycled HPS-Si in Fig. S8. As a re-

ult, it is believed that the HPS-Si with lower surface displace- 

ent and compressive stress during lithiation has the advantage 

f preserving the morphological integrity, which leads to a sta- 

le mechanical structure during cycling. The advantages of multi- 

hase modification in the interface stability and the inhibition of 

olume expansion were well verified. In addition, the hierarchical 

omegranate-structure can effectively adjust the volume expansion 

nd has a more suitable buffer space. Therefore, HPS-Si owns a 

tronger ability to maintain interfacial stability and high volumet- 

ic energy density, as shown in Fig. S11. 

.6. Full cell performance 

The HPS-Si||LiCoO 2 cell assembled according to the model 

hown in Fig. 7 (a). Fig. 7(b) displays representative the discharge- 

harge curves of the full cell in the 1st, 50th, 100th, 200th, and 

00th cycles at 3 C (1 C = 140 mA g –1 ) in the voltage window of

.5 to 4.3 V, which shows an average discharge plateau around 3.7 

 and an initially reversible capacity of 133.4 mAh g –1 . Even after 

00 cycles, the full cell exhibits excellent stability with a capac- 

ty retention of 87.9% ( Fig. 7 (d)). As shown in Fig. 7 (c), the strip

f lights was lighted by an HPS-Si||LiCoO 2 button cell. The HPS- 

i||LiCoO 2 cell exhibits a high specific energy density of about 415 

h kg –1 based on the weight of cathode and anode materials. The 

ull cell assembled by HPS-Si anode and LiCoO 2 cathode shows su- 

erior or comparable performance compared with the Si-based full 

ells previously reported ( Fig. 7 (e)), illuminating the potential ap- 

lication of HPS-Si material for LIBs [ 20 , 41–43 ]. 

. Conclusions 

In summary, a hierarchical pomegranate structure with stress 

anagement mechanisms, comprising a sub-micronized Si-based 

phere assembled by the nano-sized Si nanospheres with cova- 

ently linked sub-nanometer-sized surface modification was pro- 

osed. To improve the mechanical stability and ion-electron trans- 

ort, an effective strategy by integrating free space, particle 

ize, multi-phase modification, and interfacial force of the com- 

osite was designed. In this configuration, the unique porous 

tructure and nano-sized particles can avoid self-cracking during 

de)lithiation. The covalently linked multi-phase modification ef- 

ectively strengthens stress relaxation and interfacial interaction, 

hich is confirmed by FEM simulation and various analytical tools. 
9 
iO 2–x plays a critical role in mitigating stress intensification, SiC 

ith rigid feature functions the modulation of volume changes 

uring lithiation, and the complete external carbon layer ensures 

he electric conductivity of the electrode. Consequently, a full cell 

omprising an HPS-Si anode and a LiCoO 2 cathode successfully 

onfirmed the commercial feasibility. The energy density of 415 

h kg –1 with a capacity retention ratio of 87.9 % after 300 cycles 

as achieved. The promising application of HPS-Si in lithium-ion 

atteries is further demonstrated by assembling the full cell that 

xhibits comparable or superior performance compared with the 

ypical Si-based full cells. 
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