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Abstract:

Microsized silicon powders have great potential for high capacity anode materials in next-
generation lithium ion batteries, because of the high gravimetric and volumetric energy
densities, ease of mass production and low costs. However, large volume change and
consequently rapid capacity fading upon lithiation and delithiation prevent its practical
applications. Herein, we demonstrate an effective hierarchical conformal coating strategy for
high-performance microsized Si anodes. The Si-based composites consist of an amorphous Li-
Si-O inner coating layer and a graphene outer encapsulation layer, which are prepared by

coupling reactive milling with electrostatic self-assembly. This unique hierarchical conformal
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coating structure not only strengthens the mechanical property (31.8 GPa for the elastic
modulus) and promotes the ionic diffusion (2.03x1071° cm? s™') of Si anode, but also effectively
stabilizes the electrode/electrolyte interfaces and increases the electronic conductivity. As a
result, a high reversible capacity (1450 mA-h g™' at 0.1 A g'!), good cycling stability (97.7% of
capacity retention from the 2nd to the 310th cycle at 0.5 A g), and high rate capability (703
mA-h g at 5 A g') have been successfully achieved. These findings provide new insights into
the improvement of electrochemical properties of microsized Si composite anodes for high-

performance Li-ion batteries.
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conformal coating

1. Introduction

The development of rechargeable secondary batteries and corresponding electrode materials
with higher specific capacity, longer lifespan, better rate capability and safety is vital for
meeting the pressing need of emerging energy-driven technologies [1-9]. As for next-
generation Li-ion batteries (LIBs), silicon (Si) has been considered as one of the most promising
anode candidates because of its ultrahigh theoretical specific capacity (3578 mAh g for LiisSis
at room temperature), low average voltage (~0.37 V vs. Li/Li"), natural abundance, and
environmental friendliness [10-13]. However, the large volume changes (> 300 %) of Si anodes
upon lithiation and delithiation give rise to severe pulverization, leading to poor mechanical
and electrical contacts, unstable solid-electrolyte interphases (SEls), and eventually fast
capacity decay [14-19]. Reducing particle size of Si-based anode materials to the nanoscale, in
the form of nanospheres, nanotubes, nanosheets and nanocrystals, can enhance the mechanical

integrity since these strucutres can accommodate the mechanical strain originates from the
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repeated volume expansion and contraction, and therefore improve cycling performance [15-
20]. However, nanostructured Si anode also brings along new challenges, including
uncontrollable side reactions caused by high specific surface area, complex fabrication process
and high costs [12,21]. In this regard, microparticle Si should be more promising as practical
electrode materials for industrial applications because of their low cost and mass product.
Considerable effort has been devoted to designing and developing microsized Si anodes
featuring long-term cyclability and rate capability, espeically porous Si, graphene-coated Si,
and Si-C composites [21-24], but their fabrication normally rely on toxic chemicals (e.g.
hydrofluoric acid (HF)) and involves complicated procedures.

Recently, surface engineering has proven very effective in improving the electrochemical
performance of Si nanoparticle anodes, by suppressing the volume expansion upon lithiation
and alleviating the adverse side reactions, and has therefore attracted growing attention [25-32].
A wide variety of coatings, including carbon, titanium dioxide, aluminium oxide, silicon oxide,
zinc oxide, lithium titanate, silicon oxycarbide, organic polymers have been studied [25-36].
For example, Park et al. demonstrated amorphous SiO,-coated Si nanocomposite anodes with
a capacity as high as 1914 mAh g and a stable cyclability over 100 cycles [27]. Jiang et al.
reported that amorphous SiOC-coated Si nanoparticle anodes retained >1030 mAh g' of
capacity over 500 cycles [28]. Similar performance was also obtained by coating PANI and
TiO2 [31]. With the protection of lithium phosphorus oxynitride layer, Si nanofilm anodes
delivered ~1200 mAh g while cycling at 2.0 A g ! for 1000 times [32]. Silicon nanoparticles
encapsulated in multifunctional crosslinked nanosilica/carbon hybrid matrix (Si@n-SiO./C)
composites maintained 800.7 mAh g™ of capacity after 300 cycles at 1 A g”! [33]. Graphite@Si
encapsulated in a carbon conformally coated tiny SiO> nanoparticle matrix (G@S1/SiO2 NPs/C)
even contributed to 92% retention after 800 cycles at a 0.5 A g”! with 894 mAh g of capacity
[34]. However, most of the reported studies focus on nanosized Si anodes, which were

processing difficulties as well as high fabrication costs [21]. More importantly, these thin
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coatings were not equally effective for microsized Si anodes because of their insufficient
mechanical properties [35-38]. To address this issue, we developed a dispersion-strengthened
microparticle Si composite, in which polycrystalline Si microparticles were coated by an
amorphous SiOC layer strengthened by dispersed SiC and LixSiO3 nanocrystals [38]. Indeed,
such a robust coating layer enabled long-term cyclability of microsized Si anode with a high
capacity of 957 mA h g after 400 cycles at 100 mA g'. Unfortunately, this oxide coating layer
offeres a low electron conductivity, and therefore contributes to an unsatisfactory rate capability
(895 mAhg'at1Ag?)[38]. As aresult, it is critical to fabricate multifunctional coatings with
good mechanical and chemical stability as well as high electron conducting property in order
to achieve simultaneously high capacity, long life and fast kinetics, which is highly desirable
for next-generation LIBs [39-42].

Building on the previous work on ball-milling derived coating, herein, we demonstrate a
composite featuring hierarchical conformal coating over microsized Si that exhibits superior
overall electrochemical peformance as LIB anodes. By mechanical ball milling prelithiated
commercial microsized Si under O> followed by electrostatic self-assembly with reduced
graphene oxide (rGO), a composite with pancake-like hierarchical conformal coating was
obtained, composing of an amorphous Li-Si-O conformal inner coating layer and a graphene
outer encapsulation layer, denoted as Si@Li-Si-O@rGO. Benefiting from the good mechanical
strength and high conductivity, the Si@Li-Si-O@rGO composite anode fabricated without
additional conductive agent delivers 1450 mA-h g~! of specific capacity at 0.1 A g!, 97.7% of
capacity retention after 310 cycles at 0.5 mA g! (referred to the 2nd cycle) and 703 mA-h g!
of rate capability at 5 A g, superior to the anodes with only Li-Si-O coating or graphene alone.
This finding provides new insights into further improvement of overall properties of microsized

Si anodes and opens up opportunities for their practical application in high-performance LIBs.

2. Experimental section



2.1 Material Synthesis
Synthesis of Si@Li-Si-O. Commercial Si microparticles (diameters: 1-3 pum, purity: 99.9%,
Shanghai ST-NANO, China) were first chemically lithiated by reacting with LiH (purity: 98%,
Alfa Aesar, USA) at a molar ratio of 7:2, as described in our previous work [38]. The prelithiated
Si was then mechanically milled under 3 bar O (purity: 99.9%, Jingong Materials, China) for
1, 6, 12 and 16 h, respectively, using a planetary ball mill (QM-3SP4, Nanjing, China) at 400
rpm. In each experiment, approximately 1 g ofthe prelithiated sample and 80 g of stainless steel
balls were loaded into a custom-designed milling jar. For comparison, the pristine Si was also
milled under 3 bar O for 12h. The handling of LiH and prelithiated Si samples were conducted
in a glove box (MBRAUN 200B, Germany) filled with pure argon (H>O < 1 ppm; Oz < 1 ppm).
Synthesis of Si@Li-Si-O@rGO. The post-12 h milled samples were dispersed in a
polyethyleneimine (PEIL, purity: 99%, Aladdin, China) aqueous solution (1 mg/mL) to introduce
positive charges on the surfaces. After stirring and sonicating for 30 min, solid sample was
collected by centrifugating and then washed twice with deionized water. Subsequently, the
sample was dispersed in graphene oxide (GO) aqueous solution (1 mg/mL) with further stirring
and sonicating for another 30 min. The homogeneous aqueous dispersion was frozen quickly
with liquid nitrogen and then transferred to a BIOCOOL Fd-1B-80 freeze-dryer (China) to dry
at -50 °C under vacuum. Finally, the sample was heated in a tube furnace at 500 °C for 2 h
under Ar to produce the resulting Si@Li-Si-O@rGO composite.
2.2 Characterization

A MiniFlex 600 X-ray diffractometer (Rigaku, Japan) with Cu K, radiation was used to
perform X-ray diffraction (XRD) analysis. XRD data were collected between the scattering
angles 260 of 10° and 90° in a 0.02° increment. A Bruker Tensor 27 unit (Germany) was used to
acquire fourier transform infrared (FTIR) spectra in the transmission mode. The tested sample
was first mixed with potassium bromide (KBr) at a 1:100 weight ratio and then cold-pressed to

form a pellet. A Renishaw Via-Reflex confocal Raman microscope (UK) was used to record
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Raman spectra using a laser excitation wavelength of 532 nm. An ESCALAB 250Xi system
(Thermo Scientific, USA) with Al K, radiation was used to perform X-ray photoelectron
spectroscopy (XPS) analysis. The results were calibrated using the adventitious C 1s peak
centred at 284.8 eV as the reference. The depth profiles of elemental distribution were obtained
by Ar" sputtering a spot with a diameter of ®2.5 mm on the sample surface at 15 kV and 10
mA for 10 and 30 min, respectively. A Hitachi-S4800 microscope (Japan) and a FEI Tecnai G2
F20 S-TWIN instrument (USA) were used to carry out scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) observations, respectively. A FEI Titan G* 80-200
Chemi scanning transmission electron microscope was employed to obtain annular dark field
STEM images at an acceleration voltage of 200 kV. An energy dispersive X-ray spectroscopy
(EDS) mapping was employed to identify the distributions of Si, O, and C elements in the
samples. A BT-2003 laser particle size analyser (Baxter instrument, China) was used to examine
the size distribution of Si microparticles. A Nano Indenter G200 unit was used to conduct
nanoindentation experiments with a continuous stiffness measurement technique. All powder
samples were cold-pressed at 15 MPa to form 150 pm thick pellets which were then attached
to a stainless-steel substrate. A Vario Micro Elementar Analysensysteme instrument (Germany)
was used to analyse C content by heating the sample to 1000 °C under high-purity O2
atmosphere. A Malvern Zetasizer Nano ZS90 was used to test the Zeta potential of samples.
2.3 Electrochemical measurements

The electrochemical performance of the hierarchically coated micro-sized Si composites
was evaluated by assembling 2025 coin-type half-cells at temperatures of 26 = 1 °C. The
prepared Si composites were used as the working electrode, and lithium foil as the
counter/reference electrode. Here, a typical slurry method was used to fabricate the working
electrodes with 13 mm in diameter. The mass ratio of rGO-free active materials, acetylene black
(conducting agent), and sodium alginate (binder) is 7:2:1, while it is 8:2 for the rGO-containing

active materials and sodium alginate without additional conducting agent. The slurry was pasted
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onto copper foils and dried under vacuum in an oven at 120 °C for 12 h. The loading of active
materials was 1.0 ~ 1.2 mg cm™. The electrolyte was prepared by dissolving 1 M LiPFg solution
in a 1:1:1 (v/v/v) mixture of ethylene carbonate/diethyl carbonate/dimethyl carbonate
(EC/DEC/DMC) with 1 vol% fluoroethylene carbonate (FEC) solution as the additive. The cells
were assembled in an argon-filled glove box (H2O < 1 ppm.; Oz < 1 ppm.). A Neware battery
test system (CT-4008, Shenzhen, China) was used to perform galvanostatic charge-discharge
cycling experiments in the potential range between 0.01 and 1.5 V (vs. Li'/Li) at various current
densities. The specific capacities were calculated by taking into account the total mass of active
materials. An Arbin potentiostat (BT-2000, USA) was used to conduct cyclic voltammogram
(CV) measurements in the potential range of 0.01-1.5 V (vs. Li'/Li) at a scanning rate of 0.1
mV s, An Ivium Vertex electrochemical workstation (The Netherlands) was employed to
record electrochemical impedance spectra (EIS) at a voltage amplitude of 5 mV in the frequency
range of 100 kHz — 10 mHz. The Si@Li-Si-O@rGOIILi; 2Nio.13C00.13Mno 540> full cells were
assembled and measured at 2.5 ~ 4.2 V. The mass ratio of active materials for the anode to the

cathode was carefully balanced and set at 1:12.

3. Results and Discussion

Fig. 1 illustrates schematically the preparation of the composite. First, crystalline Si
microparticles (~ 2.5 um in particle size, Fig. Sla,b) were partially prelithiated by chemically
reacting with LiH upon heating. Li12Si; was clearly identified by XRD (Fig. S1c) and XPS (Fig.
S1d) on the surface after the reaction [38]. The prelithiated Si microparticles (~ 1 g) were then
loaded into a milling jar filled with 3 bar Oz and milled at 25 °C. The milling durations were
setat 1 h, 6 h, 12 h and 16 h, and the samples obtained were denoted as BM1h, BM6h, BM12h
and BM16h, respectively. As the milling time increased, O was gradually consumed (Fig. S2),
as evidenced by the invisible XRD peaks associated with Li12Si; and appearance of peaks due

to LSiO3 (Fig. 2a). The Si and Li;SiOs diffraction peaks then gradually weakened and
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broadened with further milling, indicating a gradual decrease in the particle/grain sizes and even
amorphization. With Debye-Scherrer equation, the grain sizes of Si and Li;SiO; were
quantitatively calculated and they were 22.9 and 6.9 nm, respectively, for the BM16h sample,
largely smaller than those of the BM1h sample (44.1 and 17.8 nm) (Fig. S3). Moreover, a bump
centred at 26 = 25° was detected in the XRD patterns, especially for the 16 h-milled sample,
which likely originates from amorphous SiOy [43]. FTIR examinations (Fig. 2b) also indicate
the presence of SiO, because the characteristic absorption bands of the Si-O at 1068 and 470
cm’! intensified with milling time [43,44]. Similar phenomenon was observed in the XPS
spectra (Fig. 2¢), where the intensity of the Si** XPS peak at around 102.2 eV, assignable to
SiOy, gradually increased with the milling time [44]. In contrast, the 2p XPS peak of Si’ at 98.6
eV became much weaker. The weight contents of oxygen were determined to be approximately
2.6%, 24.5%, 24.9%, 25.9%, and 27.2% for pristine Siand post-milled samples (BM1h, BM6h,
BMI12h and BM16h), respectively. These results indicate that mechanical milling led to
reactions between Li12S17/S1 on the surface and O> (Equation 1), resulting in conformal coating
layer of L12S103/SiOx on the surface of Si microparticles.
%LilZSiﬁr%SH?Oz —M 5 1i,Si0,+Si0, (1)
SEM observation (Fig. 2d-g) showed that after 12 h of ball milling, the particles became
spherical in shape. The average particle sizes were determined to be approximately 1.2 um by
means of laser size analysis (Fig. S4), which remained nearly the same after further milling for
another 4 h. Subsequently, the BM12h sample was selected as a representative example for
TEM observation and selected area electron diffraction (SAED) analyses. Different from
pristine Si (Fig. S5a-c), where the typical diffraction pattern of only crystalline Si was observed,
three types of diffraction rings, including polycrystalline rings, dotted rings and halo rings, were
detected in the SAED pattern of the BM12 sample (Fig. S5d,e), which can be indexed to cubic
Si, orthorhombic LixSiO3, and amorphous phases, respectively. The high-resolution TEM

image (Fig. 2h) displays a nanocrystalline Li>SiOs3-containing amorphous layer on the
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polycrystalline Si surface. The LixSiO3 nanocrystals with sizes around 8 nm are well dispersed
in the amorphous matrix. Here, the measured crystallite size matches with the result calculated
by Debye-Scherrer equation (7.7 nm) as shown in Fig. S3. The EDS mapping results (Fig. 21)
reveal a good conformal coating on the surface of Si particles. The coating layer is believed to
be composed mainly of SiO, because of the higher O concentration at the surface, as evidenced
by the XPS spectra. The characteristic peak of Si-Si bonding at 518 cm™ in Raman spectra still
preserved in spite of the reduced intensities with milling time (Fig. S6). These observations
indicate that through mechanical milling the prelithiated Si microparticles under O», a
nanocrystalline Li2Si03-embeded amorphous SiOy layer was conformally coated on the surface
of Si microparticles, which is denoted as Si@Li-Si-O hereinafter.

The Si@Li-Si-O composites were first assembled into 2025 coin-type half cells to evaluate
its performance as LIB anodes. The results display very similar lithiation/delithiation behaviors
to well-studied crystalline Si [45], because lithiation occurs at ~0.1 V and delithiation at ~0.43
V (Fig. S7a). The longer ball milling decreased the specific electrochemical capacity but
dramatically improved the cyclability, possibly due to the formation of more Li-Si-O layer. The
graphene-free Si@Li-Si-O sample obtained by 12 h ball milling delivered the best overall
electrochemical properties with 1708 mAh g of specific capacity at 0.1 A g'' and 80% of initial
coulombic efficiency (Fig. S7b, Table S1). But its capacity retention was measured to be only
68% after 100 cyclesat 0.1 A g (Fig. S7b, Table S1) and the specific capacity was reduced to
1558 mAh g at 0.3 A g upon cycling (Fig. S7¢,d), indicating a slightly poor rate capability
and cycling stability possibly due to the low conductivity and the insufficient mechanical
strength of Li-Si-O coating layer [46]. To address these issues, graphene was introduced
because of its unique physical and chemical properties, including high electrical conductivity,
good mechanical flexibility, superior chemical and thermal stability and large specific surface
area [47,48]. A new graphene-encapsulated Si@Li-Si-O composite was fabricated through

electrostatic self-assembly encapsulation followed by high-temperature reduction. The Si@Li-
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Si-O microparticles was first modified by adsorbing PEI on the surface via electrostatic
attraction (Si@Li-Si-O-PEI), which changed the surface charge from negative to positive.
Si@Li-Si-O-PEI microparticles were then covered by negatively charged GO via electrostatic
attraction (Si@Li-Si-O@GO). The aqueous suspension was freeze-dried and then heated to
500 °C for thermal reduction of GO to obtain Si@Li-Si-O@rGO.

The resulting samples were subjected to structural and composition characterization by
XRD, XPS, Raman, SEM, TEM, SAED and EDS. The high-resolution C1s XPS spectra (Fig.
3a) indicated the largely reduced relative intensities of C-O and C=0 bonds at 285.6 and 286.7
eV [49], respectively, and the C-C bond at 283.8 eV became dominant after thermal reduction
at 500 °C, indicating the successful conversion from GO to rGO. Raman results (Fig. 3b) show
the change in the relative intensities of D band (1345 cm™) and G band (1585 cm™) and the
Ip/IG ratio was determined to be 0.68 for Si@Li-Si-O@rGO, which is consistent with graphene
[49,50]. A small amount of SiC phase was identified in the XRD pattern (Fig. S8), indicating
a quite good contact between Si@Li-Si-O and rGO [51]. Low magnification SEM image of the
resulting Si@Li-Si-O@rGO (Fig. 3c) shows the typical flake-like morphology. Further high
magnification observation (Fig. 3d) indicates very good conformal encapsulation of Si
microparticles in graphene (Fig. 3e). TEM images and corresponding EDS mapping confirm
the pancake-like hierarchical coating structure for Si@Li-Si-O@rGO. As shown in Fig. 3f,
microsized Si particles coated conformally with nanocrystalline Li2SiO3-containing amorphous
SiO, layer are well encapsulated in graphene sheets. Here, the fact that the Li 1s XPS peak
assignable to LixS103 was detected at 54.9 eV (Fig. S9) confirms the presence of nanocrystalline
LibSi03 as mentioned above [52]. Further SAED analyses clearly identified the existence of
crystalline Si, Li2Si03, amorphous species and graphene (Fig. S10). Moreover, it should be
mentioned that the relative content of graphene in the resulting Si@Li-Si-O@rGO sample was
determined to be only 5.2 wt%, lower than most of the reported graphene-modified Si

composite anodes (Fig. S11a).
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Fig. 4 compares the electrochemical performance of the pristine Si microparticles, Si@Li-
Si-O and Si@Li-Si-O@rGO. These three samples display typical lithiation/delithiation
behaviors of crystalline Si, as indicated by the CV curves in Fig. 4a, revealing that Si is the
primary Li storage active species. The reduced intensities of cathodic and anodic current peaks
reveal a decrease in the available Li storage capacity for the composite anodes. This is further
confirmed by galvanostatic charge/discharge measurement at 0.01-1.5 V (vs. Li/Li") and 0.1 A
g (Fig. 4b). Their initial discharge/charge capacities were determined to be 3517/3009,
2128/1708 and 1884/1450 mAh g for the pristine Si, Si@Li-Si-O and Si@Li-Si-O@rGO
anodes, respectively. For the Si@Li-Si-O sample, the reduced specific capacity is mainly
attributed to the formation of SiO, and inactive Li,SiOs. For the Si@Li-Si-O@rGO anode, the
further reduction in the specific capacity is related to the formation of inactive SiC as described
above (Fig. S8). Moreover, the formation of SiOx, Li,Si03 and SiC were also responsible for
the slightly reduced initial coulombic efficiency of the Si@Li-Si-O@rGO anode (ICE: 77%),
which is expected to solve thorough the pre-lithiation approach [33]. But the composite anodes
demonstrated much improved cycling stability (Fig. 4c). After 100 cycles at 0.1 A g, the
reversible specific capacity was measured to be 1285 mAh g™ for the Si@Li-Si-O@rGO anodes,
corresponding to approximately 89% of capacity retention, which is remarkably higher than
those of pristine Si (11%) and Si@Li-Si-O (68%). Such high cyclability is also superior to most
graphene-coated micron-Si anodes and even some of nano-Si anodes (Fig. S11a). Moreover, a
dramatic increase in the Coulombic efficiency was observed for the Si@Li-Si-O@rGO anode
upon cycling (Fig. 4d), indicating remarkably improved reversibility and cyclability. The rate
capability was also improved and the specific capacity was measured to be 1377, 1137, 905 and
703 mAh g! at 0.3, 0.5, 2and 5 A g™!, respectively (Fig. 4e). These values are comparable to
and even better than those of reported high-graphene-modified Si anodes, especially at 5 A g”!
(Fig. S11b). It is worth highlighting that a highly stable long-term cyclability was also obtained

at high current density. When cycled at 0.5 A g~!, as shown in Fig. 4f, a high reversible capacity
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0f 962 mAh g was obtained in the 310th cycle, corresponding to 97.7% of the 2nd cycle (985
mAh g), remarkably better than that of Si@n-SiO»/C reported recently (800.7 mAh g™ after
300 cycles) [33]. Furthermore, no appreciable changes in the electrochemical properties were
observed after rolling the Si@Li-Si-O@rGO watfer electrode (Fig. S12), exhibiting good
flexibility at certain extent.

To understand the important roles played by hierarchical conformal coating, we further
prepared three samples composed of Si/SiOy, Si/rGO and S1/Si0,/rGO, by directly mechanical
milling Siunder O> (S/SiOx) and combing pristine Siand Si/SiOx with rGO through an identical
encapsulation process described above, respectively. Severe pulverization (Fig. 5a) and
amorphization (Fig. S13) were observed for the Si/SiO, sample, and the average particle size
was reduced to 0.4 pm after ball milling. Unlike the Si@Li-Si-O sample, coating was not
achieved by milling Si under O2 because both Si nanoparticles and fully oxidized SiOx
submicron particles in isolated states were distinguished by the EDS mapping analysis (Fig.
5b). This can be attributed to the poor mechanical properties of Si and amorphous SiO., which
leads to continuous fracturing and pulverization during mechanical milling. This is further
confirmed by measuring their elastic moduli and hardness values using nanoindentation
technique. As shown in Fig. 5c-e, the elastic modulus and hardness of the pristine Si and Si/SiOx
are only 9.2/0.33 and 5.4/0.13 GPa, respectively. These values are increased to 31.8/1.29 GPa
for Si@Li-Si-O obtained after 12 h milling. The enhanced mechanical properties are also
responsible for the preservation of micron sized particles in the prepared Si@Li-Si-O particle
(Fig. 2d-g).

Electrochemical measurements indicated nearly no improvement for the Si/SiOx sample
(Fig. S14) compared with Si, although the particle size was largely reduced (Fig. 5a). We
therefore believe that the in situ formed Li-Si-O conformal coating layer enhances mechanical
properties and anti-pulverization ability of the Si microparticles during lithiation/delithiation,

which is in good agreement with our previous report [38,52]. SEM observation displayed good
12



integrity for as-fabricated pristine Si, Si@Li-Si-O and Si@Li-Si-O@rGO electrodes although
there were some small cracks and even cavities on the surface (Fig. 6a-c). However, a
remarkable change on the surface morphology was observed after 100 cycles (Fig. 6d-f). In
contrast to the pristine Si electrode, where extensive fracturing was observed after 100 cycles
(Fig. 6d), only large and deep cracks appeared on the surface of Si@Li-Si-O electrodes (Fig.
6e). This situation was further improved by encapsulating Si@Li-Si-O in graphene, which helps
to buffer the volume change and therefore suppress the active materials from separation [53].
As a result, the Si@Li-Si-O@rGO electrode exhibited the best mechanical integrity with only
a few cracks (Fig. 6f), consequently delivering the best cycling stability. However, it is difficult
to encapsulate the pristine Si particles with rGO (Fig. S15). As for the Si/SiO, mixture, even
though the encapsulation structure can be formed, its quality is not high (Fig. S16), possibly
due to the relatively weaker interaction between SiO. with GO, as indicated by theoretical
calculations, which offer a smaller adsorption energy while adsorbing SiO, clusters on the GO
surface (Fig. S17). This is responsible for their poor cycling stability. Furthermore, the
comparison of zeta potential reveals that the presence of the Li-Si-O surface layer largely
increased the surface charge of Si microparticles, evidenced by a twofold increase in zetal
potential from 24.6 to 53.3 mV (Fig. S18) [54]. After PEI treatment, Li-Si-O surface became
highly positively charged, which enables strong electrostatic interaction with negatively
charged GO, leading to strong encapsulation by rGO after thermal annealing [55].

EIS examinations were conducted for pristine Si, Si@Li-Si-O and Si@Li-Si-O@rGO
anodes after different charge/discharge cycles (Fig. 6g-i). The results were fitted with a
frequently used equivalent circuit shown in Fig. S19 and summarized in Table 1. The fitting
results exhibit a distinct increase in the SEI resistance (Rsi) and the surface electrochemical
reaction resistance (R¢) for the pristine Si with cycling, nearly 10-fold increase in the R value
after 100 cycles. This is mainly attributed to the poor electrical contact caused by severe

pulverization and the continuous formation of unstable SEI film, as extensively reported
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previously [29,30]. The increments in Rsi and R are largely decreased for the Si@Li-Si-O
(Fig. 6h) and Si@Li-Si-O@rGO (Fig. 61) samples, due to the remarkably increased mechanical
and chemical stability caused by the surface conformal coating, as discussed above. In addition,
the encapsulation by graphene enhances electronic conductivity, which is also favourable for
the reduction in the R value (Table 1).

Moreover, the diffusion coefficient of Li" ion (Dri) was calculated by fitting the EIS data
(Fig. 7). For Si@Li-Si-O, the Dy; value is determined to be approximately 2.03 x 101° cm? 57!,
which is an order of magnitude higher than that of the pristine Si (3.97 x 10" cm? s™) and
S/SiOx (2.04 x 1071 cm? s71). This is mainly ascribed to the presence of nanocrystalline Li,SiO3
with high Li" conductivity in the SiOx coating layer [56,57]. The highly conductive graphene
and two-dimensional pancake-like morphology also contribute to high ion and electron transfer
capability. In addition, the hierarchical conformal coating of Si microparticles enhances the
mechanical and chemical stability and therefore facilitates the electron and ion transfer. All
these factors contribute to the observed superior overall electrochemical properties of Si@Li-
Si-O@rGO (Fig. 4e and f). Furthermore, the full cells were fabricated by pairing with home-
made Li;2Nig.13C00.13Mno5402 (LNCMO) cathode. The electrochemical performance was
preliminarily evaluated at 2.5 - 4.2 V of potential window, which delivered 1092 mAh g of
specific capacity based on the mass loading of anode active materials, along with relatively
stable cyclability (Fig. 8). More importantly, the Si@Li-Si-O@rGOIILNCMO full cell readily
powered a green LED bulb working at 3 V as shown in the inset of Fig. 8b, showing a good

possibility for practical applications.

4. Conclusion

In summary, a unique pancake-like microsized Si composite anode with the hierarchical

conformal coating was fabricated through a facile reactive mechanical milling followed by
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electrostatic self-assembly of rGO. The reactive mechanical milling generated a nanocrystalline
L12Si03-embeded amorphous SiO, conformal coating layer on the surface of Si microparticles,
and the electrostatic self-assembly enabled a good encapsulation by graphene. This hierarchical
conformal coating enhances the mechanical and chemical stability and facilitates the electron
and ion transfer, consequently enhancing electrochemical performance. The elastic modulus
and the diffusion coefficient of Li" ion were largely increased to 31.8 GPa and 2.03x107'° cm?
s, respectively. As a result, the specific electrochemical capacity of the resulting Si@Li-Si-
O@rGO composite was measured to be 1450 mAh g at 0.1 A g”!, and remained at 1258 mAh
gl after 100 cycles. Moreover, the rate capability was also improved remarkably because the
measured specific capacity was 703 mAh g! even operating at 5 A g”'. In particular, the capacity
retention as high as 97.7% was achieved from the 2nd to the 310th cycle while cycling at 0.5 A
g’l. Our findings reported in this work provide a new avenue for the rational design of

microsized Si anodes for practical applications in high-performance Li-ion batteries.
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Fig. 1 Schematics of the preparation process and morphologic characteristics of the pancake-

like micron-Si with hierarchical conformal coating.
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Fig. 2 (a) XRD patterns, (b) FTIR spectra, and (c) high resolution Si 2p XPS spectra of pristine
Si microparticles and the prepared Si@Li-Si-O samples with different milling durations. (d-g)
SEM images of as-milled samples. (h) HRTEM images of Si@Li-Si-O (BM12h). (i) STEM

image of Si@Li-Si-O (BM12h) and corresponding EDS mapping of Si (red) and O (green).
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Fig. 3 (a) High-resolution Cls XPS, (b) Raman spectra, (c-e) SEM and (f) STEM and

corresponding EDS mapping of the prepared Si@Li-Si-O@rGO.
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Fig. 4 (a) First CV curves, (b) first voltage profiles, (c) cycling performance measured at 0.1
A g and (d) corresponding Coulombic efficiency (Inset: zoom in image) of the pristine Si,
Si@Li-Si-O and Si@Li-Si-O@rGO anodes, (e) specific capacities of the Si@Li-Si-O@rGO
anode measured at different current densities. (f) Cycling stability and corresponding

Coulombic efficiency of the Si@Li-Si-O@rGO anode measured at 0.5 A g~ during 310 cycles

(the electrode was first activated at 0.1 A g~!, which was not shown here).
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Fig. 5 (a) SEM image and (b) STEM and corresponding EDX mapping of the prepared Si/SiOx.
Some unoxidized Si nanoparticles were marked out by the dotted boxes. (c) Nanoindentation
load/displacement curves, (d) elastic moduli and (e) hardness values measured for the pristine

Si, Si/Si0x and Si@Li-Si-O after different milling durations.
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Fig. 6 SEM images of (a,d) pristine Si, (b,e) Si@Li-Si-O and (c,f) Si@Li-Si-O@rGO electrodes

before (a-c) and after (d-f) 100 cycles. EIS spectra of (g) the pristine Si, (h) Si@Li-Si-O and (i)

Si@Li-Si-O@rGO electrodes measured at different cycles.
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Fig. 7 (a) Nyquist plots, (b) plots of real impedance (Zre) against the reciprocal square root of

the lower angular frequencies (%) and (c) plot of diffusion coefficient values for Li" ions

(DLi) of pristine Si, Si/SiO;x and Si@Li-Si-O samples after 1 charge/discharge cycle.
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Fig. 8 (a) Charge-discharge curves and (b) cycling performance of Si@Li-Si-O@rGOIILNCMO

full cell. Inset: a green LED bulb powered by the fabricated full cell.
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Table 1 The calculated impedance values of the pristine Si, Si@Li-Si-O and Si@Li-Si-O@rGO

electrodes at different cycles.

Cyclos Re (Q) R (Q)
Pristine Si__ SI@Li-Si-O _ Si@Li-Si-0@rGO__ Pristine Si_ SI@Li-Si-0 _ Si@Li-Si-O@rGO
st 12.6 12.2 10.7 42.6 47.9 19.6
5th 37.1 30.7 12.7 154.9 96.5 32.3
100th  88.1 34.7 25.0 420.3 216.6 61.9
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