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ABSTRACT: Silicon (Si) attracts extensive attention as the advanced anode material
for the Lithium (Li)-1ion batteries (LIBs), due to the ultra-high Li storage capacity and
suitable voltage plateau. Hollow porous structure and dopant-induced lattice
expansion can enhance the cyclic stability and the transporting kinetics of Li-ions.
However, it is still difficult to synthesize the Si anode possessing these structures
simultaneously by a facile method. Herein, lightly boron doped spherical hollow
porous Si (B-HPSi) anode material for LIBs is synthesized by a facile
magnesiothermic reduction from boron doped silica. The B-HPSi exhibits local lattice

expansion located on boundaries of refined subgrains. Boron atoms in silicon
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contribute to the increase of the conductivity and the expansion of lattices. Based on
the first principles calculations, the B dopants induce the conductivity increasing and
the local lattice expanding. As a result, B-HPSi electrodes exhibit high specific
capacity of ~1500 mAh g! at 0.84 A g and maintains 93% after 150 cycles. The
reversible capacities of ~1250 mAh g, ~1000 mAh g and ~800 mAh g can be

deliveredat 2.1 Ag!, 42 A g' and 8.4 A g!, respectively.



INTRODUCTION

Advanced anode materials of Lithium (Li)-ion batteries (LIBs) require high
specific capacity and cyclic stability.l' 2 Owing to the ultra-high Li storage capacity
(3579 mAh g for Lis7sSi) and suitable voltage plateau, silicon (Si) has attracted
extensive attention as the advanced anode material among numerous candidates
Moreover, a plenty of works have been devoting to fabricate the elaborate and
effective structures to improve the performance of ionic transfer of Si anode.>? It is
believed that the existence of hierarchical pores and gaps in Si can provide the
interconnected paths for Li ion transporting.* 1> 14 Besides, it has also been found that
the hollow porous structured Si can partially reduce violent capacity degradation,
prevent pulverization and stabilize the solid electrolyte interface (SEI) films, which is
attributed to the alleviation of the drastic volume change of Si during cycling.* °

However, the improvement of intrinsic capability of transmission dynamics for
Li-ions of Si anodes is rarely reported. Previous studies indicated that the dopant in Si
could also induce some specific lattice deformations, including intra-crystalline
deformation and surface deformation. These dopant induced deformation could lead
to the fluctuation of energy barriers, thereby potentially providing the lower energy
barriers for the faster Li diffusion pathways.!%® Based on the classical research,
dopant can also increase the carrier concentration and correspondingly, the electronic
conductivity of Si.!* 2 For example, some works found that Boron (B) doped Si
anodes possess the better transferring performance than the un-doped ones, partially

because of the improved electronic and ionic conductivity.?-? In addition, the locally
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elongated bond could expand the framework of Si, which can further improve the
transporting kinetics of Li-ions.!® Recently, it has also been found that the disordered
amorphous Si can contribute to the improvement of the rate performance and cycling
stability.?* % Therefore, synthesizing porous Si materials with lattice deformations
(expansion) should be of significance for enhancing the Li-ions transferring rate and
cycling stability. To simultaneously obtaining hollow, porous and doped features,
magnesiothermic reduction is used for fabricating Si materials.?® 2’ By using this
methodology, for example, Favors et al and Zuo et al successfully obtained the hollow
porous Si products based on the conformal Mg reductions from various Si0O,.% 27
However, magnesiothermic reductions are still suffering the disintegration of
designed morphology, even though they are elaborate.?® 2 On the other hand, the
traditional doping methods which highly rely on the top-down bulk diffusion or
expensive vapor deposition methods, have never been integrated into the
magnesiothermic reductions.

Herein, we develop a facile strategy in the present work for the fabrication of the
boron doped hollow porous nanostructured Si (B-HPSI) anode with lattice expansion
areas between sub-grains via the co-condensation and Mg reduction. In the
co-condensation stage, B doped hollow SiO> spheres (B-HSIiO>) are obtained through
a modified Stcher method combined with water etching process. Then, B-HSIO:
spheres are converted to B-HPSi spheres. Besides, B dopant induces local lattice
expansion and sub-grains refining, contributing to the improvement of rate

performance and cyclic stability. More specifically: firstly, the hollow porous



nano-structures and the local lattice expansion provide the hierarchical ion
transportation paths, which not only shorten the ion transmission distance, but also
improve the intrinsic capability of ion conductivity in solid phase;*° secondly, this
structure provides a remarkable accommodation of the volume change, improving the
structural and interfacial stabilities against cycling; thirdly, Si sub-grains are refined
due to the stress and strain fields induced by B atoms, which may further reduce the
volume change during cycling. B-HPSi materials deliver high specific capacity of
~1500 mAh g and retention capacity of 93% at 0.84 A g over 150 cycles, and
excellent cycling stability of 850 mAh g™ at 4.2 A g* after 400 cycles. In addition, the
new associated synthesizing method for the B doped hollow SiO» through a boric acid
involved Stober method will provide new insight into fabricating stable high-capacity
energy storage materials toward practical application.

EXPERIMENTAL SECTION

Synthesis of materials: First, 9 mL tetraethyl orthosilicate (TEOS) and 0.32 g boric
acid were dissolved in 91 mL absolute methanol under vigorously stirring for 10 min.
Then, 0.1 mL diluted HCI (0.012 mol L) was injected to this solution, which was
heated to 60 °C under stirring for another 3 h. After being cooled to room temperature,
the mixture was injected to another solution of ammonia solution (18 mL, 25wt%),
deionized water (49.5 mL) and methanol (32.5 mL). The hydrolysis reaction
proceeded at room temperature for 3 h under vigorous stirring and then aged
overnight. The resultant white emulsion was alternately centrifuged and washed with

ethanol and water. The precipitate was dispersed into water and aged at 70 °C for 30



min. After drying, the white powder was calcined at 550 °C for 2 h in air to obtain
B-HSiO». To prepare B-HPSi, 1 g as-prepared B-HSiO; nanoparticles were mixed
with 10 g NaCl and 0.9 g Mg powder, then sealed in a brass reactor, placed in a
horizontal tube furnace, heated to 700 °C and finally kept for 6 h under Ar atmosphere.
The B-HPSi nanoparticles were obtained after being washed with HCI (1mol L) and
5% HF solution, and dried at 60 °C. The reference samples were synthesized via the
same method by altering the amount of boric acid during the fabrication of SiO». The
obtained SiO; nanoparticles without boric acid, with 0.08 g and 0.16 g boric acid were
marked as B0-SiO2, B1-SiO; and B2-SiO,. Correspondingly, the obtained Si products
were denoted as BO-Si, B1-Si and B2-Si.

Characterization: Morphologies and microstructures of samples were characterized
with field emission scanning electron microscopy (SEM, Nova NanoSEM230)
operated at acceleration voltage of 15 kV, and field emission transmission electron
microscopy (TEM, JEM-2100F) operated at acceleration voltage of 200 kV. Phase
structures were characterized by X-ray diffraction (XRD, Rigaku-TTRIII) with Cu Ka
radiation at a scanning rate of 10 °/min. X-ray photoelectron spectroscopy (XPS) was
performed on ESCALAB 250Xi (Thermo Fisher-VG Scientific). Element content was
detected by inductively coupled plasma atomic emission spectroscopy (ICP-AES
Baird PS-6). Nitrogen adsorption and desorption isotherms were collected at -196 °C
under the pressures of 0.05-0.99 P/Py using ASAP 2020. Specific surface areas and
pore size distributions of B-HPSi were calculated by Brunauer—-Emmett—Teller (BET)

method and Barrett—Joyner—Halenda (BJH) method, respectively.



Cell Assembly and Electrochemical Testing: Working electrodes were prepared by
casting the slurry with a weight ratio of Si: acetylene black: sodium alginate = 6:2:2 in
deionized water on a copper foil. The mass loading of the electrode ranges from 0.5 to
Img/cm?. The electrode was thoroughly dried at 120 °C in a vacuum oven for 6 h.
The CR2025 type coin cells were assembled in an Ar-filled glove box with O content
lower than 0.1 ppm using the as-prepared Si electrodes and the lithium foil as the
working electrodes and the counter electrode, respectively. The electrolyte was 1M
LiPFs in an iso-volume mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC), in which 10 wt% fluoroethylene carbonate (FEC) was added. Galvanostatic
charge-discharge cycling was carried out on LAND CT-2001A in the potential range
0.01-1.2 V vs. Li/Li". The specific capacity was calculated based on the mass of Si.
The charge/discharge rates were calculated with respect to the theoretical capacity of
Si (1 C=4.2 Ag™). Cyclic voltammetry (CV) was performed in the potential range of
0.01-1.2 V vs. Li/Li* at a scan rate of 0.2 mV s'. Electrochemical impedance
spectroscopy (EIS) measurement was performed over the frequency ranging from
0.01 to 10° Hz with potential amplitude of 5 mV. CV and EIS were both performed on
the electrochemical workstation (PARSTAT MC).

Calculation Details: Abinito total energy and molecular-dynamics program VASP
(Vienna ab initio simulation program) developed at the institutfiir Material physik of
the Universitit Wien were used to do the calculations.’! Pseudopotentials were
described by the Generalized-gradient approximation (GGA) with the functional of

Perdew, Burke and Ernzerh of (PBE). Projector augmented wave (PAW) method was
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used to describe the electron wave functions.>' The kinetic energy cutoff of 400 eV
and the selected k-points (5x5%5) based on the Monkhorst—Pack scheme were set. 64
atoms super-cells (Sie4 and Sig3B) are constructed to investigate the effect of B dopant.
For the substitutional-like B atoms, we replaced one of the Si atoms by B.
Subsequently, we carried out a relaxation of both the atomic positions and cell shape
and volume. Good convergence was obtained with these parameters and the residual
forces for the relaxed atoms were less than 0.01 eV/A.
RESULT AND DISCUSSION

Conventional doping strategy relies on vapor deposition method, which is
complex and expensive. The method in this work is based on a kind of bottom-up
method. Silica and boric oxides are reduced into B doped Si nano-grains. Stober
method was modified in the present study by adding boric acid. B-HPSi was obtained
via a magnesiothermic reduction between Mg powder and B doped Si0». A schematic
illustration of the synthetic paths for typical Si samples is depicted in Figure S1. The
calculations on Gibbs free energy indicate that Si0, and boron oxide can be reduced
to Si and B at 700 °C (equation 1, 2).
2Mg(g)+SiOs (s, cristobalite) — 2S5 2MgO(s)+Si(s) AG=-2.54 KJ/mol 1

3Mg(g)+B,05 (1) — 2“5 3MgO(s)+2B(s) AG=-77.5 KJ/mol 2
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Figure 1. (a) SEM and (a inset) TEM of B-HSiO»; (b) SEM and (b inset) TEM of B0-SiO»; (c)
SEM and (c inset) TEM of B-HPSi; (d) SEM and (d inset) TEM of B0-Si; HRTEM of (¢) B-HPSi
and (f) BO-Si; (g, h and i) the Fourier-filtered HRTEM images enlarged from the rectangular
regions in (e) marked C1, C2, and C3; (j) XRD patterns of B-HSiO,, B-HPSi, B0-Si and
commercial Si; fitted Raman spectrum data of (k) BO-Si and (1) B-HPSi.

Based on ICP results, B content in B-HPSi is 0.057% (Table S1). Previous works
have unambiguously demonstrated that a little content of B (at 0.001% level) could
significantly change the conductivity of Si.! Figure 1(a) shows that the uniform
smooth spherical B-HSiO» particles have the size of ~500 nm and the loose porous
cores (also see Figure S2). Silica spheres without moderate B are solid spheres with
diameter of 300~400 nm (Figure 1(b)). The hollow structure could be original from

the inhomogeneity of SiO> during Stdber process.*> Under the conventional Stdber
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synthetic conditions, TEOS undergoes inhomogeneous hydrolysis, producing partially
hydrolyzed monomers with 1~4 silicon hydroxyl groups. The condensations of these
monomers result in the low crosslinking degree of cores. It is speculated that B atoms
also contribute to the decrease of the crosslinking degree because of their lower
coordination number (Figure S3). During the etching stage, dangling bonds in core
areas can facilitate the formation of hollow structures.** Inner cores of SiO» without
sufficient B can be hardly etched, which could be attributed to their relatively
completed O-Si framework (Figure S3).

Figure 1(c) exhibits the B-HPSi spheres having the outer diameter of ~500 nm
and inner diameter of ~250 nm, which are similar to that of B-HSiO,. The porous
structure of B-HPSi is attributed to the removal of oxygen atoms. The enlarged TEM
image of B-HPSi in Figure 1(c) inset clearly shows that B-HPSi spheres are
composed of primary grains with diameter of ~10 nm (also see Figure S4). However,
B-free Si (B0-Si) particles are irregular (Figure 1(d), Figure S5), which are not similar
to the silica spheres. Therefore, it can be deduced that the addition of B can contribute
to the maintenance of the morphology during the Mg reduction. B atoms can interfere
with the Si crystallization and probably generate the robust B-Si interaction, which
are much more stable than Si-Si interaction,* thereby enabling the structural stable
B-HPSi against the harsh Mg reduction conditions. The B-HPSi materials with
structural stability encourage us to explore their stability against repeated
lithiation/delithiation processes.

Figure 1(e) gives the high-resolution transmission electron microscope (HRTEM)
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image of B-HPSi, showing local areas with deformed lattices, Several sub-grains with
grain size of several nanometers are formed inside of one primary grain with grain
size of ~10 nm, as indicated by the yellow lines in Figure 1(e). The deformed lattices
and refined sub-grain can be hardly discovered in BO0-Si sample (Figure 1(f)).
Specifically, Figure 1 (g)~(i) show the Fourier-filtered atomic-scale images enlarged
from the rectangular regions of B-HPSi (Figure 1(e)) marked C1, C2, and C3,
respectively. The local deformed areas located on grain boundaries and the associated
misfit dislocations are well indexed in the Figure 1(g)~(i). The interplanar spacings of
the Si (111) planes are determined by averaged measuring the intensity profiles (see
Figure S6). The results show that interplanar spacings of the Si (111) plane for the C1,
C2 and C3 regions are 0.321 nm, 0.32 nm, 0.322 nm, and 0.33 nm, respectively,
which are 2%~5% larger than the standard value of 0.314 nm, as indicated in Figure
1(f). Two factors could result in the local lattice expansion. Firstly, stress and strain
fields result in local lattice expansion between subgrains, which is caused by thermal
diffusion of dopant B atoms during the Si crystallization.>> Secondly, size effect from
nano-size grains also results in the lattice expansion. The characteristics clue in grain
refining of B-HPSi can be found from the XRD patterns (Figure 1(j)). Si (111) plane
peak in B-HPSi is apparently more broadened than the others (Figure S7), indicating

36,37 which could be the result of stress and strain fields. The

the smaller subgrain size,
crystallinities of B0O-Si and B-HPSi were quantitatively compared in Figure 1(k) and
Figure 1(1) by using Raman spectrum. The fitted peaks show that B-HPSi exhibits the

proportions of amorphous scattering and grain boundary scattering of ~4% and ~21%,
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respectively, which are quite higher than B0-Si (2% and 7%), also indicating that
B-HPSi possesses many boundary atoms.*® Based on XPS results, it is noticed that the
Siyp peaks shift to direction of higher binding energy (from Si standard value of 103.4
eV and 99.15 eV to B-HPSi experimental value of 103.8 eV and 99.4 eV), which can
be attributed to the decrease of the electron density around Si atoms caused by the
attraction of electrophilic B (Figure S8(a)). The dopant B can be confirmed by its
XPS peaks shown in Figure S8(b). The nitrogen adsorption-desorption test was
applied to measure the specific surface area and pore size distribution of B-HPSi
(Figure S9). The BET surface area and total pore volume of B-HPSi are 130 m? g’!
and 0.68 cm® g!, respectively. The pore size distribution of B-HPSi ranging from 1
nm to 50 nm indicates its meso-porous and micro-porous structure, consisting with

the results of TEM images in Figurel.
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Figure 2. (a) CV curves of B-HPSi anode at a scan rate of 0.2 mV s!; (b) The charge/discharge
of B-HPSi at 0.84 A g! (1% curves at 0.21 A g!); (¢) Cyclic performance at 0.84 A g'!
(initial 3 cycles at 0.21 A g') and (d) rate performance of B-HPSi, B0-Si and commercial Si; (e)
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Long term cycling performance of B-HPSi at 4.2 A g'! (the initial 10 cycles at 0.42 A g!)

effect of dopant B on the electrochemical performance of B-HPSi. Cyclic
voltammetry (CV) test between 0.01 V and 1.2 V of B-HPSi is presented in Figure
2(a). During the initial cathodic scan, the broadened peak at 0.4~0.8 V is attributed to

the formation of SEI film. The cathodic peaks at ~0.1 V and anodic peaks at 0.3~0.5
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V are corresponding to the lithiation and delithiation, respectively. During the initial 5
cycles, the increase of peak current is related to the gradually electrolytic wetting of
electrode. The galvanostatic discharge/charge curves of B-HPSi between 0.01 V and
1.2 V are presented in Figure 2(b), indicating the anode goes through an activation
process before its final stabilization. B-HPSi, B0O-Si and commercial Si are cycled at
0.84 A g'! for 150 cycles after activated at 0.21 A g’ for initial 3 cycles (Figure 2(c)).
Though the charge capacity of commercial Si is as high as ~2600 mAh g! (4th cycle
at 0.84 A g!), it suffers a rapid degradation to 1350 mAh g in 50 cycles due to the
drastic pulverization. The B0-Si electrode shows a much lower specific capacity of
~1000 mAh g'!, which could be related to the poor electronic and ionic conductivity.
The initial charge and discharge capacity of B-HPSi are 1600 mAh g™ and 2500 mAh
g’!, exhibiting an initial coulombic efficiency of 64%. Relative low initial efficiency
could be attributed to the abundant oxygen-containing groups in B-HPSi,** which can
be solved by the facile pre-lithiation techniques.** The coulombic efficiency of
B-HPSi increases to 99% in the initial 4 cycles and remains above 99% in the
subsequent cycles. The charge capacity remains at ~1400 mAh g™ till 150th cycle,
exhibiting a retention capacity of ~93%. The influence of areal mass loading on cyclic
performance of B-HPSi materials is shown in Figure S10, indicating that the as
prepared materials retain ~1200 mAh g™ under a mass loading as high as 1.2 mg cm?.
Si materials with lower doping concentration (B1-Si and B2-Si) exhibit the gradual
decrease of specific capacity with the decrease of B content (Figure S11). Moreover,
B-HPSi electrode displays the best rate performance (Figure 2(d)). The reversible
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capacities of B-HPSi anode at 0.42 A g',0.84 Ag', 2.1 Ag', 42 Ag'and84 A g'!
are around 1800 mAh g!, 1500 mAh g!, 1250 mAh g!, 1000 mAh g and 500 mAh
gl respectively. Since the current density returns to 0.42 A g’!, a capacity of ~2000
mAh g is recovered and remains stable in the subsequent cycles, demonstrating the
robust structural stability of B-HPSi. Long term cycling test is performed at 4.2 A g’!
after activated at 0.42 A g for 10 cycles (Figure 2(e)). It can be found that the
B-HPSi anode exhibits an outstanding reversible capacity of ~850 mAh g! over 400
cycles. At a curent density of 8.4 A g™!, B-HPSi anode also exhibits reversible capacity
as high as 731.9 mAh g-1 after 300 cycles (Figure S12). Though converted into
amorphous structures, the B-HPSi remains its hollow structures and subgrain
boundaries after cycling (Figure S13). This indicates their excellent stability against
repeated lithiation/delithiation. Therefore, the effects of the lattices deformations on
ionic transporting and cyclic stability may be reserved. It should be noted that
temporary capacity decrease always follows the initial activated cycles (Figure3c and
e). It could be relative to internal rearrangement of anode during initial cycles. The
rearrangement of active materials lead to a temporary inactivation of the active

material before its normal capacity is recovered.

15



B-HPSi: much
defect as fast
ion channels

lithiation

delithiation

B0-Si : little
defect

lithiation
_—

B
delithiation

- solid state path fast path W electrolyte ' Li Si mSi 71 fastionchannels

Figure 3. Hollow porous structures, local lattice deformation and refined sub-grains which act as

fast ion channels.

The good performances of B-HPSi are related to the B-induced local lattice
expansion, the confined subgrains and hollow porous structures, as illustrated in
Figure 3. Great deal of hierarchical porous and hollow shell structures could shorten
the pathway for the migration of Li ion.'"* On the other hand, pores provide reserved
void for alleviating the drastic volume change during the lithiation/delithiation. The
locally expanded lattice boundaries could also acts as ionic fast channels, also
improving the ionic transport in the paticles.*! B doped Si exhibit better electron
conductivity than intrinsic Si (Table S1), reducing the polarization of batteries. EIS of
cycled B-HPSi and BO0-Si electrodes were compared to support these viewpoints,
where the B-HPSi has much better electronic and ionic conductivity than the B-free

one (Figure S14).
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Regarding the structural stability, these pores structures provide reserved void for
alleviating the drastic volume change during the lithiation/delithiation, hence
stabilizing the anodic structure against repeated cycling. Besides, the interaction
between B and Si could lead to the generation of B-Si atomic clusters, which could
act as the frameworks that are more stable than Si-Si clusters.>* These clusters could
contribute to the stability. Based on first principle calculations, the band gaps of pure
Si and B doped Si are determined as 0.89 eV and 0.58 eV, respectively (Figure S15).
Agreeing with the EIS results (Figure S14) and rate capacity (Figure 2(d)), the
calculated theoretical resistance decreases with the increase of B content (Table S1),
suggesting the improvement of the conductivity by B doping. During the repeated
lithiation/delithiation, B dopant can still improve the conductivity of Si, although the

crystalline Si is completely converted to amorphous structure.*?

expanded frameworks

D1=0.2084nm
D2=0.2390nm

Figure 4. Simulated atomic structures of (a) pure Si and (b) B doped Si. Views of
nearest-neighbor distances (D0 to D4) of (c¢) pure Si and (d) B doped Si. Where ‘0’ corresponds to
Si-Si distance in pure Si; ‘1’ bond corresponds to Si-B distance; ‘2°, ‘3°, ‘4’ bonds correspond to

Si-Si distance gradually away from the Si-B bond, respectively.
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The plots of the electronic densities on (110) planes for the pure Si and B doped
Si are visualized in Figure S16. It is clearly shown that B atoms can receive electrons
from Si atoms, which leads to the decrease of electronic density around Si atoms,
explaining the blue shift of Siz, peaks. The electron transfers from Si atoms to B
atoms also result in the lattice deformation of Si, as the simulated crystallographic
illustrations of pure Si and B doped Si in Figure 4 (a) and (b). Figure 4 (c) and (d)
gives the detailed nearest-neighbor distances of the pure Si (D0) and the B doped Si,
respectively. The nearest neighbor distance of pure Si (DO) is a constant value of
~0.2368 nm. However, B dopant atoms vary the nearest-neighbor distance. Typically,
the DI between Si and B is 0.2084 nm (14% smaller than pure Si-Si), while D2
(between the adjacent Si atoms and the sub-adjacent Si atoms) is 0.2390 nm (1%
larger than pure Si-Si). D3 and D4 values of Si-Si in the areas away from B atoms
gradually decrease to ~0.2376 nm which is still slightly larger than that of pure Si.
The variation in nearest-neighbor distance between atoms could partially expand the
frameworks of Si for improving the ionic conductivity.

CONCLUSION

In conclusion, a facile strategy in the present work for the fabrication of the
B-HPSi anode with refined sub-grains and local lattice expansion is developed via a
combination of co-condensation and Mg reduction. This method brings a series of
positive effects. Simultaneously, the diffusion paths of B in Si could be shortened. The
hollow porous structures, B dopant induces local lattice expansion and sub-grains

refining are discovered, which play critical roles for improving the rate performance
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and cyclic stability. Other interesting findings are reported, such as the formation of
hollow silica and morphological stabilization against harsh thermo-reduction. The
discoveries in this work could attract wide interests in areas such as electrode

materials and catalysts.
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Table S1 B contents in Si and SiO; based on ICP-AES measurements
and the calculated resistivity values
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Si02(wt%)
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Figure S1. Synthetic paths of B-HPSi, B2-Si and B0-Si
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Figure S2. Contrast adjusted TEM images of (a) solid silica spheres without boron
addition (B0-Si02) and (b) hollow spheres with proper boron addition (B-HSi0»)
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Figure S3. Illustration of a boron atom with lower coordination number in Si-O

framework
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Figure S6 HRTEM image of B HPSi (c) and the Fourier-filtered HRTEM images
(C1-C3) enlarged from the rectangular regions marked C1, C2, and C3 in (c); and the
corresponding the intensity profiles for measuring the interplanar spacing of Si (111)
planes.
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Figure S8. (a) Si and (b) B peaks of XPS of B-HPSi1
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Figure S9. N2 adsorption/desorption data (a) and differential pore size distribution (b)
of B-HPSi
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Figure S10. Cyclic performances of B-HPSi under areal mass loading of 1.2 mg cm™
and 1.7 mg cm™
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Figure S11. Cycle performances at 0.84A g™! of B1-Si and B2-Si (activated at 0.21 A
g'! for the initial 3 cycles)
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Figure S12. Cyclic performances of B-HPSi at 8.4 A g (activated at 0.21 A g'! for
the initial 5 cycles)
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Figure S13. TEM (a) and (b), HRTEM (c) and SAED (d) of B-HPSi anode obtained
after cycling
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Figure S14. Nyquist plots (a) and Warberg coefficients (b) of B-HPSi and B0-Si

Energy (eV)

Energy (eV)

-4 -4
G F Q z G G

F Q z G

Figure S15. Simulated band structure of pure Si (a) and B-doped Si (b)
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Figure S16. Simulated charge density plots of pure Si (110) (a) and B doped Si (110)
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