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Abstract: Porous silicon nanomaterials hold great promise in the fields of drug therapy, sensors and energy
storage and conversion due to their high specific surfaces areas and tunable physicochemical properties.
Especially in the area of high energy lithium ion batteries, porous silicon has attracted many concerns owning to
the abundant pore channels, which will effectively releasing the huge stress that induced by the volume change
and shorten the lithium ion transport distance. However, developing rapid and convenient methods for preparing
structure tunable porous silicon still remain challenge. In recent years, some feasible strategies have been

proposed and developed to synthesize porous silicon. Based on the recent developments, this review detailedly
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summarizes the current popular approaches that have been employed in the preparation of porous silicon, as well

as the applications in high energy lithium ion batteries. Finally, some directions that can further promote the

development of porous silicon have also been proposed.

Keywords: silicon; synthesis design; etching method; metal reduction; lithium ion battery; anode material; materials science
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Fig.1 Corresponding characterizations and schematic diagram for production of 3D porous

silicon obtained by electrochemcial (a~f)*! and chemical (g~1)* etching methods
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Fig.2 (a) XRD patterns for Si-alloy, dealloyed Si, and 3D porous Si particles; Low-magnification SEM images of
(b) Si-alloy, (c) dealloyed Si, and (d) 3D porous Si particles; (e) Photos of Si-alloy, dealloyed Si, and 3D

porous Si powders; High-magnification scanning electron microscope (SEM) images of (f) Si-alloy,

(g) dealloyed Si, and (h) 3D porous Si particles; Schematic illustration of a synthetic route toward 3D

porous Si®%: Drawings and scanning electron microscopy (SEM) images of (i) Si-alloy, (j) dealloyed Si,

and (k) 3D porous Si particles (Scale bar, 150 nm; (I) Gravimetric discharge capacity as a function of cycle

number for Si-alloy, dealloyed Si, and 3D porous Si electrodes?”
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Fig.3 SEM images of (a) PS@SiO,, (b) HSiO0,@mTiO, and (¢) Si@mTiO,; (b~ ) Corresponding transmission electron microscopy

(TEM) images; (g) Schematic illustration of the preparation of Si@mTiO, composite nanospheres'
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Fig.4 (A) Schematic illustration of the synthesis process for a p-Si NRs@void@NC composite; (B~D) FESEM images of (B)
m-Si0, NRs, (C) p-Si NRs, and (D) the p-Si NRs@void@NC composite; (E) TEM image of m-SiO, NRs, indicating
ordered and radially oriented mesochannels (inset); (F) TEM image of p-Si NRs, the inset shows its selected area

electron diffraction pattern; (G) TEM image of the p-Si NRs@void@NC composite, showing a silkworm cocoon-like

morphology (inset)®; (H) Schematic illustration of the synthesis of CNT@mesoporous silicon and meso-porous

Si nanotubes®; (I) Schematic figure of the mechanism for the 3D hierarchical macro-/mesoporous silicon; SEM

images of the pristine SiO, (J, K), the “HCI washing” silicon (L, M), and the “HF-etching” silicon (N, O)*!
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Fig.5 (a) Schematic illustration of the reduction procedure in stainless steel autoclave; (b) XRD patterns and (c¢) Raman
spectrum of the prepared Si sample; (d) SEM, (e) TEM, (f) HRTEM images, and (g) XPS spetra of the prepared
Si sample; (h) XRD patterns of the crude products without any washing treatment of the proposed reaction

system; (i) Digital photos of the different reaction stages'*
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Fig.6  (a) Scheme of the synthesis route of mPSi; (b) Nitrogen adsorption-desorption isotherms and BJH (Barret-Joyner-Halenda)
pore size distribution (inset) of the obtained mPSi; (¢) Comparison of H, evolution activities of mPSi under different
light conditions"®; (d) Synthesis process of amorphous porous Si anode; (e) TEM image of porous Si; (f) Cycling
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Fig.7 (a~c) SEM and (d) TEM images of nest-like Si nanospheres; (e) SEM, (f) TEM, and (g) high-resolution TEM images of
coil-like Si nanospheres™ (h) SEM image of agglomerated as-prepared reacted products; (i) SEM image, (j) TEM image,
(k) HRTEM image, (I) XRD pattern and (m) BJH pore diameter distribution of the honeycomb-like Si product!
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Fig.8 (a) SEM image, (b) TEM image, (c) HRTEM image and (d) SAED pattern of mesoporus silicon; (e~g) SEM image and

corresponding mapping of Si and O elements and (h) energy dispersive X-ray spectroscopy (EDS) spectra of mesoporous

silicon*; (i) Schematic Tllustration for prepared mesoporous Si; (j) SEM image, (k) TEM image, (I) HRTEM image,

(m) EDS spectra of porous Si; (n) SEM image and corresponding mapping of porous Si; (0) Scheme of the synthetic route

to porous Si*!
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Fig.9 Design and schematic showing the synthesis method of AMPSi; (a) Schematic showing the preparation of AMPSi
and AMPSi@C; (b) Photograph of an ant nest (scale bar=20 ¢m); (c) Schematic illustrating the lithiation/

delithiation process of the ant-nest-like microscale porous Si particles showing inward volume expansion and
stable Si framework retention during cycling and (d) full-cell charge at 0.5C (1C=160 mA -g-') with prelithiated
AMPSi@C anode and a Li (Ni;;Co,3Mn,;3)0, cathode (Inset showing the corresponding coulombic efficiencies)®!!
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Table 1 Summarization of porous silicon (pSi)-based anodes in recent years

Anode Synthesis method Current density / Capacity / Cycle Capacity Reference
(mA-g™ (mAh-g™”) number retention rate / %
pSi@N/C Mg reduction 200 750 120 80 [59]
pSi@C Mg reduction 2 600 1 467 370 83 [60]
pSi@CNT@expanded graphite Mg reduction 200 2152 100 84 [61]
pSi@C Mg reduction 200 1116 200 50 [62]
pSi@C Mg reduction 1 000 1520 100 91 [63]
pSi@C Mg reduction 1C 1 050 800 91 [50]
pSi@C (~70%(w/w) C) Mg reduction 50 400 100 80 [64]
pSi@C Mg reduction 4 000 1072 500 Over 95 [65]
pSi Mg reduction 200 1793 120 Over 90 [13]
pSi@CNTs Mg reduction 500 1200 200 75 [66]
B-doped pSi Mg.Si oxidation 2 000 1 500 300 85 [67]
pSi@C Mg.Si oxidation 2 000 1215 200 80 [68]
pSi@C Mg.Si oxidation 400 1124 100 86.4 [69]
CusSi@pSi Mg,Si oxidation 400 700 200 61 [70]
pSi@C Carbon reduction 100 933 100 100 [71]
pSi@C Al reduction 1200 2 100 250 89 [72]
Si/C/Si0C Al reduction 2 900 75 100 100 [73]
pSi@C Solution method 900 2 000 320 90 [47]
pSi Solution method 1 000 1 100 100 100 [74]
pSi@C Solution method 1 000 1300 200 75 [48]
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: 2r RV |
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W), () B B Si 2R (o) A B SiJR T 10 SELTG I B, (h) JLA fh b 1 I v P 5 B i e
Fig.10 (a) Schematic of the fabrication process of Mp-Si@Si@G microparticles; (b~e) SEM images of SiO, Mp-Si, Mp-Si@Si@G
microparticles (Inset are magnified SEM images showing the surface of the microparticles); SEI film formation of (f)
with compact Si skin coating and (g) without compact Si skin coating; (h) First-cycle voltage profiles of several

electrodes!””!
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