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ABSTRACT: Porous silicon has found wide applications in many different fields including catalysis and
lithium-ion batteries. Three-dimensional hierarchical macro-/mesoporous silicon is synthesized from
zero-dimensional Stcher silica particles through a facile and scalable magnesiothermic reduction process. By

systematic structure characterization of the macro-/mesoporous silicon, a self-templating mechanism
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governing the formation of the porous silicon is proposed. Applications as lithium-ion battery anode and
photocatalytic hydrogen evolution catalyst are demonstrated. It is found that the macro-/mesoporous silicon
shows significantly improved cyclic and rate performance than the commercial nano-sized and pum-sized
silicon particles. After 300 cycles at 0.2 A g™, the reversible specific capacity is still retained as much as 959
mAh g with a high mass loading density of 1.4 mg cm™. With the large current density of 2 A g, a
reversible capacity of 632 mAh g™ is exhibited. The coexistence of both macro and mesoporous structures
are responsible for the enhanced performance. The macro-/mesoporous silicon also shows superior catalytic
performance for photocatalytic hydrogen evolution compared to the silicon nanoparticles.
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Porous silicon plays a vital role in many different applications such as optoelectronics, lithium ion
batteries, sensors and biomedical devices due to its unique structure feature and rich physical/chemical
properties.' Particularly, Si has been identified as one of the most promising candidates for next-generation
lithium-ion battery (LI1B) anode because of its exceptional capacity, reasonable voltage output, and operation
safety.>*! However, huge volume expansion upon lithiation causes series of adverse consequences, leading
to poor cyclic stability.> Porous silicon can accommodate the drastic volume change and mitigate the
corresponding mechanical stress. As a result, the major failure mechanisms responsible for rapid capacity
fading can be inhibited, leading to enhanced cyclic performance.’*** Nevertheless, delicate structure design
of the porous silicon is mandatory to achieve outstanding cyclic performance. Firstly, macropores are
required within the porous silicon due to the huge volume change of more than 360 % upon lithiation.
Secondly, mesopores are needed to provide sufficient surface area for electrolyte wetting, charge carrier
transportation, and enhanced electrochemical kinetics. Therefore, the coexistence of both macro and
mesopores are indispensable to improve the electrode structure stability, cyclic performance and enhanced
electrochemical kinetics in a synergistic way. However, despite of the extensive research work on the porous
silicon anode, there have been very limited studies on the synthesis, applications and fundamental
structure-property correlation of the hierarchical macro-/mesoporous silicon.

15-18

The porous silicon is mainly synthesized by wet etching of silicon wafers, chemical

1921 and templating synthesis.”* Nevertheless, these synthetic methods may need to use

de-alloying,
significant amount of toxic chemical (such as hydrofluoric acid), or expensive starting material (for example,
silver). Particularly, the external template approach requires very sophisticated assembly process, which is
very time consuming, tricky to control experimental parameters, and difficult to scale up.”®** Compared to

these methods, magnesiothermic reduction has emerged as an effective way to convert silica into silicon

with precisely controlled microscale shapes and nanoscale features under relative mild condition in a facile

3


https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=12&SID=P2oi9iiewvFGr3hrjRS&page=3&doc=24&cacheurlFromRightClick=no

scalable way.”>?® Decent amount of studies on the synthesis of the porous silicon by the magnesiothermic
reduction have been published.?>** However, to our best knowledge, the coexistence of both macro and
mesopores in the obtained silicon powders is quite rare. In a particular case, hierarchical porous silicon was
synthesized through the magnesiothermic reduction reaction.** However, solid core/mesoporous shell SiO,
spheres has to be used as the precursor, which is very tricky to synthesize. The synthesis of hierarchical
macro-mesoporous silicon from easily accessible solid silica nanoparticles has been seldom reported. While
we were writing up this paper, a short communication was published about the synthesis of macroporous
silicon using magnesiothermic reduction process based on solid Stcher silica particles. However, the
mesoporous structure feature of the macroporous silicon is not revealed and systematic investigation on the
mechanism for the structure formation is not performed.*

Here in this work, three-dimensional (3D) hierarchical macro-/mesoporous silicon powders are
synthesized through the magnesiothermic reduction process using zero-dimensional (0D) solid St&ber silica
particles as the precursor. The reduction process is performed at 700 °C for 4 hours under Ar/H, atmosphere
and the silica particles possess a uniform diameter of 410 nm. A facile self-templating process is governing
the conversion from the zero-dimensional silica particles to the three-dimensional continuous silicon
network during the magnesiothermic reduction. The macropores are formed by etching away the un-reacted
silica particles after reduction. And the mesopores are generated within the three-dimensional silicon
network during the reduction process. The introduction of both the macro and mesopores into the silicon
powder significantly improves the cyclic and rate performance compared to the commercial nano-sized (30
nm in average) and um-sized silicon (2 um - 10 um in average). Besides the application as lithium-ion
battery anode, the use of the macro-/mesoporous silicon as photo catalytic hydrogen evolution catalyst is
demonstrated as well.

RESULTS AND DISCUSSION



Figure la depicts the XRD patterns of the pristine SiO,, the coarse product after magnesiothermic
reduction, the “HCIl-washing” silicon and “HF-etching” silicon. The weak broad diffraction peak located at
approximately 23 <shows that the obtained SiO, nanoparticles are amorphous. After magnesiothermic
reduction, the coarse product shows six well-resolved diffraction peaks at 28.4 < 47.3 <56.1 < 69.1 <76.4 ©
and 86.0 < which can be well assigned to the (111), (220), (311), (400) , (331) and (422) planes of cubic
phase of Si (JCPDS 27-1402). Besides, the peaks belonging to the MgO and Mg,Si also appear. The results
confirm that SiO, has been successfully converted to crystalline Si through magnesiothermic reduction.
After washing with dilute HCI, the peaks of the Si are well preserved. However, all of the peaks of the MgO
and Mg,Si are not visible anymore, indicating successful removal of both MgO and Mg,Si. Besides, the
weak broad peak belonging to the amorphous silica is still observed, indicating the existence of un-reacted
silica. With further etching by HF, the broad peak of the silica disappears and only the sharp peaks from the
crystalline silicon are preserved. It indicates that the un-reacted silica has been totally removed by HF and
only silicon is left. In the Raman spectrum of “HCI-washing” silicon and “HF-etching” silicon samples

(Figure 1b), two peaks around 515 cm™ and 940 cm™ correspond to the characteristic peaks of elemental

- 35,36
Si.
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Figure 1. XRD patterns (a) and Raman spectra (b) of the obtained silicon products. Sample details: black
(pristine SiO,), red (coarse product after magnesiothermic reduction), blue (“HCI-washing” silicon), and
purple (“HF-etching” silicon).

The morphologies of the pristine SiO,, the “HCl-washing” silicon and the “HF-etching” silicon are
exhibited in Figure 2. It can be seen that the as-prepared silica is composed of monodisperse solid sphere
with the diameter of about 410 nm (Figure 2a, 2b). The “HCl-washing” silicon appears to preserve the same
size and shape as the original SiO; spheres (Figure 2c). However, further high magnification SEM image
(Figure 2d) shows that these spheres are actually interconnected with each other and the surface of the

spheres become quite rough compared to the smooth surface of the pristine silica particles. The formation of



the interconnected structure is due to the exothermic process of the magnesiothermic reduction which causes
fusion and agglomeration of the elemental silicon.*”3® And the rough surface is a result of the etching
process by liquid/gaseous magnesium at high temperature. Compared to the pristine silica and
“HCl-washing” silicon, the “HF-etching” silicon exhibits a distinctly different structure. Three dimensional
macroporous bulk structure with a pore size of about 380 nm in diameter is observed (Figure 2e, 2f). It can
be seen that the HF treatment removes the spherical particles in the “HCl-washing” silicon sample, leaving
the interconnected network behind. It suggests that the silica particles act as a self-template to guide the

formation of the 3D macroporous continuous silicon network.

Figure 2. SEM images of the pristine SiO; (a, b), the “HCl-washing” silicon (c, d), and the “HF-etching”



silicon (e, f).

TEM is further applied to uncover the structure details of the three samples as shown in Figure 3.
Figure 3a proves that the pristine SiO; is of smooth sphere with the diameter of 410 nm. It is consistent with
the SEM images (Figure 2a, 2b). The HRTEM image and SAED pattern in Figure 3b indicate that the
pristine SiO, spheres are amorphous, which agrees to the XRD results. Figure 3c unveils that the spheres in
the “HCl-washing” silicon are interconnected with each other, which resemble the SEM image (Figure 2d).
Furthermore, Figure 3c shows that some voids exist within the silica spheres. It is different from the solid
structure of the pristine silica particles. The appearance of the voids originates from the etching process of
the silica by the magnesium. It not only creates rough surface as shown by the SEM image (Figure 2d), but
also generates voids inside the silica particles. The TEM image of the “HF-etching” silicon exhibits
interconnected macroporous structure (Figure 3e), because the silica sphere within the “HCIl-washing”
silicon is removed by further HF etching. The HRTEM images combined with the SAED patterns of both
the “HCI-washing” and “HF-etching” silicon indicate that the continuous network is composed of crystalline
silicon (Figure 3d, 3f), which is proved by the XRD data as well. The d-spacing of 0.31 nm measured in the

HRTEM images corresponds to the lattice fringe distance of the neighboring Si (111) crystal planes.*



Figure 3. TEM images of the pristine SiO; (a), the “HCl-washing” silicon (b), and the “HF-etching” silicon
(c); RTEM images and SAED patterns of the pristine SiO; (d), the “HCl-washing” silicon (e), and the
“HF-etching” silicon (f).

The structure feature of the “HF-etching” silicon is also investigated by the Brunauer-Emmett-Teller
(BET) measurement. As shown in Figure 4a, typical type Ill adsorption/desorption isotherm is obtained

with a distinct hysteresis loop, indicating the presence of mesoporous microstructure.”* The pore size



distribution profile in Figure 4b shows that average diameters of the major pores lie in the range between 20
nm and 50 nm. It further proves that the “HF-etching” silicon is of mesoporous. By combining the SEM and
TEM images, it can be concluded that both macropores and mesopores exist in the “HF-etching” silicon.
While the macropores refer to the voids created by the removal of the un-reacted silica particles; the
mesopores reside within the 3D continuous silicon network. The mesopores make a major contribution to
the relatively high specific surface area of the “HF-etching” silicon. It shows a specific surface area of 110.3
m?g™ and a pore volume of 0.57 m® g™, which are much higher than those of the commercial nano-sized
silicon particles (40.2 m*g™ and 0.12 m® g*) as shown in Figure S1. Furthermore, the “HF-etching” silicon
exhibits higher specific surface area than the “HCl-washing” silicon (79.2 m*g™ and 0.26 m® g*, Figure S2).
But the pore size distribution patterns of the “HF-etching” silicon and “HCI-washing” silicon are quite
similar. The results indicate that the HF etching process generates additional mesopores within the

continuous network by removing the residual un-reacted silica.
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Figure 4. N, adsorption and desorption isotherms (a) and the corresponding BJH pore size distribution curve
(b) of the “HF-etching” silicon.

Based on the systematic structure characterization addressed above, the mechanism for the formation
of the 3D hierarchical macro-/mesoporous silicon is proposed as illustrated in Figure 5. The high
temperature applied in the magnesiothermic reduction converts the solid magnesium powder into liquid
magnesium melt. To minimize interfacial free energy, the silica particles form local colloidal crystal packing
via a self-assembly process in the Mg melt. The Mg melt and vapor react with silica to form silicon,
preferentially starting from the outer surface of the silica particles. The in situ generated silicon fuses
together to build up a three-dimensional continuous network with a replica of the silica colloidal crystal. It is
called a self-templating process because the silica particles exercise as a template to guide the morphology
of the silicon, and source of the silicon simultaneously. The fusion process of the silicon leaves mesopores

within the continuous network. Under the experimental condition addressed in this manuscript, the
11



conversion from silica to silicon is not complete probably due to limited temperature and time of the
reduction process. As a result, un-reacted silica particles still reside in the holes of the 3D continuous silicon
network. By removing the un-reacted silica with HF etching, the macropores are exposed to produce the 3D

macro-/mesoporous silicon.
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Figure 5. Schematic figure of the mechanism for the 3D hierarchical macro-/mesoporous silicon.

The applications of the 3D macroporous silicon as both LIB anode and photo catalytic hydrogen
evolution catalyst are demonstrated. To better elucidate the role of the structure on the performance,
commercial nano-sized silicon and um-sized silicon are also tested as control samples to compare with the
as-synthesized silicon. Figure 6a shows the representative first three consecutive cyclic voltammetry (CV)
curves of the “HF-etching” silicon. In the lithiation scan, a broad irreversible reductive peak occurs at
around 1.2 V in the first scan but disappears in subsequent cycles. It is attributed to the formation of the SEI
film.*" %2 In addition, there is a sharp reductive peak below 0.1 V in the first and subsequent scans, which

corresponds to the transformation of silicon from a crystalline phase to an amorphous phase.”* ** In the
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delithiation scan, two peaks are observed at around 0.34 V and 0.51 V in the first charge process and
retained nearly the same positions in the following scans. The two peaks are ascribed to the delithiation of
the Li-Si alloys.* * Meanwhile, increasing CV peak intensity is observed over the first few cycles due to an
activation process of the silicon, which is also observed in previously reported silicon-based anode
materials.** In general, the CV patterns of the “HF-etching” silicon are quite similar to the “HCl-washing”
silicon, commercial nano-sized silicon and um-sized silicon as shown in Figure S3 (Figure S3a, S3c, and
S3e). It indicates that the HF etching process does not modify the fundamental lithiation/delithiation
processes significantly compared to the sample treated with only HCI-washing. Furthermore, it proves that
the porous silicon obtained by the magnesiothermic reduction in this work exhibits almost identical

electrochemical reaction mechanism as the typical commercial crystalline silicon particles.
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Figure 6. Cyclic voltammetry curves with a scanning rate of 0.2 mV sec™ (a), and galvanostatic

discharge-charge profiles (b) of the “HF-etching” silicon.
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Figure 6b depicts representative discharge/charge profiles of the “HF-etching” silicon electrode for
the 1%, 2" 10", 50", 100™, 200™ and 300" cycle with a current density of 0.2 A g™ between 0.005 V and 3.0
V. All the voltage plateaus in the discharge and charge curves agree well with the reductive and oxidative
peaks in the CV curves (Figure 6a). During the first discharge process, a sloping voltage plateau between 1.2
V and 0.1 V indicates the formation of the stable SEI films, which disappears after subsequent cycles. It
corresponds to the reductive peak around 1.2 V in the first cycle of the CV plots. The long and flat voltage
plateaus below 0.1 V suggest the lithiation processes, which are consistent with the reductive peaks below
0.1 V in the CV plots.*® In addition, the voltage plateaus located at about 0.5 V during the delithiation
processes are also consistent with the oxidative peaks observed in the CV plots. The discharge/charge
plateaus are well maintained after 300 cycles, indicating a very stable electrochemical process of the
“HF-etching” silicon. The initial specific discharge and charge capacities of 2718 mA h g™ and 1700 mA h
g™ are delivered, corresponding to an initial coulombic efficiency (CE) of 62.5 %. The moderate initial CE
is probably related to the porous structure feature of the “HF-etching” silicon, where high specific surface
area may facilitate the formation of the SEI films.>>*2 As shown in Figure S3 (Figure S3b, S3d, and S3f),
the representative discharge/charge curves of the “HCl-washing” silicon, commercial nano-sized and
um-sized silicon show very similar patterns to those of the “HF-etching” silicon. It is consistent with the CV
results. But the capacities decay much faster than the “HF-etching” silicon, which implies an inferior cyclic

performance.

14



-1

Specific Capacity mAh g )

HF-etching Si
Commercial nm Si
Commercial um Si

i
=3
=]

" 100 150 200
Cycle Number(n)

—
250

35004Y

bk
=3
]

=3
<

~1
<
Coulombic Efficiency(%)

oo b * o HF-etching Si

= 30004 4, A v Commercial nm Si

<E R < »  Commercial um Si

S 2500{40.1Ag"

s A’

&=

S 20004 .

g Y 024"

< 4q = B

G 1500 lh"_o_“gl piag

) A B

£ 1000 x, Feees iy ‘ o

‘S “ Ky Ea® jAg Ix

2 s00 Iy ShiLL =

R 300 + 1" *kx SAg-l**
Nap x YT LRt 20

LSS L PPN

0 T T
5

e r

10 15 20 25 30 35

Cycle Number(n)

Figure 7. Cycling performance (a, current density: 0.2 A g™*) and rate performance (b) of the “HF-etching”
silicon, commercial nano-sized Si and um-sized Si.

The cyclic performance of the “HF-etching” silicon, “HCIl-washing” silicon, commercial nano-sized Si
and um-sized Si at a current density of 0.2 A g™* are demonstrated in Figure 7a, Figure S4 and summarized
in Table 1. It can be seen that the charge capacity of the “HF-etching” silicon is 1700 mAh g™ at the first
cycle, which is retained at 1240 mAh g™ after 100 cycles and 959 mAh g™* after 300 cycles. It corresponds to
capacity retention values of 73 % and 56 %, respectively. Meanwhile, the coulombic efficiency of the
“HF-etching” silicon gradually increases from 62.5 % to 98.4 % at the 10" cycle and maintains the value
close to 100 % in the following cycles, reflecting a stable reversible electrochemical reaction. The stable
coulombic efficiency after 10 cycles is related to the porous structure which can effectively accommodate
the volume expansion. The originally formed SEI layer is less ruptured and the exposure of fresh silicon

surface to the electrolyte is inhibited. As a result, the formation of new SEI layer is avoided, which is one of
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the major reasons for improved coulombic efficiency. Furthermore, it is also known that the SEI layer itself
formed on the surface of the silicon makes important contributions to maintain reasonable cyclic stability
and coulombic efficiency.>® >*

It should be emphasized that the mass loading density (1.4 mg cm®) of the “HF-etching” silicon
electrode is much higher than many previously reported work.>>® This is one of the major reasons why the
specific capacity reaches only around 1000 mAh g™ after 300 cycles at 0.2 A g™. However, for the sake of
the practical application of the silicon-based LIB anode, high mass loading is needed to realize decent

1.>° And a reasonable mass loading density of more than 1 mg cm™ is required.

energy output in full cel
Therefore, the work presented in this manuscript provides practically relevant cyclic performance of the Si
anode. Compared to the “HF-etching” silicon, the commercial nano-sized and micro-sized silicon, and the
“HCIl-washing” silicon exhibit worse cyclic performance. The commercial nano-sized Si shows the initial
discharge capacity of 2912 mAh g™ and decreases to about 372 mAh g™ after 300 cycles, corresponding to
capacity retention of 18 %. And the commercial micro-sized Si shows even poor cyclic performance, where
the capacity drops from 3524 mAh g™ to 150 mAh g™* after 10 cycles and even near zero just after 30 cycles.
The “HCl-washing” silicon shows the initial discharge capacity of only 499 mAh g™ and fades rapidly to
about 20 mAh g only after 30 cycles as shown in Figure S4. Besides, the cyclic ability of the “HF-etching”
silicon is comparable or even better than some reported work on the porous silicon synthesized by similar

magnesiothermic reduction process of the Stéber SiO,** %

Table 1. Summarized performance of the “HF-etching” Si, “HCI-washing” silicon, nano-sized Si, um-sized Si and typical
literature data

Ist discharge/ charge Initial Capacity Current Mass loading
Samples . 4 i . 1 2 Ref
capacity /mAh g CE/% retention/%  Density/Ag™ /mgcm
HF-etching Si 2718/1700 62.5 73/56 0.2 1.4 (70 %) this work
HCl-washing Si 499/189 37.8 6.9/- 0.2 1.4 (70 %) this work

nano-sized Si  2912/2226 76.4 26/18 0.2 1.5 (70 %) this work
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um-sized Si 3524/2930 83.1 0.3/- 0.2 1.8 (70 %) this work
mesoporous Si 1844/1261 66.0 T71- 0.18 1.5 (50 %) Ref 30

MPSSs 3105/- - 70(50) 0.18 05-1.0 (70%) Ref31

Note. The capacity retention refers to 100/300 cycles respectively, which is calculated against the initial charge capacity.
The values in the brackets following the mass loading density number refer to the active material content within the
electrode composition.

Considering that the “HF-etching” silicon is a bulk powder with the aggregate size of a few
micrometers, it proves that the significantly improved cyclic stability compared to the commercial um-sized
silicon originates from the existence of the macro-/mesopores. It is worth noting that the pm-sized
“HF-etching” silicon even shows cyclic performance superior to the nano-sized silicon powder. The result
indicates that the incorporation of the macro-/mesopores exercise stronger effect than reducing Si particle
size to improve the cyclic stability. Furthermore, the “HF-etching” silicon possesses much better cyclic
stability than the “HCI-washing” silicon. It means that the formation of the macropores by etching away the
un-reacted silica spheres is crucial for the cyclic performance. The macropores effectively accommodate the
volume expansion and thus mitigate the mechanical stress induced by volume change. And the mesopores
increase the electrolyte accessible surface area and shorten the lithium-ion diffusion length. Both
macropores and mesopores lead to better electrode structure stability, enhanced electrochemical kinetics,
and consequent improved cyclic performance.

Figure 7b and Figure S5 depict the rate performance of different silicon materials. Generally, the
“HF-etching” silicon shows the best cycling stability and rate performance among all samples, particularly
at high current densities from 0.5 A g™ to 5 A g™. In details, it delivers reversible capacities of about 1123
mAh g™, 879 mAh g*, 632 mAh g, and 226 mAh g™ at a discharge rate of 0.5 Ag*, 1 Ag*, 2 Agtand 5
A g respectively. Nevertheless, the nano-sized Si electrode tested under the same conditions only displays
567 mAh g, 241 mAh g, 15 mAh g* and 9 mAh g™ respectively. Furthermore, the micro-sized silicon

exhibits much poorer rate performance, where the capacities drop to near zero from 0.5 A g*. Among the
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different silicon samples, the “HCI-washing” silicon shows the worst rate performance where the capacities
drop to near zero from 0.2 A g™, as shown in Figure S5. When the current density is reversed back to 0.1 A
g™ from 5 A g, the capacity of the “HF-etching” silicon is almost fully recovered to the initial value (1123
mAh g%, indicating a good cyclic stability of the 3D macroporous silicon. The results suggest that the
macro-/mesopores within the “HF-etching” silicon is beneficial for the electrolyte wetting and charge carrier
transportation, leading to decreased charge polarization and improved rate capability. Additionally, the 3D
continuous silicon network also reduces the charge carrier transportation resistance due to limited grain
boundary effect.

The capacity of the macro-/mesoporous silicon originated from the formation of the electrochemical
double layer capacitor is measured and analyzed.®® ® The double layer capacitor results exhibited in Figure
S7 indicate that the capacities contributed by the double layer capacitor process are very limited.? It is also
consistent with previous studies on the carbon based double layer capacitors, which implies that the porous

silicon synthesized in this work possesses rather limited capacities from the double layer capacitance process.
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Figure 8. Nyquist plots of the “HF-etching” silicon anode after the 3, 10, 20 and 50 discharge/charge
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cycles at the current density of 0.2 A g™,

EIS measurements are carried out to analyze the resistance change of the “HF-etching” silicon
electrode with increasing cycles. The Nyquist plots at the fully de-lithiated state (charged to 3.0 V) after 3,
10, 20 and 50 cycles are shown in Figure 8. The high-frequency semicircle in the EIS profiles stands for
charge transfer resistance while the low-frequency line is corresponding to the Warburg impedance owing to
the ion diffusion-controlled process.®® ®*” The equivalent circuit model (inset in Figure 8) represents the
electrochemical process of the “HF-etching” silicon anode roughly by a single Rct (charge transfer
resistance) with CPE, and Warburg element (W,) for the diffusion of lithium ions. The Rct of the electrode
after 3, 10, 20 and 50 cycles is 69.4 Q, 70.6 Q, 69.9 Q and 93.1 Q respectively. The small change of Rct
during the first 50 cycles implies an excellent structural stability of the “HF-etching” silicon materials as
well as a good electronic contact between the active materials and the current collector. The EIS results are

in good agreement with the cycling performance (Figure 7a).

Figure 9. SEM images of the “HF-etching” silicon electrode before (a, b) and after 300 cycles (c, d).
The morphology change of the “HF-etching” silicon electrode after 300 cycles is characterized by

SEM (Figure 9). As shown in Figure 9a and 9b, the pristine “HF-etching” silicon electrode shows
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continuous porous structure. After 300 cycles, the electrode still maintains the original porous structure
(Figure 9c and 9d). Furthermore, it is found that major part of the nano-sized silicon electrode is peeled off
from the copper current collector after 300 cycles. While the “HF-etching” silicon electrode still remains
intact under the same condition. Both the SEM and optical imaging results confirm that the “HF-etching”
silicon possesses extraordinary structure stability. The hierarchical macro-/mesoporous structures effectively
accommodate the volume change and release the mechanical stress, leading to significantly improved cyclic
performance.

Besides the application as LIB anode, photocatalytic hydrogen evolution performance of the
“HF-etching” silicon is also investigated because Si has a relative narrow band gap and can absorb more
visible light.®®"* The UV-Vis spectra (Figure S6) indicate that the “HF-etching” silicon exhibits stronger
absorption in wider wavelength range than the nano-sized and um-sized Si, which is related to its porous
structure. As shown in Figure 10, The “HF-etching” silicon exhibits the best photocatalytic performance
under all of the three testing conditions, compared to the commercial nano-sized and um-sized Si. The
enhanced catalytic performance of the “HF-etching” silicon originates from the hierarchical
macro-/mesoporous structure feature and associated high specific surface area. Specifically, around 280
umol/g hydrogen is generated after 5 hours illumination under full spectrum light illumination, which is
more than 40 % higher than those of the nano-sized and micro-sized silicon. Regarding the speed of the
hydrogen evolution, the “HF-etching” silicon is around 40 % faster than the nano-sized and micro-sized
silicon under the UV-Vis illumination condition. The results indicate that this 3D macro-/mesoporous silicon

demonstrates a great potential as photo catalytic hydrogen evolution catalyst.
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Figure 10. Photocatalytic hydrogen evolution performance of the “HF-etching” silicon (a, b), commercial
nano-sized Si (c, d), and commercial um-sized Si (e and f) under UV (red), visible light illumination (blue)
and in darkness (black).
CONCLUSIONS

In summary, 3D hierarchical macro-/mesoporous silicon has been successfully synthesized via a
magnesiothermic reduction process using 0D Stcper silica particles as the starting material. Based on the
systematic structure characterization of the “HCl-washing” silicon and “HF-etching” silicon, a

self-templating mechanism responsible for the hierarchical porous silicon is proposed. Well crystallized

21



porous silicon is obtained after the magnesiothermic reduction as confirmed by XRD, HRTEM, and SAED
characterization. Both SEM and TEM images indicate the presence of the three-dimensional macroporous Si
network, where the macropores is formed due to the removal of the un-reacted silica particles by HF etching.
The nitrogen adsorption/desorption measurement reveals that mesopores coexist with the macropores, which
are supposed to be within the continuous Si network. Increased specific surface area is measured due to the
presence of the mesopores. Compared to the commercial nano-sized and um-sized silicon particles, the
macro-/mesoporous silicon exhibits significantly improved cyclic and rate performance. A reversible
capacity of 959 mAh g is retained after 300 cycles at 0.2 A g™* with a high mass loading density of 1.4 mg
cm. At the high current density of 2 A g™, a reversible capacity of 632 mAh g™ is still achieved. The
macropores accommodate the drastic volume change of the Si upon lithiation to effectively mitigate the
mechanical stress. And the mesopores enhance the electrochemical kinetics due to their large specific
surface area. Better electrode structure stability is confirmed by the SEM images before and after 300 cycles,
which is responsible for the good cyclic performance. The photocatalytic hydrogen evolution test shows that
the macro-/mesoporous silicon possesses much better performance than the nano-sized and um-sized silicon
particles under different illumination conditions due to its large specific surface area. The work presented in
this manuscript will boost the development of the practically relevant Si based anode for future high
performance lithium-ion batteries. It will be also inspiring for other Si based functional materials fields.
Further systematic studies on the fundamental understanding and application of the macro-/porous silicon
based on the magnesiothermic reduction are in progress and will be addressed in future publications.
METHODS

Materials. All chemicals were used as received without further purification. Tetraethyl orthosilicate
(TEOS, > 96 %), ethanol (EtOH, > 99.5 %) , ammonium hydroxide (NH3 H,0, 25 % - 28 %) , Magnesium

(Mg, 100 mesh - 200 mesh, > 99 %), hydrochloric acid (HCI, 36.0 % - 38.0 %) and hydrofluoric acid (HF, >
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40 %) were purchased from Sinopharm Group Co., Ltd. Sodium alginate was obtained from Aladdin.
Conductive carbon black (Super P, > 99 %) was bought from Alfa Aesar. Nano-sized silicon (30 nm, >
99.9 %) was purchased from HaoTian Nano Technology (Shanghai) Co., Ltd. Micro-sized silicon (2 um - 10
um, > 99.9 %) was donated by Fuzhou Sunout Energy & Material Technology Inc.

Sample Preparation. The nano-sized silica (SiO,) spheres were synthesized by a modified St&ber
process.’? Firstly, 9 mL NHz H,0, 16.25 mL ethanol, and 24.75 mL de-ionized water were mixed at room
temperature with a stirring speed of 1100 rpm to form a clear solution, named as solution A. Next, solution
B was prepared by adding 4.5 mL TEOS to 45.5 mL ethanol. Solution B was thereafter added within 1
minute into the solution A with a stirring speed of 400 rpm. The final mixture was kept stirring for 2 hours.
After reaction, the final products were collected after centrifugation and washed with absolute ethanol for
four times, followed by drying in vacuum oven at 80 °C for 4 hours.

The white as-prepared SiO, powder was firstly thoroughly ground in an agate mortar and then mixed
together with Mg powder with a 1:1 mass ratio to get a homogeneous powder mixture with gray color. The
powder mixture was put in a crucible boat and heated under Ar/H, flow (volume ratio: 95/5, 0.3 mL/min) in
a tube furnace. The temperature profile was programmed with a temperature rise from room temperature to
700 °C at a ramp rate of 5 °C/min and maintained for 4 hours, followed by cooling to room temperature at 5
°C/min. After magnesiothermic reduction, the obtained brown yellow powder was put in 1 M HCI aqueous
solution overnight to remove MgO and Mg,Si. Thereafter, the powder was collected by centrifugation,
washed with de-ionized water, and vacuum dried at 80 <C overnight, which was indexed as “HCl-washing”
silicon. Alternatively, the powder washed with HCI was further treated with 4 % HF for 1 hour to remove
unreacted SiO,. After etching with HF, the powder was rinsed with de-ionized water for several times and
further dried in vacuum oven for 8 hours at 80 °C. The sample etched with HF was named as “HF-etching”

silicon corresponding to the “HCI-washing” silicon.
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Physical Characterization. The crystallographic phase of the samples was characterized by Bruker
AXS D8 Advance X-ray powder diffractometer (A = 1.5406 A, 2.2 kW) with a 20 ranging from 10 <to 90 <
using Cu K radiation and a scan rate of 3 °min™. The morphology of the porous Si was investigated with
field emission scanning electron microscopy (Hitachi S4800) at an accelerating voltage of 4 kV.
Transmission electron microscopy (TEM) images were collected using JEOL JEM-2100F TEM operated at
200 kV. The specific surface area measurement was carried out based on N, adsorption desorption test with
Micromeritics ASAP2020 Accelerated Surface Area and Porosimetry System. The Raman spectra were
obtained using Renishaw inVia-reflex spectrometer. The UV-Vis Measurements were carried out using
Lambda 950. BaSO, was exploited as a substrate, which was prepared by pressing certain amount of BaSO,
into pellets at the bottom of sample vial. Thereafter, around 50 mg of the sample powder was pressed into a
pellet and put on the surface of the BaSO, pellet substrate.

Electrochemical Tests. The LIB electrodes were prepared by casting the aqueous slurry on copper foil
containing 70 % active material (HCI-washing silicon, HF-etching silicon, nano-sized silicon, or um-sized
silicon), 20 % sodium alginate binder and 10 % Super P by mass. The typical mass loading density
regarding the silicon content was controlled to be around 1.4 mg cm™. After casting, the slurry was dried in
oven at 40 °C for 8 hours. Thereafter, the electrode sheet was pressed and punched into spherical electrode
with a diameter of 13 mm. The mass loading of the individual electrode was weighed using a balance with
the resolution of 0.01 mg. After weighing, the electrodes were further dried at 80 °C for 4 hours before coin
cell assembly. CR 2032 type coin cell was assembled in argon filled glove box (< 0.1 ppm H,O and < 0.1
ppm O,) using lithium foil as a counter electrode. Commercial electrolyte from Zhangjiagang
Guotai-Huarong Chemical New Material Co., Ltd. was used; where 1.0 M LiPFg was dissolved in a mixture
of ethylene carbonate (EC) and diethyl carbonate (DMC) (1:1 v/v) with 5 wt% fluoroethylene carbonate

(FEC). Cycling performance and rate performance measurements were conducted with a fixed voltage
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window between 0.005 V and 3.0 V (vs. Li/Li*) on a multichannel Land Battery Test System. The cycle
performance test was carried out at a current density of 0.2 C (1 C = 1 A g™). The rate performance was
measured at the current density sequence of 0.1C, 0.2 C,05C, 1.0 C, 2.0 C, 5.0 C and 0.1 C. The specific
capacity was calculated based on the mass of the active material only. The cyclic voltammetry (CV) scans
and electrochemical impedance spectroscopy (EIS) data were collected on a Solartron Analytical. For CV, a
voltage of 0.001 V- 3.0 V and a scan rate of 0.2 mV sec™ were used, and EIS was performed between 0.001
Hz and 1 MHz with amplitude of 10 mV.

The electrochemical double layer behavior of the macro-/mesoporous Si powder was evaluated based
on systematic supercapacitor. Working electrodes were fabricated by casting aqueous slurry of the porous
silicon powder on nickel foam, which had the same composition as the slurry for the LIB anode. The mass
of the active material loaded for each plate was in the range between 2 mg and 3 mg. CR2032 type coin cell
was assembled with the same protocol as the LIB anode. Cycling performance measurement was conducted
for 6 cycles with voltage window between 0.005 V and 2.7 V at a current density of 0.1 C (100 mA g*) on a
multichannel Land Battery Test System.

Photocatalytic Hydrogen Evolution Performance Test. Photo catalytic activity measurement was
carried out according to the following procedure. 50 mg of sample powders of the “HF-etching” silicon,
commercial nano-sized silicon and um-sized silicon were dispersed into 120 ml aqueous methanol solution
with the volume concentration of 25 vol % in a closed gas circulation system (Perfect Light Company
Labsolar-111 (AG)). The UV-visible light irradiations were received from a 300 W Xe lamp (Perfect Light
Company Solaredge 700) without and with a UVCUT-420 nm filter (CE Aulight. Inc). The evolved gases
were detected in situ by using an online gas chromatograph (GC-2014C, Shimadzu) equipped with a thermal
conductivity detector (TCD).
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3D hierarchical macro-/mesoporous silicon is synthesized through a facile scalable magnesiothermic

reduction process, which shows significantly improved cyclic and rate performance with reasonable mass

loading density, due to the coexistence of both macro and mesopores.
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