Microporous and Mesoporous Materials 260 (2018) 76-83

Contents lists available at ScienceDirect

MICROPOROUS AND
MESOPOROUS MATERIALS

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

From natural clay minerals to porous silicon nanoparticles )

Check for

a.x updates
g

Qingze Chen™", Runliang Zhu™*, Haoyang Fu™”, Lingya Ma®, Jianxi Zhu", Hongping He",

Youjun Deng®

2 CAS Key Laboratory of Mineralogy and Metallogeny, Guangdong Provincial Key Laboratory of Mineral Physics and Material, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou 510640, China

® University of Chinese Academy of Sciences, Beijing 100049, China

€ Department of Soil and Crop Sciences, Texas A & M University College Station, TX 77843, United States

ARTICLE INFO ABSTRACT

Nanostructured silicon has gained increasing interests due to its unique properties and wide applications. A
facile, low-cost, and scalable strategy for producing nanostructured silicon remains a challenge. In this work,
three natural clay minerals with different nanostructures, i.e., tabular halloysite, layered montmorillonite, and
chain-layered palygorskite, were directly employed as precursors to synthesize porous nanostructured silicon via
a combination of molten salt and magnesiothermic reduction. Results indicated that molten salt could efficiently
absorb the massive heat generated from the exothermic reaction, which consequently inhibited the formation of
high temperature phases (i.e., spinel and mullite) and the fusion of the generated silicon nanoparticles. Apart
from acting as a reductant, metal Mg also consumed a part of the released heat through its vaporization to
further lower the local reaction temperature. As a result, the as-synthesized nanostructured silicon showed large
specific surface areas and enhanced porous architectures, e.g., 115.5 m?/g of specific surface area and
0.547 cm®/g of porosity for the sample obtained from palygorskite. Moreover, the microstructure and mor-
phology of the resulting nanostructured silicon could be readily adjusted by properly choosing the clay mineral
precursors and the added amounts of NaCl and Mg. Our strategy does not need to specially eliminate Al in clay
minerals before reduction reaction, and greatly broadened the selection of clay minerals that can be directly used
as silicon precursors, which would be beneficial to the practical production and wide applications of nanos-
tructured silicon.
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1. Introduction

Nanostructured silicon has gained significant attentions due to their
unique properties and potential applications in many fields, including
energy science (e.g., anodes for lithium-ion batteries and catalysts for
hydrogen evolution) [1-3], environmental remediation (e.g., chemical
sensors and heterogeneous catalysts) [4,5], and biomedicine (e.g.,
biological imaging and drug delivery) [6,7]. Compared with bulk si-
licon, nanostructured silicon can provide larger surface areas for target
reactions or anchoring active materials, facilitate the interfacial trans-
port process, and shorten the diffusion distance [8,9]. The enhanced
void spaces within the nanostructures can effectively accommodate the
volume change of silicon and suppress the diffusion-induced strain
during some specific reactions (e.g., lithiation/delithiation during the
charge-discharge cycles) [10,11].

Diverse silicon nanostructures (e.g., nanoparticles [12,13], nano-
wires [14-16], nanosheets [17,18], and porous structures [19,20]) have
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been successfully synthesized with numerous methods, such as che-
mical vapor deposition [16], chemical reduction [17], and metal-as-
sisted chemical etching [15]. Among these methods, magnesiothermic
reduction has been considered as a promising method to fabricate na-
nostructured silicon due to a facile and low-energy experimental pro-
cess [21,22]. In the previous studies, silica [23], silane [24], and si-
licon-containing polymers [21], which are essentially derived from
quartzite, have been used as the silicon precursors. The preparation of
silicon nanostructures generally involved the utilization of templates
(e.g., polyethyleneimine and polyacrylonitrile) [25,26] or noble metal
catalysts [16]. The complex preparation process and high cost of these
silicon precursors have prohibited their applications in practice. Several
studies also used the natural plant derivatives (e.g., rice husks [27] and
reed leaves [28]) as sustainable silicon sources. However, the low si-
licon content in the precursors greatly limited the final yield. As such,
exploring environmentally-friendly and low-cost precursors for scalable
synthesis of nanostructured silicon is of high interest.
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With natural micro/nano-sized structures, high silicon content, and
abundant supplies [29,30], using clay minerals as precursors for syn-
thesizing porous silicon nanoparticles are drawing increasing attentions
recently [31,32]. Several studies have demonstrated that clay minerals
could be used as precursors to synthesize nanostructured silicon via
magnesiothermic reduction [31,32]. As the large amount of elemental
Al in Al-containing clay minerals may combine with magnesium- or
silicon-oxygen compounds during the highly exothermic magne-
siothermic reaction to generate unwanted byproducts (e.g., spinel or
mullite), the clay minerals (e.g., halloysite (Hal) and palygorskite (Pal))
were generally firstly converted into amorphous SiO, by selective acid
etching before the magnesiothermic reduction reactions [32,33]. This
process obviously will make the synthesis process complex and costly. A
few studies also directly chose Al-free clay minerals (e.g., talc and La-
ponite) as the precursors [31,34], but this strategy will greatly limit the
selection of clay minerals that can be used as silicon precursors, as Al-
containing clay minerals (e.g., montmorillonite (Mt) and kaolinite)
account for a major proportion in the family of clay minerals [30].

On the other hand, salt melt synthesis has proven to be a significant
approach in the synthesis of nanoparticles (e.g., semiconductors and
carbon nanomaterials) [35,36]. Molten salts could provide a con-
trollable high-temperature liquid environment with chemical stability
and low vapor pressure, and have the advantage of isolation of the
resulting products [35,36]. With respect to the synthesis of nanos-
tructured silicon via magnesiothermic reduction, molten salts might be
able to scavenge the massive heat generated from the exothermic pro-
cess. Consequently, the reaction temperature could be lowered to a
moderate degree, which may avoid the formation of high temperature
phases. As such, we hypothesize that Al-containing clay minerals
without pretreatment may be directly used to synthesize nanos-
tructured silicon by a combination of molten salt and magnesiothermic
reduction. Furthermore, by properly choosing clay mineral precursors
and the added amounts of molten salt and Mg, we expect this strategy
may readily adjusting the microstructure and morphology of the re-
sulting nanostructured silicon.

In the present work, three Al-containing clay minerals with different
nanostructures, i.e., tubular Hal (tubule_Hal), layered Mt (layer_Mt),
and chain-layered Pal (chain_Pal), were selected as precursors to fab-
ricate porous silicon nanoparticles via molten salt-assisted magne-
siothermic reduction reaction. The influences of the clay mineral pre-
cursors and the added amounts of Mg and NaCl on the structure and
morphology of the resulting silicon were investigated. We expect the
molten salt (i.e., NaCl) would feature three functions, i.e., serving as a
heat scavenger for the exothermic reaction, as a dispersing agent for the
silicon nanoparticles, and (specially, for layer_ Mt) as an intercalation
agent for the exfoliation of montmorillonite layers.

2. Materials and methods
2.1. Materials

The pristine tubule_Hal used in this study was from Shanxi, China.
The sample was purified via the sedimentation method, dried overnight
at 80 °C, and collected (purity > 98%) for the following experiments.
The raw calcium-rich layer Mt (purity > 95%) obtained from Inner
Mongolia and chain_Pal (purity > 93%) from Anhui, China, were used
as received without any further purification. The structures of these
three clay minerals were illustrated in Fig. 1. Magnesium (Mg) and
NaCl were of analytical grades and supplied by Tianjin Fuchen Che-
mical Reagents Factory and Shanghai RichJoint Chemical Reagents Co.
Ltd, respectively. The HCl (37 wt%) and HF (40 wt%) were purchased
from Guangzhou Chemical Reagent Factory, China.

2.2. Synthesis of the silicon nanoparticles

The silicon nanoparticles were prepared via the combined
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magnesiothermic reduction and salt melt system and subsequent acid
washing process. Typically, tubule_Hal was uniformly mixed with Mg
powder and NaCl in a mass ratio of 1: x: y (x = 0.7, 0.8, and 0.9; y = 0,
3, and 5). The mixture was then loaded into a high-temperature and
high-pressure stainless steel reactor, followed by transferring to an
alumina tube furnace and heating at 650 °C for 5 h under a high-purity
Ar flow. The resultant products were first washed with distilled water to
eliminate NaCl (which could be recycled via evaporating the filtrate).
Subsequently, 1 mol/L HCl were employed to remove generated MgO
and other possible impurities (e.g., MgsSi, byproduct of the reaction
between Si and excess Mg). Finally, the products were leached with 1%
HF, and rinsed with distilled water, and then vacuum-dried at 60 °C for
12 h.

The silicon nanoparticle synthesized in a mass ratio of tubule_Hal:
Mg: NaCl = 1: 0.8: 0 was denoted as Si(Hal80) and the others were
denoted in the same way. Layer Mt and chain_Pal were conducted
under the same experimental conditions as tubule_Hal, and accordingly
the final silicon nanoparticles were denoted as Si(Mtxy) and Si(Palxy),
respectively. Detailed explanations of the abbreviations for the samples
are given in Table S1.

2.3. Characterization methods

The powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Bruker D8 Advance X-ray diffractometer (Bruker AXS,
Germany) with Ni-filtered CuKa radiation (A = 0.154 nm), operating
at 40 kV and 40 mA. The patterns were recorded at a scanning rate of
3°/min over the range of 3-80° (26). Powdered samples were loaded
into the sample support and pressed smoothly before measurement.

Raman spectra were carried out on a Renishaw 2000 Microscopic
confocal Raman Spectrometer (Renishaw, UK) equipped with an air-
cooled CCD detector and an Ar-ion laser (. = 514.5 nm). All mea-
surements were conducted under the same experimental conditions (a
laser power of 2 mW, 30-s acquisition time, and a 50 X magnification
objective), and the spectra were recorded over the wavelength range of
200-1200 cm ™! with a resolution of 2 cm ™!,

The X-ray photoelectron spectroscopy (XPS) analysis was conducted
on a Thermo Fisher K-Alpha XPS instrument (Thermo Fisher Scientific,
UK) with a monochromatic AlKa X-ray source (1468.6 eV). XPS spectra
were collected using an X-ray spot size of 400 um in an ultra-high va-
cuum (chamber pressure < 5 X 10~ 8 mbar). The pass energies for
survey scans and high resolution scans were 100 and 30 eV, respec-
tively, and the energy resolution was better than 0.5 eV.

The N, adsorption-desorption isotherms were performed at liquid
nitrogen temperature (-196 °C) on an ASAP 2020 analyzer
(Micromeritics Instrument Corp. USA). The samples were degassed
under vacuum at 200 °C for 12 h prior to determination. The Sggt of the
sample was obtained by the multi-point Brunauer-Emmett-Teller (BET)
method, and adsorption points were selected in the relative pressure
range from 0.05 to 0.20 [37,38]. The total pore volume (Vo) was
evaluated from nitrogen adsorption at a relative pressure of 0.97, and
the pore size distribution analysis was determined by the Barrett-
Joyner-Halenda (BJH) method [38].

The scanning electron microscopy (SEM) micrographs were ob-
tained using an SU8010 cold field emission scanning electron micro-
scope (FESEM, Hitachi, Japan) attached with energy dispersive X-ray
spectroscopy (EDS, AMETEK-EDAX, USA). The specimens for SEM ob-
servation were anchored tightly on the surface of the conducting tape,
and then transferred directly into the microscope.

The transmission electron microscopy (TEM) and selected area
electronic diffraction (SAED) were recorded on an FEI Talos F200S
field-emission transmission electron microscope equipped with SAED
attachments at an acceleration voltage of 200 kV. The specimens were
ultrasonically dispersed in ethanol and then dropped onto a copper grid
coated with carbon film before TEM observation.
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Fig. 1. Structures of tubule_Hal (a), layer_Mt (b), and chain_Pal (c). Those three clay minerals are phyllosilicates in which the individual layers are mainly composed of a tetrahedral (T)
and a octahedral (O) sheet in either a 1:1 (Hal) or 2:1 (Mt and Pal) proportion. Due to isomorphous substitution (e.g., AI** for Si** in the T sheet and/or Mg>* for AI** in the O sheet),
the layers of many clay minerals (e.g., Mt and Pal) carry a permanent negative charge, which is balanced by exchangeable cationic within the interlayer space.

3. Results

The XRD patterns of the samples at different reaction stages were
first recorded (Fig. 2). Tubule_Hal exhibited a characteristic (001) re-
flection of halloysite at ~11.76° (26), which corresponded to a dgo1-
value of 0.75 nm [39,40]. After the magnesiothermic reaction without
NaCl (intermediate I), the characteristic reflections of Si and MgO were
observed, suggesting that the silicon-oxygen tetrahedra of tubule_Hal
have been reduced to silicon by Mg. Meanwhile, other byproducts (e.g.,
Mg-Si and Al) formed, probably through the reactions: Si (s) + 2 Mg (s,
g) — MgsSi (s) and Al,O53 (s) + 3 Mg (s, g) — 2Al (s, 1) + 3MgO (s). The
selective acid etching caused the emergence of the sharp reflections of
Si in the XRD pattern of Si(Hal80). The characteristic reflections of
spinel (MgAl,04) and mullite (3Al,032Si05) were also discernible
[41]. These two high-temperature products could not be removed by
acid washing, which may be the main reason that previous studies
generally eliminated Al from the clay minerals before the heating

. mSi  eMgO +spinel
+Al  #MgSi amullite
~ NaCl ¥ halloysite
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intermediate 11
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Fig. 2. XRD patterns of pristine tubule Hal, the intermediate I (without NaCl) and in-
termediate II (with NaCl) after magnesiothermic reduction reaction, and the corre-
sponding products after acid etching. Si(Hal80) and Si(Hal85) represent the final products
synthesized in a mass ratio of tubule_Hal: Mg: NaCl = 1: 0.8: 0 and 1: 0.8: 5, respectively.
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[32,33] or directly used Al-free clay minerals as precursors [31,34].
With the introduction of NaCl, the XRD patterns of the reduction pro-
duct (intermediate II) exhibited similar reflections as intermediate I,
with the exception of presence of sharp NaCl reflections. After selective
acid treatment, only the characteristic reflections of silicon were found
in the XRD patterns of Si(Hal85), indicating the presence of single-
phase and well-crystallized silicon. Interestingly, the high temperature
phases disappeared for Si(Hal85), which could be attributed to the
decreased temperature of the reaction system caused by endothermic
effect of the fusion of NaCl (AHgys0on = 28.8 kJ/mol) [42].

Both NaCl and Mg functioned as heat sink in the synthesis of na-
nostructured silicon. As shown by the XRD patterns (Fig. 3a), the high
temperature phases gradually decreased as the added amount of NaCl
increased. Specifically, spinel and mullite appeared for Si(Hal80), while
only spinel for Si(Hal83) and neither for Si(Hal85). As the formation
temperature of mullite was generally higher than that of spinel [41,43],
this phenomenon indicated that the reaction temperature decreased
with increasing salt quantity. Therefore, the high temperature phases
could be used as temperature indicators to detect the local reaction
temperature. When Mg quantity is low, distinct characteristic reflec-
tions of spinel appeared in the XRD patterns of Si(Hal65) (Figure S1).
With the Mg quantity increasing, very weak characteristic reflections
corresponding to spinel were still discernible for Si(Hal75), but not for
Si(Hal85) and Si(Hal95) (Fig. 3b). Only Si was observed in the latter
two samples. This finding suggested that the local reaction temperature
decreased with increasing Mg quantity, which may be ascribed to the
reason that vaporization of Mg (AH,,, = 148.2 kJ/mol) could absorb a
part of heat and further lower the reaction temperature. As such, Mg
also acted as a heat scavenger (similar to NaCl) besides serving as a
reductant for the magnesiothermic reaction.

Raman spectra have been proved to be one of the most effective
tools for studying the microstructure of nanomaterials [44-46]. Com-
pared to the sharp Raman band arising from the fundamental phonon
mode of monocrystalline silicon (~521 cm ™ 1Y), those of Si(Hal80) and
Si(Hal85) broadened and red-shifted to ~514 and ~507 cm™ !
(Fig. 4a), respectively, which could be attributed to the size-confine-
ment effect [47,48]. Wang reported that the Raman-scattering bands of
silicon nanowires could shift and broaden with decreasing diameter of
silicon nanowires, and that the confinement effect became more evident
when the diameter of silicon nanowires decreased [47]. As such, the
lower Raman shift of Si(Hal85) than that of Si(Hal80) implied the
smaller silicon nanoparticles for Si(Hal85). In addition, the Raman
shifts of the final products obtained with different added amount of Mg
did not show distinct difference (Fig. 4b).

The surface composition and chemical

environment of
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Fig. 3. XRD patterns of the final products obtained by changing the added amounts of NaCl (a) and Mg (b). The silicon nanoparticle synthesized in a mass ratio of tubule Hal: Mg:
NaCl = 1: 0.8: 0 was denoted as Si(Hal80) and the others were denoted in the same way.

nanostructured silicon were examined via XPS analysis. The XPS survey
spectrum of nanostructured silicon (e.g., Si(Hal85)) revealed the ex-
istence of Si and O (Figure S2). The absence of metal elements indicated
a high purity of the final product. The high-resolution Si 2p XPS spectra
of silicon nanoparticles could be fitted into two major components
centered at ~99.3 and ~99.9 eV, assigned to two peaks of Si (i.e., Si
2ps3/» and Si 2p;,5) (Fig. 4c). Besides, the silicon product displayed a
weak peak at ~103.1 eV, which could be attributed to a small amount
of SiOy derivatives [25,31]. The absence of SiO, peak at ~103.4 eV
resulting from the silicon-oxygen tetrahedral of pristine tubule_Hal
(Figure S3) indicated the complete reaction of precursor during the
reduction process. Therefore, the formed SiOy species may result from
the post-oxidation of the synthesized Si by exposure to air. Similar
phenomena were reported in previous studies using other precursors to
prepare nanoporous Si [31,49]. Moreover, both Si and SiO4 contents
decreased with increasing the amount of reducing agent (Fig. 4c).
Combining the XRD results, the excess Mg reacted with Si to generate
Mg,Si, which was easily removed by diluted HCI. As a result, increasing
Mg quantity decreased Si yield. With respect to SiOy species, the de-
crease of their content implied the lower content of post-oxidized Si,
which may be due to the smaller Sgrr of the final products.

The pristine tubule_Hal exhibited typical tubular shapes with a
length of 0.2-1.0 pm and open-ended cylinders of halloysite nanotubes
with a lumen diameter of ~20 nm (Fig. 5a and b) [40,50]. The large
crystals with little porous structure were visible in the SEM image of Si
(Hal80) (Fig. 5c¢). In fact, the local reaction temperature in the mag-
nesiothrmic reaction could reach over 1700 °C without any heat sca-
venger [51]. The massive heat thoroughly collapsed the pristine ar-
chitectures of tubule Hal and agglomerated the synthesized silicon
nanoparticle into large crystals. In the case of NaCl as a heat scavenger,
a rough surface and nanoporous structure with highly interconnected
network could be clearly observed in obtained silicon (Fig. 5d-f). Apart
from the role as a heat absorbent, NaCl also acted as a dispersing agent
to prevent the synthesized silicon nanoparticles from agglomerating.
Furthermore, the obtained silicon showed a poorly linked structure
with increasing Mg quantity, probably due to the consumption of Si by
excess Mg. The subsequent acid treatment disrupted the linkage of
connected Si network as a result of the removal of the generated Mg,Si.
To further investigate the structural information of the silicon product,
TEM and corresponding SAED pattern were carried out (Fig. 5g—i). TEM
images of Si(Hal85) confirmed the interconnected silicon networks with
the particle size from ~50 nm to ~100 nm (Fig. 5g). The crystal size of
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Fig. 4. Raman spectra of monocrystalline silicon and the silicon products (a and b); high reslution Si2p XPS spectra of the silicon products obtained with different added amount of Mg (c).
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Si(Hal85) was ~95 nm (Fig. 5h), which agreed well with the average
value (~90 nm) calculated from the XRD pattern using the Scherrer
equation. The SAED pattern showed diffraction rings indexed to crys-
talline Si (Fig. 5h), consistent with XRD results. The high-resolution
TEM (HRTEM) image exhibited the interplanar spacings of ~0.31 and
~0.19 nm (Fig. 5i), corresponding to the (111) and (220) crystal planes
of crystalline Si, respectively, which further confirmed the formation of
Si nanocrystals. In addition, the bulk composition of Si(Hal85) calcu-
lated from EDS analysis clearly showed that the pure silicon product
was obtained after acid washing (Table S2), consistent with the XPS
survey spectra results above.

The pristine tubule_Hal possessed IV-type isotherm with H3 hys-
teresis loop (Fig. 6), indicative of slit-like pores of layered structure,
according to the IUPAC technical report [38]. The slit-like pores with a
size of several nanometers might be ascribed to the newly formed
mesopores from the separation of rolled layers of tubule Hal during
dehydration process [52]. Si(Hal80) exhibited very small adsorption
capacity of N, with a low Spgr value (~7.8 mz/g) and a tiny Vi
(~0.050 cm®/g) (Table 1), manifesting a very dense product. In con-
trast, all the silicon nanoparticles obtained by NaCl-assisted reduction
reaction had much greater N, adsorption capacity in the whole pressure
range, particularly in the high relative pressures region, indicating the
significant increase of meso- and macropores. The comparison of pore
size distribution patterns further confirmed the improved porosity for
the silicon nanoparticles in the case of NaCl (Figure S4). Accordingly,
the calculated Sper value and Vi, of the silicon nanoparticles en-
hanced evidently in comparison with those of Si(Hal80) (Table 1). In
addition, increasing Mg quantity slightly decreased the Sggy value and
Viotar Of silicon nanoparticles (Table 1), which may be attributed to the
destruction of micro- and mesopores by the side reaction between Si
and Mg. On the other hand, the smaller Sggr for silicon nanoparticles
implied lower surface areas exposed to air, and accordingly led to a
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Fig. 5. SEM images of pristine tubule_Hal taken
at low (a) and high (b) magnifications, Si(Hal80)
(c), Si(Hal75) (d), Si(Hal85) (e), and Si(Hal95)
(). TEM image (g), HRTEM image (inset: corre-
sponding SAED pattern) (h), magnified TEM
image showing crystalline structure (i) of Si
(Hal85).
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Fig. 6. N, adsorption-desorption isotherms of pristine tubule_Hal and the silicon products
(i.e., Si(Hal80), Si(Hal75), Si(Hal85), and Si(Hal95)).

lower content of post-oxidized Si, which agreed well with the XPS re-
sults.

When the clays layer Mt and chain Pal (Figure S5) were employed
as precursors in the synthesis of porous silicon nanoparticles via the
same approach as tubule_Hal, the XRD indicated the presence of spinel
in both Si(Mt80) and Si(Pal80) without the introduce of NaCl during
the synthesis (Fig. 7a). In contrast, only a single-phase silicon was ob-
served for both Si(Mt85) and Si(Pal85) when NaCl was introduced. The
presence of NaCl effectively inhibited the formation of high tempera-
ture phases, which confirmed the role of NaCl as a heat scavenger
during the magnesiothrmic reactions. According to the crystal size
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Table 1

Textural characteristics of the pristine clay minerals (i.e., tubule Hal, layer Mt, and
chain_Pal) and the final silicon products (i.e., Si(Hal80), Si(Hal75), Si(Hal85), Si(Hal95),
Si(Mt80), Si(Mt85), Si(Pal80), and Si(Pal85)).

Sger (m?/g) Viotal (cm®/g) Average pore diameters (nm)

tubule_Hal 40.6 0.127 15.8
Si(Hal80) 7.8 0.050 25.9
Si(Hal75) 92.4 0.341 14.8
Si(Hal85) 79.8 0.255 13.6
Si(Hal95) 72.7 0.242 13.3
layer Mt 66.1 0.111 6.7

Si(Mt80) 10.8 0.032 11.9
Si(Mt85) 83.3 0.295 15.1
chain_Pal 141.1 0.334 9.5

Si(Pal80) 9.2 0.034 14.9
Si(Pal85) 115.5 0.547 19.0

calculation by the Scherrer equation, Si(Mt85) and Si(Pal85) possessed
average crystal sizes of ~49 and ~ 24 nm, respectively. Compared with
the Raman bands of Si(Mt80) and Si(Pal80), those of Si(Mt85) and Si
(Pal85) red-shifted, broadened, and became more asymmetrical
(Fig. 7b), suggesting smaller domain size according to the size-con-
finement effect. The microarchitectures of the final silicon particles
were further verified by the SEM and TEM images (Fig. 8). The typical
lamellar texture and fibrous morphology could be visible in the SEM
images of layer_ Mt and chain_Pal (Fig. 8a and e), respectively [53,54].
After Mg reduction, both Si(Mt80) and Si(Pal80) displayed dense and
agglomerate morpholgies (Fig. 8b and f), indicating the formation of
large Si crystal during the high temperature reaction. However, quite
different morphology features appeared with the introduction of NaCl
during the synthesis process. Si(Mt85) showed a lamellar and nano-
porous morphology, which somewhat preserved the original lamellar
structure of Mt (Fig. 8c and d). As for Si(Pal85), a rough surface with
loose and porous nanoparticles emerged (Fig. 8g and h). Accordingly, Si
(Mt85) and Si(Pal85) had much larger Sgrr and Vi (Table 1), cal-
culated by their N, adsorption-desorption isotherms (Figure S6), than Si
(Mt80) and Si(Pal80). As such, the porous silicon nanoparticles were
also successfully synthesized using layer Mt and chain_Pal as precursors
via a simple salt-assisted magnesiothrmic reduction reaction. Notice-
ably, the morphologies and porosities of the resulting silicon nano-
particles from different clay minerals (i.e., tubule_Hal, layer Mt and
chain_Pal) greatly differed, which indicated that the characteristics of
precursors had great influences on the resulting silicon nanoparticles.
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4. Discussion

Based on the above observation, the reaction process and me-
chanism of the synthesis of porous silicon nanoparticles from natural
clay minerals could be deduced as follow:

First, the natural nano-sized architectures (e.g., the nanoscale lu-
mens and newly formed slit-like pores of tubule Hal, the interlayer
spaces of layer Mt and the nanorods of chain_Pal) provided large si-
licon-oxygen surface, ensuring the direct contact with molten salt
(NaCl) and reductant (Mg). Second, the liquid Mg in molten salt could
provide ions and solvated electrons with high activity and strong re-
ducing power, which could efficiently break the Si-O bond [23]. Un-
saturated bonds of Si atoms randomly bonded with adjacent Si atoms to
form nearly spherical particles due to the optimization of the surface
energy. The aluminum-oxygen octahedral sheets of the clay minerals
were transformed to amorphous Al,O3 at high temperature [41,55],
which could act as isolation barrier inhibiting the random bonding of
unsaturated bonds on Si atoms and somewhat keeping the original
nanostructure. Third, the molten salt absorbed the massive heat to
lower the local reaction temperature, consequently inhibiting the for-
mation of high temperature phases and the fusion of generated silicon
nanoparticles. Meantime, the molten salt could prevent silicon nano-
particles from forming to large agglomerates. Specially, for layer Mt,
the activated molten salt might enter the interlayer spaces for inducing
the exfoliation of layers [56], ensuring a sufficient reduction reaction.
Finally, apart from serving as reductant, Mg also acted as heat sca-
venger as NaCl. The vaporization of Mg atoms adsorbed a part of heat,
further lowering the reaction temperature to an appropriate degree.

The above results demonstrated that natural Al-containing clay
minerals could be used as precursors to synthesize the porous silicon
nanoparticles via salt-assisted magnesiothermic reduction reaction. The
resulting nanostructured silicon showed large specific surface areas and
enhanced porous architectures. For example, Si(Pal85) in this work
showed a Spgr of 115.5 m?/g, which is close to the value of silicon
nanoparticles from amorphous SiO, after acid treatment of clay mi-
nerals [32,33], much larger than that of the 2D nanostructured silicon
from exfoliated Laponite nanosheet (43 mz/g) [31]. In addition, the
Viotal Of Si(Pal85) (0.547 cm3/g) was higher than that of the recently
reported multiscale hyperporous silicon flake from talc (0.368 cm>/g)
[34]. Numerous studies have confirmed that nanostructured silicon
with large specific surface area and porous architecture may be a pro-
mising material in energy science and environmental remediation

[57,58]. Moreover, the microstructure and morphology of
(b)
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Fig. 7. XRD patterns (a) and Raman spectra (b) of the final products from pristine clay minerals (i.e., layer_ Mt and chain_Pal) after magnesiothermic reduction reaction (without or with
NaCl) and acid etching. The silicon nanoparticle synthesized in a mass ratio of layer Mt: Mg: NaCl = 1: 0.8: 0 was denoted as Si(Mt80) and the others were denoted in the same way.

81



Q. Chen et al.

500 nm

500 nm
e

Microporous and Mesoporous Materials 260 (2018) 76-83

Fig. 8. SEM images of pristine layer Mt (a), Si(Mt80) (b), Si(Mt85) (c), pristine chain_Pal (e), Si(Pal80) (f), and Si(Pal85) (g). TEM images of Si(Mt85) (d) and Si(Pal85) (h).

nanostructured silicon could be readily adjusted by properly choosing
the appropriate precursors and the added amounts of NaCl and Mg. This
strategy not only eliminated the time-consuming and complex pre-
treatment process (e.g., selective acid etching or exfoliation) needed in
previous studies, but also greatly extended the range of clay minerals
used as silicon precursors, which could be beneficial to the large-scale
production and practical applications of nanostructured silicon.

5. Conclusion

The porous silicon nanoparticles with large specific surface areas
and enhanced porous architectures were successfully synthesized using
Al-containing clay minerals (i.e., tubule_Hal, layer Mt, and chain_Pal)
via a combination of molten salt and magnesiothermic reduction. The
results indicated that molten salt could efficiently absorb the massive
heat, which consequently inhibited the formation of high temperature
phases (i.e., spinel and mullite) and the fusion of generated silicon
nanoparticles. Meanwhile, the molten salt could prevent the agglom-
eration of silicon nanoparticles, which aided in the synthesis of na-
nostructured silicon. Apart from acting as a reductant, metal Mg also
adsorbed a part of heat through its vaporization to further lower the
local reaction temperature. Moreover, by properly choosing the clay
mineral precursors and the added amounts of NaCl and Mg, we could
readily adjust the microstructure and morphology of the resulting na-
nostructured silicon. This work avoided complex pretreatment process
employed in previous studies on the synthesis of nanostructured silicon,
and greatly broadened the selection of clay minerals that can be directly
used as silicon precursors, which would contribute to the practical
production and wide applications of nanostructured silicon in various
fields.
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