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Fly ashes as a sustainable source for nanostructured Si anodes
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Abstract

-Jun Zhang' - Ruzhuan Wang' - Jun Wang' - Xiaoyan Liu’

Recycling industrial wastes for high-value items is of strategic importance for commercial production. Fly ashes are
solid waste by-products generated by coal-fired power plants. Although a large amount of annual output approach
150 million tons worldwide, fly ashes have been recycled merely into some low-value items. In order to realize the high
additive value of fly ashes, we transform the solid waste fly ashes into nanostructured silicon powders and apply them as
anodes active materials for lithium-ion batteries. The nanostructured silicon exhibits good electrochemical performance
as lithium-ion batteries anodes with high rate capacity (1450.3 mAh g~' at current density 4000 mA g') and reversible
capacity (1017.5 mAh g™' after 100 cycles), indicating that fly ashes can be a useful resource of anode materials to meet

the need of high performance lithium-ion batteries.
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1 Introduction

Fly ashes are solid waste by-products generated by coal-
fired power plants, and the yield of fly ashes approach
150 million tons/year worldwide in 1990 [1]. Moreover,
the increasing energy demands of developing countries
is possible to ensure that the coals are key components of
energy consumption despite the climate-change policy
[2, 3]. As a result, it can be expected that the amount of
fly ashes will increase with the energy demand increases
in the future. The super yield of waste by-products results
in an environmental issue inevitably, hence, the compre-
hensive utilization of this solid waste resources is closely
related to global sustainable development strategy.
However, less than a half of the solid waste fly ashes are
recycled for concrete, cement and as a solid additive, and
they are mainly used in a narrow range of low-value items
[4]. The remainder still being directly discharged into fly

ashes ponds and landfills leading to various environmen-
tal problems [5]. Typically fly ashes are composed primar-
ily of aluminosilicate glass, mullite (Al¢Si,0,5) and quartz
(Si0,), and they can provide a ready source for Si and Al,
which are necessary for the preparation of zeolites [6]. In
this context, some valuable applications are focus on the
conversion of fly ashes to zeolites [7, 8], solid catalyst [9,
10], porous materials [11] and adsorption of textile dyes to
data [12, 13]. However, other more valuable applications
must be investigated to enhance the value of the fly ashes
and to recycle the high fly ashes output.

It is well known that Si have important industrial and
potential applications in the field of high technology, such
as semiconductor [14], nanoelectronic [15], biotechnology
[16-18], and energy storage [19-22]. In these applications,
Si has aroused considerable attention as the alternative
lithium-ion batteries anode materials for portable elec-
tronic devices and electric vehicles on account of its large
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theoretical specific capacity (4200 mAh g‘1 for Li, 4Si),
which can be up to ten times greater than that of conven-
tional graphite anode (370 mAh g™') [19, 23-25]. However,
the giant volume changes (>300%) is caused by the pro-
cess of lithium insertion and extraction, which lead to the
fracture and pulverization of Si structure [26]. As a result,
Si typically suffers a severe capacity fading during cycling.
Many research works have shown that nanostructured Si
can effectively accommodate such volume changes and
significantly improve the cyclic performance [19-22,
27-29], nevertheless, the high cost of nanostructured Si
production is a restricted facror for Si anodes compared
to graphite anodes. Therefore, an increased interest has
been noted lately in the use of low-cost waste products
(rice husks and reed plants) as Si sources for the prepara-
tion of nanostructured Si anodes [30-33]. However, the
research on how to extract the nanostructured Si out from
solid waste fly ashes generated by coal-fired power plants
is paid less attention [34]. Considering this, current work
explores the expensive nanostructured Si materials can be
easily produced from coal-fired power wastes present in
abundance by a green and economical approach.

2 Experimental
2.1 Materials

In a typical synthesis, the industrial fly ashes were used as
the Si source. The raw fly ashes materials were obtained
from a coal-fired electric power station in China. Mg pow-
ders (250 mesh) were obtained from Aladdin Reagent,
China. For comparison with the derived Nano-Si from fly

ashes, Si powders (6000 mesh) were obtained from a com-
mercial vendor (CNPC Powder Material Co., China).

In order to realize the high additive value of fly ashes,
in this work, we transform the solid waste fly ashes into
nanostructured silicon (Nano-Si) powders and apply them
as anodes active materials for lithium-ion batteries.

The optical images and flow chart are shown in
Fig. 1a-e, solid waste fly ashes are first transformed into
nanostructured SiO, (Nano-SiO,) by thermal treatment
with alkali fusion and water bath, in the next section the
Nano-Si is synthesized through magnesiothermic reduc-
tion. Finally electrochemical properties of the Nano-Si as
anodes for LIBs are examined.

2.2 Synthesis of Nano-SiO, from fly ashes

To increase its activity in Nano-SiO, formation, firstly,
fusion of fly ashes powders with Na,CO; was carried out
at 800 °C for 2 h (1:0.8 fly ashes:Na,CO; weight ratio), and
the resultant fused mixture was then cooled down to the
room temperature. After that, the product of fusion was
leached with a 3 M HCl solution for 4 h in order to elimi-
nate some metal ions. The leached product of fusion was
washed with deionized water to neutral conditions, then
heated in water bath at 100 °C for 6 h, then the Nano-SiO,
was collected by filtration to remove aluminium oxide, and
dried at 105 °C.

2.3 Transformation of Nano-SiO, to Nano-Si

300 mg of the synthesized Nano-SiO, was fully mixed
up with 300 mg of Mg powders. The mixture was spread
evenly in a steel boat, then heated to 650 °C for 5 h inside
a tube furnace under 95 vol% Ar/5 vol% H, gas flow. The

Fig. 1 Nano-Si extraction from solid waste fly ashes generated by
coal-fired power plants in a green and economical approach. a Fly
ashes generated by coal-fired power plants. b Process flow dia-
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ramp rate was controlled at 5 °C min~". After this reduc-
tion, the obtained dark brown powders were soaked in
2 M hydrochloric acid (HCI) aqueous solution for 12 h to
selectively remove MgO and Mg,Si, and then treated in a
5 wt% HF solution for 5 min to insure that newly formed or
any unreacted SiO, was eleminated. The resultant Nano-Si
powders were gathered by filtration, cleaned with de-ion
water and absolute ethanol for 4 times, respectively, and
finally dried under vacuum at 80 °C for 6 h.

2.4 Characterization

XRD spectra were acquired at room temperature with a
Rigaku SmartLab 9 diffractometer using Cu Ka radiation
(40 mA, 40 kV) to analyze the structure of crystals. The
morphologies of all materials were characterized by FESEM
(JEOL JSM-7800F) and HRTEM (JEOL JEM-2100F). The EDS
attached to TEM and SEM apparatus was served as elemen-
tal analysis. The nitrogen adsorption—desorption isotherm
was acquired through the Brunauer—-Emmett-Teller (BET)
(Micrometrics ASAP 2020 analyzer) after vacuum degas of
the samples at 200 °C for 3 h.

2.5 Electrochemistry

To obtain the Nano-Si working electrodes, the slurry was
prepared by dissolving 10 wt% sodium alginate, 10 wt%
Super P, and 80 wt% Nano-Si in water. The slurry was cast
onto thin copper foils. The coated electrodes were heated
in a vacuum oven at 75 °C for 12 h, and then they were
punched into circular discs to fabricate the coin-cell. The
load of active materials was about 1.2 mg/cm? The elec-
trolyte used in the current study is 1.0 M LiPF4 in the mix-
ture of carbonates (Novolyte Technologies Inc. Suzhou,
China). For electrochemical evaluation, coin-type cell
(CR2016) was assembled by sandwiching separator (Cel-
gard 2400) with the Nano-Si working electrode and the
metal Li metal counter electrode inside the glove box.
The cell was charged and discharged galvanostatically
in a fixed voltage window from 5 mV to 1.0V on a LAND
battery test system (Wuhan Kingnuo Electronics Co., Ltd.,
China) at 25 °C. Cyclic voltammogram (CV) was conducted
on an Autolab PGSTAT302 N workstation by 0.02 mV s
scan.

3 Results and discussion

The fly ashes used in the present study were gathered from
a coal-fired power plant in China during July 2017 (Fig. 1a,
). Chemical composition of the raw fly ashes used in the
current research are showed in Table S1. Characterization
by scanning electron microscopy (SEM) indicated that

the fly ashes typically are agglomerate of spheres about
1-100 pm in diameter (Fig. S1a). Moreover, an X-ray diffrac-
tion pattern (XRD) exhibited that fly ashes are mainly com-
posed of mullite (AlSi,0,3) and quartz (SiO,) (Fig. S1b). The
solid waste fly ashes are first converted to Nano-SiO, by
thermal treatment with alkali fusion and water bath, the
detailed synthetic step are summarized in Fig. 1b. The ele-
mental analysis with energy dispersive spectroscopy (EDS)
indicated that the fly ashes indeed are converted to SiO,
(Figs. 1d and S2) after the thermal treatment with alkali
fusion and water bath, suggesting that most other com-
ponents were leaved out (such as AI*Y, Fe3*, Ca?*, Mg?*,
Na*) (Table S1), and the XRD pattern also showed amor-
phous nature of the SiO, (Fig. 2¢). Figure 2a, b showed
SEM images of Nano-SiO, derived from fly ashes under
low and high magnifications. The images clearly confirmed
that nanoporous structure is obtained, which is attributed
to the acid etching of the metal oxide components in fly
ashes. Such changes were reflected in the increase of the
specific surface area (3.9 —38.2 m? g7', Figs. S1c,2d). The
porosity measurements further supported for the porous
nature of Nano-SiO, (Fig. 2d). N, adsorption—desorption
experiment exhibited an isotherm that was the IV type
containing an apparent hysteresis loop at higher relative
pressures (P/P), which indicated that the derived SiO,
from fly ashes are porous materials.

Meanwhile, the peaks between 5 nm and 20 nm
according to the pore-size distribution of the Barrett-
Joyner-Halenda (BJH) further proves the main presence
of mesopores (Fig. 2d inset). Next, the derived Nano-SiO,
was reduced to acquire Nano-Si through a magnesiother-
mic reduction.

In an effort to transfer the fly ashes-derived Nano-SiO,
to Nano-Si, magnesium powders (b.p.=650 °C) were used
as reducing agents, Nano-SiO, and Mg powders were
mixed thoroughly at the rate of 1:1 in mass, and then the
magnesiothermic reduction occured at 650 °C for 7 h in
5 vol% H,-95 vol% Ar gas flow. X-ray diffraction (XRD)
patterns of the products synthesized through magnesio-
thermic reduction of fly ashes-derived SiO, before acid
etching showed that the sample had sharp peaks from Si-
MgO mixture including Si, MgO and Mg,Si (Fig. 3a). The fly
ashes-derived SiO, was transferred to the Si-MgO mixture
with the magnesiothermic reduction as below [35]:

SiO, (s) + 2Mg (g) — Si(s) + 2MgO (s)

If Mg is excess in the reaction,
2Mg (g) + Si(s) = Mg,Si (s)

The products including the MgO and Mg,Si were
selectively removed and the yellow-brown crystalline

Si material was acquired which was confirmed through
XRD patterns (Fig. 3b) and optical images (Fig. 1e).
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Fig.3 X-ray diffraction patterns of products synthesized through
magnesiothermic reduction of fly ashes-derived Nano-SiO,. a, XRD
patterns of Si-MgO mixture. b, XRD patterns of Si samples treated
with HCI/HF etching

Furthermore, the fine crystalline Si was also verified
with high resolution transmission electron microscopy
(HRTEM, Fig. 4c). The lattice spacing of the crystalline Si
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is shown in the higher magnification TEM image, which
matches the (111) planes of the silicon (Fig. 4c). However,
the TEM image of the Nano-Si powders (Fig. 4b) further
indicated that crystalline Si nanoparticles were dispersed
over the amorphous Si matrix, and we can infer that the
amorphous Si matrix will act as a buffer layer which can
help alleviate the volume changes and improve the
electrochemical performance. The porous structure of
Nano-Si products was not observed obviously with the
secondary electron microscopy (SEM) image (Fig. 4a).
The pore size distribution and surface area of Nano-Si
products were appraised with N, adsorption—desorption
experiment. The N, adsorption and desorption curve of
Nano-Si products was the IV type containing a hyster-
esis loop of H1 type (Fig. 4d). The result indicated that
Nano-Si products were also porous, which was in accord-
ance with the analysis of pore diameter (Fig. 4d inset).
However, the porous structure of derived Nano-Si was
transformed into the interconnected porous structure
(Fig. 4b), and this transformation was also present on the
decrease of the specific surface area (38.2— 13.3m? g™,
Figs. 2d, 4d). This could be due to the removal of Si-MgO
mixture and the growth of grains treated with acid etch-
ing and high temperature.
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Fig.4 Transformation of Nano-SiO, to Nano-Si. a SEM image of
Nano-Si synthesised through magnesiothermic reduction of fly
ashes-derived Nano-SiO,. b TEM image of Nano-Si, the inset is the

For electrochemical evaluation, unlike commercial Si
powders, the Nano-Si derived from solid waste fly ashes
have high functionality due to their nanostructure. It
shows better electrochemical performance without any
further modification and coating (Fig. 5). Cyclic voltam-
metry (CV) experiments during the first three cycles show
delithiation and lithiation peaks at typical potentials of
the reaction of Nano-Si (Fig. 5a). The lithiation peak of
about 0.12 V have been ascribed to the amorphous Li,Si
formation. The delithiation peaks appearing at 0.34V and
0.51V have been associated with the phase transforma-
tion between amorphous Li,Si and amorphous Si [19].
Representative galvanostatic charge-discharge curves
of Nano-Si electrodes (derived from solid waste fly ashes)
at different current densities are presented in Fig. 5b. At
the current density 100 mA g~', the Nano-Si electrodes
exhibited specific capacities of 3432.1 and 2756.6 mAh g™
for the discharging and charging cycles, respectively. The
irreversible capacity loss may be ascribed to the SEl layers
formation on the surface of Nano-Si electrodes and the
lost of some lithium ions accompanied with irreversible
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SADP image. ¢ HRTEM image of the Nano-Si particle, the inset also
is the SADP image. d Nitrogen adsorption and desorption curves of
Nano-Si derived from fly ashes. Inset, pore distribution

reactions. The cycle performance of Nano-Si electrodes
(derived from fly ashes) were contrasted with that of
electrodes obtained by commercial Si powders (Fig. 5c).
For the Nano-Si electrodes prepared by fly ashes, the dis-
charge capacity of 1017.5 mAh g™' at the given current
density 1000 mA g~' was maintained after 100 cycles,
with the Coulombic efficiency reaching 80.32% in the first
cycle and 98% even after just 3 cycles, respectively. Obvi-
ously, the coulombic efficiency (CE) of Nano-Si prepared
by fly ashes in the first cycle is 80.32%. Such excellent CE
indicates that the porous structure makes it possible to
form the stable SEl layer in the first cycle. However, the
Si anodes prepared by commercial Si powders showed
a discharging capacity of 3863 mAh g~' during the first
cycle, but after only 30 cycles at 1000 mA g~', the capacity
decreased drastically to 86 mAh g~' (even lower than the
372 mAh g~ ! theoretical capacity of graphite). In Fig. S3,
the SEM images of Si electrodes prepared by fly ashes and
commercial Si powders before and after cycling are exhib-
ited. After 100 cycles, the apparent size of Nano-Si particles
increased to some extent, mainly due to the formation of
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SEl layers and irreversible volumetric expansion during the
lithiation process. However, there are appreciable swell-
ing and cracking for the commercial Si particles only after
30 cycles. The results proved that the Nano-Si particles
could alleviate volume changes well concerned with the
repeated lithiation-delithiation process. Also, the Nano-Si
derived from fly ashes show good rate capacity (Fig. 5d).
To evaluate it, the rate capability of the Nano-Si anodes
(recovered from fly ashes) at different discharging rates are
shown (Fig. 5d). The reversible capacities of 2792.5,2112.0,
1571.6, and 1450.3 mAh g‘1 were obtained at different
discharging rates of 500, 1000, 2000, and 4000 mA g‘1,
respectively. These values are 7.5, 5.7, 5.0, and 4.2 times
more than the 372 mAh g~' theoretical capacity of graph-
ite, respectively.

4 Conclusion

The present study demonstrates that fly ashes, major solid
waste by-products generated in coal-fired power plants, can
be applied to synthesis Nano-Si with the porous structure as
LIBs anodes. The Nano-Si derived from fly ashes can solve
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curves at different current densities varying from 0.1 to 4 C
(1C=1000 mA g™). ¢ Cycle performance of Nano-Si prepared by fly
ashes and commercial Si powders electrodes. d Rate performance

the key issues existing in Si anodes, showing excellent rate
and cycling performance. In consideration of annual enor-
mous supply of fly ashes on a global scale, this work show
how the solid wastes, fly ashes, can be available resources
that contribute to meeting the growing demand for Nano-Si
materials in LIBs batteries.
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