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Silicon (Si) has been used in Li-ion batteries (LIBs), and considerable progress has been achieved in design
and engineering with improved capacity and cycling. However, large-scale application of Si-based anodes
is hindered owing to the wide use of toxic raw materials, high manufacturing cost, limited capacity and
unpalatable tap density. Herein, we describe a low-cost and green route to solve these problems.
Composite Si—carbon nanotube (CNT) spheres were synthesized using a scalable method: rotary spray
drying. These spheres were interspersed by many CNTs and wrapped Si nanoparticles (SiNPs) within
them. Due to slightly rigid structure of CNTs, many void spaces in spheres could be preserved during the
agglomeration of spheres. These voids could accommodate the volume expansion of Si particles and
promote a stable integral structure during cycling. Importantly, this micron-grade material could improve
the volume density and tap density to achieve high energy density. The prepared material showed
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discharge—charge (900 mA h g~ at 20C) was achieved owing to the crosslinking effect between CNTs

DOI: 10.1038/¢7ral1350a and SiNPs in these spheres. Moreover, a high-performance Si material was actualized via a simple
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1. Introduction

Over recent decades, the pursuit of lightweight and longevity
has primarily driven the considerable progress made in energy
storage and new chemical systems, especially in the field of
lithium ion batteries (LIBs). Currently, LIBs have an ever-
growing demand to achieve longer lifetimes in the digital field
and, most notably, energy and power density are essential for
the driving range in electric vehicles. Beyond the fact that
intercalation-based materials can break through the limitations
of Li ions, insertion into crystallographic sites can achieve
a greater proportion of storage. Silicon (Si) anodes are the most
promising non-intercalation materials compared with the
graphite anode*® due to their high specific capacity
(4200 mA h g '), plentiful availability, and environmental
friendliness.
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industrial method rather than a complex synthesis.

With regard to applications, a long life is one of the basic
conditions for advanced energy. The key points are to increase
the stability of the material and electrode configuration, and to
decrease the reaction activity at the interface. However, the
cycling retention of Si-based materials is the main drawback
limiting a sustainable lifetime.>* Alloying-dealloying processes
lead to severe volume changes and result in electrode-level
cracking and failure, or loss of electrical contract between
each electrode. In most cases, a nano-structure and three-
dimensional nano-design provide the ideal route to offset
volume expansion on electrode integrity, and allow the short-
distance transmission of Li ions between active particles and
the conductive phase.”® However, the high activity of nano-
particles (NPs) usually leads to high initial irreversible capacity,
as well as low tap density, high synthesis costs, and mis-
matching of the technology that needs to be assembled.’*?
Hence, the use of nanoscale materials is unlikely.

At the industrial scale of LIB manufacture, micron-grade
particles have been employed consistently as the most active
material of LIBs. Such micron-grade particles contain LiFePO,,
LiCoO,, or graphite to reduce the surface activity of the mate-
rial.**'* Active material of larger size can lead to high tap density
to meet the volumetric density needed for commercial appli-
cations.">* Therefore, in this way, designing micron-grade Si
material with low expansion effects becomes an effective way to
improve the electrochemical performance and meet application
needs.

This journal is © The Royal Society of Chemistry 2017
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There are two main approaches towards such a strategy: (i)
pre-designed void spaces near Si particles in large-size materials
to accommodate the volume expansion;**™” (ii) embedding Si
particles into a dense carbon matrix to buffer and limit large
changes in volume.’®?* However, (i) requires a complex
production method of extreme expense, an intolerant rolling
technique, and is not suitable for manufacturing. Also, the Si-
embedded composites, in general, offer limited capacity
(<1000 mA h g~") to maintain acceptable stability.>"??

In addition, rate capability is an important feature for
LIBs.>**?** Si anodes of alloying type (which are different from
layered graphite material) often limit transport kinetics owing
to slow diffusion of ions or long pathways.>*?® After increasing
the size of microparticles, fast charge-discharge is a huge
challenge, and depends critically on the rate of migration of Li
ions through active material.””*® Therefore, a highly conductive
material and short length of ion diffusion within large particles
are key features.

In the present study, a convenient strategy was proposed to
solve the problems mentioned above. Then, a micron-sized
material was synthesized in one step by a reliable industrial
method, rotary spray drying,****® which is a common method
for the manufacture of low-cost materials on a large scale.*®*'-3*
Herein, Si nanoparticles, as the starting materials, were gran-
ulated into micron-grade spheres accompanied with carbon
nanotubes (CNTs). These interlaced and interspersed porous
spheres comprised many individual and loose areas in
a random-weave array to reach high stability. During spray
drying, long tubes interspersed irregularly in the exterior/
interior of spheres (Scheme 1), and many void spaces were
preserved owing to the rigid support of CNTs. With the forma-
tion of Li,Siy, the increasing volume occupied void spaces
without affecting the whole structure. Different from the elab-
orate Si nanostructures created previously, this strategy made

Treated\
CNTs

Volume expansion
of SiNPs is buffered
by the voids in the
spheres

alloying

Scheme1l ASi—CNTs (CSs) composite material was prepared by spray
drying for use as an anode.
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full use of the shape structures and properties of SiNPs and
CNTs to self-assemble porous spheres compared with complex
syntheses. Though a continuous synthesis in a water/air
medium, environmentally unfriendly substances and expen-
sive auxiliary material were not needed. Hence, it was suitable
for industrial applications to overcome the high-cost barriers of
nano-designed materials.*

2. Experimental section
2.1 Material synthesis

SiNPs of diameter 20 nm were prepared by the magnesium-
based thermal reduction of silicon dioxide (SiO,). Then, SiO,
material was calcinated for 24 h at 800 °C in Ar gas.***” Si
particles were placed in an autoclave under a high temperature
to modify the hydroxyl groups on the Si surface by water
vaporization.®® After a period of time, the hydroxylated-Si was
removed rapidly and washed to maintain stability. CNTs (10 nm
x 1 um) were purchased. Modification of carboxyl groups on the
surface of CNTs is a common method of modification. We used
the immersion method in piranha solution. Under certain
conditions, the groups in piranha solution can substitute some
of the sites on CNT walls to produce oxide sites. Then,
carboxylic-CNTs can be obtained.***°

Using the spray-drying method, the modified SiNPs and
CNTs could be dispersed in aqueous solution to obtain
a uniform solution system. The solution was introduced into
the spray-drying system at a flow rate of 0.5 mL min~ " through
a creeping pump. Liquid droplets were “thrown” into the dryer
at high speed. At high temperature, the liquid droplets lost
water rapidly so that hydroxyl-SiNPs could be adsorbed onto the
surface of carboxylic-CNTs by chemical bonds. Owing to the
high specific area of CNTs, many particles accumulated grad-
ually and increased in size to become stable micron-grade
spheres with irregular arrangements. Because the CNTs had
rigidity, there were plenty of voids within and on the surface of
the microspheres. This provided many void spaces for the
volume change of Si during the electrochemical process, and
ensured the stability of the overall structure of the particles.
Production of pure Si microspheres (PSs) was done using the
method described above, and the solution contained only SiNPs
without CNTs.

2.2 Material characterization

The weight changes of the SiNPs, CNTs and CNTs-Si micro-
spheres (CSs) were measured in air using a thermogravimetric
analysis (TGA) system (Mettler Toledo, Columbus, OH, USA). X-
ray diffraction (XRD) studies were carried out using a D8
advanced diffraction system (Bruker, Germany). Scanning
electron microscopy (SEM) was carried out using a XL-30
microscope (Quanta FEG; FEI/Philips, the Netherlands).
Transmission electron microscopy (TEM) measurements were
done on a TEM microscope (Tecnai G2 F20 S-Twin; FEI/Philips)
equipped with a SuperTwin objective lens with a coefficient of
spherical aberration of 1.2 mm and operating at 200 kv.
Nitrogen adsorption-desorption isotherms were collected at
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77 K on a Quantachrome (Hook, UK) instrument and used for
measurements of the specific surface area (SSA) and pore-size
distribution at 1-100 nm.

2.3 Electrode electrochemistry

Working electrodes were prepared by coating a slurry contain-
ing an active material (CSs), PSs, SINPs or SiMPs with 30%
CNTs, along with 10 wt% addition of polyacrylic acid (molecular
weight, 450 000) in N-methyl-2-pyrrolidone on copper foil (12
pm). The electrodes were calendared by a tablet machine and
degassed in a vacuum for =4 h at 100 °C. Half-cells were
assembled in an Ar-filled glove box. They comprised: (i) a disk
(0.785 ecm?) of the working electrode; (ii) a glass-fiber separator
soaked with a 1 M LiPF, electrolyte dissolved in 3 : 7 ethylene
carbonate/ethylmethyl carbonate with 10 wt% fluoroethylene
carbonate and 2 wt% cinylene carbonate; and (iii) a Li plate as
the counter and reference electrode. Coin cells were used to
carry out a cycling test in galvanostatic mode at room
temperature.

3. Results and discussion

Rotary spraying is a scalable, continuous method used to obtain
micron-grade composite Si-based materials. Fig. 1a demon-
strates the synthetic process for CSs. SiNPs as raw materials are
enriched in hydroxyl groups on the surface by activation of the
original siloxane functionalities via heating in water,***
whereas the solution described above is added to CNTs as
another raw material via carboxylic functionalities. Subse-
quently, the CNTs were dispersed in water upon gentle stirring.
The SiNPs with high surface energy, along with the van der
Waals forces between hydroxyl and carboxylic groups, were
adsorbed on the surface of CNT walls. The formation of a stable
SiNPs/CNTs solution was particularly important to promote
agglomeration during spray drying. The solution was intro-
duced into the machine by a peristaltic pump, driven rapidly
into a chamber by atomization, and dried instantaneously at
high temperature (180 °C). This process promoted rapid dehy-
dration between groups, leading to the formation of stable Si-
O-C=O0O-CNT groups. The CNTs and adsorbed-SiNPs were
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rotated at high speed and were in contact with gaseous fluids.
Small particles have a natural tendency to form larger spheres.
Thus, NPs assembled spontaneously into micron-grade spheres
in an irregular mode by high-speed rotation. Due to the special
structure of CNTs, these SiNPs were not granules but dense
particles, and formed loose and porous structures supported by
CNTs. Also, an irregular arrangement was formed in the void
spaces in the spheres.

The SEM images in Fig. 2a-d reveal a prepared composite
material composed of a large number of pores and voids on the
surface, and which appeared as non-compact spheres. Also,
many SiNPs were located within the spheres with CNTs inter-
spersed among them. A porous sphere structure was formed by
the rigidity of CNTs supporting them, whereas many pores
could serve as void spaces to meet the volume expansion from Si
(Fig. 1c and d). In addition, the chemical bonds between SiNPs
and CNTs helped to stabilize the integral structure of the
spheres. This special structure was aggregated spontaneously
from SiNPs and CNTs owing to the different shape of particles
and CNTs themselves without control by a complicated
synthesis. Therefore, the synthesis could be realized at low cost
and at a large scale. In addition, SEM showed that most particle
sizes ranged from 1 pm to 10 pm (mean, =4.6 um) (Fig. 2e).
Thus, an important feature of these materials was obtaining
a higher volume density after their size had been increased.
Fig. 2f demonstrates the contrast photograph for four types of Si
materials under the same weight. A detailed image is shown in
Fig. S1.F These CSs had far higher volume density (0.81 g cm™?)
than SiNPs, and it was close to that for SIMPs and PSs using the
same synthetic method. Relatively, the raw material (SiNPs) of
CSs was shown to have extremely low volume density. For both
materials, it is shown that high volume density was dependent
upon the large diameter of micron-grade particles. A Si material
of high volume density could be prepared from a thinner elec-
trode to obtain the high areal capacity and volume energy
density of LIBs.

Fig. 3a shows the TEM images of CSs material to reveal many
CNTs and SiNPs within spheres. Also, many voids had formed
and spread in the interior of spherical particles (Fig. 3b and c).
The observed voids (Fig. 3b and c¢) had an irregular structure of

<

Si-CNTs microspheres

Fig. 1 The synthetic process of CSs material consisted of (a) pre-treatment on the surface of SiNPs (20 nm) and CNTs (1 mm x 10 nm) and (b)
electrostatic forces between groups in water. (c) We prepared CSs by spray drying and dehydration at high temperature. (d) Nanoparticles
aggregated to micron-grade spheres under high-speed rotation of air flow.
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approximate diameter 1-100 nm within spheres, and the most
of the voids were larger than the size of SiNPs (20 nm). Bru-
nauer-Emmett-Teller (BET) analyses revealed the pore-size
distribution in CSs to range from 1 nm to larger areas
(Fig. 2d). The pore size was mainly 30-50 nm, and was larger
than the diameter of SiNPs. For these pores, nitrogen adsorp-
tion—-desorption in BET tests demonstrated the stability and
reversibility within spheres (Fig. 3e).”* After increasing in size,
the SSA of 67 m* g " also showed an obvious decrease corre-
sponding to that of the SiNPs (189 m* g~ ') in Fig. S2a and b,
even though it had a rich porous structure. A stable porous
structure and lower surface area have important roles in cycling
stability. Apart from the positive effects on volume expansion,
a porous structure can also provide channels for the migration
of electrons and ions through the walls of CNTs. Also, the TGA
curves (Fig. 3f) of SiNPs in air (red curve) showed some weight
loss owing to the decomposition of hydroxyl and other groups at
200 °C, whereas CNTs (blue curve) were completely burnt before
600 °C. Remarkably, the weight of CSs lost was 18% (which
corresponded to the CNTs accounting for 30% wt of CSs), which
showed that most of the SiNPs and CNTs were dehydrated in
this process. The XRD lines (Fig. S31) indicated a stable struc-
ture of CSs and unaffected crystals after granulation at 180 °C.

With “ideal” porous spheres, superior electrochemical
properties are also very important for the practical use of LIBs.
Herein, half-cells were used to determine the performance of
the as-prepared CSs. All specific capacities were based on a 70%
mass of silicon and 30% CNTs. As shown in Fig. 4a, the CSs
could deliver an initial capacity of 3080.8 mA h g~ ' and
reversible capacity of 2343.12 mA h g™" at a rate of C/20. Also,
the initial coulombic efficiency showed the formation of a solid
electrolyte interface that was lower than that of graphite
(=90%), but the capacity was far greater than that of the latter.
Upon further cycling, the capacities also decreased slightly and
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remained at this level after the second cycle. After 200 cycles,
a capacity of >2260.1 mA h g~ ' remained and the retention was
>96.2%. This capacity retention can be maintained at >99%
without the unstable period noted in previous cycles. After 500
cycles, >2060.3 mA h g~ remained and the retention was >96%.
In addition, the synthesized PSs without CNTs using the same
method demonstrated a different electrochemical performance
(Fig. 4Db). Also, we compared the properties of SiNPs (primary Si)
and SiMPs (Si crystals of diameter 2 pum). In addition, the
cycling performance was contrasted at a constant current of C/2
(1 A g ). These materials had poor cyclicity, the reasons for
which varied. For example, for SiNPs of high surface area,
strong expansion and particle cracking probably led to cycling
instability. For PSs, it was difficult to improve their stability even
though the tap density increased with larger particle size
(Fig. 2f). To investigate the causes, the SEMs of CSs and PSs were
compared. After 100 deep cycles, the morphology of CSs (Fig. 4c,
d and S57) revealed an irregular distribution of SiNPs and CNTs
with plenty of pores. Repeated volume expansion made it
difficult to distinguish individual NPs, which contributed to the
stable structure of spheres. In contrast, PSs demonstrated
a “loose” architecture after cycles. Such secondary spheres from
pure Si had no obvious positive effects on volume. Cyclic vol-
tammetry (Fig. 5a) revealed that excellent reversibility could be
obtained irrespective of oxidation or reduction peaks. After
cycling, the voltage plateau of discharge-charge remained
stable without severe polarization during repeated expansion.
The cyclic stability mentioned above suggests that a sufficient
number of void spaces were available to accommodate the
volume expansion from SiNPs in CSs. Also, for cycling, the
stable porous structure must maintain an excellent morphology
during repeated intercalation of Li ions and expansion of Li,Si,.
After many cycles, the voltage plateau of discharge-charge
curves must also maintain stability without severe polarization.
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(a) Discharge—charge curves at 1, 2, 50, 200 and 500 cycles. (b) The cycling performance and coulombic efficiency of CSs, PSs (pure-Si

microspheres), SiNPs and SiMPs at a rate of C/2. (c) SEM images before cycles and (d) after 100 cycles for CSs.
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capacity of several types of Si materials.

For a simple but promising strategy, excellent cycling capa-
bility can reveal the necessity of pre-designed void spaces in
particles. However, one report showed that excessive control of
a synthetic process and material morphology can increase the
cost significantly and reduce the yield. Based on the different
shapes of CNTs and SiNPs themselves, the spontaneous
formation of void spaces using highly effective technology is
ideal. In such spheres, the SiNPs are wrapped tightly in spheres
through disordered and interspersed CNTs, and then are
stabilized further by chemical interactions with CNT walls. This
type of structure can be analogized to the use of steel-reinforced
concrete to build a skyscraper.

Also, it is known that a large material can improve the tap
density and loading mass of an electrode. Herein, we prepared
several ultra-thick electrodes to measure the cycling perfor-
mance (Fig. 5b). As shown in Fig. 5, the areal capacities of CSs
remained stable at 3.5-8 mA h ecm™2, which corresponded to
a loading mass (active Si) of 1.6, 3.1, and 4.55 mg cm 2. Also,
a high tap density was associated with a high loading mass and
stable electrode structure. With regard to the industrial
production of graphite, ultra-thick electrodes could also main-
tain stable cycling to avoid peeling and cracking issues. In most
studies, high capacities and long cycling have typically been
based on an extremely low loading mass for Si-based anodes. In
contrast, graphite possessed a tap density of 1.02 g cm™>
(Fig. $47), a loading mass <6.2 mg cm ™ > but an areal capacity of
only 1.5 mA h cm > owing to low specific capacity
(~372 mA h g™ %). The SiMPs electrodes showed poor cycling but
high areal capacity (~4 mA h cm™?) at the start. For SiNPs, the
loading mass was only one-tenth that of CSs due to the low tap
density of the nanomaterial (Fig. 2f). With the strict

This journal is © The Royal Society of Chemistry 2017
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requirement of an ultra-thick electrode, retention of high
capacity was indicative of a stable structure, which confirms
that the design was successful.

CNTs have outstanding electronic conductivity owing to
a special carbon structure.** Under the performances
mentioned above, the power density of LIBs is also an essential
feature needed for a large current discharge-charge. Thus, the
half-cell from CSs was placed at a high current of 1/2C to 20C to
test the discharge-charge capacity (Fig. 4a). Capacity retention
of 96% and 81% at rates of 1C and 4C, respectively, versus C/2,
were observed. Even under ultra-high rates of 20C it could still
reach a capacity of 900 mA h g™, and beyond the theoretical
capacity of graphite materials. This rate property was far in
excess that of other electrodes (Fig. 6b, S6a and bf) composed of
PSs, SiMPs and SiNPs even with the addition of CNTs (30% wt).
Ultra-fast discharge-charge suggested that the micron-grade
particles did not prevent the rapid diffusion of Li ions from
the surface to the interior of particles. To study this issue
further, the diffusion coefficients of Li ions for both materials
were tested by the generalized integral transform technique.
This testing technology (Fig. 7a) can be used to study the rate of
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Fig. 6 (a) Rate curves of CSs and (b) PSs at rates of 1/2C, 1C, 4C, 10C
and 20C.
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a sphere and (h) detailed TEM image in the interior of a sphere. (i) EIS curves of CSs at different potentials.

movement of ions in a particle. In CSs electrodes (Fig. 7b), the
Dy was 107°-107"° cm® S™' depending on the different
potential used. Also, the diffusion rate of ions in CSs was far
faster than that for PSs electrodes (Fig. S77).

The schematic in Fig. 7d shows the route of ultra-fast
transfer of ions from the surface to the interior of CSs.
During insertion or extraction, CNTs could provide an excellent
transmission medium for ion movement. Another reason that
should be considered is the dense distribution of Si-O-C=0-
CNTs and abundant anion channels for the movement of
cations (Li ions). Also, the irregular array of CNTs in the inte-
rior (Fig. 7e-h) provided a sufficient surface area to make
contact with the electrolyte to enable transmission of Li ions at
the interface. In addition, the high conductivity of CNTs (10>~
10° S em™ ") allowed electrons to reach the surface of attached
SiNPs during discharge-charge rapidly.***” Thus, the CNTs
offset the low conductivity of the Si bulk, thereby achieving the
outstanding rate performances without noticeable polariza-
tion. During alloying, changes in resistance were detected by
electrochemical impedance spectroscopy (EIS) (Fig. 7i and
S8at) to determine the surface properties of the interface. The
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EIS curves showed a lower ion diffusion resistance of CSs in the
liquid-solid phase than that of the PSs electrode,*®*’ which was
due mainly to the low frequency in the slope of the straight line
(Fig. S8b¥).

4. Conclusion

We presented a promising strategy to solve the expansion
problem of Si materials by a simple and environmentally
friendly industrial method. Use of an inexpensive raw material
without toxic accessory substances engenders obvious applica-
tion advantages. By rotary spray drying, a Si composite material
was obtained to meet industrial demands. Satisfactory electro-
chemical performance verified the superior stability of CNT-Si
spheres to accommodate the volume changes observed during
repeated discharge-charge. Ultra-high rates at 20C and high
areal capacity of 8 mA h cm™? were achieved without the need
for a complex synthetic method. We believe that this low-cost
and continuous-production method could be the basis to
increasing the performance of commercial LIBs.

This journal is © The Royal Society of Chemistry 2017
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