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a b s t r a c t

Nanonization has been proven to be an effective approach in countering the drawbacks associated with
volume change of silicon anodes. Considering the demand from practical applications, which not only
involves high capacity and good cycling stability, but also includes facile process, high tap density, etc., it
is highly desirable to fully take advantage of nano-sized silicon, while circumvent the side effects arisen
from nanonization. We have successfully synthesized a micron-sized spherical composite (~1e6 mm) via
a facile spray-drying process, with nano-sized silicon embedded in a conductive matrix consisted of
crosslinked binder and carbon. Volume change of silicon is largely buffered by the voids inside the
structure, which secures silicon on its conductive network. More importantly, tap density of the sec-
ondary particle is three times that of the primary silicon nanoparticles, favoring its practical application
in a lithium-ion battery. The composite displays a specific capacity of 1353mAh g�1 after 500 cycles at
0.5C, which represents an 87% retention of its initial capacity. Full-cell lithium-ion batteries with the
secondary composite and commercial cathode displays a high areal energy density of 10mWh cm�2,
while the thickness of the anode is only 1/3 that of commercial graphite electrode delivering the same
areal energy density, which can be translated to a 39% increase in volumetric energy density in multi-
stack batteries.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) have been the dominating energy
source for portable electronic devices for over a decade, shortly
after their commercial debut in 1990s. The demand for high energy
density, high power density, and long life-span LIBs continues to
soar with the widespread of smart electronics and significant
advancement of electric vehicles [1,2]. However, the energy density
of current commercial LIBs is approaching their limits, and little
improvement can be made via the optimization of battery design
and other non-electrode components. There have been significant
research efforts in the battery field to enhance current electrode
materials and develop new materials with higher capacity and
iao), zhwchen@uwaterloo.ca
long-term durability [3e5]. Compared to thewidely-used andwell-
established carbonaceous anodes, Si-based anodes have recently
garnered tremendous interest due to their unique advantages [6,7].
With Li15Si4 as the lithiation product, the theoretical capacity of Si is
3572mAh g�1, almost 10 times that of graphite (372mAh g�1) [8].
The discharging potential of Si is around 0.3 V versus Li/Liþ, slightly
higher than that of graphite which can effectively avoid lithium
plating and dendrite growth for fast charging [9,10]. High abun-
dance, low cost, and environmental benignity of Si have also
contributed to the high popularity of Si as a promising candidate for
next-generation LIB anodes [11,12]. However, Si suffers from
extreme volume changes during lithiation and delithiation process,
resulting in pulverization of the active material [13e15]. Addi-
tionally, the volume changes can lead to the separation of active
material from the original conductive network and loss of
conductive paths [16]. The repetitive volume changes also intro-
duce significant challenges to the stability of solid-electrolyte-
interphase (SEI) formed on the surface. The mechanical failure of
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SEI layer and the fracture of Si exposes fresh Si surfaces to elec-
trolyte, leading to continuous formation of new SEI layer and
irreversible Li consumption [17e19]. These issues have led to the
poor stability and low Coulombic Efficiency (CE) of bare or bulky Si
anodes.

The recent rapid development of nano-sized Si materials, such
as Si nanowires [20], nanotubes [21], has effectively mitigate the
mechanical failure and improve the cycle efficiency [22,23]. Various
Si composites, especially Si-carbon composites, have also been
demonstrated to have extended cycle life [24]. Carbon coating/
filling [25], graphene encapsulation [26,27], SieC core-shell/yolk-
shell designs [28,29], and other reported strategies have been
suggested as a few other effective approaches to address the issues
with Si anodes, including volume change, conductive point loss,
and SEI instability [30]. However, the practical application of these
delicately engineered nanostructures and elaborate composites
remains challenging since they usually involve very high process-
ing cost and difficult to be scaled up. Moreover, nano-sized Si or Si
composites are often plagued with low tap density, large contact
area with electrolyte, and low CE [31]. It is highly desirable to fully
take advantage of the benefits from nanostructures and composite
designs, while circumventing the disadvantages (discontinuous
electrical conductive pathways, fabrication complexities and high
cost) of nanonization. Magasinski et al. reported a hierarchical
bottom-up approach in the synthesis of a Si/C nanocomposite [32].
Nano Si was first deposited on carbon black via CVD using silane. A
second carbon CVD step was carried out to assemble the interme-
diate product into secondary granules. Inspired by pomegranate
structure, Liu et al. synthesized a spherical Si/C composite via an
evaporation-driven self-assembly method [33]. Si NPs are well
embedded inside the interconnected carbon spheres that form the
micron-sized particles. A watermelon-like Si/C microsphere com-
positewas reported by Xu et al. via a spray-drying process, followed
by a subsequent calcination and carbon deposition at 900 �C [34].
Flake graphite and Si NPs are encapsulated inside a carbon shell in
the synthesized microspheres. While these techniques all attempt
to mitigate the disadvantages of nanonization, their high produc-
tion temperatures will undoubtedly be a burden for any commer-
cial applications.

To circumvent those issues discussed above, we have success-
fully developed a novel secondary micron-sized Si-based compos-
ite (MSC), with Si NPs (diameter ~70 nm) embedded in a porous,
conductive and elastic network constructed with carbon, and
cured-and-crosslinked functional binder materials. This design
embodies several key advantages as a LIB anode material. (1) Si NPs
utilized as primary capacity contributor fully addresses the pul-
verization issue plaguing Si anodes; (2) Carbon network formed by
carbon nanotubes and conductive carbon provides both sufficient
contact points with Si and long-range conductive paths throughout
the spheres; (3) Crosslinked functional binder contributes to the
stability and robustness of the secondary structure via both phys-
ical and chemical bonding; (4) Volume expansion of Si over lith-
iation/delithiation can be well accommodated by voids inside the
structure; (5) Tap density of the nano-sized Si is significantly
improved via the formation of secondary micron-sized particles.
More importantly, this facile one-step methodology does not
require high temperature carbonization and is implemented with a
highly scalable spray-drying process.

2. Experimental methods

2.1. Material synthesis

All chemicals in this work were used as received. Nano-sized Si
NPs (Nanostructured & Amorphous Materials, Inc.
diameter~70 nm) were first dispersed with sodium carboxymethyl
cellulose (CMC, Sigma Aldrich, Mw~250,000� of substitution: 0.9)
and polyacrylic acid (PAA, Sigma Aldrich, Mw, Mw~450,000) in
distilled de-ionized (DDI) water. Conductive carbon Ketjenblack
(EC-600JD, Akzo Nobel Polymer Chemicals) and carbon nanotubes
(CNTs, Nanocyl SA, multi-wall, 15e30 mm) were dispersed in DDI
water in a separate container. Both dispersions were sonicated and
stirred for 5 h to avoid agglomeration and achieve good dispersion.
While it was reported that sonication in ice bath might help
maintain the structure integrity of carbon materials [35,36], ice
bath was not used in this study since the composite formation in
this study is more determined by the spray-drying method and the
polymer binders. After that, the two dispersions were mixed
together and stirred for another 2 h before being subjected to the
spray-drying process. A peristaltic pumpwas used to feed the spray
drying machine. A tube furnace with inert argon atmosphere was
used to heat-treat samples at temperatures of 200, 250, and 900 �C.
The ramp rate of the furnace was programed to be 2 �C per minute,
and the heating plateau for each temperature was set to be 3 h. The
yield of the synthesis of MSC250 was between 40 and 50%.

2.2. Analyses

Thermal gravimetric analysis (TGA, Q500, TA Instrument) was
conducted to determine the content of Si in the composites. TGA
was performed in air atmosphere with an initial temperature of
30 �C and final temperature of 800 �C, and the ramp rate was 10 �C/
min. Differential scanning calorimetry (DSC, Q2000, TA in-
struments) was conducted to study the thermal behaviour of
polymers that were utilized in this work. Fourier-transform
infrared spectroscopy (FTIR, Nicolet 6700, Thermo Scientific) was
used to detect functional groups in samples. Raman spectroscopy of
samples was obtained from a Bruker Senterra device, using a
532 nm laser. The surface area and pore volume of the synthesized
materials were measured by Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods, respectively, using a surface
area and porosimetry analyzer (Micromeritics ASAP 2020). X-ray
photoelectron spectroscopy was applied to study the binding en-
ergies of some chemical bonds and electronic structures in MSC
composites.

2.3. Morphology observations

SEM used to observe the morphology of samples in this work
was Zeiss Ultra Plus. TEM (JEOL 2010F) was used to further study
the morphology, especially at high resolutions. An energy-
dispersive X-ray spectroscopy (EDX) device coupled with the TEM
was used to obtain the element mapping, as well as a rough
quantitative element analysis of several key elements, such as Si, C,
and O.

2.4. Electrochemical measurements

The electrochemical performances of MSC250 as well as control
samples were analysed in coin cells using lithium as both a counter
and reference electrode. Electrodes for coin cells were fabricated by
casting the slurry consisting of 80wt% active material, 10wt%
super-P conductive carbon, and 10wt% CMC binder dissolved in
water onto a copper foil substrate. After casting, the copper foil was
preheated in a 60 �C oven for 2 h and then transferred into a 100 �C
vacuum oven and dried for 12 h. Disk-like electrodes (12mm
diameter) were cut from the cast copper foil and carefully pressed.
The mass of active material was taken for each electrode before the
fabrication of coin cells in argon-filled glovebox (Mbraun, H2O, O2
less than 0.5 ppm). The electrolyte used in this project was a 1M
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lithium hexafluorophosphate (LiPF6) solution with solvent
composition of 27% ethylene carbonate (EC): 63% diethyl carbonate
(DEC): 10% fluoroethylene carbonate (FEC) by volume. The sepa-
rator placed in between cathode and anode in this work was a type
2400 polypropylene membrane from Celgard. Fresh coin cells were
aged at room temperature for 12 h before being subjected to
various tests. Galvanostatic charge/discharge tests were performed
on a Neware battery testing system at room temperature. The
voltage window for all Si half cells was 0.01e1.5 V, and the initial
current density for all cells was set to be 0.1 A g�1. CV and poten-
tiostatic EIS curves were obtained from a Princeton Versastat
electrochemical workstation. The scanning rate of CV was
0.1mV s�1, and the voltage window was 0.01e1.5 V, starting from
open circuit voltage. The frequency range of the EIS tests was from
1MHz to 0.1 Hz, and the amplitude of the perturbation voltage was
10mV. To evaluate the properties of MSC250 electrodes in full-cell
LIBs, commercial cathode, with an average areal loading of
19.8mg cm�2 and nominal capacity of 170mAh g�1 was utilized to
pair up with the MSC250 anode. The areal loading of the MSC250
anode was controlled to be 2.8mg cm�2 to have negative/positive
ratio (N/P ratio) of ~1.1. The electrode cutting and drying process, as
well as the coin-cell fabrication process is identical to that of half-
cell fabrication.

3. Results and discussions

Detailed experimental description is provided in the Experi-
mental Section. A brief schematic illustration of the fabrication
process and the obtained MSC composite is shown in Fig. 1a. CMC
and PAA were selected as the binder materials because it is well
recognized that the rich hydroxyl/carboxyl groups in these two
Fig. 1. a) Schematic illustration of the formation process of MSC250. b-d) SEM images of M
mapping of the area from inset in e). h) TEM image of the edge of MSC250. i) HRTEM imag
polymers play a significant role in stabilizing the electrode [37,38].
Carboxyl groups in PAA and hydroxyl groups in CMC make it
possible to crosslink the two polymers via a thermal treatment
process. The obtained MSC powder is placed in a furnace at 250 �C
for binder polymers to cure and crosslink. The final product,
denoted as MSC250 is collected with a yield of 40e50%, and later
used directly as electrode active material. For comparison, two
control samples were prepared under different conditions. A lower
temperature of 200 �C was used in the curing process, with other
parameters being the same, and the product is named as MSC200.
The last control sample is based on MSC, which undergoes an
annealing process in argon atmosphere at 900 �C. This sample is
denoted as MSC900.

As shown in the scanning electron microscopy (SEM) imaged in
Fig. 1b and c, most MSC250 particles are near-spherical and have a
diameter range of 1e6 mm. The secondary structure derived from Si
NPs, and the near-normalized size distribution of these particles
can effectively increase the tap density. Tap density of MSC250 is
measured to be 0.76 g cm�3, which is much higher than that of Si
NPs (0.18 g cm�3); visual comparison of packed MSC250 and Si NPs
with the same mass is displayed in Fig. S1. Multi-sized particles
provide better stacking in electrodes over uniform particles since
vacancies among particles can be effectively reduced and excellent
fluidity of powders can be achieved. This helps improve the elec-
trode density, as well as volumetric capacity since more active
materials can be loaded on current collector compared to nano Si.
The volumetric density of the MSC250 electrodes is measured to be
1.1 g cm�3, much higher than that of bare Si electrode, with an
volumetric density of only 0.3 g cm�3. The rough surface observed
from the SEM and transmission electron microscopy (TEM) images
(Fig. 1d and e) provides good contact with electrolyte as well as
SC250 at different magnifications. e) TEM image of MSC250. f-g) C and Si elemental
e of a single Si NP in MSC250, with FFT inset of the core area.
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neighbouring conducting units. Energy-dispersive X-ray spectros-
copy (EDX) obtained from the same area of the inset confirms
universal existence of carbon element and even distribution of Si
NPs Fig. (1f and 1g). In a high-resolution TEM image (Fig. 1h), Si NPs
can be seen entangled with CNTs with conductive carbon scattered
around Si particles. High-resolution TEM (HRTEM) image focusing
on a single Si NP (Fig. 1i) reveals an amorphous layer of SiO2 on the
surface of Si NP, covered by the outmost thin polymer layer. Or-
dered crystal lattice in the core of the particle and the fast Fourier
transform (FFT) inset confirm the reserved crystallinity of Si after
synthesis. SEM images and TEM images of Si NPs are provided in
supporting information (Fig. S2). No significant thickening of the
SiO2 outer shell is observed in MSC250, which proves that Si can
survive the spray-drying condition without being further oxidized.
This is also confirmed by X-ray diffraction (XRD), as shown in
Fig. 2a, which compares MSC250 and bare Si diffraction peaks. Si
characteristic peaks remain unchanged in MSC250, with the
appearance of a broad peak around 26� from embedded carbon. It is
worthwhile to mention that the synthetic method does not involve
harsh conditions. The 250 �C curing process provides the energy to
nebulize the dispersion, turn the binder polymers to be water
insoluble, and hold all components together. This process does not
need carbonization. The electronic conductivity of the composite is
mainly contributed by KB and carbon nanotubes, which provide
abundant short-range and long-range conductive channels. This
strategy avoids high-temperature carbonization, simplifies fabri-
cation process, and saves energy.

To study the thermal properties and composition of MSC250,
thermal gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) are conducted with MSC250, control samples, and
raw materials. MSC250, MSC200, and MSC900 are analysed in air
by TGAwith a heating rate of 10 �C per minute from 30 �C to 800 �C.
Fig. 2. a) XRD patterns of MSC250 and Si NPs. b) TGA curves of MSC250, MSC200, and MSC
binders and MSC250.
As displayed in Fig. 2b, TGA determines that the Si contents in the
composites are 48%, 55%, and 65% respectively. The first onset of
mass loss of MSC250 and MSC200 curves begins at around 200 �C.
Less mass loss between 200 �C and 250 �C can be observed with the
MSC250 sample compared to that of the MSC200, suggesting the
substantial esterification and crosslinking reactions that take place
during the formation of MSC250. Another sharp drop of the sample
weight occurs slightly before 400 �C. Oxidation of carbon and the
remaining polymeric structure initiates slightly above 400 �C and
fully completes under 550 �C, as no significant weight loss can be
observed from the profiles after 550 �C. MSC900 shows a less
complex profile, since the content is mainly Si and C. The 200 �C
and 250 �C treatment temperatures were selected based above
thermal properties of these two polymers. The 900 �C was used as
reference just to ensure that the polymers are fully decomposed.
TGA graph of raw PAA/CMC mixture is displayed in Fig. S3a, the
abrupt weight change in the temperature range of 200e250 �C
further confirms the major chemical reaction process that takes
place in this temperature range. As shown in Fig. 2c, MSC250,
MSC200, MSC900 are studied with a DSC (in the temperature range
of 10e300 �C). No obvious heat flow was detected by DSC on
MSC900 sample, confirming that the polymer is fully decomposed
by the high-temperature heat treatment. DSC detects obvious heat
absorption of MSC200 between 50 �C and 125 �C, which can be
attributed to the glass phase transition enthalpy change of CMC and
PAA. There is a second endothermic behaviour associated with
MSC200 from 130 to 200 �C, mainly due to the melting phase
transition of CMC and PAA polymers. This behaviour is absent in the
MSC250 curve, further confirming that the higher heating tem-
perature causes crosslinking of the polymers and therefore irre-
versible thermal property change [39]. A distinct exothermic peak
centering at 225 �C, together with another less significant
900. c) DSC curves of MSC250, MSC200, and MSC900. d) FTIR spectra of raw polymer
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exothermic peak at around 240 �C, corresponding to the cross-
linking esterification process, can be observed with both MSC200
and MSC250. The much lower intensity of exothermic peaks from
MSC250 can be explained by the fact that there are less functional
groups in MSC250 for esterification after the 250 �C treatment.
Derivative weight loss data are plotted in the same graph with TGA
results of MSC250 and MSC200 in Fig. S3b, where significant
weight loss of MSC200 can be observed in the temperature range of
200e250 �C.

FTIR spectra of raw polymers and the MSC250 are displayed in
Fig. 2d. Compared to CMC, PAA contains more IR responsive groups.
The broad band from 3675 cm�1 to 3060 cm�1 reflects the
stretching frequency of hydroxyl (eOH) group and hydrogen
bonding from PAA. The strong signal at band 1710 cm�1 corre-
sponds to the stretching vibration of carbonyl (eCOOe) group.
Alkyl eCH stretching and bending can be evidenced by the signal
band centred at 2950 cm�1, and 1450 cm�1 respectively. CMC/PAA
mixture exhibits similar absorbance pattern to that of PAA alone.
The FTIR spectrum of MSC250 shows weaker signal strength
compared to that of polymers. This is probably due to the reduced
abundancy of IR responsive groups in the composite after the
treatment; polymers being constrained inside the composite may
also lead to the reduced exposure to IR illumination. Weak eCOOe
signal can still be spotted, overlapping with the strong peak at
1710 cm�1 from the polymer mixture. Raman spectra of MSC250,
MSC200, MSC900, and bare Si NPs are obtained and shown in
Fig. S4. Both Si and C signals are present in MSC250 curve. With Si
and carbon as main component, MSC900 shows distinct Si signal
and characteristic D and G band of carbon. However, these char-
acteristic carbon peaks are absent in the MSC200 curve, which
might be due to aggregation, sedimentation, and inhomogeneous
distribution of carbon materials in the evaporation process.

It was observed that the MSC250 has the BET surface area of
over 200m2 g�1 according to the nitrogen adsorption-desorption
isotherm curves in Fig. 5S. Both mesopores and macropores exist
with an average size around 50 nm according to the corresponding
pore size distribution graph in the figure. These pores can act as a
buffer to prevent damage to the MSC250 structure from Si volume
change over cycling, effectively relieving the breathing effect of Si
electrode. MSC900 and Si NPs are measured as well, and their ni-
trogen isotherm curves and pore-size distribution results are pro-
vided in Fig. S5. BET surface areas and Barrett-Joyner-Halenda (BJH)
pore volumes of Si NP, MSC250, and MSC900 are summarized in
Table S1. Si NPs contain fewmicro/mesopores compared toMSC250
and MSC900, as it can be observed that the dD/dV value which
indicates pore volume at different pore sizes is much smaller in the
range of mesopores and macropores for Si NPs. Increases in both
BET surface area and BJH pore volume can be observed with
MSC250 over Si NP. MSC900 has the highest specific surface area
and pore volume amongst the three, which can be ascribed to the
high surface areas of carbon materials, and more voids from the
total removal of polymer.

MSC250 and MSC900 samples were surveyed with X-ray
photoelectron spectroscopy (XPS) to study the binding energies of
C and Si element. Fig. S6a and b are XPS spectra of C and Si in
MSC250; Fig. S6c and S6d are XPS spectra of C and Si in MSC900.
The XPS C peak at 289 eV and 287 eV, respectively corresponding to
the C]O and CeO functional groups diminish after heat treatment.
The covalent bonding between binder and active material, which
has been previously identified as a critical factor affecting the
electrochemical performance of Si-based electrodes, is retained in
MSC250 during the spray-dry process [37]. Another notable dif-
ference between Fig. S6a and c is that sp3 C peak significantly de-
creases. The above changes can be attributed to the breakdown of
polymeric chains and loss of sp3, which leaves the heat-treated
MSC900 no chemical bonding, but physical forces holding
together all the components. The apparent increase of SiO2 peak in
Fig. S6d compared to Fig. S6b reveals that the ratio of SiO2 to Si
increases after heat treatment. This unfavorable increase of SiO2
might be due to the oxidation of Si by O element in the polymer
binder and can lead to the decrease of capacity of the composite.

To investigate the electrochemical properties of the MSC250
electrodes, cyclic voltammetry (CV) and constant current charge/
discharge tests were performed. During the initial sweep to 0.01 V
in CV (Fig. S7), a broad peak can be observed from 1.15 V, and this is
due to the combined effect of irreversible lithiation of functional
groups from polymeric binders and the formation of SEI layer
[40,41]. This broad peak disappears in the subsequent cycles, sug-
gesting the good stability of the formed SEI. The apparent cathodic
peaks from 0.27 V can be ascribed to the formation of various LieSi
phases. It is obvious that the peak intensity increases over cycles,
which corresponds to the activation process of the electrode. This
phenomenon can be observed in the charge-discharge curves as
well (Fig. 3a), with increased specific capacity in the initial cycles. It
is noteworthy that despite the apparent increase in the specific
capacity of the electrode, the peak positions maintained mostly
unchanged, suggesting the good reversibility of the electrode ma-
terial [42]. The initial Coulombic efficiency (CE) of MSC250 was
80.9%, with a first charge capacity of 1555.5mAh g�1, calculated
based on the mass of MSC250. The corresponding irreversible ca-
pacity ratio is denoted as Qir and the value is displayed in each
charge/discharge profile figure of different electrodes for better
clarification. The areal capacity of this electrode can reach as high as
4 Ah g�1, with electrode mass loading of 2.8mg cm�2. Compared to
MSC200 shown in Fig. S8a, MSC250 electrode shows higher initial
CE, which can be due to the cured polymer binder in MSC250, and
thus better structural integrity. Higher Si content in MSC250 might
have contributed to the slight advantage in specific capacity of
MSC250 over MSC200. High-temperature annealed MSC900 shows
a lower initial charge capacity of 908mAh g�1 (Fig. S8b), probably
due to the increased SiO2 content on the surface of Si. The initial CE
is 71.1%, lower than that of bothMSC250 andMSC200, which can be
resulted from the much higher surface area in the composite, as
shown in Table S1.

To evaluate the electrode performance of MSC250 at multiple
rates, the current densities were ramped from 0.1C to 5 C in 5
charge and discharge cycle increments before undergoing stability
testing at a constant 0.5C, as displayed in Fig. 3b. Despite some
decrease in capacity with increasing rates, the charge and discharge
profiles resemble each other at different rates. The plateau posi-
tions are consistent except the ones at 5 C, which indicates minor
polarization at rates up to 2 C, and thus good rate capability of the
electrode. Cycling performances of MSC250, MSC200 and MSC900
under multiple rates are displayed in Fig. 3c. MSC250 and MSC200
electrodes show similar initial charge capacity, and both electrodes
show no sign of degradation in the first 5 cycles at 0.1C. However,
the MSC200 electrode steadily loses its capacity with the increase
of current densities, reflecting the significant effect of resistance of
the electrode material. MSC250 electrode retains 1715, 1506, 1305,
1166, 957mAh g�1 at each rate from 0.2C to 5 C. It is noteworthy to
mention that the electrode is stabilized with a charge capacity of
~1500mAh g�1 when the current was restored to 0.5C. MSC900
only exhibits around half the capacity of MSC250 at various rates,
despite relatively better stability than the MSC200 control. This
outstanding rate performance and stable cycling thereafter of
MSC250 electrode suggest it not only has efficient electron con-
duction and fast ion transport, but also shows great electrode
structure stability under multi-rate test and long-term cycling. In
addition to the rate performance test, another two cells were cycled
at 0.5C, and 1 C for 500 cycles. MSC250 electrode delivers excellent



Fig. 3. a) Charge and discharge profiles of MSC250 cell for the first three cycles. b) Charge and discharge profiles of MSC250 cell at current densities of 0.1C, 0.2C, 0.5C, 1 C, 2 C, and
5 C. c) Comparison of rate capabilities of MSC250 and MSC200 cells. d) Cycling performance and CE data of MSC250 for 500 cycles.
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cycling stability with 13% loss over 500 cycles at a rate of 0.5C
(Fig. 3d). At 1 C, the MSC250 cell retains 62% of its initial capacity
after 500 cycles (Fig. S9). The CE stabilizes at above 99.8% after
initial cycles of activation process for both cells, indicating the high
reversibility of lithiation-delithiation process in the electrodes.
Cycling performances of MSC200 andMSC900 at 0.5C are displayed
in Fig. S10a and S10b, respectively. MSC200 electrode experiences
sharp capacity decay when the rate is switched to 0.5C after 5 cy-
cles at 0.1 A g�1. Only 60% capacity is retained after 200 cycles.
MSC900 shows slightly better capacity retention (67%) over
MSC200, however, the final capacity of MSC900 is relatively lower
due to its low initial capacity.

The superior electrochemical performance and structural
integrity of the MSC250 electrodes are mainly ascribed to the
following characteristics. First, the primary nano-sized Si acting as
active material can undergo the volume change over charge and
discharge without pulverization. Meanwhile, nano-sized Si reduces
the Li diffusion length inside Si and ensures good rate capability of
the electrode. Second, the in situ formed carbon-binder cage not
only acts as a stable host for Si NPs, but also provides an inter-
connected conductive network for excellent electronic conductiv-
ity. Third, the abundant voids inside MSC250 could effectively
accommodate the volume change of Si and help maintain the
overall structural integrity of the composite. In addition, micron-
size secondary MSC250 particles and their near-normalized size
distribution are advantageous over nano-sized materials in terms
of packing density and structural stability.

The charge mechanism of the MSC250 composite is demon-
strated in Fig. 4a. Primary Si NPs undergo significant volume change
over lithiation, while the empty space inside the composite ac-
commodates most of the volume change and size of the sphere
remains nearly unchanged. It is rational to conclude that the
crosslinked and cured PAA/CMC binder and carbon nanotubes
fasten the components inside the composite, maintaining the
integrity of the structure. Li ions can easily diffuse to Si NPs as there
are no concrete barriers blocking the Li-ion diffusion. Electron
conduction is facilitated by the conductive network formed with
CNTs and KB. Coin cells of MSC250 composite, reference samples
MSC200 and MSC900 were tested with a potentiostatic electro-
chemical impedance spectroscopy (EIS) program after the first cy-
cle and the 100th cycle. Nyquist plots of MSC250, and reference
samples, after 1st cycle, and after 100th cycles are shown in Fig. 4b
and c, with the equivalent circuit insert in Fig. 4b. The charge
transfer resistance of MSC250 is not only the least among the three,



Fig. 4. a) A plausible illustration of lithiation process of a MSC250 sphere. EIS spectra of MSC250, MSC200, and MSC900 electrodes, b) after first 1st charge, and c) after 100th charge.

Fig. 5. a) Charge and discharge profiles of Li/NMC cell, with specific capacity as X-axis. b) Charge and discharge profiles of graphite/NMC cell, with areal energy density as X-axis. c)
Charge and discharge profiles of MSC250/NMC cell, with areal energy density as X-axis. d) Cycling performance of MSC250/NMC full cell for 100 cycles at 0.1C.
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but also remains nearly unchanged over cycling, proving the good
stability of the electrode and electrode/electrolyte interphase.
Morphology of cycledMSC250 sphere is examined by both SEM and
TEM as shown in Fig. S11a and S11b. The spherical shape is retained,
although the roughness of the surface is reduced after contact with
electrolyte. Elemental mapping confirms the even distribution of
the initial elements in the composite, and existence of fluorine from
electrolyte.

A full-cell LIB withMSC250 as anode and commercial LiNi1/3Co1/
3Mn1/3O2 (NMC) as cathode was fabricated to study the electro-
chemical properties of a MSC250 full cell. The commercial NMC
electrode was first tested in a half cell using lithium as counter
electrode to obtain the capacity of the electrode. The charge/
discharge voltage range was set to be 3.0 Ve4.3 V. As shown in
Fig. 5a, the specific capacity of the electrode is measured to be
163mAh g�1, which corresponds to an areal capacity of 3067mAh
cm�2. The average voltage of the discharge plateau is ~3.8 V. This
NMC cathode was coupled with a commercial graphite electrode,
and a full-cell graphite/NMC LIB was fabricated. All the energy
densities are calculated based on electrode area, and all electrodes
are single-side coated. The graphite/NMC cell presents an areal
energy density of 10mWh cm�2, with an average voltage of the
discharge plateau at ~3.65 V (Fig. 5b). The MSC250/NMC full-cell
charge/discharge profiles are displayed in Fig. 5c, and the areal
energy density of the cell is 9.8mWh cm�2, with an average
discharge plateau at ~3.5 V. For all the full-cell LIBs prepared here,
the anode capacity is deliberately maintained slightly higher than
that of the cathode. Comparing the MSC250/NMC and graphite/
NMC cells, the graphite/NMC cell has a narrow advantage in areal
energy capacity. This is mostly due to the slightly higher voltage
plateau of the graphite/NMC cell. However, when taking the elec-
trode thickness into consideration, the advantages of MSC250 cell
are revealed. The thickness of the MSC250 electrode with an areal
loading of 2.8mg is measured to be 32 mm, while that of graphite
electrode with an areal loading of 10.7mg is measured to be 97 mm,
three times that of the MSC250 electrode. This reduction of elec-
trode thickness can significantly contribute to the increase of
volumetric energy density of an actual LIB with multiple stacks of
electrodes, in terms of both volume and weight. The commercial
NMC with single-sized coating and mass loading of
19.8mg cm�2 has the thickness of 114 mm, while double-sided NMC
cathode is 212 mm thick. Revisiting previous reports with estimates
of cell energy densities [43,44], we have calculated the approximate
energy densities of cells based on MSC250 anode and commercial
graphite anode, respectively. In a hypothetical multi-stackMSC250/
NMC full cell (stack number> 10) with both electrodes double-
sided, the thickness of the MSC250 anode is 52 mm, thickness of
the separator (Celgard 2500) is around 25 mm, and the total thick-
ness of each stack is 289 mm, corresponding to 664Wh L�1, among
the highest values in Li-ion technology. Using the same calculation
method, a single stack in a hypothetical graphite/NMC cell is
419 mm in thickness, which can be translated to 477Wh L�1. A 39%
advantage in volumetric energy density over battery with com-
mercial electrodes is obtained with MSC250/NMC-based cell. As
shown in Fig. 5d, This MSC250/NMC full cell retains 88% of its initial
capacity after 100 cycles at a charge and discharge rate of 0.1C, and
the CE slowly approaches 100% with the increase of cycle number.
Charge and discharge profiles of the cell under multiple rates are
shown in Fig. S12. A series of currents from 0.1C to 1 C were used,
and an areal energy density of 6.6mWh cm�2 was retained at 1 C.
The good retention of energy density and charge and discharge
profiles at high rates indicates the excellent ion transport and
electron conduction in the cell. There is a ~0.2 V gap between the
discharge profiles at 0.1C and 1 C. This might be explained by the
intrinsic resistance inside the cell that causes the IR drop and
voltage difference.

4. Conclusion

To summarize, we have synthesized a secondary micron-sized
sphere, with Si embedded in a matrix formed by crosslinked
polymer binders and conductive carbons. With deliberate tem-
perature control according to the thermal properties of polymers, a
stable structure is obtained, with crosslinked polymer chains
providing the excellent robustness. Voids inside the structure
provide necessary buffer room for Si volume change and further
contribute to the long-term structural integrity of the secondary
sphere. Construction of the micron-sized particle and the good size
distribution largely improve the tap density and thus volumetric
electrode density. MSC250 anodewith¼ the mass or 1/3 the volume
of commercial graphite electrode provides the same capacity,
significantly improving volumetric energy densities of LIBs.
MSC250 successfully utilizes the advantages of nano-sized Si, while
subtly circumvents the associated drawback, such as low tap den-
sity and discontinuous electric contact. Considering the rational
design, facile synthesis, and much enhanced electrochemical per-
formance, MSC250 can be an exemplary model for the practical
implementation of nano Si in commercial LIBs.
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