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ABSTRACT Silicon is widely recognized as one of the most promising anode materials for lithium-
ion batteries due to its 10 times higher specific capacity than graphite. Unfortunately, the large
volume change of Si materials during their lithiation/delithiation process results in severe
pulverization, loss of electrical contact, unstable solid—electrolyte interphase (SEI), and eventual
capacity fading. Although there has been tremendous progress to overcome these issues through
nanoscale materials design, improved volumetric capacity and reduced cost are still needed for
practical application. To address these issues, we design a nonfilling carbon-coated porous silicon
microparticle (nC-pSiMP). In this structure, porous silicon microparticles (pSiMPs) consist of many

Non-filling coating

interconnected primary silicon nanoparticles; only the outer surface of the pSiMPs was coated with

carbon, leaving the interior pore structures unfilled. Nonfilling carbon coating hinders electrolyte penetration into the nC-pSiMPs, minimizes the

electrode—electrolyte contact area, and retains the internal pore space for Si expansion. SEI formation is mostly limited to the outside of the

microparticles. As a result, the composite structure demonstrates excellent cycling stability with high reversible specific capacity (~1500 mAh g™, 1000

cycles) at the rate of (/4. The nC-pSiMPs contain accurate void space to accommodate Si expansion while not losing packing density, which allows for a high

volumetric capacity (~1000 mAh cm—>). The areal capacity can reach over 3 mAh cm 2 with the mass loading 2.01 mg cm ™, Moreover, the production of

nC-pSiMP is simple and scalable using a low-cost silicon monoxide microparticle starting material.
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has been devoted to developing re-

chargeable lithium-ion batteries with
high energy density, long cycle life, and
low cost for various technological applica-
tions, including portable electronics, electric
vehicles, and grid-scale energy storage
systems.!™* Surface coatings on electrode
materials are effective ways to improve the
battery performance by both enhancing
the electronic conductivity and minimizing
the electrode/electrolyte interfacial side re-
action.>™® Conformal coatings are highly
desired for this purpose, because uncoated
areas remain vulnerable to attack by the
electrolyte, compromising the functionality
of the protection layer. However, for materi-
als with large volume change, it is challen-
ging to realize a stable coating since a large
volume change ruptures the coating.

Intense academic and industrial effort
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Silicon is regarded as one of the most
promising anode materials for next-genera-
tion lithium-ion batteries due to its 10 times
higher specific capacity than the existing
graphite anodes.” '? However, silicon ex-
periences large volume changes (up to
4 times) during the lithiation and delithiation
processes. This volume change not only
leads to rapid particle pulverization and
isolation but also makes it difficult to coat
a stable protection layer to maintain the
solid—electrolyte interphase (SEl). The accu-
mulated SEI eventually blocks the transport
of Lit and e, causing the cell to fail.”>~'*
Significant progress has been achieved to
address these issues by combining a con-
formal coating with internal void space.’®
For example, double-walled Si nanotubes,'”
Si—C yolk shell nanostructures,'® 2" and
pomegranate-like Si structures® have been
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Figure 1. Schematic of coating design on mesoporous Si
microparticles (pSiMPs) and their structural evolution dur-
ing cycling. For impregnation coating, a carbon layer is
coated on each of the Si nanoparticle domains. Upon first
cycling, the tremendous volume expansion of Si domains
breaks the coating, exposing the silicon surface to the
electrolyte, and resulting in excessive SEl formation. For a
nonfilling coating, however, carbon only coats the outside
of the microparticle, leaving the internal void space for Si
expansion. Upon (de)lithiation, the outer carbon layer re-
mains intact. As a result, the SEIl outside the microstructure
is not ruptured during cycling and remains thin.

reported to substantially improve the cycling life of
Si-based anodes. However, these core—shell structures
with void space were all based on Si nanostructures,
which introduce new challenges to the practical appli-
cation of Si batteries.®>2° First, the nanostructured
materials are sparsely packed, making it difficult to
achieve robust electronic and ionic connections be-
tween neighboring nanoparticles. Thus, high mass
loading of active materials and high volumetric capa-
city remain challenging. There are only a few examples
to address these issues with promise.2>?2 Second, most
nanostructures require expensive and multistep syn-
thesis. For example, silicon nanoparticles are produced
by pyrolysis of silane gas, while the well-designed void
space is introduced using a sacrificial template. The
existing Si nanostructures are still too expensive for
large-scale use.

To address these concerns, here we design a non-
filling carbon-coated porous Si microparticle (nC-
pSiMP) core—shell structure as anode material. The
core is a porous Si microparticle composed of inter-
connected Si primary nanoparticles,***' and the shell
is a confining carbon layer that allows Li* to pass
through. No carbon exists in the pore space of Si, which
is different from all the previous demonstrations in
the literature, where the carbon coating penetrates
into the structures.> 37 Such a design offers multiple
attractive features for large-volume-change anode
materials: (1) a commercially available SiO microparti-
cle source and a simple synthesis procedure make the
process highly cost-effective and scalable. (2) The
interconnected Si primary nanoparticles formed by
thermal disproportionation of SiO microparticles en-
sures the size of the primary Si building blocks is less
than 10 nm (Figure 2d, Supporting Information), 363840

LU ET AL.

which is below the critical fracture size.*'*? Thermal
disproportionation also results in densely packed pri-
mary Si nanoparticles, which allow for good electronic
conductivity among neighboring particles. (3) Carbon
coats the exterior surface of the Si microparticles,
prevents electrolyte diffusion into the interior pore
space, and restricts SEl formation to the outer surface.
(4) The nonfilling coating retains enough internal void
space to accommodate the volume expansion of Si
nanoparticles and keeps the carbon shell intact during
the electrochemical cycling (Figure 1). (5) The non-
filling coating introduces less carbon to the compos-
ites, which not only increases specific capacity but also
increases the initial Coulombic efficiency due to Li
trapping in amorphous carbon.

RESULTS

Material Synthesis and Characterization. Commercially
available SiO microparticles were first conformally
coated with a layer of resorcinol-formaldehyde resin
(RF) in diluted ammonia aqueous solution.** Then the
coated structures were heated to 950 °C for 5 h under
Ar. During the heating process, phase separation in
SiO occurs to form interconnected Si nanoparticles
embedded in a SiO, matrix due to the thermal dis-
proportionation of Si0.>%3° Simultaneously, the RF
coating was converted to a carbon coating at high
temperature to wrap the as-formed Si/SiO, compos-
ites. After removing the SiO, matrix with HF solution,
enough void space was generated to allow Si free
expansion without breaking the outer carbon layer.
This synthesis approach has three advantages. First,
the chemical sources used in the synthesis (SiO micro-
particle, resorcinol, formaldehyde, ammonia, and HF)
are all used industrially with low cost, providing great
promise for mass production. Second, the carbon
conversion and SiO thermal disproportionation are
achieved in one heating step, saving energy during
the preparation process. Third and most importantly,
void space is formed by SiO disproportionation and HF
etching without any intentionally added templates.
The void space volume is sufficient for Si expansion, as
evidenced by the in situ TEM results shown in Figure 4.

For a clear comparison of structure morphology, we
prepared porous silicon microparticles with different
carbon coatings: no coating, impregnating coating,
and nonfilling coating, simplified as pSiMP, iC-SiMP,
and nC-SiMP, respectively (Figure 2a—c). Representa-
tive TEM and SEM images are shown in Figure 2d—i.
Without a carbon coating, one can easily observe the
porous nature of the microparticles in TEM (Figure 2d)
and the enlarged SEM images in the inset (Figure 2g).
The interconnected Si nanoparticles are very uniform,
with most less than 10 nm. For iC-SiMPs, the porous
nature of the microparticles is not obvious in Figure 2e
and h because of the carbon penetration into the
interior pore space. For the nonfilling coated structure,
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Figure 2. Morphology characterization of pSiMPs with different coatings. Schematic and TEM and SEM images of pSiMPs
without coating (a, d, and g), impregnating C-coating (b, e, and h), and nonfilling C-coating (c, f, and i). Insets are magnified
SEM images showing the surface of the microparticles. (j—I) Auger electron spectron (AES) elemental mapping of nC-pSiMPs:
(j) original sample; (k) after the top surface was removed by Ar ion beam sputtering (5 kV, 5 mA) for 4 min; (I) AES elemental
mapping after removing the surface. The majority of C signals are outside the microparticles, showing that very little carbon

penetrated into the pore space of the Si microstructures.

the feature of interconnected Si nanoparticles is clearly
exhibited again because the carbon layer only wraps
the outer layer of the microparticle, as shown in
Figure 2f. The SEM images (Figure 2g—i) show that
the morphology of the microparticles is stable during
the polymer coating, thermal disproportion, and HF
etching processes. Auger electron spectroscopy (AES)
elemental mapping of the interior of nC-pSiMPs was
utilized to further confirm the carbon distribution in
the composite structures (Figure 2j—I). After the outer
carbon surface was removed by Ar ion beam sputter-
ing (5 kV, 5 mA) for 4 min, only weak carbon signals
were observed. This suggests that little carbon pene-
trates into the interior Si porous structures.

X-ray diffraction (XRD) measurement (Figure 3a)
indicates that the nC-pSiMP has a pure silicon phase
(JCPDS card No. 27-1402). Calculation with the Debye—
Scherrer formula using the strongest peak (20 = 28.5°)
gives a grain size of less than 5 nm for the samples. This
is consistent with TEM images showing that the micro-
particles are composed of silicon nanoparticle do-
mains. Raman spectroscopy (Figure 3b) shows three
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peaks at 499, 1340, and 1583 cm ™', corresponding to
the silicon and carbon D and G bands, respectively.
X-ray photoelectron spectroscopy (XPS, Figure 3c) also
demonstrates the coexistence of silicon and carbon.
Compared with the carbon, the negligible signal of Si,
in XPS analysis shows a very low surface atomic
percentage of Si, clearly indicating that the carbon
coating is conformal to completely seal the pSiMPs.
The mass percentage of silicon in the nC-pSiMP struc-
ture is found to be 89% by thermogravimetric analysis
(TGA, Figure 3d), while the percentage decreases to
79% in impregnating coated structure.

A sufficient internal void space is necessary to keep
the core—shell structure intact and maintain the struc-
tural integrity of the silicon anode. To evaluate whether
the void space is enough for the Si expansion or not, we
performed an in situ TEM study for the nC-pSiMPs with
different sizes. The in situ electrochemical cell is based
on our previous studies and is shown schematically
in Figure 4a. Figure 4b demonstrations a series of
images taken form a movie of the in situ lithiation
of the composite with a size of around 500 nm
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Figure 3. Characterization of nC-pSiMPs. (a) XRD pattern; all the peaks are attributed to crystalline Si. (b) Raman spectrum.
(c) XPS spectrum. Inset is a high-resolution XPS spectrum of the Si,, peaks. The signal of Si is significantly low compared with
that of carbon, indicating pSiMPs were completely covered by carbon. (d) TGA profiles. The red dashed curve demonstrates
the TGA profile of iC-pSiMPs for comparison.
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Figure 4. Volume expansion of nC-pSiMPs during lithiation characterized by in situ TEM. (a) Schematic of the in situ TEM
device. (b) Time-lapse images of the lithiation of a 500 nm particle (also see Supplementary Movie S1). Li transports along and
across the carbon layer to react with the Si inside, causing volume expansion. Because the pore structure provides enough
space to accommodate this expansion, the carbon shell remains intact after full lithiation. (c) Lithiation of a 1 xm nC-pSiMP
(also see Supplementary Movie S2).

(Supplementary Movie 1). In the first image (0 s, before
lithiation), the porous Si particle is visible within a
surrounding C shell. Then, the particle expands in
volume as Li diffuses through the carbon layer and
alloys with Si. The particle is partially lithiated after 30 s.
After 1 min, the contrastinside the carbon shell changes
little from TEM images, indicating full lithiation is
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reached. All the void space is occupied by lithiated
silicon material, and no fracture of the carbon shell is
observed after full lithiation. For the particle size above
1 um (Figure 4c, Supplementary Movie 2), more time is
needed for the full lithiation (150 s). The porous
microsized particle also provides enough void space
to accommodate the Si full expansion without rupturing
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Figure 5. Electrochemical characterization of nC-pSiMP anodes. All the specific capacities of the anodes are based on the total
mass of the active materials (Si and C in the nC-pSiMPs). (a) Reversible delithiation capacity for the first 1000 galvanostatic
cycles of the pSiMPs with different coating. The active material mass loading was around 0.5 mg cm 2. The rate was C/20 for
the first three cycles and then C/4 for later cycles. 1C=4.2 A 9*1. (b) Voltage profiles of nC-pSiMPs plotted for the first, fourth,
250th, 500th, 750th, and 1000th cycles. (c) High areal mass loading test (up to 2.0 mg cm~2 active materials) of nC-pSiMPs. All
electrodes were cycled at 0.05 mA cm 2 for the initial three cycles and 0.25 mA cm 2 for later cycles. (d) Typical SEM images of
nC-pSiMPs after 100 cycles. The morphologies of SiMPs were largely unchanged compared to those of the original Si samples.
(e) Thickness of an nC-pSiMP electrode before cycling and after lithiation to 0.05 V at the 100th cycle.

the outer carbon shell. All these results suggest that
without any complex design or sacrificial template our
procedure can directly generate a well-defined void
space together with a nonfilling coating. This void
space is mostly occupied when Si expands in the
lithiated state, which maximizes the volumetric capac-
ity. Meanwhile the carbon shell remains intact even
after complete Si lithiation, effectively preventing the
battery anode from changing structurally upon cycling
and thus increasing the cycling life of the battery.
Electrochemical Performance. The electrochemical cy-
cling performance of the composite electrodes was
evaluated using deep charge/discharge galvanostatic
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cycling from 1 to 0.01 V (Figure 3a—c). As shown in
Figure 5a, the initial reversible capacity of nC-SiMPs
reaches 1798 mAh g™ ' forarate of C/20 (1C=4.2Ag™"
active materials). If not mentioned, all the reported
capacities are based on the total mass of Si/C compos-
ites. Because the mass percentage of silicon is 89% in
the composite, the capacity with respect to silicon is
about 2020 mAh g~". The volumetric capacity for this
anode is determined to be 1003 mAh cm™ (based on
an areal mass loading of 0.614 mg cm 2, a laminate
thickness of 11 um, and an electrode density of
055 g cm™3), which is much larger than the
600 mAh cm ™3 obtained from state-of-the-art graphite
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anodes.'? From the fourth to 1000th cycle at a rate of
C/4, the capacity remains in the range from 1463 to
1560 mAh g, and no obvious decay is found. After
1000 cycles, over 1490 mAh g~ ' capacity remained,
which is about 4 times the theoretical capacity of
graphite. Under the same conditions, iC-pSiMPs
(without an internal void space) demonstrated notice-
able decay after 200 cycles. Bare pSiMPs decay even
more significantly, with a capacity retention less
than 45% after 1000 cycles. The voltage profiles of
nC-pSiMPs show the typical electrochemical features
of silicon (Figure 5b). The shape of the profiles does not
change from the 250th to the 1000th cycle, indicating
stable electrochemical behavior of the nonfilling
coated structures.

It should be noted that many publications report
only specific capacity normalized by the weight of the
active materials, and low areal mass loading helps to
achieve the stable cycling.'”** However, high areal
mass loading is necessary for practical batteries. We
tested the silicon electrodes with different areal mass
loading of composites up to 2.01 mg cm ™2 (Figure 5c¢).
A reversible areal capacity of 3.22 mAh cm ? is
achieved at the first cycle with a current density of
0.05 mA cm 2, corresponding to a specific capacity of
1602 mAh g~' based on the total mass of the Si/C
composites. The capacity remains stable during the
subsequent fourth to 100th cycles at a higher rate of
0.25 mA cm 2, and the areal capacity is maintained at
2.84 mAh cm™? after 100 cycles, which is close to the
capacity of a commercial lithium-ion battery cell. The
electrodes with slightly low areal mass loadings of
1.42 and 1.13 mg cm 2 offer stable areal capacities of
2.09 and 1.53 mAh cm ™2, respectively. Little decrease
of specific capacity is found when areal mass loading is
increased (1505, 1531, 1359, 1474, and 1413 mAh g~
for the corresponding areal mass loading of 0.37, 0.61,
1.13,1.42, and 2.01 mg cm—2), confirming the excellent
performance of the Si anode originates from the well-
designed structures.

DISCUSSION

We attribute the exceptional electrochemical stabil-
ity to the novel nanoscale architecture of the Si—C
composite electrode. The void space generated during
the thermal disproportionation and etching process
retains secondary particles and stabilizes the SEl on the
surface. After 100 deep cycles, the morphology of the
nC-pSiMPs with and without SEI was examined under
SEM (Figure 5d). The micrometer-sized secondary par-
ticle is covered by a thin and uniform SEI layer. An
intact carbon shell with silicon inside is clearly shown
after removing the SEI with diluted acid. The whole
particle is still completely wrapped by carbon. This
further suggests the importance of the nonfilling
carbon coating on the structural integrity of pSiMPs
during the electrochemical cycling. The thickness of
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the electrode slightly increases from 162 um to
17.3 um after 100 deep cycles (Figure 5e). This small
volume change (only 8%) guarantees the excellent
battery performance in high mass loading cells.
Moreover, the void space is automatically formed
through thermal disproportionation of SiO followed by
etching away SiO,. According to the chemical equation

2Si0 — Si+SiO, (1)

2 mol of SiO will generate 1 mol of Siand 1 mol of SiO,.
On the basis of the density of SiO, Si, and SiO, (2.1, 2.3,
and 2.6 g cm3), we estimate that 1.00 cm? of SiO can
generate 0.30 cm® of Si and 0.55 cm? of SiO, after
thermal disproportionation. Therefore, the SiO micro-
particle will have a volume decrease of 15% after heat
treatment, which creates a gap between the silicon
particle and carbon shell, as evidenced by the TEM
image (Figure 2f). Moreover, the volume ratio of Si to
void space is about 3:7 after removing SiO,. This
volume ratio allows for free volume expansion of Si
materials without breaking the C shell. There is nearly
no excess void space when the Si—C composite is fully
lithiated, providing a high volumetric energy density.
No complex designs or sacrificial templates are needed
for this well-defined void space, making the prepara-
tion procedure very simple and cost-effective.

The nonfilling C coating not only maintains structur-
al integrity of the secondary particles but also de-
creases the carbon fraction in composites from 21%
to 11% compared with that in the impregnating coat-
ing (TGA analysis, Figure 3d). Low carbon content
increases the specific capacity of the composite struc-
tures. In addition, low carbon content increases the first
cycle Coulombic efficiency (CE) because amorphous
carbon irreversibly reacts with lithium at low potential.
As a result, the first cycle reversible capacity of the
nonfilling coated structure reaches 1798 mAh g~
with respect to the total mass of the Si/C composite,
while the CE reaches 78%. As a comparison, the
impregnating coated structure has a reversible
capacity of 1716 mAh g~ with 68% initial CE.

CONCLUSION

In summary, we have designed a nonfilling carbon-
coated SiMP structure to address the issues of material
fracture and SEI stability in a Si anode. The thermal
disproportionation and etching processes provide the
interconnected Si nanoparticles sufficient void space
for Si expansion, while the nonfilling coated carbon
shell maintains the structural integrity of the SiMPs and
prevents continuous SElI formation. As a result, the
anodes can be deeply cycled up to 1000 times with
capacity remaining around 1500 mAh g~'. The areal
capacity can reach higher than 3 mAh cm™2 without
obvious capacity decay after 100 cycles. In addition,
the material synthesis and electrode fabrication pro-
cesses are simple, scalable, highly reproducible, and
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compatible with slurry coating manufacturing technol-
ogy. As a result, the nC-pSiMPs presented here show

METHODS

Synthesis of nC-pSiMPs. The schematic of the preparation
procedure is shown in Supporting Information. Commercial
silicon monoxide microparticles (SiO MPs, 325 mesh) were first
coated with a resorcinol-formaldehyde resin layer. The RF was
then converted into a carbon layer under argon at 950 °C for
5 h. During this annealing process, SiO MPs phase separate to
form a Si/SiO, composite with interconnected Si nanoparticles
embedded in a SiO, matrix due to the disproportionation of
SiO. Finally, the SiO, matrix was removed with 10 wt % HF
solution to form the final product, nC-pSiMPs. For the bare
porous structure without C coating, SiO was directly heated to
950 °C under the same conditions and then SiO, was removed
with HF. Impregnating coated samples could be achieved
by coating RF on these bare pSiMPs followed by a carboniza-
tion process.

Characterization. The weight percentage of Si and C in the
C-coated pSiMPs was determined from the weight loss curves
measured under simulated air atmosphere (20% O, + 80% Ar,
both are ultrapurity grade gases from Airgas) on a TG/DTA
Instruments Netzsch STA 449 with a heating rate of 5 °C/min.
SEM and TEM images were taken using a FEI XL30 Sirion SEM
(accelerating voltage 5 kV) and a FEI Tecnai G2 F20 X-TWIN
(accelerating voltage 200 kV), respectively. Other characteri-
zation was carried out by X-ray photoelectron spectroscopy
(PHI Versa Probe 5000, Physical Electronics, USA), X-ray diffrac-
tion (PANalytical X'Pert, Ni-filtered Cu Ka. radiation), and Raman
spectroscopy (531 nm excitation laser, WITEC Raman spec-
trometer).

In Situ TEM. A specialized dual-probe electrical biasing holder
(Nanofactory 105 Instruments) was used. By biasing the working
electrode between —2.5 and —3 V versus the counter electrode,
Li* ions flow through the lithium oxide/nitride layer and are
reduced at the working electrode, where they react with carbon
and alloy with the silicon in the coated structures (Figure 4a).
The lithiation time of the C-coated porous structures is less than
3 min (Figure 4b,c).

Electrochemical Mearsurement. To prepare the working elec-
trodes, the various pSiMPs were mixed with carbon black (Super P)
and polyvinylidene fluoride binder (80:10:10 by weight) in
N-methyl-2-pyrrolidinone to form a slurry. This slurry was then
coated onto copper foil using a doctor blade and dried under
vacuum to form the working electrode. Coin cells (2032-type)
were assembled in an argon-filled glovebox using lithium foil as
the counter electrode. The electrolyte was 1.0 M LiPF¢ in 1:1 w/w
ethylene carbonate/diethyl carbonate, with 1 vol % vinylene
carbonate added to improve the cycling stability. All the cells
were cycled between 0.01 and 1V versus Li/Li*. Specific capacity
values were calculated based on the total mass of the Si/C
composite structures.
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great promise for future mass production as a high-
performance composite anode.
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