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energy density based on the whole cell. Currently, only a few 
reported Si nanostructures can reach an areal capacity of 
>3 mAh cm −2 . [ 12,27 ]  

 Recently, we reported the use of self-healing polymers 
(SHPs) to stabilize low-cost Si microparticle (SiMP) anodes. 
SHPs have both mechanical and electrical healing capabili-
ties, which allow cracks and damages to the conduction paths 
to repeatedly heal during battery cycling. SiMP electrodes with 
90 cycles and capacity loading of ≈1 mAh cm −2  and 45 cycles 
with areal capacity loading of 1.9 mAh cm −2  were reported. [ 42 ]  
However, long-term cycling stability and high Si mass loading 
have not yet been achieved. Similarly, a binder incorporating 
Meldrum’s acid showed some self-healing effect that can 
improve the cycling performance of Si electrodes. Yet such elec-
trodes were still based on costly Si nanoparticles (<100 nm) and 
low mass loading. [ 43 ]  

 Here, we demonstrate high areal capacity (3–4 mAh cm −2 ) 
and stable cycling for more than 140 cycles using low-cost large 
Si particles. This major advancement is enabled by: 1) Our new 
electrode design with 3D spatial distribution of SHP into Si 
electrodes to promote more effective self-healing. 2) Our ability 
to control the Si particle sizes to maintain high cycling stability 
and low cost. 

 Generally, stable electrode function relies on the integrity of 
both the ionic and electronic conductive pathways and a stable 
electrode–electrolyte interface. Conventional Si electrodes are 
fabricated using a polymer binder (e.g., polyvinylidene dif-
luoride (PVdF), carboxymethyl cellulose (CMC), alginate, con-
ducting polymers) to hold Si particles with conductive agents 
(e.g., carbon black (CB)). [ 4,15,25,44,45 ]  Due to the low stretchability 
(<10%) and weak interaction with Si particles, upon electrode 
cycling, a large stress generated by the huge volume change will 
break both the Si particles and the rigid conductive composite 
binders. Additionally, the exposed surfaces consume electro-
lyte and rapidly reduce electrode capacity. Our SHP (Figure S1, 
Supporting Information) [ 42 ]  contains abundant hydrogen bonds 
binding sites with Si particle surfaces, thus providing good 
adhesion between the SHP and Si particles. Combining with 
CB, the SHP composites (SHP/CB) have good electrical con-
ductivity (≈0.25 S cm −1 ). Moreover, the SHP is highly stretch-
able (up to ≈300% strain without breaking) and capable of vis-
cous fl ow. [ 42 ]  Even after rupture, the conductive pathway and 
binding with Si particles can recover and the cracks can self-
heal. As a result, electrode function can be maintained, leading 
to improved cycling performance. 

 The cycling performance of the self-healing Si electrodes 
depends on the healing capability of the polymer binder. 

  High-performance lithium-ion batteries are of high demand 
for portable electronic devices, electric vehicles, and renewable 
energy storage. Over the years, great effort has been devoted 
toward developing high capacity electrode materials to boost 
the energy density. [ 1–3 ]  Si holds great promise for next-genera-
tion anodes because they can deliver more than 10× theoretical 
capacity (≈4200 mAh g −1 ) over conventional graphite-based 
materials (≈370 mAh g −1 ). The major problem faced by Si 
anodes is their large volume change (>300%) during repeated 
lithiation and delithiation processes. [ 4–7 ]  This results in deg-
radation of structural integrity and rapid decay of electrode 
capacity due to loss of electrical contact and progressive growth 
of a solid-electrolyte-interphase (SEI) on the Si surface. [ 8–12 ]  To 
address the stability issue, various Si nanostructures including 
nanoparticles, [ 11,13–15 ]  nanowires, [ 6 ]  core–shell nanowires, [ 16–18 ]  
nanotubes, [ 10,19,20 ]  yolk–shell nanoparticles, [ 21,22 ]  pomegranate 
structures, [ 12 ]  nanoporous structures, [ 23–27 ]  and nanocompos-
ites [ 28–35 ]  have been developed to improve cycle stability. It has 
been shown that Si needs to be <150 nm in diameter for parti-
cles and <250 nm in diameter for nanowires to avoid mechan-
ical fracture. [ 36–38 ]  However, these critical sizes are below 
(≈500 nm in diameter) and can be produced by existing low 
cost and scalable mechanical milling processes. Therefore, it is 
desirable to develop materials methodology to effectively utilize 
low-cost large particles, while still achieving excellent battery 
cycling performance. However, past attempts in using large Si 
particles had showed fast capacity decay. [ 4,25,39–41 ]  

 The second challenge for new battery development is the 
signifi cant decay in specifi c capacity upon high mass loading, 
resulting in low areal capacity. For practical applications, high 
areal capacity is crucial for high gravimetric or volumetric 
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Accordingly, it is essential to build a robust interface between 
Si particles and the SHP to maintain electrode integrity. At the 
electrode level, the electrical connection between particles can 
be damaged by the large volume change of Si lithiation/del-
ithiation, resulting in capacity decay. At the individual particle 
level, crack formation can cause the loss of electrical contact 
and detachment of active materials. In our previous study, we 
coated SHP only on top of the Si particle electrodes, at a thick-
ness of 200 nm–3 µm. [ 42 ]  Therefore, a signifi cant fraction of 
Si material was not in close proximity to the SHP. In our new 
electrode design described herein, we have intentionally distrib-
uted the SHP 3D into the Si particle layer, in order to provide a 
faster healing response owing to the shorter diffusion lengths 
of SHP to the generated fracture sites. 

  Figure    1  a–c shows the schematic of the 3D design com-
pared with top layer coating. Si electrodes were fabricated by 
coating a Si particle slurry on Cu substrates, followed by drying 
and calendaring (Figure  1 a). SHP/CB polymer composite was 
then coated on the Si electrode using a blade to form the top 
layer (Figure  1 b). Repeatedly blading under heating condition 
(120≈150 °C), is crucial to allow the SHP/CB to infi ltrate into 
the entire thickness of the Si layer, forming a 3D distribution 
of SHP/CB inside the Si electrode (Si-SHP/CB, Figure  1 c). The 
bulk density of Si fi lm was calculated to be 1.0–1.1 g cm −3  for 
particles with ≈800-nm diameter, corresponding to a porosity of 
≈60% (Figure  1 d). After coating the SHP/CB on the top layer 
of Si fi lm, without heating, a clear boundary between Si and 
Si-SHP/CB can be observed from the cross-section view of the 
electrodes (Figure  1 e). After repeated coating under heating, a 
3D spatial distribution of SHP/CB can be clearly seen inside 
the whole Si electrode (Figure  1 f).  

 Since the healing of fractures relies on interactions between 
SHP and Si particles, we hypothesize that particle sizes may 
infl uence the healing behavior. For large SiMPs (e.g., a few 
microns), a full lithiation/delithiation not only produces large 
cracks, but also induces pulverization with a large number 
of small cracks between fragments. To maintain electrode 
activity, conductive pathways need to be rebuilt through 

diffusion of SHP into these cracks. This requires a contin-
uous healing pathway, and is especially diffi cult. As a result, 
capacity loss occurs due to increased dead zones where elec-
tron and ion transport are interrupted. In contrast, smaller 
Si particles have higher surface areas and more binding sites 
with SHP. They are also subjected to less pulverization. Even 
if fractures were to occur, the diffusion of SHP and healing of 
small cracks can proceed more effi ciently due to a shorter dif-
fusion length. In the extreme case of ultrasmall SiNPs (e.g., 
<150 nm), they do not present particle fracture [ 36,37,46 ]  and 
can be fully protected by the stretchable SHP layer (>300% 
stretchability). 

 To verify the above hypothesis, Si-SHP/CB electrodes were 
fabricated using Si particles with different sizes that range in 
between 250 nm and 3.5 µm (see ‘‘Experimental Section”). They 
were obtained by a simple yet effective solution precipitation–
fl oatation selection process (Figure S2, Supporting Informa-
tion). As shown in  Figure    2  , different electrodes showed quite 
different cycling performances. For 3.5 µm SiMPs (Figure  2 a), 
most of the Si electrode consists of large particles and the elec-
trodes showed a low-initial delithiation capacity (≈1100 mAh g −1  
at C/20), which may be due to slow lithium-ion diffusion and 
high lithiation overpotential caused by activation energy barrier 
of large particles. [ 4,5,47 ]  The rapid capacity decrease upon cycling 
is attributed to the insuffi cient healing capability of the SHP 
binder for very large Si particles as discussed above. 1-µm SiMP 
electrodes (Figure S3, Supporting Information) showed a much 
higher initial delithiation capacity of 2510 mAh g –1 . In this case, 
although more than 50% of particles are ≈1 µm (Figure S3b, 
Supporting Information), a small number of larger particles 
(2–6 µm) contributed to >80% of the total volume (Figure S3c, 
Supporting Information). Although gradual capacity decay 
was still observed, the capacity retention was clearly improved, 
as ≈70% of capacity was retained even after about 100 cycles 
(Figure S3d, Supporting Information). The increased cycling 
stability was ascribed to the enhanced healing capability from 
a better Si-SHP interface. As the particle size is reduced to 
around 800 nm (Figure  2 b), the electrodes are able to deliver 
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 Figure 1.    Electrode design toward tuning spatial distribution of SHP/CB in Si layer. a–c) Schematic design of Si-SHP/CB electrodes. d–f) SEM images 
of Si and Si-SHP/CB electrodes. d) Pure Si electrodes made from Si particles. e) SHP/CB layer coated on top of Si electrodes with one-time blading. 
f) Si electrodes fi lled with SHP/CB forming a 3D distribution inside electrodes from repeated blading under heating.
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an even higher initial delithiation capacity of 2620 mAh g −1  
(corresponding to an areal capacity of 1.3 mAh cm −2 ) due to the 
faster lithium reaction kinetics. While ≈95% of whole Si volume 
is from particles with diameter of 800 nm or larger, the elec-
trodes maintained an impressive ≈80% of their initial capacity 
after 500 cycles. This comparative study confi rms that carefully 

reduced Si particle size contributes to enhanced Si-SHP inter-
face and better electrode structure.  

 As expected, further decreasing the Si particle size provides an 
even better cycling stability. For 500- and 250-nm Si particles (Fig-
ures S4 and S5, Supporting Information), their initial delithiation 
capacity was ≈2600 and 2200 mAh g −1 , and the electrode capacity 
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 Figure 2.    Effect of Si particle size on electrode cycling performance. a–c) SEM images (left) of Si particles, corresponding particle size distributions 
(middle) and volume fraction of each particle size (right) obtained from the precipitation–fl oatation-based selection process. d) Cycling stability of 
different Si-SHP/CB electrodes (a, b, and c correspond to Si particles shown above) with Si mass loading of 0.5–0.6 mg cm −2 .



C
O

M
M

U
N

IC
A
TI

O
N

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1401826 (4 of 8) wileyonlinelibrary.com

retention was ≈80% after 550 and 600 cycles, respectively. Even 
though the particle size decreased dramatically, the fi rst-cycle CE 
remained similar (86%–88%) (Figure S6, Supporting Informa-
tion), which are much higher than common nanostructured or 
nanoporous Si electrodes. [ 11,12,15,27,48 ]  For 30-nm SiNPs (Figure 
 2 c), the electrodes showed no obvious capacity decay even after 
1000 cycles (Figure S7, Supporting Information), regardless of 
the relatively low fi rst-cycle CE (73%). Note that the relatively 
low capacity of SiNPs-based electrodes may be due to their large 
electrode series resistance (ESR) (Figures S7 and S8, Supporting 
Information) resulted from the oxide layer on the SiNPs surface 
and relatively small pore size in the electrodes. Such a stable 
cycling performance is comparable to the most effective nano-
structured Si electrodes while our electrode here has a higher 
mass loading. Clearly, this study indicates that optimal particle 
size distribution in Si-SHP/CB electrodes is essential for good 
electrode performance. To avoid low CE and volumetric capacity, 
large particle size will be needed. In addition, to achieve high 
specifi c capacity and stable cycling performance, a relative small 
size is preferred. The net result obtained from this study sug-
gests that Si particles with 800-nm peak size and a small size 
distribution (500 nm–1.5 µm) can meet the requirement for both 
high CE, stable cycling performance, and low cost. 

 High areal mass loading is a critical requirement for high-
performance practical batteries to reduce the weight and size 
of the whole cell. [ 49 ]  However, many previous works only 
reported improved cycling life of Si electrodes based on low-Si 
mass loadings. [ 10,11,15,19 ]  Making thicker Si electrodes intro-
duces fundamental challenges that do not occur in thinner 
ones, including high ESR, large particle–electrolyte, interface 
and increased electrode-level disintegration. For these rea-
sons, high-areal-capacities (>2 mAh cm −2 ) have rarely been 
reported. Our above study suggests that 800-nm Si particles 
enable stable cycling performance and can be readily separated 
from very low-cost commercial Si powder. This size range is 
also easily accessible by the well-established ball-milling tech-
nique (e.g., jet milling). [ 50 ]  Using our generated Si particles, 
we fabricated Si-SHP/CB electrodes with high Si mass loading 
(1–1.6 mg cm −2 ), and we proceed to successfully demonstrate 
stable cycling at high areal capacity (3–4 mAh cm −2 ). 

 To be specifi c, CB (5 wt%) was added to prevent large ohmic 
resistance in the Si layer for thick electrodes (Figure S9, Sup-
porting Information). As Si mass loading increased from 0.22 
to 1.6 mg cm −2 , the electrode areal capacity can be almost 
linearly enhanced from 0.6 to 4.1 mAh cm −2  ( Figure    3  a and 
Supporting Information, Figure S10), suggesting that high 
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 Figure 3.    Performance of thick Si-SHP/CB electrodes. a) Dependence of electrode areal capacity (fi rst cycle delithiation capacity) on the Si mass loading 
of Si-SHP/CB electrodes. b) Galvanostatic charge/discharge curves (at 0.1 mA cm −2 ) of a thick Si-SHP/CB electrode at different cycles. c) Comparison 
of cycling stability of thick Si electrode fabricated using different methods (Si-SHP/CB: 3D SHP/CB coated electrodes; Si-CMC slurry: Si electrodes 
made by slurry coating with CMC as binder; Si-PVDF slurry: Si electrodes made by slurry coating with PVDF as binder; Si-PVDF coating: Si electrodes 
made by coating PVDF layer on Si fi lm. The Si mass loading of each CMC- or PVDF-based electrode was ≈1.0 mg Si  cm −2 ). The 3.2 mAh cm −2  Si-SHP/
CB electrode was cycled at 0.1 mA cm −2  for fi rst 5 and last 15 cycles. The 2 mAh cm −2  Si-SHP/CB electrode was cycled at 0.1 mA cm −2  for fi rst and last 
3 cycles and at 0.3 mA cm −2  for the rest cycles.
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electrochemical activity was preserved in our high mass loading 
electrodes. All the Si-SHP/CB electrodes maintained typical 
features of Si as shown by their representative cyclic voltam-
mogram (Figure S11, Supporting Information) and galvano-
static charge/discharge curves (Figure  3 b). More importantly, 
these electrodes still maintained excellent cycling stability. For 
example, a Si-SHP/CB electrode with high mass loading of 
1.13 mg si  cm −2  (0.6 mg of SHP/CB) delivered an initial areal 
capacity of ≈3.22 mAh cm −2  at a current of 0.1 mA cm −2  (cor-
responding to Si specifi c capacity of 2850 mAh g si  −1 ). Based 
on electrode thickness and mass loading, the volumetric 
capacity of the thick Si-SHP/CB electrode reached ≈3135 and 
1540 mAh cm −3  (before and after volume expansion, see Experi-
mental Section), which is (i) more than twice as compared to 
graphite anodes; and (ii) signifi cantly higher than most of pre-
vious nanostructured Si electrodes (600–1500 mAh cm −3  before 
volume expansion). [ 11,12,51,52 ]  The capacity slightly decreased 
to ≈2.95 mAh cm −2  (2610 mAh g si  −1 ) after three activation 
cycles and fully recovered after 5 cycles at the same rate. The 
decrease in capacity after initial cycle may be due to the frac-
ture of particles and cracks of electrodes. The following capacity 
recovering behavior is a strong indication of the occurrence 
of self-healing processes in the conduction pathways. The 
capacity remained stable in the following cycles at a current of 
0.3 mA cm −2 , and a high areal capacity of 2.72 mAh cm −2  was 
retained after ≈120 cycles, corresponding to capacity retention 
of 85%. Continuous cycling on the electrode to 130 cycles led 
to a stable charge capacity; however, the cell started to fail due 
to the lithium counter electrode as a result of lithium dendrite 
formation (a common occurrence in high mass loading cells, 
Figure S12, Supporting Information). With a slightly lower 
mass loading (0.72 mg si  cm −2 ), Si-SHP/CB electrode showed an 
initial capacity of 1.97 mAh cm −2  (2736 mAh g si  −1 ) at a current 
of 0.1 mA cm −2  and can be cycled very stably over 100 cycles 

at 0.3 mA cm −2  (Figure  3 c). After returning to low current, the 
total capacity slightly increased to 2.2 mAh cm −2 , which may be 
again due to electrochemical activation and self-healing effect. 
Continuous cycling showed that ≈90% of initial capacity can be 
retained after 240 cycles (Figure S13, Supporting Information). 
For an even higher mass loading (1.6 mg si  cm −2 ), the revers-
ible areal-capacity reached ≈ 4.2 mAh cm −2 , and the electrode 
can be stably cycled to over 140 cycles (Figure S14, Supporting 
Information). In comparison, Si electrodes with the same Si 
particles and similar mass loadings (≈1 mg cm −2 ) made from 
slurry-coating method using CMC or PVDF as binder showed 
rapid capacity decay after a few cycles; thick Si electrodes coated 
with PVDF fi lm (0.6 mg cm −2 ) showed negligible capacity, 
which was due to the slow Li +  transport in the thick PVDF fi lm 
as confi rmed by electrochemical impedance spectroscopic (EIS) 
test (Figure S15, Supporting Information).  

 The excellent cycling stability observed for the high mass 
loading Si-SHP/CB electrodes is attributed to its robust struc-
ture, conferred by the 3D coating of SHP/CB. Both  Figure    4  a 
and Figure S16 (Supporting Information) show the surface 
morpho logies of the thick electrodes at different magnifi cations; 
the relatively rough surfaces are due to the adhesion of SHP/CB 
to the large Si particles. Figure  4 b shows the SEM image of the 
typical surface morphology of a thick Si-SHP/CB electrode after 
100 cycles. In comparison with a fresh electrode (Figure  4 a), 
the electrode surface became even more rough after cycling, 
which could be due to the repeated volume change of the whole 
electrode followed by the stretching and shrinkage of SHP/CB. 
Nevertheless, no obvious cracks can be observed from the sur-
face, as well as from the cross-section SEM images (Figure  4 c). 
Moreover, a relatively dense structure without distinguishable 
Si particles (Figure S17, Supporting Information) was observed 
from its cross-section image, indicating that most of the active 
materials were involved in the electrode reactions and remained 
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 Figure 4.    Structure and cell impedance of high mass loading Si-SHP/CB electrodes before and after cycling. Representative SEM image of thick 3D 
Si-SHP/CB electrode before a) and after b) cycling. c,d) Cross-section SEM images of thick 3D Si-SHP/CB electrode after cycling, the selected area in 
(c) is shown in (d), no obvious cracks were observed in the electrode. e) Nyquist plots of the high mass loading 3D Si-SHP/CB electrodes at dif-
ferent cycling status. A transition between activation and stabilization of electrode ESR can be observed with electrode cycling. The electrode ESR fi rst 
decreased due to activation of Si, and then increased and stabilized due to continuous particle fraction and self-healing of cracks. f) Cross-section SEM 
image of surface SHP/CB-coated high mass loading Si electrode showing large cracks after cycling.
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in intimate electrochemical contact (Figure  4 d). In addition, we 
observed that even electrode thickness increased by ≈2.1× after 
full lithiation; the thickness of delithiated electrode after 
repeated cycling increased by only ≈20% compared with fresh 
electrodes, (Figure  1 f) which suggests that the 3D-SHP net-
work in Si layer can provide strong tolerance to buffer electrode 
volume change and particle rupture. EIS measurement further 
confi rms the robust electrode structure enabled by the SHP 
(Figure  4 e). The ESR dramatically decreased after the fi rst cycle, 
which suggests an activation process. This can be attributed to 
size reduction of Si particles after fracture and the lithiation of 
Si particles. The ESR increased slightly in the following cycles, 
which is possibly due to the diffusion of SHP/CB or growth of 
SEI on Si surface. Nevertheless, the ESR was stabilized after 
20 cycles, showing that good electrode conductivity and ion dif-
fusion was maintained stably by SHP/CB.  

 To further confi rm that the 3D distribution of SHP in elec-
trodes is essential, thick Si-SHP/CB electrodes were also 
tested by only applying a surface coating layer (Figure  1 e). 
While thin (3 µm) Si electrodes showed better cycling stability 
(90 cycles), [ 42 ]  thicker electrodes with initial areal capacity of 
≈2.1 mAh cm −2  subject to the same cycling showed capacity 
loss of 20% after 60 cycles (Figure S18, Supporting Informa-
tion). Even with an extra healing step performed by resting 
the cycled cell, the electrode capacity could not be recovered, 
which may be due to the following two reasons: i) Thick SEI 
formed on the surface of unprotected Si particles before SHP/
CB start to heal, which gradually blocked charge transfer. 
ii) Large cracks cannot be effectively repaired during cycling, 
since the diffusion of SHP to the generated cracks is more dif-
fi cult. Figure  4 f clearly shows a typical cross-section SEM image 
of surface-coated high mass loading Si-SHP/CB electrode after 
cycling. The large cracks indicate that electrode was not robust 
enough to maintain its inner structural integrity and electro-
chemical function. Even worse, pure Si thick electrodes without 
any SHP/CB coating showed more rapid capacity decay, and 
the capacity kept decreasing even when a similar resting step 
was reapplied (Figure S19, Supporting Information). 

 So far, few high-areal-capacity Si electrodes have been 
achieved and they all used more sophisticated nanostructure 
designs. For example, a micron-sized Si–C composite with Si 
nanocrystals can be synthesized from expensive SiO micropar-
ticles followed by a high temperature carbon coating to give an 
areal capacity of ≈1.8 mAh cm −2  over 200 cycles. [ 24 ]  A pome-
granate-like hierarchical structured electrode from SiNP can be 
made through a multistep synthesis to boost areal capacity to 
≈3.7 mAh cm −2  with a cycling life of 100×. [ 12 ]  Specially designed 
binder also enabled SiNP-based electrodes with a capacity of 
≈4 mAh cm −2  and ≈50× cycle life. [ 53,54 ]  The mesoporous Si 
sponge with very high porosity (≈80%) showed an areal capacity 
of ≈1.5 mAh cm −2  with ≈92% of capacity retention over 300 
cycles, and areal capacity of 3–4 mAh cm −2  have been also dem-
onstrated for tens of cycles. [ 27 ]  Our high mass-loading Si-SHP/
CB electrodes showed comparable, or even longer, cycling life 
than the above described high-performance electrodes but with 
very low-cost materials and fabrication process. It should be 
mentioned that Si nanostructures often possess high surface 
areas, large interparticle resistance and low-tap density. In addi-
tion, carbon coating often results in irreversible lithium uptake 

into amorphous carbon textures. [ 12,31,46 ]  These features usually 
render low CE and low volumetric capacity, making it problem-
atic for full cell fabrication. 

 In summary, we have demonstrated an effective electrode 
design approach toward low-cost Si electrodes with long cycling 
life and high mass loading. The 3D distribution of SHP together 
with optimal Si particle size resulted in electrodes with signifi -
cantly improved robustness and a high degree of electrode sta-
bility even after long cycling. Our electrode approach possesses 
key advantageous features: i) very high areal capacity that is 
close to practical battery requirement; ii) our materials are based 
on low-cost metallurgical Si powders; and iii) optimal perfor-
mance can be achieved by selecting appropriate Si particle size 
using scalable precipitation–fl oatation process or ball milling. 

 We note that there are several remaining challenges to be 
addressed. First, the continuous growing of SEI layer can lead 
to electrolyte consumption and nonideal CE (99.5% for stable 
cycling). Our previous work showed that the surface of con-
ducting SHP/CB had negligible SEI formation; [ 42 ]  thus, the sur-
face of the newly exposed Si after cracking is likely the major 
contributor to SEI formation. In this context, a SHP with fast 
fl ow and bonding will be needed to instantaneously protect the 
Si surface to avoid SEI growth. Second, the electrical healing of 
our electrodes was based on CB distributed in SHP to provide 
electrical conductivity. Upon repeatedly stretching (Si expanding) 
and relaxation (Si shrinking), the CB particles may slowly form 
aggregates in the polymer matrix. As a result, the conductivity 
will decrease and capacity will be lost. Therefore, more interac-
tion between the CB particles and SHP may improve the sta-
bility. Last, the thick Si-SHP/CB electrodes had moderate rate 
capability mainly due to the relatively slow reaction kinetics. 
Low-cost approaches for engineering electrode porosity and 
utilizing Si particles with conductive coatings (e.g., graphitized 
carbon and metal) may improve both the interface stability 
and electrode kinetics. Together with future development of an 
intrinsically conductivity SHP, Si electrodes with even longer 
electrode cycling life and higher mass loading can be realized.  

  Experimental Section 
  Synthesis of SHP/CB : Self-healing polymer and SHP/CB composite 

were prepared using the method described earlier. [ 42 ]  
  Size-Selected Si Particles : A precipitation–fl oatation process was 

used to separate Si particles. To obtain Si particles with different sizes, 
commercial metallurgical-grade Si powders (ABRC Inc., 0.4 g, 99.995% 
purity) with a broad range of size (250 nm–8 µm) were dispersed in 
ethanol (10 mL) by ultrasonication. After 10 min, the suspension was 
settled down and particles with different sizes precipitated or fl oated 
at different time scales. For example, large particles precipitated from 
the suspension fast while small particles fl oated in the suspension for 
longer time. By taking the uplevel suspension or sediment with different 
fl oatation time (e.g., 10, 20, 30, 60, and 120 min), Si particles with different 
sizes were obtained. For example, Si particles with size distributed from 
500 nm to 1.5 µm and peak size of 800 nm was obtained by fi ltrating the 
suspension with fl oatation time between 20 and 30 min. Such particles 
accounts for 15–20 wt% of the total commercial Si powders. By repeating 
the precipitation–fl oatation process for selected samples, Si particles 
with further narrowed-size distribution can be obtained. The particles 
with 250-nm diameter account for <1% of the total weight. 

 Ultrasmall SiNPs made from plasma-enhanced chemical vapor 
deposition process was also used. In the main text, for simplicity reason, all 
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the separated Si particles are identifi ed by their peak size regardless of their 
size distributions. For example, particles with size distributed from 500 nm 
to 1.5 µm and peak size at 800 nm are defi ned as 800-nm particles. The Si 
particle size distribution was obtained by counting 300 particles from SEM 
or TEM images. Then a corresponding volume fraction of each size was 
calculated based on size distribution by assuming a regular shape. 

  Electrochemical Characterization : To make electrodes with moderate 
mass loading, 0.1 g of Si size-selected Si particles or SiNPs (MTI 
cooperation) was dispersed in 4 mL of ethanol by sonication. To make 
thick electrodes (i.e., >1 mg si  cm −2 ), Si (95 mg), and CB (5 mg) were 
mixed and homogenized in ethanol. Working electrodes were prepared 
by drop-casting the Si (or Si–CB) suspension onto 10 µm Cu discs 
(Fukuda) with an area of ≈1 cm 2 . After drying at room temperature 
followed by calendaring, uniform electrodes were prepared with a 
controlled Si mass loadings. The Si electrodes were heated to 120–150 °C 
on a hot plate. The SHP/CB composite was then melted and coated on 
Si electrodes with a sharp blade to form the top layer; repeated blading 
under heating removed the excessive surface SHP/CB and facilitated its 
migration to form 3D coating in Si electrodes. The weight ratio between 
Si active materials and polymer composite was about 2:1. 

 To examine the effect of Si particle size on the electrochemical 
performance of 3D Si-SHP/CB electrodes, coin cells were fabricated by 
sandwiching working electrode, separator (Celgard 2400) and lithium 
disc (≈1 cm 2 ) counter electrodes. The mass loading of Si particles 
in each electrode was controlled at 0.5–0.6 mg si  cm −2  to minimize 
the possible kinetic issues in thick electrodes, including large ohmic 
resistance, ion diffusion resistance, etc. All the electrodes were cycled 
at a rate of  C /20 ( C / n  = charge/discharge in  n  h) in the fi rst 3 cycles 
for activation and at  C /10 in the following cycles. For some of the 
separated Si particles electrodes, interval cycles at slower or higher 
rates were introduced during cycling to monitor the full capacity or rate 
performance. For thick electrodes (>1 mg si  cm −2 ), relatively lower rates 
were used in initial cycles for activation (e.g.,  C /30). The electrolyte 
for all tests was 1  M  LiPF 6  in ethylene carbonate/diethylcarbonate/
vinyl carbonate/fl uoroethylenecarbonate (1:1:0.005:0.05 v/v/v/v), and 
separators (25 µm) from Asahi Kasei Co. were used. Cyclic voltammetry 
and EIS measurement were performed by VMP3 (Bio-Logic) for, and 
BT 2000 (Arbin Instrument) for galvanostatic charge/discharge cycling. 
The cycling rates were calculated by assuming theoretical capacity 
of 4200 mAh g −1  for Si. The CE was calculated as ( C  discharge / C  charge ) × 
100%, where  C  charge  and  C  discharge  were the capacity of the anodes for 
lithiation and delithiation. All areal capacity was based on Si delithiation 
capacity. The electrode volumetric capacity before volume expansion was 
calculated based on a measured density of 1.1 g cm −3 . By assuming a 
volume expansion ratio of 3 at full lithiation capacity of 4200 mA g −1 , the 
volume change ratio  R  at a lithiation capacity of  C  charge  was estimated 
by  R  =  C  charge /4200 mAh g −1  × 3. Then the density  d  charge  of lithiated 
electrode can be estimated by  d  charge  = 1.1/ R . The volumetric capacity 
after expansion was calculated based on such density.  
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