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A B S T R A C T

Silicon is a promising anode material for high-performance Li-ion batteries, but the high capacity of silicon is
mainly restrained by its large volume change upon electrochemical cycling. Herein, flexible nanocomposite films
of polyurethane/copper/silicon were facilely fabricated by an improved layer-by-layer self-assembly method.
This method can not only avoid the particle agglomeration in the nanocomposites, but also effectively combine
the typical property advantages of the three building blocks–Li storage capability of silicon, electro-conductivity
of copper, and stretchability of polyurethane. The self-organization of the copper nanoparticles into necklace-
like chains and three-dimensionally conductive networks during the preparation process furtherly facilitated the
electron transfer in the composite films. The multifunctional films had improved mechanical flexibility (8.2MPa
tensile strength with 125.1% strain) and electro-conductivity (8 S cm−1), and can be directly used as anodes for
accommodating the silicon volumetric change and preserving the electrical contact upon electrochemical cycle.
Thus, the nanocomposite film electrodes showed high capacity of 574 mAh g−1 after 300 cycles at 1 C and
average Coulombic efficiencies of 99.2–99.8%. This work offers an simple and effective material design way to
fabricating multifunctional composite films with single-function building units for energy storage applications.

1. Introduction

Owing to its obvious advantages of higher theoretic capacity of
4200 (Li22Si5) or 3580 mAh g−1 (Li15Si4) [1], higher safety, better
environmental friendliness and abundance than graphite materials
(372mAh g−1, LiC6) [2], silicon (Si) has been studied as an anode
material replacement for graphite to meet high-performance Li-ion
battery (LIB) applications [3]. Nevertheless, the practical implementa-
tion of Si is still hindered dramatically by its sluggish cycle performance
(Fig. 1A) [4], which is mainly caused by serious pulverization of the
anode and the continuous generation of solid electrolyte interphase
(SEI) and poor electric connection with current collector resulted from
the Si volume change of 300–400% upon full lithiation/delithiation [5].

Decreasing the particle size to nanoscale level (e.g., nanoparticles
(NPs) [6], nanowires [7], and nanotubes [8]) can effectively relieve the
internal stress/strain induced by the large Si expansion/shrink upon
lithiation/delithiation for greatly-improved cycling stability. Never-
theless, the huge surface area of the Si nanomaterials also results in low
tap density, agglomeration, side reactions, much more SEI formation,
thermal runaway, etc., which are detrimental to their commercial ap-
plications [9].

To circumvent these new obstacles, anchored, core-shelled, porous
and flexible structures have been designed by compositing the Si-based
nanomaterials with other matrix materials [9]. The Si nanoparticles
anchored on the electrical matrices can relieve the Si volumetric change
during lithiation/delithiation, prevent the Si nanoparticle aggregation,
and promote the electron transfer; however, the anchored Si materials
would incline to fall off from the supporting substrates under high-
current cycling [10]. Because of the less structural stress and damage
and better electronic conductivity than Si during cycling, carbon is
usually chosen to make core-shelled structures with Si [11]. The hollow
Si-carbon core-shell structures would better allow Si to expand/shrink
without destroying the shell and thereby improve the cycling stability
[12]. Nevertheless, the preparation of the core-shelled or yolk-shelled
particles needs intricate processes including the carbonization of
polymers at high temperature and the removal of silica from the Si
surface by hydrofluoric acid [12–14]. Making hollow or porous Si
particles can also tolerate the large volume variation by the abundant
voids, but the acid etch process is usually used in the preparation
procedure [15]. Besides, making Si-based porous electrodes by depos-
iting Si on porous copper (Cu), nickel, or carbon matrices would also
effectively relieve the Si volumetric change and promote the electron
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transfer for better cycling performance [16,17]. This electrode config-
uration is binder/conductive additive-free [18]. But the complexity of
the porous electrode fabrication impedes their potential applications in
commercial LIBs [18–20].

Fortunately, flexible composite film anode structures can be fabri-
cated by combining the Si-based nanomaterials with electro-conductive
and flexible matrix materials (e.g., carbon nanotubes and graphene)
[21–23]. The high conductivity of the matrices can promote the elec-
tron transfer, while the high flexibility is conducive to relieving the Si
volume variation-induced stress/strain [21,23,24]. The total weight of
the flexible composite anode-based batteries is also decreased, due to
the removal of the copper current collectors [9,25]. Nevertheless, it is
difficult to obtain a uniform distribution of the nanoparticles in the
composite films by the simple physical mixing, because of the ag-
gregation of the nanoparticles [9,26]. Thus, simple and effective
methods for preparing flexible Si-based composite films are still de-
sired.

Layer-by-layer (LBL) self-assembly has been thought to be an ex-
ceptionally reliable engineering method for making various composite
films [27,28] with simpler combination of multiple properties, because
of the obvious advantages of nanometer-level regulation of the com-
posite materials, conformal coverage of complex geometries, effective
inhibition of the phase separation of particle solution (or aggregation of
particles), etc [29,30]. Polyurethane (PU)/gold (Au) composite films
have been developed by LBL self-assembly of negatively-charged Au
and positively-charged PU, and the films showed ultrahigh flexibility
and conductivity due to the effective integration of the high-stretch-
ability PU and high-conductivity Au NP [31].

PU contains both hard and soft sections, and these two phases
connect each other in the whole system. The hard parts in PU offer
spatial stability and mechanical strength, while the soft parts are con-
ducive to good ionic conductivity because the soft segments do not form
ionic clusters after being dissolved in alkali metals [32–35]. Li+ ions
would coordinate with the oxygen and nitrogen-based groups in the soft
parts (Fig. S1A-B) [33,35], and the segmental motion of the polymer
chains results in the ionic conductivity. Because of the effective com-
bination of high mechanical toughness, thermal stability, ionic con-
ductivity, wide electrochemical window and wettability of liquid or-
ganic electrolytes, PU is widely used as polymer matrices of gel polymer
[32,36,37] and solid polymer [33–35,38,39] electrolytes, binders [40],
and separators [40–42] in LIBs.

Herein, flexible Si-based nanocomposite films were prepared by LBL
self-assembly with the assistance of the strong electrostatic attractions
between the electronegative silicon and copper nanoparticles and
electropositive polyurethane (Fig. 1B). This method was simple and
effective for fabricating the flexible composite films without the particle

agglomeration. Because of the effective property integration of the Li
storage capability of silicon, electro-conductivity of copper and me-
chanical stretchability of polyurethane, the resulted composite films
also displayed excellent electrical and mechanical properties. The self-
assembly of the copper particles into necklace-like chains and three-
dimensionally (3D) conductive metal networks in the films furtherly
promoted the electron transfer. The anode films can keep the structural
stability and efficient charge transport during the charge-discharge (C-
D) processes by effectively relieving the silicon volume variation and
inhibiting the SEI formation, and thus exhibited greatly-enhanced cy-
cling performance.

2. Experimental section

2.1. Preparation of nanoparticle-based solutions and nanocomposite films

For synthesizing copper nanoparticle solution without severe copper
oxidation, the synthesis method reported by Wang and Asefa [43] was
modified without the use of the NaOH and polyallylamine. 160mg
mercaptosuccinic acid (MSA) and 80mg CuSO4 were firstly stirred in
50mL pure water and heated at 60 °C for 0.5 h under violent stirring.
5 mL N2H4 was subsequently dropped into the mixed solution for 0.5 h.
After that the mixture solution was heated for 2–4 h. The obtained Cu
NP solution was centrifuged at a high speed of 6,000 rpm for 0.5 h, and
then redispersed with pure water by sonication for obtaining high-
dispersity copper solution.

For well-dispersed silicon solution, silicon powders (0.5 mg/mL)
were firstly sonicated in 10mM Trizma-HCl buffering solution with a
pH value of 8.0, centrifuged at 10,000 rpm for 0.5 h, and finally re-
dispersed in pure water by strong sonication.

For the Si-based nanocomposites, glass slides were firstly pretreated
in a piranha solution with H2O2/H2SO4 volume ratio of 1:3 for 12 h
before use. This pretreatment can not only clean the glass slides but also
promote the formation of hydroxyl groups on the glass substrates,
which is helpful for the following self-assembly process with the as-
sistance of the electrostatic attraction and hydrogen bonding interac-
tions [44,45]. The clean substrate was firstly put in polyurethane so-
lution with 1.0% concentration for 0.2 h, washed by pure water and
desiccated by dry gas flow. The resulted glass substrate was then put in
a mixture solution containing 1.5 mgmL−1 copper and 0.5mgmL−1

silicon particles for 0.5 h, washed by pure water, and again desiccated
by dry gas flow. The (PU/Cu-Si)m nanocomposite films can be obtained
by repeating these processes for m times. The sample was again put in
polyurethane solution for 0.2 h, washed by pure water and desiccated
by dry gas flow, and then treated with the copper solution (2mgmL−1)
for 0.5 h, giving a (PU/Cu) bilayer. The desired composite films of

Fig. 1. Schematic illustration of the structure/morphology changes of (A) bare Si particles and (B) LBL-resulted flexible composite film anode during charge-
discharge.
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[(PU/Cu-Si)m(PU/Cu)]N can be obtained by repeating the above-
mentioned process for N times. Various composite films were also
achieved by changing the assembly sequence and solution type. The
nanocomposites can also be fabricated on the piranha solution-treated
Cu foils. Through the acid pretreatment process, the color of the Cu
substrates became more shining, and electro-conductivity increased to
3.0×105 from 2.3× 105 S cm−1. Because of the large specific surface
areas of the NPs and the agglomeration behavior, the NP solutions were
changed with fresh ones after tens of self-assembly cycles. HF aqueous
solution was used to treat the substrates for free-standing composite
films. The films were then cleaned with pure water and desiccated in a
vacuum oven at 60 °C for at least 24 h before different measurements.

2.2. Characterizations and measurements

The morphological and structural characteristics of the nano-
particles and the nanocomposite films were observed by FEI Nova 200
or Hitachi SU8010 scanning electron microscope (SEM) and JEOL 3011
transmission electron microscope (TEM). A Malvern Zetasizer device
was used to detect the particle size and zeta potential. Thermo gravi-
metric analysis (TGA) curves of the films were obtained in Ar atmo-
sphere with a heating speed of 10 °C min−1. Auger Nanoprobe (Model:
PHI 680) was utilized to determine the elemental composition contents
of the nanocomposite films. The voltage and current of the beam were
10 kV and 10 nA, respectively. Electric resistance of the films was
achieved by an Agilent 34401A multimeter based on the commonly-
used four-point-probe technology. A TestResources 100Q1000 device
was applied to measure the mechanical tensile properties with
0.2 mm s−1 lifting speed. The force was divided by the initial width and
thickness of the films for obtaining the stress. An Agilent 8453 UV–vis
Chem spectrophotometer was used to get the absorbance spectra of the
particles and the films.

For the electrochemical measurements, coin-type half-cells were
assembled using Celgard polymer separators and 1M LiPF6 EC/DMC
electrolyte. A nanocomposite film and a Li foil were directly utilized as
working and counter electrode, respectively. The sandwich-structured
half-cells were fabricated under argon protection with both the oxygen
and moisture contents of< 0.1 ppm. The electrochemical cycling was
operated by a Maccor 4000 48-channel battery device within
0.01–2.0 V at 0.1–2 C (1 C corresponded to 4 A g−1). A CHI660D
electrochemical workstation was applied to achieve the electrochemical
impedance spectra (EIS) within a frequency range of 100k–0.01 Hz.

3. Results & discussion

3.1. Nanoparticle-based aqueous solutions

A chemical reduction method was developed to synthesize Cu NPs
in pure water for following LBL self-assembled films. The Cu NPs with
the reaction time of 2 h were in the form of necklace-like chain struc-
ture with an average diameter of 11.16 nm (Fig. 2A). The Cu NPs
showed a lattice spacing of 0.21 nm (Fig. 2B), corresponded to the
(1 1 1) interplanar distance of the face-centered cubic copper crystal.
When increasing the reaction time to 4 h, the NPs almost kept the same
size (11.24 nm) and chain shape (Fig. 2C and D), which would enable
high electro-conductivity of the NP-based films. The desiccated NPs had
a flocculent morphology (Fig. 2E), ascribed to the formation of the
chain shape with the interconnected NPs (Fig. 2F). Previous studies
have proven the unavoidable oxidation behavior of Cu NPs in the
presence of air or water [46,47]. The EDS also showed the partial
oxidation of the as-synthesized Cu NPs with oxygen content of
∼3.06 wt% (Fig. 2H). The Cu NPs also displayed typical absorption
peaks at 500–600 nm in the UV–vis absorbance spectra, and the red
shift and broadening of the peaks also suggested the existence of the
particle self-organization (Fig. 2G) [46,48,49].

We also prepared Si particle-based aqueous dispersion by sonicating

the Si particles in tris-HCl solution (Fig. 3A). Electron micrographs
(Fig. 3B–D) showed the laser plasma-synthesized Si powders were
mostly sphere and had a mean size of 123.0 ± 70.2 nm. The Si nano-
particles also showed a lattice space of 0.31 nm, agreeing well with the
(1 1 1) interplanar distance of the Si crystal (Fig. 3E). The XRD pattern
furtherly proven the high purity of the as-synthesized Si particles
(Fig. 3F).

3.2. The nanoparticle-based composite films

To prepare flexible and conductive composite films, we used an
improved LBL self-assembly method with the effective combination of
the high-capacity Si particles, high-conductivity Cu NPs and high-
stretchability PU (Fig. 4). The nanoparticle-based composite films were
successfully assembled by alternative electrostatic adsorption of PU and
Si and Cu particles, based on their opposite surface charge attractions
(The corresponding zeta potentials were 49, −52 and −47mV, Fig.
S2). The necklace-like chained Cu NPs form a 3D conductive skeleton
with the Si particles trapped in the nanocomposite films. This 3D con-
ductive Cu network would promote the transfer of electrons, while the
flexible PU frame can tolerate the Si volumetric expansion/shrink
during the charge-discharge process for high battery performance
(Fig. 1B).

In this study, the preparation of PU/Cu nanocomposite film was a
vital step. The UV–vis absorbance spectrometry was used to disclose the
LBL self-assembly process (Fig. 5A). We saw an obvious increase in
absorbance with increasing bilayer numbers (N) due to the highly op-
posite charges of the PU and Cu NPs and strong electrostatic attractions
between them. The inset plots depicting the absorbance at 365 nm
versus the bilayer numbers clearly displayed a stepwise formation of
the multilayer films. The vigorous growth of the films on the substrates
was furtherly observed by the optical photography (Fig. 5B). The films
also had a high Cu content of 79.7 wt% (Fig. 5C). SEM images
(Fig. 5D–G) were taken to further investigate the microstructure of the
free-standing composite films after the acid treatment. Due to the good
electrical conductivity, no carbon or gold was sputtered on the films for
SEM characterizations. The 140 bilayer composite film was ∼3.4 µm in
thickness (Fig. 5F) with a coarse top surface (Fig. 5D). The inter-
connected Cu NPs in the film still kept the chain structure, forming a 3D
conductive metal network (Fig. 5E) that originated from the as-syn-
thesized chained NPs (Fig. 2A–F). Even at the cracked lateral section
the Cu particles still firmly linked together (Fig. 5G). Though the severe
destruction of the nanocomposite structure by sonication treatment in
ethanol, the chained Cu NPs still closely connected each other to form
the 3D networks (Fig. 5H–I) and PU completely covered the Cu NPs
(Fig. 5J). Such morphology should be conducive to metallic charge
transport in the films.

The UV–vis absorbance spectrometry was further utilized for ob-
serving the assembly process of Si NPs and PU for nanocomposites on
the glass substrates (Fig. 6A). Comparing to the spectra of PU and Si
(Fig. S2D), we saw an obvious increase in absorbance in the PU/Si film
spectra with the increasing bilayer number. The inset plots depicting
the absorbance at 365 nm versus the bilayer numbers further verified
the stepwise formation of the multilayer films. Optical photographs
indicated that the yellow nanocomposite films with various bilayer
number grew on the glass slides (Fig. 6B). The weight ratio of Si in the
nanocomposite film was detected to be 69.5% (Fig. 6C). The (PU/Si)50
film had a much coarser surface than the PU/Cu film (Fig. 6D) because
of the wide size distribution of the Si particles (Fig. 3B–D). Moreover,
the Si particles interconnected to each other with the assistance of PU
(Fig. 6E), because of their strong electrostatic attractions. The thickness
of the 50 bilayer nanocomposite was determined to be ∼1.2 µm
(Fig. 6F). TEM images furtherly showed that the Si particles were en-
tirely encapsulated by the cationic PU layers (Fig. 6G–I), even after the
vigorous sonication treatment in ethanol solution.

Based on the effective fabrication of the two-component
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nanocomposites by the electrostatic self-assembly process, we were able
to fabricate three-component [(PU/Cu-Si)m(PU/Cu)n]N nanocomposites
by simply adjusting the solution type and deposition sequence (Fig. 4).
All the films were brown yellow (Fig. 7A and B), whether they were
deposited on the copper or glass substrates. Due to the high stretch-
ability of PU [31], these free-standing composite films removed from
the substrates can be periodically bent without destruction (Fig. 7C).
Metallic gloss can be also seen on the surface of the nanocomposite
films, so they may show high electro-conductivity, which was pre-
viously proved by the SEM images taken without sputtering of gold or
carbon (Fig. 7D–I and S3-8). The top surfaces were coarser than the
back, due to the vertical growth of the films on the substrate surfaces.

Owing to the difference in the morphology and zeta potential of the Si
and Cu particles, some nano-/micro-sized voids generated in the na-
nocomposites. The small pores may be detrimental to the mechanical
properties, however, they would accommodate Si volumetric change by
occupying the void space upon lithiation/delithiation. The Si particles
were nearly covered by the Cu NP-based ligaments, helpful to in-
creasing the nanocomposite electro-conductivity. In addition, the 90
bilayer PU/Cu-Si nanocomposite film was ∼3.5 µm in thickness
(Fig. 7H). Although the growth rates of the films assembled on the
copper and glass surfaces were different due to change in supporting
substrate, both the films showed the same microstructure and color
(Figs. 7 and S3-8). TEM further revealed that the Cu NPs formed three-

Fig. 2. TEM images of the Cu NPs with the reaction time of (A and B) 2 and (C and D) 4 h, respectively. (E and F) SEM images, (G) UV–vis absorbance spectra, and (H)
the corresponding EDS spectrum and element content of the 4 h-resulted Cu NPs. The insets in (A) and (C), and (G) show the size distribution histograms of the
corresponding particles and optical photos of the particle solutions, respectively.

Fig. 3. (A) Optical photographs of (a) 5.0 and (b) 0.5 mgmL–1 Si particle aqueous dispersions. (B) SEM image, (C) size distribution histogram based on the calculation
in the SEM image, (D) low- and (E) high-resolution TEM images, and (F) XRD pattern of the Si particles.
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dimensional metal networks in the nanocomposites and Si particles
were trapped in the PU- and Cu-based networks (Fig. 7J and K), which
would impart the films enhanced mechanical robustness and electro-
conductivity, and avoid the direct contact of the electrolyte when using
the nanocomposites as electrodes in LIBs.

Increasing the electrical conductivity of Si-based films is important
to improving the cycle performance for high-rate LIBs. Carbon nano-
materials such as graphene and carbon nanotubes are usually used to
prepare carbon/Si (C/Si) composites to improve the conductivity of Si-

based anode materials. In this study, we would verify that the low-cost
Cu can also effectively enhance the conductivity of Si-based composite
materials. The as-synthesized Cu NPs were inevitably oxidized in
water/air, which may have affected the conductivity of the assembled
composite films. However, the Cu NPs interconnected to each other to
form the chained structure (Fig. 2). Even in the self-assembled nano-
composite films (Figs. 5 and 7 and S3-8), the Cu NPs connected to each
other, resulting in the 3D metal conductive net structures. Thus, the
nanocomposite films would also exhibit high conductivity (Fig. 8A and
S9). The 140 bilayer PU/Cu film displayed a high conductivity of ∼106
S cm−1 (Fig. S9). Certainly the [(PU/Cu-Si)12(PU/Cu)n]N nanocompo-
sites showed a relatively low conductivity, due to the incorporation of
Si particles into the PU/Cu nanocomposite. As thus, the assembly cycle
number (n) of (PU/Cu) was increased to enhance the conductivity of the
films. When increasing the n from 0 to 6, the conductivity of ∼126
bilayer films were elevated from 1 to 8 S cm−1 (Fig. 8A). This con-
ductive film should afford rapid charge transportation for high-rate
LIBs.

The early studies have proven the ultrahigh mechanical strength of
the PU-based films [31,45,50]. The superior mechanical tensile prop-
erty (21.2 MPa and 274.5%) can be achieved by pure PU film prepared
by filtrating PU-based aqueous solution (Fig. 8B). When adding Si and
Cu nanomaterials into PU films by LBL self-assembly, the mechanical
properties of the PU-based nanocomposite films became poor. Exactly,
the two- and three-component Cu-based nanocomposite films exhibited
moderate ultimate strengths of 11.5 and 8.2MPa with the corre-
sponding strains of 130.0% and 125.1%, respectively. We also

Fig. 4. Schematic description of an improved layer-by-layer (LBL) self-assembly
process for flexible nanocomposite films.

Fig. 5. (A) UV–vis absorbance spectra, (B) optical images, (C) TGA curves, (D and E) surface and (F and G) lateral-section SEM pictures, and (H-J) TEM pictures (after
sonication treatment in ethanol for 30min) of polyurethane/copper composites.
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fabricated PU/Cu/Si composites by mechanical mixing of the aqueous
solutions of the three components and following filtration and de-
siccation; however, the nanocomposite films easily cracked into pieces
(Fig. S10). This furtherly proved the importance of the LBL self-as-
sembly method for preparing high-quality films with nanometer/mo-
lecule-level regulation of material structure and inhibition of phase
separation and particle aggregation in the solutions. The excellent
mechanical properties of the LBL-resulted composite films should en-
able the toleration of the volumetric change of Si during battery cy-
cling.

3.3. Electrochemical properties of the nanocomposite-based batteries

The coin-type half-cells were fabricated by directly applying the
flexible and conductive composite films as anodes for LIB applications.
In this work, the specific capacities of the [(PU/Cu-Si)m(PU/Cu)]N na-
nocomposite electrodes were calculated based on the Si contents. The
weight ratios of Si in the nanocomposites with the m value of 2, 4 and 6
were detected to be 8.30%, 12.24% and 14.15%, respectively (Fig.
S11–14). All the nanocomposite-based cells were periodically charged/
discharged at 1.0 C for 300 cycles (Fig. 9A and B). The [(PU/Cu-
Si)6(PU/Cu)]N nanocomposite-based cells showed a high reversible

capacity of 815 mAh g−1, twice that of the theoretic capacity (∼370
mAh g−1) of the graphite anode. Because of the first three pre-cycles at
0.1 C, the cells displayed a superior first-cycle Coulombic efficiency
(∼98.4%) at 1.0 C. The cells also showed a specific capacity of 352
mAh g−1 after 300 charge-discharge cycles, and the capacity de-
gradation rate was calculated to be only 0.19% for one charge-dis-
charge cycle. Furthermore, [(PU/Cu-Si)4(PU/Cu)]N and [(PU/Cu-
Si)2(PU/Cu)]N nanocomposite-based cells showed the similar capacity
degradation rates of 0.18% and 0.17%, respectively, which should be
ascribed to high stretchability of the nanocomposites, and the relief of
the Si volumetric variation and preservation of copper-formed net
structures.

The electrochemical potential profiles of [(PU/Cu-Si)2(PU/Cu)]N
nanocomposite-based cells at 1.0 C were obtained to disclose the ca-
pacity fading behavior (Fig. 9C). The cells exhibited the classical
smooth and sloping curves without obvious potential platforms, which
were related to the lithiation/delithiation behaviors of amorphous Si
that was transformed from the crystalline Si NPs in the pre-cycling in-
stead of capacitance effect (Fig. S15) [51–57]. After 1, 2, 100, 200 and
300 cycles, the cells displayed specific capacities of 1152, 1111, 690,
601 and 574 mAh g−1, respectively. The capacity degradation ratios
were 0.40%, 0.13% and 0.04% per C-D cycle for the 1st, 2nd and 3rd

Fig. 6. (A) UV–vis absorbance spectra, (B) optical images, (C) TGA curves, (D and E) surface and (F) lateral-section SEM pictures, and (G–I) TEM pictures (after
sonication treatment in ethanol for 30min) of polyurethane/silicon composites.
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hundred C-D cycles, respectively. The decreasing capacity degradation
rate during the electrochemical cycling is beneficial to the practical
applications of the film electrodes.

Moreover, the specific capacities of [(PU/Cu-Si)m(PU/Cu)]N nano-
composite-based cells increased greatly with decreasing m value, due to
the enhanced conductivity. During the 300 C-D cycles, single and
average Coulombic efficiencies of 97.1–101.0% and 99.2–99.8% were
obtained for all the film cells, respectively (Fig. 9B). It should be noted
that the Coulombic efficiencies and specific capacity of 574 mAh g−1

during the 300 high-rate cycles were superior to those in the recent
literatures (Table 1) [5,58–64]. We attributed the greatly-improved
electrochemical performance to the high electro-conductivity and
flexibility of the nanocomposites and the polyurethane layers deposited

on the Si particle surfaces (Figs. 6G-I and 7K), which would alleviate the
Si particle expansion/shrinkage upon lithiation/delithiation, prohibit
the direct exposure of the Si particles to the electrolyte and suppress the
excessive formation of SEI films (Fig. 1B) [40,64].

The rate performance measurements of the three film electrodes
(Fig. 9D) disclosed that [(PU/Cu-Si)2(PU/Cu)]N nanocomposite-based
cell displayed superior rate capacities than [(PU/Cu-Si)4(PU/Cu)]N and
[(PU/Cu-Si)6(PU/Cu)]N nanocomposite-based cells. When increasing
the C-D rate from 0.10 to 2.0 C, the nanocomposite electrodes showed
25–30% retention of the original capacities, which was much higher
than the slurry-coated electrodes composed of Si, PVDF binder and
conductive graphite (2–8%) (Fig. S16). Additionally, when cycled at
0.10 C rate again after the previous 50 cycles, high capacity retentions

Fig. 7. Optical images of [(PU/Cu-Si)m(PU/Cu)n]N nanocomposites growed on (A) glass and (B) copper substrates, and (C) the free-standing films (m: (a) 2, (b) 4, (c)
6 and (d) 1, respectively; N corresponded to 42, 25 and 18 with the n of 1, and to 90 with the n of 0, respectively). SEM pictures of (D and E) top surface, (F and G)
bottom surface and (H and I) lateral section, and (J and K) TEM pictures of (PU/Cu-Si)90 film treated by sonication in ethanol solution for 10 and 30min, respectively.

Fig. 8. (A) The dependences of electro-con-
ductivity and resistance on assembly cycle
number (n) of (PU/Cu) in [(PU/Cu-
Si)12(PU/Cu)n]N nanocomposites. The entire
bilayer numbers defined as (12+ n)×N
were around 126, and the resistances were
divided by the thicknesses of the nano-
composite film to obtain the electro-con-
ductivities. (B) Mechanical tensile profiles of
free-standing (PU/Cu)140 and [(PU/Cu-
Si)2(PU/Cu)]110 nanocomposite films.
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of 72%, 73% and 64% were achieved by the [(PU/Cu-Si)6(PU/Cu)]N,
[(PU/Cu-Si)4(PU/Cu)]N and [(PU/Cu-Si)2(PU/Cu)]N nanocomposite-
based cells, respectively.

The EIS spectra were further used to investigate the electrochemical
process of the nanocomposite-based cells (Fig. 10A and B). According to
previous papers [47,69], the circles in high- and medium-frequency
regions were attributed to the SEI formation and contact resistance, and
charge-transfer impedance at electrolyte/electrode interface, respec-
tively, while the line in the low-frequency area reflected the Li diffusion
behavior in the electrodes. An equivalent circuit model was also applied
for quantitative analysis of the electrochemical reactions (Fig. 10D)
[47,69]. Rf and Cf are the resistance and capacitance regarding to SEI
film, respectively. Re and Zw are the electrolyte resistance and Warburg
impedance, respectively. Rct and Cdl are the charge-transfer resistance
and double-layer capacitance, respectively. Moreover, the exchange

current densities were calculated by an equation [47,69]: io = (RT)/
(nFRct), where F, T, n and R represent Faraday constant, absolute
temperature, the number of transferred electrons and gas constant,
respectively.

No matter being tested for 0 or 300 C-D cycles, the [(PU/Cu-
Si)2(PU/Cu)]N nanocomposite-based cell had the smallest semicircle
diameter (Fig. 10A and B), which indicated that decreasing the as-
sembly number (m) was an effective method for forming denser Cu-
based conductive networks in the nanocomposites and facilitating the
charge transfer (Fig. 8A). We can also observed that Rct decreased
greatly with the decreasing m value (from 6 to 2) in Table 2, because of
the decreasing Si content and increasing Cu content in the nano-
composite films. After 300 high-rate cycling at 1 C, Rct increased owing
to the huge Si volumetric change and the destruction of the 3D Cu
conductive networks. However, Rf increased very slowly during the

Fig. 9. (A) Cycling performance and (B) Coulombic efficiencies of [(PU/Cu-Si)m(PU/Cu)]N nanocomposite-based cells at 1.0 C. (C) Electrochemical potential profiles
of (PU/Cu-Si)2(PU/Cu) electrode at 1st, 2nd, 100th, 200th, and 300th cycle between 0.01 and 2.0 V. (D) Rate performance of the nanocomposite-based cells.

Table 1
Cycling performance of reported high-rate (≥0.5 C) Si-based anodes.

Anode type Fabrication route Capacity (mAh g−1) Coulombic efficiency (%) Cycle C rate Ref.

Single Average

Flexible nanocomposite LBL self-assembly by electrostatic attraction 574 97.1–101.0 99.2–99.8 300 1.0 C Our
690 – – 100

Silicon/carbon composite Electrospinning 600 – – 100 1.0 C [58]
Silicon nanotube Electrospinning and metallothermic

reduction
765 ∼99.5% (280th) – 280 0.5 C [59]

Silicon nanolayer-embedded graphite/carbon
hybrid

Chemical vapor deposition (CVD) 496 99.5% (100th) – 100 0.5 C [60]

Si/edge-activated graphite composite Ni-catalyzed hydrogenation and CVD 521 ∼100% (50th) – 50 0.5 C [61]
Porous copper supported Si/Ta film Vapor deposition 700 ∼100% (200th) – 200 0.5 C [62]
Si/graphene film Vacuum filtering <200 – – 6 1.0 C [65]
Si@void@graphene nanoparticle Template method ∼1000 – – 10 0.5 C [66]
PAN/Si/Ni foam Plasma enhanced CVD ∼700 – – 10 0.75 C [67]
Si/carbon/graphene composite Spray drying ∼900 – – 8 0.5 C [68]
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whole cycling, which should be attributed to the entire encapsulation of
the Si particles by the cationic PU matrices (Figs. 6 and 7). Previous
study also proved that PU can effectively absorb on the surfaces of
active electrode particles and current collectors by the opposite charge
attraction interaction and prohibit the electrolyte attack [40].

Furthermore, we investigated the impedance changes of the film
electrode at various potentials (Fig. 10C). The Rct decreased from
269.3Ω at 2.0 V to 265.9Ω at 1.5 V, 259.0Ω at 1.0 V, 249.8Ω at 0.5 V,
and 244.8Ω at 0.01 V, indicating that the charge transfer became easier
(Table 3). Because LixSi exhibited higher conductivity than pure Si, so
when the potential decreased, more LixSi generated on the Si particle
surfaces, and the Rct decreased and the charge transfer was facilitated
[70,71]. For bare Si particle-based electrode, too thick SEI layer on Si
surface will hinder the charge transfer (Fig. 1A), so the Rct and Rf should
increase when the lithiation was nearly finished [72]. However, the Rct

and Rf of the nanocomposite film electrode remained decreasing, and

the io increased from 9.51×10–5 A cm−2 at 2.0 V to 1.05× 10–4 A
cm−2 at the final potential of 0.01 V (Table 3), which should be as-
cribed to the enhanced electrical conductivity of the nanocomposite
electrode, and the effective suppression of SEI formation by the PU
matrix (Fig. 1B) [70].

SEM and TEM were furtherly used to detect the morphological
change of the nanocomposite electrodes after the 1.0 C electrochemical
cycling for 300 cycles. As for the [(PU/Cu-Si)6(PU/Cu)]N nanocompo-
site, a few cracks and pores generated (Fig. 11A and B), because of the
large volumetric variation of the Si particles. When decreasing the m
value to 4, the number of cracks and pores also decreased (Fig. 11D and
E), owing to the increasing Cu networks and decreasing Si mass in the
nanocomposite. However, no obvious cracks and pores were observed
in the [(PU/Cu-Si)2(PU/Cu)]N nanocomposite (Fig. 11G and H), be-
cause of the effective alleviation of the Si volumetric change by the
flexible nanocomposite. Together with the TEM images (taken after the
sonication treatment of the nanocomposites), we also found that the Si
particles were fully encapsulated with the 3D Cu networks (Fig. 11J and
K), which could promote the electron transfer in the nanocomposites.
Moreover, the Si particles were still entirely covered by the flexible and
ion-conducting PU (Fig. 11L), which can greatly relieve the Si volu-
metric change-induced internal stress by the PU shape change and
meanwhile block the direct exposure to the electrolyte and suppress the
SEI formation. These results were consistent with the analyses of the
battery cycling and electrochemical impedances (Figs. 9 and 10).

4. Conclusions

LBL self-assembly technology was used for fabricating multi-
functional nanocomposite films with property integrity of the three
building blocks–Si, Cu and PU through their strong electrostatic at-
tractions. The 1D chains and 3D networks of Cu in the nanocomposites
furtherly facilitated the electron transfer. The free-standing PU/Cu/Si
nanocomposite films had high mechanical flexibility and electro-con-
ductivity, which would greatly tolerate the Si volumetric variation
upon lithiation/delithiation and maintain the charge transport. The
stretchable and ion-conducting PU matrix in the films can also prevent

Fig. 10. Impedance spectra of nanocomposite-based cells between 100k and 0.01 Hz (A) before and (B) after the 1.0 C cycling at 1.0 C, and of (C) [(PU/Cu-Si)6(PU/
Cu)]N film electrode at different potentials. (D) An equivalent circuit model for half-cells.

Table 2
Electrochemical parameters of the film electrodes.

Electrode type Cycle number Rf (ohm) Rct (ohm) io (A cm−2)

[(PU/Cu-Si)2(PU/Cu)] 0 18.8 53.3 4.80× 10−4

300 20.7 196.1 1.31× 10−4

[(PU/Cu-Si)4(PU/Cu)] 0 25.8 62.8 4.08× 10−4

300 27.9 220.4 1.16× 10−4

[(PU/Cu-Si)6(PU/Cu)] 0 27.4 112.4 2.28× 10−4

300 30.3 244.5 1.05× 10−4

Table 3
Electrochemical parameters of [(PU/Cu-Si)6(PU/Cu)]N film electrode.

Potential (V) Rf (ohm) Rct (ohm) io (A cm−2)

2.0 32.6 269.3 9.51× 10−5

1.5 32.3 265.9 9.63× 10−5

1.0 30.4 259.0 9.88× 10−5

0.5 28.7 249.8 1.02× 10−4

0.01 30.4 244.8 1.05× 10−4
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the SEI generation on the Si particles. Therefore, the film electrodes
exhibited superior capacity and Coulombic efficiencies, which are
comparable to the values of the recently-developed Si-based electrodes.
Compared with the traditional mixing method for composites, the LBL
self-assembly technology can not only avoid the phase separation and
particle aggregation in the NP solutions but also realize the multi-
functional films. We can envision that the LBL self-assembly method
can be also utilized for simple and effective fabrication of various
multifunctional composite films for wide applications including flexible
batteries and supercapacitors.
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