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ABSTRACT: In situ core−shell coating was used to improve the electrochemical performance of Si-based anodes with
polypyrrole-Fe coordination complex. The vast functional groups in the organometallic coordination complex easily formed
hydrogen bonds when in situ modifying commercial Si nanoparticles. The incorporation of polypyrrole-Fe resulted in the
conformal conductive coating surrounding each Si nanoparticle, not only providing good electrical connection to the particles but
also promoting the formation of a stable solid-electrolyte-interface layer on the Si electrode surface, enhancing the cycling
properties. As an anode material for Li-ion batteries, modified silicon powders exhibited high reversible capacity (3567 mAh/g at
0.3 A/g), good rate property (549.12 mAh/g at 12 A/g), and excellent cycling performance (reversible capacity of 1500 mAh/g
after 800 cycles at 1.2 A/g). The constructed novel concept of core−shell coating Si particles presented a promising route for
facile and large-scale production of Si-based anodes for extremely durable Li-ion batteries, which provided a wide range of
applications in the field of energy storage of the renewable energy derived from the solar energy, hydropower, tidal energy, and
geothermal heat.
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■ INTRODUCTION

Because of emerging demands for high-energy-density batteries
in consumer electronics and electric vehicles, developing
rechargeable lithium-ion batteries (LIBs) with high energy
density and long cycle life is of critical importance.1,2 Silicon is a
promising candidate for negative electrodes in LIBs because of
its large theoretical capacity (3579 mAh/g for Li15Si4),

3,4

relatively low working potential (∼0.5 V vs Li/Li+), abundant
resource, low cost, low toxicity, high safety, and environmental
compatibility.5,6 However, for practical implementation of Si
anodes in LIBs, several critical issues should be considered: (i)
volume changes of more than 270% (or factor of 3.7)3 with Li
insertion and extraction, which induces a strong stress on the
silicon particles and causes pulverization and consequently
results in the fast capacity loss of the electrode and degradation
of electrochemical performance,5−7 (ii) the much lower
conductivity of Si compared with the carbon anodes,6 and
(iii) controlling the formation of stable solid-electrolyte-
interface (SEI) layers on the Si surface caused by the

decomposition of liquid electrolytes.8 In previous studies,
silicon nanocomposites,9,10 thin films,11 and nanostructured
silicon, including nanotubes,5 nanowires,12−14 nanospheres,15

nanoporous structures,6,7 and their composites with carbon
materials6,12,16−20 and conducting polymer21−25 had been
researched to accommodate this volume change and improve
the conductivity, such as carbon−silicon core−shell nano-
wires,12 Si/C nanospheres,16 Si/C microwires grown on
graphite microspheres,17 and graphene/nanosized silicon
composites.18−20 These approaches had resulted in improve-
ments of the electrochemical performance of Si-based anodes
but only to limited extent. Moreover, synthesis of Si
nanostructures usually involved high-temperature chemical
vapor deposition or complex chemical reactions and/or
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templates, and their scalability and compatibility with existing
battery manufacturing processes remained a challenge.
Recent studies reported that organometallic coordination

complex had a special multilayer structure and that the strong
and stable interlayer Fe−N coordination interaction and the
high reversibility of its interlayer Fe−O−Fe interaction during
cycling permitted the material to possess higher specific
capacity and cycling stability compared with those of
conducting polymer.26 Additionally, hydrogen bonding was
easy to form when commercial Si nanoparticles were coated
with organometallic coordination complex that contained vast
functional groups.26,27 In the present study, ingenious in situ
core−shell-coating commercial Si powders with polypyrrole-Fe
(PPy-Fe) coordination complex (Si@PPy-Fe) was produced as
an promising anode material for LIBs. This interaction can
result in the conformal modifying of PPy-Fe molecules on the
surface of Si particles, trapping the Si particles inside and
serving as a continuous pathway for electronic conduction.
Furthermore, the coating layer promoted the formation of a
stable SEI layer on the Si electrode surface. The stable SEI
formation on our composite electrodes during the process of
charge/discharge was important for the long cycle life as well as
the high Coulombic efficiency. The starting materials and the
synthesis processes were both facile for large-scale production,
which could be extended for manufacturing of the next-
generation Li-ion batteries.

■ METHODS
Materials Preparation. PPy-Fe coordination complex was

synthesized according to a reported method.28−32 Then, solutions of
10 mg/mL PPy-Fe (10 mL) mixed with 400, 100, and 50 mg of
commercial silicon powders (with an average diameter of ∼100 nm)
were stirred and dried at 70 °C overnight to obtain the Si@PPy-Fe
materials with different contents of PPy-Fe (20 wt % for SiP-1, 50 wt
% for SiP-2, and 66.7 wt % for SiP-3, respectively).
Physical Characterization. Elemental analysis was carried out on

an X-ray photoelectron spectrometer (XPS, Kratos Axis Ultra Dld,
Japan). Fourier-transformed infrared (FT-IR) spectra were recorded
on a Nicolet is50 spectrometer (ThemoFisher Scientific, America).
The morphology was observed by field-emission scanning electron
microscopy (FESEM, SU8010, Japan) and field-emission transmission
electron microscopy (FETEM, FEI Tecnai G2 F20 S-TWIN TMP,
Hongkong). An energy dispersive spectrometer (EDS) was used to do
element analysis. A UV−vis−NIR spectrophotometer (SHIMADZU
company, Japan) was used to carry out UV−vis−NIR spectra analysis.
Thermogravimetric analysis (TGA) was carried out with a SDT 2960
(TA Instruments) up to 800 °C at a heating rate of 10 °C min−1 in air.
Electrochemical Evaluation. Electrodes were prepared by mixing

the as-prepared powder (70 wt %), carbon black (20 wt %), and
polyvinylidene fluoride (PVDF, 10 wt %) dissolved in N-
methylpyrrolidone (NMP) to form a slurry. The slurry was cast
onto a piece of titanium foil with a mass loading of ∼1 mg/cm2.
Electrode sheets were dried under vacuum at 70 °C for 24 h. Coin
cells (CR2025) were fabricated with fresh lithium foil as the counter
electrode, 1 mol L−1 LiPF6 dissolved in a mixture of ethylene
carbonate (EC), ethyl methyl carbonate (EMC), and diethyl carbonate
(DEC) (4:3:3 vol %) as the electrolyte, and Celgard 2400 as the
separator. The assembly of the cell was conducted in an Ar-filled
glovebox followed by an overnight aging treatment before the test.
Electrochemical impedance spectroscopy (EIS) was also carried out on
a CHI 660E (Chenhua Shanghai, China) electrochemical workstation
over the frequency range from 100 kHz to 0.01 Hz. The cycle life and
rate capability of the cells were tested within a voltage window of
0.01−1.5 V (vs Li+/Li) by using a battery-testing system (LAND CT
2001A, Wuhan, China). The electrode based on pure PPy-Fe
coordination complex was investigated between 0.0 and 3.0 V vs
Li+/Li.

■ RESULTS AND DISCUSSION
Schematic illustration of Si@PPy-Fe composite was demon-
strated in Figure 1 with PPy-Fe coordination complex

uniformly coated on the Si nanoparticles. FTIR spectroscopic
analysis of Si, PPy-Fe, and Si@PPy-Fe recorded in the range of
600−4000 cm−1 in Figure 2 was carried out to recognize the

change of the interactions after the combination of Si
nanoparticles and PPy-Fe coordination complex. Peaks at
1380 cm−1 (C−N stretching vibration),26 750 cm−1 (C−O
stretching vibration in epoxide), and 1700 cm−1 (CO the
stretching vibration)28−37 appeared in the FTIR curve of PPy-
Fe, and a peak of Si−O−Si (1160 cm−1)38 in pure Si existed in
the FTIR curve of Si@PPy-Fe. The vast amount of oxygen-
containing functional groups was due to the overoxidation
during the synthesis process of PPy-Fe.29−31 The peak at 3400
and 3200 cm−1 was attributed to the hydrogen-bonded O−H
stretch with different degrees of bond ordering. The peak at
3400 cm−1 was assigned to a water structure with an
intermediate level of hydrogen bonding. The peak at 3200
cm−1 was generally ascribed to the symmetric OH stretching
mode associated with tetrahedrally coordinated water mole-
cules.39 As a result, the enhanced peak at 3200 cm−1 indicated
that the functional groups in the PPy-Fe can potentially bind
with the SiO2 on the Si particle surfaces via hydrogen bonding.
Further composition analysis of the Si@PPy-Fe was carried

out using XPS. In the survey region from 0 to 800 eV (Figure
3a), it was evident that Si, C, O, N, and Fe elements all existed
in the sample, indicating that PPy-Fe molecules were in situ
modified on the surface of Si particles. The high-resolution C 1s
(Figure 3b) was clearly divided into four components at 284.5,
285.3, 286.5, and 288.5 eV corresponding to C−C, C−N, C
N, and CO.40 N 1s (400.4 eV) and −NH+− (401.5 eV)39

peaks further justified the existence of PPy-Fe coordination
complex (Figure 3c). The high-resolution spectrum of O 1s in

Figure 1. Schematic illustration of Si@PPy-Fe composite electrodes.
(Reprinted in part with permission from ref 26. Copyright 2011 Royal
Society of Chemistry.)

Figure 2. FTIR spectra of Si, PPy-Fe, and Si@PPy-Fe.
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Figure 3d showed a curve that can be fit to two peaks with
binding energies at 532.2 and 533.2 eV. The peak at 532.3 was
attributed to hydroxide and/or oxy-hydroxide,40 and the peak at
531.0 eV was assigned to the C−O bond.41 Two characteristic
peaks of Fe 2p1/2 at 710.6 eV and Fe 2p3/2 at 723.7 eV were
observed from signals of the Fe 2p regions42 (Figure 3e).
Figure 3f showed that the Si 2p spectra was divided into two
peaks at the binding energies of around 98.9 eV corresponding
to the overlapped Si 2p3/2 and Si 2p1/2 of Si−Si bonds in
silicon43 and 102.5 eV corresponding to the surface SiOx

component.44,45

To characterize the electrochemical properties of Si@PPy-Fe
composite electrodes, the voltage profiles of the Si@PPy-Fe
electrode based on a 300 mA/g current density was shown in
Figure 4a. The first cycle lithiation potential showed a plateau
profile at 0.1−0.01 V, consistent with the behavior of crystalline
Si,34 and it delivered a very high lithium storage capacity of
4000 mAh/g (on the basis of the weight of Si).3,46 The
following cycles exhibited characteristic voltage plateaus at 0.2
and 0.43 V, respectively, for lithiation and delithiation.47

Additionally, the Coulombic efficiency in the initial cycle was
ordinarily 62% because SEI formation of Si@PPy-Fe consumed
a certain large percentage of the lithium and increased to nearly

100% during the subsequent cycles in large part due to the
formation of a stable SEI on the composite electrode.22 It
should be emphasized that no obvious change in both charge
and discharge profiles was observed even after 50 cycles,
indicating the extraordinarily stable performance of the Si@
PPy-Fe electrodes. For comparison, the cycling performances of
the electrodes based on pure Si and Si@PPy-Fe with different
contents of PPy-Fe (20 wt % for SiP-1, 50 wt % for SiP-2, and
66.7 wt % for SiP-3, respectively) were examined on a 300 mA/
g current density and exhibited in Figure 4b. It can be observed
that the pure Si electrode showed very fast capacity fading and
bore a negligible capacity value (∼240 mAh/g) after 20 cycles
because of the large volume changes with Li insertion and
extraction. Comparatively speaking, with the increase of the
content of PPy-Fe complex, the electrodes showed better
durability. Noticeably, SiP-3 electrode showed good capacity
retention (about 100%) with ∼2000 mAh/g. The capacity of
SiP-1and SiP-2 was significantly improved but with inferior
cycling stability. After first cycle, EIS was conducted (Figure
4c). The inset showed an equivalent circuit model according to
the simulation. In this circuit, RS represented the Ohmic
resistance of the electrode system, including the electrolyte and
the cell components. RCT represented the interfacial charge

Figure 3. (a) Full XPS spectrum and the high-resolution (b) C 1s, (c) N 1s, (d) O 1s, (e) Fe 2p, and (f) Si 2p XPS spectrum of Si@PPy-Fe.
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transfer resistance, which was connected to the semicircle in the
high frequency region. CPE was the double layer capacitance.
ZW represented Warburg impedance, which was described as a
diffusive resistance of the Li ion within the electrode
pores.48−51 The related values for resistance of RS, RCT and
ZW were depicted in Table S1 and corresponded well to the
capacity demonstrated in Figure 4b for pure Si, SiP-1, SiP-2,
and SiP-3, respectively. Figure 4d,e showed the cycling stability
at 1200 mA/g and rate performance at various charge/
discharge current ranging from 300 to 18 000 mA/g of SiP-2.
Notably, the reversible capacity reached 2000 mAh/g after 100
cycles, and when the current rate was finally returned to its
initial current density of 600 and 300 mA/g after a total of 65
cycles, a capacity of 2950 and 3200 mAh/g, respectively, was
still recoverable and sustainable with a little decrease. This was
due to the PPy-Fe coating layers not only promoting the
formation of a stable SEI layer on the Si electrode surface,
enhancing the cycling properties but also increasing electronic
conductivity to enhance rate capability.

To highlight the superior cycling stability of the SiP-3, we
tested the cycle performance of the electrode at a higher
current density of 1200 mA/g (Figure 5a). Apparently, the
discharge capacity was 1575 mAh/g at the 1st cycle and
increased to the maximum value of 2636 mAh/g at the 14th
cycle because of electrochemical activation and side reaction
from electrolyte. After 800 cycles, a capacity of 1500 mAh/g
was retained, consistent with the fundamental insight that high
amounts of inert material improved the cycling stability of Si
powder electrodes provided by Beattie et al.3 The average
columbic efficiency was 99.9% over all cycles. The capacity rise
over the early cycles had been reported to be related with that
combining the cycling kinetics improvement from electro-
chemical activation and side reaction from electrolyte. Indeed,
similar phenomena had been observed in many previous studies
of Si-based anodes.52−55 Figure 5b,c showed the low-
magnification SEM images of morphological changes of pure
Si and Si@PPy-Fe electrodes after 10 cycles. It can be obviously
observed that the repeated lithium reactions over dozens of
cycles led to catastrophic particle pulverization and electrode

Figure 4. (a) Voltage profiles plotted for the 1st, 2nd, 10th, 20th, and 50th cycles of the SiP-2 electrode at a current density of 300 mA/g. (b)
Charge/discharge capacities of pure Si SiP-1, SiP-2, and SiP-3 at a current density of 300 mA/g for 50 cycles. (c) Nyquist plots of coin cells based on
SiP-1, SiP-2, SiP-3, and pure Si over the frequency range from 100 kHz to 0.01 Hz. The inset shows an equivalent circuit model. (d) Cycling
performance of SiP-2 for 100 cycles at 1200 mA/g. (e) Charge/discharge capacity of the SiP-2 electrode at various rates for 75 cycles. All the specific
capacities and current density were reported on the basis of the weight of Si.
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expansion as shown in Figure 5b. However, the electrode
composed of Si@PPy-Fe after 10 cycles exhibited no fractured
structure because of the conformal modifying of PPy-Fe
molecules on Si nanoparticles surface (Figure 5c). The high-
magnification SEM image (Figure 5d) showed that the Si
nanoparticles appeared to be encapsulated by a conformal PPy-
Fe coating, which was further justified in the TEM images
(Figure 5e). The superior electrochemical performance of the
Si@PPy-Fe composite electrodes can be attributed to the
advantageous features offered by the unique hierarchical
microstructure. To explain further the superiority of the Si@
PPy-Fe for lithium storage material, the electrochemical
performance of the electrode based on pure PPy-Fe
coordination complex was investigated. The discharge/charge
voltage profiles (Figure 6a) after 100 cycles and the cycling
performance in Figure 6b both demonstrated excellent stability
of PPy-Fe coordination complex. However, the initial
Coulombic efficiency of PPy-Fe electrode was only ∼20%.
To justify the great contribution of the material for improving
the property of silicon-based materials, the performance of Si@
PPy-Fe was compared with some recent publications as shown
in Table 1, further indicating that after in situ core−shell-
coating commercial Si nanoparticles with PPy-Fe, the special
structure of PPy-Fe as organometallic coordination complex
helped improve the electron conductivity and cycling perform-
ance of Si material.

■ CONCLUSIONS

A novel and facile approach was developed to fabricate a
promising silicon-based anode material by in situ core−shell-
coating commercial Si powders with PPy-Fe coordination
complex for LIBs. The incorporation of polypyrrole-Fe
molecules resulted in the conformal conductive coating
surrounding each Si nanoparticle (i) buffering the tension
produced by volume expansion, (ii) providing good electrical
connection to the particles, and (iii) promoting the formation
of a stable SEI layer on the Si electrode surface, enhancing the
cycling properties. The modified silicon powders exhibited high
reversible specific capacity (3567 mAh/g at 0.3 A/g), good rate
property (549.12 mAh/g at 12 A/g), and extremely excellent
cycling stability (reversible capacity of 1500 mAh/g after 800
cycles at 1.2 A/g). Our results showed that this high-
performance Si@PPy-Fe composite electrode was feasible to
be scaled up for manufacturing the next generation of high-
energy Li-ion batteries. Furthermore, this novel in situ and
high-yield strategy through synthesizing organic coordination
complex can also be extended to build a variety of other
interesting materials for important applications in high-
performance LIBs, supercapacitors, adsorbents, catalysts, and
sensors in many scientific disciplines.

Figure 5. (a) Charge/discharge capacities and the efficiency of the SiP-3 electrode at current density of 1200 mA/g for 800 cycles. The specific
capacities and current density were reported on the basis of the weight of Si. Low-magnification SEM images of (b) pure Si electrode and (c) Si@
PPy-Fe electrode after 10 cycles. (The white arrows in b indicate cracks due to electrode expansion.) (d) High-magnification SEM image of Si@PPy-
Fe electrode after 10 cycles. (e) TEM image showing that the Si nanoparticles (red arrow) were coated with a uniform PPy-Fe layer (green arrow).
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