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boosting the electrochemical performance of
Si-based anodes for lithium ion batteries†
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and Zhongwei Chen *

Flexible and conductive carbon networks have beenwidely employed to overcome the stability degradation

of highly sought-after Si-based anodes for Li-ion batteries (LIBs). However, little attention has been paid to

the contact intimacy of such a network. In this contribution, we designed a polymer blend of

polyvinylpyrrolidone (PVP) and polyacrylonitrile (PAN) which was self-assembled onto the surface of

silicon nanoparticles (SiNPs) allowing for the generation of a very intimate coating of a silicon dioxide

and nitrogen-rich carbon shell upon sluggish heat treatment. This methodology capitalizes on the

surface interaction of PVP with SiNPs to provide a sturdy nanoarchitecture. The addition of PVP improves

the stability and adhesion of PAN to the carbon-based matrix which surrounds the silicon particles

leading to enhanced stability. In addition to being a very scalable fabrication process, our novel blend of

PVP and PAN allowed for an electrode with high reversibility. When compared with a standard electrode

Si/PVDF framework, this material demonstrated a significantly superior 1st discharge capacity of

2736 mA h g�1, high coulombic efficiency, and excellent cycling stability for 600 cycles at a high rate of

3 A g�1.
Introduction

In recent years, the intensication of climate change has led to
an increasing level of interest in the improvement of green-
renewable energy systems to replace fossil fuels.1 Energy
storage devices used to buffer the intermittent nature of solar
and wind energy have become one of the key limiting factors.
Compared with other energy storage technologies, rechargeable
Li-ion batteries are commonly implemented in different appli-
cations such as mobile devices, electric vehicles (EVs), hybrid
electric vehicles (HEVs), and medical microelectronic devices
due to their high specic and volumetric energy densities as
well as their lower production costs.1–8 However, current LIBs
are reaching their theoretical limits and can no longer be
further improved/optimized, prompting researchers to look for
next-generation technologies. Fabrication of such a battery
technology with low-cost electrode materials and high-energy
density can lead to signicant improvements in the perfor-
mance and lifetimes of products that use LIBs, effectively
combating against climate change.9–11
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Among the many candidates for anode materials for high-
energy density LIBs, silicon (Si) has shown great promise as
a next generation negative electrode for LIBs due to its natural
abundance, relatively low working potential (0.5 V vs. Li/Li+),
low toxicity, safety, and environmental friendliness. Moreover,
compared to the graphite anode materials of commercial LIBs,
Si has a high theoretical specic capacity reaching
4200 mA h g�1 (Li4.4Si) when fully lithiated representing a ten-
fold increase in potential capacity.9,12–14 For these reasons,
many researchers have been intensively studying Si as an anode
material in the last few years. However, Si experiences an
excessive volume expansion (>300%) which leads to poor
cycling stability, rapid capacity loss and overall degradation of
electrochemical performance due to the severe cracks and fast
pulverization of the active material.12,14–19 Additionally, the
continuous volume expansion (lithiation) and contraction
(delithiation) result in the detrimental continuous formation of
a solid electrolyte interphase (SEI) layer on the Si particle
surface by a side reaction between the electrolyte and exposed
lithiated Si. This phenomenon leads to an unstable SEI, short
cycle life, and large irreversible capacities during cycling.18–21

In addition, Si suffers from low electrical conductivity compared
to graphite, and the diffusion coefficient of Li in Si is low
(�10�13 cm2 s�1).22

Recent work in the development of a Si anode for LIBs has
focused on the incorporation of a exible/breathable conductive
support for Si particles of some form with varying degrees of
J. Mater. Chem. A, 2017, 5, 24159–24167 | 24159
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success.23 However, the lack of an intimate contact between the
conductive support and Si particles limits the potential of such
a concept. Moreover, complicated synthesis techniques signif-
icantly reduce any commercial viability of such concepts. In this
work, we implement the extremely scalable sluggish heat
treatment (SHT)24 on an electrode composed of a rational blend
of commercially available polymers: PVP and PAN in addition to
SiNPs. The interaction between PVP and the hydroxy groups of
Si allows for extremely intimate contact between the conductive
support and SiNPs, as well as, the formation of a thin layer of
SiO2 over the surface of SiNPs. In combination with the large
PAN derived N-rich graphene sheets this electrode was able to
deliver high capacity with excellent coulombic efficiency and
cycling stability.
Experimental section
Fabrication of composite electrodes

SiNPs with an average diameter of 50 to 60 nm were bought
from Nanostructured & Amorphous Materials, Inc. (Houston,
TX), and we fabricated the electrodes for LIB testing. Typically,
about 20% of PVP (MW ¼ �1300 000, Sigma-Aldrich Co) was
used as a binder, which was dissolved in deionized distilled
water (DDI) at room temperature for about 20 minutes. Then,
80% of SiNPs were added to the PVP solution and mixed by
stirring and ultrasonication for about 90 minutes to achieve
a homogeneous dispersion and freeze-dried. For working elec-
trodes, the slurry contained 78% of Si/PVP composite, 20% of
PAN solution (MW ¼ 150.000, Sigma-Aldrich Co, dissolved in
DMF at 5 wt% PAN) and 2% of graphene oxide (GO) that was
used as an oxidizing agent. GO was synthesized by a modied
Hummer's method.25 The mixture was mixed under magnetic
stirring and ultrasonication at room temperature for
30 minutes to achieve a homogeneous slurry of the electrode
components. The slurry was coated on a copper foil current
Fig. 1 Schematic showing the fabrication procedure of the electrode a
a breathable shell; (a) synthesis of the electrode from SiNPs, PVP, PAN, a
electrode after SHT.

24160 | J. Mater. Chem. A, 2017, 5, 24159–24167
collector by doctor-blading and dried in a convection oven at
80 �C for 1 hour, followed by drying in a vacuum oven at 85 �C
overnight. Electrodes were cut into circular discs of 1.2 cm
diameter and the Si mass loading was typically 0.2–
1.3 mg cm�2. The electrodes were exposed to the SHT process
using a quartz tube at two different temperatures, 450 or 750 �C,
by slowly heating in an argon atmosphere and holding for
10 minutes, followed by cooling (Fig. 1). This treatment tech-
nique could create coherent shells that stabilized the SEI and
improved the conductivity of the electrode materials by partially
carbonizing the PAN binder leading to a exible shell providing
exibility and porosity.24 The optical images of the electrode
before and aer SHT with a change in the electrode color from
brown to black are shown in ESI Fig. S1.† Coin-type half cells
(2032 type) with lithium foil (Aldrich, USA) used as a counter
electrode were fabricated in an Ar-lled glove box (MBRAUN 10,
USA) in an argon atmosphere with water and oxygen content
both under 0.5 ppm. The electrolyte was composed of LiPF6
(1 M) in 30 wt% ethylene carbonate (EC), 60 wt% dimethyl
carbonate (DMC), and 10 wt% uorinated ethylene carbonate
(FEC). A polypropylene separator was used to separate
the positive and negative electrodes. Each coin cell contained
�40 ml of the electrolyte.
Materials characterization

The morphological features of the electrode materials were
imaged using transmission electron microscopy (JEOL 2010F
TEM/STEM eld emission microscope, located at the Canadian
Center for Electron Microscopy (CCEM) at McMaster University,
Hamilton, Ontario-Canada). The samples were prepared by
gently scratching some materials from the surface electrode
coating and then dispersing the materials in pure methanol and
drop-casting onto the TEM grid. A scanning electron microscope
(ZEISS ULTRA PLUS SEM) was used to investigate the
morphology of the electrode materials. X-ray photoelectron
nd SHT process. Copolymer blend shielding each SiNP and creating
nd GO before coating on the Cu foil, (b) electrode before SHT, and (c)

This journal is © The Royal Society of Chemistry 2017
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spectroscopy (XPS) using a PHI Quantera XPS spectrometer
located at the Ontario Center for Characterization of Advanced
Materials at University of Toronto was conducted to analyze the
chemical composition of the electrode materials. Raman scat-
tering spectra were recorded on a Bruker Senterra system
(532 nm laser). Thermogravimetric analysis (TGA) was completed
using a TGA Q500 under air in a temperature range of 30 to
800 �C and at a ramp rate of 10 �C min�1. Differential scanning
calorimetry (DSC) analysis was performed with an American TA
SDT Q600 at a heating rate of 10 �C min�1 under a nitrogen
atmosphere and in the temperature range of 30 to 400 �C.
Results and discussion

Electrode fabrication and design are schematically shown in
Fig. 1. To achieve an intimate contact between the carbon shell
Fig. 2 (a) HAADF-STEM image of a few Si particles intimately wrapped
schematic of the PVP coated Si particle, (b–b2) TEM images of the Si/PV
images of the Si/PVP/PAN electrode treated at 450 �C, and (d–d2) TEM
magnifications from low to high.

This journal is © The Royal Society of Chemistry 2017
and the SiNPs, it is crucial to ensure the intimate mixing and
coverage of the carbon precursor with the SiNPs. Although PAN
has been shown to be easily converted into a highly conductive
graphene-like conductive support, the relatively lower dielectric
constant of its solvent (N,N-dimethylformamide, DMF) and
subsequently its thin electrical double layer cannot achieve the
same SiNP suspension homogeneity when compared to water.
By dispersing the SiNPs in water with PVP, an extremely stable
suspension is obtained with PVP self-assembled into an inti-
mate shell around the Si particles, interacting with the Si's
natural hydroxy groups. Aer freeze drying and homogenizing
with a PAN solution in DMF and a small portion of GO, the
slurry was cast onto a copper foil and dried. Then, the electrodes
were inserted into the smaller tube and heated by thermal
treatment (SHT)24 at temperatures of 450 �C and 750 �C (Fig. 1).
The SHT induces a chemical modication in the intimately
by PVP, (a1) HRTEM image of a few Si particles coated by PVP, (a2)
P/PAN electrode before SHT with different magnifications, (c–c2) TEM
images of the Si/PVP/PAN electrode treated at 750 �C with different

J. Mater. Chem. A, 2017, 5, 24159–24167 | 24161
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wrapped PVP/PAN polymer blend and transforms it into
coherent, exible and conductive shells nesting the SiNP inside.

The morphology of the electrode materials at different stages
was analyzed by HRTEM. Fig. 2(a and a1) reveal a thin layer over
the Si particles, indicating that our envisioned intimate wrap-
ping of PVP over Si particles was successful aer freeze drying as
schematically shown in Fig. 2(a2). In addition, SEM images
show the morphology of Si/PVP aer freeze drying which reveals
that Si particles are embedded in the matrix of the PVP polymer,
and self-assembled in a leaf-like morphology (Fig. S2†). Aer
mixing with PAN, the composite (Fig. 2(b–b2)) shows little
change in the morphology. However, upon closer investigation,
it was found that the new composite possesses a thicker shell of
�3 nm (Fig. 2(b2)) indicating the proper assembly of PAN over
PVP/SiNP. The TEM images of the electrode aer SHT at 450 �C
are shown in Fig. 2(c–c2) and the TEM images of the electrode
aer being treated at 750 �C are shown in Fig. 2(d–d2).
Surprisingly, little morphological difference is found between
the electrodes with or without heat treatment indicating that
the as-designed structure is maintained aer heat treatment at
both 450 �C and 750 �C. Moreover, a thicker coating (�4 nm) as
shown in Fig. 2(d2) was found on the surface of all SiNPs aer
Fig. 3 (a) Higher magnification HAADF-STEM image of a few Si particles b
the area selected in the image (a), (b) HAADF-STEM image of the electrod
C, and O of the image (b), (c) HAADF-STEM image of Si particles treated at
marked in the image (c), (d) EELS elemental mapping of Si (red), C (green),
in the image (c), (e) high-resolution XPS of Si 2p spectra of the electrode
particle with the surrounding layers of SiO2 and N-doped graphene.

24162 | J. Mater. Chem. A, 2017, 5, 24159–24167
heat treatment at 750 �C when compared to the only �3 nm
coating of the 450 �C sample which we believe is a result of more
SiO2. The high magnication TEM conrms that the lattice
fringe spacing of 0.31 nm corresponded to the (111) Si planes
aer SHT at 750 �C as shown in Fig. 2(d1).

Energy dispersive spectroscopy (EDS) elemental mapping
was performed on the electrodes under all conditions. Fig. 3(a–
a3) reveal that, without heat treatment, the carbon and oxygen
distribution is not well dened with respect to the Si mapping
for the area marked in Fig. 3a. However, when the sample is
treated at 450 �C (Fig. 3b) and 750 �C (Fig. 3c), the distribution
of both carbon (Fig. 3(b2) and (c2)) and oxygen (Fig. 3(b3) and
(c3)) appears to be abundant in places where there is no Si
(Fig. 3(b1) and (c1)). Furthermore, when the 750 �C heat treated
sample is mapped with electron energy loss spectroscopy
(EELS), a very clear concentration of both carbon (Fig. 3(d2))
and oxygen (Fig. 3(d3)) signals can be found at the edge of the Si
particles for the area marked in Fig. 3c. This indicates that Si
particles have a double coating of amorphous carbon and
possibly an oxygen rich, thin Si lm. Moreover, X-ray photo-
electron spectroscopy (XPS) of Si 2p (Fig. 3e) reveals that the Si
in the sample treated at 750 �C is signicantly more oxidized
efore SHT, (a1–a3) corresponding elemental mapping of Si, C and O of
e surface treated at 450 �C, (b1–b3) corresponding EDS mapping of Si,
750 �C, (c1–c3) corresponding EDSmapping of Si, C, and O of the area
and O (blue), (d1–d3) elemental mapping by EELS for the area selected
materials before and after SHT, and (f) a schematic showing the core Si

This journal is © The Royal Society of Chemistry 2017
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with a stronger peak at the higher binding energy levels
compared to the untreated and 450 �C heat treated sample. The
combination of a carbon and a SiO2 shell around the Si particles
as illustrated in Fig. 3f will mitigate the negative effects of Si
pulverization during cycling leading to improved cycling
stability.26

The role of the addition of PVP was investigated by the
thermogravimetric analysis (TGA) plots shown in Fig. 4a.
Samples with and without PVP were analyzed with a TGA
program that emulated the electrode treatment conditions that
we applied, where the samples were ramped to either 450 �C or
750 �C and held at these temperatures for 1 hour. At 450 �C, no
increase in mass is observed, whereas at a heat treatment
temperature of 750 �C, a mass increase is clearly present. The
mass increases corroborate well our previous speculation of
SiO2 coating around Si from the XPS and TEM results and
suggest that the formation of signicant amounts of SiO2 did
indeed occur. More importantly, without PVP, the increase in
mass occurs at a higher temperature (�750 �C) and with
a signicantly lower magnitude of increase compared to the
sample with PVP. This analysis clearly demonstrates that PVP is
able to act as an oxidizing agent for Si and accelerate the partial
oxidation process of Si to SiO2. However, DSC results (Fig. 4b)
indicate that PVP has a melting point around 100 �C which is
much lower than 450 �C. We theorize that this apparent
contradiction can be explained by the residual PVP's oxygen
Fig. 4 (a) TGA of the electrode materials with and without PVP in air, (b) D
of the electrode materials before and after SHT, (d) Raman mapping of
materials before and after SHT: (e) C 1s and (f) N 1s, and (g) schematic o

This journal is © The Royal Society of Chemistry 2017
groups that were not removed at 100 �C and were able to be
consumed by Si at around 700 �C. As expected, pure PAN did not
have any endothermic peak, but showed a sharp exothermic
peak at 300 �C corresponding to the cyclization of PAN nitrile
groups by a free radical reaction27–30 which was associated with
the initial weight loss of pure PAN at the same temperature of
TGA of pure PAN in air (Fig. S3†). However, pure PVP did not
have any exothermic peak but showed a melting peak at 100 �C
(ref. 31) and what appears to be another endothermic peak
starting at �380 �C,28 which corresponds to the TGA weight loss
(Fig. S3†). Aer incorporating PAN into the electrode materials,
the DSC results show some changes in endothermic peaks with
the samples. Samples with PAN and PVP displayed clear
exothermic peaks in the range from 297 to 302 �C due to the free
radical cyclization reaction of the nitrile group (C^N) present
in the structure of PAN.27,29,30 Interestingly, the endothermic
peaks of the samples with both PVP and PAN are delayed to
a higher temperature. This is mostly because PVP is miscible
with the PAN polymer and a result of hydrogen bonding inter-
actions between the proton acceptor of PVP and a-hydrogens of
PAN.32,33 This is clearly demonstrated by the carbon layer in
TEM images aer adding PAN to the electrode materials as
shown in Fig. 2(b2) with no phase separation appearing. From
the DSC curve, it is clear that the cyclization peak of PVP/PAN is
much broader than that of pure PAN which is in alignment with
previous studies.34
SC analysis of the electrode materials in nitrogen, (c) Raman spectrum
the fwhm of the Si peak, high-resolution XPS spectra of the electrode
f the cyclization mechanism for PAN.

J. Mater. Chem. A, 2017, 5, 24159–24167 | 24163
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Raman spectroscopy was performed on electrodes before
and aer SHT to identify the chemical structure of the electrode
materials (Fig. 4c). A clear difference between the samples can
be recognized. The characteristic carbon peaks appeared at
1342 and 1576 cm�1 aer SHT, which match well with the ‘D’
and ‘G’ bands, respectively, with an ID/IG ratio of 0.85. As ex-
pected, the D and G band intensities increase with increasing
temperature, indicating a higher degree of carbonization. This
graphitized carbon is related to the cyclization of PAN during
SHT.24 Interestingly, the Si peak was found to be shied towards
a smaller wave number which stems from the surface stresses
induced by the formation of a shell of SiO2 and the carbon
materials.24,35,36 Two small peaks at 290 and 930 cm�1 were also
found which we believe are associated with Si–O–Si bonding
and Si–OH stretching on the Si surface, respectively.24,26,35,37

Raman mapping of the full-width at half maximum of a specic
area shows these stresses of the Si peak aer SHT in Fig. 4d.
Furthermore, the high-resolution XPS binding energy spectra of
carbon C 1s (Fig. 4e) reveal a peak (1) located at 285.3 eV
(associated with the presence of the sp3 carbon bond) prior to
heat treatment.24,38 Aer SHT at both temperatures, this peak
shied slightly towards a lower binding energy (284.9 eV) which
is due to the sp2 hybridization of PAN into a graphitic type
carbon.24,38–43 On the other hand, the peak (2) centered at
286.5 eV may be attributed to the carbon atoms bonded to
nitrogen in C–N bonds.44 With temperature increasing, this
peak decreases which reveals a signicant transformation of the
polymer structure. Peaks (3–5) centered in the range of 287.5 to
289 eV are attributed to oxygenated carbon in the polymer
matrix.45–49 The high-resolution N 1s spectra (Fig. 4f) were
divided into main three components of nitrogen differentiated
by their binding energies at 398.7, 400, and 401.3 eV which are
associated with the pyridinic-N, pyrrolic-N, and graphitic-N
forms of nitrogen, respectively.50,51 The relative content of the
pyridinic-N and graphitic-N structures likely increased during
the heat treatment due to the relative thermal stability of each
form. However, the existence of the nitrogen group aer high
temperature (750 �C) heat treatment allows for nitrogen groups
to act as electronegative sites for electrostatically hindering any
migration of SiNP during cycling. These results are in good
alignment with the cyclization mechanism of PAN and its
transformation into a N-rich graphene-like structure (Fig. 4g).

To illustrate charge storage performance, the coin cells that
were made with treated electrodes were characterized by cyclic
voltammetry (CV) in Fig. 5a. The CV curve of the electrode
treated at 750 �C reveals the activation process of the electrode
for ve cycles within the voltage window of 0.01 V and 1.10 V at
a scan rate of 0.05 mV s�1. The CV curve of the rst cycle (black
line) is apparently dissimilar to the following cycles. Two
oxidation peaks are observed at 0.53 and 0.38 V (versus Li+/Li)
during charging, which indicates the lithium extraction process
in Si.24 During discharge, the peak at 0.2 V starts at the second
cycle, which is absent in the rst cycle, which suggests the
transformation from crystalline Si to amorphous phase LixSi.8,24

With cycling, all peaks become stronger and sharper, which is
a common property for the transition from crystalline Si to
amorphous Si due to lithiation/delithiation.12,26,52 Both treated
24164 | J. Mater. Chem. A, 2017, 5, 24159–24167
electrodes show almost similar CV proles with stronger peaks
for the electrode treated at 450 �C as shown in Fig. S4.† The
electrochemical performances of the treated electrodes were
tested using galvanostatic cycling at room temperature with
lithium metal as the counter electrode. In all the electro-
chemical tests, the potential range was set to 0.01–1.10 V (versus
Li+/Li). Fig. 5b displays the discharge/charge cycling behavior of
the electrodes treated at 450 and 750 �C tested at a low current
rate of 0.1 A g�1 for the rst ve cycles before shiing to the
current of 0.5 A g�1 for 70 cycles. At 0.1 A g�1, the electrodes
treated at 450 and 750 �C delivered initial charges of 3128 and
2476 mA h g�1, which correspond to a respective coulombic
efficiency of 82% and 80%, respectively. Aer the second cycle,
the coulombic efficiency rapidly increases up to �98% and
remains stable for 70 cycles. The capacity retention of the
electrodes treated at 750 �C was found to be superior to that of
the 450 �C treated electrodes, which demonstrates the impor-
tance of our designed layer of SiO2. In addition, we investigated
the rate capability of Si electrodes treated at 450 and 750 �C at
different current rates from 0.1 to 4 A g�1 as shown in Fig. 5c
with corresponding galvanostatic charge/discharge proles
showing a capacity dependence on cycle numbers (Fig. S5†).
Both electrodes have an excellent rate capability even at a high
current rate of 4 A g�1. They were cycled at a rate of 0.1 A g�1 for
ve cycles followed by measuring their rate capability at
different current densities. The electrode treated at 450 �C
displayed highly stable reversible capacities of about 3096,
2836, 2633 and 2270 mA h g�1 at current rates of 1, 2, 3 and
4 A g�1, respectively. Moreover, a voltage plateau in the
discharge/charge curves was also observed even at a high
current density of 4 A g�1, and then the electrode was able to
recover back to 2723 mA h g�1 at a current density of 2 A g�1. In
contrast, the electrode treated at 750 �C also displayed a good
rate capability but lower capacities due to our designed partial
conversion of Si into SiO2.

This drastic stability and capacity difference between the
450 �C and 750 �C treated samples indicates the signicance of
the surface oxidation of Si into SiO2 through the incorporation
of an intimate layer of oxygen containing PVP. The decrease in
the capacity of the 750 �C sample is most likely due to the
previously mentioned oxidized Si (i.e. SiO2). As shown in Fig. 5d,
the impedance of the sample treated at 450 �C has a relatively
higher charge transfer resistance (estimated from the diameter
of the semicircle) than that of the sample treated at 750 �C
which suggests that the difference in capacity is independent of
the impedance of these cells. Since the 450 �C cell possessed
a high impedance, this suggests that the difference in specic
capacity is truly due to the transformation of Si into SiO2.
Additionally, it is worth noting that the charge transfer resis-
tance of the nontreated Si/PVP/PAN and the traditional SiNP
(60%), PVDF (20%), and Super P (20%) electrodes without SHT
was signicantly higher than those of our modied electrodes
and illustrates the main advantage of SHT on electrodes.

We also further compared the cycling behavior of the Si/PVP/
PAN electrode treated at 450 and 750 �C to that of the SiNP/
PVDF/Super P electrode as shown in Fig. 5e. The reference
electrode SiNP/PVDF/Super P demonstrated a lithiation capacity
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ta08369f


Fig. 5 Electrochemical characterizations of the Si electrodes: (a) CV curve for a coin cell treated at 750 �C and measured at a scan rate of
0.05 mV s�1 between 0.01 and 1.10 V (vs. Li+/Li), (b) cycling stability of the electrodes treated at 450 and 750 �C at 0.1 A g�1 and 0.5 A g�1, (c) rate
capability of the electrodes treated at 450 and 750 �C, (d) Nyquist plots for the electrochemical impedance measurements after 50 cycles of
Si/PVP/PAN treated at 450 and 750 �C, in comparison with non-treated Si/PVP/PAN and Si/PVDF/Super P electrodes, (e) cycling behavior of the
Si/PVP/PAN treated at 450 and 750 �C at 0.1 A g�1 for the first five cycles and 2 A g�1 for the following cycles with Si/PVDF/Super P, and (f)
long-term cycling stability of Si/PVP/PAN treated at 750 �C and cycled at 0.1 A g�1 for five cycles followed by 3 A g�1 for another 600 cycles, and
the inset figure is for other electrodes treated at 750 �C and tested at 1 and 2 A g�1.
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of 3004 mA h g�1 in the initial cycle at 0.1 A g�1 and showed
a poor cycling performance due to fast capacity decay to almost
zero capacity at a current of 2 A g�1 (green line). This fast decay
is associated with the fracturing of the Si layer caused by
expansion of Si particles during repeated cycling. Although the
electrode treated at 450 �C exhibits a better cycling performance
than the reference electrode, it still shows a capacity loss from
an initial reversible capacity of 2746 mA h g�1 fading to
1781 mA h g�1 at 2 A g�1 aer 200 cycles with 99.8% of
coulombic efficiency and with a capacity retention of 65%. Once
again, the electrode treated at 750 �C exhibited excellent cycling
stability at 2 A g�1 for 200 cycles aer rst ve cycles at a low
current rate of 0.1 A g�1 with a capacity retention of 85% while
possessing a relatively lower capacity compared to the 450 �C
sample. Both treated electrodes exhibited almost similar
coulombic efficiency (99.8%) up to 200 cycles at a current of
2 A g�1.

Furthermore, Fig. 5f shows the long-term cycling perfor-
mance and coulombic efficiency of the other electrode treated at
750 �C and cycled at a high current rate of 3 A g�1 for 600 cycles
This journal is © The Royal Society of Chemistry 2017
aer an activation process at 0.1 A g�1 for ve cycles. As
observed, the treated Si electrode shows initial charge and
discharge capacities of 2209 and 2736 mA h g�1, respectively
with a coulombic efficiency of 80% in the rst cycle. This
improvement of the lithium storage properties of the electrode
treated at 750 �C is mainly related to the formation of the SiO2

lm on the Si particle surface. The SiO2 lm coating can provide
a mechanically strong structural coating over the Si particles,
while the lithium ions are still allowed to cross through during
the lithiation processes. To further conrm the effect of PVP,
the battery performance of the electrode without PVP was tested
(ESI Fig. S6†). It is evident that without the incorporation of
PVP, the Si/PAN electrode had a signicantly poorer perfor-
mance with severe cycle decay. This, in combination with the
drastic differences in cycling performance between the 450 and
750 �C electrodes, provides strong evidence that the blend of
PVP with PAN as a carbon precursor plays a crucial role in
improving the electrochemical performance of the Si electrode.
The charge/discharge cycle performance of battery cells with
high silicon loading is presented in Fig. S7.† The result reveals
J. Mater. Chem. A, 2017, 5, 24159–24167 | 24165
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a high areal capacity of �3 mA h cm�2 for the cell cycled at
0.5 A g�1, and it is still maintained at around 1 mA h cm�2 at
a higher rate of 6 A g�1. The result indicates a promising avenue
for high energy lithium ion batteries.

Fig. 6a and b show HAADF-STEM images with the corre-
sponding EELS mapping for the Si, C, and O elements before
and aer 600 cycles, respectively. Before cycling, a clear
concentration of O and C signals is found surrounding the Si
particles. Aer cycling, the coating of O and C appeared to have
disappeared which is to be expected aer extended cycling.
However, no aggregation of Si was found, and the scattered
amorphized SiNPs are still hosted in the nitrogenized carbon
framework. The SiNPs are still uniformly hosted in a cage of
nitrogenated carbon aer polymer carbonization. This suggests
the strategy at which the electrode keeps cycling with minimal
Fig. 6 Characterization of the electrode material before and after
cycling for 600 cycles. (a) High-angle annular dark field scanning
transmission electron micrograph (HAADF-STEM) of the electrode
before cycling with the corresponding elemental mapping of Si, C, N,
and O by EELS for the area marked in image (a), and (b) HAADF-STEM
image of the electrode after cycling with the corresponding elemental
(oxygen, carbon, and silicon) mapping by EELS for the area marked in
the image (b).

24166 | J. Mater. Chem. A, 2017, 5, 24159–24167
loss in capacity. The EDS mapping aer cycling of the same
electrode treated at 750 �C is shown in ESI Fig. S8.† It is
substantial to conrm that EELS and EDS mapping supply the
elemental scale resolution to describe the distribution of
elements everywhere in the electrode.
Conclusions

In summary, a high-performance Si anode was synthesized in
this work by adopting a PVP/PAN polymer blend followed by
a facile and economical slow heat treatment process. Different
characteristics of the samples with and without PVP elucidated
the interesting mechanism of the formation of the coatings on
Si. The self-assembled PVP shell around the Si allowed for an
amplied oxidation of Si, producing a robust SiO2 shell while
the decomposition of PAN introduced a nitrogen-rich carbon
coating over the SiO2. When combined with a conductive gra-
phene network, this material was able to deliver excellent
cycling stability with a cycle retention of 60% over 600 cycles at
a higher current density of 3 A g�1 as well as good rate
capability.
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