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ABSTRACT: A novel, economical flash heat treatment of the
fabricated silicon based electrodes is introduced to boost the
performance and cycle capability of Li-ion batteries. The
treatment reveals a high mass fraction of Si, improved
interfacial contact, synergistic SiO2/C coating, and a
conductive cellular network for improved conductivity, as
well as flexibility for stress compensation. The enhanced
electrodes achieve a first cycle efficiency of ∼84% and a
maximum charge capacity of 3525 mA h g−1, almost 84% of
silicon’s theoretical maximum. Further, a stable reversible
charge capacity of 1150 mA h g−1 at 1.2 A g−1 can be achieved
over 500 cycles. Thus, the flash heat treatment method introduces a promising avenue for the production of industrially viable,
next-generation Li-ion batteries.
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The pursuit of high performance lithium-ion battery (LIB)
materials is critical for applications including electric

vehicles, consumer electronics, and the storage of renewable
energy. This requires a new generation of electrode materials
with higher energy density and long cycle life, without
compromising low production costs, safety, or the scalability
necessary for commercial deployment.1−5 Silicon (Si) has
emerged as a strong candidate to replace graphite as the anode
material in commercial LIB design.6 Its appeal arises from a
high theoretical storage capacity of ∼4200 mA h g−1, natural
abundance and low cost, and low working potential 0−0.4 V vs
Li/Li+.7,8 However, the extreme volume change (∼400%)
experienced during lithiation/delithiation results in pulveriza-
tion of the silicon and loss of the electrical connection, leading
to rapid capacity loss.9−12 In addition, the solid electrolyte
interphase (SEI) layer on the Si surface, which has to bear the
same volume expansion and contraction, will also crack,
fracture, or delaminate from the Si, leading to low Columbic
efficiency.6

To inhibit expansion and overcome this limitation, one of the
most attractive strategies is to tailor the nanostructure and
buffer the mechanical strain by preparing Si/C composites,
dispersing silicon particles within or coating them with a porous
carbon.12−17 These techniques intend to improve cycle stability
of Si, minimize direct exposure of Si to electrolyte to improve
current efficiency, and enhance the electrical connection
between Si and C. In a different strategy, Si-based electrodes
can be directly prepared by the inclusion of commercial Si
nanoparticles mixed into a functional polymer binding

matrix.18−23 In addition, the covalent linkages between the
binder and the SiO2 surface layer on the Si particles can
mitigate the mechanical damage caused by severe volume
change, while providing an elastic network that extends
throughout the entire electrode and maintains the electrodes’
integrity. However, these techniques are sensitive to: the
dispersion quality of the active materials, a physically bonded
Si−C interface that becomes ineffective after cycling, and the
high inactive carbon/binder content required to achieve stable
capacity.24−27

Progressively, higher performance and more durable
configurations have been achieved by utilizing sophisticated
methodologies to produce Si and Si@carbon core−shell
nanowires,28−33 as well as porous composite structures coated
with Si nanoparticles.34−36 However, most of these reports
utilize SiH4, an expensive and extremely hazardous gas, and
delicate multistep treatments of synthesized nanostructured
silicon. Controlled growth of SiO2 coatings on these materials
have also been shown to significantly decrease volume
expansion, improving capacity retention during cycling when
the coating was optimized to between 2 and 10 nm.37,38 For
comparison, a recent report by Wang et al. reveals nanowire
performance retaining 1100 mA h g−1 after 1000 cycles.39 This
is in agreement with previous investigation onto the carbon
coating of Si particles, prior to cell assembly, which suggests the
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main advantage of PVDF is the localized reaction between HF
leached during carbonization and SiO2, thereby controlling
layer thickness.40−42

In this present work, we present a safe, economical, and short
duration strategy for post-treatment of Si electrodes made with
commercially available Si nanaoparticles (Si-NP) to achieve
high-performance. The single-step flash heat treatment (FHT)
process, which simultaneously engineered the electrode matrix
and the surface architecture of Si, is compatible with continuous
roll-to-roll electrode processing. To our knowledge, this is the
first time that the direct engineering of the electrode structure
by the rapid post-treatment of commercial Si particles has been
reported to be successful. Specifically, the benefits of the FHT
postprocess include: (1) the creation of a SiO2/C shell around
the Si-NP which restricts volume expansion and stabilizes the
SEI layer; (2) the carbonized binder generates a dense cellular
network throughout the entire electrode, interconnecting the Si
particles, boosting the electrical conductivity, and attributing to
the enhanced electrode integrity; and (3) manipulation of the
copper current collector to catalyze graphene growth, resulting
in a strong interfacial contact mechanically and electrically. In
addition, all of the binders were converted into graphitic
carbon, which should give the electrode much better durability
in the electrochemical environment. Also, the dispersion of Si
powder in the binder before the FHT treatment would be
much better since no conductive additive is needed. All of those
synergetic functions contribute to the significantly improved
performance in terms of cycle stability and rate capability (500
cycles, retaining capacity of 1150 mA h g−1 at a high discharge
rate of 1.2 A g−1).
Figure 1 illustrates FHT of the as-prepared Si-NP/PVDF

(60/40 wt %) electrode on copper foil, in addition to the

impact on electrode structure. The FHT process is detailed
within the Experimental Section and briefly involves moving
the electrodes through a high temperature furnace purged with
a mixture of Ar(g) and H2(g), at a constant rate. The high ramp
results in carbonization of the polymer matrix starting at ∼450
°C (thermal gravimetric analysis (TGA), Figure S1), also
determined by the visual change in color of the electrodes from
a light brown to black. For practical manufacturing consid-
eration, after FHT the Si content within the electrodes
increased to 87.2 wt %, and no deflagration of the electrode
occurred. The electrode materials, prepared by FHT, result in
an electrode structure with good adherence to the current
collector and with excellent flexibility (not brittle). This is
clearly demonstrated in Figure S2, whereby we subjected one of
the FHT electrodes to bending. No rupture or microcrack
formation arising from the tensile stress was observed. This
flexibility was attributed to the polymer carbonization leading
to an interconnected carbon network with a coherent, intact
structure. This is supported by a recent study by Chen et al.,43

whereby they obtained an elastic carbon foam through
carbonization of a polymer for use as flexible electrodes.
Raman spectroscopy was used to study the change in chemical
structure before and after FHT (Figure 1b,c). As expected, a
strong peak centered at 520 cm−1 was observed for the
nontreated electrode, corresponding to the lattice vibration of
crystalline silicon. After FHT, this peak broadens and shifts to
slightly lower wave numbers; this is attributed to formation of
stresses created by a difference in the thermal expansion
coefficient between Si and C.44−47 This stress is determined to
be consistent over a large area by mapping the full-width at half-
maximum (fwhm) of the silicon peak before and after FHT
(insets, Figure 1b,c). In addition, two peaks arise at 283 and

Figure 1. (a) Schematic of the flash heat treatment process (FHT) showing optical micrographs for the electrode surface before and after FHT and
the Raman spectrum for the electrode surface both, (b) before FHT and (c) after FHT. The insets in b and c correspond to Raman mapping of the
fwhm of the Si peak.

Nano Letters Letter

dx.doi.org/10.1021/nl403943g | Nano Lett. 2014, 14, 277−283278

http://pubs.acs.org/action/showImage?doi=10.1021/nl403943g&iName=master.img-001.jpg&w=432&h=283


927 cm−1 after FHT, which may correspond to the Si−O−Si
bending and stretching vibrations of silica on the Si-NP surface,
respectively.48,49 Carbonization of the polymer binder is
confirmed by the introduction of carbons characteristic D
and G band peaks at 1335 cm−1 and 1600 cm−1, with an Id/Ig
ratio of 0.72. The shape and position of these peaks is explained
by structural disorder and defects within the mostly amorphous
carbon.50−52 Further, several Raman peaks attributed to
polyvinylidene fluoride (PVDF) before treatment are no longer
present after FHT, as evidenced by the disappearance of the F
peak in the energy dispersive X-ray chart of the treated
electrode (EDX, Figure S3).
XRD patterns in Figure 2 show the analysis for the electrode

surface after FHT (Figure 2a) along with the reference peaks of

silicon, copper, and copper silicide. Also, the XRD pattern for
the as-received silicon nanoparticles is provided in the
Supporting Figure S4. The presence of copper silicide is not
unexpected after heating both Si and Cu at 900 °C.53 However,
shielding of the SiNP by carbon should minimize the formation
of copper silicide, as judged by the very small peak at a d-
spacing of 2.46 A. We believe this only occurs at the current
collector interface and that it also may contribute to the good
adherence of the electrode coating. Experimentally we obtained
a charge capacity equivalent to almost 84% of silicon’s
theoretical maximum (see later), indicating minimal con-
sumption of Si in side reactions during the FHT process.
Comparing Figures 2a and S4, it is interesting to note the phase
orientation of Si created by the FHT process. The 111 peak of
Si becomes inhibited, and other Si peaks such as 331 were
enhanced. In a similar finding, this peak shift was found to be
associated with HF etching of Si.54

Investigation of the Si-NP surface structure and morphology
after FHT is represented by high-resolution TEM and electron
energy-loss spectroscopy (EELS) analysis in Figure 3. The
dispersed particles remain interconnected by the carbonized
PVDF matrix and reveal an amorphous ∼10 nm carbon shell
around Si, illustrated by Figure 3a−c. Electron diffraction of a
large area (SAED, Figure 3d) confirms that Si remains
crystalline after FHT. A native SiO2 layer is expected on the
as-received Si surface;15,55 however, there is no clear separation
between the amorphous SiO2 and carbon coatings. To
accurately map the atomic contributions EELS (Figure 3f),
<1 nm spatial resolution,56 was performed across a particles
diameter (Figure 3e, red line). Overlap of the O and C content
within the coating suggests that the FHT process forms an
entangled coating of SiO2 and carbon. A similar confirmatory
result is found from the energy dispersive spectroscopy (EDS)

Figure 2. (a) XRD pattern for the electrode surface after FHT and (b)
shows the reference peaks of silicon (JCPDS 5-0565), copper (JCPDS
4-0836), and copper silicide (JCPDS 23-0223).

Figure 3. (a) Low-magnification TEM image of the electrode surface after FHT. (b) Higher magnification TEM image zooming to a small area of a,
(c) HRTEM image across the edge of one Si particle, (d) selected electron diffraction (SAED) taken from a large area of the electrode surface, (e) a
HAADF-STEM image of a few silicon particles on the electrode surface with carbon coating, and (f) electron energy loss spectroscopy (EELS)
profile analysis across the particle labeled in e, the inset in f is a schematic depicting the core silicon and the shells of SiO2 and carbon layer.
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line scan available in Figure S5. This phenomenon is likely
described by the decomposition of the PVDF matrix, releasing
traces of HF which are consumed locally due to the partial
etching SiO2.

40−42 It is suspected that this etching regulates the
formation of porous SiO2

57−60 and allows carbon to deposit
within the surface cavities created. Practically, the combined
SiO2 and C coating may have a synergistic effect, the higher
surface area anchoring the carbon shell and increasing both
electrical and ionic conductivity through the SiO2 layer. In
addition, upon cycling the SiO2 should interact with Li+,
forming a stable Li2Si2O5 phase, reported to effectively reduce
Si volume expansion.37,38

The electrochemical performance of the treated electrode at
low current (0.1 A g−1) and a voltage range of 1.5 to 0.005 V is
shown in the Supporting Figure S6. It reveals that the FHT
treated Si electrode achieves a first cycle efficiency of ∼84% and
a maximum charge capacity of 3525 mA h g−1 which is almost
84% of the maximum theoretical capacity of silicon. Figure 4
shows the electrochemical performance characterization of the
FHT treated electrodes after assembling them into coin cells,
using lithium metal as the counter electrode. Cells depicting the
voltage profile and durability in Figure 4a,b were initially cycled
at 0.12 A g−1 from 1 to 0.05 V for 5 cycles, before shifting to a
moderately high rate of 1.2 A g−1 for long-term testing. First
cycle charge and discharge capacities of the coin cells made
using the FHT process were 2505 and 1955 mA h g−1,
respectively, which corresponds to 78% Coulombic efficiency.
The stability of the electrode structure led to reversible
discharge capacity of 2240 mA h g−1 (1806 mA h cm−3) after 5
cycles at 0.12 A g−1 and stable capacity of 1350 mA h g−1 after
switching to 1.2 A g−1. The effectiveness of the SiO2/C shell
and cellular carbon matrix holding the electrode together is
made apparent by the retention of 1150 mA h g−1 after 500
cycles, with 99.8% cyclic efficiency. Further, Figure 4d,e
illustrate the voltage profile of the FHT treated electrodes in
response to varying discharge/charge rates, even at a high rate
of 2.5 A g−1 the cells began to stabilize after only 10 cycles. This
is in sharp contrast to the untreated electrodes (60:20:20 wt %,

Si:PVDF:Super-P), which degraded rapidly, retaining only
13.5% of its charge capacity after only 20 cycles at 0.1 A g−1

(Figure S7). The improvements for the electrodes subjected to
FHT are attributed to improved interfacial contact between the
Si and carbon, along with good electronic conductivity
throughout the electrode.
To further elucidate lithiation/delithiation stability, cells

made with treated electrodes were subjected to both cyclic
voltammetry (CV, Figure 4c) and electrochemical impedance
spectroscopy (EIS, Figure 4f). Inspection of the first cycle CV
for the treated Si electrode reveals that, in the cathodic branch
the peak starting at ∼0.15 V corresponds to the conversion of
the Si to the LixSi phase. The two peaks at ∼0.32 and 0.51 in
the anodic branch corresponds to delithiation of the LixSi phase
to Si. After further cycles, an additional broad peak at ∼0.20 V
appears during the cathodic scan, and the anodic peaks at
∼0.32 and 0.51 V become broader and stronger, which is a
common characteristic for the transition from crystalline silicon
to amorphous silicon due to lithiation/delithiation.28,61−63 The
increasing CV curve area is due to initial activation of the
material, enabling more Li to react with Si, which is consistent
with both the findings of others28,64 and our results introduced
in Figure 4a,b. The stability of the electrode macrostructure is
supported by results of the EIS spectrum taken from cells after
discharge cycles 15, 30, and 100, respectively. Extrapolation of
the curves semicircular regime reveals that the real charge
transfer resistance decreases from 65 Ω after only 15 cycles, to
37 Ω upon completion of 100 cycles. The lower values of ESR
reveal that the FHT process renders the electrodes with
sufficient conductivity and further confirm the perceived
stability of the electrode matrix and the SiO2/C coating
created by the FHT process during electrochemical cycling.
The alloying reaction with Si is able to occur more quickly after
long-term cell conditioning, and the ESR improvement strongly
suggests the stability of the electron and ion pathways which
could otherwise impede charge transfer.
After the completion of long-term electrochemical cycling

using the FHT processed electrodes, the coin cell was opened

Figure 4. (a) Galvanostatic voltage profile showing cycles 1−3 at 0.12 A g−1 and cycles 30, 100, and 500 at 1.2 A g−1, (b) cycle capability for the cell
shown in a, (c) cyclic voltamogram for a coin cell measured at scan rate of 0.05 mV s−1 between 1.0 and 0.05 V (vs Li+/Li), (d) galvanostatic voltage
profile at different rates, (e) cycle performance showing the rate capability, and (f) EIS for the coin cell after discharge of the cycles 15, 30, and 100.
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to facilitate further investigation of changes to the surface
morphology using HAADF-STEM (Figure 5a−e). This figure
shows that after 500 cycles the formed amorphous silicon is
caged in a sponge-like carbon that persists against expansion
and contraction during lithiation/delithiation even after this
long cycling. A large area EDS scan reveals the positional
mapping of the Si and C distribution (Figure 5c and d,
respectively). High resolution of a single representative Si
particle suggests the amorphous SiO2/carbon coating remains
in strong contact with the carbon shell. In addition to the stable
particle coating, Figure 5f depicts by TEM the detection of
graphene-like sheets taken from the electrodes after cycling.
The existence of graphene within the treated electrode is
supported by literature revealing carbon diffusion into copper
can catalyze the formation of monolayer graphene adsorption at
high temperatures.65−70 This suggests that the graphene sheets
are assumed to exist on the current collector surface. Further,

TEM analysis depicted in Figure S8 confirms graphene sheets
are indeed forming during the FHT processing of a copper
electrode coated with only PVDF. These results verify that the
FHT process is also able to successfully alter the current
collector/electrode interface, potentially enhancing electrode
stability.
In conclusion, the success of this strategy reveals an elegant

approach to solving an old problem, providing a scalable
methodology for treating commercial Si particles. The
controlled heat treatment provides an effective approach to
engineer, in a single step: the interfacial contact with copper,
the binding matrix, and the creation of a synergistic SiO2/C
coating. The treated electrodes possess built-in void space for
rapid ion transport and successfully retain strong contact
between the SiO2/C shell and the Si-NP, promoting efficient
electron transport even after long-term cycling. As a result the
enhanced electrodes allow for the controlled expansion of Si

Figure 5. (a) High-angle annular dark field scanning transmission electron micrograph (HAADF-STEM) of the electrode surface after being cycled
for 500 cycles of charge/discharge, (b) TEM image showing a few Si particles included in their carbon cage and interconnecting even after 500
cycles, (c and d) EDS elemental mapping of Si and C for the area selected in image a. (e) HAADF-STEM zoomed in to a silicon particle as labeled in
a. (f) TEM micrograph for part of the electrode surface after cycling.
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and achieve high reversible capacity (2240 mA h g−1 @ 120 mA
g−1), as well as good rate capability and durability (1150 mA h
g−1 @ 1200 mA g−1 over 500 cycles). Further, elimination of
binder facilitates high temperature operation in industrial
applications which limit the current electrode design standard.
The emphasis of a simplified process represents a promising
avenue for the production of industrially viable high-perform-
ance Si-based electrodes, which could be extended for roll-to-
roll manufacturing of next-generation Li-Ion batteries.
Experimental Methods. Electrodes for lithium ion battery

testing were fabricated using commercially available silicon
nanoparticles (Si-NP) with the size range 50−70 nm purchased
from Nanostructured & Amorphous Materials, Inc. (Houston,
TX). For the working electrode, a slurry consisting of 60% of
active material (Si-NP) and 40% polyvinylidene fluoride
(PVdF) as a binder (with no conducting materials added)
was prepared in N-methyl-2-pyrrolidone (NMP) and was
coated on Cu foil. The average mass loading of silicon on the
electrodes was 0.5 mg cm−2. The electrode was dried in a
convection oven at 353 K for 1 h, followed by drying in the
vacuum oven at 363 K for overnight. The electrodes were then
subjected to the FHT process; see below. Coin type half cells
were fabricated in an argon-filled glovebox with the working
electrode and a Li metal counter electrode. A polypropylene
separator was employed to separate the two electrodes and the
electrolyte composed of 1 M LiPF6 in 30 wt % ethylene
carbonate (EC), 60 wt % dimethyl carbonate (DMC), and 10
wt % fluorinated ethylene carbonate (FEC). Galvanostatic
charge/discharge test was carried out at a cut off voltage range
of 0.05−1.00 V with different current densities for rate
capability testing. Cyclic voltammetry, at a scan rate of 0.05
mV s−1 between 1.0 and 0.05 V, and electrochemical
impedance spectroscopy were conducted using a Princeton
Applied Research VersaSTAT MC potentiostat. For a reference
coin cell, an electrode was prepared with the ratio of 60 wt %
Si-NP, 20% Super-P as a the conductive material, and 20%
polyvinylidene fluoride (PVdF) as a binder. These electrodes
were used without FHT treatment.
For flash heat treatment (FHT), electrodes were placed into

a long quartz tube of a horizontal tube furnace such that they
are kept outside the furnace during heating up to 900 °C. Once
the temperature reached 900 °C, the quartz tube was cautiously
introduced into the furnace for rapid thermal shock of the
electrodes, held for 20 min, and then dragged back for rapid
cooling. The treatment was performed under gas flow of 100
SCCM Ar/10%H2.
The morphology of the electrode surfaces before and after

treatment was characterized by scanning electron microscopy
(SEM) (LEO FESEM 1530) and transmission electron
microscopy (TEM) JEOL 2010F TEM/STEM field emission
transmission electron microscope, with a large solid angle for
high X-ray throughput, scanning, scanning-transmission, and a
Gatan imaging filter (GIF) for energy filtered imaging and
electron energy loss spectroscopy. Raman scattering spectra
were recorded on a Bruker Sentterra system (532 nm laser).
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