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h i g h l i g h t s
� Silicon quantum dots have been uniformly dispersed in a polymer matrix.
� Annealing leads to the formation of an amorphous carbon matrix.
� The hybrid structure is stable under cycling for 200 cycles.
� The coulombic efficiency exceeds 99.8%.
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a b s t r a c t

We propose a novel approach to the fabrication of silicon-containing anodes for lithium-ion batteries.
Our approach is based on a liquid dispersion comprising of silicon quantum dots, carbon nanotubes and
polyvinylpirrolidone (PVP) as a polymer additive. Coating of this dispersion onto copper foil followed by
annealing in inert atmosphere allows the realization of a structure with good electrical conductivity, high
specific surface area and with a carbon-based coating preventing the direct contact between the silicon
particles and the electrolyte. This structure maintains a specific charge capacity of approximately
1000 mAh g�1 for 200 cycles and reaches a coulombic efficiency of 99.8%. The addition of PVP is a simple
and scalable way of realizing, after annealing, a carbon-based matrix which surrounds the silicon par-
ticles and which greatly enhances the stability of the battery. The proposed process is based on
commercially available carbon nanotubes, on silicon quantum dots which are produced using a scalable
plasma-enhanced chemical vapour deposition technique, and is compatible with large area coating and
processing techniques. The fabrication protocol described in this contribution represents a step towards
the successful commercial utilization of silicon-based nanomaterials for energy storage applications.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Lithium ion batteries are the most widely used energy storage
technology in portable electronics. Continuous improvements in
their performance are highly desired especially to enable their use
in automotive applications. Silicon is a promising alternative anode
material with a capacity of 3579 mAh g�1 which is about a
magnitude higher than that of graphite anode [1]. For this reason,
silicon as anode material has been extensively studied in the last
few years. Several factors still prevent its utilization in commercial
ineering Program, University

olini).
batteries. Silicon has poor electrical transport properties compared
to graphite, thus it needs to be used in combination with electrical
conductive additives. It experiences large volume variations during
battery charge/discharge resulting in pulverization of the active
layer [2], leading to poor cycling stability and rapid capacity fading.
The chemical stability of silicon with typical electrolyte formula-
tions is poorly understood, and in particular the formation of a solid
electrolyte interface (SEI) with poor mechanical stability [3] and
with poor lithium ion transport properties [4e6] is believed to
negatively affect the cyclability of silicon-containing structures. The
loss of electrical contact between active materials and the current
collector [4,7,8] is also a crucial problem, considering that the
contact must be capable of accommodating for the large volume
change of silicon.
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The issue of the pulverization of the active material upon cycling
can be resolved by using nanostructured silicon, such as nanowires
[9e12], nanotubes [13] and nanoparticles [14,15]. For the case of
nanoparticles, keeping the size below 150 nm has been found to
prevent particle fracturing during lithiation/delithiation [15]. In
order to maintain a good electrical conductivity, the addition of
conductive additives is necessary. Graphite [16e20], graphene
[21e25], carbon nanotubes [3,7,26e28] have been used for this
purpose. Finally, several reports suggest that over-coating the sili-
con surface with a carbon-based layer is a promising strategy to
enhance the stability of the anode [12,13,29]. The exact mechanism
of stabilization imparted by the carbon coating is under continuous
investigation.

To summarize, a critical analysis of the vast literature on this
topic suggests that a viable silicon-based anode requires the use of
small silicon nanostructures which are firmly in contact with a
current-carrying element (typically a carbon-based structure) and
which are protected with a carbon-based coating. Moreover, the
scalability of the fabrication method with which this structure is
realized is important, given the large-scale requirements of the
energy-storage market. With this study we propose a fabrication
approach that is scalable, compatible with large-scale
manufacturing requirements and that achieves a structure that
satisfies the conditions summarized above. Our fabrication protocol
is based on the non-thermal plasma synthesis of silicon nano-
particles [30,31], a technique which has emerged as a promising
candidate for the high-rate production of high-quality, freestanding
silicon nanoparticles. This technique is capable of producing up to
hundreds of milligram per hour of silicon particles smaller than
10 nm,with a narrow size distribution (all particles are below10 nm
in size) and with precursor utilization that approaches unity when
silane (SiH4) is used as precursor, and that exceeds 50%when silicon
tetrachloride is used as precursor [31]. We functionalize the silicon
particle surface and combine it with commercially available carbon
nanotubes anda commonpolymer (polyvinylpyrrolidone, or PVP) to
form a liquid dispersion that can then be applied using standard
coating techniques to the desired surface, such as copper foil. The
liquid dispersion approach is compatiblewith large-volume coating
techniques such as roll-to-roll slot die coating. Annealing at a tem-
perature of 500e550 �C leads to the decomposition of the polymer
additive and to the formation of a carbonaceous structure which is
responsible for a significant improvement in battery stability
compared to the structure without any PVP additive.

The paper is organized as following: the synthesis and pro-
cessing protocol is first discussed, followed by a description of the
techniques used for materials characterization and for the mea-
surement of the electrochemical half-cell performance. The results
for our proposed structure and for carefully designed control ex-
periments are then presented and discussed.

2. Experiment

2.1. SiQDs synthesis and surface chemical modification

Crystalline silicon nanoparticles with a narrow size distribution
were produced using the non-thermal plasma technique described
in Ref. [30]. The process is easily scalable and converts the precursor
(silane) into nanoparticles with a utilization rate that can approach
unity with an optimized reactor design [31]. For this study, silicon
quantum dots (SiQDs) were prepared in a 1/200 outer diameter Py-
rex reactor with a flow rate of 150 sccm of 1.37% SiH4 in argon. The
reactor pressure was 3.0 Torr. 100 sccm of H2 were added at the exit
of the plasma volume via a side gas inlet to increase the surface
coverage with hydrogen [32]. This additional exposure to hydrogen
enhances the reactivity of the surface with ligands such as alkenes
[32]. The electrical power supplied by the radio frequency (RF)
generator was 35 Watts, sufficient to create particles with a crys-
talline structure. The <10 nm silicon nanoparticles are collected at
the exhaust of the plasma reactor via filtering and transferred into a
glove box while carefully avoiding oxygen exposure. Surface
modificationwith 12-carbon long chains is performedwith the goal
of preventing oxidation and of stabilizing the SiQDs in organic
solvents such as chloroform or toluene. Organic aliphatic chains are
grafted on the surface of silicon nanoparticles by refluxing the
nanoparticles in a 1-dodocene/mesitylene (1:4 v%) mixture. Before
reaction, high purity argon was bubbled through all solvents and
reactants to minimize the oxygen level, and molecular sieve were
used to remove water traces. The alkylation reaction typically lasts
for 4 h at the solvent boiling point (164.7 �C). After surface modi-
fication the particles are separated by evaporating the solvent with
mild heat under vacuum. Fourier transform infrared spectroscopy
(FTIR) measurements, shown in Fig. S1 of the supplementary in-
formation file, confirm that the surface modification reaction is
successful [33,34].

2.2. Si-QDs-PVP-CNTs composites fabrication

Multiwall carbon nanotubes (part number 724,769 from Sigma
Aldrich, OD � L 6e9 nm � 5 um) and polyvinylpyrrolidone (PVP),
(part number PVP-40 from Sigma Aldrich, 40,000 molecular
weight) were used as received. In a typical preparation procedure,
10 mg of functionalized SiQDs and 10 mg of PVP are disperse in
chloroform and bath sonicated for 5 min 2.5 mg of CNTs are then
added to this solution and the mixture is probe sonicated for 5 min.
The weight distribution of the composing elements in the disper-
sion is thus 4:1:4 of SiQDs:CNT:PVP. The SiQDs are the active
element of the formulation and the CNTs provide efficient electrical
conductivity after coating and annealing of the dispersion. PVP is
used as a precursor for the formation of an amorphous carbon
matrix that acts as binder. No other binder is added to the liquid
dispersion. A more detailed discussion of the effective weight dis-
tribution of the composing elements after thermal annealing is
presented in the next section.

The same procedure is followed for the preparation of control
samples without additives such as PVP. The dispersion is then
applied to copper foil by drop-casting. The coating is then dried and
baked in a tube furnace under a continuous flow of argon (25 sccm)
at a pressure of 0.21 Torr. The leakage rate of the annealing appa-
ratus is below 0.03 Torr min�1. The temperature is ramped up from
50 �C to 550 �C with increments of 100 �C, holding the temperature
for 10 min at each step. After annealing, the weight loading is
typically around 0.2 mg cm�2.

2.3. Electrode preparation and electrochemical testing

After annealing, the copper foil with silicon-based coating is
assembled into a coin cell battery which uses lithium foil as counter
electrode. We use commercially available separator from MTI (Li-
ion Battery Separator Film, Part number: EQ-bsf-0025-60C). 1 M
LiPF6 in ethylene carbonate/diethyl carbonate (1:1 v/v) was used as
the electrolyte (from MTI, Electrolyte LiPF6, part number: EQ-Be-
LiPF6). All cells are cycled between 0 V and 1.5 V. The charge ca-
pacity is measured at a using a potentiostat from Arbin In-
struments. Cyclic voltammetry (CV) is performed at a sweeping rate
of 0.1 mV s�1 using modelVMP3 from BioLogic Science.

2.4. Materials characterization

We use a variety of techniques to characterize the material
under investigation. Scanning electron microscopy (SEM) is
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performed on a Nova NanoSEM 450. Transmission electron mi-
croscopy is performed by scratching some of the active layer onto a
lacey carbon TEM grid (from Ted Pella, product number: 01895-F)
and by analysing it using a Tecnai T12 120 kV instrument. Raman is
performed using a Horiba LabRam system with a 532 nm laser
source. X-ray diffraction (XRD) is performed on a PANalytical
EMPYREAN instrument with a CuKa source. Thermal gravimetric
analysis is conducted by using a Seiko 220U TG-DTA instrument.
Fourier Transform Infrared (FTIR) spectroscopy is done using a
modular spectrometer from Newport-Oriel. Samples for FTIR are
prepared either by drop-casting a dispersion onto a reflective sur-
face and by performing diffuse reflective (DRIFT) measurements, or
by using a zinc selenide ATR crystal.
Fig. 2. Discharge capacity (mAh g�1) and coulombic efficiency over number of char-
geedischarge cycles for the sample shown in Fig. 1(d).
3. Results and discussion

Fig. 1a shows a top-down SEMmicrograph of a coating obtained
by drop-casting a SiQDs-PVP-CNT dispersion onto copper foil. The
carbon nanotubes appear to be uniformly coated with a nano-
structured layer. Fig. 1b has been obtained by drop-casting the
same dispersion onto a TEM grid. The carbon nanotube backbone is
coated with a layer whose thickness (around 10 nm) is consistent
with the size of the silicon particles. For comparison we also show
in Fig. 1c a top-down SEMmicrograph of a coating obtained using a
dispersion of carbon nanotubes alone. The clear difference with
respect of Fig. 1a further supports the conclusion that a uniform
coating of silicon particles is obtained around the carbon nano-
tubes. Without any additional processing this structure has poor
electrochemical performance, most likely because of the poor
electrical contact between the particles and the nanotubes. This is
due to the presence of relatively long aliphatic chains grafted to the
particle surface, and by the presence of the polymer additive. The
device functionality is enabled by annealing at moderately high
temperatures in an inert atmosphere. We have tested different
annealing temperatures and have found that the best performance
with respect of both capacity and stability is obtained at 500 �C. The
discharge capacity and the Coulombic efficiency of the anodes as a
function of annealing temperature are shown in Fig. S2 of the
supplementary information file. During thermal annealing we
observe significant restructuring of the anode. In Fig. 1d we show
the top-down SEMmicrograph of the coating shown in Fig. 1a after
thermal annealing at 550 �C. The silicon particles tend to
Fig. 1. (a) SEM of a coating generated by drop-casting a dispersion of silicon quantum dots, c
coating a multi-walled carbon nanotube. (c) Same as (a) but without the silicon quantum d
takes place during the annealing process. In particular, the silicon particles agglomerate in
process. The sample is prepared by gently scratching the sample shown in (d), by dispersin
confirming the presence of nanocrystals. In the inset of (f) the selected area diffraction patte
particles is selected to generate the pattern.
agglomerate into clumps with a size of few tens to hundreds of
nanometres. At this point we have been unable to avoid this
restructuring, which is probably due to the decomposition of the
polymer additive during the annealing process.We have performed
TEM on the resulting structure by scratching some material off the
surface of the annealed coating and by then applying it onto a lacey
carbon TEM grid. The individual quantum dots are still clearly
distinguishable in the large agglomerates, as shown in Fig. 1e. A
combination of dark field imaging and selected area diffraction
(Fig. 1f and its inset, respectively) leads to the conclusion that the
agglomerates are comprised of silicon nanocrystals. The particles
do not coalesce into large crystals or denser agglomerates. A series
of higher magnification TEM images, shown in the supplemental
material (Figs. S3 to S11), confirms the presence of nanocrystals
within the large agglomerates. Analysis of the higher magnification
images confirms that the lattice fringes have a spacing corre-
sponding to that of [111] silicon planes. These higher magnification
images also suggest that the silicon quantum dots are surrounded
by a uniform layer of amorphous material, whose properties are
going to be discussed in details later in this contribution.

Despite the spatial rearrangement of the silicon particles during
annealing, this structure achieves a very promising electrochemical
performance. In Fig. 2 we show the discharge capacity plotted
against the number of chargeedischarge cycles. The first discharge
arbon nanotubes and PVP onto a copper film. (b) TEM of silicon quantum dots and PVP
ots. (d) Same as (a) but after annealing at 550 �C in argon. Restructuring of the coating
to larger clumps. (e) TEM of a clump of silicon particles resulting from the annealing
g the material in methanol and by drop-casting onto the TEM grid. (f) Dark field of (e)
rn for the particles shown in (e) and (f) is shown. An area including a large number of



Fig. 4. TGA of the coating prepared from the 4:1:4 liquid dispersion of SiQDs:CNT:PVP.
The negative of the differential of the TGA scan is also shown to highlight the
decomposition temperature.
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cycle achieve a capacity of 1600 mAh g�1, which quickly decays to
1000 mAh g�1. This value is then maintained for 200 cycles. The
Coulombic efficiency, while being low for the first few cycles, rea-
ches a stable value of 99.8% before starting to decrease close to the
200th cycle. In Fig. 3 we show the results of the cyclic voltammetry
measurements from the first to the third cycle. Broad delithiation
and lithiation peaks at 0.53 V and 0.18 V respectively are observed,
consistent with previous studies on silicon-based anodes. During
the first cycle a peak due to the SEI layer formation at 0.74 V is
observed [5,23,35,36]. The 0.18 V lithiation peak become more
distinguishable in the 2nd and 3rd cycles, a behaviour which has
been reported in several other contributions [22,37e39] and that
has been attributed to the structural change of the silicon particles
after the first chargeedischarge cycles (from crystalline to amor-
phous) [40]. The half-cell capacity measurement has been per-
formed at a charge and discharge rate of 0.1 C, calculated based on
the sum weight of the silicon quantum dots and carbon nanotubes
coated onto the copper substrate. This approximation would be
correct under the assumption that the polymer is completely
removed from the coating during the annealing process. Our
temperature-controlled gravimetric analysis (TGA) measurements
show that PVP is not completely removed during the annealing
process, although the error introduced into the calculation of the
specific charge capacity is small.

The TGA scan for our SiQDs:CNT:PVP sample, together with the
corresponding differential (DTGA) analysis, is shown in Fig. 4. We
have normalized the data so that the weight fraction is 100% at
100 �C, i.e. after an initial weight loss due to the removal of residual
solvent from the film. Weight loss occurs around 150 �C and at
350 �C. Both these peaks are consistent with TGA data reported in
the literature for PVP [41,42]. Based on the initialweight distribution
in the dispersion of 4:1:4 of SiQDs:CNT:PVP, we find that the
decomposition of PVP at high temperature leads to the presence of a
residue in the annealed structure. This is to be expected for the case
of PVP, which is known to decompose into a carbonaceous structure
with a mass yield between 4% and 15% depending on the annealing
conditions and on the presence of other additives mixed with the
PVP [41]. Based on the TGA measurement we estimate a final
composition of 4:1:0.4 of SiQDs:CNT:(PVP decomposition product),
corresponding to ~10%mass yield from the PVP decomposition. This
does not account for theweight change due to reaction between the
PVP and the silicon particles during the annealing reaction, which
may lead to the formation of silicon carbide (as it will be more
extensively discussed). If we correct the specific charge capacity
data to account for the carbon residue from the PVP decomposition,
we find that the battery maintains a reversible capacity of
925 mAh g�1 for up to 200 cycles. Under the assumption that the
charge storage is performed by silicon only (consistently with the
Fig. 3. Cyclic voltammetry of the sample shown in Fig. 1(d).
voltammetry data), we calculate that silicon achieves a reversible
charge capacity of 1250 mAh g�1 for up to 200 cycles.

We point out that we selected PVP as an additive because of the
good compatibility between PVP and carbon nanotubes [43,44] and
because of PVP is soluble in chloroform, which is compatible with
the functionalized silicon quantum dots. Fig. 1a confirms the
compatibility of these components. We have found that PVP is not
only necessary at obtaining a conformal coating of silicon nano-
particles onto the carbon nanotubes, but it also acts a precursor for
the formation of a carbonaceous layer that entraps the silicon
particles. A detailed discussion of the nature of this carbonaceous
layer is now presented.

We have first performed x-ray diffraction (XRD) on the annealed
coating and on a control sample inwhich only silicon nanoparticles
are present in the coated layer. After thermal annealing, XRD
analysis of the full SiQDs:CNT:PVP coating (see Fig. 5, top spectrum)
shows peaks due to the carbon nanotubes (26.5� for the [002] plane
and 44.6� for the [101] plane) and to the silicon nanocrystals ([111]
at 28.4�, [220] at 47.3�, [311] at 56.1�, [400] at 69.1�, [331] at 76.4�,
[422] at 88.1� and [511] at 95�). The [111] and [200] peaks from the
copper substrate at 43.3� and 50.5� respectively are also clearly
distinguishable. The peak assignment is based on the ICSD database
(Inorganic crystal structure database FIZ Karlsruhe). We could not
resolve any contribution from crystalline silicon carbide. Analysis of
the grain size using Scherrer's formula returns a value of 3.9 nm for
the silicon particle size after annealing. The control experiment, i.e.
Fig. 5. X-ray diffraction for the sample obtained by annealing the dispersion of
SiQDs:CNT:PVP. Clear peaks from crystalline silicon, from graphite and from the copper
substrate are distinguishable (top spectrum). As a reference we also show the x-ray
diffraction spectrum for silicon nanoparticles only (bottom spectrum), annealed using
the same procedure.
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the case of silicon nanoparticles only, is shown in Fig. 5, bottom
spectrum. For this case the particles are annealed on a quartz slide
using the same annealing cycle followed for the sample shown in
the top spectrum of Fig. 5, but without any carbon nanotubes,
without any PVP and without functionalizing the particle surface.
The particle size in this case, calculated using Scherrer's formula, is
5.4 nm. This suggests that the presence of PVP and of the 12-carbon
long chains at the particle surface is effective at preventing grain
growth. Regarding silicon carbide, the absence of peaks in the XRD
spectrum does not rule out that the reaction between silicon and
the combination of 12-carbon long chains grafted at the particle
surface and of the PVP leads to the formation of silicon carbide with
an amorphous structure.

Extensive Raman characterization, shown in Fig. 6, supports the
conclusion that the presence of a carbon precursor in the coating
leads to the formation of both an amorphous carbon phase and of
amorphous silicon carbide in the final structure. In Fig. 6a we show
the Raman spectra for the silicon quantum dots functionalized with
1-dodecene. The particles were drop-cast onto a quartz slide, and
due to the low thermal conductivity of the nanoparticle coating it is
necessary to acquire this data using very low laser power, reducing
the signal-to-noise ratio. Laser-induced heating introduces a shift
in the crystalline silicon peak position to lower wavenumbers. We
have made sure that no heating-induced shift is present for this
sample, and we find the expected silicon peak at a position of
515 cm�1. The shift compared to the bulk value of 521 cm�1 and the
appearance of a shoulder at lower wavenumbers are well-known to
be induced by the small size of the crystal [45e48]. For the case of
Fig. 6. Raman analysis of the materials under study. (a) Raman of functionalized sili-
con quantum dots before annealing. (b) Raman for silicon quantum dots after
annealing. (c) Raman of 1-dodecene functionalized silicon quantum dots after
annealing. The main feature related to the silicon nanocrystals is visible in (a), (b) and
(c). A small broad peak around 900 cm�1 is distinguishable in (c) and attributable to
amorphous silicon carbide (see text for complete discussion). (d) Raman of the product
of decomposition of PVP, annealed using the same procedure used for the anode
structure. Clear signature of graphitic carbon is present. (e) Raman of functionalized
silicon quantum dots and PVP, after annealing. Features due to crystalline silicon,
graphitic and amorphous carbon, and amorphous silicon carbide are distinguishable
(please see text for complete discussion). Carbon nanotubes are not added to this
sample to simplify the data interpretation.
non-functionalized silicon particles annealed using the same pro-
file as for the anode (Fig. 6b) we also obtain only one feature cor-
responding to nanostructured silicon. The shift in the peak position
to 518 cm�1 is consistent with a growth in crystallite size. Fig. 6c
shows the Raman spectrum for silicon quantum dots functionalized
with 1-dodecene and annealed at 550 �C. The main feature in this
scan is the one from crystalline silicon. The peak position is
515 cm�1, same as for the particles before annealing and lower than
for the case of non-functionalized annealed particles (Fig. 6b). This
suggests that the presence of the surface alkyl chains has prevented
grain growth. Another small feature around 900 cm�1 is distin-
guishable and attributable to amorphous silicon carbide, as it will
be discussed more extensively later in the manuscript. In Fig. 6d we
show the Raman spectrum for the decomposition product of PVP,
under the same annealing conditions. The broad features at
1350 cm�1 and 1580 cm�1 correspond to the D and G peaks from
sp2 carbon respectively [49e51]. Finally in Fig. 6e we show the
spectrum for a mixture of functionalized silicon quantum dots and
PVP, after annealing at 550 �C. The carbon nanotubes are not added
to this mixture, since their expected contribution to the signal
between 1300 cm�1 and 1600 cm�1 would make the interpretation
of the spectrum more difficult. The peak corresponding to crystal-
line silicon is still present although its peak position is at 515 cm�1.
This is consistent with the previous XRD observation that the
presence of the carbon precursor prevents grain growth during
annealing. A significant shoulder is also present at lower wave-
number between 400 cm�1 and 450 cm�1, consistent with the
contribution which has been observed at low wavenumbers in
various amorphous carbon structures [52e54]. The shape of the
Raman spectrum in the 1100 cm�1 to 1600 cm�1 range is also
significantly different than that of the spectrum shown in Fig. 6d.
Raman analysis of carbon-based structures is known to be very
sensitive to the degree of ordering in the film and to the ratio of sp2

to sp3 bonding [49e51]. The shift of the G band to lower wave-
number compared to the case shown in Fig. 6d can be attributed to
a decrease in the fraction of graphite-like carbon in the film and to
an increase in the presence of amorphous, sp3 bonded carbon
[49e51]. The additional peaks at 1150 cm�1 and 1450 cm�1 present
in Fig. 6e compared to Fig. 6d have been assigned to trans-
polyacetylene chains [55]. Overall, these data suggests that the
presence of silicon nanoparticles dispersed within the PVP matrix
leads to the formation of a carbon-based structure which is
significantly different than what is obtained without silicon parti-
cles, following an identical annealing procedure. The authors in Ref.
[51] also point out that a shift of the G peak to lower wavenumbers
is observed for increasing silicon fraction for the case of amorphous
silicon carbide alloys. This is consistent with an increase in the
broad Raman scattering signal in the 600 cm�1 to 900 cm�1 range,
which has been observed in amorphous silicon carbide films grown
by plasma-enhanced chemical vapour deposition [56,57], in
superlattices of silicon particles precipitated in an amorphous sili-
con carbide matrix [58,59], and has also been predicted by several
theoretical studies (see for instance [60]). The data set strongly
suggests that amorphous silicon carbide is formed during the
annealing of the silicon nanoparticles in presence of PVP. It also
indicates that the presence of the surface alkyl chains alone is not
conducive to the formation of the carbon matrix (see Fig. 6c). The
polymer not only helps dispersing the carbon nanotube in the
desired solvent, but also acts as precursor for the formation of a
carbon-based matrix. Finally in Fig. 7 we show the influence of the
functionalization of the silicon nanoparticles and of the addition of
PVP to the dispersion on the half-cell stability. We compare the
performance of the anode based on the SiQD:CNT:PVP dispersion
(same as the data shown in Fig. 2) with that of two structures, one
based on a dispersion of alkylated silicon quantum dots and CNTs



Fig. 7. Comparison of battery performance for the full anode (functionalized silicon
quantum dots þ PVP þ CNT) with two control structures. The first control samples is
realized using non-functionalized silicon particles and CNT, the second using func-
tionalized silicon particles and CNT. For both the control structures PVP is not added to
the liquid dispersion formulation.
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and one based on a dispersion of non-functionalizes silicon quan-
tum dots and CNTs. The same annealing procedure is used for these
control anodes, and the main difference is that PVP is not added to
the dispersion. Both control anodes achieve a significantly smaller
capacity than the anode based on the full dispersion and also show
a faster degradation in their performance. By the 200th cycle, the
control anodes capacity has decayed to 400 mAh g�1.

Based on the data shown here, we reach the following
conclusions:

� The addition of the PVP to the dispersion formulation is critical
for stabilizing the anode performance.

� The functionalization of the nanoparticle surface with alkyl
chains is not sufficient at generating a carbon-matrix after
annealing and does not lead to a half-cell with improved life-
time. We have found that the surface functionalization is
effective at preventing sedimentation of the silicon particles in
solution, thus improving the processability of our dispersion
formulation.

� Annealing of the PVP-containing coatings leads to the formation
of a carbon-based phase. This conclusion is supported by TGA
and Raman data. Raman also suggests that amorphous silicon
carbide is formed during the annealing step. This is due to the
inevitable reaction between the silicon particles and the poly-
mer during the high-temperature annealing. Nevertheless, the
presence of this carbon-based phase in the final structure seems
to provide a clear improvement with respect of cycling stability
(see Fig. 7).

� The formation of silicon carbide may explain the relatively low
first cycle capacity of the structure (~1600 mAh g�1). Silicon
carbide is inactive during the lithiation process [61,62]. The data
discussed here suggest that some of the silicon is converted into
silicon carbide during the annealing procedure, making a frac-
tion of the silicon material effectively inactive. This problem is
exacerbated by the small size of the particles. We are currently
investigated the role of particle size on capacity and stability of
the anode, and a future contribution will summarize our
findings.

Our findings are consistent with those of several other groups
that report that protecting the silicon surface with a carbon-based
layer is effective at improving the anode lifetime [12,13,29]. The
authors in Ref. [12] suggest that a carbon layer enhances the me-
chanical stability of the SEI while preventing the full lithiation of
the silicon structure, thus limiting its capacity. The relatively small
capacity of our structure may be partially explained by this argu-
ment, although (as already mentioned) a significant fraction of the
particle volume may be converted into amorphous silicon carbide
during annealing, further reducing charge capacity.

Our major finding is that the addition of an off-the-shelf poly-
mer additive (PVP) to the silicon nanoparticle and carbon nanotube
dispersion is effective at improving the half-cell stability. The
combination of TGA, Raman and TEM analysis presented here
confirms that the PVP acts as a precursor for the formation of a
carbon-containing phase which is beneficial to the battery perfor-
mance. This represents a simple strategy that could be imple-
mented in large-scale manufacturing protocols.

To summarize, we have developed a dispersion based on func-
tionalized silicon quantum dots, PVP and carbon nanotubes.
Coating followed by the appropriate annealing cycle leads to the
formation of a well-dispersed heterojunction of silicon particles
and carbon nanotubes. When utilized as an anode for lithium ion
batteries, this structure maintains a capacity of approximately
1000 mAh g�1 for 200 cycles. The silicon particles utilized in this
study are produced using a scalable plasma-based synthesis tech-
nique which effectively converts silane into particles and that is
expected to be scalable to large production rates. Moreover, the
developed ink is expected to be compatible with large area, roll-to-
roll coating techniques. The addition of PVP to the formulation,
originally motivated by the need of improving the carbon nanotube
dispersibility in the non-polar solvent of choice, has been found to
be highly beneficial at enhancing the battery lifetime. PVP acts as a
polymer precursor for the formation of an amorphous carbon
matrix which wraps the silicon nanoparticles while effectively
binding them to the carbon nanotubes. At this point our structure is
stable for 200 cycles. While the exact reason that leads to its decay
in capacity after 200 cycle has not been identified, our ongoing
effort is focused on solving this issue and on achieving stable per-
formance for few thousands cycles. We are exploring the broad
parameter space that is available to us (polymer type, silicon
nanoparticle size and surface chemistry etc.) to improve the device
performance and to identify the mechanisms that negatively affect
its stability.
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