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Current research has demonstrated the combination of the high theoretical capacity
offered by silicon nanoparticles (Si NPs) with graphene-based matrices in order to produce
a high energy density and stable lithium ion battery system. However, Si NPs do not mix
well with graphene oxide aqueous suspensions and thus create severe segregation of the
materials. In this letter, we propose a simple, cost-effective and commercially-viable sol-
vent exchange process to improve the interaction of the Si NPs in poor solvent environ-
ments such as in aqueous media. Using N-methylpyrrolidone (NMP) to disperse the Si
NPs and followed by a solvent exchange process, we are able to improve the dispersion
and stability of Si NPs in aqueous graphene oxide aqueous suspension. Consequently, this
also improves the output and the stability of the lithium ion battery using the aforemen-
tioned composite system.

© 2013 Elsevier Ltd. All rights reserved.

can achieve higher energy density while maintaining a longer
cycle life [3,4].

1. Introduction

In the past few decades, lithium ion batteries (LiBs) have in-
creased in popularity and usage since it could provide high
energy density storage [1,2], but there is still a strong desire
to improve many aspects of LiBs, including cost, safety, en-
ergy density, capacity, cycle life, and rate capability. Further-
more, the recent interest in using LiBs for automobiles has
also intensified the search for new class of materials that

Silicon has been known to accommodate the most number
of lithium when lithiated among known elements or com-
pounds studied in the field of rechargeable batteries. As such,
silicon is an attractive candidate anode material for lithium
ion batteries with its theoretical capacity of 4200 mAh/g
[5,6]. However, the major drawbacks of using silicon are the
large volume change that occurs during the lithiating and
delithiating process [7] and its low intrinsic electrical
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conductivity [8,9]. In order to mitigate this problem, several
studies have proved the utility of nanoparticles [10], nano-
wires [11], nanotubes [12] and other nanostructured -based
materials [13]. Furthermore, carbon-based Si composites are
also being developed in order to improve the conductivity of
the active material [14].

Recently, Si-graphene composites offer an attractive ap-
proach in decreasing the problems brought about by using so-
lely pure elemental silicon [15-17]. Due to the nature of
graphene, the two-dimensional material offers a conducting
channel for electrons from the silicon and at the same time
can also act as a buffering matrix to the accompanying vol-
ume expansion that arises during the lithiation of the silicon
nanoparticles (Si NPs). Various approaches that one can fol-
low to achieve composites with improved lithium ion battery
performance have been made. One of the easiest approaches
is to mix nanostructured silicon in graphene oxide (GO) aque-
ous suspension to formulate the composite mixture for the
battery application. However, when preparing a suspension
of the composites, the dispersion and stability of Si NPs in
the aqueous media usually presents a problem [18]. This
causes the formation of non-uniform Si NPs graphene com-
posites leading to a limited electrochemical performance.
Therefore, a new process is necessary to improve the mixing
properties of the materials.

The attractiveness of the composite approach is the low
cost and ease in integrating such process into the current
coating methods applied in the lithium ion battery industry
[19]. Thus, the new process should take the advantages of
the current approach while trying to solve the dispersion
problems of the Si NPs in a specific media. Various ap-
proaches involving the use of chemical functionalization
on the graphene to capture Si NPs [20] and the use of cat-
ionic polymer as a mediator for self-assembled electrostatic
attraction [21] between Si NPs and graphene have shown
improvements in the uniformity of the dispersion while
offering an improved battery performance. However, by
understanding the interaction of Si NPs in various solvents,
we have come up with a proposed method that does not re-
quire additional chemical functionalization step [20,22] or
polymer additive [21] to achieve a homogeneous Si NPs—
graphene composite.

In this study, we proposed the use of a solvent exchange
method [23] that enables the Si NPs to readily disperse and
stabilize in the GO aqueous suspension. This involves the
use of an appropriate solvent, N-methyl-2-pyrolidone (NMP)
and other polar aprotic solvents including acetonitrile (ACN)
and acetone (ACE) that can disperse and stabilize the Si NPs
in suspension. Improved homogeneity of the Si NPs-GO sus-
pension, which translates to uniform Si NPs-GO composite,
can be achieved. In this way, no additional materials or chem-
ical modifications are needed. The stable suspension is then
used to form a composite blend for lithium-ion battery appli-
cation. Although the use of NMP, an organic solvent, adds to
the cost of the initial process, it should be noted that NMP
can easily be recovered and reused after the solvent exchange
method. After separating the SiNPs for the composite suspen-
sion, succeeding solvent exchange process can still be done
using the remaining supernatant.

2. Experimental section
2.1.  Preparation of GO suspension [24]

GO was prepared using a modified Hummers and Offeman’s
method [25]. In a typical reaction, graphite (2.5 g, ITRI), sodium
nitrate (NaNOs, 2.5 g, reagent grade, Aldrich) and sulfuric acid
(H2SO4, 115 mL, Acros) were stirred together in an ice bath.
Potassium permanganate (KMnO,, 7.5 g, Aldrich) was slowly
added while stirring, and the rate of addition was controlled to
prevent the temperature of the mixture from exceeding 20 °C.

The mixture was then transferred to a 35 °C water bath
and stirred for about 0.5h, forming a thick paste. Subse-
quently, de-ionized water (115 mL) was added gradually, caus-
ing an increase in temperature to 98 °C. After 15 min, the
mixture was further treated with de-ionized water (350 mL)
and H,0, solution (30%, 25 mL). The warm solution was then
filtered and washed with de-ionized water until the pH was 7
and dried at 65 °C under vacuum.

2.2. Solvent exchange process

Silicon nanoparticles (40 mg, Aldrich, <100 nm), were first dis-
persed in 1-methyl-2-pyrrolidinone (NMP) (Acros) and agi-
tated subsequently using an ultrasonic bath for 1h. The
silicon nanoparticles were recovered after undergoing high
speed centrifugation (24,000 RPM) for 15 min. This is followed
by the addition of 2.3 g of 0.5% (w/v) GO aqueous suspension
to Si NPs obtained after centrifugation to make up a ratio of
3.5:1 by weight of Si NPs to GO. The suspension was then agi-
tated under ultrasonic bath for another hour prior to usage.

2.3.  Preparation of active material slurry and electrode
fabrication

The Si NPs-GO composite was obtained after removing the
water in a rotary evaporator. The composite was further trea-
ted by converting the GO to reduced graphene oxide (rGO)
through a thermal reduction process at 500 °C under H,/Ar
(5:95 v/v) atmosphere. After the formation of the Si NPs-rGO
composite, the products were immersed in 10% hydrofluoric
acid solution to remove the oxides on the surface of the sili-
con. After filtration, the composites were dried in vacuum
overnight. The final ratio of SiNPs to rGO is 1:1 by weight
determined by thermogravimetric analysis (TGA) (see Fig. S1
in the Supporting information). The composites were mixed
with Super P (Timcal) and sodium carboxymethylcellulose
(Aldrich) in a ratio of 80:10:10. The formulated slurry mixture
was then coated on copper foil (99.9%, ITRI) and prepared for
CR2032 coin cell type of fabrication. The electrolyte was 1 M
LiPF¢ in EC/DMC (1:1 v/v) (Tomiyama). Polyethylene films
(Asahi N910) were utilized as separators and pure lithium me-
tal foil was used as the counter electrode. The electrodes were
assembled in an argon-filled glove box.

2.4.  Dispersion and electrochemical characterization

The particle size of the Si NPs in various solvents was mea-
sured using Malvern Zetasizer Nano S while the absorption
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spectra were taken using Jasco V-630 UV-Vis spectrometer.
The Fourier transform infrared spectra (FTIR) were taken
using Thermo Nicolet 6700-FTIR in attenuated total reflec-
tance (ATR) mode. The discharge and charge measurements
of the batteries were performed on an Arbin BT2000 system
in the fixed voltage window between 0.05 and 1.2V at room
temperature. The AC impedance was measured at an Autolab
electrochemical workstation (PGSTAT302 N), with frequency
range and voltage amplitude set as 1 MHz to 0.01 Hz and
10 mV, respectively. Raman spectra were obtained using Hor-
iba Jobin-Yvon Horiba 800UV confocal Raman spectrometer
at excitation source of 633 nm. X-ray diffraction (XRD) mea-
surements were conducted on a Bruker, D2 Phaser. The ther-
mal gravimetric analysis was done using Perkin Elmer TGA
4000 while scanning electron microscopy (SEM) images were
obtained using JEOL 6700 FE-SEM).

3. Results and discussion

3.1.  Characterization and evaluation of the solvent
exchange process

To demonstrate the effectiveness of the treatment, solvent
exchange process was applied to Si NPs on three different
kinds of solvent (2-propanol, water and toluene). Our target
solvent in this case is water while 2-propanol will act as our
positive control and toluene as our negative control [26]. We
hypothesized that the solvent exchange process only works
to improve the dispersion of Si NPs in polar solvents. Hence,

w/ solv. exchange

aside from water, dispersion of Si NPs in 2-propanol (a polar
solvent) will also improve while that in toluene (a non-polar
solvent) will not work.

From Fig. 1a, it can be first observed that untreated Si NPs,
without undergoing the solvent exchange process, show poor
dispersion and/or stability to all of the three solvents after let-
ting the suspension stand for one day. On the other hand,
after undergoing the solvent exchange process, the Si NPs
clearly have better dispersion and stability in 2-propanol
and water while maintaining a poor dispersion in toluene.
This observation indicated that the polar characteristic of
the initial solvent used plays a role in improving the disper-
sion of the Si NPs in succeeding polar solvent.

In NMP, Si NPs have a smaller hydrodynamic diameter
from the dynamic light scattering (DLS) measurement
(Fig. 1b) compared with the particles dispersed in water even
after the solvent exchange process. This shows that Si NPs
has better dispersion and stability in NMP. Although signs of
aggregates can still be observed after the solvent exchange
process, a narrower distribution can be seen compared to
the suspension without undergoing the said process. For the
untreated sample, it was observed after measurements that
large aggregates of Si NP settled on the bottom of the cell. This
may explain why no large size was detected during the DLS
measurement for the untreated sample.

Fig. 1c shows a quantitative interpretation of the results
from the optical photograph (Fig. 1a). Since all three solvents
used do not absorb in the visible range, the absorption ob-
served can be attributed solely to the Si NPs. We can take
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Fig. 1 - (a) Photographic images of Si NPs dispersed in various solvents (water (H,0), 2-propanol (IPA) and toluene (TOL)) with
and without applying the solvent exchange process, (b) dynamic light scattering measurement of Si NPs dispersed in NMP
(250 nm), in H,0 with (427 nm) and without (320 nm) the mediation of the solvent exchange process (with indication of the
peak center) and (c) absorbance at 600 nm of the diluted supernatant in (a).



400

CARBON 63 (2013) 397403

the absorption spectrum of the supernatant (Fig. S2 in SI) to
make a semi-quantitative assessment on the effectiveness
of the process. Taking the absorbance at 600 nm (arbitrary
point), it can be inferred that the process is most effective
for 2-propanol followed by water and clearly shows no absor-
bance from the sample using toluene as solvent. It is clear
from the results that the process does not apply to non-polar
solvents. This implies that the solvent exchange process
makes the surface of the Si NPs polar which explains the im-
proved interaction with polar solvents while maintaining a
poor interaction in non-polar solvent. Furthermore, it can
also be noted that the dielectric constant of NMP (32.55) is
much closer to 2-propanol (20.18) compared to water (80.10)
[27]. As such, NMP’s polar character is much closer to 2-propa-
nol than water, thus making NMP and 2-propanol more com-
patible to each other [28].

From the results above, a schematic mechanism can be in-
ferred (Fig. 2). Without undergoing the solvent exchange pro-
cess (Fig. 2a), Si NPs easily form aggregates. Even under
ultrasonic agitation, aggregations are still observed. The
aggregation continues to increase as soon as the suspension
returns to equilibrium. On the other hand, the solvent ex-
change method (Fig. 2b) takes advantage of the residual mol-
ecules (NMP) that is retained on the surface of the Si NPs due
to strong non-bonding interaction (Fig. 2b) between the sol-
vent and the solute. Since NMP molecules are compatible in
aqueous media, it improves the dispersion and stability of
the particles in water or any other polar solvent previously
having poor interaction with Si NPs. Fig. 2c shows the Fourier
transform infrared (FTIR) spectrum of the Si NPs after the sol-
vent exchange process (in blue line), which indicates a very
weak but clear peak attributed to the carbonyl peak of 1-
methyl-2-pyrrolidinone (in black line).

We have also demonstrated the effectiveness of the sol-
vent exchange process using other polar aprotic solvent such
as acetonitrile and acetone (Fig. 3). Using these polar aprotic
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Fig. 3 - (a) Visible absorption spectra of Si NPs in various
solvent after one day. The solutions were diluted 4x. (b) The
absorbance of Si NPs at 600 nm in water after undergoing
the solvent exchange process.

solvents, a big improvement in the dispersion of Si NPs in
water can also be observed. Fig. 3b also shows the absorbance
of Si NPs at 600 nm in water after undergoing the solvent ex-
change process.
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Fig. 2 - Schematic picture of Si NPs when dispersed in an incompatible solvent (water) (a) before and (b) after undergoing the
solvent exchange method. (c) FTIR spectrum of the NMP (dotted line) and Si NPs after the solvent exchange method (solid

line).
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3.2 Preparation and characterization of SiNPs — graphene
composite

After improving the dispersion of Si NPs in aqueous media,
the same process was applied prior to the addition of Si NPs
in the GO aqueous suspension. Fig. 4a shows a more homoge-
neous composite suspension after applying the treatment. Si
NPs are less likely seen floating on the suspension or sticking
on the sides of the tube walls. After further agitation, both
treated and untreated suspensions were further processed
by subjecting the evaporated and dried Si NPs-GO composite
to thermal reduction. This converted the carbon component
into reduced GO (rGO) and improved its electrical conductivity
[29]. XRD pattern (see Fig. S3 in SI) and Raman spectra (see
Fig. S4 in SI) have shown no difference on the Si NPs and
rGO properties with or without using the solvent exchange
process. No apparent morphological difference can also be in-
ferred from the SEM images between two processes after GO
reduction (see Fig. S5 in SI). Thus, the process itself doesn’t af-
fect the intrinsic properties of both materials. Consequently,
the Si NPs-rGO composite was used as a slurry mixture for
lithium ion battery testing.

3.3. Lithium-ion battery testing

The cycling performance (Fig. 4b) shows that without the use
of any carbon based material, the capacity fading problem is
very serious with almost no capacity after the 30th cycle. Be-
tween the composite samples, solvent exchange mediated
process clearly shows better stability compared to the un-
treated sample. Our results have shown an initial capacity
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of 1264 mAh/g and retention of about 70% after 30 cycles. This
is comparable to the results reported in literature which used
surface modification [21] or even chemical functionalization
[20] on the composite to improve the Si-GO interaction.

Comparing the initial coulombic efficiency of our cells
(Fig. 4c), no difference in terms of the effectiveness of lithia-
tion and delithiation is observed. This means that the initial
activity of the Si NPs was not compromised even after under-
going various treatments. However, it is clearly seen that as
the charge-discharge cycle progresses, pure Si NPs shows an
erratic coulombic efficiency which is consistent with the de-
cline in its cyclic performance. On the other hand, no signif-
icant differences in the coulombic efficiency were observed
on the composite samples. Thus, the difference in terms of
the specific capacity of the composite can only be attributed
towards the variation of the composite homogeneity prior to
the electrical measurement. By normalizing the cycling per-
formance with the amount of Si NPs (see Fig. S6 in SI), a bigger
difference can be further observed, showcasing the improve-
ment caused by the solvent exchange process.

In addition, the formation of a homogeneous Si-rGO com-
posite leads to a better performance of the GO as a buffering
matrix of the Si NPs while it expands during lithiation. Since
the silicon is better spaced between the GO matrices, there is
also an improvement in the overall conductivity of the com-
posite system. Our AC impedance measurements further sup-
ports the improvement in the composite system after
undergoing the solvent exchange process (Fig. 4d). Typically,
the semicircle in the mid-frequency range is assigned to the
charge transfer resistance [30], therefore it is obvious that
the modified composites provides faster charge transfer than
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Fig. 4 - (a) Photographic image of Si-GO composite aqueous suspension with and without Si NPs undergoing solvent
exchange process, (b) cycling performance of Si-rGO with and without the use of the solvent exchange process and pure Si
NPs at current density of 200 mA/g, (c) comparison of their coulombic efficiencies and (d) Nyquist plots of the two Si-rGO

samples.
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the unmodified one due to better dispersion and homogeneity
of the Si NPs in the carbon matrix.

4, Conclusions

In conclusion, we have demonstrated the improvement in the
dispersion and stability of silicon nanoparticles in aqueous
suspension using a simple solvent exchange process. Further-
more, we have applied the process to create a stable Si NPs-
GO suspension which was later used as an active material
in lithium-ion battery application. With the aid of the solvent
exchange process, the Si NPs-rGO composite shows an en-
hanced and more stable performance than the same compos-
ite without the aforementioned treatment. The improved
capacity is attributed to better dispersion of the silicon nano-
particles within the graphene matrix, which in turn maxi-
mizes the function of the carbon material as a conductive
additive and elastic matrix. In addition, the obtained capacity
of the treated sample shows only a capacity loss of 32% com-
pared to 46% of the untreated sample after 30 cycles. More-
over, the process can also be generally applied to different
composite systems that are facing similar compatibility prob-
lems. Aggregation of the various components in the compos-
ite systems tends to decrease the expected performance of
the desired application. However, having specific solutions
only to specific systems adds more cost and time to develop.
Therefore, finding a general approach to the problem is an
ideal solution for this situation.
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Fig. S1 - Thermal gravimetric analysis of Si—rGO nanocomposites to determine the
amount of silicon present in the material.
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Fig. S2 - Visible absorption spectra of Si NPs in various solvent after one day. The
solutions were diluted 4x. Only 5 spectra can be visibly seen from the figure due to the
overlapping of the lines near the zero mark. Aside from the blank runs (H20 blank, IPA
blank and TOL blank) which do not contain Si NPs, nearly negligible absorption of Si
NPs is observed in toluene as solvent due to sedimentation of Si NPs at the bottom of the

cell.



Si-rGO w/o solvent exchange
= Sj-rGO W/ solvent exchange

20 30 ) 40

Si(111)

Intensity (a.u.)

Si(220)

Si(311)

w

l L] l L] ' L l L l L]
10 20 30 40 50 60
20 (degree)
Fig. S3 - XRD patterns of Si-rGO nanocomposites with and without Si NPs undergoing

the solvent exchange process. Inset: Enlarged portion of the spectra focusing on the
graphitic peak after GO reduction.
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Fig. S4 - Raman spectra of Si-rGO nanocomposites with and without Si NPs undergoing
the solvent exchange process.



Fig. S5 - SEM images of Si-rGO nanocomposite a) without and b) with undergoing the
solvent exchange process (scale bar: 1 pm)
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Fig. S6 - Cycling performance of Si-rGO nanocomposite with and without solvent
exchange and pure Si after normalizing the capacity to the weight of silicon.
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