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ABSTRACT: Silicon (Si) particles have emerged as a promising active material for next-generation lithium-ion battery anodes.
However, the large volume changes during lithiation/delithiation cycles result in fracture and pulverization of Si, leading to rapid
fading of performance. Here, we report a simple, all-aqueous, directed assembly-based strategy to fabricate Si-based anodes that
show capacity and capacity retention that are comparable or better than other more complex methods for forming anodes. We
use a cationic surfactant, cetyltrimethylammonium bromide (CTAB), to stabilize Si nanoparticles (SiNPs) in water. This
suspension is added to an aqueous suspension of para-amino benzoic acid-terminated carbon black (CB), pH 7. Charge
interactions cause the well-dispersed SiNP to bind to the CB, allowing most of the SiNP to be available for lithiation and charge
transfer. The CB forms a conducting network when the suspension pH is lowered. The dried SiNP/CTAB/CB anode exhibits a
capacity of 1580 mAh g−1 and efficiency of 97.3% after 50 cycles at a rate of 0.1C, and stable performance at cycling rates up to
5C. The directed spatial organization of the SiNP and CB using straightforward colloidal principles allows good contact between
the well-dispersed active material and the electrically conducting network. The pore space in the CB network accommodates
volume changes in the SiNPs. When CTAB is not used, the SiNPs form aggregates in the suspension, and do not contact the CB
effectively. Therefore, the electrochemical performance of the SiNP/CB anode is inferior to that of the SiNP/CTAB/CB anode.
This aqueous-based, room temperature, directed assembly technique is a new, but simple, low-cost scalable method to fabricate
stable Si-based anodes for lithium-ion batteries with performance characteristics that match those made by other more
sophisticated techniques.
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■ INTRODUCTION

As the demand for future electric vehicles and portable
electronics grows, advanced Li-ion batteries (LIB) will be
required with long life, high power, and high energy density.
Silicon (Si) has a theoretical specific capacity of 3580 mAh g−1

and is a promising material to replace graphite (capacity of 372
mAh g−1), which is commonly used in anodes in current
LIBs.1−3 However, the large volume changes in silicon during
lithiation and delithiation cycles result in its fracture and
pulverization, and loss of contact of active material with the
current collector, leading to rapid capacity fading. These
volume changes also contribute to continuous mechanical
degradation of the solid electrolyte interphase (SEI), exposing
fresh Si to the electrolyte which results in continuous formation

of the SEI. This contributes to capacity fading and poor
Coulombic efficiency.4−10

Various approaches have been employed to overcome this
problem, geared toward controlling the architecture and
placement of the active material, Si, and the conductive carbon,
in the anode. Different Si architectures include nanowires,11,12

nanotubes,13,14 nanoporous structures15,16 and their composites
with carbon black, graphite and graphene.17,18 These anodes
exhibit high capacity and good cycle stability. Fabrication of
anodes using vapor phase growth processes is typically slow and
costly, and is not ideal for scaling up to large volume
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production. In this paper, we report a simple, inexpensive,
aqueous-based colloidal processing strategy to form SiNP-
carbon composite anodes. The key features of the anode are a
uniform distribution of SiNP and good contact of these
particles with a conducting carbon network. The SiNPs are
stabilized by a charged surfactant, and these charged particles
then bind to oppositely charged conducting carbon black
particles that form the network. The pore spaces in the network
accommodate volume changes in the SiNP during cycling. We
demonstrate superior cycling performance of the anodes
prepared using our strategy over anodes made without the
surfactant. The performance of our anode compares very
favorably with those made by other more complex
methods.8,12,13,19−25

■ EXPERIMENTAL DETAILS
Preparation of SiNP/CTAB/CB and SiNP/CB Anodes. A para-

amino benzoic acid-terminated carbon black (CB) suspension in water
at pH 7.0 (Cabot Corporation) was used in this study. The CB
particles have a specific surface area of ∼200m2.g−1. The pKa of the
acid is ∼6.5. Thus, the exposed carboxyl groups are deprotonated at
pH 7.0. Si nanoparticles of average diameter 50 nm were purchased
from Alfa Aesar. 50 mg of SiNPs were sonicated for 1 h in 1 mL of DI
water, then 600 μL of a 5 mM CTAB aqueous solution was added into
this SiNP suspension. The concentration and volume of the CTAB
solution is about 10% higher than that required for complete bilayer
coverage of all SiNP particles. After another 30 min of sonication, a
1.5%w/w CB suspension was added to produce a mass ratio of SiNP/
CB of 2:1. This is followed by another 30 min of sonication. An
aqueous solution of the binders carboxymethyl cellulose (CMC) and
poly(acrylic acid) (PAA, MW ∼ 300,000) at a mass ratio of 1:1 was
then added. The volume of the CMC/PAA solution is adjusted so that
the final concentration of binder after drying is 25%w/w of the total
anode mass (the SiNP, CB, and binder).20,26 The sample was then
placed in a vacuum oven at 50 °C and concentrated to a slurry. A
doctor blade was used to coat the slurry onto Cu foil with thickness
between 150−200 μm. The samples were then dried overnight at 120
°C under a vacuum. The area loading of the anode materials on the Cu
foil was ∼0.35 mg/cm2. The preparation technique is identical for the
SiNP/CB anodes, except no CTAB is added.
Electrochemical Characterization. Individual 13 mm diameter

circular electrodes were hole-punched from the coated Cu foil.
CR2032 type coin cells were assembled in an argon-filled glovebox
(oxygen <0.1 ppm, water <1 ppm) using Li foil as the counter
electrode. Two separators, one Celgard 2325 and the other made from
glass fiber, were used. The electrolyte was 1.0 M LiPF6 in a mixture of
ethylene carbonate (EC)/ ethylmethyl carbonate (EMC)/ fluoro-
ethylene carbonate (FEC) in a 45:45:10 ratio by volume. The
electrolyte components were obtained from BASF. We note that
CTAB has essentially no solubility in this electrolyte, and thus should
not affect the electrolyte even after multiple cycles.
The half cells were subjected to galvanostatic (constant current)

lithiation/delithiation cycles from 0.05 to 1.5 V versus Li/Li+ at 25 °C
on an Arbin BT 2000 cycler. A current density of ∼30 μA cm−2 was
used for experiments at 0.05C. The current densities were propor-
tionally adjusted for the other lithiation/delithiation rates. For typical
experiments, the first three cycles were conducted at 0.05C, to form
the SEI layer. The remaining 47 cycles were conducted at 0.1C. The
anode performance at faster rates, up to 5C, was also probed. All
specific capacities were calculated based on the total mass of the SiNP,
CB, and binder on the electrodes.26−28

Electrochemical Impedance Spectroscopy (EIS). EIS was per-
formed on a Princeton Instruments V3 Potentiostat at 1 V after the
cells were cycled at 25 °C at a charged state. The perturbation is 10
mV with a frequency range from 20 mHz to 1 × 105 Hz. The
impedance was measured after 3 cycles at 0.05C and then after 50
cycles at 1C.

Analytical Characterization. Transmission Electron Microscopy
(TEM). Fresh and cycled electrodes after 50 cycles were characterized
using a JEOL 2100 transmission electron microscope. A small piece of
the electrode was dispersed in dimethyl carbonate using sonication.
This process broke the samples into small enough pieces for the
internal structures to be observed at high magnification. A drop of the
dispersion was then placed on a TEM grid and dried in a vacuum
oven. The grid was stored in an argon-filled vial until it was observed.
Samples were loaded rapidly into the TEM to minimize ambient
exposure.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). We
used a novel, blotless and shear-free, cryo-TEM technique to provide
an artifact-free image that shows the locations of the CB and SiNP in
the suspension.29 This is important, as typical cryo-TEM techniques
use blotting to thin the sample on a grid, which also introduces high
shear. Blotting can sometimes cause preferential absorption of
particles, whereas shear can break particle networks. Thus, both
blotting and shear can result in samples that are not representative of
particle locations in the original supension. We did not have binder in
these samples, as that would prevent us from imaging the
nanoparticles. We diluted the samples 500 times, and injected 3 μL
on to the center of a holey carbon grid through a glass tube of inner
diameter 344 μm. A capillary suction tube was placed at the edge of
the grid, oriented parallel to the grid plane. This tube removed all the
excess fluid on the grid and left thin films of the sample spanning the
grid holes. The placement of the suction capillary implies essentially
no flow in the grid holes during removal of excess liquid, thus
eliminating any shear on the sample that was being observed.
Subsequently, the grid bearing the sample was plunged into a liquid
ethane reservoir, cooled by liquid nitrogen to a temperature close to its
freezing point. The rapid vitrification of the sample preserved the
particle locations as they were in the original suspension. The grid was
then transferred on to a Gatan 626DH cold stage, and inserted into
the TEM for imaging. The sample temperature was maintained at
−165 °C at all times during imaging, and low-dose microscopy was
used, to prevent the amorphous-to-crystalline phase transformation in
vitrified ice or any beam-induced artifacts in the specimens. A slight
underfocus was used to improve contrast.

Scanning Electron Microscopy (SEM). Small pieces of uncycled Si/
CB and Si/CTAB/CB anodes were directly observed by SEM (Zeiss
Sigma FE-SEM). For samples after cycling, the cells were disassembled
in an argon-filled glovebox, harvested and rinsed with anhydrous
dimethyl carbonate (DMC) three times to remove residual LiPF6,
followed by vacuum drying overnight at room temperature. The
samples were then observed using SEM.

X-ray Photoelectron Spectroscopy (XPS). The cycled cells were
disassembled in an argon glovebox, and the electrodes were harvested
and rinsed with anhydrous dimethyl carbonate (DMC) 3 times to
remove residual LiPF6, followed by vacuum drying overnight at room
temperature. Three coin cells were made for each type of electrode. A
vacuum transfer vessel was used for air free analysis of the samples.
XPS was performed on a Thermo Scientific K-Alpha system using Al
Kα radiation (1486.6 eV) under ultrahigh vacuum conditions. The
XPS peak positions were calibrated by recording spectra for the
reference compounds LiF, PVDF, and LixPOyFz, which are present on
the electrode surface. The graphite peak at 284.3 eV was used as a
reference for the final adjustment of the energy scale in the spectra.
The spectra were analyzed by Multipack 6.1A software. Line analyses
of elemental spectra were conducted using Gaussian−Lorentzian
(80:20) curve fitting. The cell to cell variability is less than 6%.

■ RESULTS AND DISCUSSION
Dissociation of surface silanol groups30 produces a net negative
charge on the SiNP when dispersed in water, producing a zeta
potential of −1.8 mV. The repulsive interparticle interaction at
this potential is not enough to prevent agglomeration of the
SiNP due to attractive van der Waals forces between particles.31

Addition of the cationic surfactant CTAB to the SiNP
suspension results in bilayer adsorption on the particle surfaces,
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and a zeta potential of +5.6 mV. This charge is adequate to
stabilize the suspension.31 The SiNP suspension is then added
to a para-amino benzoic acid-terminated carbon black
suspension in water. The pH of the suspension is lowered to
3, resulting in protonation of some surface carboxyl groups on
the CB. The surface hydrophilicity of the CB particles decreases
and they form a network in water.32 Individual, positively
charged SiNPs bind electrostatically to the negatively charged
CB particles all along this network. As a control, the
unmodified (no CTAB) SiNP suspension is added to the CB
suspension. In this case, the charge on the particles and the
charge on the CB surface are both negative, inhibiting SiNP
attachment to the CB.33 The anode formation strategies are
shown in Figures 1A, B. In the remaining parts of this paper,
the CTAB-containing sample is identified as SiNP/CTAB/CB,
whereas the control is SiNP/CB.
Cryo-TEM images of the SiNP/CB and SiNP/CTAB/CB

suspensions are shown in Figure 1C, D. The CB and SiNP were
identified by their distinctive morphologies and by selected area
energy-dispersive X-ray spectroscopy (EDX). The control
sample shows agglomeration of the SiNP, whereas the SiNP/
CTAB/CB sample shows the particles distributed more

uniformly. This difference has a strong impact on the
performance of the anodes.
The electrochemical performance of the SiNP/CB and

SiNP/CTAB/CB containing anodes for the first, fifth, 10th,
30th, and 50th cycles are shown in Figure 2.
The first reversible lithium charge capacities are 932 mAh.g 1

for the SiNP/CB and 1766 mAh g−1 for SiNP/CTAB/CB
anodes, respectively. The capacity is calculated based on the
total mass of SiNP, CB, and binder. The better dispersion of
the SiNPs compared to the control case is responsible for the
difference in performance. The fifth and later cycles display a
higher capacity than in the first 4 cycles because Li ions are lost
to SEI formation. Some of the capacity increase may also be
due to electrode wetting and increased contact of the active
material with the electrolyte during the initial cycling.
The maximum specific capacities were 1880 mAh g−1 for the

third cycle and 1268 mAh g−1 for the fourth cycle of the SiNP/
CTAB/CB and SiNP/CB anodes, respectively. The increase of
specific capacity during the first few cycles is due to decreasing
irreversible loss of Li ions once the SEI is formed.34 At greater
than 50 cycles, the SiNP/CTAB/CB anode exhibits a higher

Figure 1. Illustration of Si/CB and Si/CTAB/CB anode preparation: (A) SiNPs are added directly to the CB suspension (B) SiNPs are exposed to
CTAB in solution. The CTAB adsorbs as a bilayer on the surface of the particles, giving them a net positive charge. These positively charged particles
bind to the negatively charged carbon black in the network. (C) Cryo-TEM image of the SiNP/CB suspension. The SiNPs are agglomerated. (D)
Cryo-TEM image of the SiNP/CTAB/CB suspension. The SiNPs are well-distributed. The red circles in C and D indicate SiNPs.
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delithiation capacity and a more stable cycle performance than
the SiNP/CB anode.
Figure 2D shows the capacity retention, normalized by the

maximum capacity. After 50 cycles, the SiNP/CTAB/CB anode
fades to 84% of the maximum, whereas the SiNP/CB anode
capacity decreases to 53% of its maximum value. A maximum
capacity of 1788 mAh g−1 (the capacity is normalized by the
weight of Si+CB+binder) and retention of more than 80% of
the maximum capacity at the end of 50 cycles is a strong
performance for a silicon-based anode.35−37 The minimally
aggregated SiNP allows most of the active material to be
exposed and a stable SEI to form within the first few cycles. The
good contact between SiNPs and CB network reduces contact
resistance compared to the SiNP/CB sample. The unaggre-
gated SiNPs also have room for expansion in the porous carbon
black network, thus buffering any stresses that might cause
them to fracture and reduce contact with the electrode.
We compared the performance of the SiNP/CTAB/CB and

the Si/CB anodes at different cycling rates, and show the
capacities in Figure 3. The SiNP/CTAB/CB anode maintains a
high specific capacity at high rates, while the SiNP/CB anode
has very little capacity at 5C. To examine if the changes to the
anode were reversible, a lithiation/delithiation rate of 0.1C was
applied following the 5C cycling rate. The specific capacity of
SiNP/CTAB/CB anode recovered to 1552 mAh g−1, which is
92% of the maximum. The anode with SiNP/CB was only 672
mAh g−1, or 55% of the maximum. These results indicate that
after rapid cycling, the SiNP/CTAB/CB anode architecture is
essentially retained, while the SiNPs in the SiNP/CB anode
might be getting pulverized. We note that most of the SiNP
fracturing and pulverization happens in the first 10 cycles, as
the capacity for both samples recovers to that value even after
fast cycling.
Electrochemical impedance spectroscopy was conducted to

further understand the performance of the anodes. For these

measurements, each sample had 3 cycles at 0.05C followed by
50 cycles at 1C, and the results are shown in Figure 4. The
SiNP/CTAB/CB sample has a much smaller SEI resistance Rf
and charge transfer resistance Rct compared to the SiNP/CB
sample. The improved contact beween the SiNP and the
conducting CB network for the SiNP/CTAB/CB sample
produces lower impedance than in the SiNP/CB sample, and
contributes to the improved cycling and rate performance of
the former cell.
The morphology of anodes before and after cycling was

observed by TEM. As shown in Figure 5A, C, the edges of
SiNPs were observable in both fresh anodes. After 50 cycles,
with the first 3 cycles at 0.05C, and the remaining cycles at
0.1C, SiNPs in SiNP/CB anode suffered significant pulveriza-
tion and appeared porous (Figure 5B). For the SiNP/CTAB/
CB anode, the spherical shape of SiNPs was retained and their
edges remained clearly visible, as seen in Figure 5D. These

Figure 2. (A) Voltage versus Li/Li+ over the range 0.05−1.5 V for the SiNP/CB and (B) SiNP/CTAB/CB anodes, at charge/discharge rates of
0.1C. (C) Delithiation capacity and Coulombic efficiency of SiNP/CB and SiNP/CTAB/CB anodes at charge/discharge rates of 0.1C. For these
experiments, the first three cycles were run at a rate of 0.05C to enable SEI formation. Two different anodes were prepared for both SiNP/CB and
SiNP/CTAB/CB and the plots show the average from those samples. The error bars indicate the maximum spread in the data. (D) Comparison of
the delithiation capacity retention for the SiNP/CB and SiNP/CTAB/CB anodes. The data are normalized by their respective maximum capacities.

Figure 3. Capacities of SiNP/CTAB/CB (red) and SiNP/CB anodes
at various charge rates ranging from 0.1C to 5C. A rate of 0.1C was
applied at the end of process to test for reversibility.
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results also indicate that the structural features of SiNP/CTAB/
CB anode significantly reduce SiNP fracturing and pulveriza-
tion. We confirm this observation by examining the anodes
using SEM, before and after cycling (Figure 6). The surface of
the SiNP/CB anode shows a rougher texture, indicative of
pulverization (Figures 6A, B), whereas the surface of the SiNP/
CTAB/CB anode appears only marginally degraded after
cycling (Figure 6C, D).
To better understand the changes to the surface and

structure of the SiNP/CB and the SiNP/CTAB/CB anodes,
we acquired XPS spectra, which are shown in Figure 7. Fresh
SiNP/CB and SiNP/CTAB/CB anodes have very silimar
spectra (Figure 7A, B). After cycling, new species produced by
electrolyte decomposition on the anode surface were observed
(Figure 7C, D), supporting the formation of an SEI layer.
However, significant differences were observed between the
spectra from the SiNP/CTAB/CB and the SiNP/CB anodes. A
higher concentration of CO3

2− (Li2CO3 and lithium alkyl
carbonates) was found on the SiNP/CTAB/CB anode surface,
while a higher concentration of CO (∼288 eV) containing

species was present on the surface of the SiNP/CB sample. In
addition, the surface of SiNP/CB electrode has a higher
concentration of LiF (22.5% F) compared to that of the SiNP/
CTAB/CB (14.1% F) anode. The poor conductivity of LiF
contributes to higher impedance and lower electrochemical
performance. The lower concentration of LiF on the SiNP/
CTAB/CB electrodes is consistent with an inhibition of
electrolyte decomposition. This is a result of less SiNP
pulverization on this anode, leading to a smaller increase in
the surface area exposed to the electrolyte. Although we cannot
confirm this, the CTAB can also be forming a protective
coating on the SiNPs reducing their exposure to electrolyte
(but does not significantly inhibit transport of Li ions).
We note here that the electrochemical performance SiNP/

CTAB/CB anode is comparable to Si−C anodes made by a
range of other techniques.8,12,13,19,21−25,37−40 The key advant-
age of our method is the ease of processing and fabrication,
which implies greater potential for scaling up at reduced
processing costs.

■ CONCLUSIONS
We demostrate a simple aqueous-based strategy to fabricate Si
anodes for lithium-ion batteries. SiNPs were uniformly
dispersed in water containing a cationic surfactant CTAB,
then added to a suspension of carboxyl-terminated CB in water.
The SiNPs bind to the oppositely charged CB particles in the
suspension. Because the SiNPs were uniformly dispersed, they
were all available for lithiation and delithiation, providing high
specific capacity. Capacity fade during fast charge and discharge
rates was low. The excellent contact between SiNPs and CB
increased the conductivity of anode. The pore spaces in the CB
network permitted volume expansion and contraction of the
SiNP without transmitting stresses to the conducting CB
network. This room-temperature, all-aqueous strategy for
forming stable, high-performance Si-based anodes is low-cost

Figure 4. Electrochemical impedance spectra of SiNP/CB and SiNP/
CTAB/CB after 3 cycles at 0.05C and 50 cycles at 1C.

Figure 5. TEM images of (A) fresh SiNP/CB anode. (B) SiNP/CB
anode after 50 cycles. (C) Fresh SiNP/CTAB/CB anode. (D) SiNP/
CTAB/CB anode after 50 cycles. Blue arrow indicates the porous Si
powder and the red ones indicate the edge of a SiNP.

Figure 6. SEM images of the Si/CB anode (A) before and (B) after
cycling. SEM images of the Si/CTAB/CB anode (C) before and (D)
after cycling.
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and potentially easily scalable. This is the main advantage of the
fabrication technique.
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