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A sodium carboxymethyl cellulose porous scaffold has been
obtained using the slurry spray technique as a binder for silicon
anodes that demonstrate remarkably improved cycling stability
and rate performance.

It has been well recognized that the lithium-ion battery is one
of the most promising energy storage technologies to enable a
wide range of applications including hybrid electric vehicles
(HEV) and electric vehicles (EV) which are essential to reduce
the fossil oil dependency. For these particular applications,
Li-ion batteries with high power and high energy are critical.
However, the graphite anode in current Li-ion batteries cannot
fulfil these requirements because of its low specific capacity
(372 mAh/g theoretically). In contrast, silicon has very
high theoretical specific capacity of 3579 mAh/g." However,
the notoriously poor cycle stability due to severe volume
expansion/shrinkage during lithium insertion/extraction has
obstructed its realization.

A few recent developments in Si anodes, such as Si
nano-wires,” * nano-porous structured Si particles’ and Si
anodes using sodium carboxymethyl cellulose (CMC) binder® '
have attracted considerable attention. Among these develop-
ments, the Si anode with low nano-Si content (28-34 wt%)
and high content of CMC binder'® stood out as a simple
procedure with attractive performance. However, the trade off
of this technique was that adding more CMC binder and
conductive additive lowered the overall anode capacity. Also,
a large and continuous irreversible capacity was observed
throughout the cycling, because the repeated expansion/
shrinkage of Si particles demolished the dense CMC binder
structure and cracked the SEI film. In order to alleviate the
deformation of the CMC binder during cycling, the authors
hereby report a porous CMC scaffold structure as binder for
Si anodes (schematic in Fig. 1). The advantage of this scaffold
binder is that the intentionally introduced cavities (pores)
allow the Si particles to expand without deformation of the
electrode structure so that the cycle stability of the Si electrode
can be greatly improved. Moreover, the scaffold CMC-Si
electrodes can also enhance the rate capability because
the porous structure increases ion transport in electrodes
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and accelerates the charge transfer reaction kinetics by the
enhanced surface area.

The CMC scaffold electrodes were prepared using the slurry
spray technique (Fig. S1 ESIf). The slurry consisted of 52 wt%
Si nano-particles, 12 wt% carbon black, 36 wt% CMC using
water as solvent. The slurry was sprayed onto the heated
copper foil, and water evaporated instantly upon contact with
the copper foil, thus a porous scaffold electrode was formed.
The same slurry was used to prepare the conventional
Si-CMC electrodes with the slurry casting technique as the
comparison. Some CMC scaffold electrodes were prepared
using carbon coated Si nano-particles that were obtained via
emulsion polymerization followed by carbonization (ESIf).
The purpose of carbon coating is to enhance the electronic
conductivity of the Si nano-particles and to stabilize the SEI
film.!! The carbon coating was confirmed by TEM (Fig. S2
ESIf), and the percentage of carbon was determined to
be ~16.0 wt% by energy dispersive X-ray spectroscopy
(EDS) (Fig. S3 ESI¥). Accordingly, in the preparation of the
electrodes using carbon coated Si nano-particles, 52 wt% Si
was based on the true Si content.

Nitrogen adsorption measurements have been performed on
both the CMC scaffold electrode and the conventional one to
obtain their specific surface area, average pore size, and pore
size distribution. These results are listed in the table below:

Surface Mean pore  Total pore
Electrode type area/m> g~! diameter/nm volume/cm® g~!
Scaffold 28.04 34.6 0.216
Conventional  7.48 64.3 0.111

Fig. 2 shows cumulative pore volume vs. pore diameter,
inset is the isotherm of N, adsorption vs. relative pressure.
Both samples have broad pore size distribution of which the
majority ranges from 50 nm to 120 nm. The CMC scaffold
electrode has both higher specific surface area and higher pore

Fig. 1 3D scaffold binder structure: silicon particles are bound in the
porous polymer binder scaffold (a). During Li-ion insertion, the
scaffold structure is able to accommodate the volume expansion
without demolishing the structure (b).
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Fig. 2 Surface area and porosity of CMC scaffold electrode and
conventional electrode: cumulative pore volume vs. pore diameter and
N, adsorption isotherm.

volume. The structures of the electrodes have also been
evaluated using scanning electron microscopy (SEM). Fig. 3
shows the SEM images of the surface and cross-section of
the conventional electrode and the CMC scaffold electrode,
respectively. It can be observed that the scaffold electrodes
have higher porosity.

The CMC scaffold Si electrodes were charged (Li insertion)
and discharged (Li extraction) between 1.5 V and 0.0 V at
different rates, and their discharge capacity retentions are
shown in Fig. 4 (symbols are the capacities and lines are the
coulombic efficiencies). The black circles are the cycle life of
the conventional CMC-Si electrode made by the slurry casting
method. It is clear that the scaffold CMC-NanoSi electrode

(blue diamonds) is distinctly superior to the corresponding
conventional electrode. Carbon coating on the Si nano-particles
(denoted as Scaffold CMC-C/NanoSi) can further enhance the
cycling stability of the electrodes. The carbon coated Si nano-
particles could retain capacity of 1685 mAh/g (78% capacity
retention) after 150 cycles at 250 mA g~ ' charge/discharge
current. The coulombic efficiencies of the CMC scaffold
electrodes could reach more than 98% after only a few
charge/discharge cycles. The discharge rate capacities of the
CMC scaffold-NanoSi electrodes with or without carbon
coating on Si are shown as the inset of Fig. 4. The electrodes
were charged at the same rate, 0.05 C (100 mA g~'), and
discharged at 0.05 C, 0.1 C, 02 C, 05 C, 1 C and 1.5 C,
respectively. At each C rate, the electrodes were cycled at
least in triplicate. It can be seen that the electrodes with either
Si nano-particles or carbon coated Si nano-particles could
retain great capacity even at high discharge rates. At 1.5 C
(3000 mA g7 '), the CMC scaffold-NanoSi electrode could
provide discharge capacity of 1800 mAh/g (75% of the
capacity at 0.05 C). The similar rate performance of these
two types of Si nano-particles (with or without carbon coating)
demonstrated that the electronic conductivity of the CMC
scaffold (mixed with carbon) was sufficient for a high discharge
rate such as 1.5 C. The porous structure of the scaffold
CMC-Si electrodes could facilitate the lithium ion transport
in the electrodes and accelerate the charge transfer reaction
kinetics.

To better understand the mechanism of the improvement of
cycling stability by carbon coating, CMC scaffold—NanoSi
electrodes with and without carbon coating were disassembled
in an argon filled glove box after 63 charge/discharge cycles,
and the surface morphologies of these two electrodes were
evaluated using SEM as shown in Fig. 5. Compared to the
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Fig. 3 Surface (a) and cross-section (b) of control CMC-Si electrode; surface (c) and cross-section (d) of scaffold CMC-Si electrode.

This journal is © The Royal Society of Chemistry 2010

Chem. Commun., 2010, 46, 1428-1430 | 1429



L e o e S R e e e R
Conventional CMC-NanoSi 100mA/g ] 12
3000 ¢ — — Scaffold CMC-NanoSi 100mA/g 1
--------- Scaffold CMC-C/NanoSi 100mA/g ]
. — Scaffold CMC-C/NanoSi 250mA/g 4
@ 2500 e p— ey T 11
-
=] 5
o 1 g
= 1 [~
< i —408 2
£ 2000 j§ 4 g_
= . =
'g B 1 g
2 1500 [ 106 &
3] N e
n 200 T uo _ |
(3] T Scatiold CMC-Nanos 34 —_
g 1000 £ =110 3
& Fo t
[ ¢ : o §
500 - i - g
rat = #
c . R L 1
o J SO MU RIS SR I I I e B S |
0 20 40 60 80 100 120 140 160

Cycle Number

Fig. 4 Cycle stabilities of Si nano-particle electrodes with CMC
scaffold binder.

corresponding surface morphologies before cycling shown in
the insets in Fig. 5, the porous morphology of the CMC
scaffold—NanoSi electrode (without carbon coating on Si)
was almost entirely covered by the SEI film, while the porous
structure of the CMC scaffold-C/NanoSi electrode can still be
obseved. A recent article by Yen and coworkers'! suggested
that the carbon coating on the Si surface could largely reduce
the formation of the SEI film. The cycle stability test results
and the SEI film images in Fig. 4 and 5 agreed with Yen’s
conclusion very well.

The concept of scaffold binder structure has also been tested
in the CMC scaffold electrode made of micron-sized Si powder
(average size ~2 um). The cycle stability of the CMC scaffold
micron-Si anode is shown in Fig. 6. At 250 mA g~' charge/
discharge rate, the CMC scaffold-MicronSi electrode
(red triangle symbols) can retain capacity of 930 mAh/g after
85 cycles, which is much higher than the conventional

Fig. 5 Surface morphology of a scaffold CMC-C/NanoSi electrode
after 63 charge/discharge cycles (a); surface morphology of a scaffold
CMC-NanoSi electrode after 63 charge/discharge cycles (b).
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Fig. 6 Cycle stabilities of Si micron-particle electrodes with CMC
scaffold binder.

electrode (black circle symbols) made by the slurry casting
technique with the same composition. It is also worth
mentioning that the irreversible capacity of the CMC scaffold
micron-Si electrodes in the first charge/discharge cycle is only
12.4% as shown in the inset of Fig. 6.

In conclusion Si nano-particle electrodes with CMC scaffold
binder structure showed high energy density, power density
and superb cycle stability, because the porous CMC scaffold
can accommodate more volume changes of Si and enhance the
lithium ion transport in the electrodes, as well as being able to
improve the electrochemical reaction kinetics. The Si content,
porosity and pore size in the CMC scaffold binder will be
optimized in future studies. Different CMC polymers and
preparation conditions (pH value) will also be investigated.
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Electrode preparation: Silicon nano-particles (average size 50nm) were purchased from Sigma-
Aldrich. CMC (molecular weight of 90,000 g/mol and 0.7 degree of substitution, Sigma-Aldrich)
was used as received. The scaffold CMC-Si electrodes were prepared using the slurry spray
technique. The slurry consisted of 52 wt.% Si nano-particles, 12 wt.% carbon black and 36 wt.%
CMC (CMC in 5 wt.% water solution). The slurry was mixed in an egg-shaped stainless steel
vial for 30 minutes using a Fritsch Pulverisette 6™ mixer with two 10 mm (diameter) and three 4
mm (diameter) steel balls as mixing media. The obtained slurry was sprayed onto a heated
copper foil (current collector) at 140°C using a Dayton™ Professional Air Brush Kit as the
schematic shown in Fig. S1. Compressed nitrogen (40 psig) was used as carrying gas, and the
spray nozzle size of the air brush was about 0.10 mm in diameter. The distance between the
nozzle and the current collector was kept at 18 cm. The obtained electrodes were heated at 110°C
in vacuum oven for overnight, and then transferred to the argon gas filled glove box for cell
assembly. As comparison, the control electrodes were prepared with the conventional casting
technique on the copper foil using the same slurry with a 30um notch bar. The cast slurry was
slowly dried at room temperature for 48 hours, and then the electrode was heated at 110°C in
vacuum oven for overnight before moved into the argon gas filled glove box.

Si nano-particle carbon coating: Emulsion polymerization technique was used to coat carbon
layer on the Si nano-particles. 0.5 g Si nano-particles were blended in 140 mL Sodium dodecyl
sulfate (SDS, surfactant) water solution (SDS concentration is 0.01g/mL based on total volume)
under vigorous agitation. The obtained muddy-water-like mixture was subject to sonication using
an OmniRuptor 250 Ultrasonic Homogenizer™ for 30 minutes at 30W power output. 2.25 g
acrylonitrile monomer was added into the mixture, and then it was transferred to a three-neck
flask equipped with a condenser and nitrogen gas inlet and outlet. The system was purged using
nitrogen for 20 minutes before the flask was immersed into an oil bath at 70°C. Moderate
agitation was provided by a magnetic stir bar. The polymerization was started by injection of 10
mL potassium persulfate (KPS, initiator) water solution (KPS concentration is 0.01mol/L based
on the total volume) into the system. The polymerization was carried out under continuous
nitrogen purging for 10 hours. The obtained poly(acrylonitrile) (PAN) coated Si nano-particles
were repeatedly washed with abundant amount of water for several times and separated by
centrifugation. The obtained PAN coated Si particles were dried in the vacuum oven at 80°C for
24 hours, which was followed by carbonization at 750°C in an argon gas filled tube furnace for
three hours. The carbon coating was confirmed by the TEM (Jeol 2100F Field Emission
Transmission Electron Microscopy), and the percentage of carbon was determined by the Energy
Dispersive X-ray Spectroscopy (EDS) as shown in Fig. S2 and Fig. S3, respectively.

Electrochemistry analysis: Two-electrode coin cell (2032) with Lithium foil as counter electrode
was used. Electrolyte consisting of 1M LiPF¢ in a mixture of ethylene carbonate/diethylene
carbonate/dimethyl carbonate/ethyl-methyl carbonate (EC/DEC/DMC/EMC 1: 1 1:3 by volume,
Ferro Corporation) was used with a micro-porous membrane separator (Celgard®3501). The cells
were charged (Li-ion 1nsert10n) and discharged (Li-ion extraction) at different cycling currents
between 0.0 and 1.5V (vs. Li/Li") using an Arbin™ battery test station.
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Figure S1. Schematic of slurry spray technique.
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Figure S2. TEM images of (a) The pristine Si nano-particle; (b) Core-shell structure of carbon
coated Si nano-particle.
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Figure S3. Representative EDS measurement of carbon coated Si nano-particles.

cpsiey

100+

a0+

&0

ELE

20+

Spectrum: C coated Si-6

El AN Series unn. C norm. C Atom. C Error

[wt.-%] [wt.-%] [at.-%] [%]
51 14 K-series 74,83 83.15 67.850 3.1
C 6 K-series 15.16 16.85 32.15 2.2

Total: 89.95% 100.00 100.00



