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In recent years, graphite containing some proportion of SiOx-based materials for lithium-ion batteries has

been investigated widely owing to its high specific capacity. An efficient binder is critical to maintain both

the electronic and mechanical integrity of the SiOx-based graphite composite anode electrodes. In this

study, we present a discussion on the water-soluble binders of styrene butadiene rubber (SBR) and poly

acrylic acid (PAA) in a 15% SiOx–graphite composite anode with half cell (coin) and high voltage pouch

battery. The peeling strength of the anode electrode using two binders was measured. The first

coulombic efficiency and discharge specific capacity of SiOx–graphite was 83.6% and 626.5 mA h g�1

using the SBR as binder, while 81.2% and 636.1 mA h g�1 using the PAA binder, respectively. Based on

the results from EIS, rate performance and the mechanism of the SBR emulsion binder, SBR binder is

more conducive to the transfer of electrons and ions on the electrodes. In practical applications (high

voltage pouch battery), the batteries with the PAA binder show better cycle performance and achieve

lower swelling (7.49%) compared with those with the SBR binder (9.56%) at the 450th cycle in the range

of 2.75–4.35 V.
1. Introduction

For boosting the increasing specic energy requirements for
future electric equipment, the development of high capacity
density materials is crucial.1–5 Silicon (Si) has received intensive
attention as a promising anode material for lithium-ion
batteries (LIBs) owing to its high specic capacity of
4200 mA h g�1 in the recent years. Nevertheless, the Si-based
anode electrode suffers from around 300% of volume expan-
sion during the charge and discharge process, which leads to
the subsequent pulverization of the Si anode electrode and
causes poor electrochemical performance and hinders its wide
commercialization in LIBs.6,7 Silicon oxide (SiOx) is regarded as
another promising anode material for LIBs due to its high
specic capacity and improved cycling performance, particu-
larly less expansion compared with the Si-basedmaterial during
lithiation. SiOx has been widely concerned because of its high
capacity of 1000–2000 mA h g�1, improved electrochemical
performance and around 50% volume expansion of
�1000 mA h g�1.8 However, the formation of lithium oxide
during the lithiation process consumes lots of lithium ions,
resulting in low 1st coulombic efficiency, which is generally
eng Institute of Technology, Yancheng,
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lower than 80%.9 Combined with the application of materials
and overcoming the above-mentioned shortcomings, an effec-
tive binder is crucial to keep the electrical contact between the
particles, conductive agent and current collector and improve
the electrochemical performance.10,11

It is well known that water-soluble polymer binders are oen
used for Si-based and SiOx-based electrodes including poly-
saccharides, poly acrylic acid (PAA), polyacrylonitrile (PAN),
polyimide (PI) and their derivatives.12–20 Recently, new type of
binders are being explored for the Si-based anodes, such as self-
healing polymer binders,21,22 and conductive binders.23–25 Mag-
asinski et al. reported good electrochemical performance and
low swelling obtained in the carbonate electrolyte with a PAA
binder for Si-based anode.16 Song et al. reported an inter-
penetrated gel polymer binder, which was created via the in situ
cross-linking of PAA and polyvinyl alcohol (PVA) precursors. It
can effectively accommodate the large volume change during
the charge and discharge processes. Excellent cycle perfor-
mance and high coulombic efficiency were achieved even at
a high current density.26 Xu et al. synthesized poly(acrylic acid)–
poly(2-hydroxyethyl acrylate-co-dopamine) methacrylate as
a binder for a silicon micro-particle anode, which showed
special self-healing capability in situ formed during the elec-
trode preparation. The cycle stability and rate performance
remarkably improved due to the strongmechanical support and
buffering of the strain caused by the volume expansion.22 In
view of the above-mentioned binders, they usually contain
RSC Adv., 2021, 11, 7801–7807 | 7801
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special functional groups such as hydrophilic or multiple
network formed structures.13–17 For example, PAA has a high
density of carboxylic acid functional groups and forms strong
hydrogen bonds on the Si-based or the SiOx-based anode
surface. Polysaccharides and PVA contain hydroxyl groups,
which form hydrogen bonds or ester bonds with –OH on the
surface of the silicon oxide layer to interact with each other.27–29

A cross-linked polymeric binder with a 3D interconnected
network of PAA and CMC inhibits the mechanical fracture
during cycling and exhibits high reversible capacity.14 It was
found that the Si-based or SiOx-based composite electrode using
the above binders with high elastic modulus showed good
electrochemical performance due to the high concentration of
polar functional groups.

However, in addition to the electrochemical performance, the
processing and manufacturing performance are also crucial for
the bulk engineering applications. In the current practical appli-
cations, a commonly used binder, SBR combined with dispersant
CMC, which mainly plays the role in the thickening and dispersal
of the slurry, was used as the anode electrode. It is known that
CMC shows some adhesion capacity, but it is only used on the
thin electrode, the low press density or no need to press because
of its brittleness. For the requirement of energy density, the
electrodes oen require high coating and press densities. In this
case, CMC cannot be used as the binder and oen used as
a dispersant in the practical applications.

Compared with graphite, pure Si-based and SiOx-based
anodes, the huge volume expansion during the lithiation process
hinders the wide commercialization in LIBs. The forefront in
research and development to address the above-mentioned chal-
lenges suggests the state of the art anode using graphite con-
taining a small portion of SiOx-based materials in the practical
applications. The state of the art anode in the enterprise appli-
cation is oen composed of graphite with a small proportion of Si-
based or SiOx-basedmaterials depending on its volume expansion
during the lithiation and delithiation processes. Herein, in this
study, two different binders, namely SBR and PPA, were chosen to
investigate the application on a commercial graphite containing
15% SiOx anode material electrode. The electrochemical perfor-
mance and processing capacity of the binders on the properties of
the SiOx–graphite composite anode were explored and evaluated
in coin cells and high voltage pouch cells.
2. Experimental section

Graphite (Hitachi Chemical Co. Ltd), SiOx (Shin-Etsu Chemical
Co. Ltd), SBR (48%, JSR Corporation), CMC (Daicel Chemical
Industries, Ltd), PAA (Mw: 400 000, Sigma-Aldrich), lithium
cobalt oxide (LCO, d50 23 mm, Umicore), conductive agent
carbon black SP (TIMCAL) and carbon nanober VGCF (Showa
Denko KK), polyvinylidene uoride (PVDF, Kureha) were used
as received.
2.1. Electrode fabrication

The anode electrode was assembled by the mixture of SiOx–

graphite (15 : 85) : VGCF : CMC : SBR (PAA) with a weight ratio
7802 | RSC Adv., 2021, 11, 7801–7807
of 95 : 2 : 1.5 : 1.5. The cathode electrode was prepared by 96%
LCO with 2% SP and 2% binder PVDF. An appropriate amount
of deionized water for the anode and NMP for the cathode as
solvents were added to obtain slurry, which was coated on the 8
mm Cu and 13 mm Al current collector. The loading density of
the anode and cathode was about 13.2 and 43 mg cm�2 for the
pouch cell, respectively, and the mean loading density of the
anode for the coin cell was about 6.1 mg cm�2. The obtained
anode and cathode electrodes were dried in a vacuum oven at
100 �C and 140 �C, respectively, until the moisture content was
lower than 200 ppmwith a Karl Fischer (KF) coulometric titrator
(Mettler Toledo C30).

2.2. Battery preparation and electrochemical measurement

The materials and battery performance were investigated on
a CR2430 coin cell and 423480 pouch cell, which was designed
as high voltage system battery. 1.0 M LiPF6 was dissolved in
a 6 : 4 vol%mixture of diethylene carbonate (DEC) and ethylene
carbonate (EC) with 15 wt% uoroethylene carbonate (FEC) and
1 wt% additive vinylene carbonate (VC) as the electrolyte.
Moreover, Toran polyethylene (PE) 16 mm was used as the
separator. All the coin cells were tested at a current rate of 0.05C
for the rst two charge and discharge processes. The cycle
performance and the rate performance were measured at room
temperature in the range of 5–1500 mV on battery testing
systems (Land CT2001A, Wuhan LAND Electronic Co. Ltd).
Cyclic voltammetry (CV) was performed at a scan rate of 0.5 mV
s�1 from 2 to 0 V on an electrochemical work station (CHI660E,
CHI-Instrument, China). Moreover, electrochemical impedance
spectra (EIS) from 100mHz to 105 Hz were alsomeasured on the
CHI660E at an open-circuit voltage and the rst Li lithiation
(discharged) state with an amplitude of 5 mV. The cycle
performance of the pouch cell was performed on an Arbin
Battery Test Equipment (Arbin (5 A/5 V), America) in the voltage
range of 2.75–4.35 V at room temperature. The thickness of the
cell was measured every 50 cycles using a micrometer.

2.3. Characterization

Chemical compositions and crystalline structure of SiOx,
graphite were investigated via X-ray diffraction (XRD) with Cu
Ka radiation (l ¼ 1.54056 Å) (Rigaku D/max2500PC). The
surface morphologies of the samples were tested via eld-
emission scanning electron microscopy (JSM-6360LV, Japan
Electronics Co., Ltd Tokyo, Japan). The adhesion of the
composite electrode was measured on a mechanical testing
machine (Instron 2300) according to the 180 �C peel test. The
tested electrode was made rectangular having the size of 270 �
44 mm, and then was pasted on the stainless steel testing plate
with 3 M tape. The test speed was 300 mm min�1.

3. Results and discussion

The morphologies of graphite and SiOx in this study are shown
in Fig. 1a and b. The results indicate an average graphite
particle size of 22 mm and polyhedral surface, which is bene-
cial for the contact of point-line-surface between the particles.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) graphite and (b) SiOx; XRD patterns of (c)
graphite and (d) SiOx.

Fig. 2 Peeling strength of the SiOx–graphite anode electrodes with
two binders (a) SBR and (b) PAA.

Fig. 3 The first two charge and discharge curves of anodes with (a)
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The SiOx material was observed in the sheet shape and the
particle size was of around 5 mm, which is conductive to the
manufacturing process. It is known that the nanoparticles
usually undergo dispersion agglomeration and have lower press
density, which hinders their rapid commercial applications.
Fig. 1c shows the typical characteristic peaks of graphite con-
taining hexagonal and rhombohedral (3R) crystal structures in
which the peaks at 43.5� and 46� are corresponding to the 3R
(101) and (102) planes, respectively. Flandrois reported that the
existence of the rhombohedral phase was benecial to reduce
the initial capacity loss at the rst cycle.30 No sharp diffraction
characteristic peak of SiOx is observed in Fig. 1d, which illus-
trates that the crystallinity of the SiOx material is low. The
diffraction peaks of Si and a broad SiO peak are detected that
are similar to that reported by Si and Yang et al.31,32 The rst
charge and discharge curves of the SiOx material in the range of
0–2 V are presented in Fig. S1.† Also, the rst efficiency was
78.7% for which discharge and charge capacities were 1999.1
and 1574 mA h g�1, respectively.

Fig. 2 shows the adhesion of two the anode electrodes
(peeling strength) by the mechanical testing machine. When
the PAA binder was used in the electrode, the results in terms of
adhesion were found to be similar to those obtained when SBR
was used as the binder. Also, the adhesion was enough and no
active materials were sticking onto the roller in the process of
rolling. The morphologies of anode electrodes aer rolling are
presented in Fig. S2.† Two anode electrodes showed good
dispersion and no agglomeration. It can be seen that the
conductive agent VGCF can maintain good electronic contact
among the active material particles.

Coin cells were applied to investigate the inuence of two
binders upon the electrochemical performance. The galvano-
static charge and discharge curves of the anodes prepared from
the two binders are shown in Fig. 3. The charge and discharge
curves appear to be similar. There is a plateau around 1.05 V in
the rst discharge process, which is ascribed to the formation of
the SEI lm. It can be easily recognized by comparing with the
cyclic voltammetry (CV) curve (Fig. 5a). As shown, the plateau
© 2021 The Author(s). Published by the Royal Society of Chemistry
with the PPA binder is obviously longer than that with the SBR
binder, demonstrating the larger lithium consumption and
irreversible capacity loss. Two electrodes presented a plateau
from 0.4 V to 0.2 V in the rst discharge process, which corre-
sponds to the formation of Li2O and inactive lithium silicates
(mainly Li4SiO4).9,31,33 The plateau around 0.4 V is referred to the
delithiation process of lithium silicide. The rst charge–
discharge curves show that the anode material has a high irre-
versible capacity loss. The results from the rst two cycles are
SBR binder and (b) PAA binder.

RSC Adv., 2021, 11, 7801–7807 | 7803
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Fig. 4 Cycle performance and capacity retention of coin cells with
SBR and PAA binders.

Fig. 5 (a) CV and (b) EIS of the SiOx–graphite anode coin cells with
SBR and PAA binders at pristine and first lithiated states.
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shown in Table 1. The rst coulombic efficiency and discharge
specic capacity of SiOx–graphite were 83.6% and
626.5 mA h g�1 using SBR as the binder, while 81.2% and
636.1 mA h g�1 when using PAA as the binder, suggesting that
the results of two parallel experiments were similar. Compared
with the SBR binder, the carboxylic acid functional groups of
the PAA binder has strong hydrophilicity. According to the
literature,34,35 the carboxylic acid functional groups of PAA are
reactive towards the electrolyte, causing the decomposition of
LiPF6 and dissolution of SiOx during the electrode wetting
process and leading to the larger lithium consumption and
higher irreversible capacity loss (assigned to the formation of
the SEI lm). The improved 2nd charge capacity is speculated
due to the formation of Li2O increasing the electron conduc-
tivity to improve the lithium insertion and extraction. Another
reason is the formation of the stable SEI lm and the irrevers-
ible reaction being substantially less than that of the 1st
discharge and charge process.

In order to demonstrate the difference in effectiveness
between the two binders, the above composite electrodes were
cycled at a current rate of 0.2C, and the long term cyclability is
shown in Fig. 4. The SiOx–graphite electrode with the PAA
binder exhibited much better cycle performance with a specic
capacity of�523mA h g�1 aer the 36th cycle, which was higher
than that of the composite electrode with the SBR binder
(�512 mA h g�1). The cells using the PAA binder retained�98%
of the initial specic capacity, compared to �96% for that with
the SBR binder. Furthermore, it was found that the capacity loss
of the cells with the SBR binder signicantly increased aer the
28th cycle.

The cyclic voltammograms of coin cells at a scan rate of
0.5 mV s�1 are presented in Fig. 5a. The two batteries showed
Table 1 The 1st coulombic efficiency (CE) and charge/discharge (dis.) s

1 dis. (mA h g�1) 1 charge (mA h g�1)

SBR-1 624.9 523.7
SBR-2 626.5 523.9
PAA-1 636.1 516.3
PAA-2 639.4 517.1

7804 | RSC Adv., 2021, 11, 7801–7807
the peak around 1.05 V, which disappeared in the following two
cycles, corresponding to the formation of the SEI lm associ-
ated with the decomposition of the electrolyte additive FEC and
VC.36–38 It was also veried by the rst charge and discharge
curves (Fig. 3). The weak peak from 0.5 V to 0.2 V mainly
corresponds to the lithiation of SiOx into Li2O and electro-
chemically inactive lithium silicates, primarily Li4SiO4.9,39–42

Although the scan rate of 0.5 mV s�1 was very fast (the scan rate
of 0.1–0.2 mV s�1 is oen used by numerous researchers20,36),
the peak position was similar and almost no obvious deviation
was observed in the rst three cycles. It may be ascribed to the
2% VGCF in the anode electrode to enhance the electronic
connectivity of particles. The EIS spectra of the two composite
electrodes at pristine and rst Li lithiated (discharge) state are
shown in Fig. 5b. As known, from the high frequency to the
medium frequency, one or two semicircles are assigned to the
electrolyte–electrode interface resistance (RSEI) and charge
transfer resistance (Rct). It was seen that all of the Ohm resis-
tance was almost the similar in the ultra-high frequency.
However, the total of RSEI + Rct with the PPA binder is larger than
that with the SBR binder at pristine and full lithiated states.
Also, it was also obvious that the resistance change with the PAA
pecific capacity of the SiOx–graphite anode

1st CE (%) 2 dis. (mA h g�1) 2 charge (mA h g�1)

83.8 543.9 526.0
83.6 546.4 529.1
81.2 547.2 528.7
80.8 544.2 524.9

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Rate performance of coin cells with SBR and PAA binders.
The current rates at 0.1–1C (b) action mechanism of the SBR binder.

Fig. 8 (a) Anode electrode morphologies after 400th cycles; (b–d)
SEM images of the part marked in the red circle of electrode using the
SBR binder.
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binder from pristine to the lithiated state was signicantly
larger than that with the SBR binder.

The rate performance of the anode electrodes in half cells
with SBR and PAA binders is exhibited in Fig. 6a. The similar
specic capacities of the two cells were achieved at small
current (0.1–0.5C). Aer the current shied to 1C, however, the
cell using the SBR binder obtained higher capacity. As known,
SBR is a type of an emulsion binder, which is dotted on the
active material surface (Fig. 6b). Compared with the solution
binder PAA, the SBR binder can form more Li+ transport
channels for ionic conduction due to the low degree of coating
on the surface of the active material. Based on the results from
EIS, rate performance and the mechanism of the SBR emulsion
binder, the SBR binder exhibited to be more conducive to the
transfer of electrons and ions on the electrodes.

To further investigate the inuence of SBR and PAA binders
on the performance of the full battery, 423480 pouch cells with
the LCO cathode and the SiOx–graphite anode were assembled
to evaluate the battery cycle and swelling and electrode
manufacturing performance. The cycle performance and cell
swelling are presented at rate of 0.7C charge and 0.5C discharge
in the range of 2.75–4.35 V in Fig. 7. The ratio of swelling was
calculated as follows: (Tn: the thickness aer nth cycling, T0: the
thickness before cycling).

DS ¼ Tn � T0

T0

� 100%

The results indicate that the trend of cycle performance
using SBR and PAA was similar at the beginning of the cycle.
Fig. 7 Cycle performance and battery swelling with SBR and PAA
binders.

© 2021 The Author(s). Published by the Royal Society of Chemistry
However, the use of the PPA binder showed much better cyclic
stability and lower volume swelling during the cycling. Aer 400
cycles, the capacity retentions of the cells using SBR and PAA
binders were �79% and �81%, respectively. The swelling of
cells with the SBR binder was �8.5%, while it was �7.5% with
the PAA binder. With ongoing cycling, the cycle performance
with the SBR binder decreased rapidly to 75.9% at the 450th
cycle. Also, the swelling with SBR increased rapidly to �9.6%,
while the capacity retentions and swelling of the cell using the
PPA binder were 79.0% and �7.5%, respectively. From dissec-
tion batteries (SBR-1 and PAA-2) aer 400 cycles, more dead
zone was found (the part marked in red circle) on the anode
electrode surface using SBR as the binder (Fig. 8a). Fig. 8b–
d present the surface morphology of the electrode dead zone.
The cracks of 1–2 mm are observed clearly aer cycling (Fig. 8b
and d). Fig. 8c shows the lithium deposition on the dead zone to
block the electrode surface, which explains their relatively rapid
capacity fading. It is inferred that the excessive volume expan-
sion during the cycles caused a chain of side reactions, leading
to the unstable SEI and the poor cycle performance. Table S2†
lists the changes of the internal resistance (IR) and anode
electrode thickness before and aer the cycling. As shown, the
IR and swelling of the electrode of the batteries using the PAA
binder were lower than those using the SBR binder aer cycling.

However, during the electrode manufacturing process, it was
found the electrode using PAA as the binder is brittle22 and easy
to crack (Fig. S3†). One of the possible reasons is the high glass
transition temperature (Tg) (106 �C). Tg is the lowest tempera-
ture, which the molecular chain of the polymer can move. The
higher the Tg, the less the exibility of the molecular chain. The
other possible reason is attributed to the carboxyl groups, which
can form strong hydrogen bonds to obtain undesirable
exibility.43
4. Conclusions and prospects

In this study, we investigated the inuence of two binders on
the performances of the 15% SiOx–graphite composite anode
with half cells (coin) and high voltage pouch battery (423480
RSC Adv., 2021, 11, 7801–7807 | 7805
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type pouch cells). The results showed the similar adhesion of
the two anode electrodes using the PAA and SBR binders under
the same conditions. The 1st coulombic efficiency and 1st
charge specic capacity of the composite electrode using the
SBR binder were higher than those of the electrode using the
PAA binder. The SBR binder showed to be more conducive to
the transfer of electrons and ions on the electrodes and ob-
tained better capacity at 1C current. In practical applications
(high voltage pouch battery), the batteries with the PAA binder
show better cycle performance and lower swelling.

Nevertheless, when using PPA as the binder, the electrode
was found relatively brittle to crack, which hinders subsequent
mass manufacturing ability. For boosting the electrode
manufacturing capacity and improved electrochemical perfor-
mance using PAA as the binder in the mass production, we will
further investigate how to improve the 1st coulombic efficiency,
electrode exibility and electrochemical performance.
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