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Abstract The polyacrylic latex (LA132) was firstly reported
as a water-soluble binder for LiNi1/3Co1/3Mn1/3O2 (NCM)
cathode in Li-ion battery. The electrochemical performances
of NCM cathode with LA132 binder were investigated and
compared with the conventional water-soluble sodium
carboxymethyl cellulose (CMC) and commercial non-
aqueous polyvinylidene difluoride (PVDF). NCM cathode
with LA132 binder exhibited a much higher specific capacity
of 146 mAh g−1 and capacity retention of 96.4 % after 100 cy-
cles as compared with 122 mAh g−1/88 % and 121 mAh g−1/
75% for the NCM electrode with CMC and PVDF, respective-
ly. In addition, NCM cathode with LA132 binder exhibited
better rate capability than that of CMC and PVDF, e.g.,
retaining 34.3 % capacity of C/5 at 5 C rate as compared with
28.5 and 10.9 % for CMC and PVDF, respectively.
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Introduction

Although the binders are electrochemically inactive materials,
they can have a significant influence on the electrochemical

performances of Li-ion batteries (LIBs) [3, 14]. Currently,
poly(vinylidene difluoride) (PVDF) has been widely used as
the binder for both the negative and positive electrodes in
commercial LIBs because of its good stability and high adhe-
sion to electrode materials and current collectors [10].
However, there still remain some drawbacks for PVDF used
as a binder in Li-ion batteries. Generally, PVDF has to be
dissolved in a volatile, toxic N-methyl-2-pyrrolidone (NMP),
which poses serious pollution to the environment.
Furthermore, low flexibility, high cost, and poor recyclability
are unfavorable to its application in large-scale batteries [9].
Thus, much effort has been devoted recently to developing a
cheap, environment-friendly water soluble binder to replace
the PVDF/NMP binder system [25].

Water soluble polymers, such as carboxymethyl cellulose
(CMC) [20, 35], polyacrylate (PAA) [6], and alginate [1, 8, 31]
have been explored as binders for use in Li-ion battery.
However, these works primarily focused on their applications
for anode materials such as graphite, silicon, or Li4Ti5O12.
Recently, remarkable research has been reported on exploring
these water soluble binders for cathode materials.
Carboxymethyl cellulose (CMC) [24, 35], polyacrylicacid
(PAA) [2, 30], and polyacrylic latex (LA132) [11, 12] have
already been used as binders for cathode materials, such as
lithium iron phosphate (LFP), lithium cobalt oxide (LCO),
and lithium manganese oxide (LMO). These water soluble
polymers have some advantages over the commercial non-
aqueous PVDF in improving electrochemical performances
of the cathode, especially the rate capability.

The layered transition-metal oxide LiNi1/3Co1/3Mn1/3O2 is
a promising cathode material due to its higher reversible ca-
pacity with milder thermal stability, lower cost, and less tox-
icity than LiCoO2 [15, 34], while relatively fewer water solu-
ble binders were used for LiNi1/3Co1/3Mn1/3O2 (NCM) elec-
trode due to its stronger basicity. Recently, it has been reported
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that NCM electrode with CMC binder exhibited better elec-
trochemical properties than that of PVDF and alginate [4, 5,
26, 27]. However, the electrode slurry using CMC binder has
difficult to be dispersed homogenously onto an Al foil during
fabricating of the electrode sheet. Moreover, CMC is also
prone to bacterial growth which limits the shelf life [22].

The polyacrylic latex (LA132) is a triblock-copolymer of
acrylamide (AM), lithium methacrylate (LiMAA), and acry-
lonitrile (AN), which shows good stability and high adhesion
property. Recently, LA132 has been reported as the binder for
electrode materials, such as LFP and LCO [11, 12], and dem-
onstrated promising electrochemical performances. So far, it
has not yet been used as a binder for NCM cathode. In this
work, we report our investigation on LA132 as a binder for
NCM cathode, and compare its electrochemical performances
with the conventional water soluble binders of CMC and the
commercial non-aqueous PVDF binder.

Experimental

NCM powder was obtained from Advanced Electronics
Energy Co. (China). The polyacrylic latex (LA132, Indigo,
China) was used in the form of an aqueous emulsion of
15 wt% with a viscosity of 5000–6000 mPa·s at 40 °C.
PVDF (Solvay Solef ®5130) was donated by Shenzhen
Micro Electron Co. (China). CMC (viscosity =800–
1200 mPa·s) was purchased from Aladdin Chemistry Co.
(China). The electrolyte of 1 M LiPF6 in ethylene carbonate
(EC, ≥99.9 %)/diethylene carbonate (DEC, ≥99.9 %)/dimeth-
yl carbonate (DMC, ≥99.9 %) (1/1/1, by volume) was pur-
chased from Zhangjiagang Guotai-Huarong New Chemical
Materials Co. (China) (water content <10 ppm).

NCM powder was mixed with carbon black and LA132
binder in a weight ratio of 90:5:1 in an aqueous solution to
form homogeneous slurry. For comparisons, common propor-
tion of PVDF-based electrode with 90 wt% NCM, 5 wt%
carbon black, 5 wt% PVDF and a CMC-based electrode with
90 wt% NCM, 5 wt% carbon black, and 5 wt.% CMC were
used, respectively. The slurry was coated onto a 20-μm-thick
aluminum foil. The obtained electrodeswere dried at 70 °C for
3 h and then dried at 90 °C in a vacuum oven for 12 h to
remove the solvent thoroughly. In addition, the different
amounts of LA132 binder have been conducted during fabri-
cating NCM electrode sheets. NCM powder was mixed with
carbon black and LA132 in a weight ratio of 90:5:0.5, 90:5:1,
90:5:1.5, and 90:5:5, respectively. For the sake of conve-
nience, the used LA132 above was expressed in LA (l), LA
(2), LA (3), and LA (4), respectively. The cell (2032) was
assembled to test the electrochemical performances after the
moisture of NCM electrodes was measured. Circular elec-
trodes were punched out with an area of 1.76 cm2 and a load-
ing level of 6.25 mg cm−2. Pure lithium metal was used as the
counter and reference electrode. The cel ls were

galvanostatically charged and discharged in a voltage range
of 2.8–4.3 V at room temperature (25 °C).

The phase identification of the active material was per-
formed by X-ray diffraction (XRD, PANALYTICAL
Incorporated, Netherlands) from 10 to 80°. The morphologies
of NCM electrodes were observed by scanning electron mi-
croscope (SEM; Hitachi S-4800, Japan) equipped with an
energy-dispersive spectroscopy detector (EDS). The moisture
of the electrode sheet was measured by Metrohm’s 899 KF
coulometer equipped with Metrohm’s 860 KF oven. Cyclic
voltammetry (CV) was measured on with a Zennium/IM6
electrochemical workstation (Zahner, Germany) between 2.8
and 4.3 V (vs. Li/Li+) at a scanning rate of 0.2 mV⋅s−1.
Electrochemical impedance spectroscopy (EIS) measure-
ments were also measured at the electrochemical workstation
after different cycles by applying an alternating voltage of
5 mV over the frequency ranging from 10−2 to 105 Hz.
Adhesion strength of the polymer layers onto the Al current
collectors were tested using a 180° peel tester from Shenzhen
Kaiqiangli testing instruments Co. (China).

Results and discussion

Structure and property of LA132 binder

The structure of LA132, CMC, and PVDF polymers is illus-
trated in Table 1. LA132 binder is a copolymer of acrylamide
(AM), lithium methacrylate (LiMAA), acrylonitrile (AN),
containing high-polarity hydrophilic cyano/amide groups
which supply enough adhesion strength between active mate-
rial, conductive agent and current collector, and relative low-
polarity oleophylic ester group which provides proper flexi-
bility for the electrode. However, it is only high-polarity func-
tional groups for CMC/PVDF polymers.

Linear sweep voltammetry (LSV) from open circuit volt-
age to 6.5 V (vs. Li/Li+) was performed on bare Al foils and Al
foils coated by LA132, CMC, or PVDF, respectively. An elec-
trochemical cell consisting of Al foil (working electrode) and
lithium metal (counter electrode) was used to determine the
oxidation stability of LA132 and compared with CMC and
PVDF. The limiting oxidation stability of the binder is shown
in Fig. 1. LA132, CMC, or PVDF did not show any current
peaks up to 4.4 V, indicative of good oxidation stability.
Therefore, LA132 can be used as the binder for NCM elec-
trode from 2.8 to 4.3 V.

Adhesion strength of the binder onto the Al current collec-
tor was measured by the peel test experiment with the same
method [28], and the results are summarized in Table 2. LA
(2) binder shows higher adhesion strength (0.54 N cm−1) than
that of CMC (0.04 N cm−1) and PVDF (0.36 N cm−1). The
higher adhesion strength of LA binder is closely relative to its
unique structure with high-polarity cyano and amide groups.
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Due to higher adhesion property, LA (2) binder with the lower
content was used during fabricating NCM electrode sheets, as
compared with CMC and PVDF, respectively (Table 3).

Structure and morphology of LiNi1/3Mn1/3Co1/3O2

NCM sample has been characterized by X-ray diffraction. As
seen in Fig. 2a, the Bragg lines are well indexed in the R-3m

space group with the hexagonal ordering. No impurity phases
are detected, and the powders are well crystallized in the α-
NaFeO2 type structure [21, 23]. The good distribution of ac-
tive material, carbon black, and the binder in the electrode
sheet would be beneficial to the electrochemical properties
[13, 33]. To investigate this issue, photographs of NCM elec-
trodes sheets with LA (2), CMC, and PVDF binders were
shown in Fig. 2b–d. For LA and PVDF binders, the NCM
electrode exhibited a smooth and uniform surface (inset of
Fig. 2b, 2c), while relatively coarse surface appeared for
NCM electrode with CMC binder (inset of Fig. 2d). SEM
images of NCM electrodes with different binders are further
observed in Fig. 2b–d. NCM electrodes with LA or PVDF
binder are dispersed homogeneously and kept perfectly
(Fig. 2b–c). While for CMC system, lots of cracks were ob-
served (Fig. 2d).

Table 1 Molecular structures of LA, CMC, and PVDF
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Fig. 1 Oxidation stability of LA132 compared to PVDF/CMC

Table 2 Adhesion
strength of the binders to
the Al current collector

Binder Peel force
(N)

Peel strength
(N cm−1)

LA 0.811 0.54

CMC 0.058 0.04

PVDF 0.539 0.36

J Solid State Electrochem (2016) 20:1–8 3



The corrosion of the aluminum substrate has been reported,
and the rate of aluminum corrosion increased with higher
temperature and longer time during the water processing of
NCM slurry [5, 7].

In order to make clear whether the corrosion of the aluminum
foil could occur in our experiment condition, we performed SEM
studies on the aluminum foil-coated layer of NCM electrodes
and fresh aluminum foil. The fresh foil exhibits coarse surface
with very few pits (Fig. 3a). NCM electrode coatings on alumi-
num foil were removed prior to SEM characterization. There are
no distinct differences between Al foil-coated NCM slurry with
LA binder and the fresh aluminum, while quite a few pits are
observed in the Al foil-coated NCM electrode with CMC binder
(Fig. 3b/c), which indicated that the Al foil corrosion in NCM
electrode with LA binder could not appear but for CMC binder.

Electrochemical performances

The cycling performance of NCM electrodes (the moisture of
NCM electrodes <300 ppm) with different contents of LA (1–4)

binder was shown in Fig. 4a. At C/5 rate, NCM electrode de-
livers specific capacity of 136, 146, 140, and 127 mAh g−1 with
capacity retention of 94.9, 96.2, 94.2, and 86.7%after 100 cycles
with LA (l–4), respectively. NCM electrode with LA (2) shows
the highest specific capacity and best capacity retention than that
of LA (1, 3, 4). For LA/AB (1:1, by mass) in NCM electrode
(NCM/AB/binder=90:5:5), LA binder helps to form a
conducting network of AB in NCM electrode sheet, but exces-
sive LA aggregates in a separate insulting phase. Electrons can
pass through the conducting network but not the polymer phase
[17–19]. As a result, NCM electrode with LA (4) (LA/AB=1:1)
shows inferior cycle performance than that of LA (1–3), proba-
bly due to the excess insulting LA in the electrode composition.
When decreasing the LA ratio to (LA/AB=1:5), LA still exhibits
a satisfied adhesion capability for AB/NCM. Therefore, NCM
electrode with the optimized ratio of LA (2) (NCM/AB/LA=
90:5:1) showed better cycle performance than that of LA (1,3,
4). The three electrodes at C/5 rate after 100 cycles deliver spe-
cific capacity of 146, 122, and 121 mAh g−1 with capacity re-
tention of 96.2, 88, and 75 % for NCM electrodes with LA (2),
CMC, and PVDF, respectively. Extending 200 cycles, NCM
electrode with LA (2) exhibits a specific capacity of
140 mAh g−1 with 92 % capacity retention, demonstrating better
cycling stability than that of CMC and PVDF (Fig. 4b).
Figure 4c showed the rate capability of NCM electrodes with
LA (2), CMC, and PVDF, respectively. The rate was increased
gradually from C/5 to 5 C and finally returned to C/5. At rates
from C/10 to 1 C, NCM electrodes with LA (2) exhibited a
similar rate performance with that of PVDF, but far higher than
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Fig. 2 a XRD pattern of NCM
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Table 3 Electronic conductivity of NCM electrodes plates with
different binders

Binder Conductivity(S/cm)

NCM/AB/LA 0.084

NCM/AB/CMC 0.068

NCM/AB/PVDF 0.13
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that of CMC. At higher than 2 C rate, NCM electrodes with LA
(2) exhibited better rate capability than CMC or PVDF. For
example, at 5 C rate, NCM electrodes with LA (2) delivered

specific capacity and capacity retention of 52 mAh g−1/34.3 %,
while only 37 mAh g−1/28.5 % and 18 mAh g−1/10.9 % for
CMC and PVDF, respectively. When the high-rate tests were

Fig. 3 SEM images of a fresh Al.
b–c Al foil surface after removal
of the coatings prepared
electrodes with different binders b
LA (2), and c CMC
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completed and changed back to C/5, the specific capacity of
the three electrodes remained the same as before, which was
confirmed that all of them performed well. In spite of the
lower content binder used, the NCM electrode with LA (2)
showed better electrochemical properties than PVDF/CMC,

further exhibiting the advantages of LA binder for NCM
electrodes.

CV was performed on NCM electrodes with three different
binders at a scan rate of 0.2 mV s−1 from 2.8 to 4.3 V in
Fig. 4d. The oxidation and reduction peaks of NCM with the
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Fig. 5 Nyquist plots of NCM
electrodes with different binders
by applying an alternating voltage
of 5 mVover the frequency
ranging from 10−2 to 105 Hz. a
different amounts of LA 132 after
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with different binders after
different cycles, b 0 cycle, c
3 cycles, and d 100 cycles

Fig. 6 a–c SEM images of NCM
electrodes with different binders
after 100 cycles, a LA (2), b
PVDF, and c CMC
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three binders appeared at around 4.1 and 3.7 V, which was
typically observed for NCM cathodes [29]. The separation
between redox peaks was 0.37, 0.5, and 0.35 V for NCMwith
LA (2), CMC, and PVDF, respectively. NCM with LA (2)
showed comparable separation between redox peaks with that
of PVDF, but much smaller than that of CMC, thus lower
concentration polarization than that of CMC.

Figure 5 displayed the Nyquist plots of NCM electrodes
with LA, PVDF, and CMC over different cycles. All Nyquist
plots consisted of a depressed semicircle in the high-frequency
region, the semicircle at medium frequency range correlated
with the electron transfer resistance (Rct), and the straight line
at lower frequency corresponding to Li+ diffusion resistance
in electrode bulk, namely the Warburg impedance [16, 32].
Figure 5a compared the Nyquist plots of NCM electrodes with
different contents of LA (1–4) binder over 100 cycles. The
intercept with the real axis (Z’) at the high frequency indicated
that NCM electrodes with LA (1–3) have the lower ohmic
resistance than LA (4). Moreover, the diameter of the semicir-
cle reflecting the interfacial resistance was in order of LA (2)∼
LA (3)<LA (l)<LA (4), which was in well accordance with
the cycling performance of NCM electrodes with LA (1–4).
Figure 5b–d compared the Nyquist plots of NCM electrodes
over different cycles with LA (2), CMC, and PVDF, respec-
tively. The ohmic resistance of NCM electrodes decreased
with increased cycles from 0, 3 to 100. NCM electrode with
LA (2) binder showed a smaller semicircle diameter at the
high/middle frequency compared with CMC and PVDF, indi-
cating an improved kinetic of electrode reactions (i.e., charge
transfer and polarization). This is probably due to excellent
slurry homogeneity and improved kinetic of electrode reac-
tions which is essential to facilitate the transportation of lith-
ium ions in the bulk.

SEM images of NCM electrodes with different binders
after 100 cycles were presented in Fig. 6. NCM electrodes
with LA and PVDF are well preserved; only larger cracks
appeared for CMC, thus LA132 could potentially be used as
water-soluble binder for NCM electrodes in lithium ion
battery.

Conclusions

We have demonstrated that LA132 could serve as a water-
soluble binder for NCM electrode in LIBs for the first time.
With optimized ratio (90:5:1) of NCM/carbon black/LA (2),
NCM electrode exhibited better cycling performances and
better rate capability than that of PVDF and CMC due to
proper adhesion strength of LA binder and favorable electro-
chemical kinetics of the electrode. These results prove that
LA132 could be used as a potential water-soluble binder for
NCM electrode in Li-ion batteries.
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