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摘  要：萜烯是一类广泛存在于植物和海洋生物体内的天然碳氢化合物，萜烯树脂（TR）经乳化得到萜烯树脂乳

液（ATRE）。本文采用 ATRE/羧甲基纤维素（CMC）作为锂离子电池石墨负极粘结剂。差示扫描量热（DSC）测

试表明 ATRE/CMC 能够混溶。优化 TR/CMC 比例，发现采用 TR/CMC（3∶2，质量比）粘结剂制备的石墨电极在

比容量和倍率性能优于目前商用丁苯橡胶（SBR）/ CMC 粘结剂。 
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Graphite Anode in Lithium Ion Battery 
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Abstract: Aquous terpene resin emulsion (ATRE) was prepared by the emulsification of natural terpene resins (TR) from 
many plants exudates and marine organisms. ATRE/carboxymethyl cellulose (CMC) were completely miscible by 
differential scanning calorimetry. ATRE/CMC composite was used as a binder for graphite electrode in Li-ion batteries in 
this paper. Optimized ratios of TR/CMC (3:2, by weight), the graphite electrode exhibits the higher specific capacity and 
better rate capability than that of the commercial styrene-butadiene rubber (SBR)/CMC binder. 
Key words: terpene resin; water soluble binder; graphite anode; Li-ion batteries 

0  Introduction 

The binder has great influence on the electrochemical 
properties of the electrode as it binds together the active 
materials, conductive additives and current collector to 
form conductive network in the electrode[1-2]. Currently, 
poly(vinylidene fluoride) (PVDF) was successfully used 

as the binder for commercial Li-ion battery industry, but it 
still has some disadvantages[3-4]. PVDF is generally 
dissolved in the volatile and flammable N-methyl-2- 
pyrrolidone (NMP), which is environmentally harmful. 
Besides, PVDF is relatively high cost. Therefore, it is 
essential to develop the greener and cheaper alternative 
binders[5-6].  
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The water-soluble binders, such as, carboxymethyl 
cellulose (CMC)[7-8], styrenebutadiene rubber (SBR)[9], 
CCTS[2,10-12], poly(acrylic acid) (PAA)[13-14], alginate[5], 
polyimide (PI)[15-16] and guar gum (GG)[17] have been 
explored as promising binders for use in Li-ion batteries. 
Currently, CMC/SBR binder for graphite anode has been 
commercially used in Li-ion batteries. However, it tends 
to form a thick solid electrolyte membrane, causing the 
high electrochemical impedance, which is unfavorable to 
the long-term cycle performance and rate capability of 
graphite anode[18]. What’s more, SBR, as a synthetic 
polymer, is an environment unfriendly product[19]. 

Terpene widely exists in natural sources of 
hydrocarbons from many plants exudates and marine 
organisms. Terpene resins (TR) are prepared by 
polymerization of terpene monomers, and it has 
non-toxic, low cost, high adhesive property, good thermal 
stability, and good compatibility with other polymers[20]. 
Aqueous terpene resin emulsion (ATRE) was obtained by 
direct emulsification of TR[21]. Herein we report the use 
of the water-soluble bio-derivative TR/CMC as alternatives 
binder for graphite anode as compared with the commercial 
SBR/CMC system. 

1  Experimental Section 

1.1  Materials and Equipments 

Graphite powder was obtained from Hunan Shanshan 
Advanced Materials Co. (China). Terpene resins was 
purchased from Guangzhou Songbao Chemical Co. 
(China). Aquous terpene resin emulsion (ATRE) was 
prepared by the emulsification of natural terpene resins 
(TR). Styrene-butadiene rubber (SBR) in the form of an 
aqueous emulsion of 48wt% was purchased from 
Shanghai Gaoqiao BASF Dispersions Co. (China). 
PVDF (Solvay Solef ®6020) was purchased from 
Shenzhen Micro Electron Co. (China). Carboxymethyl 
cellulose (CMC) (Viscosity: 800 ~ 1200 mPa·s) was 
purchased from Changshu Wealthy Science and 
Technology Co. (China). The electrolyte of 1 M LiPF6 in 
ethylene carbonate (EC, ≥99.9%)/diethylene carbonate 
(DEC, ≥99.9%)/dimethyl carbonate (DMC, ≥99.9%) 
(V/V/V = 1/1/1) was purchased from Zhangjiagang 
Guotai-Huarong New Chemical Materials Co. (China) 
(water content <10 ppm). 

The morphology and microstructure of the experimental 
samples were observed by using a scanning electron 
microscope (SEM) (Hitachi S-4800, Japan) with an 
energy-dispersive detector (EDS). The coin half-cells 
(CR2025) were assembled to test the electrochemical 
performance of the obtained electrodes. The half-cells 

were assembled in an Ar-filled glove-box, using 1 M 
LiPF6 EC/DEC/DMC (V/V/V=1/1/1) as the electrolyte, Li 
foil as the counter electrode and Celgard 2400 as the 
separator. The cells were then galvanostatically charged 
and discharged on a Shenzhen Neware battery cycler 
(China) at different current density between cut-off 
voltages of 0.0 and 3.0 V (vs. Li/Li+). Adhesion strength 
of the polymer layers onto the Cu current collectors were 
tested using a 180° peel tester from Shenzhen Kaiqiangli 
testing instruments Co. (China). Thermal gravimetric 
analysis (TGA)/differential scanning calorimetry (DSC) 
measurements were conducted on a STA 409 C/PC- 
PFEIFFER VACUUMTGA-7 analyzer (NETZSCH- 
GertebauGmbH, Germany) in an Ar atmosphere with a 
heating rate of 10°C/min from 30°C to 500°C. The 
particle distribution of active materials in the electrode 
slurry was measured (0 ~ 50 µm) by the grindometer 
(QXP, Tianjin, China). 

1.2  Preparation of the slurry and electrode 

Graphite powder was mixed with carbon black and the 
binder (TR/CMC) in a weight ratio of 90:5:5 in deionized 
water to form homogeneous slurry. As comparison, a 
PVDF-based electrode with 90wt% graphite, 5wt% 
carbon black, 5wt% PVDF and a SBR/CMC based 
electrode with 90wt% graphite, 5wt% carbon black, 
5wt% binder (SBR/CMC in a weight ratio of 3:2) were 
prepared. The slurry was coated onto a 20-µm-thick 
aluminum foil and then dried at 100°C in a vacuum oven 
for 12 h to remove the solvent thoroughly. In similar 
method above, LTO electrode was prepared in this paper. 

1.3  Characterization of electrochemical performance 

Coin cells (CR2025) were assembled to test the 
electrochemical performances. Circular electrodes were 
punched out with an area of 1.54 cm−2. Lithium metal was 
employed as the anode. The cells were charged and 
discharged galvanostatically in a fixed potential range 
from 0.0 to 3.0 V at 25°C. Cyclic voltammetry (CV) was 
carried out on a Zennium/IM6 electrochemical workstation 
(Zahner, Germany) between 0.0 and 3.0 V (vs. Li/Li+) at 
a scanning rate of 0.2 mV/s. Electrochemical impedance 
spectroscopy (EIS) was also measured on a Zennium/IM6 
electrochemical workstation by applying an alternating 
voltage of 5 mV over the frequency ranging from 10−2 to 
106 Hz.  

2  Results and Discussion 

Chemical structure of terpene resins (TR) (softening 
point =100°C, Mw = 1260 g/mol) and SBR are illustrated 
in Fig. 1. Adhesion strength of TR/Cu current collector 
was measured by peel test and compared with 
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commercial SBR/Cu, and the results are shown in Fig. 2a. 
TR binder shows higher adhesion strength (0.17 N/cm) 
than SBR (0.15 N/cm). The higher adhesion strength of 
TR is closely related to its unique structure. Cyclic 
voltammetry (CV) from open circuit voltage (~ 3 V) to 0 
V (vs. Li/Li+) was performed on TR coated Cu foils. An 
electrochemical cell consisting of Cu foil (working 
electrode) and lithium metal (counter electrode) was used 
to determine the electrochemical stability of TR (Fig. 2b). 
TR showed an electrochemically inactive between 0 and 
3 V, indicated by the very weak oxidation-reduction 
current. Similar CV curves were observed in SBR coated 
Cu foils[22]. Therefore, TR can be used as the binder for 
graphite electrode from 0 to 3 V. 

 
Fig. 1  Chemical structure of TR and SBR  
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Fig. 2  Peel strength (a) and CV (b) of TR and SBR 

TGA/DSC thermograms of TR, CMC, and TR/CMC 
are presented in Fig. 3. TR, CMC, TR/CMC starts 

decomposition at about 270°C, 248°C, and 250°C with a 
maximum centered at 343°C, 281°C, and 265°C, 
respectively. TR/CMC is found slightly lower 
decomposition temperature than CMC and TR, but shows 
good compatibility between TR and CMC. 
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Fig. 3  TG (a) and DSC (b) of TR, CMC and TR/CMC 

The cycling performance of graphite electrodes with 
TR/CMC binder was shown in Fig. 4a. At C/5 rate, 
graphite electrode with TR/CMC (1:1 and 3:2, by mass) 
binder delivers specific capacity of 318 mA·h/g, while 
290 mA·h/g for TR/CMC (4:1) after 100 cycles. For 
TR/CMC (1:1 and 3:2), TR binder helps to form a 
conducting network in graphite electrode sheet, but 
excessive TR aggregates in a separate insulting phase. As 
a result, graphite electrode with TR/CMC (4:1) shows 
inferior cycle performance than that of TR (1:1, 3:2). In 
addition, graphite anodes with TR/CMC (1:1, 3:2) binder 
exhibited a comparable cycling performance to that of 
SBR/CMC binder. Fig. 4b showed the rate capability of 
graphite electrodes with TR/CMC and SBR/CMC, 
respectively. The rate was increased gradually from C/5 
to 5 C and finally returned to C/5. At rates from C/5 to 
0.5 C, graphite electrodes with TR/CMC (3:2) exhibited a 
similar rate performance with that of CMC/SBR, but far 
higher specific capacity than that of CMC/SBR at higher 
than 0.5 C rate. For example, at 1 C rate, graphite 
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electrodes with TR/CMC (3:2) delivered specific capacity 
of 281 mA·h/g, while only 270 mA·h/g for CMC/SBR. 
When the high-rate tests were completed and changed 

back to C/5, the specific capacity of the two electrodes 
remained the same as before, which was confirmed that 
both of them performed well. 

0 25 50 75 100
200

250

300

350

 

 1TR/1CMC

 3TR/2CMC

 4TR/1CMC

 3SBR/2CMC

Cycle number

S
pe

ci
fi

c 
ca

pa
ci

ty
/ (

m
A
h

/g
)

(a)

0.6

0.8

1.0

E
ff

ic
ie

nc
y 

/ %
0 20 40 60 80

0

50

100

150

200

250

300

350

400

0.2C

5C

3C

2C

0.5C
1C

 1TR/1CMC
 3TR/2CMC
 4TR/1CMC
 3SBR/2CMC

Cycle number 

S
pe

ci
fi

c 
ca

pa
ci

ty
 / 

(m
A
h

/g
)

0.2C

(b)

0.0

0.2

0.4

0.6

0.8

1.0

E
ff

ic
ie

nc
y 

/ %

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.002

0.000

0.002

0.004

0.0 0.1 0.2 0.3 0.4
-0.002

0.000

0.002

0.15 V

0.11 V
0.09 V

C
ur

re
nt

 / 
m

A

Voltage / V

 1TR-1CMC
 3TR-2CMC
 4TR-1CMC
 3SBR-2CMC 0.07 V

 1TR-1CMC
 3TR-2CMC
 4TR-1CMC
 3SBR-2CMC

 

 

C
ur

re
nt

/m
A

Voltage / V

(c)

 
0 10 20 30 40 50

0

10

20

30

40

50

Re
Rf Rct W

 Z
''

Z'

 1TR/1CMC
 3TR/2CMC
 4TR/1CMC
 SBR/CMC

(d)

 
Fig. 4  (a) Cycle performances and (b) rate capabilities, (c-d) CV and EIS of the graphite anodes 

Table 1  Fitting parameters for the Nyquist plots in Fig. 4d 

Graphite Electrode Re/Ω Rct/Ω 

Graphite with 1TR/1CMC 6.70 11.30 

Graphite with 3TR/2CMC 5.77 10.16 

Graphite with 4TR/1CMC 12.65 12.01 

Graphite with SBR/CMC 6.12 11.44 

 
CV was performed on graphite electrodes using TR/CMC 

binders with different ratios at a scan rate of 0.2 mV/s 

from 0 to 3.0 V in Fig. 4c. The oxidation and reduction 

peaks of graphite anodes with the two binders appeared at 

around 0 and 0.25 V, which was typically observed for 

graphite[23]. The separation between redox peaks was 

0.07 V, 0.09 V, 0.11 V, and 0.15 V for graphite with 

TR/CMC (3/2), TR/CMC (1/1), TR/CMC (4/1) and 

SBR/CMC, respectively. Graphite with TR/CMC binder 

showed comparable separation between redox peaks, 

lower than that of SBR/CMC, thus lower polarization. 

Fig. 4d displayed the Nyquist plots of graphite anodes 

 

with TR/CMC, and SBR/CMC after 100 cycles. An 

equivalent circuit of graphite anodes (the insert of Fig. 

4d) consists of an independent resistor, two resistors with 

constant phase elements (CPEs) in parallel and a Warburg 

diffusion element to account for electrolyte/electrode 

resistance (Re), SEI film resistance (Rf) and charge- 

transfer resistance (Rct) [24-25]. The values of the parameters 

obtained from the fitted impedance plots are summarized 

in Table 1. Graphite anode with TR/CMC (3:2) binder 

showed a smaller Rct than that of TR/CMC (4:1, 1:1) and 

SBR/CMC, indicating an improved kinetic of electrode 

reactions (charge transfer and polarization) which is 

essential to facilitate the transportation of lithium ions in 

the bulk.  
SEM images of graphite electrodes with different 

binders after 100 cycles were presented in Fig. 5. 

Graphite anodes with TR/CMC are both well preserved, 

thus TR/CMC could potentially be used as a 

water-soluble binder for graphite anodes in lithium ion 

battery. 
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Fig. 5  SEM images of graphite anodes with different binder 
after 100 cycles, (a) TR/CMC (3:2), (b) TR/CMC (1:1), (c) 
TR/CMC (4:1), (d) SBR/CMC (3:2) 

Li4Ti5O12 (LTO) electrode with the TR/CMC 
(TR/CMC = 3:2, by weight) binder was shown in Fig. 6. 
LTO electrode shows capacity retention of 98.3% after 
500 cycles at C/2 rate from 1.5 to 2.5 V, indicating 
TR/CMC binder could be also used for LTO electrode. 
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Fig. 6  The cycling performances of LTO electrode with 
TR/CMC binder 

3  Conclusions 

We have reported TR/CMC as a water-soluble 
composite binder for graphite anode in Li-ion batteries. 
With the optimized ratios of TR/CMC (TR/CMC = 3:2, 
by weight), graphite anode using the composite binder 
shows comparable cycling but better rate performances, 
and more favorable electrochemical kinetics than that of 
SBR/CMC. This strategy paves an avenue to develop the 
water-soluble bio-derivative TR/CMC binder systems for 
graphite anodes. 
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