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An agarose, one of natural polysaccharides that are generally extracted from seaweeds, has recently attracted 

great attention as an environmentally-benign building element for a wide variety of applications. Notably, its 

disaccharide repeating units bearing ether/hydroxyl groups bring unprecedented performance benefits far beyond 

those accessible with traditional synthetic polymers. Herein, intrigued by such unusual chemical features of the 

agarose, we explore its potential applicability as an alternative electrode binder and also a carbon source for high-

performance rechargeable lithium-ion batteries. The agarose binder enables silicon (Si) active materials to be 

tightly adhered to copper foil current collectors, thereby providing significant improvement in electrochemical 

performance of the resultant Si anode (specific capacity = 2000 mAh g
-1

 and capacity retention after 200 cycles = 

71%). In addition, the agarose can be exploited as a cathode binder. The LiMn2O4 cathode containing the agarose 

binder shows the excellent cell performance (initial coulombic efficiency ~ 96.2% and capacity retention after 400 

cycles ~100 %). Through the selective carbonization of Si-dispersed agarose, the Si/C (hard carbon) composite 

active materials are successfully synthesized. Eventually, the Si/C composite anode and the LiMn2O4 cathode 

mentioned above are assembled to produce a full cell featuring the use of agarose as an alternative green material. 

Benefiting from the exceptional multifuctionality of agarose, the full cell presents the stable cycling performance 

(capacity retention after 50 cycles >87%). 

 

Introduction  
Lithium-ion batteries (LIBs) have well-balanced performance 

attributes such as light weight, high working voltage, high energy 

density, long cycle life and no memory effect, which thus allow their 

predominant position as a competent power source for a vast 

variety of portable electronic devices.
1-3

 Spurred by the remarkable 

success in the mobile applications, LIBs are currently eager to 

extend their applications to newly emerging energy fields such as 

electric vehicles and grid-scale energy storage systems. To facilitate 

this application extension and also consolidate their strong position 

as a portable power source, the LIBs need to relentlessly pursue 

higher energy/power density. Unfortunately, conventional battery 

materials are not sufficient to address the aforementioned 

energy/power challenges, thus pushing us to search for new 

alternative materials with reliable electrochemical performances.
 4-6

 

Silicon (Si) has attracted much attention as a promising anode 

material because of its high theoretical capacity (3579 mAh g
-1

), 

natural abundance, and low cost.
7-10

 However, a large volume 

change of > 300% during lithiation-delithiation processes gives rise 

to serious pulverization of Si powders, continuous formation of 

unstable solid-electrolyte-interphase (SEI) layers, and depletion of 

electrolyte, eventually resulting in a rapid decay in charge/discharge 

capacity with cycling. In addition, Si suffers from low electrical 

conductivity and sluggish lithium-ion diffusivity. These fatal flaws 

pose formidable obstacles to impede commercialization of Si anode 

in LIBs.
11-13

 

Numerous approaches have been suggested to overcome these 

drawbacks, including Si composites with metal oxide, inactive 

metals, or carbon materials,
14-19

 and Si nanostructuring (e.g., 

nanoparticles,
20

 nanowires,
21

 and nanotubes,
22

 meso/macroporous 

structure,
23

 hollow spheres,
24

 and yolk-shell
25

). Among these Si-

based materials reported to date, Si/carbon (Si/C) composites 

showed long cycle life and excellent rate performance because 

carbon contributes to improving electrical conductivity of Si and 

acts as a buffer matrix which can accommodate large volume 

change of Si.
14,16,17

  

Along with the direct modification of Si active materials mentioned 

above, another attempt has been implemented to develop 
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advanced polymeric anode binders which can effectively anchor Si 

active materials to current collectors. Until now, polyvinylidene 

fluoride (PVdF) has been the most widely used binder for 

conventional LIB electrodes. However, in Si anodes suffering from 

serious volume expansion, the PVdF binder is known to be 

inadequate for suppressing the pulverization of Si electrodes.
26-28

 As 

alternative binders to outperform the PVdF binder, carboxymethyl 

cellulose (CMC),
26

 poly(acrylic acid) (PAA),
29

 polyamide imide 

(PAI),
28

 alginate extracted from brown algae,
30

 NaOH-neutralized 

poly(acrylic acid),
31

 PAA/CMC,
32

 agarose/PAA,
33

 and hyperbranched 

β‑cyclodextrin polymer
34

 were reported. In addition, new cathode 

binders were developed with a particular use in LiMn2O4 (LMO) 

cathode, including poly(acrylonitrile-methyl methacrylate),
35

 PAA, 

polyvinyl alcohol (PVA), polyacrylonitrile (PAN), alginate,
36

 and 

lithiated perfluorosulfonate ionomer.
37

 For example, alginate 

binder partially resolved the problem of Mn
2+

 dissolution.
36

 

Lithiated perfluorosulfonate ionomer exhibited the lower interface 

resistance, leading to higher capacity and cycling stability under 

harsh conditions (high rate of 5-20 C and high temperature of 

60 °C).
37

  
 

Among the various binder materials reported to date, significant 

attention should be dedicated to agarose due to its unique chemical 

functionality. Agarose, one of natural polysaccharides that are 

generally extracted from seaweeds, is a linear polymer having the 

repeating unit of agarobiose (composed of D-galactose and 3,6-

anhydro-L-galactopyranose).
38,39

 In addition to the application as an 

anode binder, agarose was exploited as a building element for 

battery separators. The agarose-based electrospun nanofiber mats 

effectively chelated manganese ions (Mn
2+

) that were dissolved 

from LMO cathodes, thus leading to significant improvement in 

high-temperature cycling performance.
40

  

Herein, intrigued by the unique biofunctionality of natural agarose, 

we explore its potential applicability as an alternative electrode 

binder and a carbon source for high-performance rechargeable 

lithium-ion batteries. The agarose binder, owing to the presence of 

functional groups such as ether and hydroxyl groups, allows strong 

adhesion between Si active material and copper current collectors, 

thereby providing remarkable improvement in electrochemical 

performance of the resultant Si anode (specific capacity = 2000 

mAh g
-1

 and capacity retention after 200 cycles = 71%). The Si/C 

composites, which are generated through carbonization of Si-

dispersed agarose, significantly enhance initial coulombic efficiency 

and specific capacity compared to hard carbon (synthesized from 

pure agarose). Meanwhile, LMO cathode adopting agarose binder 

shows high initial coulombic efficiency of 96.2% and outstanding 

cycling retention of nearly 100 % after 400 cycles. More notably, 

the full cell consisting of the Si/C anode and the LMO cathode 

mentioned above presents stable cycling performance (capacity 

retention after 50 cycles >87%), demonstrating the advantageous 

effects of agarose as a multifunctional green battery material. 

Results and Discussion 

Synergistic coupling of nanostructured Si and agarose binder 

on electrochemical tests 

Nanostructured Si powders were prepared via a simple 

chemical etching of Al-Si alloy powder according to the 

previously reported procedures.
41,42

 Scanning electron 

microscopy (SEM) image shows that Al-Si particles are 

spherical in shape and have diameter of 1-6 μm (fig. 1a). The 

Al-Si powders were then immersed into 3M hydrochloric acid 

(HCl) solution under mild stirring at room temperature for 1 h, 

producing the nanostructured Si particles comprising a 

number of thin frameworks (thickness = 50-100 nm) with a 

destruction of the original spherical shape (fig. 1b and inset).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 SEM images of (a) pristine Al-Si powder and (b) chemically etched 

nanostructured Si (inset: TEM image of Si showing porous structure). XRD 

patterns of (c) Al-Si alloy and (d) chemically etched Si. (e) Nitrogen 

adsorption and desorption isotherm curve and (f) BJH plot showing the pore 

size distribution of nanostructured Si. 

The X-ray diffraction (XRD) patterns of pristine Al-Si alloy 

reveal that its composition ratio is Al of ~90% and Si of ~10% 

(fig. 1c). After chemical etching, the characteristic peaks 

corresponding to pure Si were only observed, while the Al 

peaks completely disappeared (fig. 1d). In order to determine 

porosity of nanostructured Si particles, nitrogen adsorption–

desorption measurements were performed (fig. 1e). The 

specific surface area of the Si powders, which was calculated 

by the Brunauer–Emmett–Teller (BET) equation, was 

estimated to be 80.8 m
2
 g

-1
. The pore size distribution curve, 

which was retrieved with the Barrett-Joyner-Halenda (BJH) 

model, showed that the nanostructured Si particles possess a 

significant portion of nanopores (fig. 1f).  

The nanostructured Si powders featuring the structural 

uniqueness are expected to alleviate the unwanted volume 

change of Si during lithiation-delithiation processes, which 

would lead to significant improvement in cycling performance. 

However, the nanostructuring of Si powders is not sufficient to 
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fully resolve the serious volume change (>300%) of Si. Thus, a 

new approach should be added to overcome the limitation of 

the nanostructured Si powders. Here, we propose that natural 

agarose could be combined as an alternative binder with the 

nanostructured Si powders, eventually brining a synergistic 

coupling effect on cycling performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 (a) Photographic images of PVdF and Agarose films coated on Si wafer. 

(b) Peel-off tests of PVdF and agarose films using 3M scotch tape (b1: PVdF 

coated Si wafer; b2: agarose coated Si wafer). (c) FT-IR spectra of agarose 

film, Si powder, and electrode consisting of Si and agarose after thermal 

annealing. (d) Stress-strain curves of agarose and PVdF films. 

As a supplementary experiment to explore the potential 

applicability of agarose binder, we investigated interfacial 

adhesive behavior between agarose film and Si wafer, where 

the agarose film was directly deposited on the Si wafer 

through spin coating method. As a control sample, a PVdF film 

was chosen (fig. 2a and 2b). When the films were subjected to 

peel-off test using 3M scotch tape, the PVdF film was 

completely detached from the Si wafer. By comparison, the 

agarose film was still adhered to the Si wafer. Such stronger 

adhesive behavior of the agarose was further verified by 

analyzing characteristic peaks of Fourier transform infrared 

(FT-IR) spectra. As-synthesized Si particles showed typical 

vibration bands of silica materials (here, native silicon oxide) 

such as the Si-O-Si asymmetric stretching band at 1176 cm
-1

 

and Si-O symmetric stretching band at 885 cm
-1

.
30,32

 On the 

other hand, the agarose film showed a broad peak at ~3420 

cm
-1

 corresponding to hydroxyl group (O-H stretching 

vibrations) and a peak at 1070 cm
-1

 (related to C-O-C 

asymmetric vibrations) (fig. 2c, bottom). When the agarose/Si 

composite films were thermally annealed at 150 
o
C for 2 h, the 

peak intensity at ~3420 cm
-1

 (assigned to hydroxyl group) was 

significantly weakened, indicating the strong interaction 

between agarose and Si surface. Such strong interfacial 

interaction is anticipated to be favorable for enhancing the Si 

anode integrity and thus mitigating disruption of electrical 

network. Furthermore, agarose film, driven by inter- and intra-

hydrogen bonding of its functional groups, has higher stiffness 

than PVdF film (fig. 2d), which is also expected to exert 

beneficial influence on cycling performance of Si anodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 Electrochemical performances of nanostructured Si anodes using 

agarose and PVdF binder. (a) First cycle voltage profiles in range of 0.005-1.5 

V at a rate of 0.05C. (b) dQ/dV plots of first and second cycles. (c) Cycling 

performances of Si electrodes in range of 0.01-1.2V at a rate of 0.2C. (d) 

Cross-sectional SEM images of Si electrodes before (top) and after 200 

cycles (bottom).  

The electrochemical performances of Si anodes comprising the 

nanostructured Si powders and agarose binder were evaluated 

using a coin-type half cell under a voltage range of 0.005-1.5 V 

(versus Li/Li
+
). Figure 3a shows the first cycle voltage profiles of Si 

electrodes at a discharge/charge current density of 0.05C/0.05C. In 

comparison to the Si anode with the PVdF binder, the Si anode 

incorporating the agarose binder showed considerable 

improvement in charge capacity/initial coulombic efficiency (2172 

mAh g
-1

/82.6% (agarose) vs. 658 mAh g
-1

/25.8% (PVdF)). The 

stronger adhesive strength of agarose (shown in fig. 2) is expected 

to suppress the volume change-induced structural disruption (e.g., 

disintegration of electronic network and detachment of Si powders 

from copper current collectors) of the Si anodes, thus contributing 

to such better electrochemical performance. 

The dQ/dV plots of the Si anodes are shown in fig. 3b. A sharp peak 

was observed at around 0.07 V with an onset potential of ~0.12 V 

during a first lithiation process, which was attributed to the phase 

transition of crystalline Si to amorphous lithium silicide (LixSi).
43

 

During the second lithiation, two different peaks respectively 

appeared at 0.24 V and 0.09 V, which may indicate the phase 

transitions between amorphous LixSi (i.e., transition from LiSi phase 

to Li7Si3 phase and subsequent transition to Li15Si4 phase.
44

 

Meanwhile, the dQ/dV plots of the first and second delithiation 

showed the characteristic peaks at ~0.28 V and ~0.45 V, exhibiting 

the occurrence of the de-alloying reaction Li15Si4 to Li7Si3 and Li7Si3 

to LiSi.
43,44

  

The synergistic coupling of nanostructured Si and agarose binder 

was highlighted in the cycling performance. The Si electrode 

incorporating the agarose binder presented the charge capacity of 
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1380 mAh g
-1

 (capacity retention = 71%) after 200 cycles under 

0.2C/0.2C (fig. 3c). In contrast, the Si anode with PVdF binder 

showed a sharp capacity decay mainly due to the poor adhesion 

between PVdF and Si (shown in fig. 2). Notably, the strong adhesive 

force of agarose binder effectively suppressed the volume 

expansion (~95%) of Si anodes after 200 cycles (fig. 3d). In contrast, 

the PVdF binder-incorporated Si anode showed a significant 

expansion (170%) after 200 cycles (ESI, Fig. S1). Top surface of Si 

electrode with PVdF binder showed thicker SEI layers on the Si 

surfaces than that with agarose binder (ESI, Fig. S2). In addition to 

the improvement of cycling performance, the Si anode containing 

the agarose binder showed the superior rate capabilities, reaching a 

high capacity of 1000 mAh g
-1

 at current density of 3 C (ESI, Fig. S3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 SEM images of (a) as-synthesized HC and (b) Si/HC composite (inset: 

EDS mapping image). (c) XRD patterns of HC and Si/HC. (d) TGA analysis of 

Si/HC composite. 

Synthesis and electrochemical characterization of Si/(agarose-

derived) hard carbon composites  

The hard carbon (HC) powders were prepared by a simple 

carbonization process (at 900 °C for 2 h in argon atmosphere) of 

agarose hydrogel. Figure 4a shows that the flake-shaped HC 

particles with lateral dimension of 1-10 μm were synthesized. 

Meanwhile, to obtain Si/HC composite materials, the 

nanostructured Si particles (shown in fig. 1) were mixed with 

agarose powder in dimethyl sulfoxide (DMSO). After removing 

DMSO through evaporation, the Si/agarose mixture was subjected 

to carbonization at 900 
o
C. The synthesized Si/HC powders showed 

similar morphologies and dimensions as those of the pure HC 

particles (fig. 4b). The energy-dispersive X-ray spectroscopy (EDS) 

mapping demonstrates that the Si particles are uniformly dispersed 

in the HC matrix (inset of fig. 4b). The XRD patterns of Si/HC 

powders showed the characteristic peaks corresponding to 

crystalline Si and amorphous hard carbon (fig. 4c). From the 

thermogravimetric analysis (TGA) profiles, the Si content in the 

Si/HC powders was estimated to be 15 wt% (fig. 4d). Future works 

will be devoted to controlling the composition ratio of Si/HC 

powders.  

The anodes incorporating the HC powders (or Si/HC composite ones) 

and agarose binder were fabricated and their electrochemical 

performances of the HC and Si/HC composite anodes were 

investigated using coin-type half cells. Figure 5a shows that, under 

voltage range of 0.005 - 2.0 V and discharge/charge current density 

of 0.05C/0.05C, the discharge/charge capacities of the HC anode 

and Si/HC composite one at 1
st

 cycle were 543/389 mAh g
-1

 

(coulombic efficiency = 71.6%) and 654/513 mAh g
-1

 (coulombic 

efficiency = 78.4%), respectively. Subsequently, the anodes were 

further cycled under voltage range of 0.01 – 1.5 V and 

discharge/charge current density of 0.2C/0.2C. The HC anode 

showed good capacity retention with cycling, however, its 

reversible capacity was still unsatisfactory (300 mAh g
-1

 after 100 

cycles). By comparison, the Si/HC composite anode provided the 

substantial increase in the reversible capacity (~490 mAh g
-1

) and 

also excellent cycling performance (capacity retention after 100 

cycles ~100%) (fig. 5b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (a) First cycle voltage profiles of HC and Si/HC anodes at a rate of 

0.05C. (b) Cycle retentions of HC and Si/HC anodes at a discharge/charge 

rate of 0.2C/0.2C. (c) First charge and discharge voltage profiles of LMO 

cathodes at a rate of 0.05C. (d) Cycling performances of LMO-agarose and 

LMO-PVdF electrodes at charge/discharge rates of 0.2C/0.2C (1-200 cycles) 

and 1C/1C (201-400 cycles). (e) First cycle charge/discharge profile of full-

cell (Si/HC anode and LMO cathode) at a rate of 0.05C. (f) Cycling 

performance of the full cell at a charge/discharge rate of 0.2C/0.2C. 

Application of agarose as an alternative binder for LMO cathode 

and electrochemical performance of a full cell composed of Si/C 

anode and LMO cathode 

In addition to the agarose application to the anode components 

mentioned above, agarose was also used as an alternative 

polymeric binder for LMO cathode. Under voltage range of 3.0 – 4.3 

V and charge/discharge current density of 0.05C/0.05C, the charge 

and discharge capacities of the LMO cathode at 1
st

 cycle were 

observed to be 105 mAh g
-1

 and 101 mAh g
-1

 with a high initial 

coulombic efficiency of 96.2% (Fig. 5c). The effect of binders on the 
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cycling performance of the LMO cathodes were investigated at 

charge/discharge current density of 0.2C/0.2C (1
st

 – 200
th

 cycle). 

Figure 5e shows that the agarose binder provided the exceptional 

capacity retention (~100%), as compared to the PVdF binder (~90%). 

Moreover, the LMO cathode incorporating the agarose binder 

maintained the good cycling performance even at faster 

charge/discharge current density of 1.0C/1.0C.  

In order to elucidate the superior cycling performance of agarose 

binder-incorporated LMO electrode, Mn
2+

 chelation by the agarose 

and PVdF was investigated. For this experiment, the agarose and 

PVdF films were prepared through traditional solvent casting 

method and then immersed in manganese perchlorate solution. 

The absolute amount of Mn
2+

 ions captured by the films was 

quantitatively analysed by inductively coupled plasma (ICP) mass 

spectrometry (ESI, Fig. S4a). The agarose film effectively chelated 

the Mn
2+

 ions (921 ppm) compared to the PVdF film (2 ppm). Such 

excellent Mn
2+

-chelating ability of the agarose film was further 

verified by the X-ray photoelectron spectroscopy (XPS) spectra (ESI, 

Fig. S4b). The agarose film showed the characteristic XPS peaks at 

655 eV (assigned to Mn 2P1/2) and 643 eV (Mn 2P3/2),
45

 

demonstrating the existence of Mn
2+

 ions captured by the agarose. 

By comparison, the PVdF film did not show any traceable peaks in 

the Mn 2P region. These ICP and XPS results demonstrate that the 

agarose binder, which can effectively chelate Mn
2+

 ions, plays a 

viable role in achieving the excellent cycling performance over the 

conventional PVdF binder.  

Based on the understanding of such unusual chelating effects of 

agarose, the cycled LMO cathodes and Li metal anodes (after 200 

cycles) were characterized, with a focus on formation of by-

products such as MnF2. The MnF2 by-products are known to be 

generated by side reactions between dissolved Mn
2+

 ions and 

hydrofluoric acid (originating from decomposition of LiPF6-containg 

electrolytes).
46

 The comparison in surface morphology of the cycled 

cathodes (ESI, Fig. S5) shows that the agarose-incorporated LMO 

cathode is relatively clean and less contaminated by unwanted by-

products, in comparison to the control LMO cathode having the 

PVdF binder. This morphological difference between the LMO 

cathodes was confirmed by the ICP-MS results. The smaller amount 

of F element (indicative of MnF2 formation on the cathode surface) 

was detected at the agarose-LMO cathode, demonstrating the 

superior Mn
2+

-chelating ability of agarose binder. In addition, as 

another evidence to verify this advantageous effect of agarose 

binder, surfaces of the Li metal anodes (after 200 cycles) were 

analysed using ICP-MS. The Li metal anode which was assembled 

with the agarose-LMO cathode showed the smaller amount of Mn 

(8.1 ppm) than that (Mn = 35.5 ppm) combined with the control 

LMO cathode. The aforementioned results underscore the 

exceptional contribution of agarose binder to Mn
2+

 chelation.  

Finally, a full cell composed of Si/HC anode (with agarose binder) 

and LMO cathode (with agarose binder) was fabricated and its 

electrochemical performance was characterized. Figure 5e shows 

first charge/discharge profile of the full cell, which were measured 

under voltage range of 2.5 – 4.3 V and charge/discharge current 

density of 0.05C/0.05C, were 116 mAh g
-1

 and 100 mAh g
-1

, 

respectively. Subsequently, the cell was cycled at charge/discharge 

current density of 0.2C/0.2C and provided the stable cyclability 

(capacity retention after 50 cycles ~87%). 

Conclusions  

We demonstrated the exceptional multifunctionalites of eco-

friendly and naturally abundant agarose for potential use as an 

alternative binder for Si anode/LiMn2O4 cathode and a carbon 

source for hard carbon. The agarose containing many functional 

groups provided a strong adhesion between active materials and 

current collectors, thereby alleviating the large volume change of 

Si-based anode materials during repeated charge/discharge cycling. 

The resulting agarose binder-incorporated Si anodes showed the 

significantly enhanced electrochemical properties (the high specific 

capacity of 1380 mAh g
-1

 (corresponding to capacity retention of 

71% after 200 cycles). Also, the LiMn2O4 cathode assembled with 

the agarose binder exhibited high initial coulombic efficiency of 

96.2% and stable cycling performance with capacity retention of 

nearly 100% after 400 cycles. Moreover, the agarose binder-

incorporated full cell (consisting of Si/HC anode and LiMn2O4 

cathode) exhibited highly stable cycling property (capacity retention 

after 50 cycles = 87%). We believe that the agarose featuring the 

aforementioned multifunctionality (as alternative binders and 

carbon sources) is highly effective and also versatile as an 

alternative green battery material, which thus can be easily 

extended to next-generation high-capacity anode materials 

(suffering from large volume change) and also high-capacity/high-

voltage cathode ones (experiencing metal ion dissolution). 

Experimental 

Synthesis of nanostructured Si particles 

10.0 g of Al-Si alloy powder (325 mesh, 99%, Al:Si = 88:12 wt.%, Alfa 

Aesar) was immersed in 400 mL of 3 M hydrochloric acid (HCl) 

solution (Samchun chemical, Korea) for 1 h with stirring. The 

chemically etched powders were filtered, rinsed with deionized (DI) 

water several times and then dried at 70 °C for 12 h. Finally, we 

obtained the nanostructured Si powders with a yield of 11%.  

Synthesis of hard carbon  

2.0 g of agarose (from Sigma-Aldrich) was dissolved into 60 mL of DI 

water with stirring at 95 °C for 1 h. The solution became 

transparent and then it was transferred to a petri dish for gelation 

at room temperature for 1 h. The resultant product was dried at 70 

°C for 12 h in a convection oven. Subsequently, carbonization 

process of the agarose film was performed in a quartz tube furnace 

with ramping rate of 5 °C min
-1

. The dried agarose film was heated 

to 500 °C for 1 h under an argon atmosphere for stabilization and 

further increased to 900 °C for 2 h to make hard carbon (HC) 

powders.  

Synthesis of Si/HC composite  

0.07 g of Si was dispersed in 25 mL of dimethyl sulfoxide (DMSO) 

with stirring and then ultra-sonicated at room temperature for 1 h. 

Subsequently, 2.16 g of agarose was added into the 
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aforementioned solution with stirring at 70 °C for 1 day. Then it was 

transferred to a glass petri dish for evaporation of solvent at 150 °C 

for 1 day. In a final step, carbonization process was performed in 

the similar manner with that of hard carbon.  

Physicochemical characterization  

Scanning electron microscopy (SEM, S-4800, Hitachi) was used to 

characterize morphologies of Al-Si, nanostructured Si, and Si/HC 

samples. To investigate the microstructures of samples, X-ray 

diffractometer (XRD, D8 Advance, Bruker, Cu Kα radiation) was used 

in the range of 10-90° at a scan rate of 1.4° s
-1

. The nitrogen 

adsorption-desorption isotherms were measured with a VELSORP-

mini II (BEL Japan, Inc.) at 77 K in the relative pressure range of P/P0 

from 0.05 to 0.3 to examine the BET surface areas and pore size 

distribution. Total reflectance–Fourier transform infrared (FT-IR) 

spectra of electrodes were recorded in a reflectance mode using a 

Varian 670-IR spectrometer with a spectral resolution of 4 cm
-1

 

under a nitrogen atmosphere. The stress-strain curves of agarose 

and PVdF films were measured using a universal testing machine 

(AGS-100NX, SHIMADZU). Thermogravimetric analyzer (TGA, TA 

Instruments, USA) was used to measure the amount of carbon in 

the Si/carbon composite in the temperature range of 40-700 °C 

with a ramping rate of 5 °C min
-1

 in air. 

Electrochemical test  

The Si anode was prepared by mixing 70 wt% active material, 15 

wt% of super P, and 15 wt% of binder with a mixer (Thinky mixer, 

ARE310) at 2200 rpm for 15 min to homogenize slurry mixture. The 

HC and Si/HC composite anodes were composed of active materials, 

super P, and agarose binder at a weight ratio of 80:10:10. The 

cathode (LiMn2O4) was made of 85 wt% of active material 

(LiMn2O4), 10 wt% super P, and 5 wt % of binder. After the slurries 

were casted on copper or aluminium foil, the electrodes were dried 

at 150 °C for 12 h in a vacuum oven to evaporate DMSO solvent. 

The mass loading levels of Si, Si/HC, HC, and LiMn2O4 in electrodes 

were 1.0, 1.9, 2.2, and 2.3 mg cm
-2

, respectively. The coin-type half 

cell (2016R) and full-cell (2032R) were assembled in an argon-filled 

glove box. The Li metal foil was used as counter electrode and 

micro porous polyethylene film (Celgard 2400) was used as a 

separator. The electrolyte consisted of a solution of 1.3M LiPF6 in a 

mixture of ethylene carbonate (EC)/diethyl carbonate (DEC) (3:7, 

v/v) with 10% fluorinated ethylene carbonate (FEC) additive in Si, 

Si/HC, and HC half-cells. In LiMn2O4 half-cell, the electrolytes 

consisted of 1M LiPF6 in a mixture of EC/dimethyl carbonate (DMC) 

(3:7, v/v). The coin-type full-cell consisted of Si/HC anode, LiMn2O4 

cathode, separator, and electrolyte. The electrolytes were 

composed of 1.3M LiPF6 in a mixture of EC/ethylmethyl carbonate 

(EMC)/ DEC (3:4:3, v/v/v) with 5 wt% FEC additive and 0.5% 

tris(trimethylsilyl)phosphate (TMSP) additive. Galvanostatic charge 

and discharge cycling (WonATech WBCS 3000 battery measurement 

system) was performed at 25 °C. 
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Graphical abstract : 

 

 
 

Multifunctional agarose act as effective binder for Si anode and LiMn2O4 cathode and also 

serve good carbon source to make hard carbon. Also, agarose-assisted full-cell consisting of 

Si/C anode and LiMn2O4 cathode shows a stable cycling performance. 
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