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Binder-free Rice Husk-based Silicon-Graphene 

Composite as Energy Efficient Li-ion Battery 

Anodes 

Deniz P. Wonga,b,c, Rangaraj  Suriyaprabhad, Rathinam  Yuvakumard, 
Venkatachalam Rajendrand,  Yit-Tsong Chenc,f, Bing-Joe Hwange, Li-
Chyong Chena* and Kuei-Hsien Chenf*  

Rice husks, often neglected and considered as waste,   contain constituents that could be of 

potential use in advanced material applications. In this study, rice husks were used as a source 

of silicon dioxide for the synthesis of silicon nanoparticles (Si NPs) through magnesiothermic 

reduction process.  The Si NPs were further used to prepare a binder-free composite system 

comprised of Si NPs and graphene as an anode material for lithium ion battery system (LiBs).  

The composite system fabricated from rice husk-based Si NPs (RH-Si NPs) yielded an initial 

capacity of 1000 mAh/g at high applied current density of 1000 mA/g.  This study opens up the 

use of waste materials such as rice husk as a sustainable source of key components in 

advanced technology applications. 

 

 

 

 

 

 

 

Introduction 

Rice (Oryza sativa) is a major staple food in most countries in 

the world. As such, there is a constant need to produce rice in a 

steady basis in order to meet the demands of the growing 

population of the world. In recent years, the world consumed 

470 million metric ton of rice.1 With it, several million tons of 

corresponding rice husk is also produced.  Despite the 

application of rice husks in construction materials,2 fertilizers3 

and fuel,4, 5 they are generally considered as waste.  Although 

these husks naturally decompose, the sheer amount available 

makes it ideal to utilize such waste product into potential 

technologies that can elevate our living conditions.  In this 

study, we utilized rice husk as a raw material for lithium ion 

battery related applications. 

 Rice husk contains high amounts of silicon dioxide which 

can, in turn, be a useful source of silicon.  It contains around 10 

– 20% of silicon dioxide depending on the soil in which the 

stalks grow.6   There are various methods to extract silicon 

dioxide from the rice husk including variation of acid pre-

treatment7, 8 and subsequent pyrolysis.9, 10 Different sources of 

rice husk also influence the properties of the silicon dioxide 

extracted.11, 12 Oftentimes, silicon dioxide extracted from the 

husk comes in nanoscale morphology.  Banerjee et al. have 

shown that it is possible to convert silicon dioxide to silicon 

through a magnesiothermic reduction process13 while 

maintaining the relative morphology of the initial material.  

Since the reported reaction was done in a relatively low 

temperature (600 0C)13, sintering of Si NPs into bulk scale can 

be minimized.  This opens up the possibility of producing Si 

NPs from the silicon dioxide nanoparticles.14 Moreover, this 

also creates the opportunity to obtain cheaper source of Si NPs 

for applications in lithium ion battery systems.15-17 

 Si NPs are an attractive anode material for the next 

generation lithium ion battery.18 Theoretically, Si reacts with 

the most number of lithium ions during alloying which delivers 

a high specific capacity (3579 mAh/g at room temperature) 

which is an order of magnitude higher than the current graphite-

based anodes.  However, Si-based materials in a LiBs system 

face the problem of volume expansion caused by different 

stages of alloying formation during the charge-discharge 

cycle19 and the intrinsically poor conductivity of Si.20 To 

mitigate this problem, composite-based approaches have been 

demonstrated.21 
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    Graphene, being a 2D-based material, can act as a buffering 

matrix and electron conductor for Si in LiBs.22, 23 Interestingly, 

most recent studies on such composite-based system still use 

additives including binders and conductive materials such as 

active carbon.24, 25  

 In this study, we took a step further by adopting a binder-

free composite approach to incorporate the rice husk-based Si 

NPs (RH-Si NPs) for battery testing.  This would reduce the 

materials needed in fabricating our battery electrodes such as 

elimination of the traditional copper foil and organic binder.  

As such, the corresponding cost of the battery electrodes is also 

reduced. In addition, we have also adopted a solvent-exchange 

process that helps improve the interaction of Si NPs in 

graphene oxide (GO) solution.  The combination of low-cost 

material resources and the improved material’s processing 

technique opens up new alternative route in Li ion battery 

fabrication and testing.   

Experimental Methods 

Fig. 1 shows the flow diagram of the process used in this study.  

The process of extracting SiO2 nanoparticle from rice husk is a 

modification of the one reported by Kalapathy et al.8 The 

process involves the following extraction procedures: 

  

RHA (SiO2) (s) + 2 NaOH (aq) � Na2SiO3 (s) + H2O (l)

      (1) 

 

Na2SiO3 (s) + H2SO4 (aq) � SiO2 (s) + Na2SO4 (aq) + H2O (l) 

(2) 

 

Briefly, after ashing the rice husk, the ash was subjected to 

basic solution by adding sodium hydroxide (NaOH) to extract 

SiO2 in the form of sodium silicate.  The silicate was then 

separated by filtration, followed by neutralization to pH 7 by 

titration with concentrated sulfuric acid.  The SiO2 precipitate 

was formed as the pH was decreased to below 10. The SiO2 

nanoparticles were then filtered, washed with water and 

sintered at 550 oC for 2 hours prior to the subsequent reduction 

process. 

 To convert the SiO2 nanoparticles to Si nanoparticles, a 

magnesiothermic reduction process was used.13, 27 

 

SiO2 (s) + 2 Mg (g) � Si (s) + 2 MgO (s)  (3) 

 

∆rG = -399.20 kJ/mol (at 700 oC)28    

  

The oxide particles were mixed with magnesium powders at a 

mole ratio of 1:2.  The mixed reactants were then placed in a 

stainless steel reactor vessel and into a quartz-tube furnace in an 

Ar atmosphere at 700 oC for 3 hours.  The products were then 

washed with 1 M HCl solution to remove the magnesium oxide 

by-product.  After filtering the sample, Si NPs were then 

subjected to 5% HF washing to remove the unreacted SiO2 NPs 

and surface oxide.  The Si NPs were then filtered, washed 

several times and dried in vacuum overnight. 

 In order to improve the dispersion of Si NPs in aqueous 

media, solvent exchange process was applied, which has been 

reported elsewhere.26 Briefly, 1-methyl-2-pyrrolidone was 

added to Si NPs, followed by one-hour ultrasonic agitation and 

ultra-high centrifugation to extract the Si NPs.  The solvent was 

removed and GO solution was added to form the homogeneous 

composite mixture.  The aforementioned GO was obtained 

using a modified Hummer’s method29, 30(S1†). 

 After obtaining a homogeneous composite solution from the 

solvent exchange process, the paper was obtained by vacuum 

filtration of the solution on an alumina filter paper (Whatman 

Anodisc). After drying, the paper was easily peeled from the 

filter paper. The sample was subjected to thermal annealing at 

700 oC in argon atmosphere to convert the graphene oxide into 

more conductive reduced graphene oxide to improve the 

conductivity of the composite paper following the procedure of 

Zhao et al.23 The paper was then cut into the desired shape to be 

used as an electrode for lithium ion battery testing.  The 

thickness of the paper was measured to be around 30-40 µm 

from the cross-section SEM image shown in Fig. S2†. 

 Thermal gravimetric analysis (TGA) with differential 

thermal analysis (DTA) experiments was done using Perkin-

Elmer Diamond.  X-ray powder diffraction patterns (XRD) 

were done using Bruker D8 Advance. The morphology 

observation and elemental analysis were done using a field 

emission scanning electron microscope (SEM) (JEOL JSM-

6700F) attached with an energy dispersive spectrometer (EDS) 

(Oxford Instruments) while transmission electron microscopic 

images were done using JEOL TEM-2100 FE-TEM).  Raman 

spectra were obtained using a confocal Raman spectrometer 

(Jovin Yvon Horiba 800UV) with a 633 nm He–Ne laser as the 

excitation source. The battery test was done by fabricating a 

CR2032 coin cell using 1 M LiPF6 in EC/DMC (1:1 v/v) by 

Tomiyama as electrolyte and glass fiber membranes from 

Whatman was used as separator.  The mass of the RH-Si NPs 

composite electrode used per coin cell was maintained at 

around 0.25 mg.  Pure lithium metal foil was used as the 

counter electrode and assembly of the battery system was done 

in an argon-filled glove box. The measurement was performed 

using a CHG-5500C system fixed at a voltage window between 

0.01 and 1.5 V at room temperature.  Cyclic voltammetry (CV) 

experiments were done using Solartron 1287 system while the 

sheet resistance was obtained using a four-point probe 

measuring system. 

Results and Discussion 

 The TGA and DTA data in Fig. 2 illustrate the combustion 

of carbon leaving behind SiO2 component, indicating that rice 

husk mostly contains carbon materials. However, in a large 

scale extraction of rice husk, some carbon residue may remain 

on the surface of the oxide component.  Thus, in this study, a 

base extraction procedure was adopted to obtain SiO2 NPs.31,32 

 After obtaining the SiO2 NPs, the magnesiothermic 

reduction process was used to convert the oxide material to Si 

NPs.  Fig. 3 shows the evolution of the product at each stage of 
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the reduction process by monitoring the corresponding XRD 

spectra.  Aside from magnesium oxide, magnesium silicide is 

also formed as a side product during the reaction. These two 

products are easily removed in the subsequent acid washing 

step, leaving behind Si NPs and some unreacted residual SiO2 

NPs which can be removed by HF washing.  From the spectra, 

it is apparent that good crystallinity and purity of Si NPs was 

obtained.  The grain size was approximated to about 70 nm 

based from the Scherrer’s equation. 

 The Si NPs were combined with GO solution after 

undergoing the solvent exchange process as mentioned above.  

The process enabled us to produce a homogeneous solution of 

Si NPs in aqueous solution, avoiding the dispersion problem of 

Si NPs in the medium. The obtained Si NPs were then used for 

the composite system in battery applications. 

After thermal annealing, the GO in the composite was 

converted into reduced GO to improve the conductivity of the 

paper.  Initially, the conductivity of the paper is in the order of 

gigaohms per square, which was reduced to 6.72 ohms per 

square after the annealing treatment.  SEM and TEM images 

(Fig. 4) shows Si NPs wrapped within the carbon matrix, 

yielding an improved interface contact from the two materials. 

This may help in the electron transport during battery testing.  

In addition, Fourier transformation of the high resolution TEM 

images also show that the crystallinity of Si NPs was preserved 

while evidence of improved crystallinity of GO matrix was 

produced after the thermal treatment. Fig. 5 also shows SEM-

EDS maps of composite paper after thermal annealing.  The 

maps indicate a homogeneous mix between Si and C 

components, with small amount of O which possibly arises 

from surface oxidation of both materials.  The material was also 

characterized by XRD and Raman spectroscopy as illustrated in 

Fig. S3† showing the XRD pattern of Si NPs–GO paper from 

rice husk before and after thermal annealing.  Prior to 

annealing, peak at around 10o is observed on the composite 

paper which is typically indicative of the presence of GO.33 

Whereas, after the reduction process, the peak disappeared 

while the peaks associated with Si NPs remained. 

 This corroborates the results obtained from the Raman 

spectrum (Fig. S4†), in which the D band to G band ratio 

decreased after the reduction process indicating that the 

disordered carbon present is lessened and most likely converted 

to sp2 bonds.  EDS spectra also confirms the reduction of 

oxygen content after the thermal reduction process (Fig. S5†). 

 Since the composite paper thus fabricated can stand on its 

own without the need of a substrate, the material was directly 

tested for its battery performance. The added simplification also 

allows us to directly gauge the effect and quality of the Si NPs 

used for the study.  Previously, polymer binders 

(polyvinylidene fluoride (PVDF), carboxymethyl cellulose 

(CMC) and etc.) and carbon additives (Super P) were needed in 

order to make an acceptable working coin cell.34 Most groups 

still use such system since these materials help in the overall 

battery performance.  Furthermore, additives such as vinylidene 

carbonate35 can be added to the electrolyte to improve cycling 

stability of the battery. However, they may also mask some of 

the needed qualities (such as conductivity, required geometry, 

etc.) of the Si NPs that can help determine its applicability in 

lithium ion battery platform.  The binder-free method allowed 

us to gauge our anode materials on the merit of the active 

materials’ respective property without being compromised by 

the additive.  

 Fig. 6a shows the cycling performance of the rice husk 

based-Si NPs–rGO paper.  The initially capacity was shown to 

be around 1000 mAh/g with initial coulombic efficiency of 

70%.  It should also be noted that higher specific capacity can 

be obtained when lower current (200mAh/g) was applied, 

whereas the cycling performance was performed using an 

applied current of 1000 mA/g, which is 3-4 times higher than 

those reported in the literature that have similar or slightly 

higher specific capacity.36-38   Figure 6b shows the 1st cycle 

charge–discharge curve of the RH-Si NPs graphene composite 

under two different cycling rates. As expected, applying higher 

rate (1000 mA/g) delayed some of the necessary SEI formation 

required.  This causes some losses in terms of specific capacity 

of the material.  Nevertheless, we still demonstrated a high 

specific capacity (~1000 mAh/g) at applied rate of 1000 mA/g. 

Different cycling rates, ranging from 200 mA/g to 2000 mA/g, 

have been used to test the rate capability of our RH-Si NPs –

GO paper (Fig. 6c).  The results show that the electrode can 

withstand the effect of higher applied current density.  The 

specific capacity is similar  to its corresponding value at the 

same cycle number (compare Fig. 6a and 6c) regardless if the 

electrode underwent constant applied current (Fig. 6a) or 

applied current from 200 mA/g to 2000 mA/g, and back to 200 

mA/g at certain fixed increments (Fig. 6c). 

 Lastly, cyclic voltammetry was used to probe the 

electrochemical reaction going on during the early stages of the 

lithium insertion and extraction (Fig. 6d).  The cathodic peak 

can be observed at 600 mV during the first cycle (red color) 

which indicates the SEI formation. After the succeeding cycle, 

the peak decreases and saturates, indicating the stabilization of 

the SEI.  The peaks associated with lithium insertion and 

extraction can correctly be assigned at 20 mV, 300 mV and 500 

mV.39  Furthermore, the anodic peaks associated to the lithium 

extraction process can be observed to broaden into one peak 

instead of the typical two peaks, which was attributed to the 

reaction with nanocrystalline phase in the anode material. 

Conclusion 

Incorporating the solvent exchange method28 enables us to 

fabricate a homogeneous free-standing binder-free RH-Si NPs 

composite film. The film demonstrated good potential as high 

energy density anode material in a lithium ion battery system 

with an initial capacity of about 1000 mAh/g at a high current 

density of 1000 mA/g and maintained reasonable capacity after 

30 cycles. These findings demonstrate the conversion of a 

waste material into a useful, dependable energy storage device 

which can pave the way into the viability of scavenging raw 

materials as potential source for future technological 

applications. 
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Fig. 1 Flow diagram of the process used to convert rice husk into Si NPs and subsequent fabrication of the composite paper with GO solution and battery fabrication. 
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Fig. 2 DTA and TGA  curves of Rice husk in argon (Ar) atmosphere 
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Fig. 3 XRD spectra of different products obtained at various stages of the reduction process until the formation of Si NPs after HF washing. The powder diffraction 

data of possible products formed in the reduction process are also listed. 
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Fig. 4 An (a) SEM image of RH-Si NPs –rGO composite paper and (b) the corresponding TEM image of the material where the indicated colored circle corresponds to 

the high resolution image of the selected area (green for Si NPs with d-spacing of 3.1Å and red for graphene sheets. 
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Fig. 5 A low magnification SEM image of RH-Si NPs -rGO composite with the corresponding EDS elemental maps 
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Fig. 6 (a) Cycling performance of the RH-Si NPs -rGO composite at indicated cycling rate with the corresponding performance of sample using rGO only for reference 

(close symbol – lithiation and open symbol – delithiation); (b) 1st charge and discharge cycle of the composite at various cycling rate (red for 200 mA/g and blue for 

1000 mA/g); (c) Rate capability of the composite and (d) cyclic voltammogram of the composite at sweeping rate of 0.5mV/s and done at 10 cycles (arrow indicates 

direction from the 1st cycle to the 10th cycle). 
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