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Abstract 

In this paper, we report a flame deposition method to prepare carbon nanoparticles (CNPs) 

from coconut oil. The CNPs were further modified with a piranha solution to obtain surface-

carboxylated carbon nanoparticles (c-CNPs). When used as an anode for sodium-ion 

batteries, the CNPs and c-CNPs respectively delivered discharge capacities of 277 and 278 

mAhg
-1

 in the second cycle at a current density of 100 mAg
-1

. At the 20
th

 cycle, the capacities 

of CNP and c-CNPs were 217 and 206 mAhg
-1

 respectively. The results suggest that 

modification of the CNPs with the piranha solution improved neither the charge storage 

capacity nor the stability against cycling in a sodium-ion battery. When the CNP and c-CNP 

were used an anode in a lithium-ion battery, 2
nd

-cycle discharge capacities of 741 and 742 

mAhg
-1

 respectively at a current density of 100 mAg
-1

 were obtained. After 20 cycles the 

capacities of CNP and c-CNP became 464 and 577 mAhg
-1

 respectively, showing the cycling 

stability of the CNPs was improved after modification. The excellent cycling performance, 
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high capacity and good rate capability make the present material as highly promising anodes 

for both sodium-ion and lithium-ion batteries.  

Graphical abstract: 

 

Carbon nanoparticles derived from biomass and their electrochemical performance as anode in both 

sodium-ion and lithium-ion batteries. 

Keywords: bio-mass carbon, anode, battery, sodium-ion, lithium-ion  

 

1. Introduction 

Lithium-ion batteries (LIBs) with graphite as the anode are nowadays popularly used to 

power portable electronic devices. However, the limited theoretical capacity of graphite (372 

mAhg
-1

) 
 
[1, 2] hinders further development of new-generation LIBs for large-scale energy 

storage applications. On the other hand, lithium is geographically limited and politically 

sensitive. Increasing the utilization of lithium in energy storage will definitely increase the 

cost of LIBs in future [3]. Unlike lithium, sodium is naturally abundant. Sodium-ion batteries 

(NIBs) are promising alternative for LIBs. However, the graphite anode that is being used in 

LIBs fails to perform well in a NIB owing to the larger ionic radius of Na (0.102 nm) than 

that of Li (0.076 nm) and the thermodynamic instability of sodium-graphite system [4]. 

Therefore, an alternative anode with high performance and low cost is of paramount 

importance in the development of the NIB technology.  



3 

 

Electrode materials such as transition metal oxides [5-9], graphene [10], metal nitrides [11] 

and carbons [12-15] have been studied as anodes for NIBs. Carbon materials, especially hard 

carbon [16], have been shown to be the most promising anode for both NIBs and LIBs [17]. 

Production of carbon materials from biomass is highly attractive  [18]. For battery 

applications, biomass-derived carbons can usually offer a higher capacity than graphite 

because biomass intrinsically has desirable molecular structures and  architectures, which are 

favorable for charge storage and transport [19].  Since the raw material is naturally available 

no tedious approaches need to be realized for material engineering, which itself is an 

economic solution [19].  

Herein, we present a flame deposition method to synthesize carbon nanoparticles (CNPs) 

with coconut oil as the biomass precursor. The coconut oil derived CNPs possessed graphitic 

domains and displayed a quasi-spherical morphology. The obtained CNPs were further 

treated with an oxidizing agent to modify the surface of the CNPs to be rich in carboxylic 

groups [20, 21]. The carbon samples were then tested as anode materials in both LIBs and 

NIBs. Tested against sodium, the CNPs and c-CNPs delivered a capacity of 277 and 278 

mAhg
-1 

at a current density of 100 mAg
-1

 in the second cycle. For LIBs, the discharge 

capacities of CNP and c-CNP were 741 and 742 mAhg
-1

 respectively at a current density of 

100 mAg
-1

 in the second cycle. The present work has the following advantages: (i) the 

precursor is cheap and widely available, (ii) the synthesis method is scalable, and (iii) the 

obtained carbons are dense and show good performance in both NIBs and LIBs. 

 

2. Experimental Section  

2.1 Material Preparation  
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100 g of coconut oil purchased from the local market was taken in a crucible with a cotton 

wick placed inside. The wick was lit to let incineration of coconut oil imbibed by capillary 

action. The crucible was then covered with a brass lid with holes to allow air circulation. The 

carbon nanoparticles (CNPs) in the form of soot deposited on the brass plate was collected. 

The CNPs were further carboxylated by refluxing in a piranha solution (caution: a highly 

exothermic mixture of H2SO4 and H2O2 in the ratio of 7:3) for 6 h and subsequently washed 

with copious amounts of ethanol and water, filtered and dried in a vacuum oven at 80 °C for 

24 h to obtain c-CNPs.  

2.2 Material Characterization 

X-Ray diffraction (XRD) was recorded on Bruker D8 Advance X-ray diffractometer with Ni-

filtered Cu Kα radiation (λ = 1.54056 Å; 40 kV, 30 mA) at a scan rate of 2° min
−1

. Nitrogen 

sorption isotherms were measured on a Tristar II 3020. All samples were degassed at 150 °C 

for 3 h prior to the measurement. Transmission electron microscopy (TEM) measurements 

were carried out on a JEOL 2100 at an acceleration voltage of 200 kV. Field emission 

scanning electron microscope measurements were taken on JEOL 7001. X-ray photoelectron 

spectroscopy (XPS) spectra were acquired on a Kratos Axis ULTRA X-ray photoelectron 

spectrometer with a 165 mm hemispherical electron energy analyzer and a monochromatic Al 

Kα (1486.6 eV) radiation at 225 W (15 kV, 15 mA). Raman spectra were collected using a 

Raman Spectrometer (Renishaw) with a 514 nm laser. Thermogravimetric analysis (TGA) 

was conducted on a Shimadzu simultaneous TGA/DTA analyzer DTG-60 at a heating rate of 

10 °C min
−1

 in air of flow rate of 100 mL min
−1

.  

 

2.3 Electrochemical Testing 

Typically, a slurry of 70% active material, 20% carbon black and 10 % polyvinyldine 

fluoride (PVDF) in N-methyl pyrrolidine (NMP) was coated onto a copper foil current 
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collector (~1.5 mg of active material on each electrode) and then dried at 60 °C overnight in a 

vacuum oven. The obtained electrode, polypropylene separator (for Li), glass fiber (for Na), 

and Na/Li metal counter electrode were assembled into a 2032-type coin cell filled with an 

electrolyte in an Ar-filled glovebox with sub-0.1 ppm water and oxygen contents. For the LIB 

cells, 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DC) (1:1) was used as 

the electrolyte. For the NIB cells, 1 M NaClO4 in equal volume ratio of ethylene carbonate 

(EC) and propylene carbonate (PC) mixed with 0.3 wt% of fluoroethylene carbonate (FEC) 

was used. Cyclic voltammetry was carried out using a CHI-600D electrochemical 

workstation at a scan rate of 0.1 mVs
-1

 in the voltage domain of 0.005 to 3 V. The 

charge/discharge measurements were performed using a Neware battery tester CT3008. 

Electrochemical impedance spectroscopy measurements were also performed using a CHI 

660D electrochemical workstation in the frequency range of 100 kHz to 10 mHz. 

 

3. Results and Discussion 

Figs. 1a and 1b show the FESEM and TEM images of CNPs with a quasi-spherical 

morphology and particle size ranging from 40 to 50 nm. The CNPs upon treatment with 

piranha solution show no obvious changes in morphology (Figs. 1c and 1d). Pores within the 

particles are not obvious from the FESEM and TEM images.  
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Fig. 1 FESEM and TEM images of pristine carbon nanoparticles (CNPs) (a, c) and (b, d) 

carboxyl terminated carbon nanoparticle (c-CNPs). 

The XRD patterns for CNPs and c-CNPs show two peaks at about 25° and 45° two 

theta, which correspond to (002) and (100) reflections of graphite, respectively (Fig. 2a) [22]. 

An increase in crystallinity of c-CNP is evident from the XRD profile. This may be attributed 

to the nascent oxygen (originating from piranha solution), which generates a cascading effect, 

favoring the disentanglement of carbon bonds and formation of oxygen sites for carboxyl 

bond establishment along with the removal of some amorphous carbons [23].  
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Fig. 2 (a) X-ray diffraction profile (b) Raman spectroscopy (c) FTIR analysis of CNP and c-

CNP. 

The Raman spectra (Fig. 2b) revealed two significant bands at around 1360 cm
-1

 and 

1590 cm
-1

, corresponding to the D-band and G-band of graphitic carbon, respectively. The D-

band represents A1g symmetry of disordered graphite, indicating the existence of crystalline 

domains in the samples [24, 25]. The G-band corresponds to the zone center symmetry of 

single crystalline graphite. The intensity ratio of D and G bands also can be used to determine 

the rate of disorder in the carbon. The ID/IG ratios of the samples were calculated to be around 

0.854 for CNPs and 0.840 in the case of c-CNPs. No distinct differences were observed in the 

ID/IG ratios probably because piranha solution would dissolve active defect sites in the 

carbons without creating additional defects as observed previously [26]. The superimposition 

of different Raman modes as a result of the distribution cluster of nanoparticle with different 

sizes, result in a broader width in case of the CNPs, different from that of the c-CNP [27].  

The Fourier-transform infrared (FTIR) spectra shown in Fig. 2c exhibited a peak at 

1726 cm
-1 

 for c-CNP, which is due to the C=O stretching [28], confirming the presence of 

carboxyl groups. This peak could not be observed in CNP. Also an additional peak at 1052 

cm
-1

 corresponding to stretching frequency of primary alcohols is observable from c-CNP.  

Both CNP and c-CNP contain absorption peaks around 3430 cm
-1

 pertaining to –OH 

stretching, 2920 cm
-1

 of –C-H- bond and 820 cm
-1

 of -C-S- bond. The C-S bond could 

possibly arise from ν C-S stretching [23]. The coconut oil contained Sulphur, which gave rise 

to the C-S bond formation in both CNP and c-CNP samples.  

The nitrogen adsorption/desorption isotherms and the corresponding pore size 

distribution curves computed using the Barrett–Joyner–Halenda (BJH) method [29] for both 

CNP and c-CNP are shown in Fig. S2. The obtained isotherms show existence of both 

micropores and mesopores (type IV). An upward tendency at the high relative pressure 



8 

 

region, P/Po~0.9-1, can be attributed to the macropores formed between carbon particles [30]. 

Though the above statement holds true for the as prepared carbon materials, c-CNP showed a 

positive shift from that of CNP showcasing the significant existence of micropores and 

mesopores (Fig. S1). The surface area of c-CNP (133 m²/g) is higher than that of the CNP (56 

m²/g), indicating the creation of pores during the oxidative treatment using piranha solution. 

The X–ray Photoelectron spectroscopy (XPS) results for CNP and c-CNP samples revealed 

atomic concentrations of carbon of 93.02 and 80.49 atm.%, oxygen 6.64 and 17.06 atm.%, 

and sulfur 0.34 and 2.45 atm.%, respectively (Fig. S3). The surface oxygen content upon 

piranha solution treatment was increased largely. Since the carbons have low surface area, it 

is not anticipated that oxygen and sulfur functionalities will have a substantial impact on the 

electrochemical performance [17, 31].  

3.1 Electrochemical performance as a sodium-ion battery anode 

Sodium-ion storage behavior in CNP and c-CNP was evaluated using cyclic voltammetry 

(CV) and galvanostaic charge-discharge (GCD) techniques. Fig. S4 shows the CV curves of 

CNP and c-CNP vs Na/Na
+
 in the range of 0.005 to 3 V at a sweep rate of 0.1 mVs

-1
. The CV 

curves reveal a strong cathodic peak at around 1.0  V in both CNP and c-CNP corresponding 

to the electrolyte decomposition, leading to the formation of solid electrolyte interphase (SEI) 

on the surface of the electrode [32, 33]. This peak disappeared in the subsequent cycles, 

indicating the formation of the SEI occurred only in the initial discharge. A redox peak near 0 

V similar to that observed during lithium insertion [2], endorse the sodium insertion and de-

insertion in the interlayer of the graphitic domains present in the as prepared carbons. The 

shape of the CV curve being nearly rectangular in nature in the whole voltage range is 

indicative of the capacitive storage behavior of sodium ions [34]. It may be inferred that 

sodium-ion interaction with the anode material predominantly takes place by  physical 

interaction, along with some redox reactions due to the interaction between sodium ions and 
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oxygen containing functional groups during the charge-discharge process [35]. Notably the 

CV curves overlapped after the initial cycle, indicating the reversible interaction of sodium-

ion with the as prepared carbons. 

Fig. 3 shows the GCD curves of CNP and c-CNPs. An initial discharge capacity of 

507 and 733 mAhg
-1

 for CNP and c-CNPs respectively was obtained at a current density of 

100 mAhg
-1

 with a coulombic efficiency of 49 and 34% (Fig. 3b and 3e). Such large capacity 

loss and low initial coulombic efficiency is generally observed in carbon materials due to the 

decomposition of electrolytes on the surface of active site [33], formation of SEI on the 

electrode surface, side reactions on the electrode surface and trapping of sodium-ions in the 

voids between the carbon particles [34]. The coulombic efficiency improves to about 88% in 

the second cycle and stabilizes at more than 96% in the tenth cycle owing to the structural 

stability of the as prepared carbon materials upon cycling. These observations corroborate 

with that of CV curves. At the 2
nd

 cycle, the CNP and c-CNP show a specific capacity of 278 

and 277 mAhg
-1

 respectively. Upon repeated cycling, the coulombic efficiency is increased to 

near 100% and a capacity of 198 and 203 mAhg
-1 

can still be retained at the 50
th

 cycle (Table 

S1). The discharge capacity of both samples outperformed most of the carbon materials 

previously reported (Table 1).  
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Fig. 3 Electrochemical performance of CNP and c-CNP tested against sodium: charge-

discharge curves (a, d), cycling stability (b, e), and rate capability (c, f). 

 

The rate performance of electrodes CNP and c-CNP was evaluated with current 

densities ranging from 100 to 1000 mAg
-1

, and the results are shown in Fig. 3c and 3f. For 

sample CNP, specific capacities of 135, 107, 87 and 78 mAhg
-1

 were obtained at current 

densities of 200, 400, 800, and 1000 mAg
-1

, respectively. Similarly, electrode c-CNPs 

delivered discharge capacities of 140, 109, 87 and 82 mAhg
-1

 at current densities of 200, 400, 

800 and 1000 mAg
-1

, respectively. At higher current densities, the capacity is mainly due to 

the diffusion of sodium ion in and out the solid electrode. Fig. S5 shows the Nyquist plots of 

the carbon electrodes. A straight line in the low frequency region along with a depressed 

semicircle in the high frequency region can be seen. The impedance spectra were modelled 

with equivalent circuits, which are depicted in Fig. S6, where Re represents the resistance 

arising from contacts (sum of all the electrical resistances), CLc represents the double layer 

capacitance, Rc is the charge transfer resistance, Zw is the Warburg element associated with 
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ion diffusion in carbon electrode [17]). The SEI formation at the electrode surface results in a 

resistance and a capacitance named as CSF and RSF [17], respectively. The numerical values 

obtained from modelling are represented in the Table S2. It can be noted that the charge-

transfer resistance is higher in the case of electrode CNP. The overall resistance Rc+RSF of c-

CNP is much less as compared to CNP as observed from the impedance spectroscopy.  

However, with respect to performance both the batteries delivered similar capacitance 

indicating that the effect of carboxyl group is negligible. Overall both CNP and c-CNP 

perhaps because of the high density of the samples in turn delivers a high capacity.  

Table 1 compares the performance of CNP and c-CNP vs Na/Na
+
 with that of the 

literature. Carbons included in comparison are hard carbon particles [36], templated carbon 

[37], carbon fibers [38], graphene nanosheets [39], carbon nanotubes [39], nitrogen-doped 

carbon nanofibers [40], carbon microspheres [41], highly disordered carbon [13], banana peel 

derived pseudographite [17] and nanocellular carbon [42]. The performance of as prepared 

carbons is comparable with that of highly disordered carbons[13] whose discharge capacity is 

about 255 at 100 mAg
-1

. The carbons reported in the present work has a highly reversible 

capacity, good cycling performance and high rate capability when tested against sodium, as 

compared to the previous reports.   

Table 1. Comparison of electrochemical performance of carbon nanoparticles prepared in 

this work with other carbon electrode materials  

Material Initial Coulombic 

 Efficiency (%) 

Discharge Capacity  

(mAhg-1)(Cycle 2) 

Reference 

CNP 49 278 at 100 mAg-1 (this work) 

c-CNP 34 277 at 100 mAg-1 (this work) 

Hard carbon particles 78 250 at 25 mAg-1 [36] 

Templated carbon 20 180 at 74 mAg-1 [37] 
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Carbon fibers 46 ca. 350 at 50 mAg-1 [38] 

Graphene nanosheets NA 220 at 30 mAg-1 [39] 

Carbon nanotubes NA 82 at 30 mAg-1 [39] 

Nitrogen-doped 

carbon nanofibers 

64 293 at 50 mAg-1 [40] 

Carbon microspheres NA 202 at 30 mAg-1 [41] 

Highly disordered 

carbon  

57.6 255 at 100 mAg-1 [13] 

Banana peel derived 

carbon 

71 371 at 50 mAg-1 [17] 

Nanocellular carbon NA 152 at 100 mAg-1 [42] 

 

3.2 Electrochemical performance as a lithium-ion battery anode 

The obtained carbon materials were also evaluated as an anode for LIBs. The CV curves of 

CNP and c-CNP measured between 0.005 to 3 V with a sweep rate of 0.1 mVs
-1

 are shown in 

Fig. S7. The cathodic peak at around 0.76 V relates to the electrolyte decomposition on the 

surface of the electrode, leading to the formation of  SEI [4]. The other peak at ~1.5 V 

corresponds to the reaction of lithium with some functional groups present on the carbon 

surface as observed previously [43]. A sharp reduction peak near 0 V can be attributed to the 

lithium intercalation with carbons representing sharp diffusion path of lithium ions [44]. 

After the first cycle, the CV curve overlap on each other indicating the reversibility of lithium 

storage in the electrodes. 

      The charge-discharge curves (Fig. 4a and 4d) show a slope from ~0 to 1.5 V, 

corresponding to the lithium deintercalation from the graphitic domains, and the slope above 

1.5 V can be ascribed to extraction of lithium from defect sites with higher energies like 

vacancies as observed previously [43, 45]. Both CNP and c-CNP exhibited a high discharge 

capacity of 1330 and 1231 mAhg
-1

 during the initial cycle, but with a poor coulombic 
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efficiency which was about 50 and 55% for CNP and c-CNP, respectively. It is reasonable to 

assume that the degree of irreversible trapping of lithium within the bulk of the carbon would 

affect the first cycle coulombic efficiency values, due to the formation of SEI on the surface 

of electrode [17]. Such capacity loss in the initial cycles is common amongst carbon 

materials.   

 

 

Fig. 4 Electrochemical performance of CNP and c-CNP tested against lithium: charge-

discharge curves (a, d), cyclic stability (b, e), and rate capability (e, f). 

 

      The CNP and c-CNP showed reversible capacities of 741 and 742 mAhg
-1

 respectively at 

the 2
nd

 cycle and after 20 cycles the capacities became 464 and 577 mAhg
-1

 respectively i.e., 

37% and 22% capacity losses (Table S3). These results are in sharp contrast when compared 

to the performance of the as prepared carbon materials in NIBs, where no distinction in the 

cycling profile was observable. It was found that c-CNP exhibited a greater capacity than 

CNP in LIBs during cycling [21]. 
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      The effect of carboxyl group is more pronounced in the case of LIBs. It can be inferred 

from cyclic performance that, c-CNP has a higher capacity retention as compared to that of 

CNP (Fig. 4b and 4e). This is credited to the presence of carboxyl group that can provide a 

reversible lithium interaction [21]. This may be due to the formation of organic lithium salts 

with carboxyl groups (-COO
-
 Li

+
) present on c-CNP which serve as a passive layer causing 

the reduction of irreversible capacity to a minimum value [20]. A noticeable difference is 

that, the capacity of the carbon samples as an anode for LIBs is thrice that for NIBs. The 

carboxyl group has a substantial effect while testing against lithium unlike sodium where the 

effect is negligible. This may be due to the larger size of sodium ion which might show lesser 

affinity to form such organic salts with carboxyl groups.   

      The rate capability of CNP and c-CNP vs Li is shown in the Figs. 4c, 4f. For sample 

CNP, specific capacities of 427, 309, 183 and 149 mAhg
-1

 were observed at current densities 

of 200, 400, 800 and 1000 mAg
-1

, respectively. For sample c-CNP, a capacity of 499, 409, 

336 and 295 mAhg
-1

 were obtained at current densities of 200, 400, 800 and 1000 mAg
-1

. The 

higher rate capability and better reversibility can be seen from electrode c-CNP when 

compared to CNP which is again credited to the presence of carboxyl groups. The Nyquist 

plots for both CNP and c-CNP electrodes (Fig. S9) displayed a depressed semi-circle spiked 

at the lower frequency region, similar to that of NIB. From the semicircle, RSF+RC value can 

be obtained and are listed in Table S3 [46]. It can be observed that the RSF+RC is lower in 

case of c-CNP as compared with CNP, showing that the former has a faster charge transfer 

kinetics than the latter. A comparison with the state of art carbon is represented Table 2.  

Carbons included for comparison are graphene [47], graphene nanosheets [48], banana peel 

derived carbon [17], nitrogen rich porous carbon spheres [49], graphene/carbon nanofibers 

[50], nitrogen-doped Graphitic carbon spheres [51], graphitic carbon spheres [51], porous 

carbon nanofibers [52], carbon nanofibers  [53] and carbon nanospheres [54]. From the Table 
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2 it can be evaluated that the overall performance of the carbons prepared in this work is 

excellent in terms of cycling and capacity retention, only slightly inferior to that of the 

banana-peel-derived carbon [17].  

 

Table 2. Comparison of CNP & c-CNP with the state of art LIBs 

Material Initial Coulombic 

Efficiency (%) 

Discharge Capacity 

(mAhg
-1

) (2
nd

 cycle) 

Reference 

CNP 50 741 at 100 mAg
-1

 (this work) 

c-CNP 55 742 at 100 mAg
-1

 (this work) 

Graphene  38  580  at 25 mAg
-1

 [47]  

Graphene nanosheets NA 784 at 50 mAg
-1

  [48] 

Banana peel derived carbon 69 826 at 50 mAg
-1

 [17] 

Nitrogen rich porous carbon 

spheres 

64 631 at 0.5 Ag
-1

 [49] 

Graphene/carbon nanofibers 55 667 at 0.12 mAcm
-2

 [50] 

Nitrogen doped Graphitic carbon 

spheres 

49 840 at 50 mAg
-1

 [51] 

Graphitic carbon spheres NA ca. 550 at 50 mAg
-1

 [51] 

Porous carbon nanofibers 66 ca. 491 at 50 mAg
-1

 [52] 

Carbon nanofibers NA 483 at 50 mAg
-1

  [53] 

Carbon nanospheres 72 ca. 800 at 50 mAg
-1

  [54] 

4. Conclusion 

Carbon nanoparticles prepared from coconut oil using the flame deposition method showed 

good performance as anode in both sodium-ion and lithium-ion batteries. The carbon 

electrode exhibited a second-cycle discharge capacity of about 277 mAhg
-1

 in a sodium-ion 

battery and of about 741 mAhg
-1 

in a lithium-ion battery at a current density of 100 mAg
-1

. 



16 

 

The stability of the carbon nanoparticles against cycling can be significantly improved by 

surface modification. Electrode was found to be highly stable in terms of charge-storage and 

efficiency. The effect of surface chemistry of the carbon nanoparticles on electrochemical 

performance was found to be distinctly observable in the case of lithium-ion batteries. 

However, no such effect was found in the case of NIBs. Hence, different chemistries seem to 

be present for the interactions between carbon nanoparticles before and after treatment in 

lithium and sodium ion battery systems. Further investigation on the interaction of sodium 

ions with carboxyl groups will be carried out in future. This research showed that biomass-

derived carbon nanoparticles are potential anode materials for high performance batteries.  
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Highlights 

 Carbon nanoparticles were prepared from biomass 

 The carbon nanoparticles were shown to be a robust anode 

material with high discharge capacities for both sodium-ion 

batteries and lithium-ion batteries. 

 The carbon nanoparticles exhibited superior rate and cycling 

performance for both sodium-ion batteries and lithium-ion 

batteries. 
 

 

 

 




