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Highlights 

 

 BFMI biomass derived defective hard carbon (HC) in mixed gas environment is 

reported 

 Controlled CO2 purging in N2 environment at 1400
o
C leads to HC with defective sites 

 Prepared HC anode (BFHC-NC5) display discharge/charge capacities of 413/358 

mAh g
-1

 

 Defective HC anode renders outstanding capacity retention of 86.6 % at first cycle. 

 Prepared hard carbon records outstanding rate-performance in sodium-ion storage for 

500 cycles. 
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Abstract 

Defective hard carbons are deliberated as promising candidates for sodium-ion battery 

(SIB) anodes of this decade. Recently, several groups have discussed the structure-property 

correlation which correlates the slope capacity in charge/discharge profile curves to the 

binding of sodium-ions on the structural defective sites of the hard carbon. In order to 

validate these correlations, herein we report for first time the preparation of defective hard 

carbon materials from Borassus flabellifer male inflorescence via controlled thermal 

activation process using Nitrogen (N2) and Carbon dioxide (CO2) gas mixtures and its 

subsequent usage as anode material in sodium-ion battery. When used as sodium-ion battery 

anode, the prepared hard carbon displayed outstanding reversible discharge/charge capacities 

of 413/358 mAh g
-1

 and superior initial capacity retention of 86.6 %, which is the highest 

ever reported value to date alongwith a overwhelming cycling stability. The notable 

                  



improvements can be correlated to the broken edges present in the hard carbon surface as 

well as the randomly distributed micro-nano structured pores in the system as revealed by the 

morphological characterizations. Thus, the reported research work paves way in developing 

novel low cost and high performance micro-nano structured defective hard carbon anode 

materials for Sodium-ion batteries. 

Keywords: Defective hard carbons, Sodium-ion batteries, Borassus flabellifer, Sodiation 

mechanism. 

 

1. Introduction 

Sodium-ion batteries (SIBs) are ascribed to be the most proficient substitutes to 

lithium based rocking chair batteries (LIBs) for the present-day energy storage applications 

due to their natural abundance as well as the lower cost of sodium stockpiles.[1, 2] However, 

for designing commercially feasible, safer and long life SIBs there is a need for the discovery 

of novel electrode and electrolyte systems.[3] Owing to its low cost and simple processing 

requirements, carbonaceous material like graphite is widely employed as anode for lithium or 

sodium based rocking chair batteries. Anyhow, fabrication of the sodium-ion based rocking 

chair batteries (SIBs) is a difficult task, since the ionic radii of the sodium-ion (0.106 nm) is 

about 55% higher in comparison to the ionic radii of lithium-ion (0.076 nm).[4-6] Also, the 

thermodynamic instability of sodium-ion based graphite intercalation compounds (GIC) 

restrict its potential application aspect in the fabrication of SIBs.[7] To overcome this issue, 

various carbon nanostructures with one dimension (carbon fibres, nanotubes), two dimension 

(heteroatom doped-graphene) and three dimension (porous carbon structures) have been 

extensively applied as potential anode materials for SIBs.[8-10] Alternatively, numerous 

attempts have also been made in designing novel electrode materials viz., Metal,[11-13] 

organic compounds,[14] metal oxides, sulfides and alloys etc.[15-18]  

                  



In contrast to the various nanostructured carbon based anodes, hard carbon materials 

(HCM) derived from waste resources such as biomass has received extensive attention 

worldwide, thanks to the scalable synthetic procedures, lower operating voltages and superior 

reversible capacities. [19] The regular packed structure of HCM’s consisting of nano-

crystalline domains of few layered graphene sheets, is generally represented as the “Falling 

card model”. Widespread research has been done by various research groups on the 

preparation and characterization of hard carbon materials derived from various biomass waste 

resources such as fruit peels, shells, husks, grasses and leaves.[20-31] However, owing to the 

parasitic chemistry involved in the electrolyte degradation on the HCM anodes on the first 

electrochemical sodium-ion intercalation/de-intercalation higher irreversible capacity is 

displayed and upon cycling at low current densities unacceptable Coulombic efficiencies 

were observed.[32, 33] Mostly in the field of batteries, biomass-derived carbon materials are 

assembled as graphene surfaces with significant defects that can generally be categorized as 

turbostratic carbon / hard carbon. Moreover, various studies recorded the incorporation of 

biomass-derived carbons in batteries.[34-37] In fact, defective structures alike these have a 

greater slope capacity when compared to the conventional hard carbon. The sodium-ion 

storage mechanism for hard carbon has recently been updated, where sodium-ion binding to 

structural defects is due to the increased potential slope efficiency in galvanostatic 

Charge/discharge (GCDs) profiles.[38, 39] Furthermore, the recent report made by Ji et al. on 

low temperature microwave synthesized defective hard carbon also corroborates the above 

fact.[40] The electrochemical features of electrode materials derived from biomasses 

extremely depend on the natural properties of the biomass and the preparation method of the 

carbon materials from the biomass. Synthetic processes of hard carbon materials are 

environmental friendly, low cost, and with green synthesis methods. To ensure efficient 

                  



sodium-ion intercalation in the hard carbon structures the pyrolysis procedure is conducted 

under high temperatures (1000-1800°C) and inert atmosphere [41]. 

The male inflorescences obtained from Borassus flabellifer, a tall palm is one among 

the most abundant biomass material originating from the warm tropical portions of India and 

worldwide [42, 43]. Owing to the presence of various polyaromatic groups, this biomass 

could render a classic hard carbon, when processed under stipulated experimental conditions. 

However, interestingly, to the best of our knowledge, no research has been done using this 

biomass material. In the present study, defective hard carbon was prepared from Borassus 

flabellifer male inflorescence under controlled thermal (1400
o
C) activation process using 

Nitrogen (N2) and carbon dioxide (CO2) gas mixtures. We prepared three types of hard 

carbon products by simply varying the gas flow rate of N2 and N2-CO2 mixtures in ratio of 

100, 100:5 and 100:10 ml respectively. The obtained products (gas flow 100 ml/min, 100:5 

ml min
-1

 and 100:10 ml min
-1

 referred as BFHC-NC0, BFHC-NC5, BFHC-NC10 respectively) 

lead to hard carbon materials with unexpectedly highly defective nature and higher sodium-

ion storage capacity. Galvanostatic charge/discharge, cyclic voltammetry, impedance 

spectroscopy were performed to understand the sodium-ion storage capacity contribution 

from each material and their capacities resulting from the diffusion controlled process. For 

the first time, defective hard carbon (N2:CO2; 100:5 ml min
-1

 gas flow ratio with 1400
o
C) 

with extreme rough surface, wrinkles, enhanced broken edges, and randomly distributed pore 

walls have been developed from Borassus flabellifer male inflorescences. These outstanding 

structural features of the prepared hard carbon benefits the formation of stable SEI film and 

efficient access to the electrolyte ions, with boosted ion diffusion and electrochemical 

property for SIBs. 

2. EXPERIMENTAL SECTION 

2.1 Materials 

                  



 The carbon precursor, Borassus flabellifer male inflorescences (BFMI) were 

obtained from Mukkur village, Thiruvannamalai district, Tamilnadu, India. Analytical 

standard hydrochloric acid (HCl), was purchased from Recon in Chennai. The solvents were 

used without further purification. The reagents used are of high purity degree, and were 

supplied by different suppliers; Carbon Black Super P (TOB, china), Carboxymethyl 

cellulose (CMC), Poly (acrylic acid) (PAA), Sodium perchlorate (99.9%), Ethylene 

Carbonate (EC) and Diethyl Carbonate (DEC) battery grade (Sigma-Aldrich). 

2.2 Synthesis of Defective Hard Carbon material (HCM) from Biomass 

Borassus flabellifer male inflorescences (BFMI) were collected, cleansed using de-

ionized water for repeatedly, and dried thoroughly in sunlight for 12 hrs. In the typical 

HCM’s synthetic procedure, 20 g of the carbon precursor was initially pre-carbonized at 

300
o
C for 2 hrs. Subsequently, pre-carbonized powder was pyrolyzed under the mixed gas 

environment (nitrogen and carbon di-oxide (NC)) in a horizontal cylindrical furnace by 

following steps as indicated (shown in Figure S1). Initially, quartz crucible loaded with 8.5 g 

of pre-carbonized powder was kept in the tubular furnace and purged with nitrogen (N2) gas 

for 30 minutes (100ml/min), and then the temperature was gradually elevated to the specified 

activation temperature (1400
o
C) at a heating rate of 5 °C/min. Once the furnace temperature 

reached the desired value, carbon-di-oxide (CO2) was purged along with the N2 purging (100 

ml/min) for 2 hrs. The final product of the defective hard carbon materials (BFHC-NCx) were 

then powdered washed with dilutes 1M HCl for about 12 hrs. and finally washed with 

deionized water to remove impurities. The synthesized samples were designated as BFHC-

NCx, where x indicates the CO2 gas flow rate used in the preparation of hard carbon (x= 0, 5, 

10). Thus, the prepared hard carbon materials (BFHC-NCx) were designated as BFHC-NC0, 

BFHC-NC5 and BFHC-NC10 respectively. 

2.3 Preparation of the working electrodes: 

                  



Coin cells (CR2032) were used to conduct the electrochemical experiments. The 

working electrodes of biomass derived nano structured hard carbon were fabricated by 

coating the slurry containing 85 wt% active material, 10 wt% activated carbon and by  5 wt% 

of binders (2.5% CMC and 2.5% PAA) on an Aluminium foil.  The half-cells were 

constructed under argon atmosphere in a glove box (Etelux-Lap 2000, china) where oxygen 

and water levels were <1 ppm in a 2-electrode system with pure sodium metal as the counter 

and reference electrodes of the coin cells (CR2032). 1 M NaClO4 in a mixture of EC and 

DEC (3:7 v/v) was used as the electrolyte. The galvanostatic charge/discharge (GCD) was 

examined in the Neware battery tester (5V, 10mA, china). The cyclic voltammetry (CV) 

performance of the half-cell SIBs were studied by biologic electrochemical workstation 

(Biologic, France). 

2.4 Physical Characterizations: 

The morphology of the synthesized micro-nano organized highly defective hard carbons 

were studied via Quattro S scanning electron microscope. Raman analysis of the defective 

hard carbons were recorded in Alpha 300 R, WI Tec GmbH at room temperature using 532 

nm laser excitation. TEM micrographs were obtained by using the FEI-Tecnai G2 20 Twin 

transmission electron microscopy (TEM).BETSORP max, Microtrac BEL, was used to 

surface areas of the prepared defective hard carbon materials from the N2 adsorption–

desorption isotherm measurements at 77 K following the Brunauer–Emmett–Teller (BET) 

method. The pore size distribution (PSD) of the materials were calculated using the non-

linear density functional theory (NLDFT) model. X-ray photoelectron spectroscopy (XPS) 

was acquired on a Nexsa Surface Analysis System from Thermo Fisher Scientific using 300 

μm Al Kα X-ray source.  X-ray diffraction (XRD) patterns was performed using a Rigaku 

Smart Lab with the Cu Kα radiation, set at the operating voltage of 40 kV (λ = 0.154 nm) to 

study the crystallinity of the structures.  

                  



XRD characteristics were evaluated according to the formula [44] 

The layer stacking distance (Lc) and the longitudinal size of structural elements (La) were 

calculated according to the formula (Scherrer equation)  

                                     

       
                                                                                     

Where, K is scherrer constant (K=0.9 for Lc & K=1.84 for La), λ is the radiation wavelength, 

β is the half-height width of the (002) reflection, θ is the reflection angle of (002) or (100),  

The layer packing density (ρ) was evaluated from the given formula 

                            
     

    
                                                                                                    

The number of layers in a stack was calculated using given formula 

                            
  

    
                                                                                                (3) 

3. Results and Discussions 

3.1 Morphology and structure of prepared hard carbon (BFHC) 

The schematic representation of Borassus flabellifer male inflorescences (BFMI) derived 

hard carbon material (BFHC-NCx) is shown in Figure 1. As shown in the figure, BFMI 

consisting of spirostane-type steroid saponins (viz., borossosides and dioscin), steroidal 

glycosides and carbohydrates (viz., glucose) [45,46]
 
is expected to form turbostratic hard 

carbon materials with varying degrees of disordered to ordered carbon content depending on 

the gas flow rate at higher  temperature (1400
o
C). Figure 2 is the TEM result of the defective 

hard carbon displaying higher degree of the disorderness, corroborating the presence of 

certain degree of the amorphous carbon clusters in the prepared BFHC-NC0 as depicted in 

Figure 1. Upon the introducton of the controlled CO2 gas flow alongwith N2 (BFHC-NC5) 

flow at the pyrolysis temperature 1400
o
C, notable rise in the defective graphitic microcrystals 

in the pool of disordered carbon is observed resembling its turbostratic nature. Randomly 

distributed amorphous carbon clusters are completely degraded at lower CO2 gas flow rate 

resulting in the higher degree of defective graphitic microcrystals in the prepared hard carbon 

                  



(BFHC-NC5). High resolution TEM images showed the presence of disordered carbon in 

BFHC-NC5. Further increment in CO2 gas flow rate resulted in the loss of graphite 

microcrystals leading to the defective sites, thereby formation of higher degree of disordered 

carbon (BFHC-NC10). In addition, notable rise in nanopores encircled by turbostratic 

nanocrystallites is observed in hard carbons prepared in mixed gas environment (BFHC-NC5 

& BFHC-NC10) in comparision to the hard carbons prepared under nitrogen environment 

(BFHC-NC0). Presence of disordered and graphitic carbon phase in a representative hard 

carbon material (BFHC-NC5) is clearly visualized in the atomic force microscopy results 

(Figure 2(e,f)). Included in Figure are the amplitude (e) and phase (f) images of the BFHC-

NC5 sample, which depicts the existence of disordered carbon phase with randomly 

distributed spherical carbon clusters (blue circle), ordered carbon phase consisting array of 

carbon platelets (red circle) and stacked carbon layers with broken edges (green circles).  

To further validate the structural variation upon thermal gas activation, diffraction 

studies were done for the HCMs and are included in Figure 3(a) & S2. All the prepared hard 

carbon materials (BFHC-NCx) exhibited two broad XRD diffraction patterns at 2 values of 

~25
o
 (002) and at ~43

o
 (100), corroborating the existence of randomly distributed 

microcrystalline graphitic planes in the pool of disordered carbons as depicted in Figure 1 

(Schematic diagram), implying the turbostratic nature of the prepared BFHC-NCx (Figure 

3(a)) [47]. Depending on the mixture of gas flow rate (NCx; x = 0, 5, 10), though there is no 

noticeable variation in 2 values of (002) diffraction peak, relative decrement in the overall 

full width at half height maximum (FWHM) is observed (Table 1). For instance, overall 

FWHM values of (002) diffraction peak of HCM prepared at various gas flow are noted to be 

8.15
o
 (BFHC-NC0), 5.84

o
 (BFHC-NC5) and 7.37

o
 (BFHC-NC10) respectively revealing the 

enhanced degree of graphitic crystals with increasing gas flow rate at higher temperature 

(Figure 3 (a)&S2). To get more insights in the turbostratic nature of the prepared BFHC-NCx, 

                  



X-ray diffraction patterns were analysed by profile fitting approach reported by Cao et al., 

[48] to distinguish different regions of the broad (002) diffraction and the results are included 

in Figure S2(a-c). The prepared BFHC-NCx samples display two broad peaks, which are 

correlated to the (002) diffraction patterns of disordered and graphitic carbon structures [48]. 

The phase fraction of disordered and graphitic carbon is calculated by determining the area 

under the profile fitted peaks and the results are tabulated in Table 1. The ratio of disordered 

to graphitic phase (PD/PG) are observed to be  0.93 (BFHC-NC5) and 1.07 (BFHC-NC10) 

revealing the enhancement in the graphitic crystalline phases on using mixed gas 

environment (N2/CO2), when compared to the hard carbon (BFHC-NC0, PD/PG, 1.29) 

prepared under simple nitrogen environment. To get more insights in the turbostratic nature 

of the prepared BFHC- NCx, de-convolution of (002) diffraction peak has been done and the 

results are as shown in Figure S2(a-c). [47] All the prepared BFHC- NCx display two broad 

peaks, which can be correlated to the (002) diffraction patterns of disordered and ordered 

carbon structures.[48] The relative content of the disordered and ordered phases, calculated 

from the peak intensities of the respective components, showed a systematic variation with 

increasing CO2 gas flow rate. For instance, progressive decrement in disordered phase with 

simultaneous increment in ordered phase content is noted on increasing the CO2 gas flow rate 

at 1400
o
C (Table 1). The average d-spacing values of disordered and ordered carbon 

structures were calculated using corresponding 2 values and the results are shown in Table 

1. The d-spacing values of disordered carbon are noted to be 3.70 Å (BFHC-NC0), 3.85 Å 

(BFHC-NC5) and 3.82 Å (BFHC-NC10) respectively. Similarly, d-spacing values of graphitic 

carbon structures are observed to be 3.20 Å (BFHC-NC0), 3.37 Å (BFHC-NC10) and 3.40 Å 

(BFHC-NC5) respectively. Similar trend is noted on the average crystallite size (LC), layer 

packing density () and number of stacked layers (n), calculated for both disordered and 

ordered carbon structures (Table 1). Also, systematic increment in the average layer 

                  



dimension (La), calculated from (100) graphitic crystal plane using Scherer equation, is 

observed revealing the lateral growth of graphitic microcrystals with increasing CO2 gas flow 

rate at1400
o
C (Table 1). At only the nitrogen gas flow at 1400

o
C, pre-carbonized soft carbons 

(~300
o
C) derived from saponins, glycosides and carbohydrates exists in the intermediate 

steps, where the pool of the disordered hard carbons with least degree of graphitic phases is 

slowly being converted into microcrystalline graphitic crystals with the variation in their 

dimensional orders as shown in the schematic representation (Figure 1). Varying the gas 

flow with thermal treatment at 1400
o
C  have much influence on the degree of structural 

growth of the perfect graphitic crystals, rather significant variation in turbostratic graphitic 

structures with broken crystal edges as depicted in the TEM results (Figure 2). This fact is 

well corroborated from the systematic rise in both crystallite size (LC) and layer dimension 

(La) values of microcrystalline graphitic planes with optimum gas flow (100:5) (Table 1). 

Among the experimental results, shows the increasing the CO2 gas flow from 5ml min
-1  

to 

10ml min
-1

 high loss of carbon yield and decrease the surface area these might be decreasing 

the crystallite size (LC) and layer dimension (La). 

The existence of the turbostratic nature of the microcrystalline graphitic planes in the 

prepared biomass derived hard carbon materials is further revealed from the Raman 

spectroscopic results (Figure 3(b)&S3). Irrespective of the CO2 gas flow rate, Raman spectra 

of all the hard carbons showed two prominent peaks at ~1350 cm
-1

 (D band) and at ~1600 

cm
-1 

(G band), which are correlated to the defective or disordered graphitic sp
2
 structures 

(A1g phonon mode vibrations) and ordered or perfect graphitic sp
2
 crystalline features (E2g 

phonon mode vibrations) of the prepared hard carbon materials. To get additional 

informations on the structural features of the prepared hard carbon materials (BFHC-NCx), 

de-convolution of Raman results was also done and the results are enclosed in Figure S3. De-

convolution of Raman results displayed five intense peaks in all the prepared hard carbon 

                  



materials, implying the contributions induced by transverse optical (TO) mode vibrations of 

isolated pentagonal structures with eclipsed configurations (D3 peak, ~1100 cm
-1

) along with 

the broad peaks (G2 and D2) corresponding to the amorphous sp
2
 carbon clusters with bond 

disorder, whereas the sharp peaks (G1 and D1) is corroborated to the winding short basal 

plane of graphite with bond angle order (Figure S3(a-c)).[49, 50] From the de-convoluted 

Raman spectra, noticeable variations in peak position, FWHM and peak intensities are 

observed for the prepared BFHC-NCx on varying the CO2 gas flow rate. The prepared 

BFHC-NCx display slight variation in G1 peak ranging from 1580~1600 cm
-1

 (BFHC-NC0, 

1602 cm
-1

; BFHC-NC5, 1580 cm
-1

; BFHC-NC10, 1590 cm
-1

), revealing the formation of 

nanocrystalline graphitic planes consistent of the three stage model diamond amorphization 

from graphene.[51] Alternatively, FWHM of the D1 peak, a parameter used to interpret 

structural defects in the graphitic phases, decreases corroborating the noticeable decrement in 

the basal plane defects with optimum CO2 gas flow conditions (BFHC-NC0, 117 cm
-1

; 

BFHC-NC5, 64 cm
-1

; BFHC-NC10, 76 cm
-1

). On the contrary, varying the gas flow rate at 

1400
o
C, results in the variation of G2 peak position (BFHC-NC0, 1546 cm

-1
; BFHC-NC5, 

1489 cm
-1

; BFHC-NC10, 1506 cm
-1

;) along with the noticeable increment in FWHM (BFHC-

NC0, 161 cm
-1

; BFHC-NC5, 220 cm
-1

; BFHC-NC10, 199 cm
-1

) of G2 peak, a measure of bond 

angle distortion induced structural disorders, brought about the rise of structural defects in the 

disordered carbon phase of the prepared BFHC-NCx. Significant reduction in ID1/IG1 (BFHC-

NC0, 1.35; BFHC-NC5, 0.77, BFHC-NC10, 1.03) and rise in ID2/IG2 (BFHC-NC0, 0.36; 

BFHC-NC5, 0.86; BFHC-NC10, 0.80) revealed the growth of both graphitic basal planes and 

disordered carbon clusters, thus promoting the growth of overall grain size of turbostratic 

carbons and disorders, with CO2 gas flow rate at 1400
o
C [52]  Further analysis on the second 

order transitions of the Raman peaks in the spectral range of 2500~3000 cm
-1

 displayed two 

prominent peaks corresponding to 2D (~2635 cm
-1

) and D+D (~2925 cm
-1

) bands for all the 

                  



prepared BFHC-NCx. Since, the prepared BFHC-NCx are turbostratic in nature, single 

Lorentzian fit has been made for the 2D and D+D peaks to determine the FWHM values.[53] 

As expected FWHM values are broader for all the BFHC-NCx with systematic varying on the 

CO2 gas flow rate. The FWHM values are noted to be 358 (BFHC-NC0), 280 (BFHC-NC10) 

and 261 cm
-1

 (BFHC-NC5), respectively with drastic decrease in D+D peak intensities 

(Figure S3(d-f)). Relative decrement in FWHM and intensity values of 2D and D+D peaks 

further supports the structural growth of the graphitic planes on varying the CO2 gas flow rate. 

In consistent with the XRD results, Raman spectroscopic studies of the prepared BFHC-NCx 

revealed the formation of ordered graphitic planes constituted of imperfect polycyclic 

hydrocarbons in the pool of amorphous carbon clusters derived from the pyrolyzed product of 

non-aromatic side chains. To reveal the bonding configuration and chemical composition of 

the prepared BFHCM’s-NCx, X-ray photoelectron spectroscopic (XPS) characterization was 

done and the results are included in Figure S4 and Table S1. 

The pore size distribution and the nitrogen adsorption–desorption isotherms of the 

prepared Borassus flabellifer male inflorescences derived hard carbon material (BFHC-NCx) 

are as displayed in Figure 3(c-f). In consistent to the IUPAC classification, all the prepared 

BFHC-NCx samples show a typical type-II isotherm, specifying the micro-nanostructured 

features of the materials. Appearance of the hysteresis loop in all the prepared BFHC-NCx 

samples showed a typical H3-type verifying the existence of non-rigid plates like aggregates 

which gave rise to the slit-shaped pores on the material surface (Figure 3(a-c)). The 

parameters such as BET surface area, volume of adsorbed nitrogen on the carbon surface 

(Vm), total pore volume (VP) and mean pore diameter (DP) were found by BET isotherms and 

the outcomes are comprised in Table 2. Surface area was decidedly greater for BFHC-NCx 

prepared nitrogen: carbon-di-oxide flow rate (NC5) at 1400
o
C (BFHC-NC5; 18.87 m

2 
g

−1
) 

confirming its high porosity when compared to the hard carbon materials (BFHC-NCx) 

                  



prepared at only nitrogen gas flow viz., (BFHC-NC0; 4.08 m
2 

g
−1

) and nitrogen: carbon-di-

oxide flow rate (NC10 ) at 1400
o
C (BFHC-NC10; 8.86 m

2 
g

−1
). Significantly, higher surface 

area achieved for the defective hard carbon of BFHC-NC5 ensures the fast sodium-ion 

storage and is beneficial over volume change taking place on sodium-ion insertion-extraction 

development. Included in Figure 3(d), the pore size distribution curves of the prepared hard 

carbon materials (BFHC-NCx). From the PSD curves, it is quite evident that all the prepared 

BFHC-NCx display intense pore volume peaks at varying pore sizes viz., < 2 nm and between 

2~5 nm. The pore volume values at lower pore sizes (< 2 nm) are observed to be 0.025 

(BFHC-NC0), 0.05 (BFHC-NC5) and 0.04 cm
3 

g
-1

 (BFHC-NC10), respectively. Similarly, the 

pore volume values in the pore size range of 2~5 nm are noted to be 0.00534 (BFHC-NC0), 

0.00945 (BFHC-NC5) and 0.000752 cm
3 

g
-1

 (BFHC-NC10). The systematic increment in pore 

volume peak intensities at lower pore size (<2 nm) with notable decrement in the pore size 

range of ~2-5 nm on increasing gas flow rate, is attributed to the growth of carbon 

nanostructures along with the presence of microporous/mesoporous carbon structures in the 

prepared carbon from biomass [54]. The rough surface with wrinkles, enhanced broken edges 

and randomly distributed pore walls structure of prepared hard carbon (BFHC-NCx) benefits 

to form a stable SEI film and efficient access of electrolyte ions to the carbon surface with 

boosted ion diffusion and electrochemical property for SIBs. 

3.2 Electrochemical performances of the hard carbon materials 

3.2.1 Open Circuit Voltage and Na-ion diffusion properties of defective hard carbon 

The open circuit voltages (OCV) a measure of sodium-ion storage in the carbon 

surface at zero potential, increases revealing the enhancement in the sodium-ion diffusion 

property on varying the CO2 gas flow rate (0~10 ml min
-1

). 

Na-ion diffusion properties can be correlated to the open circuit voltages (OCV) with 

varying Na coverage on defective hard carbon using the relation.  

                  



OCV = (EHC+xENa-EHCNax)/x   (4) 

Where xENa, EHC Nax and EHC represent the energy storage capacity delivered by 

bulk sodium metal (x corresponds to number of Na-ions), total energy released with and 

without multi Na-ion adsorption on the defective hard carbon materials (Er et al., ACS Appl. 

Mater. Interfaces, 2014; Aydinol et al., J. Power Sources, 1997). [55,56]From the above 

equation, one can clearly visualize the relation between the OCV and Na-ion energy storage 

capacity. Higher OCV indicates the available sites for Na-ion adsorption on defective hard 

carbon, which promotes the Na-ion diffusion from the bulk sodium metal (anode) to defective 

hard carbon sites (cathode). 

In addition, the maximum capacity (CM) delivered by defective hard carbon can be 

correlated by the following equation 

CM = cxF/MHC    (5) 

Where c is the number of adsorbed Na-ion, x represents the number of electrons 

involved in the electrochemical process, F is the Faraday constant (26801 mAh mol
-1

) and 

MHC is the molecular weight of the defective hard carbon.  From the above relation, we can 

clearly corroborate the role of electrons involved in the electrochemical process on the 

overall capacity.  

3.2.2 Cyclic Voltammetry studies 

To substantiate the role of the structure on the energy storage properties, biomass derived 

defective hard carbon prepared at various conditions (BFHC-NC0; BFHC-NC5; BFHC-NC10) 

have been evaluated as SIB anodes in half-cell configuration using the Na-metal as the 

counter and reference electrode and sodium perchlorate (1 M NaClO4 in EC: DEC (3:7)) 

based electrolyte.  

Shown in Figure 4(a-c) are the cyclic voltammograms (CV) (first, second and fifth 

cycles), measured at a potential range of 0.001~2.5 V at the scanning speed of 5 mV s
-1

 of the 

                  



BFHC-NCx based SIBs. Insertion and extraction of the sodium-ion in all the prepared BFHC-

NCx (BFHC-NC0, BFHC-NC5, BFHC-NC10) is revealed by the appearance of cathodic and 

anodic peaks in the potential range of 0~0.2 V from the CV curves. [57,58] However, 

noticeable variation in the CV curves including the redox peak position is observed on 

varying the carbon dioxide
 
gas flow rate. For instance, BFHC-NCx prepared in nitrogen 

environment (BFHC-NC0) display a weak redox peaks along with the appearance of quasi 

rectangular shapes at higher potential implying the capacitive type sodium-ion storage 

behaviour in this sample. On the contrary, two irreversible peaks is appeared in BFHC-NCx 

(BFHC-NC5 and BFHC-NC10) prepared in nitrogen and carbon dioxide environment.  In the 

following cycles, irreversible reduction peak of the 1
st
 cathodic peak disappear, which can be 

due to the decomposition of the electrolyte and creation of SEI film on the BFHC-NCx 

electrodes. This can be due to the lesser surface area/defect of the hard carbon electrodes and 

low heteroatoms content of the electrodes. A sharp reversible peak near at 0.02 V in the 

cathodic reduction could be due to Na-ions being inserted into the nano-crystalline graphitic 

planes, while the peak near at 0.2 to 0.15 in the anodic desodiation from the BFHC-NCx 

electrodes. In the subsequent cycles, the second and fifth cycle curves are approximately 

same, suggesting a balanced Na-ion storage behavior in BFHC-NC5 and  BFHC-NC10 

electrodes.  

3.2.3 Sodiation mechanism 

The first discharge- charge profiles of the hard carbon materials (BFHC-NC0, BFHC-

NC5 and BFHC-NC10) and its coulombic efficiencies measured at 0.1C rate are shown in 

Figure 5. Notable rise in charge/discharge capacities without significant variation in 

coulombic efficiency is observed in BFHC-NC5 electrode in comparison to BFHC-NC0 and 

BFHC-NC10, revealing the enhanced sodium-ion (Na-ion) storage performance. As depicted 

in Figure 5, sodium-ion storage processes in the prepared BFHC are classified into three 

                  



different zones (i) adsorption zone (2.5V-0.25V) (ii) insertion zone (0.25V-0.02V) (iii) 

deposition zone(0.02V-0V) (Figure S5).[55,59,60]Appearance of the steep sloping potential 

above 2.5V-0.25V vs. Na
+
/Na in all the hard carbon materials, corroborating the 

adsorption/chemisorption of Na-ions in the broken crystal edges, functional and defective 

sites of the BFHC-NCx. Relatively, steeper sloping potential ~ 0.15 V vs. Na/Na
+
, a measure 

of sodium-ion adsorption/chemisorption process in BFHC-NC5 sample, signifies its least 

contribution in Na-ion storage mechanism in comparison to the BFHC-NC0 and BFHC-NC10 

samples. Alternatively, significant rise in the plateau (insertion) zone on using N2/CO2 

mixtures (BFHC-NC5 and BFHC-NC10), reveals the drastic improvement in the sodium-ion 

intercalation process in these systems, when compared to the samples prepared under 

nitrogen environment (BFHC-NC0). About 75 % (BFHC-NC5) and 70 % (BFHC-NC10) 

increment in plateau (insertion) region is observed in the systems in comparison to the 

BFHC-NCx prepared without CO2 gas flow rate (BFHC-NC0). No noticeable variation in 

electrode sodium-ion plating zone revealed constant sodium plating process in all the 

prepared BFHC-NCx The voltage drop also termed as IR drop for the prepared BFHC-NCx 

are observed to be 0.0119 (BFHC-NC0), 0.00187 (BFHC-NC5) and 0.0036 (BFHC-NC10), 

respectively. Significant decrease in IR drop, a measure of ohmic resistance in the BFHC-

NCx anodes (BFHC-NC5 & BFHC-NC10), when compared to the BFHC-NC0 may be 

correlated to the decrease in the kinetic sluggishness of sodium-ion (Na-ion) diffusion. 

Notable variation in disordered/ordered carbon phases of the BFHC-NCx in the mixed gas 

environments (N2/CO2) is responsible for the variation in the adsorption/chemisorption, 

intercalation and plating of sodium-ions in the prepared BFHC-NCx. Relative decrement in 

the insertion plateau zone (~70 %) at the higher CO2 flow rate (10 ml min
-1

 of CO2 gas flow 

rate; BFHC-NC10), when compared to BFHC-NC5 is attributed to the rise in disordered 

carbon/defective phases owing to the rise in pore size distribution. 

                  



3.2.4 Galvanostatic charge-discharge  

The galvanostatic charge-discharge profiles of the prepared Borassus flabellifer male 

inflorescences (BFMI) derived hard carbon materials (BFHC-NCx) electrode at a current rate 

of 0.1C between 0.01 and 2.5 V vs Na
+
/Na are shown in Figure 6(a,b). At the first 

charge/discharge profile, BFHC-NC5 exhibits highest discharge/charge specific capacities of 

413/358 mAhg
−1

 with a high initial discharge capacity retention of ~86.6%. Alternatively, 

discharge/charge specific capacities of BFHC-NC10 are observed to be 405/338 mAh g
−1

 

giving an initial discharge capacity retention of 83.4%. The above values are expressively 

higher, when compared to BFHC-NC0 that display discharge/charge specific capacities of 

375/272 mAh g
−1

 with initial discharge capacity retention of 76.4% (Figure 6(a)). The 

second galvanostatic discharge/charge profiles of the BFHC-NCx electrode measured at the 

current density of 20 mAg
-1

 further supports the above fact (Figure 6(b)).  Furthermore, the 

second plateau discharge / charge capacity below 0.01 V is 367/356 mAhg
−1

, 349/338 

mAhg
−1

, and 290/272 mAhg
−1

, accounting for 97%, 96.8%, and 93.7% of the total reversible 

capacity for BFHC-NC5, BFHC-NC10, and BFHC-NC0 respectively. Since the plateau 

capacity relates to Na-ion intercalation/de-intercalation from the hard carbon, the fallouts 

may propose improved Na-ion transport between carbon layers with relatively high defect 

attention. The BFHC-NCX electrode has the second cycle reach maximum initial columbic 

efficiency  BFHC-NC5 (98.8 %) relative to other BFHC-NCx electrodes viz., BFHC-NC10 

(96.5 %) and BFHC-NC0 (92.4 %), respectively indicating that the irreversible responses 

mainly arise in the initial cycle and form stable SEI film. All the prepared hard carbon 

(BFHC-NCx) electrodes provide the outstanding cycling stability after 10
th

 cycles. These 

results can be correlated to the enhanced hard carbon nature, higher defect, and rough surface 

with enhanced broken edges, randomly distributed pore walls structures and variation in the 

                  



interlayer spacing’s, aiding in the formation of a stable SEI layer on the surface of the BFHC-

NCx electrodes.  

3.2.5 Galvanostatic intermittent titration (GITT)  

GITT test was done to further investigate the sodium ion diffusion coefficient and 

storage mechanism of BFHC-NCx electrodes are shown in Figure 7(a-c). To understand the 

implications of gas flow rates on the electrochemical behaviors of BFHC-NCx. in particular 

the defective hard carbon relationship with rate capability and sodium storage mechanisms. 

GITT was performed to represent the apparent Na
+
 diffusion coefficient in BFHC-

NCx electrodes with a pulse current of  10 mAg
-1

 for 1 hr during four-hour rest spacing. The 

sodium-ion diffusivity coefficient (DNa+) can be calculated by the following generalized 

formula, based on Fick's second law  (Eq-4): 

      
 

  
 (
    

   
)
 

(
   

   
)
 

                                                                

Where τ is the pulse duration (τ<< L
2
/D K+), mB  is the active mass of carbon materials, MB is 

the molar mass of carbon, VM is the molar volume of active materials and S is the surface 

area of the electrodes. The parameters ΔES and ΔEτ are derived from the GITT results curves. 

The evident diffusivity coefficients of BFHC-NCx electrodes are in the range of 10
−11

 cm
2
 s

−1
 

and share a similar phenomenon in sodiation/desodiation process. In the process of sodiation, 

the diffusion coefficients first slightly descend, followed by a sudden drop to the lower part at 

0.12 V and then recover before the limit voltage during the sodiation mechanism (Figure 

7(a-c)). These notable variations can be correlated to the sodium-ion insertion mechanism in 

the graphitic microcrystals (in low potential platform range) and sodium-ion adsorption 

mechanism (in high potential slope range) (Zhu et al., J Mater. Chem.A, 2018). [61]  From 

the GITT shows that the seeming diffusion coefficient with the inclination potential is 

substantially higher than the plateau. It is reasonable to assume that it is easier to reach the 

surface of turbostratic nanocrystallites than the layer region. As the surface active sites are 

                  



increasingly filled, sodium ions continue trying to diffuse into the turbostratic defective hard 

carbon. The GITT results show that different mechanisms describe the sodium processing 

system at sloping region and plateau zone. Sample BFHC-NC0 and BFHC-NC10 shows the 

lowest diffusivity of Na-ion at almost all specific potential,while BFHC-NC5 displays the 

highest diffusivity of Na-ion. The strong sodium-ion diffusiveness can be due to the greater 

surface area of a large micro pore volume of 18.87 m
2 

g
-1

. Ultimately, the low potential for 

BFHC-NC5 Na-ion storage can be attributed to its poor electronic conduction and a higher 

diffusiveness in  Na-ion. Also one of the reasons fo the BFHC-NC5 ability to be much greater 

than that of BFHC-NC0 and BFHC-NC10 at an established rate of 200 mA g
-1

 is improved 

Na-ion diffusivity. Therefore, the bigger size of graphitic nano domains in BFHC-NC5 will 

result in a large plateau area capacity that cannot be shown at higher current rates. Figure 7 

shows that the sloping region diffusion coefficient is much higher than plateau region. 

Presenting those microspores, defective sites, and disordered carbon surface are occupied, 

Na
+
 begins to implant in the more accessible than the graphite-like nanocrystals interlayer is 

rational.  

The rate performance of prepared Borassus flabellifer male inflorescences (BFMI) 

derived hard carbon materials (BFHC-NCx) electrode at a wide range of current rates from 

20mA g
-1

 to 2000 mA g
-1

 (0.1 to 10 C), was used to evaluate the electrochemical kinetic 

properties of the prepared hard carbon materials (BFHC-NCx), as shown in Figure 8(a).                           

The BFHC-NCx electrode present a less capacity fading when increase the current density. 

The prepared BFHC-NC5 electrode as the best rate capability to other prepared electrodes and 

the average specific discharge capacities of 367, 328, 284, 248, 209, 151 and 117 mAh g
−1

 at 

the current density of 20, 40, 100, 200, 400, 1000 and 2000 mA g
-1

, respectively. Similarly, 

BFHC-NCx electrode of the  BFHC-NC10 are 349, 289, 257, 219, 185, 134, and 81 mAh g
-1

 at 

the current density of 20,40, 100, 200, 400, 1000 and 2000 mA g
-1

, respectively, and BFHC-

                  



NC0 are 290, 215, 174, 145, 109, 81, and 49 mAh g
−1

 at the current density of 20,40, 

100,200,400,1000 and 2000 mA g
-1

 respectively. The long term electrochemical cycling 

behaviour of the BFHC-NCx electrodes is included in Figure 8(b). The reversible average 

discharge capacities after 500 cycles are noted at a current rate of 20 mA g
-1

 with NaClO4/EC: 

DEC electrolyte to be 332 mAh g
-1

 (BFHC-NC5), 277 mAh g
-1

 (BFHC-NC10) and 226 mAh 

g
-1

 (BFHC-NC0), respectively. Higher discharge capacity with capacity retention of about 

86.4% (BFHC-NC5) and average columbic efficiency of >99.9% even after 500 cycles at 20 

mA g
-1

, revealed the enhanced electrochemical characteristics of BFHC-NC5 samples and 

these results are in consistent with the CV results. From the galvanostatic charge-discharge 

profile, BFHC-NC5 electrode presents the highest reversible capacity and efficiency, which 

can be credited to the improved interlayer spacing (0.360 nm), the comparative BET & PSD 

results and surface of the highly rough surface with wrinkles, enhanced broken edges and 

randomly distributed pore walls structures of the hard carbon electrode.  

To elucidate the enhanced electrochemical properties and sodium ion storage mechanism, 

structural characterization of the BFHCM’s-NCx extracted from the cycled electrode (0.1 C rate, 

2nd & 500th cycles) was done using XRD and the results are included in Figure S6 and Table 

S2. And the morphological features of the cycled electrodes (2
nd

 and 500
th
 cycle) are shown in 

Figure S7 and S8. Finally, the comparation of Na-ion storage performance of biomass 

derived hard carbon materials available in the literature are tabulated (Table S3). [62-77] 

 3.2.6 EIS data interpretation for hard carbon  

To further elucidate the interfacial chemistry and storage mechanism of prepared hard 

carbon (BFHC-NCx) electrodes, electrochemical impedance measurements were done in the 

100 kHz-0.01 Hz frequency range. The measured AC impedance in the form of typical Nyquist 

plots before and after cycling of BFHC-NCx electrodes are as shown in Figure 8(c). Commonly, 

the impedance spectrum comprises of a depressed arc which is followed by an inclined straight 

                  



line (~45
o
). Various parameters such as internal ohmic resistance Re (an intercept of the real axis 

(Zre) plots at a high frequency region); resistance Rf and capacitance Cdl1 at solid electrolyte 

interface (SEI); charge transfer resistance Rct and capacitance Cdl2 (in relevance to the semicircle 

region at a medium-to-low frequency region); Warburg impedance Zw (parameter determined 

from the low frequency sloping region) were calculated using the equivalent  circuit model and 

the values are listed in Table 3. The Rct values decreased significantly after the 

500
th
 electrochemical cycling for all BFHC-NCx representing the corresponding rise in the 

electrical conductivity of the electrodes. Owing to its outstanding crystalline features, progressive 

decrement in the Rct values with increasing pyrolytic temperature is observed corroborating lower 

charge-transfer resistance, thanks to its enhanced electrical conductivity. This fact is further 

strengthened by the Rtotal values taken before and after cycling which confirmed the faster 

electrode kinetics of the prepared BFHC-NCx. Using the charge transfer resistance values, the 

exchange current density (i0) was calculated and the results are included in Table 3. Progressive 

increment in exchange current density, i0, with increasing pyrolytic temperature, implies 

enhanced electrochemical activity in these systems. Interestingly, the exchange current density 

(i0) increases significantly for all BFHC-NCx revealing a noteworthy rise in the electrochemical 

activity after the 500
th
 cycle. 

Conclusion 

An efficient method in preparing hard carbon materials (HCM’s) from biomass 

Borassus flabellifer male inflorescences (BFMI) via a simple, single-step pyrolysis process 

has been reported for first time. Prepared defective hard carbon (BFHC-NCx) offers a great 

potential in fulfilling the needs viz., excellent electrochemical performance and sustainability 

of the sodium-ion battery electrodes, thus providing an opportunity for the forthcoming 

replacement to the current state-of-art lithium-ion batteries (LIBs). Owing to the turbostratic 

nature of the BFMI derived hard carbon materials with varying degree of defective sites, 

                  



enhanced broken crystal edges and randomly distributed pore walls, sodium-ion battery 

electrodes made with these carbon materials benefitted with the formation of stable solid 

electrolyte interface (SEI) film and efficient access to the electrolyte ions leading to the 

boosted diffusion process. When incorporated as an anode material for Na-ion batteries, the 

BFMI derived hard carbon materials exhibited a drastic reversible capacity, outstanding rate 

and electrochemical cycling stability. As reported in the literatures, the sodium-ion storage 

processes in the present BFMI derived carbon electrodes also exhibit three different storage 

mechanisms including adsorption, insertion and plating. However, depending on the 

experimental conditions used for the synthesis of biomass derived carbon, significant 

variation in the sodium-ion storage mechanism is observed. To revel, the prepared defective 

hard carbon (N2:CO2; 100:5 ml min
-1

 gas flow ratio with 1400
o
C) derived from Borassus 

flabellifer male inflorescences was found to display a highly rough surface with wrinkles, 

enhanced broken edges, randomly distributed pore walls structures etc. that aided to form a 

stable SEI film and efficient access of electrolyte ions to the carbon surface with enhanced 

ion diffusion and electrochemical property for SIBs. Conclusively, BFHC-NC5 showed a 

higher degree of sodium-ion insertion mechanism, thus signifying the role of defective sites 

developed in the biomass derived carbon on the sodium-ion storage mechanism.  
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Figure 1 Schematic representation of BFMI (saponins, glycosides and carbohydrates) to the 

formation of highly disordered hard carbon materials. 

 

 

 

                  



 

Figure 2. HRTEM images of (a) BFHC-NC0 (50nm); b) BFHC-NC10 (50nm); (c) BFHC-NC5 

(50nm) and (d) BFHC-NC5 at higher Magnifications (~5nm); AFM images for the amplitude 

(e) and phase (f) images of the BFHC-NC5 sample. 

                  



 

Figure 3 (a) XRD pattern and (b) Raman spectra of hard carbon materials thermally treated 

with different gas flow rate for BFHC-NC0, BFHC-NC10, BFHC-NC5; 

N2 adsorption isotherms and related PSDs of the BFHC- NCx samples. (c) Nitrogen isotherms 

of BFHC-NC0; (d) Nitrogen isotherms of BFHC-NC10; (e) Nitrogen isotherms of BFHC-NC5; 

(f) PSDs of BFHC- NCx. 

 

                  



 

Figure 4 Cyclic voltammogram (CV)  measured in the potential range of 0.001~2.5 V at the 

scanning speed of 0.5mVs
-1

 of the prepared hard carbon materials (a) BFHC- NC0; (b) 

BFHC- NC10 ;(c) BFHC- NC5 

 

 

 

 

 

 

 

                  



 

Figure 5 The first charge-discharge profiles with mechanisum of the prepared hard carbon 

materials ((a) BFHC-NC0,  (b) BFHC-NC10, (c) BFHC-NC5) measured at 0.1C rate, (Inside: 

IR drop ) 

 

 

 

                  



 

Figure 6 a) The galvanostatic charge-discharge profiles of the prepared hard carbon 

(BFHC- NCx) electrodes at a current rate of 0.1C between 0.01 and 2.5 V vs Na/Na
+ 

 ( a) 

first cycle, (b) second cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  



 

Figure 7 GITT potential profiles of BFHC –NCx electrodes for sodiation during the 

second cycle; Sodium ions apparent diffusion coefficients estimated from the GITT 

potential profiles of BFHC –NCx electrodes for sodiation during the second cycle. 
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Figure 8 (a) Rate capability of BFHC- NCx electrodes from 20 mAh to 2000 mAh. (b) 

Cycle performances of BFHC- NCx electrodes at a current rate of 20 mAh at 500 cycles. 

(c) Electrochemical impedance spectroscopy (EIS) of measurements in the frequency 

range of 100 kHz-0.01 Hz. [circuit diagram, here R1=Re ; R2=Rf; R3= Rct; C2= Cd11; 

C3=Cd12; 

 

 

 

 

                  



Table 1 XRD peak and fitting of the d002 peak of the XRD pattern of the prepared hard 

carbons. 

Samples 

 

 

Phase 2ϴ (002) 2ϴ 

(100) 

Phase 

fraction 

FWHM d002 

(Å) 

Lc 

(Å) 

g N p La 

(Å) 

 

 

BFHC-

NC0 

Disordered 

region 

56.3 5.48 3.70 14.8 -3.25 7.22 2.04 - 

Graphitic 

region 

43.7 6.12 3.20 13.4 2.32 19.6 2.35 - 

Without 

phase 

separation 

- 8.15 3.55 10.1 -1.28 2.84 2.15 35.3 

 

 

BFHC-

NC5 

 

 

Disordered 

region 

48.2 4.76 3.85 17.1 -4.30 4.43 2.0 - 

Graphitic 

region 

51.8 2.83 3.40 28.2 0.11 8.23 2.22 - 

Without 

phase 

separation 

- 5.84 3.60 14.1 -1.86 3.91 2.12 52.1 

 

 

 

BFHC-

NC10 

Disordered 

region 

51.8 5.36 3.82 15.1 -4.76 4.33 1.98 - 

Graphitic 

region 

48.2 5.69 3.37 14.4 0.81 11.8 2.26 - 

Without 

phase 

separation 

- 7.37 3.58 11.2 -1.62 3.11 2.13 48.4 

*d002 – interlayer spacing was calculated by the Bragg equation with the center of the (002) 

diffraction peak, Lc – layer stacking distance,  La – longitudinal dimension of a stack, ρ – 

layer packing density, N –  Number of graphene layer , g -The degree of graphitization.

                  



Table 2 Raman and BET characterisation results for hard carbon (BFH’s- NCx) 

Hard carbon 

materials  

 

ID/IG ratio 

De-Conversional data 

 (SBET) 

(m
2
 g

−1
) 

 (VP) 

(cm
3
 g

−1
) 

 (DP)  

(nm) 

(Vm) 

(cm
3
 g

−1
) 

ID1/IG1 ID2/IG2 

BFHC-NC0 1.35 0.36 4.08 0.00534 5.236 0.937 

BFHC-NC5 0.77 0.86 18.87 0.00945 5.31 1.635 

BFHC-NC10 1.03 0.80 8.86 0.00752 5.28 1.245 

SBET - BET surface area, VP - Pore volume, DP -Mean pore diameter, Vm- Volume of 

adsorbed nitrogen on the carbon surface. 

 

 

 

 

Table 3 EIS data interpretation for hard carbon (BFHC’s- NCx) 

 Hard carbon materials 

BFHC-NC0 BFHC-NC5 BFHC-NC10 

Before Cycle 

( Ohm) 

Before  

Cycle ( Ohm) 

Before Cycle 

( Ohm) 

Re 6.423 9.419 8.74 

Rf 36.95 46.7 42.9 

Rct 22.7x10
-9

 14.11x10
-9

 16.9x10
-9

 

Rtotal 96.2 85.4 88.5 

[Here R1=Re; R2=Rf; R3= Rct] 
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