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A B S T R A C T   

Co–intercalation process using glyme-based solvents has brought new prospects for the reversible Na- 
intercalation into the graphitic materials. We report a high-energy Na-ion capacitor (SIC) with graphitic car
bon nanofibers (GCNF) as a battery-type component obtained from the depolymerization of waste rubber. The 
kinetic study reveals that ~ 51% contribution is originated from the diffusion-controlled Faradaic mechanism for 
GCNF compared to the ~ 61% for commercial graphite powder. The synthesis procedure and less crystalline 
nature of the GCNF lead to the lowered intercalation potential, and extended Na-ion storage capacity in the lower 
potential region (vs. Na+/Na) which is significant compared to the graphite powder. Further, the half-cell 
delivered a discharge capacity of ~ 118 mAh g− 1 irrespective of the applied current rate, which signifies the 
importance of this concept. In a SIC configuration with activated carbon, the SIC renders an energy density of 
55.58 Wh kg− 1 at 25 ◦C. In addition, exceptional low-temperature performance (<10 ◦C) is noted with a 
maximum energy density of 54.69 Wh kg− 1 and > 97% capacity retention after 5000 cycles. This low- 
temperature performance, high energy density, and exceptional cyclability certainly offer a unique hybrid 
charge storage system that eventually explores the possibility of using graphitic carbon fibers towards balanced 
energy and power capabilities. On a lighter note, this study also provides the opportunity to handle the waste 
materials effectively for sustained charge storage applications.   

1. Introduction 

Achieving a net carbon–neutral economy is a real challenge, and it 
needs cost-effective energy storage systems[1]. At present Li-ion batte
ries (LIBs) represent the state-of-the-art energy storage device for all 
computers, smartphones, and electric vehicles (EVs). A drastic increase 
in Lithium demand due to usage in EV batteries brought a severe 
problem with its availability and price, which made the researchers find 
out substitutes to traditional LIBs. Sodium (Na)-ion batteries (NIBs) 
represent a decent green choice to consider as the next-generation en
ergy storage solution mainly due to cost-effectiveness and abundance 
[2]. A metal-ion capacitor, MICs/hybrid capacitors (Li-ion capacitor, 
LIC), is another type of device on the market that combines high energy 
battery (LIB) and high-power supercapacitor (electric double-layer 
capacitor, EDLC) technology to the best of both. Sodium-ion 

capacitors (SICs) have also gained much attention due to the same 
reasons, like rich Na-sources and comparable performance to LICs. LIBs/ 
SIBs store energy by electrochemical method and EDLCs hold energy by 
electrostatic charge storage mechanism. However, a MIC (LIC/SIC) 
contains one electrochemical or battery electrode and one electrostatic 
electrode[3-6]. Carbonaceous materials, conversion oxides, alloying 
metals, and titanium-based compounds have the potential to play the 
role of the negative electrode material in MICs[7]. However, carbon- 
based intercalation materials are preferred over other materials, as 
those materials suffered large irreversibility, huge volume variation, and 
poor cyclability[8-11]. Generally, dual-carbon MICs hold activated 
carbon (AC) positive electrodes and a metal-doped carbon-based mate
rial as the negative electrode combined with a liquid electrolyte[6,12- 
14]. To attain a notable performance in these MICs, both the electrodes 
ought to have greater charge storage capability and fast kinetics as the 
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electrode materials play a vital role in determining the device’s per
formance. Generally, the battery type negative electrode materials 
exhibit sluggish metal-ion diffusion kinetics, resulting in hybrid capac
itors with poor rate performance[15-17]. Moreover, in comparison with 
Li counterparts, many issues affect Na-based reactions’ irreversibility 
and remain unsolved. Hence, further research is very much essential to 
find out the suitable Na-intercalating materials. 

Graphite is one of the most successful intercalation-based negative 
electrode for LIBs because of its high specific capacity with low inter
calation potential and productivity[18]. During Li intercalation, 
graphite forms a series of binary graphite intercalation compounds (b- 
GICs) with a final composition of LiC6. However, the graphite was 
considered an inappropriate material for Na-based systems due to the 
thermodynamic instability of b-GICs with intercalated Na-ions[19]. 
Recently, the research groups of Jache et al.[20] and Kim et al.[21] 
investigated Na-ion intercalation into graphite using the phenomenon of 
co-intercalation/solvated Na-ion intercalation with linear ether sol
vents, and that leads to the formation of ternary GICs (t-GICs). It was also 
reported that the co-intercalation could be fast, comparable to the 
conventional Li-ion intercalation process. Moreover, the co- 
intercalation voltage differs with the nature of the solvent used, and 
the phenomenon is intrinsically different from conventional metal-ion 
intercalation due to the complex interaction between solvent and 
guest molecule. Recently, we have reported on the fabrication of 
graphite-based SICs with the co-intercalation mechanism[22] and 
several other groups for SIB perspectives[23]. Thus, the glyme-based 
solvents created novel chances for graphitized materials in Na-based 
systems assembly with fascinating electrochemical insertion mecha
nism[24-26]. 

The transformation of plastic and other industrial waste materials 
into carbonaceous material for a charge-storage application is a sus
tainable approach in handling huge waste and offers a new path for the 
fabrication of affordable energy storage devices according to the “trash- 
to-treasure” approach. Recently, carbon nanofibers (CNF) have gained 
much consideration as active electrode material in both batteries and 
supercapacitor applications[27-34]. Their unique morphology and small 
diameter favours fast charge–discharge in the electrochemical device 
assembly. The atomic structure of carbon fiber is analogous to graphite, 
in which flat sheets of carbon atoms (graphene layers) are organized in a 
regular hexagonal pattern. These 1D materials exhibit different prop
erties like shorter diffusion pathways and a high surface-to-volume 
ratio. Based on the precursor type, the carbon layers can be either tur
bostatic, graphitic, or hybrid form[7]. The utilization of graphitic car
bon nanofibers (GCNF) as negative electrode for Li-based systems and as 
supercapacitor electrodes have been previously reported with conven
tional carbonate-based electrolytes[35-37]. In this study, we report the 
synthesis of GCNF using depolymerized oil obtained by pyrolysis of 
waste rubbers as precursor material. Rubber products have turn out to 
be a mainstay in all our endeavours today. Moreover, nearly 279 million 
tires get discarded every year and eventually become a significant po
tential waste and cause environmental problems[38-40]. These factors 
led to the necessity to develop suitable methods to reuse this waste 
material. We report co-intercalation-based SIC assembly, using pre- 
sodiated GCNF as the battery type negative electrode and AC as the 
counter electrode with diglyme-based electrolyte. The capacitive 
contribution in the electrochemical charge storage for the GCNF elec
trode is measured and compared with that of a commercial graphite 
electrode under the same electrolyte. Besides, the performance of 
assembled SIC at different temperature conditions were also studied 

2. Experimental section 

2.1. Synthesis of graphitic carbon nanofibers (GCNF) 

Depolymerized oil obtained by pyrolysis of waste rubbers was 
collected from the local supplier and used as the carbon feed source. 

Stainless steel (SS) plate was employed as a catalyst. The graphitized 
fibers were synthesized by a modified catalytic chemical vapor deposi
tion (CVD) process. Firstly, the catalyst was pre-cleaned in diluted nitric 
acid solution to remove the surface impurities and create surface 
roughness on the catalyst. Then the catalyst was placed in a cleaned 
quartz tubular furnace for the CVD process. The oil was placed in a 
separate closed container. A thermocouple, coupled with an external 
heater, was employed to maintain the constant temperature of 250 ◦C in 
the closed container until the completion of the CVD process. The inert 
nitrogen gas of 120 ml min− 1 flow rate was passed through the heated 
oil. The depolymerized low carbon chain molecules from the heated oil 
were collected by the inert nitrogen gas and supplied as a carbon feed 
source to the quartz furnace. Pure nitrogen was initially purged to 
remove air from the furnace. The furnace was maintained at a pressure 
of around 760 torr and a temperature of 800 ◦C for 5 h. The hydrogen gas 
was passed along with the carbon feed nitrogen gas in the ratio of 1:4 to 
1:6 after the furnace reached the set temperature. The unreacted gas was 
passed through the de-ionized water before venting out. The graphitized 
fibers were scrapped from the catalyst and directly used for the elec
trochemical studies. 

2.2. Characterizations 

The powder X-ray diffraction pattern of graphitized fibers was 
recorded by X-ray diffractometer (XRD, Rigaku, Smartlab 9 kW, Japan) 
with Cu Kα radiation. Raman spectrum of the sample was obtained by 
Raman spectroscopy (LabRam HR800 UV Raman microscope, Horiba 
Jobin- Yvon, France). The surface elemental composition was examined 
with X-ray photoelectron spectroscopy (XPS with a Multilab instrument 
(monochromatic Al Kα radiation hν = 1486.6 eV). The surface 
morphology and the material’s core structure were analyzed with a field 
emission scanning electron microscope (FE-SEM, S-4700, Hitachi, 
Japan) and a High-resolution transmission electron microscope (HR- 
TEM, HR-TEM, TECNAI, Philips, the Netherlands, 200 keV). The 
elemental analysis of GCNFs was performed in the STEM nanoprobe 
mode with high angle annular dark-field imaging (HAADF) detector. 

2.3. Cell assembly and electrochemical measurements 

The GCNF working electrodes were prepared by a slurry coating 
method using a doctor blade. In a typical process, GCNFs are mixed with 
conductive carbon (acetylene black) and binder (polyvinylidene fluo
ride, PVdF) in the ratio 80:10:10 using N-methyl pyrrolidone (NMP) 
solvent; and was kept under constant stirring overnight to ensure the 
formation of a homogeneous slurry. Then it was coated on Cu-foil with a 
doctor’s blade apparatus, and the coated foil was dried out in a hot air 
oven and then pressed under a hot roll press (Tester Sangyo, Japan). Disc 
electrodes of 14 mm diameter were punched out with the help of an 
electrode cutter. Activated carbon (AC, YP-80F, Kuraray, Japan) was 
used as the active electrode material for the counter electrode (positive 
electrode). Electrode fabrication was done with the help of mortar and 
pestle by mixing the active material (AC, 80%) with 10% conductive 
carbon (acetylene black) and 10% binder (teflonized acetylene black, 
TAB-2) using ethanol solvent. A thin layer of electrode material was 
pressed on a 14 mm diameter SS-mesh current collector (Goodfellow, 
UK). Before the cell assembly, both the electrodes were dried under a 
vacuum chamber at 75 ◦C for a minimum period of 4 h. The half-cells 
and SIC fabrication were done in the form of coin-cell assembly (CR 
2016) under the Ar-filled glove box using 0.5 M NaPF6 salt (98%, Sigma- 
Aldrich) in diethylene glycol dimethyl ether (DEGDME) electrolyte and 
Whatman paper (1825–047, GF/F) as a separator. For the GCNF and AC 
half-cell assembly, Na metal foil was used as the counter and reference 
electrodes. For SIC fabrication, initially, pre-sodiation of GCNF electrode 
was done in half-cell assembly, and further, the cell was dismantled, and 
the GCNF electrode in discharged condition was paired with AC elec
trode of balanced mass. Battery tester BCS 805 (Biologic, France) was 
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used for testing the electrochemical performance of both Na/GCNF and 
Na/AC half cells and SICs. Electrochemical Impedance Spectroscopy 
(EIS, at an applied a.c. amplitude of 10 mV in the range of 10 kHz to 1 
Hz), cyclic voltammetry (CV), and galvanostatic charge–discharge 
studies were carried out to analyze the assembled coin-cells. Also, the 
fabricated hybrid SIC device’s performance at different temperature 
conditions was tested with the help of an environmental chamber 
(Espec, Japan). 

3. Results and Discussion: 

3.1. Graphitic carbon nanofibers (GCNF) 

The GCNFs were synthesized by modified chemical vapor deposition 
using waste rubber-derived depolymerized oil as the precursor. A high 
degree of graphitization is ideal for electrochemical applications, as it 
reduces internal resistance and enhances the power performance of the 
device[41]. The structure and degree of graphitization of as-synthesized 
material were analyzed by both X-ray diffraction (XRD) (Fig. 1(a)) and 
Raman spectra (Fig. 1(b)). The reflection around 26.4̊ in the XRD pattern 
is ascribable to the (002) peak of graphite (JCPDS card number 
75–1621) with an interplanar spacing of 3.37 Å[42]. Using the classical 
Scherrer equation over (002) peak with a geometrical factor (K) value of 
0.9, the crystallite size was 11.20 nm. The reflection around 45̊ can be 
allocated to the convolution of (100) and (101) peaks, which corre
sponds to reflections of carbon nanocrystallines [43]. When comparing 
with the XRD pattern of commercial graphite (Sigma-Aldrich), 
Figure S1, (002) peak of GCNFs is broader than that of graphite. The 
broad and low-intensity peak indicates the formation of nanostructured 
material with less crystallinity in comparison with commercial-grade 
graphite. Comparing the area under the peak (002) of both the sam
ples, the quality of crystalline state of GCNFs is analyzed and found to be 
~ 2.6 times less than that of the graphite sample. Raman spectrum of the 
material showed three prominent peaks at ~ 1345, ~1572, and ~ and 
2697 cm− 1, which corresponding to D, G, and 2D bands, respectively. 

The D band is assigned to a disordered band, or defects band originates 
from hybridized vibrational mode linked with graphene edges and in
dicates structural defects, whereas G band, graphite, or tangential band 
arises from stretching of C − C bond in graphitic material[44]. The in
tensity ratio between the D and G band (ID/IG) represents the degree of 
graphitization and is obtained as ~ 0.61, which corresponds to a high 
degree of graphitization. The 2D band initiates from two phonon double 
resonance processes, and it is indicative of the degree and type of gra
phene layer stacking. The intensity ratio of 2D and D band (I2D/ID =

~0.74) is indicative of the overall crystalline quality of the graphitic 
network, and it rises with long-range ordering, and the ratio of IG/I2D 
(~2.29) is a clear indicator of the existence of multilayer graphene 
sample[45-48]. The absence of characteristic peaks/bands of any im
purities in XRD and Raman spectroscopy defines the quality of the 
material synthesized. 

The elemental composition of the material surface was analyzed by 
X-ray photoelectron spectroscopy (XPS), and the survey spectrum of 
GCNF, Figure S2 exhibits C1s and O1s peaks with the calculated At.% 
values of C1s (~94.54%) and O1s (~5.46%), indicating ~ 94.54% 
sample purity with a negligible degree of oxidation. In the high- 
resolution C1s spectra Fig. 1(c), the prominent peak at 284.6 eV is 
allocated to C–C bonds of sp2 hybridized carbons and the other two 
peaks at 285.88 and 287.33 eV is assigned to C in C–OH and C = O 
bonds, respectively. The O1s spectra Fig. 1(d) is deconvoluted into three 
peaks with peak maxima of 532.34, 533.89, and 530.95 eV, which 
correspond to C − O, O–C = O, and C = O groups, respectively[49,50]. 
The obtained data is also consistent with the XRD and Raman spec
troscopy result pointing to the high degree of graphitization of the 
material synthesized. Field emission-scanning electron microscope (FE- 
SEM) images, Fig. 2(a, b), and transmission electron microscope (TEM) 
images Fig. 2(c, d & e) disclosed the morphological features of one- 
dimensional elongated hollow carbon nanofibers with an average 
diameter of ~ 20–30 nm. The crystallinity of the material is observed 
from HR-TEM images, which show the presence of multi-layered gra
phene sheets. The elemental analysis of GCNFs was performed in a STEM 

Fig. 1. Physical properties of GCNF: (a) XRD pattern, (b) Raman spectrum and XPS (c) C1s spectrum, (d) O1s spectrum of graphitic carbon nanofibers.  
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nanoprobe equipped with a HAADF detector. Fig. 2(f) illustrates the 
STEM/HAADF image of synthesized nanocrystalline material and the 
square-shaped area selected for the elemental analysis. The elemental 
mapping of C and O is clearly seen in Fig. 2(g) and Fig. 2(h), respec
tively. The BET surface area of the GCNF was calculated to be 19.72 m2 

g− 1 (Figure S3). 

3.2. Electrochemical studies 

To evaluate the performance of GCNFs as a battery-type electrode 
material (negative electrode) for co–intercalation-based SIC assembly, 
the negative electrode half-cells were fabricated with Na-metal as a 
reference and counter electrode in the presence of 0.5 M NaPF6 in 
DEGDME solution as the electrolyte. After a rest period of 4 h, the 
fabricated half-cells displayed an open circuit voltage (OCV) of ~ 2 V vs. 
Na+/Na, which corresponds to the equilibrium potential of the GCNF 
electrode as the potential of Na metal is always 0 V vs. Na+/Na[51]. The 
electrochemical performance of the Na/GCNF half–cell configuration 
was analyzed with CV, galvanostatic charge–discharge (GCD), and EIS. 
Fig. 3(a) shows the CV profile of Na/GCNF half-cell at a scan rate of 0.1 
mV s− 1. The current profile in the first discharge is different from the 
remaining cycles as the material is undergoing activation. The graphene 
layers in the GCNF have to be expanded for the first time[52,53]. This 
activation process can be seen in the form of a broadened reduction peak 
within the potential window of 0.6–0.0 V vs. Na+/Na. It was also re
ported that the Na-insertion brings strain, swelling and finally breaks the 
carbon nanofibers; hence it creates new pathways for Na-diffusion[53]. 

Moreover, there is the formation of a surface layer (solid electrolyte 
interface, SEI) due to electrolyte decomposition. From the second cycle 
onwards, the first cathodic peak is observed at ~ 0.56 V vs. Na+/Na, 
whereas the corresponding anodic peak is located at ~ 0.75 V vs. Na+/ 
Na. Besides, there is one small reduction peak at ~ 0.03 V vs. Na+/Na 
and a small anodic peak at ~ 0.08 V vs. Na+/Na representing multiple 
solvated Na-ion intercalation sites into GCNF [53]. Fig. 3(b) displays the 
CV profile at different scan rates of 0.1–1 mV s− 1. Apparently, there is a 
shift in the cathodic peaks towards the low potential region and anodic 
peaks towards the high potential region with the increase in scan rate. It 
is also observed that the peak current intensity for the two major peaks 
(C1 & A1) changes linearly with the square root of scan rate representing 
a diffusion-controlled mode of reaction (Fig. 3(c)). With the Randles- 
Sevcik equation, the apparent diffusion coefficient corresponding to 
the diffusion of solvated Na-ions into/out-of GCNF at the selected po
tentials was calculated as ~ 0.6 × 10–8 and 2.4 × 10–8 cm2 s− 1, 
respectively, based on cathodic and anodic peak currents. 

In CV experiments, the current response to the scan rate varies 
irrespective of the type of redox reaction, whether it is diffusion- 
controlled or not[54]. Moreover, in nanomaterials, as the critical di
mensions of energy storage are reduced to the nanoscale, the available 
diffusion path length is restricted, and there is an enhancement of sur
face area available for the non-diffusion limited charge storage. By 
considering the above points, it is essential to quantify the contribution 
of diffusion-controlled and non-diffusion-controlled redox reactions in 
the overall charge storage mechanism of battery − type carbon nano
materials. The non-diffusion limited charge storage mechanism is 

Fig. 2. Morphological features of GCNF: (a, b) FESEM image; (c, d, e) TEM image ; (f) HAADF − STEM image and selected area for elemental mapping using EDS; (g) 
mapped carbon; (h) mapped oxygen. 
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known as capacitive or extrinsic pseudocapacitive charge storage. Ki
netic analysis of GCNF material was performed according to the model 
proposed by Dunn et al.[55]. The power-law relationship between peak 
current (ip) and scan rate (υ) is studied by the equation ip = aυb, where a 
and b are adjustable parameters. The value of b = 0.5 represents a 
semi–infinite linear diffusion limited Faradaic reaction, while b = 1 in
dicates pseudocapacitive or surface redox reaction[56]. The slope of ln 
(υ) vs. ln(ip) plots for the cathodic and anodic peaks gives the values of b, 
Fig. 3(d), and is found to be between 0.5 and 1 for all the peaks, indi
cating the combination of diffusion-controlled and pseudocapacitive 
charge-storage mechanism in GCNFs. Surprisingly, for the major peaks 
C1 and A1, the b values are found to be ~ 0.85 and ~ 0.94, suggesting 
that the pseudocapacitive surface redox reaction is dominated by 
diffusion-limited charge storage. For the peaks C2 and A2, the b values 
are calculated to be ~ 0.77 and ~ 0.74, indicating equal contribution 
from diffusion-controlled and non-diffusion-controlled charge-storage 
mechanisms. Additionally, the current measured by CV at a fixed po
tential is expressed by the equation, i = k1υ + k2υ1 /

2, where k1υ and 
k2υ1 /

2 , representing the contribution from the pseudocapacitive process 
and the diffusion-controlled Faradaic process, respectively. Fig. 3(e) il
lustrates the graph plotted for the determination of k1 and k2. It is used 
to quantify the percentage contribution from pseudocapacitive, and the 
diffusion-limited charge storage mechanism in GCNFs for different scan 
rates (Fig. 3(f)). Thus, only ~ 51% of the total current at 0.1 mV s− 1 is 
contributed by a diffusion-controlled Faradaic charge storage mecha
nism. The pseudocapacitive contribution increases towards higher scan 
rates, indicating the dominance of surface redox reaction at a faster 

charge–discharge process. Furthermore, the performance is compared 
with that of commercial graphite samples in the same electrolyte system, 
Figure S4. It was observed that the percentage contribution from pseu
docapacitive or surface redox reaction is more in the case of GCNFs 
(49% @0.1 mV s− 1) in comparison with commercial graphite sample 
(39% @0.1 mV s− 1) Figure S5. Although the difference between the 
Faradaic process is ~ 10%, however, there are two important observa
tions worth mentioning for the case of GCNFs, (i) solvation intercalation 
process happens at the lower potential (~0.56 and ~ 0.60 V vs. Na+/Na 
for the GCNF and graphite, respectively), and (ii) extended and revers
ible storage at lower potentials (reduction and oxidation potential of ~ 
0.03 and ~ 0.08 V vs. Na+/Na, respectively) compared to the com
mercial graphite. Such lower working potential is one of the most 
important pre-requisite to be imposed for the negative electrodes. 
Further, the solvation intercalation is one of the most complex processes, 
in which the extended storage close to the reference electrode (Na) 
certainly leads to realizing the high energy charge-storage devices when 
paired with the capacitor type electrodes irrespective of the mechanisms 
(e.g., Faradaic or non-Faradaic component). 

The potential vs. capacity curve of Na/GCNF half–cell recorded 
under the galvanostatic condition of 50 mA g− 1 is displayed in Fig. 4(a). 
The first discharge voltage curve exhibits a near-constant slope within 
the region between 0.6 and 0 V vs. Na+/Na. In contrast, the voltage 
profile for the first charge and other subsequent cycles shows fluctua
tions in slope. The cell exhibits high irreversibility in the first cycle with 
an initial coulombic efficiency (ICE) of ~ 50%. This low ICE value in
dicates irreversible trapping of solvated Na+ ions within the GCNF 

Fig. 3. Electrochemical kinetics analysis of Na/GCNF half - cell by Dunn method: a) CV profiles at a scan rate of 0.1 mV s− 1 for the first three cycles, b) CV profile at 
different scan rates, c) Linear plot of peak current (ip) vs. square root of scan rate, d) Relationship between Logarithm scan rate and Logarithm redox peak currents (b- 
value determination), e) Plots of (scan rate) 1/2 vs. current (i). (scan rate) − 1/2 used to compute constants k1 and k2 at different potentials, and f) Percentage of 
diffusion-controlled and pseudocapacitive current at various scan rates. 
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structure. At a current density of 50 mA g− 1, the assembled cells exhibit 
a maximum discharge capacity of ~ 118 mAh g− 1 within the potential 
window of 0.005–2.5 V vs. Na+/Na. Regardless of irreversibility in the 
first few cycles, efficiency increased to > 99% (Fig. 4b), and Na/GCNF 
half-cells could maintain their capacity even after 100 cycles in 
Figure S6 (a &b). Fig. 4(c &d) represents the rate performance and cyclic 
stability of cells at various current densities. The cell could exhibit a 
discharge capacity of ~ 105 mAh g− 1 even at the high current rate of 1 A 
g− 1 with excellent reversibility. Further to examine the effect of Na-salt 
on solvated Na-ion storage behavior of GCNF, we conducted the 

galvanostatic charge–discharge study with 1 M NaCF3SO3 in DEGDME 
solution. However, an identical charge–discharge profile with a similar 
capacity was observed; Figure S6(c &d) indicates the nature of anion in 
the electrolyte which does not significantly affect the co-intercalation 
process. On the other hand, the type of solvent plays a major role in 
the cell’s intercalation potential and rate capability, which we observed 
earlier for recovered graphite from spent LIB[22], and other groups also 
pointed that the salt has negligible influence in co-intercalation phe
nomena[57]. When the chain length and molecular weight of glyme 
increases, there is a rise in the cell’s intercalation potential and drop-in 

Fig. 4. Electrochemical performance of GCNF electrode in half-cell assembly with Na: a) Typical Charge -discharge profiles at 50 mA g− 1, b) Long-term cyclability at 
50 mA g− 1, c) Performance at various current densities, and d) Cycling performance. 
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rate capability; for example, 0.5 M NaPF6 in DEGDME solution is used as 
an electrolyte, and the low concentration can reduce the device’s cost 
and expand the operating temperature range[58]. Moreover, due to the 
low solvation energy of Na-ions, fast transport, and the Na-based elec
trolytes are more conductive than Li-based solutions[59]. The excellent 
performance of GCNF encouraged us in exploring the possibility of using 
them in a practical device, for example, SIC with AC as a counter 
electrode. 

Prior to the fabrication of the SIC, the mass loading between the 
electrodes are very crucial to attain a high energy density with dura
bility. Generally, the mass loading between the electrodes is assessed 
based on the individual capacity of the electrodes with a common 
reference electrode (vs. Na+/Na). In this line, the Na/AC half-cell is 
fabricated and tested at the same current density of 50 mA g− 1 within 
the potential window of 1.5– 4 V vs. Na. The Na/AC half-cells showed an 
OCV of ~ 3 V vs. Na+/Na in the presence of 0.5 M NaPF6 in diglyme 
solution. The linear charge–discharge profile, Figure S7 (a), describes 
the surface adsorption/desorption process (non-Faradaic) with a 
discharge capacity of ~ 62 mAh g− 1. Therefore, the electric double layer 
(EDL) formed on the surface of the AC electrode accommodates oppo
sitely charged ions at different potential ranges, which means adsorption 
of PF6

– ions from 3 to 4 V vs. Na+/Na and solvated Na-ions from 3 to 1.5 V 
vs. Na+/Na [6,60]. The cell exhibits > 95% capacity retention even after 
200 charge–discharge cycles with high coloumbic efficiency (Figure S7 
(b)). From the half–cell studies, it is clear that GCNF and AC electrodes 
can reversibly store solvated Na-ions with high stability, and hence it is 
used as the electrode materials for the fabrication of high-performance 
SIC. 

3.3. SIC fabrication and performance analysis 

SIC full-cells were fabricated using pre-sodiated GCNF and AC as 
negative and positive electrodes, respectively, in the presence of 0.5 M 
NaPF6 in diglyme electrolyte. As mentioned, the charge balance between 
the two electrodes based on their specific capacities is essential to ach
ieve optimum performance in hybrid capacitors as there is a sharp dif
ference between the electrochemical kinetics of both the electrodes, 
Faradaic sodiation of solvated Na-ions in the battery type electrode, and 
non-Faradaic adsorption of solvated Na and PF6

– ions in the across the 
electrode electrolyte interface[6]. Thus, the SIC was assembled by 
maintaining a positive to negative mass ratio of ~ 1.5–2, which results 
in a total active material mass of ~ 17–19 mg in the device, with an 
active material mass of ~ 5–7 mg for the negative and ~ 11–12 mg for 
the positive electrode. The charge storage mechanism in the assembled 
SIC is an electrolyte-consuming process, in which, during charging, 
cations and anions present in the electrolyte are separated and moved to 
the negative and positive electrode under the action of voltage[61]. In 
the GCNF electrode, the solvated Na-ions are intercalated into the space 
between graphene layers, and for the AC electrode, PF6

– ions are sub
jected to physical adsorption[62]. During discharging, the solvated Na- 
ions are deintercalated from the GCNF electrode and go back to the 
electrolyte, whereas desorption of anions occurs at the AC electrode, 
which makes a charge balance to the system. 

The electrode reactions can be represented by the equations, 
Negative electrode: GCNF+xNa[diglyme]+2 +xe− ⇆GCNF 

[
Na[diglyme]2

]

x ……… (1) 
Positive electrode: AC+PF−

6 ⇆AC+PF−
6 (doublelayer) +e− (2) 

Equation (1) & (2) shows how the charge is stored in the negative 
electrode via. co-intercalation mechanism and how the charge is stored 
in the AC electrode via. charging of electrochemical double layer with 
PF−

6 ions from the electrolyte. Pre-sodiation of the negative electrode is 
the process of doping a certain amount of Na+-ions prior to the fabri
cation of a hybrid capacitor. The two prime objectives of pre-sodiation 
include (i) eliminating the effect of irreversible capacity in the first 
cycle, and (ii) adjusting the redox potential of the active material as 

close as that of Na+/Na to get a maximum working potential window 
[63]. The irreversible decomposition of electrolyte causes the extra ca
pacity observed for the GCNF electrode in the first reduction step 
(maximum value is ~ 225 mAh g− 1), resulting in the formation of the 
SEI layer on the surface of the negative electrode or due to activation of 
GCNF electrode. 

The electrochemical performance of the GCNF/AC-based SIC is 
illustrated in Fig. 5. The galvanostatic charge–discharge profile within 
the potential window of 1–3.5 V for different current rates measured at 
different temperature conditions is given in Fig. 5(a-d). The near-linear 
charge − discharge profile of the assembled SICs indicates the 
co–intercalation process’s influence in the linear charge–discharge 
profile of AC. The distortions in the charge − discharge profile clearly 
show the involvement of two different charge storage mechanisms. As 
usual, an increase in current density tends to decrease charge–discharge 
time. Almost similar, a near triangular appearance without any major 
deviations represents the SIC’s stability at different temperature condi
tions tested (-5,10, 25 & 50 ◦C). Fig. 5 (e) shows the Ragone plot, which 
gives the relationship between energy and power density of the assem
bled SIC. The specific values of energy and power density are calculated 
from the galvanostatic discharge curves by considering the total mass of 
active material present in both electrodes. The SIC could deliver a 
maximum energy density of 55.58 Wh kg− 1 at a power density of 133 W 
kg− 1 in the ambient temperature conditions. Even at a high-power 
density of 4.52 kW kg− 1, the device can deliver energy of 18.19 Wh 
kg− 1. Further, at high (50 ◦C) and low-temperature conditions (10 and 
− 5 ◦C), the SIC could display energy density values of 57.01, 54.69 & 
49.78 Wh kg− 1, respectively. Apparently, the cell rendered almost 
similar performance at low power density irrespective of the tempera
ture conditions imposed. However, there is a small drop in performance 
at higher rates with a fall in temperature. The cell’s cyclability/dura
bility is another very crucial factor to signify the potential impact for 
practical applications. The GCNF/AC-based SIC is subjected to the long- 
term cycling studies and given in Fig. 5 (f). At different temperature 
conditions, starting from –5, 10, 25 & 50 ◦C at a current density of 1 A 
g− 1, the assembled device could retain ~ 94, 97, 70 & 40% of initial 
capacity after 5000 charge–discharge cycles. It is very obvious to see the 
extremely stable performance of SIC, especially at low-temperature 
conditions (10 and − 5 ◦C). This study clearly suggests that the glyme- 
based SIC is a tailor-made device for low-temperature applications 
with high energy and durability. Even after 10,000 charge–discharge 
cycles at ambient conditions, the cell could retain ~ 45% of the initial 
capacity Figure S8 (a). If we impose the condition of 80% retention for 
practical use, the SIC can go up to ~ 3100 cycles at ambient tempera
ture, whereas SIC can withstand only ~ 1850 cycles at 50 ◦C. Xu et al. 
[19] described that there is a negative shift in the electrode potential for 
co-intercalation with an increase in temperature. That can be assigned as 
the reason for low cyclic stability at high-temperature conditions. 
Interestingly, regardless of the temperature conditions, the SIC exhibits 
high reversibility, which is clearly seen from the coulombic efficiency 
(>99%). At room and elevated temperature conditions require some 
more attention for improvement under the solvation-intercalation 
concept. 

As impedance spectra provided additional information about the 
kinetic response of electrode materials, Nyquist plots of fresh half − cells 
and assembled SIC are plotted and fitted with equivalent circuits 
generated by the Z fit technique, Figure S8 (b − d). They are mainly 
composed of an intercept of real axis, solution resistance (Rs) repre
senting the resistance offered by electrode material and electrolyte, A 
semicircle in the middle to high frequency indicating the charge transfer 
resistance (Rc), and a sloping straight line in the low-frequency region, 
Warburg impedance W (in the case of Na/GCNF half –cell and SIC) 
corresponding to the diffusion of solvated Na-ions. The fabricated SIC’s 
hybrid behavior was also confirmed by the CV profile recorded at a scan 
rate of 1 mV s− 1 in the voltage range of 1–3.5 V (Figure S9). The near 
rectangular shape of CV with small oxidation–reduction peaks also 
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indicates the capacitive contribution of GCNF material at higher scan 
rates. Besides, we also examined the possibility of widening the voltage 
window of assembled SIC. Figure S10 illustrates the Ragone plot and 
GCD profile of SIC tested within the voltage window of 1–3.7 V. The as- 
fabricated device delivered a maximum energy density of 58.55 Wh 
kg− 1 at a power density of 117 W kg− 1 at ambient temperature condi
tions. Unfortunately, the cell experiences poor cyclability owing to the 
large surface area of both GCNF and YP 80F. 

Therefore, we limited the working potential up to 3.5 V for the SIC 
and achieved superior electrochemical performance. Further, the 
fabricated SIC with waste rubber derived 1D graphitic carbon nanofiber 
negative electrode-based device performance can be compared with a 
recently reported co − intercalation mechanism using graphite as 
negative electrode material[22]. We could observe that the assembled 
device’s energy density is almost matching with the graphite-based 
system, whereas the corresponding power density value is doubled 
[22]. This is fairly possible with the extended storage at the lower po
tential and reduced intercalation potential compared to the graphite. 
This study’s findings confirm that graphitic carbon nanofibers (GCNFs) 
can be effectively used for the assembly of next-generation sodium-ion 
capacitors that undergo the solvation-intercalation process. Besides, the 
device’s performance makes such systems suitable for considering as 
alternative energy storage systems where energy is not an ultimate 
parameter while power density, cycle life, and cost of the device are 
vital, particularly for low-temperature working conditions. 

4. Conclusion 

The 1D graphitized carbon nanofiber was used as a negative elec
trode for the fabrication of co–intercalation-based SIC with AC positive 
electrode under the optimized mass loading conditions. GCNFs have 

been successfully prepared by the CVD method using waste rubber- 
derived depolymerized oil as the precursor. The electrode kinetics, 
along with the solvated Na-ion storage property of the material, was 
evaluated in half − cell assembly. We observed that the capacitive 
contribution in the case of GCNF was more than the commercial graphite 
sample. The SIC working at 1–3.5 V could deliver a maximum energy 
density of 55.58 Wh kg− 1 at ambient temperature conditions with a 
capacity retention of 70% after 5000 charge–discharge cycles. This high 
energy and high power capability is mainly due to the lower intercala
tion potential and extended Na-storage at lower potentials, besides the 
appropriate optimization in the working potential and mass balance. 
The glyme-based SIC was tailor-made for the low-temperature condi
tions and required attention in the ambient and elevated temperature 
conditions in terms of the cyclability aspect. Nevertheless, this work is 
anticipated to promote the use of graphitized carbon nanofibers for the 
assembly of low-cost and efficient Na-based energy storage systems, 
moreover transforming the waste materials into functional carbon ma
terials for the energy storage device as capable electrode materials is a 
supreme achievement in the scientific research. 
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