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Abstract

:

Solvent-free all-solid-state supercapacitors have recently received attention. Despite their highly specific capacitance, they suffer issues related to the solid–solid interface that degrade their performance during prolonged cycling. Here, we propose a novel strategy for improving the electrode–electrolyte interface by introducing a small amount of polymer into the activated carbon-based electrode. An electrode composition of 80AC:8SA:7AB:5[PEO0.95 (LiClO4)0.05]—where AC, SA, and AB stand for activated carbon, sodium alginate binder, and acetylene black, respectively—is optimized. A composite membrane—viz., PEO-LiClO4 reinforced with 38 wt% NASICON structured nano crystallites of Li1.3Al0.3Ti1.7(PO4)3—is used as a solid electrolyte. Incorporating a small amount of salt-in-polymer (95PEO-5 LiClO4) in the electrode matrix leads to a smooth interface formation, thereby improving the performance parameters of the all-solid-state supercapacitors (ASSCs). A typical supercapacitor with a polymer-incorporated electrode exhibits a specific capacitance of ~102 Fg−1 at a discharge current of 1.5 Ag−1 and an operating voltage of 2 V near room temperature. These ASSCs also exhibit relatively better galvanostatic charge–discharge cycling, coulombic efficiency, specific energy, and power in comparison to those based on conventional activated carbon.
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1. Introduction


The development of solvent/liquid-free solid-state energy devices has been gaining momentum over recent years [1,2]. Conventional electric double-layer supercapacitors use high surface area activated carbon-based electrodes [3], primarily based on liquid/gel electrolytes with high ionic conductivity. The aqueous nature of the electrolyte also provides good interfacial contacts that lead to low contact resistance, remarkable coulombic efficiency, specific energy, and specific power—making them suitable for commercial applications. Despite these advantages, supercapacitors (and also batteries) with liquid/gel electrolytes are highly prone to corrosion, leakage issues, short-circuiting, poor mechanical strength, and flexibility constraints for foldable and stretchable smart devices [4].



For the electric double layer [5], as well as pseudo capacitors [6], electrode properties play an important role [3]. There have been several attempts to engineer electrode properties emphasizing particular issues, e.g., (i) smooth interfaces, (ii) device resistance, (iii) device flexibility, (iv) effective utilization of the electrode surface area, and (v) role of inactive agents, i.e., binders. Significant work has been carried out towards the effective use of carbon-based materials in supercapacitors [3]. Electrodes based on a reduced graphene oxide sheet coated with a conducting polymer have been reported [7]. Such a composite formation resulted in improved device performance, attributed to both the electric double layer and pseudo capacitance. In another interesting work, natural cellulose has been used as an inactive electrode binder; the supercapacitor fabricated using these novel electrodes displayed appreciable thermal stability and improved cell performance parameters, viz., specific capacitance and cycling [8]. Furthermore, cherry flower waste-derived activated carbon with self-doped nitrogen has also been reported; supercapacitors using this novel electrode exhibit high specific capacitance and about ~96% capacity retention after ~38,000 cycles [9]. Similarly, flexible carbon-based electrodes have also received attention. Flexible free-standing supercapacitors have recently been prepared using a combination of graphene quantum dots and carbon cloth [10]. Electrode properties have also been altered by coating a dielectric film with atomic layer deposition [11], which improved its electrochemical performance. Recently, flexible all-solid-state-supercapacitors have also been developed using a novel graphene foam/polypyrrole composite. Such engineered electrodes lead to high capacitance [12]. Interestingly, heterostructure-based electrodes have also been used for supercapacitors. The activated carbon, assembled with FeS2/TiO2 heterostructures, has shown the potential to enhance the ion/electron migration rate and to promote surface reaction kinetics [13]. Despite their excellent performance, most supercapacitors still use organic liquids, acids, or gel-based electrolytes. Their operation temperature range is, thus, limited [14].



Solid-state ionic devices use ‘liquid-free’ fast ionic solids as electrolytes. Despite high ionic conductivity in many of these ionic solids, tailoring the properties of the interface is quite challenging. There has been significant work on solid electrolyte-based all-solid-state batteries (ASSBs) [1,15] in the last three decades. Along the same lines, all-solid-state supercapacitors (ASSCs) [16] have now started getting attention [12,17]. There have been continuous efforts to develop suitable solid electrolytes in the last few decades with (i) conductivity comparable to those of liquids/gels, and (ii) a wide electrochemical stability window. Particularly, due to their high ionic conductivity near room temperature, NASICONs—e.g., Na3Zr2Si2PO12 (NZSP) [18]—and NASICON-structured Li+ ion conductors—e.g., LiTi2(PO4)3 (LTP) [19], Li1.3Al0.3Ti1.7(PO4)3 (LATP) [20], and Li6.4La3Zr1.4Ta0.6O12 (LLZTO) [21], along with their composites with polymer salt complexes [22,23]—have been considered promising for solid ionic devices [24]. The device performance is however limited due to the electrode–electrolyte (solid–solid) interface. Many ionic ceramics have been synthesized with high ionic conductivity, but unlike gels, their contact with the electrode does not provide adequate wettability at the interface. Realizing the fact that interfacial stability is an important issue, different strategies have been adopted to tailor electrode–electrolyte interfaces, such as (i) insertion of suitable ionic liquids between the surfaces [25], (ii) application of short-duration, high-voltage pulses to poorly formed interfaces [26], and (iii) coating the electrodes with an oxide barrier layer [27].



For improving the interface, a flexible composite solid polymer electrolyte (CSPE) membrane with high ionic conductivity is the obvious choice. High ionic conductivity in CSPEs is achieved by optimizing the salt content and adding plasticizers or nano-size active/passive filler particles into the matrix. Solvent/liquid-free all-solid-state supercapacitors (ASSC) have recently been developed [28] with appreciably high capacitance using solid electrolyte membranes reinforced with NaTi2(PO4)3 (NTP) [29] and LATP nano crystallites [19]. In these active (conductive) filler-based polymers, the conductivity at ambient temperatures exhibits a notably high value ≥10−4 S cm−1. Using a Li+ ion-conducting polymer membrane with a moderate LATP content, Sharma et al. [28] recently reported ASSCs with a specific capacitance ~42 Fg−1 at ~40 °C for a membrane composition of 10LiTFSI_90(PEO0.6 LATP0.4). Ceramic polymer composite films with high LATP contents (≥60 wt%) have also been developed with polymer occupying the space between the LATP grains. ASSCs with these ‘polymer-in-ceramic’ membranes have demonstrated a high specific capacitance of ~108 Fg−1 near room temperature [17]. In a similar work, a Na+ ion PEO-NaCF3SO3 membrane dispersed with a large amount of NZSP has been used as an electrolyte in ASSCs; a high specific capacitance of ~150 Fg−1 was reported [30], with a stable cycling performance.



The performance of such polymer–ceramic hybrid membrane-based supercapacitors is promising and can be further improved, provided the solid electrode–electrolyte interface is systematically engineered. Ion penetration to the interior of electrodes and to the pores of activated carbon has been limited so far due to poor wettability, because of which, the major electrode (activated carbon) area remains unutilized [31].



This work discusses a new strategy to improve the interfacial solid–solid contacts in supercapacitors. A small amount of polymer (with salt) is added to the electrodes to improve the electrode–solid electrolyte interface. Here we report interesting findings on Li+ ion CSPE-based all-solid-state supercapacitors whose performance is dramatically improved by adding a small amount of ion-conducting polymer (PEO-LiClO4) in high surface area (800 m2 g−1) activated carbon-based electrodes. A PEO-LiClO4 solid polymer electrolyte membrane reinforced with LATP nanoparticles is used as a solid electrolyte; it is thus ensured that the polymer (PEO) and mobile salt ions (Li+, ClO4−) maintain a continuity at the interface. This study presents a comparative investigation of ASSCs based on polymer-added and polymer-free activated carbon-based electrodes.




2. Materials and Methods


2.1. Solid Electrolyte Membrane Synthesis


Firstly, the NASICON structured Li1.3Al0.3Ti1.7(PO4)3 (LATP) was prepared by the solid-state reaction route, as discussed elsewhere [19]. Using a planetary ball mill (Fritsch-6), the LATP crystallite size was reduced to ~30 nm, as described earlier [28,29,32]. The LATP-polymer nano composite was prepared by a ball mill-assisted route [33]. Host polymer Polyethylene oxide (PEO; M.W. 300,000 g mol−1), nanocrystalline LATP, and LiClO4 were taken in a composition weight ratio of 5LiClO4_95(PEO0.6 LATP0.4) and mechanically ball milled in acetonitrile media. The obtained slurry was further dried and hot-pressed to obtain a freestanding homogeneous flexible film of thickness ~0.2 mm for ASSC fabrication. The composite membrane (with 38 wt% LATP) is hereafter abbreviated as 40LATP in the discussion.




2.2. ASSC Fabrication


For the preparation of the electrodes, activated carbon (AC; Merck) with a surface area ~800 m2 g−1, acetylene black (AB), and a binder sodium alginate (SA) were taken. The surface area and pore size of activated carbon were measured with a BET surface area analyzer (BELSORP MINI X) [28]. Various compositions were prepared using polymer SA, AB, and activated carbon. For the optimized composition, an electrode without polymer was chosen with a composition of 80AC:10SA:10AB and was abbreviated as ACE. Furthermore, for salt-polymer-added electrodes—used for comparison—the amount of activated carbon was fixed to 80 wt% and the polymer (with salt) was added to the matrix, substituting the AB and SA binder. Thus, the composition 80AC:8SA:7AB:5P—where P represents PEO0.95_(LiClO4)0.05—was synthesized and abbreviated as P-ACE.



In the electrode fabrication process, AC, AB, and SA were first thoroughly mixed in the deionized water medium. Furthermore, PEO and LiClO4 were also separately dissolved in deionized water. Both the solutions were separately stirred for ~6 h and slowly blended into each other. After stirring for ~8 h, the thick slurry was then cast on a 0.5 mm-thick graphite (current collector) sheet using the doctor blade technique [34]. These coated sheets were then annealed at 100 °C for ~12 h to evaporate the residual solvent. Electrodes of a circular shape (diameter ~15 mm) were cut and further used in the cell fabrication.



As a next step, ASSCs were fabricated by sandwiching the free-standing CSPE membrane between the as-prepared electrodes in a geometry of Cu|Electrode|CSPE|Electrode|Cu. The whole assembly was laminated using a hot-roll-laminator operating at 80 °C to establish good interfacial contacts. The fabricated ASSCs were characterized at 40 °C in a two-electrode configuration using an electrochemical workstation AUTOLAB M204. The electrochemical performance of the cells was examined by CV (Cyclic Voltammetry), GCD (Galvanostatic Charging–Discharging), and EIS (Electrochemical Impedance Spectroscopy). Prior to cell fabrication, the electrodes and electrolyte membrane were characterized using Field Emission Scanning Electron Microscopy (FESEM) using an FEI APREO S instrument.





3. Results and Discussion


Figure 1 shows the schematic diagram of the strategy adopted in the present work for establishing a smooth solid–solid interface. During the electrode fabrication process, the salt-added-polymer reached the grain interior and also occupied some of the pores of the activated carbon; it therefore acted as a coupling agent between the electrode and the CSPE membrane for ion exchange. This strategy was formulated with a conviction that the polymer existing in the electrode was likely to (i) facilitate the long-range diffusion of ions across the interface while charging–discharging, (ii) improve the effective contact area of the interface, and (iii) substantially decrease the interfacial polarization and enable mobile ions to reach to the activated carbon pores. Such a substitution is likely to improve the electrochemical performance of the supercapacitor.



The photographs of the as-prepared CSPE membrane and the ASSC fabricated using P-ACE electrodes are shown in Figure 2a,b, respectively. The electrolyte membrane is of uniform thickness and shows good flexibility.



FESEM images of the electrolyte membrane and electrodes are shown in Figure 2c–e, respectively. Embedded crystallites (LATP) of a uniform size were apparent in the polymer matrix. The distribution of activated carbon on the electrode (Figure 2d) was quite homogeneous and the pores appeared evenly distributed. Upon insertion of polymer into the electrode matrix (Figure 2e), no agglomeration/phase segregation was evident. The polymer phase was also seen to uniformly occupy the voids and spaces between the grains.



Electrochemical impedance spectroscopy (EIS) studies (0.1 mHz to 1 MHz at 40 °C) on the as-fabricated ASSCs were performed to investigate the charge storage mechanism and to estimate the device resistance. Figure 3a depicts the Nyquist Plots for ASSCs with different electrode compositions, i.e., ACE and P-ACE. The equivalent series resistance (ESR) provides information about the overall resistive contributions, viz., from the bulk of the electrolyte or from the contact and charge transfer resistance across the interface [35]. Both the cells showed very nominal charge-transfer resistance, as the diameter of the semicircle at high frequencies was quite small. The ESR, as shown in the inset (Figure 3a), was comparable for the cell with ACE electrodes.



Furthermore, the frequency dependence of the real (Z′) and imaginary (Z″) parts of impedance have been used to obtain the real and imaginary components of capacitance, i.e., (C′ =     − Z ″  ( ω )    ω    |  Z  ( ω )   |   2      )   and (C″ =      Z ′   ( ω )    ω    |  Z  ( ω )   |   2       ), respectively [36]. The C″-ω curve exhibits a relaxation peak attributed to a relaxation time   ( τ =   2 π    ω  m a x       ) for ions to cross the electrode–electrolyte interface and reach the pores of the activated carbon [37]. At this peak, the real component of the capacitance (C′) exhibits an inflection. For the cell with the ACE and P-ACE electrodes, C′ and C″ vs. frequency are plotted in Figure 3b and its inset, respectively. The cell with P-ACE exhibited a higher relaxation frequency and thus a relatively smaller relaxation time (~14 s) in comparison to that of the cell with the P-ACE electrodes (~33 s). These results strongly suggest that the polymer addition in the electrode enabled a faster relaxation process.



The cyclic voltammetry patterns of the ACE and P-ACE-based ASSCs were investigated within a potential window of 0–2 V and compared in Figure 3c. The patterns are nearly rectangular, without any peak-like features, and indicate the predominant electric double-layered nature of both the ASSCs. It is well known that the charge storage ability, and hence the capacitance, is proportional to the area enclosed by the CV pattern [38]. For the cell with the P-ACE electrodes, the box-like nature was more prominently seen with a relatively larger area under the curve. Apparently, the polymer incorporation into the electrode matrix led to a substantial improvement in the charge storage ability.



The galvanostatic charge–discharge (GCD) cycles were further studied and the performance parameters of the ASSCs were also obtained. The total capacitance of the device [36]   C =  (    I Δ t   Δ V    )    was calculated from the discharge current (I), discharge time (Δt), and discharge voltage (ΔV) without considering the IR drop. The specific capacitance    (   C S  =   4 C    m  t o t a l      )        of the electrode [39] was thus obtained. Furthermore, the specific energy    (    E =   C  (  Δ  V 2   )    7.2  m  t o t a l        )    and specific power    (    P =   3600 × E   Δ t      )    were calculated in Wh kg−1 and W kg−1 [40], respectively. Additionally, the equivalent series resistance [35]   ( E S R =    V  I R     2 I     ) of the device was again estimated from the IR voltage drop during the discharge cycle. Furthermore, the coulombic efficiency (ɛ) was calculated using the ratio of discharging to charging time during the GCD cycle [41].



Figure 4a illustrates the GCD profiles for the cells with the ACE and P-ACE electrodes at a constant current of 1mA (~1.5 Ag−1). A relatively longer discharge time was seen for the ASSCs with the P-ACE electrodes. The charge–discharge curves show an almost symmetric nature, although with a slight curvature. These suggest a predominant contribution of an electric double layer at the interface, with some possibility of a pseudo-capacitive mechanism of charge storage [42]. Evidently, the presence of polymer in the electrode matrix improved the specific capacitance (Cs) notably.



GCD curves were also obtained at different current densities, as shown in Figure 4b,c. At lower discharge currents, the GCD curves deviated from the expected triangular shape, suggestive of partial pseudo nature. For higher discharge currents, a triangular shape in the GCD profile was apparent that readily suggests the electric double-layer-type nature of the capacitance. The Cs values from the GCD curves (Figure 4b,c) obtained at different discharge current densities are plotted in Figure 4d. As can be seen, high specific capacitance values were obtained at lower current densities. Furthermore, the Cs value exhibited a gradual drop up to 4 Ag−1 and was saturated at subsequent current densities. The initial fall may be attributed to a substantial increase in the ESR value at higher currents. The Cs values corresponding to the P-ACE electrodes however saturated at a relatively higher value. The inset of Figure 4d shows the coulombic efficiency as a function of the discharge current. The efficiency was consistently higher for the ASSC with the P-ACE electrodes. Furthermore, the ESR value was found to be substantially lower for the P-ACE-based ASSCs (Figure 4e). The results accordingly suggest that the polymer at the interface (i) provides pathways for mobile ions reach to the surface and pores of the activated carbon and (ii) improves the contact area. The presence of polymer thus enables better utilization of the activated carbon surface and pores. Furthermore, the CV curves, along with EIS and GCD cycles, complement each other and suggest a typical electrostatic process of charge storage. The central mechanism of charge storage appears predominantly due to the electrosorption of mobile ions on the electrode surface due to electrostatic attraction. There is no evidence of chemical reactions at the interface in any of the above three basic measurements.



The first 500 charge–discharge cycles at 1 mA (1.5 Ag−1) and an operating voltage of 1 V are shown for the ASSCs with the ACE and P-ACE electrodes. The cycles remained truly symmetric and exhibited a high coulombic efficiency (Inset: Figure 4f,g). As shown in Figure 4f, for the cell with the P-ACE, the Cs value fell from ~78 Fg−1 to ~65 Fg−1, showing an ~83% capacity retention. In comparison, the performance of the P-ACE-based ASSC was found to be superior; it exhibited ~91% capacity retention (Figure 4g) as the capacitance dropped from a value of ~82 to 75 Fg−1 in 500 cycles.



Specific capacitance (Cs) versus cycle number is plotted in Figure 4h. The cell with the ACE electrodes exhibited a relatively low value; it remained almost constant up to ~350 cycles and then fell gradually in later cycles. On the other hand, in the case of the cell with the P-ACE electrodes, the Cs value was relatively high; it showed a subtle fluctuation up to 200 cycles and then subsequently stabilized to ~79 Fg−1 for later cycles. Possibly, due to polymer addition in the electrode matrix, it takes a few cycles for the mobile ions to form pathways for transport into the electrode matrix and the pores. A higher and stable value of Cs again suggests that the polymer in the electrode matrix enabled the active material and its pores to be more accessible to the mobile ions of the electrolyte. The specific energy for the P-ACE and ACE–based ASSCs was found to be ~12.4 Wh kg−1 and ~10.4 Wh kg−1, respectively. Furthermore, the specific power was found to be 718 W kg−1 and 697 W kg−1 for the cell with the P-ACE and ACE, respectively. The above results on all-solid-state supercapacitors are comparable to (or even higher than) some of the gel-based supercapacitors reported earlier [34,38,43].



It is interesting to compare the performance parameters of the optimized composition with the other electrode compositions reported in Table 1. As is evident, increasing polymer in the matrix (65 P-ACE and 65 ACE) leads to an increase in the ESR. A large content of polymer at the interface is thus not desired. Another composition where polymer was in a moderate amount (75 P-ACE) exhibited a good Cs value, but poor coulombic efficiency. A low content of polymer (~5 wt%) appears to be adequate for improving electrode properties.



Finally, Table 2 presents other strategies adopted for modifying electrodes/the electrode–electrolyte interface. Most of the approaches show substantial improvements in cell performance properties after engineering the electrodes. The novelty of the present work lies in the fact that it deals with a solid–solid interface that was substantially improved by introducing polymer into the electrode matrix. Thus, this is a useful approach for developing supercapacitors with solid electrolytes.




4. Conclusions and Future Perspectives


The present investigation demonstrates that the addition of a small amount of polymer into an electrode notably improves the performance of all-solid-state supercapacitors. Investigations revealed that polymer in such small amounts occupied the electrode matrix quite uniformly. Furthermore, its incorporation into the activated carbon matrix did not lead to any additional parasitic reactions and pseudo-capacitance at the interface. The electrode-electrolyte contact area improved notably, as suggested by the notably low ESR values in the GCD cycles. The charge storage time at the interface also decreased due to the presence of polymer in the electrode matrix. The study revealed that such a substitution led to a higher charge storage ability, coulombic efficiency, specific energy, and specific power; this is indeed apparent in a wide range of discharge currents.



The present study suggests that polymer addition is an efficient route for engineering electrodes—particularly when the electrolyte is a solvent-free solid polymer. In this preliminary investigation, the potential of such composite electrodes in ASSCs was demonstrated. A generalized plausible mechanism of energy storage requires more sophisticated test methods. It will also be interesting to explore redox (pseudo) solid-state supercapacitors based on polymer-dispersed electrodes. The authors are of the conviction that with a higher surface area activated carbon added with polymer, one can achieve a superior performance in ASSCs.
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Figure 1. Illustration of the solid polymer electrolyte–electrode contact with and without polymer (P)-added electrodes. Here, G, AC, and CSPE represent the graphite current collector sheet, activated carbon, and composite solid polymer electrolyte (CSPE) membrane, respectively. 
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Figure 2. (a) Photograph of the as-prepared free-standing composite solid polymer electrolyte membrane (40 LATP) used for cell fabrication (b) ASSC fabricated using a polymer-added electrode. FESEM images of the (c) electrolyte membrane, (d) Activated carbon electrode without polymer (ACE), and (e) Activated carbon electrode with polymer (P-ACE). 
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Figure 3. (a) Nyquist plots of ASSCs consisting of different electrode compositions, P-ACE and ACE with a 40LATP membrane. Inset plot on an extended scale (b) Real (C′) and imaginary (C″) part of the capacitance as a function of frequency for the ASSC with the P-ACE electrodes. Inset of (b) shows relaxation in the cell with the ACE electrodes. (c) Cyclic voltammograms recorded at 100 mV s−1 for the ASSCs with the P-ACE and ACE electrodes. Current was normalized to activated carbon amount on a single electrode for a comparison. 
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Figure 4. GCD cycles (a) for different electrode compositions, (b) for cells with P-ACE at 1.5 Ag−1, 2 V, (c) for cells with ACEs at different current densities ranging from 0.9 mA (1.34 Ag−1) to 10 mA (14.92 Ag−1). (d) The Cs variation with discharge current. Inset of (d) shows the coulombic efficiency versus current density. (e) ESR versus discharge currents. (f) GCD scans for cells and ACEs with coulombic efficiency vs cycle number in the inset. (g) GCD scans for cells with P-ACEs, coulombic efficiency vs cycle number in the inset. (h) Specific capacitance as a function of the cycle number for cells with ACE and P-ACE electrodes. 
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Table 1. Typical parameters of ASSCs with various electrode compositions, viz., specific capacitance (Cs), specific energy (E), and specific power (P), along with ESR and coulombic efficiency (ɛ).
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	CSPE

MEMBRANE

COMPOSITON
	Cs

(Fg−1)
	E

(Wh kg−1)
	P

(W kg−1)
	ESR

(Ω cm2)
	ɛ (%)





	65AC:8SA:7AB:20P

(65 P-ACE)
	96.30
	12.36
	890
	59.23
	96



	65AC:17.5SA:17.5AB

(65ACE)
	71.93
	9.06
	881
	114.01
	93



	75AC:8SA:7AB:10P

(75 P-ACE)
	99.33
	12.14
	754
	80.89
	86



	75AC:12.5SA:12.5AB

(75ACE)
	97.48
	11.92
	740
	108.13
	80



	80AC:8SA:7AB:5P

(80 P-ACE)
	100.23
	12.38
	718
	40.12
	95



	80AC:10SA:10AB

(80 ACE)
	68.48
	10.35
	697.60
	102.85
	94
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Table 2. Strategies adopted by various research groups to tailor electrode properties and interfaces.
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	Electrode Material
	Strategy Adopted
	Electrolyte Composition
	Important Outcomes





	Carbon [44]
	Plasma treatment
	1 M H2SO4
	Surface functionality, improved cycling



	Graphene CNT composite [45]
	Modification using PANI nano-cones
	1 M KCl, EMI-TFSI
	Improved specific capacitance, energy and power density



	Reduced Graphene oxide [46]
	ZnO-template assisted alkaline treatment
	1 M H2SO4
	Interconnected porous structure, high energy density and power density



	Activated carbon [47]
	Tailoring the interface by applying pressure
	KOH, NaOH, LiCl etc.
	Two orders of magnitude rise in capacitance



	PIL-RGO [48]
	Incorporation of polymer ionic liquid
	EMIM NTF2
	Enhancement in power density, energy density, and specific capacitance



	Activated carbon [8]
	Natural cellulose as a binder
	1 M Et4NBF4, PYR14TFSI, Na2SO4
	Improved thermal and cycling stability



	Carbon Cloth [10]
	Incorporation of graphene quantum dots
	1 M H2SO4, PVA/H2SO4
	Enhanced flexibility and electrochemical stability window



	Carbon Fiber Paper [49]
	Deposition of polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) over carbon fiber paper
	0.01 M of EDOT and 0.1 M LiClO4 in acetonitrile, gel polymer electrolyte
	Good capacitive performance and specific energy. Improved electrochemical performance



	Mesoporous carbon [50]
	Hollow ordered mesoporous carbon materials by self-assembling Resol F12 micelles on MOF nanoplate
	6 M KOH
	Improved capacitive properties and shortened diffusion pathways provide smooth channels to facilitate ion transport



	Carbon [11]
	Coating dielectric film using atomic layer deposition technique
	1 M MeEt3NBF4/AN organic electrolyte
	83% capacity retention at 0.5 Ag−1 at 3.5 V after 20,000 cycles, high energy density



	Activated carbon [13]
	Heterostructure FeS2/TiO2
	NaClO4 ester-based solution
	Improved cycling stability, rate capability, and reduction in diffusion energy barrier, leading to rapid Na+ transport



	Activated carbon [51]
	VS4-CNT
	Ether based electrolyte
	Strong interfacial coupling leading to conducting solid electrolyte film at the interface, leading to elevated electrochemical performance



	Graphene [12]
	Addition of polypyrrole (PPy)
	PVA/H3PO4 gel
	High flexibility, stretchability, and excellent electrochemical performance.



	Activated Carbon (present work)
	Addition of polymer in the electrode
	40 LATP (CSPE)
	Improved specific capacitance and cycling, specific energy, and power density reduction in ESR.
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