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Abstract

:

Composite materials in electrodes for energy storage devices can combine different materials of high energy density, in terms of high specific surface area and pseudocapacitance, with materials of high power density, in terms of high electrical conductivity and features lowering the contact resistance between electrode and current collector. The present study investigates composite coatings as electrodes for supercapacitors with organic electrolyte 1.5 M TEABF4 in acetonitrile. The composite coatings contain high surface area activated carbon (AC) with only 0.15 wt% multiwall carbon nanotubes (MWCNTs) which, dispersed to their percolation limit, offer high conductivity. The focus of the investigations is on the decoration of MWCNTs with silver nanoparticles, where smaller Ag crystallites of 16.7 nm grew on carboxylic group-functionalized MWCNTs, MWCNT–COOH, against 27–32 nm Ag crystallites grown on unfunctionalized MWCNTs. All Ag-decorated MWCNTs eliminate the contact resistance between the composite electrode and the current collector that exists when undecorated MWCNTs are used in the composite electrodes. Ag-decorated MWCNT–COOH tripled the power density and Ag-decorated MWCNT additive doubled the power density and increased the maximum energy density by 6%, due to pseudocapacitance of Ag, compared to composite electrodes with undecorated MWCNTs.
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1. Introduction


The theory of composite materials has infiltrated the energy storage devices, in the form of composite supercapacitor [1] and hybrid battery–supercapacitor devices [2,3]. Such devices contain composite electrodes and common electrolyte, where the composite electrode consists of materials with different properties that are mixed together or occupying different areas of the current collector, in which case they represent an in-parallel connection, or they are layered sequentially, in which case they represent an in-series connection. The current study focusses on electrode materials mixed together, in which case they experience a common potential as expected from the in-parallel connection with the current collector, with the electric current splitting between the two types of materials. For example, the design of a composite supercapacitor with composite electrodes targets a mixture of high power density materials and high energy density materials for the electrodes, with their composition designed so that the composite device offers a power-to-energy ratio as per the specification of a certain application [1].



Structural energy storage devices also target the structural performance of an assembly of composite materials by including the phase of a solid electrolyte possibly in epoxy matrix combined with a fibrous or coating-type porous electrode and a glass fiber separator [4,5,6,7]. Such devices may be fabricated using traditional composite manufacturing techniques, such as resin transfer molding (RTM) [8,9,10], vacuum-assisted RTM [11] or even structural reaction injection molding (SRIM) [12,13]. In terms of performance in energy storage, given the low ion diffusivity of the solid electrolyte, such materials exhibit high resistance to ion transport [14,15], ultimately also limiting their specific capacitance as the ions cannot reach the electrode walls within the available timescales. Reece et al. [16] designed a sulfur-crosslinked composite material to be used in the form of electrode coatings with some good mechanical properties to provide a solid supercapacitor, although of not very high modulus. In their study, the composite electrodes consisted of graphene as the main provider of high capacitance, carbon black and, in some cases, carbon nanotubes as high electrical conductivity additives, with the latter also improving mechanical performance and toughness, and sulfur which was used for crosslinking the graphene nanoplatelets and also offered a certain degree of pseudocapacitance contributing to the energy density.



High capacitance in electrochemical double layer capacitors (EDLCs) is provided by porous materials of large specific surface area, such as activated carbon (AC) [17], graphene and graphene oxide [18,19,20,21,22]. Carbon black [23,24] and multiwall carbon nanotubes (MWCNTs) [25,26,27,28] are commonly used to increase the electrical conductivity of composite coatings in supercapacitors [23,25,26,28] and batteries [24] or in composite interlayers between the electrode and current collector [29,30]. Furthermore, carbon nanotubes may be further functionalized to become compatible with the electrolyte solvent, such as –COOH functionalized MWCNTs to become hydrophilic for aqueous electrolytes [31] or compatible with polar electrolyte solvents such as acetonitrile [32] or patterned [33] to be compatible with the polymer binder used in the electrode coating, such as gelatin, polyvinyl alcohol (PVA) or PEDOT:PSS.



Certain materials have both high conductivity and offer pseudocapacitance, and as such they may increase both power and energy density, respectively. However, in order for the ions to be able to ingress in the material, such material needs to be thin or highly porous. For this reason, only a small amount of pseudocapacitive materials is typically used in composite electrodes. PEDOT:PSS is a conductive polymer [34,35] that when used as a binder has demonstrated pseudocapacitance contributions even in organic electrolytes [36]. Transition metal oxides, carbides and sulfides [37] also exhibit pseudocapacitance and some of them also enhance conductivity in composite electrodes to a certain extent, such as iron carbide [38]; however, it is difficult to homogeneously functionalize or decorate the main AC or graphene material with such compounds, as they tend to agglomerate.



Silver-decorated single wall carbon nanotubes (Ag-SWCNTs) exhibited Faradaic-type pseudocapacitance [37,39] in EDLCs with PVA/H3PO4 polymer electrolyte. Given also the high conductivity of silver pastes, the present study explores the decoration of conductive MWCNTs with Ag nanoparticles, and the addition of this highly conductive material to AC coatings to be tried as composite electrodes in EDLCs, where the high AC surface area provides the capacitance, possibly enhanced by any pseudocapacitance of Ag nanoparticles, while the Ag-decorated MWCNTs aim to raise the electrical conductivity in the EDLC. Given that aqueous electrolytes have a limited maximum voltage of 1.1 V, the organic electrolyte 1.5 M TEABF4 (tetraethylammonium tetrafluoroborate) in acetonitrile is employed in this study as it may reach 2.7 V, suitable for supercapacitor applications in electric vehicles or the grid, where such EDLC may be combined in a battery–supercapacitor system. Ag decoration is investigated in two types of MWCNT material: unfunctionalized MWCNTs and MWCNTs functionalized with carboxylic groups (MWCNT–COOH).




2. Materials and Methods


2.1. Decoration of Modified and Non-Modified MWCNT with Ag Nanoparticles Using NaBH4


Two types of carbon nanotubes were used:



(i) Multiwall carbon nanotubes (MWCNTs) purchased from Timesnano (Chengdu, China), with outer diameter 10–20 nm, length 10–30 μm, ash <1.5 wt%, purity >95%, specific surface area 200 m2/g and electrical conductivity >100 S/cm; these MWCNTs were of hydrophobic type with no –OH and –COOH groups detected in XPS (X-ray photoelectron spectroscopy).



(ii) Multiwall carbon nanotubes with –COOH functional groups (MWCNT–COOH) purchased from Cheaptubes (Cambridgeport, VT, USA), with outer diameter 5–15 nm, length 10–30 μm, ash <1.5 wt%, –COOH functional content 3.86 wt% (specified by the manufacturer as determined by XPS and titration), total oxygen content of 6.6 wt% (specified by the manufacturer as determined by XPS), purity >95%, specific surface area 300 m2/g and electrical conductivity >100 S/cm.



Also, N,N-dimethylformamide (DMF) of 99.9% purity from Merck (Darmstadt, Germany), silver nitrate (AgNO3) of 99% purity from PanReac (Barcelona, Spain) and sodium borohydride (NaBH4) of 96% purity from Merck were used as received without pre-treatment.



Non-modified MWCNT powder (0.500 g) was placed into a beaker containing 30 mL DMF and the mixture was sonicated in a bath for 1 h. In a separate beaker, a certain amount (Table 1) of AgNO3 was mixed with 15 mL DMF and stirred in darkness for 5 min. The above solution was added dropwise to the MWCNT dispersion and the system was sonicated in darkness for 1 h. A solution of reductive agent NaBH4 was prepared by addition of corresponding amount of NaBH4 (in molar ratio 9:1 of NaBH4:AgNO3, or in mass quantities as presented in Table 1) to 20 mL distilled water and stirring for 5 min. The solution was slowly added to the MWCNT–AgNO3 suspension and the mixture was heated in water bath for 1 h. The solid material was separated from the solvent by centrifugation, washed repeatedly with distilled water and dried at 60 °C overnight. The above procedure was also applied for the decoration of modified MWCNT–COOH with Ag nanoparticles.




2.2. Electrode Fabrication and Supercapacitor Cell Assembly


Composite electrode coatings consisted of activated carbon (AC) (AC Norit A from Sigma Aldrich, Dorset, UK, of nominal BET (Brunauer, Emmett and Teller) surface area of 1000 m2·g−1), 0.15 wt% MWCNT undecorated or Ag-decorated (as produced in Section 2.1), and 5 wt% PVDF (polyvinylidene fluoride, mol wt = 534,000, from Sigma Aldrich, UK). The powders were dispersed as per [25]: briefly, the carbon nanotubes (functionalized or otherwise) were dispersed in NMP (l-methyl-2-pyrrolidinone) by sonication in a sonication water bath for 30 min and then by mixing at 15,000 rpm in a Wiggenhauser homogenizer for 1 h; the resulting mixture was added into a beaker containing a mixture of AC powder in PVDF binder–NMP solution and the overall mixture was stirred with a magnetic stirrer for 3 h. The produced slurry was used to manufacture coatings on aluminium foil, used as current collector, via the doctor blade technique; the coatings had an areal density of 10.5–11.5 mg·cm−2. EDLCs of 2 cm2 were fabricated with NKK TF4060 paper separator and electrolyte 1.5 M TEABF4 in acetonitrile (AN).




2.3. Material Characterization and Cell Testing


The produced Ag-decorated MWCNT samples, as well as the original MWCNT powders, were characterized via X-ray diffraction using a Siemens D500 X-Ray diffractometer. The produced composite coatings were examined by atomic force microscopy (AFM) in tapping mode using a Bruker AFM microscope and by high resolution scanning microscopy (SEM) using a JEOL JSM-7100F instrument (Tokyo, Japan). The produced coatings as well as the original AC and MWCNT powders were characterized in nitrogen gas adsorption tests at 77 K and in the pressure range of 0.001–800 Torr, using a Beckman Coulter SA 3100 Instrument (Los Angeles, CA, USA). The data were analyzed using the instrument’s commercial software to derive the BET specific surface area and the pore size distribution according to the BJH method [40].



The fabricated EDLC cells were subjected to the following electrochemical tests. Electrochemical impedance spectroscopy (EIS) involved testing at a frequency scan in the range of 0.1 to 106 Hz. The data were plotted in a Nyquist plot of imaginary impedance, Zim, versus real impedance, Zreal, (Zreal is the resistance) from the highest to the lowest frequency point. Cyclic voltammetry (CV) tests involved cycles of charge–discharge at a constant scan rate, r, i.e., voltage increase or decrease rate (in V/s), respectively; electric current, I, measurements were then obtained, from which the specific electrode capacitance, Cel,sp, was calculated from Equation (1), where mel is the mass of one electrode in the EDLC:


   C  e l , s p   =   2 I    m  e l   r   .  



(1)







Galvanostatic charge–discharge (GCD) tests involved charge–discharge at a constant current, while the voltage was measured during the test. The charge/discharge time (h), t, data were translated into the specific charge capacity (mAh/g), Csp, data for the whole EDLC cell according to Equation (2):


   c  s p   =   I t   2  m  e l     .  



(2)







From the discharge curve of the GCD tests, the energy was calculated as the integral: I∫Vdt and the power was calculated as the integral I∫dV, both over the discharge duration; these values were then divided by the total mass of both electrodes of the cell to determine energy density and power density. Repeating this for all the GCD tests at all tested currents yielded the Ragone plot of energy density versus power density.





3. Results


3.1. Characterization of the Composite Electrodes


Figure 1 displays the X-ray diffraction (XRD) patterns of the samples prepared as in Table 1 as well as the undecorated MWCNT and MWCNT–COOH samples. The XRD patterns exhibit three strong Bragg reflections corresponding to the 111, 200 and 220 planes for Ag. From the Ag peaks intensity the Ag content is estimated in Table 2, linearly increasing as the mass of AgNO3 was increased during the preparation. Employing the Debye–Scherrer formula, an average Ag crystallite size was estimated (Table 2) in the range of 27–32 nm in the Ag-MWCNT samples (slightly increasing with the Ag content) but was much smaller, 16.7 nm, in the Ag1-MWCNT–COOH sample (compared to 27.1 nm in the corresponding Ag1-MWCNT sample).



Figure 2 presents AFM images of coatings with the four different types of Ag-decorated MWCNTs. The silver nanoparticles are clearly visible, closely packed. Their size reflects the data in Table 2 and, in particular, the small size of Ag nanoparticles on the MWCNT–COOH material and the larger gaps between the Ag nanoparticles in this material compared to the other three coatings are evident. Figure 3 presents examples of SEM images of composite coatings where good dispersion of the nanotubes can be seen as well as pores of the AC particles at macro- and meso-scale. Micropores (below 2 nm size) cannot be seen at the scale of the SEM images.



Figure 4 displays the pore size distribution of the different types of composite coatings and the initial materials. From the BET values reported in the caption of Figure 4 it can be seen that the coating has less specific surface area than the AC powder due to the PVDF binder blocking some of the pores in the full pore size range (macro-, meso-, micropores). The Ag decoration of MWCNTs increases the MWCNT diameter and reduces the coating BET by about 5%. Decoration with small Ag nanoparticles in the case of Ag1-MWCNT–COOH further reduces the coating BET by 10% overall, due to the close packing of MWCNTs and blocking of AC pores.




3.2. Results of the Electrochemical Testing of Supercapacitor Cells


Figure 5 displays the EIS data in Nyquist plots for the tested EDLCs with different types of composite electrode coatings. A contact resistance of about 0.5 Ω can be observed between the AC + 0.15 wt% MWCNT coating electrode and the current collector (aluminium foil), which is determined from the diameter of the semi-circle in Figure 5b between the first intercept point and the almost second intercept point of the Zreal axis with the Nyquist curve. There is no contact resistance for the other composite electrode coatings with Ag-decorated MWCNTs. In fact, the higher the content of Ag on the nanotubes is, the smaller the cell resistance is, with the Ag3-MWCNT coating exhibiting the lowest resistance.



Figure 6 presents the CV plots at two different scan rates: 0.01 and 1 V·s−1. The highest specific capacitance is observed at the lowest scan rate, as expected, given that at slow charge–discharge rates the ions have the opportunity to access the smallest micropores that offer the greater surface area for the charge to accumulate. It is noticed that the MWCNT decoration with high percent of Ag nanoparticles offers lower capacitance at the low scan rates, which might be attributed to some extent to the reduction of the BET surface area. However, the Ag1-MWCNT and, to some extent, the Ag1-MWCNT–COOH composite electrodes maintain high capacitance despite the greater BET reduction than in Ag2-MWCNT and Ag3-MWCNT. One may speculate that the small degree of pseudocapacitance due to the Ag nanoparticles may have overcome the effect of BET reduction. At the higher scan rate, the Ag1-MWCNT–COOH composite electrode clearly offers the highest specific capacitance.



These findings are replicated also by the galvanostatic charge–discharge data, where Figure 7 clearly shows higher specific capacity during charge for the Ag1-MWCNT–COOH composite electrode due to pseudocapacitance. The galvanostatic discharge data at different currents have been used to derive the Ragone plot in Figure 8 for EDLCs with different types of composite electrode coatings. While the Ag1-MWCNT–COOH composite electrodes-based EDLC has similar energy density as the undecorated MWCNT composite electrodes-based EDLC at low power densities, the former retains a good energy density to higher power densities, 6 Wh·kg−1 at 10 kW·kg−1, against 5.9 Wh·kg−1 at 3.3 kW·kg−1 for the latter.





4. Discussion


Taking into account the quantities of reagents in Table 1 and the composition of the Ag-decorated MWCNTs in Table 2, it seems that the Ag decoration process had a yield of 72.3–73.7% for the Ag-decorated unfunctionalized MWCNTs and 85.6% for the Ag1-MWCNT–COOH, with respect to Ag. Of course, any unused Ag material may be recycled in a future process scale-up. The same group has produced Ag-rGO (Ag-decorated reduced graphene oxide) [41] with similar Ag crystallite sizes, 21–33 nm, as the Ag-MWCNT materials in Table 2 in this study, but there was only 0.1–1 wt% Ag in the Ag-rGO material, much lower than 8.5–22 wt% in the Ag-MWCNT materials of this study. It is clear in Table 2 that the Ag1-MWCNT–COOH material contains Ag nanoparticles of much smaller size, 16.7 nm, than the Ag-MWCNT materials (27.1–31.8 nm). It is believed that the –COOH functional groups on the MWCNTs act as anchoring sites for the Ag+ ions before their reduction, thus facilitating the better dispersion of nanocrystals and the avoidance of agglomeration.



Compared to other studies in the literature, Shi et al. [42] seem to have achieved similar Ag nanoparticle size in the decoration of carbon nanotubes of about 50 nm diameter whereas Wee et al. [39] managed to achieve a range of smaller Ag nanoparticles, 1–13 nm, in Ag-decorated SWCNTs. Wee et al. [39] also fabricated supercapacitor cells with electrolyte H3PO4/PVA (polyvinyl alcohol) and tested these cells: their single point data for their various cells placed on a Ragone plot, shown also in Figure 8 in comparison to the results of this study, demonstrate a low performance SWCNT-based cell at 1.5 Wh·kg−1 and 2.75 kW·kg−1; their best cell with 1 nm Ag-decorated SWCNTs had double the energy density of the SWCNT-based cell, demonstrating the effect of the pseudocapacitance of Ag nanoparticles, but slightly lower power density than the SWCNT-based cell. The large pseudocapacitance effect in the energy density value in [39] might be attributed to the fact that the whole SWCNT electrode material was decorated with Ag nanoparticles. In comparison, the composite coating in the present study contains only 0.15 wt% MWCNTs which are decorated with Ag nanoparticles, the rest of the coating consists of high specific capacitance AC material which results in much higher energy density for the AC + 0.15 wt% MWCNT coating-based cell in Figure 8 than the cells in [39]; the small rise of 6% in the energy density due to the pseudocapacitance of Ag1-MWCNTs for the AC + 0.15 wt% Ag1-MWCNT coating-based cell in Figure 8 is then understandable, given the small amount of MWCNT material in the electrode coating overall.



The Nyquist plots from the EIS data in Figure 5 show that composite electrodes containing the highly conductive MWCNT additive have still a contact resistance of 1 Ω·cm2 (0.5 Ω for an EDLC of 2 cm2 in Figure 2). The major benefit of Ag-decorated MWCNTs in this study is that the contact resistance is eliminated, while the conductivity in the EDLC increases as the Ag content is increased.



The slow scan rate CV plot (Figure 6a) shows that the Ag2-MWCNT and Ag3-MWCNT composite electrodes reduce the specific capacitance, which might be attributed to some extent to the reduction of the BET surface area. However, the Ag1-MWCNT and Ag1-MWCNT–COOH composite electrodes maintain higher capacitance, despite the greater BET reduction, than in Ag2-MWCNT and Ag3-MWCNT composite coatings. The Ag1-MWCNT, and to a smaller degree, the Ag1-MWCNT–COOH composite coating-based EDLC display small CV bumps in the range of 1.3–1.9 V during charge and 1.05–1.7 V during discharge indicating surface redox [37] for both EDLCs and some intercalation with partial redox [37] for the Ag1-MWCNT composite coating-based EDLC. Hence, the increased specific electrode capacitance at these points may be attributed to the pseudocapacitance due to the Ag nanoparticles that has also overcome the effect of BET reduction. The pseudocapacitance effect is more prominent for the Ag1-MWCNT composite electrode, which exhibits a mid-voltage (at 1.35 V) specific electrode capacitance of 71.4 F·g−1 during charge and 69.1 F·g−1 in discharge, against 65.6 F·g−1 and 63.3 F·g−1, respectively, for the undecorated MWCNT composite electrode. In similar studies but with a PVA/H3PO4 electrolyte, Wee et al. [39] observed that 1 nm Ag particles in Ag-SWCNT electrodes created large reversible Faradaic redox effects in the range of 0.1–0.3 V during charge and close to 0 V in discharge. Apart from the small Ag particle size in [39], it must also be considered that the small H+ ions in the aqueous H3PO4 electrolyte in [39] diffuse much faster than the large TEA+ ions of the organic electrolyte in this study, hence the pseudocapacitance effect may be larger in [39]. The main effect is of course that the electrode in [39] is fully SWCNT-based, so all coating material is decorated with Ag nanoparticles, where in the present study MWCNTs comprise only 0.15 wt% of the whole composite electrode coating.



Clearly, the Ag1-MWCNT–COOH composite electrode maintains higher specific capacitance at the high scan rate CV (Figure 6b) which is attributed to the fact that with the elimination of the contact resistance between the electrode coating and the current collector foil (as in any case for all Ag-decorated MWCNT composite coatings), the electrolyte ions can freely travel and reach more smaller pores in the Ag1-MWCNT–COOH electrode due to the large number of mesopores forming because of the large gaps between the small Ag nanoparticles of the Ag1-MWCNT–COOH electrode (Figure 2). As a result, the whole Ragone plot of the Ag1-MWCNT–COOH composite electrode-based EDLC is shifted to higher power densities in Figure 8, which represents a 190% increase of the power density for this EDLC compared to the undecorated MWCNT composite electrode-based EDLC. The Ag1-MWCNT composite electrode-based EDLC, with similar Ag content but larger Ag nanoparticles than Ag1-MWCNT–COOH, contributes a 105% increase in the power density compared to the undecorated MWCNT composite electrode-based EDLC and also a 6% increase in energy density at slow rates of discharge due to pseudocapacitance contributions.



In terms of cost, the composite coatings contain only 0.15 wt% MWCNT and only 0.015 wt% Ag materials. Where needed, the supercapacitor materials can be recycled according to established procedures [43] of disassembling the cell, washing the components, dissolving the polymer binder [44,45] and separating the solid AC, MWCNT and Ag particles via dielectrophoresis [46].




5. Conclusions


Novel composite electrodes were manufactured and investigated in this study, containing high surface area activated carbon and Ag-decorated MWCNTs. The decoration procedure involved MWCNT powder and AgNO3 as the initial materials and reductive agent NaBH4 for the reduction of Ag+ to zero-valent Ag nanoparticles. It was found that carboxylic group functionalized MWCNTs (MWCNT–COOH) were decorated with smaller Ag nanoparticles of 16.7 nm, also leaving interparticle gaps. The decoration of unfunctionalized MWCNTs yielded densely packed Ag nanoparticles of 27–32 nm, with the particle size increasing linearly against Ag content. The novel composite electrodes were used in the fabrication of EDLCs with organic electrolyte 1.5 M TEABF4/AN. The Ag-decorated MWCNTs eliminated the contact resistance between electrode and current collector that existed when undecorated MWCNTs were used in the composite electrodes. Compared to the undecorated MWCNT-containing composite electrodes, Ag decoration of the MWCNTs in the composite electrodes tripled and doubled the power density for the Ag1-MWCNT–COOH and the Ag1-MWCNT composite electrodes, respectively. Furthermore, the contributions of pseudocapacitance raised the energy density by 6% (to 15.9 Wh·kg−1) in the EDLCs with the Ag1-MWCNT composite electrodes. The benefits of optimized composite electrodes are apparent when the results are compared to EDLCs with the corresponding AC-only coating electrode in the study by Markoulidis et al. [25] with their test data interpolated to the same potential range of 0–2.7 V as in this study: whereas the AC coating-based EDLCs presented an electrode capacitance of 50 F·g−1 and energy density of 12.2 Wh·kg−1, the corresponding data in the current study are 69.1 F·g−1 and 15.9 Wh·kg−1 for the Ag1-MWCNT composite electrode-based EDLCs and 63.3 F·g−1 and 14.9 Wh·kg−1 for the Ag1-MWCNT–COOH composite electrode-based EDLCs. Furthermore, it is remarkable that the superior composite electrodes of this study contain only 0.15 wt% MWCNT and 0.015 wt% Ag.
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Figure 1. X-ray diffraction patterns of (a) undecorated MWCNT and Ag1-MWCNT, Ag2-MWCNT and Ag3-MWCNT; (b) undecorated MWCNT–COOH and Ag1-MWCNT–COOH. 
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Figure 2. AFM adhesion force maps for composite coatings with different types of Ag-decorated MWCNTs. In all cases, image width scale = 1 um. 
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Figure 3. HR-SEM images of a composite coating from this study at different magnifications; scale bar = 100 nm. 
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Figure 4. Pore size distribution of initial materials and composite coatings. The derived BET specific surface area values are as follows: AC powder: 926 m2·g−1; MWCNT powder: 145 m2·g−1; AC + 0.15 wt% MWCNT + 5 wt% PVDF coating: 707 m2·g−1; AC + 0.15 wt% Ag3-MWCNT + 5 wt% PVDF: 672 m2·g−1; 0.15 wt% Ag2-MWCNT + 5 wt% PVDF: 676 m2·g−1; 0.15 wt% Ag1-MWCNT + 5 wt% PVDF: 646 m2·g−1; 0.15 wt% Ag1-MWCNT–COOH + 5 wt% PVDF: 638 m2·g−1. 
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Figure 5. Electrochemical impedance spectroscopy results for the tested electrochemical double layer capacitors (EDLCs) with different types of composite electrode coatings: (a) the full Nyquist plot; (b) magnified scales near the axes origin. 
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Figure 6. Cyclic voltammetry results for EDLCs with different types of composite electrode coatings: (a) at 0.01 V·s−1; (b) at 1 V·s−1. The vertical axis is specific electrode capacitance, representing the capacitance (F) of a half cell per mass (g) of one composite electrode. Average Cel,sp values from integration over a whole CV cycle at 0.01 V·s−1 (Figure 6a) ± standard error from two tested sample cells in each case: AC + 0.15 wt% MWCNT + 5 wt% PVDF coating: 63.92 ± 0.03 F·g−1; AC + 0.15 wt% Ag1-MWCNT + 5 wt% PVDF: 65.91 ± 0.03 F·g−1; 0.15 wt% Ag2-MWCNT + 5 wt% PVDF: 51.69 ± 0.03 F·g−1; 0.15 wt% Ag3-MWCNT + 5 wt% PVDF: 53.82 ± 0.03 F·g−1; 0.15 wt% Ag1-MWCNT–COOH + 5 wt% PVDF: 63.88 ± 0.03 F·g−1. 
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Figure 7. Galvanostatic charge–discharge results for EDLCs with composite electrodes containing (a) 0.15 wt% MWCNT; (b) 0.15 wt% Ag1-MWCNT–COOH. The capacity values represent charge (mAh) per total mass (g) of the two composite electrodes in the EDLC cell. 
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Figure 8. Ragone plot for EDLCs with different types of composite electrode coatings, created from the results of galvanostatic discharge at different currents in the range of 0–2.7 V. The energy density and power density values are per total mass (kg) of the two composite electrodes in the EDLC cell. Also shown is a comparison with experimental data from a study by Wee et al. [39]. 
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Table 1. Quantities of reagents and nomination of the Ag-decorated multiwall carbon nanotubes (MWCNT) samples.
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	Sample Name
	Quantity AgNO3

(g)
	Quantity MWCNT

(g)
	Quantity NaBH4

(g)





	Ag1-MWCNT
	0.100
	0.5
	0.200



	Ag2-MWCNT
	0.200
	0.5
	0.400



	Ag3-MWCNT
	0.300
	0.5
	0.600



	Ag1-MWCNT–COOH
	0.100
	0.5
	0.200
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Table 2. Weight content of the Ag and average size of the Ag particles calculated from XRD measurements.
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	Sample Name
	Ag Content (wt%)
	Ag Particle Size (nm)





	Ag1-MWCNT
	8.5
	27.1



	Ag2-MWCNT
	15.5
	28.7



	Ag3-MWCNT
	21.9
	31.8



	Ag1-MWCNT–COOH
	9.8
	16.7
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