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Abstract

:

There are several advantages to developing electrochemical double-layer capacitors (EDLC) or supercapacitors with high specific energy densities, for example, these can be used in applications related to quality power generation, voltage stabilization, and frequency regulation. In this regard, ionic liquids capable of providing a higher voltage window of operations compared to an aqueous and/or polymer electrolyte can significantly enhance the specific energy densities of EDLCs. Here we demonstrate that EDLCs fabricated using ionic liquid 1-butyl-1-methylpyrrolidinium tris (pentafluoroethyl) trifluorophosphate (BMP-FAP) as an electrolyte and few layer liquid-phase exfoliated graphene as electrodes show remarkable performance compared to EDLC devices fabricated with aqueous potassium hydroxide (6M) as well as widely used ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6). We found that graphene EDLC’s with BMP-FAP as an electrolyte possess a high specific energy density of ≈25 Wh/kg along with specific capacitance values as high as 200 F/g and having an operating voltage windows of >5 volts with a rapid charge transfer response. These findings strongly indicate the suitability of BMP-FAP as a good choice of electrolyte for high energy density EDLC devices.
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1. Introduction


The ever-increasing energy storage needs of the world have presented a complex puzzle for energy scientists of all types. The large amount of energy desired to be stored in order to keep up with “dead zones” within the varied energy production methods (e.g., at night for solar energy) would suggest batteries as an ideal local component for the storage. They, however, cannot always meet the power demands of the energy sources. The power variance of the energy sources suggests a device with a large capability for handling high power output would be necessary, such as a capacitor. However, capacitors do not meet the stringent energy requirements of alternative energy as they would too quickly reach capacity. Clearly, it is imperative that a device capably handles both high energy and high-power output [1,2,3,4]; however, that is still not enough. In order to keep lifetime maintenance costs down and remain competitive, the device in question must be able to survive unmaintained for thousands if not tens of thousands or more full cycles. Electrochemical double-layer capacitors (aka EDLC/supercapacitor/ultracapacitor), composed of two electrodes separated by a porous membrane and soaked in an electrolyte sandwiched between current collectors, exhibit strong performance in all of these aspects [2]. Their range of energy densities typically outperforms traditional capacitors by 1–2 orders of magnitude. At the same time, their range of power densities outperforms batteries by 1–2 orders of magnitude [5]. Additionally, a vast majority of EDLC devices tested exhibit extraordinary lifecycles, where typically 80% or greater maximum capacitive behavior is retained even after tens of thousands of cycles or more. These behaviors perfectly place them in an ideal position to manage a vast variety of devices powered through alternative energy means, and to continue doing so without outside intervention or maintenance for extended periods of time [1,2,3,4].



In the recent past carbon-based materials [6], 2-D nanomaterials [7,8], conductive metal organic frameworks (MOFs) [9], as well as redox-active polymers [10], have been investigated as electrical energy storage systems/EDLCs. Among them, carbon-based materials (carbon nanotubes [2,11,12,13,14], graphene [15,16,17,18,19,20,21], activated carbon [2,5,22], hybrid structures [23,24,25], etc.) are preferred electrode materials for EDLC devices due to their high conductivity, low reactivity and extremely high specific surface area [2]. Past studies have shown that several electrolytes, for example, aqueous, polymer and ionic liquid electrolytes are suitable for carbon-based EDLC devices. However, an inherent technological bottleneck in carbon-based ELDC devices fabricated with aqueous, polymer and widely used ionic liquids, for example, 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM)(PF6) electrolyte is in their limited operating voltage windows, which leads to low energy densities. The choice of electrolyte to be used in EDLCs, therefore, is crucial since the nature of the electrolyte can substantially enhance the performance of these devices.



In the choice of electrolyte lies a myriad of questions, each with different optimal answers. A balance must be struck between operating temperature, operating potential, electrochemical stability, conductivity, viscosity and ion size. Ionic liquids have become the preferred electrolyte due in no small part to their much wider operating potential windows and chemical stability [20,21]. This wider operating potential allows for the devices prepared from these samples to be used in a much more varied range of applications. Due to the issue of electrolysis with aqueous solutions, most are limited in range to 1 V. 1-Butyl-1-methylpyrrolidinium tris (pentafluoroethyl) trifluorophosphate (BMP-FAP) is a particularly good choice with its far wider 6.6–6.8 V window [26,27]. It will be discussed later that this full window is not entirely available for completely reversible charging and discharging, but it will be shown that even if a portion of this window is used, the devices will outperform standard aqueous electrolyte devices by a significant margin. BMP-FAP is also ideal in its chemical stability with smaller Faradaic peaks potentially being associated with impurities, rather than the breakdown of the electrolyte itself [26]. In contrast to aqueous electrolytes, the temperature stability of BMP-FAP allows for use within a wider range of temperatures, approximately −50 °C to ≈250–277 °C [26,27]. This widening of the allowable circumstances presents a strong argument for their use in extreme applications, such as military, space, and explorative research.



The liquid-phase exfoliation method in particular is ideal for exploratory testing of varying parameters such as this in devices as the production methods are quick and simple and produce consistent, few-layer dispersions of similarly-sized flakes. From this stage, the devices could be further improved through the use of functionalized materials, heterostructures or composite materials as electrodes. Here we demonstrate, that EDLCs fabricated using ionic liquid BMP-FAP as an electrolyte and few-layer liquid-phase exfoliated graphene (LPEG) as electrodes show remarkable performance compared to EDLC devices fabricated with aqueous 6 M potassium hydroxide (KOH), as well as widely used ionic liquid BMIM-PF6. Our results indicate that simple LPEG EDLCs utilizing BMP-FAP show an energy density of ≈25 Wh/kg which is on par with aqueous results for more complex electrode materials [28,29], while demonstrating power densities as much as 2 to nearly 5 times higher.




2. Materials and Methods


2.1. Structural Characterizations


The graphene samples for preparing the EDLC electrodes were obtained using a liquid-phase exfoliation technique, described in detail in the Supplementary Materials. In Figure 1, typical structural and spectroscopic characterization of the LPEG is shown. In Figure 1a, a digital image of a well-dispersed vial of LPEG in isopropyl alcohol (IPA) is shown. Figure 1b shows a typical transmission electron microscopy (TEM) image of a collection of few-layer graphene flakes. In Figure 1c, an atomic force microscopy (AFM) image of a thin film of the LPEG flakes (prepared on SiO2 wafers via spin-coating) is shown. Detailed scans of various portions of this film showed that the flake step heights ranged from ≈2.7 nm to ≈5.2 nm (Figure 1d), which correspond approximately to ≈8–15 layers of graphene flakes assuming the van der Waals separation to be ≈0.335 nm for graphite [30]. This correlates well with the high resolution-transmission electron microscopy (HR-TEM) data in Figure 1f,g where 7 and 15 layers can be clearly identified. In Figure 1e, Raman measurement performed on films of LPEG is shown. Raman spectra serves as a useful tool for analyzing different carbon-based materials and can give significant insights about the quality of the samples. Samples for Raman measurements were also prepared using a spin-coating method onto SiO2 wafers. Raman measurements were performed using 12 mW laser power at 532 nm, with five scans of 60 s being averaged for the LPEG samples. The D peak at 1356 cm−1 corresponding to the defect band of graphite, as well as a strong graphitic (E2g) G peak at 1578 cm−1, was observed in the LPEG samples. Additionally, a D’ peak at 1620 cm−1 was also observed in the LPEG samples (Note: this peak was absent in the un-exfoliated graphite powder, data not shown) perhaps due to edge defects generated by the sonication process used for exfoliation [31].




2.2. Electrochemical Characterizations


In order to characterize the electrochemical behavior of the sample produced, the samples were diluted to one-fourth of the concentration and vacuum-filtrated through a porous Teflon membrane filter (0.1 μm). The coated filter was then heated at 60 °C for fifteen minutes in order to evaporate any remaining IPA. The filter was weighed before and after the coating process in order to determine the weight of LPEG deposited. These filters were used for fabricating the EDLC electrodes. To prepare an EDLC using the filter, two square pieces of nearly equal size were cut from the filter containing LPEG samples to act as the electrode material. These two electrodes were separated with a larger square of filter paper, which acted as the porous separator. The stacked assembly was then transferred to a sealed stainless steel cell containing the electrolyte for electrochemical characterization.



We have tested three different electrolytes: 6 M KOH, BMIM-PF6 and BMP-FAP. Two-electrode cyclic voltammetry (CV) was performed at room temperature for all electrolytes over a broad range of scan rates. For example, for all samples tested with 6M KOH as the electrolyte, a baseline study was conducted in order to establish the behavior of the electrode material. This study consisted of a series of scans from –0.5 V to 0.5 V at scan rates of 1000 mV/s, 500 mV/s, 200 mV/s, 100 mV/s, 50 mV/s, 10 mV/s, and 1 mV/s at room temperature. Initial cell purge and equilibration times were kept at 10 s and 5 s for all CV testing. Similar protocol was also followed for measurements performed using BMIM-PF6. The data obtained from both these measurements are presented in Supplementary Material (Figure S3).



For all the samples tested with BMP-FAP as the electrolyte, different scan rates were again used with a variety of potential voltage windows in order to demonstrate the increased performance when the full range of this particular ionic liquid is utilized. Scans were taken about the origin with voltage windows taken in increasing 1 V steps. Measurements at 1 V, 2 V, 3 V, 4 V, 5 V and 6 V were taken in all. For each voltage window, scan rates of 1000 mV/s, 500 mV/s, 200 mV/s, 100 mV/s, 50 mV/s and 10 mV/s were taken at room temperature. Galvanostatic charge–discharge (CD) was also performed with ±1 mA of current alternated every 1 s for 200 cycles to 2000 cycles in order to evaluate the longevity and stability of the devices prepared. The electrochemical measurements performed with BMP-FAP are shown in Figure 2.





3. Results and Discussion


The CV plots shown in Figure 2a demonstrated good reversibility and charge return, with little Faradaic (non-reversible) response aside from the 6 V scan voltage windows. The 5 V BMP-FAP scan window in particular demonstrated symmetric charge return and little to no Faradaic response when compared with its relative performance. The 6 V scan voltage window did demonstrate some Faradaic peaks, suggesting that while the 6 V window could be used to expand the device performance even further, where some device degradation would be seen over continued use. In Figure 2b, the specific capacitance (F/g) of the devices is plotted against the scan rate. The 10 mV/s scan rate test of the BMP-FAP device demonstrated a significant improvement upon the corresponding result from the 6 M KOH device (Figure 2d). For the 6 V window average, an over two-fold performance increase was observed, while the average of the 5 V window results still presented roughly a 64% increase in capacitive response. The stability and longevity of the device is presented over the course of 2000 cycles in Figure 2c. Once the initial cycling had occurred, the devices swiftly reach a stable response, demonstrating little variability across hundreds to thousands of cycles, with the resulting retention maintaining 82% of the initial performance. We believe that the capacitance drop with the increasing number of cycles is perhaps due to the adsorption of the electrolyte ions on defect sites and/or edges of the exfoliated graphene flakes. The process of exfoliation can produce structural defects in the form of dangling bonds on the edges, carbon vacancies, etc., on the graphene material. These structural defects are highly reactive and oftentimes acts as sites where electrolyte ions can get adsorbed strongly during the charging cycle and are not readily desorbed during the discharging. The overall effect is loss of active surface area of the electrode materials for some of the initial charge–discharge cycles, which manifests as loss of specific capacitance. Finally, Figure 2d presents the corresponding 10 mV/s CVs from each prepared device in terms of specific capacitance and the voltage window. From this plot, it is observed that EDLC performance of LPEG with BMP-FAP as an electrolyte was significantly better compared to other electrolytes used in this study. One of the key reasons for such an observation is perhaps due to the fact that the adsorption potentials for ionic liquid ions are extremely strong in the presence of flat graphene surfaces as suggested through detailed theoretical calculations [32]. Therefore, these ions are attracted closer to the flat electrode surface. This in turn makes the charge separation distance in the formed double layer smaller. A smaller charge separation distance (in parallel plate geometry) is perhaps one of the main causes of improved capacitance performance as seen in this investigation. A simple schematic showing an artist’s rendition of formation of a double layer on a flat graphene surface is shown in the inset of Figure 2d.



To further characterize the EDLC system, electrochemical impedance spectroscopy (EIS) was used. The impedance spectrum was obtained within the frequency range of 126 mHz to 50 kHz with 10 mV root-mean-squared (RMS) voltage without a DC bias voltage. The resulting Nyquist plot of the real and the imaginary parts of the impedance is shown in Figure 3. By taking the intercept with the real axis of the impedance in the high frequency curve, the equivalent series resistance (ESR) of the system can be estimated. In order to understand the physical processes, such as the electrochemical kinetic reaction mechanism, double layer capacitance, pseudo-capacitance, etc., the impedance spectrum can be fit in to an equivalent circuit model [2,33,34,35]. Then the model can be understood in an analytical way by considering the different circuit elements and the parameters that are associated with those components.



Figure 3a shows experimental and fitted Nyquist plots for the BMP-FAP ionic electrolyte and the Figure 3c shows the equivalent circuit model for the fitted data. From the high-frequency range (50 kHz–44 Hz) experimental data (Figure 3b), the system’s ESR was estimated to be 25.57 Ω. In the circuit model, the R1 resistance corresponded to the ESR of the system, which mainly arose due to the series resistance of the electrolyte, filter papers and charge barriers between the stainless steel current collectors and the graphene electrode material. Presence of a constant phase element (CPE) corresponds to the non-ideal nature of the capacitor, which also represents the system behavior due to effects such as surface disorder, electrode porosity, and adsorption processes [33,34]. The impedance corresponding to a CPE (   Z  C P E    ) can be written as:


   Z  C P E   =  1     (  j ω  )   n     Y  0      



(1)




where    Y  0     is the numerical value of the admittance,  n  is the CPE parameter, and   ω  (  ω = 2 π f  )    is the angular frequency at the lowest frequency    ( f )    measured in the impedance spectrum. Capacitance associated with CPE (   C  C P E    ) can be evaluated using the following equation:


   C  C P E   =    Y  0      ω  1 − n   sin  (    n π  2   )     



(2)







Capacitance corresponding to the CPE has a major contribution to the total device capacitance of the system (Table 1). We believe that the presence of C1 and C2 pseudo-capacitances parallel to the CPE also indicate the presence of processes such as the adsorption of ions onto the electrodes. However, these pseudo-capacitances attribute only a small contribution to the total device capacitance [35]. The R2 resistor element is most likely due to a charge transfer barrier in the system. The Warburg element (W) in the circuit model represents the Warburg impedance, which arose due to the diffusion of ions.



The efficacy of this exfoliation method is made readily apparent in the comparison shown in Figure 4, where a nearly two order of magnitude difference in energy and power densities is observed between a bulk graphite sample prepared and tested in the same manner as the LPEG samples. Several devices were prepared, and the relative variance in performance is shown to be small, indicating that while the nanoscale results can be somewhat chaotic, the macroscopic final product was relatively consistent in response.



When comparing current supercapacitor technologies gravimetrically, it becomes apparent that there is certainly growth and parameterization to be had through variation of the structure and composition of the electrodes used; however, the electrolyte used has a demonstrative effect on the performance of the prepared devices that can be combined with these efforts to produce even further advances in the technology. More complex fabrication methods [36,37] have produced supercapacitors with good energy densities in aqueous solutions, 78.8 Wh/kg and 73 Wh/kg, respectively, that exhibited lower power densities when compared with other supercapacitor configurations. In the past, it was shown that innovative electrode materials [28,38,39,40] could be used to tailor balanced performance in terms of both energy and power. In these cases, as is often seen when attempting to optimize performance, a tradeoff exists between the two (Table 2). These results almost mirror one another, one with 27 Wh/kg and 17 kW/kg and another with 14 Wh/kg and 25 kW/kg. Thus, current technologies are seemingly held back by varying degrees of cost, feasibility, and scalability when limited to aqueous electrolytes.



To be able to further expand performance without complicating fabrication is an important possibility in need of exploration. Sahu et al. [29] demonstrate the viability of this approach quite well with their Ragone measurements for lacey-reduced graphene oxide nanoribbons (LRGONR) using 2M H2SO4, N,N,N,N-tetraethylammonium tetrafluoroborate (TEA-BF4), and 1-butyl-1-methylimidazolium tetrafluoroborate (BMIM-BF4). This work demonstrates the general electrochemical performance advances between 6M KOH, BMIM-PF6, and BMP-FAP, as well as the energy and power density results for BMP-FAP. Sahu et al. demonstrate a particular jump in energy density, going from an aqueous maximum of 15.1 Wh/kg to 90 Wh/kg and 181.5 Wh/kg with each change in electrolyte.




4. Conclusions


The results of this work have shown strong improvements in general capacitive behavior from the addition of this ionic liquid and when compared to other supercapacitor electrode research, a stronger balanced performance in terms of energy and power is observed as well. The simple introduction of an ionic liquid into pre-existing device electrode architecture allows for an increase in energy density normally only achieved through more complex fabrication procedures or for even further optimization of heterostructures or tailored electrode materials. This allows for devices of various compositions and structures to be further improved by a change in electrolyte without a significant impact upon device reversibility or longevity and for simpler, scalable procedures to potentially demonstrate commercial viability due to increased yields or reduced production costs.
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The following are available online at http://www.mdpi.com/2079-9292/7/10/229/s1, Figure S1: (a) UV-VIS absorbance spectroscopy of LPEG, (b) XPS analysis survey scan, (c) O 1s scan, and (d) C 1s scan. Figure S2: (a) Cyclic voltammetric plot for bulk graphite powder in BMP-FAP, and (b) the resulting specific capacitance vs scan rate used. Figure S3: (a) Cyclic voltammetric plot of LPEG in 6M KOH aqueous electrolyte, and (b) the resulting specific capacitance vs scan rate used. (c) Cyclic voltammetric plot of LPEG in BMIM-PF6 ionic liquid electrolyte and (d) the resulting specific capacitance vs. scan rate used. Table S1: Specific capacitance (Csp) (in F/g) for all scan rates and voltage windows that were taken for LPEG.
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Figure 1. Optical characterization of the prepared liquid-phase exfoliated graphene (LPEG) sample. (a) Resulting LPEG solution following decanting of the supernatant liquid after centrifugation. (b) Transmission electron microscopy (TEM) image of dispersed few-layer flakes of prepared solution. (c) AFM image of an LPEG flake. (d) AFM height profile along the blue line shown in Figure 1c. (e) Raman spectroscopy results of LPEG. (f) HR-TEM image showing ≈8 layers at the edge of LPEG. (g) HR-TEM image showing ≈14 layers at the edge of the LPEG. 
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Figure 2. Electrochemical data for LPEG in BMP-FAP. (a) Cyclic voltammetry results for all voltage windows taken. (b) Specific capacitance vs scan rate for the 6 V window. (c) Capacitance retention taken over 2000 cycles of charging and discharging. (c inset) Sample capacitor charging and discharging curves. (d) Comparative results of specific capacitance at 10 mV/s scan rate for each electrolyte and voltage window. (d inset) Schematic diagram of formation of double layer. 
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Figure 3. Electrochemical impedance spectroscopy (EIS) analysis results for LPEG in the BMP-FAP electrolyte. (a) Full-frequency fitted Nyquist data. (b) Prepared equivalent circuit. (c) High-frequency fitted Nyquist data. (d) Low-frequency fitted Nyquist data. 
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Figure 4. Ragone (power density vs energy density) performance plot of devices with graphite powder (a), LPEG with KOH as the electrolyte (b), 1-pyrene carboxylic-acid functionalized graphene with KOH as the electrolyte (c) [39], and LPEG with BMP-FAP as electrolyte devices (d). 
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Table 1. The individual circuit component characteristic values prepared from the electrochemical impedance spectroscopy (EIS) analysis.
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	Parameters
	Value





	Pseudo-capacitance (C1)/F
	1.5959 × 10−6



	Pseudo-capacitance (C2)/F
	9.5812 × 10−6



	Equivalent series resistance (ESR) (R1)/Ω
	25.605



	Faradaic resistance (R2)/Ω
	155.17



	Warburg component (W)
	3029



	Constant phase element (CPE) factor (Y0)
	2.7059 × 10−5



	CPE exponent (n)
	0.70632



	ESR (experimental)/Ω
	25.57



	Double layer capacitance (at lowest frequency)/F
	3.273 × 10−5



	Total device capacitance/F (from the model)
	4.391 × 10−5



	Total device capacitance/F/g
	3.0699



	Experimental capacitance (1000 mV/s)/F/g
	4.13
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Table 2. A comparison of a variety of graphene-based device electrochemical power and energy performance.
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Source

	
Method

	
Measurement

	
Electrolyte

	
ED (Wh/kg)

	
PD (kW/kg)






	
[36]

	
CNG@NCH

	
Three-electrode

	
Aqueous (1 M LiOH)

	
78.8

	
8.4




	
[37]

	
RuO2/PEDOT-G30

	
Three-electrode

	
Aqueous (0.5 M H2SO4)

	
73

	
1.1




	
[38]

	
Graphene w/Mg(OH)2 template

	
Three-electrode & Two-electrode

	
Aqueous (6 M KOH)

	
≈27

	
≈17




	
[28]

	
Graphene Yarns

	
Two-electrode

	
Aqueous (1 M H2SO4)

	
14

	
25




	
[40]

	
NI3S2 & Co3S4 on RGO Hydrogel @Ni Foam

	
Asymmetrical Two-electrode

	
Aqueous (6 M KOH)

	
55.2

	
13




	
[29]

	
LRGONR

	
Two-electrode

	
Aqueous (2 M H2SO4)

	
15.1

	
≈10




	
IL ([TEA][BF4])

	
90

	
2.0 a




	
IL ([BMIM][BF4])

	
181.5

	
2.3 a




	
This work

	
LPEG

	
Two-electrode

	
IL ([BMP][FAP])

	
24.9

	
47.5








a Indicates simultaneous results rather than respective maximums.
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