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Abstract:



A hierarchically porous 3D starch-derived carbon foam (SCF) with a high specific surface area (up to 1693 m2·g−1) was first prepared by a facile solvothermal treatment, in which Na2CO3 is used as both the template and activating agent. The hierarchically porous structure and high specific area endow the SCF with favorable electrochemical properties such as a high specific capacitance of 179.6 F·g−1 at 0.5 A·g−1 and a great rate capability and cycling stability, which suggest that the material can be a promising candidate for energy storage applications.
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1. Introduction


With the continually increasing demand for energy and the limited availability off ossil fuels, it is imperative to urgently develop advanced electrochemical devices with high efficiency, renewability, and low price [1,2]. Supercapacitors based upon electrical double-layer capacitance have played a vital role in energy storage devices owing to their distinct merits, including rapid charge/discharge rate, superior power density, and extremely long cycle stability [3]. Various carbonaceous materials are employed in electrical double layer capacitors such as activated carbon, carbon nanotubes, and graphene because of their robust porosity, high electrical conductivity, and stable physicochemical properties [4,5]. However, conventional carbon-based electrical double layer capacitors suffer from a low specific capacitance and poor rate capability because of diffusion restriction between internal pores and electrolyte ions at high rate conditions [6].



Recently, 3D hierarchical carbonaceous materials with high surface areas and special porous structures have attracted considerable interests for their high performance on supercapacitors [7,8]. The hierarchically porous structure that couples various pores provides highly efficient ion transport channels through the mesopores/macropores and high capacitance from the micropores/mesopores [9]. Li et al. used KOH and resol to synthesize 3D hierarchical porous carbon with a high specific surface area. The obtained material shows excellent supercapacitive performances in a 6 M KOH electrolyte [10]. However, the most common activating agents (KOH and NaOH) are highly corrosive [11], which may damage the equipment and hamper the industrial production. Herein, we utilize weakly corrosive Na2CO3 for activation to prepare 3D hierarchically porous starch-derived carbon foam (SCF), which plays the role of the template of macropores as well. Meanwhile, starch is a kind of cheap and available carbon source. Therefore, this facile pathway makes carbon foam for supercapacitors easier to produce in high volumes.




2. Experimental


Starch was utilized as the carbon source through a facile solvothermal process. Typically, Starch and Na2CO3 were mixed with a mass ratio of 1:1 in 75 mL ethyl alcohol. Afterward, the mixture was transferred into a 100 mL Teflon-lined stainless steel autoclave, solvothermally treated at 180 °C for 16 h, and then naturally cooled down to ambient temperature. The product was filtered and dried in a vacuum at 80 °C for 24 h. The sample was heated from an ambient temperature to 850 °C at the rate of 5 °C/min in a nitrogen atmosphere and held at 850 °C for 1.5 h. Finally, the resulting product was washed with a dilute HCl solution to get rid of the residual Na2CO3 and deionized the water to a neutral pH, and dried at 80 °C for 24 h in a vacuum oven. The obtained sample was denoted as SCF. For comparison, the pure starch without Na2CO3 was dealt with otherwise similar conditions, the product was denoted as SC.



The morphologies of the samples were characterized using a scanning electron microscope (SEM, Hitachi S4800, Tokyo, Japan). The X-ray diffraction (XRD) patterns were recorded with an X-ray diffractometer (PANalytical, Almelo, The Netherlands) with Cu Kα radiation (λ = 0.1542 nm). The Raman spectra were measured on a Micro Raman Spectrometer (JOBIN YVON, Paris, France) with an excitation wavelength of 632.8 nm. The specific surface area and analysis of porosity for materials were characterized by N2 adsorption/desorption isotherms at 77 K with an ASAP 2010 instrument (Micromeritics, Norcross, GA, USA). The specific surface area and pore size distribution were determined according to the Brunauer–Emmett–Teller (BET) equation and the non-local density functional theory (NLDFT), respectively. The microspore volume (Vmic) was analyzed by the t-plot method. Microporosity was the ratio of micropore volume to total volume.



All electrochemical measurements were performed in a three-electrode setup: a titanium plate coated with slurry as the working electrode, a platinum foil as the counter electrode, and a saturated mercurous sulfate electrode (MSE) as the reference electrode. A solution containing 5 M H2SO4 served as the electrolyte at room temperature. Cyclic voltammograms (CV) and galvanostatic charge/discharge (GCD) were measured by an electrochemical workstation (CHI 660D). The working electrodes were prepared with the as-prepared materials, acetylene black, and PVDF (Polyvinylidene Fluoride) in a mass ratio of 8:1:1. The resulting slurry was dropped evenly onto the titanium sheet substrate (1 cm × 1 cm) and dried at 70 °C in a vacuum oven overnight. The loading weight was controlled to be 1 ± 0.1 mg. Then the dried finished electrode was immersed in an H2SO4 (5 M) solution for infiltrating the active compositions completely. Electrochemical impedance spectroscopy (EIS, Nyquist plots) was carried out in the three-electrode system at an open circuit potential over a frequency range from 0.01 Hz to 100 kHz with a 10 mV amplitude.



The capacitance values were calculated from cyclic voltammetry curves according to the following formula:
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(1)




where C is the specific capacitance, I is the current value of the CV curve, v is the scanning speed of the CV curve, m is the mass of the active material, and (Vc–Va) is the potential window.



The capacitance values were also calculated from galvanostatic charge-discharge curves according to the following formula:
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(2)




where C is the specific capacitance, I is the current value of the GCD curves, dt is the time of the galvanostatic discharging, m is the mass of active material, and (Vc–Va) is the potential window.




3. Results


Compared to the smooth surface of starch-derived carbon (SC) in Figure 1a, there are plenty of macroscopic pores evenly embedded in the carbon matrix of SCF (Figure 1b). The higher magnification SEM images of SCF (Figure 1c,d) display a 3D structure with macroporesthe size of 100–500 nm are interconnected to others by smaller pores. It evidently shows that Na2CO3 induces the formation of hierarchically porous texture. Figure 2 shows the synthesis steps and presumable mechanism for starch-derived carbon foam. Na2CO3 can act as the template to produce macropores due to the insolubility in ethanol system and the drastic solvothermal treatment promotes uniform mixing of sodium carbonate with starch. Moreover, the Na2CO3 template decomposes and releases CO2 that comes from inside the starch-derived carbon matrix serving as an activating agent to activate the carbon material producing micropores and mesopores as well as the enlarging pore sizes. This effect was named as the “CO2 inner-activation effect” [12], which can beconfirmed by the Nitrogen adsorption-desorption results. Additionally, macroporesand large mesoporescan serve on ion-buffering reservoirs and increase the accessibility of the smaller pores [13], in terms of improving the rate performance.


Figure 1. (a) The scanning electron microscope (SEM) image of starch-derived carbon; (b)–(d) various magnification SEM images of starch-derived carbon foam SCF.
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Figure 2. The synthesis steps and presumable mechanism for starch-derived carbon foam.
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To further determine the porous structure of SCF, Nitrogen (77 K) adsorption-desorption is performed, showing that the BET specific surface area and pore volume of SCF reaches 1693 m2·g−1 and 1.106 cm3·g−1, respectively. The micropore volume of SCF calculated by thet-plot method is 0.255 cm3·g−1 and the corresponding microporosity is 23%. Figure 3a confirms that the as-prepared sample exhibits a mixture of Type I and IV isotherm with an H4-typehysteresis loop in the relative pressure range of 0.4–1.0 [14], demonstrating that not only do abundant micropores exist in this material, but ample mesopores exist as well [15]. In comparison, SC shows Type IV isotherm and the nitrogen adsorption capacity is relatively smaller (Figure S1) [16]. In Figure 3a, the strong steep adsorption uptake at a low relative pressure indicates a considerable number of micropores [17]. The adsorption plateau at a high relative pressure is not observed, implying the existence of macropores [9] which consist with the result of SEM images. In addition, pore size distribution calculated with non-local density functional theory NLDFT theory can be noted in Figure 3b. Plentiful peaks at tens of a nanometer testify the large mesopores. As is shown in the inset of Figure 3b, sharp peaks with pore sizes less than 2 nm and between 2 to 6 nm suggest the existence of micropores and small mesopores. Herein, the 3D structure of SCF in which macroporesare interconnected by extensive micropores and mesopores, which is favorable to the electrochemical performance [18], is verified.


Figure 3. (a) The N2 adsorption/desorption isotherm of SCF and (b) the corresponding pore size distribution calculated by the non-local density functional theory NLDFT model with the enlarged image in the inset.
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The XRD patterns (Figure 4) of as-prepared samples exhibit two broad peaks at 2θ values of 22.5° and 43°, which can be attributed to the amorphous characteristics of SCF and SC [19]. These broad peaks manifest that no evident graphitization happened during the formation. Obviously, the peaks of SCF are weaker and broader than what SC shows. It indicates the more disordered structure, which is further confirmed by the Raman spectra where the D band (1335 cm−1) of carbon is caused by the disorder groups and defects, while the G band at 1588 cm−1 is on behalf of sp2 domains and the 2D band (~2700 cm−1) manifests the graphitic degree [20]. It is well known that the lower the ID/IG ratio, the higher the graphitization degree. The ID/IG of SCF is 1.16 higher than SC (0.98), showing the strengthened intensity of the disorder and defects induced by the Na2CO3 activation [21]. Na2CO3 also plays the role of the template, therefore, the generated macropores further increase the disorder degree of the carbon foam. The appearance of the broad 2D band elucidates that the obtained materials are with great graphitization, which may have a positive effect on maintaining the integrity of the testing structure and efficiently enhance the conductivity of the materials [22].


Figure 4. (a) X-ray diffraction XRD patterns; (b) Raman spectra of SCF and starch-derived carbon SC.
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Electrochemical performances of as-obtained materials in 5 M H2SO4 are exhibited in Figure 5. The cyclic voltammograms (CVs) of SCF with different scanning rates in Figure 5a show almost rectangular shapes at a potential window ranging from 0 V to −0.8 V referred to as MSE. The CV curves of SC and SCF at 10 mVs−1 are shown in Figure S2a where SC hardly shows a rectangular shape. The significantly improved current and the quasi-rectangular shapes suggest that more energy can be reserved in the SCF electrode through a fast ion adsorption mechanism [23]. Figure S3 shows CV curves of SC at different scanning rates. In Figure 5b, SCF exhibits a 90.8% capacitance retention with the increasing scan rate from 10 mVs−1 to 50 mVs−1, higher than SC. Figure 5c shows the galvanostatic charge-discharge (GCD) curves of SCF at various current densities. Different from the GCD shape of starch-derived carbon (Figure S2b), these profiles are basically linear and symmetric, suggesting the high coulombic efficiency and great reversibility of this material [24]. The specific capacitances of carbon foam calculated from the GCD profiles are 179.6, 168.7, 164, 135, and 113 F·g−1 at 0.5, 1, 2, 5, and 10 A·g−1, respectively. With the increasing current densities from 0.5 A·g−1 to 10 A∙g−1, SCF exhibits a 61.8% capacitance retention in Figure 5d, higher than SC electrode. To further investigate the cycling stability of carbon foam, galvanostatic charge/discharge tests for 1000 cycles at a current density of 0.5 A·g−1 was conducted. After 1000 cycles, there was 98.9% capacitance retention at 0.5 A·g−1 (Figure 5e). Figure 5f shows the Nyquist plots of SCF and SC electrodes in the frequency range of0.01 Hz–100 kHz. The value of the EIS curve intersection at the Z’ axis shows the internal resistance (Rs). The smaller diameter of the semicircle in the high-frequency region manifests the smaller charge transfer resistance (Rct = 0.243 Ω), which relates to the conductivity and porous texture of SCF [19,25]. In the set of Figure 5f, the shorter length of the Warburg impedance (W) area with a 45-degree slope reveals the lower ion transportation resistance and better ion diffusion, which results in the great rate capability of SCF [26]. In the low-frequency region, SCF exhibits a steep line with a higher slope, indicating better capacitive performance [27].


Figure 5. Electrochemical performances are measured in a three-electrodesystem using 5 M H2SO4 astheelectrolyte. (a) Cyclic voltammogram CV curves of SCF at different scanning rates; (b) Capacitance retentions of SCF and SC at different scanning speeds; (c) Galvanostatic charge-discharge GCD curves of SCF at different current densities; (d) Capacitance retentions of SCF and SC at different currents densities; (e) Cycling stability of SCF at 0.5 A·g−1; (f) Nyquist plots of SCF and SC electrodes in the frequency range of 0.01 Hz–100 kHz with the inset showing the high and middle frequency region.
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The supercapacitive property comparison of SCF and other previously reported carbonaceous materials are summarized in Table 1. The great capacitive performance mainly benefits from its highly developed micropores that guarantee a large surface area for charge accommodation. The excellent rate and cycle capabilities of SCF can be attributed to the massive macropores and mesopores. The former acts as ion-buffering reservoirs to minimize the ion diffusion distances and the latter provides low resistant pathways for ion transportation [28].


Table 1. Comparison of previously reported carbonaceous materials for supercapacitors.





	Precursor
	SBET (m2g−1)
	Capacitance (Fg−1)
	Current Density (Ag−1)
	Electrolyte
	References





	banana peel
	1650
	206
	1
	6 M KOH
	[29]



	luffa sponge
	1510
	167
	1
	1 M Na2SO4
	[30]



	animal bone
	2157
	185
	0.05
	7 M KOH
	[31]



	lignite
	3162
	295
	0.04
	6 M KOH
	[19]



	olive residues
	1626
	193
	0.25
	1 M H2SO4
	[32]



	waste coffee beans
	1019
	368
	0.05
	1 M H2SO4
	[33]



	starch
	1157
	144
	0.05
	6 M KOH
	[34]



	starch
	1167
	162
	0.625
	6 M KOH
	[35]



	starch
	1693
	179
	0.5
	5 M H2SO4
	This work










4. Conclusions


In summary, we present a facile and scalable approach to obtain a well-interconnected 3D carbon foam whose pores are properly distributed by adding Na2CO3. The investigations on structure show that Na2CO3 plays the roles of the template for the creation of macropores and the activator used to produce the micropores and mesopores. The SCF exhibits a large specific surface area, high conductivity, and hierarchically porous characteristics, which could not only promote the formation of the electric double layer but also ensure the rapid mass transport channel during the charge/discharge process. Therefore, we think that the as-prepared sample is a prospective candidate for the energy storage application.








Supplementary Materials


The following are available online at http://www.mdpi.com/2076-3417/8/4/565/s1, Figure S1: N2 adsorption/desorption isotherm of SC and the corresponding pore size distribution in the inset. Figure S2: (a) CV curves of SC and SCF at 10 mVs−1; (b) GCD curves of SC and SCF at 0.5 Ag−1. Figure S3: CV curves of SC at different scanning rates in 5M H2SO4.
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