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Abstract

:

Activated carbon obtained from biomass wastes was presently studied in order to evaluate its applicability in an energy storage device. Biochar was obtained by the carbonization of spent malt rootlets and was further processed by mild treatment in NaOH. The final product had a specific surface of 362 m2 g−1 and carried Na, P and a few mineral sites. This material was first characterized by several techniques. Then it was used to make a supercapacitor electrode, which reached a specific capacitance of 156 F g−1. The supercapacitor electrode was combined with a photocatalytic fuel cell, making a simple three-electrode device functioning with a single alkaline electrolyte. This device allows solar energy conversion and storage at the same time, promoting the use of biomass wastes for energy applications.
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1. Introduction


Biomass-derived porous carbon materials are enjoying increasing popularity due to their several and very important applications. Porous carbon obtained by the carbonization of biomass is known as “biochar.” Biochar is produced by the pyrolysis of a biomass under an inert atmosphere and it can be further processed by several techniques that increase its porosity and improve its functionality [1]. Biochar carries many advantages: it can be produced from any kind of biomass, is inexpensive and is environmentally friendly. It is estimated that because biochar stores carbon, it reduces CO2 emissions by 0.1–0.3 billions of tons annually [2]. Biochar can be used as a soil remediation agent [3], as a fuel for energy production and for greenhouse gas reduction, etc. [4]. Biochar has been used as an absorber to retain harmful contaminants [5], as a catalyst in the transesterification of lipids for biodiesel production [6], as catalyst support in various processes [7,8,9], as an activator of persulfates in advanced oxidation processes [10], as a platform for sensing applications [11] and as supercapacitor for energy storage [1]. These interesting and high-value applications are related to and depend on biochar composition and structural characteristics. In this respect, and as a function of biomass origin and post-pyrolysis treatment, biochar may carry a significant amount of minerals while oxygen, nitrogen and sulfur are chemical agents found in biochar and are responsible for its properties [1]. This broad basis of factors affecting biochar properties increases its popularity and introduces resourceful ideas concerning biomass origin and biochar production processes [12,13,14,15,16,17,18]. The present work focuses on the use of biochar as supercapacitor. Indeed, porous carbon, including biochar, makes a very useful and inexpensive material for electronic, in particular supercapacitor, applications [1,19,20,21,22,23,24,25].



Supercapacitors are capacitors of very high capacity. The most common category of supercapacitors, which is also related to biomass-derived porous carbons, is the so-called electrochemical double-layer capacitors [1]. Such capacitors are formed at the interface between an electrode and an electrolyte. When the electrode is charged, ions from the electrolyte are electrostatically attracted at the interface to provide an electric balance. The extent then of energy (charge) storage is obviously related to the active surface of the interface. This is why porous carbons, which may reach specific surface areas of approximately 1000 m2 g−1, provide such high specific surfaces and, being satisfactorily conductive, make proper material for the construction of electrochemical double-layer supercapacitors. In line with the above Introduction, the present work concerns the employment of biochar for the construction and application of a supercapacitor. Although activated carbons have been widely used for energy storage, the use of raw biochar is rather limited. In almost all the studies an activation process is used, commonly with impregnation with KOH and pyrolysis. The application of these materials results in supercapacitors with a specific capacitance of between 74 and 386 F g−1 [25,26,27,28,29,30]. The values are lower in the case of alkaline electrolyte. These studies point out the importance of the high specific area and the presence of a hierarchical pore structure.



The specific goal of this work is to use a material that is readily disposed, namely malt spent rootlets from beer factories, to make a useful product and combine it with a solar energy conversion device in order to make a simple system capable of energy conversion and storage. Biochar powder was produced by malt spent rootlets carbonization, and this powder was used to make a supercapacitor electrode. As a light conversion device we have used a photocatalytic fuel cell [25], i.e., a photoelectrochemical cell that functions by the photocatalytic degradation of an organic fuel, which may be an organic waste. Such a cell is composed of two electrodes: a photoanode electrode carrying a photocatalyst and a cathode electrode, which (usually) functions by atmospheric oxygen reduction. The cell also contains a supporting electrolyte where the fuel is dissolved. If the supercapacitor electrode is added to the photocatalytic fuel cell, it may store charges by forming an electrochemical double layer with the ions of the supporting electrolyte of the cell (see Figure 1). This possibility has been presently studied and the results were very satisfactory.



In a previous work [25], it was found that the application of biochar as a supercapacitor can be competitive with activated carbon. The valorization of raw biomass is an advantage since its processing is considered greener. As noted previously, a good biochar candidate for supercapacitor application should have a high surface area, a balanced distribution of micropores and meso/macro pores and a significant amount of active surface groups. From this perspective, in this work we have studied the application of biochar from spent malt rootlets. In a recent review [31], the applications of spent malt rootlets have been reported. Among other applications, biochar from spent malt rootlets exhibits interesting properties such as great adsorption capacity and high concentration of surface groups. On the other hand, the main disadvantage of raw biochar is the moderate surface area and the high quantity of minerals left after pyrolysis. To reduce this disadvantage, biochar may be modified by treatment, for example, with NaOH, which increases the basicity of the sample and regulates its specific surface area. The treatment with NaOH removes part of the organic phase, especially lignin, and dissolves a significant amount of the minerals [32]. In the present case, biochar obtained from spent malt rootlets has indeed been subjected to a mild treatment with NaOH; therefore, its specific surface area increased, in particular by the extraction of organics, while its surface was enriched with more basic sites. These changes are promising for the application of this biochar as supercapacitor.




2. Materials and Methods


2.1. Biochar Preparation


Raw biochar was prepared by the pyrolysis of spent malt rootlets, one of the main by–products of the brewing industry. The rootlets were provided by the Athenian Brewery S.A., (Patras, Greece). First, the rootlets were dried overnight at 50 °C and sieved into 1.18–0.15 mm. Then, a weighted quantity was placed into custom-made quartz vessels and heated to 900 °C in a gradient temperature furnace (LH 60/12, Nabertherm GmbH, Lilienthal, Germany). The biochar prepared was collected and treated with 1 M NaOH solution under reflux (105 °C) for 30 min. Then, the suspension was cooled to room temperature, filtrated, washed with 1 L of 3D H2O several times and dried at 120 °C for 2 h. The thus prepared sample, abbreviated Na–BC, was used without further treatment.




2.2. Biochar Characterization


The Na–BC was characterized with various physicochemical techniques. The specific surface area (SSA), the micropores surface area and the pore size distribution of the samples were determined from nitrogen isotherms at −196 °C using a Tristar 3000 Micromeritics instrument. The morphology of the biochar was examined using a scanning electron microscope (SEM) (FEI Quanta 250 FEG) working under different pressures (10–4000 Pa). Energy dispersive spectrometry (EDX) was performed using a scanning electron microscope (SEMJEOL JSM6300) equipped with an EDX. Fourier transform infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum RX FTIR spectrometer in the region 4000–400 cm−1. The samples were prepared as KBr pellets with 1% wt/wt biochar. X–ray diffraction (XRD) patterns were recorded in a Bruker D8 Advance diffractometer equipped with a nickel-filtered CuKa (1.5418 Å) radiation. Thermogravimetric analysis (TGA) was performed in a TGA Perkin Elmer system under air atmosphere. Acid-base behavior and the determination of the point of zero charge of the sample was performed with the potentiometric mass titration (PMT) method [33], using a TIM 800 Radiometer Copenhagen Autoburette System equipped with the Timtalk 8, version 2.0 software. More details about the experimental component can be found in the literature [34].




2.3. Construction of the Electrodes


A slurry was made with biochar and it was deposited on a carbon cloth in order to make the supercapacitor electrode. Carbon cloth was cut in the appropriate dimensions providing an active area of 1 cm2. The slurry was made by vigorously mixing 8 mL of water, 0.24 g of biochar, 0.06 g of carbon black and 0.1 g of Nafion perfluorinated resin solution binder. Then the paste was dropped on the carbon cloth and was annealed at 340 °C. The quantity of biochar on the dried electrode was approximately 5 mg. The photoanode electrode was made by depositing a combined CdS/TiO2 photocatalyst on a transparent fluorine doped tin oxide (FTO) electrode. Details of the photoanode construction have been repeatedly published in the past and they are presently provided in the Supplementary Information File. The counter electrode was made by depositing pure carbon black on carbon cloth without biochar. The components then were 8 mL of water, 0.3 g of carbon black and 0.1 g of Nafion perfluorinated resin.




2.4. Apparatus for Photoelectrochemical Measurements


The photoelectrochemical cell was made of plexiglass and comprised 3 electrodes as schematically shown in Figure 1. A left-side window was sealed by the photoanode electrode. Light reached the photocatalyst through the transparent FTO electrode. A right-side window was sealed by the air cathode electrode (counter electrode). The photoanode and counter electrode were connected by an external circuit, through a potentiostat. The supercapacitor electrode was placed between the anode and the counter electrode and it was short-circuited with the photoanode electrode. The reactor was filled with an electrolyte containing 0.5 M NaOH in which 5% v/v ethanol was dissolved. The cell functioned as a photocatalytic fuel cell with ethanol playing the role of fuel. Current-voltage measurements were carried out with the help of an Autolab potentiostat PGSTAT128N.





3. Results and Discussion


3.1. Physicochemical Characterization of Na–BC


3.1.1. Specific Surface Area


The untreated biochar had a surface area of 100 m2/g and a pzc value of 8.2, and contained about 32% minerals [35]. Treatment with NaOH resulted in several changes to the physicochemical properties of Na–BC. The specific surface area increased to 362 m2/g, while the micropores surface area was 175 m2/g. The N2 adsorption isotherm and the pore size distribution are presented in Figure 2. It can be seen that Na–BC had a significant amount of micropores, as revealed either from the pore size distribution or from the high value of the adsorbed N2 amount in low P/Po values. The shape of the isotherm was of the IV type with an H4 hysteresis loop. H4 loops are often found with aggregated crystals of zeolites, some mesoporous zeolites and usually in micro–mesoporous carbons, as in our case [36]. This is also confirmed by the calculation of the micropores surface area with the t-plot method.




3.1.2. SEM and EDX Analysis


Representative SEM images can be seen in Figure 3. The surface was covered by an inorganic phase, probably oxides or carbonates salts. The capillary tubes of the rootlets were still visible after carbonization and after treatment with NaOH. These pores are in the range of 5 μm and they contribute to the macroporosity of the Na–BC. Conversely, microporosity cannot be detected with SEM images. The EDX analysis of the Na–BC presented in Table 1 denotes that the main components were C and O, with more than 94% in atomic ratio. The surface was enriched with Na as expected due to the NaOH treatment, while P, Ca and K were the main elements detected.



The main differences of the Na–BC from the starting biochar are related to the Na and O content. The treatment increased Na from non-detectable to 1.70% and O from 10.3 to 11.4 atomic percent. For the other elements, Si, Cl and K gave lower atomic percentages, P and S remained practically the same and Mg and Ca exhibited higher percentages after treatment. This change can be attributed to the partial dissolution of the carbonaceous phase with the minerals on it and the re-precipitation of Mg and Ca due to high basicity.




3.1.3. TGA Analysis


The TGA curve of Na–BC is presented in Figure 4. There is a sharp decrease in the mass of biochar at approximately 400 °C resulting from the burning of the carbon phase in air. The decomposition of the carbon phase is completed at about 500 °C. This temperature range implies that the carbonaceous phase is predominantly cellulose and hemicellulose. This is in agreement with the literature since it is well-known that the NaOH treatment dissolves lignin [37]. After the complete burning of the organic phase, the mass left was approximately 13% of the starting mass. This residue is due to inorganic deposits, especially Na, Ca and K, according to the EDX analysis, either in the form of oxide or carbonates. This value is significantly lower than the 32%, i.e., the quantity of the starting minerals. and its composition was different. Part of the minerals in the starting biochar was dissolved due to the high temperature of the treatment solution, and Na ions were progressively attached to the surface of BC, probably as hydroxides. As a result, the biochar surface was enriched with Na. These minerals exhibit strong interactions with the biochar surface and they were not removed with the addition of water or even with thermal treatment with methanol at 65 °C [32]. Finally, a significant amount of adsorbed water, close to 8%, can be detected from the mass loss in temperature up to 120 °C.




3.1.4. FTIR Spectroscopy


The FTIR spectrum (Figure 5) of Na–BC clearly shows the presences of oxo groups on the biochar. The peaks at 3400 are due to surface –OH groups and adsorbed H2O molecules, while the peak at 1033 cm−1 is due to the C–O bonds, pointing out that the –OH groups are in the phenolic structure. This is supported from the peak at 1586 cm−1, which is due to the C=C bond in the aromatic structure. The aromatic phase is poor in H since no peaks corresponding to C–H in aromatic form (wavenumbers higher than 3000 cm−1) were detected. The Na–BC did not have a significant amount of C=O since no characteristic peaks in the region of 1650–1750 cm−1 were detected. Finally, the low intensity of the peaks in the region 1000–1800 cm−1 is characteristic of the heterogeneity of the biochar. [38,39,40]. The main difference of the Na–BC sample with the starting biochar is the absence of the twin peaks at 2917 and 2836 cm−1 due to the C–H bond in the aliphatic phase. These two peaks are almost not detectable in the FTIR spectrum of the Na–BC. Finally, the treatment with NaOH causes the appearance of a broad band deriving from the overlapping of the different peaks in the area of 1000–1600 cm−1.




3.1.5. XRD Analysis


The XRD pattern of Na–BC is shown in Figure 6. There is a broad peak at 25°, which is typical of carbonaceous materials with a less ordered structure due to pyrolysis. In our case this peak was less broad than the peaks usually recorded for biochars. This can be attributed to the removal of lignin, which results in a more homogenous carbonaceous phase. The only peak due to the inorganic phase is the one at 31.4°, which is probably due to halite NaCl [32] although the peak is broader than the sharp peak of halite. The rest of the inorganic phase cannot be detected with the XRD patterns, suggesting that either they are not of high crystallinity or the content of each phase is limited and lower than the detection limit, usually at about 4%.




3.1.6. Acid-Base Behavior


Acid-base behavior of the Na–BC sample was determined using the potentiometric mass titration method. The titration curves are presented in Figure 7 and denote that the point of zero charge (pzc) of the Na–BC is 9.5. This is the intersection point of the titration curves for the solution and the two suspensions. According to the PMT method, this intersection point corresponds to the pzc value of the solid. The pzc of Na–BC was significantly higher than the pzc of the starting biochar (8.2) pointing out that the NaOH treatment increases the basicity of Na–BC. This can be related to the increase of the Na deposits during treatment as was found by EDX analysis, or even with the dissolution and removal of less basic minerals.



The deviation of the solution titration curve with the suspension curves is more significant after the intersection point. Also, the two curves for the different suspensions exhibit higher differences at pH lower than 7.5, pointing out that the majority of the surface sites on Na–BC are active in this pH region. More details about the amount of H+ ions consumed by the surface are provided in Figure 8a. An inspection of Figure 8a clearly shows that there was a significant amount of H+ released in the solution at a pH higher than 10, while the surface consumed H+ in a pH lower than 8. Surprisingly, there is a pH region between 10 and 8 where the surface does not participate in acid-base reactions. In Figure 8b, the differential curve of the H+ consumed is presented. It can be seen that there is a broad peak characteristic of the lack of homogeneity of the surface sites of biochar, and a more intense and less broad peak at a pH lower than 7. These peaks represent the surface sites of Na–BC, in the above pH region, which are different from the starting biochar [40].



The above characterization data describe a material with a large active surface created after mild NaOH treatment, which decreased organic content and increased porosity and had a balanced distribution of micro/meso/macro porosity. The material contains substantial active mineral sites and has a surface basic polarity. Such a material, i.e., Na–BC, makes a good candidate for the construction of a supercapacitor.





3.2. Characterization of the Supercapacitor Electrode


Electrodes made by depositing Na–BC on carbon cloth were first characterized by recording their SEM images (Figure 9). As noted, the Na–BC deposition was made by mixing it with a small quantity of carbon black. Carbon black facilitates biochar attachment on carbon cloth but also plays another very important role: because it is highly conductive it assures conductivity channels that transfer electrons to the biochar particles. Indeed, as seen in the image, the biochar particles are surrounded by carbon black nanoparticles, assuring film stability and the facile transfer of charges.



The specific capacitance of such electrodes was measured by making symmetric cells supporting two identical electrodes and filled with the same electrolyte as that used to run the photocatalytic fuel cell, i.e., 0.5 M aqueous NaOH containing 5% v/v ethanol (see Section 2.4 and Section 3.3). Figure 10 shows the diagram used to measure the specific capacitance of the Na–BC electrode. The capacitance was calculated by the formula C = 2 × I × t/V, where I is the (constant) discharge current, V the maximum voltage and t the discharge time. The factor 2 is due to the fact that a symmetric cell corresponds to two capacitors connected in series. The specific capacitance is then obtained by dividing C by the mass of the active material, i.e., 5 mg in our case. Thus the specific capacitance of the presently used Na–BC electrode was calculated to be 156 Fg−1. The same measurement made with a symmetric capacitor composed of electrodes containing only carbon black was very small, i.e., of the order of mFg−1, and it was thus considered negligible. This is a first characteristic that distinguishes the supercapacitor electrode from the counter electrode of the photocatalytic fuel cell (see Figure 1) and differentiates their roles. The specific capacitance of the presently used supercapacitor electrode was smaller but of the same order of magnitude as those recently measured with other biochars [20,25]. However, the advantage carried by Na–BC is the fact that it is produced under mild treatment conditions without tedious or large energy consumption procedures.




3.3. Current-Voltage Characteristics of the Photocatalytic Fuel Cell with or without a Supercapacitor Electrode


The current density–voltage characteristics of the photocatalytic fuel cell of Figure 1 were first recorded without the supercapacitor electrode to monitor cell capacities. The diagram in Figure 11A reveals the behavior of a standard photocatalytic fuel cell functionning with a CdS-sensitized titania photoanode and operating with atmospheric oxygen reduction at the cathode electrode. The curve shows a pure photocurrent since the current was practically zero in the dark (see Figure 11B). The short circuit current density (at V = 0) was approximately 6 mA cm−2. The cell then produced sufficient photocurrent to charge a supercapacitor, as will be discussed below. It is worth commenting at this point that photocatalytic fuel cells based on mesoporous titania are the only cells that function without external bias. Other popular photocatalysts, such as BiVO4, WO3 and Fe2O3 cannot make pure photocatalytic fuel cells since they function only under external bias. This is the reason that CdS-sensitized titania has been used in this work despite the concern that arises from the use of CdS. When such a cell without a supercapacitor electrode was subjected to light chopping at potentiostatic conditions of V = 0 V, current density quickly reached the maximum photocurrent value under illumination and quickly went to zero in the dark, as seen in Figure 11B. The pattern was recorded during three periodic variations, but remained the same for several hours. It is concluded that in the absence of the supercapacitor, the current is pure photocurrent and it cannot be stored since neither of the two electrodes making the cell provides any storage capacity. This also verifies what was stated above: that the counter electrode, which carries only carbon black, has negligble specific capacitance. Its role is limited to being an air cathode and to carry out oxygen reduction reaction.



The situation was very different when the supercapacitor electrode was introduced in the cell. Figure 12A shows periodic light chopping in that case. The light was initially turned off and, as expected, the current density was zero. Then the light was turned on. It then took a substantial amount of time to reach the maximum current, which was much lower than in the absence of the supercapacitor electrode. This is expected, since part of the photogenerated energy is transferred to the supercapacitor. When the light was turned off, the current never became zero in the time range of the measurement, which was now much longer. This pattern was reproduced by turning the light on and off again and continuing in this way for hours. It is obvious that the supercapacitor electrode introduced a charge (and energy) storing functionality to the cell despite the simplicity of the structure and without the need of a sophisticated electrolyte. In order to monitor how long it takes to discharge the capacitor, the light was turned on for a few minutes to make sure that the supercapacitor was charged, and then it was turned off. The current progressively decreased, as shown in Figure 12B, but current flow lasted for more than 10 min under the present conditions. These data show that the introduction of the third electrode loaded with Na–BC makes a storage device; therefore, solar energy conversion and storage was realized with the help of spent malt rootlets biochar.



Finally, it is worth commenting at this point that a combination of biochar-based supercapacitors with photoelectrochemical cells is expected to gain ground because of the simplicity of the device construction and its “green” operation conditions. For example, in a recent publication [20], the energy stored in the supercapacitor was used to suntain photoelectrocatalytic hydrogen production. These systems can be easily upscaled and thus assure applications with several environmental benefits.





4. Conclusions


This work has shown that a supercapacitor electrode can be made by using spent malt rootlets biochar and can be combined with a photocatalytic fuel cell to make a solar energy conversion and storage device. The properties of the biochar dramatically improved by mild treatment in NaOH, which resulted in the extraction of lignin and extensive increase of the specific surface area of the biochar. The combination of a photocatalytic fuel cell with a supercapacitor loaded with biochar, especially with the presently proposed simple configuration comprising one single electrolyte, inexpensive carbon electrodes and photocatalysts, promises to be a new and effective technology for off-grid renewable energy production and storage. In addition, this technology introduces several environmentally beneficial parameters since it proposes the valorization of wastes as energy vectors.
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Figure 1. Schematic illustration of the photocatalytic fuel cell carrying a third (supercapacitor) electrode. The photoanode was made by depositing a mesoporous CdS/TiO2 film on a transparent fluorine doped tin oxide (FTO) electrode. The cathode electrode was a carbon cloth carrying a hydrophobic gas diffusion layer made of carbon black. The supercapacitor electrode was a carbon cloth carrying a film made of biochar particles and a small percentage of carbon black. Photogenerated holes are consumed mainly by oxidation of an added organic fuel and secondarily water. Photogenerated electrons produce an electric current and are partly consumed to charge the supercapacitor. The rest are consumed by reducing atmospheric oxygen. 
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Figure 2. Adsorption-desorption isotherm for the Na–BC sample. Inset: Pore size distribution for the Na–BC sample. 
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Figure 3. Representative SEM images of Na–BC (A), (B) and EDX analysis (C). 
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Figure 4. TGA curve of Na–BC. Inset: differential TGA curve. 
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Figure 5. FTIR spectrum of Na–BC. 
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Figure 6. XRD pattern of the Na–BC sample. 






Figure 6. XRD pattern of the Na–BC sample.



[image: Chemosensors 09 00057 g006]







[image: Chemosensors 09 00057 g007 550] 





Figure 7. Titration curves for the blank solution and two suspensions of biochar with 0.15 and 0.20 g. 
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Figure 8. (a) H+ consumed by the surface as a function of the pH solution; (b) the differential curve of the H+ consumed with pH. 
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Figure 9. FESEM image of the surface of an Na–BC-carbon black film deposited on carbon cloth. 
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Figure 10. Variation of the voltage of a capacitor made by two identical carbon cloth electrodes each carryng 5 mg of Na–BC under galvanostatic conditions and by applying the charging–discharging procedure. The corresponding current densities in mA cm−2 were: (1) 2; (2) 1; and (3) 0.2. The electrolyte was 0.5 M aqueous NaOH containing 5% v/v ethanol. The capacitance of each electrode (i.e., each electrochemical double layer) was 156 F g−1. 
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Figure 11. (A) Linear sweep voltametry with the presently used photocatalytic fuel recorded in a two-electrode configuration (no reference electrode) without a supercapacitor electrode. (B) Potentiostatic variation of the current density at V = 0 V by periodic light chopping. The electrolyte was 0.5 M aqueous NaOH containing 5% v/v ethanol. 
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Figure 12. (A) Potentiostatic amperometry at V = 0 V by periodic light chopping for the cell with the supercapacitor electrode. (B) Same procedure at a different time scale. The starting point corresponds to a fully charged capacitor. 
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Table 1. % Atomic concentration of elements in Na–BC determined by the EDX analysis.
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	Element
	% Atomic Concentration





	C
	83.24



	O
	11.14



	Na
	1.70



	Mg
	0.57



	Si
	0.32



	P
	1.41



	S
	0.19



	Cl
	0.13



	K
	0.57



	Ca
	0.72
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