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Abstract: The development and utilization of biomass and agroforestry processing byproducts for high-value applications have been an important topic in the field of renewable materials research. Based on this, a two-step microwave hydrothermal pre-carbonization and KOH activation method was proposed to synthesize tannin-based activated carbons with a high specific surface area, hierarchical pore structure, and good electrochemical performance. The microstructure, texture properties, and physicochemical characteristics were investigated. The results show that the prepared tannin-based activated carbons presented a hierarchical pore structure (micro- and mesopores) with a specific surface area as high as 997.46 m3 g−1. The electrochemical analysis shows that the tannin-based activated carbons have good wettability and charge transfer rates. Under the three-electrode system with 6 M KOH as the electrolyte, the active material TAC600-4 had a maximum specific capacitance of 171 F g−1 at 0.5 A g−1. As the current density increases to 10 A g−1, the specific capacitance can still be maintained at 149 F g−1, indicating a good rate capability. Therefore, the specific surface area and pore size of tannin-based activated carbons can be effectively adjusted by the alkali/carbon ratio, making it a promising supercapacitor electrode material and providing a new method for the high-value development of tannins in the field of electrochemical energy storage.
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1  Introduction

Taking a new approach to energy storage, electrochemical technology plays a crucial role in modern society, especially for the efficient conversion and utilization of new renewable energy, such as solar energy [1] and wind energy [2]. Carbon materials, such as graphene [3], carbon nanotubes [4], carbon fibers [5], and activated carbons (ACs) [6,7], have played an essential role in the field of energy storage. Among them, ACs have been widely used and studied for applications in lithium-ion batteries [8], sodium-ion batteries [9], supercapacitors [10], and other fields due to their large specific surface area (SSA), good chemical stability, and considerable porosity [11]. Several precursors can be used to make ACs, including coal, pitch, polymers, biomass materials, and so on. Under the increasingly prominent contradiction between energy and the environment, how to use cheap biomass or agricultural and forestry wastes to produce sustainable AC materials is an important research method to achieve the requirements of green and sustainable development, which is of great significance for the development of energy storage devices [12].

There are tannins in most advanced plants, and their primary function is to protect against insect gnawing and fungal erosion. There are more than 600 kinds of tannin-rich plants in the world that can be used to produce tannin extract. In China, there are more than 70 kinds of plants with high tannin content. Larch, cortex myricae, mimosa, and quebracho wood are the most common tannin sources. In terms of their chemical structure and properties, tannins can generally be divided into two categories [13]. One is hydrolytic tannins, which can be hydrolyzed into carbohydrates and polyphenols, such as gallic acid. The other type is condensed tannins. Condensed tannin extract is composed of flavonoid oligomers with different average degrees of polymerization. In addition, there are a small number of flavonoid analogs and carbohydrates (such as hemicellulose, amino acids, and imine acids), which are not hydrolyzed [14]. It has been demonstrated that condensed tannins exhibit high reactivity and self-condensation at high temperatures [15]. The use of condensed tannins is currently being investigated in various fields, such as thermal insulation foam [16,17], aerogel, and wood adhesive [18,19]. As known, tannin is the most abundant compound extracted from biomass materials, except cellulose, hemicellulose, and lignin, which makes tannin a low-cost (0.6 € kg−1), nontoxicity, green and renewable source for producing carbon materials. Moreover, tannin is a natural phenolic biomolecule containing aromatic rings bearing hydroxyl groups (see Fig. 1), which makes tannin a higher carbon content material, and thus a promising precursor for carbon materials preparation.
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Figure 1: Flavonoid unit structure

Hydrothermal carbonization (HTC) is a low-cost and large-scale carbonization method. During hydrothermal carbonization, the surface of carbon materials can be given rich oxygen-containing functional groups as a result of the appropriate temperature and pressure conditions, without the need to add additional reagents. Furthermore, as a result of hydrothermal treatment, biomass materials will form abundant carbon microspheres, resulting in a substantial increase in the SSA of the carbon materials [20,21]. There is, however, a drawback to the traditional hydrothermal synthetic method, which is that it takes a long time, resulting in low efficiency. Additionally, during the heating process, the material could be heated unevenly, leading to poor product performance. The microwave hydrothermal method has been developed to combine the advantages of hydrothermal carbonization with those of the microwave heating method. Compared with the traditional hydrothermal method, microwave-assisted heating is introduced to cause vibration heating of molecules inside the material itself, that is, heating from inside to outside, to make the heating more uniform and avoid agglomeration during the process of carbonization [20,22]. There is no doubt that the most important advantages associated with microwave hydrothermal synthesis are the short heating time, rapid reaction, and high efficiency. These features make microwave hydrothermal synthesis a very promising method for carbon material synthesis. However, compared with common activated carbons (ACs), the SSA of hydrothermal carbon prepared by the microwave hydrothermal method is relatively low [14]. It is well known that the activation methods include physical activation (CO2/steam) and chemical activation (KOH/NaOH/H3PO4/ZnCl2) [23–27]. KOH activation is a widely used chemical activation method. It has been shown that KOH activation can give materials a greater porosity in comparison to physical and other chemical methods and a more developed pore structure. The reaction of KOH and its transformation products (K2CO3, K2O, K) with C forms a large number of micropores and mesopores. By adjusting the alkali/carbon ratio as well as the activation temperature, the SSA, pore size, and pore size distribution (PSD) of the material can be well adjusted to meet the demands of different applications [28–31].

In this work, low cost, nontoxicity, green and renewable biomass materials of areca tannin were used as precursors due to the natural properties of phenolic biomolecules. The activated carbons were prepared by a two-step microwave hydrothermal carbonization and then the KOH activation process under different preparation conditions. The microstructure and pore structures, chemical properties, and further electrochemical performance were explored and evaluated. This work provides a new method for the preparation of tannin-based carbon materials and a new application for tannin-based activated carbon, which can greatly increase the application of agricultural and forestry waste and has a good effect on preventing resource waste and environmental pollution.

2  Experimental

2.1 Materials and Reagents

Areca tannin (condensed tannin, mass fraction is 70 ± 2.0%, the moisture content is 4–5%) was purchased from Xinhua Co., Ltd., China. Potassium hydroxide (purity 85%) and hydrochloric acid (mass fraction 36%–38%) were purchased from Shanghai Aladdin Biochemical Co., Ltd., China and PVDF (polyvinylidene fluoride), nickel foam, and acetylene black were purchased from Cyber Electrochemical Materials Network, China. N-Methyl-2-pyrrolidone (NMP, N-methylpyrrolidone) was purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd., China.

2.2 Preparation of Tannin-Based Activated Carbons

The mixture of 10 g tannin and 40 g water was evenly mixed and then transferred to a 100 mL Teflon microwave hydrothermal reactor, which was raised to 180°C at a heating rate of 3 °C min−1. After 1 h, the mixture was cooled to room temperature. Then, the samples were filtered and washed with deionized water for 3 times. The samples were dried for 12 h to obtain a brown solid carbon (hydrothermal carbon, HTC). 2 g of HTC was then placed in a nickel crucible. The HTC and KOH were physically mixed according to an alkali/carbon (KOH/HTC) mass ratio of 0, 2, and 4. The activation temperature, heating rate, flow rate of nitrogen atmosphere, and activation time were 600°C, 5 °C min−1, 1000 mL min−1, and 1 h, respectively. After cooling to room temperature, it was washed three times with 1 mol L−1 hydrochloric acid, followed by deionized water several times. The washed tannin-based activated carbon (TAC) was dried in an air-dry oven at 105°C for 24 h to obtain TAC powder samples, as shown in Fig. 2. The resulting TAC product is denoted as TAC600-Y, where Y is the alkali/carbon (KOH/HTC) mass ratio.
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Figure 2: Schematic diagram of the preparation process of TAC samples

2.3 Characterization

The apparent morphology of the samples was observed by using scanning electron microscopy (SEM, FEG Hitachi S3400, Japan). The pore and texture structure were characterized using nitrogen adsorption-desorption analysis performed at −196°C (ASAP 2020, Micromeritics, USA). The SSA and PSD was calculated according to the BET and DFT equations [26,32]. X-ray diffraction analysis (Type D8 ADVANCE, Germany) was performed using Cu-Kα as the radiation source. The Raman spectra were used to identify chemical characteristics within the range of 500 and 2500 cm−1 (WITec alpha300R, Germany). The chemical elements in the sample were calculated from X-ray photoelectron spectroscopy analysis (XPS, Thermo Scientific K-Alpha, USA). The surface functional groups were characterized by Fourier transform infrared spectrometer (FTIR, Nicolet iS10, USA).

2.4 Electrochemical Performance

The electrochemical performance was evaluated by a three-electrode (3E) system and a two-electrode system (2E, symmetric supercapacitor) with an electrochemical workstation (Zennium pro, Germany). TAC, acetylene black and PVDF were mixed and ground evenly according to a mass ratio of 8:1:1, and a proper amount of N-methyl-2-pyrrolidenone was added to form a uniform slurry and then evenly applied on the surface of nickel foam (1 * 1 cm). The working electrode was obtained by placing the mixture of nickel foam in an 85°C oven and then drying it for 8 h. The load of the active substance (TAC) per electrode was approximately 3 mg. For the three-electrode system, Hg/HgO and platinum electrodes were used as the reference electrode and counter electrode, respectively. KOH (6 mol/L) was used as the electrolyte for both the 3E and the 2E systems. More details about device assembly, specific capacitance, energy density calculation and other issues can be found in our previous works [27].

3  Results and Discussion

3.1 Microstructure and Pore Structures

By using scanning electron microscopy, the microscopic morphologies of tannin precursor, HTC, and TAC600-4 were examined, as shown in Fig. 3. The results showed that the tannin (Fig. 3a) is a powder-like solid with a smooth surface. By using microwave assisted hydrothermal treatment, the hydrothermal carbon has been obtained as a carbon unit made up of stacked microspheres (Fig. 3b), thus increasing its SSA remarkably, but it has a relatively smooth surface, similar to other biomass-based hydrothermal carbons [33]. As a result of the further KOH activation treatment (Figs. 3c and 3d), the surface of TAC600-4 is no longer smooth, and many pore structures are visible, which has significant implications for improving the electrochemical performance [34,35]. The EDX analysis results from TAC600-4 showed that only carbon and oxygen elements were present, and the contents were 81.8% and 18.2%, respectively.
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Figure 3: SEM images of (a) tannin; (b) HTC; and (c–d) TAC600-4

The texture structure of all samples was further investigated by N2 adsorption/desorption analysis at −196°C. Fig. 4a clearly indicates that all the isotherms correspond to type I as defined by the IUPAC classification [28], which indicates that TAC samples are predominantly microporous. Additionally, it can be observed that there is a small hysteresis loop near saturation pressure, indicating that the materials may also contain partial mesopores [36]. The PSD curves in Fig. 4b further confirm the above conclusions. Additionally, it is important to note that when the alkali/carbon ratio increases, both the total pore volume and the micropore volume of the material will gradually increase. Upon reaching a ratio of 4 alkalies to carbon, KOH reacts with carbon, increasing not only the micropore volume, but also the mesopore volume. There are two ways in which pores develop during the KOH activation process: either new pores are formed or existing pores are expanded. In the case of an increase in the alkali/carbon ratio of 4 as compared to 1, pore expansion becomes more dominant. A coexistence of micropores and mesopores within ACs can ensure that electrolyte ions can diffuse and circulate within the pores, which can have a positive effect on the electrochemical properties of activated carbon [37].
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Figure 4: (a) N2 adsorption/desorption isotherms; (b) PSD curves of TACs

Table 1 summarizes the texture parameters of the TAC samples. As the alkali/carbon ratio increased, the SSA, the total pore volume, the micropore volume, and the mesopore volume all increased significantly. Sample TAC600-4 presents an SSA of up to 997.46 m2 g−1. It also has the highest total pore volume (0.44 cm3 g−1), micropore volume (0.37 cm3 g−1), and mesopore volume (0.07 cm3 g−1), compared with other samples. VDR/V0.99 is in the range of 0.79 to 0.84, further confirming that all the TAC samples are mainly micropores, which is consistent with the conclusion from Fig. 4.

[image: images]

3.2 XRD and Raman Analysis

In Fig. 5, the results of XRD and Raman spectroscopy analyses are presented. The XRD patterns of the TAC samples present two broad peaks at approximately 24° and 43°, which are crystal plane reflections of classical graphite carbons (002) and (101), indicating the amorphous nature of the samples (Fig. 5a). The Raman spectra are shown in Fig. 5b. The D band at 1350 cm−1 corresponds to the defect sites and disordered SP2 hybrid carbon atoms of graphite, which is a typical sign of graphene carbon [38]. The G band at 1580 cm−1 corresponds to SP2 bonded carbon atoms, which is a typical characteristic of graphene [39]. The intensity ratio of the D-band to the G-band (ID/IG) is utilized to determine the degree of graphitization or disorder of carbon materials [40]. The graphitization degree of HTC is much higher than that of TACs, indicating that the subsequent KOH activation process greatly increases the defects and disorder of carbon materials. The ID/IG value of the TAC samples shows an increasing trend with an increasing alkali/carbon ratio, indicating that the degree of graphitization is decreasing, which is caused by the excessive etching and destruction of the ACs caused by the excessive KOH used. Both the pore structure and electrical conductivity determine the electrochemical characteristics of the carbon electrode. Previous studies have shown that a certain graphitization structure of the material is beneficial to the conductivity, so the selection of an appropriate alkali/carbon ratio is crucial for its electrochemical performance [27].
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Figure 5: (a) XRD pattern; (b) Raman spectra of TACs

3.3 Characterization of the Chemical Structures

The chemical compositions of the tannin precursor, hydrothermal carbon HTC, and TAC600−4 were determined by XPS, see Fig. 6. The XPS spectra in Fig. 6a show two peaks at 284.60 and 532.74 eV, which belong to C1 s and O1 s, respectively. The C1 s peak can be divided into three independent peaks (Fig. 6b), corresponding to SP2-C (284.26 eV), SP3-C/C-O-C (285.8 eV), and C=O (288.45 eV) [41]. The high-resolution spectrum of O1 s shows two states (Fig. 6c). O-I (531.7 eV) is attributed to C=O double bonds, which belong to quinones, carbonyl groups and carboxylic acid groups [42]. O-II (532.8 eV) is related to -OH, ether bonds and ester groups in phenols and C=O in anhydrides [43]. The quantitative XPS results are shown in Table 2. By comparing the element content and chemical composition of tannin, HTC and TAC600-4, it is apparent that there are only two elements, C and O, in the sample. The C and O contents for these three samples are 78.08% and 21.92%, 81.99% and 18.01%, 83.64% and 16.36%, respectively. It can be seen that both the microwave hydrothermal carbonization and activation process can increase the C content and decrease the O content. The FTIR results in Fig. 6d further confirm the above XPS results; that is, both hydrothermal and activation processes will lead to the reduction and weakening of heteroatom functional groups, thus increasing C content [44].
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Figure 6: (a) XPS survey; (b) C 1s; (c) O 1s; (d) FT-IR spectra of tannin, HTC and TAC600-4
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3.4 Electrochemical Properties

The electrochemical performance of all TAC samples was investigated by cyclic voltammetry (CV), constant current charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) in a 3E system, as illustrated in Fig. 7. Based on the CV curves in Fig. 7a, under the potential window of 0 to −1 V and a scan rate of 5 mV s−1, all the samples show a standard rectangular shape, showing that it is dominated by an electric double layer capacitor. Furthermore, there is a broad redox peak in the range of 0.4 to 0.9 V, indicating that a small amount of capacitance is contributed by the Faraday pseudocapacitance due to the heteroatom of O [45]. The CV curve shows that sample TAC600-4 has the largest specific capacitance. As shown in Fig. 7b, for sample TAC600-4, when the scan rate increases from 5 to 200 mV s−1, it can still maintain the rectangular shape, indicating that the material has excellent electrical double layer capacitance characteristics [46]. To further analyze the performance of TACs as supercapacitor electrodes, the GCD analysis was performed with 1 A g−1 under the 3E system. It is clear that all the samples maintained a relatively standard curve with isosceles triangle shape, as shown in Fig. 7c. Further analysis revealed that TAC600-4 has the longest discharge time and exhibited the highest specific capacitance of 171 F g−1, which is much higher than TAC600-2 and TAC600-0. TAC600-0 showes the lowest specific capacitance due to the lowest surface area and pore volumes. Although there is no definite linear relationship between the electrochemical performance of supercapacitors and the special surface area and pore size distribution. However, the higher surface area and pore volume due to the KOH activation can give the more active site and ion path channels, thus can improve the electrochemical performance of supercapacitors. As shown in Fig. 7d, for sample TAC600-4, when the current density increased from 0.5 to 10 A g−1, the GCD curve still shows good linearity and symmetry, indicating good reversibility for this material. Fig. 7e shows that with increasing current density, the specific capacitance decreases to a certain extent. Firstly, when the current density increases, the charging and discharging time becomes shorter, the activated carbon utilization rate becomes lower, the specific capacitance decreases, and the reduction rate becomes smaller [47,48]. At low current density, the ions in the electrolyte can fully enter the electrode interior and move in it, which improves the utilization rate of the electrode. With the increase of current density, charging and discharging can only be carried out on part of the electrode surface, and there is no time to fully charge and discharge, resulting in the decrease of active substance utilization and the decrease of specific capacitance. Furthermore, due to the increase of current density, a large number of electrolyte ions will be adsorbed at the interface of the electrode electrolyte, resulting in a rapid decrease in the concentration of electrolyte ions at the interface, thus the concentration polarization will inevitably increase. While maintaining a high current density must require a higher excitation voltage, but the number of interface charges does not increase, so the specific capacitance will decrease with the increase in current density. As a result of the increase in current density from 0.5 to 10 A g−1, the specific capacitance of TAC600-4 decreases from 171 to 149 F g−1. The GCD results demonstrated that a rate performance as high as 87% could be obtained. Compared with the results from the open literature, the lab-made TAC samples have comparable or even higher specific capacitance [49,50]. This can be attributed to the suitable hierarchical porous structure [26]. The interface dynamics between the carbon material and electrolyte were further explored by EIS, as shown in Fig. 7f. A typical Nyquist curve contains a semicircle in the high-frequency region and an almost vertical curve in the low-frequency region [51]. The intercept of the semicircle along the X-axis in the high-frequency region represents the internal resistance of the material, and the diameter of the semicircle in the middle-frequency region represents the charge transfer resistance. TAC600-4 shows a low internal resistance (approximately 0.5 Ω), and the diameter of the semicircle is small, indicating that the electrode shows a low charge transfer resistance, which is related to the easy diffusion of electrolyte ions into the pores due to the hierarchical micropores and mesopores structures [52]. Furthermore, in the low-frequency region, the high-frequency straight line segment is almost a vertical straight line, indicating that the material has good wettability and a fast ion transfer rate and thus has better capacitance performance.
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Figure 7: (a) CV curve of all TACs at 5 mV s–1; (b) CV curve of TAC600-4 electrode at different scan rates; (c) GCD curves of all TACs at 1 A g–1; (d) GCD curves of TAC600-4 electrodes at different current densities;	(e) The relationship between TACs and specific capacitance at different current densities; (f) EIS of TAC600-4 electrode

The electrochemical performance of the TAC600-4 sample was further evaluated by assembling it into a symmetric capacitor. Figs. 8a and 8b show the results of CV and GCD under different potential windows at a scan rate of 5 mV s−1 and a current density of 0.5 A g−1, respectively. Results indicate that, with increasing working voltages, the CV curve and GCD curve gradually deform away from the rectangular shape and the symmetrical inverted triangle shape, respectively. Upon reaching 1.6 V, the CV curve deforms substantially, whereas the GCD curve appears to have a long platform stage and is no longer triangle-like. As a result, 1.5 V is the maximum working potential of the electrode material. Subsequently, under the working potential of 1.5 V, CV analysis was performed on the carbon electrodes at different scanning rates, the results are shown in Fig. 8c. Under a scanning rate of 5 mV s−1, the CV curve has an obvious rectangular form in the range of 0.2–1.4 V, indicating that it is dominated by the capacitance of the double electrical layer. However, with the increase in the scan rate, the curve gradually began to distort, but it can essentially maintain its original shape, indicating that the electrode material has a good rate performance, which can contribute to the excellent pore structure of the carbon material for the electrolyte ions [53]. Furthermore, oxygen atoms in the carbon skeleton can enhance the wettability of the electrode material, which is also conducive to improving its rate performance [54]. The electrochemical performance of activated carbon was further evaluated at a working potential of 1.5 V by GCD. When the current density was increased from 0.5 to 5 A g−1, the curve still maintained a symmetrical triangular shape (Fig. 8d), which demonstrated the good reversibility of the material. The capacitance of the symmetric supercapacitor device is 42 F g−1 at 0.5 A g−1. Using symmetric supercapacitors prepared from TAC600-4, 5000 cycles of charge/discharge were conducted using a current density of 10 A g−1 and an operating potential of 1.5 V, as shown in Fig. 8e. After 5000 charge and discharge cycles, the capacitance retention rate is 59%. Compared with ACs prepared in the open literature, this value is not the best. As claimed, TAC600-4 has a high SSA and specific capacitance. As a result, in the high-strength charging and discharging test, the material structure will be damaged, leading to an increase in the internal resistance of the sample [7,55]. Further study of its energy density shows that the energy density of the symmetrical supercapacitor prepared by TAC600-4 is 6.5 Wh kg−1 at a power density of 375 W, in accordance with the reported carbon materials (Fig. 8f) [55].
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Figure 8: Symmetric supercapacitor prepared from TAC600-4: (a) CV curves under different potential windows at 5 mV s–1; (b) GCD curves with different potential windows at 0.5 A g–1; (c) CV curve at different scan rates; (d) GCD curves at different current densities; (e) cycling stability; and (f) Ragone diagram

As a result of comparing the supercapacitor performance of tannin-based activated carbon materials prepared by two-step method of microwave hydrothermal and KOH activation, the specific capacitance of the material is found to be similar to or even higher than the results reported in the literature or the commercial activated carbons (in Table 3). Consequently, it provides a new method for the preparation of tannin-based carbon materials and a new application for tannin-based activated carbon. In addition, after examining a variety of ACs in Table 3, there is no definite linear relationship between the electrochemical performance of supercapacitors and the specific surface area and pore volumes.
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4  Conclusions

Using areca extract as a precursor, activated carbon with a high specific surface area and rich pore structure can be successfully prepared by the two-step method of microwave hydrothermal precarbonization and KOH activation. Furthermore, the microstructure, multistage pore structure and physicochemical properties of carbon materials can be adjusted by changing the alkali/carbon ratio. TAC600-4 prepared at 600°C and an alkali/carbon ratio of 4 has the highest specific surface area (997.46 m3 g−1) compared with other samples and has a certain oxygen content and wettability, showing good charge transfer performance. Under the three-electrode test system of 6 M KOH as the electrolyte, when the current density was 0.5 A g−1, the maximum specific current was 171 F g−1, which has excellent electrochemical performance and good application prospects in supercapacitors. The results show that tannins can be applied to supercapacitor electrode materials and are an effective way to improve the application value of tannins. Other biomass and derivative preparations of electrode materials or carbon materials have a certain role in guiding, and the microwave hydrothermal method is a large-scale method used in an effective way in the process of carbonized biomass materials. It also has a modification effect on the surface chemical properties of materials, which can greatly increase the application of agricultural and forestry waste and has a good effect on preventing resource waste and environmental pollution.
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Table 1: Pore structure parameters of tannin-based activated carbons

Samples SSA (m2 g_l) Vo9 (cm3 g_l) Vobr (cm3 g_l) Lo (mm) Vpr/Vo99 Vimeso (cm3 g_l)

TACgp00 453.69 0.23 0.18 0.87 0.79 0.05
TACgp0o 733.00 0.35 0.29 0.68 0.84 0.06
TACgo0a 997.46 0.44 0.37 0.88 0.84 0.07
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Table 3: Comparison of electrochemical performances of activated carbons

Material Activation Specific ~ Total pore Micropore Average Current density Specific Reference
method surface volume volume pore (A g ")orscan capacitance
area (em® g") (em®g") diameter rate (mVs ') Fgh
(m’ g (nm)
Millet straw KOH:C= 1264.8 0.954 0.661 3.018 0.2 144 [49]
5 at 900°C
Anthracite coal KOH:C= 1424.1 0.907 0.517 2.107 0.2 85 [49]
5 at 900°C
Eucalyptus globulus KOH:C= 2388.38  / / 1.7 1 150 [50]
seed 1 at 900°C
Coal KOH:C= 2092 1.12 / 2.15 0.5 128 [56]
4 at 750°C
Commercial YP50F Steam 1590 0.8 0.7 1.8 2mV s 120 [57]
Commercial MSP20 KOH 2260 0.96 0.77 / 2mVs! 131 [58]
Tannin KOH:C= 997.46 0.44 0.37 0.88 0.5 172 This
4 at 600°C work
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Table 2: Elemental composition of different samples

Sample C O
t% %
(at%) Sp>-C Sp>-C C=0 (at7%) O-1 O-I1
(at%) (at%) (at%) (at%) (at%)
Tannin 78.08 0.79 0.15 0.04 21.92 0.59 0.41
HTC 81.99 0.84 0.10 0.06 18.01 0.57 0.43

TACg00.4 83.64 0.85 0.09 0.06 16.36 0.65 0.35
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