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Pore Structure Regulation and Electrochemical Performance Characterization of Activated Carbon for Supercapacitors
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In order to achieve the purpose of regulating the pore structure characteristics of activated carbon by adjusting the experimental parameters, the effects of carbonization temperature, carbonization time, pre-activation temperature, pre-activation time and impregnation time on the pore structure of sargassum-based activated carbon (SAC) are studied by orthogonal experiment. The gravimetric capacitance of SAC and the relationship between the gravimetric capacitance and specific surface area are also studied. The results show that the SACs prepared at all experimental conditions have developed pore structure and huge specific surface area, reaching 3,122 m2/g. The pore size of SAC is almost all within 6 nm, in which the micropores are mainly concentrated in 0.4–0.8 nm, the mesopores are mainly concentrated in 2–4 nm, and the number of micropores is significantly higher than that of mesopores. During the preparation of SAC, the effect of carbonization temperature on the specific surface area and specific pore volume of SAC is very significant. The effect of carbonization time on the specific surface area of SAC is significant, but the effect on specific pore volume can be ignored. The effects of pre-activation temperature, pre-activation time, and impregnation time on specific surface area and specific pore volume of SAC can be ignored. In addition, SACs show good gravimetric capacitance performance as electrode material for supercapacitors, which can significantly increase the capacitance of supercapacitors and thus broaden their applications. The gravimetric capacitance and specific surface area of SACs show a good linear relationship when the activated carbons have similar material properties and pore size distribution.
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INTRODUCTION

High energy costs, continuous consumption of fossil fuels and climate change caused by greenhouse gas emissions have led to a shift in energy demand to renewable and clean energy (Abioye and Ani, 2015; Deng et al., 2016; Qiu et al., 2018; Guo et al., 2019). Therefore, the development of clean energy such as solar energy, wind energy and ocean energy has increased, but these renewable energy resources are intermittent and unstable. In order to make full use of the electric energy generated by these renewable clean energy, an effective energy storage system must be established (Pintor et al., 2013). At present, traditional capacitors and batteries are the two most commonly used energy storage devices, but they have their own disadvantages. The traditional capacitor can discharge in a few seconds with high power density, but its energy density is not ideal because of its electrostatic energy storage mode. Battery has high energy density due to its chemical energy storage mode, but its discharge speed is slow and power density is not ideal (Simon and Gogotsi, 2008; Farma et al., 2013; Wang et al., 2015). Supercapacitor with electrochemical performance between traditional capacitor and battery is considered to be a promising energy storage device (Guo et al., 2018a,b; Wang J.-G. et al., 2018; Hou et al., 2019). It has the characteristics of high power density, long cycle life, stable operation, fast charge and discharge time, appropriate size and weight, low cost and environmental friendliness (Chen et al., 2017; Lee et al., 2017; Miller et al., 2018; Shao et al., 2018; Li et al., 2019; Liu et al., 2019; Zhang et al., 2019). However, the electrochemical performance of supercapacitors is limited by their electrode materials. Therefore, in order to meet the application of higher energy storage requirements, such as portable electronic products, hybrid electric vehicles and large-scale industrial equipment, it is necessary to develop new electrode materials or improve the characteristics of electrode materials to greatly improve the performance of supercapacitors (Xiao et al., 2014).

Electrode material is the most important factor to determine the electrochemical performance of supercapacitors. Carbon materials are the most widely used electrode materials for supercapacitors. At present, more than 80% of commercial supercapacitors in the world are assembled based on carbon materials (Shao et al., 2017; Cao H. et al., 2018; Cao Y. et al., 2018; Saeed et al., 2018; Tseng et al., 2018; Wang D. et al., 2018). Carbon materials are considered to be the most promising electrode materials for supercapacitors in the future due to their low cost, various existing forms, huge specific surface area, good conductivity, good physical and chemical stability in different electrolytes (from strong acid to alkaline). Among them, activated carbon has become the most widely used electrode materials for supercapacitors due to its abundant raw materials, mature preparation method and non-toxicity (Zhang et al., 2018; Wang et al., 2019). Generally, carbon electrode materials require highly developed pore structure, appropriate pore size distribution and surface characteristics to exhibit excellent electrochemical performance (Wang and Kaskel, 2012; Hao et al., 2013; Liu et al., 2013; Zhang et al., 2013). Therefore, adjusting the pore structure and surface chemistry of porous carbon is the key to optimize capacitor electrode materials. At present, activated carbon prepared by different activation methods from different precursors (such as wood, coal, and fruit shell) is the most commonly used electrode material (White et al., 2009; Titirici and Antonietti, 2010). There are many studies about adopting biomass for activated carbons preparation, but the usage of algae is rarely included. Yu et al. (2015), who prepared the mesophase carbon particles from gulfweed by H2SO4 hydrothermal method, and finally a kind of activated carbon with strong adsorption capacity of fluoride was prepared. Gulfweed-based activated carbons also have been made for the destination to support selective catalytic, which was prepared by both physical activation and co-activation (Li et al., 2015). The specific surface area of many activated carbons is not large enough and the pore size distribution is too wide, which is not conducive to the improvement of capacitance. In order to improve the capacitance performance of supercapacitor and accelerate its application, the research of activated carbon needs innovation urgently. The innovative research of activated carbon electrode materials is mainly carried out in two aspects. The first is to explore new precursors and activation technology, which will open up a new way to prepare new activated carbon electrode materials with huge specific surface area and reasonable pore size distribution. Another is to explore the effective pore structure regulation technology of activated carbon to improve the surface area utilization of activated carbon electrode materials, so as to improve the capacity and stability of the supercapacitor. In this study, the effective regulation technology of pore structure of activated carbon was researched by studying the influence of experimental factors on the pore structure characteristics. In addition, the electrochemical properties of the prepared activated carbon for supercapacitors and the relationship between the electrochemical properties and specific surface area were also studied.



EXPERIMENTAL


Materials

Sargassum used in this experiment was collected from Rongcheng Maoquan Aquatic Products Co., Ltd., in Shandong Province, China. And the products of the company were mainly derived from Yellow Sea. Ultimate and proximate analyses of the sargassum are shown in Table 1. The collected sargassum was washed thoroughly and dried in a blast drying oven for 48 h at a drying temperature of 120°C. After sufficient drying, the sargassum was crushed and sieved with a quick grinder and a vibrating screen, respectively, and the products with particle size less than 180 μm were obtained for standby.


TABLE 1. Ultimate and proximate analyses of the sargassum.
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Methods

The preparation of activated carbon usually requires several processes, including carbonization, low temperature pre-activation, and high temperature activation. The flow chart of the experiment procedures is shown in Figure 1. The effects of carbonization and pre-activation conditions on the pore structure characteristics of activated carbon were studied. L16 (45) orthogonal experiment table without interaction was adopted to arrange the experiment. The factors and levels of orthogonal experiment are shown in Table 2.
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FIGURE 1. The flow chart of the experiment procedures.



TABLE 2. Factors and levels of orthogonal experiment.
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Sargassum was carbonized in nitrogen atmosphere. The carbonization temperature was TC, the carbonization time was tC, the heating rate was 5°C/min, and the nitrogen flow rate was 2 L/min. The carbon products obtained from carbonization were put into nickel crucible, fully mixed with KOH solution in an impregnation ratio of 4:1 and then put into a drying oven for a certain time (tI) at 80°C. Then the mixture was put into an atmosphere muff furnace for activation. In the activation process, the pre-activation temperature was TP, the pre-activation time was tP, the activation temperature was 800°C, the activation time was 120 min, and the heating rate was always 5°C/min. After activation, the nickel crucible was taken out and naturally cooled to ambient temperature. The obtained products were washed with deionized water at 80°C, then pickled to neutral with 0.1 mol/L hydrochloric acid solution, and finally washed with deionized water at 80°C. The obtained carbon products were put into a drying oven and dried at 120°C for 24 h.



Preparation of Supercapacitor

The activated carbon, conductive graphite and binder (PTFE emulsion) were mixed according to the mass ratio of 8:1:1, an appropriate amount of anhydrous ethanol was added to obtain the slurry, and the ultrasonic treatment was carried out for 30 min by ultrasonic cell breakers. The mixture was fully mixed, then the slurry was put into the air drying oven, and the excess ethanol was evaporated at 80°C, until the solution became thicker slurry. The slurry was evenly coated to the round nickel foam with a diameter of 1.5 cm, and the active material mass was about 5 mg. Put the coated nickel foam in the vacuum drying oven for 12 h at 120°C to evaporate the excess anhydrous ethanol in the electrode. The dried electrodes were put into a hydraulic press and pressed for 1 min under 14 MPa pressure. The electrodes and the diaphragm were assembled into a supercapacitor in the order of electrodes, diaphragms and electrodes, with an electrolyte of 6 mol/L potassium hydroxide solution.



Experimental Techniques

Nitrogen (N2) adsorption–desorption measurements were carried out at 77 K by employing an JW-BK132F (JWGB Sci & Tech Ltd.). Based on N2 adsorption–desorption isotherms, the specific surface area of activated carbons was calculated by using BET method, isotherms were employed to calculate the specific surface area at a relative pressure range of 0.05–0.3. Combined with the adsorption isotherm data, the pore size distribution of mesopores and micropores was determined by BJH and HK method, respectively. To investigate the electrochemical properties of activated carbons, the cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) test were measured on an electrochemical station (CHI760E, CH Instruments).



RESULTS AND DISCUSSION

Sixteen groups of activated carbon samples were prepared from sargassum according to the L16 (45) orthogonal experiment, and the pore structure characteristics of activated carbons were characterized. The results are shown in Table 3.


TABLE 3. Experiment and results of orthogonal design.
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The prepared activated carbons were marked as AC1–AC16 according to the serial number. As can be seen from Table 3 that all SACs have a large specific surface area (≥1,484.9 m2/g), of which the maximum specific surface area is 3,122 m2/g and the maximum specific pore volume is 2.74 cm3/g, indicating that SAC has good application potential in adsorption, gas storage and supercapacitor carbon electrode materials.


Effect of Experimental Factors on Specific Surface Area of SAC


Range Analysis of Specific Surface Area

The range analysis of specific surface area is shown in Table 4. Ki (i = 1, 2, 3, 4) is the sum of the specific surface area value at a certain level in Table 3, ki is the average value of Ki, and R is the range. It can be seen from Table 4 that the range of specific surface area is RA > RB > RD > RC > RE, which indicates that the carbonization temperature has the greatest influence on the specific surface area of activated carbon, followed by carbonization time and pre-activation time, while the pre-activation temperature and impregnation time have little effect on the specific surface area. The detailed influence of experimental factors on the specific surface area is shown in Figure 2.


TABLE 4. The range analysis of specific surface area.
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FIGURE 2. Influences of experimental factors on the specific surface area of SAC. (A) Influence of carbonization temperature. (B) Influence of carbonization time. (C) Influence of pre-activation temperature. (D) Influence of pre-activation time. (E) Influence of impregnation time.


The average specific surface area of activated carbon prepared at 600°C reached 2,762.6 m2/g, and the specific surface area of activated carbon gradually decreased with the increase of carbonization temperature. When the carbonization temperature exceeds 600°C, the continuous increase of temperature will destroy the internal structure of carbon products, thus affecting the formation of initial pores, and ultimately leading to the reduction of specific surface area of activated carbon (Li et al., 2017). When the carbonization time increased from 120 to 240 min, the average specific surface area of activated carbon could hardly observe any change, but when the carbonization time increased from 240 to 300 min, the specific surface area decreased sharply from 2,470.1 to 1,954.8 m2/g, with a decrease of 20.9%. Therefore, the carbonization time should not be too long for the preparation of activated carbon from sargassum. In the pre-activation stage, the raw materials are activated to a certain extent due to the dehydration reaction between KOH and carbon atoms. In addition, molecular crosslinking and polycondensation reactions take place in the raw materials at this stage, and some tar substances and non-carbon elements such as H and O are discharged (Biloé et al., 2002). When the pre-activation temperature is 400°C, the dehydration reaction of KOH and the dehydration reaction between hydroxyl groups in raw materials have achieved good results. Therefore, the specific surface area of activated carbon prepared at this pre-activation temperature is the largest. The specific surface area of activated carbon gradually increased with the increase of pre-activation time until the time increased to 45 min, after which the specific surface area showed a trend of gradual decrease with the continuous increase of pre-activation time. At the beginning of the reaction, more and more carbon atoms are consumed and the initial pore structure is formed with the increase of pre-activation time. However, with the further increase of time, the pore wall of some initial micropores will collapse due to excessive reaction with activator, resulting in the decrease of specific surface area (Li et al., 2017). There is only an insignificant decrease in the specific surface area of activated carbon with the increase of impregnation time. The alkali soluble substances in the raw materials can be removed by potassium hydroxide impregnation, which is conducive to the increase of adsorption sites on the surface of activated carbon, thus increasing the specific surface area of the prepared activated carbon. However, if the impregnation time is too long, cracks and agglomerations will appear on the surface of carbon materials, resulting in the decrease of specific surface area (Muniandy et al., 2014). Especially in the case of high temperature impregnation, the effect of impregnation is stronger, so the impregnation time should not be too long.



Variance Analysis of Specific Surface Area

The variance analysis of specific surface area is shown in Table 5.


TABLE 5. The variance analysis of specific surface area.
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In the analysis of variance, the effect of impregnation time on the specific surface area and specific pore volume of activated carbon is small enough to be ignored, so the data of impregnation time column can be regarded as a blank column. According to the results of variance analysis, the effect of carbonization temperature on the specific surface area of SAC is very significant, the effect of carbonization time on the specific surface area of SAC is significant, and the effect of pre-activation temperature, pre-activation time and impregnation time on the specific surface area of SAC is not significant. Therefore, the adjustment of carbonization temperature is mainly selected to realize the regulation of specific surface area of SAC, followed by the adjustment of carbonization time. While the pre-activation temperature, pre-activation time and impregnation time can be selected arbitrarily within the range of meeting the experimental requirements.



Effect of Experimental Factors on Specific Pore Volume of SAC


Range Analysis of Specific Pore Volume

The range analysis of specific pore volume is shown in Table 6.


TABLE 6. The range analysis of specific pore volume.
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It can be seen from Table 6 that the range of specific pore volume is RA > RB > RD > RE > RC, which indicates that the carbonization temperature has the greatest influence on the specific pore volume of activated carbon, followed by carbonization time, while the pre-activation time, pre-activation temperature, and impregnation time have little effect on the specific pore volume. The detailed influence of experimental factors on the specific pore volume is shown in Figure 3.
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FIGURE 3. Influences of various factors on the specific pore volume of SAC. (A) Influence of carbonization temperature. (B) Influence of carbonization time. (C) Influence of pre-activation temperature. (D) Influence of pre-activation time. (E) Influence of impregnation time.


As the carbonization temperature increased from 600 to 750°C, the specific pore volume of activated carbon decreased from 2.35 to 0.76 cm3/g, with a reduction of 67.7%, indicating that carbonization temperature has a significant effect on the specific pore volume of activated carbon. Compared with the carbonization temperature, the effects of carbonization time, pre-activation temperature, pre-activation time, and impregnation time on the specific pore volume of activated carbon are almost negligible.



Variance Analysis of Specific Pore Volume

The variance analysis of specific pore volume is shown in Table 7.


TABLE 7. The variance analysis of specific pore volume.
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According to the results of variance analysis, the effect of carbonization temperature on the specific pore volume of SAC is very significant, the effect of carbonization time, pre-activation temperature, pre-activation time, and impregnation time on the specific pore volume of SAC is not significant. Therefore, the adjustment of carbonization temperature is mainly selected to realize the regulation of specific pore volume of SAC. While the carbonization time, pre-activation temperature, pre-activation time, and impregnation time can be selected arbitrarily within the range of meeting the experimental requirements.



Material Properties of SACs


Pore Structure Characteristics of SACs

Nitrogen adsorption–desorption isotherms of SACs prepared at different carbonization temperatures are shown in Figure 4.
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FIGURE 4. N2 adsorption-desorption isotherms of SACs.


As can be seen from Figure 4, although the nitrogen adsorption capacity of activated carbon prepared at different carbonization temperatures is different, the adsorption–desorption isotherms of all samples show typical IV curve characteristics. At the low relative pressure stage, the nitrogen adsorption of activated carbon mainly occurs in the micropores. The sharp increase of nitrogen adsorption at this stage indicates that there are a large number of micropores in activated carbon. With the increase of relative pressure, the continuous increase of nitrogen adsorption is observed, instead of the adsorption platform, indicating that there are a certain number of small mesopores in activated carbon. When the relative pressure is 0.5–1, obvious hysteresis loop appeared on all adsorption isotherms, indicating the existence of mesopores or macropores in the prepared activated carbon. The pore size distribution of activated carbons is shown in Figure 5.
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FIGURE 5. Pore size distribution of prepared activated carbons.


The pore size distribution of the four groups of activated carbon is relatively concentrated, and the pore diameter is almost all distributed within 6 nm, in which the micropore diameter is mainly concentrated in 0.4–0.8 nm, the mesopore diameter is mainly concentrated in 2–4 nm, and the number of micropores is significantly higher than that of mesopores. The pore structure with a diameter of 0.4–1 nm can provide a large amount of effective internal surface area for the adsorption of electrolyte ions, while the pore structure with a diameter of 2–4 nm can provide a low resistance transport channel for ion transport into the activated carbon (Baughman et al., 2002; Chmiola et al., 2006; Huang et al., 2008; Largeot et al., 2008). According to the N2 adsorption data, most of the pore sizes of SAC are in the range of 0.4–0.1 nm and 2–4 nm. Therefore, SAC has great potential to show good electrochemical performance when used in supercapacitors.



Surface Morphology of SACs

The SEM images of sargassum and SACs prepared at different carbonization temperatures are shown in Figure 6. The surface of sargassum raw material is smooth and tight, and almost no pore structure is observed except for some powder debris on the surface, which is caused by the crushing process. The surface of activated carbon after activation treatment is loose and porous, and there are a large number of circular, reticular and fractured pore structures. This is the result of the activation reaction, in which the activator consumes carbon atoms to form a large number of pore structures. In the process of carbonization, the release of tar and volatile matter in biomass raw materials will also lead to the formation of a small amount of initial pore structure, which provides a channel for activator in the impregnation process, so that the activator and the raw material can be mixed better. In addition, potassium vapor is produced in the process of activation at high temperature, and the potassium vapor passes through the pore channel and the carbon layer, forming new pore structure (Gomis-Berenguer et al., 2017).
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FIGURE 6. SEM of gulfweed and activated carbons. (A) SEM of gulfweed. (B) SEM of AC3. (C) SEM of AC8. (D) SEM of AC11. (E) SEM of AC14.




XRD Analysis of SACs

The XRD patterns of SACs are shown in Figure 7. The XRD patterns of SACs demonstrate two sharp diffraction peaks at 2θ = 23°and 44°, which corresponding to (0 0 2) and (1 0 0) diffractions for carbon. This indicates that SACs have a certain graphite microcrystalline structure (Zheng et al., 2012). Activated carbons with huge specific surface area usually have a relatively poor electrical conductivity due to their abundant pore structures, the existence of graphite microcrystalline can greatly improve their electrical conductivity, which resulted for the improvement of their electrochemical performance.
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FIGURE 7. XRD chart of SACs.




The FT-IR Analysis of SACs

The surface functional groups are associated with the electrochemical performance of the carbon materials by influencing their wettability, polarity and stability (Rychagov et al., 2001; Chen et al., 2003; Fang et al., 2006; Kim et al., 2006; Huang et al., 2007). In addition, the existence of some surface functional groups can improve the capacitance by generating pseudocapacitance (Kim et al., 2002). The FT-IR spectra of SACs are shown in Figure 8, the band is observed around the region of 1,050 cm–1 which could be attributed to the stretching vibrations of the C–O bonds of esters, alcohols, phenols or ethers (Tongpoothorn et al., 2011). The band at 1,779 cm–1, observed in the spectrum is attributed to the C=O stretching vibration of nonaromatic carboxyl groups with higher intensity in the spectrum resulting from the partial dehydrogenation (Bedin et al., 2016). The presence of the above two surface functional groups contributes to the improvement of the electrochemical performance of activated carbon in alkaline electrolyte. In addition, the bands at 2,661 cm–1 in SACs might be ascribed to the traces of potassium carbonates active centres beside metallic potassium that could be produced at 873 K (Gomez-Serrano et al., 1996; Ei-Hendawy, 2006). This indicates that in spite of the extremely prolonged washing, a trace amount of potassium remained chemical bound inside the pore structure.
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FIGURE 8. FT-IR spectrum of SACs.




Electrochemical Properties of SACs


Gravimetric Capacitance of SACs

The GCD curves of the supercapacitors at the current density of 0.5 A/g are shown in Figure 9. It can be seen from the figure that all curves show good isosceles triangle shape, indicating that the supercapacitors have good double-layer capacitance properties (Zhou et al., 2014). In addition, there is almost no voltage drop at the moment when the supercapacitors change from charging to discharging, which indicates that SACs have low equivalent series resistance and high charge–discharge efficiency. Electrode materials with larger capacitance and smaller mass have greater potential in some applications, hence, gravimetric capacitance is a very important property for carbon electrode materials (Dong et al., 2012). The gravimetric capacitance of SACs is calculated according to the GCD curves of the supercapacitors, and the capacitance values are shown in Table 8.
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FIGURE 9. GCD curves of SACs at the current density of 0.5 A/g.



TABLE 8. Gravimetric capacitance of SACs at different current densities.
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Cyclic Voltammetry Characteristics of SACs

It can be observed from Figure 10 that the CV curves of SACs show excellent rectangular shapes from 0 to 1 V, indicating an ideal electrical double layer effect of the tested supercapacitors. Moreover, inexistence of any redox peaks at CV curves is observed, implying the absence of pseudocapacitance. Even the supercapacitors are measured at a relatively high scan rate of 200 mV/s, the CV curves still show better rectangular shapes, indicating that the SAC electrodes possess relatively smaller equivalent series resistance and strong ion transport ability, which leads to the quick charge propagation in carbon electrodes.
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FIGURE 10. CV curves of SACs at the scan rate of 200 mV/s.




Relationship Between Gravimetric Capacitance and Specific Surface Area of SACs

The gravimetric capacitance of activated carbon is directly proportional to the specific surface area according to the electric double layer theory, but in fact, the gravimetric capacitance of activated carbon is affected by many factors, such as pore size distribution, surface functional groups, graphitization degree, etc. In order to improve the gravimetric capacitance of SAC by adjusting its pore structure, the relationship between gravimetric capacitance and specific surface area was studied, the results are shown in Figure 11. It can be seen from the figure that the gravimetric capacitance and specific surface area of SAC present a good linear relationship at all current densities. This is due to the similar material properties and pore size distributions of AC3, AC8, AC11, and AC14, with the increase of specific surface area, the effective adsorption surface area and ion transport channel of activated carbon increase linearly, resulting in more electric double-layer capacitance.


[image: image]

FIGURE 11. Relationship between gravimetric capacitance and SBET of SACs.




CONCLUSION

The most effective measure to regulate the specific surface area of SAC is to adjust the carbonization temperature, followed by the adjustment of carbonization time. With the increase of carbonization temperature, the specific surface area of SAC continued to decrease to a large extent. With the increase of carbonization time, the specific surface area of SAC first increased and then decreased. The effects of pre-activation temperature, pre-activation time and impregnation time on the specific surface area of SAC are not significant. The most effective measure to regulate the specific pore volume of SAC is to adjust the carbonization temperature. With the increase of carbonization temperature, the specific pore volume of SAC decreases gradually. The effects of carbonization time, pre-activation temperature, pre-activation time and impregnation time on the specific pore volume of SAC are not significant. All SACs have developed pore structure and large specific surface area, and exhibits good electrochemical performance. All the activated carbons prepared in this study have similar material properties and pore size distribution, on this basis, the gravimetric capacitance and specific surface area show a good linear relationship.
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