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Abstract

:

Cathode composites with high sulfur content have become a concern to develop because they can improve the performance of lithium-sulfur batteries. The high sulfur content in the composite can be obtained from the carbon matrix, which has a high surface area and high electrical conductivity. Activated carbon made from biomass waste can be used as a carbon matrix due to its high surface area and ease of synthesis. In this study, activated carbon was prepared from water hyacinth (ACWH-600), which was carbonized at a temperature of 600 °C with a ZnCl2 activator. Activated-carbon–sulfur composite (ACWH-600/S) was synthesized by mixing activated carbon and sulfur in a ratio of 1:3. The characterizations performed for ACWH-600 and ACWH-600/S were N2 desorption–adsorption to determine the surface area, SEM to determine surface morphology, XRD to determine graphite structure, thermogravimetric analysis test to determine the sulfur content in the composite, and four-line probe conductivity to measure electrical conductivity at room temperature. The surface area, total pore volume, and pore diameter of ACWH were 642.39 m2 g−1, 0.714 cm3 g−1, and 2.22 nm, respectively, while the surface area, total pore volume, and pore diameter of ACWH-600/S were 29.431 m2 g−1, 0.038 cm3 g−1, and 2.54 nm. The conductivity value of ACWH-600 was 3.93 × 10−2 S/cm, while for ACWH-600/S, the conductivity value was 2.24 × 10−4 S/cm. The decrease in conductivity value after activated carbon added sulfur indicated the success of synthesizing a carbon matrix from water hyacinth with high sulfur content. The high sulfur content of 58 wt%, together with the acceptable conductivity value of composite ACWH-600/S, provide an opportunity to apply these composites as cathodes in lithium-sulfur batteries.
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1. Introduction


In the last few years, lithium-sulfur batteries (LSB) have received significant attention from researchers. This is because the development of lithium-ion (Li-ion) batteries has experienced difficulties in increasing their capacity. It is difficult to achieve a specific capacity for lithium-ion batteries above 200 mA·h·g−1. Even in the case of lithium cobalt oxide (LiCoO2), which has a theoretical capacity of 274 mA·h·g−1, only half of the Li-ions can be extracted because the other half is part of the matrix and total extraction of Li-ions results in lattice breakdown [1].



Theoretically, lithium metal has a specific capacity of 3861 mA·h·g−1, and sulfur has a specific capacity of 1675 mA·h·g−1. The theoretical specific energy density reaches 2600 Wh kg−1, which is 3–5 times greater than conventional cathode materials such as LiCoO2 and LiFePO4 [2]. In addition, replacing conventional cathodes with sulfur has many advantages, including a low operating voltage (2.15 V vs. Li+/Li), which affects increasing its safety [3]. Sulfur is also a promising material because of its large reserves, low cost, and being environmentally friendly compared to toxic transition metal compounds [4]. However, there are significant problems with the LSB cathode: first, sulfur is an insulator with a very low electrical conductivity value of 5 × 10−30 S/cm at 25 °C. Second, large volumetric expansion of sulfur occurs upon lithiation. Because of the density difference between sulfur and lithium sulfide (2.03 and 1.66 g/cm3, respectively), sulfur has a more significant volume expansion rate when it becomes lithium sulfide completely, which may lead to fracture and damage the electrode [5]. The strategy adopted to overcome the two problems at the cathode leads to modification of the carbon matrix for sulfur, which has high electrical conductivity, surface area, and pore volume. High electrical conductivity is required to increase the electrical contact of the sulfur. High surface area and pore volume are necessary to accommodate large amounts of sulfur.



The carbon matrix for sulfur can be in the form of micro, meso, and macroporous carbon, graphene [6], carbon nanotubes (CNT) [7], and also polymers [8]. Although significant improvements to battery performance stability have been achieved, the process of synthesizing carbon materials, such as graphite, graphene, CNT, and polymer, is high in cost [9]. Therefore, an effective and low-cost carbon matrix manufacturing strategy is needed to make a high-performance carbon matrix for sulfur.



Porous carbon materials derived from biomass have attracted increasing attention due to their abundance, sustainability, and easy accessibility [10]. Porous carbon from biomass is reported to have good electrical conductivity, a large specific surface area, and a large pore volume [11]. One of the porous carbons that have been developed is chemically activated carbon. This activated carbon is effective carbon matrix for sulfur and has good electrical contact between sulfur and carbon [12]. Activated carbon from biomass materials of bamboo [12], corn cobs [13], coconut shells [14], olive stones [15], banana peel [16], green algae [17], rapeseed shells [18], reed flowers [19], and water hyacinth (WH) [20] has been widely developed.



Among all the biomass materials used as activated carbon, WH is one biomass that needs to be studied intensively. This is because WH is invasive and has a high growth rate (60 kg/m2) [21], so WH will always be available in abundance, especially in tropical countries such as Indonesia. With its invasive nature and high growth rate, researchers have been trying to find ways to allow this WH to be used for various purposes. Several methods of utilizing WH have been reported, such as bioenergy (biogas, bioethanol, bio briquettes), phytoremediation, biofertilizers, high-value chemical products, animal feed, enzymes, biopolymers, and insulation boards in buildings [22].



WH has a biochemical component of 31.5% cellulose, 20.8% hemicellulose, and 21.3% lignin [23]. This high level of biochemical components is one of the advantages of WH, which can be used for the production of activated carbon. Activated carbon from WH has been reported as a substitute material for graphite in the active component of Li/Na-ion batteries [24]. However, activated carbon from WH as a component of the Li-S battery composite cathode has not been reported. Therefore, in this paper, we reported synthesis and characterization of activated carbon from WH (ACWH) and synthesis of the composite of ACWH with sulfur (ACWH/S), which can be developed as a cathode in Li-S batteries.




2. Materials and Methods


2.1. Synthesis of Activated Carbon


Water hyacinth has been collected from swamps in several cities in the Jawa Barat, Indonesia. ACWH was synthesized by simply carbonizing the water hyacinth as the precursor for carbon. After cleaning, the WH stems and leaves were taken and dried in the sun for 5–6 days, followed by an oven at 100 °C for 2 h. The dried water hyacinth was carbonized at 400 and 600 °C for 2 h at a heating rate of 10 °C/min in air and then cooled to room temperature naturally, resulting in a black powder. The carbon was then pulverized to a size of 200 mesh, then mixed with ZnCl2 30% (Sigma Aldrich, CAS Number: 7704-34-9) in the weight ratio of 1:3; then it was soaked for 24 h at room temperature and dried at 110 °C for 2 h and heated at 800 °C for 1 h with a heating rate of 10 °C/min under Ar flow. Activated carbon samples from water hyacinth, which were carbonized at 400 and 600 °C, was coded ACWH-400 and ACWH-600, respectively.




2.2. Preparation of Activated Carbon-Sulfur Composite


Sulfur (Sigma Aldrich 99%, St. Louis, MO, USA) and the ACWH-600 sample were mixed with the weight ratio of 3.5:1 in a quartz mortar. The mixture was heated at 155 °C for 12 h to achieve the lowest viscosity of sulfur so that sulfur could easily enter the pores of the ACWH matrix.




2.3. Characterization


Characterization of the ACWH and ACWH/S composites were carried out by scanning electron microscopy (SEM, S-4800, Hitachi Limited, Tokyo, Japan), X-ray diffraction (XRD, Rigaku-TTRIII), Brunauer–Emmett–Teller (BET, Quantachrome Nova 4200e, Anton Paar, Graz, Austria), and Thermogravimetric analysis (TGA, Perkin Elmer TGA 4000, Waltham, MA, USA).



XRD patterns were determined by using Cu Kα (wavelengths = 0.15418 nm) in the range of 10° ≤ 2θ ≤ 80° (scan speed 5°/min and scan step 0.02°) at room temperature. Morphologies and microstructures of the samples were observed and analyzed by using the SEM operating at 10 kV. The sulfur content was detected using the TGA measurement under an air atmosphere, and the temperature range was from room temperature to 700 °C with a heating rate of 10 °C/min. Nitrogen sorption isotherms at 77 K were measured using the BET method.




2.4. Conductivity Measurement


The electrical conductivity measurements of both ACWH and ACWH/S samples were carried out using the four-line probe method at room temperature. A current variation of 0.01–0.05 mA from a DC source is applied to the two outer probes, and then the resulting voltage is measured at the two inner probes with a digital multimeter [25,26]. Based on the current and voltage curves, the resistivity and conductivity values can be determined. All samples were prepared in the form of a thin film. Each sample of 6.02 g was mixed with 0.25 g of carboxymethyl cellulose and 60.26 g of distilled water and stirred for 5 h with a magnetic stirrer at a temperature of 50 °C. Then, all solution samples are layered on top of the glass preparation until they reach a thickness between 100 and 300 μm.





3. Results and Discussion


The pore structure of the activated carbon samples was analyzed by the N2 isotherm adsorption–desorption method. Figure 1a shows relative pressure (P/Po) dependence of volume adsorbed for ACWH-400 (black circle for adsorption and purple circle for desorption) and ACWH-600 (blue circle for adsorption and red circle for desorption).



It was found that the absorption of N2 gas increased with increasing P/Po, and that desorption of N2 gas decreased with decreasing P/Po for both samples. The values of volume adsorbed of ACWH-400 were smaller than those of ACWH-600, indicating that the carbonization process at a temperature of 600 °C produces more carbon than the carbonization process at a temperature of 400 °C. In both samples, hysteresis patterns were also found for the adsorption and desorption curves in the P/Po range between 0.2 and 0.9. Figure 1b shows the graph of pore diameter versus dV/dD based on the Barrett–Joyner–Halenda method. It is found that the pore size ranges are dominantly between 2 and 50 nm, which indicates that the sample is a mesoporous type [27].



The results of the N2 gas isothermal adsorption–desorption test at a temperature of 77 K are listed in Table 1.



Based on Table 1, the quality of ACWH-600 is better than ACWH-400 with a larger surface area and total pore volume. The higher the carbonization temperature, the higher the fixed carbon content. The increasing of fixed carbon will increase the reaction between carbon and activator during the activation process.



The results of SEM measurements for the ACWH-600 sample and the ACWH-600/S composite are shown in Figure 2.



Figure 2a,b shows the particle size distribution of the ACWH-600 material. It can be seen that the surface of the ACWH-600 material is spongy. When the ACWH-600 material is composited with sulfur (ACWH-600/S), the surface of ACWH-600 becomes rougher because the sulfur particles gather and infiltrate the porous surface of ACWH-600, as shown in Figure 2c. Figure 2d,e shows a map of sulfur and carbon elements in the ACWH-600/S composite. The sulfur element map with purple color in Figure 2d is evenly distributed in the sample structure of ACWH-600/S. However, some parts on the surface of the ACWH-600/S sample are still not filled with sulfur, as shown by the black area. Meanwhile, the red map for element C (Figure 2e) shows that there is still element C that has not yet been composited with sulfur. Figure 2e indicates that the number of pores in element C filled with sulfur is still limited.



The N2 gas isothermal adsorption test results at a temperature of 77 K ACWH-600 and composite ACWH-600/S are shown in Figure 3.



The specific surface area and total pore volume of the composite were 29.431 m2 g−1 and 0.038 cm3 g−1, respectively. This indicates that the pores of ACWH-600 are already filled with sulfur. For applying cathode composites, the specific surface area and total pore volume values in this study met the requirements reported by Zhang et al. [28].



The XRD patterns for ACWH-600, sulfur (S), and ACWH-600/S composites are shown in Figure 4. All XRD data are matched with reference data with COD-CIF code No. 1000065 for graphite and COD-CIF No. 1011160 for sulfur. In Figure 4a, there are two main peaks observed in ACWH-600 at 2θ = 28.3°, which characterizes the reflection of the vertical graphite plane (002), and at 2θ = 40.5°, which indicates the superposition of the horizontal graphite plane (100). Figure 4b shows the crystal lattice peak at d-spacing of 0.385 nm, which corresponds to the plane (222) of elemental sulfur at 2θ = 23.06°. The presence of peak (222) in the ACWH-600/S material indicates that sulfur has been successfully composited with ACWH-600. The TGA test results for ACWH-600 and composite ACWH-600/S are shown in Figure 5. For ACWH-600, the weight loss of activated carbon was almost constant up to 450 °C. Meanwhile, the sulfur weight loss was practically steady up to 350 °C, and then a drastic weight reduction occurred from 350 to 380 °C. In this temperature range, the sulfur absorbed is evaporated. From the sulfur weight reduction curve, it is estimated that the sulfur content in the composite is around 58 wt%. This result was proven by the N2 isothermal test at a temperature of 77 K for the ACWH-600/S composite (Figure 3). There was a large difference between the specific surface area of activated carbon and composite.



The electrical conductivity measurement for ACWH-600 and ACWH-600/S with the FLP method obtained the average conductivity results of 3.93 × 10−2 S/cm and 2.24 × 10−4 S/cm, respectively. The conductivity of ACWH-600 is greater than the conductivity of WH charcoal, as measured by Azam et al., which is 1.64 × 10−5 S/cm [29]. While the conductivity of ACWH-600/S decreases, this indicates that the sulfur has mixed well in the carbon framework. When comparing the results of the electrical conductivity measurements for both ACWH-600 and ACWH-600/S with the crystal structures of these two materials, it was found that they agreed with the results of the crystal structure analysis obtained from XRD measurements as shown in Figure 4 and TGA measurements in Figure 5. The presence of sulfur, confirmed from the XRD and TGA measurements, caused a decrease in the conductivity value. However, this decrease in value is still within the range of the acceptable value for cathode applications in batteries. In addition, the results of this study also indicated the success of synthesizing a carbon matrix from WH with a high sulfur content and was a good sign for the development of battery material from abundantly available biomass, which will ensure the sustainability of its application.




4. Conclusions


ACWH-600 and composite ACWH-600/S were successfully extracted from WH through carbonization and activation with ZnCl2. ACWH-600 and ACWH-600/S showed good properties for the application of cathode composites in lithium-sulfur batteries. The specific surface area of ACWH-600 was 642.39 m2 g−1, the total pore volume was 0.714 cm3 g−1, and the pore radius was 2.22 nm, which is sufficient to accommodate sulfur in the composite. XRD and TGA measurements confirmed that the ACWH-600/S composite was successfully synthesized with a high sulfur content of 58%. The conductivity value decreased after ACWH-600 was composited with sulfur from 3.93 × 10−2 S/cm to 2.24 × 10−4 S/cm. This value is still in the range of acceptable values for cathode applications in batteries. These results indicate the success of synthesizing activated carbon from abundant biomass materials, namely WH, which can be used as a matrix for ACWH-600/S composites for cathode applications in the lithium-sulfur battery.



The following research plan is to scale up the synthesis of ACWH-600/S composites and manufacture lithium-sulfur batteries with cathodes derived from the ACWH-600/S composites. These research activities are significant to fulfill the need for batteries, for which one of the components is derived from abundant biomass.
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Figure 1. (a) N2 adsorption–desorption isotherms of ACWH samples; (b) the Barrett–Joyner–Halenda method of pore size distribution curves from adsorption branch of ACWH samples. 
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Figure 2. SEM, (a,b) ACWH600, (c) ACWH600/S, (d) Sulfur map, (e) Carbon map. 
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Figure 3. N2 adsorption–desorption isotherms of ACWH-600 and ACWH-600/S. 
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Figure 4. XRD pattern of (a) ACWH-600 and (b) composite ACWH-600/S. 
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Figure 5. TGA curve for ACWH-600 and ACWH-600/S sample. 
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Table 1. Pore structure parameters of ACWH samples.
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	Sample
	SBET (m2 g−1)
	VMeso (cm3 g−1)
	RMeso (nm)





	ACWH-400
	297.76
	0.378
	2.54



	ACWH-600
	642.39
	0.714
	2.22
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  sustainability-13-12880


  
    		
      sustainability-13-12880
    


  




  





media/file2.png
S

Volume specific (cm®g™, STP)
S

(a)

—e— ACWH-€00 ads
—e— ACWH-600 des
—o— ACWH-400 ads
—a— ACWH-400 des

::;C’

0

P/P

dV/dD (em’g'n

0.0003 -

0.0000

0.0015

0.0010 -

—a— ACWH-600
—a— ACWH-00

10 20 30 40
Fore Diameter (nm)






media/file5.jpg
500

- ACWH-600 ads
—e— ACWH-600 des
—e— ACWH-600/S ads
~e ACWH-600/S des

, STP)
8
8
i

@
&
S

Volume specific (cm’g
2 8
8 8
L I

00 02 0.4 06 08
P/P,





media/file3.jpg





media/file1.jpg
500 00030
) ®

P a— o] |

159901 —o— ACWHHE00des.

| A e

B |Tomem G oo,

g i

e Eooors{

% m. Y

H ot

§ —

g™ o0005- o Aowam
. oso.

o,

Pore Diamete (om)






media/file7.jpg
(a) (002)

(100)

ACWHS00

() (222

Intensity (a.u)

ACWHB00/S

10 20 30 40 50 60 70 80
2 Theta ()





media/file10.png
—

— ACWH-600
—— ACWH-600/S

) v I v I v ) v ) v I v
100 200 300 400 500 600 700

Temperature (°C)






media/file9.jpg
100

Weight Loss (%)
© 8 0 O N @ ©
P S AP

—— ACWH-600
104 ——ACWH-600/S

100 200 300 400 500 600 700
Temperature (°C)





media/file0.png





media/file8.png
Intensity (a.u)

(@)

(002)

(100)

ACWH600

(b)

(222)

(002)

ACWHG600/S

10

20 30 40 50
2 Theta (°)

60 70 80





media/file6.png
Volume specific (cm®g”, STP)

500

i.N

o

o
A

300+

N

o

o
A

—_

o

o
[

—e— ACWH-600 ads
—eo— ACWH-600 des

—e— ACWH-600/S ads

- P
PP W, YW, YWV — —
L4

—e— ACWH-600/S des

- - . P N

U—_ 869

] L
0.2 0.4





