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Abstract

An activated carbon from the seed of an avocado, a fruit highly and increasingly demanded by 

consumers, has been used as a sulfur host for lithium sulfur (Li–S) batteries. Although the 

performance of the resulting composite is acceptable at low current densities, the discharge capacity 

is stabilized at about 780 mAh g−1 after 250 cycles at 0.1C. It is poor at higher currents, about 75 

mAh g−1 after 500 cycles at 5C. Carbon impregnation with a dual copolymer, polypyrrole (PPy) and 

polystyrene sulfonate (PSS), with conductive properties of an electronic and ionic type, respectively, 

not only improves the performance of the electrode at low current densities, about 1200 mAh g−1 after 

250 cycles at 0.1C, but also at high currents, 640 mAh g−1 after 500 cycles at 5C. We believe that the 

copolymer not only improves the electrode conductivity, reflected in the electrochemical behaviour 

of the cell through different parameters such as a notable decrease in charge transfer resistance and 

an increase in the Li+ diffusion coefficient, but also increases the capacity of inhibition of the 

polysulfide migration because of the presence of heteroatoms (N, O, S) in its structure. 
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Introduction

In recent decades, the need to progressively replace conventional fossil fuels with renewable energies 

and meet the enormous demand of new and sophisticated portable devices and electric vehicles has 

focused the attention of researchers on developing advanced rechargeable systems.1–4 Among the 

different alternatives available, lithium–sulfur batteries (LSBs) are considered the most promising 

candidate for the next–generation of energy storage systems due to the electrochemical reaction 

between the lithium metal anode and sulfur cathode that delivers a high theoretical capacity (1675 

mAh g–1) and energy density (~2600 Wh kg–1), which are much higher than that released by current 

Li–ion batteries (LIBs) based on LiCoO2 in use, 274 mAh g–1 and ~1000 Wh kg–1.5–7 In addition to 

these key advantages for their development, sulfur is an abundant element, and both its cost and 

toxicity are lower than that of the Li–ion battery based on transition elements.8 Nevertheless, different 

limitations in the electrochemical process of being overcome, make it difficult their application in the 

short term. The three main problems – the poor conductivity of S and discharge product Li2S,9 the 

huge volumetric expansion/shrinkage (about 80%) during discharge–charge reactions,10 and the 

solubility of high–order lithium polysulfides (LiPSs) in the electrolyte (shuttle effect)11,12 require 

various modifications in the electrode to deal with these obstacles. C–based materials have proven to 

be the most attractive species for mitigating these drawbacks, as they can simultaneously tackle all 

three problems. Graphitic carbons with a wide variety of morphologies, textures, and structures have 

been mixed with S with the main objective of achieving a better conductivity of the resulting C/S 

composite.13–18 They also can act as a buffer alleviating the volume changes originated by the S ↔ 

Li2S reversible conversion but to a lesser extent the shuttle effect.19,20 Moreover, these carbons are 

obtained from complex and expensive procedures, a handicap for their application in large–scale 

LSBs.21,22

Regarding the shuttle effect, the activated carbons (AC) are more suitable due to their absorbent 

properties.23 The high demand for activated carbons due to its multiple applications has led to the 
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search for alternative ways of preparation to the traditional ones based on petroleum products. 

Biomass–derived waste is a continuously growing source to produce activated carbons,24,25 a 

sustainable and environmentally friendly procedure of managing this type of waste. Moreover, the 

physical–chemical properties of these AC can be more suitable for their application in energy 

conversion and storage devices.26 In relation to Li–S batteries, the textural properties of these carbons 

and high values of specific surface area and pore volume are of special relevance to mitigate the 

problem caused by the solubility of LiPSs. They can be easily adsorbed due to the large surface area 

and trapped in the micro–mesopore system formed in the activation process, and as a result, the long–

term cycling performance of the battery can be improved. 

The use of biomass–derived carbons as sulfur hosts in the positive electrode of Li–S batteries began 

at the beginning of the last decade. An activated carbon obtained from pig bones was a pioneer for 

this application.27 Later, the carbons obtained from the biomass residues of vegetables and those from 

agri–food wastes (olive stone,28 cherry pits,29 rice husk,30 coconut shell,31 pistachio shell,32 banana 

peel33 or brewing waste,34 among others) have become more relevant. The preparation methods are 

easier and faster than those of other forms of C. The carbonization and activation processes can be 

carried out in a single step, which along with the low–cost and eco–friendliness of the raw materials 

represent a viable alternative as a carbon matrix for sulfur.35–38 

A drawback of activated carbon is its highly amorphous structure together with different impurities 

from the activation process. These features hinder the mobility of the electrons in the graphite 

structure and reduces its conductivity,39,40 an important property to alleviate the insulating behaviour 

of S. The use of conductive additives would be the most direct way to increase the conductivity of 

activated carbon. There are many conductive materials available, with metallic elements being the 

most common. However, its interaction with S can cause side reactions that may be detrimental to 

the proper battery operation. Of more interest are conductive organic polymers, polyaniline (PANI), 

polypyrrole (PPy), and poly(3,4–ethylendioxythiophene) (PEDOT), which have high electronic 
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conductivity.41 In the case of PPy, its conductivity can range between 2 and 100 S cm−1 depending 

on the oxidation conditions of the monomer,42 which is several orders of magnitude greater than that 

of activated carbons (~10−3–10−4 S cm−1).39 For this polymer, in addition to its conductivity, two other 

beneficial properties have been suggested to favour the reversibility of the reaction between S and Li. 

One is associated with the presence of N in its structure. Compared with C, its higher electronegativity 

would favour LiPS–H–N interactions, limiting the diffusion of LiPSs towards the anode.43 The other 

is the lower tendency to absorb electrolytes compared to other polymers, buffering the volume 

changes of the electrode components.44 Moreover, the redox potential of PPy treated with lithium (2.5 

V vs. Li+/Li) is within the range of the redox potential of the sulfur cathode in the lithium cell.45 

Therefore, PPy can also contribute to the capacity of the S cathode in the lithium cell.46 

Poly(styrene–4–sulfonate) (PSS) is a linear ionic polymer that is very useful for its ionic exchange 

properties,47 and its high ionic mobility is accompanied by a high Li+ conductivity, higher than 10−4 

S cm−1 in organic solvents.48,49 This high lithium–ion transport has been exploited by Guo et al.50 to 

clearly improve the performance of HKUST–1 (Cu3(BTC)2) (BTC: 1,3,5–benzenetricarboxylic acid) 

MOF in Li–S, the performance of which is very poor without this additive due to its insulator 

properties.51 Recently, Han et al.52 have shown that a copolymer prepared with PSS and PPy that 

exhibits a mixed ionic–electronic conductivity is an excellent additive to improve the electrochemical 

response of S, offering a promising approach for realizing practical long–life Li–S batteries.

Based on the above considerations, in this work, we explore the synergistic effects between an 

activated carbon obtained from an abundant biomass source, avocado seed (ASAC), and a copolymer 

based on PPy and PSS (PPy:PSS) as a means to improve the electrochemical performance of Li–S 

batteries. In recent years, the avocado has been one of the most popular and consumed fruits globally, 

with an amount consumed about 6 million tons and a sustained growth of 3 % per year.53 On the other 

hand, the average weight of the avocado seed is around 20 % of that of the fruit, an important value 

considering that the average weight of an avocado is around 200 g. To our knowledge, only one article 
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has been published on the application of avocado waste in Li–S batteries. In this study, avocado shells 

were used, first carbonized and then treated with HNO3, to produce the functionalized mesoporous 

carbon.54 As a source of S, the element in the form of catholyte Li2S8 at a concentration of 0.2 M was 

used. Here, we use a different approach both in relation to the starting waste, avocado seed; method 

for AC preparation, H3PO4 as an activating agent; and commercial S as a source of the element. The 

combined effect of these three additives – AC, PPy, PSS – can alleviate the main problems that affect 

the Li–S cell: lack of conductivity and changes in the volume of S, solubility of LiPSs in the 

electrolyte, and slow transfer of charge carriers.

1. Experimental

2.1. Carbon preparation

The following steps were followed for the preparation of avocado seed activated carbon (ASAC). 

First, avocado seeds were cut into small pieces (1–2 cm) and washed with distilled water under 

stirring at 25 °C for 2 h before drying at 120 °C for a night. The dried residues were ground in a ball 

mill (Retsch PM100 model) at 300 rpm for 30 min employing a 125 mL reaction recipient with 8 

stainless steel balls (diameter of 10 mm). Subsequently, the avocado seed powder was impregnated 

with a solution of H3PO4 (85 %; Panreac) in an avocado powder:H3PO4 mass ratio of 1:1 and 

maintained under stirring and heating at 85 °C for 3 h until a solid paste was obtained, which was 

dried at 120 °C for a night. The impregnated products were ground in a ball mill at 300 rpm for 30 

min to guarantee a small particle size and homogeneous matrix and, subsequently, were heated in a 

quartz tubular oven up to 700 °C (10 °C min–1) and held for 2 h under a N2 atmosphere (flow rate of 

50 mL min–1). To remove the impurities, the sample was treated with a solution of 3 M HCl (Panreac) 

at 80 °C for 3 h and then washed with distilled water until a neutral pH was achieved. Finally, the 

activated carbon was dried in an oven at 120 °C for 24 h.

2.2. PPy:PSS preparation
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The preparation of the PPy:PSS copolymer was carried out using a modified procedure reported in 

refs.55,56. Initially, 10 mmol (2.05 g) (NH4)2S2O8 (Panreac) was dissolved into a 200 mL of distilled 

water solution containing 0.6 M (0.12 g) Fe(NO3)3.9H2O (Panreac) and 0.06 M (0.025 mL) HNO3 

(Panreac) under continuous stirring at 25 °C for 30 min. Then, 0.04 M (1.9 mL) sodium poly(styrene–

4–sulfonate) (NaPSS, Sigma–Aldrich) was first added, and subsequently, 0.13 M (0.7 mL) pyrrole 

(Sigma–Aldrich) was added slowly dropwise into the oxidizing solution under stirring at 25 °C for 

12 h. The black precipitate obtained was vacuum filtered and washed with distilled water and absolute 

ethanol (Sigma–Aldrich) by several centrifugation steps at 4000 rpm until a neutral pH was achieved 

and finally was dried in a vacuum oven at 80 °C for 24 h.

2.3. Characterization techniques

X–ray diffraction (XRD) analysis was performed with a D8 Discover (Bruker) diffractometer with 

monochromatic Cu–Kα radiation (λ = 1.5406 Å). The diffractograms were recorded between 10 ° and 

80 ° (in 2θ) with a step size of 0.02 ° and 7 s per step. Thermogravimetric analysis (TGA) was 

performed using a TGA/DSC 1 STRARe System (Mettler Toledo) by heating samples from 30 to 800 

°C at 10 °C min−1 under 100 mL min–1 flux of oxygen or nitrogen atmosphere. Raman spectra were 

measured with a confocal Raman spectrometer alpha500 (WITec) with a frequency doubled Nd:YAG 

laser (532 nm). The laser beam was focused on the sample using a 20x/0.4 Zeiss objective, and the 

Raman spectra were recorded with an integration time of 1 s by accumulating a total of 10 spectra. 

FT–IR spectra were recorded using a spectrophotometer Tensor 27 FT–MIR (Bruker) with a Hypeion 

2000 microscope in the wavelength region of 400–4000 cm–1. SEM images of the materials were 

obtained with a JSM–7800 (JEOL) scanning electron microscope equipped with an X–ACT 

(Cambridge Instrument) detector for EDS elemental microanalysis. Post–mortem SEM images and 

EDS analysis were made from electrodes of cycled cells, which were previously disassembled into a 

glovebox and immediately put into a vacuum glass oven at 50 °C for 72 h. The elemental sulfur 

composition of the cycled electrodes was determined using X–ray fluorescence (XRF) with a 
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spectrometer ZSX Primus IV (Rigaku). The Brunauer–Emmett–Teller (BET) specific surface area 

was obtained from N2 adsorption–desorption isotherms at the liquid nitrogen temperature (77 K) with 

an ASAP 2020 (Micromeritics) using nitrogen gas as an adsorbate. The pore size distribution was 

calculated using density functional theory (DFT). The X–ray photoelectron spectroscopy (XPS) 

spectra were measured with a spectrometer 150 MCD (PHOIBOS) using monochromatic Mg–Kα 

radiation and a multichannel detector. UV–Vis spectra of Li2S6 polysulfide adsorption on host 

materials were acquired using a 1 mL micro quartz cuvette in a spectrophotometer Helios Omega 

(Thermo Scientific) in the visible wavelength region from 350 nm to 600 nm.

2.4. Composite preparation

In the preparation of the sulfur composites, the synthesized ASAC was dried in a vacuum glass oven 

(Büchi) at 150 °C for 24 h. A similar procedure was carried out with commercial micronized sulfur 

(Solvay) dried under vacuum at 45 °C for 3 h. Sulfur and activated carbon were milled inside the 

glovebox in a 70:30 mass ratio, loaded in a glass tube, tightly sealed under Ar, and heated at 155 °C 

for 24 h. This composite will be referred to as ASAC@S. For the preparation of the other composite, 

the PPy:PSS copolymer was dispersed in an absolute ethanol (Panreac) solution containing ASAC 

powder under ultrasonic conditions for 3 h. Then, the copolymer–carbon matrix was dried in a 

vacuum glass oven at 120 °C for 24 h. The sulfur was mixed with the matrix by the same procedure 

in a 70(S)/20(ASAC)/10(PPy:PSS) mass ratio and heated at 155 °C for 24 h. This composite will be 

referred to as ASAC/PPy:PSS@S.

2.5. Electrode preparation

The electrodes were prepared by mixing the two composites with polyvinylidene fluoride (PVDF, 

Solvay) as the binder and Super P carbon (Timcal) as the conducting carbon in a weight ratio of 

80:10:10, using 1–methyl–2–pyrrolidone (NMP, Sigma Aldrich) as the solvent. The slurries obtained 

were cast on a carbon cloth (GDL ELAT LT1400, Fuel Cell Store) substrate through a doctor blade 

method (MTI). The electrodes were dried for 3 h at 60 °C in a hot plate and cut into 13 mm diameter 
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disks. The electrodes were finally put into a vacuum glass oven at 45 °C for 24 h until the assembly 

of the cell. Two values of areal sulfur loading, 2.0 and 6.0 mg cm–2, were used for the electrodes.

2.6. Li2S6 polysulfide preparation 

A 0.5 M Li2S6 polysulfide solution was prepared according to the procedure reported in ref.57. 

Initially, lithium sulfide (Sigma Aldrich) and sulfur (Solvay) powders were mixed in a 1:5 molar ratio 

in an argon sealed flask into a 1,3–dioxolane (DOL, Sigma–Aldrich) and 1,2–dimethoxyethane 

(DME, Sigma–Aldrich) solvents (DOL:DME 50:50, v/v) followed by vigorous magnetic stirring at 

60 °C for 24 h in a glovebox. For the adsorption tests, a Li2S6 original solution was diluted to 20 mM 

and subsequently 5 mL of Li2S6 was added to 20 mg of each ASAC and ASAC/PPy:PSS host 

materials, which were previously dried in a glass oven under vacuum at 120 °C for 24 h.

2.7. Cyclic voltammetry measurements on symmetric cells

Voltammetry analysis (CV) of the symmetric cells was performed by employing a catholyte of the 

polysulfide prepared above, beginning with the preparation of a 0.5 M Li2S6 solution into DOL:DME 

(50:50, v/v) solvents with the extra addition of 1 M lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) and 0.4 M LiNO3. Symmetric electrodes were made by the formation of slurries of the 

ASAC and ASAC/PPy:PSS host materials with PVDF in a weight ratio of 90:10 in NMP solvent, 

which were cast on a GDL substrate and cut into a 13 mm diameter disk. Finally, it was dried in a 

vacuum glass oven at 120 °C for 24 h. For the assembly of the cells, 50 µL of the 0.5 M Li2S6 catholyte 

was added into the electrodes with a mass loading of 2.0 mg cm–2. A comparative Li2S6–free catholyte 

was also prepared by using 1 M LiTFSI and 0.4 M LiNO3 in DOL:DME. CV measurements were 

performed in a potentiostat Pgstat204 (Metrohm Autolab) at different scan rates of 1, 2, 3, 5, 8, and 

10 mV s–1 in a voltage range of –1.0 to 1.0 V. The EIS measurements were recorded in a frequency 

range from 0.1 Hz to 500 kHz with a disturbance amplitude of 10 mV.

2.8. Cell assembly and electrochemical measurements
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The batteries were assembled on a coin cell configuration (CR2032) in an argon–filled glovebox (M–

Braun 150 model; H2O, O2 ≤ 1 ppm) with a lithium metal disk (0.6 mm thickness) as the counter and 

reference electrode (13 mm diameter) and using a polyethylene (Celgard 2400) separator. The 

electrolyte was prepared by dissolving 1 M lithium bis–trifluoromethanesulphonylimide (LiTFSI; 99 

%, Solvay) and 0.4 M lithium nitrate (LiNO3; 99.9 %, Sigma–Aldrich) salts in 1,2–dimethoxyethane 

(DME, Sigma–Aldrich) and 1,3–dioxolane (DOL, Sigma–Adlrich) solvents (50:50, v/v). The final 

volume of the electrolyte added was 25 µL per mg of sulfur for 2.0 mg cm–2 of loading electrodes (12 

µL per mg of sulfur for 6.0 mg cm–2 of loading electrodes). Electrochemical cycling tests were 

performed on a battery tester system (Arbin BT2143, Arbin Instruments) in a voltage range of 1.8–

2.7 V. Galvanostatic discharge–charge tests were carried out under constant current densities of 0.1C, 

0.5C, 1C, 2C, and 5C (considering theoretical capacity of sulfur, 1C = 1675 mA g–1). Rate capability 

tests were performed at different current rates each for 5 cycles at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 

then returning to 0.1C. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS) measurements were recorded together at the open circuit voltage (OCV) stage and after several 

discharge–charge cycles with a potentiostat Pgstat204 (Metrohm Autolab). The CV measurements 

were performed under a scan rate of 0.1 mV s–1 in a voltage range of 1.7–2.7 V, while the EIS 

measurements were recorded in a frequency range from 0.1 Hz to 500 kHz with a disturbance 

amplitude of 10 mV. The CV measurements for the Randles–Sevick calculations were also carried 

out in the same potentiostat under different scan rates of 0.1, 0.2, 0.5, 0.8, and 1 mV s–1 using the 

same voltage range.

2. Results and discussion

A sketch of the synthesis method and formation mechanism of porous biomass carbon derived from 

the advocate stone is shown in Fig. 1, along with that of the composites. In our case the processes of 

impregnation, carbonization and activation were carried out simultaneously. During carbonization, 

the non-carbonaceous elements are eliminated as volatile compounds by decomposition of the raw 
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material, leaving the residual carbon atoms with a pseudo graphitic structure highly disordered. 

Moreover, free interstices can form between the wrinkled sheets either empty or filled with tarry 

matter or blocked by non-ordered carbon fragments or by-products of the pyrolysis process. In 

parallel, the H3PO4 acid can dehydrate to P4O10 and at higher temperatures attack the carbonaceous 

framework by combining the oxidizing and reducing character of both chemicals, according with the 

reaction C (s) + P4O10 (g) → P4 (g) + CO (g) and leading to the development of a complex micro and 

mesopore system, as shown below, and a high surface area as a result.

Figure 1. Illustration of the ASAC and PPy:PSS copolymer formation and the subsequent 

preparation of the ASAC/PPy:PSS@S composite by melt-diffusion.

 The XRD pattern of the ASAC sample in Fig. 2a exhibits two peaks around 25 ° and 44 ° in 2θ 

assignable to the (002) and (100) planes of graphite, respectively (PDF 41–1487). Their high widths 

and low intensities confirm the high degree of carbon disorder, typical of activated carbons from 

biomass.3 The XRD pattern of the PPy:PSS copolymer in Fig. S1a is similar to that reported by Han 

et al.52 and resembles that of activated carbon with the two wide peaks shifted to smaller angles. The 
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peak broadening is indicative of its amorphous nature. The weight loss curve of the copolymer 

recorded under N2 atmosphere in Fig. S1b shows a low H2O content around 5 % and a continuous 

weight loss between 200–800 °C of around 55 %, which slowed down from 500 °C. The thermal 

behaviour of the ASAC sample analysed in a N2 and O2 atmosphere is shown in Fig. 2b. In N2, a 

small weight loss around 10 % was observed at 800 °C, while in O2, the loss was close to 95 %, 

indicative of the low ash content of this carbon. In the Raman spectrum (Fig. 2c), the two typical 

peaks of disordered carbons, ID and IG, appear around 1330 and 1600 cm–1, respectively. The high 

value of the ID/IG ratio, 0.83, is consistent with the high degree of carbon disorder already suggested 

by the XRD pattern.58,59 The FT–IR spectrum of the carbon recorded before and after the HCl wash 

is shown in Fig. 1d. Differences in the spectra are small, and the bands have been assigned in 

accordance with ref.60 considering the O and P impurities detected in the EDX spectra, as shown 

below. The bands in the 3600–3200 cm₋1 region are associated with hydroxyl groups belonging to 

alcohols and physi–dsorbed water. Between 1600 and 1500 cm–1, the band associated with quinones, 

and keto–enol groups appears. The 1450–1250 cm–1 bands are associated with carboxylate groups. 

Below, the bands are associated with P–O vibrations that may overlap with other vibrations of the C–

O bonds. Although these bands are somewhat less intense in the washed carbon, the treatment has 

not completely removed the P impurities.
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Figure 2. (a) XRD patterns of activated carbon and composites. X-ray powder files (PDF) of S (in 

pink) and C (in blue) have also been included. (b) TGA curves of activated carbon in oxygen and in 

nitrogen. (c) Raman spectra of activated carbon and composites. (d) FT-IR spectra of unleached and 

leached activated carbon samples.

As usually found in this type of carbon,61,62 the particle morphology and size are rather heterogeneous, 

as can be observed in the SEM image (Fig. 3a). Clusters of particles smaller than 1 μm coexist with 

blocks larger than 10 μm. The P was identified in the EDX spectra (Fig. 3b), but its atomic percentage 

was around 1 %, which was much lower than that of O (around 5 %), the other main impurity, in 

good agreement with the previous comments on the IR spectra. The rest was basically C. It is worth 

noting the absence of N, an impurity present in other agri–food wastes.63,64 
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Figure 3. (a) SEM image. (b) EDX spectrum of the ASAC carbon. In the insert, the plot scale is 

enlarged.

The N2 of adsorption/desorption isotherms of activated carbon and composites are shown in Fig. 4a. 

The shape of the C isotherm is typical of microporous solids, type I in the BDDT classification, and 

the virtual absence of hysteresis between both isotherms is indicative of the scarcity of mesopores in 

the synthesized carbon. The pore distribution curve confirms this model (Fig. 4b), in which pore sizes 

between 0.5–1.1 nm are observed. The calculated specific surface area, SBET, was 1559 m2 g–1, and 

the total pore volume was 0.73 cm3 g–1, a value compatible with the high S content in the composite. 

The adsorption/desorption isotherm of the PPy:PSS copolymer is shown in Fig. S2a. The most 

remarkable feature is the presence of a hysteresis loop between both isotherms typical of mesoporous 

solids. The average pore size was around 4 nm (Fig. S2b), and the values calculated for SBET and the 

pore volume were 34 m2 g–1 and 0.16 cm3 g–1, respectively.
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Figure 4. (a) N2 adsorption/desorption isotherms of the activated carbon and composites. (b) Pore 

size distribution of activated carbon.

The XRD pattern of the ASAC/PPy:PSS@S composite is shown Fig. 2a. The diffraction peaks of the 

orthorhombic S clearly appear (PDF 08–0247). Consequently, when the molten S solidifies, it returns 

to a crystalline state and not to an amorphous form as sometimes occurs.65–67 The carbonaceous matrix 

is identified by the weak and broad peak located between 20 ° and 30 ° in 2θ. The characteristics of 

the XRD pattern of the ASAC@S composite are very similar. For the Raman spectra, the ID/IG ratio 

hardly changes when S is added (Fig. 2c), and the peaks associated with this element are clearly 

identified in the low wavenumber region where the frequency bands below 500 cm−1 are due to 

internal vibration modes of the S8 molecule.68 The S content of the two composites was evaluated 

from thermogravimetric measurements recorded in N2 atmosphere (Fig. S3). The profile of both 

curves suggests two types of interactions of different strengths between the S and the carbon host. 

The observation of more than one stage in the S sublimation has been found in different reports.69,70 

It has been associated with two S types, the one which occupies the micropores and other one located 

on the external surface of the carbonaceous matrix. It is assumed that the interaction forces of the first 

are stronger, and S would sublimate at higher temperatures. Assuming that the weight loss associated 

with S ends at about 450 °C, the calculation of the S content from these thermograms is affected by 

the weight loss of the other components, especially for the ASAC/PPy:PSS@S composite since the 

pristine PPy:PSS has a weight loss around 40 % at that temperature compared to just 3 % for the 
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pristine ASAC (see Figs. S1b and Fig. 2b). With these corrections, the percentage of S calculated was 

around 69 % and 61 % for the ASAC@S and ASAC/PPy:PSS@S composites, respectively. The 

origin of the difference in the S content could be a greater loss of the element during heating to 155 

°C caused by the copolymer, but the origin is unknown. The theoretical sulfur content (in wt. %) can 

be correlated with the pore volume by the formula (1), where ρS is the density of sulfur (~2.07 g cm−3) 

and V is the pore volume of the carbon matrix (cm3 g−1). A theoretical sulfur loading of 60 wt. % is 

calculated for the total pore volume of 0.73 cm3 g−1, which is somewhat lower than the experimental 

value (70 %), suggesting that all pores in the carbon matrix are fully filled with sulfur. The micropore 

volume calculated from the adsorption isotherm using the t–plot method was 0.54 cm3 g–1, for which 

the theoretical sulfur occupation would be around 53 %. In this case this value would be much higher 

than that obtained from the TGA curve, around 35 % of the total sulfur loss, so this explanation would 

not justify this difference in the values. In any case, the presence of S drastically modifies the texture 

of the composite whose N2 absorption values are within the error of this experimental technique (see 

Fig. 4a) with insignificant values of the specific surface area and pore volume. The SEM images of 

the ASAC@S composite shows that the morphology and size of the C particles hardly undergo 

significant changes when S is added (Fig. 5a). Furthermore, the EDX spectrum in Fig. 5b reveals C 

and S as the main elements, and their mapping shows a very homogeneous distribution (Fig. 5c and 

d). Furthermore, the P element continues to be detected. These observations are applicable to the 

ASAC/PPy:PSS@S composite, although, as expected, N was also detected (Figs. S4 a, b, c, d and e).

  (1)𝑊𝑆(%) 𝑉 =  [ 𝜌𝑆 𝑉
𝜌𝑆 𝑉 + 1]·100
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Figure 5. (a) SEM image. (b) EDX spectrum. In the insert, the plot scale is enlarged. (c) C, and (d) 

S elemental mappings of the ASAC@S composite.

The XPS spectra shed light on the structure and composition of the composites at the surface level. 

The survey spectra of the two composites are shown in Figs. S5 a, b. In both spectra, the presence of 

C, S, and O is clearly detected in addition to N in the composite with PPy. However, the presence of 

P is not clearly detected in any of them, probably due to the coating exerted by the PPy:PSS and S 

particles on the C matrix. The C 1s, S 2p, and N 1s photoemission peaks of the ASAC/PPy:PSS@S 

composite are shown in Fig. 6 and the spectra of the first two elements of the ASAC@S composite 

in Fig. S6. The C 1s spectrum was fitted to six components,71 Fig. 6a, whose contributions to the 

spectrum and their binding energies are collected in Table 1. Although some authors72,73 use peak 

fitting to differentiate the interactions of C with N and S, the energy differences of both chemical 

environments  are very small. In our case, they would be within the experimental error of the 

technique, and hence, we have chosen to include them in a single component. The fact that the 

contribution of this component is somewhat higher in the ASAC/PPy:PSS@S composite is partly a 
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consequence of the presence of N in the polymer. In both cases, two chemical environments are 

detected for S (Fig. 6b and Fig. S5b), one around 164–165 eV associated with the S–S bonds of the 

element and the other between 167–170 eV due to S–O bonds. In the first, the S 2p3/2 (163.9 eV) and 

S 2p1/2 (164.1 eV) components of the photoemission peak are well defined, while the second is a 

broad peak, probably due to more than one oxidation state of S. These results indicate that a small 

fraction of S is oxidized at the surface level. The intensity of this peak is greater in the composite 

containing the polymer due to the sulfonic group being present in the PSS polymer, Table 1. 

Regarding the N 1s photoemission peak of the polymer composite, Fig. 6c, it has been fitted to three 

components, consistent with what was expected for the PPy polymer. The highest participation 

components are attributed to pyrrolic (N–H) and polaron (N+) species, see Table 1.52

Figure 6. XPS spectra of (a) C 1s, (b) S 2p, and (c) N 1s for the ASAC/PPy:PSS@S composite.
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Table 1. C 1s, S 2p, and N 1s species contribution (in at. %) of the composites from the XPS 

spectra.

The cyclic voltammetry curves of the prepared electrodes of the two composites are shown in Fig. 7a 

and b. The shape of the curves is that which is expected for the electrochemical reaction between Li 

and S, the cathodic scan resolved in two well–differentiated peaks around 2.3 and 2.0 V associated 

with the formation of high–order (Li2Sx, 6 ≤ x < 8) and low–order (Li2S2/Li2S) LiPSs, respectively, 

and the anodic scan in an asymmetric peak assignable to the oxidation of the LiPSs and their 

conversion into pristine S. Subtle differences in the shape of the CV peaks of both composites reflect 

a beneficial role played by the polymeric additives in the electrochemical reaction. Two aspects are 

to be highlighted, a larger area of the peaks and, consequently, a greater transfer of electrons between 

Li and S and a clearer separation of the stages in which the oxidation reaction takes place. The first 

Contribution (at. %)
Element Species Binding 

energy (eV) ASAC@S ASAC/PPy:PSS@S

C–C/C=C 284.6 69.86 65.19

C–S (C–N) 285.6 12.45 17.70

C–O 286.4 9.28 9.34

C=O 287.5 3.12 3.49

O–C=O 288.7 2.57 2.27

C 1s

π–π* 291.9 2.72 2.00

S–S 163.9 89.92 72.46
S 2p

S–O 168.6 9.08 27.54

–N= 397.9 – 11.50

H–N 400.1 – 60.84N 1s

–N+ 401.7 – 27.66
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is indicative of a higher capacity of the electrode and the second of a lower polarization of the cell. 

Thus, the calculated ΔE values between reduction and oxidation peaks for the two reactions of high–

order and low–order lithium polysulfides are 0.060 V and 0.302 V with polymer, while 0.130 V and 

0.458 V without polymer, respectively, account for this observation (see Fig. S7). 

The greater width of the oxidation peak of the polymer-based composite allows to identify a third 

component that is not usually observed. Nevertheless, profiles with similar characteristics and even 

more complex have been described in the literature. Wu et al.74 observed two and three peaks for the 

reduction and oxidation process, respectively, and the in-situ Raman spectra showed up to five peaks, 

assigned to different stretching, and bending modes of polysulfides [S8
2−, S4

2−, S4
−, S3

− and Sx
2− (x = 

4−8)], and revealing the complexity of the electrochemical system. More complex profiles have been 

used by Yu et al.75 to understand in depth the mechanism of S redox reaction, combining cyclic 

voltammetry and mass spectrometry, able to identify numerous short−live LiPSs intermediates during 

the process. We believe that the profile shape of the electrochemical measurements is an open 

question due to the reaction complexity and the role played by the different components of the cell.
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Figure 7. (a) and (b) CV cycling curves of the ASAC@S and ASAC/PPy:PSS@S  composite 

electrodes between 1.7 and 2.7 V vs. Li+/Li recorded at a potential scanning rate of 0.1 mV s−1. (c) 

and (d) EIS spectra of the ASAC@S and ASAC/PPy:PSS@@S composite electrodes recorded in a 

frequency range from 0.1 Hz to 500 kHz with a disturbance amplitude of 10 mV. In the inserts, the 

plot scale is enlarged.

The CV curves are also a valuable tool to evaluate the diffusion of Li+–ion mobility in the 

electrochemical reaction of the cell. The Li+–ion diffusion coefficient (DLi
+) can be evaluated from 

the relationship between the peak intensity (Ipeak) and the voltage scanning rate using the Randles–

Sevcik equation (2):

(2)𝐼𝑝𝑒𝑎𝑘 = 0.4463𝑛𝐹𝐴𝐶[𝑛𝐹𝑣𝐷
𝑅𝑇 ]1/2
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where Ipeak is the peak current (A), n is the number of electrons of the electrochemical reaction, F is 

the Faraday constant (96 485 C mol−1), A is the area of the electrode (1.327 cm2), C is the estimated 

Li+ concentration in the electrode volume (mol cm−3), ν is the scan rate (V s−1), D is the diffusion 

coefficient (cm2 s−1), R is the gas constant (8.314 J K−1 mol−1), and T is the temperature (298.15 K). 

The CV curves used were recorded at 0.1, 0.2, 0.5, 0.8, and 1 mV s−1 (Fig. S8a, c), and the DLi
+ values 

from the Cyclic Voltammetry Randles-Sevick (CVRS) measures obtained from the slope of the plot 

of peak current vs. ν1/2 are shown in Fig. S8b and d; and are also collected in Table 2. Given the 

difficulty in differentiating the two peaks of the anodic curve, a single value has been calculated from 

the maximum intensity of the peak (A1). For all the steps of the electrochemical reaction, the diffusion 

coefficient values of the ASAC/PPy:PSS@S electrode are higher, which means that the polymers 

favour Li+ mobility.

The EIS measurements carried out at different cycles are shown in Fig. 7 c, d. The shape of the 

Nyquist plot, one semicircle at high–to–medium frequencies and an inclined line at low frequency, is 

consistent with charge transfer resistances of the S cathodes and the Warburg impedance (ZW) of Li+ 

diffusion within the electrode, respectively. The electrolyte (Re) and charge transfer (Rct) resistances 

obtained from the equivalent circuit included in Fig. 6c are shown in Table 2. The results reveal that 

the ASAC/PPy:PSS@S electrode has a smaller Re and Rct than that of the ASAC@S. Although when 

cycling, their ohmic resistance values, Re, tend to increase, probably due to the LiPSs solubility. The 

increase is more pronounced in the ASAC@S composite. More significant differences are observed 

in the Rct values, the tendency of which is to decrease as the electrode is cycled. This decrease is a 

behaviour commonly observed due to the activation of the electrode caused by the cathodic and 

anodic reactions detected in the CV curves and responsible for a gradual increase in the transfer of 

electrons and ions at the cathode/electrolyte interface.76–78 The presence of polymers causes a 

pronounced decrease of more than 80 %. In addition, the Li+ diffusion coefficient (DLi
+) can be 

calculated from the low frequency region (Warburg region) in the EIS spectra by plotting Z´ vs. ω−1/2 
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(Fig. S9a, b). The slope of this plot is related to the Li+ diffusion coefficient by the Warburg equation 

(3), where DLi is the diffusion coefficient (cm2 s−1),  R is the gas constant (8.314 J K−1 mol−1), T is 

the temperature (298.15 K), n is the number of electrons of the electrochemical reaction, F is the 

Faraday constant (96 485 C mol−1), A is the area of the electrode (1.327 cm2), C is the estimated Li+ 

concentration in the electrode volume (mol cm−3), and σω is the Warburg slope (Ω s−1/2). The 

calculated values of DLi
+ from the Warburg–region of the impedance spectroscopy diffusion (EIS) 

also collected in Table 2 were 1.07x10−10 and 1.15x10−10 cm2 s−1 at OCV and after CV for the 

ASAC@S electrode, respectively, while for the ASAC/PPy:PSS@S electrode were superior with 

3.96x10−10 at OCV and 3.41x10−8 cm2 s−1 after CV, respectively. Although in general these values 

differ from those calculated from the CVRS measurements (Table 3), their comparison leads to the 

same result; the presence of the polymers increases the DLi
+ in the electrode. The results clearly 

demonstrate the beneficial effect of adding the polymers to the activated carbon, enhancing both the 

conductivity of the electrode and the mobility of the current carriers, electrons, and ions, at the 

electrode–electrolyte interface.

 (3)𝐷𝐿𝑖 =
1
2[ 𝑅𝑇

𝑛2𝐹2𝐶𝐴𝜎𝑊
]2
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Table 2. Fitting results of electrolyte and charge–transfer resistances of CV-EIS cycling measures, 

and the Li+ ions diffusion coefficients obtained by CV Randles–Sevick and EIS Warburg–region for 

the ASAC@S and ASAC/PPy:PSS@S electrodes.

EIS cycling resistance DLi
+

(CVRS) (cm2 s−1) DLi
+

(EIS) (cm2 s−1)
Cell 

condition OCV 1st 2nd 5th 10th C1 C2 A1 OCV After CV

Re (Ω) 4.0 5.6 5.4 5.3 5.0

Rct (Ω) 83.5 61.0 49.6 25.3 21.9
2.94x10‒8 1.49x10‒8 1.61x10‒8 1.07x10−10 1.15x10−10

Cell 
Condition OCV 1st 2nd 5th 10th C1 C2 A1 OCV After CV

Re (Ω) 3.7 4.6 4.3 4.1 3.8

Rct (Ω) 18.8 10.3 8.4 7.3 7.3
1.27x10‒7 5.97x10‒8 8.99x10‒8 3.96x10−10 3.41x10−8

Further information on the kinetics of the electrochemical reaction for the two composites was 

obtained from the CV curves recorded in symmetrical cells in a Li2S6–based electrolyte (Fig. 8a). For 

comparison, the polarization curves without polysulfide have been included, and as expected, they 

show a very low capacitive current density. For the two carbons with and without the polymer, redox 

peaks are observed in the cathodic and anodic scans but with different characteristics. The first is that 

only in the carbon with the polymer are the two peaks of the electrochemical reaction between Li and 

S identified; on the other hand, in the carbon without the polymer, only one is identified, the most 

intense. As a second observation, it is worth noting the difference in the peak area, which is much 

higher in the carbon with the polymer. These comments can be extended to the profiles of the CV 

curves registered at higher scan rates (Fig. S10a, b). The EIS spectra are shown in Fig. 8b. It is clearly 

observed that the addition of the polymers in the electrode remarkably reduces the charge transfer 

resistance (Rct). The value of Rct is around 40.2 Ω with pure ASAC and 10.6 Ω for ASAC/PPy:PSS. 

All these observations are consistent with the role played by the polymers in accelerating the redox 

process by increasing the conductivity and catalytic properties of the carbon for the LPS conversion.
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Figure 8. (a) Polarisation curves of symmetrical cells with and without Li2S6. Scan rate 1 mV s−1. 

(b) EIS spectra of symmetric cells for free−sulfur matrix electrodes. In the insert, the plot scale is 

enlarged.

In Fig. 9a and Fig. S11, the galvanostatic discharge/charge curves of the ASAC/PPy:PPS@S and 

ASAC@S composites, respectively, recorded at 0.1C between 1.8 and 2.7 V are shown. The 

discharge curves profiles exhibit the two typical plateaus located around 2.4 and 2.1 V, corresponding 

to the formation of high–order and low order Li2Sx polysulfides, respectively, and counterpart to the 

two cathodic peaks of the CV curve (Fig. 7a). The voltage drop is a consequence of the sluggish 

kinetics of the low order polysulfide formation, a slowness that also affects the reversibility of this 

process as reflected in the polarization of the charge curve. The result is a smaller voltage difference 

between the two plateaus of the charge curve and is reflected in the anodic asymmetric peak of the 

CV curve (Fig. 7a). The capacity values and coulombic efficiency as a function of the cycle number 

are shown in Fig. 9b. In both composites, a pronounced drop in capacity is observed in the first five 

cycles associated with the progressive impregnation of the electrode by the electrolyte and its 

consequent stabilization. In the sixth cycle, the capacity values are around 1300 and 900 mAh g₋1 for 

the composites with and without polymers, respectively, continuing a slight loss of capacity with 

values around 1200 and 700 mAh g−1 after 250 tested cycles. In the galvanostatic measurements, it is 

also observed that the over–potential of the electrode with the polymer is less than that of the electrode 
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without the polymer, 0.265 vs. 0.289 V (Fig. S12). The coulombic efficiency values show smaller 

differences, and after the first cycle, they approach 100 %. Under the same cycling conditions, the 

good electrochemical properties of the ASAC/PPy:PSS@S composite are repeated when the S 

loading of the electrode is tripled (6.0 mg cm−2), a good capacity retention after the electrode 

stabilization and a capacity released around 920 mAh g−1 after 250 cycles (see Fig. S13). Again, the 

capacity released by the polymer–free composite decreases appreciably, 530 mAh g−1 after 250 

cycles. Recently, avocado wastes have been reported for their use in Li−S batteries.54 In this case, 

avocado shells were used to obtain the carbon matrix and K2CO3 for its activation. In addition, Li2S8 

catholyte was used as the S source. Although the activated carbon has a high SBET and pore volume, 

1081 m2 g−1 and 0.45 cm3 g−1, respectively, which may be beneficial for exposing more active sites 

for the LPSs absorption, the capacity value delivered at a 0.1C rate was very small, from an initial 

value of 650 to only 102 mAh g−1 after 100 cycles. The question remains as to whether the different 

conditions are the cause of the drastic difference in the performance of both types of avocado–derived 

activated carbons. 

As previously mentioned, the PPy−PSS copolymer has been used as the only S additive in cells with 

high sulfur loading (around 6.0 mg cm−2),52 like that used in the cell of Fig.S13. Since the electrode 

was also cycled at 0.1C for 200 cycles, the comparison of results with ours can indirectly shed light 

on the contribution of C in the reaction between S and Li. The initial capacity of the PPy:PSS@S−cell 

was 1108 mAh g−1 and after 200 cycles the cell maintains a capacity of 708 mAh g−1.52 These values 

are lower than those evaluated in Fig. S13 suggesting that the joint presence of C and polymer could 

be a good alternative for a better improvement of the cell performance. Three properties of the 

activated carbon could justify the better electrochemical behaviour of the composite, (i)  the high 

values of specific surface area and pore volume for enhancing the S dispersion; (ii) contribution to 

the of improvement of the S conductivity and (iii) its ability to trap LiPSs.
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Figure 9. (a) Discharge-charge profiles of the ASAC/PPy:PSS@S electrode at 0.1C. (b) Variation 

of the discharge capacity as a function of the cycle number at 0.1 C for the composites. Electrode 

sulfur loading: 2.0 mg cm−2.

The long-term cycling properties of both composites were also studied at current rates higher than 

0.1C (0.5C, 1C, 2C, and 5C), and the delivered capacities are shown in Figs. 10 a, b. To stabilize the 

electrodes, the first three cycles were recorded at 0.1C rate. The average capacity values after the 

cycles are collected in Table 3. The presence of the polymers produces two beneficial effects, a 

significant increase in the capacity values regardless of the current rate and a lesser influence of this 

tool in the electrochemical response of the electrode. The composite with the polymer exhibits a slight 

decrease in capacity with increasing C value. On the other hand, the composite without the polymer 

shows a more abrupt drop in capacity, especially from 2C.
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Figure 10. Long-term discharge capacity values as a function of the cycle number obtained at 

different current rates for: (a) ASAC@S and (b) ASAC/PPy:PSS@S composites. (c) Rate capability 

of the composites at different current rates. Electrode sulfur loading: 2.0 mg cm−2.

As expected, the rate capability measurements were consistent with the results obtained in the 

prolonged cycling measurements. The charge/discharge curves recorded at 0.1C, 0.2C, 0.5C, 1C, 2C, 
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and 5C for the two composites are shown in Figs. S14 a and b, and the variation of the specific 

capacity with cycling is shown in Fig. 10c. As can be seen, a pronounced drop in capacity takes place 

in the five cycles recorded at 0.1C, just like that observed in the prolonged cycling with the same 

current density value (Fig. 9b). Once the electrode stabilizes, the capacities remain virtually constant 

regardless of the current value. The averaged capacity values are shown in Table 3 and are notably 

higher in the ASAC/PPy:PSS@S composite, between 30–40 %. When the current returns to 0.1C, a 

recovery of the capacity is observed, the values of which are close to the initial ones but with the 

electrode clearly stabilized. The calculated polarization values between the discharge and charge 

curves of Fig. S14 are plotted against the current rates in Fig. S15. As can be seen, the polarization 

increases with current rate, the slope of the electrode without the polymer being steeper than that with 

the polymer. This is indicative of the catalytic role played by the polymers in accelerating the redox 

reaction of the discharge/charge processes. The fact that the polarization values increase, especially 

at high rates, reflects the slowness of the conversion reactions that takes place in the cell.

Table 3 also includes the capacity values of the electrodes tripling the S content (6.0 mg cm−2) and 

the discharge/charge profiles and variation of capacity with cycling in Fig. S16. Although the values 

decrease (as can be expected) even at the 5C rate, the average capacity of the composite with the 

polymer is high, around 565 mAh g−1, almost four times higher than that of the non–polymer. 
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Table 3. Average capacity values (mAh g-1) obtained from the rate capability and long-term cycling 

measurements for ASAC@S and ASAC/PPy:PSS@S electrodes.

Sample Rate Capability test 
(2.0 and 6.0 mgS cm–2)

Long-term cycling 
(2.0 mgS cm–2)

ASAC@S 0.1C 0.2C 0.5C 1C 2C 5C 0.1C* 0.5C 1C 2C 5C

2.0 mgS cm–2 1043 757 675 642 556 441 813

6.0 mgS cm–2 905 667 585 539 257 143 656
685 523 177 84

ASAC/PPy:PSS@S 0.1C 0.2C 0.5C 1C 2C 5C 0.1C* 0.5C 1C 2C 5C

2.0 mgS cm–2 1527 1272 1135 1019 868 781 1355

6.0 mgS cm–2 1326 1022 910 821 721 565 1072
886 840 786 631

*Returned to 0.1C in the Rate Capability test.

The polymers PPy and PSS are not only capable of improving the conductive properties of the 

ASAC@S composite but also the chemisorption properties towards LPSs since they have N, O, and 

S atoms in their structures, the bonds of which have a different polarity than that of C.79 The optical 

and spectroscopic measurements of the composite immersed in polysulfide solutions are the usual 

methods used to demonstrate the chemisorption properties of their different components. As shown 

in Fig. 11a and b, only by combining the absorbent properties of carbon and the polymers can the 

discoloration of the polysulfide solution be achieved. The UV–visible spectra shown in Fig. 11c 

corroborate the optical data of Fig. 11a and b. The colour of the polysulfide is reflected in the 

asymmetric absorbance peak located at around 410 nm. The order of increasing absorbing power 

would be ASAC < PPy:PSS < ASAC/PPy:PSS. The somewhat higher absorption of the polymers 

compared to carbon must be assigned to the presence of heteroatoms in their structures since their 

specific surface area and pore volume are notably lower. The images of the original electrodes and 

separators and those in the ASAC@S and ASAC/PPy:PSS@S cells after cycling are shown in Fig. 

11d. Compared to the original electrode and separator, in the ASAC@S cell, both the electrode and 

separator adsorbed residual yellow LiPSs. On the contrary, for the ASAC/PPy:PSS@S cell, the 
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yellow colour associated with LiPSs is barely appreciable, which suggests a faster LiPSs conversion 

catalysed by the synergy between the polymers.

        

Figure 11. (a), (b) Images of the absorbent properties of the carbon, polymer, and 

carbon/copolymer matrix. (c) UV-vis absorption spectra. (d) Optical images of electrode and 

separator for ASAC@S and ASAC/PPy:PSS@S composites after cycling (Original samples of 

GDL current collector and PE Celgard separator were used as control for comparison).

Additional post–mortem studies provided complementary information on the role played by the 

copolymer in increasing the inhibition of the solubility of LiPSs and in a better maintenance of the 

texture of the electrode during its cycling. The SEM images of the ASAC@S and ASAC/PPy:PSS@S 

electrodes before and after 250 cycles at 0.1C are shown in Fig. S17. They show that the porous 

structure of the ASAC/PPy:PSS@S electrode is better maintained. On the other hand, the image of 
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the ASAC@S composite exhibits a smoother surface and whose aggregates could correspond to 

insoluble Li2S2 and Li2S particles, as suggested by Liu et al.80 from the mapping of the elements Li 

and S. We have not been able to confirm this model since the XR detector of our microscope does 

not allow the identification of an element as light as Li. Nevertheless, evaluation of the S content in 

the electrodes before and after cycling can offset this drawback. The values were obtained by two 

methods, the mapping of the S from the EDS spectrum and by means of XRF. The reason was to 

obtain an acceptable reliability since the EDS technique is affected by multiple factors (need to use 

standard samples with the elements to be determined; particle size; acceleration voltage; background 

noise; surface uniformity; angle between the XR beam and the sample that affects absorption, among 

others). 

Table 4 shows the values of the S content obtained from the different cells cycled at different current 

densities. The following observations help to understand the data in the Table. The different values 

obtained with both techniques are expected considering the different principles on which they are 

based. The fact that the values obtained with both techniques are much lower than those calculated 

from thermogravimetric data is a consequence of the different components of the electrode, especially 

the current collector, GDL, whose weight is much higher in relation to the S content of the electrode. 

The increase in the S content when cycling observed with the EDS technique could be due to some 

of the factors that affect the measurement. In both techniques and independent of the cycling 

conditions, it can be observed that the S content of the electrode with the polymer is higher, which 

means that it absorbs polysulfides more effectively and suppresses the shuttle effect to a greater 

extent. As a result, the irreversible loss of S from the electrode is reduced.
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Table 4. Sulfur concentrations (in wt. %) obtained from XRF and EDS analysis for ASAC@S and 

ASAC/PPy:PSS@S electrodes before and after cycling.

(*) Magnification of SEM/EDS images. (**) After 250 cycles. (+) After 500 cycles.

Although the articles published on the use of biomass–derived carbons of very varied origin for Li−S 

batteries are numerous (more than sixty according to a recent review81), the cell performance is 

modest, especially at high current rates (from 1C). As pointed out, one of the limitations of biomass–

derived carbons is their lower conductivity values compared to other less disordered carbons. The 

strategy being implemented to improve the performance is to add other components that increase the 

conductivity and/or the ability to trap polysulfides. Conductive organic (polymers82–84) and inorganic 

(Ni nanoparticles, graphene nanosheets85–88) additives in nature have been tested. On the other hand, 

different transition metal compounds, such as Fe3C,89 MS2 (M = Co, Ni),80,90 MnO2
91,92 TiO2,93 and 

NiAl–LDH,94 have been examined to enhance the LiPSs absorption. Regarding the use of additives 

based on metallic nanoparticles, surprisingly, there is no consensus on the role they play, even for the 

same element as Ni. While Zhong et al.85 emphasized the increased conductivity of the composite, 

Wang et al.95 highlighted the highly adsorptive abilities of metal elements, which resulted in efficient 

trapping of LiPSs, an opinion also shared by Xia et al.96 and Jin et al.97, this later group on Co, Fe 

nanoparticles. Our opinion is more consistent with that of Zhong et al.85 since these elements have 

conductivity values much higher than biomass–derived carbons, not being necessary to resort to 

XRF Technique

Sample Uncycled C/10** C/2+ 1C+ 2C+ 5C+

ASAC@S 13.4 4.8 6.6 6.7 6.7 7.1

ASAC/PPyPSS @S 14.6 7.2 7.9 8.0 9.3 9.8

EDS Technique

Sample Uncycled 
(300x)*

Uncycled 
(1000x)

C/10** 

(300x)
C/10** 

(1000x)
1C+ 

(300x)
1C+ 

(1000x)

ASAC@S 2.8 4.2 5.4 6.5 7.1 6.6

ASAC/PPy:PSS@S 6.5 6.6 8.5 6.9 10.3 11.7
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theoretical calculations to justify it, unlike the adsorption properties.95 Doping with heteroatoms such 

as N and S, a procedure more reasonable to enhance this latter property, is the strategy followed in 

ref.98 (doping agents: urea, melamine) and ref.99 (doping agent: thiourea).

The properties of our composite and some of those mentioned above, those with the best 

performances and grouped by the role played by the additive, are compared in Table 5. For the 

composite labelling, we have used the same symbols as that of the authors, and we have included a 

brief comment on the composite preparation method. In all, except for ref.92, impregnation with S 

was followed by heating to 155 °C (melt–diffusion process). Activated carbons with a high BET 

surface and pore volume dominate with a preference for KOH as the activating agent. The low SBET 

and pore volume values of the non–activated C of ref.95 draws the attention. These authors repeated 

the same synthesis procedure and conditions used by Zhong et al.85, changing only the C source from 

rice to popcorn. For this reason, it is striking to observe the great difference between the SBET and Vp 

obtained in both references, which can reach more than one order of magnitude. Also, the presence 

of Ni considerably increases both SBET and Vp even though the synthesis method has an intermediate 

stage, instantaneous puffing (IP), to promote the porosity of C. Although in both cases the explanation 

is associated with the presence of nanopores, either because “they are created by the elaborately 

decorated Ni nanoparticles”95 or “due to the presence of the interconnected nanopores via embedding 

of Ni”,85 the images provided do not demonstrate the proposed model. In the remaining examples, 

the opposite behaviour is observed, i.e., a decrease in the textural properties when the additives are 

mixed with C. Regarding the voltage window and especially the lower limit in most of the articles, 

which is around 1.8−1.7 V, lower values can give rise to side reactions that can affect the stability of 

the electrolyte. The values of S loading show greater variations and fluctuate between 1.4 and 9 mg 

cm−2. Only in ref.91 is this property not included despite its interest for future cell scaling. 

Page 41 of 63 Sustainable Energy & Fuels



34

Table 5. Properties of Li−S cells made from carbons derived from biomass wastes further treated 

with different additives reported in literature. The properties of our carbon and its derivative are 

also included for comparison (*)

Long Term Cycling Rate 
CapabilityPreparation method

(Cathode material)

SBET
(Vp)
(+)

SL
(Vel) V.W Ci Cf Rate C. L. Rate Cav

Ref.

CONDUCTIVE ADDITIVES

Avocado seed, H3PO4, 700 °C → 
ASAC, S → ASAC@S 

1559
(0.74)

1280
720
200

780 (250)
580 (500)
75 (500)

0.1
1
5

2.00
0.28
0.25

1
2
5

650
580
4202.0

(25) 1640
900
800

1200 (250)
800 (500)
640 (500)

0.1
1
5

0.96
0.20
0.32

1
2
5

1060
910
800ASAC, pyrrole, PSS/AP, S → 

ASAC/PPy:PSS@S –––

6.0

1.8–2.7

1500 920(250) 0.1 2.32 5 565

This 
work

Bamboo stems, KOH, 800 °C → 
BDC, Na2S2O3/HCl → BDC/S 

1824
(1.14) 896 376 (100) 0.1 5.20 1

2
325
180

BDS/S, aniline/APS → 
SPANI/BDC/S –––

1.4
(32) 1.5–3.0

1463
1270

683 (100)
366 (50)

0.1
0.5

7.80
1.80

1
2

698
558

82

Rice, IP, 200 °C, 1.0 MPa; 1000 °C 
(H2/Ar) → PC, S → PRC/S

445
(0.21) 1170 325 (500) 0.2 1.62

1
2
5

544
303
153

Rice, IP, 200 °C, 1.0 MPa; NiCl2 
1000 °C (H2/Ar) → PRC/Ni, S → 

PRC/Ni/S

1492
(1.05)

2.0
(20) 1.7–2.8

1257 813 (500) 0.2 0.88
1
2
5

777
687
573

85

Pomelo peel, autoclave 180 °C → 
PB, S → PB/S 

1988
(0.93)

–––
–––

–––
–––

–––
–––

–––
–––

2
3

100
41

Pomelo peels, autoclave 180 °C, GO, 
KOH, 800ºC → PBG, S→ PBG/S –––

4 1.7–3.0
1368
1053

459 (100)
354 (600)

0.1
1

9.09
1.14

2
3

470
408

86

Recycled paper, 1000 °C → APC, S, 
155 °C → APC/S 272 3.6 1120 280 (480) 0.96 1.75 ––– –––

APC, GO, 1000 °C, S → 
APC/Graphene/S ––– 1.0

1.5–2.8

1083 754 (620) 0.96 0.53 0.96
1.2

620
525

88

ADSORPTION ADDITIVES

Corncob, H2SO4(98%), 800 °C → 
MC, S → MC/S ––– 1215 468 (600) 0.5 1.24

1
2
5

658
441
282

MC, FeSO4, 800 °C → Fe3C/MC, S 
→ Fe3C/MC/S

686
(6.5)

1.5
(9)

1.7–2.8
1465
–––

920 (1000)
1000 (600)

0.5
0.5

0.54
–––

1
2
5

1034
916
727

89
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(*)The following properties have been considered: surface area, SBET (m2 g−1); pore volume, Vp (cm3 g−1); sulfur loading, SL (mg cm−2); 
electrolyte volume Vel (μL mgS

−1); voltage window, VW (volt); discharge capacities (mAh mgS
−1): Cinitial, Cfinal (in parenthesis number of 

cycles), Caverage; capacity loss per cycle (C.L) and current rates (in C, C = 1675 mA gS
−1). (+) Measured values without S. 

Although the electrochemical properties of the composites are heterogeneous, in all cases, an 

improvement is observed when the additive is added. We have not found any reference in which PPy 

and/or PSS is used as an additive. Only Wei et al. have used other polymers: polyaniline (PANI),82 

sulfonated polyaniline (SPANI),83 and polystyrene (PS).84 The best results were obtained with SPANI 

due to its dual conductivity and LiPSs affinity properties. Although the increase in capacity caused 

6.0 1200 906(200) 0.5 1.47 ––– –––

Ginkgo-nut, CaCO3, 900 °C, HCl → 
GC, S → GC/S

924
(1.01) 1070 480 (500) 0.1 1.18 2

4
470
400

GC, CoCl2, Thiourea, autoclave, 180 
°C → GC/CoS2, S → GC/CoS2/S 

763
(0.83)

2.3
(15) 1.5–3.0

1252
900

1019 (500)
610 (1000)

0.1
2

0.46
0.29

2
4

830
719

80

Bovine bone, KOH, 850 °C → 
CHPC, S → CHPC/S

3273
(3.31) 1076 699 (250) 0.2 1.50 2

5
640
420

CHPC, CoCl2, Na2S2O3, autoclave 
140 °C, S → CHPC/CoS2/S

–––

2.0
(20) 1.7–2.8

1231 1049 (250) 0.2 0.72 2
5

728
506

90

Pistachio shells, 1000 °C → PC
PC, S → PC/S

384
(–––) 1060 480 (250) 0.5 2.32 2

4
400
200

PC, KMnO4, 80 °C →
M-PC, S → M-PC/S lower

–––
(–––) 1.5–3.0

1200
930

750 (250)
730 (100)

0.5
1

1.80
2.00

2
4

795
422

91

Olive stone, steam, 700 °C→ AC, 
S(+), grinding → AS/S

615 
(0.38)

693
460

300 (100)
349 (300)

0.1
0.5

3.93
1.11

0.8
1

210
170

AS, MnO2, S(+), grinding → 
AS/MnO2/S

–––

1.0 1.8–2.7
926
522

541 (100)
464 (100)

0.1
0.5

3.85
0.58

0.8
1

530
500

92

Oil-tea shell, H3PO4, 600 °C → PAB, 
S → PAB/S 1275 780

780
430 (200)
450 (300)

0.5
1

1.75
1.10

2
3

464
394

PAB/NiAl-LDH, S
→ NiAl@PAB/S 887

1.2
(40) 1.5–3.0

792
788

534 (200)
450 (300)

0.5
1

1.29
1.12

2
3

658
614

94

Popcorn, IP, 200 °C, 1.0 MPa, 1000 
°C (H2/Ar) → PC, S → PC/S

31
(0.03)

693
460

300 (100)       
349 (100)

0.1
0.5

3.93
1.11

0.8
1

210
170

Popcorn, IP, 200 °C, 1.0 MPa, 1000 
°C (H2/Ar), Ni(NO3)2 → PC/Ni, S → 

PC/Ni/S

279
(0.11)

1.0 1.8–2.7
926
522

541 (100)
464 (100)

0.1
0.5

3.85
0.58

0.8
1

530
500

95

DOPANT ADDITIVES

Lotus seedpod shells, KOH, 800 °C 
→ HPC, S, Na2S2O3/HCl → HPC/S

2647
(1.16)

1250
1050

940 (150)
750 (300)

0.1
0.5

2.06
1.00

0.5
1

1130
1070

HPC, Thiourea, autoclave 180 °C → 
NSHPC, Na2S2O3/HCl → NSHPC/S 

2488
(0.99)

2.8 1.8–2.8
1450
1280

1164 (150)
950 (300)

0.1
0.5

1.90
1.10

0.5
1

1270
1180

99
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by the polymer is remarkable, one of the highest on the Table (the capacity values can be up to four 

times), the electrochemical properties of the pristine composite are very poor, an unexpected 

behaviour considering the good textural properties of activated carbon. If we compare their results 

with ours, the capacity values are lower regardless of the measurement conditions. We associate the 

cause with the differences in the composition of the SPANI and PPy:PSS polymers, the H+ and Na+ 

ions being responsible for the ionic conductivity, respectively. The lower polarizing power of Na+ 

facilitates its mobility and leads to a higher ionic conductivity. In relation to the capacity values, they 

are lower than ours both in prolonged cycling and in the rate capabilities measurements.

In all the examples found, the additive improves the performance of the electrode regardless of 

whether its presence changes the textural properties of the carbon derived from biomass, as deduced 

from the adsorption isotherms of N2. The composite with the best performance is the one reported by 

Li et al.89 on a carbon obtained from corncob treated with oleum and FeSO4 converted in Fe3C upon 

heating. It is worth noting from the article the high number of cycles tested (1000 cycles) and also 

the high S loading (up to 9 mg cm−2). However, serious doubts arise about the insignificant role 

played by the mesoporous C in the absorption of polysulfides compared to that of Fe3C even though 

the C content is higher than 65% and, according to the authors, Fe3C is in the form of ultra–thin 

nanosheets. Therefore, the contribution of the carbonaceous matrix to the surface and pore volume of 

the composite (Table 5) should dominate and should play a relevant role in the LiPSs adsorption. 

Although the authors try to justify this inconsistency by means of DFT calculations applied to the 

structure of Fe3C, a mathematical model that now works for almost everything, the textural properties, 

the main tool to justify the adsorption properties of a material, are ignored. Regarding the performance 

of the cells, ours provide somewhat higher capacity values of rate capability recorded at the same 

rate. It is more difficult to draw conclusions from the measurements in prolonged cycling since Li et 

al.89 only used 0.5C, a rate not used by us; we preferred to analyse the properties in prolonged cycling 

at higher rates (up to 10 times higher). Nevertheless, our cells have better capacity retention values. 
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Among adsorption additive compounds, CoS2 has been used in refs.80 and90, the former being the 

more complete study. The cells were subjected to a high number of cycles comparable to ours, but 

the capacity values are lower. The remaining compounds in this group perform worse, and the 

capacity values are notably lower both in prolonged cycling and the rate capability regime. The same 

comment is valid for heteroatoms; their introduction in the C matrix gives lower capacity values, or 

the improvements produced are more limited. In addition to the advantages of the PPy:PSS system in 

improving the electrochemical performance of activated carbon that have already been mentioned, 

there is another singular and remarkable one: the good response of the composite in a wide range of 

current densities from 0.1C to 5C.

3. Conclusions 

In summary, we have demonstrated the efficient entrapment of sulfur by a biomass–derived activated 

carbon with the help of a multifunctional PPy:PSS copolymer. Compared with the activated carbon, 

the resulting composite evaluated as an electrode in Li−S batteries considerably increases the 

discharge specific capacity values both at low and high current densities (up to 5C), improves the 

stability of the cell cycle, and allows high sulfur loading (6.0 mg cm−2). Several properties of the 

copolymer cause the drastic change of the electrode. In the first place, its dual ionic and electronic 

conductivity is responsible for improving the redox kinetics of the electrochemical reaction between 

Li and S. On the other hand, with the presence of atoms more electronegative than C, especially O 

and N and to a lesser extent S, in the copolymer structure, the interaction with LiPSs is facilitated and 

the absorbent properties of the electrode are enhanced. The confinement of the LiPSs inhibits their 

dissolution and migration in the electrolyte, and the shuttle effect is reduced as a result. Compared 

with the different additives used in activated carbons derived from biomass residues reported in the 

literature, the copolymer used here is the one that globally provides the best performance as an 

electrode in Li−S batteries. In addition, this strategy does not require sophisticated preparation 
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methods or high temperatures, so it can be a practical option for designing better and more sustainable 

and environmentally friendly electrodes for this new battery generation.
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Supplementary Information

Figure S1. (a) XRD pattern. (b) TGA curve recorded in N2 of PPy:PSS copolymer.
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Figure S2. (a) N2 adsorption/desorption isotherm. (b) Pore size distribution of PPy:PSS copolymer.

Figure S3. TGA curves recorded under N2 of pure S and ASAC@S and ASAC/PPy:PSS@S 

composites.
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Figure S4. (a) SEM image. (b) EDX spectrum. In the insert, the plot scale is enlarged.

. (c) C, (d) S, and (e) N elemental mappings of ASAC/PPy:PSS@S composite.

Figure S5. XPS survey spectra of (a) ASAC@S and (b) ASAC/PPy:PSS@S composites.
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Figure S6. XPS spectra of (a) C 1s, (b) S 2p for the ASAC@S composite.

Figure S7. Polarization values (ΔE) between the cathode and anode peaks of the composite 

electrodes.
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Figure S8. (a), (c) CV curves of the composite electrodes at various scan rates from 0.1 to 1 mV s-1. 

(b), (d) The corresponding fitted plots of the Randles–Sevcik equation applied to the cathode and 

anode peaks.

Page 58 of 63Sustainable Energy & Fuels



Figure S9. (a) EIS spectra of the composite electrodes recorded in a frequency range from 0.1 Hz to 

500 kHz at OCV and after CV recorded at a potential scanning rate of 0.1 mV s−1. In the insert, the 

plot scale is enlarged. (b) The corresponding fitted plot of the real part Z´ of the impedance as a 

function of the inverse square root of angular frequency range from 0.316 to 3.16 s−1/2 (frequency 

range from 10 to 0.1 Hz) for the electrode composites.

Figure S10. Polarization curves of symmetric cells with Li2S6 of: (a) ASAC. (b) ASAC/PPy:PSS 

free−sulfur matrix electrodes. The curves were recorded at scan rate from 1 to 10 mV s−1.
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Figure S11. Discharge–charge profiles of the ASAC@S electrode at 0.1C. Electrode sulfur loading: 

2.0 mg cm−2.

Figure S12. Polarization values (ΔE) between the discharge and charge curves of the electrodes 

recorded at 0.1C. Electrode sulfur loading: 2.0 mg cm−2.
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Figure S13. Variation of the discharge capacity as a function of the cycle number at 0.1 C with a 

sulfur loading of 6 mg cm−2 for the composite electrodes. Electrode sulfur loading: 6.0 mg cm−2.

Figure S14. Discharge-charge profiles recorded at different current rates. (a) ASAC@S and (b) 

ASAC/PPy:PPS@S electrodes. Electrode sulfur loading: 2.0 mg cm−2.
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Figure S15. Variation of the polarization (ΔE) between the discharge and charge curves as a 

function of the current rates (values obtained from rate capability curves). Electrode sulfur loading: 

2.0 mg cm−2.

Figure S16. Rate capability data at different current rates for ASAC@S and ASAC/PPy:PSS@S 

composite electrodes with a sulfur loading of 6 mg cm−2. Electrode sulfur loading: 6.0 mg cm−2.
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Figure S17. SEM images of electrodes: (a) ASAC@S uncycled, (b) ASAC@S cycled, (c) 

ASAC/PPy:PSS@S uncycled, and (d) ASAC/PPy:PSS@S cycled.
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