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Abstract  

Lithium-sulfur batteries are one of the most promising energy storage technologies to replace 
commercial Li-ion batteries due to five-fold higher theoretical energy density, and lower cost. 
However, due to certain limitations, the technology is not ready to be deployed. To overcome 
some of these, scientists have been extensively employing graphene oxide (GO) or graphene 
material to improve the electrochemical performance. In this work, we present a unique, novel, 
and facile method to deposit the active materials onto an aluminum collector by utilizing the Van 
der Waals interaction between graphene oxide and aluminum via an air-controlled electrospray 
(ACES) process. The role of conventional polymer binder was replaced by graphene, resulting in 
a binder-free substrate. We demonstrated that the elimination of conventional polymer binder and 
graphene layers assembled via the ACES method resulted in higher capacity and retention, and 
offer almost four times higher capacity at 2C than the conventional slurry-cast system with 
polymer binder. This ACES technique offers potential for improving the overall energy density of 
sulfur and being adapted for commercialization in the energy storage industry. 
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1. Introduction 

Due to the rapid development of electronics and electric vehicles, it is imperative to develop new 

technology for energy storage applications. Lithium-sulfur (Li-S) is one of the promising 

candidates for energy storage applications because it possesses high theoretical capacity and 

energy density at 1,670 mAh g-1 and 2,500 kW kg-1, respectively 1–3. Also, the low cost and 

environmentally benign nature of sulfur components are attractive from an economic and 

environmental perspective 4,5. Despite these advantages, several obstacles persist that hinder the 

commercialization of lithium-sulfur technology. For example, expansion and contraction of active 
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materials during the discharge/charge process, rapid capacity fading due to polysulfide migration, 

and insulating properties of the sulfur material itself 6–8.  

Many approaches have been conducted to circumvent the problems by improving 

electrical conductivity and trapping the polysulfide species. The most popular approach is 

employing carbonaceous material, such as: bimodal mesoporous carbon 9–11, carbon nanotubes 

12–14, conductive polymer like carbon nanofiber 15–18, PEDOT:PSS 19,20, graphene oxide (GO) 21,22, 

and graphene materials within the cathode itself 23–25. In this last approach, embedding interlayers 

or applying surface modification is very useful for high sulfur loading 16,18,26. Addition of GO is one 

of the most popular methods due to its ability to capture polysulfide by acting as a physical barrier, 

and also through chemisorption by polar-polar interactions. Binding between oxygen functional 

groups and sulfur polysulfide has been proven to maintain high capacity retention 22,23,27–31. 

However, researchers often overlook another potential attribute of graphene oxide. Most of the 

current literature focuses on utilizing the oxide content to capture polysulfide as opposed to using 

GO’s other efficacies to anchor active materials onto the aluminum electrode.   

In 2015, layer by layer reduced graphene oxide (rGO) deposition onto the aluminum 

electrode by an electrospray method was reported 32,33. The binding interaction between GO/rGO 

and aluminum oxide layer was further asserted using density functional theory 34. These ideas 

inspired us to develop an advanced technique to deposit graphene oxide and active sulfur 

materials simultaneously. Previously, we successfully implemented our novel air-controlled 

electrospray (ACES) technique for Li-ion batteries and high loading sulfur in Li-S technology 16,35. 

This approach permits coating of diverse materials on various surfaces. Herein, we present a 

novel, facile, and scalable method of the deposition process that utilizes GO as a binder and 

polysulfide anchor. In general, our electrode fabrication method is only a two-step process: ACES 

followed by heat treatment. In this manner, we were able to achieve sulfur deposition on aluminum 

collector without conventional polymer adhesive. In addition, the quick dry spray process 
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eliminates the cracking that results from a typical drying method 36. As for the conductive carbon, 

we implemented commercial Ketjen Black with pulverized mesoporous carbon nanofiber 

(MPCNF) and GO. The overall concentration of GO was less than 1%. To further improve the 

electrochemical performance of the cell, we also replaced the binder content with commercially 

available graphene solution to promote electron pathways and sulfur utilization. Incorporation of 

graphene in the electrode was carried out with the ACES process (ACES-Gr)  

For the reference system, a conventional slurry coated electrode with binder was 

prepared. We utilized lithium polyacrylate (LiPAA) as a polymer binder because LiPAA has shown 

the best performance among polyvinylidene fluoride (PVDF), polyvinylpyrrolidone (PVP), 

polyethylene imine (PEI), PVP:PEI (5:1), and Polyaniline (PANI) 37. The composition of variables 

of interest is summarized in Table 1 below.  

 

 

 

 

 

Table 1. Summary of the cathode composition with different approach 

Process 
Sulfur 

(%) 

Carbon Composite – 
Ketjen Black : MPCNF+rGO 

(1:1) weight ratio (%) 

Binder 
LiPAA 
(%) 

Graphene 
(%) 

Conventional slurry coating 
method (SC) 

56 34 10 0 

Air-controlled electrospray 
method (ACES) 

56 44 0 0 

Air-controlled electrospray 
method (ACES-Gr) 

56 34 0 10 
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2. Experimental 

2.1 Fabrication of MPCNF+GO powder 

1.2 g of polyacrylonitrile (PAN, MW = 150,000, Sigma Aldrich), 0.8 g of polymethylmethacrylate 

(PMMA) (MW = 15,000 Sigma Aldrich), 0.3 g of tetraethyl orthosilicate (TEOS) (Reagent Grade, 

Sigma Aldrich), and 0.05 g of Zinc Chloride (ZnCl2) (Reagent Grade, Amresco) were dissolved in 

12 mL of dimethylformamide (DMF) (Alfa Cesar) to form 13.7 wt % of polymer content. The 

solution was stirred for 72 hours at 65oC to enhance polymer crosslinking. Air-controlled 

electrospinning was used to spin 6 ml of the polymer solution with a PHD 2000 Infusion syringe 

pump (Harvard Apparatus) and a coaxial needle at room temperature. The solution was supplied 

to the inner 12-gauge needle, and 12 psi air flow rate was applied through the 17-gauge outer 

shell. The distance between the nozzle tip and aluminum current collector was 30 cm. Positive 

potential 15 kV was induced to the outer nozzle, and solution feeding rate was set at 0.1 ml min-

1. The resulting fiber was peeled and folded to 4 X 6 inches for heat treatment. Initially, the fiber 

was subjected to stabilization at 280oC for 2 hours under stagnant air with a ramp rate of 5oC min-

1, followed by carbonization at 900oC for 2 hours with a ramp rate of 5oC min-1 under N2 flow, and 

finally activation at 900oC for 2 hours with a ramp rate of 5oC min-1 under CO2 flow.  

Commercial graphene oxide solution (Dongjin Semichem) was diluted with distilled water to 6 mg 

ml-1. Then, 5 ml of the solution was extracted and sprayed onto activated MPCNF substrate using 

ACES method. The positive potential was applied at 25 kV, the distance between the nozzle tip 

to the collector was 30 cm, solution feeding rate was set at 0.1 ml min-1, and 20 psi airflow was 

applied through the outer stainless-steel nozzle. After spraying, the surface color of the MPCNF 

turned into a dark grey, indicating successful coating of GO on MPCNF. Finally, the obtained 

MPCNF coated GO sheets were pulverized using a ball mill for 15 minutes to form a fine powder.  

2.2 Preparation of Slurry Coated Electrode (SC) 
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Initially, 0.56 g of active sulfur material (Spectrum Chemical) was mixed with 0.17 g of Ketjen 

Black (AkzoNobel) and 0.17 g of MPCNF+GO powder. Then, the mixture was heat treated under 

air at 155oC for 12 hours to ensure sulfur infiltration and simultaneously reduce the graphene 

oxide. LiPAA was synthesized by mixing 5 wt % of a polyacrylic acid (PAA) (MW = 450,000, Sigma 

Aldrich) in H2O solution and 5 wt % of a 1:1 lithium hydroxide (LiOH) (Powder, Reagent Grade 

Sigma Aldrich) in H2O solution and stirred it overnight as previously reported 38. Then, 0.1 g of the 

LiPAA solution was thoroughly mixed with the sulfur-carbon composites in a ball mill for 10 

minutes. The slurry paste was then cast onto a carbon coated aluminum electrode. 

2.3 Preparation of Sulfur-Carbon Solution without Graphene (AC)  

Active sulfur material, Ketjen Black, and MPCNF+GO powder were mixed and heat treated as 

reported above. Afterward, the mixture was dissolved in a water and isopropanol solvent (8:2 

weight ratio) at a concentration of 10 mg ml-1. 

2.4 Preparation of Sulfur-Carbon Solution with Graphene (AC-Gr) 

A mixture of active sulfur material, Ketjen Black, and MPCNF+GO powder was prepared and heat 

treated as previously stated. Afterward, 2.5 g of commercial 4% wt graphene solution (ACS 

Material) is added to the mixture. Finally, the mixture is dissolved in 10 ml water and isopropanol 

solvent at 8:2 ratio. 

2.5 Active Materials Deposition 

Similarly, 10mL of sulfur-carbon solution (with or without graphene) was sprayed onto the 

aluminum current collector using the ACES process. The voltage applied was 25 kV, distance 

from the nozzle tip to current collector was 15 cm, convective airflow rate was 25 psi, and solution 

pump rate was 0.1 ml min-1. After all the dry solutions were deposited onto the aluminum collector, 

the electrode was punched into 1.5 cm diameter disks. Typical active sulfur loading was around 

1 mg cm-2.  
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2.6 Electrolyte Composition 

The electrolyte was 1 M of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.1 M of 

lithium nitrate (LiNO3) in a 1:1 volume ratio of 1,2-dimethoxyethane (DME) and 1,3-Dioxolane 

(DOL). All were purchased from Sigma Aldrich. E/S ratio that we used in this experiment was 10 

mL g-1 

2.7 Characterization Methods 

Fourier Transform Infrared Spectra were recorded with a Bruker Vertex V80V Vacuum FTIR 

system using an average of 64 scans with a resolution of 4 cm-1. Thermogravimetric analysis was 

carried out with a TA Instruments Q500 at a heating rate of 10 oC min-1 under an N2 atmosphere. 

X-ray diffraction analysis was conducted with a Bruker D8 Advance ECO powder diffractometer 

from 5o to 60o at a scan rate of 0.1o s-1. Scanning electron microscopy (SEM) images and energy 

dispersive X-ray spectroscopy (EDS) mapping were taken using an LEO 1550 FESEM. X-ray 

photoelectron spectroscopy measurements were conducted with a Surface Science instrument 

equipped with a monochromatic Al Kα X-ray source (1468.6 eV). Electrochemical 

characterizations of the coated separator were performed using 2032-type coin cells consisting 

of Li metal anode (MTI Corporation). All cells were assembled in an argon-filled glove box. Cyclic 

voltammetry and electrochemical impedance spectroscopy (EIS) test were performed using a 

potentiostat (Princeton PARSAT 4000). Galvanostatic charge/discharge cycles were carried out 

in the voltage range of 1.8-2.8 V using a battery cycler (MTI Corporation) at room temperature. 

All current densities and specific discharge capacities calculated in this study were based on 

sulfur mass.    

3. Results and Discussion 

3.1 Heat Treatment Sulfur Encapsulation 
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Heat treatment at 155 oC is purported to encapsulate the sulfur inside the carbon composite, as 

shown in previous literature 39,40. The GO content is only around 1% of the overall composition, 

which is essential to ensure that the insulating properties of GO do not hinder electron pathways. 

To confirm that there are no chemical reactions between sulfur and carbon composites after heat 

treatment in the system, we conducted high-resolution spectra of XPS and FTIR (Figure S1). 

Stagnant peaks before and after heat treatment from XPS shows that no chemical interaction 

happens between terminal sulfur and oxygen group from GO 41. From FTIR results, no distinct 

peak is formed after thermal treatment, which also clarifies the absence of chemical reaction 

during sulfur infusion 21. Wide-angle XRD patterns in Fig 1. show a sharp peak for sulfur 

components around 23o. Carbon composite (MPCNF + GO + KB) displays several small peaks 

from 8o to 60o. The absence of a peak at 10o two theta shows that the content of GO is insignificant 

in the system 42. After mixing the sulfur with the carbon composite for air-controlled electrospray 

(ACES), their respective peaks were observed on a single spectrum. After the heat treatment for 

sulfur infusion, the sharp peak at 23o disappears, implying that the bulk of sulfur crystallinity turns 

into amorphous sulfur. Moreover, when graphene is incorporated to the ACES system (ACES-

Gr), a sharp peak at 27o is observed, indicating the presence of graphitic layer in the system 43.   
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Figure 1) XRD characterization of pristine sulfur and carbon composite, then a mixture of sulfur 

and carbon composite before and after heat treatment, and the presence of graphene in the 

system.  

3.2 Air Controlled Electrospray Process  

The schematic process of air-controlled electrospray and conventional electrospray are illustrated 

in Figure 2a and c below. As opposed to conventional electrospray process, the air-controlled 

electrospray (ACES) utilizes a convective air flow jet to accelerate the drying and deposition 

process. The nozzle is comprised of two concentric cylinders. The solution is ejected from the 

inner cylinder, while the air propels through outer nozzle, which is connected to a high voltage 

source. Our studies indicate that the impinging dry air of the air-controlled electrospray process 

tends to form smaller charged droplets and evaporate solvent faster, resulting in dry solute 

deposited on the current collector. The evaporation is accelerated due to higher surface area 

exposed to the surrounding dry air. In general, a higher voltage, faster airflow rate, and longer 
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distance between the nozzle tip and current collector enhance the evaporation rate and reduce 

the droplet sizes of the solution. If evaporation rate is too slow, wet solutions are formed on the 

current collector, which cause poor particle dispersion and may disrupt uniformity. However, if 

evaporation rate is too fast, solutes might disappear along with the solvent, causing discontinuity 

and disorder in the material on the current collector. Images of the air-controlled sprayed electrode 

without (ACES) and with graphene (ACES-Gr) is displayed in Figure 2b & d below. Poor 

dispersion and non-uniform deposition are observed from the conventional electrospray process, 

whereas a smooth and continuous film is attained with the air-controlled electrospray process. 

After the ACES process finishes, the electrochemical performance of the resulting dry solutes can 

be tested immediately, contrary to solution casting that requires additional drying. This also makes 

ACES an effective method for scaling up. Image of the actual ACES process is displayed in Figure 

S2. The deposition is presumably enabled by the interaction between charged graphene oxide 

and an aluminum oxide film on the current collector as mentioned in previous reports 33,34.  
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Figure 2 Schematic illustration and photo image of sprayed material on a collector of conventional 

electrospray (a and b) and air-controlled electrospray (ACES) (c and d).  

3.3 Surface Morphology and Characterization.  

The morphologies between conventional slurry coating (SC) and ACES can be easily 

distinguished from SEM images (Fig 3). Top view and cross-sectional images of the SC technique 

(Fig. 3a-b) show a dense and smooth film with cracking. This inevitable cracking happens during 

the drying process. The fracture amplifies as the sulfur loading increases 36. By looking at the 

cross-sectional images, the cracking only appears on the surface. An intact structure is observed 

beneath the surface, which is presumably due to low sulfur loading. However, in the ACES 

technique (Fig. 3c-d), voids and rough surfaces are observed while carbon interconnections are 

preserved. A porous morphology is beneficial to the sulfur electrode as it accommodates the sulfur 

expansion during cycling to preserve the structure 44. Moreover, it also provides good accessibility 

of electrolyte to active sulfur materials. In the SC method, uniform thickness and smooth surfaces 

are maintained because a fixed gap is applied from the doctor blade. In ACES process, thickness 

is a function of flow rate, distance, and convective airflow. These factors make it extremely difficult 

to produce a flat, smooth, and continuous structure. Despite the difference in morphology, sulfur 

and carbon are uniformly well-dispersed for both systems as depicted in EDS (central images of 

Fig. 3). In most electrochemical systems, uniform state of the electrode is a crucial factor in 

obtaining consistent and accurate results.  
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Figure 3. SEM images of top view and cross section of sulfur-carbon composite prepared by SC 

(a and b) and ACES (c and d). EDS mapping of sulfur and carbon correspond to top view images 

of part a and c. 

 The incorporation of graphene solution results in structural changes of sulfur-carbon active 

materials. High-resolution SEM measurement was carried out to distinguish structural differences 

from the incorporation of graphene sheets. From the ACES image of Figure 4 a), it is seen that 

sulfur is aggregated on the carbon nanofiber substrate. In the ACES-Gr image of Figure 4 c), thin 

planar graphene sheets cover the surface of active materials. This encapsulation is self-

assembled during the spray process. 



 
 

12 
 

 

Figure 4. High magnification SEM images and schematic illustration of sulfur-carbon composite 

prepared by ACES (a and b) and ACES-Gr system (c and d). 

3.4 Electrochemical Performance 

 Cyclic voltammogram (CV) profiles of SC, ACES, and ACES-Gr are displayed in Figure 5 

below. Cyclic voltammetry was conducted from 2.8 V to 1.6 V at a scan rate 0.1 mV s-1. Two 

reduction peaks are observed in all samples. The first reduction peak at around 2.2 V corresponds 

to the reduction of S8 to higher order polysulfides (Li2Sx, 4 ≤ x ≤ 8), and the second reduction at 

2.0 V is ascribed to a further reduction to insoluble Li2S 45,46.  In the SC and ACES systems, the 

first reduction peak happens at around 2.2 V. After the first cycle, the peak shifted to around 2.3 

V, and the second reduction peak stabilized to 2.0 V after several cycles suggesting a higher 

kinetic barrier for the direct reduction of bulk-sized commercial sulfur powder to polysulfides. By 

replacing binder with graphene sheets, the first and second reduction peaks of ACES-Gr were 

maintained at 2.3 V and 2.0 V for all cycles, which implies superior stability in lithium-sulfur 
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performance. In addition, replacing binder with graphene produces sharp reduction peak at 2.0 

V, indicating excellent utilization of active materials from the sulfur-carbon network. The clear 

distinction can be detected from the oxidation peak between SC and ACES. The SC technique 

only has one peak at 2.42 V, whereas the ACES process has two oxidation peaks at 2.38 at 2.42 

V after the first cycle. A singlet anodic peak at 2.4 V confirms the oxidation of insoluble polysulfide 

to Li2S8 46, whereas doublet anodic peak at 2.38 V and 2.42 V implies complete conversion to S8 

47. 

 

Figure 5) Cyclic voltammogram of sulfur-carbon composite prepared by various techniques a) SC 

b) ACES c) ACES-Gr. 
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 To elucidate the advantage of ACES deposition, electrochemical impedance spectroscopy 

(EIS), cycling performance, and rate capability were carried out (Fig 6a-c). The EIS result from 

107 Hz to 0.01 Hz at 5 mV amplitude is displayed in Figure 6a. The ACES system had a slightly 

shorter x-intercept and half semicircle as opposed to a conventional SC system, which suggests 

that the replacement of binder with carbon decreases interfacial and charge transfer resistances 

of the cells 48. Then, the integration of graphene reduces the semicircle and x-intercept even 

further due to the excellent electrical conduit from the carbon planar. This phenomenon ensures 

better electrochemical environment and higher utilization of the active material, which shows an 

agreement with the CV data from Figure 5.    

 Prior to electrochemical cycling, thermogravimetric analysis (TGA) was carried out to 

justify that the composition of sulfur is around 56 % after the spraying process (Figure S3). To 

evaluate the electrochemical performance, electrodes produced by SC, ACES, and ACES-Gr 

with sulfur loading of 1 mg cm-2 were cycled from 1.8 V to 2.8 V at the C/4 rate for cyclability 

testing and different current densities to test rate capability (Fig 6b). At a rate of C/4, the initial 

capacity of 849.5 mAh g-1, 926.3 mAh g-1, and 1076mAh g-1 are obtained for the SC, ACES, and 

ACES-Gr cells, respectively. The significant decay on the first few cycles was caused by 

excess electrolyte in the system. The excess electrolyte was purported to ensure proper 

wetting. However, extra electrolyte enhances PS dissolution and migration to the inactive 

areas within the cell where they cannot participate in further reactions. Therefore, it leads to 

lower active PS concentration, which shifts the equilibrium to the lower order polysulfide 49. 

Improved cycling performance compared to the SC technique is clear. The ACES system 

delivers good capacity retention over 100 cycles at C/4 with a fade rate of 0.31% and 0.33% per 

cycles with and without graphene addition, whereas the SC method declines at 0.44% per cycle. 

Several studies have indicated that the presence of rGO increased both capacity and retention 

significantly. In this report, only a minuscule amount of rGO was implemented, which acted as a 
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binder and polysulfide suppressor. Thus, the amount added may not be sufficient to raise the 

performance significantly as previously shown. It is believed that the moderate increase of 

performance is mainly due to the porous cathode structure that enhances electrolyte wetting 

and reaction site availability 50,51.  

The cells from the ACES system also display remarkable discharge capacity at a higher 

rate. They are discharged/charged at various current densities from C/10 to 2C for five cycles at 

each rate. The results show that as the rate increases, the difference of discharge capacity 

becomes more apparent. By replacing insulating binder with more electrically conductive 

carbon, the reversible capacity is increased from 142 mAh g-1 to 348 mAh g-1 at 2C discharge 

rate. Moreover, by integrating graphene sheets into the cell, the reversible capacity is further 

improved to 550 mAh g-1 at 2C. This shows that electron pathway and lithium-ion accessibility 

are critical in achieving remarkable capacity at higher current. Overall, the ACES system 

achieves higher discharge capacity due to favorable kinetics from higher electronic conductivity 

and excellent electrolyte accessibility because of the rough and porous cathode structure.  
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Figure 6 a) Impedance spectra b) cycling performance at 0.25C rate (1C = 1670 mA g-1) and c) 

rate capability of sulfur-carbon composite prepared by various deposition methods. 

3.5 Post-Mortem Analysis  
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After the cell finished cycling, we conducted SEM and high-resolution S2p
 spectra to investigate 

morphologies and polysulfide profiles (Fig. 7a,c,e). The SEM images show that the number of rifts 

increased, the gaps widened, and particles aggregated more. These presumably occur during 

continuous discharge and charge because the compact structure does not accommodate volume 

expansion. The expansion induces constant stress among neighboring particles during the 

discharge/charge process, resulting in cracking and more structure disorder. Surprisingly, the 

ACES structure becomes more compact after 100 cycles of charge/discharge process. The pores 

are filled with sulfur-carbon composite. Cracking is observed after cycling, but less apparent and 

ubiquitous compared to the conventional slurry coating process. As for graphene incorporated 

electrode, the structure is completely intact and coarse, which indicates excellent trapping of 

polysulfide species. A clear distinction of morphology at various resolutions before and after 

cycling is displayed in Figure S4. 
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Figure 7) SEM images of sulfur cathode after cycling from a) SC c) ACES e) ACES-Gr. High-

resolution S2p of sulfur cathode after cycling from b) SC d) ACES f) ACES-Gr.     

 We conducted high-resolution S2p spectra after finished cycling to probe the effect of the 

ACES process (Fig. 7b,d,f). Surprisingly, both the ACES and ACES-Gr exhibit two peaks at 
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around 165.7 and 158.4 eV, whereas the SC process only displays one sharp peak at 168.7 eV 

with a shoulder on the right-hand side at 166.9 eV. The peaks at 165.7 eV can be attributed to 

sulfonyl residue from the LiTFSI salt and sulfur oxide species from electrolyte decomposition, and 

the peak at 158.4 eV corresponds to insoluble polysulfides, Li2S2 and Li2S 52,53. Absence of the 

second peak from SC technique entails the possibility that lithium polysulfide completely detached 

and migrated to the lithium anode.  

The SEM images and EDS mapping on lithium anodes confirm the migration of polysulfide 

onto the lithium surface (Figure S5). In the SC system, the lithium anode surface shows intense 

cracking and polysulfide coverage. However, in the ACES system, fewer bulk polysulfides are 

deposited on the anode, suggesting that morphology is important in suppressing the migration of 

polysulfide. Moreover, the ACES-Gr system displays significantly less number of particles and 

sulfur distribution as observed in the EDS spectra. From this outcome, we speculate that rough 

morphology has a beneficial role in inhibiting the polysulfide shuttle effect. As the tortuosity 

increases from surface area roughness, the path for polysulfides to the anode side is delayed, 

and they are ultimately trapped inside the carbon composites structures. Also, the encapsulation 

of sulfur by a graphene composite adds an extra barrier for the diffusion of soluble sulfur to the 

anode side, which causes significantly less insoluble polysulfide deposited onto the lithium anode.  

Lastly, we conducted EIS measurements to observe the increase in charge transfer 

resistance after cycling (Figure S6). After 100 cycles, the width of the semicircle of the cell 

prepared by SC method doubled, whereas the cells made by ACES and ACES-Gr only increased 

by less than 25%. This phenomenon corresponds to lithium passivation by the shuttle effect and 

provides an agreement with the SEM, EDS, and high resolution XPS spectra. The significant 

increase in cell resistance resulted from the high frequency of lithium polysulfides deposited on 

the lithium surface. Lower amounts of lithium polysulfides on the lithium of ACES and ACES-Gr 

cells minimized surface passivation and the increase in charge transfer resistance.    
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These results suggest that an inherent cathode structural configuration also influences the 

lithium-sulfur electrochemical performance and shuttling effect. For the SC system, a more 

compact cathode structure explains lower sulfur utilization because less active materials are 

exposed to the electrolyte, and the soluble polysulfides that form on the interfacial surface tend 

to escape easily from the cathodes. However, for the ACES system, greater accessibility of 

electrolyte and sulfur particles ensures higher active material utilization and better retention due 

to more sulfur particles reacting with lithium ions. Greater tortuosity interferes with the polysulfide 

migration to the lithium anode.   

 As the ACES system introduces binder free and a unique morphology, it creates many 

opportunities to advance electrochemical research. This ACES system allows deposition of 

diverse materials on various surfaces. High sulfur loading is necessary to compete with the 

current lithium-ion technology, and ACES offers potential to improve the total sulfur loading while 

maintaining high volumetric energy density. However, incorporation of the binder is paramount to 

adhere higher amount of active materials on the current collector. Therefore, modified conductive 

polymer binder is needed to optimize the lithium-sulfur performance. 

4. Conclusion  

The air-controlled electrospray process offers many benefits over the slurry casting method. The 

removal of binder, increased tortuosity, and improved pore mechanical structure enhance the 

electrical conductivity, electrolyte accessibility, and sulfur adsorption, which ultimately improves 

lithium-sulfur electrochemical performance. In addition, the elimination of a drying step avoids 

surface cracking and offers the potential for scaled up processes. An environmental issue is also 

mitigated by replacing common toxic organic solvent for sulfur deposition (N-Methyl-2-pyrrolidone 

or Carbon disulfide or chloroform) with more relatively benign solvent (80% water and 20% 

isopropanol). This novel system exhibits a potential for energy storage applications.  
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