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Abstract 

This research introduces a novel aqueous aluminum-sulfur (ZnAl alloy-organosulfur) 

hybrid battery, distinct from conventional organic electrolyte-based systems. 

Addressing the limitations of slow kinetics and anode degradation in traditional ZnAl 

alloy-organosulfur batteries, our approach integrates a cathode made of organosulfur 

compounds bonded with reduced graphene oxide (rGO) and a zinc-aluminum (ZnAl) 

alloy anode. The system employs an electrolyte of aluminum trifluoromethanesulfonate 

(Al(OTf)3) in deionized water (DI-H2O) and organic solvent of acetonitrile (ACN), 

enhancing cycle stability and Coulombic efficiency. Demonstrating over 99.98% 

efficiency after 2000 cycles, extending to 5720 cycles, this development marks a 

significant advancement in ZnAl alloy-organosulfur battery technology. It highlights 

the potential of aqueous systems in achieving high performance while maintaining 

environmental safety, offering a noteworthy contribution to the field of energy storage.  
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1. Introduction 

Electrochemical capacitors (ECs) are considered as a promising energy storage 

technology owing to their fast charging rate, high power density, and long cyclability 

[1-3]. However, a low energy density of ECs limits their practical applications [4, 5]. 

In order to resolve this bottleneck, hybrid energy-storage devices that have different 

charge-storage mechanisms on each electrode in an asymmetric manner have been 

developed for a larger energy density than ECs and a larger power density and longer 

cyclic stability than batteries [6-9]. In particular, multivalent metal ion capacitors, 

including zinc [10-12], magnesium [13, 14], calcium [15], and aluminum ion carriers 

[16, 17], are regarded as an emerging hybrid energy storage device beyond the typical 

hybrid ECs, such as lithium ion capacitors [19, 20]. When the activated carbon 

electrodes of metal ion capacitors are replaced by other faradaic electrodes that have a 

fast charge storage kinetics and long cyclability comparable to those of ECs [3, 4, 9], 

the energy density can be further improved. Therefore, the high-capacity faradaic 

electrode reacting with multivalent metal ion carriers should be developed to achieve a 

large energy density of hybrid energy storage devices. 

Recently, we have demonstrated two types of hybrid energy storage devices 

integrating the conversion-based sulfur electrodes with lithium and sodium ion carriers 

[20]. Sulfur has advantages in terms of its high theoretical capacity of 1675 mAh g−1, 

arising from multi-electron conversion reactions, and low cost [4, 21, 22]. However, 

sulfur active materials are limited by the dissolution of polysulfide intermediates in 

polar solvents, low electronic conductivity, and volume expansion. Organosulfur is 



considered an alternative to resolve this issue through the immobilization on the 

nanostructured carbons [20]. The conversion reaction kinetics of organosulfur confined 

on the surface of nanostructured carbon could be facilitated to be comparable to that of 

capacitive electrodes [20]. 

Al metal anodes are very attractive owing to their high theoretical capacity (2980 

mAh g−1 and 8040 mAh cm-3), good safety and natural abundance [23-25]. Despite the 

recent progress on the electrolyte and interfacial engineering [26-28], the reversible Al 

plating/stripping is still challenging due to the irregular deposition and uncontrollable 

reaction. The reversibility of Al deposition on Zn foil could be dramatically improved 

in aqueous/organic hybrid electrolytes through the formation of ZnAl alloy anodes.29 

However, the proper cathode counterparts pairing with ZnAl alloy anodes are required 

for the development of hybrid full cells. Considering high theoretical capacity and 

appreciable electrode potential of both Al anode and S cathode [30], the Al-organosulfur 

hybrid full cells are expected to be emerging energy storage devices.  

Herein, we first demonstrate hybrid energy storage devices based on ZnAl alloy and 

organosulfur/reduced graphene oxide (rGO) for a long cyclability (>2000 cycles) and 

high energy density. 4-aminophenyl trisulfide organosulfur (SOS) was chemically 

immobilized onto the surface of rGO to construct SOS@rGO cathode, where the fast 

and reversible surface conversion reaction was revealed as verified by in situ and ex 

situ spectroscopic characterizations. Furthermore, the dissolution of aluminum 

polysulfides was inhibited in hybrid electrolytes containing 1.2 mol L−1 aluminum 

trifluoromethanesulfonate (Al(OTf)3) salt and a mixture of deionized water (DI H2O) 



and organic solvent of acetonitrile (ACN).  

2. Results and discussion 

In this work, SOS@rGO organosulfur composite was prepared in virtue of the 

formations of –CO–NH–R and –C–NH–R bonds between the surface oxygen functional 

groups of rGO and SOS (Figure 1A). The structure of SOS@rGO was verified using 

13C NMR and XPS methods. As shown in Figure 1B and Figure S1, the 13C NMR 

presents specific chemical environments of four carbons, where C–1 (122.7 ppm) 

corresponds to –C–S– chemical bond and the peak positions of C-2 (136.1 ppm), C-3 

(118.0 ppm), and C-4 (146.8 ppm) are consistent with the carbons in benzene ring 

located at the ortho, meta, and para positions of –C–S–, respectively [20, 31]. Moreover, 

both SOS@rGO and rGO show the typical sp2 carbon peak of rGO at 116.8 ppm. 

Compared to the pristine rGO, the incorporation of SOS into the SOS@rGO composites 

enables to achieve the weaker intensities of –C–O–C– and –C–OH– peaks shielded [32]. 

The chemical bonding of SOS@rGO is further excavated by XPS in Figure 1C-D and 

Figure S2. The S 2p spectrum of SOS@rGO shows two types of the sulfur atoms, viz. 

terminal-S (ST) connected to carbon at the end of the chain and bridging-S (SB) 

connected to another S atom (Figure 1C) [20, 22, 33-34]. The peak located at 164.7 eV 

is assigned to the SB of SOS@rGO, while the peak at 163.5 eV is attributed to the ST of 

SOS@rGO. In Figure 1D, the N 1s spectra of SOS@rGO present two peaks at 399.6 

and 400.5 eV, corresponding to secondary amine (−C−NH−R) and amide (−CO−NH−R) 

chemical bonds, respectively, while the peak of the C−NH2 chemical bond is located at 

399.2 eV. Comparably, SOS is endowed with the existence of C−NH2 group from 



molecular formula, while SOS@rGO possesses three −C−N chemical bonds. As shown 

in the C 1s spectra of SOS@rGO (Figure S2), two main peaks are observed at 284.6 

and 285.5 eV, corresponding to C−C and C−N bonds. Moreover, three small peaks are 

located at 287.0, 288.0, and 289.2 eV, which are assigned to C−OH, C−O (carbonyl), 

and π−π*, respectively. As confirmed by XPS and NMR analyses, this chemical 

bonding is attributed to the chemical reaction between the amine functional groups of 

SOS and epoxy and acid groups of rGO [20, 35]. In addition, the content of sulfur is 

estimated as ∼32%, as investigated by thermogravimetric analysis in Figure 1E. 

The morphology and microstructure of SOS@rGO composites were characterized 

collecting SEM and TEM images. As exhibited in Figure 2, the layered structure of 

SOS@rGO is clearly observed. The surface of the ultrathin rGO is relatively rough and 

full of wrinkles, which contributes to the large accessible surface area, indicating the 

existence of ample oxygen functional groups (see Figure S3A-B). The surface 

roughness of rGO is further changed after the generation of SOS@rGO using SEM and 

TEM (Figures 2A and 2B and Figure S4). Even after the formation of SOS@rGO 

composite, the exfoliated structure of rGO was preserved. The rGO surface is well 

wrapped with a uniform layer of SOS as shown in HR-TEM image (Figure 2C). The 

STEM EDX elemental mapping images of SOS@rGO demonstrates the homogenous 

distributions of carbon, sulfur, oxygen, and nitrogen atoms, indicating the uniform 

coating of SOS groups on the whole rGO surface (Figure 2D and Figure S5).  

The as-prepared SOS@rGO was used as an active material of cathode for ZnAl alloy-

organosulfur hybrid batteries. The coin type full cells were assembled paring 



SOS@rGO with Zn foil in a hybrid electrolyte of DI-H2O and ACN with Al(OTf)3 salt. 

In order to maximize the energy density of the full cell, the potential window range and 

concentration of electrolyte were optimized as follows. As displayed in Figure 3A, the 

cyclic voltammogram (CV) curves of the cell shows there is an apparently larger current 

response in the range of 0.3 to 1.8 V than those of others at the same scan rate of 0.5 

mV s−1. Moreover, a cathodic peak at 1.07 V and an anodic peak at 1.34 V are clearly 

observed, and these peaks are overlapped in the subsequent cycles, which confirms the 

reversible redox reaction of ZnAl alloy-organosulfur hybrid batteries (Figure S6). 

Furthermore, the electrolyte concentrations of 0.8, 1.2, 1.6, and 3.0 mol L−1 were 

optimized varying the amount of Al(OTf)3 salt. The galvanostatic charging and 

discharging (GCD) profiles of ZnAl alloy-organosulfur hybrid batteries were measured 

in a 1.2 mol L−1 of electrolyte at the constant current density of 200 mA g−1 (Figure 

3B). The curve shape of the sloped plateau was consistent with the CV profile (Figure 

S6). A higher capacity of ~190.4 mAh g−1 was delivered at the first cycle compared 

with that of ZnAl alloy-organosulfur hybrid batteries with the electrolyte concentrations 

of 0.8, 1.6, and 3.0 mol L−1 (Figure S7). 

As shown in Figure 3C, ZnAl alloy-organosulfur hybrid batteries in a 1.2 mol L−1 of 

electrolyte delivered the much higher capacities of 190 and 100 mAh g−1 at 200 and 

2000 mA g−1, respectively, and better reversibility compared with those in 0.8, 1.6, and 

3.0 mol L−1 of hybrid electrolytes (Figures S8 and S9). More importantly, ZnAl alloy-

organosulfur hybrid batteries retains a higher reversible capacity of ~134 mAh g−1 after 

450 cycles when current density keeps at 200 mA g−1 in Figure 3D. The long-term 



cycling performance of ZnAl alloy-organosulfur hybrid battery was further verified, as 

shown in Figure 3E. The ZnAl alloy-organosulfur hybrid battery achieved an initial 

discharge capacity of 154.9 mAh g−1 at a current density of 400 mA g−1. A low capacity 

fade rate of only 1.6% per cycle was achieved even over 5720 cycles, along with a high 

Coulombic efficiency of 99.98%.  

In order to explore the charge storage behavior of the SOS@rGO electrode, in situ 

Raman spectra and the relevant GCD profile for ZnAl alloy-organosulfur hybrid battery 

are achieved in Figure 4. The Raman spectrum of the SOS@rGO electrode reveals 

characteristic peaks of −S−S−S− and −C−S− bonds at around 470 and 650 cm−1, 

respectively (Figure 4A). Notably, the peak intensity of the −S−S−S− decreases as a 

new peak appears at 570 cm−1 upon a discharging from 1.8 to 0.3 V (Figure 4B). This 

new peak is indicative of the formation of −NH−C6H4−S−S−Al. Conversely, the 

−S−S−S− peak reappears during the charging phase from 0.3 to 1.8 V, indicating the 

reconversion of −NH−C6H4−S−S−S−C6H4−HN−, accompanied by a reduction in the 

−S−S− peak intensity. 

X-ray photoelectron spectroscopy (XPS) was further used to analyze the postmortem 

ZnAl alloy-organosulfur hybrid battery. The cathodes underwent examination at 

different stages of their discharge and charge cycles. Following discharge, the 

SOS@rGO cathode was carefully extracted and subjected to XPS analysis. As shown 

in Figure 4C, the peaks at 164.7 and 163.5 eV are identified as bridging sulfur (SB) and 

terminal sulfur (ST) in the SOS@rGO structure. These peaks correspond to fully 

reduced sulfur (S2−) and partially reduced sulfur (S−), respectively [34, 36-39]. When 



the cathodes were charged to 1.80 V, the S2p spectra revealed a negative shift of 0.95 

eV for SB and 1.5 eV for ST. This shift indicates a change in the ST/SB ratio, which is 

due to the conversion reactions of the SOS@rGO with Al3+ ions. Additionally, the 

detection of elemental sulfur species is evidenced by the S2p spectral peaks at 170.0 

eV and 168.8 eV, corresponding to O2S-CF3 and S-O bonds, which is characteristic of 

the electrolyte salt. Moreover, the Al2p and Zn2p single was also detected from the 

electrode surfaces during all processes (Figure S10 and S11), revealing a distinct 

interfacial chemistry upon cycling of the Zn–Al alloy anodes. Specifically, the Al 2p 

peaks observed in the Zn–Al alloy anodes exhibited a shift towards higher binding 

energies compared to those of pure metallic Al. This shift indicates an electron transfer 

from Al to Zn atoms during alloy formation, leading to an electron deficiency in the Al 

atoms (Figure S10). Meanwhile, the Zn 2p peaks demonstrated a shift towards lower 

binding energies compared to metallic Zn, which is attributed to the electron softening 

effect in Zn atoms (Figure S11) [28].  The above evidences doubtless confirm the 

existence and anode role of Zn–Al alloy. 

3. Conclusions  

In this research, we present a groundbreaking aluminum-sulfur (ZnAl alloy-

organosulfur) battery system, utilizing a novel SOS@rGO organosulfur composite 

cathode and a zinc foil anode in an aqueous-based electrolyte. This system showcases 

superior electrochemical performance, characterized by a high initial discharge 

capacity of 190 mAh g−1 at 400 mA g−1 current density and an exceptional cycle life, 

maintaining a capacity fade rate of only 1.6% per cycle over 5500 cycles with a 



Coulombic efficiency of 99.98%. The optimized 1.2 mol L−1 Al(OTf)3 electrolyte 

significantly contributes to this performance, enhancing stability and reversibility. This 

ZnAl alloy-organosulfur battery system marks a significant advancement in battery 

technology, setting new standards for capacity, longevity, and efficiency. Its 

development is pivotal for future energy storage solutions, offering a sustainable, high-

performance alternative that could revolutionize energy systems worldwide. This 

research paves the way for further innovations in eco-friendly and efficient energy 

technologies, addressing global energy challenges. 
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Figure 1. (A)Schematic illustration of SOS@rGO and the SOS molecule. (B) 13C MAS NMR 

spectra of SOS@rGO and rGO. (C) S 2p and (D) N 1s XPS curves of SOS@rGO. (E) TGA plot of 

SOS@rGO and rGO.  



 

Figure 2. Structure and morphology of the SOS@rGO. (A) SEM image of SOS@rGO. 

(B) TEM image, (C) HR-TEM image of SOS@rGO. (D) STEM EDX mapping images 

of SOS@rGO.  
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Figure 3. (A) CV curves of ZnAl alloy-organosulfur hybrid battery varying voltage 

windows at 0.5 mV s
−1

. (B) GCD plots of ZnAl alloy-organosulfur hybrid battery at 

200 mA g
−1

. (C) Rate performance plots of ZnAl alloy-organosulfur hybrid battery at 

different current densities. (D) Cyclic stability of ZnAl alloy-organosulfur hybrid 

battery at 200 mA g
−1

. (E) Cyclic stability of ZnAl alloy-organosulfur hybrid battery 

at 400 mA g
−1

.



 

Figure 4. Surface redox charge-storage process of SOS@rGO. (A) In-situ Raman and 

(B) corresponding charge-discharge cycles of ZnAl alloy-organosulfur hybrid battery 

with 1.2 mol L−1 Al(oTf)3. (C) S 2p XPS spectra of cathode disassembled from ZnAl 

alloy-organosulfur hybrid battery. 
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