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Abstract:  18 

Bismuth(III) sulfide (Bi2S3) is a promising cathode material for aqueous zinc ion batteries (ZIBs), yet 19 

suffers from serious capacity issues due to its poor electrical conductivity and microstructural 20 

degradations. In this work, Bi2S3 anchored on reduced graphene oxide (rGO) is prepared through 21 

hydrothermal reaction and is used as cathode material for aqueous ZIBs. Raman and XPS 22 

characterizations confirmed that the oxygen bridge in Bi-O-C heterostructures is successfully created 23 

during the hydrothermal synthesis. These oxygen bridges are energy favourable in the Bi2S3/rGO 24 

composite materials and serve as the electron transfer channels for rapid charge compensation during 25 

Zn2+ incorporation/extraction. Rotating ring–disc electrode (RRDE) measurements demonstrate 26 

improved electrochemical stability of the Bi2S3/rGO composite material compared to pristine Bi2S3. 27 

As a result of these improved characteristics, Bi2S3/rGO composite shows notably better rate 28 

performance and cycling stability than unsupported Bi2S3. Ex-situ X-ray diffraction and XPS 29 
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characterizations indicate that Zn2+ undergoes a reversible conversion reaction with Bi2S3 to form 1 

ZnS/Bi0, rather than being intercalated into Bi2S3 crystal interlayers. The rGO substrate forms chemical 2 

bonds with bismuth in the composite material, and the strongly anchored bismuth on the rGO through 3 

a Bi-O-C bridge enables a highly reversible conversion reaction. As a result, the Bi2S3/rGO composite 4 

with 8 wt.% rGO can deliver a reversible capacity of ~186 mAh g-1 at the current density of 500 mA 5 

g-1 after 150 cycles, showing high promise as Zn-ion battery material. 6 

 7 
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 9 

1. Introduction 10 

Lithium-ion batteries (LIBs) have been widely used in everyday electric equipment, electric vehicles 11 

and energy storage systems [1-5]. Recently, the supply of lithium mineral resources has been unstable 12 

[6], and the price of Li2CO3 resources for LIBs has doubled in the past few years due to the global 13 

pandemic and geopolitical instability. The shortage of lithium resources, recycling sustainability and 14 

the safety issues of lithium-ion batteries has driven scientists to search for alternative energy storage 15 

devices. As a result, with rich zinc natural resources, its environmental friendliness and safety, aqueous 16 

zinc ion batteries (ZIBs) are attracting increasing attention [7].  17 

 18 

The limited choice of cathode materials hinders the development of advanced high-energy-density 19 

aqueous ZIBs. At present, manganese oxide [8-10] and vanadium oxide [11-13] are the two most 20 

widely studied cathode materials for ZIBs, but these materials have a common disadvantage, that is, 21 

the migration of Zn2+ in these materials is limited by the strong electrostatic interaction with lattice 22 

oxygen ions. The strong electrostatically “bonded” Zn2+ cannot be completely removed from the lattice 23 

of the active material during the charging process, resulting in poor reversible capacity. To reduce the 24 

strong electrostatic interaction between Zn2+ and O2- in metal oxides [14,15], an effective strategy is 25 

to replace lattice oxides with sulfur. In other words, compared with metal oxides, metal sulfides with 26 

anionic substitution from O2- to S2- may effectively improve the electrochemical performance and 27 

reversibility of ZIBs. 28 

 29 

As a promising type of battery material, metal sulfides with layered structures have been extensively 30 
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studied and applied in monovalent (Li+, Na+, K+) rechargeable batteries [16]. Although there have been 1 

some studies of Bi2S3 [17], MoS2 [18], V5S8 [19] and SeS2 [20] as ZIB material, the detailed 2 

electrochemical charge storage and transfer mechanisms of these metal sulfides have not been 3 

comprehensively understood yet. For example, Bi2S3 has a layered structure in which the highly 4 

anisotropic Bi-S layer is combined by weak van der Waals interaction, which may provide the channels 5 

for the insertion and extraction of foreign ions [17,21,22]. However, Zhi et al. suggested that Bi2S3 6 

undergoes a conversion reaction by replacing the Bi2+ with Zn2+ (single-displacement reaction) during 7 

the charge/discharge [23]. Considering that Bi2S3 is a semiconductor material with a narrow band gap 8 

of 1.3 eV, its poor intrinsic conductivity, together with its sluggish reaction dynamics and lattice 9 

expansion, have become major obstacles to further enhancing its electrochemical performance and 10 

charge/discharge cycle stability [24]. To tackle these problems, Gao et al. [25] prepared Bi2S3@CNT 11 

nanocomposites, in which carbon nanotubes (CNT) conductive network promoted electron transport, 12 

delivering 84.4 mAh g-1 capacity at a current density of 60 mA g-1 as a sodium ion electrode material. 13 

Similarly, Sun [26] et al. designed a three-dimensional nitrogen-doped graphene framework with 14 

encapsulated Bi2S3 nanorods to improve the conductivity of the composite material. These previous 15 

reports on “Bi2S3/carbon-network” composite materials all demonstrated high reversible capacity and 16 

good cycling performance as a lithium/sodium ion battery anode [21,22,24-26]. However, there are 17 

few reports on the study of electrochemical performance and energy storage mechanism of Bi2S3 as a 18 

potential active material in aqueous ZIBs.  19 

 20 

Inspired by the above research, Bi2S3 and reduced graphene oxide (rGO) composites were prepared by 21 

hydrothermal reaction in this study. The optimized Bi2S3-rGO composite can deliver an initial charge 22 

capacity of 313 mAh g-1 at a current density of 100 mA g-1, which is much higher than the neat Bi2S3 23 

electrode without rGO additive. Based on ex-situ XRD and XPS data, we ascribe the Zn storage 24 

mechanism in the Bi2S3/rGO composite to a conversion reaction. The improved electrochemical 25 

performance in Bi2S3/rGO, including rate performance and reversibility, is attributed to the flexible 26 

conductive network constructed by rGO and the Bi-O-C covalent bonds that strongly anchor bismuth 27 

on the graphene. 28 

 29 

 30 
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 1 

2. Experimental section 2 

2.1 Material Preparation and Characterization 3 

Bi2S3/rGO composites were synthesized by hydrothermal method. The details and schematic diagram 4 

of Bi2S3/rGO composite material preparation are shown in Supplementary Information, SI, Figure S1. 5 

Bismuth nitrate pentahydrate (Bi(NO3)3) ∙ 5H2O and sodium thiosulfate (Na2S2O3) were used as 6 

bismuth and sulfur source, respectively, to dissolve and mix with graphene oxide (GO). Glucose was 7 

added to the mixed solution to inhibit the formation of impurities in the hydrothermal product [27] 8 

(Figure S2). The mixed solution was stirred for 2 hours to obtain a uniform mixture and then transferred 9 

to a Teflon/stainless steel autoclave and heated at 180 ℃ for 24 hours. The precipitate was collected, 10 

placed in a tubular furnace, and heated to 400 ℃ for 3 hours in a high-purity argon (99.999%) 11 

atmosphere. To determine the effect of the mass ratio between Bi2S3 and rGO on the structure and 12 

properties, the composite was prepared by adjusting the wt. % of rGO from 4%, 8% to 12%, and the 13 

final products were denoted as Bi2S3-rGO4, Bi2S3-rGO8, and Bi2S3-rGO12. Powder X-ray diffraction 14 

(XRD) (Rigaku MinFlex II, Cu-Kα, λ=1.5406 A) and Transmission Electronic Microscopy (TEM) 15 

(Titan, FEI) were used to investigate the crystal structure of the samples. Raman spectrometry 16 

(LabRam HR Evolution) was used to quantify the defects and identify chemical bonds in the composite. 17 

Field emission scanning electron microscope (SEM, HITACHI, SU-8010) equipped with an energy 18 

dispersive spectrometer (EDS) was used to study particle morphology and the change of material 19 

surface morphology at different charge and discharge states. X-ray photoelectron spectroscopy (XPS, 20 

Thermo Scientific ESCALAB 250Xi) was used to analyze the surface chemistry of materials. 21 

 22 

2.2 Electrochemical Characterization 23 

The electrochemical performance of Bi2S3/rGO composite electrodes was tested in coin cells (CR-24 

2025 type). The electrode was prepared by mixing 70 wt.% active material, 20 wt.% Super P, 10 wt.% 25 

polyvinylidene fluoride, then the mixed slurry was coated on the stainless-steel foil after cleaning with 26 

anhydrous ethanol and dried in a vacuum oven at 80℃ for 12 hours. Glass fiber (Whatman) and zinc 27 

foil were used as the separator and anode, respectively, and 2 M ZnSO4 aqueous solution was used as 28 

the electrolyte. The cell was activated by two cycles with a small current of 100 mA g-1. The LAND 29 

test system (CT2001A) was used to conduct constant current charge and discharge tests at different 30 
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current densities, with the voltage range of charge and discharge from 0.2 V to 1.4 V vs Zn anode. 1 

Cyclic voltammetry (CV) test was carried out in an electrochemical workstation (CHI 760E), and the 2 

CV curves of the materials were tested at the sweep rates of 0.2 mV s-1, 0.4 mV s-1, 0.6 mV s-1, 0.8 mV 3 

s-1 and 1 mV s-1. Electrochemical impedance spectroscopy (EIS) of the battery was recorded on the 4 

Zahner Zennium IM6 electrochemical workstation with a frequency range of 100 mHz to 100 kHz and 5 

an AC amplitude of 5 mV.  6 

 7 

For preparing the rotating ring–disc electrode (RRDE), 70 wt.% active material, 20 wt.% Super P, 10 8 

wt.% polyvinylidene fluoride were dispersed in dimethylsulfoxide (DMSO, reagent grade) to form the 9 

electrode slurry. The mixture was sonicated for 30 minutes and shaken in a vortex mixer 10 

(Vortex Genie 2, Scientific Industries) for 5 minutes and then evenly coated on the disc electrode. The 11 

RRDE system with a modulated speed rotator (AFMSRCE, Pine Research) and an interchangeable 12 

RRDE was set up for active materials dissolution detection. The RRDE consists of a glassy carbon 13 

(GC) disc (OD=5.0 mm) and a platinum (Pt) ring (ID=6.5 mm, OD=7.5 mm). The geometric electrode 14 

area of the disc and ring is 0.196 cm2 and 0.110 cm2, respectively, and the collection efficiency for this 15 

RRDE is around 0.25. The electrode dissolution was detected with a rotating speed of 1600 RPM in 16 

this study. A Leak-Free Ag/AgCl/3.4 M KCl electrode (Innovative Instruments) and a Pt coil were used 17 

as reference and counter electrodes, respectively. Potentials were converted to the Zn2+/Zn scale using 18 

the equation E vs Zn2+/Zn = 0.959 V + E vs Ag/AgCl. The voltammograms and chronoamperograms 19 

of the RRDE were recorded by a Biologic SP-300 potentiostat. During cyclic voltammetry (CV) of 20 

Bi2S3 and Bi2S3/rGO, a scan rate of 10 mV/s was used, and the Pt ring was held at 0.1 V vs Ag/AgCl. 21 

Before drop-casting 9 μL of the electrode slurry onto the GC disc, the RRDE was polished with 0.1 22 

and 0.05 μm alumina suspension (Buehler) and rinsed with ultrapure water (MilliQ, Millipore, 18.2 23 

MOhm cm, total organic carbon < 2 ppb). The electrode was then dried at room temperature under a 24 

low vacuum overnight. 0.2 M ZnSO4 was used as the electrolyte, which was prepared by diluting 2.0 M 25 

ZnSO4 (BioUltra, Merck) with ultrapure water. 26 

 27 

2.3 Density Functional Theory (DFT) calculation  28 

In this work, the rGO/Bi2S3 heterojunction behaviour was theoretically calculated based on density 29 

functional theory (DFT), using a projected augmented wave (PAW) [28] method implemented in the 30 
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Vienna ab initio simulation package (VASP) [29,30]. The generalized gradient approximation (GGA) 1 

[31] at the level of Perdew–Burke–Ernzerhof (PBE) was treated as the electron exchange-correlation 2 

functional. A 2×1×1 Bi2S3 supercell was constructed to be the base. The space group of Pnma (No. 62) 3 

and the lattice constants are a = 4.02 Å, b = 11.17 Å and c = 11.74 Å. The rGO consisted of a 3×3 4 

graphene supercell with hydrogen and oxygen atoms surrounding it, which was adsorbed to Bi2S3 5 

along the a-axis. The plane-wave basis cut-off energy was set to 520 eV. The geometric optimization 6 

would not be completed until the total energy converged to 10–5 eV and the maximum residual force 7 

acting on each atom was less than 0.01 eV/Å. A vacuum layer of 20 Å in a direction is added. The 8 

sampling of Brillouin zone was performed with a 3×3×1 k-point grid by the Monkhorst-Pack method 9 

[32]. The dispersion-corrected density functional theory optB88-vdW [33] was employed to calculate 10 

the interlayer binding energy. 11 

 12 

3. Results and discussion 13 

3.1 Structure characterizations of Bi2S3 and Bi2S3/rGO composites 14 

Figure 1(a) shows the XRD patterns of Bi2S3 and Bi2S3/rGO materials, all diffraction peaks in the 15 

pattern belong to rhombic Bi2S3 with Pbnm(62) space group symmetry. The diffraction peaks 16 

belonging to Bi2S3 are sharp, indicating that the as-prepared bismuth sulfide sample has high 17 

crystallinity. For the Bi2S3/rGO composites, no additional diffraction peak of graphitic carbons is 18 

detected. The absence of a carbon (002) peak in Bi2S3/rGO also indicates that rGO is rarely aggregated 19 

as graphitic carbons during the hydrothermal process and annealing process [34]. Meanwhile, the 20 

intensity of diffraction peaks of Bi2S3/rGO composites decreases with increasing rGO content, while 21 

the full width at half maximum (FWHM) increases compared with the bare Bi2S3. The reason for this 22 

is that with increasing rGO wt%, higher availability of nucleation sites in rGO results in the reduced 23 

grain size of Bi2S3; conversely, the growth of layered Bi2S3 on the graphene surface facilitates the 24 

dispersion of graphene [35]. 25 
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1 

Figure 1. (a) XRD patterns of Bi2S3, Bi2S3-RGO4, Bi2S3-RGO8 and Bi2S3-RGO12. (b) Raman spectra of GO, Bi2S3-RGO8 2 

and Bi2S3. XPS spectra of Bi2S3 and Bi2S3-RGO8 composite, (c) Bi 4f XPS spectra and (d) C 1s XPS spectra. SEM images 3 

of Bi2S3 (e) and Bi2S3-RGO8 (f). (g-h) High-resolution TEM images of Bi2S3-RGO8 sample. 4 

 5 

To understand the chemical binding between Bi2S3 and rGO, Raman measurements were performed, 6 

Figure 1(b). The Raman spectra with varying rGO content can be found in Figure S3. All samples have 7 

a peak at 963 cm-1, corresponding to the Bi-S stretch mode of Bi2S3 [36]. For the Bi2S3-rGO composites, 8 

two typical carbon peaks were observed at around 1345 cm-1 and 1576 cm-1, corresponding to the D 9 

band and the G band respectively. Importantly, compared with the G peak position (~1592 cm-1) of 10 

initial GO in Figure 1(b), the peak shifts about 16 cm-1 in the Bi2S3-rGO composites (~1576 cm-1). 11 

This indicates the formation of chemical covalent bonds between the graphene and Bi2S3. The 12 

reduction of some hydroxide functional groups on the graphene surface, as well as the connection of 13 

carbon to the bismuth or sulfide atoms, can both change the G peak vibration frequency of carbon 14 

atoms in graphene [37-39].  15 

 16 

To further evidence the bonding structures, the XPS spectra of Bi2S3 and Bi2S3-rGO composites are 17 
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compared in Figures 1(c-d). The full survey spectra can be found in Figure S4(a). Figure 2(b) shows 1 

the high-resolution spectra of Bi 4f orbit in the two groups of samples. We found that Bi2S3 and Bi2S3-2 

rGO samples both have two peaks at the binding energies of about 158.5 eV and 163.8 eV, 3 

corresponding to the spin-orbit energies of 4f5/2 and 4f7/2 of Bi3+ in Bi2S3 respectively. In addition, there 4 

are two peaks in the binding energies of 161.1 eV and 162.3 eV in both samples, corresponding to the 5 

spin-orbital energies of the 2p3/2 and 2p1/2 of sulfur with a valence state of −2. However, in Bi2S3-rGO, 6 

two new peaks appear at binding energies of 159.2eV and 164.3eV. These two peaks are attributed to 7 

Bi-O bonds derived from the strong chemical bonding between Bi2S3 and the reduced functional 8 

groups in rGO [38]. Moreover, the C 1s high-resolution spectra shown in Figure 1(d) can be 9 

decomposed into four peaks, among which the peak at about 284.8 eV corresponds to sp3 carbon (C-10 

C), while the peaks at about 285.9 eV, 286.3 eV and 287.7 eV correspond to C-OH, C-O and metal 11 

carbonate, respectively. This is due to the different functional groups which were reduced on the 12 

surface of rGO [40-42], supporting the existence of Bi2S3 and rGO heterostructures (Bi-O-C). This Bi-13 

O-C motif is also consistent with Raman characterization which shows a shift of the G peak in Figure 14 

1(b).  15 

 16 

Figures 1(e-f) show SEM images of Bi2S3 and Bi2S3/rGO composites respectively. As can be seen from 17 

Figure 1(e), Bi2S3 consists of irregular aggregated nanoparticles with sizes ranging from 50 nm to 300 18 

nm. By contrast, it can be seen from Figure 1(f) that the particle size of Bi2S3-rGO8 composites (~30 19 

nm according to the TEM image in Figure S5) is much smaller than that of Bi2S3. Furthermore, from 20 

the SEM morphology images of bare Bi2S3 with different rGO w% in Figure S6, it can be found that 21 

the Bi2S3 particles were uniformly dispersed on the surface of the graphene film which effectively 22 

prevented the agglomeration of Bi2S3 nanoparticles by inhibiting the growth of Bi2S3. The Bi2S3-rGO 23 

heterogeneous structure ensures that the material has good electrical contact, and the smaller Bi2S3 24 

particle size shortens the diffusion path of Zn2+ toward the active material. This structure is confirmed 25 

by the TEM image in Figure 1(g), which shows that the Bi2S3 nanograins are uniformly dispersed and 26 

wrapped by graphene oxide “sheets”. As shown in Figure 1(h), although revealing the detailed 27 

crystallographic structure of the heterogeneous Bi2S3-rGO is outside the capability of TEM, the well-28 

defined crystal lattice fringes observed in Bi2S3 nanograins confirm the good crystallinity, which is 29 

consistent with the XRD results in Figure 1(a).  30 
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3.2 Electrochemical performance of Bi2S3/RGO composite  1 

 2 

Figure 2. (a) Rate performances in comparison of Bi2S3, Bi2S3-rGO4, Bi2S3-rGO8, and Bi2S3-rGO12 under various current 3 

densities ranging from 0.1 to 10 A g-1, (b) Galvanostatic charge–discharge curves of Bi2S3-rGO8 at different current 4 

densities. Long-term cycling stability (c) in comparison of Bi2S3, Bi2S3-RGO4, Bi2S3-rGO8, and Bi2S3-rGO12 at 0.5 A g-1. 5 

Cyclic voltammograms of (d) Bi2S3, (e) Bi2S3-rGO8 at 0.1 mV s-1.  6 

 7 

Figure 2(a) shows the rate performances of Bi2S3 and Bi2S3/rGO samples at different current densities 8 

from 0.1 to 10 A g-1. Overall, the rate performances of Bi2S3-rGO composites are far better than those 9 
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of bare Bi2S3. Moreover, it is found that Bi2S3-rGO8 has the highest specific capacities, 298.3 mAh g-1 

1, 207.4 mAh g-1, and 119.4 mAh g-1 at the current density of 0.1 A g-1, 1 A g-1, 10 A g-1, respectively. 2 

When the current density is restored to 0.1A g-1 after sixty-five cycles, the specific capacity of Bi2S3-3 

rGO8 is 255.4 mAh g-1, which is 10-30 % higher than those of Bi2S3-rGO4 and Bi2S3-rGO12 4 

composites (232.6 and 192.2 mAh g-1). It is well recognized that high current density will damage the 5 

microstructure and deactivate the electrode materials []. Bi2S3/rGO composite materials can provide 6 

excellent rate performance because of their good structural stability. Figure 2(b) shows the charge-7 

discharge curves of Bi2S3-rGO8 at different current densities. An inclined discharge platform appears 8 

at about 0.53-0.63V and two charging platforms appear at about 0.91V and 1.03V. The voltage 9 

platforms even can be observed at the current density of 10 A g-1 and the cell can still deliver a 10 

reversible capacity of nearly 120 mAh g-1. By contrast, the bare Bi2S3 sample delivers only about 8 11 

mAh g-1 at the current density of 5 A g-1. With the increase of graphene oxide additive from 4 wt% to 12 

8 wt%, the specific capacity of the electrode gradually increases, and 8 wt% of graphene additive is 13 

the most suitable, while excess graphene (12 wt%) will lead to a decrease in the specific capacity. This 14 

is because the addition of graphene helps to improve the conductivity of composite materials, and the 15 

conductive structure is gradually improved. However, when the amount of graphene added reaches a 16 

critical value, the conductivity is no longer improved, but the rGO itself is electrochemically inactive 17 

to the Zn ion intercalation and reduces the amount of Bi2S3 active material. This is consistent with the 18 

best cycle stability of Bi2S3-rGO8 as shown in Figure 2(c). We evaluated the long-term cycle 19 

performance of the four samples under the current density of 0.5 A g-1. Compared with Bi2S3, the Zinc 20 

storage performance of Bi2S3/rGO composite is significantly improved. The initial specific capacity of 21 

Bi2S3 electrode is 87.9 mAh g-1, which reduces to 8.3 mAh g-1 after 150 cycles, whereas Bi2S3-rGO8 22 

electrode has a much better cycling performance among the studied materials. The initial specific 23 

capacity of Bi2S3-rGO8 electrode is around 254.9 mAh g-1, and it can still deliver a reversible capacity 24 

of ~186 mAh g-1 after 150 cycles. We believe the origin of a good capacity of Bi2S3-rGO8 among all 25 

Bi2S3/rGO samples is on the small charge transfer resistance which was confirmed by Kelvin probe 26 

atomic force microscopy (Figure S7) and electrochemical impedance spectroscopy measurements 27 

during the electrochemical cycles (Figure S8). At mid-to-low frequency (0.1-10000 Hz) region of 28 

Bode plots as shown in Figure S8, we observed a significantly reduced charge transfer resistance and 29 

ion diffusive resistance [44, 45] in Bi2S3/rGO8 composite electrode compared with the bare Bi2S3 30 

javascript:;
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electrode. This reduced impedance at the mid-to-low frequency which well explained the better rate 1 

performance of Bi2S3/rGO8 composite electrode as shown in Figure 2a. It is also worth noting that the 2 

rGO folding was observed after the 10th cycle in Bi2S3-rGO8 composite electrode (Figure S9), 3 

indicating efforts must be taken into preventing the graphene folding for the further optimization of 4 

the cycle stability of Bi2S3-rGO8 composite electrode. 5 

 6 

Figures 2(d, e) and Figure S10 show cyclic voltammograms (CV) of Bi2S3, Bi2S3-rGO4, Bi2S3-rGO8 7 

and Bi2S3-rGO12 samples measured in the first five cycles at a scan rate of 0.1 mV s-1. It can be seen 8 

from the figures that all electrode materials have two oxidation peaks and two reduction peaks, which 9 

can be attributed to the interaction/de-intercalation between Zn2+ and Bi2S3 or the reversible reduction 10 

of Zn2+ forming metallic Zinc [45,46]. The positions of the redox peaks of the four samples are similar, 11 

the oxidation peak positions are at about 0.91 V and 1.03 V and the reduction peak is at about 0.53-12 

0.63 V. These oxidation/reduction peaks are consistent with the charging and discharging platforms in 13 

Figure 2(b). Meanwhile, we observed that the intensity of the redox peaks of Bi2S3 electrodes is 14 

gradually increased with the charging and discharging process, while for Bi2S3-rGO8 electrodes, the 15 

redox peaks almost stay constant after the 2nd cycle. This indicates that the graphene composite 16 

improves the reversibility and cycling stability of Bi2S3 electrode, but the reversibility becomes worse 17 

with the increase of graphene content (Figure S10), which is consistent with the cycle and rate 18 

performance in Figure 2(a-c). 19 

 20 

3.3 Performance enhancement and charge storage mechanisms 21 

We first evaluated the pseudocapacitance behaviour of Bi2S3-rGO8 composites with fine and uniform 22 

Bi2S3 grain size. Figure 3(a) shows the cyclic voltammetry curves of the Bi2S3-RGO8 electrode at 23 

different scan rates of 0.2-1 mV s-1. It is found that with the increase in scan rate, the oxidation peak 24 

gradually shifts to higher potential, and the reduction peak shifts to lower potential, accompanied by 25 

an increase of the peak current. The link between peak current (i) and scan rate (υ) can be described as 26 

follows [47,48]: 27 

𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑏𝑏      (1) 28 

which can be also written as 29 

log(𝑖𝑖) = 𝑏𝑏 log(𝜈𝜈) + log(𝑎𝑎)    (2) 30 
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where b is defined as the slope of the log (i) and log (𝜈𝜈) curves. Generally, b is between 0.5 and 1. 1 

When the value of b reaches 0.5, the electrochemical process is dominated by ion diffusion, while for 2 

the values of b close to 1, the pseudo-capacitance effect dominates. Figure 3 (b) shows the relationship 3 

between log 𝜈𝜈 and log i, and the b value of the redox peak can be obtained from the slope of the 4 

straight line. The b values of peaks 1 and peak 2 are 0.851 and 0.916 respectively, in Bi2S3-rGO8 5 

electrodes. The fraction of pseudocapacitive contribution can be determined by the following equation: 6 

𝑖𝑖 = 𝑘𝑘1𝑎𝑎 + 𝑘𝑘2𝑎𝑎1/2              (3) 7 

where 𝑘𝑘1𝑎𝑎  represents the pseudocapacitance controlled process, and 𝑘𝑘2𝑎𝑎1/2  represents the ion 8 

diffusion controlled process. Figure 3(c) shows the pseudocapacitive contribution ratio of Bi2S3-rGO8 9 

electrode at different scan rates. The percentage of pseudocapacitive contribution in the total capacity 10 

is 71.10%, 76.22%, 79.14%, 81.98%, and 84.87%, respectively. Interestingly, these values are close to 11 

the bare Bi2S3 and the other two Bi2S3-rGO composites as shown in Figure S11, which indicates that 12 

pseudocapacitive effect is not the main contributor to the enhanced performance of Bi2S3-rGO 13 

composites. 14 

 15 
Figure 3. Electrochemical kinetics study of Bi2S3-rGO8 for zinc ion battery. (a) CVs at different scan rates, (b) relationship 16 

between log 𝜈𝜈 and log 𝑖𝑖, (c) percentages of capacitance-controlled behaviour to the total capacity at various scan rates. 17 

(d) Sketch of the electrochemical cell for RRDE measurements, and disc potential, disc current and ring current as a 18 

function of time for (e) Bi2S3 and (f) Bi2S3-rGO8 during initial cyclic voltammograms (ring potential held at 0.1V vs 19 
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Ag/AgCl; disc scan rate, 10 mV s–1). 1 

 2 

We also performed rotating ring–disc electrode (RRDE) measurements to compare the electrode 3 

dissolution of Bi2S3 and Bi2S3-rGO8 during the initial CV scans, as materials stability under 4 

electrochemical conditions is a major factor in capacity fading [50, 51]. Figure 3d shows the 5 

experimental setup, in which a glassy carbon (GC) disc is coated uniformly with the electrode material 6 

under study (Bi2S3 or Bi2S3-rGO8). If, as a function of potential, this electrode material releases an 7 

electroactive species in solution, this is hydrodynamically transported to the Pt ring electrode 8 

surrounding the GC disc, where it can be detected by oxidation or reduction. While the potential of the 9 

disc and the overlayer are typically scanned, the ring potential is held at a value suitable for oxidation 10 

or reduction of the dissolving species. Under optimal conditions, and provided the dissolving species 11 

of interest is indeed electroactive, a standard RRDE setup as can be found in many electrochemistry 12 

labs can therefore provide real-time analysis and even chemical speciation of battery electrode 13 

dissolution—an important complement to inductively coupled plasma analysis [50]. 14 

 15 

Figure 3e,f shows the potential of Bi2S3 and Bi2S3-rGO8 coated on the glassy carbon (GC) disc 16 

electrode, which was scanned back and forth within the Zn intercalation/de-intercalation voltage range 17 

(~0.1-1.3 V vs Zn2+/Zn). We note that for technical reasons, the scan rate here was 10 mV s–1, that is, 18 

between one and two orders of magnitude faster than in the cyclic voltammograms shown in Figures 19 

2d,e and 3a. The disc current density jdisc as a function of time in Figures 3e,f, however, shows all 20 

characteristics of the slower measurements (in particular the double peak feature in both cathodic and 21 

anodic scan direction, and systematically higher currents for Bi2S3-rGO8 than for Bi2S3), supporting 22 

the validity of our data. Based on the trend in Figure 3c and the discussion in the previous section, we 23 

can further infer that at a scan rate of 10 mV s–1, virtually all current will be related to ion diffusion. 24 

During the potential scans of the disc, the potential of the Pt ring electrode was held at a constant value 25 

of 1.06V vs Zn2+/Zn, and the ring current density jring is shown in the bottom panels of Figure 3e,f.  26 

Importantly, at the beginning of the shown cycles, both the disc and ring currents are close to zero, 27 

indicating that negligible Faradaic current flows at both electrodes and that no electroactive species is 28 

detected at the ring. As the disc potential is scanned in the negative direction, the ring current increases 29 

steeply, reaches a maximum when the scan direction is reversed, and approaches zero again at the end 30 
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of the cathodic half-cycle, indicating that the charging/discharging of the electrode material is 1 

associated with the release of a species in solution that can subsequently be oxidized at the ring.   2 

 3 

In view of the fact that the element occurs as Bi(III) in Bi2S3 and that +III is the most common oxidation 4 

state, we hypothesise that the oxidation current at the ring originates from Bi3+ (aq) → Bi5+ (aq) +2e–.  5 

This equation reflects only the change in the oxidation state of the element, as its hydrolysis is well 6 

known and may cause trivalent bismuth to exist as BiO+ or BiOH2+ [52]. A full elucidation of the nature 7 

of the dissolution at the disc electrode and of the identity of the electroactive species detected at the 8 

ring is beyond the scope of this article. However, the clear correlation between the features observed 9 

in the disc current and the magnitude of the ring current provides strong support for the appearance of 10 

Bi in the solution being related to the charging & discharging process of the electrode material. 11 

 12 

During the anodic half-cycle, the ring current increases again, but remains limited to ten times lower 13 

values than during the cathodic half-cycle. Comparing the behaviour of Bi2S3 and Bi2S3-rGO8, we 14 

observe that during the first cycle, the ring currents are almost identical; subsequent cycles, however, 15 

show a significantly lower ring current—and hence dissolution at the disc—for Bi2S3-rGO8, in spite 16 

of the fact that the disc current for Bi2S3-rGO8 is systematically higher than for Bi2S3, which reflects 17 

the higher capacity of Bi2S3-rGO8. If we normalize the ring current for the electrochemical activity of 18 

the material on the disc, the difference in stability between the two materials becomes even more 19 

dramatic. According to the results of RRDE measurements, we believe that the covalent linkage of 20 

Bi2S3 to rGO provides strong interfacial coupling between Bi2S3 and rGO [49] and therefore increases 21 

the cycle stability by inhibiting the dissolution of electrode active materials.  22 
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 1 

Figure 4. Ex-situ investigation of the discharge/charge process. (a) The charge/discharge profiles at 0.1 A g-1 with a series 2 

of selected points mark the electrode status for subsequent analysis. (b) Ex-situ XRD patterns of Bi2S3-rGO8 in different 3 

selected states and (c) (d) enlarged patterns of the (021) and (020) peaks of Bi2S3-rGO8. SEM characterization results of 4 

Bi2S3-rGO8 cathode during the first discharge (e) and charge (f) at different voltage states. (g) Schematic diagram of the 5 

phase conversion and surface reaction of Bi2S3-rGO electrode during the charge/discharge cycles.  6 

To further study the zinc ion storage mechanism in electrodes, we used ex-situ XRD to characterize 7 

the structural evolution of electrode materials during the charge and discharge process. Figures 4(a-d) 8 

are the charge/discharge profiles and XRD patterns of the Bi2S3-rGO8 electrode in different charging 9 
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and discharging states during the first cycle, from which the changes in the crystal structure of the 1 

electrode can be revealed. As can be seen from the Figure 4(b), apart from the diffraction peaks of 2 

rhombic phase Bi2S3, the characteristic peak of (ZnSO4)[Zn(OH)2]3·5H2O (ZHS) [50,51] was also 3 

observed at ~ 2θ=8.093 degrees. This characteristic diffraction peak appears at the discharge of 0.8 V, 4 

and the diffraction peak intensity gradually increased to the maximum value at the last discharge state 5 

(0.2V). In the subsequent charging process, the diffraction peak intensity of ZHS gradually reduced 6 

and disappeared when the charging voltage reaches higher than 1.1 V. These results indicate that the 7 

formation/decomposition of ZHS is reversible upon the charge and discharge. Figure 4(c) shows the 8 

enlarged picture of the diffraction patterns between 2θ ~ 26-30 degrees. In the figure, the (021) 9 

diffraction peak shifts to a lower diffraction angle during the discharge process, while it shifts back to 10 

the original position in the charging process. Assuming this peak shifting is caused by the Zn2+ 11 

intercalation, the peak shifting should be also observed in the (020) plane which is also parallel to the 12 

a-axis of Bi2S3 crystal lattice. But the (020) peak in Figure 4(d) shows a typical conversion reaction 13 

behaviour: peak intensity is reduced during the discharge, and being increased during the charge, but 14 

there do not exist peak position shifting. Moreover, according to Bragg equation, the (021) peak 15 

position shifting corresponding to the interplanar spacing of Bi2S3 crystal plane (d(021)) changes from 16 

an initial value of about 3.258 Å to 3.276 Å during the discharge (Figure S12). This tiny change 17 

(∆=0.008 Å) cannot be attributed to the Zn2+ intercalation considering that the radius of Zn2+ is around 18 

0.74 Å. We believe that this “fictitious” peak shifting is caused by the formation and disappearance of 19 

ZnS at around 2θ = 27.12 degrees. In other words, Bi2S3 stores zinc ions through the conversion 20 

reaction between Bi2S3 and ZnS. At the full discharge state, the Bi2S3-rGO8 can be almost fully 21 

conversed as ZnS and Bi0, while a certain amount of unreacted Bi2S3 can be found in bare Bi2S3. The 22 

degree of completion of Bi2S3 ↔ ZnS/Bi0 conversion reaction was dramatically increased because of 23 

not only the lower electrode polarization and smaller grain size introduced by rGO electronic 24 

conductive network, but also the enhanced charge transfer kinetics derived from the Bi-O-C 25 

heterostructure.  26 

 27 

The reversible (ZnSO4)[Zn(OH)2]3·5H2O (ZHS) formation on the electrode surface was characterized 28 

using SEM. Figures 5(d) and (e) show the surface morphology of Bi2S3-RGO electrodes at different 29 
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charging and discharging states. As can be seen from the figures, ZHS micro/nanoflakes were observed 1 

on the electrode surface as the discharge process progressed [52]. With the decrease in discharge 2 

voltage, the number of nanosheets gradually increased and covered the electrode surface, while during 3 

the charging, the nanosheets begin to disappear gradually (Figures S13, S14). When charging at about 4 

1.1V, the ZHS micro-sheets on the electrode surface almost disappear, which also proves the chemical 5 

reversibility of this process. This is consistent with the above ex-situ XRD results, in which the ZHS 6 

peaks reversibly appeared and disappeared in the spectra in Figure 4(b). Similar results were reported 7 

in other Cu2S and manganese dioxide [50,51] based on the conversion reaction charge storage 8 

mechanism. The overall electrode phase conversion and surface reaction during the charge/discharge 9 

cycles are sketched and summarized in Figure 4(g).  10 

 11 

Figure 5. (a) XPS spectra of Zn2p on the surface of Bi2S3-rGO8 electrode under different charging and discharging states 12 

during the first charge-discharge cycle (The cells were cycled at a current density of 0.1A g-1). (b) The charge density 13 

difference of the Bi2S3 and rGO without (up) and with (down) oxygen bridge. (c) The binding energy difference of 14 
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the Bi2S3 and rGO with increased oxygen bridge. 1 

 2 

The reversible formation/decomposition of ZHS and the reaction mechanism between Zn and Bi2S3 3 

were further studied by the ex-situ XPS spectra of Zn2p, as shown in Figure 5(a). The high-resolution 4 

spectra can be found in Figure S15. It can be seen from the figures that at the initial state, two pairs of 5 

Zn2+ peaks appear at 1021.4 eV/1044.3 eV and 1022.8 eV/1045.7 eV can be attributed to the Zn2+ 6 

peaks of Zn(OH)2 and ZnSO4 in ZHS, respectively, while the peaks at 1024.1 eV /1047.3 eV derive 7 

from the reduction product (ZnS) [45]. Importantly, it was found that the peak intensity of Zn2+ at 8 

1024.1 and 1047.3 eV increased gradually during the discharge process, which unambiguously proves 9 

the formation of ZnS. The peak intensity decreased gradually during the charging process, 10 

corresponding to the extraction of Zn2+ from the ZnS. This result confirms that the conversion reaction 11 

(Bi2S3 + 3Zn ↔ 3ZnS + 2Bi) is chemically reversible, which is consistent with the ex-situ XRD result 12 

in Figure 4.  13 

 14 

3.4 The critical role of oxygen bridges in conversion-based Zn storage Bi2S3 cathode  15 

The fracturing of electrode micro/nanostructures and dissolution of metal elements are the primary 16 

issue of conversion mechanism-based electrode material. The volume changes caused by replacing Bi 17 

with Zn in Bi2S3 during the first discharge may completely destruct the pristine Bi2S3 structures. 18 

However, in the Bi2S3/rGO composite electrode, the strongly bonded Bi with graphene substrate could 19 

effectively inhibit the damage of the electrode structures and Bismuth dissolution, as well as enhance 20 

the charge transfer and mitigate active material dissolution in Bi2S3/rGO composite. We further used 21 

Density Functional Theory (DFT) calculations to evaluate the charge transfer and structure 22 

stabilization of Bi-O-C structure in Bi2S3/rGO composite as shown in Figures 5(b) and (c). Figure 5(b) 23 

shows the two scenarios of the charge-density difference of a Bi2S3 and graphene interface without (up) 24 

and with (down) an oxygen bridge formed between them. The first scenario happens in many 25 

traditional physical synthesized Bi2S3 and graphene composites, such as ball milling. There aren’t any 26 

covalence bonds formed between two materials, the charge hopping between two materials is 27 

intrinsically inhibited. However, in the second scenario where an oxygen bridge is introduced during 28 

the hydrothermal synthesize process, it can be seen that because of the linkage between Bi and O atoms, 29 

the large electron charge overlaps in the interface between the Bi2S3 and graphene provides a good 30 
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pathway for electron transport. The conversion reaction between zinc ions and Bi2S3 can therefore be 1 

promoted by the rapid charge compensation of electrons flowing through the oxygen bridge. More 2 

importantly, as shown in Figure 5(c), we also found that the binding energy of the modelled 3 

graphene/Bi2S3 system decreases with the increase of the number of oxygen bridges. For each 4 

additional oxygen bridge, the system binding energy decreased by about 9 eV. This result suggested 5 

that oxygen bridges promote the coupling between rGO and Bi2S3. The strongly anchored bismuth on 6 

the graphene through a Bi-O-C bridge allows a highly reversible conversion reaction. The easy 7 

binding/difficult dissociation characteristic of Bi adatoms on the oxygenated graphene not only 8 

facilitates fast electron hopping from graphene to Bi2S3, but also prevents the pulverization of Bi2S3 9 

micro/nanostructures and dissolution of Bismuth into the electrolyte. Therefore, combined with the ex-10 

situ XRD, SEM, RRDE and XPS characterizations, we ascribe the enhanced electrochemical 11 

performance and charge storage in the Bi2S3/rGO composite to the robust rGO conductive network 12 

and strong interfacial coupling effect. A similar scenario was recently observed in an enhanced oxygen 13 

evolution reaction on a covalently linked graphene/metal-organic framework composite [57]. 14 

 15 

4. Conclusions  16 

Bismuth sulfide combined with different contents of rGO additive was synthesized by hydrothermal 17 

reaction. Detailed structural characterization shows that the reduced graphene oxide serves as the 18 

nucleation substrate enabling the formation of fine and uniform-sized Bi2S3 grains. The rGO substrate 19 

forms chemical bonds with bismuth through oxygen bridges in the composite material, and the strongly 20 

anchored bismuth on the graphene allows a highly reversible conversion reaction. The easy 21 

binding/difficult dissociation characteristic of Bi adatoms on the oxygenated graphene facilitates fast 22 

electron hopping between rGO and Bi2S3, and enhances the electrochemical stability of the electrode 23 

by mitigating the dissolution of Bi2S3 active material. It was found that optimizing the GO composite 24 

can improve the electrochemical properties of Bi2S3. The specific capacity of Bi2S3-rGO8 composite 25 

material is ~186 mAh g-1 at a current density of 500 mA g-1 after 150 cycles, which is much higher 26 

than the value (~10 mAh g-1) of bare Bi2S3 electrode without rGO. Additionally, the Bi2S3 nucleated 27 

on GO with smaller particle sizes shortens the transport path of zinc ions, which is again beneficial for 28 

fast charge transfer. Therefore, Bi2S3-rGO8 can even deliver more than 100 mAh g-1 at 10 A/g 29 

charge/discharge current density. This is the best rate performance of Bi2S3 to the best of our knowledge 30 
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so far as shown in the comparation plot in Figure S16(a) of supplementary information, but the cycle 1 

stability of our Bi2S3-rGO with optimized mass loading (Figure S17) is not the outstanding among 2 

them (see Figure S16b) and needs further improvement. Furthermore, the Zinc storage mechanism of 3 

Bi2S3-rGO composite was analyzed by XRD and XPS, which indicates that the charging mechanism 4 

of Zn/Bi2S3-rGO is based on the reversible conversion reaction of Zn2+ in Bi2S3-rGO framework. 5 

During the discharge process, Zn2+ is embedded in Bi2S3-rGO frame to form ZnS and Bi0 wrapped in 6 

rGO. The process is accompanied by the formation of ZHS on the electrode surface. During the 7 

charging process, Zn2+ escapes from ZnS/Bi0 mixture confined by the rGO frame, and ZHS gradually 8 

disappears. We believe that our detailed understanding of Bi2S3-rGO electrode charge storage 9 

mechanisms can help to design analogous composite materials with good Zn2+ storage performance, 10 

fast reaction kinetics, and high capacity.  11 

Lastly, although the fabrication cost (~ 419 $ kWh-1, see Table S1 in supplementary information) of 12 

our labscale Bi2S3-rGO8 ZIBs is comparable to the reported high-temperature Na–S batteries (~445–13 

555 $ kWh−1) [58], vanadium redox flow batteries (~550 $ kWh−1) and Ni-Cd batteries (~200-400 14 

$ kWh−1) [59, 44], it is still higher than other state-of-the-art energy technologies currently 15 

commercialized like Li-ion batteries (~170-250 $ kWh−1) [60, 61], Ni-MH batteries (~198 $ kWh−1) 16 

[62] and Pb-acid batteries (~ 166 $ kWh−1). However, we should stress that the fabrication of ZIB does 17 

not require an oxygen and moisture-free environment, which could further reduce the cost of scaling 18 

up. Additionally, with the growth of the global graphene industry, the price of GO is expected to be 19 

further reduced in the future. This could also contribute to the synthesis cost of cathode material and 20 

reduce the total cost of our ZIBs, which has the potential to be used as a large-scale storage device 21 

electrode in the future. 22 
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