
A Zn-S Aqueous Primary Battery with High Energy and Flat 
Discharge Plateau

Journal: ChemComm

Manuscript ID CC-COM-08-2021-004337.R1

Article Type: Communication

 

ChemComm



COMMUNICATION

 

Please do not adjust margins

Please do not adjust margins

a Key Laboratory for Macromolecular Science of Shaanxi Province, Shaanxi 
Engineering Laboratory for Advanced Energy Technology, School of Materials 
Science and Engineering, Shaanxi Normal University, Xi’an, Shaanxi 710062, P. R. 
China.
E-mail: chongzhangabc@snnu.edu.cn; jiaxing@snnu.edu.cn

b Department of Chemistry, Oregon State University, Corvallis, OR, 97331-4003, 
United States. 
E-mail: david.ji@oregonstate.edu 

†Electronic Supplementary Information (ESI) available: Details for synthesis and 
characterizations of the KB-S composition, TG curve, XRD patterns, SEM images, 
EDX spectrum, XPS spectra and EIS profiles. See DOI: 10.1039/x0xx00000x

Received 00th August 20xx,
Accepted 00th August 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

A Zn-S Aqueous Primary Battery with High Energy and Flat Discharge 
Plateau †

Lian-Wei Luo,a Chong Zhang,a,b,* Xianyong Wu,b Changzhi Han,a Yunkai Xu,b Xiulei Ji,b,* Jia-Xing 

Jiang a,*

 

We demonstrate a disposable aqueous primary battery chemistry 
that comprises environmentally benign materials of the sulfur 
cathode and Zn anode in 1 M ZnCl2 aqueous electrolyte. The Zn-S 
battery shows a high energy density of 1083.3 Wh kg-1 for sulphur 
with a flat discharge voltage plateau around 0.7 V. When 
operating at a high mass loading of 8.3 mg cm-2 for sulfur in the 
cathode, the battery exhibits a very high areal capacity of 11.4 
mAh cm-2 and areal energy of 7.7 mWh cm-2.

Aqueous zinc-metal batteries have attracted tremendous research 
interests due to the inherent safety of aqueous electrolytes as well 
as the advantages of Zn metal anode such as massive scale of 
manufacturing, high capacity, and good compatibility with aqueous 
electrolytes.1-5 To date, several types of zinc-metal primary 
batteries have been commercialized such as Zn-MnO2 dry batteries, 
Zn-Ag2O2 batteries, and Zn-air batteries.6-8 Among these primary 
batteries, the alkaline Zn-MnO2 battery has been widely used in the 
everyday life despite the ubiquitous utilization of rechargeable 
batteries. However, the relatively low theoretical capacity of MnO2 
cathode limits the energy density of alkaline Zn-MnO2 batteries.9-11 
Hence, there is a need to explore new cathode materials for Zn 
metal primary batteries that offer higher energy density preferably 
at a lower cost.

Elemental sulfur (S) is mainly produced as a byproduct from the 
purification process of natural gas, petroleum and other minerals.12-

14 However, the current applications of sulfur such as the 
production of sulfuric acid, gunpowder, and rubber vulcanization 
cannot consume all the produced elemental sulfur. Therefore, the 

industry’s involuntary manufacturing of sulfur and its insufficient 
consumption lead to a very low price, i.e., 10% that of MnO2 as well 
as the need to find new valuable applications of this material. The 
two-electron conversion reaction that generates sulfides renders S 
one of the most attractive electrodes in battery applications owing 
to its high theoretical specific capacity of 1671 mAh g-1, albeit often 
with a moderate redox potential.15-22 Several primary batteries 
based on elemental S cathode have been reported such as alkaline 
Al-S battery, Ca-S battery with an organic electrolyte,23-26 
demonstrating the great potential of sulfur cathode in primary 
batteries.

Herein, we demonstrate a Zn-S primary battery enabled by 
directly using sulfur as the cathode coupled with Zn metal anode in 
the mildly acidic 1 M ZnCl2 electrolyte (pH=4.08). In this Zn-S 
battery, the elemental sulfur cathode can achieve its theoretical 
capacity with the discharge voltage around 0.7 V, corresponding to 
an energy density of 1083.3 Wh kg-1. Impressively, this Zn-S primary 
battery could operate at a high mass loading of 8.3 mg cm-2 for S in 
the cathode, which realizes an areal capacity of 11.4 mAh cm-2. This 
work reports a promising aqueous Zn-S primary battery with low 
cost and high energy density.

The sulfur cathode was prepared by infiltrating elemental sulfur 
into Ketjen Black (KB) to endow the cathode with high electronic 
conductivity. The energy dispersive X-ray spectroscopy (EDX) 
analysis revealed that the content of S in the KB-S composite is 
around 74.1% (Fig. 1a), which is very close to the result of 74.7% 
from the thermogravimetric analysis (Fig. S1). The elemental 
mapping demonstrated S was mixed well with the conductive KB. 
The X-ray diffraction pattern (XRD) also manifested the presence of 
element sulfur in the composite (Fig. S2). Both KB and the KB-S 
composite show nano-particle morphology with similar particle size 
(Fig. S3). The porosity of KB and KB-S composite was investigated by 
the N2 sorption isotherms at 77.3 K. The calculated specific surface 
areas are 1346.9 and 19.3 m2 g-1 for KB and KB-S composite, 
respectively (Fig. 1b). The sharply decreased surface area could be 
ascribed to the infiltration of S into the pores of KB, as evidenced by 
the decreased pore volume from 2.25 cm3 g-1 for KB to 0.14 cm3 g-1 
for the KB-S composite (Fig. 1c).
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Fig.1 (a) The SEM image and the corresponding elemental mapping of KB-S 
composite. (b) Nitrogen adsorption-desorption isotherms collected at 77.3 
K. (c) Pore size distribution.

The electrochemical performance of the Zn-S primary battery 
was firstly evaluated by galvanostatic discharge in different 
electrolytes in a two-electrode cell using the KB-S composite as 
cathode and Zn foil as anode. The Zn-S battery shows similar open 
circuit voltage around 1 V in different electrolytes (Fig. 2a). 
However, the discharge voltage and specific capacity of the sulfur 
cathode vary dramatically with the different aqueous electrolytes. 
The Zn-S battery shows the highest discharge voltage around 0.7 V 
in 1 M ZnCl2 electrolyte with a high specific capacity of 1668 mAh g-1 
based on the mass of S after subtracting the capacity contribution 
of KB (Fig. S4), corresponding to an energy density of 1083.3 Wh kg-

1, which is higher than that of the reported MnO2 cathode (~370 Wh 
kg-1) in alkaline Zn-MnO2 primary battery.27 We also assembled an 
aqueous Zn-S full cell by using limited Zn foil as the anode, and the 
mass ratio of Zn to sulfur is 2.2:1. This full cell achieved an energy 
density of 240 Wh kg-1 based on the mass of both the cathode and 
anode (Fig. S5). Please note that the plateau region accounts for 
88.8% of the total energy density, indicating a consistent energy 
output during the practical application (Fig. S6). The different 
discharge voltages could be ascribed to the different interfacial 
charge transfer resistance (Rct) of the KB-S composites in different 

0 500 1000 1500 2000
0.0

0.2

0.4

0.6

0.8

1.0

Vo
lta

ge
 (V

 v
s 

Zn
2+

/Z
n)

Specific capacity (mAh g-1)

 1 M ZnCl2
 1 M Zn(AC)2

1 M Zn(OTF)2

 1 M ZnSO4

(220)

(110)35.26 oC

10 20 30 40 50 60 70 80

 In
te

ns
ity

 (a
.u

.)

2 theta (θ)

Discharge
 Pristine

PDF#05-0566-ZnS
20 40 60 80

E

(a) (b) (c)

(d) (e) (f)

C

Zn S

0 50 100 150 200
0

50

100

150

200
 1 M ZnCl2
 1 M Zn(AC)2

 1 M Zn(OTF)2

 1 M ZnSO4

-Z
" 

/ o
hm

Z' / ohm

168 166 164 162 160 158

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

S 2p

Pristine

 Discharged for 
           500 mAh g-1

Discharged for 
         1000 mAh g-1

Full discharge

(0.19 nm)

(0.31 nm)

Fig. 2 (a) The discharge profiles of Zn-S batteries with different electrolytes 
at 50 mA g-1. (b) EIS spectra of Zn-S batteries with different electrolytes. (c) 
Ex-situ XRD patterns of the pristine and discharged sulfur cathodes. (d) The 
HR-TEM image of the discharged sulfur cathode. (e) The elemental mapping 
of the discharged sulfur cathode. (f) Ex situ high-resolution XPS spectra of 
sulfur cathodes at different SOC, the discharge rate is 50 mA g-1.

electrolytes, where the lowest Rct was achieved in 1 M ZnCl2 
electrolyte (Fig. 2b), since low Rct is beneficial for the kinetics of the 
battery reaction. As well known, the hydrated Zn2+ ([Zn(H2O)6]2+) 
clusters are the general Zn-containing cations in dilute electrolyte 

for aqueous Zn-metal batteries.28-31 While, both the [ZnCl(H2O)5]+ 
and [Zn(H2O)6]2+ clusters are thermodynamically most stable in 1 M 
ZnCl2 solutions.32, 33 It has been reported that the dehydration 
process of [ZnCl(H2O)5]+ clusters requires an lower energy than 
[Zn(H2O)6]2+ clusters,33 thus leading to a lower Rct in the ZnCl2 
electrolyte than that in other three electrolytes. Hence, 1 M ZnCl2 
electrolyte among the investigated electrolytes is the most 
judicious choice for the Zn-S battery, and the following 
electrochemical measurements were based on 1 M ZnCl2 aqueous 
solution as the electrolyte.

To discover the electrochemical behaviour of the sulfur cathode 
in the mildly acidic electrolyte (pH=4.08), the characterizations such 
as XRD, transmission electron microscopy (TEM), energy dispersive 
X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy 
(XPS) were conducted on the discharged cathode. The ex-situ XRD 
patterns revealed that the final discharge product harvested at the 
cut-off voltage of 0.1 V shows a ZnS phase, where the sulfur phase 
is completely consumed during the discharge process (Fig. 2c, S7). 
This is different from the reactions of the sulfur cathode that is 
coupled with the Zn or Al anode in alkaline electrolyte, in which the 
final sulfur-containing discharge product is H2S.34 The high 
revolution TEM (HR-TEM) image of the discharge product displayed 
the lattice spaces of 0.31 and 0.19 nm, which match with the (111) 
and (220) plane of ZnS (Fig. 2d). The elemental mapping for the 
discharged cathode demonstrated a uniform and overlapping 
distribution of both Zn and S elements (Fig. 2e). Meanwhile, the 
Zn/S molar ratio revealed by EDX is 1:0.9, which suggests the 
formation of ZnS as the final discharge product (Fig. S8). The ex-situ 
XPS measurement was further conducted for the S cathode at 
different states of charge (SOC) (Fig. 2f, S9 & S10). The S 2p 
spectrum of the pristine composite cathode shows the binding 
energies at 163 and 164 eV (Fig. 2f, S10), corresponding to the 
characteristic peaks of the elemental S in the cathode. After 
discharge, the sulfur peaks are replaced by a broad peak from 160 
to 163.5 eV, which could be assigned to the sulfur in ZnS.35 The 
characteristic peaks of Zn2+ were also observed in the Zn 2p 
spectrum, indicating the discharge-incorporated of Zn2+ in the 
composite cathode. It is worth noting that polysulfides were not 
detected by XPS in the discharged cathodes with different SOC, 
indicating the direct conversion reaction from sulfur to ZnS in the 
ZnCl2 aqueous solution.22 The lack of polysulfides is also supported 
by the characterization of the electrolyte by UV-Vis absorption, FT-
IR, and Raman spectroscopic tools (Fig. S11).

A basic question is whether this Zn-S battery is rechargeable. We 
charged the battery to 1.5 V to evaluate the rechargeability of this 
Zn-S battery as shown in Fig. S12. Although the charge process 
achieves a reversible capacity of 1628 mAh g-1, the full cycle suffers 
a large voltage hysteresis of 0.8 V between the charge and 
discharge curves, which results in an ultralow roundtrip efficiency of 
30%. The discharge capacity rapidly decayed from 1668 mAh g-1 to 
560 mAh g-1 after 4 cycles, this could be attributed to the 
irreversible formation of soluble ZnSO4 from the oxidization of ZnS 
(Fig. S12a, 13), as reported in the previous work.35 We previously 
reported a concentrated 30 m ZnCl2 electrolyte featuring with high 
stability that may increase the stability of ZnS,36 since the 
electrolyte also involves the oxidization process of ZnS to ZnSO4.37-39 

Although the utilization of 30 m ZnCl2 could increase the cycling 
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stability of S cathode, it also resulted in a low specific capacity and a 
large voltage hysteresis up to 0.95 V (Fig. S12c). Therefore, the 
rechargeability of Zn-S batteries using ZnCl2 electrolyte should be 
further increased. The proposed electrochemical reactions in the 
aqueous Zn-S battery can be summarized as below:
Discharge process:

Cathode: S + Zn2+ + 2e– → ZnS
Anode: Zn – 2e– → Zn2+

Charge process:
Cathode: ZnS – 2e– → S + Zn2+   

                 2ZnS + 4H2O – 10e– → 2Zn2+ + SO4
2– + S + 8H+

Anode: Zn2+ + 2e– → Zn
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Fig. 3 (a) Rate capability of the Zn-S cells at different current rates. (b) 
Discharge profiles of the Zn-S cells with the sulfur mass loading of 3.9 and 
8.3 mg cm-2. (c) The self-discharge performance of Zn-S cell at a discharge 
current of 50 mA g-1.

The rate performance for the Zn-S battery was evaluated at 
different current rates (Fig. 3a). The discharge voltage for the S 
cathode decreases from 0.68 V to 0.35 V with increasing the current 
rates from 50 to 1000 mA g-1, which can be attributed to the 
increased polarization resulting from the strong interaction 
between S2- and Zn2+. This is very similar to that between S2- and 
Al3+.40,41 The calculated diffusion coefficient for Zn2+ in the sulfur 
cathode is 1.22 × 10-13 cm2 s-1 (Fig. S14).42,43 Interestingly, the 
battery delivers the similar specific capacity at different currents.

For real-world applications, it is valuable that the electrode 
contains high mass loading of active materials. After increasing the 
mass loading of sulfur from 3.9 to 8.3 mg cm-2 in the cathode, a high 
specific capacity of 1375 mAh g-1 with an average voltage of 0.7 V 
still can be achieved, corresponding to a high areal capacity of 11.4 
mAh cm-2 and an areal energy of 7.7 mWh cm-2, both are rarely 
achieved by cathode materials in previously reported various 
primary batteries (Fig. 3b, S15, Tab. S1). 

As for primary batteries, self-discharge behavior is also important 
to the practical application. This Zn-S primary battery exhibits a high 
capacity-retention of 80.1% after resting the battery for 21 days, 
revealing a moderate self-discharge rate (Fig. S16). The calendar life 
might be further increased by using solid or quasi-solid-state 
electrolytes that have been successfully applied in commercial 
alkaline Zn-MnO2 batteries. The high energy density and low cost as 
well as excellent performance enable this Zn-S battery to offer a 
promising technique for high energy and cost-effective primary 
battery.

In summary, we report an aqueous primary battery by means of 
cost-effective sulfur cathode and Zn foil anode in different aqueous 
electrolytes. The comparative study revealed that the electrolyte 
shows a significant influence on both the discharge capacity and the 
plateau voltage. The 1 M ZnCl2 electrolyte enables the S cathode to 

deliver a high capacity of 1668 mAh g-1 with a high discharge 
plateau around 0.7 V. The ex-situ characterization on the discharge 
process demonstrated a direct conversion reaction from S to ZnS 
for the aqueous Zn-S chemistry. The sulfur cathode also can work at 
a high mass loading up to 8.3 mg with a specific capacity of 1375 
mAh g-1, corresponding to a high areal capacity of 11.4 mAh cm-2 
and an areal energy of 7.7 mWh cm-2. Benefiting from the natural 
abundance, low cost, and high energy density of sulfur cathode as 
well as the intrinsic safety of the aqueous electrolyte, the aqueous 
Zn-S chemistry offers a promising opportunity for cost-effective, 
high energy and environment-friendly primary battery.
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