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As one of the most promising cathode materials for next-generation batteries, sulfur has
been widely used in organic metal-sulfur batteries, especially in Li-S batteries. However,
to date, Pb-S chemistry has never been officially reported. In this paper, a reliable aque-
ous Pb-S battery based on a dual conversion reaction was constructed. To clarify the
feasibility, three important thermodynamic parameters of the Pb-S system were ana-
lyzed, including the solubility of PbS in aqueous solution, the volume change of the
Pb-S battery system, and the potential of the S/PbS cathode redox couple. Here, it is
demonstrated that the aqueous Pb-S battery possesses a great advantage in theory, and
the inherent insolubility of PbS makes an aqueous Pb-S system without a shuttle effect.
Moreover, the conversion-type counter electrode of a Pb-S system with a stable nucle-
ation rate endows it with a dendrite-free nature, which is quite different from the tradi-
tional metal-sulfur battery with a stripping/plating–type counter electrode. Benefitting
from these remarkable natures, the aqueous Pb-S battery exhibits a high discharge capac-
ity of 1,343.9 mAh g21

sulfur with a capacity retention of 71.4% after 400 cycles. In addi-
tion, the feasibility of this Pb-S system is further demonstrated in a hybrid cell consisting
of an S cathode and Zn anode, which affords an energy density of 930.9 Wh kg21

sulfur.
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From the discovery of sulfur-based composite cathode materials in the 1960s to exten-
sive research in sulfur-based carbon encapsulation technology, there is no doubt that
metal-sulfur batteries are proving their great research value to the world (1, 2). Among
traditional organic metal-sulfur batteries, Li-S batteries in particular possess the greatest
commercialization potential due to their high theoretical energy density (2,654.3 Wh
kg�1

sulfur) (3–5). However, the limitations of the organic electrolyte itself (e.g., low
ionic conductivity, flammability, and volatility) (6–8), the shuttle effect of polysulfide,
the lithium dendrite, and large-volume changes of the battery system in the process of
discharge and charge are all urgent problems to be solved in organic Li-S batteries
(9–12). In this case, researchers have begun to focus on high ionic conductivity, non-
flammable, and chemically mild aqueous metal-sulfur batteries in recent years (13–20).
In these studies of aqueous metal-sulfur batteries, Cu-S, Fe-S, and Zn-S systems have
attracted much attention due to their high reversible capacity and excellent cycling per-
formance in aqueous electrolyte. Meanwhile, optimization of the cathode material (14)
and electrolyte (17) of aqueous metal-sulfur batteries is also being carried out gradually.
However, no new metal-sulfur chemistry was found to undertake the energy storage
task, and the exploration of new systems seems to have entered a bottleneck period.
Fortunately, the next system comes into being through our unremitting research.

Actually, there are three main thermodynamic conditions existing in the application of
metal-sulfur chemistry in an aqueous battery, which are listed as follows: 1) The solu-
bility of metal sulfides (MxSy) in aqueous solution; 2) the volume change of the metal-
sulfur (M-S) battery system; and 3) the applicability of cathode potential. Here, based
on the previous work of our group (12), we further compared Pb-S chemistry with
other metal-sulfur chemistry for the above three conditions and found that it has a
great advantage in these three conditions. In this paper, we applied Pb-S chemistry to
construct an aqueous Pb-S battery consisting of a carbon nanotubes (CNTs)/S compos-
ite working electrode, carbon paper counter electrode, and 0.5 M Pb(NO3)2
electrolyte. For this aqueous Pb-S battery, the reaction on the working electrode is a
conversion between S and PbS, and on the counter electrode, it is a conversion between
Pb2+ and PbO2. Operating through the synergistic dual conversion reaction, the aque-
ous Pb-S battery exhibited a discharge capacity of 1,343.9 mAh g�1

sulfur in the first
cycle and maintained 88% with 1,180.2 mAh g�1

sulfur after 140 cycles. Meanwhile, an
X-ray diffraction (XRD) study revealed the dual conversion mechanism. Moreover, a
prototype SjPb(NO3)2jjZnjZn(NO3)2 hybrid cell was constructed, affording an energy
density of 930.9 Wh kg�1

sulfur at a working voltage of 0.75 V versus Zn2+/Zn.

Significance

Based on the analysis of three
thermodynamic parameters of
various M-S systems (solubility of
metal sulfides [MxSy] in aqueous
solution, volume change of the
metal-sulfur [M-S] battery system,
and the potential of S/MxSy
cathode redox couple), an
aqueous Pb-S battery operated by
synergistic dual conversion
reactions (cathode: S�PbS,
anode: Pb2+�PbO2) has been
officially reported. Benefitting
from the inherent insolubility of
PbS and a conversion-type
counter electrode, the aqueous
Pb-S battery exhibited two
advantages: it is shuttle effect free
and has a dendrite-free nature.
Moreover, the practical value of
the Pb-S battery was further
certified by the prototype
SjPb(NO3)2jjZn(NO3)2jZn hybrid
cell, which afforded an energy
density of 930.9 Wh kg�1

sulfur.
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Results and Discussion

Thermodynamic Analysis of Aqueous Pb-S Chemistry. For
aqueous metal-sulfur batteries, the solubility of metal sulfide in
the electrolyte is seen as a key factor in determining the viabil-
ity of the battery system. The high solubility of metal sulfide
will inevitably cause the shuttle effect, which will further affect
the electrochemical performance of the battery. Furthermore,
the volume change of the whole battery system in the discharge
and charge process is also a prerequisite to evaluate the feasibil-
ity of metal-sulfur batteries. Frequent large-volume change not
only leads to disconnection of electronic contacts between the
active substance and the collector but also causes the active sub-
stance to break away from the conductive network built by the
conductive agent, making this part of the active substance
unusable. In addition, the applicability of the cathode potential
is also important and should be considered. For aqueous elec-
trolyte, it possesses a narrow electrochemical stability window
(1.229 V) due to the hydrogen and oxygen evolution reactions.
On the premise of not adopting “water-in-salt” (21–23),
“molecular crowding” (24), “pH-decoupling,” and other strate-
gies to broaden the electrochemical stability window of an
aqueous electrolyte (25–28), the working voltage of an aqueous
metal-sulfur battery should not be higher than 1.229 V, which
determines that the cathode potential should not be too high.

Meanwhile, under the premise of ensuring a high energy den-
sity, the cathode potential also should not be too low. Based on
the above three conditions, we compared these parameters of
Pb-S chemistry with that of other M-S chemistry (Fig. 1 A–C;
for a detailed calculation process, please refer to the SI
Appendix). Fig. 1A shows the negative logarithm of the solubil-
ity product constant (pKsp) of two common hydrolysis routes
(pKsp-a and pKsp-b) of various MxSy in aqueous solution. It is
not difficult to find that PbS possesses the second-highest pKsp-a

(7.926) and pKsp-b (28.886), which is slightly lower than the
pKsp-a (8.439) and pKsp-b (29.399) of InS. It is the low solubil-
ity of PbS in an aqueous electrolyte that endows the Pb-S bat-
tery with one outstanding property, no shuttle effect. Fig. 1B
exhibits the volume change rate of various M-S batteries on the
basis of total evolution from both the anode and the cathode,
and the results show that the Pb-S system presented great
advantages compared with other systems. Meanwhile, the S/PbS
redox couple also showed a suitable potential value (0.376 V)
among these S/MxSy redox couples (Fig. 1C). Therefore, com-
bined with the above three conditions, it is not difficult to find
that Pb-S chemistry has great research value.

At present, with different energy storage behaviors, the
counter electrode in a battery can be divided mainly into two
categories: a stripping/plating–type counter electrode and
a conversion-type counter electrode. Stripping/plating–type

Fig. 1. Thermodynamic analysis of Pb-S chemistry. (A) The calculated pKsp values of two common hydrolysis methods of various metal sulfides in aqueous
solution. (B) The volume change rate of various M-S systems on the basis of total evolution from both anode and cathode. (C) The electrode potential versus
standard hydrogen electrode (SHE) of various S/MxSy redox couples. (D) Eh-pH diagrams of 0.5 M Pb(NO3)2 at 25 °C and 1 atmospheric pressure. (E) The
working mechanism of the aqueous Pb-S battery. The red and blue arrows represent the discharge and charge reactions respectively.

2 of 7 https://doi.org/10.1073/pnas.2118675119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118675119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118675119/-/DCSupplemental


counter electrodes such as Li (19), Zn (17), and Cu (13) depend
on the stripping/plating of metal/metal ions to store energy dur-
ing the discharge and charge process. It is noteworthy that this
type of counter electrode generally has fast reaction kinetics, but
the problem of metallic dendrite caused by the uneven charge dis-
tribution on the surface of the counter electrode has always been
a major challenge. In contrast, conversion-type counter electrodes
such as Cd (29), Bi (30, 31), and FeOx (32, 33), which rely on
the conversion of metal/metal oxide or metal oxide/hydroxide for
energy storage with a stable nucleation rate, usually do not pro-
duce uneven distribution of charge. Fig. 1D presents the Eh-pH
diagram of 0.5 M Pb2+ at 25 °C and 1 atmospheric pressure. For
0.5 M Pb(NO3)2 solution, the pH value is around 2.4. Hence, it
is not difficult to see from Fig. 1D that in 0.5 M Pb(NO3)2 elec-
trolyte, it is a PbO2/Pb

2+ redox couple rather than a Pb2+/Pb
redox couple that can stably exist in the electrochemical stability
window of an aqueous electrolyte. The reaction on the counter
electrode in an aqueous Pb-S battery should be based on the
conversion reaction between Pb2+ and PbO2 rather than the
stripping/plating reaction between Pb and Pb2+. According to a
thermodynamic analysis and Eh-pH diagram of Pb(NO3)2 solu-
tion, an aqueous Pb-S battery based on the synergetic dual con-
version reaction mechanism (cathode: S $ PbS, anode: Pb2+ $
PbO2) was first proposed (Fig. 1E).

Electrode Conversion Reaction Mechanism. The conversion
reaction mechanism of the Pb-S battery was studied in a three-
electrode cell consisting of a CNTs/S working electrode, a car-
bon paper counter electrode, an Ag/AgCl reference electrode,
and an 0.5 mol L�1 Pb(NO3)2 aqueous electrolyte. For provid-
ing a conductive network to the working electrode, we adopted
a melt-diffusion method to infiltrate the insulating elemental
sulfur into CNTs (4). Here, the specific surface area of CNTs
was about 429.0 m2 g�1 (Brunauer-Emmett-Teller surface
area; SI Appendix, Fig. S1), which provided a large number of
surface-active sites for conversion reaction. SI Appendix, Fig. S2
exhibits the scanning electron microscopy (SEM) image of
as-prepared CNTs/S nano-composite, and the mass loading of
S in the CNTs/S composite was controlled at ∼60 wt % (SI
Appendix, Fig. S3). It should be noted that 60% sulfur content
was intended to facilitate the experiment, but a higher sulfur
content is more valuable for practical applications. Moreover,
the hydrophilicity test adopted on CNTs/S cathode shows that
the water droplet on the cathode surface presented a small con-
tact angle of 69.2° to the horizontal plane, indicating that this
composite cathode material possesses a high hydrophilicity (SI
Appendix, Fig. S4).
The conversion mechanism on the cathode of aqueous

metal-sulfur batteries presents a common characteristic. During
the discharge process, metal is oxidized to produce metal ions,
and electrons are released simultaneously. When electrons reach
the cathode via the external circuit from the anode, metal ions
have a tendency to travel through metal salt electrolyte toward
the cathode; finally, metal sulfide forms at the end of the dis-
charge process. During the charge process, the reaction is
reversed, and metal sulfide is eventually converted back to S. In
order to prove the formation of PbS in the discharge process
(Fig. 2A) and its reversible conversion to S in the charge process
(Fig. 2B) on the cathode of the Pb-S battery, transmission elec-
tron microscopy (TEM) measurement was performed to unveil
the detailed reaction process. As shown in Fig. 2C, TEM ele-
mental mapping images of complete discharge products showed
uniform distribution of S and Pb elements on the cathode. In
the high-resolution TEM image, the crystal lattice fringe of

3.42 Å corresponded well with the featured (111) plane of PbS,
which confirms that PbS is the final product of the cathode dis-
charge reaction. In the complete charge state, only that S ele-
ment can be observed in the final product, and the interplanar
spacing of 3.85 Å also corresponds to the featured (103) facet
of S, which confirms that PbS was eventually converted back to
S during the charge process (Fig. 2D). Furthermore, the
dynamic evolution between PbS and S on the cathode during
the discharge and charge process from �0.2 to 0.6 V versus
Ag/AgCl at 0.5 A g�1 is further elucidated by an XRD test
(Fig. 2 E–H). When the CNTs/S cathode started to discharge,
eight new peaks at Bragg positions of 30.06°, 43.03°, 50.95°,
53.39°, 62.49°, 68.84°, 70.89°, and 78.88° appeared in Fig. 2
F–H, which matched well with the featured diffraction peaks of
PbS (Joint Committee on Powder Diffraction Standards
[JCPDS] No. 65–0692). At a fully discharged state of �0.2 V
versus Ag/AgCl, the signal strength of these peaks reached its
maximum, which means that S was completely converted to
PbS. In the subsequent charge process, the signals of these
peaks gradually weakened and completely disappeared at the
fully charged state of �0.6 V versus Ag/AgCl, which means
that PbS was totally converted into S in the charge process.
The detailed XRD patterns of the cathode in the original state,
fully discharged state, and fully charged state can be found in
SI Appendix, Fig. S5. Obviously, when these TEM and XRD
results are combined, the cathode reaction mechanism can be
summarized by the follow equation:

Sþ 2e� þ Pb2þ �
discharge

charge
PbS: [1]

For the reaction on the anode of the metal-sulfur battery being
studied at present (Cu-S, Fe-S, Zn-S, etc.), both depended on
the stripping/plating reaction of metal ions. However, accord-
ing to the Eh-pH diagram analysis of Pb(NO3)2 solution
(Fig. 2D), it is the PbO2/Pb

2+ redox couple rather than the
Pb2+/Pb redox couple that can stably exist in the electrochemi-
cal stability window of an aqueous electrolyte. Thus, the reac-
tion on the anode of an aqueous Pb-S battery should be the
conversion reaction based on the PbO2/Pb

2+ redox couple. For
verifying the conversion reaction of PbO2 during the discharge
process (Fig. 3A) and the following reduction behavior to Pb2+

during the charge process (Fig. 3B), the SEM was performed
on the final product of the anode in the complete discharge
and charge states. As expected, in the complete discharge state,
PbO2 was deposited in the form of “pomegranate” on carbon
fibers without other impurities, and the elemental mapping
images of O and Pb further testify to this viewpoint (Fig. 3C).
In the complete charge state, PbO2 was almost dissolved back
to the electrolyte, and the attenuation of the O and Pb elemen-
tal signal in mapping images is also consistent with this phe-
nomenon (Fig. 3D). For further validation, SEM images of
PbO2 with different resolutions in the discharge and charge
states are exhibited in SI Appendix, Fig. S6. It can be seen that
PbO2 is precisely distributed on the carbon fiber with pome-
granate morphology without obvious spikes, which largely
reflects the dendrite-free characteristic of this aqueous Pb-S bat-
tery. In addition, the XRD investigation further revealed the
mechanism behind the conversion of PbO2 and Pb2+ during
the discharge and charge process. When PbS began to decom-
pose on the cathode, PbO2 also began to deposit on the anode.
It can be seen in Fig. 3 E–H that characteristic peaks such as
(110), (111), (002), (020), (200), (021), (130), (132), and
(221) reflections of PbO2 (JCPDS No.45–1416) began to
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appear gradually along with the discharge reaction and reached
maximum intensity at the complete discharge state. As the
charge reaction went on, the relative intensity of these peaks
began to decrease and completely disappeared in the complete
charge state, which means that the PbO2 was stripped off the
anode. The detailed phase structures of the anode in the origi-
nal state, fully discharged state, and fully charged state can be
further demonstrated by the XRD patterns in SI Appendix, Fig.
S7. In conclusion, through these SEM and XRD results, the
anode reaction mechanism can be summarized by the follow
equation:

Pb2þ þ 2H2O� 2e� �
discharge

charge
PbO2 þ 4Hþ: [2]

Electrochemical Performance of Aqueous Pb-S Battery. Oper-
ating by the synergistic dual conversation mechanism of
cathode and anode, the aqueous Pb-S battery showed excellent
electrochemical performance. For distinguishing the charge-
discharge platforms, we first studied the cyclic voltammetry
(CV) curve under a scan rate of 0.5 mV s�1 (Fig. 4A). The
results indicate that the reversible energy storage source mainly
comprised one reduction peak at ∼0 V versus Ag/AgCl, and
one oxidation peak at ∼0.12 V versus Ag/AgCl. Fig. 4B shows
the galvanostatic charge/discharge (GCD) profiles collected at
0.5 A g�1. Notably, the Pb-S battery delivered an initial dis-
charge capacity of 1,343.9 mAh g�1

sulfur and maintained a

reversible capacity of 1,267.5 mAh g�1
sulfur in the following

cycles. In addition, Fig. 4C compares the polarization value
between this Pb-S battery and other aqueous metal-sulfur bat-
teries, in which the aqueous Pb-S battery showed relatively
lower polarization (0.35 V) than that of aqueous Ni-S (0.4 V),
Zn-S (0.9 V), and Co-S (1.0 V) systems (13). Meanwhile, elec-
trochemical impedance spectroscopy analyses demonstrated
that the charge transfer resistance of the Pb-S battery was
3.1 Ω before the initial cycle and 4.2 Ω after 60 cycles (SI
Appendix, Fig. S8), which proves that the Pb-S battery possesses
fast and stable reaction kinetics. Benefiting from this superiority
in electrochemical kinetics, the Pb-S battery showed outstand-
ing rate capability, where the discharge capacity was 1,498;
1,463; 1,397; 1,343; and 1,180 mAh g�1

sulfur at 0.2, 0.3, 0.4,
0.5, and 0.8 A g�1, respectively (Fig. 4D). In addition, X-ray
photoelectron spectroscopy study of the postcycle anode
showed that there was no Pb-S bond at the discharge state (SI
Appendix, Fig. S9); hence, the shuttle effect was nonexistent.
Meanwhile, the entire structures of the cathode before and after
60 cycles were analyzed via SEM (SI Appendix, Figs. S10 and
S11). Obviously, there was no structural collapse on the cath-
ode after 60 cycles. Therefore, benefiting from the dissolution-
free, dendrite-free nature and structural stability, the Pb-S
battery exhibited good cycling stability (Fig. 4E). After 140
cycles at 0.5 A g�1, the aqueous Pb-S battery still exhibited a
reversible capacity of 1,180.2 mAh g�1

sulfur with a capacity
retention of 88%. It is worth noting that the precipitous
decline of capacity that existed in this Pb-S battery after 140

Fig. 2. Cathode conversion reaction mechanism. (A) Schematic illustration of the formation of PbS on the cathode in the discharge process. (B) Schematic
illustration of the formation of S on the cathode in the charge process. (C) TEM image of the CNTs/S cathode and corresponding element mappings of S and
Pb in the discharge state. The inset displays the lattice spacing of (111) plane of PbS. (D) TEM image of the CNTs/S cathode and corresponding element map-
pings of S and Pb in the charge state. The inset displays the lattice spacing of (103) plane of S. (E) GCD profiles of the aqueous Pb-S battery at 0.5 A g�1. (F)
XRD patterns collected on the cathode in the first cycle within the 2-theta range of 27°to 45°. (G) XRD patterns collected on the cathode in the first cycle in
the 2-theta range of 45° to 65°. (H) XRD patterns collected on the cathode in the first cycle in the 2-theta range of 66° to 80°.
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cycles could be almost eliminated after replacing the anode. We
speculate that this may be related to the residual PbO2 in the
charge state on the anode, which highlights the challenge of the
anode on the reversibility of the aqueous Pb-S battery. With a
refreshed anode, this Pb-S battery maintained a high-capacity
retention of 71.4% after 400 cycles, delivering a reversible
capacity of 960 mAh g�1

sulfur. Furthermore, the cycling perfor-
mance was also tested at a lower current density (0.3 A g�1).
The result revealed that the discharge capacity was retained
around 95% with 1,390 mAh g�1 after 60 cycles, and the
polarization of the Pb-S battery stably remained at a low value
(around 0.3 V) under different cycles (SI Appendix, Fig. S12).
In order to present a more intuitive understanding of the cycle
performance of Pb-S system, we compared the electrochemical
performance of the Pb-S battery with that of other metal-sulfur
systems. The results show that Pb-S had a high specific capacity
and excellent cyclic stability (SI Appendix, Fig. S13).
Although the Pb-S battery exhibited excellent cycle and rate

performance, the low output voltage limits its practical applica-
tion. To address this problem, we designed a SjPb(NO3)2jjZn
(NO3)2jZn hybrid cell using an anion exchange membrane to
divide the cell into two compartments: a CNTs/S cathode and
a zinc metal anode. Fig. 4F exhibits the operation mechanism of
this hybrid cell. During the discharge process, S obtained two
electrons and combined with Pb2+ to form PbS, while Zn metal
was oxidized into Zn2+. During the charge process, the reaction
was in the opposite direction. For balancing the charge neutral-
ity, [NO3]

2� acted as commuting shuttles between Pb(NO3)2
and Zn(NO3)2 electrolytes in the two compartments. The reac-
tions in the discharge process can be expressed as follows:

Cathode : Sþ Pb2þ þ 2e� ! PbS, [3]

Anode : Zn ! Zn2þ þ 2e�, [4]

Full cell : Sþ Pb2þ þ Zn ! PbSþ Zn2þ þ 2e�: [5]

The potential profiles of the CNTs/S cathode, Zn anode, and
hybrid cell are exhibited in Fig. 4G, which shows that the out-
put voltage of this hybrid cell can be increased to 0.75 V and
it can afford an energy density of 930.9 Wh kg�1

sulfur. Based
on a high output voltage and energy density, a plastic
pouch–type battery pack was fabricated and lights up the
light-emitting diode group with the form of “PbS” pattern
(Fig. 4H). In general, these excellent electrochemical proper-
ties of the Pb-S battery and the powerful hybrid cell confirm
the substantial research value of Pb-S chemistry in energy
storage.

Conclusion

In summary, in this study we report a reliable Pb-S battery
based on a dual conversion reaction mechanism. Unlike the
stripping/plating–type counter electrode of a traditional
metal-sulfur battery, the conversion-type counter electrode
gives the aqueous Pb-S battery the advantage of a dendrite-
free nature. Furthermore, the Pb-S battery is endowed with a
shuttling-free nature due to the inherent insolubility of PbS.
Benefiting from these two advantages, the Pb-S battery exhibited
excellent electrochemical properties with a reversible capacity of
960 mAh g�1

sulfur after 400 cycles. Notably, we also adopted a
general strategy to increase the output voltage of the Pb-S battery
by using a Zn anode, which was constructed with a

Fig. 3. Anode conversion reaction mechanism. (A) Schematic illustration of the formation of PbO2 on the anode in the discharge process. (B) Schematic illustra-
tion of the dissolution of PbO2 on the anode in the charge process. (C) SEM image of the complete discharge product on the anode and corresponding element
mappings of O and Pb. (D) SEM image of complete charge product on the anode and corresponding element mappings of O and Pb. (E) GCD profiles of the aque-
ous Pb-S battery at 0.5 A g�1. (F) XRD patterns collected on the anode in the first cycle in the 2-theta range of 16° to 24°. (G) XRD patterns collected on the anode
in the first cycle in the 2-theta range of 27° to 48°. (H) XRD patterns collected on the anode in the first cycle in the 2-theta range of 48° to 80°.
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SjPb(NO3)2jjZn(NO3)2jZn hybrid cell. Of course, the residual
PbO2 on the anode surface in the charge state is a major factor
affecting the performance of the Pb-S battery. In the future, the
optimization of the Pb-S system can be carried out around the sur-
face modification of the anode, such as a coating of conductive
polymers and introduction of functional groups. In general, our
work not only expands the application of metal-sulfur chemistry in
energy storage but also provides a guideline for the future develop-
ment of metal-sulfur batteries.

Materials and Methods

Preparation of the Sulfur Composite. CNTs/S composites were prepared by
a facile melt-diffusion method. In a typical synthesis of sulfur composite, 0.6 g
sulfur was first ground with 0.4 g CNTs for 20 min. Then, the composite was col-
lected and sealed into an autoclave and heated at 155 °C for 10 h.

Materials Characterization. Powder XRD patterns were collected from 10° to
80° using a Bruker D-8 Advance X-ray diffractometer (Cu Kα radiation, 30 kV and
10 mA) at a scanning rate of 10° min�1. Morphology information was investi-
gated by SEM (Hitachi SU-70) and TEM (JOEL 2100F). Brunauer–Emmett–Teller

surface area was measured by an ASAP 2460 instrument by nitrogen adsorption
at 77 K. Thermogravimetric analysis was performed on a TG/DTA7300 (Seiko Inc.)

Electrochemical Measurements. The working electrodes were fabricated by
smearing a mixture of sulfur composite (80 wt %), acetylene black (10 wt %),
and polytetrafluoroethylene (10 wt %) on carbon paper current collector and
dried in air at 50 °C. The mass loading was about 4.0 mg cm�2. The electro-
chemical property of the S/PbS redox couple was evaluated in standard three-
electrode cells that consisted of a working electrode, carbon paper counter
electrode, and 0.5 mol L�1 Pb(NO3)2 electrolyte. The CV curves were conducted
on a Bio-Logic VSP electrochemical workstation. GCD performance was tested by
a Land battery tester (LANHE CT2001C).

Data Availability. All study data are included in the article and/or
SI Appendix.
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