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hodes with synergic
electrocatalysis for room-temperature Na–S
batteries†
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A novel sulfiphilic host is reported with single Co atoms (Co1) and ZnS quantum dots (ZnS-QDs) (�10 nm)

grown in N-doped carbon microparticles. The introduction of Co cations into the precursor is crucial,

because it leads to the dispersion of single-atom Co on the carbon matrix, decreasing the size and

improving the dispersion of the resultant ZnS-QDs as well. Benefitting from the resilient and stable

carbon framework, the single-atom Co and small ZnS-QDs synergically electro-catalyze the S redox

process, which can greatly enhance sodium polysulfide conversion and reduction of non-conductive

Na2S. The refined S cathode achieves remarkable cycling capability (640 mA h g�1 after 500 cycles at

0.1 A g�1), enhanced capacity retention, and outstanding energy density (541 W h kg�1), giving it great

promise for scientific research and practical applications.
Introduction

Na, as a low-cost and abundant alternative to Li, has attracted
tremendous research attention towards rechargeable sodium-
storage technologies beyond the cell chemistry of the lithium-
ion counterparts. The impressive electrochemical characteris-
tics as well as inexpensive and abundant resources of S and Na
enable room-temperature Na–S (RT Na–S) batteries to be
promising for large-scale energy storage. Compared to Li–S
batteries, RT Na–S batteries show comparable theoretical
capacity (1675 mA h g�1) and energy density (1274 W h kg�1).1

However, studies on RT Na–S batteries are still in an infancy
stage and many issues on cathodes, anodes, and electrolytes are
still unsolved. There is still a long way for Na–S batteries to
catch up with the Li counterparts. The essential electrochemical
performance, including specic energy, rate capability, cycling
life, and safety issues, is even not satisfactory in coin-cells for RT
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Na–S batteries.2 In comparison, recent studies on Li–S batteries
have made signicant progress toward practical applications
with the pouch-type scale.3–5 Learning from successful experi-
ence of Li–S batteries, current research on RT Na–S batteries
mainly focuses on solving the slow redox kinetics of sulfur and
the dissolution of sodium polysulde intermediates (NaPSs).6–9

Three principles can be adopted: (1) a host with good conduc-
tivity is important to improve the sluggish kinetics of sulfur; (2)
a porous structure with a medium specic area and good
volume stability can effectively increase the volumetric energy
density and cycling life; (3) suitable catalysts with high
adsorption toward polysuldes can limit the shuttle effect,
thereby achieving high energy density and cycling life. In
contrast to Li–S batteries, the S hosts in RT Na–S batteries are
required to be multifunctional, which are expected not only to
improve the conductivity of S and Na2S, but also to be enclosed
to conne the highly solvable NaPSs. More importantly, the S
redox reaction in RT NaS batteries is much kinetically sluggish,
and the addition of electrocatalysts is essential. One of the most
effective strategies is to capture NaPSs in carbon matrices with
the addition of catalysts.10 Porous carbon can store sulfur and
improve its conductivity, while catalysts are important for the
adsorption and conversion of NaPSs, thus ensuring stable
reversible capacities.11 Compared with the different types of
catalysts such as transition metals12 and metal oxides,13 metal
sulde catalysts have achieved outstanding performance due to
their relatively high bonding energies with NaPSs.14 This has
been proven by many studies. Yan et al. applied FeS2 in the S
host and successfully improved the slow kinetics of sulfur.15

NiS2 was doped into porous carbon nanotubes and effectively
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Representative SEM image and (b) STEM image of ZnS/C@S.
(c) SEM image and (d) STEM image of Co1–ZnS/C@S. (e) EDS mapping
of Co1–ZnS/C@S. (f) Co K-edge XANES spectra and (g) EXAFS spectra
of Co foil, Co1–ZnS/C@S and CoS. The insets of (b) and (d) show the
corresponding particle size distributions.
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limited the dissolution of NaPSs.16 The strong adsorption
capability of metal sulde toward NaPSs signicantly alleviates
the loss of active materials in RT Na–S batteries. Nevertheless,
the electrocatalytic activity of metal sulde is greatly hindered
by their intrinsic poor conductivity.17,18 To improve their
conductivity, reducing the size of metal sulde is one of the best
tactics.19 Introducing single-atom metals is also a promising
strategy to improve the overall conductivity and accelerate the
charge transfer of S cathodes.20 Moreover, single-atom metals
can also catalyse the NaPSs conversion in RT Na–S batteries.21

Recently, Chen et al. utilized Ni atoms to modify the separator
and found that its Ni–N4 structure could reversibly catalyse the
conversion of NaPSs.22 Zhang and co-workers applied atomic Co
in the S cathode, in which the Co atoms accelerated the
reduction reaction from Na2S4 to Na2S.23 Thus, it is a promising
approach to synergistically combine metal suldes and single-
atom metal on the same carbon support. Combined with the
high conductivity and electrocatalysis of a single atom metal,
a polar sulde metal with strong bonding ability toward NaPSs
is expected to make much enhanced Na-storage properties of S
cathodes for RT Na–S batteries.24

Herein, we present a novel sulphilic host consisting of
atomic Co and ZnS quantum dots grown on a hierarchical
carbon support. The doping of Co atoms into the C matrix not
only can improve the conductivity of the electrode, but also is
responsible for the decreased particle size and improved
dispersion of ZnS quantum dots (�10 nm). Overall, the hierar-
chical carbon support with high surface area (1012 m2 g�1)
serves as a container for S species; the entangling catalysis of
polar ZnS QDs and single-atom Co guarantees efficient NaPSs
conversion via enhanced polar–polar interactions. In situ
synchrotron X-ray diffraction (in situ XRD) and theoretical
calculations were employed to understand the electrocatalytic
functions of the constructed host for the S cathode. In contrast
to Co single atoms alone, the ZnS catalyst is more effective for
optimizing the S cathode. This is because it shows strong
chemical bonding and fast redox kinetics for the conversion
reaction, leading to high utilization of NaPSs. Furthermore,
when observed in situ via transmission electron microscopy
(TEM), the S host shows reversible volume changes during the
sodiation/desodiation processes, indicating the prolonged
cycling stability of the S cathode. As a result, the constructed
Co1–ZnS/C@S cathode can exhibit outstanding cycling perfor-
mance with a capacity of 640 mA h g�1 aer 500 cycles
(0.1 A g�1) and a remarkable energy density of 541 mA h g�1 at
0.1 A g�1, rendering this composite great promise for scientic
research and practical applications.

Results and discussion

To understand the size variations of ZnS-QDs due to the
modication of single-atom Co1, a ZnS/C@S sample without
sing-atom Co1 doping was prepared as illustrated in ESI.† As
displayed in Fig. 1a and b, the scanning electron microscopic
(SEM) and scanning transmission electron microscopic (STEM)
images show the general structure of ZnS/C@S: a homogeneous
distribution of ZnS coupled with nanoparticles is embedded on
This journal is © The Royal Society of Chemistry 2021
the microspheric skeleton. In comparison, ZnS quantum dots
are undetectable in a control sample of C@S (Fig. S1 in the
ESI†). The particle size of ZnS is around 20 nm, and the selected
area electron diffraction (SAED) pattern further reveals the
(111), (101), (001), and (110) crystalline planes of ZnS
(Fig. S2e†).25 To calculate the particle size of ZnS in ZnS/C@S, we
randomly took several images (Fig. S2†) of ZnS/C@S, which
suggests that the ZnS particles are mainly over 15 nm (86%)
(inset Fig. 1b). EDS mapping of ZnS/C@S is also shown in
Fig. S3.†

Fig. 1c and d show images of Co1–ZnS/C@S. With the doping
of atomic Co, the particle size of the ZnS quantum dots shrinks
according to our counting (Fig. S4†). The size of the ZnS
quantum dots is mainly below 10 nm (83%). The Co1 doping
originates from Co2+, which takes the place of part of the Zn2+

and coordinates with N (Fig. S5†). During the sulfuration
process, neighboring Zn atoms gather and react with S, result-
ing in ZnS quantum dots, but the isolated Co2+ is conned by
nitrogen bond and becomes atomic Co. According to the energy-
dispersive X-ray spectroscopy (EDS) mapping (Fig. 1e), the ve
elements are nely dispersed in a nanoparticle skeleton. The
elemental calculations conrm a large proportion of S, which
accounts for 73.9% of the total mass, while atomic Co only
accounts for 1.8% but evenly dispersed in a nanoparticle skel-
eton (Fig. S6†). A large number of bright dots (�3 Å) are
randomly distributed in the carbon matrix, which also exist in
the sample of Co1/C@S (Fig. S7 and S8†), suggesting the exis-
tence of Co1 atom. The single Co atoms are connected with the
N-doped carbon matrix to maintain the stable energy state that
exists in the nanoparticles.26

Thermogravimetric analysis (TGA) further conrms a large
amount of S contained in Co1/C@S, Co1–ZnS/C@S and ZnS/
C@S with 60, 65, and 62 wt%, respectively (Fig. S9†). Once
sulfur has been removed by immersing the samples in CS2, the
Brunauer–Emmett–Teller (BET) analysis further conrms the
J. Mater. Chem. A, 2021, 9, 566–574 | 567
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specic surface areas of Co1/C, Co1–ZnS/C and ZnS/C with 756,
1012 and 928 m2 g�1 respectively (Fig. S10†). The high surface
area makes sure considerable porous space for storing sulfur,
which is fundamental for the cathode host in RT Na–S batteries.
According to X-ray powder diffraction (XRD), sulfur existing in
the three samples is crystalline S (PDF: 04-012-1107)
(Fig. S11†).27 Besides, X-ray photoelectron spectroscopy (XPS) in
the Zn 2p region (Fig. S12†) shows that Co1–ZnS/C@S has two
peaks located at 1044.5 and 1021.4 eV, which are assigned to Zn
2p1/2 and Zn 2p3/2 of ZnS, respectively.28 In the S 2p region
(Fig. S13†), three peaks at 167.9, 165.2, and 163.3 eV are
assigned to sulde, and S 2p1/2, and S 2p3/2 respectively for Co1/
C@S.29 Aer doping with ZnS, two new peaks situated at 169.8
and 164.2 eV correspond to S2� 2p1/2 and S2� 2p3/2, respectively.
Raman and Fourier-transform infrared (FT-IR) spectroscopy
also conrm the presence of ZnS in the Co1–ZnS/C@S (Fig. S14
and S15†).30 In the case of atomic Co, the X-ray adsorption near-
edge structure (XANES) spectra (Fig. 1f) show that the position
of Co1–ZnS/C@S is located between those of Co foil and CoS,
indicating that the valence state of atomic Co is situated
between that of Co0 and Co2+.31 The extended X-ray adsorption
ne structure (EXAFS) spectrum exhibits Co–N coordination
with a peak at 1.42 Å for Co1–ZnS/C@S, while there are Co–Co
and Co–S bonds at 2.15 Å and 1.84 Å for Co foil and CoS,
respectively (Fig. 1g).32 The assembled coin cells were tested in
the voltage window of 0.8–2.8 V, and the mass of sulfur was
calculated according to the TGA result. The Co1–ZnS/C@S
electrode evidently shows the highest coulombic efficiency
among the four samples during the rst 150 cycles. Conse-
quently, the Co1–ZnS/C@S delivers better capacity retention
and cycling stability, achieving a remarkable capacity of
Fig. 2 (a) Cycling performance at 0.1 A g�1 and (b) rate performance o
curves of Co1–ZnS/C@S at 0.1 A g�1. (d) Cyclic voltammetry curves of C
previously reported room-temperature sodium-sulfur batteries with our

568 | J. Mater. Chem. A, 2021, 9, 566–574
640 mA h g�1 over 500 cycles at a current density of 0.1 A g�1

(Fig. 2a).
The excellent cycling performance of the Co1–ZnS/C@S

electrode is reliably attributed to the strong chemical bonding
between NaPSs and ZnS quantum dots. Meanwhile, the doping
with Co atoms can decrease the particle size of ZnS quantum
dots and effectively improve the conductivity, according to the
electrochemical impedance spectroscopy (EIS) (Fig. S17†).
Moreover, the Co1–ZnS/C@S electrode also presents excellent
rate performance, delivering a reversible capacity of 807, 705,
620, and 390 mA h g�1 at current densities of 0.2, 0.5, 1.0, and
3.0 A g�1, respectively (Fig. 2b). Upon reverting to 0.2 A g�1, it
shows a fully restored capacity of 680 mA h g�1 aer 160 cycles.
When we investigate the cycling process, the charge/discharge
plateau (Fig. 2c) can be clearly distinguished for Co1–ZnS/
C@S electrode at 0.1 A g�1. In the rst cycle, discharge
plateaus above 2.0 V are attributed to the reduction from sulfur
to long-chain polysuldes. As the voltage drops below 1.5 V, the
plateau corresponds to the formation of short-chain NaPSs.
Interestingly, the plateau above 2.0 V disappears in the
following cycles and a well-dened plateau around 1.5 V
becomes clear and is highly repeatable. This suggests that the
transition between long-chain and short-chain NaPSs is highly
reversible, in which most of the reversible capacity is generated
at a scan rate of 0.1 mV s�1, as shown in Fig. 2d. There are two
prominent peaks centered at 2.2 and 0.9 V during the rst
cathodic scan. The peak around 2.2 V corresponds to the tran-
sition from crystalline sulfur to long-chain NaPSs, while the
sharp peak at 0.9 V corresponds to the formation of short-chain
NaPSs during further sodiation. In the following three cathodic
scans, two major repeatable reduction peaks appear at 1.4 and
f C@S, Co1/C@S, ZnS/C@S, and Co1–ZnS/C@S. (c) Discharge/charge
o1–ZnS/C@S at 0.1 mV s�1. (e) Comparisons of the rate capacities of
work.

This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d0ta08748c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 5
/7

/2
02

5 
9:

14
:5

0 
A

M
. 

View Article Online
1.1 V, which correspond to the conversion from long-chain to
short-chain NaPSs and the formation of Na2S, respectively. The
highly repeatable scans without current attenuation indicate
a reversible reaction mechanism with high capacity retention in
this system. A comparison of the rate capability of Co1–ZnS/
C@S with the state-of-the-art electrode reported in the litera-
ture is presented in Fig. 2e; such an exceedingly high rate
capability of RT-Na/S batteries has promising applications.
Energy density is another important parameter to evaluate the
performance of cathode materials. In the voltage range from 0.8
to 2.8 V, the Co1–ZnS/C@S cathode whose energy density can
reach 541 W h kg�1 aer 500 cycles shows promising energy
density retention of 60.1% aer activation (Fig. S18†). Some
concerns may focus on the role of ZnS-QDs, which may generate
the capacity instead of S. However, ZnS-QDs account for 8%
mass of the Co1–ZnS/C@S cathode and hardly generate suffi-
cient capacity (Fig. S6†). To explain this point, we prepare Co1–
ZnS/C by evaporating S out of Co1–ZnS/C@S via annealing the
sample at 275 �C under N2 ow. The resulting Co1–ZnS/C elec-
trode shows only 25 mA h g�1 reversible capacity (Fig. S19†) in
the voltage range from 0.8 to 2.8 V, indicating the ZnS-QD
function as a catalyst within the Co1–ZnS/C@S cathode for
accelerating the reaction of soluble NaPSs. To gain chemical
insight into the highly reversible reactions of Co1–ZnS/C@S, in
situ synchrotron XRD (l ¼ 0.688 Å) was carried out on the
Powder Diffraction Beamline (Australian Synchrotron) to
investigate the charge/discharge products and intermediate
phases (Fig. 3a).33

There is a strong peak in the pristine cell located at 14.5�,
which can be indexed to the (013) plane of sulfur (PDF: 04-012-
1107).34 The transition from S to long-chain NaPSs starts from
2.2 V.35 During this voltage range, no indication of long-chain
NaPSs can be indexed to the XRD pattern indicative of a fast
Fig. 3 (a) In situ synchrotron X-ray diffraction patterns of Co1–ZnS/C@S
spectra of Co1–ZnS/C@S in the (b) S 2p and (c) Zn 2p regions when hal
spectra of Co1–ZnS/C@S when the half coin-cells were charged/dischar
spectra of the Na2S6 solution before and after exposure to C and Co1–Z

This journal is © The Royal Society of Chemistry 2021
transition from long-chain NaPSs to short-chain NaPSs. As the
voltage drops down to 1.2 V, a new peak at 15.2 V appears with
the sacrice of sulfur. This new peak, indexed to the (100) plane
of Na2S2 (PDF: 01-081-1771), becomes strong and reaches its
maximum at the voltage of 1.0 V.13,36 However, the peak of Na2S2
gradually fades as the signal of Na2S (PDF: 01-070-7161)
emerges with further discharging to 0.8 V, which signies the
nal discharged product in the Co1–ZnS/C@S cathode.33,37

Compared with previous reports, no signal referring to long-
chain polysuldes and Na2S4 can be traced according to in situ
XRD, indicative of a fast transition of these mid-products.16,23

The fast transition of soluble NaPSs can effectively prevent the
shuttle effect; therefore, the Co1–ZnS/C@S cathode achieves
ultra-high capacity in the rst discharge. Such a high efficiency
of long-chain NaPS transition is beneted from the catalysis of
ZnS-QDs, which will be further studied by the means of DFT
calculation. Combined with previous CV analysis, we conrm
that sulfur mainly undergoes three intermediate phases in the
Co1–ZnS/C@S cathode from long-chain NaPSs to Na2S2 and
nally Na2S in the initial discharge.38

During the charging process, the peak of Na2S2 appears
again, suggesting a good reversibility in this system. As the
voltage is charged back to 2.8 V, peaks of non-conductive Na2S2
and Na2S are hardly seen, indicative of the outstanding
conductivity in the Co1–ZnS/C@S electrode. The shuttle effect of
soluble NaPSs and the irreversibility of poor conductive Na2S
are the main reasons for low reversible capacity in RT Na–S
batteries.39 However, owing to the co-catalysis of ZnS-QDs and
the Co atom, the shuttle effect is signicantly prevented by ZnS-
QDs while the irreversibility is improved by the conductive Co
atom. Therefore, the Co1–ZnS/C@S electrode shows good
reversibility in chemical changes, which is essential to maintain
outstanding cyclability in RT Na–S batteries.
with the initial galvanostatic charge/discharge curves at 0.5 A g�1. XPS
f coin-cells were charged/discharged to different voltages. (d) Raman
ged to different voltages. (e) Photographs (inset) and ultraviolet-visible
nS/C.

J. Mater. Chem. A, 2021, 9, 566–574 | 569
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Fig. 4 (a) STEM images of Co1–ZnS/C@S after 500 cycles. (b) Top
panels: atomic structures of polysulfides adsorbed on ZnS (left) and
Co1@NG (right); bottom panels: Comparison of binding energies of
polysulfides on ZnS(110) and Co1@NG. Comparison of energy
diagrams of charging/discharging processes on ZnS(110) and Co1@NG.
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To further prove the reversible reaction, ex situ XPS was
further applied to study the changes in the binding energy in
the S 2p (Fig. 3b) and Zn 2p (Fig. 3c) regions. Pristine Co1–ZnS/
C@S shows ve peaks in the S 2p region located at 169.8, 168.0,
165.4, 164.2 and 163.2 eV, which are assigned to S2� 2p1/2,
soluble sulfate, S 2p1/2, S

2� 2p3/2 and S 2p3/2, respectively.40 As
the voltage of the Co1–ZnS/C@S electrode dropped to 0.8 V, Na+

insertion leads to the formation of Na2S, which is reected in
a new peak at 160.4 eV, while soluble sulfate dissolves into the
electrolyte.22 This result is coordinated with in situ XRD. As
voltage is charged back to 2.8 V, the intensity of Na2S falls off,
indicating that nonconductive Na2S has been reversibly trans-
formed into long-chain NaPSs with an increasing intensity of S
2p1/2 and S 2p3/2.41 Previous reports on RT Na–S batteries show
that Na2S is difficult to reverse to long-chain NaPSs because of
poor conductivity.42 Thanks to good dispersion of the Co atom
on the Co1–ZnS/C@S particle (Fig. 1e), the conductivity of Co1–
ZnS/C@S is signicantly improved (Fig. S17†); therefore,
nonconductive Na2S can be reversibly transformed into long-
chain NaPSs. Regarding the Zn 2p region, two peaks at 1044.1
and 1021.9 eV correspond to Zn 2p1/2 and Zn 2p3/2, respectively.
When the coin cell is discharged to 0.8 V, a new peak at
1033.6 eV arises while the intensities of Zn 2p1/2 and Zn 2p3/2 are
a little bit decreased. Since this peak appeared with the inser-
tion of Na+, it should be assigned to NaxZnS, which explains
where the reversible capacity of Co1–ZnS/C comes from
(Fig. S19†).43 As voltage charges back to 2.8 V, the signal of
NaxZnS is disappeared, which suggests a reversible reaction for
Na-ion inserting/extracting in the ZnS lattice.

Although previous chemical tests have witnessed a reversibly
chemical reaction in the Co1–ZnS/C@S electrode, the nal
product aer charging back to 2.8 V is still obscured. To nd out
the specic composition of long-chain NaPSs in 2.8 V, ex situ
Raman spectra were applied. Fig. 3d shows three peaks corre-
sponding to ZnS and S of Co1–ZnS/C@S in the pristine stage. As
the voltage drops down to 0.8 V, the peaks of ZnS slightly shi
upward, which may correspond to Na-ion insertion. As the
voltage charged back to 2.8 V, they shi backward to the pristine
stage, which is consistent with the sodium insertion and
extraction processes.44 Meanwhile, the chemical changes from S
to Na2S and Na2S8 during discharge/charge processes are
proved in the Raman test. Thanks to Co atom, non-conductive
Na2S can be fully transformed to Na2S8 while ZnS-QDs offer
strong adsorption toward soluble Na2S8, preventing the shuttle
effect. Furthermore, the strong adsorption of the ZnS-QDs
toward NaPSs is evidenced by the ultraviolet-visible (UV-vis)
spectra (Fig. 3e).

The Na2S6 solution exposed to Co1–ZnS/C powder for 30 min
exhibits this more clearly than that aer exposure to blank C,
suggesting the effective adsorption capability of ZnS quantum
dots towards NaPSs. Based on the above-mentioned studies, the
conclusion can be reached that the benet of ZnS-QDs
contributes to adsorb soluble NaPSs and suppresses the
shuttle effect. The strong adsorption is further visualized in the
STEM images (Fig. 4a). Aer 500 cycles at 0.1 A g�1, the Co1–
ZnS/C@S electrode is discharged to 0.8 V. The resulting particle
is dispersed in the electrolyte solvent and studied by the STEM
570 | J. Mater. Chem. A, 2021, 9, 566–574
test. The Co1–ZnS/C@S particle retains a stable microstructure,
and there are numerous crystals dispersed on the surface,
which have been further observed by EDS mapping (Fig. S20†).
According to the crystal plane spacing, the planes of ZnS(002),
NaxZnS(002), and Na2S(110) are indexed.45 To further illustrate
the strong conning effect in the Co1–ZnS/C@S electrode, we
disassembled the different battery cells aer 500 cycles in an
argon-lled glove box and took a close look at the separators
(Fig. S21†). The separator in C@S electrode shows obvious
yellow colour indicative of a strong shuttle effect of polysuldes.
The Co1/C@S separator only shows slight yellow color around
the center area. For ZnS/C@S and Co1–ZnS/C@S, the separator
is almost colourless, indicating the strong polysulde entrap-
ment of ZnS/C and Co1–ZnS/C hosts.

In order to gain atomistic insight into the mechanism
behind the ZnS-QDs and polysuldes, DFT calculations were
performed to explore their composite structure and determine
the role of ZnS-QDs in the adsorption and transformation of
polysuldes. As the ZnS-QDs synthesized in our experiment
have diameters of a few nanometers, we consider slab models of
ZnS crystals in the zinc blende structure. To explore the catalytic
activities of ZnS-QDs towards polysulde conversion, we
consider the (110) surface of ZnS, which are the most stable
facets. The structures of various Na2Sx (x ¼ 1, 2, 6, 8) adsorbed
on these model structures are simulated, and their binding
energies are calculated as:

Eb ¼ E(catalyst+Na2Sx)
� ENa2Sx

� Ecatalyst

where E(catalyst+Na2Sx) and Ecatalyst are the energies of catalyst with
and without adsorption of Na2Sx, respectively; ENa2Sx is the
energy of a free Na2Sx cluster. The deposition of different types
of sodium polysuldes on ZnS is modelled. DFT calculations
(Fig. 4b) conrm that ZnS can strongly adsorb NaPSs with
binding energies ranging from �0.7 to �3.1 eV. During the
discharge/charge process, NaPSs exhibit smooth energy states
This journal is © The Royal Society of Chemistry 2021
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and low energy barriers due to the catalysis of ZnS-QDs, which is
important for reversible conversion. In addition, incorporation
of a single Co atom into the ZnS-QDs can further promote the
transformation of sodium polysuldes during the charging
process, as well as improve the conductivity of the cathode host
to ensure complete conversion of non-conductive Na2S
(Fig. S22, S23 and Table S1†). Our results show that the Co
single atom provides moderate binding energies for the poly-
suldes, resulting in a low charging potential of only 0.91 V,
even lower than that of ZnS(110) (2.64 V). ZnS-QDs provide
strong adsorption toward NaPSs, prohibiting the shuttle effect
of soluble NaPSs. These two polar catalysts secure efficient
polysulde xation and reversible conversion for RT Na–S
batteries. To gain visual insights into the cycling process, in situ
TEM is applied to record sodiation/desodiation of Co1–ZnS/
C@S (Fig. 5). The sodium insertion/extraction process is con-
ducted by the direct contact of Na and cathode material in the
electric circuit (Fig. S24†). By controlling the current direction,
we can let sodium insert into or extract out of the cathode host.
Here, the nanoparticles are loaded with sulfur as the cathode
host to prevent the NaPSs from expanding out of the hierar-
chical cages during sodiation/desodiation (Video S1†). As
Fig. 5 In situ TEM images of Co1–ZnS/C@S during (a) sodiation and (b
various states.

This journal is © The Royal Society of Chemistry 2021
shown in Fig. 5a, pristine Co1–ZnS/C@S with a length of 897 nm
gradually expands during sodiation. The slight volume expan-
sion buffers the increasing volume of S, which continuously
reacts with Na+ and resulted in long-chain NaPSs. Aer the end
of the sodiation process, the length of the nanoparticle expands
to 1017 nm, with a volume expansion of 13%. The volume
variation of the nanoparticle along with the volume expansion
of NaPSs conrms that the ZnS quantum dots can effectively
conne NaPSs in the nanoparticles. The strong electron beam of
in situ TEM may evaporate surface sulfur on Co1–ZnS/C parti-
cles. Thanks to the protection of carbon shells, most of the
inner sulfur stored in the pore of the carbon host will not
evaporate out. The evident volume change during sodium
insertion/extraction also proves the high portion of sulfur in the
carbon host. According to the in situ SAED (Fig. 5c), diffraction
spots of ZnS(001) and (110) are observed in the pristine particle.
Aer the initial sodiation process, anchored Na2S is clearly
observed, indicating highly efficient immobilization by ZnS
quantum dots.

In addition, a new diffraction spot with a recognizable
reection of the (002) planes of NaxZnS is observed aer 189 s,
when Na ions are introduced into Co1–ZnS/C@S. Traces of
) desodiation processes. (c) In situ SAED patterns of Co1–ZnS/C@S at

J. Mater. Chem. A, 2021, 9, 566–574 | 571
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NaxZnS are found to coexist with ZnS in the sodiation process,
demonstrating that Na+ partially intercalates into ZnS. While Na
is extracted out of the nanoparticle (Fig. 5b), the diffraction spot
of NaxZnS also disappears, along with a reduction in volume
from 986 nm to 908 nm.46 This intercalation-type ZnS quantum
dots therefore have fast kinetics, since NaxZnS has high polaron
mobility.15 Meanwhile, Na2S disappears aer sodium extrac-
tion, indicating the benet of conductive Co1 atom catalyzing
the transition of non-conductive Na2S. Consequently, the
affinity for NaPSs of the novel host can be attributed to the
intercalation-type ZnS quantum dots, conductive Co atoms, and
stable carbon nanoparticles, thereby suppressing the shuttling
effect and resulting in stable cyclability.
Conclusion

In summary, the as-prepared Co1–ZnS/C@S features high
surface area (1012 m2 g�1), a small particle size but well
dispersion of ZnS quantum dot (�10 nm), and conductive
atomic Co doping. In situ synchrotron XRD, in situ TEM, and X-
ray adsorption spectroscopy (XAS) results conrm that the
hierarchical microparticles coupled with the effective ZnS
quantum dots and conductive single-atom Co1, which simul-
taneously endows the Co1–ZnS/C@S cathode with outstanding
reversible capacity and long lifespan. Signicantly, the soluble
NaPSs can be strongly adsorbed and predominantly catalyzed
on the polar surfaces of the ZnS quantum dots, while the
conductive Co1 atom catalyzes the transition of non-conductive
Na2S during charging. Therefore, Co1–ZnS/C@S undergoes
a fast sodiation process to form Na2S2 intermediate with low
diffusion barriers and to subsequently transform it into the
nal discharge product, Na2S, preventing the active material
from dissolving in the carbonate electrolyte. Consequently, the
S cathode achieves much enhanced Na-storage properties, in
terms of high accessible capacity (640mA h g�1 aer 500 cycles),
long cycling lifespan, and excellent energy density
(541 W h kg�1). By introducing atomic Co doping and down-
sizing the ZnS-QD catalyst in the host, this work will open up
a new avenue to optimize S cathodes for superior RT Na–S
batteries.
Experimental
Chemicals

Analytical grade zinc nitrate hexahydrate (Zn(NO3)2$6H2O),
cobalt nitrate hexahydrate (Co(NO3)2$6H2O), and 2-methyl-
imidazole were obtained from Sigma-Aldrich.
Characterization

The morphologies of the samples were investigated by SEM
(JEOL 7500) and STEM (JEOL ARM-200F, 200 keV). The XRD
patterns were collected by powder XRD (GBC MMA diffrac-
tometer) with Cu Ka radiation at a scan rate of 1.5� min�1. XPS
measurements were carried out using Al Ka radiation and
a xed analyzer transmission mode: the pass energy was 60 eV
for the survey spectra and 20 eV for the specic elements. The
572 | J. Mater. Chem. A, 2021, 9, 566–574
electrochemical tests were conducted by assembling coin-type
half-cells in an argon-lled glove box. The slurry was prepared
by fully mixing 80 wt% active materials, 10 wt% carbon black,
and 10 wt% carboxymethyl cellulose (CMC) in an appropriate
amount of water using a planetary mixer (KK-250S). Then, the
obtained slurry was pasted on an Al foil using a doctor blade
with a thickness of 150 mm, which was followed by drying at
60 �C in a vacuum oven overnight. The working electrode was
prepared by punching the electrode lm into discs of 0.97 cm
diameter with �1 mg sulfur in each electrode. The sodium foil
was employed as both reference and counter electrodes. The
electrodes were separated using a glass ber separator. The
electrolyte included 1.0 M NaClO4 in 95 wt% diethyl carbonate
(DEC) : ethylene carbonate (EC) in a volume ratio of 1 : 1 and
5 wt% uoroethylene carbonate (FEC) additive (DEC & EC +
5 wt% FEC). About 50 ml electrolyte is dropped onto each coin
cell. The electrochemical performance was tested using a LAND
Battery Tester with a voltage window of 0.8–2.8 V. All the
capacities of cells have been normalized based on the weight of
sulfur. CV was performed using a Biologic VMP-3 electro-
chemical workstation. The Na2S6 solution was prepared by
adding sulfur and Na2S powder into the DEC solvent under
stirring for 2 h.

In the in situ synchrotron XRD measurements, the cells were
similar to the above-mentioned coin cells for electrochemical
performance testing. To enhance the diffraction peak intensity,
a thicker layer of cathode material was loaded on the Cu foil,
with a loading up to 5 mg cm�2. To guarantee that the X-ray
beams could penetrate the whole cell and that the electro-
chemical reactions could be monitored, three holes of 4 mm
diameter were punched in the negative and positive caps as well
as the spacer. Then, the Kapton lm (only showing low-intensity
responses in XRD patterns) was used to cover the holes in the
negative and positive caps, and AB glue was used for complete
sealing. The charged/discharged process was conducted with
a battery test system (Neware) that was connected to the cell.

Preparation of C@S

In a typical procedure, Zn(NO3)2$6H2O (2.38 g) and 1.31 g 2-
methylimidazole were dissolved in 200 ml methanol and stirred
for 5 min. Aer aging for 12 h, the as-obtained precipitates were
centrifuged and washed several times with ethanol and dried in
vacuum at 70 �C overnight. The as-obtained white powder was
annealed at 1000 �C for 5 h at a heating rate of 2 �C min�1 in
a N2 atmosphere. Aer cooling down, the black powder was
mixed with sulfur in a weight ratio of 1 : 2 and sealed in a glass
tube. The tube was heated at 155 �C for 12 h and 275 �C for 1 h
resulting in C@S.

Preparation of Co1/C@S

In a typical procedure, Zn(NO3)2$6H2O (0.87 g), Co(NO3)2$6H2O
(0.89 g) and 1.2 g 2-methylimidazole were dissolved in 70 ml
methanol, stirred for 5 min, transferred into a 100 ml Teon-
lined stainless-steel autoclave and then heated at 120 �C for
4 h. The as-obtained precipitates were centrifuged and washed
several times with ethanol and dried in vacuum at 70 �C
This journal is © The Royal Society of Chemistry 2021
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overnight. The as-obtained powder was annealed at 1000 �C for
5 h at a heating rate of 2 �C min�1 in a N2 atmosphere. Aer
cooling down, the black powder was mixed with sulfur in
a weight ratio of 1 : 3 and sealed in a glass tube. The tube was
heated at 155 �C for 12 h and 275 �C for 1 h resulting in Co1/
C@S.
Preparation of Co1–ZnS/C@S

In a typical procedure, Zn(NO3)2$6H2O (0.87 g), Co(NO3)2$6H2O
(0.89 g) and 1.2 g 2-methylimidazole were dissolved in 70 ml
methanol, stirred for 5 min, transferred into a 100 ml Teon-
lined stainless-steel autoclave and then heated at 120 �C for
4 h. The as-obtained precipitates were centrifuged and washed
several times with ethanol and dried in vacuum at 70 �C over-
night. The as-obtained powder was annealed at 800 �C for 2 h at
a heating rate of 2 �C min�1 in an Ar atmosphere. Aer cooling
down, the black powder was mixed with sulfur in a weight ratio
of 1 : 3 and sealed in a glass tube. The tube was heated at 155 �C
for 12 h and 275 �C for 1 h resulting in Co1–ZnS/C@S.
Preparation of ZnS/C@S

In a typical procedure, Zn(NO3)2$6H2O (2.38 g) and 1.31 g 2-
methylimidazole were dissolved in 200 ml methanol and stirred
for 5 min. Aer aging for 12 h, the as-obtained precipitates were
centrifuged and washed several times with ethanol and dried in
vacuum at 70 �C overnight. The as-obtained white powder was
annealed at 800 �C for 2 h at a heating rate of 2 �C min�1 in an
Ar atmosphere. Aer cooling down, the black powder was mixed
with sulfur in a weight ratio of 1 : 3 and sealed in a glass tube.
The tube was heated at 155 �C for 12 h and 275 �C for 1 h,
resulting in ZnS/C@S.
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