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Abstract

Room-temperature Na-S batteries with Al current collectors face the long-standing challenges of poor cycling
performance and rate capability due to the serious sodium polysulfides (NaPSs) shuttling and sluggish reaction
kinetics. Here, we demonstrate that a high-performance and low-cost quasi-Na-S battery can be realized by using
the Cu@carbon nanotube (CNT) cathode host and unconventional Cu current collector (Cu-CC) in an ether
electrolyte. Detailed ex-situ characterizations reveal that the Cu@CNT/S was transformed to NaPSs anchoring on
Cu,S, nanocrystals (<11 nm) during the cycling, forming the NaPS@Cu,S,/CNT cathode with robust sulfur
immobilization and enhanced Na' reaction kinetics. Moreover, the chemical interaction between NaPSs and Cu-CC
in situ creates a robust Cu-CC/electrode interface with ultra-small resistance (< 4 Q), greatly improving the
electrode stability and charge transfer kinetics. The synergy of efficient NaPSs trapping and favorable Cu/electrode
interface endows the quasi-Na-S battery with a moderate discharge plateau (around 1.2~1.75 V), excellent rate
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capability (396.9 mAh g" at 10 A g™, and ultra-stable cycling performance (nearly no capacity decay over 1190
cycles). These features make it quite suitable for stable and cost-sensitive grid-scale applications.

Keywords: Quasi-Na-S battery, copper current collector, Cu/electrode interface, Cu@CNT composite, phase
transformation

INTRODUCTION

Room-temperature sodium-sulfur (RT Na-S) batteries are considered one of the most promising battery
systems for grid-scale application due to their high energy density (1274 Wh kg™) and natural abundance of
Na and S resources"*. However, RT Na-S batteries face great challenges of low reversible capacity, poor
cycling performance, and dissatisfactory rate capability, which impede their practical applications. These
problems are mainly triggered by the low conductivity of sulfur and the serious shuttle effect of sodium
polysulfides (NaPS), which results in slow redox kinetics and severe active material loss"”. Moreover, the
large volume expansion (~171%) causes electrode collapse and pulverization.

In recent years, various strategies have been proposed to address the abovementioned issues'®”. The most
common strategy is to incorporate host materials to entrap the sulfur species. Until now, various hollow/
porous host materials, such as carbon matrices™®"”, polymer matrices"", metal sulfides*"", metal nitrides",
etc., have been applied to construct the sulfur cathode. With physical confinement and chemical adsorption,
the NaPS§ shuttling effect is significantly ameliorated. In addition, the separator modification strategy has
also been developed to localize the NaPSs on the cathode side and suppress the NaPSs shuttling to the Na
metal side"”"*. The routine cathode/separator modification can improve the performance of RT Na-S
batteries; however, they can hardly achieve a long cycle life (> 1,000 cycles) because of the electrode
pulverization or final NaPS diffusion to the anode side. Moreover, the design of host/separator materials
usually requires complicated nanostructure design and even involves the utilization of expensive raw
materials or toxic agents, which conflicts with the intrinsic merits of the RT Na-S battery. Developing facile
and favorable strategies to effectively trap NaPSs is one of the most urgent aspects.

In the current RT Na-§ battery, the most widely used current collector (CC) is aluminum (Al) foil because
of its lightweight and electrochemical/chemical inertia towards NaPSs. The inertia property of Al-CC means
that it cannot build a robust interface between the Al-CC and the electrode. Moreover, the poor adhesion of
sulfur cathodes on the planar Al-CC usually leads to inferior cycling performance, especially at high sulfur
loading"**”.. However, there are few works focusing on the engineering of the electrode/CC interface of the
sulfur cathode despite its critical importance. In comparison, the Cu-CC is rarely applied in the Na-S
battery system due to its spontaneous reaction with NaPSs®"*, which will corrode the Cu-CC. However, if
regulated in a controlled manner, the Cu-CC is capable of affording strong chemical interaction with NaPSs
because of its significant sulfiphilicity'””. Moreover, the chemical interaction between Cu and NaPSs may
create a robust Cu/electrode interface and stabilize the electrode structure. Further, the generated interface
can help to capture the NaPSs and suppress the shuttle effect due to its polar characteristics”>*". Recently, a
high-rate and long-life RT Na-S battery was reported by using an amorphous silica host and Cu-CC in an
ether electrolyte™. The authors attributed the excellent performances to the strong adsorption of the silica
host. However, the critical roles of sulfiphilic Cu in the ether-based electrolyte may be ignored. Therefore, it
is highly desirable to unveil the reaction mechanisms of the Na-S battery with Cu-CC and clarify the role of
the electrode/CC interface in the Na-S batteries.
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Herein, by using the Cu foil as the CC in ether electrolyte, we systematically study the Na-S chemistry in
terms of electrochemical performance, reaction mechanisms, and electrode/Cu-CC interface evolution. We
first studied the Na-S batteries with carbon nanotube (CNT)/S cathodes and Cu-CC. We found the CNT/S
cathode could achieve an excellent rate performance (447.3 mAh g at 8.0 A g") and long lifespan (98.3%
capacity retention after 1,300 cycles) in ether electrolytes due to the strong chemical interaction between
Cu-CC and NaPSs. However, this chemical interaction induces serious Cu corrosion (~26.3%). To suppress
the Cu corrosion and take advantage of the Cu-CC/NaPS interaction, we use the Cu@ CNT/S cathode to re-
evaluate the Cu corrosion situation and electrochemical mechanism. The results reveal that the Cu@ CNT/S
cathode is gradually converted to NaPS@Cu.S, nanoparticles (~11 nm), leading to robust sulfur
immobilization and enhanced Na' reaction kinetics. Moreover, similar to the CNT/S cathode, a part of
NaPSs chemically interacts with Cu-CC, realizing an intimate Cu/electrode interface and ultra-low
interfacial resistance (< 4 Q). This kind of battery can be deemed as a quasi-Na-S battery. Notably, the
chemical interaction between NaPSs and Cu-CC induces a much-limited Cu-CC corrosion degree (~3.8%)
based on a Cu-CC with a thickness of 8 pum. This low Cu-CC corrosion degree is quite acceptable in
practical applications”. More importantly, the quasi-Na-S battery can achieve excellent electrochemical
performance in terms of cycle life (nearly no capacity decay over 1,190 cycles) and rate capability (396.9
mAhg'atioAg’).

RESULTS AND DISCUSSION

To reveal the critical role of the CC and electrolyte in Na-S batteries, we compared the cycling performance
with different CCs (Cu, Al) and electrolytes (1, 2-dimethoxyethane (DME), ethylene carbonate/diethyl
carbonate (EC/DEC)) [Figure 1]. The CNT/S composite with a sulfur content of 50 wt% was used as the
cathode. Firstly, we evaluated the performance of DME electrolytes with Cu-CC and Al-CC. As shown in
Figure 1A, the Na-S cell with Cu-CC (DME-Cu) delivers high initial discharge/charge capacities of 572.0/
508.8 mAh g at 0.5 A g", showing a high initial Coulombic efficiency (ICE) of 88.9%. Moreover, the DME-
Cu system exhibits a high capacity of 491.5 mAh g after 1,300 cycles [Figure 1B], holding a high-capacity
retention of 98.3% (vs. 2nd cycle). In contrast, the Na-S cell with Al-CC (DME-AI) delivers much lower
initial discharge/charge capacities of 151.7/343.1 mAh g* at 0.5 A g*, which rapidly drops to 42.9 mAh g*
after 300 cycles. These results indicate that the Cu-CC plays a critical role in improving the specific capacity
and cyclic stability of the CNT/S cathode®’. Moreover, the DME-Cu system presents a much better rate
capability than the DME-AI system [Figure 1C]. At a high current density of 8.0 A g, the DME-Cu system
delivers a high capacity of 447.3 mAh g". Considering only commercial CNT was used to host the sulfur
cathode, the rate performance is highly competitive in the current Na-S battery systems. The enhanced
performance of DME-Cu systems should be ascribed to the super sulfiphilicity of Cu that could efficiently
trap the NaPSs™". As demonstrated in Supplementary Figure 1 and Supplementary Figure 2, when soaking
the Cu foil in Na,S, solution, an obvious Cu reaction is observed, indicating the rapid chemical reaction
between Na,S, and Cu. In contrast, the Al foil shows no change within the Na,S, solution. Since the Al foil
cannot chemically interact with the NaPSs, the generated NaPSs will shuttle to the anode side through the
separator [Supplementary Figure 3], leading to rapid capacity fading. Notably, due to the mass transfer
limitation, the generated NaPSs on top of the electrode (away from the Cu/electrode interface) cannot be
timely trapped by the Cu-CC, which inevitably results in partial NaPSs shuttling. Thus, the DME-Cu system
shows an obvious capacity drop in the initial cycles [Figure 1B]. However, different from the DME-AI
system, the shuttled NaPSs could be gradually activated in the subsequent cycles due to the chemical
interaction between Cu-CC and NaPSs since this activation process was not observed in the DME-Al
system.
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Figure 1. Electrochemical performance of CNT/S electrodes with different electrolytes and current collectors. (A) Initial
charge/discharge profiles; (B) Cycling performance at 0.5 A g™ (C) Rate capability at various current densities; (D) Nyquist plots after
100 cycles.

Further, we compared the cycling performance of Na-S batteries in ether and carbonate electrolytes using
the Cu foil as the CC. As shown in Figure 1A, the Na-S cell in EC/DEC electrolyte (EC/DEC-Cu) delivers
initial discharge/charge capacities of 469.0/260.6 mAh g' at 0.5 A g, much lower than those in DME
electrolyte. Moreover, the EC/DEC-Cu system exhibits a much worse cycling performance, with a capacity
of only 13.6 mAh g after 300 cycles [Figure 1B]. The rate performance shows a near-zero capacity at a low
current density of 1 A g"' [Figure 1C], indicating highly sluggish reaction kinetics. The inferior performance
of EC/DEC-Cu electrolytes may be ascribed to the following reasons”: (1) The Na-S battery in carbonate
electrolytes is based on quasi-solid conversion processes, which undergo highly sluggish conversion
reactions; (2) The parasitic nucleophilic addition/substitution reactions between NaPSs and carbonate
solvents lead to irreversible active material loss. The sluggish conversion reactions and parasitic reactions
inevitably result in low sulfur utilization, short cycle life, and poor rate performance.

Figure 1D depicts the electrochemical impedance spectra (EIS) of DME-Cu, DME-AL and EC/DEC-Cu
systems after 100 cycles. All the impedance spectra exhibit one semicircle in the high-frequency regions,
representing the charge transfer resistance (R,)”. Compared to an EC/DEC-Cu system, the DME-Cu
system shows much smaller R, (~3 Q). The low R, should be due to the better wettability of DME solvents
than the EC/DEC solvent®™. Moreover, the better solubility of NaPSs in DME favors solid-liquid sulfur
conversion and electrochemical redox on the electrode/electrolyte interface®™*”. With the same DME
electrolyte, the DME-Cu system presents smaller R, than the DME-AI system, suggesting the chemical
interaction between NaPSs and Cu foil can significantly reduce the R, possibly through forming conductive
materials and creating an intimate connection between Cu and electrode. This inference will be confirmed
in the later section. The ultralow R, value indicates the greatly improved redox reaction kinetics in DME-
Cu systems, which results in excellent rate performance. Moreover, over the cycling performance, the
interfacial resistance in DME-Cu systems always remains at low values (< 4 Q), indicating a stable and
favorable reaction process [Supplementary Figure 4].

To unveil the excellent performance of Na-S batteries with ether electrolytes and Cu-CC, we studied the
structure evolution of the CNT/S electrode. The pristine CNT/S powder (the sulfur loading is 56%) consists
of typical monoclinic S, without other impurities [Supplementary Figure 5], After being coated on the Cu
foil and vacuum dried at 60 C, the X-ray diffraction (XRD) pattern of the CNT/S electrode shows obvious
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peaks from hexagonal CuS (JCPDS No. 03-65-3556), indicating that the S will react with Cu foil during the
electrode preparation [Figure 2A and Supplementary Figure 6A]. The Cu LM2 auger electron spectrum
(AES) of CNTY/S electrodes shows an obvious peak at 917.9 eV, corresponding to the Cu" in CuS$ [Figure 2B
]°*. As for the S 2p XPS spectra [Figure 2C], the CNT/S electrode maintains the major peaks from S In
addition, two pairs of peaks at 161.8 eV (2p,,) and 162.6 eV (2p,,) belong to § and S, of CuS,
respectively”. The cross-section elemental mapping images of the CNT/S electrode
[Supplementary Figure 6B] reveal that the Cu and S signals mainly appear at the bottom of the electrode,
indicating that the sulfur is mainly located at the Cu-CC/electrode interface due to the chemical reaction
with Cu-CC. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images
reveal that the CuS has an average size of around 50 nm [Supplementary Figure 6C and Supplementary
Figure 7].

To explore the structural evolution of the CuS-S,/CNT upon cycling, a series of ex-situ measurements have
been conducted. Supplementary Figure 8 reveals that the discharge-charge profiles gradually evolve upon
the cycling and become steady until 80 cycles, indicating that the electrode material undergoes irreversible
phase transformation. Figure 2A shows the XRD patterns of the CuS-S/CNT at different cycles. The
pristine electrode consists of S, and CuS. After the 1st cycle, the XRD pattern shows a set of diffraction
peaks at 28.6° 29.8°, and 52.4°, possibly belonging to the Na,Cu,S,***. In addition, the peaks at 39.2° and
46° are assigned to cubic Na,S (JCPDS No. 00-23-0441), and the peaks at 46.6° and 48.8° are indexed to
hexagonal Cu,S (JCPDS No. 01-89-2670). As for the S, component in the electrode, it will firstly react with
Na* to form NaPSs (NaS,) and then dissolve into the electrolyte due to their high solubility in DME
electrolytes””. Subsequently, NaS, will spontaneously react with Cu-CC to form Cu,S due to the super
sulfiphilicity of Cu-CC [Supplementary Figure 2A]%". The whole reaction in the first cycle can be described
as:

CuS+Na* +e~ > Na,Cu,S, + Na,S (1)
Sg+ Na* + e~ - NaS,s (Electrochemical reaction) ?2)
NaS, + Cu—e~ = Cu,S+ Na* (Chemical reaction) 3)

After ten cycles, the signal of Cu,S becomes more obvious; meanwhile, the peaks of Na,S become weak, and
those of Na,Cu,S, completely disappear [Figure 2A]. The Na,S consumption upon the cycling indicates that
the Cu-CC is capable of activating the Na,S decomposition. The reactions can be described as:

Na,S —e~ = NaS,s + Na* (Electrochemical reaction) “)
NaS, + Cu—e~ = Cu,S+ Na* (Chemical reaction) )
Na,S + Cu — 2e~ - Cu,S + Na* 6)

After 80 cycles, the Na,S completely disappears, and only peaks from Cu,S can be observed. Even after 100
cycles, the XRD pattern still shows the peaks of Cu,S [Supplementary Figure 9], indicating that Cu,S is a
highly reversible phase in the subsequent cycles.
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Figure 2. CNT/S electrode evolution. (A) XRD patterns at pristine and different cycles of CNT/S electrode; (B) Cu LM2 auger electron
spectroscopy and (C) S 2p XPS spectra of pristine and 80th cycle electrode; (D) TEM image; (E) HRTEM image; (F) SAED pattern; (G)
Cross-section SEM of the CNT/S electrode after 80 cycles; and (H) Schematic diagram of CNT/S electrode evolution

To further study the detailed structure of the CNT/S electrode after 80 cycles, we performed the X-ray
photoelectron spectroscopy (XPS) and AES. The Cu LM2 auger transition is 917.4 eV for the CNT/S-8oth
electrode, consistent with the value for Cu,S [Figure 2B]"". The S 2p XPS spectra after 80 cycles show a pair
of doublet peaks at 161.8 eV (S 2p,,) and 163.0 eV (S 2p,,,), corresponding to the Cu,S [Figure 2C]. In
addition, other doublet peaks at 162.8 eV (S 2p,,,) and 164.0 eV (S 2p,,,) belong to the polysulfides’. The
remaining polysulfides in the CNT/S-80th electrode may originate from the adsorbed polysulfides on the
polar Cu,S surface, which can serve as active materials in the subsequent cycles. Hence, the sulfur was
successfully captured by both the Cu and Cu,S, forming the NaPS@Cu,S/CNT composite. Compared with
the electron-insulating S, the formed Cu,S shows much higher electron conductivity, which significantly
improves the charge transfer kinetics''. SEM and TEM images reveal that the as-formed Cu,S nanoparticles
show an average size of around 20 nm [Supplementary Figure 10 and Figure 2D]. A high-resolution
transmission electron microscope (HRTEM) image presents clear lattice fringes with interplanar spacing of
0.342 nm, corresponding to the (100) plane of Cu,S [Figure 2E]. The selected area electron diffraction
(SAED) pattern focused on nanoparticles displays several diffraction rings that can be accurately indexed to
the Cu,S [Figure 2F]. The STEM-EDX elemental mapping images show the uniform distribution of Cu, S,
and Na elements through the whole electrode material [Supplementary Figure 11], suggesting the uniform
combination of Cu,S and NaPSs. The special structure not only ensures fast and continuous electron
transfer but also enables superior sodium storage kinetics due to the shortened Na* diffusion length in Cu,S
nanocrystals.

However, it should be noted that the participation of Cu-CC in the chemical reaction will cause the Cu
corrosion. As shown in the cross-section SEM images [Supplementary Figure 12], after being coated with
the CNT/S cathode (sulfur loading: 1 mg cm?), the Cu thickness reduces to 6.73 um (vs. the pristine Cu-CC:
8.0 um). After 80 cycles (steady state), the thickness of Cu foil further reduces to 5.90 um, showing a Cu
corrosion ratio of 26.3% [Figure 2G]. Despite corrosion, the Cu-CC still shows a close connection with the
electrode. Moreover, the Cu corrosion can enhance the contact area and roughness of the Cu-CC, which
could stabilize the electrode/Cu-CC interface and reduce the contact resistance”*. However, the severe
Cu-CC corrosion will induce potential safety hazards. When the sulfur loading is increased to 3.5 mg cm?, it
seriously damages the Cu-CC, leading to the Na-S battery failure [Supplementary Figure 13]. As a result, the
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overall structure evolution of the CNT/S electrode with ether electrolytes and Cu-CC is illustrated in
Figure 2H.

To ensure the successful operation of Na-S batteries, the Cu corrosion degree should be well restricted. A
viable strategy is to trap the dissolved NaPSs and restrict the chemical reaction between Cu-CC and NaPSs.
Inspired by the reaction mechanisms mentioned above, Cu@ CNT with a CNT content of 36.5 wt% was
proposed as the new host material for Na-S batteries [Supplementary Figure 14]. The schematic illustration
of the preparation is shown in Supplementary Figure 15. The incorporation of Cu@CNT in the cathode
mimics the Cu foil to chemically trap the NaPSs and form active copper sulfide. Moreover, the formed
copper sulfide can serve as anchoring sites to capture NaPSs. As shown in Supplementary Figure 16, when
the sulfur is loaded into the Cu@CNT, the composite becomes the CuS-S,@CNT (Sulfur loading around 1
mg cm?). After 80 cycles at 0.5 A g, the XRD pattern of the electrode shows obvious peaks of Cu,S, (JCPDS
No. 023-0958, Figure 3A), which is different from the CNT/S-8oth electrode (formation of Cu,S) due to the
different reaction routes. SEM and TEM images reveal that the Cu,S, nanoparticles with an average size of
11 nm are embedded in the CNT network [Supplementary Figure 17 and Figure 3B]. A HRTEM image
shows clear lattice fringes with an interplanar distance of 0.194 nm, corresponding to the (0160) plane of
Cu,S, [Figure 3C]. SAED pattern with several diffraction rings further confirms the formation of monoclinic
Cu,S, (JCPDS No. 023-0958) after 80 cycles [Figure 3D]. In order to further prove the form of Cu,S, in the
Cu@CNTY/S-80th electrode, we conduct the AES and XPS spectra of Cu in the Cu@CNT/S electrode [
Supplementary Figure 18]. The AES of Cu LM2 and XPS of Cu 2p show obvious peaks at 917.2 eV, 932.8
eV, and 952.6 eV, corresponding to the Cu,S,"*. S 2p XPS spectra of the Cu@ CN'T/S-8oth electrode exhibit
two pairs of peaks [Figure 3E]: the doublet peaks at 161.5 and 162.7 eV correspond to the S 2p,, and S 2p,,,
of Cu,S,, respectively'*!, and the peaks at 162.2 and 163.4 eV belong to polysulfide species (S,*). Similar to
the CNT/S electrode, the existence of S in the Cu@CNT/S-80th electrode suggests the formation of
NaPSs@Cu,S,/CNT composite after 80 cycles. The presence of the NaPSs in the steady state also proves that
the newly formed Cu,S, can adsorb the NaPSs and prevent their diffusion to the Cu-CC.

Then, we detect the cross section of the electrode to assess the Cu-CC/electrode interface. As shown in
Figure 3F, the Cu-CC of the pristine Cu@CNT/S electrode shows a thickness of 7.96 pm, corresponding to a
low corrosion ratio of 0.5%. After 80 cycles, the Cu thickness reduces to 7.70 um [Figure 3G], showing a low
Cu corrosion ratio of only 3.8%. This value is much smaller than that of the CNT/S electrode, suggesting
that the incorporation of Cu@CNT composites can significantly suppress the Cu corrosion. Notably, this
low Cu corrosion ratio (3.8%) is quite acceptable in practical applications because the thickness of Cu foil
used in commercial batteries is usually larger than 6 um®”. The greatly depressed Cu corrosion is due to the
reduced NaP§$ outflow from the cathode. As shown in the cross-section SEM-EDS elemental mapping
images [Figure 3G], the sulfur signal is uniformly distributed over the electrode without obvious enrichment
at the electrode/Cu-CC interface, which is quite different from the CNT/S electrode. This is because the
presence of Cu in Cu@CNT/S affects the reaction routes and products between NaPSs and Cu-CC. In the
CNT/S system, most of the S participates in the reaction with Cu-CC within the cathode/CC interface; thus,
the Cu and S signals mainly appear at the bottom of the electrode. Moreover, the Cu-CC is seriously
corroded. However, in the case of a Cu@CNT/S system, most of the S reacts with Cu in the Cu@CNT/S,
maintaining the S signal mainly in the electrode. Only a small part of NaPSs diffuse to the Cu-CC and react
with Cu-CC to form a weak Cu.S, interface. The reduced NaPS diffusion from the electrode to the Cu-CC
surface greatly depresses the Cu-CC corrosion. Moreover, the electrode shows intimate contact [Figure 3G]
with Cu-CC due to the chemical interaction between the NaPSs and Cu-CC, which could significantly
enhance the electrode stability and reduce the contact resistance. To further investigate the interface, we
measured the morphology of the Cu-CC surface. The pristine Cu-CC shows irregular protuberances with


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202310/cs3022-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202310/cs3022-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202310/cs3022-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202310/cs3022-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202310/cs3022-SupplementaryMaterials.pdf

Page 8 of 13 Song et al. Chem Synth 2023;3:40 | https://dx.doi.org/10.20517/cs.2023.22

——Cu@CNT/S-80th » . cu-CC

Cu,S, PDF#00-023-0958

0194 nm
Cu;S;, (0160}

Intensity (a.u.) >

20 30 40 50 60
2 Theta (degree)

Intensity (a.u.) ™

170 168 166 164 162 160 158
Binding Energy (eV)

Figure 3. Structural characterization of the Cu@CNT/S electrode after 80 cycles. (A) XRD pattern; (B and C) TEM images, inset in (B)
is the size distribution diagram, (D) SAED pattern, and (E) S 2p XPS spectrum of Cu@CNT/S electrode after 80 cycles. Cross-section
SEM image of the pristine Cu@CNT/S electrode (F) and cycled Cu@CNT/S electrode after 80 cycles (G). SEM images of the pristine
Cu-CC surface (H) and cycled Cu-CC surface after 80 cycles (I).

sizes around 2~6 pm [Figure 3H and Supplementary Figure 19A]. After 80 cycles, the Cu-CC shows a rough
surface consisting of closely connected nanoparticles [Figure 31 and Supplementary Figure 19B],
corresponding to the copper sulfide nanoparticles. The nanoparticles tightly adhere to the Cu-CC surface
and serve as the “linkers” to stabilize the electrode/Cu-CC interface, which significantly improves the
electrode stability and, thus, the cycling performance. Remarkably, when increasing the sulfur loading to 3.5
mg cm?, the pristine Cu@CNT/S and cycled electrode show low Cu corrosion of 3.75% and 5.88%,
respectively [Supplementary Figure 20], demonstrating the Cu@CNT/S electrode is applicable for high
sulfur loading applications.

Then, we evaluated the sodium storage performance of Cu@CNT/S within the voltage window of 0.8~2.8 V.
As shown in Figure 4A, the Cu@CNT/S delivers high initial discharge/charge capacities of 681/565.8 mAh
g'at 0.5 A g, showing a high ICE of 83%. Moreover, the average discharge plateau is around 1.2~1.75 V,
which is comparable to those in the Na-S battery with carbonate electrolytes™**>*. After 430 cycles, the
capacity of Cu@CNT/S remains at 532.6 mAh g, corresponding to a capacity retention of 95.2% (vs. 2nd
cycle) [Supplementary Figure 21]. Moreover, the Cu@CNT/S electrode demonstrates an excellent rate
capability [Figure 4B]. Even at a high current density of 10 A g, the Cu@CNT/S electrode delivers a high
capacity of 396.9 mAh g". The excellent rate capability can be ascribed to the formation of NaPS@Cu,S,
with enhanced reaction kinetics and the intimate Cu/electrode interface that enables fast charge transfer.
Then, we measured the long-term cycling performance of the Cu@CNT/S electrode at 3 A g [Figure 4C].

The cycling performance can be divided into three stages. Stage I shows a fast capacity drop, which should
be ascribed to the local NaPSs shuttling. In stage II, the capacity gradually increases until the 200th cycle,
suggesting the dissolved NaPSs are gradually trapped by both the Cu@CNT and Cu-CC and converted to
NaPS@copper sulfide. This can be further confirmed by the cycling performance of CNT/S [Figure 1B] and
Cu@CNT/S electrodes [Supplementary Figure 22A] with Al-CC, where the former shows no capacity
increases while the latter delivers weak capacity increase from the 20th to 60th cycle. In stage III, a high
capacity of 485.9 mAh g is achieved after 1,190 cycles [Figure 4C], showing a high-capacity retention of
~100%. The ultra-stable cycling is attributed to the robust Cu-CC/electrode interface created by the NaPSs-
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Figure 4. Electrochemical performance of Cu@CNT/S electrodes. (A) Charge-discharge profiles at different cycles; (B) Rate capability
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Cu chemical interaction. In contrast, the Cu@CNT/S electrode with Al-CC cannot establish the NaPSs-Al
chemical interaction, thus leading to a capacity drop starting from the 6oth cycle [Supplementary Figure
22A]. Moreover, the Cu@CNT/S with Al-CC delivers poor rate capability [Supplementary Figure 22B],
demonstrating that the slight Cu elicitation (3.8%) plays a critical role in improving the reaction kinetics.
The EIS spectra of the Cu@CNT/S electrodes with Cu-CC and Al-CC are compared in
Supplementary Figure 23. After 50 cycles, the Cu@CNT/S electrode with Cu-CC delivers an ultra-small
resistance of less than 6 Q, confirming the construction of a favorable electrode/Cu-CC interface is
beneficial for the kinetics enhancement. Overall, the Cu@CNT/S electrode with Cu-CC exhibits excellent
cycling/rate performances, which are highly competitive in comparison to the current Na-S battery systems
[Supplementary Table 1].

To confirm the excellent reaction kinetics, we quantified the pseudocapacitive contributions in the
Cu@CNT/S electrode based on the cyclic voltammetry (CV) curves at various scan rates
[Supplementary Figure 24]. Through calculation, the Cu@CN'T/S electrode exhibits a large pseudocapacitive
contribution of 92% at 0.2 mV s and 97% at 1 mV s*, suggesting its outstanding pseudocapacitive
behavior”*. It provides unambiguous evidence that the high ratio of the pseudocapacitive contribution
enables fast Na* transport; therefore, the Cu@CNT/S electrode delivers excellent rate capability.

Based on the above analysis, the function mechanisms of the RT Na-S battery with different sulfur hosts and
CCs (in ether electrolyte) are illustrated in Figure 5. When using the bare CNT host and Al-CC, the NaPSs
are prone to dissolve into the ether electrolyte and shuttle to the anode side, causing rapid capacity decay
[Figure 5A]. When the CNT host and Cu-CC were used in the Na-S battery [Figure 5B], the NaPSs were
dissolved into an ether electrolyte and then gradually captured by the Cu-CC, resulting in a limited NaPSs
shuttle effect and a more robust CC/electrode interface. Thus, excellent rate capability and ultralong cycle
life can be achieved. However, this battery configuration causes serious corrosion of Cu-CC. With the
Cu@CNT host and Al-CC [Figure 5CJ, the shuttle effect of NaPSs can be partly suppressed by the Cu@CNT
host, and CC corrosion can be avoided, but the electrochemical performance is dissatisfactory due to the
weak CC/electrode interface and still-existing NaPSs shuttle effect. Remarkably, with the Cu@CNT host and
Cu-CC [Figure 5D], the NaPSs experience two main reaction routes in Na-S batteries. The major NaPSs are
trapped by Cu@CNT to form NaPSs@Cu.S,/CNT, which could enhance the electronic conductivity and
reduce the Cu foil corrosion; the remaining NaPSs interact with Cu foil to form the intimate Cu/electrode
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interface, which significantly enhances the charge transfer kinetics and electrode stability. Because of the
phase transformation, the type-iv battery system can be deemed as a quasi-Na-S battery. The electrode
transformation and reconstruction show several advantages. Firstly, the sulfiphilic Cu and obtained Cu,S,
can chemically trap the sulfur species and suppress the polysulfide shuttling effect, resulting in stable cycling
performance. Secondly, the controllable reaction between Cu-CC and NaPSs builds a robust electrode/CC
interface favorable for electrode stabilization. Thirdly, compared with the electrically insulated S,, the
obtained Cu,S, shows much higher electron conductivity, which significantly improves the charge transfer
kinetics. Lastly, the formed Cu,S, nanoparticles (~11 nm) are uniformly distributed in the CNT network,
which ensures superior sodium storage kinetics. Thus, this quasi-Na-S battery realizes high sodium storage
performance and reduced Cu foil elicitation (~3.8%). The high performance and lost cost of the RT Na-S
battery with Cu@CNT host and Cu-CC is highly competitive for the cost-sensitive grid-scale applications.

CONCLUSION

In summary, we have demonstrated that the CNT/S cathode, without complicated immobilization, can
realize high sodium storage performance in a quasi-Na-S battery with the DME solvent and Cu-CC. Ex situ
measurements reveal that the CNT/S was gradually converted to NaPSs@Cu,S/CNT composites, enabling
highly favorable Na' reaction kinetics and simultaneously building a robust electrode/Cu-CC interface.
However, the electrode reconstruction is accompanied by serious Cu foil corrosion, which is detrimental to
practical applications. Alternatively, a Cu@CNT host material was adopted to mimic the Cu-CC and trap
the sulfur cathode, which demonstrates the greatly depressed Cu foil corrosion (reduced to 3.8%) and,
meanwhile, fully takes advantage of the Cu foil elicitation with enhanced Cu/electrode interface and Na*
reaction kinetics. Due to the synergetic effect of effective polysulfide capture and robust Cu/electrode
formation, this type of quasi-Na-S battery delivers an excellent rate capability (396.9 mAh g' at 10 A g*) and
ultra-stable cycling performance (nearly no capacity decay over 1,190 cycles). This work would encourage
the community to apply low-cost sulfur cathode and Cu-CC in Na-S batteries in a controlled manner.

Experimental section

Preparation of Cu@CNT: 100 mg of CNT was dispersed into 40 mL of deionized water with ultrasonication
for 30 mins. Then, 400 mg of Cu(CH,COO),-H,O was dissolved in the above solution with ultrasonication
for 2 h. Next, the solution was transferred to an evaporating dish and heated at 100 C for 12 h to get the
black powder. Finally, the Cu@CNT powder was obtained by annealing the black powder at 350 ‘C for 1 h
in air and then at 500 °C for 2 h under an H,/Ar atmosphere (v:v = 8%: 92%).
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Preparation of CNT/S and Cu@CNT/S: To prepare the CNT/S, the sublimed sulfur was mixed with the
CNT with a sulfur loading of 56%. Then, the black powder is sealed in a glass tube under vacuum, followed
by heating the glass tube at 155 °C for 15 h. To prepare the Cu@CNT/S, the Cu@CNT was loaded with
sulfur using the same procedure.

Material characterization: The crystalline structures were analyzed by an XRD diffractometer (40 kV,
40 mA, Bruker D8 Advance) with Cu Ka radiation. The XPS and AES spectra were recorded by using the
Thermo Fisher EscalableXi+ equipment. The morphological and structural information was obtained by
SEM (Hitachi SU8010) and TEM (Thermo Fisher TALOS F200X, acceleration voltage: 200 kV). TG curve
was acquired by TG209 F3 from 40 °C to 700 °C at a constant heating rate of 10 °C min™ in air.

Electrochemical measurement: To obtain the electrode, active materials (CNT/S or Cu@CNT/S), Sodium
carboxymethylcellulose (CMC), and Ketjen Black were mixed with a mass ratio of 8: 1: 1 and stirred in
distilled water for 30 mins to generate the slurry. Next, the slurry was coated on Cu (or Al) foil and dried in
a vacuum oven at 60 °C for 12 h. The thicknesses of the Cu and Al foils are 8 um and 20 um, respectively
(Suzhou Sinero Technology Co., Ltd.), with one-side smooth. The electrode was cut into round pieces with
a diameter of 12 mm. The average sulfur loading is about 1.0 mg cm™. For high-loading measurement, the
electrode with sulfur loading of 3.5 mg cm™ was also prepared. Then, the electrode was assembled based on
the CR2032 coin cells in an Ar-filled glove box. 1 M NaPF, in DME (or 1 M NaPF, in EC/DEC) served as
the electrolyte. The galvanostatic charge-discharge performances are tested within a voltage window of
0.8-2.8 V by a Neware battery test system. The capacities of all the cells are calculated based on the mass of
sulfur. CV and EIS (100 k to 10 mHz) measurements were tested on an electrochemical workstation
(IVIUMnSTAT).
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