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1. Introduction
Room temperature sodium sulfur (RT Na-S) batteries with high theoretical

energy density and low cost have recently gained extensive attention for
potential large-scale energy storage applications. However, the shuttle effect
of sodium polysulfides is still the main challenge that leads to poor cycling
stability, which hinders the practical application of RT Na-S batteries. Herein,
a multifunctional hybrid MXene interlayer is designed to stabilize the cycling
performance of RT Na-S batteries. The hybrid MXene interlayer comprises a
large-sized Ti;C, T, nanosheets inner layer followed by a small-sized

Mo, Ti,C, T, nanoflake outer layer on the surface of the glass fiber (GF)
separator. The large-sized Ti;C, T, nanosheet inner layer provides an effective
physical block and chemical confinement for the soluble polysulfides. The
small-sized Mo, Ti,C,T, outer layer offers an excellent polysulfide trapping
capability and accelerates the reaction kinetics of polysulfide conversion, due
to its superior electronic conductivity, large specific surface area, and Mo-rich
catalytic surfaces. As a result, RT Na-S batteries with this hybrid MXene
interlayer modified glass fiber separator deliver a stable cycling performance
over 200 cycles at 1 C with an enhanced capacity retention of 71%. This
unique structure design provides a novel strategy to develop 2D
material-based functional interlayer for high-performance metal-sulfur

RT Na-S batteries have attracted increas-
ing interest due to their high theoretical
energy density (1672 mAh g™'),l"! high
energy efficiency of charge—discharge, ex-
cellent life cycle, and low cost of the elec-
trode materials, which exhibit the po-
tential to become promising alternatives
to replace the state-of-the-art lithium-ion
(Li-ion) batteries for future grid energy
storage. However, the shuttle effect of sol-
uble sodium polysulfides (Na,Sg, Na,S,,
and Na,S,) generated during discharge—
charge leads to a loss of active material
and unstable cycling performance, which
is still challenging to the practical applica-
tion of RT Na-S batteries.*]

Different strategies have been reported
to alleviate the shuttling of soluble poly-
sulfides in the RT Na-S battery sys-
tem, including improving the cathode
host design to form suitable porous

batteries.

structures for physically trapping the
polysulfides,>1% optimizing liquid elec-
trolytes by using novel additives, applying
(quasi-)solid-state electrolytes to reduce the solubility of
polysulfides,'®) and modifying the separator to immobilize
polysulfides at the cathode side.'’-%] Among these methods,
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introducing a functional interlayer between the separator and
the sulfur cathode (also known as modified separators) is a facile
and efficient strategy to suppress the shuttle effect, as it avoids
a complicated fabrication process and maintains the energy
density of sulfur cathodes. For example, sodiated-Nafion coated
polypropylene (PP) separators have been employed to realize
improved ion selectivity, which could permit Na* transfer but re-
strict polysulfide permeation.l'’~'] Later, a number of inorganic
materials with strong chemical adsorption and high catalytic
effects, such as Pt, Co, Ni, FeS,, MoS,, and MoSe,, have been
investigated as functional interlayers to address the polysulfides
shuttling concerns and improve the cycling performance.[2+26-33

Recently, 2D materials such as MXenes and thin layers of MOF
particles have been used as the functional interlayer to modify
separators, due to their large aspect ratio, excellent flexibility, and
tunable interlayer spacing (allowing selective ion transport). In
particular, MXenes, as a new class of 2D transition metal car-
bides and/or nitrides, have shown promising potential for alkali
metal-chalcogenides batteries. Beyond the common advantages
of 2D materials mentioned above, MXenes also show excellent
metallic conductivity, strong chemical adsorption and catalytic
conversion toward the polysulfides, thereby boosting the reaction
kinetics and elevating the electrochemical performance of sulfur-
based batteries.[1*253+%] Currently, the MXene family is already
very large, with various members containing redox-active transi-
tion metals such as V, Ta, Cr, Nb, and Mo.l*] Among these ele-
ments, Mo bonds with C and N to form MoC or MoN dictated on
the surface of MXenes have demonstrated catalytic roles to pro-
mote the conversion reactions from soluble long-chain polysul-
fides to short-chain solid discharge products, which fundamen-
tally inhibit the shuttle effects of RT Na-S batteries.[?2347] How-
ever, these still lacked a rationally designed interlayer that could
maximize the functionalities of MXenes and enhance the electro-
chemical performance of RT Na-S batteries.

Herein, we designed a hierarchical hybrid MXene-based inter-
layer by integrating one layer of large-sized Ti,C, T, nanosheets
with another layer of small-sized Mo, Ti,C,;T, nanoflakes to si-
multaneously exploit the physical and chemical functions of
hybrid MXenes (Figure 1). The large-sized Ti,C,T, nanosheets
layer directly coated onto the glass fiber separator offers much
smaller channels that can effectively block the permeation of
polysulfide molecules and prevent the puncture of small pieces of
Mo, Ti,C, T, to the macroporous glass fiber (GF) separator (which
easily leads to a short circuit). The outer layer of small-sized
Mo, Ti,C,T, nanoflakes has more exposed active sites that can
efficiently adsorb and accelerate the conversion of soluble long-
chain Na polysulfides into solid short-chain Na polysulfides, and
thus keeps the active materials on the cathode side of the system
and contributes to a high reversible capacity and stable cycling
performance. This work provides a new strategy to improve the
functioning of separators in RT Na-S batteries by optimizing the
interlayer structure and adding catalytic components.

2. Results and Discussion

The hybrid MXene interlayer consists of two different lay-
ers of MXenes, which were prepared through wet-etching
methods.[*#8-5% The large-sized Ti;C,T, nanosheets were se-
lected to construct the inner layer directly attached to the GF sep-
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Figure 1. Schematic of the configuration of the room temperature sodium
sulfur (RT Na-S) battery system with the hierarchical MXene interlayer on
the glass fiber separator.

arator, and the small-sized Mo, Ti,C; T, nanoflakes were used to
fabricate the outer layer that faces the sulfur cathodes, as shown
in Figure 1. To prepare the large-sized Ti;C,T, nanosheets, a
mild etchant of LiF and HCI rather than the concentrated HF
was employed to treat the Ti;AlC, MAX precursor (see details
in Supporting Information). The reacted sediment was washed
with de-ionized water and sonicated to obtain the delaminated
Ti,C,T, nanosheets. The vanishing of the characteristic peaks
of Ti; AIC, and the shift of the (002) peak to a lower angle in the
XRD result of the derived sample demonstrates the successful ex-
foliation and delamination of the Ti,C, T, (Figure S1, Supporting
Information). After that, the suspension was centrifuged at 6000
rpm to select the large-sized Ti,C, T, nanosheets in the sediment.
The topography of the Ti;C,T, MXene is measured by AFM
and exhibits typical nanosheet morphology with a lateral size
ranging from 2.5 to 3.8 um (Figure S2, Supporting Information).

Subsequently, the small-sized Mo,Ti,C,T, nanoflakes were
prepared by etching the Mo, Ti,AlC; MAX with a concentrated
HF solution (48%) at 55 °C for 120 h. The resultant mixture
was thoroughly washed with deaerated water until the pH value
reached 6. The obtained sediment was then treated with TBAOH
to achieve TBA™ intercalated MXene, which was further delam-
inated under ultrasonication. Finally, the suspension was cen-
trifuged at 3500 rpm for 25 min to separate few-layer Mo, Ti,C, T,
nanoflakes (supernatant) from the unreacted MAX and mul-
tilayer MXene (sediment). The comparison of the XRD pat-
terns presents an obvious (002) peak shift from 14.9° in the
raw Mo, Ti,AlC; material to 5.6° in the as-prepared Mo, Ti,C,T,
(Figure 2a), indicating the remarkable increase of interlayer spac-
ing from MAX phase to 2D MXene. Besides this effect, the crys-
talline peaks of Mo, Ti,AlC, completely disappeared in the de-
rived Mo, Ti,C;T,, demonstrating the success of the exfoliation
and delamination processes.

The morphology and microstructure of the Mo,Ti,C,T,
nanoflakes were characterized by SEM and TEM techniques. The
SEM image of the etched sample shows an accordion-like mor-
phology, which implies the extraction of Al layer from the MAX
precursor (Figure 2b). The delaminated Mo, Ti,C,T, presents a
typical 2D nanosheet morphology with the average size of around
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Figure 2. a) XRD pattern comparison between Mo, Ti,AlC; and Mo,Ti,C;T,. Scanning electron microscopy (SEM) images of b) etched Mo, Ti,AlC;
and c) delaminated few-layer Mo, Ti,C;T,. d) Low-magnification and e) high-magnification transmission electron microscopy (TEM) image of few-layer
Mo, Ti, C5T,. f) Atomic force microscopy (AFM) topography of Mo, Ti,C;T, flakes and the corresponding height profile along the marked blue line.

400 to 500 nm (Figure 2c,d). The TEM image with high resolution
in Figure 2e shows a monolayer Mo, Ti,C,T, consisting of four
metal atomic layers with a thickness of 2.3 nm. Compared with
its piece size shown in Figure 2¢,d, the delaminated Mo, Ti,C, T,
nanoflakes provide a very large aspect ratio of approximately
500:2, which is beneficial to adsorb and accelerate the conversion
of polysulfides. The topography profile of Mo, Ti,C,T, also indi-
cates its lateral size is around 0.5 um on average (Figure 2f). The
much smaller size of Mo, Ti,C,T, flakes can be attributed to the
harsh etching environment, long etching time, and extensive me-
chanical shearing during the preparation process.

XPS was used to understand the surface chemistries of the
as-prepared Mo, Ti,C,T, nanoflakes (Figure S3, Supporting In-
formation). The predominant peaks at 228.9 and 232.1 eV in the
Mo 3d XPS spectrum can be assigned to C—Mo—T, bonds, which
is in accordance with the atomic structure in the theoretical
study.°!l The small peaks at the binding energy of 230.3 (233.5)
and 232.6 (235.6) eV (numbers in parenthesis represent the peak
of Mo 3d3/2) can be assigned to the Mo™ 3d; ;) and Mo*®
3ds5(3/5), Tespectively, originating from the inevitable surface oxi-
dation of the Mo, Ti, C;T,.’”) The C—Ti and C—Mo/Ti—Tx bonds
located at 282.1 and 282.6 eV in the C 1s region further con-
firm the local environment of Ti and Mo metal elements.>1>354]
All these measurements comprehensively confirm that few-layer
Mo, Ti, C, T, nanoflakes with a smaller lateral size have been pre-
pared successfully.

Small-sized Mo, Ti,C;T, nanoflakes were selected to prepare
the outer layer of the hybrid MXene interlayer because of the ide-
ally exposed catalytic Mo atom layer (Figures 3a,b) and its rela-
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Figure 3. Schematic of the a) side view and b) top view of the Mo, Ti, C3T,
structure. c) Band structure and density of states (DOS) of Mo, Ti,C;T,.

tively good stability. To the best of our knowledge, it is the first
time Mo, Ti,C; T, was applied in RT Na-S batteries. Density func-
tional theory (DFT) calculation was further applied to investigate
the electronic structure of Mo, Ti,C; MXene. The band struc-
ture and density of states (DOS) in Figure 3c indicate that the
Mo, Ti,C; monolayer is metallic, which is similar to the Ti,C,
MXene.>>>7l The high electronic conductivity of this coating
layer could reduce the internal impedance and benefit fast reac-
tion kinetics for polysulfide conversion in RT Na-S batteries.

To prepare the hybrid MXene interlayer, the as-prepared
Ti,C,T, and Mo,Ti,C,T, colloidal solutions were mixed with
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Figure 4. a) SEM image of the surface of a GF@Hybrid MXene separator; Inset is a digital photo of the separator. b) Cross-sectional scanning transmis-
sion electron microscope (STEM) image of a GF@Hybrid MXene separator; inset is the EDS mapping results of Mo and Ti elements. c) Electrochemical
impedance spectroscopy (EIS) spectra of the Na-S cells using GF@Hybrid MXene, GF@Ti;C,T,, and bare GF as separators, respectively (Inset is the
equivalent circuit). d) Digital photos of the blank Na,Sg solution and the solution with Ti;C,T,, and hybrid MXenes after 15 min and 24 h. e) UV—
Vis spectra of the blank Na,Sg solution and the solution with Ti;C,T,, and hybrid MXenes after 24 h. f) Cyclic voltammogram (CV) curves of hybrid
MXene | Na,S¢ | hybrid MXene and carbon black | Na,Sg | carbon black symmetric cells at a scan rate of 0.1 mV s,

PTFE in a mass ratio of 95: 5 and then dispersed in isopropanol
by ultrasonication, respectively. Here the PTFE works as a binder
to bridge the MXenes and GF separator. The large-sized Ti,C, T,
nanosheet inner layer was deposited on the surface of the GF
separator by directly dropping the suspension on the separator.
Then, the small-sized Mo, Ti,C,T, outer layer was deposited
on top of the Ti,C,T, layer via the same method to form a
complete hybrid MXene interlayer coated GF (GF@Hybrid
MXene) separator. Meanwhile, a solely Ti,C,T, coated sepa-
rator (GF@Ti;C,T,) with the same total loading amount of
MXenes was also prepared for comparison. For the hybrid
MXene interlayer, large-sized Ti,C,T, nanosheets can directly
provide a physical block to the sodium polysulfides, and in
the meantime, they can improve the kinetics of the transition
of polysulfides.[?*391 Meanwhile, the small-sized Mo, Ti,C,T,
nanoflakes coated on the large-sized Ti,C,T, layers have the
excellent binding capability with the sodium polysulfides, which
are blocked by the Ti,C,T, nanosheets and thus confine and
accelerate the transformation of soluble polysulfides on the cath-
ode side.l® To learn the possible interaction between the Ti,C, T,
layer and Mo, Ti, C, T, layer, the zeta potential testing was used to
study the surface charge of both Ti,C,T, and Mo, Ti,C;T, in an
aqueous solution with the centration of 0.01 mg mL~!. According
to the zeta potential measurement results (Figure S4, Supporting
Information), both Ti,C, T, and Mo, Ti, C, T, flakes have negative
surface charges and no interaction appeared. Furthermore,
Raman spectra measurements were applied to further confirm
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the interaction between these two MXenes. The comparison
among the intersection layer of hybrid MXene, Ti,C, T, layer, and
Mo, Ti,C,T, layer Raman spectra results (Figure S5, Supporting
Information) shows that the peaks in the intersection layer of
hybrid MXene are only coming from the superposition of the
Ti,C,T, layer peaks (199, 280, 375, 622, and 720 cm™!)>-¢l
and the Mo, Ti,C,T, layer peaks (219, 383, 429, 645, and 732
cm™1),[%2] indicating the excellent phase stability of the hybrid
MXene. Figure 4a shows the SEM image and digital photo of the
GF@Hybrid MXene separator. The macropores in GF (Figure
S6, Supporting Information) have been covered by 2D MXenes
in the GF@Hybrid MXene separator. The cross-sectional STEM
image reveals that the hybrid MXene interlayer with an ultra-thin
thickness of approximately 200 nm was successfully deposited on
the separator surface (Figure 4b, and Figure S7, Supporting In-
formation). The MXene layers with Mo element homogeneously
deposited on the top of the MXene layers only containing Ti
element (Figure 4D, insets) indicate the successful fabrication of
the designed hierarchical layered structure. The impedance of
the as-prepared separators was evaluated in full Na-S cells by EIS.
Figure 4c displays the Nyquist plots of the cells with different
separators, in which the GF@Hybrid MXenes separator exhibits
the lowest charge transfer resistance (206 Q) in comparison with
the GF@Ti;C,T, (313 Q) and bare-GF (326 Q). The improved
charge transfer kinetics can be ascribed to the balance of the
electronic conductivity and ionic conductivity of GF@Hybrid
MXenes deriving from the unique hierarchical structural design.
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By contrast, the GF@Ti,C,T, with stacked large flakes only
shows sacrificed considerable electrolyte permeation capability.

The chemical adsorption and catalytic potential of the selected
MXenes were measured before any battery testing. As shown
in Figure 4d, the color of Na,S, solution with hybrid MXenes
(Ti,C,T, and Mo, Ti,C,T,) changes from deep yellow to almost
transparent after 24 h, while the solution with Ti,C, T, has a color
change from deep yellow to light green during the same time
span, indicating the stronger adsorption capability of the hybrid
MXene compared to the Ti,C,T,. The results were further ver-
ified by the UV-Vis testing of the hybrid MXene and Ti;C,T,
soaked solution after 24 h (Figure 4e). The signals of Na, S, weak-
ened after treating with Ti,C,T,, but almost vanished after mix-
ing with hybrid MXenes in the same period. The excellent ad-
sorption ability of hybrid MXenes can be ascribed to the more
exposed active sites of the small-sized Mo, Ti,C, T, nanoflakes.

To investigate the catalytic function of hybrid MXenes for
sodium polysulfide conversion, cyclic voltammetry (CV) curves
of symmetric cells were gathered in a solution of 0.1 M Na, S in
DEGDME at a scan rate of 0.1 mV s™! (Figure 4f). The symmetric
cells with carbon black loaded carbon cloth as cathodes show low
current responses and no significant voltage peaks. In contrast,
the symmetric cells with hybrid MXene loaded carbon cloth cath-
odes offer significantly higher current responses and two pairs of
well-defined peaks (at —0.21/0.21 and —0.48/0.48 V, respectively).
Because Na, S, is the only active reactant in the symmetric cells,
the peaks at —0.21 V almost certainly originated from the con-
version of Na, S, to Na,S,, and the peak at —0.48 V is ascribed to
the reduction from Na, S, to Na,S. The redox peaks are still dis-
tinct, and a higher current response was observed when the scan
rate increases to 0.5 mV s™! (Figure S8, Supporting Information),
which implies the efficacy of hybrid MXenes’ catalytic effects un-
der different charging—discharging rates. These results validate
that the hybrid MXenes can accelerate the conversion of sodium
polysulfides.

The merits of GF@Hybrid MXene separator were examined
in RT Na-S batteries by using porous carbon/sulfur composite
(pC@S) as the cathode, 1 M NaClO, in EC/PC (1: 1 in vol) with
5% FEC as the electrolyte, and sodium metal disc as the anode.
The porous carbon (pC) host was obtained by sintering the
activated Sterculia lychnophora in Ar atmosphere in accordance
with our precious work (Figures S9 and S10, Supporting Infor-
mation). The sulfur loading in the pC@$S was confirmed by XRD
characterization, and the thermal gravimetric analysis result in-
dicates the S content in the pC@S composite is around 53.5 wt%
(Figure S11, Supporting Information). CV profiles of the RT Na-S
battery with GF@Hybrid MXene separator were collected to un-
derstand the electrochemical behavior of the sulfur cathode dur-
ing the charge-discharge processes. As shown in Figure 5a, two
cathodic peaks at around 2.0 and 0.8 V appear in the first cycle.
The peak at 2.0 V corresponds to the conversion from Sg to long-
chain Na,S, (4 < x < 8) and irreversible side reactions between
the carbonate-based electrolyte and the polysulfides.[®3] The peak
at 0.8 V can be ascribed to the long-chain sodium polysulfides to
short-chain solid-state Na,S/Na, S, conversion and the solid state
interphase (SEI) formation.l%! The broad anodic peak at around
1.9 V can be ascribed to the conversion reaction from insoluble
Na,S/Na,S, to long-chain sodium polysulfides. In the second
cathodic scan, the two prominent peaks convert to three new
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peaks at 1.6, 1.2, and 0.84 V, corresponding to the conversion to
Na, S, (4 < x <8), Na,S, and Na,S. The CV curves nearly overlap
from the second cycle onwards, indicating the highly reversible
electrochemical conversion reaction when using GF@Hybrid
MXene separators. It is worth noting that the peak representing
the formation of soluble long-chain Na, S, (4 < x < 8) dramatically
fades after the second cycle, which implies that S is quickly con-
verted to insoluble short-chain sodium polysulfides with a very
short existence of soluble long-chain sodium polysulfides due to
the excellent catalytic effects of hybrid MXene interlayer.>%]

Figure 5b shows the first and the second discharge—charge
curves of an RT Na-S battery with GF@Hybrid MXene separator.
The initial reversible capacity is 1016 mAh g=! with a Coulombic
efficiency of 62%. The capacity fade in the first cycle could be
assigned to the SEI layer formation and irreversible side reac-
tions. In contrast, the RT Na-S battery with bare-GF separator
provided a charge capacity of 697 mAh g=! with a low Coulombic
efficiency of 43.3% (Figure S12, Supporting Information). The
cycling performances of the RT Na-S cells at 0.1 C (1672 mA
g™! = 1 C) with various separators (bare-GF, GF@Ti;C,T,, and
GF@Hybrid MXenes) are shown in Figure 5c. The GF@Hybrid
MXene offered the highest capacity of 992 mAh g=! in discharge
from the second cycle and retained a capacity of 620 mAh
g1 after 100 cycles with the smallest capacity degradation of
0.36% per cycle. By contrast, the batteries with bare-GF and
GF@Ti,C,T, separators can only provide a respective capacity
of 240 and 387 mAh g! after 100 cycles.

Figure 5d exhibits the rate performance of the RT Na-S bat-
teries with various separators. The cell with GF@Hybrid MXene
separator achieved a reversible capacity of 316 mAh g~ at a high
current of 2 C, and the capacity recovered to 860 mAh g=! when
the current density was decreased to 0.5 C. In contrast, the cells
with bare-GF and GF@Ti,C, T, separators only exhibited low ca-
pacities of 52 and 112 mAh g~ at 2C, respectively. The enhanced
cycling stability and rate performance of the batteries with the
GF@Hybrid MXene separators can be attributed to the improved
Na* transport kinetics, good wettability in the carbonate-based
electrolyte, and efficient interlayer structural design that can ef-
fectively trap the soluble polysulfides and accelerate the conver-
sion kinetics. Consequently, the battery with GF@Hybrid MX-
ene separator delivered a stable long-term cycling performance
ata high current density (Figure 5e). After five activation cycles at
0.1 C, the cells achieved a reversible capacity of 562 mAh g~' at 1
C and remained around 357 mAh g after 500 cycles with a high
average Coulombic efficiency of #99.5%. Notably, the Coulombic
efficiencies in some cycles are slightly higher than 100% due to
the oxidation of Na, S to polysulfides in hybrid MXene interlayer
and the recapture of those polysulfides by the cathode, which re-
sults in an extra charge capacity.'*! Additionally, the RT Na-S bat-
teries with GF@hybrid MXene separator also achieve a decent
capacity of 531 mAh g=! at 1 C and a capacity retention of 302
mAh g™! after 100 cycles at a high sulfur loading of ~2.2 mg cm™
(Figure S13, Supporting Information). Compared with previous
works by applying MXene architectures in the RT Na-S battery
system, this work indicates a new effective structural design and
explores the function of Mo, Ti,C,T, applied in the RT Na-S bat-
teries. Moreover, the hybrid MXene prepared in this work used
a cheap and scalable method and achieved competitive electro-
chemical performance (Table S1, supporting information).

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Selected CV profiles of the room temperature sodium sulfur (RT Na-S) battery with GF@Hybrid MXene separator at a scan rate of
0.1 mV s, b) First and second discharge—charge curves of an RT Na-S battery with GF@Hybrid MXene separator. c) Cycling performance and d)

rate performance of an RT Na-S battery with bare-GF, GF@Ti;C,T,, and
Na-S battery with GF@Hybrid MXene separator at 1 C rate.

To better verify and understand the mechanism and functions
of the hybrid MXene interlayer, we performed in situ synchrotron
XRD testing for the RT Na-S battery with GF@Hybrid MXene
separator, as well as the postmortem characterizations on the
separators and Na metal anodes from cycled RT Na-S batteries.
As illustrated in Figure 6a, the Sg (JCPDS no. 00-001-0478) and
long-chain polysulfides (Na,S,, 6 < x < 8) are both existing during
the initial discharging from 2.4 to 1.5 V, and the S transferred to
long-chain polysulfides and Na, S, (JCPDS n0.00-071-0516) after
discharging to 1.5 V.['%) During the continuing discharge to 1.2 V,
the Na, S, further splits into short-chain sodium polysulfide Na, S
(JCPDS no. 04-003-6920).[°¢7] Subsequently, as shown in the fol-
lowing charge, the Na, S, peak becomes weaker, which indicates
the acceleration of the conversion from Na, S transferring back to
Na, S, (6 < x < 8) due to the MXene interlayer and thus reduces
the shuttle effect and maintains a high reversible transition be-
tween short-chain polysulfides to long-chain polysulfides (Figure

Adv. Mater. Technol. 2023, 8, 2202147 2202147 (6 of 10)

GF@Hybrid MXene separators. €) Long-term cycling performance of the RT

S14, Supporting Information). In addition, there is no peak of
Na, S, detected during the discharge or charge, which might be
due to the fast kinetically transition from Na, S, to Na,S.[%¢

For the postmortem characterizations, Figure S15 (Supporting
Information) shows optical images of the GF@Hybrid MXene
and bare-GF separators after 100 cycles. It can be seen that the
hybrid MXene interlayers still maintain their integrity after cy-
cling, and the anode side of the GF@Hybrid MXene separators
displays a much lighter yellow color than those of the bare-GF
separators. The yellow color can be assigned to the accumulation
of insoluble sodium sulfides on the anode surface, from the re-
action between the shuttled soluble long-chain sodium polysul-
fides and Na metal anode, leading to the active material loss in
the battery. Moreover, some dark areas were observed on the an-
ode side of bare-GF separator, which could be the consequence
of the formation of sodium dendrites and continuous side re-
actions with shuttled polysulfides.[®*7%] Fewer dark spots were

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. a) In situ synchrotron XRD pattern of the RT Na-S cell with GF@Hybrid MXene separator and the corresponding discharge—charge curves at
0.1 C. The scanning electron microscopy (SEM) images of sodium metal anode surface of RT Na-S batteries after 100 cycles using b) GF@Hybrid MXenes
and c) bare-GF separators, respectively; insets are the corresponding sulfur elemental mapping results. The XPS analysis of the cycled GF@Hybrid MXene

separator in the d) Mo 3d region and e) S 2p region.

visualized in the modified separator, indicating that the
GF @hybrid MXene can suppress the dendrite formation to some
extent. To further verify the function of GF@Hybrid MXene
separator to the cycling performance of Na metal anode, the
Na|GF@Hybrid MXene|Na and Na|GF|Na symmetric cells were
assembled and tested at the current of 1 mA cm~? with the capac-
ity limitation of 1 mAh cm=2 (Figure S16, Supporting Informa-
tion). The Na|GF|Na cell occurred short circuit after around 257
h of cycling, while the Na|GF@Hybrid MXene|Na cells can keep
stable cycling after 300 h, which indicates the hybrid MXene in-
terlayer can regulate sodium plating/stripping and suppress Na
dendrite formation.

Adv. Mater. Technol. 2023, 8, 2202147 2202147 (7 of 10)

Moreover, the sodium metal anodes of the cells with
GF@Hybrid MXene separator and bare-GF separator were in-
vestigated by using the SEM and EDS mapping techniques. As
exhibited in Figures 6b,c, the cycled Na metal anode from a cell
with a GF@Hybrid MXene separator displays a much smoother
surface than that from the bare-GF separator anode, which in-
dicates that the hybrid MXene interlayer could deliver effective
protection to the Na metal anode by providing a more homoge-
nous Na plating/stripping during cycling due to its active interac-
tion with Na* flux. Moreover, the content of sulfur on the surface
of Na metal anode from the cell with GF@Hybrid MXene sep-
arator is 0.43 wt%, which is significantly lower than that from

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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the cell with bare-GF separator (2.23 wt%), demonstrating the
effectiveness of the hierarchically structured hybrid MXene in-
terlayers for polysulfides immobilization. The cathode side sur-
face of GF@Hybrid MXene separator after cycling was studied
by using XPS. In the Mo 3d spectrum (Figure 6d), the emer-
gent peak at 226.4 eV can be ascribed to Mo-S bond, which veri-
fies the chemical interactions between Mo, Ti,C,T, and sodium
polysulfides.”>7°] The S,?~ signal located at 162.8 and 163.9 eV in
the S 2p spectrum further confirms the existence of Mo-S bonds
(Figure 6e).[747°]

Overall, the as-designed hierarchical hybrid MXene-modified
separators improve the electrochemical performance of RT Na-S
batteries from the following four aspects. Firstly, the hierarchi-
cal architecture of the hybrid MXene interlayer with large-sized
Ti,C, T, nanosheets as the inner layer efficiently blocks the solu-
ble sodium polysulfides passing through the separator. Secondly,
owing to the polar surface of Ti;C,T, and Mo,Ti,C;T,, the hy-
brid MXenes display strong chemical adsorption capabilities for
the long-chain polysulfides. Thirdly, the Mo, Ti,C, T, with supe-
rior conductivity and catalytic activity can re-utilize and facilitate
the conversion of retained sodium polysulfides and contribute to
high capacity and long-term cycling performance. Fourthly, the
hierarchical MXene interlayer regulates the Na* flux and bene-
fits uniform sodium plating/stripping at anodes. All these fac-
tors synergistically lead to the significantly improved rate perfor-
mance and cycling stability of these RT Na-S batteries.

3. Conclusion

In conclusion, a novel hierarchical structured hybrid MXene in-
terlayer was prepared by sequentially coating the larger size-scale
Ti,C,T, followed by smaller size-scale Mo, Ti,C,T, onto glass
fiber separators. The resultant multifunctional hybrid MXene-
modified separator efficiently immobilizes polysulfides at the
cathode side via the synergistic effects of physical blocking, chem-
ical adsorption, and promotion of the conversion from sodium
polysulfides to insoluble sodium sulfides. Meanwhile, the hybrid
MXene interlayer protects sodium anodes by providing homoge-
nous Na* ion diffusion and suppressing the deposition of the
sulfur species on the anode surface. As a result, the RT Na-S
batteries with GF@Hybrid MXene separators delivered superior
electrochemical performance. This work offers a new pathway to
promote the development of the 2D materials-based functional
interlayers for high-performance metal-chalcogenides batteries.

4. Experimental Section

Preparation of Mo,Ti,C3T,: Mo,Ti,AlC; powder (=1 g) was slowly
added to 10 mL of 48% HF acid under magnetic stirring to avoid over-
heating the solution. After 90 h of etching at 55 °C, the etched powder was
centrifuged and washed with de-ionized water five to eight times until the
pH reached around 6. Then the sediment obtained after centrifugation
was added to 10 mL tetrabutylammonium hydroxide (TBAOH) solution
(35 wt% in water) and the suspension was kept stirring for 12 h at an at-
mosphere temperature. After that, the mixture was washed with de-ionized
water five to eight times to remove the redundant TBAOH. Then 100 mL of
deaerated water was added to the TBA* treated Mo, Ti, C; T, sediment, and
the solution was sonicated for 1 h under the protection of Ar gas. Subse-
quently, the mixture was centrifuged at 3500 rpm for 25 min, and the super-
natant containing the delaminated few-layer Mo, Ti,C5T, (0.5 mg mL™")
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was kept for further use.[4648] A mild wet-etching method with the LiF +
HCl as the etchant was employed to prepare large lateral-sized Ti;C,T,
(see details in Supporting Information).

Fabrication of GF@Hybrid MXenes (Ti;C,T,/Mo,Ti,C;T,) Separators:
The as-prepared Mo, Ti,C3T, MXene and Ti;C, T, MXene (x95 wt%) were
mixed with polytetrafluoroethylene (PTFE, ~5 wt%), and then dispersed
into propan-2-ol by ultrasonication to achieve a homogenous suspension,
respectively. An amount of 2 mL of the mixed suspension with Ti;C,T,
(0.025 mg mL™") was first dropwise cast onto the surface of a GF (Fil-
tech, glass microfiber 0.7 um), then another 2 mL of a Mo, Ti, C; T, suspen-
sion (0.025 mg mL™") was cast on the top of Ti;C,T, nanosheets to pro-
duce hybrid MXenes coated glass fiber separator (GF@Hybrid MXene). A
double amount of the Ti;C, T, suspension coated glass fiber (denoted as
GF@Ti3C,T,) was fabricated using the same method as the control sam-
ple. The modified separators were all dried overnight in an oven at room
temperature with a vacuum.

Material Characterization: Transmission electron microscopy (TEM,
JEOL JEM-2011), scanning transmission electron microscope (STEM,
JEOL F200), and field emission scanning electron microscopy (FESEM,
Zeiss Supra 55VP, Germany) were applied to study the microstructure and
morphology of as-prepared samples. X-ray powder diffractometer (Bruker
D8) was applied to identify the phases of the specimens using Cu Ka radi-
ation (4 = 1.5418 A). An X-ray photoelectron spectrometer (Thermo Sci-
entific ESCALAB250Xi, UK, with monochromated Al K alpha (1486.68 eV))
was used to characterize the chemical nature of the specimens. A Park
X7 atomic force microscopy (AFM) system was applied to investigate the
thickness and lateral sizes of as-prepared MXenes. N, gas sorption mea-
surement was conducted at 77 K with a Micromeritics 3Flex analyzer. The
Brunauer—Emmett—Teller (BET) method was used to calculate the specific
surface area, and the Barrett—Joyner—Halenda (BJH) method was used to
calculate the pore volume and pore size distribution. The zeta potentials
were measured using Zetasizer Nano (ZS90, Malvern Instruments Ltd.,
Malvern, England). Raman spectra were tested by applying the Renishaw
inVia Raman spectrometer system (Gloucestershire, UK) with the Leica
DMLB microscope (Wetzlar, Germany) and the Renishaw helium neon
laser source with 17 mW at 633 nm. Thermogravimetric analysis (TGA)
was processed by applying an SDT-Q600 simultaneous thermal analyzer in
a temperature range from atmosphere temperature to 800 °C with a heat-
ing rate of 10 °C min~" to investigate the sulfur content of the specimens.
Ultraviolet-visible (UV-Vis) spectroscopy (Agilent Cary 60, USA) was ap-
plied to investigate the adsorption affinities of the specimens for sodium
polysulfides. The in situ XRD testing was carried out at the powder diffrac-
tion beamline of the Australia Synchrotron with a 0.6887 A wavelength (4).

Electrochemical Measurements: The electrochemical performances of
the modified separators were measured in coin cells (CR2032) with porous
carbon/sulfur (pC@S) composites as the cathode materials (see more ex-
perimental details in Supporting Information), a sodium metal disc as the
anode and an electrolyte (220 pL) of 1 M NaClO, (sodium perchlorate,
Sigma-Aldrich, 99.95%) in EC/PC (ethylene carbonate/propylene carbon-
ate) (v/v=1:1) with 5% FEC (fluoroethylene carbonate) as the additive.
The cathode was prepared by casting a uniform slurry consisting of 80%
pC@S, 10% carbon black and 10% PVDF (polyvinylidene fluoride) in NMP
(N-methylpyrrolidone) onto the carbon-coated aluminum foil (®12 mm),
followed by drying in an oven with a vacuum at 80 °C for 12 h. The typi-
cal sulfur loading of the cathode is around 1.0 mg cm~2. Afterwards, the
battery assembly was assembled in an Ar-filled glovebox (O, < 0.1 ppm,
H,0 < 0.1 ppm). The galvanostatic charge—discharge performances of the
batteries were tested by using a LAND CT2007A system in the 0.8-2.8 V
voltage range, and the specific capacity was calculated based on the sul-
fur mass. The electrochemical impedance spectroscopy (EIS) and cyclic
voltammograms (CV) investigations were conducted by using a VMP3
multichannel workstation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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