Materials Today Energy 27 (2022) 101000

journal homepage: www.journals.elsevier.com/materials-today-energy/

Contents lists available at ScienceDirect

Materials Today Energy

Sulfur confined MXene hosts enabling the use of carbonate-based
electrolytes in alkali metal (Li/Na/K)-sulfur batteries

Check for
updates

Rahul Pai ?, Varun Natu °, Maxim Sokol ¢, Michael Carey °, Thomas Greszler ¢,

Michel W. Barsoum > **, Vibha Kalra *

2 Department of Chemical and Biological Engineering, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
b Department of Material Science Engineering, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
€ Department of Material Science and Engineering, Tel Aviv University, Ramat Aviv 6997801, Tel Aviv, Israel

d Space and Defense Division, Saft America, Cockeysville, MD, USA

ARTICLE INFO ABSTRACT

Article history:

Received 9 September 2021
Received in revised form

23 March 2022

Accepted 24 March 2022
Available online 5 May 2022

Keywords:
Energy

2D
Intercalation
Chalcogen
Carbides

Room-temperature alkali metal—sulfur batteries are promising alternatives to lithium-ion batteries
because of their high capacity and low inherent cost. Herein, we report MXene (Ti3C,Tx) as a host to
confine sulfur (Sg), enabling the use of commercialization-friendly carbonate electrolyte in metal—sulfur
batteries. The multilayer MXene structure provides tunable spacing for Sg confinement, and its unique
interlayer spacing prevents adverse polysulfide-carbonate reactions.
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1. Introduction

From the great contributions by Goodenough et al. to its prac-
tical use in commercial electric vehicles, Li-ion batteries have come
a long way with substantial developments in the past three decades
[1,2]. The Li-ion chemistry has now reached its theoretical limit,
and new battery breakthroughs are necessary for the broad
deployment of electric vehicles. Sulfur (S)-based batteries are
considered to be some of the most promising “beyond Li-ion”
battery systems [3] because elemental S can exhibit a fivefold
higher theoretical capacity than state-of-the-art Li-ion cathodes
and is abundant in nature, inexpensive, and environmentally
harmless [4]. The consistent developments have led to the matu-
ration of this system, which now offers the capability to supersede
the intrinsic limits of Li-ion technology along with cost reductions
as well as environmental benignity. However, the practicality of S-
batteries is hindered by several challenges. The key issues
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investigated in the literature in this past decade are the insulating
nature of S; the inevitable S volume change during cycling [5—7];
and the dissolution of intermediate reaction products, polysulfides,
causing the notorious shuttling effect and rapid capacity fade
during cycling [8—10].

So far, polysulfide shuttling has received the most attention, and
a majority of studies in metal-S batteries in the past decade have
focused on the development of strategies to mitigate this effect,
which is an inherent phenomenon observed in ether-based elec-
trolytes [11]. A much less discussed but debilitating drawback for
the commercial viability of Li—S batteries is the use of the ether
electrolyte itself. Ether-based solvents are highly volatile and have
low flash points posing a significant risk of operating such batteries
beyond room temperatures [12]. In addition, lithium nitrate
(LiINO3), an important additive in ether electrolyte to stabilize Li
metal surface, causes degassing above 40°C, and therefore, it does
not pass test 2 of UN38.3 Transport of Dangerous Goods Certifica-
tion, further hindering their practicality due to safety and transport
concerns [13]. Carbonate-based electrolytes, used in traditional Li-
ion batteries, have various advantages over their ether-based
counterparts. The three decades of research on the former have
shown that they have low melting points, lower costs, and higher
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oxidation potentials [14]. However, the S-cathode is not compatible
with the conventional carbonate electrolytes because during
discharge, the polysulfide anions react with the carbonate solvent
irreversibly because of a strong nucleophilic reaction [15]. To avoid
the latter recent studies suggest that microporous carbon as a host
can effectively suppress the direct contact between the solvent
molecule in carbonate-based electrolytes and S (or polysulfide in-
termediates) molecule because of pore size limitations [16—18].

MXenes are a decade-old class of two-dimensional (2D) car-
bides and/or nitrides discovered in 2011 by Naguib et al. [19]. These
2D materials are so-called because they are derived by selectively
etching A (group 13 or 14 elements) from the parent MAX phase in
aqueous acid and organic solvents [20,21]. MXenes have a general
formula My, 1X,T,, where M stands for an early transition metal, X
stands for C, or N and T stands for chemical terminations such as
—0, —OH, and —F surface groups that replace the Al atoms upon
etching [20].

The Ti-based MXene, Ti3C,Tz, obtained by etching Ti3AlIC,, has
shown unique properties, such as high metallic conductivity
(>5,000 S/cm), high active surface area, and sufficient environ-
mental stability [22—25]. The developed MXenes can be tuned with
various surface functional groups as required for its applications
adding to its versatility [26—30]. In addition to its unique proper-
ties, the interlayer spacing of MXenes can be controllably tuned
[22,31—33]. Physical mixing of MXene and S resulting in sandwich-
type architecture has shown appealing performances in Li-S sys-
tems [34,35]. However, these systems cannot function in
carbonate-based electrolytes because of undesirable reactions
alludded to above. Herein, for the first time, we demonstrate the
use of MXene host in carbonate electrolyte-based Li-S batteries. In
addition, we also demonstrate the versatility of these developed
cathodes in Na-S and K-S batteries, also using carbonate electrolyte.

Alternate metal chemistries, beyond lithium, such as Na and K,
are interesting, as they exhibit similar advantages as Li-S
batteries in addition to increased abundance and lower cost over Li.
However, Na/K-S batteries face all the same challenges as Li-S
systems such as rapid capacity fade and low electrochemical utili-
zation. In addition, they also suffer from more sluggish redox ki-
netics due to the larger ionic radius of Na™ (0.102 nm) and K*
(0.138 nm) vs Li" (0.076 nm), resulting in the formation of only
NayS; and K,S3 as the final discharge product, compared with LiyS
in the Li-S system. Furthermore, the larger ionic size results in
significantly higher volume expansion of 170% in Na-S, for example,
vs. 80% in Li-S, further deteriorating cathode integrity [36]. Such
aggravated challenges often result in lower achieved capacity and
stability in reported works [5,37,38], making efficient cathode
design even more critical for such batteries.

In this work, to enable the use of carbonate electrolytes in Li/Na/
K-S batteries, we have focused on the utilization of 2D MXene
nanosheets as a host to confine sulfur within the interlayer spacings
with the objective to trigger ion desolvation, mitigating adverse
carbonate-sulfur reactions. As mentioned previously, herein, for the
first time, we fabricate MXene-based sulfur cathodes that suc-
cessfully operate in carbonate electrolytes in Li/Na/K systems.
Moreover, this is the first-ever study that demonstrates the use of
MXenes in any K-S battery system. To synthesize our cathodes, we
first treated multilayered (ML) MXenes with di (hydrogenated
tallow) benzyl methyl ammonium chloride (DHT) to increase the
interlayer spacing to facilitate S intercalation into the MXene
interlayer gaps [22]. Furthermore, they were subjected to a thermal
treatment to intercalate sulfur in between the layers. The synthe-
sized samples were characterized via scanning electron microscopy
(SEM), transmission electron microscopy (TEM)/energy-filtered
transmission electron microscopy mapping (EFTEM)/energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray
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photoelectron spectroscopy (XPS), and thermogravimetric analysis
(TGA) to investigate the presence of S in the MXene sheets. Detailed
electrochemical characterizations were conducted in three
different sulfur batteries using Li, Na, and K as anodes exhibiting
successful and stable redox in a carbonate electrolyte.

2. Experimental
2.1. Materials

2.1.1. Material for synthesis

Titanium carbide (TiC; 99.5%, 2 um), aluminum (Al; 99.5%, 325
mesh), and titanium (Ti; 99.5%, 325 mesh) and LiF (99.5%, 325
mesh) were purchased from Alfa Aesar. 12 M HCl was purchased
from Fisher Scientific, and DHT (80%) was purchased from Alfa
Chemistry.

2.1.2. Materials for electrochemistry

Sulfur (99.5%, sublimed, catalog number AC201250025) was pur-
chased from Fisher Scientific. Battery-grade ethylene carbonate,
diethyl carbonate, propylene carbonate, fluoro-ethylene carbonate,
lithium hexafluorophosphate, sodium hexafluorophosphate, and
potassium hexafluorophosphate were purchased from Sigma Aldrich.

2.2. Synthesis

2.2.1. Synthesis of MAX powder (Ti3AlCy)

Parent Ti3AlC; powders were synthesized by mixing titanium
carbide (TiC), aluminum (Al), and titanium (Ti) powders in a molar
ratio of 2:1.05:1, respectively. The mixed powders were ball milled
at 100 rpm for 24 h and then heated under argon (Ar) flow at
1,350°C for 2 h. It should be noted that the ball milling at slow speed
was only used for homogenous mixing; no particle size reduction
or reactions are occurring. The heating and cooling rates were set at
5°C/min. The resulting blocks were ground to powders using a
milling bit on a drill press. The milled powders were passed
through a 400-mesh (particle size <38 um) sieve for further
experiments.

2.2.2. Synthesis of MXene (Ti3C>T,) and DHT treatment

First, 1 g of LiF was dissolved in 10 mL of 12 M HCl, after which
1 g of the Ti3AlC; powder was slowly added to the solution. Then it
was stirred for 24 h at 35°C and 300 rpm. The resulting solution was
later transferred into a 50 mL centrifuge tube, and deionized (DI)
water was added to completely fill the remaining volume. It was
then centrifuged at 3,500 rpm/2,300 rcf for 1 min, and the resulting
clear supernatant was discarded. This washing was repeated
several times until the pH of the solution was =7. Afterward, the
sediment was divided into two equal parts. One part was dried in a
vacuum at 100°C for 12 h and is labeled as normal untreated MXene
(NMX). In the second part, 40 mL of a 20-mM preprepared solution
of DHT in a 50:50 (v:v) of water, and ethanol was added and
allowed to mix for 12 h at room temperature (RT). After mixing, all
of the powders were washed with DI water three times. The
resulting DHT-MXene or DMX was dried in a vacuum at 100°C for
12 h.

2.2.3. Synthesis of MXene-sulfur composite

2.2.3.1. Moderate weight percentage electrodes, 50 wt %. In a typical
synthesis, 0.1 g of dried DMX was mixed with 0.1 g of sulfur and
ground with mortar-pestle until the mixture was uniform. Later,
this solid mixture was transferred in a glass test tube and then into
an argon-filled glove box, where the top was physically closed with
a coin cell spacer and sealed with Teflon tape. This assembly was
further loaded in a house-made reactor consisting of a 6-inch
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stainless steel (SS) pipe fitting and sealed in the glove box with pipe
caps and then transferred out. Furthermore, this reactor was loaded
in a horizontal tube furnace at 350°C for 3 h at a rate of 2°C/min in
an argon environment. The mixture after thermal treatment will
henceforth be referred to as a DMX/S. Fig. 1 is a schematic of what
occurs during the thermal treatment.

2.2.4. Synthesis of DMX/S composite electrode

A cathode was fabricated using a slurry method. Briefly, the
slurry was prepared by mixing 80 wt% of vacuum-dried DMX/S
with 10 wt% conductive carbon (Alfa Aesar, Super P) and 10 wt%
battery-grade polyvinylidene fluoride (PVDF) binder (MTI corp,
USA). DMX/S, conductive carbon, and PVDF were hand-ground
with mortar and pestle till the composite turned uniform. Later,
N-Methyl-2-pyrrolidone (TCI, USA) was slowly added until required
visible consistency and uniformity were achieved (~1 h). The slurry
was cast on battery-grade aluminum foil using a doctor blade (MTI
corp) with a thickness of 30—120 pm. Once cast, the slurry was kept
under a closed fume hood for 2 h before transferring to a vacuum
oven, where it was dried at 50°C for 24 h.

2.3. Characterization

2.3.1. Material characterization

Morphological analysis of the materials was conducted using
an SEM (Zeiss Supra 50VP, Germany) with an in-lens detector.
A30 mm aperture was used to examine the morphology and
obtain micrographs of the samples. To analyze the surface
elemental composition, EDS (Oxford Instruments) in secondary
electron detection mode was used. To analyze the sulfur deposi-
tion on the surface, TEM measurements were conducted. High-
resolution transmission electron microscope, HRTEM, analyses
were performed in a bright field mode operated at 200 kV on a
JEOL JEM2100F equipped with an EDS, with an 80 mm? SSD de-
tector (Oxford X-MaxN 80 T EDS system). XRD patterns were
acquired on a diffractometer (Rigaku Miniflex, Tokyo, Japan) using
Cu Ka radiation (40 kV and 40 mA) with a step size of 0.02° and
dwell time of 5 s, in the 2°—65° 26 range. The surface of the
composites was analyzed with XPS. To collect XPS spectra, Al-Ka
X-rays with a spot size of 200 mm and pass energy of 23.5 eV
were used to irradiate the sample surface. A step size of 0.05 eV
was used to gather the high-resolution spectra. CasaXPS Version
23.19PR1.0 software was used for spectra analysis. The sulfur in
the composite was determined using TGA on a TA Instruments
Q50. The samples were heated at a ramp rate of 10°C-min~! to
800°C under flowing argon gas.

Li'Ti;Csz

DHT-TiyC,T, (DMX)
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2.3.2. Electrochemical characterization

2.3.2.1. Coin cell fabrication. The dried electrodes were cut using a
hole punch (¢ = 1/2 inch [12.72 mm)]) to form disk-sized electrodes.
The electrodes were then weighed and transferred to an argon-
filled glove box (MBraun Lab star, O < 1 ppm, and
H,0 < 1 ppm). The CR2032 (MTI Corporation and Xiamen TMAX
Battery Equipment) coin-type Li—S cells were assembled using
DMX/S (¢ = 12 mm), lithium disk anodes (Xiamen TMAX Battery
Equipment's; [¢ = 15.6 mm and 450 um thick]), a trilayer separator
(Celgard 2325; ¢ = 19 mm), and one SS spring and two spacers
along with an electrolyte. The electrolytes, 1 M LiPFg in EC:DEC
(1:1), 1 M NaPFg in EC:PC (1:1) with 5% fluoroethylene carbonate
(FEC), and 1 M KPFg in EC: DEC (1:1), were made after predrying the
solvent with molecular sieves. The assembled coin cells were rested
at their open-circuit potential for 12 h to equilibrate them before
performing electrochemical experiments at RT. Cyclic voltammetry
(CV) was performed at various scan rates (0.1 mV/s to 0.5 mV/s)
between voltages 0.1 and 3 V wrt Li/Li*, Na/Na*, and K/K* were
performed using a potentiostat (Biologic VMP3). Prolonged cyclic
stability tests were carried out with a MACCOR (4000 series) and
Neware BTS 4000 battery cycler at different C-rates (where
1 C = 1,675 mAh/g) between voltages 0.1 and 3.0 V. All cells were
conditioned during the first cycle at the 0.1 C and second cycle at
0.2 Crate before cycling them at the 0.5 C rate at room temperature.

3. Results and discussion

To synthesize our cathodes, we first treated ML MXenes with
DHT and used them as host materials because of their high inter-
layer spacing for enhanced S intercalation. The mixture of DHT-
treated MXenes, DMX, and S was subjected to thermal treatment at
350°C for S intercalation into the interlayer spacings as described in
the experimental section. Scanning electron microscope (SEM)
images show the composites retain the ML structure with no ag-
gregates before (Fig. 2a) or after thermal treatment (Fig. 2b). As a
reference, we also thermally treated DMX (without sulfur), and it
also shows a similar ML structure (supp. Fig. 1), suggesting thermal
treatment does not affect it. Elemental mapping using EDS further
shows the presence of uniformly distributed S in the composite
(supp. Fig. 2).

Fig. 2c and d shows XRD patterns of the DMX, DMX/S, and heat-
treated DMX powders. The XRD pattern of DMX/S shows peaks
pertaining to MXenes with no evidence of crystalline S. The absence
of crystalline peaks of octa-sulfur suggests it is present in an
amorphous state. The 20 peak corresponding to (002) plane rep-
resents the interlayer spacing between the MXene sheets. After
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Fig. 1. Schematic illustration of fabrication procedure for DMX/S powders.
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Fig. 2. Morphological characterization of DMX and DMX/S powders: SEM images of (a) DMX and (b) DMX/S powders (after heat treatment). Scale bar 5 um. XRD diffraction of (c)
DMX (orange, bottom), DMX/S after heat treatment (red, middle), and DMX/S (blue, top) powders, (d) is same as “c” but only focused on the 2—10 26 range.

thermal treatment in DMX/S, the intensity of that peak reduces
substantially and broadens as seen in the zoomed-in XRD (2—10°
20) in Fig. 2d. The center of the peak also shifts from about 3.9° to
about 6.1° 20, which corresponds to a reduction of interlayer
spacing from 2.3 nm to 1.4 nm. The reduction in interlayer spacing
suggests probable degradation of the DHT molecules, leading to a
decrease in interlayer spacing. Interestingly, the 002 peak shifts to
9.18° 20 for heat-treated DMX without sulfur, suggesting a signifi-
cant decrease in interlayer spacing (0.9 nm). Comparing the d-
spacing values of all three powders suggests sulfur species mitigate
the further collapse of the interlayer spacing in DMX powders with
heat treatment suggesting the intercalation of sulfur species in
between the DMX sheets.

To get a deeper understanding of the S confinement in between
the MXene sheets, TEM and its corresponding EFTEM experiments
were conducted on DMX/S flakes. Typical TEM images of a flake
show an ML structure as shown in Supp. Fig. 3a. Occasionally,
small aggregates on the surface resulting from the oxidation of
some MXene flakes to TiO, are observed. The selected area elec-
tron diffraction (SAED) pattern in Supp. Fig. 3b corresponds to the
hexagonal pattern of MXenes. Diffused rings, corresponding to

polycrystalline S, were not observed in the SAED pattern possibly
because of their confinement in between the MLs. Nevertheless,
the EDS spectra (Supp. Fig. 3c) show the presence of S. EFTEM
images acquired from a thin and uniform region (Supp. Fig. 3d)
further corroborate the presence of S (Supp. Fig. 3f), which is
uniformly distributed across the DMX/S flake along with Ti (Supp.
Fig. 3e).

Supplementary Fig. 4 shows the XPS spectra of MXene without
(a—c) and with S after thermal treatment (d—f). The C1s spectra in
both samples show the existence of the Ti—C—Ti MXene peaks in
addition to surface adventitious C and C bonded to O at binding
energies, BEs, 281.6, 284.6, and 286.8 eV, respectively [22]. There is
~0.7 eV shift in the C-Ti-T, peak in the C 1s spectra after sulfur
intercalation because of possible interactions of sulfur atoms with
the surface titanium atoms causing some shift in the electron
density in the C-Ti bonds. The O1s spectra show the presence of
TiO, species, which is possibly because of surface oxidation during
heat treatment. As expected, the high-resolution XPS spectra in the
S2p region exhibit a doublet S2p3;; and S2pqp> in the MXene/S
composite at BEs of 161.8 eV and 163.7 eV with an intensity ratio of
0.51 indicating the presence of S.
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Fig. 3. Electrochemical performance evaluation of DMX/S. (a—d) Li—S system. (a) CV curves, (b) Charge — discharge curves, (c) Cycling stability, (d) Rate performance, (e—h) Na—S
system, (e) CV curves, (f) Charge — discharge curves, (g) Cycling stability, (h) Rate performance. (i—1) K—S system, (i) CV curves, (j) Charge — discharge curves, (k) Cycling stability, (1)
Rate performance. In ¢, g and k, the right y-axis is couloumbic efficiency.

The DMX/S composite contains around 25 wt% S in the com-
posite as determined by TGA (Supp. Fig. 5). The TGA curves show
two weight loss zones, one from 100 to 200°C and another from
200 to 350°C. The first zone is most probably associated with S loss
from the edges of the MXene sheets and in large pores; the latter
from between the MXene layers themselves [39]. The enhanced
thermal stability of the confined S can be attributed to its strong

confinement and interaction with the MXenes sheets.

presents typical

CV curves,

To test the electrochemical response of our DMX/S system, coin
cells were assembled with DMX/S as the cathode and Li, Na, or K
foils as anodes. The electrolyte in the Li, Na, and K case was 1 M
LiPFs, 1 M NaPFg (EC:PC), and 1 M KPFg, respectively in EC:DEC. In
the Na system, 5 vol% FEC was added to the electrolyte. Fig. 3
galvanostatic charge—discharge
curves, and cycling tests of DMX/S cathodes in Li, Na, and K sys-

tems. The first CV curve in the Li—S cell demonstrates three
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reduction and oxidation peaks in 1—3 V potential window vs. Li/Li™.
The redox pair A-A’ is observed only in the first cycle and can
possibly be because of the irreversible redox behavior between the
MXene nanosheets and the carbonate electrolyte (Fig. 3a). The
redox pairs B—B’ and D-D’ are possibly because of intercalation and
the pseudocapacitive behavior of MXene in organic electrolytes,
respectively, as noted in previous reports [40,41]. The redox pair
B—B' is also present in the thermally treated DMX cathode (without
S) as shown in Supp. Fig. 6a. Nevertheless, the capacity contribution
from the B—B’ and D-D’ peaks is negligible and only present for the
first 20 cycles (Supp. Fig. 7). After 10 cycles, the single redox pair
C—C'—corresponds to the conversion of Sg to Li,S via a solid-state
conversion, possibly because of the desolvation of Li ions, which
dominates the charge transfer reaction [16,42]. We believe the
interlayer distance of MXene nanosheets after thermal treatment
facilitates Li-ion desolvation leading to a quasi-solid-state conver-
sion. This possibly enables the intermediate polysulfides to remain
within the stacked interlayers preventing contact and consequently
adverse reactions with the carbonate solvent [ 18,43]. A single broad
peak in oxidation and reduction reactions is possibly an effect of a
lower energy barrier for polysulfides to Li;S conversion. Normal
MXenes without DHT treatment subjected to sulfur deposition
technique did not contribute to significant current response (Supp.
Fig. 8). This suggests a requirement of higher initial interlayer
spacing for sulfur intercalation, which the DMX host provides,
which reduces after thermal treatment, confining sulfur in between
the sheets as depicted by the diffraction pattern in Fig. 3. The
charge—discharge plateaus are consistent with the CV curves
showing only a single plateau, unlike conventional ether-based
Li—S redox reactions that show two plateaus.

The DMX/S electrode demonstrates a high discharge capacity of
1,100 mAh/g at a C/10 rate in Li—S batteries. To estimate the ca-
pacity originating from the DMX host alone, we performed the
same charge—discharge tests at the same current per gram of active
material (~20 mA/g) as for the S composite, and the capacity was
only ~35 mAh/g (Supp. Fig. 6b). It is clear that the host material
does not contribute much to the capacity, and it is indeed the S that
is playing the dominant role. The long-term cycling was performed
at C/2 rate and the DMX/S delivered 750 mAh/g (capacity
retention = ~94%), 733 mAh/g (92%), 688 (86%), and 550 mAh/g
(69%) after 100, 200, 500, and 1,000 cycles, respectively. The cells
were rested for 12 h and conditioned at C/10 and C/5 for two cycles
each. The cathode delivered an average Coulombic efficiency of
99.98% over 1,000 cycles indicating complete utilization of S with
negligible side and/or polysulfide reactions with the carbonate
species. To further understand the cathode's behavior under
various currents, rate analyses were performed. Such tests shed
light on the mass diffusion of Li* in the interlayer spacing. The
DMX/S cathode delivered a capacity of 1,050, 830, 730, 550, and 400
mAh/g at C/10, C/5, C/2, 1C, and 2C, respectively (Fig. 3d). Further-
more, when the current was decreased back to C/5 and C/10, the
capacities rebounded to 800 and 950 mAh/g, respectively,
demonstrating the robustness of the cathode toward electro-
chemical stresses.

The DMX/S cathodes were also cycled with a Na anode (Fig. 3e).
The potential window was increased for complete conversion of the
reduction peak. Although Li-/Na-S cells both have multistep redox
reactions, the large size and poor mobility of Na-ions complicate
the electrochemical reactions of the Na-S cells. The sluggish reac-
tion kinetics cause high polarization that the operating voltage
window, in turn, shifts toward lower discharge voltages of =0.5 V
[44]. The first reduction cycle shows three reduction peaks. We
attribute the first peak at ~1.5 V (A) to the reduction of S to Na,Sy;
the second at ~0.9 V (B) to the decomposition of electrolyte and
subsequent solid electrolyte interphase (SEI) formation and the
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third peak, at ~0.6 V (C), to further reduction of Na;Sx (x = 4—8) to
NayS; and NayS [45—47]. In subsequent cycles, we see only two
reduction peaks (A-A’ and C—C’) that can be associated with the
formation of S to Na,Syx followed by Na,Sx to Na,S, and NayS. We
also observe a lower polarization gap during reduction cycles for
similar conversions. For the first time, compared with prior litera-
ture, we observe two dominant and repeatable redox pairs in the
Na-S system with carbonate electrolyte. The two redox peaks
demonstrated by the DMX/S cathode coupled with a Na anode
show a striking difference compared with its use with Li anodes.
Usually, a single pair of redox peaks are reported in the literature
and are associated with the conversion of small S molecules (S;-S4)
to NayS. However, here, we believe S exists in its octa-sulfur poly-
morph (Sg) because of the relatively lower synthesis temperature
and the higher interlayer spacing (2.2 nm compared with <0.7 nm
for microporous carbon) within the ML-DMX sheets is enabling
successful intercalation/confinement of larger Sg molecules. Tradi-
tionally, Na,Sy is formed at ~2.2 V; however, in our work, the peak is
seen at ~1.7 V (~1.5 V in the first cycle), which could be attributed to
the additional energy barrier needed for Na-ions to strip out of
their solvation shell (>1.8 nm) and diffuse into the narrow inter-
layer spacing of the DMX sheets [9]. A lower peak voltage in the
first cycle may be associated with the formation of an ion-
conductive SEI, alleviating the energy required for Na-ions to
intercalate into the DMX host [47]. In the oxidation cycle, again, we
observe two peaks related to the conversion of Na,S to Na,Sx and
Na,Syx to Ss. As discussed earlier, the successful repeatable opera-
tion in carbonate electrolyte suggests that the Na,Sx formed does
not come in contact with the electrolyte because of its confinement
both within the MXene sheets and SEI layer.

To understand the electrochemical behavior of thermally
treated DMX cathodes (without S) as a reference (Supp. Fig. 6¢),
they were cycled in the same electrolyte. A single reduction peak
was observed at 0.9 V vs Na/Na™ in the first cycle (also seen in the
first cycle of DMX/S), which is associated with the formation of SEI,
after which the electrode delivers a double-layer capacitance.
Comparing the CV curves of DMX/S and DMX shows the existence
of two additional redox peaks only in the DMX/S host, confirming
their origin from S redox.

To further evaluate the electrochemical performance, galvano-
static  charge—discharge tests were performed. The
charge—discharge plateaus exhibit a similar trend as seen in CV
curves (Fig. 3f). The DMX/S powders deliver an initial capacity of
1,400 mAh/g at C/20, which is attributed to Sg reduction to Na;S and
solvent decomposition resulting in SEI formation. A 1,100 mAh/g
capacity is retained after the first cycle. It is worth noting that the
irreversible capacity loss possibly because of SEI formation in the
first cycle is relatively small and accounts for ~300 mAh/g, which
can be associated with the low surface area of our ML MXene
sheets. The capacity stabilizes at 900 mAh/g after the first few cy-
cles and delivers a capacity of 850 mAh/g (capacity
retention = ~94.4%), 730 mAh/g (81%), 650 mAh/g (72.2%), and
~600 mAh/g (~67% capacity retention) after 100, 200, 300, and 400
cycles, respectively, at C/2 (Fig. 3g). The rate performance in Fig. 3h
was evaluated at C/10, C/5, C/2, 1C, and 2C wherein the cathode
delivered capacities of 1050, 950, 800, 600, and 400 mAh/g,
respectively. On reducing the current to C/10, a capacity of 1,000
mAh/g was recovered. The high capacity retention, at various cur-
rent rates, can be attributed to the host conductivity and ion
transport.

The electrochemical performance of DMX/S cathodes was
further evaluated with K anodes. The DMX/S cathodes were
cycled from 0.1 to 3.0 V wrt K/K* in carbonate electrolyte. Fig. 3i
shows the CV curves of DMX/S in the K-S system. The anodic
curves show two reduction peaks at 1.7 V (A) and a broad
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convoluted hump from 1.1 to 0.4 V (B & C) wrt K/K™". Based on our
initial hypothesis on confinement of Sg in the layered structure
and desolvation of K* ions resulting in the reduction of the spe-
cies, the first reduction peak can be attributed to the conversion
of Sg to K;Sx [48]. The broad hump probably is a combination of
two peaks resulting from the reduction of electrolyte on the
electrode surface, C (~0.9 V wrt K/K") and reduction of K;Sx to
K5S3, K255, and K3S, B (~0.7 V wrt K/KT) [10]. Compared with Li-S
and Na-S systems, we need to shift the voltages of the K-S system
to the lower end (0.1 V) to observe the complete conversion of the
reaction because of its sluggish kinetics. In subsequent cycles, we
observe only two sharp reduction peaks related to Sg reduction at
1.6 V and 0.7 V wrt K/K*. During the oxidation cycle, we observe
two peaks at 2 V and 2.5 V wrt K/K" demonstrating the conver-
sion of solid K5S to KSx and KsSx to Ss, respectively. Xiong et al.
reported infusion of small S molecules in microporous carbon
with high-temperature treatment (~600°C) and observed two
reduction peaks positioned at 1.5 and 0.85 V wrt K/K*. However,
the scan rate used in the literature is low (0.01 mV/s) compared
with this study (0.1 mV/s), which can explain the peak shifts [48].
Interestingly, they observed two peaks similar to the present
study despite the presence of small S molecules as the active
material. We believe the SEI layer formed in the first cycle pre-
vents the interaction of the electrolyte with the S species and
consequently any adverse reactions. Also, similar to the Na-S
system, the increased polarization gap in between redox reactions
results in the observation of two peaks in the K-S system
compared with a single peak in Li-S. The charge—discharge pla-
teaus obey similar patterns as the CV curves. The cathode delivers
an initial capacity of ~1,700 mAh/g at C/20, which is higher than
the theoretical capacity of Sg, denoting some capacity is origi-
nating from the reduction of Sg as well as the irreversible
reduction of the electrolyte (SEI) in the first cycle. The capacity
then reduces at ~1,400 mAh/g in subsequent cycles, which is
expected to be fully attributable to the Sg reduction reaction. The
cathode delivers a capacity of 700 mAh/g, 500 mAh/g, 450 mAh/g,
and 400 mAh/g after 100, 200, 300, and 400 cycles, respectively,
at a C/10 current rate. The rapid decrease in capacity can be
attributed to the larger K* ions (0.276 nm) rupturing the SEI layer
and eliminating the confinement effect. However, further study
needs to be carried out to understand this effect completely.
Because of sluggish kinetics, the rate capability was performed at
C/20, C/10, C/5, and C/2 as shown in Fig. 3i, wherein the cathode
delivered a capacity of 900, 700, 600, and 400 mAh/g, respec-
tively. For comparison, we cycled the thermally treated DMX
(without S) in the similar voltage range with similar gravimetric
current densities (Supp. Fig. 6 e,f). A single reduction peak in the
1st cycle is attributed to SEI formation and is also observed for
DMX/S cathode, after which the electrode delivers a double-layer
capacitance in subsequent cycles. During the charge—discharge
tests the capacity contribution is higher compared with Li-S and
Na-S system because of the lower current density in K-S system.

4. Conclusion

In conclusion, for the first time, we demonstrate the utilization
of highly conductive MXene sheets as a confinement source for Sg
molecules enabling solid-state conversion in carbonate electrolytes
in alkali metal (Li/Na/K)-S systems. Compared with conventional
liquid phase Li-S electrochemical reactions, this quasi-solid-state
mechanism has various advantages, which can provide a new
paradigm for future metal-S battery materials design and synthesis.
Our findings provide a universal host to fabricate high-performance
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room-temperature alkali metal—S batteries using carbonate elec-
trolyte, a more commercially viable choice.
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