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ABSTRACT: As an inexpensive and naturally abundant two-dimensional (2D) material, molybdenum disulfide (MoS,) exhibits a
high Li-ion storage capacity along with a low volume expansion upon lithiation, rendering it an alternative anode material for
lithium-ion batteries (LIBs). However, the challenge of using MoS,-based anodes is their intrinsically low electrical conductivity and
unsatisfied cycle stability. To address the above issues, we have exploited a wet chemical technique and integrated MoS, with highly
conductive titanium carbide (Ti;C,) MXene to form a 2D nanohybrid. The binary hybrids were then subjected to an n-butyllithium
(n-Buli) treatment to induce both MoS, deep phase transition and MXene surface functionality modulation simultaneously. We
observed a substantial increase in 1T-phase MoS, content and a clear suppression of —F-containing functional groups in MXene due
to the prelithiation process enabled by the #-Buli treatment. Such an approach not only increases the overall network conductivity
but also improves Li-ion diffusion kinetics. As a result, the MoS,/Ti;C, composite with n-Buli treatment delivered a high Li-ion
storage capacity (540 mA h g™ at 100 mA g™'), outstanding cycle stability (up to 300 cycles), and excellent rate capability. This
work provides an effective strategy for the structure—property engineering of 2D materials and sheds light on the rational design of
high-performance LIBs using 2D-based anode materials.

KEYWORDS: two-dimensional composite, molybdenum disulfide, MXene, Li-ion battery, prelithiation

H INTRODUCTION layered transition metal dichalcogenides (TMDs),"”~"" to
further improve the performance of LIBs.

As a representative TMD, molybdenum disulfide (MoS,)
provides a highly competitive landscape in terms of electro-
chemical performance when employed as a LIB anode.
Compared to the conventional graphite anode, MoS, exhibits
three and a half times higher capacity (up to 1290 mA h g™")
and an improved safety benefiting from less dendrite formation
associated with an intermediate lithiation voltage (1.1-2 V vs
Li/Li*). In addition, it shows a lower degree of volume
expansion (103%) upon lithiation compared to Si (280% for
Li;Si, stoichiometry) with a better rate capability and capacity
retention.'”'” However, the intrinsically low electrical

It is estimated that CO, emissions must be reduced by at least
50% to limit global warming to 2 °C by 2050"” in order to
avoid a future in which everyday life around the world is
marked by its worst and the most devastating effect—climate
change. The pressing need for carbon emission reduction calls
for a rapid move toward electrified mobility and expanded
deployment of solar and wind on electric grids. As a result,
high-performance electrical energy storage systems are highly
demanded. Rechargeable lithium-ion batteries (LIBs) are the
most widely used battery system in portable electronics and
electric vehicles nowadays because of their high energy per unit
mass, power-to-weight ratio, high-temperature performance,
and low self-discharge.' ™ Nevertheless, conventional graphite
anodes exhibit a rather small theoretical maximum Li storage Received:  May 5, 2022
capacity (372 mA h g™')," which is far from satisfaction for Accepted:  July 14, 2022
the development of modern society. As a result, extensive Published: August 1, 2022
research has been conducted on various high-specific-capacity

anode materials, such as nanostructured carbon,”™” sili-

10-12 1. 13—1 . .
con,"’ metal oxides,”>™'® and two-dimensional (2D)
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conductivity arising from the semiconducting nature of the 2H
phase has been a limiting factor for achieving a high-
performance MoS,-based anode.

Tremendous efforts have been devoted to improve the
conductivity of 2H-MoS,, where phase engineering and
composite formation are now at the center of these efforts.
MoS, phase transition from the semiconducting 2H phase to
the metallic 1T phase can be achieved through ion
intercalation, doping engineering, strain application,zo_24 and
so forth. Among the abovementioned strategies, solution-
phase-based ion intercalation achieved during the MoS,
solvothermal synthesis process has been considered as one of
the most effective approaches because of its simplicity, low
cost, scalability, and operational stability. Recently, we
successfully employed a one-step solvothermal method in a
bisolvent medium for dual-phase MoS, synthesis and
demonstrated excellent electrochemical catalytic perform-
ance.” Nevertheless, the 1T-phase content in the obtained
MoS, structure is relatively low, which could potentially limit
the anode performance.

On the other hand, integrating MoS, with highly conductive
frameworks to form hybrid composites is another effective
approach to improve its conductivity. Compared with a widely
used carbonaceous framework such as graphene,lg’z‘g_34
MXenes, a group of 2D materials consisting of transition
metal carbides/nitrides/carbonitrides, exhibit enriched materi-
al chemistry, relatively high electrical conductivity, and
superior hydrophilicity, rendering them an attractive alter-
native as the conductive frameworks.” >’ In contrast to the
charge-neutral graphene, MXenes exhibit a negatively charged
surface due to the existence of rich surface functional groups,
such as —OH, —O, and —F, which not only enhance the
dispersion of precursors but also promote the MoS, nucleation
in the solvent, making MXenes a superior substrate candidate
for the synthesis of MoS,.*® Moreover, it has been reported
that the MXene electrochemical properties strongly depended
on the nature of surface terminal groups, which endow
MXenes with an extra degree of freedom for the LIB
performance optimization. For instance, the —F-containing
functional groups with a higher Li-ion diffusion barrier would
impede the ion transport and decrease the capacity, high-
lighting the necessity of surface functionality modulation.’”*’

Recently, Ti;C, MXene, one of the representative MXenes,
has been composited with MoS, for LIB applications. For
instance, Du et al.*' synthesized MoS, nanoflakes and Ti;C,
hybrid structures by a hydrothermal method and reported a
reversible discharge capacity of 614 mA h g™ at 0.1 A g™" after
70 cycles. Zheng et al.** intercalated MoS, nanosheets into
partially oxidized Ti;C, and demonstrated a discharge capacity
of 230 mA h g™ at 0.5 A g™' for 50 cycles. Shen et al.*’
produced the MoS,-decorated Ti;C, using a solid-phase
sintering method and achieved 131.6 mA h g™' at 1 A g™
for 200 cycles. The aforementioned reports mostly ascribed the
improved anode performance of hybrid structures to the
enlarged interlayer spacing after the composite integration and
the inherent high conductivity of MXene compared with that
of the single-component anode. The impacts of MoS, phase
engineering together with MXene surface functionality
modulation on LIB performance, however, have never been
investigated, hindering the fundamental understanding and
performance improvement of the nanocomposite.

Herein, we aim to design and conduct an experiment to
trigger a deep phase transition of MoS, and engineer the

surface functionality of MXene simultaneously. We employed
the dual-phase MoS, and Ti;C, MXene hybrid obtained from
the solvothermal method as starting materials and performed
an n-butyllithium (n-Buli) solution treatment to prelithiate the
nanocomposites. We observed a substantial increase in 1T-
phase content of MoS, from 50 to 75% and a clear suppression
of —F-containing functional groups on the MXene surface due
to the lithium-ion intercalation, leading to a clear improvement
of the overall network conductivity and Li-ion diffusion
kinetics. As a result, the n-Buli-treated MoS,/Ti;C, hybrid
exhibits a reversible Li-ion storage capacity of ~540 mA h g™
for 300 cycles at 100 mA g~ ' with a clearly improved rate
capability compared with that of the pristine nanohybrid.

B METHODS

Materials. Anhydrous ethanol, lithium fluoride (LiF), hydro-
chloric acid (HCl), ammonium molybdate, thiourea and N,N-
dimethylformamide (DMF), n-Buli in hexane solution, hexane, and
N-methyl-2-pyrrolidone (NMP) were purchased from Fisher
Scientific, USA. Ti;AlC, was purchased from Beijing Forsman
Scientific Co. Ltd., China. Super P and polyvinylidene fluoride
(PVDF) were purchased from AOT Electronics Technology Co.,
LTD, China. All chemicals were used as received without any further
purification.

Preparation of Ti;C, MXene. The Ti;C, was prepared by the in
situ HF etching method.** Specifically, 2 g of LiF powder was slowly
added into 40 mL of HCI (9 M) solution and stirred for 30 min until
LiF was fully dissolved. 2 g of Ti;AIC, was slowly added into the LiF/
HCI mixture, which was placed in an ice bath subsequently. The
solution was kept at 40 °C for 48 h with continuous stirring. After the
reaction, the black powder was collected by centrifugation and washed
with deionized (DI) water until the supernatant reached a pH value
larger than 6. The powder was dried under vacuum at 60 °C for 12 h.

Synthesis of the Dual-Phase MoS,/Ti;C, Composite. 1 g of
the as-prepared Ti;C, powder was added into 60 mL of DI water/
DMEF bisolvent, followed by ultrasonication to form a homogenous
suspension. 1.928 g of ammonium molybdate and 3.645 g of thiourea
were slowly added into the suspension and stirred until the precursors
were well-mixed. The suspension was then transferred into a 100 mL
Teflon-lined autoclave and kept at 195 °C for 22 h. After naturally
cooling down to room temperature, the product was collected by
centrifugation and washed with DI water and ethanol at least five
times, followed by vacuum drying at 60 °C for overnight. The as-
prepared composite is denoted as p-MT.

Preparation of n-Buli-Treated MoS,/TizC,. 0.5 g of p-MT was
dried in a vacuum oven at 100 °C for overnight in order to remove
the moisture in the powder. The dried powder was then transferred
into an Ar-filled glovebox (O, < 0.01 ppm and H,O < 0.01 ppm). 10
mL of n-Buli/hexane solution was slowly added to the powder in
order to avoid vigorous reaction, and the sample was kept in the
glovebox for 15 days to allow a thorough reaction to occur. The n-
Buli-treated sample is denoted as n-MT. After the reaction, the n-MT
was first washed with hexane five times inside the glovebox to remove
excessive n-Buli, and then, the product was extracted from the
glovebox and washed with DI water by vacuum filtration to wash out
the residual hexane. In the end, the sample was dried in a vacuum
oven overnight.

Characterization. X-ray diffraction (XRD) was performed using a
Rigaku Ultima IV system with Cu Ka radiation (wavelength = 0.154
nm). Raman spectra were collected using Renishaw InVia with an
excitation laser wavelength of 514 nm. The morphologies of all
products were investigated by field-emission scanning electron
microscopy [FE-SEM, Carl Zeiss AURIGA CrossBeam] with an
Oxford energy dispersive X-ray spectroscopy (EDS) system. X-ray
photoelectron spectroscopy (XPS) was performed using a mono-
chromatic Al Ka source (hv = 1486.6 V) (ESCALAB 250, Thermo
Scientific).

https://doi.org/10.1021/acsami.2c07984
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Electrochemical Measurements. The LIB electrode perform-
ance was evaluated in a half-cell configuration in a type CR2032 coin
cell. The coin cell was fabricated in an Ar-filled glovebox (O, < 0.01
ppm and H,0 < 0.01 ppm) with n-MT or p-MT as working
electrodes, LiPF; in EC/DMC as the electrolyte, and Li foil as the
counter/reference electrode, respectively. The working electrode was
prepared by mixing the nanocomposite, Super P, and PVDF in a
weight ratio of 8: 1: 1 in NMP and then doctor-bladed on a Cu
current collector followed by drying in a vacuum oven. Galvanostatic
charge—discharge (GCD) and cyclic voltammetry (CV) were tested
in the potential range of 0—3 V versus Li/Li" with a current density
and scan rate of 0.1 A/g and 0.05 mV/s, respectively. The
electrochemical impedance spectroscopy (EIS) was performed at
open-circuit potential in the frequency range of 10 mHz to 100 kHz
with the amplitude of 5 mV. All the electrochemical tests were
performed on a Biologic VMP3 potentiostat at room temperature.

B RESULTS AND DISCUSSION

As shown in the top panel in Figure 1, the p-MT composite
was synthesized using a bisolvent solvothermal method
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Figure 1. Schematic illustration of n-Buli treatment for MoS,/MXene
nanohybrid structures.

reported previously.”> Briefly, accordion-like Ti;C, MXene
flakes were produced by the in situ HF etching method.**
Specifically, the reaction between HCI and LiF will in situ
produce HF, which can effectively etch off the Al layer from
the Ti;AIC, precursor by breaking the relatively weak Ti—Al
bond compared to the Ti—C bond.***” The obtained Ti,C,
flakes were then added into DI water/DMF bisolvent together

with ammonium molybdate and thiourea powders, which
served as Mo and S sources, respectively. Our previous work
demonstrated that the use of bisolvent not only induces the
phase transition of MoS, from the semiconducting 2H to
metallic 1T phase by NH,"-ion intercalation but also prevents
the undesired oxidation of MXene, leading to the improvement
of conductivity and stability of the hybrid structure
simultaneously. ™" The as-prepared p-MT sample was then
soaked into n-Buli/hexane solution for 15 days in a glovebox to
obtain the n-MT sample. As an organolithium reagent, n-Buli
has been widely used as an intercalating agent for 2D materials
exfoliation.””** We anticipate that the n-Buli treatment can
further improve the composite electrochemical performance in
the following aspects (see the bottom panels in Figure 1): (i)
increase the conductivity of MoS, by Li-ion interaction to
trigger deep phase transition of MoS, and (ii) reduce the
content of F-containing functional groups, which are known
for adversely affecting the battery performance."’

To investigate the structure and composition of the
products, a series of characterizations were conducted. The
SEM and transmission electron microscopy (TEM) images of
p-MT are shown in Figure 2a,b, where MoS, flakes were found
uniformly wrapped around the Ti;C, layers. The interlayer
distance of MoS, and Ti;C, in p-MT is extracted from high-
resolution TEM (HRTEM) images (Figure 2c,d), and the
values are 0.98 and 1.36 nm, respectively. These values are
found to be larger than the reported values for pure 2H phase
MoS, (0.64 nm) obtained from an in situ sulfurization
method*®*”*® and Ti,C, flakes (1 nm) from typical HF
technique.”””" The increased interlayer space can be ascribed
to the NH,™-ion intercalation during the solvothermal
synthesis process and the integrated stacking nature of the
2D layers, which will be beneficial for facile ion transport
during battery operation.

The SEM and TEM images of n-MT are shown in Figure 2e
and f, where distinct, largely expanded features are observed.
We suspect that the severe structure evolution after n-Buli
treatment is related to the H, gas generation along with heat
production originating from the vigorous reaction between n-
Buli and the small amount of residual water trapped within the
2D composite.”” Additional SEM images of n-MT can be
found in Figure S1. The HRTEM images of n-MT are shown
in Figure 2g/h, and the interlayer distance of MoS, and Ti;C,

Figure 2. SEM (a) and TEM (b) images of the p-MT sample. HRTEM images of p-MT with the marked interlayer distances of MoS, flakes (c)
and MXene sheets (d). (e,f) SEM and TEM images of the n-MT nanohybrid. The interlayer distances of MoS, and MXene are shown in (gh),

respectively.
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MXene was extracted to be 1 and 1.26 nm, respectively. The
interlayer distance of MoS, is almost unchanged compared to
the one in p-MT but decreased in the case of Ti;C, MXene
after n-Buli treatment (see more HRTEM images in Figure S2,
and a detailed discussion can be found in the following
section). The EDS mappings can be found in Figure S3 with
uniformly distributed MoS, and MXene-related elements,
suggesting the existence of MoS, and Ti;C, MXene
components in the composite before and after n-Buli
treatment. The presence of oxygen species can be attributed
to the presence of oxygen functional groups in MXene along
with the unavoidable sample oxidation. A low —F content was
detected in both p-MT and n-MT. However, the atomic ratio
of the —F content was clearly reduced in n-MT (0.3%)
compared to that of p-MT (11.1%) after the n-Buli treatment,
which is expected to reduce the diffusion barrier of Li ions and
therefore improve the rate performance of the battery anode.

Figure 3a shows the Raman spectra of p-MT and n-MT.
Clear By, (280 cm™), E,, (377 em™), and A, (404 cm™")

(b)

(a)
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Figure 3. Raman spectra (a) and XRD patterns (b) of pristine and n-
Buli-treated MoS,/MXene hybrid structures.

peaks corresponding to the vibration of atoms along in-plane
(Eig Eyg) and out-of-plane (A;,) directions have been detected
in p-MT and are in good agreement with the previous reported
2H-phase MoS,.°>>” In addition, the observation of the
vibration peaks at 151 and 336 cm™' suggests a clear 1T phase

in p-MT. The formation of the 1T phase is triggered by the
NH,"-ion intercalation introduced during the bisolvent
synthesis process, where both ammonium molybdate and
DMEF act as the abundant source of NH," ions. Specifically, the
intercalated NH,* can stimulate the charge imbalance between
Mo®* and Mo*" and cause the S plane sliding and therefore the
MoS, crystal structure distortion, resulting in the phase
transformation from 2H to 1T eventually.”*

In the case of n-MT, four 1T phase-related peaks located at
150, 225.6, 340, and 356 cm™" corresponding to the previously
reported Li intercalated MoS,>> are well-observed. It is worth
mentioning that the intensities of both A;; and E,, peaks are
reduced in n-MT compared with p-MT, indicating a less
content of the 2H phase in n-MT. Furthermore, we noticed
that the E;, mode was not detectable in n-MT, which can be
ascribed to the swollen and enlarged MoS, features after Li
intercalation, inducing a relatively less amount of edge plane
exposure under the laser spot.” In addition, it can be seen that
a peak at 225.6 cm™! emerged in n-MT due to the structure
distortion along with potential defect generation after n-Buli
treatment.’® The enhanced peak at 200 cm™! can be attributed
to the increased exposure of Ti;C, MXene layers resulting
from the microstructure evolution of MoS, after n-Buli
treatment, where sparser MoS, layers were observed.

The XRD pattern of both samples can be found in Figure
3b. The diffraction pattern of p-MT shows obvious diffraction
peaks at 6.47, 17.8, 25.27, and 60.47°, which can be correlated
to the Ti;C, MXene (002), (006), (008), and (110) planes,
respectively. The MoS,-related diffraction peaks at 9.2, 32.3,
44.6, and 56.9° were clearly observed, corresponding to the
(002), (100), (006), and (110) planes, respectively. Two peaks
located at 35.9 and 41.7° are attributed to TiC, which is
originally from the Ti;AlC, precursor.””® Additional weak
peaks (marked with purple dots) were also observed from both
samples, which can be ascribed to the Al-related residue from
the wet chemical etching process. The interlayer spacing of
Ti;C, and MoS, was calculated via Bragg’s diffraction
equation, and the values are 1.36 and 0.96 nm, respectively,
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Figure 4. Deconvoluted XPS spectra of p-MT (top panel) and n-MT (bottom panel), showing the binding energy of fluorine (a,d), molybdenum
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Figure S. GCD profiles of p-MT (a) and n-MT (b). The cycling performance of the 2D nanohybrids (c). Rate performance of n-MT (d) and

Nyquist plot of the 2D hybrids (e).

which are in line with the HRTEM results shown in Figure
2¢,d. In the case of n-MT, clear peak intensity reduction and
the disappearance of (006) plane-related peaks in both MXene
and MoS, can be observed, indicating a decreased structural
crystallinity after n-Buli treatment. This result is also in
agreement with the 225.6 cm™ Raman peak emergence in n-
MT (Figure 3a), which was attributed to the higher defect
density in MoS, after lithiation. The amorphous ring features
shown in the selected area electron diffraction (SAED) pattern
(see Figure S4) also suggest a poor crystallinity resulting from
the intercalation of NH,* and/or Li* ions.””° The amorphous
nature of the binary composites is beneficial for the MoS,-
based anode performance due to the increased ion
intercalation sites and reduced ion diffusion resistance.””®!

It is worth mentioning that although the MoS,(002) peak
does not show a clear change in n-MT, the Ti;C,(002) peak
upshifts to 7.12° corresponding to a reduced interlayer spacing
of 1.26 nm compared with p-MT, which echoes well with the
TEM result shown in Figures 2 and S2. In the case of MoS,,
the interlayer distance remained similar after n-Buli treatment,
which can be understood since sufficient interlayer expansion
has been achieved via NH,'-ion intercalation during the
bisolvent synthesis process. In the case of MXene, the
reduction of interlayer distance upon lithiation®® can be
ascribed to the moisture loss® and electrostatic interactions
between the inserted Li ions and the inherently negatively
charged MXene layers. In addition, the de-functionalization of
the F-containing group in the MXene layers could also
contribute to the interlayer space reduction (see discussion in
the section below).

35677

XPS was performed to provide further insight into the
chemical constitution and phase information. The complete
survey of p-MT and n-MT is shown in Figure SSa)b,
respectively. A small peak located at ~685 eV corresponding
to the F 1s signal was detected in p-MT, whereas there was no
obvious peak observed in the range of 600—800 eV for n-MT.
The deconvoluted F 1s spectra for both samples are shown in
Figure 4a,d. The peak in p-MT is clear and can be
deconvoluted into Ti—F and AI-F related bonds, originating
from the incomplete etching of the Al layer in the Ti;AlC,
phase using LiF. However, only a tiny Ti—F bond-related
signal was observed in n-MT, suggesting the effective removal
of F-containing functional groups from the Ti;C, MXene after
n-Buli treatment, which corresponds well to the observation in
Figure S3. The reduction of F-containing functional groups can
be attributed to the Ti—F bond weakening and cleavage upon
Li*-ion intercalation®”®® during the n-Buli treatment.

To investigate the MoS, phase transition in these two
samples, the Mo 3d spectra were deconvoluted, and the related
results are shown in Figure 4b,e. In p-MT (see Figure 4b), two
sets of peak doublets located at 229.5/232.7 eV and 228.5/
231.7 eV were observed, which can be assigned to the 2H
(pink line) and 1T phases (blue line) of MoS,, respectively.*®
A similar analysis was carried out for the n-MT sample, and the
1T phase ratio was calculated according to the area of the
peaks. The result shows that n-MT exhibits a higher 1T phase
ratio (75%) compared to p-MT (50%). Figure 4c,f exhibits the
deconvoluted S 2p spectra of the two samples where two sets
of peak doublets at 162.1/163.4 eV and 161.6/162.75 eV are
observed, corresponding to the 2H (pink line) and 1T phases
(blue line), respectively, and a higher 1T phase ratio of 74%
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was also detected in n-MT. The above results demonstrate that
a deeper phase transition of MoS, and surface functionality
modulation of MXene has been successfully achieved by the n-
Buli treatment, which is expected to improve the anode
performance in terms of stability and rate capability because of
the improved conductivity and facile Li* diffusion in the hybrid
associated with the increased amount of the 1T metallic MoS,
phase along with a higher population of defective sites and the
reduced amount of F-containing functional groups, which has a
higher Li" diffusion barrier in MXene.

The electrochemical battery performance for both samples
was evaluated by GCD at a current density of 0.1 A g”" in the
potential window of 0.01—3 V (vs Li/Li"). Figure Sa displays
the GCD curves of p-MT. In the first lithiation process, the
plateaus observed at ~1 and 0.5 V are associated with the Li-
ion intercalation into MoS,, forming Li, MoS, (see equation 1)
with the phase transformation from 2H to 1T and its further
lithiation to form Mo nanoparticles embedded in Li,S matrix
(see eq 2). In the first delithiation process, two plateaus at 1.5
and 2.2 V are correlated to the oxidation of Mo to MoS, (eq 3)
and the transformation of Li,S into S (eq 4), respectively. In
the following charge/discharge cycles, two sets of plateaus can
be identified. The plateaus at 1.86 V (discharge)/2.25 V
(charge) and 1.3 V (discharge)/1.6 V (charge) can be assigned
to the redox couples of S/Li,S and MoS,/Mo (egs 3 and 4),
respectively. The p-MT nanocomposite delivers a high initial
lithiation capacity of 687 mA h g' followed by a delithiation
capacity of ~516 mA h g™ in the first cycle. The large
irreversible capacity can be attributed to solid—electrolyte
interphase formation, which could originate from electrolyte
decomposition. At the 100th charge/discharge cycle, a
delithiation capacity of 330 mA h g™ is observed.

MoS, + «xLi* + xe” — Li MoS, (1)

Li,MoS, + 4(1 — x)Li* + (4 — x)e” — Mo + 2Li,S

()
Mo + 2Li,S & MoS, + Li MoS, + 4Li" + 4e” 3)
2Li,S & 28 + 4Li" + 4e” (4)

In the case of n-MT (Figure Sb), two distinct features in
charge/discharge profiles can be observed in contrast to p-MT.
First, the absence of the plateau at ~1 V can be explained as
the pre-existence of Li,MoS, in n-MT induced by the n-Buli
treatment. This observation also suggests a high 1T phase
content in n-MT, which is in line with our observation in
Figure 4. Second, despite general plateau formations associated
with LiMoS, decomposition and reversible reactions between
S/Li,S and MoS,/Mo can be identified (eqs 2—4), the plateaus
are not as obvious as those in p-MT due to the severe layered
structure deformation after the n-Buli treatment (see Figure
2e).”” The CV curves of the hybrid 2D composites can be
found in Figure S6. In the case of p-MT, all the peaks
correspond well with the plateaus (1.86 V/2.25 V and 1.3 V/
1.6 V) observed in the GCD curve (see Figure Sa). In the case
of n-MT, a broad peak located at 0.5 V emerged, which is due
to the decomposition of Li,MoS, induced by the prelithiation
during n-Buli treatment. The n-MT nanohybrids delivered a
similar initial lithiation capacity to that of p-MT (~701 mA h
g™') but showed a minor decrease up to the 50th cycle and
then increased to a higher capacity in the following cycles. For
instance, the delithiation capacities at the 100th and 200th

cycles were found to be ~508 and 610 mA h g™, respectively.
The slow increase in the capacity can be attributed to the
activation process of the electrode material upon cycling,
which gradually generates micro-channels for electrolyte ion
transport and therefore effectively enhance the Li-ion
intercalation/extraction efficiency.”® Eventually, the n-MT
composite maintained a delithiation capacity of 540 mA h
g ! at the 300th cycle, demonstrating superior Li-ion storage
capacity compared to that of p-MT and pure MoS, or Ti;C,
MXene samples (see Table S1).

Figure Sc shows the comparison of the cycling stability of p-
MT and n-MT composites at a constant current density of 100
mA g~'. The Coulombic efficiency (CE) of p-MT and n-MT at
the beginning of the cycling is 75 and 67%, respectively. In the
following cycles, the CE of the p-MT anode decreases to 88%
at the 100th cycle along with severe capacity fading. In sharp
contrast, the n-MT nanocomposite shows a much more stable
cycling performance with a stable CE of 99.6% up to the 300th
cycle. The superior cycling performance of the n-MT hybrid
electrode is closely related to its better electrical conductivity
arising from a higher 1T phase MoS, content and a reduction
of the F-content in the nanohybrids, benefiting from the n-Buli
treatment. In addition, the prelithiation process of n-MT
nanohybrids could compensate for the active lithium losses in
the subsequential cycles, which is also beneficial for the anode
stability. Figure 5d shows the rate capability of the n-MT
composites. The hybrid electrode presents an excellent rate
capability with the reversible capacities of 430, 350, 268, and
214 mA h g_1 at different current densities of 0.1, 0.2, 0.5, and
1 A g™', respectively, which is obviously more stable than p-
MT (see Figure S7). When the current density returns to 0.1 A
g, the specific capacity recovers to a high-capacity value of
454 mAh g

To further study the electrochemical reaction kinetics of the
samples, the EIS tests were performed, and the results are
shown in Figure Se. The resulting Nyquist plots consist of a
depressed semicircle in the high-frequency range and a tail in
the low-frequency range. In general, the series resistance (R,)
and the charge transfer resistance (R) can be extracted from
the first point where Z” = 0 and the diameter of the semicircle,
respectively. The slope of the straight line is aligned with the
Warburg impendence (Z,), which is associated with the
diffusion of the lithium ions in the electrode materials.*”
Compared to the p-MT sample (R, = 90 ), a smaller value of
R, (20 Q) is observed in the nanohybrids after n-Buli
treatment, suggesting an improved electrical conductivity of
the electrode associated with the higher 1T phase content,
which is corresponding to the analysis in Figures 3 and 4. The
smaller R, value and a steeper slope of the straight line in n-
MT demonstrate a facile charge transfer process at the
electrode/electrolyte interface and a fast ion diffusion process,
respectively, which can be attributed to the more dispersed 2D
layers and lesser —F-containing functional groups after the n-
Buli treatment.

Bl CONCLUSIONS

In summary, we have successfully prepared a 2D MoS,/Ti;C,
composite composed of 1T-phase-enriched MoS, flakes and
functional group-regulated Ti;C, MXene sheets using a
bisolvent synthesis method followed by an #n-Buli-enabled
prelithiation process. Compared with the materials without
such treatment, the prelithiated nanohybrids exhibit a distinct
surface morphology with higher-1T-metallic phase MoS, and
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lower content of F-based functional groups, which are
beneficial for the battery anode performance due to the
enhanced electrical conductivity and reduced Li diffusion
barrier. As a result, a clearly improved Li-ion storage capacity
along with excellent cycle stability is achieved. Our work
demonstrates an effective strategy for low-dimensional material
structure—property engineering to optimize the battery anode
performance. The hybrid structure with high Li-ion storage
capacity demonstrated in this study also sheds light on the
development of other 2D hybrid-based energy storage and
conversion systems.
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