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Abstract: All-solid-state batteries (SSBs) are prospective candidates for a range of energy accumula-
tion systems, delivering higher energy densities compared to batteries which use liquid electrolytes.
Amongst the numerous solid-state electrolytes (SEs), sulfide-based electrolytes in particular have
received more attention given that they have a high ionic conductivity. However, the incompatibility
between the electrode and SEs is still an ongoing challenge that leads to poor electrochemical perfor-
mance. In this work, we focus on 1T-MoS,. It is well known that 1T metallic MoS, is unstable even at
room temperature. However, we showed that 1T-MoS, can be stabilized at 600 °C for at least 2 h, and
the 1T-MoS5,-600 interlayer spacing expanded to 0.95 nm. The high crystallinity of the 1T phase is
highly compatible with solid electrolytes and coupled with the increased interlayer spacing, so in the
all-solid-state lithium-ion battery (ALLLIB), we achieved outstanding cycling performance. At the
current density of 0.2 C (1 C = 670 mA g~1), this material delivered a capacity of 406 mA h g~ ! after
50 cycles.

Keywords: 1T metallic; MoS,; high crystalline; lithium-ion battery; all-solid-state

1. Introduction

As renewable source of energy devices, lithium-ion batteries have been widely applied
to replace traditional fossil resources [1-7]. Unfortunately, the combustibility of organic
liquid electrolytes is a serious fire hazard which raises safety concerns [8-13]. To this end,
solid electrolytes (SEs) were proposed as a solution due to their nonflammable character-
istics and comparable ionic conductivity, especially in sulfide-based electrolytes, because
they have a high ionic conductivity [14-19]. However, the compatibility between the elec-
trode and SEs is still an ongoing challenge and impedes the progression of ASSLIB [20-26].
Selecting a suitable electrode material that is compatible with SEs has become essential
and urgent for enhancing the electrochemical performance of ASSLIBs. Two-dimensional
transition metal dichalcogenides (2D TMDs) such as 2D Molybdenum disulfide (MoS,)
are regarded as promising candidates for ASSLIBs among the various electrode materials,
owing to their intrinsically higher ionic conductivity, large layer spacing and compatibil-
ity with sulfide-based SEs [27-29]. The application of these materials in energy storage
has been intensively researched such as sodium-ion batteries, ALLLIBs, zinc-ion batteries
etc. [30-33]. However, their noticeable volume variation and the poor conductivity of
electricity in charge/discharge process impedes further application of MoS,. Due to these
constraints, nanostructural 1T-MoS; which has a more stable electrochemical performance
has been suggested as the solution. MoS, has three different phases including 1T, 2H,
and 3R. Many reports have researched 2H and 3R phases of MoS,. Additionally, a new
problem arises, because it is well known that metastable phase 1T-MoS, is unstable and
degrades into its 2H even at room temperature. In previous works, Santhosha et al. [34]
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investigated exfoliated MoS, as the electrode of ASSLIBs, the nanosized electrode mate-
rials could reduce the volume expansion and enhance the compatibility with SEs, so the
capacity of 312 mA h g~! at a current density of 0.1 C was maintained after 500 cycles.
Li et al. [35] adopted O-doping and structure defects manufacturing to produce abundant
1T-MoS,(D-MoS,-0), metallic 1T-MoS, can improve the conductivity and the expanded
planes availed the diffusion of Zn?*, so they had tailored this material with long cycling
durability and high-rate capability. Mirabal et al. [36] used a simple procedure to create
PEO intercalation MoS, composites, additionally, the increase electrochemical performance
proved that interlayer expansion is a successful method for creating high-performance
anode materials for ion store battery technologies.

In this work, we overcome the bottleneck of 1T-MoS, degrading into its 2H phase even
at high temperatures by using facile solvothermal synthesis method. By doing so, 1T-MoS,
with a stable phase can been obtained and the resulting compound remains phase-stable
even at temperatures as high as 600 °C. Furthermore, the interlayer spacing of 1T-MoS,
expands to 0.95 nm, contrary to 1T-MoS,-200 is 0.62 nm. These expanded planes availed the
diffusion of Li* [37]. Furthermore, owing to that the higher crystallinity was favored for the
compatibility between the electrode and SEs, our facile solvothermal synthesized 1T-MoS,
also exhibited a superior electrochemical performance. A capacity of 406 mA h g~ ! has
been achieved after 50 cycles at a current density of 0.2 C. Even at a larger current density
of 0.5 C, our 1T-MoS; electrode achieved a capacity of 250.2 mA h g~!, exhibiting superior
performance.

2. Experimental Section
2.1. Synthesis of MoS, Hollow Spheres

As with typical synthesis, 0.2 g of molybdenyl acetylacetonate was added into 30 mL
of deionized water, stirring for about 30 min. Then, 0.4 g of thiourea was dissolved in the
above solution. This reaction takes place at 200 °C for 12 h and is subsequently allowed to
cool down naturally. After that, a black product was centrifuged and repeatedly rinsed with
ethanol. Finally, the sample was dried at 70 °C under a vacuum overnight (1T-MoS,-200 at
this stage). Following the above procedure, the samples were then heated at 600 °C for 2 h
in an argon atmosphere resulting in 1T-MoS,-600.

2.2. Electrochemical Measurements

The working electrode was prepared by mixing the MoS,, acetylene black, and
polyvinylidene fluoride (PVDF) (in a weight ratio of 7:2:1). Then, N-methylpyrrolidone
(NMP) was used to dilute mixture to obtain a homogenous mud. “The mud’ was evenly
spread on copper foil. Overnight, the foil was vacuum-dried at 110 °C. The sulfide-based
solid electrolytes system was prepared by ball-milling 75% Li;S and 25% P,Ss (molar
percent) in inert Argon gas for about 24 h. At the same time, the counter electrode and refer-
ence electrode were composed of Liln. A typical cell device was prepared using a cylinder,
and the cell was pressed at 35 tons/cm? for 5 min after the enclosure was assembled in
the glovebox. CV curves were captured in the working voltage range of 0.2-3 V at a scan
rate of 0.2 mV s~! (EC-lab, VMP-300), and charge-discharge profiles were collected on the
electrochemical analyzer at 25 °C (Hokuto Denko, HJ-SMS, Tokyo, Japan).

2.3. Characterization of the Samples

X-ray diffraction (XRD) (Rigaku, RINT-2200, CuKe, Tokyo, Japan) data was collected
in 5-80° to characterize the crystallinity of the samples. An HR Evolution Raman system
was employed to obtain Raman spectra (532 nm laser). The morphology of samples was
observed by scanning electron microscope (SEM, Hitachi 54800). X-ray photoelectron
spectroscopy (XPS) was performed in the range of 0-1200 eV to investigate the states of Mo
and S.
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3. Results and Discussion

Figure 1a shows the XRD patterns of 1T-Mo05,-200 and 1T-MoS;,-600. There are two
peaks in the XRD pattern at 9.1° and 18.4° of 1T-Mo05,-200, which could be assigned to the
(002) and (004) planes, respectively. Approximately 0.95 nm was determined as the inter-
layer spacing according to Bragg’s Law equation. From Figure 1a, we can see 1T-M0S,-600
has shifted XRD peaks (at 13.8° and 26.5°). This is due to high-temperature annealing step
which increased the crystallinity, resulting in reduced interplanar spacing [38]. However,
the existence of (004) reflection for 1T-Mo0S,-600 at 26.5° indicates that the high temperature
did not degrade the 1T-MoS; into its 2H-phase. To further support this claim, the Raman
spectra of the two samples (Figure 1b) shows that the two samples share similar profiles.
Specifically, a small peak at 375 cm ™! is observed for a mode of 2H-MoS, in 1T-Mo0S,-600.
A series of characteristic peaks at 110, 120, 144, 187, 207, 281, and 333 cm~! can be assigned
to 1T-MoS; [39]. These results reveal that 1T phase 1T-Mo0S5,-200 has not transitioned from
to the 2H phase after annealing at 600 °C [40].
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Figure 1. (a) XRD patterns, and (b) Raman spectra of 1T—MoS;—200 and 1T—MoS, —600, respectively.

In order to compare the carbon content of 1T-Mo05,-600 with 1T-M0S,-200, the thermo-
gravimetric (TG) information of the composite material 1T-Mo0S,-600 and 1T-Mo0S,-200 are
presented in Figure S1. From the TG curves, the drop in weight before 200 °C is attributed
to the evaporation of residues of organic matter and moisture in material. In the range
of 200 to 350 °C [41], oxidation of both 1T-M05,-600 and 1T-Mo0S,-200 contributed to the
continued decrease in weight. Additionally, from the TG curves, the peak at 350-420 °C
is a result of the combustion of carbon. The carbon amount in final composites doubtless
were around 2.68% (1T-Mo05,-600) and 10.5% (1T-M0S,-200). (The final product is MoO3).

XPS spectra was also employed to confirm the 1T-MoS; phase (Figure 2). The charac-
teristic peaks of Mo and S was detected in the survey spectrum of 1T-MoS,-600 (Figure 2a).
Figure 2b shows the distinct peaks of 1T-MoS, at 232.21 eV and 228.21 eV, which could
be attributed to Mo 3d3,, and Mo 3ds/,, respectively. The binding energies at 233.01 and
229.33 eV result from the trace existence of 2H-MoS,. The binding energy at 226.42 eV is as-
signed to the feature peak of S 2p [42]. In comparison with the XPS spectra of 1T-MoS,-200
in Figure 2c, the results revealed that the transformation of the 1T phase is not significantly
impacted by the high temperature, which is conform to the outcomes from Raman spectra
and XRD.

SEM images were collected to penetrate the morphologies of MoS; samples, as shown
in Figure 3. From Figure 3a, we can clearly see the spherical morphology of 1T-MoS,-
200. The enlarged SEM image in Figure 3b reveals that the microspheres are composed
of nanosheets with porous structures, which could suppress the volume change problem
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in the lithiation/de-lithiation process [43]. Figure 3¢,d show 1T-Mo0S,-600 after annealing.
We can see that the 1T-MoS; still maintains its spherical morphology even after annealing,
showing that 1T-MoS; can be stabilized at 600 °C.

1T-MoS,-Mo-3d,,, lﬂ -

£
E=y
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|
236 232 228 224 220 166 164 162 160 158
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Figure 2. (a) XPS survey spectrum of 1T-MoS;-600, (b) Mo 3d spectrum of 1T-MoS,-600, (c) Mo 3d of
1T-MoS,-200, and (d) S 2p spectrum of 1T-MoS,-600.

Figure 4 displays TEM images of the 1T-Mo0S5;-600. We can see that the 1T-MoS,-
600 exhibits a micro-spherical morphology, composed of nanosheets. The presence of
nanosheets is favorable for reducing the diffusion pathway of Li* and can improve the
electrochemical performance. In Figure 4b, 1T-Mo0S,-600 has a lattice fringe of 0.95 nm
(according to XRD data), which should be assigned to the (002) plane. In the magnified
TEM image, the thin 1T-Mo0S;-600 can be seen and it benefits the diffusion of Li*. Expanded
interlayer spacing of 1T-M0S,-600 and the layered structure promotes the diffusion of
lithium ion [44]. Our TEM EDX images (Figure 4c—f) also shows a homogeneous Mo,
S, and C element distribution in 1T Mo0S5,-600. Then, we tested 1T-M0S,-600 and 1T-
MoS5;-200 electrochemical performances. As shown in Figure 5a, a stable capacity of
406 mA h g~! was obtained after 50 cycles for 1T-MoS,-600, while the capacity decayed
quickly to 212.2 mA h g~ after few cycles for 1T-MoS,-200 (Figure S2). Even at 0.1 C, the
capacity of 1T-Mo0S,-200 quickly degraded to 190 mA h g~! over a few cycles (Figure S3).
These results imply that the increased crystallinity for 1T-Mo0S,-600 is leads to interfacial
stability of ASSLIBs. The corresponding charge—discharge profiles of 1T-M0S,-600 at 0.2 C
share a similar result, indicating a stable and reversible electrochemical process (Figure 5b).
The rate performance of 1T-Mo0S;-600 has been checked at increasing current densities
as shown in Figure 5c. At 0.1, 0.2, 0.5, and 1 C specific capacities of 538, 460, 376 and
296 mA h g~! were retained, respectively. A capacity of 424 mA h g~ is maintained as the
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current density was returned to 0.2 C, exhibiting a superior rate performance. Figure 5d
is charge—discharge profiles at varied current densities. There are prominent plateaus at
varied charge-discharge curves, indicating that 1T-MoS,-600 has a better compatibility
with the SEs, owing to its stable electrochemical kinetics.

Figure 4. (a,b) TEM images and (c—f) STEM image and elemental mapping images of 1T-MoS,-600.



Batteries 2023, 9, 26

6 of 13

(a)

12004 .
< ® o Charge 1T-MoS -600 (b) Al
—;D 1000+ e Discharge 25
ot
E 8004 > 2.0
~ i —10th
@ 600+ ., %DLS- — 20th
§ 400{ sl "3 1.0
= >
O 2001 0.5
0 v T v . : 0.0 v r . . .
0 10 20 30 40 50 0 100 200 300 4001 500
Cycle number Capacity (mA h g")
. * 3.04
&0 16001 « Discharge
<= 1400] =* Charge ’_\2.5
< 1200° >
= 2.0
~ 10004 L
N Oy 54
.% 800 : 0.1C —53 1.5
< 6004 %55, 02C ’ © 1.0
s ss s 1020
& 400} T T T T >05
200 e '
0 r : T x r 0.0 T T T T :
0 5 10 15 20 25 30 0 100 200 300 400 500

- -1
Cycle number Capacity (mA hg)
Figure 5. (a) Cycling performance of 1T—MoS,; —600 at 0.2 C, (b) the corresponding charge—discharge
profiles at 0.2 C, (c) rate performance of 1T—MoS,—600, and (d) the related charge—discharge profiles
at varied current densities from 0.1 to 1 C.

To have an insight into the electrochemical kinetics, at the sweep rate of 0.2 mV s~ 1,
the curves were performed. As demonstrated in Figure 6a, a broad peak appeared at 0.9 V
in the first cathodic process, this might be demonstrated by the development of a solid
electrolyte interlayer (SEI) and the insertion of Li* [45]. The cathodic peak at 0.2 V could be
ascribed to the LixMoS, being converted to Li;S and Mo [25]. The corresponding anodic
peaks at 1.91 and 2.20 V are linked to the extraction of Li* and manufacture of MoS; [46]. In
the subsequent cycles, the profiles are almost overlapping, signifying stable electrochemical
kinetics. To investigate the capacitive contribution from the diffusion-controlled process
and capacitance effect, CV curves at 0.2 to 1 mV s~ ! of stepwise-increasing sweep rate for
1T-Mo0S,-600 is plotted (Figure 6b). The dominant effect can be illustrated based on the
following expression (1):

M

in which i and v represented the peak current and sweep rates, respectively. a and b are
constants. When the value of b approached 0.5, the diffusion-controlled mechanism mostly
affected the electrochemical process. By contrast, it was controlled by a capacitance effect
when b was close to 1. The computed b values for the reduction and oxidation peaks
were 0.73 and 0.78, respectively, as shown in Figure 6¢. These values indicate that the
cathodic and anodic processes are separately dominated by the diffusion process and
capacitance effect. The specific ratio from the capacitance and diffusion-controlled process
was estimated according to the subsequent expression (2):

i=av

i = kyv + kpo'/? 2)

where k; and k; represent the constant values, and i and v are the corresponding sweep
rate and current. The capacitive contribution increased as the scan rates rose, as illustrated
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in Figure 6d. More specifically, the contribution percentage from capacitance effect reached
70% at 1 mV s~ 1. These findings demonstrate that, in comparison to a diffusion-controlled
process, the pseudocapacitive effect has a greater impact on the electrochemical process.
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Figure 6. (a) CV curves of 17T—MoS,—600 at a sweep rate of 0.5 mV s~L, (b) CV curves of
1T—MoS; —600 at different sweep rates, (c) b values from the oxidation and reduction peaks, and
(d) the pseudocapacitive contribution of 1T—MoS, —600.

Ex situ XRD was used to monitor the reaction procedure of 1T-Mo5,-600 during the
lithiation / de-lithiation process. Figure 7 illustrates the initial state of 1T-M0S,-600 with
two typical peaks at 13.8° (002) and 32.6° (100). As the discharging process takes place, the
(002) plane signal becomes weaker and disappears completely at 0.2 V [47]. The weakening
of the (002) signal peak is the result of intercalation of Li* and the conversion reaction of
the 1T-MoS;-600. The peak did not appear in the succeeding charge process, suggesting
that the 1T-MoS,-600 was already partially converted to the amorphous phase [48]. On the
other hand, the peak of the (100) plane was recovered to a higher degree, corresponding to
the de-lithiation and the reformation of MoS; process. However, we can see from Figure 7
that the peak of (100) plane did not recover back to its initial position before discharge. This
might be due to the fact that some lithium was left in the crystal structure of 1T-MoS,-600.
The following equations serve as a summary of the reaction mechanism (3—4):

MoS; + xLi™ + xe~ < Li,MoS; 3)

LiyxMoS; + (4 — x)Li" +4e~ <> Mo + 2Li,S )
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Figure 7. Ex situ XRD patterns of 1T-MoS;-600.
To further understand the electrochemical process, the electrochemical impedance
spectra of 1T-M0S,-600 were tested at various temperatures (313, 323, 333, and 343 K), as

illustrated in Figure 8. Based on the Arrhenius equation:
k= Ae /KT ®)

where k is the rate constant, R is the molar gas constant, T is the thermodynamic tempera-
ture, E, is the apparent activation energy, and A is the pre-exponential factor.

200 —_—
1604 Fio
120 |
N Tl —=— 313K
" 801 =5 . = 323K
= = 33K
L L 2 = 343K
404 ; F' /
0 T T
0 200 400 600
Z'(Q)

Figure 8. Electrochemical impedance spectra of 1T-M05;,-600 at an increasing temperature of 313, 323,

333, and 343 K, respectively.
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We can linearize the equation to obtain the following expression:

1 Ea
In@ = InA; — RT (6)
where R is the charge transfer resistance, A; is a constant, R is the molar gas constant, T
is the temperature, and E, is the activation energy. We obtained values for R at different
temperatures, and the E; of 1T-Mo0S,-600 was determined to be 24.28 k] mol 1, showing that
the high crystalline 1T-phase of MoS, favors the electrochemical kinetics in ASSLIBs [49,50],
so this material can demonstrate an outstanding cycling stability.

We also used galvanostatic intermittent titration technique (GITT) to analyze the
diffusion efficiency of lithium-ion during the electrochemical process. Figure 9 shows the
outcomes of the GITT curves for the 1T-Mo0S,-600 and 1T-Mo0S,-200 at 0.1 C. The calculation
of diffusion coefficient was based on the following formula (7):

b — & (1Y 2 AEs\? ”

‘T ot S AE;
where T is the relaxation time, AE; and AE; come from steady voltage change and transient
voltage variation in the discharge /charge process. We can see that 1T-M0S,-600 has a higher
Li* diffusion than 1T-Mo0S,-200, indicating that the high crystallinity and the expanded

(002) planes availed the compatibility between the electrode and SEs and the diffusion of
Li* [51-53], so this material can demonstrate an outstanding cycling stability.

-8.5
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Figure 9. (a) The discharge—charge GITT plots at 0.1 C, and (b) lithium—ion diffusion coefficient of
1T—MoS,; —600 and 1T—MoS, —200 at the discharge and charge processes, respectively.

Figure 10, which displays the performance of a few sulfide-based electrodes, further
demonstrates the advantages of 1T-M0S,-600 in the matter of capacity and cycling stability.
An outstanding performance of 1T-MoS,-600 compared to similar electrode materials
demonstrates its immense potential for SSBs applications [34,54,55].
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4. Conclusions

The incompatibility between electrodes and SEs is still an ongoing challenge that leads
to poor electrochemical performance. In this work, 1T-MoS,-600 with high crystallinity
was employed as an electrode in ASSLIBs and increased interfacial stability with SEs in
ASSLIBs. Additionally, we overcame the bottleneck of 1T-MoS, degrading into its 2H phase
at high temperatures by using a facile solvothermal synthesis method. We discovered and
showed that this material demonstrated an outstanding cycling stability with a capacity of
406 mA h g~ ! after 50 cycles at a current density of 0.2 C. Even at a larger current density
of 0.5 C, our 1T-MoS; electrode achieved a capacity of 250.2 mA h g~!, exhibiting superior
performance. This work is also applicable to explore other electrode materials to solve
interface issues in ASSLIBs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /batteries9010026/s1, Figure S1: TG curves of 1T—MoS,—600 and
1T—MoS;—200; Figure S2: Cycling performance of 1T—MoS, —200 at 0.2C.; Figure S3: Cycling
performance of 1T—MoS,;—200 at 0.1 C.
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