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We report on a 100-fold capacitance increase in MoS;-based supercapacitors achieved via optimizing the in-plane 1T-2H phase
hybridization of the monolayers. Chemically exfoliated MoS; monolayers were annealed at low temperature to tune their 1T
content from 2% to 60%. The obtained hybridization states were confirmed by X-ray photoelectron and Raman spectroscopies.
After optimizing the hybridization degree, the electrode based on MoS; monolayers with 40% of the 1T phase exhibited outstanding
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Two-dimensional (2D) transition-metal dichalco-
genides, such as MoS;, WS,, WSe,, and MoSe;,, are
currently a subject of very active research due to their
attractive electronic, optical, optoelectronic and cat-
alytic properties. Owing to their large surface area and
high density of active sites along edges, 2D nanosheets
(NSs) of MoS; are potentially promising for electro-
chemical energy-storage devices.[1] However, the poor

conductivity of chemically as-exfoliated MoS, NSs has
seriously limited their electrochemical response in bat-
teries and supercapacitors,[2—6] although this could be
slightly compensated by other highly conductive mate-
rials, such as graphene and polyaniline.[7,8] The MoS,
monolayer is known to have two phases: the trigonal
prismatic (labelled as 2H, space group Ds,) and octa-
hedral (labelled as 1T, space group Oy). The 2H phase
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is relatively stable, but semiconducting and of poor
conductivity. The 1T phase is metastable at room tem-
perature, but metallic and of better conductivity.[9,10]
Very recently, the metallic 1T phase was demon-
strated to be of a great benefit for MoS, NS-based
supercapacitors.[9,10] If the higher stability of the 2H
phase and the high conductivity of the 1T phase can be
combined in MoS; monolayers, both large specific sur-
face area and high charge transportation ability, which
are the two crucial factors for supercapacitor electrodes,
will be achieved synchronously.[11,12] This strategy
is very attractive, but still remains a great challenge
never reported for MoS, monolayer-based supercapac-
itors thus far.

Here, we report on a 100-fold capacitance increase
in supercapacitors based on MoS, monolayers boosted
by optimized 1T-2H in-plane phase hybridization of
the monolayers. Inspired by the metallic nature of
hybridized MoS, monolayers revealed by the first-
principle calculations, we prepared exfoliated monolay-
ers and then controlled their 1T-to-2H ratio through
low-temperature heating. Remarkably, the electrode
restacked by optimally hybridized MoS, monolayers
(with 40% of the 1T phase) had its resistance as low as
0.68 k2 sq~!. Taking advantage of the high conductiv-
ity and large specific surface area of the monolayers with
controlled hybridization, the corresponding supercapac-
itors exhibited a specific capacitance of 366.9 F g~! at
current densities of 0.5 A g~!. This is 100 times larger
than that of electrodes assembled by 2H-hybridized
MoS; powder and is believed to be further improved via
constructing porous structures and integrating with other
materials.
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Figure 1.

Experimental  Section. 1T-2H-hybridized MoS,;
monolayers were fabricated inside an argon-filled glove
box using the solvothermal technique. First, 0.8 g of
MoS, powder was dissolved in 10 mL of 1.6 M n-
butyllithium solution in hexane with a mole ratio of 1:3.
Then, the mixture was transferred to a 40 mL Teflon-
lined stainless steel autoclave, where the process was
carried out at 90°C for several hours. The formed black
powder was then exfoliated at an ambient tempera-
ture in a beaker with distilled water (250 mL) immedi-
ately (within 10 min) after the product was dried. The
obtained suspension was frozen at — 80°C for 2 h and
freeze-dried under vacuum for 24 h to form electrodes.

For electrochemical measurements, the working
electrodes were fabricated by mixing corresponding
MoS, samples, acetylene black and a polytetrafluo-
roethylene binder in a mass ratio of 80:15:5. The
average mass loading of the active material on the
current collector was 8.5 mgcm™2. The electrochem-
ical tests including cyclic voltammetry and galvanos-
tatic charge/discharge measurements were carried out
in a three-electrode electrochemical cell setup (CHI
660D electrochemical workstation, Shanghai CH Instru-
ments, China) with 6 M aqueous KOH solution as the
electrolyte at a potential range of —0.1to 0.5V (vs.
SCE). Electrochemical impedance spectroscopy (EIS)
measurements were carried out at open-circuit potential
by applying an AC voltage with 5 mV amplitude in a
frequency range from 0.01 Hz to 100 kHz.

Result and Discussion. Figure 1 presents the model of
the 1T-2H hybridized MoS, monolayer with the metallic

(b)
3 Q
20
1T-Phase
g o2
z
5 0.1 — 1T-2H hybridizing phase
= 00
g
=
(d) 40% IT-Phase Dose
e B 2 S
Y \\( AL
b e
AN
CBM VBM

Stability and metallicity of the 1T-2H hybridized MoS; monolayer. (a) Schematic model of a monolayer with 40% of

the 1T phase. (b) Formation energies of 1T, 2H and 1T + 2H monolayers. (c) Densities of s, p, and d states of the hybridized MoS;
monolayer. (d) Charge densities of CBM and VBM states of monolayer with 40% of the 1T phase.
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electron structure. Here, a typical model with 40% of
the 1T phase was designed and relaxed as shown in
Figure 1(a) by first-principle calculations. Then, the
system energies with a large supercell 9 x 9 for all mod-
els were calculated to evaluate the stability of such a
structure with 1T-2H hybridization (Figure 1(b)). The
results can be considered good compared with the avail-
able result.[13] Interestingly, upon hybridization, the
expected increase in the system energy is only as small
0.03 eV, which is only 10% of the energy difference
between the 1T and 2H phases (0.28 eV). This indi-
cates that the stability of the hybridized system should be
much higher than that of the pure 1T phase, being even
closer to that of the 2H phase. Furthermore, the densi-
ties of the states of a hybridized monolayer were taken
into account. Figure 1(c) and Figure S1 clearly reveal
that the d states couple with the p states and cross the
Fermi level, which demonstrates that such hybridized
MoS, is still metallic with a high conductivity. The
valence band maximum (VBM) and conduction band
minimum (CBM) are mainly localized on the border of
the 1T phase. Moreover, from the VBM and CBM in
Figure 1(d), it can be concluded that the 1T phase plays
a very important role in the metallic behavior of the
hybridized system.

Inspired by the metallic nature and high stabil-
ity expected for 1T-2H hybridized MoS, monolayers
(see Figure 1), we synthesized such NSs by a modified
Li-intercalation method, after which we tuned their 1T-
2H hybridization. The cross-sectional scanning electron
microscope (SEM) image of MoS, film in Figure 2(a)
and Figure S2 shows the well-packed layered structure
of an electrode restacked from such MoS, monolayers.
The thickness of the NSs was measured by atomic force
microscopy (AFM) to be 0.8 nm (Figure 2(b)). More-
over, statistic results revealed that about 95% of the NSs
were monolayers (Figure S3 and S4). The transmission
electron microscopy (TEM) images in Figure 2(c) and
Figure S5 demonstrate that the NSs have numerous wrin-
kles. Importantly, the high-resolution HAADF-STEM
image and fast Fourier Transform (FFT) in Figure 2(d)
show both the 1T and 2H phases in the single MoS;
monolayer. There is a distinct difference in reciprocal
space reflections of the 1T and 2H MoS, FFT patterns:
the families of spots in their patterns appear at reciprocal
spacing of 3.56 and 5.61 nm™!, respectively.[14,15]

The X-ray diffraction (XRD) patterns in Figure 3(a)
and Figure S6 confirm the preparation of monolayer
MoS; NSs upon exfoliation. Compared with the orig-
inal 2H-hybridized MoS, powder, the (103) and (105)
peaks are no longer seen in the exfoliated product, imply-
ing the restacking of the exfoliated monolayer MoS,
NSs.[16,17] Moreover, a new diffraction peak at 7.6°
(shown in the inset) was induced by the restacking
of monolayers, whose spacing of 1.376 nm is larger
than that in the pristine powder (0.615 nm). The (002)
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and electrode. (a) Cross-sectionial SEM image of the electrode
restacked by 1T-2H hybridized MoS, monolayers. The inset
is a photograph of a flexible MoS; electrode on the polyethy-
lene glycol terephthalate substrate. (b) AFM, (c) TEM, and (d)
STEM images of typical 1T-2H hybridized MoS; monolay-
ers. The inset in (d) shows the corresponding Fourier transform
patterns of 1T and 2H regions on a single NS.
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Figure 3. Hybridization states of chemically exfoliated MoS;

monolayers. (a) XRD pattern, (b) Raman spectra, (¢) Mo 3d,
and (d) S 2p XPS spectra of as-exfoliated 1T-2H hybridized
MoS, monolayers and of pristine 2H-hybridized MoS; pow-
der. Inset in (a) is a small-angle XRD pattern of re-stacked
MoS; monolayers.

peak gradually shifted towards lower angles and became
broad indicating the expansion of the interlayer distance
and the relatively small size of MoS, NSs.[18]

The 1T-2H hybridization of the as-prepared NSs
could also be verified by both Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). As shown in
Figure 3(b), the as-exfoliated MoS, monolayers exhib-
ited Raman features completely different from those of
pristine 2H-hybridized MoS,. First, the Elzg and A,
characteristic peaks became very weak after exfoliation.
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Second, new vibration peaks emerged at 150, 219, and
327 cm™!, which were reported to be associated with
the longitudinal acoustic phonon modes of the 1T MoS;
phase.[14,18-22] The changes observed in Raman spec-
tra upon exfoliation imply that the as-obtained product
was 1 T-2H hybridized MoS; monolayers.

The corresponding XPS spectra are presented in
Figure 3(c) and 3(d), as well as Table S1 and Figure
S7. Before exfoliation, the 2H-hybridized MoS, pow-
der is seen to display Mo3ds;>, Mo3ds/2, S2pi,2, and
S2p3 /> peaks at 229, 232.3, 163, and 162 eV, respec-
tively. Interestingly, the exfoliation resulted in an obvi-
ous shift of these peaks towards lower energies and
distinct broadening. The spectra were analysed via
multi-peak curve-fitting using peak positions for both
the 1T and 2H phases.[10,19,23-26] It was found that
besides those corresponding to the 2H phase, the exfo-
liated MoS, monolayers also demonstrated Mo3ds,,
Mo3ds/», S2pij2, and S2pss, peaks of the 1T phase
located at 228.1, 231.1, 162.2, and 161.2 eV, respec-
tively. Based on the integration ratio, the 1T content
inside the as-exfoliated monolayers was about 60%
(Figure S8).

To control the 1T-phase content in the as-exfoliated
monolayers, they were annealed at low temperatures
under Ar/H, atmosphere for 2 h. Figure 4(a) presents a
series of XPS spectra of samples treated at 50-300°C.
With increase in annealing temperature, the area of the
Mo 3ds,, peak assigned to the 1T phase is well seen to
gradually decrease down to almost zero, while that of
the 2H phase increases.[24] Correspondingly, the con-
tent of the 1T phase in the monolayers was tuned from
about 60% to 2% as shown in Table S2 and Figure
S9. To verify how the conductivity changed as a func-
tion of hybridization degree, the sheet resistance of
the annealed films was measured and is presented in
Figure 4(b). As expected, the sheet resistance decreases
with the 1T-phase content. More specifically, the films of
monolayers with 1T-phase content of about 60%, 40%,
37.1%, 34.5%, 31.7%, and 1.47% exhibit sheet resis-
tance of 1.038, 0.68, 1.23, 6.6, 72.78, and 115.45 k2
sq~!, respectively. The achieved variation is as large as
about 100 times, with the lowest value demonstrated by
the sample with ~40% of the 1T phase.

The improved conductivity of the NSs result-
ing from their optimized hybridization is believed to
make them attractive for applications in supercapaci-
tors. Therefore, the electrochemical performance of elec-
trodes based on 2H-hybridized powder (Figure S10), few
layered NSs (Figure S11), and monolayers with 40% of
the 1T phase (Figure S12) was compared, demonstrating
that the latter electrode with MoS, monolayers had the
highest specific capacitance and very high stability.

Figure 5(a) shows typical CV curves measured at
a scan rate of 40 mV s~! for electrodes that have 2H-
hybridized powder (black), few layered NSs (red), and
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monolayers with 40% of the 1T phase (blue). The CV
curves have classical pseudocapacitive features, which
are completely different from the rectangular shape typ-
ical of an electric double-layer capacitor. A pair of
redox peaks can be seen between 0 and 0.5 V. The
associated reversible redox reaction taking place in the
alkaline electrolyte is described by Equation (1), where
the Mo center exhibits a range of oxidation states from
+2 to + 6. Obviously, the specific capacitance of the
monolayer-based electrode (calculated as the area encir-
cled by the blue curve) is much larger than those of
the electrodes using few layered and powder MoS,.
Figure 5(b) shows CV curves of the monolayer-based
electrode (40% of 1T MoS,) at sweeping rates from 5 to
80 mVs~!. With the increase in sweeping rate, the oxida-
tive peak is seen to shift towards lower potentials, while
the reductive peak to the opposite direction. This obser-
vation reflects the high conductivity of the electrode, as
well as the fast ionic and electron transport rates in MoS,
monolayers with 40% of the 1T phase.[27,28]

MoS; + OH™ <> MoS,0H + ¢ (1)
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Figure 5. Performances of supercapacitor. (a) CV curves at a scan rate of 40 mV s~!, (c) charge/discharge curves at current
density of 0.5 A g~1, (e) specific capacitance vs. discharge current, and (f) specific capacitance vs. the number of charge/discharge
cycles of supercapacitor based on MoS, monolayers with 40% of the 1T phase (blue curves) and their comparison with supercap-
asitors based on 2H-hybridized MoS, micro-powder (black curves) and based on few layer MoS, NSs (red curves). (b) CV curves
of monolayer-based supercapacitor at different scan rates and (d) its charge/discharge curves at different current densities.

Figure 5(c) compares charge/discharge curves at
current densities of 0.5 A g~! for the same electrodes as
in Figure 5(a). Longer discharging time is known to be
characteristic of higher capacitance. Based on the curves
in Figure 5(c), the specific capacitance was calculated to
be 3.15,201.2, and 366.9 F g~! for the electrodes using
powder, few layered NSs and monolayers with 40% of
the 1T phase, respectively. Clearly, there is a 100-fold
enhancement in the specific capacitance between the
electrodes exploiting the optimized MoS, monolayers
(with 40% of'the 1T phase) and the precursor MoS, pow-
der, which is also supported by Figures S10-S12. The
charge/discharge characteristics of the highest capaci-
tance electrode evaluated at various current densities are
shown in Figure 5(d), from which its specific capaci-
tance values at current densities of 0.5, 1, and 5 A g~!
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were calculated to be 366.9, 321.32, and 273.76 F g’l,
respectively.

The stability of capacitance vs. discharge current of
the same three electrodes as in Figure 5(a) and 5(c) is
compared in Figure 5(e). With the increase in discharge
current from 0.5 to 15 A g~ the capacitance retention
ratio of the optimized electrode with 40% of the 1T
phase is 81.7% (blue curve in Figure 5(e)). This value
is higher than those of its counterparts based on 1T-
2H hybridized few layer NSs (61.5%, red curve) and
precursor MoS, powder (75.9%, black curve). Figure
5(f) presents the stability of the electrodes over repeated
working cycles at discharge current density of 0.5 A g—!.
The specific capacitance of the sample using optimized
1T-2H-hybridized NSs is seen to decrease slowly from
321.9 to 296.8 F g~! after 1,000 cycles, resulting in a
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retention ratio of 92.2% (blue curve). This value is also
higher than those demonstrated by samples with few lay-
ered NSs (75.5%, red curve) and MoS, powder (70.6%,
black curve).

Importantly, the 100-fold increase in capacitance
resulting from the 1T-2H hybridization of MoS; mono-
layers provides a solid basis for the possible future
improvements of electrodes based on such monolay-
ers via several well-documented approaches, such as
integration with a conductive polymer or anchoring
on graphene sheets.[7,29,30] The present work reveals
two particularly important factors contributing to the
enhancement of such supercapacitor electrodes. First,
the extreme thinning down to monolayer is believed to
provide a large contact area, and thus accelerates the dif-
fusion and transport of electrolyte ions.[31-33] This was
supported by a large specific surface area that was mea-
sured to be as high as 63.2 m? g~! for MoS, monolayers
and only 5.1 m? g~! for the pristine powder (Figure
S13). Second, as proposed above, the high conductiv-
ity induced by the 1T-2H phase hybridization boosts
the electrochemical performance of such NSs. EIS mea-
surements showed that the electrode based on 1T-2H
hybridized monolayer NSs had a very small internal
resistance (Figure S14).

In conclusion, a 100-fold increase in capacitance
was achieved for supercapacitors based on MoS,
through the exfoliation of the material to monolayer
NSs followed by the optimization of their in-plane 1T-
2H phase hybridization degree. The 1T-phase regions
between and along the basal plane of the hybridizing
MoS; NSs may form many electron transport paths,
and the 1T phase along the basal plane of MoS, NSs
form the strain and disorder regions change its electri-
cal property. The highly enhanced conductivity materials
is facile the charge transfer during the electrochemical
reaction. The as-exfoliated monolayer sheets were found
to have as much as 60% of the 1T phase. The frac-
tion of the 1T-hybridized phase in the nanoseets was
then easily controlled from 0% to 60% through low-
temperature annealing. Upon assembling into superca-
pacitors, the 1T-2H-hybridized MoS, monolayers with
40% of the IT phase exhibiting the best electro-
chemical performance. The optimized electrode had its
resistance as low as 0.68 k2 sq~! and demonstrated
a specific capacitance of 366.9 F g~! with a retention
ratio of 92.2% after 1,000 cycles of charge/discharge
at current densities of 0.5 A g~'. The achieved value
of specific capacitance is 100 times greater than a
value demonstrated by a similar electrode using MoS,
powder.

Supplementary online material. A more detailed

information on experiments is available at http:/www.
10.1080/21663831.2015.1057654.
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