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Metallic 1T phase MoS, nanosheets as
supercapacitor electrode materials

Muharrem Acerce, Damien Voiry and Manish Chhowalla*

Efficient intercalation of ions in layered materials forms the
basis of electrochemical energy storage devices such as bat-
teries and capacitors’®. Recent research has focused on the
exfoliation of layered materials and then restacking the two-
dimensional exfoliated nanosheets to form electrodes with
enhanced electrochemical response’-". Here, we show that
chemically exfoliated nanosheets of MoS, containing a high
concentration of the metallic 1T phase can electrochemically
intercalate ions such as H*, Li*, Na* and K" with extraordinary
efficiency and achieve capacitance values ranging from ~400
to ~700 F cm~2 in a variety of aqueous electrolytes. We also
demonstrate that this material is suitable for high-voltage
(3.5V) operation in non-aqueous organic electrolytes,
showing prime volumetric energy and power density values,
coulombic efficiencies in excess of 95%, and stability over
5,000 cycles. As we show by X-ray diffraction analysis, these
favourable electrochemical properties of 1T MoS, layers are
mainly a result of their hydrophilicity and high electrical
conductivity, as well as the ability of the exfoliated layers to
dynamically expand and intercalate the various ions.

High volumetric capacitances of ~300 Fcm ™ have been
obtained with restacked graphene nanosheets'>!3. Such high
values are important for power sources in portable electronics. A
new class of two-dimensional materials, the MXenes, are highly
conducting and very hydrophilic, and have also recently shown
promise as capacitors, with specific volumetric capacitances in
excess of 900 F cm™ (ref. 3).

Two-dimensional transition-metal dichalcogenides (2D TMDs)
such as molybdenum disulphide (MoS,) have been investigated
for use in electrochemical storage*'8. MoS, has a 2H phase
crystal structure (the coordination of its metal atoms is trigonal pris-
matic) with a monolayer bandgap of ~1.9 eV, which renders it semi-
insulating!® and therefore not immediately attractive as an electrode
material for energy storage. Indeed, only a few studies have
described the electrochemical charge storage properties of electrodes
consisting of single- and multi-layered MoS, nanosheets. To
enhance the electrical conductivity, hybrid electrodes composed of
graphene/MoS, (ref. 16) and polyaniline/MoS, (ref. 17) have been
investigated. To date, however, the electrochemical storage perform-
ances (in terms of impedance and cyclability) obtained with either
pure or hybrid 2H phase MoS, electrodes have been relatively
modest compared with those of graphene!*!> or MXene*® electrodes.
Our approach is to use the metallic 1T phase of MoS,, which we have
previously shown can be obtained from the semiconducting 2H phase
of MoS, during chemical exfoliation of the bulk material?’. The 1T
MoS, phase is hydrophilic and 107 times more conductive than the
semiconducting 2H phase.

We used organolithium chemistry to exfoliate bulk MoS,
powders into monolayer nanosheets with a 1T phase concentration
of ~70%, and obtained 100% monolayered MoS, nanosheets sus-
pended in water using this well-established exfoliation method (see

Supplementary Fig. 3 for a photoluminescence spectrum confirming
that the nanosheets are monolayered)?’. Thick films or ‘paper’ of 1T
MoS, can be fabricated easily using a simple filtration technique
to restack the suspended nanosheets (Fig. la—e). After exfoliation,
the nanosheets are rigorously cleaned with hexane and deionized
water to completely remove residual organolithium contamination
(see Methods and Experimental Section in Supplementary
Information and ref. 20 for details). We verified the structure and
phases of the exfoliated nanosheets using high-resolution scanning
transmission electron microscopy (STEM, Fig. 1f), X-ray diffraction
(XRD, Fig. 1g) and X-ray photoelectron spectroscopy (XPS, Fig. 1h).
The two polymorphs of monolayer MoS, can be identified by XPS
from the Mo 3d and S 2p regions. It has been observed that the com-
ponents from the 1T phase appear at a binding energy that is ~0.9 eV
lower than their 2H counterparts***!. Deconvolution of the Mo 3d
and S 2p regions of chemically exfoliated MoS, indicates that the 1T
phase concentration of the nanosheets is ~70%. In addition to the
1T content, examination of the Mo and S XPS peaks confirms the
absence of oxidized Mo or S (Fig. 1h and Supplementary Fig. 1).
The XRD patterns (Fig. 1g) of bulk powder and restacked films of
nanosheets reveal a broad (002) peak for restacked MoS,. The (002)
peak, attributed to the interplanar spacing between the nanosheets
(6.15 A), is the most intense, but a new (001) peak at 26 ~ 7.3° indi-
cates an additional separation of 5.5-6 A between the layers during
restacking??. The broadness of the (002) peak and the presence of
the (001) peak indicate that the nanosheets are randomly arranged
during restacking, with large spacings between the layers. The
surface area of the restacked films was found to be 9m?g"
(ref. 11), which is substantially less than that found in carbons such
as reduced graphene oxide”*!2, We also confirmed that the restacked
films of the 1T phase are hydrophilic and that the contact angle is
<30° (Supplementary Fig. 4). In addition, it has been demonstrated
that the 1T phase is stabilized by charge transfer from the butyl
group of the organolithium exfoliation agent?®. Our zeta potential
measurements®* (—40 to —50 mV) indicate that the nanosheets are
negatively charged”?%, which may also facilitate cation intercalation.
The high electrical conductivity (10-100S cm™) of 1T phase
MoS, allows the formation of reasonably thick films without any
binding agent. The electrical conductivity of the 1T phase electrodes
compares favourably with some of the best-performing reduced
graphene oxide electrodes (~100Scm™) for supercapacitors®.
Electrodes with thicknesses of up to 5um and area density of
2.5 mg cm > were tested in this study. We first explored the elec-
trochemical storage properties of the restacked MoS, films in 0.5 M
H,SO,, Li,SO,4, Na,SO, and K,SO, together with KCl and KBr
electrolytes. The capacitance of the 1T phase MoS, electrodes was
obtained using a standard three-electrode configuration in which
saturated calomel and platinum served as the reference and
counter electrodes, respectively. The resulting cyclic voltammo-
grams (CVs) in H,SOy, Li,SOy4, Na,SO, and K,SO, for potentials
ranging from —-0.15V to 0.85 V versus NHE are shown in Fig. 2a.
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Figure 1| Chemically exfoliated 1T MoS, electrodes. a,b, Photographs of electrodes consisting of a thick film of chemically exfoliated 1T MoS, prepared by
vacuum filtration and transferred onto rigid glass (a) and a flexible polyimide substrate (b). ¢, Side view of the electrode observed by scanning electron
microscopy (SEM) showing the layered nature of the film made by restacking exfoliated MoS, nanosheets. d, High-magnification image of restacked MoS,
nanosheets. e, SEM image of as-exfoliated monolayer 1T phase MoS, nanosheets. f, High-angle annular dark-field scanning transmission electron
microscope image of monolayer 1T phase MoS,. Inset: Atomic structure of 1T phase MoS, (Mo and S atoms are displayed in blue and yellow, respectively).
g, XRD of bulk MoS, compared with as-exfoliated restacked MoS,. h, High-resolution X-ray photoelectron spectrum from the Mo 3d region of as-exfoliated
1T MoS, (black). Contributions from 1T and 2H phase components in the Mo 3d spectrum are indicated by blue and red curves, respectively.

The rectangular nature of the CV curves indicates capacitive behav-
iour of the electrodes. The deviation from rectangular behaviour for
H,SO, is attributed to electrosorption of protons on the surface of
the nanosheets'®. Typical CVs from 2H MoS$, films under similar
conditions in Na,SO, are also shown for comparison. It can be
clearly seen that the specific gravimetric capacitance increases by a
factor of nearly 20 in the 1T phase electrodes. The specific gravi-
metric and volumetric capacitances were obtained from CV
measurements (Supplementary page 8). The electrochemical impe-
dance spectroscopy (EIS) data shown in Supplementary Fig. 8 show
near-vertical curves for the different electrolytes, indicating close to
ideal behaviour.

To elucidate whether the cations or anions intercalate into the
electrodes, we tested two electrolytes with different anions. The
CVs from K,SO, and KCl are shown in Fig. 2b. It can be seen
that, despite the large difference in anion radii, the CVs for both
electrolytes are nearly the same, suggesting that it is the cation
that is intercalating. The CVs plotted in Fig. 2c were obtained at
scan rates ranging from 5mV s~ to 1,000 mV s™' and show that
the 1T electrodes retain their high capacitance values and rectangu-
lar shape, even at very high scan rates above 200 mV s™". A plot of
specific capacitance versus scan rate for the different electrolytes
tested in this study is shown in Fig. 2d. The high capacitance
values at high scan rates may be explained by the fact that tran-
sition-metal chalcogenides possess higher ionic diffusivity due
to their large anionic polarizability, which arises from the
larger sizes of §*~ and Se*™ (ref. 26). It can be seen that the volu-
metric capacitance is dependent on the electrolyte, but shows excep-
tionally high values ranging from 400 to 650 F cm™> at scan rates
of 20 mV s,

Galvonastatic charge/discharge measurements performed at 0.5,
1,2,4,8 and 16 A g ! in Na,SO, are shown in Fig. 2e. The curves
show close to ideal triangular capacitive behaviour. We studied the
cyclability of the electrodes by performing more than 5,000 charge/
discharge cycles at a current rate of 2 A g . Capacitive retention was
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found to be greater than 93% in neutral electrolytes and greater than
97% in acidic electrolytes, as shown in Fig. 2f. XPS analysis of 1T
phase MoS, electrodes conducted after 5,000 cycles did not show
substantial change in the phase concentration. We also found cou-
lombic efficiencies of 90-98% for various electrolytes at a charge/
discharge current rate of 2 A g™\

To investigate the volumetric energy and power densities of 1T
phase MoS, electrodes we measured their electrochemical storage
properties in non-aqueous electrolytes. Specifically, we tested their
properties in tetraethylammonium tetrafluoroborate (TEA
BF,;)/MeCN and 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM BF,;)/MeCN organic electrolytes, because they offer a
wide operating potential window of up to 3.5 V. For this phase
of the study we used a two-electrode system as described in
Supplementary pages 12-14. Figure 3a shows rectangular CVs for
the measured scan rates in 1 M TEA BF, in acetonitrile with a
3 V potential range. As summarized in Fig. 3b, capacitances as
high as 199 F cm™ in TEA BF,/MeCN and 250 F cm ™ in EMIM
BF,/MeCN were obtained from 1T MoS, electrodes at 5mV s ..
Galvanostatic charge/discharge measurements were conducted at
current densities ranging from 0.5A g ' to 32 A g (Fig. 3c). The
charge/discharge curves show close to ideal behaviour with a
minimal potential fall at higher discharging currents, as shown in
the inset to Fig. 3c. The cyclic stability of the 1T phase electrodes
in organic electrolytes was tested over 5,000 cycles (Fig. 2f). We
found that the electrodes retained a capacitance in excess of 90%
after 5,000 cycles. For 1T phase MoS, electrodes tested in aqueous elec-
trolytes, we calculated an energy density of up to 0.016 Wh cm™ at a
current density of 0.5 A g ™', givinga power density of 0.62 W cm >, At
16 A g', the energy and power densities reach 0.011 Wh cm™ and
8.7 W cm >, respectively. These values are dramatically increased in
organic electrolytes. We found an energy density and power densit'ly
as high as 0.11 Wh cm ™ and 1.1 W cm >, respectively, at 0.5 A g~
At a higher current density of 32 A g”', these values change to
0.051 Wh cm™ and 51 W cm ™. These energy and power densities
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Figure 2 | Electrochemical characterization of 1T phase MoS, electrodes in different electrolytes. a, CVs of 1T phase MoS, nanosheet paper in 0.5 M
sulphate-based electrolyte solutions at scan rates of 20 mV s~". b, Comparison of the CV curves of 1T MoS, in 0.5 M K550, and 1 M KCI. The absence of a
noticeable difference between the two electrolytes supports the fact that only cations are being stored. ¢, CVs of 1T phase MoS, electrodes in 0.5 M Nay,SO4
from 5 mV s7-1,000 mV s The capacitance remains virtually constant up to scan rate of 100 mV s~ d, Evolution of the volumetric capacitance of the

1T phase MoS, electrodes with scan rate for different electrolytes and 1-pm- and 5-pm-thick films. The concentration of the cations in the electrolyte
solutions was fixed at 1 M. e, Galvanostatic cycles from 0.5 A g™'-16 A g in K;SO,. f, Capacitance retention after 5,000 cycles in 0.5 M Li»SO4, H,SO,4

and 1 M TEA BF, in acetonitrile.

are among the highest reported to date for a variety of electrode
materials®!>1327 (Fig. 3d), demonstrating the remarkable capacitive
behaviour of 1T MoS, in both aqueous and organic electrolytes.
We performed XRD on intercalated electrodes to study the
charge storage mechanism in 1T phase MoS, electrodes. Ex situ
XRD spectra of electrodes intercalated with different cations and
protons in neutral, acidic and organic electrolytes are shown in
Fig. 4. As intercalation proceeds, the intensity of the (002) peak at
14.4° from restacked MoS, decreases, and the intensity of the
(001) peak, which is an indication of interlayer expansion, increases.
The new peak positions arising from expansion due to intercalation
of cations or water are indicated in Fig. 4 as (001)* and (002)* peaks
to differentiate them from those obtained in non-intercalated

materials. We note that the (001)* and (002)* peak positions
strongly depend on the type of intercalant. The shoulder at ~16°
indicated by the arrows for as-exfoliated MoS, and electrodes inter-
calated in Li,SO,4, Na,SO4 and H,SO, electrolytes is attributed to
the presence of water bilayers?>. Expansions of the spacing
between the nanosheets due to intercalation are 6.63, 6.09, 3.7 and
4.83 A for Li,SO,, NaySO,, K;80, and TEA BF,, respectively.
These expansion values are higher than the hydrated cation sizes
of Li*(H,0),, Na*"(H,0), and K*(H,0). The observed expansion
values are consistent with previous XRD and NMR studies of
MoS, intercalation compounds®*?%?, Interestingly, unlike neutral
electrolytes, the (001) peak is absent after charging in H,SO,.
This is attributed to the fact that smaller protons can easily
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Figure 3 | Electrochemical behaviour of 1T phase MoS; electrodes in organic electrolytes. a, CVs in 1 M TEA BF;/MeCN. b, Capacitance versus scan rate
in TEA BF4/MeCN and EMIM BF,/MeCN electrolytes. ¢, Galvanostatic charge/discharge curves in TEA BF,/MeCN at current rates from 0.5 Ag™' to 32 Ag™.
Inset: Low internal resistance of the 1T MoS, electrodes in 1M TEA BF,/MeCN at 32 A g'. d, Ragone plot of the best volumetric power and volumetric
energy densities reported from various materials including lithium thin-film batteries?’, Panasonic Li-ion batteries?’, graphene'?7 and MXenes® for
comparison with those values obtained in this study for 1T phase MoS, electrodes. The Ragone plot consists of values calculated by taking into account the
separator volume for lithium batteries, MXenes and liquid-mediated graphene, while the values for activated carbon, highly porous graphene and 1T phase

MoS, were calculated from electrode volumes.

diffuse between the interlayer spacings in restacked MoS, without
causing substantial expansion. However, a small shift is observed
in the position of the (002) peak after proton intercalation in zero
pH electrolytes. This can be related to adsorption on 1T phase
MoS, after charging and is consistent with the shape of the CV
curve in Fig. 2a. In the case of organic electrolytes, similar expansion
has been observed with strong (001)* and (002)* peaks at 8° and
15.9°, as shown in Fig. 4(vi). The absence of (002) at 14.4° from
restacked MoS, after intercalation in TEA BF,/MeCN suggests
that the 1T phase MoS, electrodes are fully intercalated with the
organic electrolyte. The expansion of the interlayer spacings of the
nanosheets suggests that the 1T phase MoS, electrodes dynamically
expand to accommodate cations, despite the low surface area.

We have shown that exfoliated layers of the metallic 1T
phase of MoS, have interesting electrochemical properties that can
make it an attractive electrode material for both aqueous and
organic supercapacitor devices. These electrochemical properties
can be attributed to the intrinsic hydrophilicity and high electrical

4

conductivity of 1T MoS,, as well as the ability of the exfoliated
nanosheets to intercalate various cations and the fact that our
devices are devoid of binders and other additives. Following these
results, we believe that other TMDs other than MoS, may exhibit
favourable electrochemical properties, once a suitable metallic
phase is chemically achieved.
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