Published on 15 November 2018. Downloaded by HK University of Science and Technology on 1/17/2020 7:06:31 AM.

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2018, 10, 22549

Received 31st August 2018,
Accepted 14th November 2018

DOI: 10.1039/c8nr07106¢

Metallic MoS, nanosheets: multifunctional elec-
trocatalyst for the ORR, OER and Li—O, batteriest

Zoya Sadighi, 92 Jiapeng Liu, 2 Ling Zhao, 22 Francesco Ciucci ©?® and
Jang-Kyo Kim @ 2

Lithium—oxygen batteries (LOBs) possess the highest theoretical specific density among all types of
lithium batteries, making them ideal candidates to replace the current Li ion batteries for next-generation
electric vehicle applications. However, designing highly active catalysts with high electronic conductivities
to kinetically accelerate the sluggish oxygen reduction/evolution reactions (ORR/OER) is still a big chal-
lenge. This work was dedicated to developing two-dimensional (2D) trigonal phase MoS, (1T-MoS,)
nanosheets as a highly active electrocatalyst for LOBs for the first time. Metallic 1T-MoS, prepared via
in situ liquid-redox intercalation and exfoliation was hybridized with functionalized carbon nanotubes
(CNTs) to form freestanding, binder-free oxygen electrodes. The 1T-MoS,/CNT electrode exhibited excel-
lent electrochemical performances with a high reversible capacity of 500 mA h g~* at a current density of
200 mA g~* for more than 100 cycles owing to the catalytically active surfaces of 1T-MoS, accessible by
Li* ions and O,. Density functional theory (DFT) calculations identified the catalytically active basal planes
in 1T-MoS, during the ORR as well as the initial ORR path during LOB cycles. The results based on the
rotational ring disk electrode (RRDE) experiments also supported the findings from the DFT calculations,
where the 1T-MoS, basal planes are active for both the ORR and OER, not the semiconducting hexagonal
MoS, (2H-MoS;) whose edges are only electrocatalytically active. This study sheds light on the use of
metallic 1T-MoS, as a multifunctional oxygen electrocatalyst for LOB applications with enhanced ORR

rsc.li/nanoscale and OER activities.

Introduction

Considering the increasing environmental concerns, there is
an urgent need to develop clean and renewable energy sources,
such as sunlight, wind, rain and waves. Utilization of these
energy sources necessitates the development of efficient
energy conversion and storage technologies, such as fuel cells,
water splitting devices,"” and rechargeable Li-ion (LIB) and
metal-air batteries.®> Li-O, batteries (LOB) with the highest
theoretical specific energy (3500 W h kg™') among all types of
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batteries are considered a promising alternative to the current
Li-ion batteries for use in electric vehicles. However, the practi-
cal energy storage capability of LOBs is still very uncertain due
to many unknown and problematic factors, such as large
polarization, poor cyclic stability and low coulombic efficien-
cies.” One of the most important issues hindering the com-
mercialization of LOBs is the lack of high-performance cata-
lysts to enhance the kinetics of the oxygen reduction/evolution
reactions (ORR/OER).”

Considering the abovementioned issues, various materials
have been explored as catalysts for oxygen electrodes, such as
nanocarbons,®” precious metals,®° transition metal-oxides'®"'*
and -sulfides,'>'* and metal-organic framework-based struc-
tures.>'* Furthermore, different structures including nano-
particles (NPs),®'® nanotubes,'®'” nanofibers,'® and two->'
or three-dimensional’® (2D or 3D) morphologies have been
designed. Among them, layered 2D materials have shown excit-
ing characteristics, including novel electronic properties
ranging from insulator to metallic and the ability to electro-
chemically intercalate Li" ions to form a nanosheet structure
with large surface areas and enhanced ionic transport.>®>!
Although graphene is a well-known 2D material with very high
electrical conductivity, it is chemically inert and needs
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functionalization with other molecules, which may adversely
affect some desired properties.>” Transition metal dichalcogen-
ides such as molybdenum disulfide (MoS,) have been syn-
thesized and utilized for a wide range of applications, such as
sensing,> electrocatalysts,>® supercapacitors®® and energy
storage systems.’®>° However, the widely known structure,
namely, hexagonal MoS, (2H-MoS,) with a trigonal prismatic
coordination, is not the best candidate for electrode applications
due to its semiconducting nature.>® Several studies employed
2H-MoS, for electrochemical applications after improving its
electronic conductivity via hybridization with carbon materials,
ie, carbon nanotubes (CNTs),>*%*" reduced graphene
oxide,**?* carbon nanofibers®** and other forms of carbon.>*3¢

The Mo edges are known to be the most catalytically active
sites in MoS,; thus, extensive research has been focused on
increasing its edge density.”” However, these metallic edges
become rapidly deactivated by oxidation®” or are covered with
discharge products during the ORR in a LOB system. Ionic
liquid (IL)-based electrolytes can suppress the oxidation
through binding with the Mo edges to form isolated Mo
sites.>” MoS, nanoflakes (NFs) in an IL-based electrolyte sur-
vived for 50 cycles at an upper limit capacity of 500 mA h g™
and a current density of 0.1 mA cm 2>’ In another study,
semiconducting MoS, nanosheets (NSs) decorated with Au
NPs were used to prepare an oxygen electrode, which delivered
a discharge capacity of 1000 mA h g~ for 50 cycles at 300
mA g~ '.>® A cathode made of graphene aerogel decorated with
MoS, (1 < x < 2) NSs was also discharged for 30 cycles until the
lower limit capacity of 500 mA h ¢™* at 0.1 mA cm™2.%°

An octahedral coordination of metal atoms in metallic tri-
gonal MoS, (1T-MoS,) was achieved via the intercalation of
alkali ions to form 1T-A,MoS, (A = Li, Na, and K).*®** The
alkali-intercalated MoS, was exfoliated easier than the bulk
MoS,.*>*® Further solvation and liquid exfoliation resulted in
stabilized 1T-MoS,.*®*” Chemical exfoliation by alkali interca-
lation also modified the crystal structure due to electron trans-
fer between the alkali compound, e.g. n-butyllithium, lithium
borohydride and sodium naphthalenide, and the MosS,
NSs.">*®*8 The theoretical analysis confirmed that the octa-
hedral coordination favored the accommodation of these extra
electrons in the d orbitals of the metal atoms, leading to the
emergence of metallic properties.”® Several studies showed
higher catalytic activities for the stable metallic 1T-MoS, phase
than the 2H-MoS, phase in hydrogen evolution reaction
application.’®*°>* However, the use of the stable 1T-MoS, as
an electrocatalyst in batteries is rare, which has only been
reported for LIBs®*> and Na-ion batteries to date.* Thus,
remains unexplained whether the structural changes to the con-
ducting 1T-MoS, can influence the ORR and OER catalytic activi-
ties with respect to the electrochemical performance of LOBs.

Herein, 2D 1T-MoS, NSs were prepared via the intercalation
of Na' ions followed by exfoliation. Freestanding oxygen elec-
trodes were prepared via the hybridization of the 2D NSs with
30 wt% functionalized CNTs, which were designated as
1T-Mo0S,/CNT (method in Supplementary Note 1 in ESIT). The
electrochemical performance of the 1T-MoS,/CNT cathode in a
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custom-built LOB cell®*® was measured and compared with
its 2H-Mo0S,/CNT counterpart (Supplementary Note 3 in ESIf).
The exfoliated 1T-MoS, electrocatalyst significantly enhanced
the LOB performance due to its substantially improved electri-
cal conductivity, enhanced access to the catalytically active
sites by the electrolyte and elevated ionic and mass transport
capability. Furthermore, a freestanding electrode design without
binders can avoid the negative effects of binder in reducing the
electrode conductivity and electrochemical performance.' We
used the density functional theory (DFT) (Supplementary Note 4
in ESIt) to predict the preferred paths for the initial oxygen
reduction on different MoS, phases. The computation results
combined with ORR and OER experiments using the rotational
ring disc electrode (RRDE) (Supplementary Note 3 in ESIY)
revealed the reasons behind the outstanding performance of
the 1T-MoS, electrocatalysts in the LOB system. This work pre-
sents new insight into the application of metallic MoS, as a
bifunctional oxygen electrocatalyst.

Results and discussion
Characterization of materials and structures

2D 1T-MoS, were formed via in situ liquid-redox intercalation
followed by solvent exchange exfoliation. Solvent exchange was
used to maintain the large lateral sizes of MoS, during the
redox intercalation and exfoliation. N-Methyl-2-pyrrolidone
(NMP) was found to be effective in reducing the thickness of
pristine MoS, NFs, while the use of dimethylformamide (DMF)
maintained the original lateral size of NSs.”” The oxidative
decomposition of NaBH, released H, and B,Hg gas according
to eqn (1), generating stress to pre-expand the MoS, layered
structure, thus aiding Na intercalation.””*®® The Na® ions
resulting from the decomposition of NaBH, (eqn (1)) and
NaOH™ (eqn (2)) in methanol intercalated into the pre-
expanded MoS, interlayers to form 1T-Na,MoS,. It was shown
by computations®®®® and experiments*>™** that upon Na inter-
calation, MoS, underwent a first-order phase transition to the
octahedral coordination, where the Mo atoms formed the
metallic 1T phase of MoS,.*®

2NaBH, — 2Na + B,H, + H, (1)
CH;0H + NaOH — Na® + “OCH; + H,0 (2)

The strong reduction characteristics of borohydride ions,
BH, , are necessary to transfer electrons to the S layer of
1T-Na,MoS, to compensate for the created charge through Na
intercalation and stabilize the 1T phase (Fig. 1a)."""*>® The
gases released during intercalation and the coulombic repul-
sion®" of the negatively charged 1T-Na,MoS, resulted in high-
yield liquid exfoliation. It is worth noting that the measure-
ment of carrier concentration in the oxygen electrode indicated
that 1T-MoS,/CNT was negatively charged (Table S2t), while
2H-MoS,/CNT was positively charged, similarly to CNTs.***>

The atomic force spectroscopy (AFM) analysis (Fig. 1b and c)
revealed that the majority of 1T-MoS, NSs were 4-11 nm thick

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Illustration of the synthetic procedure. (b) AFM image of 1T-MoS,. (c) Height profiles of the 1T-MoS, NSs from AFM. (d) Histogram of the

thickness distribution of 1T-MoS,. (e) TEM image of a 2D 1T-MoS; NS, in

which the folded parts are indicated by arrows. (f) Magnified HRTEM view

of the basal plane showing the individual Mo (blue dot) and S (yellow dot) atoms in 1T-MoS, with a triangular arrangement. (g) HRTEM image of the

1T-MoS, edge showing the MoS; layers.

in the exfoliated state, corresponding to 6-16 layers with one
layer being 0.67 nm thick (Fig. 1g). The transmission electron
microscopy (TEM) image presented few micron-sized 2D NSs
with folded edges, as indicated by arrows (Fig. 1e). The magni-
fied high-resolution TEM (HRTEM) image of the basal plane
(Fig. 1f) revealed the triangular arrangement of individual
Mo atoms (blue) in the 1T-MoS, phase, corresponding to the
trigonal structure. The HRTEM image of the edge of 1T-MoS,
(Fig. 1g) represented a similar thickness to the AFM results
with a spacing of 0.67 nm between layers.

The exfoliated 1T-MoS, NSs presented a down-shifted (002)
X-ray diffraction (XRD) peak located at 26 = 13.2° compared to
that of the bulk powder at 20 = 14.45° (Fig. 2a). The (002) peak
is attributed to the interplanar d-spacing between the (002)
crystalline planes, and its down-shifting reflects the expansion
of the planes. The oxidative decomposition of NaBH, and
NaOH during sonication generated Na' ions. These Na' ions
were intercalated into the gaps between the MoS, layers

This journal is © The Royal Society of Chemistry 2018

bonded by weak van der Waals interactions, resulting in the
expansion of the d-spacing. Considering the d-spacing of
0.612 nm in the bulk powder extracted from the XRD spec-
trum, the spacing of 0.67 nm was calculated for 1T-MoS, using
Bragg’s law (nd = 2dsiné), which is consistent with the
HRTEM observation (Fig. 1g). The (002) peak was also broad-
ened, representing the random arrangement of the NSs.
Different phases were also identified using Raman spec-
troscopy (RS) and X-ray photoelectron spectroscopy (XPS)
(Fig. 2b-d). The intercalation-induced phase transformation
was confirmed by RS, where the J; to J; photon modes were
activated at 150-300 cm™" for 1T-MoS, while they were absent
for 2H-MoS, (Fig. 2b).">*® The up-shifting of the E',, peak,
down-shifting of the A;, peak and reduction in the intensity
ratio, E'54/Ay,, (Fig. 2b inset) observed for the 1T-MoS, phase
indicate a reduction in the number of monolayers.”’ The
deconvoluted Mo 3d and S 2p XPS spectra also signify the con-
version from the bulk MoS, powder to metallic 1T phase by Na

Nanoscale, 2018, 10, 22549-22559 | 22551
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Fig. 2 (a) XRD spectra of exfoliated 1T-MoS, and bulk 2H-MoS,. (b)
Comparison of the RS for 1T- and 2H-MoS; (inset in b: Elzg and Ay peak
shifts). XPS spectra with deconvoluted peaks of (c) Mo 3d and (d) S 2p.
(e) TG-DSC curves of 1T-MoS,.

intercalation (Fig. 2c and d). The binding energies of the
1T phase peaks are located at ~228.2 and ~231.3 eV for Mo 3d
and ~161.2 and ~162.5 eV for S 2p, which are ~0.8 eV lower
than that of their 2H counterparts (Fig. 2c and d, respect-
ively).?® The thermostability of 1T-MoS, was studied using
thermal gravimetry (TG) and differential scanning calorimetry
(DSC) in an O, atmosphere at 20-200 °C (Fig. 2d). An exother-
mic peak centred at 112.3 °C was observed. However, a very
slow weight reduction was observed with an increase in tem-
perature, indicating a phase transformation from the 1T phase
to the 2H phase at elevated temperature.

Judging from the oxygen electrode design, restacking of the
exfoliated 1T-MoS, NSs (Fig. S2at) during infiltration is detri-
mental to the electrode performance due to the of lack of poro-
sity required for O, flow and the storage of discharge products.
If this happens, the cathode surface would be covered by Li,O,
reaction products and become insulated, causing a degra-
dation in performance. Therefore, CNTs were added in this
study to construct a 2D-1D hybrid structure, in which the 2D
1T-MoS, NSs were interleaved with 1D CNTs to prevent restack-
ing (Fig. S2bf). The TEM image of 1T-MoS,/CNT (Fig. S2ct)
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showed that the CNTs were dispersed and attached on
1T-MoS, or wrapped between the 2D NSs. A uniform distri-
bution of MoS, in the 1T-MoS,/CNT electrode was seen from
the elemental maps obtained from energy dispersive X-ray
spectroscopy (Fig. S2d+).

Lithium-oxygen battery performance

Fig. 3a and b show the discharge/charge profiles of the different
cathodes tested at a maximum capacity of 500 mA h g~ and
200 mA g~'. At half of the upper-limit capacity, 250 mA h g™,
the 1T-MoS, catalyst decreased both the discharge and charge
overpotentials to 200 and 300 mV, respectively, compared to
2H-MoS, (Fig. 3a). The 2H-MoS,/CNT cathode was not able to
complete the targeted capacity before reaching the voltage
limit for discharge (2 V) and charge (4.5 V), where its
maximum capacity was about 400 mA h ¢~" in the first cycle
(Fig. 3a). The charge plateau in the potential window of
0.4-1.2 V is attributed to the O, evolution from the bulk Li,0,,
according to eqn (3). The kinetics of this reaction is sensitive
to the catalytic activities of the catalyst in the oxygen
electrode.®?

Li,0, — 2(Lit +e7) + 0, (3)

The corresponding charge plateau of the 1T-MoS,/CNT
cathode decreased from the 1% (4.05 V) through the 85™ cycle
(3.70 V) (Fig. 3b and e), reflecting the lower potential required
for O, evolution in the bulk Li,O, with increasing cycles. The
ex situ XPS spectra indicated that 1T-MoS,/CNT successfully
decomposed the deposited Li,O, layer (Fig. S3at) with its peak
at 54.8 eV completely disappearing after the 70™ charge
(Fig. S3ct). The comparison of the ex situ XRD spectra after the
20" discharge (Fig. S4at) and the 70™ recharge (Fig. S4bt)
confirmed the reversible formation and decomposition of
Li,O, in the 1T-Mo0S,/CNT electrode. Moreover, the HRTEM
images taken from the edge of the 1T-MoS, layers illustrated
the formation of Li,O, after discharge and its decomposition
after charge (Fig. S51). This observation is partly responsible
for the outstanding cyclic stability of the 1T-MoS,/CNT
cathode arising from its electrochemical activation. The
required potential for O, evolution in its 2H-MoS,/CNT
counterpart rapidly increased during the first 10 cycles (Fig. 3c
and f), which corroborates the inability of 2H-MoS, to catalyze
the sluggish OER. When the required potential for O, evol-
ution increased beyond 4.3 V (Fig. 3c), the decomposition of
the electrolyte solvent resulted in the formation of RCOOLI.
The ex situ XPS spectra showed a peak at ~56 eV, corres-
ponding to the RCOOLi phase after the 5™ discharge and the
10" charge (Fig. S3b and df). The XPS results also indicated
incomplete Li,O, decomposition after the 10™ charge in the
2H-MoS,/CNT cathode, consistent with its weak catalytic
ability (Fig. S3dt). However, for 1T-MoS,/CNT, the same peak
for RCOOLI was not detected after the 20™ discharge, while its
appearance after the 70" charge was related to the elevated
charge potential after long cycles. For both electrodes, Li,CO3
(~55.4 eV) was formed due to the reaction between Li,O, and
CO,, where CO, arose from the oxidation of the CNT

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Comparison of the discharge/charge curves of LOBs with the 1T-MoS,/CNT and 2H-MoS,/CNT cathodes at a current density of 200 mA g~*
with an upper-limit capacity of 500 mA h g~ in the (a) first cycle and (b and c) following cycles. (d) Cyclic performance at the upper limit capacity
and coulombic efficiencies of the 1T-MoS,/CNT and 2H-MoS,/CNT cathodes. O, evolution potential versus cycle number of (e) 1T-MoS,/CNT and
(f) 2H-MoS,/CNT corresponding to the charge plateau in (b) and (c), respectively. Comparison of (g) EIS curves before cycles and (h) charge transfer

resistance (R.,) and (i) Warburg factor (o) after the first, 10" and 20" cycles

surface.®*®* The 1T-MoS,/CNT cathode survived for over 100
cycles (Fig. 3b and d) at the upper-limit capacity of 500 mA h g™*
and at a current density of 200 mA g~ with a remarkable cou-
lombic efficiency of 100% (Fig. 3d). In contrast, its 2H-MoS,/
CNT counterpart exhibited unstable behavior from the first cycle
(Fig. 3c) with very poor coulombic efficiencies (Fig. 3d).

The electrochemical impedance spectroscopy (EIS) spectra
of the fresh 1T-MoS,/CNT and 2H-MoS,/CNT electrodes are
compared in Fig. 3g; the impedance parameters presented in
Table S1t were analyzed using the Zview software with their
corresponding equivalent circuits (insets in Fig. S6b and cf).
1T-MoS,/CNT presented a considerably lower charge transfer
resistance, R., than 2H-MoS,/CNT (Table S1}) due to its much
higher electrical conductivity of 54.6 vs. 10.7 S cm™"
(Table S27). The electronic density of states (DOS) of 1T- and
2H-MoS, (Fig. 4a and b) were studied via DFT calculations and
the comparison clearly indicated the metallic behavior of the
former due to the lack of a bandgap and the semiconducting
behavior of the latter with a bandgap of 0.74 eV. The underesti-
mation of the calculated bandgaps compared to the experi-
mental value, 1.2 eV,?® is a drawback of generalized gradient

This journal is © The Royal Society of Chemistry 2018

for the 1T-MoS,/CNT and 2H-MoS,/CNT cathodes.

approximation calculations, as noted previously.®> The much
lower diffusion resistance, Z,, (Table S11) for 1T-MoS,/CNT
than 2H-MoS,/CNT represents its dominant mass transport.
This in turn allowed faster Li" and O, transport across the
interface between the cathode and Li,0,, which kinetically
drove the evolution reaction (OER, eqn (3)) for the facile
decomposition of Li,0,. The above discussion is partly proven
by the almost two orders of magnitude higher lithium
diffusion coefficient, D;;, of 1T-Mo0S,/CNT than 2H-MoS,/CNT,
ie 9.9%x107"vs. 1.8 x 107" cm? s7' (Table S2t). These values
were determined from the cyclic voltammetry curves in the third
and following cycles at different scan rates (Fig. S6d and ef)
(Supplementary Note 5 in ESIT).

The ex situ EIS analysis (Fig. S6b and ct) after cycles gave a
clearer picture of the enhanced catalytic activities of the
1T-MosS, electrode. Fig. 3h and i compare the R.. and Warburg
factor (o, Supplementary Note 6 in ESIf) taken from the EIS
curves at different stages of cycles (Fig. S6b and ct). The lower
R, values for 1T-MoS,/CNT than 2H-Mo0S,/CNT in the 20"
cycle (Fig. 3h) revealed its faster transfer of charge species (Li"
and e”) due to its higher reaction kinetics for both the ORR

Nanoscale, 2018, 10, 22549-22559 | 22553
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and OER. Furthermore, throughout the first 20 cycles, the ¢ of
1T-MoS,/CNT was generally lower than that of 2H-MoS,/CNT
(Fig. 3i). The inverse relationship between o¢° and Dy;
(eqn (S9)1)°® indicates that the former electrode has a higher
lithium diffusivity with a decreasing growth rate in the first 20
cycles (Fig. 3i), resulting in its enhanced cyclic and coulombic
efficiencies. In summary, the LOB performance study demon-
strated the enhanced capability of the exfoliated metallic
1T-MoS, catalyst to reduce O, during the ORR and to decom-
pose Li,O, during the OER.

Mechanistic understanding with DFT computations

A mechanistic analysis was performed using DFT calcu-
lations®” to investigate the initial ORR mechanism. The result
presented below further supports the outstanding perform-
ance of the 1T-MoS, catalyst during the ORR. In the LOB
system, discharge initiates when the Li atom is oxidized to
release electrons to the external circuit and produce Li* ions to
meet the reduced oxygen molecules (O,7) at the cathode
surface.” Therefore, it can be speculated that the main dis-
charge products in the aprotic LOB system, Li,O,, arose from
two different possible reaction paths, depending on the
adsorption energies of the initially adsorbed species and the
catalytic activity of the cathode surface.®®® The two possible

22554 | Nanoscale, 2018, 10, 22549-22559

reaction paths are given below, where the asterisks refer to the
surface-adsorbed species:

Path A : *0y — *LiOZ ad *LizOZ
Path B: *Li — *LiOZ — *LizOZ

Whether one path is more dominant than the other is
determined by the rate of adsorption between the O, and Li
species.”® Therefore, the adsorption energies were calculated
on both 2H-MoS, and 1T-MoS,, and both the Mo edges and
basal planes were also considered for the calculation of the O,
adsorption energies. The results given in Table S3f show that
the adsorption energies on the edges of the 2H- and 1T-phases
of —9.247 and —8.622 eV were very competitive compared to
the corresponding values on the basal planes of —0.095 and
—2.885 eV, respectively. The strong adsorption energies of O,
molecules on the exposed Mo edges of both 2H-MoS, and
1T-MoS, resulted in the dissociation of the O, molecules to
form two bound O atoms on the Mo edges (see the configur-
ation in Table S3t). The continued dissociation of O, mole-
cules led to fully oxidized Mo edges, which did not favor
oxygen reduction.?” In the ORR process according to Path A,
the O, molecules are required to bind on the surface of the
cathode followed by reduction to form an adsorbed species,

This journal is © The Royal Society of Chemistry 2018
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0,7* (e” + O,* > 0, *). However, due to the strong adsorption
energies of the O, molecules and their dissociation on the Mo
edges of 2H-MoS, and 1T-MoS,, the O, * species could not be
formed to allow the ORR to occur according to Path A. It is
reported that only in some places where the Mo edges are par-
tially oxidized, O, can bind with an exposed Mo atom in iso-
lation to reduce to O, * through charge transfer.”” However,
the strong adsorption energies of O, on the edges most likely
drive the reaction toward the full oxidation of the Mo edges
and contaminate the catalyst. The poor LOB performance of
the 2H-MoS,/CNT cathode (Fig. 3c and d) reflects its weak cata-
lytic activities. The passivation of the metallic Mo edges by oxi-
dation in 2H-MoS, and no ORR catalytic activity of the basal
planes were mainly responsible for the degradation of the LOB
performance of 2H-MoS,/CNT.

To continue revealing the initial ORR path, the adsorption
energies of O, and Li on the basal planes were investigated. O,
can be adsorbed on the Mo surface at a distance of ~4.5 A (see
the configuration in Table S37), which prevents the transfer of
electrons between the catalyst surface and O, to reduce it to
O, *. Therefore, Path A favors the adsorption of neither the
2H- nor 1T-phase on the edges and basal planes. To investigate
the reaction energies of Path B, the Li adsorption energies on
the basal planes were calculated for two different possible
sites, namely, the top of an Mo atom (T) and the hollow posi-
tion (H) (see the configuration in Table S4t). The adsorption
energies (Table S4}) suggest that Li favored the Mo atom (T),
where the stable position of Li deviated from the right above

(@ _ '
“ 0 —1T-MOS_J'CNT
§
< .14
£ —— 2H-MoS,
g 2] —2HMos+CNT
§ 3l
g .
5 —PUC
e 5 — 1T-Mos,
6 “— Edge-oxidized 1T-MoS,
0.4 0.6 0.8 1.0

Potential (V vs. RHE)

()

-14
23
44
=4}

——400 rpm

Current density {mA cm™)

=54 ——900 rpm

-6 — 1600 rpom

7 — 2500 rpm
0.4 0.6 08 1.0

Potential (V vs. RHE)
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Mo in 1T-MoS,, as shown in the corresponding configuration.
Similar findings on the most stable sites, the deviation of the
Mo position and the adsorption energies were reported pre-
viously.”"”? The much stronger adsorption energy of Li on
1T-MoS, (—4.68 eV) than on 2H-MoS, (—0.22 eV) evidenced the
higher affinity of the former surface to exhibit ORR activity
through Path B. The adsorption energies of Li, O, compounds
created by Path B on the two MoS, surfaces were calculated, as
shown in Table S5.f When O, molecules were added, the
stronger adsorption energy of Li,O, on the 1T-MoS, surface of
—6.842 eV than on the 2H-MoS, surface of —3.14 eV, led to its
enhanced discharge capacity. The reaction free energies of the
different steps according to Path B during the ORR from the
2H- and 1T-MoS, surfaces are shown in Fig. 4c. The higher
energies released on the 1T-MoS, surface than on its 2H-MoS,
counterpart are strongly correlated with its outstanding per-
formance in LOBs.

Electrocatalytic activity toward the ORR and OER

The above DFT calculations verified that the better LOB per-
formance of the 1T-MoS, catalyst is attributed to its catalyti-
cally active basal planes. However, it is necessary to confirm
experimentally whether its outperformance is related to the
intrinsic catalytic activity of 1T-MoS, due to its large active
sites and/or the increased electronic conductivity of the metal-
lic NSs with faster charge transport. Thus, we further explored
the electrocatalytic activities toward the ORR (Fig. 5a) and OER
(Fig. 5b) using an RRDE in O,-saturated 0.1 M KOH. The linear

80
(b)* ——1T-MoS JCNT
& s T
E go]—1T-Mos,
‘é —— Edge-oxidized 1T-MoS,
= 4o ]—2HMos jONT
Z "|—2H-Mos,
S |—ruc
5 20 .
E 10 mA cm™ ‘%
= S S S R —— -
O
0
1.0 12 1.4 16 18
Potential (V vs. RHE)
(d) 5.0
0.354
5 0.301
<
£0.25-
o
0.204 m 03V
A 04V
0.154 e 05V

0.02 0.03 0.04 0.05
o '* (mp %)

Fig. 5 Electrocatalytic activities of 1T-MoS,, 1T-NayMoS,, 1T-MoS,/CNT, 2H-MoS,, 2H-MoS,/CNT and Pt/C in O,-saturated 0.1 M KOH: LSV curves
for the (a) ORR and (b) OER at a rotating speed of 1600 rpm and 5 mV s™%. (c) LSV curves for the ORR of 1T-MoS, at different rotating speeds. (d) K-L

plots of 1T-MoS, based on the obtained LSV curves.
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scanning voltammetry (LSV) curve of 1T-MoS, obtained during
the ORR at 1600 rpm (Fig. 5a) presents a high onset-potential
(E, =~ 0.9 V). However, the onset-potential of 2H-MoS, substan-
tially decreased (E, ~ 0.73 V) due to the low concentration of
active edges stemming from its large lateral dimensions and
poor electronic conductivity. 1T-MoS, exhibited both a much
higher half-wave potential (E;,,) and diffusion-limited current
density (j) (E12 = 0.81 V and j; ~ —5.8 mA cm™2) than that of
2H-MoS, (Ey» =~ 0.66 V and j, ~ —0.8 mA cm™?). 1T-MoS,
showed an almost equivalent E;,, and enhanced j;, compared
to that of Pt/C (Ey, ~ 0.8 V and j;, ~ =5 mA cm?) (Fig. 5a).
After the incorporation of 30 wt% CNTs, the onset potential of
the 1T-MoS,/CNT catalyst improved to the highest value of
0.94, which is almost the same as that measured for commer-
cial Pt/C, E, ~ 0.95 V.”*> The 1T-MoS,/CNT catalyst presented
similar values for E; ), and j;, to 1T-MoS,. This finding reflects
the high electrical conductivity of 1T-MoS,, which may not
change much even after the incorporation of CNTs, and the
high catalytic activity of the basal planes in 1T-MoS, remained
mostly unaffected by the physical mixture of CNTs.

The OER activity was studied in a higher positive region
than the ORR to evaluate the bifunctional catalytic activity. As
shown in Fig. 5b, the 1T-MoS, displayed an OER potential of
~1.52 V at 10 mA cm ™2, which is much lower than that of both
2H-MoS, (~1.73 V) and Pt/C (~1.78 V), indicating the exfoliated
1T-MoS, is a highly promising bifunctional ORR/OER catalyst
compared to 2H-MoS,. The addition of CNT to 1T-MoS, mar-
ginally enhanced its potential to ~1.5 V, illustrating the ame-
liorated OER activity of the 1T-MoS,/CNT catalyst. A compari-
son of the ORR and OER activities of both 1T-MoS, and
2H-MoS, with that of recently studied MoS, electrocatalysts is
shown in Table 1.”>”77 Indeed, the 1T-MoS, catalyst presents a
comparable performance for both the ORR and OER.

The influence of Mo edge passivation on the oxygen electro-
chemistry of the edge-oxidized 1T-MoS, was studied using the
sodium-intercalated 1T NSs, which were kept in an aqueous
solution for a few days at room temperature.*® The oxidation of
Mo edges was confirmed from the XPS spectrum, where two
new peaks of MoO; appeared at 232.5 and 234 eV corres-
ponding to Mo®* 3ds,, and Mo®" 3d;),, respectively (Fig. S77). It
appears that the edge oxidation only slightly disrupted the
metallic phase atomic arrangement according to the compari-
son of the 1T/2H ratios measured before (2.05) and after oxi-
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dation (1.83)."® The 1T/2H ratios were measured by calculating
the total area under the 1T and 2H deconvoluted peaks from
the corresponding XPS spectra (Fig. 2¢ and S71). The ORR
measurement on the edge-oxidized 1T-MoS, showed only a
marginal decrease in onset-potential (~0.89 V) compared to
that of the pristine 1T-MoS,. Furthermore, the slight differ-
ences between that measured after (j, ~ —5.2 mA cm > and
E1; ~ 0.79 V) and before (j, ~# —5.8 mA cm 2 and E;j, =~ 0.81 V)
edge oxidation suggest only a small negative impact of edge
passivation on the catalytic activities of 1T-MoS,. Therefore, it
can be concluded that the Mo edges in 1T-MoS, were not the
only ORR catalytic active sites; rather, the basal planes mainly
contributed to its ORR activities. The very small difference in
OER potential found between the edge-oxidized 1T-MoS, (0.04 V)
and neat 1T-MoS, (Fig. 5b) at a current density of 10 mA em™>
signified the very similar OER activities of both catalysts.

The ORR and OER activities of 2H-MoS,/CNT was studied
by measuring the influence of enhanced electrical conductivity
on oxygen electrochemistry. An ORR onset-potential of ~0.8 V
was achieved for 2H-MoS,/CNT, which was similar to that of
the neat 1T-MoS, and 1T-MoS,/CNT (Fig. 5a), but not
2H-MoS,. However, the increase in electrical conductivity of
2H-MoS, after the addition of CNTs slightly decreased its OER
potential to 1.67 V at 10 mA cm > In summary, the superior
catalytic activity of the exfoliated 1T-MoS, is attributed to the
synergistic effect of its metallic properties and catalytically
active basal planes. The metallic properties facilitate efficient
charge transfer, while the basal planes maximize the exposure
of reaction sites, giving rise to promising bifunctional ORR/
OER catalytic activities.

The larger catalytically active area in 1T-MoS,/CNT than
2H-MoS,/CNT was further investigated by estimating the elec-
trocatalytically active surface areas (ECSAs) using the cyclic vol-
tammetry (CV) curves (Fig. 6a and b). The current response in
the potential window of 0.91-1.11 V vs. RHE at different scan
rates (40-180 mV s ') arose from the charging of the double-
layer.”® The double-layer capacitance (Cq), which is directly
proportional to the ECSA,”®”® was estimated by plotting the
current difference (AJ = J, — J,) at a given potential (1 V vs.
RHE) against the CV scan rate, as shown in Fig. 6¢c. The Cq
was almost nine times larger for 1T-MoS,/CNT (27 mF cm™?)
than 2H-MoS,/CNT (3.1 mF cm™?), which agrees well with its
much larger ECSA (84.7 cm?® vs. 9.7 cm®). Supplementary Note

Table 1 Comparison of the ORR and OER performances of various MoS,-based catalysts

ORR

OER

Onset potential

Half-wave potential

Diffusion-limited current ~ OER potential at

Sample (V vs. RHE) (Ey/2, V vs. RHE) (ju, mA cm™?) 10 mA cm ™2 (Vvs. RHE)  Ref.
1T-MoS, 0.9 0.81 -5.8 ~1.52 This work
2H-MoS, 0.73 0.66 V -0.8 ~1.75

MoS, with oxygen heteroatoms  0.94 (2400 rpm) 0.8 -3.4 — 74
Mo-N/C@MoS, 0.9 (1600 rpm) 0.81 -5.3 ~1.62 73
CoMoS; nanotubes — — — 1.47 75
MOoS,/Ni;S, — — — 1.56 76
MoS,-r1GO 0.7 0.8 2.7 — 77
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Fig. 6 CV curves of (a) 1T-MoS,/CNT and (b) 2H-MoS,/CNT in the poten-
tial range of 0.91-1.11 V vs. RHE at various scan rates (40-180 mV s™%)
and (c) linear fitting of the corresponding current densities measured
at 1.0 V vs. RHE and different scan rates to estimate the Cq4 from
the slope.

3 in ESIT presents the ECSA calculations. The increase in ECSA
demonstrates the proliferation of active sites, also signifying
the contribution of 1T-MoS, to the improved catalytic
performance.

The LSV curves obtained at different rotation speeds
(Fig. 5¢) were used to investigate the electron transfer kinetics
during the ORR for 1T-MoS,. When the rotation speed was
increased from 400 to 2500 rpm, the current density increased
due to the enhanced convectional mass transfer of oxygen
molecules from the electrolyte to the electrode surface. The lin-
earity and parallelism of the Koutecky-Levich (K-L) plots
(Fig. 5d) at various potentials indicate a first-order relationship
between the reaction rate and the dissolved oxygen concen-
tration.’ The electron transfer number (n) calculated
(Supplementary Note 3 in ESIt) from the slopes of the K-L
plots ranged from 3.79-3.83, representing a four-electron
transfer process for the 1T-MoS, phase.

Conclusions

2D metallic 1T-MoS, was prepared via the in situ liquid-redox
intercalation of sodium ions and solvent exchange exfoliation,
which was applied as a catalyst for oxygen electrodes in Li-O,
batteries (LOBs) for the first time. The hybrid cathode consist-
ing of 1T-MoS, and 30 wt% functionalized CNTs (1T-MoS,/
CNT) substantially outperformed its 2H-MoS,/CNT counter-
part. The freestanding and binder-free 1T-MoS,/CNT cathode
delivered a high capacity of 500 mA h g~* for more than 100
cycles at a current density of 200 mA g~'. The results from ex
situ EIS after LOB cycles confirmed the excellent charge and
mass transfer across the 1T-MoS,/CNT cathode, which facili-

This journal is © The Royal Society of Chemistry 2018
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tated the formation and decomposition of Li,O, during the
ORR and OER. The high electrical conductivity and large
density of catalytically active sites in the 1T-MoS,/CNT elec-
trode were mainly responsible for its outstanding catalytic per-
formance. The DFT calculations predicted the initiation of dis-
charge on the basal planes of 1T-MoS, with the strong surface-
adsorption of Li following the (*Li — *LiO, — *Li,O,) ORR
path. In addition, the RRDE test revealed that the synergistic
effects of both high electrical conductivity and catalytic acti-
vation of basal planes on the ameliorated ORR and OER activi-
ties make the 1T-MoS, electrode a much better electrocatalyst
for LOBs than its 2H-MoS, counterpart.
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