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Li—O, batteries with outstanding energy density are considered to be promising next-generation power
sources for various future electric devices. However, the battery performance is limited by the inferior
electrocatalytic activity of catalysts in the cathode. In this work, MoSe, catalysts with hybrid 1T and 2H
phases were prepared through an efficient two-step hydrothermal strategy. The combination of the 1T
phase with the 2H phase could synergically enhance the catalytic activities towards both oxygen
reduction reaction and oxygen evolution reaction, and the built-in heterojunction between them also

dramatically facilitated the interfacial charge transfer kinetics. Additionally, the hierarchical flower-like
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Accepted 14th June 2021 architecture with multidimensional channels would promote the rapid electron and mass diffusion, as
well as provide enough space for storing discharge products. Thanks to the above merits, MoSe,

DOI 10.1035/d1ta03584¢ cathodes delivered improved electrocatalytic properties for Li—-O, batteries. This present work may pave
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Introduction

Increasing global warming issues and reduction of fossil energy
have promoted the development of energy storage and conver-
sion technologies." Among them, non-aqueous Li-O, batteries
(LOBs) based on the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) have attracted extensive
attention because of their ultrahigh energy density
(3500 W h kg™'), which is 10 times that of Li-ion batteries.*®
Their further development, however, is currently hindered by
low electrocatalytic efficiency and poor cycling stability, which
are associated with sluggish reaction kinetics of insulated and
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a new avenue for highly efficient bifunctional electrocatalyst construction for Li-O, batteries.

insoluble Li,O, formation and decomposition.”” In response,
development of efficient bifunctional cathode catalysts for
promoting electrocatalytic reactions of LOBs is urgently needed.

Noble metals have been proven to exhibit high-efficiency
catalytic properties in LOBs.'*** Unfortunately, because of the
expensive and scarce precious metal resources, their large-scale
application is restricted, and it is necessary to develop cost-
effective efficient catalysts. So far, a variety of earth-rich
metals and corresponding compounds have been intensively
investigated as alternatives, including alloys,"*** transition
metal oxides,"®™"” sulfides,*2° carbides,*"*>, carbon based
materials,”?* etc. In recent years, it is evident that two-
dimensional transition metal chalcogenides (2D-TMCs) could
exhibit favorable electrocatalytic activities and hold great
promise as cathode catalyst candidates for LOBs.”*® Typically,
they show a layered X-M-X sandwich structure constructed
from the crystal units connected by weak van der Waals forces
along the c-axis, in which M mainly represents Mo, W or Re, and
X can be S, Se or Te. As a member of TMCs, MoSe, displays
tunable structures and low Gibbs free energy (AGy ~ 0.05 eV),>®
and their unique layered architecture could facilitate the
insertion and extraction of ions,***' making it widely applied in
the energy-related research fields, such as supercapacitors,*»**
batteries,*** water splitting,**>*” hydrogen catalysis***® and so
on. In fact, MoSe, appears in the form of 2H and 1T phases
according to different arrangement of Se atoms. Notably, the 2H
phase (triangular prism structure) shows semiconductor char-
acteristics with a band gap between 1.3 and 1.9 eV, and the
exposed edge sites were proved to endow it with remarkable
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eletrocatalytic ability.*®** Zhang et al.*> successfully grew 2H
MoSe, nanosheets on the surfaces of hollow carbon nanofibers
with rich edge sites exposed, delivering a charge voltage plat-
form of 3.69 V at 0.1 mA cm > in LOBs. Long's group® also
synthesized 2H MoSe, nanosheets as cathode catalysts for
LOBs, showing good cycle performance of 86 cycles at
500 mA g ' with a fixed specific capacity of 4000 mA h g~
However the 1T phase (octahedral structure) could deliver
metallic properties with a good electrical conductivity (107 times
that of the 2H phase), which can accelerate charge injection/
transfer and thus lead to advanced electrocatalytic activi-
ties.**** To the best of our knowledge, reports on 1T MoSe,
catalysts for LOBs are rare. This is because traditional prepa-
ration methods of 1T MoSe, are complicated and usually
accompanied by high risks of using metallic Li,* and 1T MoSe,
is also thermodynamically metastable, which can be easily
transformed into stable 2H MoSe, by repacking.*® In this regard,
it is a rewarding strategy to construct a heterostructured MoSe,
catalyst for LOBs, combining the conductive 1T phase with
abundant active sites with the environmentally stable 2H phase.
In recent years, it is found that 1T phase MoSe, nanosheets
could be prepared by hydrothermal synthesis routes, but
excessive strong reducing agent should be involved, such as
N,H,, NaBH,, making the fabrication process violent and
poisonous.*****® Jiang et al.** also successfully prepared 1T-
MoSe, nanosheets by a hydrothermal method, but the octyl-
amine solvent used is poisonous and could lead to the coverage
of electrocatalytically inactive organic groups on the resulting
products. Therefore, there is an urgent need for a green and
controllable synthesis method to obtain MoSe, composites with
1T and 2H phases.

Herein, nanoflower-like 2H MoSe, nanosheets were
prepared by a one-step hydrothermal method, and their 2H
phase could be controllably and effectively transformed into 1T
and 2H hybrid phases by changing the reaction time of hydro-
thermal treatment. Benefitting from unique architecture with
large surface area and rich heterogeneous interfaces of the
hybrid phases, 1T/2H MoSe, nanoflowers with abundant active
sites could promote fast transport of oxygen, ions and electrons
to facilitate the ORR and OER during cycling and provide
enough space for storing discharge products, and they thus
show large specific capacities, low overpotentials, good rate
performance and excellent cycle stability.

Experimental
Material synthesis processes

2H MoSe, nanoflowers were synthesized by a one-step hydro-
thermal method. Specifically, 0.111 g of SeO, and 0.106 g of
Na,MoO,-2H,0 were dissolved in 28 mL deionized water under
vigorous stirring. Afterwards, 1 mL NaBH, aqueous solution (0.1
M) was gradually added into the solution, which was then
transferred into a 50 mL Teflon-lined autoclave and kept at
180 °C for 24 hours. A black precipitate was obtained and
collected by centrifugation, which was washed four times with
alcohol and deionized water. After drying at 60 °C for 12 hours,
2H MoSe, nanoflowers (MS) were finally obtained. In order to

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry A

prepare 1T/2H MoSe, nanoflowers, 60 mg of MS were ultra-
sonically treated for 20 minutes in 50 mL alcohol and trans-
ferred into an 80 mL Teflon-lined autoclave. After keeping at
220 °C for 5, 10, 15 and 20 hours, 1T/2H MoSe, nanoflowers
were yielded, which are denoted as MS-5, MS-10, MS-15 and MS-
20, respectively.

Material characterization

The morphology of the samples was observed by using
a thermal field emission scanning electron microscope (SEM,
Hitachi, S-4800, Japan) and transmission electron microscope
(TEM, JEOL, JEM-2100F, Japan) operating at an acceleration
voltage of 200 kV. Energy dispersive spectroscopy (EDS) images
were collected using an EDS system (Oxford Materials Analysis,
UK) equipped on a SEM. The phase investigation was conducted
by X-ray diffraction (XRD, Rigaku D/max 2500, Japan) with Cu
Ko radiation (2 = 1.54056 A) with a scan rate of 2° per minute in
the 20 degree range from 20-80°. X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250, USA) measurements were carried
out to study the surface nature of the elements on the samples.
Raman spectroscopy (LabRam HR Evolution, France) was used
to study the component of samples. The specific surface area
and pore size distribution of samples were measured using
a nitrogen adsorption surface area and porosity analyzer
(Micromeritics ASAP2020, USA).

Electrochemical measurements

To fabricate cathodes, the as-prepared materials, Ketjen black
(KB) and polytetrafluoroethylene (PTFE) were ultrasonically
dispersed in an isopropanol solution for 20 minutes according
to a mass ratio of 4 : 4 : 2, which were subsequently dropped
evenly onto carbon papers and dried in a vacuum oven at 120 °C
for 12 hours. Li-O, cells for electrochemical measurements
were assembled using the prepared cathode, a glass fiber
separator, lithium metal foil as the counter anode and an
electrolyte of 1 M LiTFSI in TEGDME. They were galvanostati-
cally discharged and charged in a hermetic container filled with
high-purity oxygen using a Land battery tester. The specific
capacities and currents were calculated based on the weight of
the active catalysts supported on the cathodes. A CHI 660E
electrochemical workstation was employed to record cyclic
voltammograms (CV) at a scan rate of 0.15 mV s~ ' in the voltage
range of 2.35-4.50 V (vs. Li'/Li) and perform electrochemical
impedance spectroscopy (EIS) with a sine wave of 10 mV and
a frequency range of 100-0.01 Hz. The evolution rate profiles of
different gas species were measured by in situ differential elec-
trochemical mass spectrometry (DEMS).

Results and discussion

The synthesis diagram of 1T/2H MoSe, samples is shown in
Fig. 1. In the first step, Na,MoO, and SeO, powders were
ultrasonically dispersed and mixed in deionized water under
magnetic stirring, into which a certain amount of NaBH,
aqueous solution was added, and the MS sample was achieved
after a hydrothermal treatment. In the second step, the
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Fig. 1 Schematic illustration of the preparation process of 1T/2H MoSe, nanoflowers.

obtained product was subjected to another hydrothermal
treatment for various reaction times, and MoSe, samples with
different compositions were obtained. 2H MoSe, phase config-
uration tends to be energetically more stable than its 1T coun-
terpart, and it is evident that sufficient thermal activation
energy introduction could effectively result in phase transition
from 2H to 1T.°**" In this work, post hydrothermal treatment for
the as-prepared 2H MoSe, offered the driving force to promote
this phase transition with atomic replacement, during which
Mo atoms partially converted from the state of the prismatic
coordination to the antiprismatic coordination,**>* evidenced
by the following TEM, Raman and XPS results.

SEM images of MS-10 (Fig. 2a) and MS, MS-5, MS-15 and MS-
20 (Fig. S17) show a flower-like structure with sizes of 1-2 um.
The TEM image in Fig. 2c indicates that this structure is actually
composed of nanosheets with a thickness of about 50 nm
(Fig. 2b). The elemental mapping image and EDS analysis show
the uniform distribution of Mo and Se elements, as displayed in
Fig. 2g and h. Its crystal structure was characterized by selective
area electron diffraction (SAED). As shown in Fig. S2,} the
diffraction rings with the radii of 0.283, 0.240, 0.192, 0.169,
0.144, 0.110 and 0.105 nm correspond to the (100), (103), (105),
(110), (200), (1011) and (213) planes of the hexagonal MoSe,,
respectively. Compared with the standard 2H MoSe, crystal
plane spacing, the slightly larger crystal plane spacings of (103),
(105) and (110) for MS-10 indicate that MS-10 may be closely
related to the introduction of 1T phase MoSe,. To confirm this
conclusion, the high-resolution transmission electron micro-
scope (HRTEM) image of MS-10 was recorded and shown in
Fig. S3.1 It can be clearly seen that the interplanar distance in
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the yellow rectangle is 0.316 nm, which is indexed to (100)
planes of 2H MoSe,. The lattice spacing in the red rectangle is
0.739 nm, larger than the maximum interplanar spacing of 2H
MoSe, ((002), 0.646 nm), which is considered to be corre-
sponding to the (002) crystal plane of 1T MoSe, in previous
reports.*>*® It is worth noting that there are two different atomic
arrangements in Fig. 2d, which are associated with the 1T and
the 2H phases, respectively, and Fig. 2e and f are enlarged
HRTEM images of Fig. 2d. Obviously, the Mo atoms of the 2H
phase display trigonal prismatic coordination in Fig. 2e, while
the 1T phase shows a different arrangement with an octahedral
or trigonal antiprismatic symmetry in Fig. 2f.*** All the above
results proved that 2H and 1T phases coexist in MS-10.

In order to study the compositions and phase states of
different samples, XRD, Raman and XPS measurements were
conducted. As shown in Fig. 3a, the sharp peaks at 31.7, 37.9,
47.5 and 56.1° can be assigned to (100), (103), (105) and (110)
faces of MoSe, (JCPDS no. 29-0914), respectively. This means
that there are no other crystalline impurities in the as-prepared
MoSe, samples. Raman spectroscopy is a powerful tool for
distinguishing 1T and 2H phases, and the corresponding
results are listed in Fig. 3b. There are only two vibration modes
at240 and 288 cm ™' in the MS, corresponding to the A;, and E,,
phonon modes,* respectively. In other samples, there are other
strong peaks found at 195 (J;) and 350 (J,) cm ™', indicating that
the 1T and 2H phases coexist in these samples. This is well
consistent with the SAED and HRTEM results. More impor-
tantly, it can be clearly seen that as the reaction time extended
in the second hydrothermal treatment, the 1T phase ratios in
the samples continuously increased, which demonstrates that

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a and b) SEM images of MS-10; (c) TEM image of MS-10; (d-f) HRTEM images showing the trigonal prismatic and octahedral unit cell
structures, indicating the 2H and 1T phases, respectively; (g) elemental mapping images and (h) EDS analysis of MS-10.

longer reaction time can be helpful for transforming the 2H
phase into the 1T phase. Fig. S4f provides the XPS survey
spectra of these samples. It is evident that only Mo, Se and C
elements were detected on the surfaces of the samples, and the
appearance of the C element may be due to the adhesive on the
conductive tape. What is more, the ratios of 1T and 2H phases
can be further obtained by fitting and analyzing the high-
resolution XPS spectra of Mo 3d in Fig. 3d-h. Clearly, there
are two characteristic peaks in each spectrum, including the
higher energy peak and the lower energy peak, corresponding to
Mo 3d;z, and Mo 3ds, orbitals, respectively. The higher
strength peaks at 228.5 and 231.6 €V were attributed to Mo 3ds,

This journal is © The Royal Society of Chemistry 2021

and Mo 3d;,, of 1T-MoSe,, and the weaker peaks at 228.9 and
232 eV were related to Mo 3ds, and Mo 3d;, of 2H-MoSe,,
respectively. Based on these results, the corresponding 1T and
2H phase contents can be obtained by integrating the areas
under the different peaks. As shown in Fig. 3i, it was calculated
that the 1T phase ratios of the MS, MS-5, MS-10, MS-15 and MS-
20 samples are respectively 1.2, 25.6, 42.3, 59.6 and 81.1%,
which implies that with the increase of the reaction time, the
proportion of the 1T phase gradually increases, which is in good
agreement with the Raman results.

N, adsorption-desorption isotherm and pore size distribu-
tion analyses were carried out on different MoSe, samples, and
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Fig.3 (a) XRD patterns, (b) Raman spectra, (d—h) high-resolution XPS spectra of Mo 3d and (i) ratios of 1T and 2H phases of different samples; (c)
nitrogen adsorption—desorption isotherms with pore size distribution curve of MS-10.

the results are presented in Fig. 3c and S5.1 All the N, adsorp-
tion isotherms of these samples show that the IV type H3
hysteresis loop is in the P/P, range of 0.4 to 1.0. Among the
observed isotherms, the hysteresis loop exhibits a saturated
adsorption platform, indicating the uniform pore formation. It
is evident that the BET specific surface areas of different
samples are 13.5, 16.4, 16.6, 17.1 and 18.3 m> g~ ', and the total
pore volumes are 0.084, 0.079, 0.082, 0.910 and 0.881 cm® g™/,
respectively. By analyzing their pore size distributions, it is
concluded that the pore sizes of the samples are mainly around
3-20 nm. This demonstrated that for different treatment
durations, although the composition of the 1T and 2H phases
has changed greatly, the microscopic morphology and pore size
distributions are actually similar. It would also ensure that the
difference in electrochemical performance of different samples
is mainly caused by the difference in phase compositions, but
not affected by their microstructures. Electrocatalytic activities
of different samples as the cathode catalysts were evaluated in
a hermetic container purchased from NJ Scientific Ltd in
Fig. S6,T shown in Fig. 4. LOB cells with carbon paper (Fig. S77)
and KB cathodes were also assembled and included to eliminate
the influence and confusion caused by their own electrocatalytic
properties. Fig. 4a presents the initial discharge/charge curves
of different cathodes at 100 mA g~ with a voltage window of
2.35-4.4 V. Compared with the KB counterpart, MoSe, cathodes

19926 | J. Mater. Chem. A, 2021, 9, 19922-19931

show significantly improved coulombic efficiency and
discharge/charge specific capacities. Specifically, discharge/
charge specific capacities of KB, MS, MS-5, MS-15 and MS-20
cathodes are 3842.2/1301.3, 8088.5/6032.2, 18150.8/17805.6,
15056.2/14941.8 and 12385/10228 mA h gfl, and their
coulombic efficiencies are 34%, 75%, 98%, 99% and 82%
respectively. In contrast, the MS-10 cathode exhibits the highest
discharge/charge specific capacities of 21112.4/
20740.7 mA h g with the coulombic efficiency of 98%. The
reason for the better performance of the MoSe, cathode was
attributed to the unique nanoflower architecture composed of
abundant nanosheets, and they expose a large number of active
edge sites (Fig. 2a—c), favorable for delivering excellent electro-
catalytic activities.*>** Moreover, it is worth noting that the 1T/
2H MoSe, cathodes show lower charge and discharge over-
potentials than those of the MS cathode. This is closely related
to the high ORR/OER bifunctional electrocatalytic activity of the
1T phase, and the abundant heterojunctions formed by the two
phases will also accelerate the electron transport and promote
the reaction kinetics. In addition, MS-5 and MS-10 cathodes
deliver obvious two voltage platforms at around 3.5 and 4.2 V
during charging, which are considered to be related to the
decomposition of the Li-deficient solid solution (Li, ,O,) phase
and the oxidation of Li,0,, respectively.*® In order to further
illustrate the ORR/OER electrocatalytic performance of different

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Initial discharge/charge profiles of different cathodes at 100
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mA g~! from 2.35-4.4 V; (b) CV curves of different cathodes at 0.15 mV

s~ (c) comparison of rate performance of different cathodes; (d) typical discharge/charge profiles of the MS-10 cathode at 200 mA g~* under
a specific capacity limit of 1000 mA h g™%; (e) cycling performance of different cathodes at 200 mA g~*; () typical discharge/charge profiles of the
MS-10 cathode at 500 mA g~ under a specific capacity limit of 500 mA h g*; (g) cycling performance of the MS-10 cathode at 500 mA g™~

cathodes, CV tests were performed in the range of 2.35-4.5 V,
and the results are given in Fig. 4b. It is clearly revealed that the
MS-10 cathode displays lower OER potentials and higher ORR
potentials, and it also delivers much higher peak current
densities than those of other cathodes. More importantly,
obvious OER peaks appeared at around 3.5 V for MS-5 and MS-
10 cathodes, which have not been detected in the CV plots of
other cathodes, and the reason can be clarified by XPS analysis
in Fig. $87 for different cathodes charged to 3.5 Vat 100 mA g~
Based on high-resolution Li 1s XPS spectra of different cath-
odes, the discharge products of MS-5 and MS-10 cathodes
contain 14 and 18% Li,_,O,, respectively, while those of MS,
MS-15 and MS-20 cathodes contain Li,_,O, less than 5%. The
oxidation peaks at around 3.5 V are related to the reaction of
Li,0, — Li, O, + xLi" + xe,'"®7 and thus MS-5 and MS-10
cathodes show specific oxidation peaks, which were not
observed for other samples. Fig. 4c and S97 show the rate
performance of different cathodes at 100-800 mA g~ * for each 3
cycles under a specific capacity limit of 1000 mA h g™ . Fig. 4c
gives the information on the discharge/charge terminal voltages
with the variation of current densities. It was also traced that
even when the current density increases from 100 to
800 mA g, the discharge and charge terminal voltages of the
MS-10 cathode exhibit only a decrease and increase of 0.22 and
0.21 V, respectively, as shown in Fig. S9.f When the current

This journal is © The Royal Society of Chemistry 2021

density returned to 100 mA g, its discharge/charge terminal
voltages are almost unchanged, compared with those at the
initial stages with lower overpotentials in Fig. 4c, which is far
more stable than other cathode counterparts.

The cycling performance of different cathodes was compared
at 200 mA g~ ' with a cut-off specific capacity of 1000mAh g~ " in
Fig. 4d, e and S10.7} It is evident that KB, MS and MS-20 cathodes
cannot remain stable within 30 cycles. However MS-5, MS-10,
and MS-15 cathodes show extended cycling life, and the MS-
10 cathode could be even discharged and charged for more
than 100 cycles, demonstrating that introducing a certain
amount of the 1T phase into the MoSe, cathode could effectively
activate its electrocatalytic activity and improve the cycling
stability. What is more, MS-5 shows higher overpotentials than
those of MS-15 and MS-20 during cycling, but it cycled more
times, benefiting from the excellent stability of the 2H phase. In
addition, as shown in Fig. 4f and g, the MS-10 cathode could be
circulated stably for 219 cycles at 500 mA g~ ' with a cut-off
specific capacity of 500 mA h g™, showing a long cycle life at
the high current density. In addition, compared with the most
of the reported TMC based cathode catalysts (Table S17), it is
worth mentioning that the 1T/2H MoSe, cathodes deliver better
performance than them under similar testing conditions,
including specific capacities, coulombic efficiency and cycling
stability.
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In order to reveal the effect of the heterogeneous interface in
the 1T/2H MoSe, on the LOB performance, EIS measurements
were conducted, and mass diffusion rates for different cathodes
could be obtained from the Warburg elements (W) at open
circuit potentials,”®* which were fitted using an equivalent
circuit in Fig. S11a.} Specifically, MS-5, MS-10, MS-15 and MS-20
cathodes respectively deliver mass diffusion rates of 2.084 x
1072, 2.522 x 1072, 2.488 x 10 2 and 2.485 x 10 2 Q' cm >
%%, much higher than that of the MS (1.466 x 10 > Q" cm >
5%%) cathode, as depicted in Fig. S11b.} This indicates that rich
heterogeneous interfaces in the 1T/2H MoSe, cathodes can
greatly increase the mass diffusion rates, thus accelerating the
ORR/OER Kkinetics. In addition, the charge transfer resistances
are also summarized in Fig. S1ic,f and it is found that the
charge transfer resistances of MS-5, MS-10, MS-15 and MS-20
cathodes are 30.67, 20.38, 36.70 and 43.41 Q, which are much
smaller than that of the MS cathode (73.23 Q). This is due to the
introduction of the highly metallic 1T phase in the composites,
and the rich heterogeneous interfaces between the two phases
also contribute to the improvement of their electrical
conductivity.

The synergetic effect from 1T and 2H phases played a critical
role in increasing the electrocatalytic activities of MoSe, cath-
odes. Notably, the 1T phase features high intrinsic catalytic
activity, which could largely reduce the overpotentials of the
ORR/OER and optimize battery efficiency, while the 2H phase is
helpful for maintaining the structural stability of the cathodes
during cycling. Besides, it is believed that the in situ incorpo-
ration of 1T and 2H phases would generate a heterostructure to
enable intimate electrocontact between each other, aiding in
increasing electrical conductivity and boosting Li" diffusion
kinetics for LOBs. Additionally, the nanoflower-like structure
composed of porous nanosheets provides enough three-phase
interfaces and free spaces to facilitate the deposition and
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storage of discharge products, optimizing the electrocatalytic
performance of MoSe, cathodes.

To further interpret the excellent eletrocatalytic activity and
cycling stability of MS-10, the cathodes at various stages were
characterized by XRD, SEM and EIS measurements. Compared
with the fresh cathode in Fig. 5a, obvious film-like substances
appeared on the surface of the MS-10 cathode after 1st dis-
charging in Fig. 5b. At this stage, two peaks could be traced at
32.7 and 34.8° in Fig. 5e, corresponding to the (200) and (201)
crystal planes of Li,O, (JCPDS 73-1640), respectively. With
discharge and charge processes being repeated for the 1st and
100th cycles, Li,O, is not detected in the cathode (Fig. 5c-e),
which implies that the MS-10 cathode can effectively catalyze
the formation and decomposition of Li,O, and almost no
insoluble by-products were produced during cycling. The EIS
plots of the MS-10 cathode at different stages were recorded and
shown in Fig. 5f, and the values of each parameter were fitted in
Table S21 using the equivalent circuit shown in the inset. Ropm
represents ohmic resistance of the Li-O, cell. R, and Rine
denote the charge transfer resistance between the cathode/
electrolyte and Li anode/electrolyte, respectively. W denotes
mass diffusion rate, which is related to the speed of trans-
porting reaction species. Rj,; increased from 20.38 to 80.24 Q
after 1st discharging, which would be caused by the deposition
of insulated Li,O, on the surface of the cathodes. It then obvi-
ously decreased to 28.22 Q after 1st charging, mainly due to the
decomposition of Li,0,. Notably, the R, increase of the MS-10
cathode after the 100th cycle is not obvious, indicating its good
reversibility. In addition, XPS measurement for the MS-10
cathode after cycling test was conducted, and the result in
Fig. S137 indicates that the ratio of 1T and 2H phases shows
almost no changes, compared with that of the as-prepared
material, which proves the good structural stability of the MS-
10 cathode during cycling.
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Fig. 5 SEM images of the MS-10 cathodes at different stages: (a) fresh, (b) after 1st discharging, (c) after 1st recharging and (d) after 100th

recharging under a limited specific capacity of 1000 mA h g~
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1 (e) XRD patterns and (f) EIS plots of the MS-10 cathodes at different stages.
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Ex situ XPS and SAED of MS-10 cathodes were performed to
study the reaction mechanism of MS-10 samples during cycling.
Fig. 6b-f show the high-resolution Li 1s XPS spectra at different
stages in Fig. 6a. For the pristine cathode, there is no corre-
sponding Li compound peak found in Fig. 6b. When the
discharge specific capacity reaches 200 mA h g~ (state I), two
peaks can be obtained by fitting the high-resolution XPS spec-
trum of Li 1 s (Fig. 6¢). The peak at 56.1 eV may be related to the
Li, ,O, discharge products, while the other peak at 54.8 eV is
caused by the Li,O, deposition on the cathode surfaces.®**
When the discharge specific capacity reaches 800 mA h g™*
(state II), only one peak of Li,O, can be traced in Fig. 6d, which
indicates that Li, ,O, at state II had been further oxidized to
Li,O, totally. This was verified by the corresponding SAED
spectrum in Fig. S127 with only diffraction rings of Li,O, and
MoSe,, indicating that rare by-products formed at this stage.
Based on the above discussion, it can be proposed that the
growth mechanism of Li,O, in discharging processes occurred
through a typical surface-nucleation route, and the corre-
sponding electrochemical equations are listed as follows:
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2Li0, — Li,0, + O, (3)

In addition, when charging to a small amount of specific
capacity (100 mA h g™, state III), the corresponding Li 1s XPS
signal can be fitted into two peaks associated with Li,O, and
Li, ,O, (Fig. 6e). Fig. 6g shows the in situ DEMS spectrum
during the corresponding charging process, which is a typical
“M”-shaped curve. According to previous studies, the O, release
at the beginning of the curve is attributed to decomposition of
the non-stoichiometric Li,_,O, on the cathode with lower
overpotentials.®>** The corresponding electrochemical equa-
tions are given as follows:

Li202 - L102 + IJIJr +e (4)
LiO, — Li*+ O, + e~ (5)

At state IV, it can be concluded from Fig. 6f that the product
at this stage is almost Li,0,, corresponding to the second peak
of the DEMS curve, and O, in the second mountain escapes

. _ . * . . . . . .
Li* + Oys01) + ¢~ — LiO 1) from the higher crystallinity Li,O,, which could result in
( ) 2 )
a slightly higher overpotential during charging. This means that
Lit + LiO; +e” —>Li20; (2) at a higher voltage of 4.35 V, Li,O, directly turned into Li" and
5
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Fig. 6 (a) Discharge and charge curves for the 1st cycle at 200 mA g~* under a cutoff specific capacity of 1000 mA h g=*; (b—f) high-resolution Li
1s XPS spectra at different states of MS-10 cathodes; (g) in situ DEMS profiles for the MS-10 cathode with charge curves at 1000 mA g%,
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O, through a one-step two-electron transfer process, and the
electrochemical equation is given as follows:

LizOz - 2L1+ + 02 + 2e” (6)

Conclusions

In summary, MoSe, catalysts with tunable 1T/2H phases were
successfully constructed by simply varying the reaction time in
the hydrothermal process. Their unique hierarchical framework
with large surface area and modified intrinsic structures could
not only expose abundant active sites to boost the electron and
mass transport, but also provide sufficient storage for discharge
products, thus exhibiting superior ORR/OER performance in
LOBs. The MoSe, cathode with 42.3% 1T phase could deliver
discharge/charge specific capacities of 21210.4/
20740.7 mA h g~ ' at 100 mA g, and it also shows good high
rate capability, even at 800 mA g~ '. Excellent cyclabilities had
been achieved with low polarization, of more than 100 cycles at
200 mA g~ ' with a fixed capacity of 1000 mA h g~ " and 219 cycles
at 500 mA g~' with a fixed capacity of 500 mA h g~'. This
rational synthetic strategy with effective modulation of hybrid
phases and electrocatalytic capability could provide guidance
for the application of other TMC materials in LOBs, which is
also expected to be extended to various high specific energy
storage and conversion systems.
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