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R
ecently, Li�O2batteries have attracted
a considerable amount of interest
as an alternative energy storage

system for the next generation electrical
energy storage, since they possess a much
higher theoretical specific energy density
(3505 W h kg�1) compared to traditional
lithium/sodium batteries and other battery
systems. Lithium�oxygen batteries are
based on the electrochemical reaction
2Liþ þ 2e� þ O2 T Li2O2, E

o = 2.96 V.1,2

The five times larger energy density com-
pared to Li-ion batteries and its environment
friendly reaction system make Li�O2 bat-
teries a promising energy storage system
for electric-vehicle applications. Despite
their great prospect, practical use of Li�O2

batteries still suffer many challenges such as
low energy efficiency, poor rate capability,
and a poor cycle life. These problems are
mainly attributable to excessive accumula-
tion of discharge products (e.g., nonconduc-
tive Li2O2), which induce poor reversibility
and high polarizationwhen they decompose

during charging.3,4 Consequently, the num-
ber of operating cycles for Li�O2 batteries
cannot yet match those of Li-ion batteries.
Moreover, the energy efficiency (<80%) of
the present Li�O2 battery system is also too
low. To improve the performance of Li�O2

battery systems, a key factor is finding
ways to enhance the catalytic activity of the
cathode for formation and decomposition
of Li2O2, which is critical to decrease the
polarization and increase the reversibility.5,6

Proper electrode design is important be-
cause it can result in effective control of the
morphology of the discharge products.7,8

For these reasons, among the components
of Li�air batteries, the cathode plays a key
role in the performance and efficiency of
Li�O2 batteries.
There have been many attempts to de-

velop cathodes with high-performance for
Li�O2 batteries. Ottakam Thotiyl et al. have
reported that a TiC cathode gives promising
results in Li�O2 batteries and reduces side
reactions related to electrolyte degradation
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ABSTRACT Although lithium�oxygen batteries are attracting consider-

able attention because of the potential for an extremely high energy density,

their practical use has been restricted owing to a low energy efficiency and

poor cycle life compared to lithium-ion batteries. Here we present a

nanostructured cathode based on molybdenum carbide nanoparticles

(Mo2C) dispersed on carbon nanotubes, which dramatically increase the

electrical efficiency up to 88% with a cycle life of more than 100 cycles. We

found that the Mo2C nanoparticle catalysts contribute to the formation of

well-dispersed lithium peroxide nanolayers (Li2O2) on the Mo2C/carbon

nanotubes with a large contact area during the oxygen reduction reaction (ORR). This Li2O2 structure can be decomposed at low potential upon the

oxygen evolution reaction (OER) by avoiding the energy loss associated with the decomposition of the typical Li2O2 discharge products.
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compared with carbon based cathode.9 Lu et al. have
reported on a cathode consisting of Pd nanoparticles
on a carbon surface with an alumina coating on carbon
defect sites. The low charge potential is achieved by a
catalytic effect of the Pd nanoparticles and the Al2O3

coating preventing electrolyte decomposition on car-
bon defect sites.5 To avoid parasitic reactions between
carbon cathodes and Li2O2, Li et al. designed a Ru/ITO
electrode. The advantage in using a noncarbon
electrode is that it can avoid carbon electrode side
reactions such as reactions with lithium peroxide to
form lithium carbonate.6 However, further research
is needed to find more effective catalysts to reduce
high overpotentials stemming from slow kinetics and
energy loss in decomposition of Li2O2.
Herein, we introduce well dispersed molybdenum

carbide nanoparticles onto carbon nanotubes as a
cathode material for Li�O2 batteries. Mo2C is well-
known as a competitive catalyst for the hydrogen
evolution reaction (HER),10 the water gas shift reaction
(WGS),11 and in fuel cells.12 On the basis of this, we
assumed that Mo2C could also be a good catalyst for
the oxygen evolution reaction (OER) in Li�O2 batteries,
and the carbon nanotubes could help the Mo2C
nanoparticles be an ORR catalyst due to its electrical
conductivity. In this paper a Mo2C/carbon nanotube
composite as a cathode is demonstrated to reduce
high over potentials during charge and improve the
cycling performance of Li�O2 batteries.

RESULTS AND DISCUSSION

The Mo2C/carbon nanotube composite was synthe-
sized by facile ball milling and calcinations. After
calcination, the final product was investigated by
X-ray diffraction (see Figure 1a) and compared with a
pristine-carbon nanotube. Crystalline Mo2C (JCPDS No.
65-8766) peaks appear in broad humps in the 18�28o

range coming from the pristine-carbon nanotube.
From this data, it is confirmed that Mo2C was success-
fully synthesized on carbon nanotubes in the Mo2C/
carbon nanotube composite. The Raman spectra of the
Mo2C/carbon nanotube and pristine-carbon nanotube
(see Figure 1b) both exhibit three peaks at ∼1345,
∼1570, and ∼2700 cm�1 corresponding to the D, G,

and 2D carbon bands, respectively. The intensity ratio
of D and G bands (D/G) is used to evaluate the disorder
in the materials.13 Compared to results in other
papers,13,14 our pristine-carbon nanotube (multiwall
carbon nanotubes, Hanwha Nanotech) exhibits a high-
er ratio for the intensity of the D and G bands (D/G)
much like the functionalized-carbon nanotube.15 The
D/G intensity ratio of the Mo2C/carbon nanotube is
0.98 and the D/G ratio of the carbon nanotube is 1.19.
Li et al. demonstrated that the appearance of the
oxygen-containing functional groups promote the
dispersion of Mo precursors.16 Accordingly, our pristine-
carbon nanotube should be suitable for synthesis of
the Mo2C/carbon nanotube. After synthesis of the
Mo2C/carbon nanotube, the D/G ratio decreased due
to formation of Mo2C on the surface of the carbon
nanotubes.
On the basis of an N2-sorption measurement (see

Figure 1c), the specific surface area of theMo2C/carbon
nanotube and pristine-carbon nanotube samples are
511.1 and 645.4m2 g�1, respectively. The lower surface
area of the Mo2C/carbon nanotube can be attributed
to the presence of Mo2C on the surface of the carbon
nanotube. However, the specific surface area of the
Mo2C/carbon nanotube is still high compared to bulk
Mo2C powder (see Supporting Information, Figure S1a).
This high surface area can provide sufficient space for
Li2O2 formation and decomposition.7,8,17

According to SEM images of the Mo2C/carbon nano-
tube (see Figure 2a), an entangled carbon nanotube
structure can be seen similar to the pristine-carbon
nanotube (see Figure 2b). These results are in agree-
ment with the similar specific surface area of both
samples in the BET data (see Figure 1c).
High resolution TEM was used to investigate the

Mo2C/carbon nanotube structure (see Figure 2c). The
TEM images showed some nanoparticles attached
to the carbon nanotubes. It was confirmed that these
nanoparticles are Mo2C by an additional EDX mapping
analysis (the molybdenum is denoted by red dots)
shown in Figure 2C. Compared to TEM and EDX data
of purchased bulk Mo2C powder (see Supporting
Information, Figure S1b), the Mo2C nanoparticles on
the defect site of carbon nanotube are much smaller

Figure 1. (a) XRD patterns, (b) Raman spectra, and (c) nitrogen adsorption�desorption isotherms of the Mo2C/carbon
nanotube and pristine-carbon nanotube.
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and more well-dispersed. This point was further con-
firmed by the selected area electron diffraction (SAED)
pattern shown on the left in Figure 2d. For comparison,
the SAED pattern of a pristine-carbon nanotube is
also shown on the right in Figure 2d. The SAED pattern
of a Mo2C/carbon nanotube showed the presence
of a carbon nanotube and crystalline Mo2C (JCPDS
No. 65-8766), in accordance with the XRD data (see
Figure 1a). With the above data, it was confirmed that
a Mo2C/carbon nanotube composite was successfully
synthesized.
Pristine-carbon nanotube, bulk Mo2C powder, and

Mo2C/carbon nanotube composite samples were
tested as electrode materials in Li�O2 batteries. While
bulk Mo2C powder and pristine-carbon nanotube elec-
trodes exhibited relatively high overpotentials during
discharge and charge (see Figure 3a), a remarkably
lower overpotential and corresponding higher energy
efficiency were observed for the Mo2C/carbon nano-
tube composite electrode. The energy efficiency of the
Mo2C/carbon nanotube cathode was 88% compared
to 53% for Mo2C powder and 74% for pristine-carbon

nanotube nanotubes. The polarization of the Mo2C/
carbon nanotube cathode was 0.47 V compared to
2.11 V for Mo2C powder and 1.10 V for pristine-carbon
nanotube nanotubes. As a consequence of the lowering
of the overpotential, the cell cyclability was maintained
up to the 150th cycle at a discharge capacity of
500 mA h gtotal

�1 (see Figure 3b).
In addition, the effects of current density change on

the discharge/charge voltages of Li�O2 batteries with
the Mo2C/carbon nanotube electrode were also inves-
tigated (see Figure 3c). With current densities at 100,
200, 500, and 1000 mA h gtotal

�1 10 cycles were each
run to a discharge depth of 500 mA h gtotal

�1. The final
discharge/charge voltages were 2.78/3.28 V, 2.76/
3.41 V, 2.74/3.61 V, and 2.65/3.73 V at 100, 200, 500,
and 1000 mA gtotal

�1, respectively. We found the
higher current density exhibited larger overpotentials
compared to that of the cell operated at a current
of 100 mA gtotal

�1. However, even at 10 times higher
current density (1000 mA gtotal

�1), the polarization
of the Li�O2 battery with Mo2C/carbon nanotube
electrode was lower than that of a battery with only

Figure 2. SEM images of (a) Mo2C/carbon nanotube and (b) pristine-carbon nanotube; (c) TEM image and EDX maps
(Mo elements) of the Mo2C/carbon nanotube sample. (d) SAED patterns of the Mo2C/carbon nanotube (left) and pristine-
carbon nanotube (right).
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the pristine-carbon nanotube electrode operated at a
current of 100 mA gtotal

�1. The improved performance
of the Li�O2 battery using a Mo2C/carbon nanotube
electrode was supported by cyclic voltammetry results
(Supporting Information, Figure S2). Both the cathodic
(oxygen reduction) and anodic reactions (oxygen
evolution) of the Mo2C/carbon nanotube electrode
were more pronounced than for the pristine-carbon
nanotube electrode.
Moreover, because the Mo2C/carbon nanotube

loading amount is larger than 1 mg cm�2, the effective
current flow in this battery system is greater than 1mA,
which is comparable to previously reported Li�O2

battery systems.9,18,19 The high sustained current
in this cell configuration might be due to the unique
fruit(Mo2C)�tree(carbon nanotube) morphology, which
combines the high electronic conductivity of the carbon
nanotube and the superior catalytic activity of theMo2C
nanosized particles. For these Mo2C nanoparticles, we
found that the thermodynamically dominant surfaces
(i.e., (001) and (101)) of a Wulff shape of a Mo2C
particle20 ismetallic, similar tometallicMo2C bulk crystal
according to DFT calculations (Supporting Information,
Figure S5�S7). Thus, the good electronic conductivity
needed for the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) can be facilitated by

both the Mo2C nanoparticles and carbon nanotubes.
The Mo2C nanoparticles on the surface of the carbon
nanotubes may play an important role in the OER,
whereas the carbon nanotubes might be a good ORR
catalyst,21 which leads to a low charge potential of
the cell with cyclability up to ∼30 cycles at a discharge
depth of 1000 mA h gtotal

�1 (Figure 3d).
X-ray diffraction (XRD) and attenuated total reflection

Fourier transform infrared (ATR-FTIR) measurements
were conducted to identify the discharge products of
Li�O2 batteries with Mo2C/carbon nanotubes. The XRD
patterns of the Mo2C/carbon nanotube electrodes
for the first and 10th cycles at a current density of
100 mA gtotal

�1 are shown in Figure 4a. As compared
with the XRDpattern of the fresh electrode, newdiffrac-
tion peaks were observed in the discharged electrodes.
Although these XRD peaks were very weak compared
to the Mo2C/carbon nanotube electrode, they can
reasonably be assigned as the (100), (101), and (110)
peaks of a Li2O2 crystal (as highlightedwith black circles
in Figure 4a).9,18 The diffraction peaks of Li2O2 disap-
peared after the battery was recharged, which suggests
that the discharge product Li2O2 is decomposed during
the charging process. The ATR-FTIR spectra were
obtained from the initial discharged and charged
Mo2C/carbon nanotube electrodes at a current density

Figure 3. (a) The first discharge/charge profiles of the Li�O2 batteries with pristine-carbon nanotube, Mo2C, and Mo2C/
carbon nanotube electrodes at a discharge capacity of 500 mA h gtotal

�1 and a current density of 100 mA gtotal
�1. (b) Cycling

performance of the Li�O2 battery with theMo2C/carbon nanotube electrode at a discharge capacity of 500mA h gtotal
�1 and

at a current density of 100 mA gtotal
�1. (c) The first 10 cycles of Li�O2 batteries with the Mo2C/carbon nanotube electrode at

current densities of 100, 200, 500, and 1000mAgtotal
�1 with a discharge capacity of 500mAhgtotal

�1. (d) Cycling performance
of the Li�O2 battery with the Mo2C/carbon nanotube electrode at a discharge capacity of 1000 mAh gtotal

�1 and at a current
density of 200 mA gtotal

�1.
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of 100 mA gtotal
�1 (see Figure 4b). As shown, the

ATR-FTIR absorption peaks at around 500 cm�1 in the
discharged electrode can be assigned to Li2O2, that
disappear in the charged electrode, which indicates
the decomposition of Li2O2 during the charging
process.22,23

The Li2O2 formed in the discharging process was
directly observed by high resolution-TEM (HR-TEM)
and energy filtered-TEM (EF-TEM). Figure 5a shows
that some discharge products were deposited on the
Mo2C/carbon nanotube surface after the first cycle
discharge. For identification, this spot was also ana-
lyzed by EF-TEM. As shown in Figure 5b, Li2O2, a carbon
nanotube, and Mo2C were visualized as green, blue,
and red spots, respectively. (To make a distinction with
the carbon nanotube, the Mo element of Mo2C is
denoted as red spots although it might also contain
some carbon element in that area.) From this data, it is
observed that the Li2O2 nanoparticles were deposited
on the Mo2C/carbon nanotube surface until reaching a
capacity of 1000 mA h gtotal

�1. This Li2O2 morphology
was found to be similar to the reported result using
a carbon nanotube electrode in the literature.24,25 From
some reported papers that used carbon nanotube

electrodes, it was found that the Li2O2 is agglomerated
and grown in a toroidal form with deeper dis-
charge.24,26 However, in our cell configuration after full
discharge to 2.5 V (i.e., about 10000 mA h gtotal

�1), the
Li2O2 became thicker, but was still in a well dispersed
layered form (not in a toroidal form) covering the
Mo2C/carbon nanotube as shown in the inset data of
Figure 5a,b. This observation can be explained by the
fact that Mo2C nanoparticles on the carbon nanotube
might mitigate the excessive accumulation of Li2O2

and result in efficient uniform dispersion of the Li2O2

layered product grown on the Mo2C/carbon nanotube
surface.25

The origin of the effectiveness of Mo2C/carbon
nanotube as a cathode in Li�O2 batteries may relate
to its surface chemistry and electronic properties based
on DFT calculations and X-ray photoemission spectros-
copy (XPS). From DFT calculations, we found that the
O2 molecules tend to be reduced on Mo2C (001) and
(101) surfaces that are dominant on the Wulff shape
of Mo2C nanoparticles.20 For the two low energy
Mo-terminated equivalent surfaces, that is, (001)-Mo
and (101)-Mo surfaces (Supporting Information,
Figures S6 and S7), the chemisorption of O2 on the

Figure 4. (a) XRD and (b) ATR-FTIR spectra of the fresh, discharged, and charged Mo2C/carbon nanotube electrodes.

Figure 5. (a) HR-TEM image and (b) EF-TEM maps of the Mo2C/carbon nanotube electrode after first discharge (discharge
depth is 1000 mA h gtotal

�1). A fully discharged Mo2C/carbon nanotube electrode to 2.5 V is also presented in the inset data
(length of scale bar in inset data is 100 nm).
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surfaces is exothermic (Figure S8 and S9). At both
(001)-Mo and (101)-Mo surfaces, the decomposition
of the O�O bond of chemisorbed O2 molecules is
exothermic and oxidizes the surface by forming new
Mo�O bonds (Figures S8 and S9). For the thermody-
namically most dominant surface, that is, the (101)-Mo
surface, the dissociation of the adsorbed O2 molecule
on a clean (101)-Mo surface is thermodynamically very
favorable with a formation energy, Eform of ca. �2.5 to
�6.2 eV compared to Eform of ca.�1.3 eV for a (001)-Mo
surface (Figures S8�S10). For a near fully oxidized
Mo2C (101)-Mo surface, the top surface is dominated
by the Mo�O bonds analogous to the MoO3 bulk-
like layer shown in Figure 6. As shown in Figure 6,
the surface chemistry and electronic properties of
the oxidized Mo2C are mainly dictated by the Mo
3d electronic states. The original metallic-like Mo2C
surface remains even after the surface is significantly
oxidized.
For verification of theDFT predictions, XPS datawere

collected on a Mo2C/carbon nanotube electrode as
shown in Supporting Information, Figure S3. We found
the surface of the as-received Mo2C powder tends to

be oxidized, and the MoO3 and MoO3/C-like states
from XPS spectra are shown in Figure S3. Some MoO2

is also present in the XPS data (Figure S3). The propor-
tion of MoO3/C increases on the 10th discharge and
becomes the dominant species on the surface of the
oxidizedMo2C/carbon nanotube electrode. Thereafter,
the XPS characters of the cathode surface are almost
invariant during the cell cycling (e.g., 50th cycle), with
predominantly MoO3/C-like character. To complement
the surface-sensitive XPS data, the bulk-sensitive XRD
data shows that theMoO3-like feature in the cathode is
not a layered orthorhomic crystalline MoO3 bulk (i.e., in
Pnma space group),27 but rather a noncrystalline
amorphous phase that is formed on the surface of
theMo2Cnanoparticles as a thin layer. The evidence for
this is that there are no peaks associated with crystal-
line MoO3 as shown in Figure 4a. From DFT PBE
calculations, the layered crystalline MoO3 bulk is in-
sulating (band gap,∼2 eV), whereas the noncrystalline
amorphous phase of MoO3 bulk is metallic (Supporting
Information, Figure S11). Thus, we suspect that the
formation of metallic noncrystalline MoO3-like layers
on the Mo2C nanoparticles along with the carbon
nanotubes are responsible for the low charge over-
potentials and the high cyclability found in the Li�O2

cells based on these new materials. The low over-
potential Li2O2 formation/decomposition reaction
found for these cathodes based on MoO3/Mo2C is
similar to that reported for a TiO2@TiC electrode in a
Li�O2 cell by Ottakam Thotiyl et al. recently.9

The Mo2C/carbon nanotube electrode remains
robust and stable even after 100 cycles at a capacity
of 500 mA h g�1 with little electrolyte decomposition,
as confirmed by HNMR analysis in Supporting Informa-
tion, Figure S4. The structure of the TEGDME molecule
is verified by the nearly identical integral area ratio
(4:2:2:3) of the four H peaks coming from the cells
before/after cycling (the pristine electrolyte was also
checked individually)9,28 and suggested that the
TEGDME solvent is quite stable on the Mo2C/carbon
nanotube electrode interface during the discharge
and charging processes. In addition, Bruce and co-
workers in their recent report22 have suggested that
carbonmaterials are unstable on charging above 3.5 V,
oxidatively decomposing to form Li2CO3. Carbon also
promotes electrolyte decomposition to Li2CO3 and Li
carboxylates during discharge and charge in a Li�O2

battery at high voltages (above 3.5 V). To minimize
these parasitic side reactions, the charge potential has
to be less than 3.5 V, and we believe the Mo2C/carbon
nanotube composite electrode that operates at low
charge potential (i.e., less than 3.5 V) (Figure 3) in this
study can help to minimize the serious electrolyte
decomposition problem in a Li�O2 cell. We did
find some small peaks at 1.2 ppm and some small
absorption peaks in the FTIR spectra (see Figure 4b)
ascribed to lithium formate and acetate.29 Theymay be

Figure 6. (a) The oxidized Mo2C (101)-Mo surface with a
MoO3-like portion (the highlighted region shows a MoO3-
bulk unit-like configuration in the inset) on the top surface
layer after the adsorbed O2 molecules dissociate. (b) The
electronic density of states (e-DOS) around the Fermi-level
(Ef). The light-blue region is theMo 3d projected e-DOS that
dominate the e-DOS around the Fermi-level.
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attributed to some decomposition of the ether-based
electrolyte during cycling. Although these negative
results from NMR and IR data were quite negligible,
we feel that finding more stable electrodes and elec-
trolytes for lithium air battery systems is necessary and
should be the subject of future research.

CONCLUSIONS

In summary, a Mo2C/carbon nanotube composite
cathode was found to have high electrical efficiency
(88%) and reversibility (more than 100 cycles) for Li�O2

batteries. The well dispersed Mo2C nanoparticles
on carbon nanotubes results in a nanolayered Li2O2

discharge product, which is easy to decompose with
a low charge potential. Most importantly, the Li�O2

battery using an as-prepared Mo2C/carbon nanotube
electrode could be cycled repeatedly with dramatically
low charge potential (3.25�3.4 V). We suspect that the
formation of metallic noncrystalline MoO3-like layers
on the Mo2C nanoparticles along with the carbon
nanotubes are responsible for the low charge over-
potentials and high cyclability. Although no electrolyte
and electrode can be 100% stable yet, we expect
that this effective composite cathode can be a good
reference to help improve the electrical efficiency and
cyclability in the Li�O2 battery system.

METHODS
Synthesis of Mo2C/Carbon Nanotube. Carbon nanotube-supported

molybdenum carbides (Mo2C/carbon nanotube) were prepared
by carbothermal reduction of carbon-supported molybdenum
trioxde (MoO3, g 99.5%, Aldrich).30 The typical procedure for
preparing the carbides is as follows: The startingmaterials (MoO3

and carbon nanotube) were accurately weighed according to
the stoichiometric amounts in for the equation (2MoO3 þ 7Cf
Mo2C þ 6CO) and mixed by ball milling for 24 h. The rotation
speed and ball-to-powder weight ratio were 300 rpm and 20:1.
To protect the materials from oxidation, the milling operation
was carried out under high purity of argon atmosphere. Then,
for carbothermal reduction, the milled sample was annealed in a
furnace with a 100 mL min�1 Ar flow from room temperature
to 950 �C at a rate of 10 �Cmin�1 and then held at 950 �C for 1 h.
Ar was kept flowing through the reactor when the furnace was
cooled to ambient temperature. The weight ratio of Mo2C and
carbon nanotube in the composite is Mo2C/carbon nanotube =
8:2 (checked by thermogravametric analysis with nitrogen)
Carbon nanotubes (multiwall carbon nanotubes, Hanwha
Nanotech)-supported molybdenum carbide and graphite
(99.9995%, Alfa Aesar)-supported molybdenum carbide were
prepared by the same procedure as above. Meanwhile, bulk
Mo2C (g99.5%, Alfa Aesar) was purchased.

Preparation of Li�O2 cells. A mixture containing 80 wt % of
carbide material (Mo2C/carbon nanotube or bulk Mo2C) and
20 wt % of polytetrafluoroethylene (PTFE) binder was well
mixed in a N-methyl-2-pyrrolidone (NMP) solvent and then
coated onto Ni foam (thickness, 200 μm) in a dry room. The
coated electrodeswere dried at 100 �Cunder vacuum for 12 h to
remove the residual solvent and were cut to 1.4 cm in diameter.
These air electrodes (loading of cathode materials on the Ni
foam was about 1.7 mg), a glass fiber separator (GF/C,
Whatman), and lithium metal foil (thickness, 400 μm) were
assembled in a R2032 coin-type cell. A solution of 1 M lithium
triflate (LiCFSO3) in tetraethylene glycol dimethyl ether
(TEGDME) was used as the electrolyte. Solvents were stored
over 4 Å molecular sieves in an Ar-filled glovebox (final water
content of <10 ppm, determined using a Mettler-Toledo Karl
Fischer titration). All cell assembly procedures were done in an
argon-filled glovebox (water and oxygen contents are less than
0.1 ppm). Before the test, cells were placed in an oxygen-filled
chamber with a pressure slightly higher than 1 atm at room
temperature and stabilized for 1 h.

Characterizations. The electrochemical properties were mea-
sured by a VMP3 Biologic Instruments meter using a galvano-
static cycling test with a time-controlled mode at a current
density of 100 mA g�1 for 5 h (and also 200 mA g�1 for 5 h). All
discharge/charge capacities were calculated based onper-gram
units of the carbide and composite materials (only Mo2C,
only carbon nanotube, and Mo2C/carbon nanotube composite,
respectively). Raman spectra were obtained on a Micro-Raman
spectrophotometer (MonoRa750i, Optron). The surface area

and porosity of carbide materials were measured with auto-
mated gas sorption analyzer (autosorb iQ, Quantachrome)
using nitrogen gas as the adsorbate at a temperature of
77 K. The specific surface area was calculated using the
Brunauer�Emmett�Teller (BET) method. A field emission
scanning electron microscope (FE-SEM, S-4800, Hitachi) and
a high-resolution transmission electron microscopy (HR-TEM,
JEM-2010, JEOL) were employed to observe the morphology of
the air electrodematerials and discharge products. EDX (energy
dispersive X-ray spectroscopy) and EF(energy filtered)-TEM
mapping were analyzed with same TEM instrument. The dis-
charged and charged electrodes were protected from exposure
to air during the transfer to the SEM and TEM chamber with
a portable vacuum oven applied in the glovebox. The carbide
materials and air electrodes after the cycle test were measured
by using the X-ray diffraction instrument (XRD, D/MAX 2500,
Rigaku) with a Cu KR radiation source within 2θ of 10.0� to 80.0�
at a scan rate of 1�/min. Fourier transform infrared instrument
(FTIR, Nicolet iS50, Thermo) was employed, and analysis was
fulfilled in the N2 filled glovebox. However, it is hard to confirm
the discharge product within transmission mode because
carbon materials easily absorb the infrared. Making pellets
can also damage the discharge product in the electrode.
An attenuated total reflectance (ATR) equipment for the FTIR
instrument was set up and used to check the discharge product.
Before the analysis of the electrode after discharge and charge,
the electrodes were washed by TEGDME solvent and dried
under vacuum at least for 2 days.

DFT Calculation. To model the catalytic role played by the
Mo2C nanoparticles in the experiments, the thermodynamically
abundant surfaces of Mo2C Wulff crystal predicted in a recent
study are considered.20 To model the two dominant surfaces
(i.e., (001) and (101)), Mo2C and MoO3 bulk crystals, the simula-
tion is carried out based on Density Functional Theory (DFT)
calculations with plane wave basis sets as implemented in
the VASP code.31 All the calculations were spin-polarized and
carried out using the gradient corrected exchange-correlation
functional of Perdew, Burke, and Ernzerhof (PBE)32 under the
projector augmented wave (PAW) method, with plane wave
basis sets up to a kinetic energy cutoff of 400 eV. The PAW
method33 was used to represent the interaction between the
core and valence electrons, and the Kohn�Sham valence states
(i.e., 2s for Li, 2s 2p for C and O, and 4p 5s 4d for Mo) are
expanded in planewave basis sets. The convergence criterion of
the total energy was set to be within 1� 10�5 eV for the K-point
integration, and all the atoms and geometries were optimized
until the residual forces became less than 1� 10�2 eV/Å. For the
hexagonal Mo2C and orthorhombic MoO3 crystalline solid, the
optimized structure obtained after the full geometry relaxation
was carried out within a K-point 5 � 5 � 5 grid. For all the
relevant surfaces calculations, all the simulations (i.e., including
O2 adsorption on surfaces) were carried out within a K-point
5 � 5 � 1 grid. For each of the modeled surfaces (i.e., (001) and
(101) surface), two different surface terminations (i.e., Mo-term
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and C-term) have been studied and all the surface thicknesses
are about 12�15 Å throughout the simulation to ensure the
required energy convergence.

To model a noncrystalline amorphous structure of MoO3

bulk, two different approaches were used. The approaches
were based on ab InitioMolecular Dynamics (AIMD) simulations
using an NVT-ensemble with a time step of 1 fs. For one model,
the amorphous MoO3 structure is obtained using “heat-and-
quench” of a MoO3 crystal to T ≈ 4000 K with rapid cooling to
300 K at a rate of∼5.8� 1015 K/s. The final optimized geometry
is obtained by taking the final thermal equilibrated configura-
tion (∼1.0 ps at T≈ 300 K) after full geometry relaxation. For the
other model amorphous MoO3 structure, the initial structure
was generated by randomly placing 32 basic MoO3 units into
an orthorhombic cell. After the initial full cell relaxation, the
system is then thermally equilibrated at T = 300 K, and the final
optimized geometry is obtained by taking the final thermal
equilibrated configuration (after ≈ 1.5 ps) after full geometry
relaxation. As shown in Supporting Information, Figure S11,
both amorphous MoO3 structures are found to be similar (i.e.,
similar inMo�O andMo�Modistributions). In addition they are
both metallic and only ∼0.20�0.30 eV/(MoO3-unit) less stable
than the MoO3 crystal.
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