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ABSTRACT High energy efficiency and long cycleability are two important performance 5.0+
measures for Li—air batteries. Using a rationally designed oxygen electrode based on a vertically
aligned nitrogen-doped coral-like carbon nanofiber (VA-NCCF) array supported by stainless steel
cloth, we have developed a nonaqueous Li—0, battery with an energy efficiency as high as 90%
and a narrow voltage gap of 0.3 V between discharge/charge plateaus. Excellent reversibility and
cycleability were also demonstrated for the newly developed oxygen electrode. The observed

outstanding performance can be attributed to its unique vertically aligned, coral-like N-doped
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carbon microstructure with a high catalytic activity and an optimized oxygen/electron 0

transportation capability, coupled with the microporous stainless steel substrate. These results
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demonstrate that highly efficient and reversible Li—0, batteries are feasible by using a rationally designed carbon-based oxygen electrode.
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i—0, batteries have recently emer-
Lged as high energy density devices

with a theoretical energy density of
~3500 Wh kg™, nearly 8 times higher than
that of commercial Li-ion batteries, and
the ability to power electrical vehicles for a
500-miles range per charge.'® A typical
nonaqueous Li—0, battery is composed of
three essential components: (1) a metallic
lithium anode, (2) a porous cathode (usually
carbon-based materials with or without
catalysts), and (3) nonaqueous electrolyte
(Lit-containing solution) in between. The
key charge/discharge reactions take place
at the oxygen electrode, 2Li* 4 2e 4 O, <
Li,O,, with a thermodynamic potential of
2.96 V.° During discharging, oxygen mole-
cule is reduced by electrons from the cur-
rent collector to combine with Li* ions
dissolved in the electrolyte to produce solid
Li,O, on the cathode.'® Subsequent char-
ging causes a reverse reaction. However,
huge polarizations are commonly observed
during charging, with a typical 1-2 V vol-
tage gap between the charge and discharge
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plateaus.'’ ~'® Because of the instability of
nonaqueous electrolytes, the decomposi-
tion of electrolytes to form an insulating
coating on the electrode surface increases
the overpotential, which, in turn, accelerates
the decomposition of electrolytes.'>'*~'8
So far, no stable nonaqueous electrolyte
has been found. Besides, carbon materials
in oxygen electrodes have been proven to
decompose accompanying the electrolyte
decomposition, particularly at high over-
potentials.®~23 On the other hand, the poor
electron transportation between the elec-
trode and Li,O,, due to the charging-
induced formation of the Li,O,/electrode
interfacial barrier,”?*~27 contributes also to
the high polarizations for nonaqueous Li—0,
batteries. Various approaches have been de-
veloped to address these problems, including
the use of different catalysts,*® > redox med-
iators in electrolytes,* and oxygen electrodes
with optimized microstructures.”?**® These
efforts have improved energy efficiencies
(defined by the percentage of discharge
voltage over charge voltage at the middle
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of the charge/discharge plateaus) from 50 to 70% for
Li—O, batteries in the last couple of years.

Generally speaking, an ideal oxygen electrode re-
quires a highly conductive porous structure to facilitate
both electron and oxygen transportations. A large spe-
cific surface area is also desirable for the electrode to
show a high Li,O, uptake. Among various oxygen
electrodes, fibrous electrodes, including carbon fibers,3”
carbon nanotubes,****~** tubular polypyrrole,®® and
manganese oxide nanowires,*® have been exploited
for efficient electron and oxygen transportations. How-
ever, most fibrous electrodes still suffered from multiple
drawbacks. For instance, spherical shaped Li,O, parti-
cles often grow on the fiber surface with a very limited
contact to the conductive substrate,”?%*” while a
homogeneous coating layer of Li,O, over the electrode
material is more favorable than separated large particles
for a uniform electrochemical reaction on the electrode.
Very recently, noncrystalline Li,O, has been demon-
strated to form on multiwall CNTs decorated with noble
metal catalysts with the catalytically functionalized fiber
surface to facilitate the oxygen reduction reaction (ORR)
all over the fiber surface.** The continuous coating layer
of Li,O, over the electrode material was found to be also
favorable for the subsequent oxygen evolution reaction
(OER) because the improved contact between the
electrode and Li,O, led to a low overpotential.*>*
Although recent efforts have reduced the voltage gap
between charge/discharge plateaus from 1.5 to 0.7 V
and extended the number of reversible cycles up
to 100,'3293342434748 oyygen electrodes (including
fibrous ones) that simultaneously possess a high specific
capacity, high energy efficiency, and long cycling life are
still scarce.

In this work, vertically aligned nitrogen-doped coral-
like carbon nanofiber (VA-NCCF) arrays were prepared
by chemical vapor deposition (CVD, Figure S1, Support-
ing Information) and then transferred onto a piece of
microporous stainless steel cloth as a binder-free oxy-
gen electrode for nonaqueous Li—O, batteries. A
narrow voltage gap (0.3 V) between the charge and
discharge plateaus and an unusually high energy
efficiency of 90% were obtained. To the best of our
knowledge, these are the lowest overpotential and the
highest energy efficiency among the reported Li—0,
batteries. More than 150 highly reversible cycles under a
specific capacity of 1000 mAh g~ were also demonstrated.

RESULTS AND DISCUSSION

Figure 1a shows a typical scanning electron micro-
scopic (SEM) image for a VA-NCCF forest grown on a
Si wafer with a thickness of ~20 um and a density of
~20 ug cm™2 The zigzag-like carbon fibers aligned
normal to the substrate and slightly tangled with each
other, leading to good conductivities for both the
in-plane and through-thickness directions while pro-
viding a large free space within the layer for efficient
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Figure 1. (a) SEM image of a VA-NCCF array grown on a
piece of Si wafer by CVD. (b) TEM image of an individual VA-
NCCF. (c) The sketch of Li,O, grown on a coral-like carbon
fiber, which has an advantage to tightly hold the Li,0,
deposit by the rugged surface (cf. Figure 3b,e). (d) An XPS
survey spectrum of the VA-NCCF, and the insert is the
corresponding high-resolution XPS spectrum of nitrogen.

oxygen/electrolyte transportation and a large uptake
of Li,O,. The VA-NCCF electrode of a well-defined large
surface area with all the nanofiber top-ends falling on
one plane at the electrode/electrolyte interface can
offer additional advantages to not only facilitate the
electrolyte/reactant diffusion for current enhancement
but also enhance the current transportation through
the shortest pathway along the vertically aligned fiber
length without the need of a binder. Binder-free
electrode can reduce the electrical resistance, expose
all active surface area to support the electrochemical
process, and exclude all the possible side-effects asso-
ciated with the binder decomposition.*® A transmis-
sion electron microscopic (TEM) image of an individual
fiber is given in Figure 1b, which shows the coral-like
microstructure with many branches along the fiber

VOL.8 = NO.3 = 3015-3022 = 2014 W&)

WWww.acsnano.org

3016



a) 4.5-

by
o
N

1000 mAg” 1

Voltage / V
w
il

3.0
| S—
254 T T T T T
0 200 400 600 800 1000
Capacity / mAhg”
€) s,
VA-NCCF on carbon paper
4.0
>
;'3) 3.5 0.55V
S
VA-NCCF on SS cloth
3.0
254 T T T T )
0 200 400 600 800 1000
Capacity / mAhg™

b) 451
CNT powder
4.0
>
()
(=)
£35
s VA-NCCF
3.0
| S—
254 T r T r .
0 200 400 600 800 1000
Capacity / mAhg™
Time / hour
d) 0 20 40 60 80 100
5 L L L L 1
Charge
> 49
®
(=)
ol
o .
> 3 Discharge
2 T T T T
0 10k 20k 30k 40k
Capacity / mAhg™

Figure 2. (a) Rate performance of the VA-NCCF electrode under current densities of 100, 600, and 1000 mA g .
(b) Comparison of the VA-NCCF with undoped vertically aligned carbon nanotubes (VA-CNT), and CNT powder. In all cases,
a piece of microporous stainless steel (SS) cloth was used as the current collector. (c) The VA-NCCF forest on two different kinds
of current collectors: the stainless steel cloth and Toray carbon paper. (d) Discharge/charge voltage profile of the VA-NCCF as the
function of specific capacity. The cutoff voltages were 2.2 V for discharging and 4.4 V for charging. Current density was 500mA g~ ".

“trunk” to enlarge the surface area, in respect with
smooth (unbranched) carbon fibers or CNTs, for en-
hancing the electrode/electrolyte interaction and Li,O,
deposition over the whole surface of a branched fiber
with a close electrical contact (cf. Figure 1c supported
by Figure 3b,e).

The presence of structural nitrogen in the VA-NCCF
was confirmed by X-ray photoelectron spectroscopic
(XPS) measurements. The XPS survey spectrum given
in Figure 1d shows the presence of 95.9 atom % of C,
1.0 atom % of O, and 3.1 atom % of N in the VA-NCCF
sample. The oxygen incorporation is possibly due to
physical adsorption from air, which is an additional
advantage for ORR electrodes.”® The absence of any
obvious metal peak in the XPS survey spectrum sug-
gests that most of the metal catalyst particles formed
during the “base-growth” process have been left on
the growth substrate after removal of the VA-NCCF
forest and/or removed by the acid washing during the
electrode preparation, as confirmed by the thermo-
gravimetric analyses (Figure S2, Supporting Information).
Therefore, the VA-NCCF electrode serves as carbon-based
catalyst(s) for ORR/OER in this study (vide infra). The
curve-fitted high-resolution XPS N 1s spectrum (inset
of Figure 1d) shows the incorporation of pyridinic-like
(~398 eV, ~40 atom % of the total nitrogen), pyrrolic-
like (~401 eV, ~20 atom % of the total nitrogen), and
graphitic (~402 eV, ~40 atom % of the total nitrogen)
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nitrogen atoms within the VA-NCCF sample. The pre-
sence of pyridinic and pyrrolic nitrogen atoms in
unbranched carbon nanostructures have been demon-
strated to be efficient catalytic sites for ORR in fuel
cells®’ >3 and Li—0, batteries.3%47>*

The VA-NCCF electrode was further characterized in
Li—O, batteries with a piece of Li foil as anode and 1M
bis(trifluoromethane)sulfonimide lithium salt (LiCF3SO5)
in tetraethylene glycol dimethyl ether (TEGDME) as
electrolyte. Three freshly prepared batteries were
tested separately under current densities of 100, 600,
and 1000mA g~ ata controlled capacity of 1000mAhg™".
As shown in Figure 2a, a low overpotential of 0.3 V at
the middle of discharge/charge plateaus was observed
at the current density of 100 mA g~ . The overpoten-
tials were still reasonably low even when the current
density was increased to 600 and 1000 mA g~ ' with
respect to a typical value of 1—2 V for other Li—0,
batteries.'"~'® The cutoff voltage at the end of
charge was just 3.6 V at the current density as high as
1000 mA g~ '. To the best of our knowledge, such a low
overpotential (0.3 V) was the first time reported for
nonaqueous Li—O, batteries, which is even lower than
those of noble metal-based catalysts.??*34>>> The
corresponding energy efficiency was calculated to be
90%, the highest value for nonaqueous Li—0, batteries
reported so far. The rate performance was also inves-
tigated for a single cell starting from the current
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Figure 3. Identification of Li,O, deposited on catalyst fiber by (a) the selected area electron diffraction (SAED) pattern of a
discharged VA-NCCF fiber, and (b) TEM image of a discharged catalyst fiber (blue and red arrows indicate spherical- and
spindle-shaped Li,0, particles, respectively). (c) A spot-on EDX profile of the discharged fiber. The Li,O, formation/
decomposition during a round of discharge/charge cycle on the VA-NCCF fiber: SEM images of (d) the pristine fiber,
(e) the discharged fiber, and (f) the charged fiber after predischarge. The discharge/charge capacities were controlled at
4000 mAh g*’. Note that the mapping micrographs shown in (d), (e), and (f) were not taken from the same spot because of

technical difficulties.

density of 100—1500 mA g~ in five sequential cycles
with a controlled capacity of 1000 mAh g~ . In this case,
the cutoff voltage was still found to be no more than 3.8V
at the end of the fifth charge under the current density of
1500 mA g~ (Figure S3, Supporting Information).

To evaluate the factors related to the battery perfor-
mance of the VA-NCCF array, we carried out the
electrochemical measurements on undoped VA-CNT
(Figure S4, Supporting Information) to illustrate the
effect of N-doping, and nonaligned CNT powder to
reveal the alignment effect on the cell performance. As
seen in Figure 2b, the CNT powder exhibited the
highest overpotential, followed by the VA-CNT, and
VA-NCCF electrodes. The lower overpotentials for the
aligned electrodes than that of the CNT powder could
be attributed to the alignment-induced enhancement
of mass/current transport described earlier. The VA-
NCCF electrode showed the lowest overpotential due
to the combined effect of the enhanced mass/current
transport by alignment and the N-doping-induced
catalytic activity.>’

Possible effects of the current collector on the over-
potential of the VA-NCCF electrode were also investi-
gated. Carbon papers have been commonly used as
the current collectors for the air electrode in Li—air
batteries. However, we found in this study that the use
of a piece of stainless steel (SS) cloth (supersmall
particle-filtering stainless steel wire cloth, 304 stainless
steel, 200 x 1400 mesh, purchased from McMaster-Carr)
as the substrate and current collector for the VA-NCCF
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array could dramatically reduce the charge overpoten-
tial by 055 V at discharge—charge depth of
500 mAh g~ and improve discharge overpotential by
0.1 V (Figure 2c), compared with hydrophobic carbon
paper (Toray TGP-H-060, purchased from Fuel Cell Store).
The improvement on discharge overpotential was not
as much as that of charge process because the dis-
charge voltage was already close to the thermodynamic
potential 0.96 V. The carbon paper has pore sizes of
~100 um, while the SS cloth has much smaller pores of
~10 um to ensure a better contact to the catalyst array
(Figure S5, Supporting Information). Besides, the 304
stainless steel has a much lower electrical resistivity of
0.07 mohm cm than that of the Toray carbon paper
(80 mohm cm) to facilitate the electron transport. How-
ever, the SS cloth substrate itself has a very low surface
area and a very high overpotential as an O, electrode.
Therefore, the observed outstanding battery performance
for the VA-NCCF electrode can be exclusively contributed
to the aligned carbon fiber array (Figure S6, Supporting
Information). By contrast, the carbon paper substrate is
composed of micrometer-sized carbon fibers capable to
act as an O, electrode.”” To completely eliminate any
possible effect of the current collector on the battery
performance, we used the highly conductive and inert SS
cloth, rather than the carbon paper, as the current
collector for most of the subsequent measurements.
The full capacity of the VA-NCCF electrode was
explored by discharging the cell down to 2.2 V at the
current density of 500 mA g~ ', then charging to an
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equivalent capacity at the same current density. A high
capacity over 40 000 mAh g~ ' was demonstrated after
100 h discharge (Figure 2d). During the subsequent
charge processes, the first 10000 mAh g~ capacity
was made under 4.0 V, and most of the rest capacity
was recovered under 4.1 V. Since electrolyte decom-
position could be accelerated at high voltages (e.g.,
> 4.0 V), electrolyte decomposition, if any, might have
contributed to the total capacity in this study. Com-
pared with carbon black and carbon fibers,'>373°
however, the above results clearly indicate a larger
specific capacity and a smaller charging overpotential
for a full discharged/charged cycle. This, once again,
can be attributed to the unique vertically aligned,
coral-like, N-doped carbon microstructure with a large
storage space, an optimized oxygen/electron transpor-
tation capability, and a high catalytic activity.

To identify the discharged product (Li,O,) and prove
the cell rechargeability for a complete discharge/
charge cycle, we performed the selected area electron
diffraction (SAED) on a discharged fiber. Figure 3a
shows the diffraction pattern for the VA-NCCF elec-
trode, revealing the presence of crystalline Li,O,. The
corresponding SAED pattern for the pristine VA-NCCF
array shows diffusive rings for polycrystal carbon
(Figure S7, Supporting Information). The TEM image
of a discharged catalyst fiber shown in Figure 3b
further revealed that the Li,O, deposit composed
mainly of spherical-, spindle-, and irregular shaped
particles densely linked with each other along the
catalyst fiber (see also Figures S8 and S9, Supporting
Information).>>*%*” The corresponding EDX analysis of
the discharged fiber indicated about 30 atom % of
oxygen and 70 atom % of carbon with virtually no iron
but some copper from the TEM grid used for the
sample preparation (Figure 3c). The presence of oxy-
gen is mainly contributed by Li,O,, as only 1.0 atom %
oxygen was detected by XPS analysis on the pristine
fibers. However, possible contribution from electrolyte
decomposition cannot be ruled out, albeit it is insignif-
icant within a short time cycle for the efficient catalyst.

The formation/decomposition of Li,O, during a dis-
charge/charge cycle was followed further by SEM
imaging, whereas its growth mechanism is beyond
the scope of this study.>>>”8 As expected, Figure 3d
shows a coral-like structure with many branches for the
pristine catalyst fiber. After a discharge (4000 mAh g™ "),
the free space between branches along the fiber was
almost completely filled by the discharge product, Li,O,
(Figure 3e). It is worthy to note that Li,O, deposited
densely along the coral-like fiber to fill up the entire
interbranch space. The continuous deposition of Li,O,
presumably resulted from the homogeneous N-doping
along the coral-like fiber. The observed morphology for
the Li,O, deposited on the VA-NCCF electrode is quite
different from those on its counterparts based on
unbranched carbon nanofibers or carbon nanotubes,
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which usually support the deposition of isolated indivi-
dual particles3%*” As mentioned earlier,**** the formation
of the continuous Li,O, coating can ensure a good
electrical contact to reduce the electrochemical reaction
barrier. The coral-like fiber structure reappeared (Figure 3f)
after a recharging process at 4000 mAh g, indicating
the removal of Li,O, coating by a reversible electro-
chemical process. Elemental mapping could further
clearly demonstrate the Li,O, formation in discharge
and decomposition in the following charge processes
(Figure S10, Supporting Information).

Because of the low overpotential of the VA-NCCF
electrode, the electrolyte decomposition could be
minimized, leading to a long device cycle life. To
investigate the stability of the VA-NCCF electrode, we
performed continuous charge/discharge cycling of
one cell using the SS cloth substrate for more than
two months and 150 cycles at a specific capacity of
1000 mAh g~ per discharge/charge cycle. As can be
seen in Figure 4a,b, the cell based on the SS-supported
VA-NCCF electrode showed an almost constant capa-
city over 150 cycles, and the voltage profile was fairly
stable with little change in overpotential after the 10th
cycle (Figure 4b). Similar results were obtained for the
VA-NCCF electrode using carbon paper as the current
collector over more than 80 days cycling (Figure 4c,d),
albeit with about 20—30 mV higher overpotentials due
to its poorer electrical conductivity/contact than the SS
cloth. The capacity contributed by carbon paper, if any,
should be negligible because the catalytic active VA-
NCCF array has significantly lowered the overpotential
of the composite electrode compared with the blank
carbon paper within the tested capacity range (Figure
S11, Supporting Information). Cycling under a deep
discharge—charge mode is shown in Figure S12
(Supporting Information). The cell lasted for more than
2000 h. Although the absolute capacity was high, like
most other Li—0, batteries,'? the capacity dropped
fast, because of the accelerated electrolyte decompo-
sition. In the first five cycles, VA-NCCF presented a
capacity retention of 70%.

Further evidence for the good reversibility of the VA-
NCCF array catalyst came from an additional test, in
which a battery based on the SS-supported VA-NCCF
electrode was first run for 100 cycles under a controlled
capacity of 1000 mAh g~ ' per cycle, and then dis-
charged for 20 h (equal to 4000 mAh g™ ), followed by
charging for 20 h. As seen in Figure S13 (Supporting
Information), the discharged fiber was coated by a thick
layer of Li,O, (Figure S13a, Supporting Information) while
the coral-like fiber structure reappeared after charg-
ing (Figure S13b,c, Supporting Information). The coral-
like structure seen for the VA-NCCF fiber shown in
Figure S13b (Supporting Information) is similar to that
of the fiber after the first cycle (Figure 3f), indicating a
good rechargeability for the VA-NCCF catalyst over
many discharge/charge cycles. It is the interplay of the
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Figure 4. (a) Cycling performance of the VA-NCCF array on the SS cloth substrate. (b) The representative discharge—charge
curves from the 10th to 150th cycle for the VA-NCCF electrode. Current density was 500 mA g~ ', and a controlled capacity was
1000 mAh g~ . The cell has been working for more than 2 months while the testing is still continuing. (c) Cycling performance
of the VA-NCCF electrode on the Toray carbon paper substrate. (d) The representative discharge—charge curves from the 1st
to 200th cycle. Current density was 250 mA g~ ', and a controlled capacity was 500 mAh g .

N-doping-induced high catalytic activity, the coral-like
microstructure, and the highly conductive microporous
SS cloth support that makes the VA-NCCF oxygen elec-
trode to show the high energy efficiency, low over-
potential, and long cycle life.

CONCLUSIONS

In summary, we have developed highly efficient
oxygen electrodes for nonaqueous Li—O, batteries
by using vertically aligned nitrogen-doped coral-like
carbon fiber (VA-NCCF) arrays supported with a stain-
less steel cloth as the current collector. It was demon-
strated that these rationally designed VA-NCCF
electrodes exhibited an energy efficiency as high as
90% in a full discharge/charge cycle and low over-
potential of only 0.3 V between the charge/discharge
plateaus. The electrolyte decomposition was mini-
mized due to the low overpotential, and the battery
could run for more than 150 cycles with a good

EXPERIMENTAL SECTION

Preparation of Vertically Aligned Nitrogen-Doped Coral-like Carbon Nano-
fiber Array and Vertically Aligned CNT Array. The pyrolysis of FePc (Iron(ll)
phthalocyanine, from Sigma Aldrich) was performed for coral-like
carbon structure preparation. In a typical experiment, 0.5—0.8 g
FePc was loaded into an alumina boat (4 cm x 1 cm x 1 cm),
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reversibility under considerably high specific capacities
(up to 1000 mAh g~ ") per cycle. The observed out-
standing battery performance resulted from multiple
factors played together, including the N-doping-in-
duced catalytic activity to lower the charging over-
potential for minimizing the electrolyte decomposition
and facilitating Li,O, deposition along the VA-NCCF
fibers, the unique vertically aligned coral-like fiber
structure to provide a large free space for efficient
Li,O, deposition and enhanced electron/electrolyte/
reactant transport, and the highly conductive micro-
porous SS cloth support with a minimized contact
resistance. This work clearly demonstrates that the
performance of Li—O, batteries could be dramatically
improved by using rationally designed oxygen electrodes
with well-defined hierarchical structures and heteroatom-
doping induced catalytic activities, which represents a
significant advance in the research and development of
Li—O, batteries and other energy devices.

which was then inserted into a 1-in. diameter quartz tube with a
silicon wafer as the growth substrate in the middle. After purging
the tube furnace (at 850 °C and with 50 cm single heating zone)
with 150 mL min~" of helium for 10— 15 min, a mixture of helium
50 mL min~" and H, 100 mL min~" was used as the carry gas for
the growth of the vertically aligned coral-like carbon fibers. The
growth process was kept for 12—15 min. Vertically aligned
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carbon nanotubes (nitrogen-free) were synthesized by pyrolysis
of ferrocene according to a previously reported method.>® A
toluene solution of ferrocene (1 wt %) was injected into the tube
furnace by using syringe with a 6-in.-long stainless steel needle.
Hydrogen gas (40 mL min~") was used as reduction reagent and
argon (100 mL min~") as carrier gas, and the mixture gas was
introduced into the tube furnace at 760 °C. The nanotube growth
process took 8—10 min while 3 mL of solution was injected by a
syringe.

Oxygen Electrode Preparation and Tests. For the oxygen elec-
trode preparation, the fiber layer was etched off from the Si
wafer in HF solution (10%) and then transferred onto a piece of
stainless steel (SS) cloth (supersmall particle-filtering stainless
steel wire cloth, 304 stainless steel, 200 x 1400 mesh, purchased
from McMaster-Carr) or carbon paper (Toray TGP-H-060, pur-
chased from Fuel Cell Store) in deionized water. The electrode
was rinsed by deionized water and dried in a vacuum oven
(IsoTemp, Model 281A) at 80 °C for 10 h. The catalyst array area
is 0.3—0.5 cm? The density of a catalyst array was calculated to
be 20 ug cm~2 by the array area and the nanofiber weight
measured by the microbalance in a thermogravimetric equip-
ment. Thus, the loading on one electrode could be calculated to
be 6—10 ug. Surface area could not be measured at the moment
because it is too time-consuming to prepare enough materials
for BET measurement. And in this work, we are not going to
discuss the influence of catalyst surface on battery perfor-
mance. Thus prepared electrode was assembled into a coin cell
(type 2032) with a piece of Li foil as counter electrode and a
combination of a piece of glass fiber filter (Whatman) and a
piece of porous polymer film (Celgard 2400) as the separator.
The electrolyte is 1 M bis(trifluoromethane)sulfonimide lithium
salt in tetraethylene glycol dimethyl ether (TEGDME). The cathode
side of coin cell was punched with 15 holes (diameter: 1—2 mm)
for oxygen transport. The coin cell was assembled in an Ar-filled
glovebox (O, < 0.1 ppm) and fixed in a homemade plastic bottle.
The bottle was filled with high purity oxygen outside of the
glovebox. Electrochemical measurements were controlled by a
battery cycler (Land, Wuhan, China).

Structure Characterization. Image analysis was conducted on a
Hitachi S4500 scanning electron microscope and a FEI Tecnai
TF20 FEG transmission electron microscope equipped with a 4k
UltraScan CCD camera for digital and a EDAX energy-dispersive
X-ray spectrometer (EDX) for elemental analysis. X-ray photo-
electron spectroscopic (XPS) measurement was carried outon a
VG Microtech ESCA 2000 using a monochromic Al X-ray source
(97.9 W, 93.9 eV). Thermogravimetric analyses were performed
on TGA (TA500).
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