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To provide energy densities higher than those of conventional Li-ion batteries, a Li–O2 battery requires

a cathode with high surface area to host large amounts of discharge product Li2O2. Therefore, reversible

formation of discharge products needs to be investigated in Li–O2 cells containing high surface area

cathodes. In this study, a binder-free oxygen electrode consisting of a 3-D graphene structure on

aluminum foam, with a high defect level (ID/IG ¼ 1.38), was directly used as the oxygen electrode in Li–

O2 batteries, delivering a high capacity of about 9 � 104 mA h g�1 (based on the weight of graphene) at

the first full discharge using a current density of 100 mA ggraphene
�1. This performance is attributed to the

3-D porous structure of graphene foam providing both an abundance of available space for the

deposition of discharge products and a high density of reactive sites for Li–O2 reactions. Furthermore,

the formation of discharge products with different morphologies and their decomposition upon charge

were observed by SEM. Some nanoscaled LiOH particles embedded in the toroidal Li2O2 were detected

by XRD and visualized by TEM. The amount of Li2O2 formed at the end of discharge was revealed by

a titration method combined with UV-Vis spectroscopy analysis.
Introduction

Li–O2 batteries (oen referred to as Li–air batteries) have attracted
considerable interest due to their high theoretical specic energy
(�3500 W h kg�1), which is 5–10 times that of conventional Li-ion
batteries (�380 W h kg�1).1,2 However, the practical application of
Li–O2 batteries is not yet seen, due to many scientic and tech-
nological challenges. Firstly, in general the electrolyte solvents and
salts are not stable during cycling.3,4 Secondly, the O2 pathways are
blocked by the precipitation of discharge products on the electrode
eventually which limits the capacity of Li–O2 batteries. Further-
more, high discharge–charge overpotentials5 and lack of efficient
O2 electrode design are still unsolved issues.6 Intensive research
efforts have been made to overcome some of the aforementioned
challenges by investigating different electrolytes,3,4 adding catalysts
to reduce the overpotential,7,8 and designing a porous structure to
provide high space utilization.9,10 There is still a critical need to
understand the chemical processes in the Li–O2 cell and promote
its function despite all the progress achieved so far. Therefore, it is
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necessary to design a Li–O2 cell with a high surface area cathode
coupled to a stable electrolyte to make a functioning Li–O2 cell.
Indeed, lately some electrolytes have been shown to be relatively
stable in Li–O2 cells with low surface area cathodes,11,12 but their
stability in cells with high surface area cathodes is questionable.

It has been reported that graphene can enhance the cathode
performance of Li–O2 batteries due to its high electrical conduc-
tivity, unique morphology and highly porous structure with high
surface area and pore volume aer modication, which provide
both diffusion channels for O2 and active sites for the cathode
reaction.10,13–15 Graphene can lower the overpotential and reduce
the amount of side products such as LiRCO3,15,16 compared to
other kinds of carbon materials such as Vulcan XC-72, Ketjen
Black, Super P and carbon nanotubes (CNTs). In addition, the
unique 2-D structure and physical properties of graphene and its
derivatives make them interesting as building blocks for con-
structing various 3-D porous architectures on a nanoscale.17–19

Recent work has shown that graphene oxide (GO) can be directly
reduced by a number of metals, such as Fe,20 Al21 and Cu,22 which
opens a new possibility to assemble graphene on current collec-
tors made of these metals. Among them, Al has been widely used
as a current collector in Li–O2 batteries.23–25 To maximize gra-
phene utilization and oxygen diffusion, it can be highly efficient
to use foam-structured Al current collectors, on which graphene
foam can directly grow. By this method binder-free oxygen cath-
odes can be therefore designed and assembled as it is well-known
that typical electrode binders such as, for example, polyvinylidene
uoride (PVDF) degrade in Li–O2 cells.26–30
J. Mater. Chem. A
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Fig. 2 (a) Raman and (b) FTIR spectra of GO and the as prepared GF.
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In this work, we demonstrate a facile and efficient solution
process followed by a low-temperature exfoliation to prepare
a free-standing oxygen cathode. This cathode displays a 3-D
structure arrangement of graphene foam derived from GO gel
on an aluminum substrate (abbreviated as GF@Al). Without
any additional binder and catalyst, GF@Al can be directly used
as the O2 electrode in Li–O2 batteries. Meanwhile, the as-
synthesized cathode exhibited a high specic capacity of up to
9 � 104 mA h g�1 calculated based on the weight of graphene
(or 60 mA h g�1 based on the weight of the whole electrode) at
a discharge current density of 100 mA ggraphene

�1. Stable
charge–discharge cycling at a current density of 100 mA
ggraphene

�1 showed an average over-potential of 1.17 V, and
a specic electrode capacity of 1000 mA h g�1 for 27 cycles. As
the presented method also may be utilized to fabricate light-
weight and high-performance freestanding electrodes with
redox mediators or catalysts, the present approach clearly
provides new possibilities for the manufacturing of binder
free Li–O2 batteries.
Results and discussion
Properties of GF@Al foam

The SEMmicrographs of the electrodes presented in Fig. 1 show
that graphene foam was formed both inside the pores of the Al
foam and on the surface of the Al skeleton. Here, the Al foam
serves both as the current collector and structure support for
the graphene foam. The 3-D network structure, with open cages
and honeycomb channels, facilitates O2 gas diffusion and
provides a large surface area for the deposition of the discharge
product. Fig. 2a shows the Raman spectra of pristine GO and its
derivative graphene foam (GF) reduced aer heat treatment at
300 �C. The G band in GO is located at 1606 cm�1, while for GF,
the G band moves to 1595 cm�1 (Table 1), which is close to the
value of commercial graphite. This conrms that the reduction
of GO occurred during the low temperature heating treatment.
The D band, at 1351 and 1359 cm�1, corresponding to GO and
GF, respectively, indicates the defects of the sample and the size
of the in-plane sp2 domains. The intensity ratio of the D and G
band (ID/IG) decreased from 1.54 in GO to 1.38 in GF (Table 1)
due to the removal of oxygen-containing functional groups and
the conversion to a more ordered graphitic structure. In the
FTIR spectra (Fig. 2b), the peaks of GO around 1750 cm�1, 1620
cm�1, 1370 cm�1, 1250 cm�1 and 1070 cm�1 correspond to
Fig. 1 (a) SEM image of graphene foam embedded in Al-foam, the
inset shows a photograph of the whole electrode. (b) Enlarged SEM
image of the GF@Al electrode.

J. Mater. Chem. A
carboxyl C]O, aromatic C]C, carboxyl C–O, epoxy C–O, and
alkoxyl C–O vibrations, respectively. Aer the heat treatment of
GO at 300 �C, the alkoxyl C–O peak disappeared in the spectrum
of GF. Due to the reduction of oxygen-containing functional
groups, the peak corresponding to aromatic C]C shied to
1550 cm�1 at lower frequency. This is also an indication of the
reduction of GO. The epoxy C–O absorption increased from GO
to GF, a sign of an increasing number of epoxy C–O groups in
the GF sample. These functional groups are suggested to be
benecial for the reaction of absorbed O atoms with Li ions
during the discharge process of a Li–O2 battery.31
Performance of the GF@Al cathodes in Li–O2 cells

The electrochemical characteristics of GF@Al electrodes for the
discharge and charge processes in Li–O2 cells were measured
using cyclic voltammetry (CV) and galvanostatic cycling, as
shown in Fig. 3. The ORR onset potentials for a conventional
oxygen SP electrode and GF@Al are around 2.8 V and 3.0 V
(versus Li+/Li in the cathodic scan), respectively. Compared with
the SP electrode, the GF@Al electrode exhibits a higher ORR
onset potential shi, indicating a lower ORR overpotential. Note
that the following cathodic scan of GF@Al shows a broad peak
until 2.0 V, indicating a continuous ORR. Besides, the GF@Al
electrode shows more apparent ORR and OER peaks and higher
peak current density during the cathodic and anodic scans.
These ndings show a higher catalytic activity of GF@Al
compared to the SP electrode, assuming that the peaks origi-
nated from the ORR and OER. Galvanostatic measurements
were carried out with a low cut-off voltage of 2.2 V using
a current density of 100 mA g�1 (normalized to the weight of
graphene). The discharge capacity of the Al substrate was
measured to be negligible (Fig. S1, ESI†), which means that the
Al foam does not contribute to the capacity of the system. As
shown in Fig. 3b, the GF@Al electrode exhibits a specic
capacity of about 9 � 104 mA h g�1 at a current density of 100
mA g�1, corresponding to a specic energy of about 240 kW h
kggraphene

�1 (based on the average discharge voltage of 2.65 V).
Table 1 Summary of Raman spectroscopy results

Sample I(D)/I(G) G band position (cm�1) WF,D (cm�1)

GO 1.54 1606 124.8
GF 1.38 1595 184.6

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Electrochemical characteristics of GF@Al in Li–O2 cells using 1
M LiClO4 in DMSO as the electrolyte. (a) CVs of GF@Al and Super P
cathodes under an O2 atmosphere for the second cycle at a constant
scan rate of 0.1 mV s�1. (b) Discharge curves of Li–O2 cells with GF@Al
at different current densities. (c) Charge–discharge curves and (d) cell
voltages of Li–O2 cells with GF@Al at a current density of 100 mA g�1

with a capacity limitation of 1000 mA h g�1.
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To estimate the possible error originating from the weighing of
deposited graphene on the Al foam, the highest mass of gra-
phene obtained from 100% yield in the synthesis can also be
considered (1.5 mg, see the Experimental section). Then, the
discharge capacity is still as high as 2.4 � 104 mA h g�1.
Assuming that the graphene foam has a theoretical specic
surface area of 2630 m2 g�1 and the coulombic efficiency of
discharge is 100%, the thickness of the product will be about 13
nm at the end of discharge (calculation formula is presented in
the ESI†). This calculated thickness is close to the reported
“sudden death” value of �5 to 10 nm, in which the tunneling
current through the Li2O2 lm can no longer support the elec-
trochemical current.32 The discharge capacity and specic
energy obtained from a 3-D graphene oxygen electrode con-
taining a binder are 15 000 mA h g�1 and 40 kW h kgcarbon

�1.33

The high discharge capacity of our GF@Al electrode with
a voltage limitation of 2.2 V is comparable to that of rGO
prepared via a high temperature reduction process and dis-
charged with a lower cut-off voltage of 2.0 V.34 Even with
a higher current density of up to 1000 mA g�1, the GF@Al
electrode can yield a discharge capacity of about 1 � 104 mA h
g�1. Fig. 3c and d show the discharge–charge curves and the
working potential of a GF@Al electrode limited to a capacity of
1000 mA h g�1 at a current density of 100 mA g�1. The cell
exhibited overpotentials between discharge–charge segments in
the range of 1.06–1.27 V (Fig. 3c and d). As demonstrated in
Fig. S2 (ESI),† the GF@Al-based battery exhibited a lower
discharge–charge voltage gap between 0.48 and 0.65 V under
a capacity limitation of 500 mA h g�1.
Fig. 4 SEM images of the GF@Al electrode (a) before and (b) after a full
discharge, after (c) the 1st discharge, (d) 1st charge, and (e–i) 6th

discharge, (j) half way of the 6th charge, and (k) after the 6th charge at
100 mA g�1 current density.
Identication of discharge products in the GF@Al electrode

The reaction products in the GF@Al electrodes aer discharge
and charge were examined by SEM, TEM, XRD and UV-Vis
This journal is © The Royal Society of Chemistry 2016
spectroscopy. The SEM micrograph of the pristine GF@Al
electrode shown in Fig. 4a demonstrates an open framework 3-
D structure. Aer a full discharge to the cut-off voltage of 2.2 V,
the open framework of the electrode was still maintained and
the discharge products were uniformly deposited on both sides
of the graphene electrode without clogging the pores, as shown
in Fig. 4b. Most of the discharge products displayed a toroidal
shape with a diameter of around 1 mm, which should be Li2O2

according to previous work.35–37 Fig. 4c shows the GF@Al elec-
trode aer the rst discharge with a 1000 mA h g�1 capacity
limit. It reveals that the discharge products are uniformly
deposited on the graphene surface, showing more toroidal-like
products with rough surfaces and smaller diameters of around
100–500 nm. Fig. 4d shows the surface of the electrode aer the
rst charge. By comparing with the results of Fig. 4c, we found
that most of the toroidal products have disappeared and the
bare graphene surface reappeared. From the SEM micrograph
taken at higher magnication (the inset of Fig. 4d), it can be
seen that the surface roughness of graphene is higher than that
of the pristine electrode, which is most likely due to the
incomplete decomposition of the discharge products or the
J. Mater. Chem. A
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Fig. 5 (a) BF-TEM image of the O2 electrode after the full discharge.
(b) SAED pattern corresponding to the region shown in (a). (c) BF-TEM
image of toroidal Li2O2 taken at higher magnification. (d) SAED pattern
of the selected area shown in (e). (e) BF-TEM image of the toroidal
Li2O2 and (f) DF-TEM of LiOH (g ¼ 211).

Fig. 6 XRD patterns of pristine, discharged and charged cathodes.
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deposition of a small amount of side products. Aer the 6th

discharge, the GF@Al electrode surface is fully covered by
discharge products, as shown in Fig. 4e. In contrast to previous
studies,37–41 four morphologies of the products that have been
reported to be Li2O2 produced under different discharge
conditions were observed simultaneously at the same dis-
charged electrode (see Fig. 4f–h). Fig. 4f shows the common
toroidal-like morphology, which is also the primary morphology
of the discharged products. Some spherical (Fig. 4g), disc shape
(Fig. 4h), and nanosheet-like (Fig. 4i) morphologies of the
discharge products were also observed aer the 6th discharge,
corresponding to the results of previous studies when using
NiCo2O4 nanowires (1 M LiTFSI in DME as electrolyte),42 TiC
(0.5 M LiClO4 in DMSO as electrolyte)12 and Ketjenblack carbon
(1 M LiTFSI in TEGDME as electrolyte) as the cathode mate-
rials,43 respectively. In this case, as the electrochemical envi-
ronments should be the same for the same electrode, the
formation of different morphologies may be related to defects
or functional groups at the local surface structure of the
graphene.

The SEMmicrograph of the cycled electrode half way into the
6th charge, shown in Fig. 4j, indicates that most of the toroidal,
disc, and nanosheet-like products disappear, but some spher-
ical and lm-like products still remain on the graphene surface.
It can be deduced that during charging the toroidal, disc and
nanosheet-like products decompose before the disappearance
of spherical and lm-like products. Aer the 6th full charge
(Fig. 4k), minor amounts of reaction products still remain on
the graphene, but the size of the spherical products is less than
100 nm. Comparing Fig. 4e, j and k with Fig. 4c and d, one can
conclude that aer several cycles the electrode becomes more
compact and both surface roughness and thickness of graphene
increase. This is due to the accumulation of discharge and side
products, which limits the reversibility of the Li–O2 battery.

The products formed aer the full discharge were further
investigated by TEM. Fig. 5a shows a bright-eld TEM (BF-TEM)
micrograph of toroidal products aer full discharge. In the
selected area electron diffraction (SAED) pattern shown in
Fig. 5b recorded at the same sample spot, the ring pattern
reveals that the toroidal Li2O2 is poly-crystalline. The observed
diffraction rings are indexed to 002, 100 and 101 of Li2O2 (ICSD
le no. 01-074-0115 9-355). The nanosized grains and their
boundaries in a toroidal Li2O2 particle are revealed by the
variation of contrasts in Fig. 5c. Some reections belonging to
LiOH are also observed in the SAED pattern (Fig. 5d) taken from
the big toroidal Li2O2, of which the BF-TEM image is shown in
Fig. 5e. In the dark-eld TEM image (g ¼ 211 of LiOH) shown in
Fig. 5f, the bright contrasts reveal some LiOH particles incor-
porated in the toroidal Li2O2. The product LiOH has been re-
ported earlier when using DMSO as the electrolyte.36,44–47

However, LiOH and Li2O2 cannot be simply distinguished by
their morphology. The TEM results clearly conrm the coexis-
tence of LiOH and Li2O2.

XRD was also used to further identify the discharge products.
As shown in Fig. 6, the diffraction peaks (32.7�, 35.0�, and 58.7�

in 2q) clearly conrm the formation of Li2O2 aer full discharge.
The product of LiOH was also detected, which is consistent with
J. Mater. Chem. A
the TEM results, while neither Li2O2 nor LiOH peaks appeared
at the end of rst charge, which is in agreement with the SEM
results. A likely cause of the formation of LiOH is a side reaction
of the DMSO-based electrolyte as several previous studies re-
ported that Li2O2 reacts with DMSO to form LiOH.46,48 The
degradation of DMSO by Li2O2 could be explained by the
chemistry of DMSO and Li2O2. The methyl group in DMSO is
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Schematic illustration of the assembly process and the
architecture of the obtained freestanding of the GF@Al electrode.
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weakly acidic, while Li2O2 is a strong base that can abstract
protons from it to form hydroperoxy radicals. Therefore, DMSO
could degrade to a dimsyl anion and a hydroperoxy radical
because of abstraction of a proton by Li2O2 to form LiOH.46

Another explanation could be the high polarity of the DMSO
solvent that makes it more miscible with water than many other
organic solvents, which leads to the formation of LiOH.44 In
order to further investigate the amount of Li2O2 formed aer
a full discharge, a UV-Vis spectroscopy analysis was employed
by using a reaction between Li2O2 and H2O to produce H2O2.49

According to the absorption curve (see ESI† for the details of the
principle), the yield of Li2O2 (YLi2O2

, the amount of Li2O2

produced divided by the amount of Li2O2 expected given by the
coulometry; see Table S1†) was estimated to be less than 40%.
However, it should be noted that the results may be under-
estimated, due to the catalytic effect of the pristine electrode,
the loss of the electrode material and the tendency of H2O2 to
degrade to H2O and O2 during titration. With a conventional
oxygen electrode containing a mixture of Super P carbon black
and a binder that delivers almost 10 times lower capacity, YLi2O2

is around 50%. This suggests that the lower YLi2O2
in the high

capacity GF@Al electrode is likely due to a reaction between
Li2O2 and DMSO, as DMSO degrades in contact with Li2O2.47,48

In order to further investigate the parasitic reactions, XPS
analyses were carried out. The C 1s XPS spectra (Fig. S3†)
showed that some decomposition products containing ether
and carboxylate bonds formed on the surface of the graphene
electrode aer the 1st discharge. The results also revealed
a noticeable contribution from the carbonate (–CO3) decom-
position product to the C 1s spectrum of the graphene electrode
aer the 7th discharge. Similarly, the Cl 2p spectra showed that
LiClO4 salt decomposition has minor contribution aer the 1st

discharge but increases aer the 7th discharge. The formation
of carbonate species such as Li2CO3 might be due to (i) the
decomposition of the electrolyte or (ii) the side reactions
between Li2O2 and the graphene electrode, and we cannot
exclude either of them at this stage.

The above results demonstrate that the GF@Al electrode can
provide a high capacity with the existence of both Li2O2 and
LiOH. However, the efficiency and the life span of the GF@Al
electrode can be improved in cells with a stable electrolyte and
good redox mediator, such as LiI, which could cycle both Li2O2

and LiOH for practical applications.50,51

Conclusions

Binder-free, 3-D network GF@Al electrodes were successfully
prepared by the assembly of GO and using a substrate-assisted
reduction method. Without any binder, GF@Al was directly
used as the oxygen electrode for Li–O2 batteries, which delivered
a full discharge capacity of about 9 � 104 mA h g�1 (based on
the weight of graphene) at a current density of 100 mA g�1 in Li–
O2 cells. The low density packed 3-D network structure facili-
tates O2 diffusion in the electrode and provides enough voids
for the deposition of discharge. The existence of different
morphologies of discharge products indicates the complexity
during battery cycling. Nanoscaled LiOH incorporated into the
This journal is © The Royal Society of Chemistry 2016
toroidal Li2O2 in the fully discharged electrode was clearly
visualized by TEM analysis. XRD and UV-Vis spectroscopy
results further conrm the incomplete formation of Li2O2 with
the co-existence of LiOH during discharge. This work shows
a new design of a binder-free electrode with high surface area to
achieve a high capacity, which is one of the main requirements
for Li–O2 cells, but it also indicates the formation of LiOH when
large surface area graphene is in contact with the electrolyte
solution.
Experimental
Preparation of the GF@Al electrodes

The fabrication process of the GF@Al electrode is schematically
illustrated in Fig. 7. A 3-D structured GO network was formed on
Al foam (thickness of 3.2 mm and diameter of 12 mm with 93%
porosity, purchased from GoodFellow) using a substrate-assis-
ted reduction and assembly of GO (SARA-GO) method.52 The Al
foam was initially sonicated in acetone, and rinsed with DI
water, to remove any organic compounds from the surface. The
clean Al foam was then exposed to 3 mL of 1 g L�1 GO aqueous
(supplied from Sigma-Aldrich) for 12 h under ambient condi-
tions (step i in Fig. 7). GO was assembled on the Al foam in a gel
network (step ii in Fig. 7), and then the water was removed from
the pores of the gel network by freeze-drying technology to get
a 3-D GO/reduced graphene oxide (rGO) network. The product
was (step iii in Fig. 7) further annealed via a low-temperature
exfoliation approach (at 300 �C for 24 h) under vacuum (<10�2

mbar)53 to thermally reduce the GO. Finally, the GF@Al elec-
trodes were directly used as O2 electrodes in Li–O2 batteries. The
mass of graphene in each electrode was about 0.4 mg. Note that
the maximummass of graphene would be 1.5 mg if all the GO in
solution had been reduced and stayed on the surface of the Al
foam. The values of the actual measured mass and the highest
J. Mater. Chem. A
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theoretical mass of graphene are used in the Results and
discussion section for the estimation of specic capacity. For
comparison and as a reference, traditional Super P electrodes
were prepared by mixing Super P carbon (Erachem Comilog)
and PVDF (Arkema) with a weight ratio of 9 : 1 in an NMP
solvent and casting on an Al mesh.

Material characterization

SEM and TEM measurements were carried out using a Zeiss
1550 with an in-lens secondary detector and a JEOL JEM-2100F
microscope, respectively. The TEM samples were prepared in
a glovebox and loaded into a JEOL vacuum transfer holder. The
TEM images and selected-area electron diffraction (SAED)
patterns were recorded by using a Gatan Ultrascan 1000 and an
Orius 200D camera, respectively. XRD patterns were obtained
on a STOE transmission diffractometer operating with Cu Ka1
radiation. The discharged electrodes for XRD analysis were
prepared in an Ar-lled glovebox and sealed in pouch cells to
avoid exposure to ambient air during the measurements. FTIR
measurements were carried out on a Perkin Elmer attenuated
total reectance-Fourier transform infrared (ATR-FTIR) spec-
trometer. Raman spectra were measured and collected using
a Renishaw Ramascope equipped with a Leica LM optical
microscope, a CCD camera and an Ar ion laser (l ¼ 514.5 nm)
source.

Electrochemical characterization

Dimethyl sulfoxide (DMSO) (>99.5%) and battery grade lithium
perchlorate (LiClO4) (Aldrich 99.99%) were purchased from
Sigma-Aldrich. DMSO was dried over 4 Å molecular sieves for
several days before use and LiClO4 was dried under vacuum (at
120 �C for 24 h). 1 M LiClO4/DMSO electrolyte was prepared in
an Ar-lled glovebox with O2 and H2O contents less than 5 ppm.
The cells were assembled (based on a Swagelok type design)
inside an Ar-lled glovebox (details of the cell assembly have
been presented in ref. 27). Li–O2 cells were composed of a Li
metal foil anode (12 mm in diameter, 0.25 mm thick), a piece of
glass ber separator (14 mm diameter), an electrolyte (1 M
LiClO4 in DMSO), and the as-prepared GF@Al cathode. With an
exception of the cathode side which was exposed to a pure O2

atmosphere, the cells were gas-tightened, and kept for 5 hours
before testing. Discharge/charge measurements were per-
formed on a Digatron BTS-600 system at room temperature.

The Li–O2 cells were disassembled in an Ar-lled glovebox
aer cycling for SEM, TEM, XRD, and UV-Vis spectroscopic
analyses. The remaining electrolyte was removed from the
cathode surface with a clean tissue. The cathodes were further
washed with dimethyl carbonate (DMC), and dried at 120 �C in
a vacuum oven overnight.
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