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Free-standing, polystyrene sphere-mediated ultrathin graphene
sheets-assembled aerogels (PGA) with open and interconnected
porous framework were configured, indicative of the high energy
density and high power density as a binder-free cathode for Li-O,
batteries.

Rechargeable Li-O, batteries have received intense interest because
of the ultrahigh theoretical specific energy.l’3 With this in mind, Li-
0O, batteries become one of very potential candidates for fulfilling
the practical application in the electric vehicles (EVs).4’ 3
Nevertheless, there is still a challenge on how to achieve a high
energy density with a high power density which is necessary for EVs,
due to the seriously sluggish oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) in Li-O, batteries.® 7 The
development of the efficient cathode materials of Li-O, batteries is
one of effective strategies to meet these requirements.

It is not uncommonly believed that the cathode materials with
open and interconnected channels as well as abundant macropores
are beneficial to deposit discharge products and further lead to an
increase of specific capacity.g’9 Such a structure can continuously
and rapidly supply O, and Li* into the interior region of the air
electrode, even when it is during deep discharge and fast discharge
process.m’ ' Meanwhile, 3D interpenetrating and conductive
frameworks can achieve the rapid transportation of electron in the
whole electrode networks."? The rapid transportation of O,, Li* and
electron can decrease the resistance and polarization of ORR and
OER and further improve the rate performance and reduce the
overpotential of batteries to a great degree. To date, various porous
carbon electrodes™** have been developed to achieve increased
capacities. However, the rate capability is still far from satisfactory
possibly due to the poorly designed electrode architectures.
Therefore, the reasonable design of electrode materials with
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superior structure will become more potential to fulfil the practic='
application.

Graphene as a 2D star electrode material has been used in
various energy storage and conversion devices due to its un.q.
properties.zz’24 Moreover, it can be assembled into 3D monolith.
materials, of which 3D graphene aerogels have a wide range of por-
free-standing structure, as well as high conductivity networks. 2
Such unique characteristics would be favorable for hiol -
performance Li-O, batteries. However, of the 3D graphene aerogels
available now, their assembling is directly achieved v.a
hydrothermal method in the presence of graphene oxide (GO),
leading to non-controllable intrinsic structure.” This will also affe
and inhibit its electrochemical performance to a great degree. With
this information, 3D aerogels composed of ultrathin, multi-wrinkl ,
and highly active 2D graphene sheets, and with open ana
interconnected channels are sought after for high-performanc 2
electrodes in Li-O, batteries.

Herein, we report a strategy for configuring polystyrene (P’
sphere-mediated ultrathin graphene sheets-assembled aerogc.
(PGA) via one-pot hydrothermal method followed by the high
temperature annealing (as shown in Fig. S1), in which PS spheres
have dual roles: template for interconnected pore formatio. .
dispersant for protecting GO from aggregating or excessive /
stacking and leading to the formation of ultrathin graphene due to
the existing electrostatic repulsion between GO nanosheets and [ »
spheres. The as-obtained PGA as the binder-free air electrode in |
0, batteries exhibits an ultrahigh specific capacity (21507 mA h g"‘,,
rate capabilities (4652 mA h g'1 at 2400 mA g'l) and 2
electrocatalyst-like behavior with reduced overpotential.

The morphology of as-made samples was characterized usig
scanning electron microscopy (SEM) and transmission elec on
microscopy (TEM). From Fig. 1a, Fig. S2 and Fig. S3, it can be cleai,
seen that PS spheres can be uniformly wrapped in the grapher .
sheets. It is very interesting that compared with the as-obtained G .
(Fig. S4) in the absence of PS spheres, a loose unordered structui
and relatively multi-wrinkle and ultrathin graphene sheets can b
clearly observed in the PGA (Fig. 1b,c) when PS spheres wel
removed by annealing. Further TEM image (Fig. 1d) reveals that th-
graphene sheets of PGA are relatively multi-wrinkle compared wit
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that of GA (Fig. S5). The reason for this would be that the PS
spheres can act as the template to create lots of macropores and
modulate the assembly of graphene during hydrothermal and
annealing process. Meanwhile, PS spheres as scaffolds or supports
can also effectively protect GO from aggregating during the
hydrothermal process, leading to relatively multi-wrinkle and thin
graphene sheets.

LY - Graphene

T e

Fig. 1 SEM images of PEGA (a) and PGA (b, c); (d) TEM imagerof PGA.

Moreover, it is worth noting that the volume of the graphene
aerogels has an increase when the PS spheres are present in
comparison to that in the absence of PS spheres (Fig. S8a), further
confirming the open pore structure formation within PGA matrix.
These characteristics are also further confirmed through a high
porosity of 99.81% on PGA and a low volume density of PGA (4.2
mg cm’3), being a decrease of ca. 20% than that of GA (5.2 mg em?,
as shown in Fig. S9).

The relatively loose and open interconnected structure as well as
ultrathin characteristics of graphene sheets within PGA matrix also
can be further confirmed by the nitrogen physical adsorption
results (Fig. S10). As shown in Fig. S10a, a combined characteristic
of type I/IV isotherms can be observed, demonstrating a wide range
of pore structure of the samples, which will be further confirmed by
pore distribution results shown in Fig. S10b. It is also noted that the
micropores in range of 0.5-1 nm and the large mesopores and
macropores from 10-100 nm are present in both samples, which is
also a common characteristics of graphene aerogels.25 Compared
with BET surface area (244 m’ g"l), mesopore and marcopore
volumes (0.63 cm® g"l) of GA, the as-made PGA sample shows an
increasing BET surface area of 602 m?’ g'1 and large volumes of
mesopore and marcopore (2.20 cm?® g"l), being nearly an increase of
249%. This further confirms the dual roles of PS spheres: template
for interconnected pore formation, dispersant for protecting GO
from aggregating or excessively stacking.

The electrochemical performance of the as-prepared PGA as
cathode for Li-O, cells was tested with TEGDME electrolyte
containing 1 M LiPF. Surprisingly, the PGA air electrode delivers an
ultrahigh discharge capacity of 21507 mA h g'1 at a current density
of 200 mA g'1 (corresponding to the volumetric energy density of
240 mWh cm'3), which is higher than that of the GA electrode (9313
mA h g'l) (Fig. 2a). Fig. 2b-c show the first discharge capacity of PGA
and GA electrodes at increasing current densities of 400, 800, 2400,
and 4000 mA g'l. It is surprising that the discharge capacities of PGA
electrodes can still reach to 13271 and 10000 mA h g'l, respectively,
even if at higher current densities of 400 and 800 mA g'l. In this
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case, the GA air electrodes only exhibit low rate capacities of 57 . .
and 4520 mA h g'l. Even increasing the current densitiesto 2.4 A g :
and 4 A g'l, the discharge capacities of PGA electrodes still ce
reach to 4652 mA h g'1 and 1862 mA h g'l, respectively. Compi €
with the recent reports on graphene based air electrode materie
the as-obtained PGA shows outstanding and unique specific
capacity and rate capacity especially at high current densities (fi r
detail, see Fig. S15). Based on the total mass of C+Li,0,, gravimetric
energy density of PGA-0,//Li cell reaches to 1400 Wh kg at 2
power density of 3400 W kg'l, indicating significant advantages o1
high energy density and high power density compared with Ni-MH
batteries and Li-ion battery and matching the level of engine drive..
systems (shown in Fig. 2d).”* %" such high specific capacity and ra’ .
capacity would be attributed to the superior pore structure and 3
conducting network of PGA, which will also confirmed by th
following the electrochemical impedance spectra (EIS) results (Fi_
S16).
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Fig. 2 (a) The discharge-charge curves of Li-O, cell using PGA and GA
electrodes; (b, c) The rate capabilities of the Li-O, cells based on PGA and C A
air electrodes; (d) Ragone plot of the Li-O, batteries with PGA as air
electrode (based on the total mass of C+Li,0,).

It is interesting that compared with GA electrode, the PGA
electrode decrease the overpotential, exhibiting an electrocatalyst-
like behavior (Fig. 3a). When the cells were discharged ar 1
recharged to the capacity of 3000 mA h g'l, the PGA electroc -
shows a lower charge overpotential and discharge overpotenti
than that of GA electrode. In order to further probe the catalyt’
action of PGA electrode, cyclic voltammetry (CV) measurement wa
performed, and the result is shown in the Fig. 3b. Compared wita
GA electrode, the PGA electrode presents a high ORR onset
potential, a low OER onset potential, and relatively large ORR ar .
OER peak currents, implying that catalytic activity is enhanced fo.
both the ORR and OER, which is well consistent with the char =-
discharge results. Further, the cycling performance (Fig. 3c) ras
investigated by fixing the capacity of 1000 mA h g'l, indicative 0.
relatively ordinary cycle life of 42 cycles. The reason for this -
attributed to the generation of a large amount of side products an-*
the inferior decomposition ability of discharge products durin~
charge process. It can be confirmed by the changes of the electrode
morphology (Fig. S20) and changed impedance (Fig. 3d) at tk 2
different cycling states. Moreover, the discharge products of the
PGA electrode were also examined by the X-ray diffraction (Fig. S2/ ,
and Fourier transform infrared spectrometer (FTIR) techniques ‘="
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S22), demonstrating that the discharge products are mainly
composed of Li,O, and the side products such as LiOH, LiCO;,
HCO,Li and CH3CO,Li etc. These side products and undecomposed
discharge product Li,O, are responsible for relatively ordinary cycle
life.

The structure of the PGA electrode after the partial discharge
(fixed capacity of 2000 mA h g’l) and full discharge was examined by
SEM, and the results are shown in Fig. S23. It can be clearly seen
that the discharge products uniformly deposits on the surface of
graphene sheets at the beginning of discharge (Fig. S23a). After the
full discharge, all the void space of the electrode next to the
separator is filled with discharge products and no more pores are
available for O, transportation (Fig. $23b). This indicates O, and Li*
can smoothly pass through the entire electrode to the reaction sites
near the separator even if in the case of deep discharge. Moreover,
such a high density deposition of discharge products demonstrates
the thoroughness of the electrochemical reactions in PGA electrode
and further verifies the highly efficient utilization of the
interconnected porous structure.
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Fig. 3 (a) The discharge-charge curves of Li-O, cells using PGA and GA
electrodes with a fixed capacity of 3000 mA h g; (b) CV curves of the PGA
and GA electrodes at a scanning rate of 0.1 mV s (c) The cycling
performance of PGA electrode; (d) Nyquist plots of PGA electrode at

different discharge states.

The above results demonstrate that the PGA as binder-free Li-O,
electrode with
decreasing overpotential, and superior specific capacity and rate

cell shows an electrocatalyst-like behavior
capability can be delivered. Such an excellent performance can be
attributed to the unique architectural features. The abundant
unordered macropores within the PGA provide enough void volume
for accommodating the discharge products, thus resulting in a much
enhanced discharge capacity. And interconnected porous channels
can store lots of electrolyte and facilitate continuous and rapid
transportation of O, and Li* during deep and fast discharge process.
The interpenetrating graphene networks can ensure rapid supply of
electrons. The as-formed 2D ultrathin graphene nanosheets within
aerogel wall can shorten ion transport distance in nano-scaled
dimension to some extent. These combined characteristics make
low reaction resistances of ORR/OER, promoting the rates of
ORR/OER, thus leading to excellent rate capability and the reduced
overpotentials.

In summary, graphene aerogels made of ultrathin and multi-
wrinkle graphene nanosheets have been successfully prepared by
PS spheres colloidal template-assisted method. The as-obtained
PGA assembled via ultrathin and multi-wrinkle graphene sheets
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demonstrates open and interconnected porous netwu .

characteristics. As a free-standing air electrode for Li-O, batterie ,
an ultrahigh specific capacity and rate capability and reduce
overpotentials can be delivered. This demonstrates PGA
promising cathode material of Li-O, batteries with high energ ¢
density and power density.
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