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capability), and poor cycle life, especially at 
high-power density. [ 3 ]  One option to tackle 
these challenges is to confi gure novel air 
electrode materials with unique structure 
and chemical compositions. [ 4 ]  In general, 
advanced cathode materials for Li–O 2  bat-
teries should have interconnected chan-
nels for fast supply and transportation of 
O 2  and Li + , excellent conductivity for rapid 
electron transport, large void volume for 
storage of discharge products, and enough 
active sites for fast reaction kinetics. [ 5 ]  In 
this respect, graphene has received con-
siderable attention as one of the ideal 
candidates for Li–O 2  batteries due to its 
extraordinary properties including supe-
rior conductivity, large surface area, and 
excellent mechanical fl exibility. [ 6 ]  

 It was reported that 3D aerogels made 
of assembled graphene with a wide dis-
tribution of pore size, free-standing struc-
ture, and high electrical conductivity hold 
a great promise for Li–O 2  batteries. [ 7 ]  It 

is commonly believed that the morphology, structure, and 
chemical composition of graphene inside the skeletons of the 
3D graphene aerogels are responsible for the electrochemical 
performance of the energy storage devices to a great degree. 
Duan and co-workers [ 8 ]  reported that graphene hydrogels with 
high specifi c surface area were able to boost the electrochem-
ical performance for supercapacitors due to the  elaborated 
 combination of surface functionalization and hierarchical 
structures of  graphene sheets. Qu and co-workers [ 7d   ,   9 ]  devel-
oped a polypyrrole-mediated technique to fabricate graphene 
aerogels that feature a unique 3D porous structure and highly 
exposed  graphene sheets with less stacking, which have shown 
an ultralow  density and excellent electrochemical  performance 
for supercapacitors. In the case of high- performance  Li–O 2  
 batteries, the electrode materials with interconnected macropore 
channels, large void volume, and high specifi c  surface area are 
highly demanded. [ 4d   ,   10 ]  For the graphene aerogels, how to fur-
ther tailor the structure and properties of the skeletons within 
the graphene aerogels by tuning the basic building unit of gra-
phene still remains a big challenge. Moreover, it has also been 
noted that the heteroatom hybridization is effective to facilitate 
oxygen reduction reactions (ORR) and oxygen  evolution reac-
tions (OER) due to the modulated carbon electronic structure 
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  1.     Introduction 

 Electrochemical energy storage is a key technology for utiliza-
tion of renewable energy resources to achieve the clean and 
sustainable mobile energy supply. [ 1 ]  Of the energy storage 
devices, Li–O 2  batteries with an ultrahigh theoretical energy 
density of ca. 3500 W h kg −1  (based on the mass of Li and O 2 ) 
have triggered worldwide research interests and become one of 
the most potential candidates for powering the electric vehicles 
(EVs) and hybrid electric vehicles (HEVs). [ 2 ]  However, the Li–
O 2  batteries are facing several challenges for use in EVs/HEVs, 
which are low round-trip effi ciency, inferior power density (rate 
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for enhancing oxygen adsorption and accelerating the reaction 
rate. [ 11 ]  These interesting novel structure and composition could 
be combined and coupled together to make graphene electrode 
materials for high-performance Li–O 2  batteries. 

 Here, we report a facile hydrothermal self-assembly 
approach followed by high-temperature annealing to fabricate 
3D porous N-doped graphene aerogels (NPGAs). The frame-
works within the NPGA matrix are made of interconnected 
carbon nanocages, which are resulted from the polystyrene 
sphere@polydopamine (PS@PDA) that function as effective 
scaffolds wrapped in the skeletons of NPGA precursors. The 
NPGA was evaluated as free-standing air electrodes for Li–O 2  
batteries, showing an ultrahigh rate capacity of 5978 mA h g −1  
at a current density of 3.2 A g −1 . To our knowledge, this is the 
best rate capability ever reported for non-aqueous, rechargeable 
Li–O 2  batteries up to date. Based on the total mass of C+Li 2 O 2 , 
a gravimetric energy density of 2400 W h kg −1  for the NPGA-
O 2 //Li cell is delivered at a power density of 1300 W kg −1 , 
which is in good match with the required level of the engine-
driven systems. More importantly, the NPGA air electrodes 
also show excellent cycle stability (72 cycles at 300 mA g −1 , and 
54 cycles at a large current density of 1 A g −1 ). At the same 
time, a low overpotential is delivered, indicative of a catalyst-
like behavior. The superior electrochemical performances 
of the as-made NPGA is believed to be due to the intercon-
nected porous channels, large void volume, multidimensional 
electron transport pathways, less stacking of graphene sheets, 
and the full exposure of active sites resulted from the doped N 
atoms within graphene sheets.  

  2.     Results and Discussion 

 The NPGA was prepared by a combined strategy involving 
polymerization and hydrothermal step followed by heat treat-
ment of which the schematic process is shown in  Scheme    1  . 
Briefl y, the PS spheres were coated with PDA to make PS@
PDA that functioned as scaffolds. Then, the PS@PDAs were 
mixed with graphene oxide (GO) to form a graphene hydrogel 
under hydrothermal conditions via a self-assembly scheme, 
resulting in the NPGA precursor (NPGA-p). The as-made 
NPGA-p was annealed at high temperature, yielding 3D NPGA 
with frameworks made of graphene nanocages that were well 
interconnected.  

 The morphology and structure of the NPGA were examined 
by the fi eld emission scanning electron microscopy (FESEM) 
and transmission electron microscopy (TEM) of which the typ-
ical images are shown in  Figure    1  . Figure  1 a shows that the 
NPGA is composed of the interpenetrated and cross-linked gra-
phene sheets in which abundant macro- and micro-sized inter-
connected channels within the 3D frameworks can be clearly 
seen. This kind of porous structure is highly required for elec-
trodes in Li–O 2  batteries, simply because the interconnected 
channels would function as “highways” to quickly supply O 2  
and Li +  to the skeleton surface of graphene aerogels, which are 
ideal for the storage and fast yet uniform distribution of the 
electrolyte and discharge products. The 3D interpenetrated gra-
phene framework is robust and can function as a multidimen-
sional conductive network to quickly transport electrons within 
the whole electrode matrix. The FESEM images in Figure  1 b,c 
further reveal that the skeletons of graphene aerogels are com-
posed of interconnected graphene nanocages, which help to 
prohibit graphene sheets from aggregating and restacking 
to some degree, thus resulting in the less stacking and the 
full exposure of electrochemically active sites of the graphene 
sheets. For Li–O 2  batteries, the well-developed porous structure 
made of assembled-nanocages of graphene in the skeleton and 
matrix is helpful for the fast transportation and distribution of 
O 2  and Li +  within the electrode skeletons. The crumpled gra-
phene sheets, combined with the embedded nanocages, would 
provide large yet active interfaces or tri-phase (solid–liquid–gas) 
regions for deposition of discharge products. [ 3d   ,   4d ]  The TEM 
images of the NPGA (Figure  1 d,e) further confi rm that the 
graphene sheets in the NPGA are composed of interconnected 
nanocages and have a relatively crumpled and loose structure. 
Further HRTEM examination of the NPGA (Figure S2, Sup-
porting Information) clearly reveals that the graphene in the 
NPGA is made of only a few layers of graphene sheets. More 
detailed examination of the nanocage units (Figure  1 f) reveals 
that the nanocages feature a heterogeneous carbon structure, 
indicative of the contributions from different carbon precur-
sors. This implies that the nanocages within NPGA matrix are 
mainly composed of the PDA-derived carbon and few layers 
of graphene sheets, also further revealed by comparing the 
TEM images of NPGA (Figure  1 d–f) and PDA-derived carbon 
without GO (Figure S3, Supporting Information). For compar-
ison, general graphene aerogels (GAs) are also prepared in the 
absence of PS@PDA, and the corresponding SEM and TEM 
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 Scheme 1.    Schematic process for synthesis of NPGA.
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images are shown in Figure S4 (Supporting Information). Rela-
tively large graphene platelets composed of excessive aggrega-
tion and cross-linked graphene sheets can be clearly observed, 
which would decrease the effective transportation pathways and 
simultaneously increase the transportation distance of O 2  and 
Li +  to a great degree.  

 The relatively loose structure within NPGA was also fur-
ther confi rmed and revealed by changing pore structure char-
acteristics analyzed by nitrogen adsorption technique. From 
the adsorption–desorption isotherms shown in  Figure    2  a, it 

is noted that the N 2  adsorptive amount for 
NPGA is obviously higher than that of GA, 
and typical type II characteristics are deliv-
ered for both GA and NPGA, indicative of 
a wide range of pore structure. [ 7a   ,   7c   ,   7d   ,   12 ]  The 
corresponding Brunauer–Emmett–Teller 
specifi c surface area for NPGA reaches to 
344 m 2  g −1 , which is two times higher than 
that of GA (165 m 2  g −1 ). The pore-size dis-
tribution data shown in Figure  2 b reveal 
that the wide pore distribution in a range 
of 4–100 nm is present in as-made NPGA. 
This striking difference is attributed to the 
restacking-inhibited effects of intercon-
nected nanocages embedded inside graphene 
sheets, which is not uncommon for less-
stacking graphene aerogels. [ 1a   ,   6f  ]  In this case, 
the abundant mesopores and macropores 
will be benefi cial to the rapid transport of O 2  
and Li + , and the high specifi c area contrib-

utes to a large tri-phase (solid–liquid–gas) regions and a full 
exposure of active sites.  

 The chemical composition and structure characteristics 
of graphene in the NPGA were examined by a number of 
techniques, including X-ray diffraction (XRD), Raman and 
X-ray photoelectron spectroscopy (XPS). Figure  2 c shows 
the typical XRD patterns of GO and NPGA. The charac-
teristic diffraction peak of GO at ca. 11.7° disappears and 
a new broad peak at ca. 25.8° corresponding to the (002) 
characteristic peak of graphite appears, demonstrating the 
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 Figure 1.    a–c) FESEM images of NPGA at different magnifi cations; d,e) TEM images of NPGA 
at different magnifi cations; f) HRTEM image of the shell for a nanocage of the NPGA.

 Figure 2.    a) Nitrogen adsorption–desorption isotherms and b) pore-size distributions of NPGA and GA; c) XRD patterns of GO and NPGA; d) Raman 
spectra of GO and NPGA; e) the magnifi ed G bands in Raman spectra for graphene, GA, and NPGA; f) XPS spectrum of NPGA and g) N 1s spectrum 
of NPGA.
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effi cient de-oxygenation of GO to form out-of-order graphene 
sheets along their stacking direction after hydrothermal and 
annealing process. [ 8 ]  The Raman spectra of GO and NPGA 
(Figure  2 d) reveal two remarkable peaks, corresponding to 
the D- and G-bands of carbon, respectively. It is also noted 
that the  I  D / I  G  value of NPGA (1.02) is higher than that of 
GO (0.91), indicating that many defects were existing in as-
prepared NPGA, although the GO sheets were reduced to 
graphene. [ 13 ]  Meanwhile, the more defects in NPGA can also 
be confi rmed by the shift of G band from 1587 cm −1  for gra-
phene without N-doping to 1576 cm −1  for NPGA (Figure  2 e), 
which may be attributed to the doping effects of heteroatoms 
within NPGA matrix. [ 12 ]  The surface chemistry and compo-
nent of NPGA were further characterized by XPS. Figure  2 f 
reveals that NPGA is mainly composed of C, N, and O ele-
ments. As shown in Figure  2 g, it is clearly noted that the N 
1s peaks centered at 398.2 and 401.1 eV can be assigned to 
two components: pyridinic and quaternary types of N atoms, 
respectively. The presence of N element can also be confi rmed 
by energy-dispersive X-ray elemental mappings of NPGA 
(Figure S5, Supporting Information), where N atoms are uni-
formly distributed in NPGA matrix. The elemental analysis 
demonstrates that the corresponding N/C mass ratio is 4.8%. 
It is also found that the GA fabricated in the absence of PS@
PDA has an N/C mass ratio of 4.4%. It is known that PDA is 
rich of N and C content, and is widely used as precursor to 
produce N-doped carbon materials. This implies that the N 

species exist within NPGA matrix made of N-doped residual 
carbon shell derived from PDA and N-doped graphene. 

 In comparison with the GA materials, the as-made NPGA 
features a relatively crumpled and loose structure, which helps 
to prohibit graphene sheets from aggregating and restacking 
to some degree, thus resulting in the less stacking and the 
full exposure of electrochemically active sites of the graphene 
sheets. The high specifi c surface area and ultrathin graphene 
sheets within NPGA skeletons will lead to an enhanced expo-
sure of N atoms within graphene sheets. These integrated char-
acteristics will be benefi cial for the electrochemical reaction 
process in Li–O 2  batteries. The electrochemical performance 
of NPGA as binder-free air electrodes in Li–O 2  batteries was 
tested using coin cells with a tetraethylene glycol dimethyl 
ether (TEGDME) electrolyte containing 1  M  LiTFSI, a glass 
fi ber separator, and a slice of NPGA without the addition of any 
binders or conductive additives. [ 3c   ,   4e   ,   5a   ,   14 ]  To further evaluate the 
electrocatalytic activity of NPGA in Li–O 2  batteries, the galva-
nostatic discharge–charge and cyclic voltammetry (CV) meas-
urements were performed within a voltage widow of 2.0–4.5 V. 
The initial discharge–charge profi les of Li–O 2  cells based on 
NPGA, GA, and Super P air electrodes with a cutoff capacity 
of 1000 mA h g −1  at the current density of 300 mA g −1  are dis-
played in  Figure    3  a. Interestingly, NPGA air electrode exhibits 
a relatively high discharge voltage and low charge voltage com-
pared with that of GA and Super P air electrodes, consequently 
yielding an enhanced round-trip effi ciency. For example, the 
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 Figure 3.    a) The discharge–charge curves of NPGA, GA, and Super P electrodes with a fi xed capacity of 1000 mA h g −1  at a current density of 300 mA g −1 ; 
b) the CV curves of the NPGA, GA, and Super P electrodes within a voltage widow of 2.0–4.5 V at a scanning rate of 0.1 mV s −1 ; c) the initial discharge–
charge curves of NPGA, GA, and Super P electrodes at a current density of 200 mA g −1 ; d) the discharge curves of NPGA electrode at different current 
densities, inset is the schematic illustration of nanocage effects.
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discharge voltage platform of NPGA air electrode is 2.78 V 
that is higher than that of GA (2.70 V) and Super P (2.64 V) air 
electrodes. More importantly, its charge voltage (4.12) is much 
lower than that of GA (4.39) and Super P (4.43) air electrodes, 
which would help to decrease the decomposition of electrolyte 
to some extent. The CV measurement (Figure  3 b) was fur-
ther used to investigate the electrochemical catalytic activity of 
NPGA. Compared with the GA and Super P air electrodes, the 
NPGA air electrode delivers higher ORR onset potential, lower 
OER onset potential, and higher ORR and OER peak currents, 
indicative of a catalyst-like behavior of NPGA and a high cata-
lytic activity for both ORR and OER processes. Such an excel-
lent electrochemical catalytic activity of NPGA can be attributed 
to the enhanced ORR and OER kinetics due to less stacking of 
graphene sheets and the full exposure of N atom sites within 
graphene sheets in the as-made NPGA.  

 The discharge specifi c capacity of NPGA air electrode was 
examined by the galvanostatic discharge–charge test. As shown 
in Figure  3 c, at a current density of 200 mA g −1 , NPGA air elec-
trode delivers a specifi c capacity of 10 081 mA h g −1 , which is 
higher than 7230 mA h g −1  of GA and 2923 mA h g −1  of Super 
P air electrodes. Surprisingly, with the increase of the current 
density, the NPGA air electrode is capable of delivering high 
specifi c capacity, evidenced by the high value of 5978 mA h g −1  
delivered at a high current density of 3.2 A g −1  (Figure  3 d), and 
to the best of our knowledge, this is the best rate performance 
that has been reported so far for nonaqueous, rechargeable 
Li–O 2  batteries.  Figure    4  a shows the comparison of the rate per-
formance of air electrode materials between the present work 
and previous work in the literature. [ 3d   ,   5b   ,   10c   ,   11b   ,   15 ]  Benefi ting 
from well-developed interconnected channels, the NPGA holds 
promise as air electrode materials for Li–O 2  batteries with both 
high energy density and high power density. Based on the total 
mass of C+Li 2 O 2 , the gravimetric energy density of NPGA-O 2 //Li 
cell reaches to 2400 W h kg −1  at a power density of 1300 W kg −1 , 
indicating the signifi cant advantages of high energy density and 
high power density compared with Ni–MH batteries and Li–ion 
battery, which is also in good match with the requirements for 
engine-driven systems (shown in Figure  4 b). [ 16 ]   

 The cycling performance of the batteries is another big con-
cern for practical applications. We have examined the cycling 

performance of the Li–O 2  cell with NPGA as air electrode of 
which the results are shown in  Figure    5  a. It can be seen clearly 
that the NPGA air electrode can be cycled 72 cycles with no 
capacity loss, with a cutoff capacity of 1000 mA h g −1  at a high 
current density of 300 mA g −1 , which is longer than 32 cycles 
of GA air electrode and 6 cycles of Super P air electrode. The 
corresponding discharge–charge profi les further reveal that 
there is almost no degradation of discharge and charge profi les 
for the Li–O 2  cells based on NPGA air electrode after 60 cycles 
(as shown in Figure  5 b), which is superior to that of GA and 
Super P air electrodes (Figure  5 c,d). To explore the potential 
of this kind of batteries for high-power EVs/HEVs, we further 
evaluated the cycling stability of NPGA air electrode at a large 
current density of 1 A g −1 , corresponding to an initial energy 
density of 1451 W h kg −1  and a power density of 1451 W kg −1  
(Figure  5 e and Figure S6 in the Supporting Information). The 
ca. 60% round-trip effi ciency is achieved. The reason for this 
is attributed to the high charge voltage that was caused by the 
serious polarization of charge reaction at a high current den-
sity (Figure  5 e). This is also a common issue needed to be 
addressed and solved in Li–O 2  batteries. Interestingly, the Li–O 2  
cell with NPGA air electrode can be stable for 54 cycles, which 
is much better than the performance of the rechargeable Li–O 2  
batteries reported up to now in the literature. Compared with 
the metal-free cathodes reported in recent literature (for details, 
please refer to Table S1, Supporting Information), the cycling 
performance of NPGA air electrode is superior to other pure 
graphene cathodes.  

 Such a superior electrochemical performance was further 
confi rmed by Nyquist plots (Figure  5 f) and its fi tted results of 
equivalent circuits (Figure S7, Supporting Information). It can 
be clearly seen from Figure  5 f that the diameter of the semi-
circle in the high-medium frequency region of the electrodes 
adopted follows in the order of NPGA < GA < Super P. This 
implies that the NPGA air electrode delivers the lowest charge-
transfer impedance  R  ct  (82.0 Ω) in comparison to those of the 
GA (141.1 Ω) and Super P (478.1 Ω) air electrodes due to the 
3D conductive network and the hierarchically interconnected 
channels. For the detailed information, please refer to the 
equivalent electric circuit and data shown in Figure S7 in the 
Supporting Information. 
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 Figure 4.    a) A comparison of the rate performance of air electrode materials in the present work and previous work in literature; b) Ragone plot of the 
Li–O 2  batteries with NPGA as air electrode (based on the total mass of C + Li 2 O 2 ), and other energy storage devices (based on total mass of packaged 
device).
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 In order to further work out the reasons for the high activity 
and long cycle life of NPGA air electrodes, the morphology 
and structure of the NPGA electrodes after discharge and 
charge were analyzed by FESEM of which the detailed results 
are shown in Figure S8 in the Supporting Information. It can 
be seen that the discharge products are uniformly deposited 
on the surface of NPGA like a piece of fi lm (Figure S8a, Sup-
porting Information), and are composed of Li 2 O 2  and a little of 
LiOH (Figure S9, Supporting Information). [ 4d ]  After charge, it 
is interesting to note that these products can almost completely 
be decomposed, and the original structure of the NPGA air 
electrode is recovered (Figure S8b, Supporting Information), 
which is also further confi rmed by the corresponding elec-
trochemical impedance spectra (EIS, Figure S10, Supporting 
Information), Fourier transform infrared spectroscopy (FTIR, 
Figure S11, Supporting Information), and TEM (Figure S12, 
Supporting Information) results before and after charge. The 
reversible formation and decomposition of the discharge prod-
ucts have ensured the high electrocatalytic activity and excellent 
cycle stability of the Li–O 2  cells with the NPGA air electrode. 

 These encouraging results have demonstrated the versatile 
advantages of NPGA as air electrode in Li–O 2  batteries in terms 
of the enhanced round-trip effi ciency, high power density, 
and long cycle life, especially the high-power cycle life. Below 
is the possible reasons for this: (1) the abundant macropores 
and interconnected porous channels of graphene aerogels can 
store much more electrolytes, facilitate the fast and uniform 
transportation of O 2  and Li +  to the skeleton surface of graphene 
aerogels, and provide a large space to accommodate the dis-
charge products; (2) the 3D interpenetrating graphene frame-
work can achieve the rapid and multidimensional transport 

of electrons in the whole electrode network; [ 5b   ,   14,17 ]  (3) inter-
connected nanocages embedded in the graphene sheets that 
lead to relatively loose and crumpled graphene sheets help to 
further tailor the transportation and distribution of O 2  and Li +  
in the skeletons of graphene aerogels, thus offer a high  specifi c 
surface area to ensure a large tri-phase (solid–liquid–gas) 
regions; (4) the full exposure and uniform distribution of N 
atoms within graphene sheets derived from relatively loose and 
crumpled structure may act as an effective catalyst for acceler-
ating the electrode processes.  

  3.     Conclusion 

 In summary, 3D porous N-doped graphene frameworks con-
structed by interconnected nanocage frameworks have been 
designed and successfully prepared. The nanocages embedded 
inside graphene sheets function to modulate the structure of 
graphene in the skeletons of graphene aerogels for achieving the 
high specifi c surface area, well-developed interconnected chan-
nels, crumpled graphene sheets, and full exposure of N atom 
sites. Benefi ting from these unique characteristics, the Li–O 2  
cells with NPGA air electrode exhibit a high specifi c capacity 
and the best rate performance compared with other materials 
reported in the literature. The NPGA air electrode can deliver 
a low overpotential and an excellent cycle stability, especially at 
a large current density. Based on the total mass of C + Li 2 O 2 , a 
gravimetric energy density of 2400 W h kg −1  at a power density 
of 1300 W kg −1  is delivered, which is near the level of engine-
driven systems. The present study demonstrates an effective 
method for modulating and tailoring the skeletons of graphene 
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 Figure 5.    a) Discharge capacity and the discharge terminal voltage versus the cycle number for Li–O 2  cells with NPGA, GA, and Super P air electrodes 
at 300 mA g −1 ; the discharge–charge profi les of b) NPGA, c) GA, and d) Super P air electrodes with different cycles; e) discharge capacity and round-
trip effi ciency versus the cycle number for Li–O 2  cell with NPGA air electrode at 1 A g −1 , inset is the schematic illustration of N-doped graphene effect 
during charge; f) Nyquist plots of Li–O 2  cells with NPGA, GA, and Super P air electrodes, inset is the magnifi ed Nyquist plots.
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aerogels, which may open a new way for confi guring the air 
electrode materials for high-power and long-life Li–O 2  batteries.  

  4.     Experimental Section 
  Material Preparation : All reagents used in the present work were of 

analytical grade and were used without further purifi cation. The GO was 
fabricated from the natural graphite by a modifi ed Hummer’s method. [ 18 ]  
The PS sphere (ca. 230 nm) colloidal was prepared by surfactant-free 
emulsion polymerization. [ 19 ]  

  Synthesis of PS Sphere@PDA : For a typical run, 20 mL of 30 mg mL −1  
PS sphere colloid was diluted to 100 mL with deionized water followed 
by 10 min ultrasonic treatment to form a stable dispersion solution. 
Subsequently, 0.2 g dopamine and 0.2 g tris(hydroxymethyl) 
aminomethane were added into the dispersion solution under stirring. 
The dispersion solution was subjected to continuous magnetic stirring 
at room temperature for 24 h. After that, the PS sphere@PDA was 
yielded by fi ltering and washing with a large amount of deionized water. 
Finally, the as-made PS sphere@PDA was dispersed to a dispersion 
solution of 12 mg mL −1  (based on mass of PS sphere) under strong 
ultrasonic stirring for 20 min. 

  Synthesis of NPGA and GA : Typically, 5 mL of 6 mg mL −1  GO aqueous 
solution, 10 mL of 12 mg mL −1  PS sphere@PDA dispersion solution, and 
0.5 g thiourea were mixed together under vigorously magnetic stirring, 
then the pH of the resultant solution was adjusted to 10 by adding a trace 
amount of ammonia solution. Finally, it was transferred into a Tefl on-lined 
stainless-steel autoclave of 20 mL and kept at 160 °C for 15 h, yielding 
the NPGA-p. After freeze-drying, a simple annealing was conducted at 
1000 °C for 2 h in N 2  atmosphere with a ramping rate of 2 °C min −1 , 
yielding the fi nal product. For comparison, GA was also fabricated in the 
absence of PS spheres@PDA under the same conditions. 

  Materials Characterization : Morphology of the as-made samples 
was characterized with FESEM (FEI QUANTA 450 at 30 kV), TEM 
(Tecnai G220), and HRTEM (FEI TF30). The XRD measurements were 
taken on a D/Max-III-type X-ray spectrometer with Cu Kα radiation 
( λ  = 1.5406 Å). Raman spectra were conducted on a RENISHAW inVia 
Raman microscope. The XPS (Thermo ESCALAB 250) measurement 
was performed to analyze the surface properties quantitatively. N 2  
adsorption/desorption isotherms were measured with a Micromeritics 
3Flex 3500. The composites were degassed at 250 °C for 5 h prior to 
the nitrogen adsorption measurement. Zeta potential was tested using a 
ZETASIZER nano series Nano-ZS90. The N content within the graphene 
matrix was analyzed by an elemental analyzer (vario EL III). 

  Electrochemical Tests : The Li–O 2  cells were assembled with a lithium 
foil, electrolyte (1  M  LiTFSI in TEGDME), a glass fi ber separator, and a 
porous cathode (NPGA, GA, or Super P). The porous cathodes of NPGA 
and GA were prepared by cutting the aerogel into slices with a diameter 
of ca. 1.0 cm and mass loading of ca. 0.61 mg cm −2 , which were directly 
used as the air electrodes without any auxiliary binders. The Super P 
cathode was prepared by casting slurry, consisting of 90% Super P and 
10% polyvinylidene difl uoride binder in  N -methyl-2-pyrrolidone onto a 
carbon paper current collector which was dried at 120 °C for 12 h in 
vacuum oven. The assembly of the Li–O 2  cell was conducted using 
2025-type coin cells in an argon-fi lled glove box followed by an overnight 
aging treatment before the test. The galvanostatic discharge–charge 
measurement of cells was performed by using a Land CT2001A battery-
testing system in 1 atm O 2  at 25 °C. The EIS and CV tests were performed 
on a Bio-Logic VSP electrochemical workstation with the frequency range 
between 100 KHz and 0.01 Hz at open circuit potential and a voltage 
widow of 2.0–4.5 V at a scan rate of 0.1 mV s −1 , respectively.  
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