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can block the electrolyte and oxygen path-
ways, leading to poor electrochemical per-
formances of Li–O 2  batteries. [ 4 ]  Advances 
in nanostructured air cathode design and 
preparation are urgent to fully harvest 
high energy density of Li–O 2  batteries. 
Recently, it has been reported that an air 
cathode composed of abundant hierar-
chical mesopores and macropores tends to 
improve the electrochemical performances 
signifi cantly. Mesopores can effectively 
improve the electrolyte immersion, and 
provide more active sites for electrochem-
ical reactions, while macropores can pro-
vide large space to avoid the blockage of 
electrolyte and oxygen pathways, which are 
very critical for O 2  diffusion and reversible 
conversion. [ 5 ]  Therefore, the development 
of novel carbon cathodes with desired 
porosity and large specifi c surface area 
becomes the focus of this fi eld. [ 6–8 ]  

 Many efforts have been made to design materials with unique 
morphology and porous structure. Previously, different kinds of 
carbon materials were prepared for air cathodes, including meso-
cellular carbon foams, [ 6 ]  carbon nanofi bers, [ 7 ]  and mixed carbon 
materials. [ 9 ]  Besides, graphene and carbon nanotubes with various 
morphologies improved the electrochemical performance of Li–O 2  
batteries signifi cantly. [ 10–13 ]  In addition to various porous struc-
tures, the surface chemistry of carbon materials also performs 
important functions in Li–O 2  batteries. Both computations and 
detailed experiments have proved that doping foreign atoms is an 
effective way to achieve better performances. Recent studies have 
disclosed that nitrogen-doped carbon cathodes showed enhanced 
performances, especially nitrogen-doped graphene manifested 
higher electrocatalytic activity than pristine graphene towards 
oxygen reduction reactions (ORR) in nonaqueous electrolytes. [ 14–16 ]  
These nitrogen-doped carbon materials have ever been extensively 
applied to ORR in aqueous electrolytes for fuel cells. [ 17,18 ]  Due to 
the lone electron pairs of nitrogen atoms, which can connect with 
the sp 2 -hybridized carbon frame to form a delocalized conjugated 
system, [ 19,20 ]  great improvement could be achieved with enhanced 
reactivity and electrocatalytic activity. Although the improvement 
could be obtained by modifying the surface of carbon materials 
with low N contents, the efforts involving N-rich carbon materials 
have not been made to Li–O 2  batteries. 

 In this work, we prepared hierarchical macrochannel/
mesopore carbon-nitrogen (HMCN) architectures through a 
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  1.     Introduction 

 Rechargeable Li–O 2  batteries have been attracting much atten-
tion due to their extremely high theoretical energy density, and 
hold promise to meet the energy target for batteries in automo-
tive applications. [ 1–3 ]  A typical Li–O 2  battery is composed of a 
metallic lithium anode, non-aqueous electrolyte and a porous 
air cathode. Among these components, the air cathode becomes 
the bottleneck in Li–O 2  batteries, and better performances can 
be obtained by accelerating the reaction kinetics with the devel-
opment of advanced air cathodes. Upon discharge, O 2  reacts 
with Li +  to form insoluble and insulating discharge product 
(Li 2 O 2 ), and these discharge products stored in the air cathode 
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facile and economical sol–gel route. The ordered mesopores in 
HMCN can effi ciently store discharged products and facilitate 
Li +  diffusion and electron transfer ( Figure    1  ). More importantly, 
macrochannels, which exist among nanosized slices, provide 
necessary space for O 2  and electrolyte diffusion (Figure  1 ). Inter-
estingly, HMCN contains high-level pyridinic N, which plays 
an important role of improving ORR activity. The C–N hier-
archical architecture delivered higher electrochemical activity 
and more stable cyclability over 160 cycles as air cathodes for 
Li–O 2  batteries. To illustrate the excellent electrocatalytic effect 
of HMCN, we also conducted fi rst-principles computations and 
found that pyridinic N catalyzes electrochemical processes by 
affi liating and activating O 2  after lithiation. This fi nding pro-
vided valuable clues to materials design for cathodes of Li–O 2  
batteries.   

  2.     Results and Discussion 

  Figure    2  a,b clearly shows the scanning electron microscope 
(SEM) images of HMCN architectures with interesting mor-
phology. The HMCN architecture consists of many nanoslices. 
Macrochannels with ≈150 nm in height form among the piled 
nanoslices. This favorable porous character could connect 
with each other and act as oxygen transport channels to facili-
tate oxygen diffusion and accommodate discharged products 
during the electrochemical process. [ 21 ]  The detailed structure of 
HMCN was further confi rmed by transmission electron micro-
scope (TEM) images (Figure  2 c,d). The big board contains lots 
of nanosheets and particles, and pores of different sizes are 
homogenously distributed within the small nanosheets. The 
high-magnifi cation TEM image (Figure  2 e,f) clearly presents 
typical pores with different shapes. The pores with different 

morphologies formed during the calcination 
procedure. The composite was further char-
acterized by N 2  adsorption-desorption experi-
ments ( Figure    3  a); the specifi c surface area 
of HMCN reaches 254.8 m 2 /g and a typical 
mesoporous structure with type-IV isotherm 
can be deduced. The pore size distribution 
can be observed in Figure  3 b, and the domi-
nant pore size of 3–5 nm demonstrates the 
typical mesoporous structure. In a typical 
synthesis process, citric acid was utilized as 
the carbon source and mixed well with mas-
sive urea to form a sol and then a gel, and 
the formation of pores may be caused by the 
release of gases (CO 2 , H 2 O, and NH 3 ) after 
calcinating the gel.   

 Actually, HMCN also contained rich N 
elements decomposed from urea when calci-
nating the gel. X-ray photoelectron spectros-
copy (XPS) confi rms the state of nitrogen and 
carbon in HMCN. The peaks at 284.8, 285.9, 
288.9, and 291.4 eV were assigned to sp 2  
C-sp 2  C, N-sp 2  C, N-sp 3  C bonds and C = O in 
high-resolution C1s spectra ( Figure    3  c). The 
high-resolution N1s peaks demonstrate three 
types of N (pyridinic-N, pyrrolic-N, and oxi-

dized-N) ( Figure    3  d), and these N states have also been found 
in previous reports. [ 22,23 ]  The content of pyridinic-N (42%) is 
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 Figure 1.    Schematic illustration of hierarchical carbon-nitrogen material with both macrochan-
nels and mesopores as cathodes for Li–O 2  batteries.

 Figure 2.    a,b) SEM images with different magnifi cations of HMCN. 
c,d) TEM images with different magnifi cations of HMCN. e,f) present 
the pores in HMCN.
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the highest among all three types of N through the calculation 
of the N1s spectra. Actually, N could be regarded as an n-type 
dopant for carbon materials, which assists in the formation of 
disordered carbon nanostructure and facilitates the ORR pro-
cess, [ 20 ]  and especially pyridinic N plays a signifi cant role of ORR 
activity. [ 24,25 ]  Electron energy loss spectroscopy (EELS) was also 
conducted to further confi rm the state of C and N. Figure S1 
(Supporting Information) shows a typical spectrum with two 
visible edges starting at 282 eV and 398 eV, corresponding to 
the characteristic K-shell ionization energy of C and N. [ 26,27 ]  The 
two bands corresponding to C and N can be well assigned to 
the 1s-π* antibonding orbital, followed by another band attrib-
uted to the 1s-σ* antibonding orbital. This type of EELS edge 
structure proves that C and N are sp 2  hybridized. [ 27 ]  Obviously, 
the representative EELS of HMCN shows more apparent peaks 
of N than those of nitrogen-doped graphene, [ 23 ]  which may 
be caused by its higher content in HMCN after calcination. 
As shown in the energy dispersive X-ray spectroscopy (EDX) 
(Figure S2a–c, Supporting Information), C and N are uniformly 
distributed in HMCN. Elemental analysis quantitatively con-
fi rmed the content of C and N, and the amount of N is up to 
28.1 wt% (Figure S2d, Supporting Information). 

 The composite was also characterized by Raman spectros-
copy (Figure S2e, Supporting Information), in which the “D” 
band appears at ≈1348 cm −1  and the “G” band at ≈1584 cm −1 . 
The ratio of the intensities of these two bands ( I  D / I  G ) is 1.16, 
which is an important indicator of the carbon crystallization. [ 28 ]  
The higher  I  D / I  G  ratio of HMCN also implies more defects 
in graphite-like layers, which is caused by the introduction of 
more nitrogen atoms. [ 29 ]  

 HMCN presents many outstanding structural and compo-
sitional characters, and demonstrates possible applications to 

Li–O 2  batteries. The discharge and charge measurements were 
performed in the voltage range of 2.0–4.3 V for HMCN cath-
odes. Note that we also tested the pristine carbon paper for 
comparison, and it showed low electrochemical activity at dif-
ferent current densities of 50 mA/g and 100 mA/g (Figure S3, 
Supporting Information). Both the applied current (mA/g) and 
achieved capacity (mAh/g) were normalized to the weight of 
HMCN. As shown in  Figure    4  a, the HMCN cathode provided 
a discharge capacity of ≈3200 mAh/g at the current density of 
50 mA/g, and a high average operating voltage of 2.75 V, which 
was consistent with N-doped carbon materials in previous 
reports. [ 14,16 ]  Even compared with binder-free nitrogen-doped 
carbon nanotubes, the HMCN cathode presented better 
discharge capacity and more stable platform. [ 30 ]  The HMCN 
cathode maintained high capacity (≈3000 mAh/g) and stable 
discharge platform (2.62 V) at the current density of 100 mA/g. 
The HMCN cathodes also showed lower overpotentials than 
other carbon materials or N-doped carbon materials during the 
cycle tests. [ 7,12,29,31,32 ]  In the fi rst cycle (Figure  4 b), the HMCN 
cathode exhibits stable charge and discharge platforms, and a 
relatively low charge plateau at 4.0 V; even in the 100th cycle, 
the charge–discharge platforms were still almost consistent 
with those of the 1st cycle. In contrast, the ketjen black (KB) 
cathode showed high overpotential and unstable platform only 
after 24 cycles (Figure S4, Supporting Information). Compared 
with various carbon materials or heteroatom-doped carbon 
materials in previous reports, [ 5,11,16,33 ]  the HMCN cathode also 
showed low overpotential and stable charge–discharge plat-
form after long cycles. The superior performance of the HMCN 
cathode is probably attributed to the hierarchical structure of 
both mesopores and macrochannels, which provide optimized 
oxygen transport network. [ 16 ]   
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 Figure 3.    a) N 2  adsorption-desorption isotherms of HMCN. b) The pore-size distribution of HMCN. c) C1s, and d) N1s XPS of HMCN.
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 As discussed above, nitrogen-doped carbon materials 
showed unsatisfactory cyclability as air cathodes in Li–O 2  bat-
teries in previous reports; even the binder-free nitrogen-doped 
carbon nanotubes showed only 9 cycles with a restriction in the 
capacity of 500 mAh/g at the current density of 0.05 mA cm −2  
(75 mA/g). [ 30 ]  Therefore, the improvement in cyclability is 
essential for the wide applications of Li–O 2  batteries in the 
future. In order to avoid the over-growth of discharged products 
induced by deep discharge, we tested the batteries with a cut-
off capacity of 600 mAh/g at a current density of 200 mA/g. 
The batteries showed excellent cyclability over 160 cycles in the 
atmosphere of O 2 , with stable charge and discharge platform 
(Figure  4 b). The cells with HMCN cathodes exhibited excellent 
cyclability over 160 cycles (Figure  4 c), much longer than those 
(24 cycles) of universal KB cathodes (Figure S4, Supporting 
Information). Moreover, HMCN cathodes also presented more 
stable platform and lower overpotential than KB. Even com-
pared with other precious catalysts including Mn-Ru binary 
oxides, [ 34 ]  and carbon nanotube@RuO 2  composites, [ 35 ]  the 
HMCN composite showed better cyclablity. Very recently, Dai 
and coworkers have reported that vertically aligned N-doped 
coral-like carbon fi ber arrays also showed excellent cyclability 
and signifi cantly low overpotential, [ 36 ]  manifesting the prospect 
of N-doped carbon materials to improve the electrochemical 
performance of Li–O 2  batteries. The cycling performance of 
HMCN was also tested in the full discharge/charge cycle pro-
tocols between 2.0 and 4.3 V (Figure  4 d). Although the stable 
charge/discharge platform was preserved, the capacity decay 
became obvious after the fi fth cycle, which was consistent with 
the results of nitrogen-doped carbon nanotubes obtained in 

Li-air batteries. [ 29 ]  Actually, stable full discharge/charge cycla-
bility is typically hard to realize due to the accumulation of 
the discharge product and instability of the electrolyte. [ 37–39 ]  
This problem could be solved to some degree by introducing 
noble metals [ 40 ]  and stable binders. [ 41–43 ]  As show in Figure S5 
(Supporting Information), a Nafi on binder improved the initial 
capacity of the HMCN cathode; however, the cyclablity was not 
enhanced, and many efforts are still necessary for the realiza-
tion of full discharge/charge cyclability. 

 To further explore the insight of discharge and charge pro-
cesses of Li–O 2  batteries with HMCN cathodes, the morpholo-
gies of discharged and charged cathodes were observed through 
SEM. The characterizations of charge–discharge processes were 
all limited to the cut-off capacity of 600 mAh/g at the current 
density of 200 mAh/g. After the 10th discharge ( Figure    5  a), the 
insoluble species precipitated on the surface of HMCN, and 
toroidal Li 2 O 2  was also observed with the typical morphology in 
previous reports. [ 44,45 ]  After the 10th charge, the porous struc-
ture was mostly recovered in the HMCN cathode (Figure  5 b). 
The ex-situ Raman spectroscopy (Figure  5 c) suggests that the 
peak of Li 2 O 2  is not observed due to its low content probably, 
yet it is obvious that the  I  D / I  G  ratio of HMCN is much higher 
in the 10th charge than in the 10th discharge, which indirectly 
confi rms that N-induced defects in graphite-like layers recov-
ered after the charging process, and the discharged products 
can be effi ciently decomposed during the charging process. In 
order to accurately characterize the discharged products during 
the 10th cycle, Fourier-transform infrared (FTIR) spectroscopy 
was conducted to identify the discharge products of HMCN. As 
shown in Figure  5 d, the characteristic peak of Li 2 O 2  is observed 
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 Figure 4.    a) The discharge profi les of the HMCN cathode at various current densities of 50 and 100 mA/g. b) The limited depth of discharge at 
600 mAh/g at a current of 200 mA/g with the HMCN cathode. c) The corresponding plot of discharge and charge capacity against cycle number, and 
d) full discharge/charge curves between 2.0–4.3 V at 100 mA/g.
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at 518 cm −1 . In addition to the peaks arising from Li 2 O 2 , the 
peaks around 1450 cm −1  and 1620 cm −1  could be assigned to 
HCO 2 Li and CH 3 CO 2 Li, which were reported commonly with 
ether-based electrolytes when carbon materials were used 
as air cathodes. [ 38,45,46 ]  By comparing the 10th discharge and 
charge process, we found that the peak intensity of HCO 2 Li 
and CH 3 CO 2 Li apparently decreased after the charge process, 
which was consistent with the Raman characterization. Besides 
FTIR, the XRD patterns of the cathode during the fi rst cycle 
are also shown in Figure S6 (Supporting Information). Li 2 CO 3 , 
CH 3 CO 2 Li and Li 2 O 2  can be clearly observed during the 1st 
discharge process, after the subsequent charge process, the 
peaks of Li 2 CO 3 , CH 3 CO 2 Li, and Li 2 O 2  disappear obviously. 
In addition, the XRD curve becomes fl at and smooth after the 
charge process, indicating the decomposition of discharge prod-
ucts. These results verify the superior activity of HMCN in elec-
trocatalyzing the discharge products and improving the electro-
chemical cyclic stability during discharge-charge processes.  

 To throw light on the mechanism of ORR on N-rich carbon 
sheets, we performed preliminary fi rst-principles computa-
tions on the electrochemical processes. Since adsorption occurs 
between two phases (solution and HMCN), we hypothesized 
that it is the strong adherence to Li +  and O 2  that contributes 
to HMCN’s catalysis. Therefore, the adsorption energies of Li +  

and O 2  on HMCN were computed and the results are summa-
rized in  Table    1  .  

 It is interesting to see that only the carbon sheet with pyri-
dinic N is thermodynamically favorable to attract Li + . This 
provides convincing evidence that pyridinic N introduces the 
affi liation of Li +  into carbon sheet. By comparing all adsorption 
energies, we found that the fi rst reaction process is the adsorp-
tion of Li +  on pyridinic N. Since pyridinic carbon sheet attracts 
Li +  exclusively, PyriCS represents pyridinic carbon sheet in the 
second column. Besides, in the second column we fi nd that Li 
atom has the strongest attraction to O 2 , and LiPyriCS (short 
for lithiated PyriCS) ranks the next. In solution conditions 
isolated Li atoms could not exist experimentally; therefore, O 2  
tends to attach to LiPyriCS. Such assertion indicates that before 
O 2  is adhered to HMCN, LiPyriCS + (short for Li + -adsorbing 
PyriCS) is already reduced to neutral state. According to the 
charge difference analysis (Figure S7, Supporting Informa-
tion), when an electron is added to the system (electrochem-
ical reduction), the added electron is dispersed on the carbon 
sheet, which means that Li remains ionic in the center, and 
cannot be reduced to metallic Li. Therefore, the mechanism 
is that Li +  compensates the electron dispersed on the carbon 
sheet, and it is the electron-redundant carbon sheet that has 
stronger interaction with O 2 . Additionally, graphene and its 
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 Figure 5.    SEM images of HMCN cathode a) in the 10th discharge and b) in the 10th charge. c) Raman and d) FTIR spectra of the HMCN cathode in 
the 10th discharge and charge process. The signals of Li 2 O 2 , HCO 2 Li, and CH 3 CO 2 Li are marked as +, #, *, respectively.

  Table 1.    Computed adsorption energies (eV) of Li +  and O 2 . In the fi rst row, Li +  adsorption energies were considered for graphene, pyridinic N, pyr-
rollic N and the edge. Based on the results in the fi rst row, the O 2  adsorption at lithiated pyridinic N was taken into account and named by LiPyriCS. 

Graphene Pyridinic Pyrrollic Edge LiPyriCS LiPyriCS + Li + Li

Li +  Adsorption 0.752 −2.559 0.166 1.231 – – – –

O 2  Adsorption −0.096 −0.099 0.297 −0.138 −0.411 4.982 3.340 −1.064
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edges are O 2 -affi liating according to our results, which mean 
that they will help catch O 2  onto HMCN. The stable confi gura-
tions are shown in  Figure    6  . We investigated the bond length 
of adsorbed O 2  at possible sites, and the results are shown in 
Table S1 (Supporting Information). All the considered adsorp-
tion sites are capable to elongate the O–O bond and activate O 2 . 
The O 2  adsorbed on LiPyriCS exhibits the longest bond length 
(1.269 Å), suggesting that LiPyriCS site is the most capable to 
activate O 2 . Considering that the pyridinic N and graphene sites 
are dominant in HMCN, it is reasonable that PyriCS, which 
gives birth to LiPyriCS, has the most advantage to catalyze the 
formation of discharge product.  

 Based on above discussion, we put forward the following 
three reactions as the crucial processes in HMCN cathodes:

 →Li + PyriCS LiPyriCS+ +

  (1) 

  →−LiPyriCS + e LiPyriCS+

  
(2) 

  →LiPyriCS + O LiPyriCSO2 2   (3) 

 Herein the reactions are Li +  adsorption, electron transfer 
and O 2  adsorption, respectively. In order to put these reac-
tions into practice, we interpreted that before discharging pro-
cess happens, Li +  is already adhered on the pyridinic carbon 
sheets. The adsorbed Li +  balances the negative charge (one 
more electron) on PyriCS. LiPyriCS has the strongest interac-
tion with O 2 , providing adsorption sites for O 2 . O 2  on LiPyriCS 
exhibits signifi cant bond elongation, proving the catalytic effect 
of LiPyriCS. This explains why introducing pyridinic N, rather 
than other confi gurations, would effectively electrocatalyze 

the processes in our experiments. However, the electrochem-
ical reactions of Li–O 2  batteries are extremely complicated, 
and much more investigations, from both computational and 
experimental sides, are needed to clarify the role of HMCN 
thoroughly.  

  3.     Conclusion 

 In summary, mesoporous hierarchical carbon-nitrogen archi-
tectures were synthesized through a facile and convenient sol–
gel method, and the so-prepared carbon material has a high 
content of nitrogen with homogeneous distribution. The C-N 
architectures were employed as air cathodes for Li–O 2  batteries 
and delivered high capacity and stable cyclability. The excellent 
performance was attributed to the hierarchical pore structures 
(ordered mesopores and macrochannels) and the introduction 
of nitrogen atoms, facilitating the kinetics in the electrochem-
ical reactions. First-principles computations disclosed that pyri-
dinic N can attach Li +  and an electron to form LiPyriCS, which 
is a strong O 2  adsorption and activation site, and thus catalyzes 
electrochemical reactions. Therefore, HMCN could be a prom-
ising cathode material for the Li–O 2  batteries. This fi nding pro-
vides a new outlook for application of carbon materials to Li–O 2  
batteries.  

  4.     Experimental and Computational Section 
  Material Preparation : All the reagents were analytical grade without 

further purifi cation. In a typical preparation process, 1.0 g citric acid 
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 Figure 6.    Scheme of all thermodynamically stable structures for Li or/and O 2  adsorption. Periodicity is shown here with vacuum layers of 20 Å. Note 
that, to model the interaction of the graphene edge with O 2  or Li +  (not shown here) we build a ribbon and enlarge one leg of the lattice. a) Li +  lies at 
the center of three N atoms. b–e) Adherence of O 2  on graphene (parallel), pyridinic graphene (parallel), edge (vertical) and lithiated pyridinic graphene 
(leaned), respectively.
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and 10 g urea were dissolved in 50 mL distilled water and 150 mL 
ethanol through magnetic agitation for 3 h to form a gel, and then the 
gel was dried at 100 °C overnight. The HMCN composite was obtained 
by calcining the gel for 4 h at 350 °C and then 650 °C for 10 h in Ar 
atmosphere. The same procedure has been applied to prepare Co–C or 
Ni–C material with the addition of Co or Ni salt. [ 47–49 ]  

  Material Characterization : XRD was performed on a D/MAX III 
diffractometer with Cu Kα radiation. Field emission SEM (FESEM) 
images were obtained on a JEOL-JSM7500 microscope. The EDX 
attached to the FESEM instrument was used to confi rm the composition 
of the samples. TEM images were taken on FEITecnai G2F-20 equipped 
with EELS, and XPS was performed on Axis Ultra DLD (Kratos 
Analytical). N 2  adsorption/desorption isotherms were obtained by using 
ASAP 2020/Tristar 3000 Surface Area and Pore Size Analyzer. Raman 
spectra were conducted on a Renishaw inVia Raman spectrometer 
equipped with a 632.8 nm laser. FTIR spectroscopy was performed 
on NicoletMAGNA-560 FTIR spectrometer by using KBr pellets. Vario 
EL CUBE elemental analyzer was used to quantitatively confi rm the 
contents of C and N. 

  Electrochemical Tests : The electrochemical behaviors were 
measured in swagelok cells with a 1.0 cm 2  hole placed on the 
cathode which enabled O 2  to fl ow in. The cells were assembled in a 
glove box fi lled with high-purity argon (O 2  and H 2 O < 1 ppm). For 
the cathode preparation, slurry was obtained by mixing HMCN and 
polyvinylidenefl uoride (PVDF) with the mass ratio of 9:1. The slurry 
was uniformly deposited on a circular piece of carbon paper, and 
then dried in an oven at 80 °C. Li foil was used as the anode, and 
polytetrafl uoroethylene (PTFE) membrane as the separator. The 
electrolyte was 1 mol L −1  lithiumbis(trifl uoromethanesulfonyl)imide 
(LiTFSI) dissolved in tetraethylene glycol dimethyl ether (TEGDME). 
The cells were discharged to 2 V on LAND-CT2001A testers for the fi rst 
discharge. The cyclic tests were controlled with the cut-off capacity of 
600 mAh/g at a current density of 200 mA/g, that is, the cells were 
discharged and charged for 3 h separately. 

  Computational Details : First-principles computations were performed 
within the framework of Vienna Ab-initio Simulation Package 
(VASP). [ 50,51 ]  Density Functional Theory (DFT) with periodic boundary 
conditions was introduced to both geometry optimizations and static 
computations. Generalized gradient approximation (GGA) to the 
exchange-correlation functional by Perdew and Wang (PW91) [ 52 ]  with 
spin polarization was applied, and projector augmented wave (PAW) [ 53 ]  
was used to describe the inner electrons of all atoms. Dispersion was 
employed to take weak interaction into account. A 3 × 3 × 1 k-point 
sampling in Brillouin zone and a cutoff energy of 400 eV were used 
to balance the computation expense and precision. According to our 
experiments, N is dispersed in the carbon sheet with different types. 
Pyridinic N, which is the most abundant, and pyrrolic N, which lies in the 
edges of the carbon sheet, were discussed. They were modeled in a two-
dimensional (2D) monolayer and a one-dimensional (1D) nanoribbon, 
respectively. As a contrast, perfect graphene, representing the undoped 
region of the carbon sheet, was also investigated. Finally, to fi gure out 
the edge effect of the carbon sheet, a graphene ribbon with the edges 
saturated by hydrogen atoms was modeled to simulate the edge of the 
carbon sheet. Besides, O 2  and Li +  were put into a (11.8 Å) 3 -cubic lattice 
to ensure a concentration of 1 mol L −1 .  
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