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(e.g., Li 2 O 2 ) during the discharge process, 
which is denoted as oxygen reduction 
reactions (ORRs). The dominant discharge 
products electrochemically decompose to 
lithium ions and oxygen during the charge 
process, which is denoted as oxygen evo-
lution reactions (OERs). [ 7,8 ]  The oxygen 
electrode should consist of porous conduc-
tive substrates to accommodate insoluble 
discharge products and facilitate oxygen 
diffusion and electrolyte impregnation. 
The overall energy density is determined 
by the amount of insoluble discharge 
products stored in the oxygen electrode. [ 3 ]  
Therefore, it is essential to optimize the 
porosity of the oxygen electrode to provide 
large space for insoluble discharge prod-
ucts and facilitate oxygen diffusion and 
electrolyte impregnation throughout the 
electrode. Tremendous efforts have been 
devoted to explore various nanostructured 
porous catalysts to optimize the porous 
structure of the oxygen electrode, which 
also have capability to simultaneously cat-
alyze the ORRs and OERs. [ 9–11 ]  

 Carbon materials have signifi cant advantages to be used as 
electrode materials for energy storage devices, including light 
weight, low cost, and abundant resources. [ 12,13 ]  Nanostructured 
carbon materials, such as carbon nanotubes, graphene, 3D 
meso- or macroporous carbon, have been widely used in lithium 
ion batteries, supercapacitors, and fuel cells. [ 14–18 ]  They are also 
the most desired cathode materials for Li–O 2  batteries if the 
side reactions among carbon materials, the discharge products, 
and electrolyte can be suppressed. [ 19 ]  Xiao et al. fi rst compared 
the electrochemical performance of Li–O 2  batteries with several 
different commercial carbon powders. [ 20 ]  The results indicated 
that the uniformity of the pore size plays an important role in 
determining electrochemical performances of Li–O 2  batteries. 
Mitchell et al. reported the use of all carbon nanofi ber elec-
trodes for Li–O 2  batteries and achieved high gravimetric ener-
gies (up to 2500 W h kg discharged  −1 ), which is about four times 
higher than Li-ion batteries with LiCoO 2  as cathode materials 
(≈600 W h kg electrode  −1 ). [ 21 ]  Graphene with different porous archi-
tectures was also investigated as cathode materials for Li–O 2  
batteries by several groups and achieved signifi cantly improved 
specifi c discharge capacity. [ 22–24 ]  3D-ordered mesoporous/
macroporous carbon sphere arrays (MMCSAs) were synthe-
sized and applied as the cathode catalysts in Li–O 2  batteries by 
Guo et al. [ 25 ]  The ordered mesoporous channels and hierarchical 
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  1.     Introduction 

 Recently, rechargeable lithium–oxygen (Li–O 2 ) batteries have 
attracted intensive investigations due to the highest energy den-
sity among all rechargeable battery systems. [ 1–4 ]  They are con-
sidered as one of the most promising power sources to meet 
the stringent requirements for electric vehicles. However, key 
limitations, such as large charge/discharge overpotential, low 
rate capability, and poor cycle life, must be resolved for practical 
applications. [ 5,6 ]  In an aprotic rechargeable lithium oxygen bat-
tery, oxygen is drawn from the outside atmosphere and reduced 
by lithium ions from the electrolyte to form discharge products 

Adv. Funct. Mater. 2015, 25, 4436–4444

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201500863


FU
LL P

A
P
ER

4437wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mesoporous/macroporous structure of the MMCSAs provide 
effective spaces for discharge products, which enhanced the 
electrochemical performance of Li–O 2  batteries. Therefore, the 
development of porous nanostructures is a promising strategy 
to improve the electrochemical performance of Li–O 2  batteries. 

 Another major challenge for the development of high-perfor-
mance Li–O 2  batteries is to reduce the large charge/discharge 
overpotential in order to increase the round-trip energy effi -
ciency. [ 3,26 ]  Although the widely used porous carbon materials 
can act as good catalysts for ORRs, they are not effective to 
catalyze the OERs. [ 22,24,27 ]  Therefore, it is necessary to further 
functionalize porous carbon materials to increase their catalytic 
activity toward OERs. A series of carbon-based nanocomposites 
have been developed to address this challenge, including metal 

nitrides, metal oxides, or precious metal functionalized carbon 
materials and doped carbon. [ 11,28–46 ]  

 In this study, we report the synthesis of mesoporous carbon 
nanocubes (MCCs) as a new cathode nanoarchitecture for 
Li–O 2  batteries. The oxygen electrodes made of MCCs con-
tain numerously hierarchical mesopores and macropores, 
which can facilitate oxygen diffusion and electrolyte impreg-
nation throughout the electrode, and provide suffi cient spaces 
to accommodate insoluble discharge products. Li–O 2  bat-
teries with MCC catalysts showed high discharge capacities 
and excellent high current rate capability. Furthermore, after 
loading Ru nanocrystals on MCC matrix, the energy effi ciency 
and the cycling stability of Li–O 2  batteries have been signifi -
cantly improved.  

  2.     Results and Discussion 

 MCCs were synthesized by a hard template 
method. MnCO 3  nanocubes were fi rst syn-
thesized by a facile precipitation method. The 
typical SEM image of MnCO 3  is shown in 
Figure S1a (Supporting Information), which 
exhibits regular cube structure and smooth 
surface. After heat treatment, MnCO 3  cubes 
transformed to porous MnO templates (Sup-
porting Information, Figure S1b). The fi nal 
products of MCCs were obtained via a chem-
ical vapor deposition (CVD) process and the 
removal of MnO templates by acid etching. 
The porous architecture of MCCs was fi rst 
observed by fi eld-emission scanning electron 
microscopy (FE-SEM) as shown in  Figure    1  . 
Figure  1 a clearly illustrates nanocube archi-
tectures. Figure  1 b shows the porous struc-
ture with many mesopores appeared on 
the surface of carbon nanocubes. Some 
of the carbon nanocubes were intercon-
nected with each other. To further confi rm 
the porous architecture of MCCs, transmis-
sion electron microscopy (TEM) images at 
different magnifi cations are presented in 
Figure  1 c,d. It is observed that MCCs con-
tain many mesopores, which interconnect 
with each other. The N 2  adsorption–desorp-
tion plots of MCCs ( Figure    2  a) show a type 
IV isotherm with a steep increase of nitrogen 
absorption at a high relative pressure 
( P / P  0  = 0.80–0.99), indicating that the main 
pore volume is contributed by large size pores. 
The unique architecture of MCCs exhibited 
a high specifi c surface area of 492.3 m 2  g −1  
and a large pore volume of 3.74 cm 3  g −1 . The 
pore sizes are mainly distributed at about 
50 and 100 nm (the inset in Figure  2 a).   

 Ru@MCCs were synthesized by a facile 
wet impregnation method. MCCs were 
mixed with an ethanolic solution of RuCl 3  by 
gentle stirring overnight. After dried at room 
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 Figure 1.    a,b) SEM images of MCCs at different magnifi cations. c) Low-magnifi cation and 
d) high-magnifi cation TEM images of MCCs. e) Low-magnifi cation and f) high-magnifi cation 
TEM images of Ru@MCCs. The inset in (b) shows the porous structure of carbon nanocube 
at high-magnifi cation.
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temperature under continuous stirring, the obtained precursor 
was sintered at low temperature in a reduced atmosphere to 
obtain fi nal products. The TEM image of Ru@MCCs in Figure  1 e 
shows the similar porous structure as that of the pristine MCCs, 
indicating that the pore structure has been preserved after Ru 
loading. High-resolution TEM image in Figure  1 f clearly shows 
that Ru nanocrystals are homogeneously distributed on the 
porous carbon matrix. Figure  2 c shows the X-ray diffraction 
(XRD) patterns of MCCs and Ru@MCCs, in which three dif-
fraction peaks can be indexed to carbon (002), Ru (100), and 
Ru (101) in the XRD pattern of Ru@MCCs. The Ru content in 
the Ru@MCC nanocomposite was determined by thermogravi-
metric analysis (TGA) measurement. The total weight loss of 
the composite is 60.1 wt% at 600 °C. Counting the oxidation 
of Ru to RuO 2  at high temperature, the Ru content in the com-
posite is 30.3 wt% (Figure  2 d). The N 2  adsorption–desorption 
plots of Ru@MCCs (Figure  2 b) also show a type IV isotherm. 
The specifi c surface area of Ru@MCCs is 358.3 m 2  g −1  with a 
pore volume of 2.61 cm 3  g −1 . Furthermore, Ru@MCCs shows 
similar pore-size distribution to MCCs, which confi rms that the 
pore channels of MCCs are not blocked by the loading of Ru 
nanocrystals. 

 The electrochemical performance of MCCs as cathode cata-
lysts was examined in aprotic Li–O 2  cells and compared with 
carbon black (CB) catalysts in the dimethyl sulfoxide (DMSO)-
based electrolyte (0.1  M  LiClO 4  in DMSO). All electrochemical 
measurement results are normalized based on the total weight 
of the cathode catalysts. The discharge/charge performances 
of MCCs and CB catalysts were fi rst examined at 200 mA g −1  
in the voltage range of 2.0–4.6 V at room temperature (as 

shown in  Figure    3  a). The MCC electrode achieved a discharge 
capacity of 26 100 mA h g −1 , which is much higher than that 
of CB electrode (6240 mA h g −1 ). For the charge process, the 
charge capacity of the MCC electrode is 16 090 mA h g −1 , which 
is also much higher than that of CB electrode (3933 mA h g −1 ). 
Both CB electrode and MCC electrode show capacity decrease 
in the following cycles (Figure S3, Supporting Informa-
tion). The capacity fading of Li–O 2  batteries with pristine 
carbon materials should be caused by the accumulation of by-
products in the porous oxygen electrode. Those by-products 
formed during charge/discharge processes cannot be totally 
decomposed in the subsequent charge process, which occupy 
the pore space of the oxygen electrode and induce capacity 
fading. After the discharge current density increased, the 
MCC electrode delivered high discharge capacities of 
22 390 mA h g −1  at 500 mA g −1 , 18 280 mA h g −1  at 1000 mA g −1 , 
and 12 100 mA h g −1  at 2000 mA g −1  (Figure  2 b). Meanwhile, the 
CB electrodes exhibited discharge capacities of 4770 mA h g −1  
at 500 mA g −1 , 3530 mA h g −1  at 1000 mA g −1 , and 
2410 mA h g −1  at 2000 mA g −1  (Figure  2 c). The MCC catalysts 
show capacity retention of 46.3% when the discharge current 
densities increase from 200 to 2000 mA g −1 , which is higher 
than that of CB catalysts (38.6%) as well as the previously 
reported porous graphene catalysts (27.8% capacity retention, 
pore size about 60 nm). [ 46 ]  The signifi cantly improved high 
current rate performance of MCC catalysts could be ascribed 
to the unique hierarchical porous structure of the cathodes, 
which can facilitate oxygen diffusion, electrolyte impregnation, 
and accommodation of discharge products during the charge 
and discharge processes.  
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 Figure 2.    The nitrogen adsorption/desorption isotherms and pore-size distribution of a) MCCs and b) Ru@MCCs. c) XRD patterns of MCCs and 
Ru@MCCs. d) TGA curve of Ru@MCCs.
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 The morphologies of the pristine and discharged CB and 
MCC electrodes were analyzed by FESEM. The SEM observa-
tions were performed for electrode at the fully discharge state 
to 2.0 V and charge state to 4.6 V at the current density of 
1000 mA g −1 . For the CB electrode, the discharge capacity is 
3610 mA h g −1  after discharge to 2.0 V at the current den-
sity of 1000 mA g −1 . For the MCC electrode, the discharge 
capacity is 18 190 mA h g −1  after discharge to 2.0 V at the 
current density of 1000 mA g −1 . From the low-magnifi cation 
SEM image in  Figure    4  a, we can observe that CB electrode 
consists of densely agglomerated CB nanoparticles. All nano-
sized voids of CB electrode are formed between CB nanopar-
ticles (inset in Figure  4 a). After discharge to 2.0 V at the cur-
rent density of 1000 mA g −1 , the CB electrode is covered by 
discharge products with a plate-like shape (Figure  4 b,c). While 
for the MCC electrode discharged to 2.0 V at the current den-
sity of 1000 mA g −1 , the surface is much rough with many big 
voids formed between MCCs (Figure  4 d). After discharge at 
the same current density, we observed that carbon nanocubes 
were covered by toroidal-shape products (Figure  4 e,f). Each 
toroidal discharge product consists of bundles of nanosheets, 
which is consistent with the previous reports. [ 21,47 ]  The dis-
charge products of both CB and MCC electrodes after fi rst 
discharge were analyzed by XRD as shown in Figure S2 (Sup-
porting Information). The dominant discharge products after 
the fi rst discharge can be identifi ed to be Li 2 O 2  for both elec-
trodes. This indicates that the dominant reactions in DMSO-
based electrolyte are ORRs. Based on the ex situ SEM analysis, 
we can conclude that the structure of oxygen electrodes can 

signifi cantly infl uence the morphology of Li 2 O 2  formation 
during the ORRs.  

 The previous report demonstrated that the growth mecha-
nism of Li 2 O 2  in Li–O 2  batteries depends on the current rate 
that governs the electrochemical pathway. [ 48 ]  Low current den-
sity favors the formation of large toroidal nanocrystalline per-
oxide aggregates via solution dismutase on the surface of the 
electrode. With the increase of the current density, the number 
of toroids increases and their relative size decreases. At high 
current densities, Li 2 O 2  favors to form thin fi lm with much 
less crystalline product. The signifi cant differences of the mor-
phology of Li 2 O 2  on different electrodes imply that the actual 
current density during the Li 2 O 2  formation should be different 
with the increase of the depth of discharge. The schematic 
illustrations of the electrode morphology changes before and 
after discharge are shown in  Figure    5  . For the CB electrode, 
the nanopores are formed between CB nanoparticles. During 
the discharge process, the nanopores are easily to be blocked by 
the discharge products in the initial discharge process. Only the 
surface of the CB electrode maintains active for further Li 2 O 2  
formation (Figure  5 a). This means that the actual local current 
density for the Li 2 O 2  growth becomes signifi cantly higher than 
that at the initial discharge stage after the nanopores inside the 
electrode are blocked. After fully discharging the CB electrode 
to 2.0 V, we observed that the plate-shape Li 2 O 2  grew on the sur-
face of the electrode, which is much smaller than that grew on 
the MCC electrode (Figure  4 c,f). The MCC electrode consists 
of carbon nanocubes (Figure  5 b). Each carbon nanocube con-
tains numerous mesopores, which can facilitate the electrolyte 
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 Figure 3.    a) The charge/discharge profi les of Li–O 2  cells with MCC and CB catalysts in the fi rst cycle at 200 mA g −1  in the voltage range of 2.0–4.6 V in a 
LiClO 4 /DMSO electrolyte. Discharge curves of Li–O 2  cells with b) MCC and c) CB catalysts at different current densities in a LiClO 4 /DMSO electrolyte. 
d) Capacity retention capability of Li–O 2  cells at different current densities.
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impregnation and oxygen diffusion. Furthermore, large amount 
of macropores is also formed between carbon nanocubes. After 
discharging the MCC electrode at relatively high current den-
sity (1000 mA g −1 ), large amount of discharge products was 
randomly deposited on the porous oxygen electrode (Figure  5 b). 
The mesopores inside carbon nanocubes can be easily chocked 
during the discharge process. However, the macropores are dif-
fi cult to be blocked even after fully discharging the electrode to 
2.0 V (Figure  4 f). There are enough spaces inside the oxygen 
electrode for the growth of toroidal-shaped Li 2 O 2  on the surface 
of carbon nanocubes (Figure  5 b). Therefore, the MCC elec-
trode containing macropores and mesopores showed higher 
discharge capacity and better rate capability than the CB elec-
trode with only nanopores. The galvanostatic charge/discharge 
test and SEM analysis of the pristine and discharged electrodes 
clearly illustrated that the pore-size structure of the oxygen elec-
trode is essential to improve the electrochemical performance 
of Li–O 2  batteries.  

 As reported previously, the OER activity of carbon materials 
is not suffi cient for high-performance Li–O 2  batteries. [ 9,17,22,30 ]  
It is a promising strategy through functionalization of porous 
carbon materials with other high OER catalysts to form porous 
nanocomposites. Ru nanocrystals have been demonstrated 
to be an effective cathode catalyst for OERs in aprotic electro-
lyte. [ 40–42,44–46 ]  Therefore, we further loaded Ru nanocrystals on 
MCCs to enhance the OER activity. The galvanostatic charge/
discharge measurements were carried out to evaluate the elec-
trochemical performances of Ru@MCCs at room temperature. 
The electrolyte, 1.5  M  LiNO 3  in DMSO (LiNO 3 /DMSO), was 
used, which has a good stability toward lithium metal anode 
and forms a stable solid-electrolyte interphase layer between 
the lithium anode and electrolyte. [ 49 ]  Li–O 2  cells with pristine 
MCC catalysts were also tested in the same condition as a com-
parison.  Figure    6  a shows the charge/discharge voltage profi les 
of different catalysts in the fi rst cycle under voltage limitation. 
As shown in Figure S4 (Supporting Information), the discharge 
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 Figure 4.    SEM images of a) pristine and b,c) fi rst discharged CB electrodes, d) pristine and e,f) fi rst discharged MCC electrodes in the LiClO 4 /DMSO 
electrolyte. The inset in (a) is high-magnifi cation SEM image of pristine CB electrode.

 Figure 5.    Schematic illustrations of the electrode morphology changes before and after discharge. a) The deposition process of plate-shape Li 2 O 2  on 
the CB electrodes. b) The deposition process of toroidal-shape Li 2 O 2  on the MCC electrodes.
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capacity and voltage plateau of the MCC electrode in LiNO 3 /
DMSO electrolyte are similar to that in LiClO 4 /DMSO elec-
trolyte (Figure  3 a). However, during the subsequent charge 
process, the MCC electrode shows much lower charge overpo-
tential in LiNO 3 /DMSO electrolyte than that in LiClO 4 /DMSO 
electrolyte (Figures  3 a and  6 a). The signifi cantly decreased 
charge voltage plateau in LiNO 3 /DMSO electrolyte compared 
with that in LiClO 4 /DMSO electrolyte could be ascribed to the 
NO 2  − /NO 3  −  redox couple, which acts as a soluble electrocatalyst 
during the charge process. [ 49 ]  For the Ru@MCC electrode, the 
discharge plateau of Ru@MCC electrode is 2.82 V at 200 mA g −1 , 
which is higher than that of MCC electrode (2.68 V). Further-
more, the Ru@MCC electrode shows a charge voltage plateau 
at 3.1 V with the charge overpotential of 0.14 V. The energy effi -
ciency of Ru@MCC electrode in the fi rst cycle is 86.2%, which 
is also much higher than that of MCC electrodes. Recent report 
from Bruce's group clarifi ed that the side reactions between 
carbon materials and the discharge products and electrolytes 
signifi cantly increased after the charge voltage increased above 
3.5 V in DMSO-based electrolyte. [ 50 ]  The Ru@MCC catalysts 
can signifi cantly decrease most of the charge potential under 
3.5 V, which is crucial to stabilize the operation of Li–O 2  
batteries. [ 8,41,44,46 ]   

 The ORR mechanism in the discharge process has been 
intensively studied. In the presence of lithium ions in a non-
aqueous electrolyte, the reduction of oxygen fi rst forms LiO 2  
as the intermediate. Then, the unstable LiO 2  disproportionates 
to Li 2 O 2  or reacts with another Li +  to form Li 2 O 2 . [ 7,48 ]  In the 
charge process, the decomposition of Li 2 O 2  during the charge 

process could undergo through two different pathways. [ 51,52 ]  
The fi rst pathway is associated with the delithiation of Li 2 O 2  to 
form LiO 2 -like species in the fi rst step via a solid-solution route 
(Equation  ( 1)  ). In the second step, the metastable LiO 2  dis-
proportionates to evolve O 2 , yielding an overall 2e − /O 2  oxygen 
evolution process (Equation  ( 2)  ). The second pathway involves 
direct electrochemical decomposition of Li 2 O 2  to form Li +  and 
O 2  via a two-phase transition (Equation  ( 3)  )

    Li O Li e LiO2 2 2→ + ++ −
  (1)  

    LiO LiO Li O O2 2 2 2 2+ → +   (2)  

    Li O 2Li 2e O2 2 2→ + ++ −
  (3)   

 The charge overpotential of the decomposition of Li 2 O 2  
through the fi rst pathway is much lower than that through the 
second pathway. The low charge overpotential of Ru@MCC 
electrode (0.14 V) implies that the deposition of Li 2 O 2  should 
follow the delithiation mechanism. 

 The cycling performances of Ru@MCC catalysts were fi rst 
examined in the voltage range of 2.0−4.1 V at 1000 mA g −1  (Figure 
S5, Supporting Information). Even at an increased charge/dis-
charge current density, the Ru@PGE-2 catalysts still achieved 
a charge voltage plateau lower than 4.0 V. The cycling perfor-
mances of Li–O 2  batteries with Ru@MCC and MCC catalysts 
were further investigated under capacity limitation. Figure  6 b 
shows the charge/discharge profi les of the Ru@MCC electrode 
at 400 mA g −1  by curtailing the capacity to 1000 mA h g −1 . 
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 Figure 6.    a) Charge/discharge profi les of Li–O 2  batteries with Ru@MCC and MCC as cathode catalysts at 200 mA g −1  under voltage limitation in 
a LiNO 3 /DMSO electrolyte. Charge/discharge profi les at different cycles of Li–O 2  battery with b) Ru@MCC and c) MCC catalysts at 400 mA g −1  by 
curtailing the capacity to 1000 mA h g −1  in the voltage range of 2.0–4.5 V in a LiNO 3 /DMSO electrolyte. d) The discharge and charge capacity versus 
cycle number in (b) and (c).
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There is no signifi cant change of the charge/discharge voltage 
profi les and loss of specifi c capacity up to 120 cycles, indi-
cating the excellent reversibility of the Ru@MCC electrode. The 
Ru@MCC electrode also show high energy effi ciency of 79.82% 
in the fi rst cycle, which is still maintained at 79.83% at the 
120th cycle (Figure S6, Supporting Information). The energy 
effi ciency of the Ru@MCC electrode in LiNO 3 /DMSO electro-
lyte is higher than the previous reports. [ 41–46 ]  For the bare MCC 
electrode, the discharge voltage plateau began to decrease from 
the fi fth cycle and the discharge capacity dramatically decreased 
after the sixth cycle (Figure  6 c,d). 

 The morphologies of the discharged and charged Ru@MCC 
electrodes under capacity limitation were further analyzed by 
FE-SEM. After discharging the cell to 1000 mA h g −1  in the fi rst 
cycle, many Li 2 O 2  nanoplates were anchored on the surface of 
the porous carbon nanocubes ( Figure    7  a). After fi rst charge, all 
the discharge products disappeared (Figure  7 b). The Fourier 
transform infrared spectroscopy (FTIR) spectra in Figure S7 
(Supporting Information) further demonstrated the formation 
and decomposition of Li 2 O 2  after fi rst discharge and charge. 
In the 50th cycle, we also observed the formation and decom-
position of Li 2 O 2  nanoplates by FESEM images (Figure  7 c,d). 
The FTIR spectra in Figure S7 (Supporting Information) also 
demonstrated the formation and decomposition of Li 2 O 2  and 
other byproducts in the 50th discharge and charge. The SEM 
observation and FTIR measurement indicate that the dominant 
reactions of Li–O 2  batteries with Ru@MCC catalysts are the 
ORRs and OERs during cycling. The above results demonstrate 
that Li–O 2  cells with Ru@MCC catalysts can operate reversibly 
with high energy effi ciency, and good cycling stability under the 
curtailing capacity. The signifi cantly improved electrochemical 
performance could be attributed to the unique architecture of 
MCCs combined with the highly effi cient Ru nanocrystal cata-
lysts. MCCs provide suffi cient spaces to accommodate the dis-
charge products, thus effectively reducing the volume change 
during the charge/discharge. Furthermore, the Ru nanocrystals 
can signifi cantly reduce the charge overpotential. This effect 

not only increases the energy effi ciency but also reduces the 
electrolyte decomposition at high charge voltages. [ 50 ]  Therefore, 
the Li–O 2  batteries with Ru@MCC catalysts exhibit excellent 
cycling performance during charge/discharge.   

  3.     Conclusion 

 In summary, MCCs were successfully synthesized by a hard 
template method through a CVD process. MCCs contain 
not only numerously mesopores but also large amount of 
macropores formed between individual carbon nanocubes. The 
hierarchical pore structure in the oxygen electrode could facili-
tate the oxygen diffusion and electrolyte impregnation and pro-
vide large space to accommodate insoluble discharge products 
(e.g., Li 2 O 2 ). Li–O 2  batteries with MCCs as cathode catalysts 
delivered a discharge capacity of 26 100 mA h g −1  at 200 mA g −1  
and 12 100 mA h g −1  at 2000 mA g −1 , demonstrating a good 
oxygen reduction activity. After functionalized with Ru 
nanocrystals, the Ru-loaded carbon nanocube composite cata-
lysts exhibit a signifi cantly reduced charge overpotential, high 
round-trip energy effi ciency, and excellent cycling stability.  

  4.     Experimental Section 
  Materials Preparation : MCCs were synthesized through a hard 

template method. MnCO 3  cubes were synthesized in the fi rst step. In a 
typical synthesis process: 3.5 mmol MnSO 4 ·H 2 O, 100 mmol (NH 4 ) 2 SO 4 , 
and 35 mL ethanol were dissolved in 350 mL deionized water under 
strong stirring at 50 °C. Then, 350 mL (NH 4 ) 2 CO 3  solution (0.15  M ) 
was added into the above solution under vigorous stirring for 9 h. The 
precipitation was collected by fi ltration, washed with deionized water 
several times and dried at 80 °C under vacuum for 12 h. MnO cubes were 
obtained after annealing the precursor at 600 °C for 5 h in air. Carbon-
coated mesoporous MnO cubes were synthesized via a chemical vapor 
deposition (CVD) method: MnO nanocubes were placed in a quartz 
tube furnace and preheated to 650 °C in Ar atmosphere. Then, acetylene 
(10 vol% in Ar) was introduced with a fl ow rate of 100 sccm for 1 h. 
After cooling down to room temperature, the obtained composite was 
washed with 1  M  HCl for 24 h to remove MnO templates. MCCs were 
obtained after washed by distilled water and dried at 80 °C in a vacuum 
oven overnight. Ruthenium functionalized MCCs were prepared by an 
impregnation method. MCCs (35 mg) were dispersed in RuCl 3  (Ru, 
15.0 mg)/ethanol (10 mL) solution with constant gentle stirring at room 
temperature for 24 h in a sealed bottle. Then the bottle was opened and 
the mixture was dried under room temperature with continuous stirring. 
The dried sample was then heat treated at 300 °C for 3 h under 5% H 2 /
Ar atmosphere to obtain the fi nal product. 

  Characterization : Field-emission scanning electron microscopy (FE-
SEM, Zeiss Supra 55VP) and transmission electron microscopy (TEM, 
model JEM-2011, JEOL) were used to investigate the morphologies 
of the as-prepared materials and the air electrode before and after 
discharge. XRD pattern measurement was conducted on a Siemens 
D5000 X-ray diffractometer using Cu Kα radiation. During the XRD 
analysis, the discharged cathode electrodes were enclosed in a thin 
transparent polymer fi lm to reduce their exposure to the ambient 
atmosphere. Nitrogen-sorption measurements were carried out at 
77 K with a Micromeritics 3Flex surface characterization analyzer. The 
Brunauer-Emmett-Teller (BET) method was used to calculate the specifi c 
surface area. The pore-size distribution was derived from the adsorption 
branch of the isotherm by using the Barrett–Joyner–Halenda method. 
The total pore volume was calculated from the amount adsorbed 
at a maximum relative pressure,  P / P  0 . Thermogravimetric analysis 

 Figure 7.    SEM images of Ru@MCC electrodes at different discharge/
charge states cycling at 400 mA g −1  by curtailing the capacity to 
1000 mA h g –1  in a LiNO 3 /DMSO electrolyte. a) After fi rst discharge, b) after 
fi rst charge, c) after 50th discharge, and d) after 50th charge. The insets in (a) 
and (c) show the toroidal-shaped discharge product at high magnifi cation.
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was carried out using a TA Instruments SDT 2960 at a heating rate of 
10 °C min −1  in air. Infrared spectroscopy was carried out using an Agilet 
Cary 630 spectrometer in an argon-fi lled glove box. 

  Electrochemical Measurements : The oxygen diffusion electrodes were 
prepared by the following procedure. The catalyst slurry was prepared by 
mixing the as-prepared catalysts (90 wt%) with poly(tetrafl uoroethylene) 
(10 wt%) in isopropanol. The mixture was then coated on a glass fi ber 
separator. The cathode fi lm was punched into discs with a diameter of 
14 mm and dried at 110 °C in a vacuum oven for 12 h. The typical 
loading of the air electrode is about 0.5 mg catalyst  cm −2 . Swagelok-type cell 
with an air hole (0.785 cm 2 ) on the cathode side was used to investigate 
the charge/discharge performance. The Li–O 2  cells were assembled in 
an Ar-fi lled glove box (Mbraun) with water and oxygen level less than 
0.1 ppm. A lithium foil was used as the anode and was separated by a 
glass microfi ber fi lter, soaked in 0.1  M  LiClO 4  or 1.5  M  LiNO 3  in dimethyl 
sulfoxide electrolyte. Li foils were kept in 0.1  M  LiClO 4 /propylene 
carbonate electrolyte with 5 vol% fl uoroethylene carbonate for 3 d before 
being used as the anode in Li–O 2  cells containing 0.1  M  LiClO 4 /DMSO 
electrolytes. The Li foils were rinsed with DMSO to remove any residual 
carbonate electrolytes. For the Li–O 2  cells containing 1.5  M  LiNO 3 /
DMSO electrolytes, the Li foils were directly used without treatment. 
The anhydrous DMSO solvent was distilled by 4 Å molecular sieves 
for several weeks and LiClO 4  and LiNO 3  was dried under vacuum at 
150 °C before use. The cell was gas-tight except for the stainless steel 
mesh window that exposed the porous cathode fi lm to the oxygen 
atmosphere. All measurements were conducted in 1 atm dry oxygen 
atmosphere to avoid any negative effects of humidity and CO 2 . 
Galvanostatic discharge/charge was conducted on a Neware battery 
testing system. The current densities and specifi c capacities were 
calculated based on the total mass of catalysts in the electrodes.  
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