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pseudocapacitors. Compared with EDLC, 
pseudocapacitor has faradic redox reac-
tions between electrode and adsorbed/
inserted electrolyte ions, storing an energy 
10–100 times that of EDLCs. [ 3 ]  According 
to the energy storage mechanisms, more 
ion-accessible sites and fast ion diffu-
sion are crucial for an electrode material 
to have a high rate capability and thus be 
used effi ciently no matter whether as an 
EDLC or a pseudocapacitor. To meet the 
demands for high performance superca-
pacitors, researchers reduced the diffusion 
resistance in the solid phase by decreasing 
the size and thus shortening the diffu-
sion paths, [ 4 ]  facilitated the ionic diffusion 
between solid phase and electrolyte by 
constructing well-designed morphology 
or porous structure [ 5 ]  and even loaded very 
small quantity of active mass to achieve a 
high capacitance. These strategies could 
effectively improve the diffusion and inter-
calation/deintercalation on the surface/
interface of the electrode material, but 

the low ionic diffusion inside the solid phase is still unsolved 
essentially because of the closed state of the structure units for 
most electrode materials. 

 Transition metal dichalcogenides/oxides with layered struc-
tures consisting of van der Waals bonded the inplane 2D crys-
tals, are very attractive materials for charge storage because 
of their ability to intercalate ions at a wide range of sites. [ 6 ]  
MoS 2  nanowall fi lms with a high density of basal edges were 
reported to have a large number of accessible “entry” sites 
whereby intersheet diffusion of ion can occur for faradic reac-
tion to enhance the charge storage capability. [ 7 ]  However, the 
faradic process was observable only at very low scan rates due 
to the very slow ion diffusion process in the interlayers. The 
mesoporous layered crystalline MoO 3  domains, in which Li +  
ions were inserted into the van der Waals gaps, were synthe-
sized, and exhibited an increased charge-storage capacity com-
pared with the nonporous crystalline MoO 3  or mesoporous 
amorphous material. [ 8 ]  It can be anticipated that this kind of 
layered materials would exhibit more available reaction sites in 
the interlayers compared with other electrode materials. Nev-
ertheless, controlling the corresponding electrode material as 
thin fi lm or with a porous structure is necessary due to a small 
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  1.     Introduction 

 Electrochemical supercapacitors have the advantages of deliv-
ering a higher density of power than rechargeable batteries 
and storing a higher density of energy than conventional elec-
trostatic capacitors. [ 1 ]  However, to achieve a wide application, 
a high rate capability and a long cycle life are two of the key 
challenges for supercapacitors. [ 2 ]  Supercapacitors are mainly 
classifi ed as electrical double layer capacitors (EDLCs) and 
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interlayer distance and a high charge-transfer resistance in the 
bulk materials. Another interesting attempt is to exfoliate the 
bulk layered compounds into few-layered 2D nanosheets and 
assembled with graphene layer-by-layer to lower the charge-
transfer resistance and thus obtain a high capacitance. Several 
composites have been designed for supercapacitor applica-
tion, such as VOPO 4 /graphene hybrid fi lm, [ 9 ]  ultrathin MnO 2 /
graphene hybrid nanostructure, [ 10 ] β-Ni(OH) 2 /graphene nano-
hybrids, [ 11 ]  and Co–Al hydroxide nanosheets/graphene mul-
tilayer fi lms. [ 12 ]  This kind of hybrid structure stacked layer-
by-layer can tailor the distance between each sheet and open 
up the interlayer space to allow for more electrolyte ions to 
penetrate effi ciently into the hybrid fi lm during charging/dis-
charging processes. Meanwhile, the introduction of graphene 
layer could make the whole composite with a good electronic 
conductivity as the poor electrical conductivity of transition 
metal oxides severely affects their specifi c capacitance, espe-
cially the high rate capacity. Hence, improving the electrical 
conductivity of electrode materials is as important as lowering 
the ion diffusion resistance for obtaining a high energy storage 
performance. 

 In general, the layer-by-layer stacked structure has the advan-
tage of obtaining a better electrochemical performance com-
pared with those large-size electrode materials mechanically 
mixed with the conductive additives. However, research on this 
aspect is at the initial stage because of the following reasons: 
(1) The exfoliation process of the bulk layered compounds is 
complicated and should be strictly controlled. [ 13 ]  Moreover, the 
yield of monolayered, or few-layered 2D nanosheets is very 
low (usually several mg mL −1 ), [ 14 ]  meaning hard for large scale 
application. (2) In the liquid-phase exfoliation, certain organic 
solvent with an appropriate surface energy was used to remove 
the drive force for the reaggregation of exfoliated nanosheets 
in recently reported strategies. [ 15 ]  Sometimes, surfactant or 
polymer was needed to provide nanosheets with an electro-
statical or a sterical stability. [ 16 ]  These additives are expensive, 
toxic, and diffi cult to remove. Besides, the remained additives 
would infl uence the physical and chemical properties of the 
obtained nanosheets for their further device application. [ 17 ]  
(3) In general, in turn vacuum fi ltration was often used to pre-
pare hybrid nanostructure/fi lm and this technology is hard to 
completely realize the layer-by-layer combination. In addition, 
the pure monolayered 2D sheets are few and they would be 
restacked and aggregated more or less, leading to the recon-
struction and inhomogeneous distribution of constituents in 
the products. [ 9–11 ]  

 Herein, using layered α-MoO 3  as the starting material, a 
facile and controllable method was used to in situ produce a 
unique sandwich MoO 3 /C hybrid nanostructure assembled of 
α-MoO 3  and graphene at a molecular level. The dodecylamine 
(DDA) was used as an intercalating agent to result a DDA-
intercalated MoO 3  nanocomposite (MoO 3 /DDA). The interca-
lated DDA was then in situ carbonized to achieve the assembly 
of MoO 3  and graphene layers stacked alternatively. As elec-
trode material for supercapacitor, this kind of sandwich hybrid 
nanostructure had the advantages of more ion-accessible sites, 
rapid ion/electron transmission, and excellent structure sta-
bility, giving rise to outstanding rate capability and cycling 
stability.  

  2.     Results and Discussion 

  2.1.     The Structure and Morphology of the Hybrid 
Nanostructures 

 Briefl y, the fabrication process of sandwich MoO 3 /C hybrid 
nanostructures for high-performance supercapacitor is sche-
matically shown in  Figure    1  a. Due to the alcoholysis of 
CH 3 (CH 2 ) 11 NH 2  and the requirement of electric neutrality, 
CH 3 (CH 2 ) 11 NH 3  +  ions were intercalated into the interlayers 
of MoO 3 , which was proved by XRD results. As shown in 
Figure  1  b, the commercial MoO 3  has the typical intense refl ec-
tions of layered structure (JCPDS: 35-0609), with an interlayer 
spacing  d  010  of 0.69 nm (2 θ  = 12.86°). As for MoO 3 /DDA, fi ve 
sharp (0 k 0) peaks at low angles (2°–15°) overwhelmingly domi-
nate the diffraction pattern. Moreover, the interlayer spacing 
 d  010  of MoO 3  was greatly increased to 3.13 nm (2 θ  = 2.82°), 
indicating the successful intercalation of DDA into MoO 3 . Since 
the length of DDA molecule is ≈1.78 nm, [ 18 ]  it can be estimated 
that a bilayer arrangement of DDA molecules was formed in 
the interlayers of MoO 3  (see Figure  1 a). 

  Upon calcination of MoO 3 /DDA, the interlayered DDA 
molecules would be in situ carbonized. As shown in Figure 
 1 a, after calcination at 400 and 600 °C, the intercalation struc-
tures at a molecular level are still remained, being composed 
of MoO 3  and graphene layers. Due to the conversion of DDA 
to carbon and the simultaneous removal of small molecules, 
the (010) refl ection peak was largely weakened and shifted to 
2 θ  = 4.15° and 4.85°, respectively (inset of Figure  1 b). It can 
be calculated that the interlayer spacings of the resulted MoO 3  / 
C-400 and MoO 3  / C-600 are 2.17 and 1.80 nm, respectively. How-
ever, as the carbonization temperature was further raised up to 
750 °C, the characteristic (010) diffraction peak disappeared 
and new diffraction peaks referred to Mo 2 C (marked with tri-
angle) and MoO 2  (labeled with circle) appeared in MoO 3  / C-750, 
indicating that the ordered intercalation structure was collapsed 
and new crystal phases were formed due to the reaction of 
the interlayered carbon with molybdenum oxide layer. No sig-
nifi cantly characteristic peaks of MoO 3  in MoO 3 /DDA, MoO 3 /
C-400, MoO 3 /C-600, and MoO 3 /C-750 could be observed in 
XRD patterns, the possible reason might be the destruction of 
the long range order of MoO 3  bulk crystals due to the intercala-
tion of guest molecules such as DDA and carbon. 

 As shown in SEM images ( Figure    2  ), the commercial MoO 3  
is full of rather uniform plates with a micrometer-size. MoO 3 /
DDA, MoO 3 /C-400, and MoO 3 /C-600 are all comprised of 
lamellar plates, but the plate thickness is gradually decreased. 
This suggests that the intercalated guests shrink and become 
compact with the increased annealing temperature, which 
is in accordance with the interlayer spacing calculated from 
XRD patterns. In addition, the elemental mapping images also 
confi rm the uniform distribution of C, Mo, and O in MoO 3 /
C-400 and MoO 3 /C-600 (Figure S1, Supporting Information 
and Figure  2 f). By comparison, the SEM image (Figure  2 e) of 
MoO 3 /C-750 presents that the plates are not smooth and fl at, 
and the inset magnifi ed image shows that the plates appeared 
in MoO 3 /C-400 and MoO 3 /C-600 are split off and many thinner 
slices are formed with some small particles of Mo 2 C, MoO 2 , 
and carbon discontinuously dispersed on the surface. 

Adv. Funct. Mater. 2015, 25, 1886–1894

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



FU
LL

 P
A
P
ER

1888 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  Since the sandwich MoO 3 /C hybrid nanostructures were 
synthesized by the in situ carbonization of the intercalated 
organic agent DDA, the carbon structure formed in the inter-
layers needs to be clearly investigated. To completely remove 
MoO 3  host layers, the typical sample MoO 3 /C-600 was selected 
as an example to be immersed in 2 mol L −1  NaOH solution with 
continually stirring for 24 h and then fi ltered and washed with 
deionized water and ethanol for three times. The energy-disper-
sive X-ray (EDX) analysis (inset of Figure  1 c) demonstrated that 
MoO 3  host layers were totally removed and only carbon left. The 

morphology of lamellar plates is largely retained (Figure  1 c) 
and the dimension of these plates is smaller than that of MoO 3  
layers. As shown in Figure  1 d, the intercalated carbon layers are 
composed of few-layered graphene with a large area. 

 Raman spectra were recorded to further study the nature 
of graphene formed in the samples. As shown in Figure S2a, 
Supporting Information, the characteristic signals located at 
around 1350 and 1580 cm −1  are attributed to D-band from 
disordered carbon and G-band from graphene, respectively. [ 19 ]  
It is noted that the intensity ratio of these two bands ( I  D / I  G ) 
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 Figure 1.    a) Schematic illustration for the fabrication of sandwich MoO 3 /C hybrid nanostructures. b) Large and small angle (inset) XRD patterns of 
α-MoO 3 , MoO 3 /DDA, MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750, respectively. c) SEM and d) TEM images of the interlayered graphene obtained 
by dissolving MoO 3 /C-600 in 2 mol L −1  NaOH solution to eliminate host MoO 3  layers; the inset of (c,d) are EDX spectrum and HRTEM image of the 
selected region, respectively.

 Figure 2.    SEM images of a) α-MoO 3 , b) MoO 3 /DDA, c) MoO 3 /C-400, d) MoO 3 /C-600, and e) MoO 3 /C-750 (insets are enlarged images). f) Elemental 
mapping images of MoO 3 /C-600.
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is lower in MoO 3 /C-600 and MoO 3 /C-750 than that in MoO 3 /
C-400, refl ecting a high degree of graphitization in the 
obtained products at a relatively high carbonization tempera-
ture. This result was also confi rmed by the elemental analysis. 
As listed in Table S1, Supporting Information, the oxygen 
content and C/H molar ratio were determined as 31.0 wt% 
and 10.0 in MoO 3 /C-400 and 25.8 wt% and 22.3 in MoO 3 /C-
600, respectively. The carbonization at a higher temperature 
removed more noncarbon constituents and made the interca-
lation structure more compact. Accordingly, the oxygen con-
tent would be sharply declined and the molar ratios of C/N 
and C/H increased with the annealing temperature. A high 
degree of graphitization can improve the electronic conduc-
tivity of the products, being favorable for obtaining satisfi ed 
electrochemical performance. 

 Figure S2b, Supporting Information, shows N 2  adsorption/
desorption isotherms and the corresponding pore size distri-
bution curves of MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750, 
respectively. All three samples have a porous structure and a 
large Brunauer–Emmett–Teller (BET) specifi c surface area. The 
BET specifi c surface areas of MoO 3 /C-400, MoO 3 /C-600, and 
MoO 3 /C-750 are 122, 129, and 130 m 2  g −1 , respectively. By com-
parison, MoO 3 /C-600 demonstrates a more uniform bimodal 
pore size distribution. The porous structure and a large specifi c 
surface area would be benefi cial for the charge storage of the 
electrode materials. 

 A high-resolution X-ray photoelectron spectroscopy (XPS) 
measurement was carried out in order to investigate the chem-
ical composition and valence states of Mo and C.  Figure    3  a–c 
show XPS spectra of Mo 3d region for MoO 3 /C-400, MoO 3 /
C-600, and MoO 3 /C-750. For MoO 3 /C-400 and MoO 3 /C-600, 
the peaks at 232.2 and 235.1 eV are attributed to 3d 5/2  and 3d 3/2  

of Mo 6+ , respectively. The low energy peak at 229.4 eV can be 
assigned to Mo 4+  3d 5/2 , due to the partial reduction of Mo 6+  
occurred in the carbonization process. The amount of Mo 4+  is 
very low in these two samples and most of Mo species exists 
as Mo 6+  (Table S2, Supporting Information). By comparison, 
the amount of Mo 4+  is obviously increased in MoO 3 /C-750, 
indicating that the reduction of Mo 6+  is relatively easy at a high 
temperature and most Mo 6+  species are reduced to Mo 5+ . Corre-
spondingly, the peak position is shifted from 232.2 (Mo 6+  3d 5/2 ) 
to 231.6 eV (Mo 5+  3d 5/2 ) (Figure  3 c). In addition, a new energy 
peak of Mo 2+  (3d 5/2 ) appears at 227.6 eV due to the formation of 
a new phase Mo 2 C (see XRD in Figure  1 b). 

  Figure  3 d–f show XPS spectra of C 1s region for MoO 3 /C-400, 
MoO 3 /C-600, and MoO 3 /C-750. The energy peak at 283.9 eV 
is attributed to C-H, while that at 284.8 eV can be assigned to 
the intercalated carbon. [ 20 ]  As listed in Table S3, Supporting 
Information, the amount of C–H was decreased from 62.1% 
to 47.1% as the carbonization temperature was increased from 
400 to 600 °C. Meanwhile, the content of intercalated carbon 
was increased from 21.9% in MoO 3 /C-400 to 35.8% in MoO 3 /
C-600. Because the intercalated carbon further reacted with 
MoO 3  host layers and the layered structure was destroyed, the 
content of intercalated carbon in MoO 3 /C-750 is decreased 
compared with that in MoO 3 /C-600. 

 In view of the resulted sandwich, MoO 3 /C hybrid composite 
could be an ideal structure for fast diffusion of H +  ions into 
the interlayer region for the reduction of metal ions to store 
the charge, cyclic voltammetry (CV), galvanostatic charge–
discharge, and impedance measurements were performed with 
a three-electrode cell in 1  M  H 2 SO 4  electrolyte to evaluate the elec-
trochemical and electric performance of MoO 3 /C-400, MoO 3 /
C-600, and MoO 3 /C-750.  
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 Figure 3.    XPS patterns of a,d) MoO 3 /C-400, b,e) MoO 3 /C-600, and c,f) MoO 3 /C-750 in the Mo 3d and C 1s regions, respectively.
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  2.2.     The Electrochemical Performances of the Hybrid 
Nanostructures 

  Figure    4  a shows CV curves at a scan rate of 5 mV s −1  for 
MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750. The CV loop area 
of MoO 3 /C-400 is the smallest. In addition, redox peaks are 
observed both in MoO 3 /C-600 and MoO 3 /C-750, representing 
the typical behavior of pseudocapacitor originating from faradic 
reaction. Two couples of redox peaks in MoO 3 /C-600 can be 
attributed to the intercalation/extraction of H +  ions into/out of 
α-MoO 3  interlayers and the simultaneous reduction/oxidation 
of Mo 6+  ions as follows [ 21 ] 

 
�H e MoO H MoO+

3
discharge

charge

3+ +−x x x

   

    The CV curve for MoO 3 /C-400 presents an approximately 
rectangular shape without any obvious redox peaks, indi-
cating a typical electrical double-layer capacitance feature 
at a scan rate of 5 mV s −1 . When the potential sweep rate is 
increased from 5 to 100 mV s −1 , the CV curves of MoO 3 /C-
400 (Figure  4 b) remain symmetric and rectangular-like shape 
except the increased current, meaning a good rate capability 
because of the facilitated diffusion of H +  into hybrid nanostruc-
ture. [ 22 ]  In contrast, the CV curve of the commercial MoO 3  pre-
sents an obvious deviation when the scan rate is increased up 
to 100 mV s −1  (Figure S3a, Supporting Information), indicating 
a poor rate capability due to the high internal resistance of the 
electrode. [ 23 ]  The comparative result indicates that the layered 
hybrid structure of MoO 3 /C-400 is benefi cial for the diffusion 
of H +  ions into the interlayers for a double-layer charge storage. 

 MoO 3 /C-600 and MoO 3 /C-750 also have the fast H +  dif-
fusion inside the electrodes and ideal faradic and nonfaradic 
capacitive behavior, because the peak current is proportional to 
the scan rate (see Figure  4 c and Figure S3b, Supporting Infor-
mation). Unlike MoO 3 /C-400, the pseudocapacitance occurs in 
MoO 3 /C-600 due to more void regions accessible for H +  ions 
and its higher electronic conductivity for fast electron trans-
port in the interlayers. It is also supported by the fact that the 
obvious redox peak appears around 0.14 V, but this redox reac-
tion is partially irreversible due to the structural deformation 
of α-MoO 3  host layers during the quick intercalation of H +  for 
faradic reaction. However, due to the unique sandwich hybrid 
structure, the formed graphene between α-MoO 3  layers are 
stable and could act as the buffer to bear the structure change 
of host materials, making the electrode with a good cycling per-
formance even in a fast charge–discharge process. 

  Figure    5  a shows the charge–discharge curves of MoO 3 , 
MoO 3 /DDA, MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750 elec-
trodes collected at a current density of 2 A g −1 . Unlike a double-
layer capacitance for MoO 3 , MoO 3 /DDA, and MoO 3 /C-400, 
both MoO 3 /C-600 and MoO 3 /C-750 showed a slight curvature, 
indicating the representative pseudocapacitance behavior. This 
behavior made a great contribution to the high discharge capa-
bility of these two samples. Moreover, it can be observed that 
both MoO 3  and MoO 3 /DDA have a limited charge–discharge 
duration compared with MoO 3 /C nanohybrid electrode mate-
rials as the ion insertion is limited to the outer surface of elec-
trodes due to the high internal resistance of the bulk structure 
and DDA-intercalated layered structure. 

  As shown in Figure  5 b,c, MoO 3 /C-400, MoO 3 /C-600, and 
MoO 3 /C-750 all have a good discharge capability at current 
rates of 1, 2, 4, 8, and 10 A g −1 . According to the above CV 
results, MoO 3 /C-400 mainly delivers a double-layer capaci-
tance, showing a relative lower capacity compared with MoO 3 /
C-600 and MoO 3 /C-750. The specifi c capacitance of MoO 3 /
C-400 is 137, 122, 115, 111, and 110 F g −1  at 1, 2, 4, 8, and 
10 A g −1 , showing a ≈81% retention even at 10 A g −1  compared 
to that at 1 A g −1 . For MoO 3 /C-750 without an alternatively 
stacked layered structure, it consists of distorted molybdenum 
oxide 2D fl akes coated with MoO 2 , Mo 2 C, and C particles. The 
coated C and Mo 2 C are benefi cial for the electronic conduc-
tivity of the electrode material and may also act as active sites 
for the reversible adsorption/desorption of ions and faradic 
reaction. Hence, MoO 3 /C-750 electrode has a relative higher 
specifi c capacitance of 259, 217, 183, 170, and 169 F g −1  at 1, 2, 
4, 8, and 10 A g −1 , respectively, remaining 65% capacity from 
1 to 10 A g −1 . 

 Among three samples, MoO 3 /C-600 shows the best specifi c 
capacitance of 331, 295, 270, 242, and 234 F g −1  at 1, 2, 4, 8, and 
10 A g −1  and a capacity retention of 71% from 1 to 10 A g −1 . 
This result is better than that in the current reports about 
MoO 3  based electrodes for aqueous supercapacitors. [ 22a , 22c , 24 ]  
Furthermore, when the current density was turned back to 
1 A g −1 , about 98.4% of the initial capacity was recovered, better 
than that of MoO 3 /C-400 (94.7%) and MoO 3 /C-750 (96.7%). 
Moreover, as shown in inset of Figure  5 c, the IR drop for 
MoO 3 /C-600 is lower compared to the published values, such 
as H  x  MoO 3 (0.07 V, 0.5 A g −1 ), MoO 3  (0.33 V, 0.5 A g −1 ), and 
MoO 3 /PPy (0.025 V, 0.67 A g −1 ), [ 22a , 24d ]  further indicating that 
the electrode with an elaborately designed hybrid structure has 
a high electrical conductivity even at a high scan rate. 

 Figure  5 d shows the long-life cycling performance of three 
samples at a high current density of 10 A g −1 . Both MoO 3 /
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 Figure 4.    Cyclic voltammogram curves of a) MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750 at a scan rate of 5 mV s −1 , b) MoO 3 /C-400, and c) MoO 3 /C-
600 electrodes at different scan rates.
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C-400 and MoO 3 /C-750 electrodes exhibit an initial discharge 
capacity of 109 ± 9 and 163±8 F g −1 , respectively. By compar-
ison, MoO 3 /C-600 delivers a remarkably enhanced initial capac-
itance of 232 ± 10 F g −1  and remains more than 87.9% of the 
initial capacitance after 10 000 cycles. The graphene layers have 
a good fl exibility between host α-MoO 3  layers and resist the 
change of structure and mechanical stress during the charge–
discharge process. 

 To evaluate the relationship between energy density and 
power density of the samples, a Ragone plot of energy den-
sity versus power density for MoO 3 /C-400 and MoO 3 /C-600 
is shown in Figure  5 e. The maximum energy density reached 
77.4 W h kg −1  for MoO 3 /C-600 with a reasonable power den-
sity of 0.672 kW kg −1 . At a power density of 5.16 kW kg −1 , the 

corresponding energy density was 57.7 W h kg −1 . Moreover, 
the maximum power density of MoO 3 /C-600 approached to 
12.0 kW kg −1  with an energy density of 41.2 W h kg −1 , which 
is notably higher than that of MoO 3 /C-400 (11.5 kW kg −1 , 
22.3 W h kg −1 ). Overall, MoO 3 /C-600 electrode shows an out-
standing performance of high-energy density (41.2 W h kg −1 ) 
and high-power density (≈12.0 kW kg −1 ) simultaneously, which 
is better than those previous results for all MoO 3 -based elec-
trodes and meets the performance demands for practical power 
applications. [ 22c , 24b , 25 ]  

 Electrochemical impedance spectra (EIS) and the corre-
sponding representation of H +  ions and electron migration 
paths inside sandwich MoO 3 /graphene hybrid composite 
during the charge–discharge process are shown in  Figure    6   to 
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 Figure 5.    Electrochemical characteristics: a) Charge–discharge profi les at a current density of 2 A g −1  in a potential range of −0.2 to 1.1 V. b) Rate 
performance of MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750 electrodes, respectively. c) Charge–discharge profi les of MoO 3 /C-600 electrode at dif-
ferent current densities (inset is the enlarged view of the curves in the relative high voltage). d) Ultralong-life cycling performance of MoO 3 /C-400, 
MoO 3 /C-600, and MoO 3 /C-750 electrodes at a high current density of 10 A g −1 . e) Ragone chart of MoO 3 /C-400, MoO 3 /C-600 electrodes, and other 
previously reported data.

 Figure 6.    a) Nyquist plots of MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /C-750 electrodes (inset is the high-frequency region of Nyquist plot). b) A repre-
sentation shows the bicontinuous paths for H +  ions and fast electron migration inside sandwich MoO 3 /graphene hybrid nanocomposite.
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reveal the reason for enhanced electrochemical performance of 
MoO 3 /C-600. Figure  6 a shows Nyquist plots of MoO 3 /C-400, 
MoO 3 /C-600, and MoO 3 /C-750 electrodes. At high frequency, 
the intersection point on the real axis represents equivalent 
series resistance (ESR,  R  s ) of the sample. A higher ESR value 
indicates a lower electrical conductivity of the sample and vice 
versa. The corresponding ESR value is very low, being 1.71, 
0.89, and 0.43 Ω for MoO 3 /C-400, MoO 3 /C-600, and MoO 3 /
C-750, respectively (see inset in Figure  6 a). By comparison, 
MoO 3 /C-600 has a slightly higher resistance than MoO 3 /C-750, 
which is attributed to the formation of Mo 2 C and more oxygen 
vacancies from a deep reduction of molybdenum oxide in 
MoO 3 /C-750. [ 26 ]  At the low frequency region, the linear part in 
the impedance plots is corresponding to Warburg impedance 
 W , which is described as a diffusive resistance of H +  inside 
molybdenum oxide electrode. The Warburg slope of MoO 3 /C-
600 is higher than those of MoO 3 /C-400 and MoO 3 /C-750, fur-
ther indicating a faster ion diffusion in MoO 3 /C-600 electrode 
due to the fact that it simultaneously has an ordered interca-
lation structure and a more uniform pore size distribution. 
The middle frequency line indicates the migration rate of ions 
from electrolyte to electrode. The crossing of middle-frequency 
line and low-frequency line defi nes the “knee frequency,” [ 27 ]  
which was found around 7.03 Hz for MoO 3 /C-600 electrode 
material. The value is much higher than those of MoO 3 /
C-400 (≈0.28 Hz) and MoO 3 /C-750 (≈0.34 Hz). It suggests that 
MoO 3 /C-600 electrode material exhibits a much lower interfa-
cial impedance between electrolyte and electrode than the other 
electrode materials. 

    2.3.     Charge–Discharge Mechanism of the Hybrid 
Nanostructures 

 On the basis of the above results, the superior high-rate and 
long cycling performance of MoO 3 /C-600 is attributed to the 
advantages of graphene layers with a high degree of graphiti-
zation intercalated into layered MoO 3  host layers. As illus-
trated in Figure  6 b, these advantages can be summarized as 
follows. First, the graphene in situ formed in the interlayers 
makes more structure units of MoO 3  exposed and accessible 
for adsorption/desorption of charges and then for faradic 
reactions. Second, the expanded interlayer spacing facilitates 
a quicker permeation process of electrolytes. Moreover, the 
interlayered void region can also be used as the “ion-buffering 
reservoir,” reducing the diffusion distance of H +  to the lay-
ered matrix. [ 28 ]  Third, the graphene layers offer a well inter-
connectivity between MoO 3  layers, severing dual functions 
as both conductive channels and active interface centers for 
an electrochemical double layer capacitance. The above three 
factors endow MoO 3 /graphene hybrid structure with many 
accessible active sites, quick permeation of H +  ions, and good 
electron transport in the interlayers, resulting in the excel-
lent rate capability. Finally, the interlayered graphene layers 
can accommodate the strain release and prohibit the possible 
structural collapse arising from high rate insertion/extraction 
of H +  into/from MoO 3  layers, resulting in a long-term cycling 
performance even at a high current density.   

  3.     Conclusion 

 In summary, the present work demonstrates a convenient, cost-
effective, and potentially scalable technique for synthesizing 
sandwich MoO 3 /graphene hybrid nanostructure. Such a novel 
hybrid architecture provides not only the enlarged interlayer 
spacing but also the improved electronic conductivity due to the 
in situ formation of interlayered graphene. These characters 
are conveniently for the electrolyte penetration and H +  diffu-
sion to the interlayered regions for faradic reaction as well as 
electrostatically adsorption for an electric double-layer capaci-
tance. Meanwhile, the fl exibility of the interlayered graphene 
layers can make the hybrid structure stable and resist the strain 
release during the prolonged cycling process. These advantages 
lead to the excellent rate capability and ultralong-life cycling sta-
bility of the resulted material. The present work offers a new 
insight for fabricating effective electrode materials used in the 
energy storage devices with a desirable high-performance. It is 
further suggested that a high energy density can be obtained 
without the expense of power density for the fabricated elec-
trode material with unique sandwich structure.  

  4.     Experimental Section 
  Materials Preparation : First, the intercalation of DDA into layered 

host MoO 3  was carried out according to the previous literature. [ 29 ]  The 
mixture including MoO 3  (1.4 mmol), DDA (7 mmol), and anhydrous 
ethanol (20 mL) was refl uxed at 70 °C for 96 h. Thereafter, the system 
was permitted to cool down to the room temperature. The white 
precipitate was fi nally collected by fi ltration and washed several times 
with anhydrous ethanol and dried in vacuum at 60 °C for 10 h. The 
obtained intercalation sample (MoO 3 /DDA) was then calcined in N 2  
(g) at 400, 600, and 750 °C, and the resulted products at three different 
carbonization temperatures were correspondingly named as MoO 3 /
C-400, MoO 3 /C-600, and MoO 3 /C-750, respectively. 

  Structural and Morphology Characterization : The structure and phase 
purity of the products were examined by XRD on a Philip-X’Pert X-ray 
diffractometer equipped with a CuKα radiation source ( λ  = 1.5418 Å). The 
general morphologies of the as-synthesized products were characterized 
by scanning electron microscopy (SEM, JEOL JEM-6300F). Transmission 
electron microscopy (TEM) and high-resolution transmission electron 
microscopy (HRTEM) images were obtained by using a JEOL JEM-200CX 
microscope operating at an accelerating voltage of 200 kV. XPS analysis 
was carried out on an UlVAC-PHI PHI 5000 VersaProbe spectrometer. 
The amounts of C, H, O, and N elements were measured with a Vario 
EL III elemental analyser (Elementar, Germany). Raman spectra were 
recorded on a French JY LabRam-1B ( λ  ex  = 632.8 nm) spectrometer. 
N 2  adsorption/desorption isotherms were measured by Micromeritics 
ASAP 2010 with N 2  as an absorbate at 77 K. Before measurements, 
all samples were degassed at 300 °C for 6 h. The specifi c surface area 
was obtained by the BET equation and the pore size distribution was 
estimated from the desorption of N 2  isotherms by the Barret–Joyner–
Halenda (BJH) method. 

  Electrochemical Measurements : The working electrode was a mixture 
of 80 wt% as-synthesized sample, 10 wt% acetylene black, and 
10 wt% polyvinylidene difl uoride (PVDF) in the presence of  N -methyl 
pyrrolidinone (NMP). After being stirred overnight, the slurry was 
pasted onto a graphite sheet. The working area of the electrode was set 
as 1 cm × 1 cm and the mass loading of the electrode materials was 
controlled around 1.5 mg. The thickness of the electrode materials was 
around 25 µm and made by a doctor blade. The electrode was dried at 
120 °C under vacuum for 10 h. The capacitance was measured using a 
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standard three electrode cell, containing a platinum sheet as a counter 
electrode, a saturated calomel electrode as a reference electrode, and the 
as-synthesized product as the working electrode. An aqueous solution 
containing 1  M  H 2 SO 4  was used as the electrolyte. The supercapacitor 
performance was evaluated by CV and galvanostatic charge–discharge 
techniques within the voltage range of −0.2 to 1.1 V. Different sweep 
rates (5, 10, 20, 50, 100 mV s −1 ) and constant current densities (1–10 A 
g −1 ) were employed. CV was conducted using a RST3100 electrochemical 
workstation (Suzhou, China). The galvanostatic charge and discharge 
experiments were carried out at room temperature using a LAND 
CT2001A battery testing system (Wuhan, China). EIS measurements 
were also conducted using a PARSTAT2273 electrochemical workstation 
(Princeton Applied Research, USA), where the amplitude of the input ac 
signal was kept at 5 mV and the frequency range was set between 10 −2  
and 10 5  Hz.  
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