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  1   .  Introduction 

 Lightweight, fl exible, and highly effi cient energy storage devices 
are becoming increasingly pervasive in our daily lives. [  1–3  ]  
Supercapacitors are widely recognized as an important class 
of energy storage devices due to the high power capability, 
moderate energy density, good operational safety, and long 
cycling stability. [  4,5  ]  Currently, much effort has been dedicated 
to develop fl exible electrodes for supercapacitors, mainly using 

free-standing carbon nanotube fi lms or 
exfoliated graphene nanosheets (GNS). [  6,7  ]  
However, in most cases, such high-cost 
carbon materials are assembled into mac-
roscopic paper-like structures that reduce 
the accessible surface area for ion adsorp-
tion/desorption. This usually results in 
irreversible agglomeration and restacking 
of the individual backbones, [  8  ]  and leads to 
low specifi c capacitance and poor cycling 
life. 

 Ordered mesoporous carbon (OMC) is 
one of the most promising materials for 
electric double layer capacitors (EDLC) 
given its low-cost, high specifi c surface 
area, and easily accessed ordered pore 
channels. [  9–11  ]  Owing to the regular net-
work of interconnected pore channels 
in the mesopore size, which can facili-
tate ion transport and shorten diffusion 
pathways, the OMC exhibits more excel-
lent rate capability than other carbon 
based materials. [  12,13  ]  However, the spe-
cifi c capacitance of OMC was unsatisfac-

tory because of the relatively low electrical conductivity. [  14–16  ]  In 
order to improve the capacitive performance, graphene-based 
materials can be introduced into OMC matrix. [  17,18  ]  Unfortu-
nately, the composites made from graphene oxide have high 
electrical resistance coming not only from the intrinsic nano 
species, but also from grain boundaries. As a result, the devel-
opment of highly conductive OMC electrodes with excellent 
mechanical properties is desirable in the fi eld of fl exible energy 
storage devices. More recently, we and the other groups pro-
duced a promising freestanding 3D graphene foam structure 
by chemical vapor deposition (CVD) with nickel foams or Al 2 O 3  
ceramics as 3D templates. [  19–22  ]  The resultant 3D graphene foam 
displayed excellent electrical conductivity due to the absence of 
defects and intersheet junction contact resistance. After further 
coating with silver nanowires (Ag NWs), the obtained Ag NWs/
graphene composite exhibited extremely high electrical conduc-
tivity (up to 3189 S cm −1 ). [  23  ]  In addition, this 3D structure is 
bendable and can be directly employed as fl exible substrate for 
functional metal or metal oxides decoration. [  8  ]  

 In this work, we have developed OMC based highly conduc-
tive and fl exible electrodes for supercapacitor, employing 3D 
graphene foam as fl exible and conductive scaffold and Ag NWs 
as conductive reinforcing agent. The obtained Ag NWs/3D-
graphene foam/OMC (Ag-GF-OMC) electrodes combine the 
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3D graphene foam (GF-OMC) was obtained. Finally, the sur-
face of the carbon networks was decorated with Ag NWs, which 
were prepared according to previous literature. [  23  ]   

 The morphology of the 3D-graphene foam is investigated by 
scanning electron microscopy (SEM), as shown in  Figure    2  a. 
Obviously, after removal of the Ni template, the graphene rep-
licates the 3D network and porous structure of the Ni foam, 
and macropores with the size varied from 100 to 500  μ m are 
also maintained, without collapsing and cracking. The quality 
and layer number of the 3D graphene foam is characterized 
by Raman spectra (Figure S1, Supporting Information). Only 
G and 2D bands are observed and D bands are absent in all of 
the graphene samples, suggesting a high quality. The average 
layer number of garphene is 8, with the electrical conductivity of 
1097 S cm −1 . [  23  ]  After coating with OMC thin fi lm, the FE-SEM 
image shows that the surface of the GF-OMC is smooth and 
no cracking is observed in any domain (Figure S2, Supporting 
Information). Many large mesopores packed with nanoparti-
cles make the carbonaceous surface much coarser, suggesting 
open and accessible mesopore channels, which should provide 
open pathways for ion transportation. Figure  2 b shows the SEM 
image of Ag-GF-OMC. It can be seen that after coating OMC 
and Ag NWs, the 3D interconnected framework with randomly 
opened macroporous structure is similar to the original 3D 
graphene. Remarkably, a high-resolution SEM image (inset of 
Figure  2 b) reveals that the graphene-OMC framework still main-
tains a fl at morphology, while randomly crumpled Ag NWs (tens 
of micrometers in length) are dispersed on the surface of the 
OMC fi lms, fi lling the pores and bridging the grain boundary of 
the wrinkled OMC fi lms. The decorated Ag NWs can not only 
further strengthen the mechanical property of the carbon net-
works, but also act as a conductive bridge to provide effective 
electron-transport channels. The mesostructure of OMC fi lms 
on 3D-graphene are also examined by transmission electron 

advantages of 3D graphene foam and Ag NWs and overcome 
the poor electrical conductivity and rigidity of pristine OMC, 
benefi tting the practical application of fl exible EDLCs. The ultra 
high electrical conductivity of Ag-GF-OMC (up to 741 S cm −1 ) 
allows effective ion and electron transport on the OMC chan-
nels and an impressive specifi c capacitance up to 213 F g −1  is 
achieved, which is much higher than that of the pristine OMC 
(39 F g −1 ). Furthermore, the Ag-GF-OMC electrodes also show 
little capacitance degradation when tested under its normal 
and highly bent conditions and excellent cycling stability with 
only 9% capacitance decay over 10 000 charge/discharge cycles, 
which can be attributed to the outstanding electrical conduc-
tivity and mechanical robustness of the 3D 
interconnected network of Ag-GF-OMC.  

  2   .  Results and Discussion 

 The overall synthetic procedure leading to 
Ag-GF-OMC architecture is illustrated in 
 Figure    1  . First, the 3D graphene foam with 
a weight density of 0.70–0.75 mg cm −1  was 
produced by atmospheric pressure chemical 
vapor deposition (AP-CVD) on Ni foam for 
10 min. After the removal of the Ni sub-
strate, the OMC fi lm was coated on the sur-
face of 3D graphene foam through a solvent 
evaporation induced self-assembly (EISA) 
process. In the next step, the 3D graphene 
foam was dipped into an ethanol solution 
with resol and F127 as carbon precursor 
and template, respectively. Within this step, 
the precursor solution is expected to be uni-
formly adsorbed on the surface of graphene 
networks due to the good wettability between 
ethanol and graphene. After carbonization at 
350 °C in Ar atmosphere, the OMC coated 
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      Figure 1.  Fabrication of highly conductive OMC based electrode: i) OMC 
thin fi lm assembly on 3D-graphene foam through dipping and EISA pro-
cess; ii) Ag NWs coating on GF-OMC network. 

      Figure 2.  a) SEM of 3D-graphene foam obtained through APCVD method. b) SEM of Ag-GF-
OMC, inset illustrating the morphology from the surface of Ag-GF-OMC. c) TEM of OMC fi lm 
on 3D graphene foam. d) XRD pattern of Ag-GF-OMC. 
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3.3 to 4.6 nm with a narrow distribution 
(Figure  3 b), indicating the ideal mesoporous 
structure of Ag-GF-OMC. Brunauer−
Emmett−Teller (BET) analysis reveals a spe-
cifi c surface area of 484 m 2  g −1  for Ag-GF-
OMC, slightly higher than that of GF-OMC 
(405 m 2  g −1 ), and much higher than that 
of pristine OMC (312 m 2  g −1 ), owing to its 
hybrid macro and mesoporous structure.  

 Electrical measurements of Ag-GF-
OMC, GF-OMC, and pristine OMC elec-
trodes with a thickness of about 60  μ m 
were conducted using the four-probe tech-
nique with silver electrodes. The electrical 

conductivity of Ag-GF-OMC as a function of the Ag NWs 
content is plotted in  Figure    4  a. The conductivity of the Ag-
GF-OMC fi lm rapidly increased when Ag NWs were added. 
It clearly reveals that the Ag NWs have a pronounced effect 
on the electrical properties of GF-OMC, which is mainly due 
to the highly conductive Ag NWs bridges on top surface of 
OMC. The Ag NWs not only fi ll the pores of OMC fi lms, but 
also connect the grain boundary between the wrinkled OMC 
fi lms and uncovered graphene sheets. As a result, a highly 
conductive network, with the compensation of the conduc-
tivity on top of OMC fi lms, is formed after coating Ag NWs. 
It is noteworthy that the addition of Ag NWs above 4.7 wt% 
results in a large amount of brittle piles with phase separa-
tion and fi lm crushing, which is not suitable for fl exible 
devices. [  26  ]  As a result, the optimal content of Ag NWs for our 
electrode is 4.7 wt%, leading to a conductivity of 764 S cm −1 . 
The GF-OMC electrode also shows outstanding electrical 
properties with the electrical conductivity up to 413 S cm −1 , 
much higher than that of pristine OMC assembled electrode 
(13 S cm −1 , Figure  4 b). In addition, the electrical conduc-
tivity of GF-OMC decorated by CNTs was also measured, 
with the same mass content as Ag-GF-OMC. The electrical 
conductivity comparison of GF-OMC, Ag-GF-OMC and CNT-
GF-OMC was shown in Figure S4, Supporting Information. 
Compared with Ag-GF-OMC, CNT-GF-OMC exhibits limited 
enhancement of electrical conductivity over GF-OMC, and 
the value is 501 S cm −1 . It is probably due to the aggregation 
of CNTs particles on the surface of GF-OMC, as can be seen 
in the SEM image of CNT-GF-OMC hybrids (Figure S5, Sup-
porting Information).  

 A fl exible supercapacitor with a sandwich confi guration 
was designed, using Ag-GF-OMC composite 
as symmetric electrodes ( Figure    5  a). Such 
fl exible composites can be directly used as 
supercapacitor electrodes without adding 
any binder, which simplifi es the assembly in 
practical applications. The constructed super-
capacitors in the fl at and bending states are 
shown in Figure  5 b,c. Two pieces of fl exible 
electrode with the same area were separated 
by fi lter paper, which was soaked in 6M KOH 
aqueous electrolyte, followed by encapsulated 
two pieces of fl exible PET. Due to the high 
electrical conductivity of Ag-GF-OMC, an 
extra current collector was avoided.  

microscopy (TEM). Figure  2 c clearly shows highly ordered hex-
agonal patterns in large domains on the surface of graphene 
sheets, indicating the uniform coating of OMC thin fi lms on the 
3D graphene framework.  

 To further characterize the hybrid structure of Ag NWs and 
OMC fi lm on the surface of 3D graphene foam, the X-ray dif-
fraction (XRD) is performed (Figure  2 d). The diffraction peak at 
2  θ   = 38.2°, 44.5°, 64.9°, and 77.9° can be indexed to the (111), 
(200), (220), and (311) planes of metal Ag, respectively, sug-
gesting the formation of Ag NWs. [  23  ]  The 3D graphene shows 
two diffraction peaks at 2  θ   = 26.5° and 54.6°, which are attrib-
uted to the (002) and (004) planes of graphitic carbon(JCPDS 
75–1621), respectively. The sharp peak at 26.5° indicates a high 
crystallinity and an interlayer space of 0.34 nm of the defect free 
CVD grown graphene, which is similar to the natural graphite 
but distinct from the commonly used defective reduced gra-
phene oxide. [  24  ]  The wide diffraction peak located at 23° corre-
sponds to (002) planes of carbon materials, further suggesting 
the existence of OMC thin fi lms. [  8  ]  Small-angle X-ray scattering 
(SAXS) patterns of Ag-GF-OMC are shown in Figure S3, Sup-
porting Information. The four well-resolved scattering peaks 
can be indexed to 10, 11, 20, and 30 planes of a 2D hexagonal 
mesostructure (space group  p6m ), indicating a highly ordered 
mesostructure of the hybrid materials. [  25  ]  

 The mesoporous feature of Ag-GF-OMC is further confi rmed 
by nitrogen adsorption- desorption measurements ( Figure    3  a). 
The adsorption-desorption curve exhibits the prominent char-
acteristic of type-IV isotherms with a distinct hysteresis loop in 
the P/P 0  range of 0.4−1.0, implying the presence of relatively 
large macropores and mesopores in the frameworks. Moreover, 
the mesopore size calculated by the BJH method ranges from 
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      Figure 3.  a) Nitrogen sorption isotherms and b) pore size distributions of Ag-GF-OMC. 
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      Figure 4.  a) Electrical conductivities of Ag-GF-OMC as a function of the Ag NW content. 
b) Comparison of the electrical conductivities of OMC, GF-OMC, and Ag-GF-OMC. 
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symmetrical charge/discharge characteristics, and a quick 
 I – V  response represent good capacitive characteristics of our 
supercapacitor. For comparison with Ag-GF-OMC, the capaci-
tive performances of GF-OMC and pristine OMC based devices 
were also measured, and the curves of specifi c capacitance 
versus varied scan rates are shown in Figure  6 c. As expected, 
the highest specifi c capacitance is observed for Ag-GF-OMC 
electrodes. The value can reach as high as 213 F g −1 , which 
is higher than that of GF-OMC (139 F g −1 ) and pristine OMC 
(36 F g −1 ). These parallel experiments strongly suggest the crit-
ical importance of integrating highly conductive 3D-graphene 
foams and Ag-NWs to improve the electrochemical perfor-
mance of pristine OMC.  

 Electrochemical impedance spectroscopy (EIS) was used to 
compare the ion-transport behavior and electrical resistance of 
the Ag-GF-OMC, GF-OMC, and OMC electrodes, as shown in 
Figure  6 d. In the low-frequency region, all the electrodes exhibit 
a straight and nearly vertical line, characteristic of capacitive 
behavior. In the high-frequency region (inset of Figure  6 d), the 
real axis intercept is the equivalent series resistance (ESR), and 
the width of semicircle plotted is indicative of the charge-transfer 
resistance in the electrode materials. [  28  ]  The ESR values of Ag-
GF-OMC, GF-OMC, and OMC are 0.7, 1.2, 11.2  Ω , respectively. 
Moreover, the semicircle observed in the high frequency range 
corresponded to the charge transfer resistance caused by faradic 
reactions. [  29  ]  The obtained charge transfer resistances of the three 
materials were 0.89, 1.73, and 7.90  Ω , respectively. The much 
lower internal and charge transfer resistances observed for Ag-
GF-OMC than the other two materials indicate the presence of 
increased diffusion and migration pathways for electrolyte ions 
during charge/ discharge processes due to the conductive 3D-gra-
phene and Ag-NWs. Thereby, a synergistic effect of the multi-

component structures is validated: i) The con-
ductive graphene foams within 3D frameworks 
can serve as multidimensional pathways to 
facilitate the transport of electrons in the bulk 
electrode. ii) The Ag-NWs on the surface of 
OMC fi lm can further enhance ion transport 
though the OMC channels. iii) The intercon-
nected macro and mesopores frameworks are 
favorable for buffering ions to shorten the dif-
fusion distances from the external electrolyte 
to the interior surfaces. As a result, the specifi c 
capacitance of such fl exible Ag-GF-OMC elec-
trode is comparable to, or even higher than 
those of OMC based EDLC materials reported 
recently, [  30–36  ]  as shown in  Table   1 . Consid-
ering the cell remarks of these electrodes, our 
devices exhibit more application potential in 
the fi eld of fl exible supercapacitors.  

 The electrochemical performance of 
the fl exible Ag-GF-OMC based superca-
pacitor was also measured in 1  M  H 2 SO 4  
aqueous solution. The nearly rectangular 
CV shape over a wide range of scan rates 
(0.03–0.1 V s −1 , Figure S6a, Supporting Infor-
mation) shows a great EDLC behavior of the 
device in acid electrolyte. The maximum spe-
cifi c capacitance(134 F g −1 ) was obtained in 

 The electrochemical performance of the newly developed 
fl exible Ag-GF-OMC based supercapacitor was measured 
by using cyclic voltammetry (CV) and galvanostatic curves 
in 6  M  KOH  Figure    6  a,b aqueous solution. As can be seen in 
Figure  6 a, the device exhibited a nearly rectangular CV shape 
over a wide range of scan rates (0.03–0.1 V s −1 ), showing a 
great capacitive behavior. Even at a high scan rate of 0.1 V s −1 , 
the CV curves also retain rectangular shapes with little distor-
tion, indicating low equivalent series resistance (ESR) and 
fast diffusion of ions from electrolyte into the composite. [  27  ]  
From Figure  6 b, the linear voltage versus time profi les, the 

Encapsulation layer
separator

Ag-GF-OMC

(a)

(b) (c)

      Figure 5.  a) Schematic illustration of a fl exible supercapacitor using Ag-
GF-OMC as electrodes. b,c) Photos of the fabricated fl exible superca-
pacitor in the fl at and bending states. 

      Figure 6.  a) CVs of Ag-GF-OMC fl exible supercapacitor at scan rates of 0.03, 0.05, 0.07, and 
0.1 V s −1 . b) Galvanostatic charging/discharging curves of the fl exible supercapacitor device at 
different current densities. c) Specifi c capacitance of Ag-GF-OMC, GF-OMC, and OMC fl exible 
supercapacitors as a function of scan rates. d) Nyquist plots for Ag-GF-OMC, GF-OMC, and 
OMC supercapacitors. Inset of (d): an enlarged scale at high frequency. 
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mechanical and fl exible properties. The GF-OMC exhibited the 
similar behavior attributing to the fl exibility of 3D-graphene 
foam, while OMC showed the lowest capacitance retention 
after 200 cycles, indicating the breaking of the electrode after 
bending. Moreover, Ag-GF-OMC exhibits an acceptable cycling 
stability performance over the range 0 to 1 V at a scan rate of 
0.1 V s −1  (Figure  7 c). The specifi c capacitance value remained 
at 91% of the initial value after 10 000 consecutive cycles, dem-
onstrating the excellent electrochemical stability of the present 
electrode material. To further evaluate the performance of the 
fl exible devices, we have plotted the Ragone plot to compare our 
devices with a few typical examples reported in the literature to 
date (Figure  7 d). The fl exible supercapacitor exhibits an energy 
density of 4.5 Wh kg −1  at a power density of 250 W kg −1  for a 
1 V window voltage. It also preserves 16% of its energy density 
as the power density increases up to 5040 W kg −1 . These values 
are superior to the similar carbon based symmetrical EDLC 
systems reported recently, such as RGO//RGO, [  39  ]  SWCNT//
SWCNT, [  37  ]  graphene-cellulose//graphene-cellulose, [  38  ]  AC//
AC, [  35  ]  and graphene//graphene. [  40  ]    

  3   .  Conclusion 

 In summary, we have reported a novel OMC based highly con-
ductive and fl exible supercapacitor to achieve a high specifi c 
capacitance (213 F g −1 ), excellent cycling stability (9% capaci-
tance decay over 10 000 CV circles), high energy and power 
density (4.5 Wh kg −1  and 5040 W kg −1 , respectively) and out-
standing mechanical fl exibility. Such a high performance can be 
ascribed to the following features: 1) The high conductivity and 
porous structure of the Ag-GF-OMC serve as a highway for elec-

tron transfer and easy access for electrolyte 
ions to the electrode surfaces. 2) The good 
contact between the graphene and OMC thin 
fi lm produced by EISA process ensures low 
contact resistance and tight adhesion, which 
can survive large and repeated bending defor-
mations. 3) The high specifi c surface area 
and hierarchical structure of the Ag-GF-OMC 
networks give a large active surface area and 
full accessibility for the electrolyte charged 
ions. On the basis of these intriguing fea-
tures, the high-performance electrochemical 
behavior of the hybrid OMC electrode ren-
ders it a promising candidate for a fl exible 
supercapacitor. Furthermore, the simple and 
low-cost assembly of this fl exible supercapac-
itor can largely extent the potential applica-
tions of OMC based devices, such as energy 
supply systems for small fl ying devices, 
adhesive tape-like supercapacitors, wearable 
supercapacitors, and so on.  

  4   .  Experimental Section 
  3D-Graphene Foam Preparation : Ni foams were 

used to catalyze the graphene growth. Firstly, Ni 

the scan rate of 0.005 V s −1 (Figure S6b, Supporting Informa-
tion), which is comparable with the specifi c capacitance of pre-
viously reported carbon materials in acid electrolyte. [  37,38  ]  

 In order to demonstrate the fl exibility of our device, we meas-
ured CV curves of Ag-GF-OMC at the scan rate of 0.05 V s −1  
with a bending angle of 90°. As shown in  Figure    7  a, there is 
no signifi cant difference between the CV curves with and 
without bending, suggesting the highly fl exible property for 
the Ag-GF-OMC based symmetrical supercapacitor. This can 
be attributed to the synergistic effects from the integration of 
Ag NWs, OMC fi lm and 3D-graphene foams. The cycling per-
formance of the fl exible supercapacitors with electrodes of Ag-
GF-OMC, GF-OMC and OMC for cycling test with a bending 
angle of 90°, were also performed (Figure  7 b). The resulting 
specifi c capacitance of Ag-GF-OMC retained 92% of its initial 
value even after 200 bending actions, indicating its excellent 

 Table 1.   Comparison of the specifi c capacitance between the Ag-GF-
OMC electrode and several reported OMC-based electrodes 

Material  Capacitance 
[F g −1 ]  

Cell remarks  Refs.  

CA-OMC  165  Three electrodes   [  30  ]   

OMCs  90  Three electrodes   [  31  ]   

OMCs  188  Three electrodes   [  32  ]   

OMCs  148  Three electrodes   [  33  ]   

OMCs  180  Three electrodes   [  34  ]   

OMCs  173  Two electrodes   [  35  ]   

OMCs  172  Free standing, three electrodes   [  36  ]   

Ag-GF-OMC  213  Flexible, two electrodes  Our work  
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      Figure 7.  a) Comparison of CV curves at 0.05V s −1  for Ag-GF-OMC fl exible supercapacitor 
tested as normal and bent. b) Cycling performance of Ag-GF-OMC, GF-OMC, and OMC fl ex-
ible supercapacitors for bending cycles with a bending angle of 90° at a scan rate of 0.1 V s −1 . 
c) Cycling life performance of Ag-GF-OMC at a scan rate of 0.1 V s −1 . d) Ragone plots of the 
fl exible supercapacitor, compared with the values of similar symmetrical systems. 
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Barrett- Joyner-Halenda (BJH) model, the pore volumes and pore size 
distributions were derived from the adsorption branches of isotherms. 
The Brunauer-Emment-Teller (BET) method was utilized to calculate the 
specifi c surface areas. 

 All the electrochemical experiments were carried out using a CHI 
660B workstation. The electrochemical impedance spectroscopy 
measurements were performed over a frequency range from 10 5  to 
10 −2  Hz at an amplitude of 5 mV. The cycle life tests were conducted 
by CV measurements with a constant scan rate of 0.1 V s −1  for 10 000 
cycles. The specifi c capacitance derived from CV curves was calculated 
according to the following equation:  C  S  = 2(∫  I  d V )/  ν m  Δ  V , where  I  is 
the voltammetric current,  m  is the total mass of one electrode,   ν   is the 
potential scan rate, and  V  is the potential in one sweep segment. The 
specifi c capacitance derived from galvanostatic discharge curves was 
calculated based on the following equation:  C  g  = 2( I  Δ  t )/( m  Δ  V ), where 
 I  is the discharge current,  Δ  t  is the time for a full discharge,  m  is the 
total mass of one electrode, and  Δ  V  represents the potential change 
after a full discharge. The energy density ( E ) and power density ( P ) of 
one electrode depicted in the Ragone plots were calculated by using the 
equations  E  = (1/8)  C  g  Δ  V  2  and  P  =  E / Δ  t , respectively, where  C  g  is the 
specifi c capacitance derived from galvanostatic discharge curves,  Δ  V  is 
the potential change after a full discharge, and  Δ  t  is the time for a full 
discharge.  
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