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electronics and hybrid electrical vehicles 
due to their high power capability, long 
lifetimes, and rapid charge/discharge 
rates. [ 1–3 ]  Although SCs are capable of 
delivering higher power densities than 
most batteries, their limited energy den-
sity, an order of magnitude lower than 
that of batteries, makes them only comple-
mentary power systems for battery opera-
tions. [ 2 ]  In this regard, recent research has 
focused on improving the energy density 
while maintaining the other specifi cations 
(e.g., the power density and cycling life). 
Pseudocapacitive metal oxides (or hydrox-
ides) and conducting polymers have been 
extensively explored as active materials 
to store electrical charges through redox 
(Faradic) reactions on their surfaces. [ 4 ]  
These studies have achieved substantially 
high pseudocapacitance (300–1200 F g −1 ) 
levels which exceed those of electrical 
double-layer capacitors using carbon-

based materials (60–300 F g −1 ). [ 5 ]  However, there are signifi cant 
drawbacks to the use of these pseudocapacitors—capacitance 
fading at a high rate and long-term cycling due to the intrinsic 
low electrical conductivity of the metal oxides and the irrevers-
ibility of the Faradic reaction. 

 To address these issues, one of the most promising 
approaches is the construction of nanostructured composites 
in which pseudocapacitive materials are combined with carbon 
materials (particularly carbon nanotubes (CNTs) and graphene) 
owing to the combination of the attractive qualities of these dis-
similar components. [ 6–12 ]  Pseudocapacitive materials play an 
important role in surface redox reactions for a large amount of 
charge storage, while carbon materials enable the more effec-
tive utilization of the redox properties of pseudocapacitive 
materials and enhance the electrochemical performance due 
to the good electrical conductivity and mechanical properties of 
the carbon materials. [ 6 ]  Based on these factors, a large number 
of hybrid or composite materials, such as RuO 2 /CNT, [ 7 ]  MnO 2 /
graphene, [ 8–10 ]  Fe 3 O 4 /graphene, [ 11 ]  and Ni(OH) 2 /graphene [ 12 ]  
have been intensively explored as electrode materials for SCs. 
These studies have resulted in signifi cant enhancements in 
energy and power performance compared to the individual 
components. However, the reported energy (2.3–12.1 Wh kg −1 ) 
and power density (390–5695 W kg −1 ) values of SCs are still 
low to use as a powering source in prevailing applications in 
consumer electronics. [ 13 ]  The main obstacle preventing the 
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  1.     Introduction 

 Supercapacitors (SCs), also called electrochemical capaci-
tors, are a promising energy storage device for many portable 
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realization of the theoretical capacitance is strongly related to 
the limited ion diffusion within the thick layer of the metal 
oxide/hydroxide and the poor electron transport through semi-
conducting or even electron-insulating metal oxides. Moreover, 
an integration strategy for hybrid materials remains a major 
challenge with regard to the array density and position of pseu-
docapacitive materials on carbon supports. 

 Polyoxometalates (POMs), which are nanoscale transition 
metal-oxygen clusters, have attracted much attention in recent 
years as key components in the design of electrode materials 
for energy storage devices due to their high theoretical values, 
electron and proton transfer/storage abilities, thermal stability, 
and lability of their lattice oxygen. [ 14–19 ]  POMs are highly sol-
uble owing to their anionic nature; as a result, they need to 
be integrated into hybrid materials for supercapacitor applica-
tions. [ 20–24 ]  Thus far, tremendous efforts have been devoted to 
immobilizing POMs onto specifi c supports, including con-
ducting polymers [ 20–22 ]  and polymer electrolytes [ 23,24 ]  based on 
their strong electrostatic interactions. However, the entrapping 
of POMs into polymer matrices inevitably limits the avail-
able redox active sites of the POMs, which can constrain their 
intrinsic capacitances (e.g., 120 F g −1  for POM/polyaniline [ 20 ]  
and 210 F g −1  for POM/polypyrrole). [ 21 ]  In addition, the elec-
trical conductivity values of these materials are not guaranteed. 
More recently, graphene with its large surface area and high 
electrical conductivity has been newly proposed as a support for 
anchoring POMs. [ 25–27 ]  Although the combination of POM and 
graphene can increase the electrical conductivity and provide 
large available active sites, previously reported approaches have 
diffi culties related to the strong integration between POMs and 
graphene as well as the control of the density and position of 
POMs. 

 Herein, we report a rational design and the synthesis of 
POM (H 3 PMo 12 O 40 )-coupled reduced graphene oxide (RGO) 
through a simple anion exchange in which a polymeric ionic 
liquid (henceforth PIL) is employed as a linker to bridge two 
components. The high density of POMs is individually distrib-
uted over the surface of PIL-functionalized RGOs. This type of 
architecture of the POM/PIL/RGO nanohybrids enables excel-
lent contact, enhancing the redox reactions of the POMs and 
the charge transfer at the interface, as verifi ed by density func-
tional theory (DFT) calculations and impedance spectroscopic 
analysis. When testing a two-electrode system using POM-cou-
pled graphene nanohybrids, the supercapacitors exhibit high 
rate capability and good cycling stability while maintaining 
a highly reversible capacity and high energy levels and power 
densities.  

  2.     Result and Discussion 

 The POM/PIL/RGO nanohybrids were obtained by the func-
tionalization of the RGOs with PILs followed by an anion 
exchange using POMs ( Figure    1  A). The PIL, poly(1-vinyl-3-eth-
ylimidazolium bromide), was synthesized and used as a func-
tional material for the nanohybrids. The use of the PIL allowed 
us i) to effectively prevent the aggregation of RGO sheets, ii) 
to provide uniform deposition sites for POM distribution 
throughout the PILs, and iii) to enhance the interfacial reactions 

between the two counterpart components (POM and RGO). [ 28,29 ]  
 Graphene oxide (GO) as the starting material was prepared by 
the chemical exfoliation of commercial graphite, yielding an 
aqueous suspension. GOs suspended in a water solution were 
functionalized by PILs and were then reduced using a hydra-
zine solution. Cation–π interactions between the PIL and the 
RGO during the reduction process [ 30 ]  led to a PIL/RGO com-
plex which was easily re-dispersed in water through gentle 
sonication (Figure S1, Supporting Information). The PIL/RGO 
complex had a thin layered and wrinkled fl ake-like structure 
(Figure  1 B). The functionalization of PILs improved a surface 
area of 248 m 2  g −1  compared to the pristine RGO (96 m 2  g −1  
in Supporting Information). After removal of unbound PIL, 
the POM solution was added into the PIL/RGO suspension. 
Br −  anions on the PIL/RGO were easily exchanged with POM 
anions, thereby producing uniformly distributed POM/PIL/
RGO nanohybrids (Figure  1 A). The halide anions (e.g., Cl −  and 
Br − ) of ionic liquid can be readily exchanged by POM anions 
(larger available negative charge) through metathesis reaction 
or conversion into complex anions by Lewis acid addition. [ 31 ]   

 Examination by transmission electron microscopy (TEM) 
revealed the formation of uniformly distributed and discrete 
POM molecules anchored onto the surfaces of the PIL/RGO 
sheets (Figure  1 C,D). The average size of the POM, estimated 
based on the high-resolution TEM image shown in Figure  1 D, 
was about 1.5 nm, which corresponds to the molecular size of 
[PMo 12 O 40 ] 3− . [ 32 ]  Element mapping measurements by energy 
dispersive X-ray spectroscopy were also conducted on the same 
sample image in Figure  1 C (Figure  1 E). The molybdenum and 
oxygen signals of the POM and the nitrogen signal of the PIL 
uniformly overlapped, which is indicative of a uniform distri-
bution of POM molecules over the entire PIL/RGO surface. In 
contrast, the control sample of POM/RGO without PIL func-
tionalization exhibited the partial deposition of POMs under 
experimental conditions identical to those of the POM/PIL/
RGO (Figure S2). Using inductively coupled plasma-atomic 
emission spectrometer (ICP-AES) measurements, we estimated 
the mass content of the POMs in the composites at approxi-
mately 38.4 wt% for POM/PIL/RGO and 6.2 wt% for POM/
RGO. The PILs offered clearly more binding sites and led to 
a uniform distribution of the POMs. The composition ratio of 
POM/PIL/RGO was estimated from thermogravimetric analysis 
(TGA) and ICP-AES results; 38.4 wt% for POM, 15.0 wt% for 
PIL, and 46.6 wt% for RGO (Supporting Information Figure S3 
and Table S2). 

 An anion exchange between the POMs and the Br anions of 
PIL is the key factor for creating a well-defi ned morphology of 
POM/PIL/RGO nanohybrids. This was confi rmed by Fourier 
transform infrared (FT-IR) spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) measurements before and after chem-
ical reduction and anion exchange reactions ( Figure    2   and Sup-
porting Information Figure S4, respectively). The characteristic 
bands of the GO sheets were observed at 1722 cm −1  (C=O), 
1620 cm −1  (aromatic C=C), 1366 cm −1  (C–OH), 1223 cm −1  
(C–O–C), and 1048 cm −1  (C–O–C in epoxide). [ 33 ]  After chem-
ical reduction, the peak intensities of the oxygen-containing 
groups for PIL/RGO were signifi cantly decreased as a conse-
quence of the deoxygenation process. [ 33 ]  In addition, the wave 
number shift which is corresponded to C=C and C–N ring 
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stretching vibration in imidazolium ring (at around 1568 cm −1  
and 1158 cm −1 , respectively) indicated non-covalent function-
alization of RGO with PILs. [ 30 ]  Compared to PIL/RGO, new 
characteristic peaks at 1065 cm −1  (P–O a ), 962 cm −1  (M=O d ), 
870 cm −1  (Mo–O b –Mo), and 782 cm −1  (Mo–O c –Mo) clearly 
appeared in the POM/PIL/RGO sample, in good agreement 
with previously reported data. [ 34 ]  These observations indicated 
that the grafting of POM molecules onto PIL/RGO sheets 
was successfully achieved by an anion exchange reaction. An 
XPS analysis further confi rmed that the bromide anion was 
completely replaced by the [PMo 12 O 40 ] anion through the 
anion exchange process. After grafting POM molecules onto 
the PIL/RGO, the Br 3d signals at 67.8 eV completely disap-
peared, while the Mo 3d signal at 233.2 eV was observed at 
the POM/PIL/RGO (Figure S4, Supporting Information). 
Our DFT calculations also revealed that the anion exchange 
reaction is energetically favorable; specifi cally, the reaction 
[C 7 H 11 N 2 ] + Br −  + H 3 PMo 12 O 40  → [C 7 H 11 N 2 ] + [H 2 PMo 12 O 40 ] −  + HBr 
on graphene is exothermic by 16.1 kcal mol −1  (Figure S5, 
 Supporting Information).  

 In order to investigate the electrochemical characteristics of 
the PIL/POM/RGO, a three-electrode system consisting of a 
working electrode of PIL/POM/RGO, a counter electrode of Pt 
wire, and a reference electrode of Ag/AgCl electrode was tested 
in 0.5  M  H 2 SO 4 . POM/PIL and POM/RGO were also tested as 
control samples under identical conditions. Notably, POMs 
are known as an electron sponge, [ 15 ]  as they can theoretically 
accumulate eight electrons at their bonding molecular orbitals 
when in the form of delocalized POMs and can facilitate proton 
transfers along the surface of the spherical POM molecules 
due to the delocalization of the surface charge. [ 35,36 ]  The cyclic 
voltammogram (CV) of POM/PIL/RGO represents three sharp 
and well-defi ned redox peaks ( Figure    3  A). The area under the 
current–voltage curve for the POM/PIL/RGO is much greater 
than those of POM/RGO and POM/PIL, indicating its supe-
rior capacitive performance. In contrast, POM/RGO exhibits a 
nearly rectangular shape with weak redox waves due to the dom-
inant contribution of charging current of RGOs (Figure  3 A). 
This result demonstrates that the PILs on the RGOs provided 
amount of binding sites to anchor POMs, which result in 
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 Figure 1.    A) Schematic illustration of the synthetic process for the POM/PIL/RGO nanohybrids via self-assembly and anion exchange reaction. TEM 
images of B) PIL/RGO and C,D) POM/PIL/RGO. E) HADDF-TEM image of POM/PIL/RGO and 2D elemental mapping for the detected four elements; 
C, O, Mo, and N, respectively.
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good electrochemical reactions. As a result, PIL contents infl u-
enced the capacitive behavior of the POM/PIL/RGO electrode 
(Figure S6). From this data, the optimized composition of PIL 
in POM/PIL/RGO nanohybrids was chosen to be ≈15 wt%. The 
specifi c capacitances of POM/PIL/RGO electrode were evalu-
ated with CV and galvanostatic charge/discharge curves (Sup-
porting Information Figure S7 and Table S3). The maximum 
specifi c capacitance of 456 F g −1  for POM/PIL/RGO electrode 
was obtained at scan rate of 10 mV s −1 , which is two-fold higher 
than that of POM/RGO electrode (181 F g −1 ). The results of 
POM/PIL/RGO and POM/RGO electrodes obtained from CV 
were consistent with galvanostatic cycling.  

 Moreover, as the scan rates increased to 1000 mV s −1 , the 
peak current densities for the POM/PIL/RGO increased lin-
early (vs the scan rates, as shown in Figure  3 B). This obser-
vation suggests that the POM molecules immobilized on the 
surface of RGO undergoes a surface confi ned redox process 
and fast ion diffusion for the redox reactions into the electrode 
surface, which implies excellent rate capability. Based on the 
redox peaks of the POM/PIL/RGO, their peak separations (Δ E  p ) 
were calculated to be as small as ≈23–26 mV. Interestingly, the 
number of electrons involved in each of the fi rst, second, and 
third redox reactions (as calculated from Δ E  p ) was ≈2.4, which 
may have resulted from electron delocalization in PIL-bridged 

POM/RGO nanohybrid systems. This value for POM/PIL/RGO 
is, to the best of our knowledge, higher than those of previously 
studied POM-based composites (two electron and two-proton 
mechanism). [ 37 ]  

 To realize our nanohybrids as an electrode material in 
SCs, a symmetric SC device was fabricated by a two-electrode 
system.  Figure    4  A presents the typical galvanostatic charging/
discharging behavior of the POM/PIL/RGO-based SCs (POM/
PIL/RGO-SCs) in a 0.5  M  H 2 SO 4  electrolyte solution. Promi-
nent redox waves are clearly observed for the POM/PIL/RGO-
SCs, which is consistent with the CV curves in Figure  3 A. The 
specifi c capacitance of the POM/PIL/RGO-SCs and POM/
RGO-SCs were calculated from the discharge curve and plotted 
with respect to current densities ranging from 0.5 to 10 A g −1  
(Figure  4 B). The maximum capacitance value of the POM/PIL/
RGO-SCs (408 F g −1 ) was obtained at a constant current density 
of 0.5 A g −1 , which was two-fold higher than that of the POM/
RGO-SCs (162 F g −1 ). This value retained 92% of its initial value 
with an increase in the operation rate to 10 A g −1 . In contrast, 
the capacitance of the POM/RGO-SCs decreased signifi cantly 
as the constant current density increased, falling to a value of 
110 F g −1  with 67% retention. Note that the maximum specifi c 
capacitance value of POM/PIL/RGO was higher than those 
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 Figure 3.    A) CVs of POM/PIL/RGO, POM/RGO, and POM/PIL elec-
trodes with 0.5  M  H 2 SO 4  aqueous solution at scan rate of 50 mV s −1 . 
B) CV of POM/PIL/RGO at different scan rates of 0.01, 0.02, 0.05, 0.1, 
0.2, 0.4, 0.6, 0.8, 1.0 V s −1  (from inner to outer); Inset is a plot of the peak 
current of the second oxidation wave as a function of scan rate.

 Figure 2.    A) Keggin-type phosphomolybdate [PMo 12 O 40 ] 3− , one of repre-
sentative POMs, consisting of twelve MoO 6  octahedrons surrounding a 
central PO 4  tetrahedron. There are three types of O atoms: four central 
unreactive O atoms (O a ), twenty-four bridging O atoms that connect two 
Mo atoms (O b  and O c ), and twelve terminal O atoms bonded to one Mo 
atom (O d ). The O b  and O c  sites have different Mo−O−Mo bond angles 
of 152° and 126°, respectively. B) FT-IR spectra of GO, PIL/RGO, POM/
PIL/RGO, and H 3 POM.
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of other previously reported graphene/metal oxide nanocom-
posites, including 380 F g −1  for graphene/MnO 2 /PEDOT:PSS 
at 0.5 mA g −1 , [ 9 ]  216 F g −1  for MnO 2 /CMG 15  at 150 mA g −1 , [ 10 ]  
326 F g −1  for e-Fe 3 O 4 @RGO at 0.5 A g −1 , [ 11 ]  and 166 F g −1  for 
Ni(OH) 2 /UFG at 0.5 A g −1 . [ 12 ]   

 The long cycle life of SCs is one of the most important fac-
tors with regard to their practical applications. To demonstrate 
the cycling stability clearly, our POM/PIL/RGO-SCs were tested 
with more than 2000 galvanostatic charge/discharge cycles even 
at a high rate of 10 A g −1  (Figure  4 C). We found as high as 98% 
retention of the initial specifi c capacitance for POM/PIL/RGO-
SCs, indicating good cycling performance. In addition, highly 
reversible capacitive behaviors were observed, with the charge/
discharge curves of the fi rst, 1000 th , and 2000 th  cycles nearly 
overlapping (as shown in the inset of Figure  4 C). The struc-
tural preservation of POM/PIL/RGO electrode was visually con-
fi rmed by scanning electron microscopy (SEM) images before 
and after 2000 cycles (Figure S8, Supporting Information). In 
addition, a negligible leaching of POMs was observed at POM/
PIL/RGO electrode (Table S4, Supporting Information). These 
results indicate excellent structual stability of POM/PIL/RGO 
electrode. Under this harsh condition, the POM/RGO-SCs 
exhibited inferior cycling stability, with 77% retention of their 
original capacitance after 2000 cycles. Thus, the incorporation 

of PIL not only signifi cantly enhances the specifi c capacitance 
levels of the nanohybrids but also improves their cyclic stability 
due to the intrinsic properties of the PIL and the synergistic 
effect of the nanohybrids. [ 29 ]  

 Moreover, our POM/PIL/RGO-SCs exhibit high levels 
of energy and power densities. A Ragone plot of the cor-
responding specifi c energy versus power values was inves-
tigated and compared with other reported POM-based SCs 
(Figure  4 D). In general, an increase in the power density 
comes at a cost to the energy density value. Remarkably, the 
POM/PIL/RGO-SCs showed no signifi cant decrease in the 
energy density upon an increase in the power density. A max-
imum energy density of 56 Wh kg −1  (with a power density of 
0.8 kW kg −1 ) and a maximum power density of 52 kW kg −1  
(with an energy density of 50 Wh kg −1 ) were obtained from SCs 
based on two symmetric POM/PIL/RGO electrodes with an 
operating voltage of 1.0 V. These values are superior compared 
to presently available SCs and other POM-based symmetrical 
supercapacitors, including POM/polypyrrole (PPy)//POM/PPy 
(1.44 Wh kg −1  at 18.90 W kg −1 ), [ 38 ]  POM/MWNT//POM/MWNT 
(57 Wh kg −1  at 120 W kg −1 ), [ 39 ]  POM/polyaniline (PANI)//
POM/PANI (24 Wh kg −1  at 240 W kg −1 ), [ 20 ]  POM/ionic liquid 
(IL)//POM/IL (8.6 Wh kg −1  at 1.75 kW kg −1 ), [ 40 ]  and POM/acti-
vated carbon (AC)//POM/AC (4.96 Wh kg −1  at 115 kW kg −1 ). [ 41 ]  
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 Figure 4.    A) Galvanostatic charge/discharge curves of POM/PIL/RGO and POM/RGO at current density of 2 A g −1 ; B) Specifi c capacitances calculated 
from galvanostatic charge/discharge with various current densities; C) Capacitance retention of the POM/PIL/RGO and POM/RGO electrode evaluated 
at a constant charge/discharge cycling rate of 10 A g −1 ; D) A Ragone plot related to energy and power densities of supercapacitors based on the POM/
PIL/RGO electrode, compared with the other supercapacitors systems using POM.
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As compared to aqueous electrolytes, the POM/PIL/RGO-SCs 
were further investigated using 0.5  M  LiClO 4  in acetonitrile 
(Figure S9, Supporting Information). The POM/PIL/RGO-
SCs were cycled from 0 V to 2 V at constant current density 
of 1 A g −1 . The energy and power densities of the POM/PIL/
RGO-SCs were estimated to be 147 Wh kg −1  and 1.23 kW kg −1 , 
respectively. 

 DFT calculations further explain the origin of the highly 
enhanced redox reactions of the POM/PIL/RGO nanohybrids. 
To describe the dispersion interactions correctly, the van der 
Waals density functional (vdW-DF) for the non-local  correlation 
part was employed in the DFT calculations. [ 42,43 ]   Figure    5   shows 
the most stable POM/PIL/graphene structure, where two 
POMs and one IL dimer (i.e., 2[H 2 PMo 12 O 40 ][C 14 H 24 N 4 ]), are 
included in a periodic unit cell. The optimized confi guration, 
in which the two POMs are on opposite sides of the PIL, was 
found to be more stable by 5.5 kcal mol −1  than a confi guration 
with POMs on the same side of PIL (Figure S10, Supporting 
Information). In order to understand the role of PIL and the 
neighboring POM in the proton transfer process, we examined 
the adsorptions of a single H atom on eight different O b  and 
O c  sites of POM (Figure  5 ). The calculated adsorption energies 
are compared with those obtained for the H adsorptions on the 
same O sites of an isolated POM (H 2 PMo 12 O 40 ) on graphene 
( Figure    6  ). The POM/PIL/graphene system shows a wider 
range (6.0 → 12.0 kcal mol −1 ) of H adsorption energies than the 
isolated POM/graphene system.   

 These DFT results suggest that the H adsorption energetics 
on a POM in the POM/PIL nanohybrids is signifi cantly affected 
by adjacent PILs and POMs. From an electrostatic standpoint, 
the PIL cations and the POM anions suppress and facilitate the 
proton adsorption reaction, respectively, on the adjacent POM. 

For instance, the H atom on the O c2  site interacts repulsively 
with the neighboring PIL cation and thus has lower adsorp-
tion energy by 3.4 kcal mol −1  than that of the H atom without 
neighboring PILs. On the other hand, the H atom on the O c1  
site is attracted to the adjacent POM anion and has higher 
adsorption energy than the H atom without adjacent POMs by 
3.8 kcal mol −1 . The interplay between the PILs and the POMs 
appears to provide new reactive channels that enable effi cient 
proton transfers during both the charging and discharging 
process. Thus, it is evident that the PIL-grafted POMs greatly 
enhance the ability of redox reactions on graphene. 

 Furthermore, we found clear evidence of an improved charge 
transfer in POM/PIL/RGO compared to the POM/RGO from 
an electrochemical impedance spectroscopic analysis ( Figure    7  ). 
In the Nyquist plots shown in Figure  7 A, the charge transfer 
resistance ( R  ct ) values were calculated using equivalent circuits: 
1.69 Ω for POM/PIL/RGO and 4.24 Ω for POM/RGO. This 
lower value likely stems from the signifi cant role of the PILs 
in facilitating the charge transfer at the interface between the 
RGO and the POM. Figure  7 B displays a plot of the normalized 
imaginary-part | Q |/| S | and real-part | P |/| S | complex power as a 
function of the frequency ( f  0 ). The value of the complex power 
( S ( ω )) is the apparent power; it can be expressed as [ 44 ] 

 S P Q( ) ( ) i ( )ω ω ω= +    

 where  P ( ω ) and  Q ( ω ) are correspondingly the active and reac-
tive power obtained from the real and imaginary parts of the 
capacitance, respectively. The crossing of the two plots appears 
when | P | = | Q |, corresponding to the relaxation time constant 
 τ  0  ( = 1/2π f  0 ) which defi nes the transition from resistive to 
capacitive behavior. The relaxation time constant was calculated 
to be ≈12.7 ms for the POM/PIL/RGO, which is four-fold lower 
than that of POM/RGO (≈50.4 ms). This result clearly demon-
strates that POM/PIL/RGO has much faster capacitive behavior 
compared to POM/RGO in the low-frequency region.  

 The attractive electrochemical performance of POM/PIL/
RGO is attributed to the interfacially driven nanohybrid struc-
tures. In particular, the PILs serve multifunctionalities at the 
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 Figure 5.    Optimized PIL/POM (2[H 2 PMo 12 O 40 ][C 14 H 24 N 4 ]) structure 
on graphene. In the center H 2 PMo 12 O 40 , eight different O b  and O c  sites 
for H adsorption are indicated by arrows. Solid lines represent the used 
periodic unit cell. We note that the O b4  and O c4  sites are available as 
H adsorption sites despite the O sites are close to graphene (see the 
adsorption energies in Figure  6 ).

 Figure 6.    Adsorption energies  E  d  of a single H atom on eight different 
O b  and O c  sites of A) H 2 PMo 12 O 40 /graphene and B) 2[H 2 PMo 12 O 40 ]
[C 14 H 24 N 4 ]/graphene. The adsorption sites are shown in Figure  5 .
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interface between the POMs and the RGO sheets. The func-
tionalization of PIL on the surface of RGO sheets increased a 
surface area (Table S1, Supporting Information), and thus pro-
vided a large amount of binding sites for deposition of POMs 
on PIL/RGOs. The high ionic conductivity of PIL enabled rapid 
and effi cient ion transfer channels on POM/PIL/RGOs, which 
can facilitate redox reactions of POMs, as demonstrated by 
DFT results. In addition, compared to the POM/RGO, POM/
PIL/RGO had a shorter ion diffusion length, therby leading to 
the enhanced charge transfer behavior at the interface between 
electrode and electrolyte (Impedance analysis, Figure  7 ). Hence, 
the enhanced high-rate capability of the POM/PIL/RGO elec-
trodes can be understood by their nanohybrid structure of 
POM-coupled PIL/RGO sheets. Moreover, long cycle life (98% 
retention over 2000 cycles) of POM/PIL/RGO-SCs is strongly 
associated with an excellent strucural stability of POM/PIL/
RGOs, as verifi ed by morphology change and leakage test of 
POMs after 2000 cylces (Figure S8 and Table S4, Supporting 
Information). Consequnetly, such superior nanohybrid struc-
ture of POM-coupled PIL/RGO sheets led to the high levels of 
energy and power densities of supercapacitors.  

  3.     Conclusion 

 We developed a simple and effective strategy for the nano-
hybridization of POM clusters and RGO sheets using PILs as 
an interfacial linker. The resulting materials were employed as 
electrode materials for high-performance SCs. The adoption of 
an anion exchange mechanism between POMs and the anion 
groups of PILs ensured that the POMs were uniformly distrib-
uted over the high surface area of the RGOs. In consequence, 
the POM/PIL/RGO electrodes exhibited signifi cantly improved 
electrochemical performance levels compared to the POM/
RGO electrodes, including high energy and power densities 
while maintaining good cycling stability on full-cell tests. The 
DFT calculations and impedance spectroscopy results demon-
strated that the unique intermolecular structure of POM/PIL/
RGO enhanced the reversible redox reactions of POMs and 
the interfacial charge transport. Our interfacial engineering 
approach at the nanoscale is a promising method for the crea-
tion of a fi nely controlled structure and to ensure a heteroge-
neous nanomaterial composition that can signifi cantly improve 
the electrochemical performance of energy storage devices.  

  4.     Experimental Section 
  Synthesis of the Polymeric Ionic Liquid : The PIL, poly(1-vinyl-3-

ethylimidazolium bromide) ([VEIM][Br]), was synthesized according to 
a previously reported procedure. [ 45,46 ]  A mixture of [VEIM][Br] (1.5 g), 
2,2′-Azobis(isobutyronitrile) (AIBN, 7.5 mg) and 15 mL of methanol 
was added into a three-necked fl ask in a preheated oil bath set at 60 °C 
with stirring under a nitrogen atmosphere. After 18 hours, the reaction 
mixture was cooled to room temperature, and a precipitate formed in 
ethyl ether. Residue monomers were removed by dialysis in water. The 
solution was concentrated with a rotavapor, and the fi nal product was 
dried under a vacuum at room temperature. The purity of the PIL (for 
an average molecular weight of ≈26 000) [ 46 ]  was checked by  1 H NMR 
spectroscopy (see Figure S11 in the Supporting Information). 

  Preparation of the POM/PIL/RGO Nanohybrids : As starting materials, 
graphene oxide (GO) was prepared by a modifi ed Hummers method. [ 47 ]  
The PIL/RGO was prepared by dispersing the as-obtained GO (5 mg) and 
PIL (10 mg) in de-ionized (DI) water (20 mL) by sonication for 60 min 
and then mixing it with hydrazine (100 µL) at 85 °C for 24 h. The resulting 
mixture was then washed and fi ltered to yield PIL/RGO nanohybrids. 
POM/PIL/RGO was prepared by vigorously stirring an aqueous solution of 
PIL/RGO and excess phosphomolybdic acid hydrate (H 3 [PMo 12 O 40 ]·xH 2 O) 
overnight. POM/PIL/RGO was collected by fi ltration and thoroughly 
washed with water to remove any unbound POM. 

  Material Characterization : High-resolution TEM images were 
obtained using a fi eld-emission TEM (JEM2100F, JEOL Ltd.) operated 
at 200 kV. SEM images were obtained using a fi eld emission scanning 
electron microscope (S-4800). The FT-IR spectra were collected on a 
JASCO FT-IR 470 plus instrument. Each spectrum was recorded from 
4000 to 400 cm −1  using 12 scans at a resolution of 4 cm −1 . XPS data 
were obtained using a Thermo MultiLab 2000 system. An Al Mgα X-ray 
source at 200 W was used with pass energy of 20 eV and a 45° takeoff 
angle in a 10 −7  Torr vacuum analysis chamber. An elemental analysis of 
Mo in the solid sample was carried out by an inductively coupled plasma 
optical emission spectrometry analysis under standard conditions (iCAP 
6300, Thermo Scientifi c). TGA was performed on a TGA 92–18 (Setaram) 
using a heating rate of 10 °C min −1 . N 2  adsorption/desorption was 
determined by Brunauer-Emmett-Teller (BET) measurements using an 
ASAP-2010 surface area analyzer. The BET method was used to calculate 
the specifi c surface area of samples. The  1 H NMR spectra were recorded 
a Bruker AV400 400 MHz spectrometer using D 2 O as a solvent. 
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 Figure 7.    A) Nyquist plots of the POM/PIL/RGO and POM/RGO elec-
trode obtained over the frequency range of 100 kHz to 10 mHz by 
applying a sine wave with an amplitude of 10 mV (magnifi ed fi gure at the 
high frequency, inset); B) Plots of normalized reactive power |Q|/|S| and 
reactive power |P|/|S| as a function of frequency.
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  Electrochemical Measurements : The All of electrochemical experiments 
were conducted on a VersaSTAT 4 (Princeton Applied Research). The 
working electrode, composed of a slurry of 95 wt% active material 
(POM/PIL/RGO or POM/RGO) and 5 wt% poly(vinylidene difl uoride), 
was coated onto a pretreated stainless steel foil current collector 
(≈2.0 mg cm −2 ) and then dried at 60 °C overnight in a vacuum oven. 
Before used as a current collector, the stainless steel foil was rinsed in an 
ultrasonic bath of a solution of 0.5  M  H 2 SO 4  for 10 min and then washed 
with acetone followed by DI water for 10 min. A Pt wire was used as the 
counter electrode and an Ag/AgCl electrode was used as the reference 
electrode. The working electrodes were tested by CV and galvanostatic 
charge/discharge cycling with a three-electrode cell in 0.5  M  H 2 SO 4  
or 0.5  M  LiClO 4 /acetonitrile as electrolytes. The specifi c capacitance 
was estimated from the CV and galvanostatic discharge curves 
according to the equations:  C  s  = ∫ I d V /( mv Δ V ) and  C  s  = ( I Δ t )/( m Δ V ), 
where ∫ I d V  is the integrating area of CV curves,  m  is the mass of 
active materials,  v  is the scan rate,  ΔV  is the potential window,  I  is the 
discharge current, and Δ t  is the discharge time. As for the fabrication 
of the two-electrode symmetric SC systems, two electrodes with same 
loading mass were separated by fi ltrate paper soaked with 0.5  M  H 2 SO 4  
or 0.5  M  LiClO 4 /acetonitrile as electrolyte, and were then sandwiched 
between two PTFE sheets. The electrochemical impedance spectroscopy 
measurements were performed over a frequency range from 10 5  to 
10 −2  Hz at sinus amplitude of 10 mV. A cycling test was performed 
using galvanostatic charge/discharge measurements at a current density 
of 10 A g −1  for 2000 cycles. The specifi c capacitance derived from the 
galvanostatic discharge curves was calculated based on the following 
equation:  C =  4( 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 the electrode, and Δ V  
represents the voltage change during the discharge process. [ 48 ]  The 
energy density ( E ) and power density ( P ) of the supercapacitors depicted 
in the Ragone plots were calculated using the equations  E =  1/2 C (Δ V ) 2  
and  P =  (Δ V ) 2  / 4 RM , respectively, where  C  is the specifi c capacitance, Δ V  
is the cell voltage after IR drop,  R  is internal resistance (IR) drop, and  M  
is the total weight of two electrodes. [ 6 ]  

  Computational Details : Density functional theory calculations were 
carried out using the Vienna Ab initio Simulation Package (VASP). [ 49 ]  
We employed the revised Perdew−Burke−Ernzerhof (revPBE) exchange 
and correlation functional [ 50,51 ]  with the introduction of vdW-DF [ 43,44 ]  for 
the non-local correlation part to account for the dispersion interactions 
correctly. The projector augmented wave (PAW) method was used for the 
ion-electron interaction. [ 52 ]  The electronic wave functions were expanded in 
a plane-wave basis set with an energy cutoff of 400 eV. A periodic supercell 
geometry was employed to model the POM/PIL/graphene system; the 
cell sizes used were 17.28 × 17.10 × 21.00 Å 3  and 17.28 × 25.65 × 21.00 Å 3  
for the anion exchange reaction and the H adsorption on the POM, 
respectively. One  k  point was used for the Brillouin-zone integrations. We 
found that the calculated bond lengths and angles for [PMo 12 O 40 ] 3−  are 
in good agreement with the experimental values within 0.04 Å and 1°, 
respectively (Table S5, Supporting Information). [ 53 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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