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Synergic combination of a chemical redox reaction and a physical capacitor effect in one electrochemical 

cell is a promising route to realize both high-energy and high-power-density energy storage. In the 

present work, we studied the electrochemical properties of a nanohybrid system between polyoxometalate 

(POM) and graphene (RGO), in which individual POM molecules are adsorbed on the RGO surfaces. The 10 

molecular cluster battery (MCB) in which the POM/RGO hybrid was adopted as a cathode active material 

exhibited a higher battery capacity than the POM/SWNT (single-walled carbon nanotube)-MCB and the 

microcrystal POM-MCB. The observed capacity for the POM/RGO-MCB was found to be much larger 

than the theoretical one, as calculated from the redox change in POM, indicating a cooperative 

enhancement of the capacitor effects of RGO, induced by the POMs on the RGO surfaces. 15 

Introduction 

Electrochemical energy storage devices play an important role as 

a power source in portable electronic devices, electric vehicles, 

power grids, etc.1 At present, the two major electrochemical 

energy devices are chemical batteries2,3 and supercapacitors,4,5 20 

which work via different mechanisms. The charge/discharge 

processes of the chemical batteries are caused by the 

electrochemical redox reactions of electrode active-materials,6 

while the supercapacitors store electrostatic energy through the 

formation of electrical double layers (EDLs) at electrode 25 

interfaces.7 Consequently, the batteries can possess much higher 

energy densities owing to the redox changes of battery active 

materials, while the power densities of the supercapacitors are 

higher, since the physical adsorption/desorption of ions at the 

electrode-electrolyte interfaces are much faster than the 30 

electrochemical reactions. Therefore, the synergic combination of 

a chemical redox reaction and a physical capacitor effect in one 

electrochemical cell would be a promising route to achieve both 

high energy and high power densities.8 

 Recently, we developed a new type of rechargeable battery, the 35 

molecular cluster battery (MCB),9-14 which consists of a lithium  
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metal as an anode and molecular clusters such as Mn12 clusters 

([Mn12O12 (RCOO)16(H2O)4], R = CH3, C6H5, etc.) and 

polyoxometalates (POMs) as cathode active materials, in order to 50 

achieve both high capacity and rapid charge/discharge. Since the 

so-called Keggin-type POM, TBA3[PMo12O40] (TBA = tetrabutyl 

ammonium), possessed reversible, multi-electron redox 

properties, the MCBs of this compound exhibited a battery 

capacity of ca. 260 Ah per the unit weight (1 kg) of the cathode 55 

active material.13, 15, 16 This capacity was higher than those of the 

usual lithium ion batteries (LIBs) (ca. 150 Ah/kg). Operando X-

ray abso rption fine structure (XAFS) studies on the POM-MCBs 

demonstrated a twenty-four-electron reduction from 

[PMo(VI)12O40]
3- to [PMo(IV)12O40]

27-during discharge,13 which 60 

can explain the observed high battery capacity. Such electron 

sponge behavior indicates that the POMs are promising cathode 

active materials for high performance rechargeable batteries. 

However, since the cathode was a mixture of the microcrystals of 

Fig. 1 Schematic view of the hybrid material between graphene 
and the Keggin-type polyoxometalate [PMo12O40]3- (POM).  

Fig. 1 Schematic view of the hybrid material between graphene and the 

Keggin-type polyoxometalate [PMo12O40]
3- (POM). Although the IR 

spectra indicate the coexistence of the POM anions and the tetrabutyl 

ammonium (TBA) cations in the hybrid materials, the TBA cations are 

omitted for clarity. 
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POMs and carbon black (CB) combined by a binder (see Fig. S1) 

in the initial experiments, the battery performance was considered 

to suffer from frictional penetration/removal of Li ions into/from 

the microcrystals and from non-smooth electron transfer between 

POMs and electrodes. To improve these drawbacks, we have 5 

developed nanohybrid materials consisting of the POMs and 

single-walled carbon nanotubes (SWNTs) in which the POM 

molecules were individually adsorbed on the SWNT surfaces.12, 14 

Actually, the performance of these POM/SWNT-nanohybrid 

MCBs was much improved in terms of both the capacity and 10 

charge/discharge rate, compared with those of the MCBs of the 

microcrystal POMs. It was strongly indicated that this 

improvement was caused by a capacitor effect due to the 

formation of EDLs at the interface of SWNTs.12,14 Namely, the 

coexistence of a chemical redox reaction and physical capacitor 15 

effect was the most significant feature of the POM/SWNT-

nanohybrid MCBs. It was expected that hybridization with the 

nanocarbon materials of larger interfaces would improve the 

energy storage capability, because, in general, an increase in the 

electrode surface area enhances the capacitoreffects.17 20 

 Graphene has attracted much interest due to its unique 

properties, including its chemical stability, high conductivity, and 

high mechanical strength.18-21 It is theoretically considered that 

graphenes possess higher specific surface areas than SWNTs.22-25 

Among the various types of graphenes prepared by different 25 

methods,26-28 the reduced graphene oxides (RGOs), which are 

obtained by liquid-phase reduction from graphene oxide, have 

promising advantages such as low cost and mass production.29 In 

the present work, we prepared nanohybrid materials between 

POM and RGO (see Fig.1), and examined their performance as 30 

cathode active materials for MCBs. Although the electronic 

properties of the POM-integrated grapheme nanocomposites have 

been investigated in the context of their application to gas sensors 

and catalysis,30-36 there has been no effort to develop rechargeable 

batteries with them. In this study, therefore, we will examine the 35 

cooperative energy-storage capability of these POM/RGO hybrid 

materials. 

Experimental  

Preparation method of POM and RGO. 

Keggin-type POM, TBA3[PMo12O40] (TBA= 40 

[N(CH2CH2CH2CH3)4]
+)(see Fig. 1), was prepared according to 

the method described in the literature.37 RGO was also prepared 

using a previously reported procedure29: graphene oxide was 

prepared from graphite by a modified Hummers method,38,39 and 

then it was reduced by hydrazine monohydrate to obtain RGO 45 

(see Fig. S2). 
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Fig. 3 TEM image (a) and EDX (b) for the POM/RGO hybrid materials. 
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Fig. 2 First discharge curves (a) and the cycle dependence of the 

discharge capacities at 1.5 V (b) for RGO, SWNT and CB. 
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Preparation and characterization of the POM/RGO 

nanohybrid materials. 

To graft the POM molecules onto the surfaces of RGO, an 

acetonitrile solution (5 ml) of TBA3[PMo12O40] (40 mg, 16 µmol) 

was added to a toluene suspension (100 ml) of the as-prepared 5 

RGO (80 mg) under vigorous stirring at room temperature. After 

stirring until the turbidity disappeared, the solution was filtrated 

using a membrane filter with a pore diameter of 0.1 µm. Finally, 

the precipitation was washed by toluene and dried in a vacuum. 

Since addition of the acetonitrile solution of TBA3[POM] into the 10 

toluene suspension of RGO, resulted in a black precipitate with a 

colorless solution, all of the POMs were considered to be grafted 

onto the surfaces of RGO in this reaction to make the hybrid 

materials. This indicates that the weight ratio of TBA3[POM] in 

them agrees with the preparation stoichiometry, namely 33 wt%. 15 

Specific capacitance measurements of carbon materials. 

Coin cells for each carbon material were fabricated in an inert 

atmosphere as follows. The cathode was made by mixing each 

carbon material and PVDF at a weight ratio of 80:20, where the 

weight ratio of PVDF was the same as that in the other batteries 20 

prepared in this work, while a lithium foil was used as the anode.  

The electrolyte was a solution of 1M LiPF6 in ethylene carbonate 

(EC)/diethyl carbonate (DEC) (1:1, in weight).The 

charge/discharge measurements were carried out in the voltage 

range of 1.5 - 4.2 V on a Hokuto HJ1001-SM8A, with a constant 25 

current of I = 1.0 mA. The capacities are normalized by the 

weight of each carbon material. 

Battery performance measurements of nanohybrid materials. 

The 1:2 POM/RGO nanohybrid material was used as a cathode 

active material for MCBs to examine the battery performance. 30 

The cathode was made by mixing this hybrid material, CB, and 

polyvinylidenefluoride (PVDF) at a weight ratio of 30:50:20, as 

shown in Fig. 4(a). A lithium foil was used as the anode. The 

electrolyte was a solution of 1M LiPF6 in ethylene carbonate 

(EC)/diethyl carbonate (DEC) (1:1, in weight). Battery coin-cells 35 

were fabricated in an inert atmosphere. For the control 

experiments, we also prepared the coin-cell MCBs of the 1:2 

POM/SWNT nanohybrid material and of the POM 

microcrystals,12, 13 though there was no nanohybridization in the 

latter. Note that, in these cathodes, the concentrations of the 40 

TBA3[POM] were regulated so as to be the same (10 wt%, see 

Fig. 4(a)). The charge/discharge measurements were carried out 

in the voltage range of 1.5 - 4.2 V on a Hokuto HJ1001-SM8A, 

with a constant current of I = 1.0 mA. 

Results and discussion 45 

Before testing the performance of the POM/RGO materials as 

battery cathodes, we examined the specific capacitances—i.e., the 

electrostatic capacities—for CB, SWNT and RGO, which were 

the carbon materials used in the present work. The experimental 

details are given in the Supporting Information. Figure 2(a) 50 

shows their first discharge curves, in which the capacities, Ccarbon, 

are normalized by the unit weight of each carbon material. The 

discharge voltages for CB and SWNT quickly decrease from 4.2 

to 1.5 V, resulting in small capacities of less than 15 Ah/kg. Very 

small SWNT values of this sort are believed to be caused by a 55 

bundle structure.37 In contrast, the voltage for RGO exhibits a 

slower decrease, and finally reaches 67 Ah/kg at 1.5 V. Figure 

2(b) shows the cycle performance for the three carbon 

materials—namely, the discharge capacities in the first ten cycles. 

Although the values of Ccarbon for CB and SWNT are constantly 60 

smaller than 20 Ah/kg, those for RGO remain over 30 Ah/kg after 

a quick decrease in the first five cycles. It is concluded that the 
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Fig. 4 (a) Cathode compositions for the POM/RGO-, the POM/SWNT, 

and the microcrystal POM-MCB. The broken lines in the POM/RGO-

MCB and the POM/SWNT-MCB indicate nanohybridization between the 

two components. The 30 wt% of the cathode, indicated by the bold grey 

squares, is used for the normalization of the capacities. (b) Second 

charge/discharge curves for the POM/RGO-, the POM/SWNT, and the 

microcrystal POM-MCB. (c) Cycle performance for the POM/RGO-, the 

POM/SWNT, and the microcrystal POM-MCB. 
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Ccarbon value for RGO is much larger than those for CB and 

SWNT, as also reported previously.24, 25, 40-42 

 The POM/RGO nanohybrid materials, in which the weight 

ratio of TBA3[POM] was 33wt%, were prepared by using the 

same method as that previously reported for the POM/SWNT 5 

nanohybrid materials.12,14 Figure 3(a) shows a transmission 

electron microscopy (TEM) image of the POM/RGO hybrid. 

Compared with the smooth surface of the as-prepared RGO (see 

Fig. S2), the surface of the POM/RGO hybrid looks rough, 

probably due to the presence of the TBA+ cations, and is 10 

decorated by dark dots, whose diameters correspond to those of 

the individual and aggregated POM molecules. The individual 

POM molecules are separately grafted on the surface of the RGO 

sheet, although some POMs are aggregated on it. Figure 3(b) 

depicts the results of energy-dispersive X-ray (EDX) 15 

spectroscopy for the TEM image area shown in Fig. 3(a). This 

confirms the presence of molybdenum, as well as carbon, though 

the copper peaks are ascribed to the TEM grids. The IR and 

Raman spectra for the POM/RGO hybrid materials are shown in 

Figs. S3 and S4, respectively. They also indicate the presence of 20 

the [PMo12O40]
3- anions with little structural change from that in 

TBA3[PMo12O40] and no significant change in the sp2 domains of 

graphenes in the POM/RGO hybrid materials (see also 

Supporting Information). We roughly estimated the surface 

coverage of the POMs on the RGO surface as ca. 20 %, by 25 

calculating the surface area covered by the POMs in the TEM 

images. 

 Figure 4(b) shows the second charge/discharge curves for the 

MCBs of POM/RGO (black)and POM/SWNT(red), where the 

capacities Chybrid are defined as those per the unit weight of the 30 

nanohybrid materials(namely, POM + nanocarbon), which 

occupy 30 wt% of the cathodes (see Fig. 4(a)). Since the first 

charge curve is very different from the others due to the fact that 

the as-prepared POM-MCBs are already in the charged state, we 

discuss the second charge/discharge curves as representative 35 

ones. The solid and broken curves in Fig. 4(b) indicate the 

discharge and charge processes, respectively. This figure also 

shows the data for the microcrystal POM-MCB (blue) for 

comparison, where the capacity is also defined per 30 wt% of the 

cathode (see Fig. 4(a)).Since there is no hybridization between 40 

POM and CB in this battery, and since the Ccarbon of CB is small, 

the capacity of this MCB is considered to be mainly caused by 

the chemical redox of POM. All the charge/discharge curves in 

the initial 10 cycles for the three kinds of MCBs are shown in 

Fig. S5. As shown in Fig. 4(b), the discharge curves for the three 45 

batteries exhibit gradual voltage decreases from 4.0 V, but the 

values of Chybrid at 1.5 V are significantly different: 140, 110 and 

90 Ah/kg for the MCBs of the POM/RGO, POM/SWNT and 

POM microcrystals, respectively. Figure 4(c) shows the cycle 

dependence of the discharge capacities for the first ten cycles. It 50 

is concluded that the POM/RGO-MCB stably exhibits a larger 

capacity than the other two, even though the POM concentrations 

in them are the same (see Fig. 4(a)). This is probably caused by 

an enhanced capacitor effect in the POM/RGO-MCB.  

 To understand the enhanced capacity of the POM/RGO MCB, 55 

operando Mo K-edge XAFS measurements were carried out 

during the charge/discharge processes of the POM/RGO-MCB. 

The open circles in Fig. 5(a) show the averaged valence Nv of the 

Mo ions in this MCB during discharge, which were estimated 

from the edge energies of the Mo K-edge X-ray absorption near-60 

edge structure (XANES) spectra (see Fig. S6). Figure 5(a) also 

shows the data for the microcrystal POM-MCB (closed circles), 

which were obtained previously.13The values of Nv for this MCB 

show a decrease from 6.0 to 4.0 in the voltage range of 3.5-1.5 V. 

(a) 

(b) 

∆Chybrid 

Discharge 

CRGO 

(c) 

Fig. 5 (a) Averaged Mo valence of the POM molecule in the microcrystal 

POM-MCBs (closed circles) and in the POM/RGO-MCBs (open circles) 

as a function of the cell voltage. (b) Experimental discharge curve 

Chybrid
ex(black) and calculated one Chybrid

red (red) from the valence change 

in POM, for the POM/RGO-MCB. See the text. (c)Evolution of Chybrid 

= Chybrid
ex − Chybrid

red and CRGO as a function of the battery voltage. The 

bold grey line is provided as a guide to highlight the significant increase 

in the gradient.  
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This change in Nv by 2.0 means that all the 12Mo6+ ions in POM 

are reduced to Mo4+; namely, one POM molecule can store 24 

electrons. Actually, the battery capacity, calculated from this 

value for the 30 wt% fraction of the cathode, is ca.80 Ah/kg, 

which agrees with the observed battery capacity for the 5 

microcrystal POM-MCB (see Fig. 4(b)). In contrast, the 

POM/RGO-MCB exhibits a much smaller change in Nv; the 

initial value of 6.0decreasesto 5.2 at 1.5 V, indicating that the 

POM molecules are not fully reduced at this voltage. Although 

the battery capacity Chybrid in the range of 4.0-1.5 V for the 10 

POM/RGO-MCB is much larger than that for the microcrystal 

POM-MCB, the contribution from the chemical redox change in 

POM is smaller in the former. This means that the enhanced 

capacity for the POM/RGO-MCB is caused by a significant 

increase in the capacitor effects, which overcomes the decrease in 15 

the redox capacity. In addition, the insufficient reduction in the 

POM/RGO-MCB suggests an interaction between POM and 

RGO in the nanohybrid, which increases the reduction potential 

of POM. 

 By using the values of Nv as a function of the battery voltage, 20 

as shown in Fig. 5(a), we calculated the theoretical discharge 

curve, Chybrid
red, for the POM/RGO-MCB, which is solely caused 

by the redox reaction of POM. The results are shown as the red 

curve in Fig. 5(b), and are compared with the experimental results 

(Chybrid
ex, black curve)—i.e., the second discharge curve for the 25 

POM/RGO-MCB, shown in Fig. 4(b). There is a significant 

difference between the two curves in the whole voltage range, 

4.0-1.5 V. Figure 5(c) shows the battery-voltage dependence of 

the difference, namely ∆Chybrid = Chybrid
ex − Chybrid

red, which is 

considered to express the contribution from the capacitor effect 30 

due to the nanohybridization between TBA3[POM] and RGO. 

The values of ∆Chybrid gradually increase in the discharge process. 

As indicated by the bold grey line, there is a significant increase 

in the gradient below 2.2 V. This feature strongly suggests that 

the reduced species of POM would enhance the capacitor effect 35 

significantly. Figure 5(c) also shows the capacity of RGO (CRGO, 

broken curve) for comparison, which was estimated from the 

values of Ccarbon for RGO in Fig. 2(a). Since the weight of RGO is 

two-thirds of the weight of the hybrid, CRGO= (2/3)Ccarbon. The 

values of ∆Chybrid are much larger than those of CRGO, indicating 40 

that the presence of the POM molecules on the surfaces of RGO 

should greatly enhance the capacitor effect of RGO.  

 Next, we will discuss a possible mechanism for the 

cooperative capacity for the POM/RGO nanohybrid. The 

enhanced capacitor effects are associated with the 45 

electrochemical reaction between POM3- (namely TBA3[POM]) 

before discharge and POM27- after it. Since the numbers of TBA+ 

are much smaller than those of Li+, the presence of the TBA+ 

would not affect the interactions between POM and Li+ 

significantly. Therefore, we ignore TBA+ in the following 50 

discussion. Figure 6(a) shows the situation before the POM 

reduction, e.g., at 3.0 V, which consists of a POM3- molecule and 

the EDLs between Li+ ions and electrons on RGO. The increase 

in the reduction potential of POM is probably caused by the 

delocalized negative charges on RGO.43 Figure 6(b) shows the 55 

situation after the reduction of POM3-, which consists of a 

reduced POM and the EDLs. It is considered that the large 

negative charges on the POM would spread onto RGO and 

enhance the EDL capacitance significantly. This could explain 

the fact that ∆Chybrid is significantly enhanced in the lower voltage 60 

range (see Fig. 5(c)). However, it is worth noting another 

possibility, i.e., that the adsorbed POM molecules might expand 

the spaces between the RGO sheets to accumulate more Li+ ions.  

 Figures S7(a) and S7(b) show the load current-dependence of 

the first discharge curves and the cycle performances for the 65 

POM/RGO-MCB, respectively, at I = 1, 2, and 4 mA, in which 

the capacities are normalized by the unit-weight of the 

nanohybrid material(30 wt% of the cathode). With an increase in 

load current, the voltage drop during discharge occurs more 

quickly, but, even at I= 4mA, the discharge curve (solid, red) still 70 

indicates a capacity of 80 Ah/kg at 1.5 V, which is nearly the 

same as the capacity of the microcrystal POM- MCB at I = 1 mA 

(see Fig. 4(b)).This means that the nanohybridization with RGO 

can increase the charge/discharge rate of the POM MCB four-

fold. The results for the POM/SWNT-MCB are shown in Fig. S8. 75 

The rate performance of this MCB is also improved, compared 

with the microcrystal MCB, but this improvement is much worse 

than that for the POM/RGO-MCB. Figure S9 shows the power 

densities for the POM/RGO-MCBs at I=1, 2 and 4 mA, which 

were estimated from Fig. S7(a) and the averaged discharge 80 

voltages. It is suggested that the power density monotonously 

increases with an increase in load current, finally reaching 700 

W/kg at 4 mA, although this value is normalized by the 

nanohybrid weight (30wt% of the cathode). Since the capacity in 

the higher voltage range is not caused by the POM redox reaction 85 

but by the capacitor effects of RGO, larger power densities can be 

expected in the range of 3.0 - 4.0 V.4,5 

Conclusions 

In conclusion, we studied the electrochemical properties of the 

nanohybrid materials between POM and RGO, in which the 90 

individual POM molecules are adsorbed on the RGO surfaces. 

The charge/discharge measurements on the POM/RGO-MCB 

demonstrated a higher battery capacity and a faster 

charge/discharge rate than the corresponding ones for the 

microcrystal POM-MCB and the POM/SWNT-MCB. The fine 95 

analysis of the POM/RGO-MCB, based on the valence change in 

(a) 

(b) 

Fig. 6 Schematic view of the POM/RGO nanohybrid and Li+ ions before 

(a) and after (b) the reduction of POM3-. In (a), the negative charges on 

RGO in the EDLs interact with the POM3-, and in (b), the negative 

charges of the super-reduced POMs (POM27-) enhance the EDL 

formation. 
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POM and the capacitance of RGO, strongly indicated the 

cooperative enhancement of the capacitor effects in the 

POM/RGO hybrid materials. The present work suggests an 

excellent performance of POM as an additive for supercapacitors 

to enhance their capacity and a synergetic approach to combine a 5 

chemical battery and supercapacitor to realize high-energy and 

high-power density energy storages. 
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