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Abstract: An electrochemical cell combining the energy storage characteristics of the chemical
redox reaction and a physical capacitor effect presents advantages including high energy and
power densities, and long durability. In this study, we prepared nanohybrid materials between
polyoxometalate (POM) and porous carbon, which have different porous structures and pore sizes,
using different zeolitic templates. The POM molecules were loaded inside the porous carbon, and these
POM/carbon nanohybrid materials were used as cathode active materials for lithium–ion batteries
(LIBs). The performance of these molecular cluster batteries (MCBs) was significantly dependent
on the porous carbon. Operando X-ray absorption fine structure (XAFS) and 7Li solid-state nuclear
magnetic resonance (NMR) measurements of the POM/carbon-MCBs revealed that three-dimensional
porous carbon with high surface areas can improve the performance. The results highlight the
remarkable performance of porous carbon with a three-dimensionally-linked pore network structure
as an additive for supercapacitors to realise high-performance energy storage devices.
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1. Introduction

The development of energy storage systems with high energy and power density and good cycle
stability, has become an important task worldwide, owing to the increasing demand for environmental
benignity, as well as the urgent need for a clean and sustainable energy resource [1–6]. Capacitors and
rechargeable batteries, which operate via different mechanisms, have been widely studied as energy
storage devices [7–9]. Rechargeable batteries have a high energy density, but a low power density and
poor cycling stability, thereby rendering them unsuitable for prolonged application. Capacitors, on the
other hand, which store electrostatic energy through the formation of electrical double layers (EDLs)
at electrode interfaces, have a long life and higher power density; however, their energy density is
relatively low. A promising solution is to develop novel hybrid energy storage systems, based on the
advantages of a chemical redox reaction and a physical capacitor effect, which can achieve both high
energy and power densities [10–13].

Nanocarbons, such as single-walled carbon nanotubes (SWNTs) and templated mesoporous
carbons, have long diffusion paths and large pore sizes for rapid ion movement in charge/discharge
processes [14–17]. However, exceedingly large pore sizes significantly lower the electrode density,
thereby drastically decreasing the volumetric capacitance and resulting in a low volumetric energy
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density. To avoid this issue, the pore size should be as small as possible, while retaining fast
ion transport. It is possible to meet these two requirements with zeolite-templated carbon (ZTC),
an ordered microporous carbon obtained as a negative replica of a zeolite template with narrow pore
size distributions in the mesopore range (>2 nm) [18–21].

Polyoxometalates (POMs) are well established to achieve a high capacity for energy storage
applications (LIBs and capacitors) due to their stable multielectron redox behaviour and structural
diversity [21–25]. Theoretical and experimental studies of molecular cluster batteries (MCBs), in which
a traditional Keggin-type POM, [PMo12O40]3−, was used as their cathode active materials, revealed that
POM showed an ‘electron sponge’ behaviour based on its large electron uptake number during discharge
when used as the cathode of LIBs [26–29]. Such electron sponge behaviour indicates that POMs are
promising cathode active materials for high-performance rechargeable batteries. Thus, electrode
materials with both of the characteristics of the battery and the capacitor, termed ‘redox capacitor’
(supercapacitor), could be obtained by a combination of both advantages of ZTC and POMs [21,22].
Thus far, we have reported such supercapacitance behaviour of nanohybrid materials between POM
and nanocarbons such as SWNTs and graphenes, and found that their higher capacities due to the
electrical double layer capacitance (EDLC) of nanocarbons is enhanced by the nanohybridisation
with POM [30,31]. Hence, to achieve higher supercapacitances, the key is to use high-surface-area
nanocarbons, such as nanoporous carbons, which show higher EDLCs.

In this study, we prepared nanohybrid materials between POM clusters and porous carbons
derived from zeolitic templates: CMK-3, C320, C500 and C642 (Scheme 1), with different porous
structures, and examined their performance as cathode active materials for MCBs. We also carried
out operando XAFS, and 7Li solid-state NMR analyses for MCBs of the POM/carbon explored the
contribution of carbon in these nanohybrid materials.
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Scheme 1. (a) Preparation of CMK-3. (b) Structure of 320NAA, 500KOA, and 64NAA.: (c) Hybrid
material between CMK-3 and Keggin-type polyoxometalate (POM/CMK-3), (d) Hybrid material
between C320, C500, C642 and Keggin-type polyoxometalate (POM/C320, POM/C500, POM/C642).

2. Materials and Methods

2.1. Preparation of POM, SBA-15, CMK-3, C320, C500, and C642

Keggin-type polyoxometalate (POM), TBA3[PMo12O40] (TBA=[N(CH2CH2CH2CH3)4]+),
was synthesized according to the previously reported method [32].

All the chemicals reagents used in our experiments were used as received without further
purification. A template for carbon, SBA-15 (mesoporous silica) (99%), was prepared using a typical
procedure. In this study, 3.5 g (0.603 mmol) of P123 (poly(ethylene glycol)-block-poly (propylene
glycol)-block-poly(ethylene glycol)) (Aldrich) was dissolved in 130 mL (0.212 mol) of HCl (Wako)
under magnetic stirring [33].

After dissolution of the surfactant, 7.7 g (37 mmol) of tetraethylorthosilicate (TEOS) (Wako) (98%)
was added into the initial solution. Then, the mixture was heated at 35 ◦C and maintained under
vigorous stirring for 24 h. After stirring at 100 ◦C for 24 h for aging, the products were filtrated,



Materials 2020, 13, 81 3 of 12

washed with distilled water, and dried at 70 ◦C for 6 h. Finally, the as-synthesised samples were
calcined for 5 h at 500 ◦C under air to remove the template.

CMK-3 was then prepared using SBA-15 as a template according to the literature [34]. For this,
1.0 g of SBA-15 was added to a solution of 1.25 g sucrose (Wako) as a carbon source and 0.14 g sulphuric
acid dissolved in 5.0 mL of water. The solution was heated at 100 ◦C for 6 h, following which the
temperature was raised to 160 ◦C, at which dehydration and polymerisation of the sucrose occurred
over a period of 6 h. After repeating the soaking–heating cycle, the solid was heated at 900 ◦C for 6 h
under N2 flow. The temperature was raised by 5 ◦C/min. SBA-15 was removed by dissolution at room
temperature for 48 h with HF solution (46% HF: 10 mL, water: 60 mL). Finally, CMK-3 was washed
with water and dried at 85 ◦C under vacuum for 12 h.

Similarly, C320, C500 and C642 were prepared using Y-type zeolite 320NAA (Tosoh), L-type zeolite
500KOA (Tosoh) and mordenite zeolite 642NAA (Tosoh) instead of SBA-15.

2.2. Preparation of POM/CMK-3, POM/C320, POM/C500, and POM/C642 Nanohybrid Materials

To graft the POM molecules onto the surfaces of CMK-3 with a weight ratio of 1:2, we used the
same method as for our previous polyoxometalate/single-walled carbon nanotubes (POM/SWNTs)
or POM/graphene nanohybrid materials; an acetonitrile solution (5 mL) of TBA3[PMo12O40] (50 mg,
20 mmol) was added to a toluene suspension (150 mL) of the as-prepared CMK-3 (100 mg)
under vigorous stirring at room temperature. After stirring until the turbidity disappeared,
the solution was filtrated using a polytetrafluoroethylene (PTFE) filter with a pore diameter of
0.2 µm. Finally, the precipitation was washed with toluene and dried at 70 ◦C in a vacuum. Similarly,
POM/C320, POM/C500 and POM/C642 nanohybrid materials with a similar ratio (1:2) were obtained
by using C320, C500 and C642, respectively, instead of CMK-3.

2.3. Characterisation

The materials were characterised by infrared (IR) spectroscopy (Spectrum One, PerkinElmer).
The morphologies of the materials were characterised by scanning electron microscopy
(SEM, JEOL JCM-6000) and transmission electron microscopy (TEM, JEM-2100F/JEOL).
Nitrogen adsorption/desorption isotherms were acquired by using BELSORP-max. The specific
surface area was estimated by the Brunauer–Emmett–Teller (BET) method. The Broekhoff de Boer
(BdB) method was applied to the adsorption curves to evaluate the average pore size distributions.

2.4. Electrochemical Measurements of Carbon Material and Nanohybrid Materials

The POM/carbon nanohybrid material was used as a cathode active material for MCBs to
investigate the battery performance. The cathode was prepared by mixing this nanohybrid material,
carbon black and polyvinylidenefluoride (PVDF) at a weight ratio of 3:5:2. The resulting slurry was
spread evenly onto an aluminium foil, and dried under vacuum overnight at 105 ◦C. The cathodes used
here had a mass loading of ca. 10 mg cm−2. A lithium foil was used as the anode. The electrolyte was a
solution of 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1, in weight). Coin cell
batteries were fabricated in an Ar atmosphere. 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.
The carbon material was also prepared into cathodes, using the same procedure and a 4:1 weight ratio
of carbon material/PVDF, following which their capacitance behaviour was measured.

2.5. Operando XAFS Measurements

For operando XAFS measurements, the battery was fabricated in a similar manner, using a special
battery cell with a Kapton film as an X-ray window. Operando Mo K-edge XAFS measurements were
carried out in the transmission mode using the BL-NW10A beam lines at Photon Factory. During the
charge/discharge reactions, a quick XAFS (QXAFS) recording mode was used to obtain Mo K-edge
XAFS spectra, which were recorded for 2 min/spectrum with an interval of 1 min. Mo metal, MoO2 and
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POM diluted with boron nitride, were used as standard materials to analyse the relationship between
the absorption edge energy of the Mo K-edge and the averaged valence of Mo. The XAFS spectra were
analysed using the software REX2000 (Rigaku Corp).

2.6. Operando Solid-State NMR Spectroscopy

A pellet-type cathode with a weight ratio of POM/C320 nanohybrid materials: carbon black:
PVDF = 1:7:2 was prepared with a thickness of 0.5 mm for in situ nuclear magnetic resonance (NMR)
experiments. The prepared cathode was placed into an extremely small custom-made quartz cell
(18 mm × 2.8 mm × 2.8 mm) with a glass fibre separator (Whatman, glass microfiber filters), and an
anode was a lithium metal foil. Before sealing the cell with glue, the electrolyte (DEC:EC = 1:1 with
1 M LiPF6) (0.1 mL) was added. The battery was fabricated in a glove box. Pt foil current collectors on
both sides were connected to a charge/discharge device with copper wires.

In situ 7Li NMR of this electrochemical cell was conducted on a JEOL-ECA 700 solid state NMR
spectrometer operating at a 7Li NMR frequency of 38.87 MHz with repeated single pulse excitation
and a relaxation delay of 0.8 s. A total of 1280 scans was collected for each spectrum during the
electrochemical measurements. The 7Li chemical shifts were externally referenced to solid LiCl at
0 ppm. Charge/discharge measurements were performed in the voltage range of 1.3–4.2 V at a constant
current of 0.1 mA.

3. Results and Discussion

3.1. Synthesis of POM/CMK-3, POM/C320, POM/C500, and POM/C642

Transmission electron microscopy (TEM) images of the as-prepared porous carbon and
POM/carbon nanohybrid materials are shown in Figure 1. In Figure 1a, the parallel lines are
due to the mesostructure of CMK-3 where the carbon rods are fixed in a parallel position and form a
P6mm hexagonal lattice. Figure 1b–d also show micrographs of the other as-prepared porous carbons
with a smooth surface. Figure 1e–h show the aggregated POM molecules attached to the surfaces of the
porous carbons. Figure S1 shows the energy-dispersive X-ray (EDX) spectra in the area of transmission
electron microscopy (TEM) image (Figure 1f). It is confirmed as to the presence of molybdenum as
well as carbon; the copper peaks are ascribed to the TEM grids. The IR spectra for the POM/carbon
nanohybrid materials are shown in Figure S2. They indicate that [PMo12O40]3− anions are present
without any structural changes from the original one.
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The nitrogen adsorption–desorption isotherms and pore size distributions of the mesoporous
carbon CMK-3, C320, C500 and C642 are depicted in Figure 2. The pore sizes were calculated
from the adsorption curve of the isotherms. As shown in Figure 2, CMK-3 and C320 have high N2

adsorption. The C320 adsorption/desorption isotherm exhibits the largest hysteresis loop among
these four materials, implying that C320 has a mesopore and may arise from the strong chemical
interaction of the pore wall with N2; on the other hand, the isotherms of CMK-3 are in good agreement
with those previously reported [35]. The abrupt increase in adsorption around p/p0 = 0.5 for CMK-3
implies blockage of the mesopores. On the other hand, the adsorption curves for C320, C500 and
C642 smoothly increase. This difference probably arises from the porous structure of CMK-3, which is
an ensemble of straight channels in contrast to the three dimensional (3D) porous structure of C320,
C500 and C642, where clogging hardly occurs. The BET specific surface area, structure and pore size
of the porous carbons are summarised in Table 1. Although it is considered that the properties are
dependent on the silica and each zeolite template structure, C320 exhibits a 3D mesoporous structure
with the highest surface area among these materials.

Materials 2019, 12, x FOR PEER REVIEW 5 of 12 

 

the adsorption curve of the isotherms. As shown in Figure 2, CMK-3 and C320 have high N2 

adsorption. The C320 adsorption/desorption isotherm exhibits the largest hysteresis loop among 

these four materials, implying that C320 has a mesopore and may arise from the strong chemical 

interaction of the pore wall with N2; on the other hand, the isotherms of CMK-3 are in good agreement 

with those previously reported [35]. The abrupt increase in adsorption around p/p0 = 0.5 for CMK-3 

implies blockage of the mesopores. On the other hand, the adsorption curves for C320, C500 and C642 

smoothly increase. This difference probably arises from the porous structure of CMK-3, which is an 

ensemble of straight channels in contrast to the three dimensional (3D) porous structure of C320, 

C500 and C642, where clogging hardly occurs. The BET specific surface area, structure and pore size 

of the porous carbons are summarised in Table 1. Although it is considered that the properties are 

dependent on the silica and each zeolite template structure, C320 exhibits a 3D mesoporous structure 

with the highest surface area among these materials.  

 

Figure 2. Nitrogen adsorption–desorption isotherms of mesoporous carbon: CMK-3, C320, C500, and 

C642. 

Table 1. Brunauer–Emmett–Teller (BET)-specific surface area, structure and pore size of mesoporous 

carbons. 

Mesoporous Carbons Area/m2g−1 Pore Size Structure 

C320 1430 2.1 nm 3D 

CMK-3 930 3.8 nm 1D 

C642 690 <2 nm 3D 

C500 490 <2 nm 3D 

3.2. Electrochemical Performances of POM/CMK-3, POM/C320, POM/C500, and POM/C642 

We examined the specific capacitances for the porous carbon materials, CMK-3, C320, C500 and 

C642 before testing the performance of the POM/carbon nanohybrid materials. Figure S3 shows the 

first ten charge–discharge curves, in which the capacities are normalised by the unit weight of each 

Figure 2. Nitrogen adsorption–desorption isotherms of mesoporous carbon: CMK-3, C320, C500, and C642.

Table 1. Brunauer–Emmett–Teller (BET)-specific surface area, structure and pore size of mesoporous carbons.

Mesoporous Carbons Area/m2g−1 Pore Size Structure

C320 1430 2.1 nm 3D
CMK-3 930 3.8 nm 1D

C642 690 <2 nm 3D
C500 490 <2 nm 3D

3.2. Electrochemical Performances of POM/CMK-3, POM/C320, POM/C500, and POM/C642

We examined the specific capacitances for the porous carbon materials, CMK-3, C320, C500 and
C642 before testing the performance of the POM/carbon nanohybrid materials. Figure S3 shows
the first ten charge–discharge curves, in which the capacities are normalised by the unit weight of
each carbon material. The discharge curves for the four batteries exhibit gradual voltage decreases.
The capacities are constantly at approximately 70 Ah/kg for C320, 55 Ah/kg for CMK-3, and 62 Ah/kg
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for C500, whereas those for C642 remain over 38 Ah/kg. Although only the surface areas do not govern
the capacitances, C320 has the largest surface area and also exhibited the highest capacitance.

Figure 3a–d show the first discharge and second charge curves for the MCBs of POM/CMK-3,
POM/C320, POM/C500 and POM/C642, where the capacities are defined as those per unit weight
of POM in the nanohybrid materials, corresponding to 10 wt % of the cathode. Although the POM
content in the cathode is small since POM is an insulator, it was used to compare with our previous
results on nanohybrid materials. The discharge and charge curves were shown by red and blue lines in
Figure 3, respectively. All the charge/discharge curves in the initial 10 cycles for four kinds of MCBs are
shown in Figure S4. As shown in Figure S4, the discharge curves for these four batteries exhibit gradual
voltage decreases with different capacities: 377, 489, 315 and 349 Ah/kg for MCBs of POM/CMK-3,
POM/C320, POM/C500 and POM/C642, respectively.
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Figure 3. First discharge and second charge curves in the voltage range of 1.5–4.2 V with a constant
current of I = 1.0 mA for (a) POM/CMK-3, (b) POM/C320, (c) POM/C500, (d) POM/C642. (e) Cycle
performance for POM/CMK-3, POM/C320, POM/C500, and POM/C642.

Figure 3e shows the cycle performances of these discharge capacities during ten cycles,
where there’s no significant capacity decrease in each material. It is concluded that the POM/C320-MCB
stably exhibits a higher capacity than MCBs of nanohybrid materials using the other three porous
carbons. The capacity of POM/C320 is also higher than those of POM/SWNT, POM/graphene and
only POM (previously reported by us). In EDL, ions, before adsorption, need to be transferred
from a bulk solution to the surface of the electrode through narrow pores. Therefore, decreasing the
ion-transfer resistance in the pores is vital to realising a high-power density EDLC. POM/C320, with its
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three-dimensional structure, higher surface area, suitable pore size and efficient ion diffusion paths,
stably enhances the capacitor effect.

Additionally, we also tested the battery performances using the cathodes including 50 and 70 wt %
POM/C320 nanohybrid materials. As shown in Figure S5, these capacities significantly decreased when
the content of nanohybrid materials in the cathode was increased, due to the insulating characteristics
of POM. Although the high contents of active materials are important for practical use, the low
content was used to discuss their fundamental nature of energy storage in this work. This is probably
reasonable since the used conductive carbon, carbon black, has low capacities (Figure S6).

3.3. Operando XANES Analyses

In order to understand this higher capacity of the POM/C320 MCB, operando Mo K-edge XAFS
measurements were carried out during the charge/discharge processes of the POM/C320 MCB. The red
circles in Figure 4a 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-edge structure
(XANES) spectra (Figure S7). Figure 4a also shows the data for the microcrystal POM-MCB (black circles),
which were obtained previously. The 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 in discharge. This change in Nv by 2.0 implies that all the 12 Mo6+ ions in
POM are reduced to Mo4+; namely, one POM molecule can store 24 electrons. Note, though, that the
battery capacity calculated from this value is ca. 260 Ah/kg. Contrary, the POM/C320 MCB exhibits a
much smaller change in Nv; the initial value of 6.0 decreases to 5.1 at 1.5 V, indicating that the POM
molecules are not fully reduced at this voltage. Although the battery capacity in the range of 4.0–1.5 V
for the POM/C320-MCB is higher than the microcrystal POM-MCB (ca. 265 Ah/kg), the contribution
from the chemical redox change in POM is smaller as suggested by XANES analyses. This implies that
the increased capacity for the POM/C320 MCB is derived from the significant increase in the capacitor
effects, which overcome the decrease in the chemical redox capacity. In addition, the insufficient
reduction in the POM/ C320-MCB suggests an interaction between POM and C320 in the nanohybrid
materials, which decreases the reduction potential of POM as reported previously in POM/graphene
nanohybrid materials [31].
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Figure 4. (a) Averaged Mo valence of the polyoxometalate (POM) molecule in the microcrystal
POM-MCBs (red) and in the POM/C320-MCBs (black) as a function of the cell voltage. (b) Experimental
discharge curve capacity (blue) and calculated curve (red) from the valence change in POM, for the
POM/C320-MCB.

Using the values of Nv as a function of the battery voltage (Figure 4a), we calculated the theoretical
discharge curve for the POM/C320-MCB, which is caused by only the chemical redox reaction of POM.
The results are shown as the red curve in Figure 4b, and are compared with the experimental second
discharge curve for the POM/ C320-MCB (plotted as a blue line in Figure 4b). There is a significant
difference between the two curves throughout the voltage range of 4.0–1.5 V, which could be ascribed
to the contribution from the capacitor effect due to the nanohybridisation between POM and C320.
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The weight of C320 is two-thirds that of the hybrid materials. The capacity of POM/C320, except that
caused by the chemical reduction of POM, becomes ca. 340 Ah/kg. This value can be normalised as ca.
170 Ah/kg per weight of C320 in the nanohybrid materials, and is much higher than the capacitance of
C320 (70 Ah/kg). This indicates that the presence of the POM molecules on the surfaces of C320 should
greatly enhance the capacitor effect of C320. That is, more Li+ ions are adsorbed onto the surface of the
nanocarbon due to electrostatic interactions between the POM anion and Li+ cation in the interfaces.

3.4. Operando Solid-State 7Li NMR Analyses

Operando solid-state 7Li NMR measurements were carried out to study the capacitor effects in
the POM/C320-MCBs, because 7Li NMR can probe the structural and dynamic aspects of Li+ and
its interactions with paramagnetic species [36–38]. The overall, solid-state 7Li NMR spectrum of the
POM/C320-MCBs during charge/discharge (Figure S8a) is shown in Figure S8b. Two 7Li NMR peaks
are mainly observed at approximately 0 and 250 ppm. The resonance around 250 ppm can be ascribed
to lithium metal in the anode of the battery because this signal intensity depends little on the progress
of the battery reactions (Figure S8c) [39]. On the other hand, the peak around 0 ppm is ascribed to Li+

ions in the electrolyte and close to the POM molecule in the cathode [40,41]. As shown in Figure 5a,
the chemical shift of the main signal around 0 ppm depends little on the discharge processes despite
the reduction of Mo ions. This absence of paramagnetic shifts suggests that paramagnetic interactions
between the 7Li nuclei and Mo ions are rather weak in these samples, presumably because the lithium
ions are effectively shielded from the oxygen ligands of the POM clusters.
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On the other hand, the intensity of the peak around 0 ppm was reversibly changed during
charge/discharge; Li+ ions from the Li metal anode moved to the cathode, and this peak intensity
ascribed to Li+ ions increased during discharge, while a reversible reaction occurred in a charge process.
Therefore, the intensity evolution of the main peak around 0 ppm was described with the battery
voltage change (Figure 5b). This intensity increase in discharge implies that a large amount of Li+ ions
is adsorbed to the cathodes (i.e., nanohybrid materials), and EDL is formed in the discharge process.
In contrast, the intensity decreases in the charge process, indicating that Li+ ions move far from POM
clusters and EDL disappears. We compared this intensity evolution with those of 7Li NMR in LIBs
using only the C320 carbon and only POM during charge/discharge. Figure 5b suggests a significantly
high intensity increase in the discharge for the POM/C320 nanohybrid materials, indicating that more
Li+ ions are adsorbed onto their surfaces and a larger EDL is formed, compared to those for C320 and
POM. This implies that the nanohybridisation of POM with porous carbon can provide a functional
surface in which a large EDL is formed, leading to high-performance supercapacitance.
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4. Conclusions

We prepared nanohybrid materials of POM/CMK-3, POM/C320, POM/C500 and POM/C642, in
which individual POM molecules are loaded inside of the porous carbon, as cathode materials for LIBs.
During charge–discharge, the POM/C320-MCB exhibited a higher battery capacity and stable cycle
retention at a high rate, compared to the other POM/carbon-MCBs as in summarised in Table 2. In situ
XAFS and 7Li solid-state NMR analyses of C320/POM indicated the coexistence of capacitor effects
of C320 and valence change of POM in the C320/POM nanohybrid materials. The increased cycle
performances and capacities were owing to the fascinating architecture of C320 with a 3D structure,
a suitable pore size, and the highest surface area among the carbons used in this work. This work
highlights the excellent performance of porous carbon with a three-dimensionally linked pore network
structure as an additive for supercapacitors to realise high-performance energy storage devices.

Table 2. Electrochemical performances of POM-based electrode materials used in lithium ion batteries.

Electrode Materials Initial Discharge
Capacities Rate Performance Cycling Stability Reference

TBA3[PMo12O40]/C320 489 mA h g−1@50 mA g−1 480 mA h g−1@50 mA g−1 98%, 10 cycles@1 A g−1 This work
TBA3[PMo12O40]/SWNT 320 mA h g−1@1 mA g−1 N/A 94%, 10 cycles@1 A g−1 [30]

TBA3[PMo12O40]/RGO 140 mA h g−1@1 mA g−1
183mA h g−1@1 mA
105mA h g−1@2 mA
75mA h g−1@4 mA

98%, 10 cycles@1 A g−1

98%, 10 cycles@2 A g−1

95%, 10 cycles@4 A g−1
[31]

Li7[V15O36(CO3)] 250 mA h g−1@50 mA g−1 170 mA h g−1@2 mA g−1

140 mA h g−1@10 mA g−1 82%, 100 cycles@2 A g−1 [42]

Mo-V-Bi-O 320 mA h g−1@1 mA g−1 N/A 65%, 20 cycles@1 A g−1 [43]

PANI/PMo12 nanofiber 183.4 mA h g−1@0.1 mA g−1 183mA h g−1@0.1 mA g−1

94mA h g−1@2 mA g−1 81%, 50 cycles@0.1 A g−1 [44]

[H2Metf]3[V10O28] 156 mA h g−1@1 mA g−1 N/A 64%, 20 cycles@1 A g−1 [45]

Mn3V19-HIL/RGO 214 mA h g−1@100 mA g−1 210 mA h g−1@100 mA g−1

121 mA h g−1@5 mA g−1 89%, 100 cycles@100 A g−1 [46]

NH4V3O8 microbelts 201mA h g−1@90 mA g−1 201 mA h g−1@90 mA g−1 90%, 100 cycles@100 A g−1 [47]

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/1/81/s1,
Figure S1: EDX spectrum of C320/POM hybrid materials, Figure S2: IR spectra of the (a) POM, C320 and
POM/C320 hybrid materials, (b) POM, C500 and POM/C500 hybrid materials, (c) POM, C642 and POM/ C642
hybrid materials, (d) POM, CMK-3 and POM/CMK-3 hybrid materials, Figure S3: Charge–discharge curves of (a)
CMK-3, (b) C320, (c) C500 and (d) C642 in the voltage range of 1.5–4.2 V with a constant current of I = 1.0, Figure
S4: Charge–discharge curves of (a) POM/CMK-3, (b) POM/C320, (c) POM/C500, (d) POM/C642 corresponding
respectively to CMK-3, C320, C500 and C642 in the voltage range of 1.5–4.2 V with a constant current of I = 1.0 mA,
Figure S5: (a) The first discharge curves of MCBs including C320/POM nanohybrid materials with various ratio in
the cathode, (b) Cycle performances of MCBs including C320/POM nanohybrid materials with various ratio in the
cathode, Figure S6: (a) The first charge/discharge curves of carbon black, (b) Cycle performances of carbon black,
Figure S7: Operando Mo K-edge XANES spectra for the POM/C320 MCBs in the first discharge process, Figure S8:
(a) Charge–discharge curves of in situ solid-state 7Li NMR POM/C320-MCBs. (b) Full range of solid-state 7Li
spectrum of POM/C320-MCBs. (c) High-resolution 7Li NMR spectra for 1C and 1D at approximately 255 ppm.

Author Contributions: Formal analysis, T.S.; project administration, H.Y.; writing–original draft, H.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI, grant numbers 17H03048, 18H04528, and 18H04491.
This research was financially supported by the National Natural Science Foundation of China, grant number
21801141 and The Scientific Research Foundation for Doctoral Program No. 2016BSJJ029.

Acknowledgments: This work was supported by the JSPS Core-to-Core Program A- Advanced Research Networks,
“International Network on Polyoxometalate Science for Advanced Functional Energy Materials”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zeng, X.; Li, M.; Abd El-Hady, D.; Alshitari, W.; Al-Bogami, A.S.; Lu, J.; Amine, K. Commercialization of
lithium battery technologies for electric vehicles. Adv. Energy Mater. 2019, 9, 1900161. [CrossRef]

2. Liu, Y.; Zhu, Y.; Cui, Y. Challenges and opportunities towards fast-charging battery materials. Nat. Energy
2019, 4, 540–550. [CrossRef]

http://www.mdpi.com/1996-1944/13/1/81/s1
http://dx.doi.org/10.1002/aenm.201900161
http://dx.doi.org/10.1038/s41560-019-0405-3


Materials 2020, 13, 81 10 of 12

3. Ke, X.; Prahl, J.M.; Alexander, J.I.D.; Wainright, J.S.; Zawodzinski, T.A.; Savinell, R.F. Rechargeable redox
flow batteries: Flow fields, stacks and design considerations. Chem. Soc. Rev. 2018, 47, 8721–8743. [CrossRef]
[PubMed]

4. Harper, G.; Sommerville, R.; Kendrick, E.; Driscoll, L.; Slater, P.; Stolkin, R.; Walton, A.; Christensen, P.;
Heidrich, O.; Lambert, S.; et al. Recycling Lithium-Ion Batteries from Electric Vehicles. Nature 2019, 575, 75–86.
[CrossRef] [PubMed]

5. Turcheniuk, K.; Bondarev, D.; Singhal, V.; Yushin, G. Ten years left to redesign lithium-ion batteries. Nature
2018, 559, 467–470. [CrossRef] [PubMed]

6. Wang, L.; Gao, H.; Fang, H.; Wang, S.; Sun, J. Effect of methanol on the electrochemical behaviour and surface
conductivity of niobium carbide-modified stainless steel for DMFC bipolar plate. Int. J. Hydrog. Energy
2016, 41, 14864–14871. [CrossRef]

7. Gogotsi, Y.; Penner, R.M. Energy storage in nanomaterials–capacitive, pseudocapacitive, or battery-like?
ACS Nano 2018, 12, 2081–2083. [CrossRef]

8. Choi, C.; Ashby, D.S.; Butts, D.M.; DeBlock, R.H.; Wei, Q.; Lau, J.; Dunn, B. Achieving high energy density
and high power density with pseudocapacitive materials. Nat. Rev. Mater. 2019. [CrossRef]

9. Augustyn, V.; Simon, P.; Dunn, B. Pseudocapacitive oxide materials for high-rate electrochemical energy
storage. Energy Environ. Sci. 2014, 7, 1597–1614. [CrossRef]

10. Zuo, W.; Li, R.; Zhou, C.; Li, Y.; Xia, J.; Liu, J. Battery-supercapacitor hybrid devices: Recent progress and
future prospects. Adv. Sci. 2017, 4, 1600539. [CrossRef]

11. Lukatskaya, M.R.; Dunn, B.; Gogotsi, Y. Multidimensional materials and device architectures for future
hybrid energy storage. Nat. Commun. 2016, 7, 12647. [CrossRef] [PubMed]

12. Dubal, D.P.; Ayyad, O.; Ruiz, V.; Gomez-Romero, P. Hybrid energy storage: The merging of battery and
supercapacitor chemistries. Chem. Soc. Rev. 2015, 44, 1777–1790. [CrossRef] [PubMed]

13. Tie, D.; Huang, S.; Wang, J.; Zhao, Y.; Ma, J.; Zhang, J. Hybrid energy storage devices: Advanced electrode
materials and matching principles. Energy Storage Mater. 2019, 21, 22–40. [CrossRef]

14. Li, Z.; Liu, Z.; Sun, H.; Gao, C. Superstructured assembly of nanocarbons: Fullerenes, nanotubes, and
graphene. Chem. Rev. 2015, 115, 7046–7117. [CrossRef]

15. Fang, R.; Chen, K.; Yin, L.; Sun, Z.; Li, F.; Cheng, H.M. The regulating role of carbon nanotubes and graphene
in lithium-ion and lithium–sulfur batteries. Adv. Mater. 2019, 31, e1800863. [CrossRef]

16. Lee, J.; Kim, J.; Hyeon, T. Recent progress in the synthesis of porous carbon materials. Adv. Mater.
2006, 18, 2073–2094. [CrossRef]

17. Yang, Z.; Ren, J.; Zhang, Z.; Chen, X.; Guan, G.; Qiu, L.; Zhang, Y.; Peng, H. Recent advancement of
nanostructured carbon for energy applications. Chem. Rev. 2015, 115, 5159–5223. [CrossRef]

18. Nueangnoraj, K.; Nishihara, H.; Ishii, T.; Yamamoto, N.; Itoi, H.; Berenguer, R.; Ruiz-Rosas, R.;
Cazorla-Amorós, D.; Morallón, E.; Ito, M.; et al. Pseudocapacitance of zeolite-templated carbon in organic
electrolytes. Energy Storage Mater. 2015, 1, 35–41. [CrossRef]

19. Pacuła, A.; Mokaya, R. Synthesis and high hydrogen storage capacity of zeolite-like carbons nanocast using
as-synthesized zeolite templates. J. Phys. Chem. C 2008, 112, 2764–2769. [CrossRef]

20. Itoi, H.; Nishihara, H.; Kogure, T.; Kyotani, T. Three-dimensionally arrayed and mutually connected 1.2-nm
nanopores for high-performance electric double layer capacitor. J. Am. Chem. Soc. 2011, 133, 1165–1167.

21. Benzigar, M.R.; Talapaneni, S.N.; Joseph, S.; Ramadass, K.; Singh, G.; Scaranto, J.; Ravon, U.; Al-Bahily, K.;
Vinu, A. Recent advances in functionalized micro and mesoporous carbon materials: Synthesis and
applications. Chem. Soc. Rev. 2018, 47, 2680–2721. [CrossRef] [PubMed]

22. Ji, Y.; Huang, L.; Hu, J.; Streb, C.; Song, Y.F. Polyoxometalate-functionalized nanocarbon materials for energy
conversion, energy storage and sensor systems. Energy Environ. Sci. 2015, 8, 776–789. [CrossRef]

23. Ye, J.C.; Chen, J.J.; Yuan, R.M.; Deng, D.R.; Zheng, M.S.; Cronin, L.; Dong, Q.F. Strategies to explore and
develop reversible redox reactions of Li–S in electrode architectures using silver-polyoxometalate clusters.
J. Am. Chem. Soc. 2018, 140, 3134–3138. [CrossRef] [PubMed]

24. Chen, J.J.; Ye, J.C.; Zhang, X.G.; Symes, M.D.; Fan, S.C.; Long, D.L.; Zheng, M.S.; Wu, D.Y.; Cronin, L.;
Dong, Q.F. Design and performance of rechargeable sodium ion batteries, and symmetrical Li-ion batteries
with supercapacitor-like power density based upon polyoxovanadates. Adv. Energy Mater. 2018, 8, 1701021.
[CrossRef]

http://dx.doi.org/10.1039/C8CS00072G
http://www.ncbi.nlm.nih.gov/pubmed/30298880
http://dx.doi.org/10.1038/s41586-019-1682-5
http://www.ncbi.nlm.nih.gov/pubmed/31695206
http://dx.doi.org/10.1038/d41586-018-05752-3
http://www.ncbi.nlm.nih.gov/pubmed/30046087
http://dx.doi.org/10.1016/j.ijhydene.2016.07.037
http://dx.doi.org/10.1021/acsnano.8b01914
http://dx.doi.org/10.1038/s41578-019-0142-z
http://dx.doi.org/10.1039/c3ee44164d
http://dx.doi.org/10.1002/advs.201600539
http://dx.doi.org/10.1038/ncomms12647
http://www.ncbi.nlm.nih.gov/pubmed/27600869
http://dx.doi.org/10.1039/C4CS00266K
http://www.ncbi.nlm.nih.gov/pubmed/25623995
http://dx.doi.org/10.1016/j.ensm.2018.12.018
http://dx.doi.org/10.1021/acs.chemrev.5b00102
http://dx.doi.org/10.1002/adma.201800863
http://dx.doi.org/10.1002/adma.200501576
http://dx.doi.org/10.1021/cr5006217
http://dx.doi.org/10.1016/j.ensm.2015.08.003
http://dx.doi.org/10.1021/jp076603f
http://dx.doi.org/10.1039/C7CS00787F
http://www.ncbi.nlm.nih.gov/pubmed/29577123
http://dx.doi.org/10.1039/C4EE03749A
http://dx.doi.org/10.1021/jacs.8b00411
http://www.ncbi.nlm.nih.gov/pubmed/29425034
http://dx.doi.org/10.1002/aenm.201701021


Materials 2020, 13, 81 11 of 12

25. Chen, J.J.; Symes, M.D.; Cronin, L. Highly reduced and protonated aqueous solutions of [P 2 W 18 O 62]
6− for on-demand hydrogen generation and energy storage. Nat. Chem. 2018, 10, 1042–1047. [CrossRef]
[PubMed]

26. Wang, H.; Hamanaka, S.; Nishimoto, Y.; Irle, S.; Yokoyama, T.; Yoshikawa, H.; Awaga, K. In operando
X-ray absorption fine structure studies of polyoxometalate molecular cluster batteries: Polyoxometalates as
electron sponges. J. Am. Chem. Soc. 2012, 134, 4918–4924. [CrossRef] [PubMed]

27. Nishimoto, Y.; Yokogawa, D.; Yoshikawa, H.; Awaga, K.; Irle, S. Super-reduced polyoxometalates: Excellent
molecular cluster battery components and semipermeable molecular capacitors. J. Am. Chem. Soc.
2014, 136, 9042–9052. [CrossRef]

28. Wang, H.; Kawasaki, N.; Yokoyama, T.; Yoshikawa, H.; Awaga, K. Molecular cluster batteries of nano-hybrid
materials between Keggin POMs and SWNTs. Dalton Trans. 2012, 41, 9863–9866. [CrossRef]

29. Wang, H.; Yamada, T.; Hamanaka, S.; Yoshikawa, H.; Awaga, K. Cathode composition dependence of
battery performance of polyoxometalate (POM) molecular cluster batteries. Chem. Lett. 2014, 43, 1067–1069.
[CrossRef]

30. Kawasaki, N.; Wang, H.; Nakanishi, R.; Hamanaka, S.; Kitaura, R.; Shinohara, H.; Yokoyama, T.; Yoshikawa, H.;
Awaga, K. Nanohybridization of polyoxometalate clusters and single-wall carbon nanotubes: Applications
in molecular cluster batteries. Angew. Chem. Int. Ed. Engl. 2011, 50, 3471–3474. [CrossRef]

31. Kume, K.; Kawasaki, N.; Wang, H.; Yamada, T.; Yoshikawa, H.; Awaga, K. Enhanced capacitor effects in
polyoxometalate/graphene nanohybrid materials: A synergetic approach to high performance energy storage.
J. Mater. Chem. A 2014, 2, 3801–3807. [CrossRef]

32. Sanchez, C.; Livage, J.; Launay, J.P.; Fournier, M.; Jeannin, Y. Electron delocalization in mixed-valence
molybdenum polyanions. J. Am. Chem. Soc. 1982, 104, 3194–3202. [CrossRef]

33. Benamor, T.; Vidal, L.; Lebeau, B.; Marichal, C. Influence of synthesis parameters on the physico-chemical
characteristics of SBA-15 type ordered mesoporous silica. Microporous Mesoporous Mater. 2012, 153, 100–114.
[CrossRef]

34. Joo, S.H.; Choi, S.J.; Oh, I.; Kwak, J.; Liu, Z.; Terasaki, O.; Ryoo, R. Ordered nanoporous arrays of carbon
supporting high dispersions of platinum nanoparticles. Nature 2001, 412, 169–172. [CrossRef]

35. Jun, S.; Joo, S.H.; Ryoo, R.; Kruk, M.; Jaroniec, M.; Liu, Z.; Ohsuna, T.; Terasaki, O. Synthesis of new,
nanoporous carbon with hexagonally ordered mesostructure. J. Am. Chem. Soc. 2000, 122, 10712–10713.
[CrossRef]

36. Trease, N.M.; Zhou, L.; Chang, H.J.; Zhu, B.Y.; Grey, C.P. In situ NMR of lithium ion batteries: Bulk
susceptibility effects and practical considerations. Solid State Nucl. Magn. Reson. 2012, 42, 62–70. [CrossRef]

37. Blanc, F.; Leskes, M.; Grey, C.P. In situ solid-state NMR spectroscopy of electrochemical cells: Batteries,
supercapacitors, and fuel cells. Acc. Chem. Res. 2013, 46, 1952–1963. [CrossRef]

38. Pecher, O.; Carretero-González, J.; Griffith, K.J.; Grey, C.P. Materials’ methods: NMR in battery research.
Chem. Mater. 2016, 29, 213–242. [CrossRef]

39. Pigliapochi, R.; Seymour, I.D.; Merlet, C.; Pell, A.J.; Murphy, D.T.; Schmid, S.; Grey, C.P. Structural
characterization of the Li-ion battery cathode materials LiTi x Mn2–x O4 (0.2 ≤ x ≤ 1.5): A combined
experimental 7Li NMR and first-principles study. Chem. Mater. 2018, 30, 817–829. [CrossRef]

40. Nakamura, K.; Ohno, H.; Okamura, K.; Michihiro, Y.; Moriga, T.; Nakabayashi, I.; Kanashiro, T. 7Li NMR
study on Li+ ionic diffusion and phase transition in LixCoO2. Solid State Ion. 2006, 177, 821–826. [CrossRef]

41. Wang, H.; Zeng, Z.; Kawasaki, N.; Eckert, H.; Yoshikawa, H.; Awaga, K. Capacitance effects superimposed on
redox processes in molecular-cluster batteries: A synergic route to high-capacity energy storage. Chemistry
2013, 19, 11235–11240. [CrossRef]

42. Chen, J.J.; Symes, M.D.; Fan, S.C.; Zheng, M.S.; Miras, H.N.; Dong, Q.F.; Cronin, L. High-Performance
Polyoxometalate-Based Cathode Materials for Rechargeable Lithium-Ion Batteries. Adv. Mater.
2015, 27, 4649–4654. [CrossRef] [PubMed]

43. Zhang, Z.; Ishikawa, S.; Kikuchi, M.; Yoshikawa, H.; Lian, Q.; Wang, H.; Ina, T.; Yoshida, A.; Sadakane, M.;
Matsumoto, F.; et al. High-Performance Cathode Based on Microporous Mo-V-Bi Oxide for Li Battery and
Investigation by Operando X-Ray Absorption Fine Structure. ACS Appl. Mater. Interfaces 2017, 9, 26052–26059.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41557-018-0109-5
http://www.ncbi.nlm.nih.gov/pubmed/30104721
http://dx.doi.org/10.1021/ja2117206
http://www.ncbi.nlm.nih.gov/pubmed/22352694
http://dx.doi.org/10.1021/ja5032369
http://dx.doi.org/10.1039/c2dt30603d
http://dx.doi.org/10.1246/cl.140233
http://dx.doi.org/10.1002/anie.201007264
http://dx.doi.org/10.1039/C3TA14569G
http://dx.doi.org/10.1021/ja00375a044
http://dx.doi.org/10.1016/j.micromeso.2011.12.016
http://dx.doi.org/10.1038/35084046
http://dx.doi.org/10.1021/ja002261e
http://dx.doi.org/10.1016/j.ssnmr.2012.01.004
http://dx.doi.org/10.1021/ar400022u
http://dx.doi.org/10.1021/acs.chemmater.6b03183
http://dx.doi.org/10.1021/acs.chemmater.7b04314
http://dx.doi.org/10.1016/j.ssi.2006.02.021
http://dx.doi.org/10.1002/chem.201300097
http://dx.doi.org/10.1002/adma.201501088
http://www.ncbi.nlm.nih.gov/pubmed/26177828
http://dx.doi.org/10.1021/acsami.7b07195
http://www.ncbi.nlm.nih.gov/pubmed/28718620


Materials 2020, 13, 81 12 of 12

44. Yang, H.X.; Song, T.; Liu, L.; Devadoss, A.; Xia, F.; Han, H.; Park, H.; Sigmund, W.; Kwon, K.; Paik, U.
Polyaniline/Polyoxometalate Hybrid Nanofibers as Cathode for Lithium Ion Batteries with Improved Lithium
Storage Capacity. J. Phys. Chem. C 2013, 117, 17376–17381. [CrossRef]

45. Wang, H.; Isobe, J.; Matsumura, D.; Yoshikawa, H. In Situ X-Ray Absorption Fine Structure Studies of
Amorphous and Crystalline Polyoxovanadate Cluster Cathodes for Lithium Batteries. J. Solid State Electrochem.
2018, 22, 2067–2071. [CrossRef]

46. Shen, F.-C.; Wang, Y.-R.; Li, S.-L.; Liu, J.; Dong, L.-Z.; Wei, T.; Cui, Y.-C.; Wu, X.L.; Xu, Y.; Lan, Y.-Q.
Self-Assembly of Polyoxometalate/Reduced Graphene Oxide Composites Induced by Ionic Liquids as a
High-Rate Cathode for Batteries: “Killing Two Birds with One Stone”. J. Mater. Chem. A 2018, 6, 1743–1750.
[CrossRef]

47. Ottmann, A.; Zakharova, G.S.; Ehrstein, B.; Klingeler, R. Electrochemical Performance of Single Crystal
Belt-Like Nh4v3o8 as Cathode Material for Lithium-Ion Batteries. Electrochim. Acta 2015, 174, 682–687.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jp401989j
http://dx.doi.org/10.1007/s10008-018-3920-4
http://dx.doi.org/10.1039/C7TA09810C
http://dx.doi.org/10.1016/j.electacta.2015.06.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of POM, SBA-15, CMK-3, C320, C500, and C642 
	Preparation of POM/CMK-3, POM/C320, POM/C500, and POM/C642 Nanohybrid Materials 
	Characterisation 
	Electrochemical Measurements of Carbon Material and Nanohybrid Materials 
	Operando XAFS Measurements 
	Operando Solid-State NMR Spectroscopy 

	Results and Discussion 
	Synthesis of POM/CMK-3, POM/C320, POM/C500, and POM/C642 
	Electrochemical Performances of POM/CMK-3, POM/C320, POM/C500, and POM/C642 
	Operando XANES Analyses 
	Operando Solid-State 7Li NMR Analyses 

	Conclusions 
	References

