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Abstract

Polyoxometalate-based metal-organic frameworks (POMOFs) possess promising 

applications as capacitors. Herein, we report the syntheses, structures and electrochemical 

properties of five copper-containing POMOFs: [CuI
4H2(btx)5(PW12O40)2]·2H2O (1), 

[CuIICuI
3(H2O)2(btx)5(PWVI

10WV
2O40)]·2H2O (2), [CuI

6(btx)6(PWVI
9WV

3O40)]·2H2O (3), 

[CuI
4H2(btx)5(PMo12O40)2]·2H2O (4) and [CuIICuI

3(btx)5(SiMoVI
11MoVO40)]·4H2O (5) (btx = 

1,4-bis(triazol-1-ylmethyl) benzene) with potential applications as capacitors. Compounds 1-3 

contain the same Keggin-type polyoxometalate (POM) although with different oxidation states, 

allowing the analysis of the effect of the electronic population on the capacitance performance of 

this Keggin-type POM. Compounds 1/4 and 2/5 present the same microstructure but different 

chemical composition, allowing the analysis of the effect of the chemical composition on the 
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capacitance performance of these isostructure POMOFs. Compound 4 shows the highest specific 

capacitance (237.0 F g-1 at 2 A g-1) with capacitance retention of about 92.5 % after 1000 cycles 

at a high charge/discharge current density of 10 A g-1. Such superior performance is comparable 

with state-of-the-art MOF-based and POM-based supercapacitor electrode materials. More 

important, this work demonstrates that the design and syntheses of POMOFs by tuning single 

active site (SAS) could guide the development of the new generation of electrode materials for 

electrochemical capacitors in the near future.

1. Introduction

The search of new materials for energy storage is a very hot topic nowadays due to the 

current and previsible future evolution of the world energy demand.[1-11] Generally, the specific 

capacitance of pseudocapacitors may be 10 to 100 times higher than EDLCs.[12] RuO2 is a gold-

standard of pseudocapacitor material because its fast and reversible multi-electron transfer 

reactions with overlapping peak potentials.[13, 14] Recently, polyoxometalates (POMs) have 

been suggested as an alternative to replace RuO2 due to their low-cost and unique redox 

activities.[15-17] In addition, POMs may act as electron reservoirs or sponges and exhibit a rich 

structural versatility and excellent electrochemical properties.[14, 18-22] One of the most 

promising POMs is the classic α-Keggin-type structure ([XM12O40]n- or XM12) since it presents 

very interesting charge/recharge properties.[23-26] For example, phosphotungstate (PW12) can 

be used as cathode for boosting rechargeable lithium ion batteries.[24] Phosphomolybdate 

(PMo12) exhibits a 24-electron reduction in the discharging processes with a large theoretical 

capacity of about 270 mA h g-1, higher than the commercial cathode Li2CoO2 (140 mA h g-1).[25, 

26] However, their high solubility in most solvents or electrolytes impedes their applications as 

solid-state electrode materials. To solve this problem, POMs have been inserted into two 



  

different kinds of matrices: conducting polymers and carbon materials.[16, 27-43] Nevertheless, 

none of these methods take advantage of the rich and adjustable structural diversity of POMs. A 

very promising, although less used strategy, is the immobilization of POMs in metal-organic 

frameworks (MOFs) since they exhibit high specific surface areas, adjustable pores, open and 

ordered metal sites and have been used for electrochemical capacitors.[44-70] We have 

innovatively used this strategy to immobilize POMs on MOFs to build novel crystalline 

POMOFs with potential applications as supercapacitors.[71-73] Integrating POMs within MOFs 

to construct stable and versatile POMOFs with an unprecedented degree of structural precision 

could solve the problem of the high solubility of POMs in most solvents or electrolytes and 

enhance the electrical conductivity thanks to the multi-dimensional networks. Additionally, the 

active sites of the crystalline structures of POMOFs are homogeneous and well ordered, which 

an advantage is easily tuned to explore reaction mechanism.[74] Albeit, to the best of our 

knowledge, the relationship between electrochemical capacitor performance and structure of 

these POMOFs is not fully understood and tuning single active site (SAS) in crystalline 

POMOFs for boosting their electrochemical capacitor performance is not deeply explored.

Inspired by the above analysis, we have successfully synthesized five new POMOFs based 

on α-Keggin POMs with different Cu(II) and Cu(I) complexes with the ligand btx (1,4-

bis(triazol-1-ylmethyl)benzene). These five POMOFs are: [CuI
4H2(btx)5(PW12O40)2]·2H2O (1), 

[CuIICuI
3(H2O)2(btx)5(PWVI

10WV
2O40)]·2H2O (2), [CuI

6(btx)6(PWVI
9WV

3O40)]·2H2O (3), 

[CuI
4H2(btx)5(PMo12O40)2]·2H2O (4) and [CuIICuI

3(btx)5(SiMoVI
11MoVO40)]·4H2O (5). 

Compounds 1-3 have the same PW12 Keegin POM although with different oxidation states of the 

W atom and, accordingly, with different global charges (-3 in 1, -5 in 2 and -6 in 3). This series 

allow the study of the influence of the oxidation state of the metal ions of the POM on the 



  

capacitance performance. Compounds 1 and 4 as well as compounds 2 and 5 are two pairs of 

isostructural compounds that only differ in the metal atom of the Keggin POM (W in 1 and 2 vs. 

Mo in 4 and 5). These two couples of isostructural compounds allow the study of the influence of 

the metal atom (W or Mo) in the capacitance performance of these POMOFs. To some extent, 

these series of POMOFs with defined single crystal structures not only realize SAS tuning, but 

also provide a good opportunity to explore the relationship between electrochemical capacitor 

performance and structures of these POMOFs.

2. Results and discussion

Single crystal X-ray diffraction analyses reveal that all of the compounds contain α-Keggin 

POMs, copper ions, btx ligands and crystallization water molecules (Figures S1 to S4). CCDC-

1864234(1), CCDC-1864235(2), CCDC-1864236(3), CCDC-1864237 (4) and CCDC-1864238 

(5) contain supplementary crystallographic data for these compounds. Crystal data and structure 

refinements for the five compounds are listed in Table S1. Selected bonds lengths (Å) and angles 

(°) for the five compounds are listed in Tables S2 to S6.

2.1 Structure of compounds [CuI
4H2(btx)5(PW12O40)2]·2H2O (1) and 

[CuI
4H2(btx)5(PMo12O40)2]·2H2O (4). Compounds 1 and 4 are isostructural, and both of them 

crystallize in the triclinic space group P-1 (No. 2). Therefore, only the structure of 1 is described 

in detail. Compound 1 consists of [PW12O40]3- polyoxoanions (PW12), Cu-btx chains and free btx 

ligands.

The PW12 polyoxoanions present the α-Keggin structure and connect two neighbouring Cu-

btx chains (Figure 1a). The central P atom is surrounded by a cube of eight disordered O atoms 

resulting from the superposition of two PO4 tetrahedra with an occupancy factor of ½, as has 

been observed in previous compounds[75] and in many salts containing weakly polarizing 



  

cations as decamethylferrocene (Fe(C5Me5)2),[76] bis(ethylendithio)-tetrathiafulvalene (BEDT-

TTF),[77-80] bis(ethylenethio) tetrathiafulvalene (BET-TTF)[81] and 

bis(ethylenediseleno)tetrathiafulvalene (BEDS-TTF).[82] The Cu(I) atoms are tri-coordinated by 

two btx ligands and a PW12 polyoxoanion forming a T-shape coordination geometry (Figure 1b). 

The PW12 anions connecting consecutive Cu-btx chains generate macrocycles formed by two 

POM, six Cu(I) ions and four bridging btx ligands (POM2-Cu6-btx4, Figure 1a). Adjacent POM2-

Cu6-btx4 macrocycles are fused via the PW12 anions and Cu-btx chains to give rise to brick-wall 

like 2D-lattice layers, as shown in Figure 1b. These 2D-lattice layers are stacked in an alternating 

way following an …ABC… sequence (Figures 1c and 1d). The free btx ligands connect adjacent 

layers via several hydrogen bond interactions (O5···O18 = 2.862 Å, O6···O19 = 2.944 Å, 

N14···O33 = 3.000 Å and N9···N13 = 3.065 Å), providing a further stabilization for the 

alternating packing.



  

Figure 1. Structure of compound 1 (similar to 4): (a) The POM2-Cu6-btx4 macrocycle. (b) View 

of a fragment of the brick-wall like 2D-lattice layer. (c) Packing of the alternating layers (A, B 

and C type layers are depicted in purple, blue and yellow). (d) Schematic view of the packed 

layers showing the positions of Cu(I) ions (small spheres) and POMs (big spheres).

2.2 Structure of compounds [CuIICuI
3(H2O)2(btx)5(PWVI

10WV
2O40)]·2H2O (2) and 

[CuIICuI
3(btx)5(SiMoVI

11MoVO40)]·4H2O (5). Single crystal X-ray diffraction analyses reveal 

that compounds 2 and 5 are isostructural, and both of them crystallize in the triclinic space group 

P-1 (No. 2). Therefore, only the structure of 5 is described in detail.

The formula unit contains four different Cu atoms (Cu1-Cu4), one [SiMoVI
11MoVO40]5- 

polyoxoanion and five btx ligands. There are three Cu(I) (Cu2, Cu3 and Cu4) and one Cu(II) 

(Cu1) ions per formula unit that compensate the -5 charge of the [SiMoVI
11MoVO40]5- 

polyoxoanion (SiMo12)5-. Compounds 5 shows an unusual 1D + 3D structure consisting of 

zigzag chains (made of Cu4 and btx ligands) inserted in the channels of a 3D covalent 

framework formed by the Keggin-type (SiMo12)5- polyoxoanions, copper ions and btx ligands 

(Figure 2). The 3D covalent framework is built by 2D rectangular layers containing Cu1 and Cu2 

ions connected through btx ligands (Figure 2a), by 1D chains containing Cu3 ions connected 

through btx ligands (Figure 2a) and by (SiMo12)5- coordinating with three types of Cu ions 

through bridging oxygen and terminal oxygen atoms (Figure 2b). The (SiMo12)5- polyoxoanions 

occupy the cavities formed by 2D rectangular layers and 1D chains. Cu1 is hexa-coordinated to 

four btx ligands and two (SiMo12)5- through two terminal oxygen atoms of the POM. Cu2 is 

tetra-coordinated to two btx ligands and two (SiMo12)5- through two bridging oxygen atoms of 

the POM. Cu3 is hexa-coordinated to two btx ligands and two SiMo12 through two terminal and 

two bridging oxygen atoms of the POM. Finally, Cu4 is coordinated to only two N atoms from 



  

two btx ligands forming the Cu4-btx chain. Each SiMo12 polyoxoanion is connected to a total of 

six Cu ions (two Cu1, two Cu2 and two Cu3, Figure 2b), to build a 3D framework including 

generating {Cu1-btx-Cu2-POM} macrocycles (Figure S5) that act as molecular “loops” that are 

threaded by the Cu4-btx chains acting as molecular “strings” to form an unusual 1D + 3D 

pseudo-rotaxane structure, as shown in Figures 2c and 2d.

Figure 2. Structure of compound 5 (similar to 2): (a) The Cu1-btx-Cu2 2D rectangular layers 

and the Cu3-btx 1D chains; (b) The hexa-connected (SiMo12)5- polyoxoanion; (c) and (d) The 1D 

+ 3D pseudo-rotaxane structure. Purple polyhedrons/big spheres represent the polyoxoanions, 

small spheres represent the Cu atoms and the yellow sticks represent the btx ligands.



  

2.3 Structure of compound [CuI
6(btx)6(PWVI

9WV
3O40)]·2H2O (3). The single crystal X-ray 

diffraction analysis reveals that compound 3 crystallizes in the triclinic space group P1 (No. 1). 

Compound 3 shows a 3D POMOF structure formed by Keggin [PWVI
9WV

3O40]6- polyoxoanions 

(PW12)6-, Cu(I) atoms and btx ligands. The POMOF structure can be considered as a 3D open 

framework with inserted oblique Cu2-btx-Cu3 layers that further connect the (PW12)6- 

polyoxoanions. The layers are formed by Cu2 and Cu3 atoms connected by btx ligands that are 

further connected to the (PW12)6- polyoxoanions. Each POM is connected to two Cu2 and two 

Cu3 ions (Figure S6) belonging to two different layers and therefore each POM connects two 

parallel oblique layers giving rise to a double Cu-btx layer (Figure 3a).

The 3D framework is formed by square POM/Cu1 lattices which are further connected by 

btx ligands through Cu1-btx-Cu1 bridges to generate a 3D lattice (Figures 3b and S7). These 

POM/Cu1 square lattices contain POMs connected to four Cu1 atoms where each Cu1 atom is 

connected to two (PW12)6- polyoxoanions along the a axis, and to two btx ligands along the b and 

c axes, giving rise to a 3D open network as shown in Figures 3b and S7. Finally, the above 

described Cu2-btx-Cu3 layers are inserted in the 3D open framework to generate a more 

complicated 3D POMOF, as shown in Figures 3c and 3d. In the final 3D POMOF, the (PW12)6- 

polyoxoanions can be considered as high connectors since they are coordinated to two Cu2 

atoms and two Cu3 atoms from the Cu2-btx-Cu3 layers and also to four Cu1 atoms from the 3D 

open framework, as shown in Figure S8.[83]



  

Figure 3. Structure of compound 3 along a axis: (a) The oblique Cu2-btx-Cu3 layers consisting 

of (PW12)6- polyoxoanions, Cu2, Cu3 and btx ligands; (b) The 3D open framework formed by 

(PW12)6- polyoxoanions, Cu1 and btx ligands; (c) and (d) The complicated 3D POMOF formed 

by the 3D open framework (in yellow) with the inserted oblique Cu2-btx-Cu3 layers (in wathet).

2.4 IR, XRPD and XPS analyses. The FT-IR spectrum test is an effective method to study the 

stability of electrode material. Herein, all the prepared compounds are immersed in the 1 M 



  

H2SO4 solution for 0, 24, 48 and 96 h, then their FT-IR spectra are measured. The results that all 

the characteristic peaks in FT-IR spectra are nearly coincident from 0 to 96 h indicate the 

prepared compounds are stable, as shown in Figure S9. Additionally, to verify the phase purity of 

the compounds, the X-ray powder diffractograms (XRPD) of all the samples were measured 

before the test of capacitance properties. As expected, the diffraction peaks of both simulated and 

experimental patterns match well for all the samples (Figure S10), indicating a good phase purity 

of these compounds. Furthermore, we have performed X-ray photoemission spectra (XPS) of 

compounds 2, 3 and 5 since part of the W and Mo atoms in these compounds should be reduced 

to the +5 oxidation state for charge balance. As shown in Figures 4a, 4c and 4e, the XPS spectra 

confirm that compounds 2 and 3 contain W, C, N, O and Cu, whereas compound 5 contains Mo, 

C, N, O and Cu. As shown in Figures 4b and 4d, the high-resolution W4f peaks are formed by 

the overlap of a few peaks. The fit of the curves gives the positions of these four peaks for 2 at 

about 35.4, 35.7, 37.6 and 37.9 eV, and at about 35.4, 35.9, 37.6 and 38.0 eV for 3. These peaks 

are assigned to the WV4f7/2, WVI4f7/2, WV4f5/2 and WVI4f5/2, respectively.[84] The fit of the high-

resolution Mo3d peaks gives the positions of four peaks for compound 5 at about 231.5, 232.8, 

234.7 and 235.9 eV, which the four peaks correspond to MoV3d5/2, MoVI3d5/2, MoV3d3/2 and 

MoVI3d3/2, respectively, as shown in Figure 4f.[85] The results are consistent with the charge 

balance, indicating that the WVI or MoVI atoms were partially reduced to WV or MoV in 

compounds 2, 3 and 5.



  

Figure 4. XPS spectra of 2 (a), 3 (c) and 5 (e); XPS high-resolution for the W(4f) region in 2 (b) 

and 3 (d) and for the Mo(3d) region in 5 (f).



  

2.5 Electrochemical performance. To explore the relationship between W-based POMOF 

structures and their capacitance performance, compounds 1, 2 and 3 were used as electrode 

materials to measure the electrochemical performance in cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS).

As shown in Figures 5a to 5c, all the CV tests of PW12 series of compounds 1-3 were 

conducted in a potential window from -0.6 to 0.1 V vs. Ag/AgCl.[20] Obviously, in contrast to 

the rectangular CV curve shapes of normal electrical double-layer capacitor, the shapes of the 

CV curves of all the obtained electrodes with faradaic capacitive characteristics show reversible 

multiple pairs of redox peaks, which represents the redox processes of W centres in PW12 

polyoxoanions.[86, 87] When the scan rate is increased, the shapes of the CV curves do not 

change significantly only showing an important change in the current intensity, which 

demonstrates a high rate capability.[88] The slight shifts of the redox peaks of these compounds 

could be attributed to the conductivity and thereby polarization of the electrodes.[89-91] 

Additionally, the observed linear relationship between the anodic and cathodic peak currents 

versus the scan rates from 5 to 100 mV s−1 (inset in Figures 5a-c) suggests that all these 

electrodes exhibit surface-controlled redox reactions,[92] which also proves that these 

compounds belong to capacitor-type materials rather than battery-type materials.[93] As shown 

in Figure 5d, the CV curve of 1 shows the largest integrated area among 1-3, indicating a largest 

capacitance for 1.



  

Figure 5. CV curves of 1 (a), 2 (b) and 3 (c) based electrodes at 5, 10, 30, 50, 70, 90 and 100 mV 

s-1 (inset shows plots of the anodic and cathodic peak currents vs. scan rates); (d) CV curves of 1 

(blue), 2 (red) and 3 (purple) at 100 mV s-1.

Figures 6a to 6c display the GCD curves of 1-3 at different current densities. Compound 1 

shows the highest specific capacitance of 100.0, 84.8, 76.3, 71.4, 69.4, 66.4 and 64.3 F g-1 at the 

current densities of 2, 3, 5, 8, 10, 15 and 20 A g-1, respectively.



  

Figure 6. GCD curves of 1 (a), 2 (b) and 3 (c) based electrodes at current densities of 2, 3, 5, 8, 

10, 15 and 20 A g-1; (d) GCD curves of 1 (blue), 2 (red) and 3 (purple) at 2 A g-1. Inset shows the 

specific capacitance at a current density of 2 A g-1 for the three compounds.

Figure 6d compares the capacitance of 1-3 at the same current density. As expected, the 

electrode of 1-based exhibits the highest specific capacitance up to 100.0 F g−1 at 2 A g−1, in 

agreement with the enclosed area in Figure 5d. This result may be attributed to the unique brick-

wall like structure observed in 1 that provides an excellent electronic conductivity. In contrast, 

compounds 2 and 3 show 3D POMOF structures and, accordingly lower specific capacitance. 

The higher specific capacitance of compound 2 compared to 3 may be due to its 1D + 3D 



  

pseudo-rotaxane structure, where the “strings” could provide additional electronic transmission 

paths compared to 3.

In order to explore whether the capacitance are boosted by the increasing oxidation ability 

of Mo-based POMOFs compared to W-based POMOFs,[94] we have measured the 

electrochemical performance of compounds 4 and 5 under similar conditions to those of 

compounds 1-3. As shown in Figures 7a and 7b, comparing with the potential window of 

compounds 1-3 (W-based POMOFs), the CV tests were conducted in a different potential 

window from -0.05 to 0.55 V for 4 (PMo12-based POMOF) and -0.05 to 0.45 V vs. Ag/AgCl for 

5 (SiMo12-based POMOF).[20, 95] The shapes of the CV curves also suggest the redox processes 

of Mo centres in PMo12 or SiMo12, polyoxoanions and faradaic capacitive characteristics.[86, 95] 

As observed in compounds 1-3, the shapes of the CV curves do not change significantly when 

the scan rate is increased only showing an important change in the current intensity, which 

demonstrates high rate capability.[88] Additionally, as shown in Figure S11, compounds 4 and 5 

also exhibit surface-controlled redox reactions with increasing scan rates from 5 to 100 mV 

s−1.[92] Figures 7c and 7d display the charge/discharge curves of 4 and 5 at different current 

densities. The values of specific capacitance are 237.0, 230.5, 220.6, 212.9, 208.5, 200.8 and 

193.3 F g-1 in compound 4, and 138.4, 138.1, 135.7, 133.3, 132.6, 129.3 and 127.2 F g-1 in 

compound 5, at the current densities of 2, 3, 5, 8, 10, 15 and 20 A g-1, respectively. Remarkably, 

the specific capacitance of 4 and 5 are both higher than MoS2−rGO/GCE (104 F g-1 at 4 A g-

1).[96] The result shows that the specific capacitance not only depends on the type of 

molybdenum source, but also on the microstructure. Moreover, the specific capacitance of 

compound 4 also could be comparable with state-of-the-art MOF-based and POM-based 

supercapacitor electrode materials, as listed in Table S7. When the current density is increased 



  

from 2 to 20 A g−1, a total of 74.2 % of the initial capacitance in 4 is retained, indicative of a 

good rate capability. As expected, the specific capacitance of the PMo12-POMOF (compound 4) 

is higher than that of the isostructural PW12-POMOF (compound 1), suggesting that the 

increasing oxidation ability of metal atoms in the Keggin POM improves the capacitance 

performance. The higher capacitance of the SiMo12-POMOF (compound 5) compared to the 

isostructural PW12-POMOF (compound 2), further confirms this effect. In addition, the results of 

the specific capacitance of both 1 and 5 are higher than 2, which confirms that the capacitance of 

these POMOFs not only depends on the dimensionalities and microstructures of the POMOFs, 

but also on the types of POMs and their constituent metal atoms. The possible mechanism could 

be concluded as shown in Figure S12. Furthermore, if the operating voltage range of compounds 

1 and 4 could be broadened in aqueous, they would be applied to ECs in future, and compounds 

1 and 4 can be considered as negative and positive materials, respectively, or building 

asymmetric supercapacitor (ASC) directly.



  

Figure 7. CV curves of 4 (a) and 5 (b) based electrodes at 5, 10, 30, 50, 70, 90 and 100 mV s-1; 

GCD curves of 4 (c) and 5 (d) based electrodes at current densities of 2, 3, 5, 8, 10, 15 and 20 A 

g-1.

To further characterize the electrochemical properties of compounds 1-5, EIS measurements 

have been conducted, as shown in Figure 8a. The proposed equivalent circuit and corresponding 

values of Rc and Rct of the electrodes have been calculated, as shown in Figure S13 and Table 

S8. The smallest intersection with the real axis shown by compound 4 at high frequency 

indicates that this electrode presents the lowest ohmic resistance of these compounds.[97-99] 



  

Additionally, the largest slope in the low frequency region of 4-based electrode indicates that this 

electrode shows the lowest ion diffusion resistance among all the as-prepared electrodes.[100-

102] These results indicate that both factors, the special brick-wall like structures and the 

presence of Mo metal atoms with a higher oxidation ability, play positive roles for boosting the 

capacitance performance.

The cycling stabilities as electrochemical capacitor were evaluated by carrying out multiple 

charge/discharge cycles. As shown in Figures 8b and S14, all compounds show good cycling 

stabilities after 1000 cycles at a current density of 10 A g−1, suggesting that the structures of 

compounds 1-5 remain stable during the charge/discharge processes. Additionally, the FT-IR 

spectra and SEM images before and after electrochemical measurements have been done to 

prove the stability of electrode materials, as shown in Figure S15 to S21. The good stability of 

title compounds could be attributed to their special POMOF structures. These POMOFs obtained 

in acidic solution and inner Keggin POMs possessing reversible multi-electron transfer reactions. 

The Keggin POMs possess many surface oxygen atoms with high negative charges that increase 

the template-scaffold interactions and the stability of the whole POMOF structures.



  

Figure 8. (a) EIS spectra of 1 (blue), 2 (pink), 3 (green), 4 (black) and 5 (red) based electrodes 

(enlarged image as inset); (b) Cycling stabilities of 1 (blue sphere) and 4 (red sphere) based 

electrodes during 1000 cycles at the current density of 10 A g-1.

3. Conclusion

Five crystalline POMOFs have been synthesized with hydrothermal reactions: 

[CuI
4H2(btx)5(PW12O40)2]·2H2O (1), [CuIICuI

3(H2O)2(btx)5(PWVI
10WV

2O40)]·2H2O (2), 

[CuI
6(btx)6(PWVI

9WV
3O40)]·2H2O (3), [CuI

4H2(btx)5(PMo12O40)2]·2H2O (4) and 

[CuIICuI
3(btx)5(SiMoVI

11MoVO40)]·4H2O (5). Compounds 1 and 4 present layered structures 

formed by POMs and btx-Cu chains. Compounds 2 and 5 show a 1D + 3D pseudo-rotaxane 

structure with molecular “strings” formed by btx-Cu chains inserted into 3D molecular “loops” 

formed by btx, Cu ions and POMs. Compound 3 may be considered as a 3D open framework 

inserted by 2D guest sheets.

Compounds 1 and 4 are isostructural (as well as compounds 2 and 5) and differ only in the 

composition of their Keggin POMs. On the other hand, the Keggin POMs in compounds 1-3 

have the same composition (PW12) although with different oxidation states: (PWVI
12)3- in 1, 

(PWVI
10WV

2)5- in 2 and (PWVI
9WV

3)6- in 3 (table 1). Compounds 4 and 5 contain similar Keggin 

POMs (XMo12) although with different oxidation states (PMoVI
12)3- in 4 and (SiMoVI

11MoV)5- in 

5 (table 1).

Table 1. POM type, POMOF structure and capacitance performance at a current density of 2 A 

g-1 for compounds 1-5.

Compound POM type POMOF structure capacitance (F g-1)

1 (PWVI
12O40)3- 2D brick-wall like layer 100.0

2 (PWVI
10WV

2O40)5- 1D + 3D pseudo-rotaxane 82.1



  

3 (PWVI
9WV

3O40)6- 3D intersectant structure 76.4

4 (PMoVI
12O40)3- 2D brick-wall like layer 237.0

5 (SiMoVI
11MoV)5- 1D + 3D pseudo-rotaxane 138.4

The analyses of the capacitance performance of compounds 1-5 (table 1) from their 

composition and oxidation states show three clear conclusions:

(1) Compounds 1 and 4, where the metal atoms fully oxidized (WVI
12 in 1 and MoVI

12 in 4), show 

higher capacitance performance than their partially reduced derivatives (WVI
10WV

2 in 2, 

WVI
9WV

3 in 3 and MoVI
11MoV in 5). This fact reflects the higher oxidation capacity of the fully 

oxidized Keggin POMs.

(2) Compounds 4 and 5, containing Mo as metal atoms in the Keggin POM, show much higher 

capacitance performance than the corresponding W-containing POMs (compounds 1-3). This 

fact agrees with the much higher oxidation capacity of Mo compared to W.

(3) All compounds show very high cycling stabilities with a retention of ca. 90 % of their 

capacitance performance after 1000 cycles.

Additionally, we are working in the syntheses of new POMOFs with unique microstructure 

and high oxidation capacity (mainly with MoVI ions) in order to improve the capacitance 

performance and applications in molecular electronics.
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Appendix A. Supplementary data

Supplementary data including crystal data of compounds 1-5 (cif) associated with this article can 

be found, in the online version, at http://dx.doi.org/10.1016/j.cej.xxxxxx. Syntheses process of 

title compounds, single crystal X-ray crystallography and structure refinement, preparation of the 

working electrodes, other figures of title compounds, some characterizations, additional 

electrochemical measurements, additional discussion including the morphologies of prepared 

electrodes and the mechanism for capacitance performance of title compounds are described in 

the supporting information.
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Highlights

 Integrating POMs with MOFs to construct stable and versatile POMOFs

 Five novel crystalline POMOFs are innovatively employed as capacitor materials

 The capacitance of POMOF electrodes is higher than traditional POM ones

 Tuning SAS is an effective method to boost the capacitance of POMOFs

 Obtaining a brick-wall like POMOF with large ECSA for high performance capacitance


