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a b s t r a c t   

Polyoxometalates (POMs) are alternative anode materials of lithium ion batteries (LIBs) for their reversible 
electrochemical redox behaviors and electron storage functions. To overcome the low conductivity and poor 
stability of the POMs, embedment of POMs into metal–organic hybrid complexes is a promising synthetic 
strategy. Here, we designed a family of copper-containing POM-resorcin[4]arene-based complexes supported 
by a resorcin[4]arene ligand (TPTR4A), copper cations and Keggin-type POMs, namely, [Cu4(TPTR4A)2] 
[PMo12O40](OH)·2DMA·H2O (1a), [Cu4(TPTR4A)2][SiW12O40]·2.5DMA (1b) and [Cu4(TPTR4A)2][PW12O40] 
(OH)·0.5DMA·5H2O (1c) (DMA = N,N’-dimethylacetamide). To improve the conductivity of the complexes, 
composites 1a@GO-1c@GO were obtained through mechanical grinding of the complexes and graphene 
oxide (GO). Strikingly, they show high initial specific capacity and stability for LIBs. This work offered a 
strategy for application of the POM-based complexes as LIBs via combining POM-based complexes and RGO. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Lithium ion batteries (LIBs) have gained considerable attention 
owing to their potential application in energy storage systems [1–5]. 
In this aspect, traditional graphites, as the most common commer-
cial electrode materials, impede their development in LIBs due to the 
limited theoretical capacity [6–10]. Thus, the exploration of new 
electrode materials has become a hotspot for energy storage. Poly-
oxometalates (POMs), a class of nanoscale metal-oxo clusters, are 
ideal candidates for anode materials of LIBs owing to their attractive 
physical and chemical properties [11–17], including tunable com-
positions, electron storage functions and reversible electrochemical 
redox behaviors [18,19]. Nevertheless, poor conductivity and in-
stability in electrolyte hinder their further development as anode 
materials [20–23]. Self-assembly of POMs and proper substrates to 
form POM-based hybrid complexes is a promising synthetic ap-
proach owing to the structural diversity and increased stability of 
the resulting materials [15,20,24–31]. 

In this facet, functionalized calix[4]arenes are potential macro-
cyclic ligands for constructing inorganic–organic complexes [32–37]. 
Particularly, the functionalized calix[4]arenes with multi-chelating 

groups are excellent candidate ligands for this purpose [38,39]. Thus, 
the proper combination of POMs with calix[4]arenes will produce 
inorganic–organic complexes with tunable structures, high stability 
and potential applications [40–42]. However, the examples that 
POM-calixarene-based hybrid complexes applied in LIBs have been 
rarely reported [5,43]. 

In this work, we synthesized a new resorcin[4]arene-based li-
gand with four chelating 4-(pyridin-2-yl)pyrimidine-2-thiolate 
groups (TPTR4A) (Scheme 1). The multidentate TPTR4A ligand is 
easy to chelate with metal ions to generate attractive structures and 
improved stability of the obtained complexes [5,43]. In this work, a 
family of stable POM-resorcin[4]arene-based complexes, namely, 
[Cu4(TPTR4A)2][PMo12O40](OH)·2DMA·H2O (1a), [Cu4(TPTR4A)2] 
[SiW12O40]·2.5DMA (1b) and [Cu4(TPTR4A)2][PW12O40](OH)·0.5D-
MA·5H2O (1c) (DMA = N,N’-dimethylacetamide), were achieved by 
assembly of TPTR4A, copper cations and Keggin-type POMs. To im-
prove the conductivity and capacity of these complexes, such POM- 
resorcin[4]arene-based materials were anchored to the surface of 
reduced graphene oxide (RGO) through mechanical grinding of the 
complexes and graphene oxide (Cu-POMs@GO, Scheme 2) [44–50]. 
As a consequence, the resulting composites show much better 
electrochemical behaviors than the POM-resorcin[4]arene-based 
complexes. 
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2. Results and discussion 

2.1. Structural description 

SQUEEZE routine was used for removing the disordered solvents 
in the refinement of the compounds [51]. The number of the solvents 
was proved with thermogravimetric analysis (TG), electron diffrac-
tion density and elemental analysis (Fig. S1) [41]. The oxidation 
states of molybdenum atoms, tungsten atoms, copper atoms in the 
compounds were verified via X-ray photoelectron spectroscopy 
(XPS) (Figs. S2–S6). 

2.1.1. Structural description of (1a)–(1c) 
Single-crystal XRD reveals that 1a–1c crystallized in the triclinic 

system with space group P-1. The structures of 1b and 1c are similar to 
that of 1a except that the anions are replaced by [SiW12O40]4- and 
[PW12O40]3- anions, respectively, (Figs. 1, S7 and S8). In 1a, the 
asymmetric unit contains one TPTR4A ligand, two Cu(I) cations, half of 
a [PMo12O40]3- anion, and half of a free OH- anion. Two Cu(I) cations 
(Cu1 and Cu2) adopt the same four-coordinated mode: each Cu(I) 
cation is coordinated with four N atoms (N1, N3, N10 and N12 for Cu1; 
N4, N6, N7 and N9 for Cu2) (Fig. 2a). The Cu(I)-N distances are in the 
range of 1.975(7)–2.063(7) Å (Table S1). Two [Cu2(TPTR4A)]2+ units are 
linked by a [PMo12O40]3- anion to form a [Cu4(TPTR4A)2(PMo12O40)]+ 

unit via the weak C–H···O hydrogen bonds (Fig. 2b). Further, adjacent 
[Cu4(TPTR4A)2(PMo12O40)]+ units were linked via C–H···O interactions 
to form 1D supramolecular chains (Table S2), as shown in Fig. 2c and d. 

2.2. Physical characterization 

POM-resorcin[4]arene-based complexes 1a–1c are stable in 
electrolyte (Fig. 3a–c). Evidently, POMs with redox behaviors act as a 
key role in stabilizing the structures of complexes during their 
construction. The composites of 1a@GO-1c@GO were obtained by 

ball-milling of 1a–1c with GO, respectively. Powder X-ray diffraction 
(PXRD) of each composite is consistent with the simulated one, 
demonstrating that the mechanical grinding does not change the 
structure of the Cu-POMs system (Fig. 3) [47,52,53]. FT-IR spectra of 
1a–1c also correspond to those of 1a@GO-1c@GO. For example, both 
1a and 1a@GO show the characteristic peaks at 1059, 962, 876 and 
811 cm−1, which are assigned to P-O and Mo-O vibrations of 
[PMo12O40]3- anions [40]. Besides, the characteristic peaks at 971, 
922, 884 and 804 cm−1 for 1b/1b@GO and 1080, 977 and 891 cm−1 

for 1c/1c@GO correspond to [SiW12O40]4- (Si-O and W-O) and 
[PW12O40]3- (P-O and W-O), respectively [27,40]. The bands in the 
range of 2973–1212 cm−1 for Cu-POMs and Cu-POMs@GO belong to 
the characteristic peaks of ligand TPTR4A (Fig. S9). Particularly, the 
characteristic peaks of functional groups from RGO were almost 
covered by the sharp peaks of Cu-POMs after the Cu-POMs in-
corporation into RGO [54], demonstrating the successful preparation 
of Cu-POMs@GO. 

As illustrated in Fig. 4, N2 adsorption isotherms for 1a and 
1a@GO were determined. For 1a, the Brunauer-Emmett-Teller (BET) 
value is 57.998 m2 g−1 and the average pore diameter is 1.007 nm. 
The corresponding ones of 1a@GO were enhanced to 169.551 m2 g−1 

and 3.385 nm, respectively [55,56]. The result may account for Cu- 
POM incorporation into RGO, which increased contact areas be-
tween the electrolyte and the composite. Similarly, for 1b@GO and 
1c@GO, the BET surface areas are 115.559 and 124.367 m2 g−1, 
respectively (Fig. S10). 

Scanning electron microscope (SEM) and transmission electron 
microscopy (TEM) images of Cu-POMs and Cu-POMs@GO are illu-
strated in Fig. 5. It is clear that complexes Cu-POMs are visible with a 
crystalline phase of diamond-shaped lamellar crystals (Fig. 5a–c). 
The species of Cu-POMs are well-dispersed on RGO based on the 
SEMs and TEMs of Cu-POMs@GO (Fig. 5d–i). The result further de-
monstrated the successful combination of RGO and Cu-POMs after 
ball milling, which may account for the improvement of the 

Scheme 1. Synthetic scheme of TPTR4A ligand.  

Scheme 2. Synthetic route of 1a@GO.  
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conductivity of the resulting composites. Obviously, the reduced 
sizes were achieved after ball milling (Fig. S11), resulting in the 
enlarged BET surface areas and exposed active sites. Thus, it is easy 
for Li+ to contact with active sites. The mapping analysis of each 
element was collected from the designated area (Figs. 6, S12 and S13, 
revealing that the uniform distribution of these elements within 
composites Cu-POMs@GO. 

2.3. Electrochemical performance 

Inspired by the outstanding electrochemical behaviors of the 
POM-based materials, the potential application of 1a@GO-1c@GO 

was explored as electrode materials for LIBs. As shown in Fig. 7, the 
cyclic voltammogram (CV) curves of Cu-POMs and Cu-POMs@GO 
were recorded from 0.01 to 3 V. For these materials, the irreversible 
reduction peak was observed between 0.6 and 0.8 V in the first cycle, 
which was from the production of the solid electrolyte interphase 
(SEI) film and the electrolyte decomposition [57,58]. The reduction 
peaks at ~1.6 V for Cu-POMs and ~1.7 V for Cu-POMs@GO may be 
ascribed to the first process of the inserting Li+ ions [59,60]. In addi-
tion, for 1a@GO, a pair of reversible redox peaks were observed at 
1.42 V (the oxidation) and 1.30 V (the reduction) in the first cycle, 
demonstrating a defined electrochemical process, which accounted 
for the reduction and oxidation of Mo6+ [5,46]. Meanwhile, the 

Fig. 1. Schematic representation of the synthetic strategy for 1a–1c.  

Fig. 2. (a) Coordination environments of Cu(I) cations in 1a. (b) View of the [Cu4(TPTR4A)2(PMo12O40)]+ unit formed with the weak C–H···O interactions. (c) and (d) view of the 
supramolecular chains formed by the weak C–H···O interactions. 
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reversible redox peak pairs were also found for 1b@GO and 1c@GO, 
respectively, which may be attributed to the reduction and oxidation 
of W6+ [12]. Noticeably, the subsequent CV curves were almost over-
lapped, revealing the good electrochemical stability of Cu-POMs@GO 
composites. Moreover, the CV curves of Cu-POMs@GO were similar 
to those of Cu-POMs, demonstrating that the electrochemical 
mechanism is not changed. 

As illustrated in Fig. S14, the initial discharge/charge capacities of 
1a–1c were only 812/220, 1066/236 and 592/154 mA h g−1, respec-
tively. By contrast, 1a@GO-1c@GO displayed the initial discharge/ 
charge capacities of 1506/862, 1771/1035 and 1380/798 mA h g−1, re-
spectively. The corresponding coulombic efficiencies (CE) are 57%, 58% 
and 58%, respectively. Clearly, these CE values were much higher than 
those of 1a (27%), 1b (22%) and 1c (26%) (Fig. 8). The obvious capacity 

loss for these materials was probably ascribed to the generation of the 
SEI films [52,58,61]. At the same time, the galvanostatic charge-dis-
charge (GCD) curves were overlapped for the second and the third 
cycles, indicating the good recycling stability. In addition, these ma-
terials displayed obvious plateaus. For example, the GCD curves of 
1a@GO showed three plateaus at 1.67, 1.33 and 0.75 V, which corre-
sponded to the results of CVs. Particularly, Cu-POMs@GO composites 
exhibited much higher reversible capacities than those of Cu-POMs in 
the whole recycling process, in which the high reversible discharge 
capacities (836, 947 and 888 mA h g−1 for 1a@GO-1c@GO, respec-
tively) with the high CE of 99% were achieved after 100 cycles (Fig. 8). 

In view of the remarkable electrochemical performance of the 
Cu-POMs@GO composites at 0.1 A g−1, the recycling stability and 
practical applications of the composites were further investigated at 

Fig. 3. PXRD patterns of 1a–1c for the simulated, the as-synthesized, the sample soaked in electrolyte and the ones combined with GO (a–c). FT-IR spectra for the as-synthesized 
1a–1c and the combined with GO (d–f). 

Fig. 4. N2 adsorption isotherms (a) and pore size distributions (b) for 1a@GO and 1a.  
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0.1–5 A g−1 (Fig. 9, Table S3). For instance, the discharge capacities for 
1a@GO were ca. 805, 756, 698, 626, 596, 496, 376 and 326 mA h g−1 

at 0.1–5 A g−1, respectively (Fig. 9a). The capacity (840 mA h g−1) was 
still retained at 0.1 A g−1, verifying the composite possessed high 
stability. Remarkably, compared with 1a, 1a@GO possessed the su-
perior rate performance, demonstrating that RGO acted as a key role 
in improving the conductivity of the resulting composites [44–50]. 
Evidently, the discharge capacity of 1a@GO was better than the 
known CPR/rGO composites (790 mA h g−1) at 0.1 A g−1 [62]. The 
electrochemical performance of 1a@GO was compared to other 

POM-based materials (Table S4). In addition, electrochemical 
impedance spectroscopies (EISs) were determined to discuss the 
electrochemical processes of these electrodes. R1 represented the 
electrodes and electrolyte resistance. The Nyquist plots of compo-
sites Cu-POMs@GO showed smaller semicircles at high-frequency 
region than those Cu-POMs (Fig. 9d–f), indicating that the 
Cu-POMs@GO electrodes possessed the low internal resistance 
(R2 and R3) [63]. Meanwhile, the large slopes were observed for 
Cu-POMs@GO in the region of the low frequency, which showed the 
low ion diffusion resistance (Wo). The result revealed that the 

Fig. 5. SEMs of 1a–1c (a–c), 1a@GO-1c@GO (d–f) and TEMs of 1a@GO-1c@GO (g–i), respectively.  

Fig. 6. Elemental mapping images of 1a@GO.  
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combination of Cu-POMs and RGO not only resulted in fast charge 
transfer and Li+ migration, but also highly improved the electro-
chemical properties of the resulting composites. 

Moreover, the 1a@GO//NCM111-1c@GO//NCM111 full-cells were 
assembled to evaluate the practical applications of these materials 
(Figs. S15 and S16). Fig. 10a showed the GCD curves of NCM111 and 
1a@GO at 100 mA g−1 in the half cell. The GCD curves of the 1a@GO// 
NCM111 full-cell from 1.2 to 4.5 V were depicted in Fig. 10b. The 
charge and discharge capacities for the first cycle were 203 and 
165 mA h g−1, respectively, and the initial CE value was up to 81.3%. 
For the cycling performance, a high discharge capacity of 92 mA h g−1 

was achieved at 100 mA g−1 (Fig. 10c), and the capacity retention 
reached to 55.8% after 100 cycles. 

To further evaluated the reaction mechanism of LIBs, the che-
mical composition and element valence of Cu-POMs before and after 
discharge at 0.01 V were measured with the XPS measurements 
(Figs. 11, S2 and S3). As illustrated in Fig. 11a, 1a contained C, N, O, S, 
P, Mo and Cu elements, and 1b and 1c possessed C, N, O, S, Si, W, Cu 
elements and C, N, O, S, P, W, Cu elements, respectively (Figs. S2a and  
S3a). For the C 1s spectrum of 1a, there exist four peaks associated 
with C=O (288.4 eV), C–O (286.8 eV), C–N (285.5 eV) and C–C 

(284.5 eV) (Fig. 11b) [64,65]. After discharge at 0.01 V, the C=O peak 
became clear because of the intercalation of Li+ and the formation of 
SEI films (the main composite was Li2CO3) (Fig. 11e) [20]. The similar 
phenomenon was also observed for 1b and 1c (Figs. S2e and S3e). In 
addition, the Mo 3d spectrum of 1a before test showed two main 
peaks at the banding energy of 232.0 eV and 235.1 eV, corresponding 
to MoVI3d5/2 and MoVI3d3/2 (Fig. 11c) [18]. After discharge at 0.01 V, 
part of MoVI was reduced to MoV due to the appearance of MoV peaks 
at 231.4 eV and 234.7 eV (Fig. 11f) [66,67]. Meanwhile, in respect to 
the original WVI oxidation state, the XPS signals of partially reduced 
WV appeared at 35.1 eV (W 4f7/2) and 37.2 eV (W 4f7/2) for 1b, and at 
35.1 eV (W 4f7/2) and 37.3 eV (W 4f7/2) for 1c, respectively, after 
discharge at 0.01 V (Figs. S2f and S3f) [68]. The result further proved 
that the redox reactions occurred in lithium-ion batteries. Moreover, 
Cu 2p spectrum of 1a possessed two main peaks of Cu 2p3/2 

(931.8 eV) and Cu 2p1/2 (951.7 eV), demonstrating the presence of 
Cu+ (Fig. S17a) [69]. Also, there existed two peaks at 933.4 eV and 
953.6 eV, which may be assigned to Cu2+ 2p3/2 and Cu2+ 2p1/2 derived 
from the oxidation of Cu+ by O2 in air, respectively [69,70]. The ratios 
of Cu+/Cu2+ of 1a–1c were almost unchanged after discharge, de-
monstrating that copper did not participate in the electrochemical 

Fig. 7. CV curves of 1a–1c (a–c) and 1a@GO-1c@GO (d–f) at 0.01–3 V.  
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reactions (Fig. S17d). Ex-situ PXRD patterns of 1a–1c after the first 
cycle were determined to explore the impressive reversibility. The 
results showed that the peak intensities of 1a–1c reduced after the 
insertion of lithium ions, indicating that the crystallization of 1a–1c 
became weak [12]. Nevertheless, the structures of 1a–1c could still 
retain after the first cycle (recharged to 3.0 V), indicating that these 
materials could endure the volume variation with structural in-
tegrity after undergoing the redox reaction (Fig. 12), which ensured 
the excellent capacity retention. 

In view of the results of XPS and ex-situ XRD, the electrochemical 
redox process mainly occurred on the Mo and W species in POMs, 
and these materials can endure the volume variation with structural 
integrity after undergoing the redox reaction. The results established 
a specific lithium storage mechanism for the Cu-POMs@GO com-
posites. 

Based on our experiments and the XPS results, the possible 
reason for the enhanced electrochemical performance of Cu- 
POMs@GO composites was discussed. In this respect, the Li+ storage 
mechanism of Cu-POMs@GO composites may account for the sy-
nergistic effects of Cu-POMs and RGO. First, the combination of re-
sorcin[4]arene and POMs improved the stability of Cu-POMs  
[35–37], thus affording a prerequisite for their application as anode 
materials of LIBs. Second, the high density of the exposed O sites on 
POMs led to the increased Li+ storage capacity [15]. The valence 

changes of Mo and W (from Mo6+ to Mo5+ and from W6+ to W5+) 
calculated with XPS confirms that the redox reactions occurred be-
tween POMs and Li+ after discharge at 0.01 V [67]. Third, the un-
coordinated N atoms from ligand TPTR4A in Cu-POMs maybe 
capture the Li+ ions and participate in Li insertion, which was in 
favor of storing Li+ ions and generating excellent electrochemical 
performance [20]. Finally, the combination with RGO not only im-
proved the conductivity of Cu-POMs, but also made full use of the 
advantage of the small sizes and large surface areas of the resulting 
composites, thus realizing to full contact with electrolyte [44–50]. 

To certify whether the capacity is dominated by the capacitive 
behaviors or not, the CVs of Cu-POMs@GO with different scan rates 
(0.1–5 mV/s) were recorded from 0.01 to 3.0 V (Figs. 13a, S18a and  
S19a). Further, the power law i = avb was used to explore the elec-
trode reaction types (i, v, a and b are the peak current, scan rate and 
alterable parameters, respectively). Generally, the b value of 0.5 re-
veals a diffusion-controlled process, whereas the b value of 1 means 
the reaction being capacitive-controlled [20]. For 1a@GO-1c@GO, 
the b values for anodic peaks were 0.77, 0.78, and 0.81, respectively, 
demonstrating that their electrochemical behaviors are mainly ca-
pacitive process (Figs. 13b, S18b and S19b). Based on i = k1ν + k2ν0.5 

(k1 and k2 represented the surface capacitive- and diffusion-con-
trolled contributions, respectively) [46], 66%, 72% and 77% of the 
capacitance-contributions at 5 mV/s were achieved for 1a@GO- 

Fig. 8. GCD curves of 1a@GO-1c@GO (a–c) from 0.01 to 3 V. Cycling capacity and CE of 1a–1c and 1a@GO-1c@GO (d–f) at 0.1 A g−1.  
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Fig. 9. Rate capability comparison of 1a–1c and 1a@GO-1c@GO (a–c) at 0.1 A g−1 and 5 A g−1. EIS plots of 1a–1c and 1a@GO-1c@GO (d–f) anodes.  

Fig. 10. Electrochemical performance of the 1a@GO//NCM111 full-cell. (a) Charge-discharge curves of NCM111 and 1a@GO in the Li+ half cells at 100 mA g−1. (b) Charge-discharge 
curves of the 1a@GO//NCM111 full-cell at 100 mA g−1. (c) Cycling performance for 1a@GO//NCM111 full-cell. 
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Fig. 11. XPS analysis of 1a before test and after discharge at 0.01 V. (a) Survey XPS spectrum, (b) high-resolution XPS spectra of C 1s, (c) Mo 3d for the as-synthesized sample, (d) 
survey XPS spectrum after discharge at 0.01 V for 1a, (e) high-resolution XPS spectra of C 1s and (f) Mo 3d. 

Fig. 12. Ex-situ PXRD patterns of 1a–1c for the simulated, the as-synthesized, the discharged to 1.3 V or 1.35 V, and the recharged to 3.0 V.  
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1c@GO, respectively (Figs. 13c, S18c and S19c), enhanced by 46% 
relative to the ones at 0.1 mV/s (Fig. 13d, S18d and S19d). 

3. Conclusions 

We have designed a series of stable POM-resorcin[4]arene-based 
metal–organic complexes with different Keggin-type POMs. Through 
the ball-milling synthetic method, the redox Cu-POMs complexes 
were successfully incorporated into the conductive RGO to give Cu- 
POMs@GO composites. Significantly, the obtained Cu-POMs@GO 
composites exhibit remarkable electrochemical performance as 
anode materials of LIBs. This work presented a feasible synthetic 
strategy for constructing Cu-POMs and Cu-POMs@GO. The sig-
nificant improvement of the electrochemical performance for the 
resulting Cu-POMs@GO composites provide the meaningful gui-
dance for the application of POM-based metal–organic complexes as 
anode materials of LIBs. 
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