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Elucidating Metal and Ligand Redox Activities of Copper-
Benzoquinoid Coordination Polymer as Cathode for Lithium-Ion 
Batteries 
Cheng-Han Chang,a,‡ An-Che Li,bc,‡ Ilja Popovs,d Watchareeya Kaveevivitchai,bc Jeng-Lung Chen,e 
Kai-Chun Chou,a Ting-Shen Kuo,f and Teng-Hao Chen*a 

A novel redox-active quinone-based organic building block 1,4-
dicyano-2,3,5,6-tetrahydroxybenzene (LH4) has been synthesized, 
and used as a bridging ligand to form a new 1D copper-
benzoquinoid coordination polymer [CuL(DMF)2]n.  The compound 
is able to deliver an initial capacity as high as 268 mAh g–1 at 30 mA 
g–1 (~C/2.5) when used as cathode in Li batteries. Ex situ XPS and 
FT-IR reveal the involvement of both Cu and the organic moieties in 
the multi-electron redox reaction. Cu K-edge XANES and EXAFS 
measurements confirm the change in the oxidation state and 
coordination environment of Cu during discharge-charge process. 
In situ generated metallic nanoparticles have been observed by 
TEM. The obtained mechanistic understanding of the metal-organic 
electrode materials for Li-based batteries may pave the way for the 
design of next-generation energy-storage systems.

Over the past few decades, Li-ion batteries (LIBs) have been 
considered one of the best energy storage technologies for 
small electronic devices. However, the currently emerging 
applications such as electric vehicles and large-scale energy 
storage systems, have put great demands on the next-
generation LIBs.1, 2 Higher energy density, safety, and 
environmental friendliness are now required at substantially 
lower cost. The electrode materials used in the conventional 
LIBs are transition-metal-based inorganic intercalation 
compounds and graphite as cathode and anode, respectively. 
Over the years, monumental efforts have been made on the 

transition-metal-based cathodes (layered LiCoO2 in particular), 
such as doping, coating, and partial substitution of Co with 
Ni/Mn, to optimize the performance of currently commercial 
LIBs, and to increase the practical capacities which are much 
lower than their theoretical values.3, 4 However, further 
enhancement of the energy density is becoming more 
challenging, and it appears that the inorganic materials have 
reached critical limits in their performance.5

As an alternative for transition-metal oxides, organic 
compounds, especially those containing carbonyls, have gained 
significant interest as electrode materials for rechargeable 
batteries. They can be designed to incorporate reversible redox-
active functional groups, comprising naturally abundant 
elements (C, H, O, N, and S) without expensive and toxic 
transition metals.5, 6 In addition to low cost and environmental 
friendliness, organic materials can contain a large number of 
redox active sites capable of undergoing a multielectron-
transfer process leading to a high theoretical capacity. The 
redox potential of organic redox centres can be fine-tuned by 
introducing electron-withdrawing or electron-donating 
functional groups. Moreover, most organic materials can offer 
fast reaction kinetics and easy processing due to relatively 
flexible structures.7, 8 

Despite these advantages, organic carbonyl-containing 
compounds usually suffer dissolution in electrolytes and low 
electronic conductivity. To overcome these issues, one 
approach is polymerization, which helps alleviate dissolution in 
electrolytes due to a significantly larger molecular weight.9 
However, this may result in a low theoretical capacity, because 
of the inevitable increase in the unit weight per electron 
uptake.10 To enhance the electrochemical capacity, organic 
materials can be combined with metal ions or clusters. The 
strategy is to bridge metal ions that are capable of undergoing 
a redox reaction with redox-active organic bridging ligands to 
form coordination polymers (CPs).11, 12 This class of materials 
can have different dimensionalities such as 1D chains, 2D layers, 
and 3D frameworks. Porous coordination polymers (PCPs) 
which are also known as metal-organic frameworks (MOFs) can 
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possess a variety of pore sizes and redox-active functionalities, 
and have promise to open up many application possibilities.13, 

14

In the context of redox chemistry, redox-active metal-
organic materials have been investigated for energy storage 
applications.15 MOFs or PCPs are well-known for their porosity 
and tunability. Nevertheless, when used as battery electrodes, 
MOFs with large voids usually lead to a low density of redox-
active sites. Their limited channels and windows may be blocked 
by organic solvent molecules, which often restricts Li-ion 
diffusion.15 To address these issues, crystalline 1D CPs have 
emerged as a promising candidate for electrode materials.16-19 
The polymeric coordination chains can be linked and stabilized 
by weak interactions, such as hydrogen bonds, π···π stacking, or 
C–H···π interactions instead of strong covalent bonds.20 As a 
result, these structures possess flexible space between 1D 
chains, which allows rapid diffusion of Li ions and gives rise to 
maximum practical capacities.17 Highly crystalline electrode 
materials allow structural stability and redox mechanism to be 
studied by performing computational simulations and using 
diffraction technique to monitor the structural changes.11, 16, 21 
The majority of CPs used as electrode materials are formed by 
carboxylate ligands, which possess low redox potential and thus 
usually serve as anode.16, 18, 22, 23

Hydroquinone, a key organic building block responsible for 
many biological proton–electron transfer reactions, can 
reversibly undergo a 2e‒, 2H+ transfer to give p-benzoquinone.24 
Hydroquinone/p-benzoquinone system is considered one of the 
most well-studied classical organic redox reactions, and has 
been utilized as redox centres in LIBs.17, 25 Herein, a novel 
hydroquinone-based organic building block, 1,4-dicyano-
2,3,5,6-tetrahydroxybenzene (LH4, Fig. 1a), has been 
synthesized. This redox-active building block with two electron-
withdrawing nitrile groups can allow charge delocalisation and 
a relatively high redox potential, which is required for cathode 
materials.26-28 The solvothermal reaction between LH4 and 
Cu(NO3)2·2.5H2O in N,N-dimethylformamide (DMF) at 60 C for 
2 d yielded orange crystals of a new 1D CP.

The single crystal X-ray analysis reveals the 1D structure of 
the compound with a chemical formula of [CuL(DMF)2]n (Fig. 
1b). The symmetric molecular structure of LH4 promotes the 
formation of linear metal-ligand chains. Cu(II) has an octahedral 
coordination geometry, and two different C–O bond distances 
(1.26 Å and 1.24 Å) of ligand L are recognized in the equatorial 
positions.29 As shown in Fig. S8 in Electronic Supplementary 
Information, the Fourier-transform infrared (FT-IR) spectrum of 
the ligand LH4 shows no sign of carbonyl signal, while a 
stretching band at 1655 cm–1 is assigned as C=O for the ligand 
in the CP (Fig. S9). This indicates that when the CP is formed, the 
two adjacent hydroxyl groups in LH4 become C=O and C‒O‒ to 
form a p-quinoid structure, with a total of two negative charges 
to balance Cu(II) yielding neutral 1D CP structure. The 
octahedral Cu(II) is capped with two DMF molecules at its axial 
positions. The CP 1D chains pack closely to build a layered 
structure without any solvent molecules in between (Fig. 1c). 
Surprisingly, in this structure, the nitrile groups of the ligand do 
not coordinate with any metal ions as commonly found in the 

majority of literature.30-32 Instead, they form unusual weak 
supramolecular interactions via CN···π33 and CN···H34 bonds. 
The measured distances from the nitrogen atom (nitrile group) 
to the centroid of ligand (Fig. 1d, orange dotted line) and the 
hydrogen atoms of DMF molecule (Fig. 1d, green dotted lines) 
are 3.43 Å and 2.97–3.07 Å, respectively.

Fig. 1 (a) The chemical structure of LH4. (b) and (c) The single 
crystal structure of [CuL(DMF)2]n viewed perpendicular to and 
along 1D chains, respectively. The hydrogen atoms are omitted 
for clarity. (d) Packing of CPs by supramolecular CN···π (orange 
dotted line) and CN···H (green dotted lines) interactions. 
Colours: Cu, blue; C, grey; O, red; N, cyan; H, white.

 The formation of the CP structure leads to high thermal 
stability as determined by thermogravimetric analysis (TGA, Fig. 
S11), with the loss of the coordinated DMF molecules at 
approximately 240 C, followed by the decomposition at 410 C. 
Powder X-ray diffraction (PXRD) analysis confirms phase purity 
of the 1D CP, with good agreement between the simulated and 
experimental patterns (Fig. S12). The interchain π–interactions 
provide sufficient space for Li ions, similar to π···π stacking in 
graphite. Additionally, when soaking the CP in various solvents, 
peak shifts can be observed in the PXRD patterns, suggesting 
structural flexibility (Fig. S13). 

Despite a variety of benzoquinoid frameworks reported in 
the literature,35-41 to the best of our knowledge,  [CuL(DMF)2]n 
is the first crystalline 1D CP based on benzoquinoid building unit 
to be studied as electrode for LIBs.29, 36, 42-44 The CP was used as 
electrode material in coin cells (CP : Super P : KS4 : PVDF = 
3:5:1:1) with Li metal as counter electrode and 1 M LiPF6 in 
ethylene carbonate (EC)/dimethylcarbonate (DMC) (1:1) as 
electrolyte. Fig. 2a shows the discharge-charge profile of the CP 
at 30 mA g–1 (~C/2.5, reaction with 1 Li in 2.5 h). During 
discharge, a very short plateau is observed at ~2.8 V vs Li/Li+, 
followed by two more plateaus at 2.35 and 1.9 V with a 
discharge capacity of 268 mAh g–1. On charge, three plateaus 
can be observed at 2.15, 2.8, and 3.4 V. The positions of these 
plateaus are in good agreement with the cyclic voltammogram 
(CV) of the CP in Fig. 2b. The Cu redox couple is at 2.8/3.4 V as 
reported elsewhere.11 The redox centres in the quinone-based 
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organic linker are responsible for the other two pairs of anodic 
and cathodic peaks in the CV. This shows the synergistic redox 
reactions on both metal centre and the organic moieties of the 
CP enabling multiple-electron process, which leads to a high 
specific capacity (with a theoretical capacity of 67 mAh g–1 for 
one electron transfer). The voltage profiles at different current 
densities are shown in Fig. 2c. At a higher rate, the voltages of 
the plateaus decrease due to kinetic effects. At 120 mA g–1 
(~1.8C), the CP delivered an initial capacity of 213 mAh g–1. Fig. 
2d shows the capacity retention at different rates. At 80 mA g–

1, the capacity drops initially before stabilizing at 120 mAh g–1. 
Fig. 2 (a) Discharge-charge profile of the CP [CuL(DMF)2]n  (1st 

cycle) at 30 mA g–1 (~C/2.5) with 1 M LiPF6 in EC/DMC (1:1) as 
electrolyte. (b) Solid-state CV of the CP with a scan rate of 0.5 
mV s–1. (c) Discharge curves at different current densities. (d) 
Capacity retention ranging from 30 mA g–1 (~C/2.5) to 120 mA 
g–1 (~1.8C).

Dissolution tests were performed in order to compare the 
stability of the CP to that of the organic ligand in electrolyte. 
Electrodes with the CP [CuL(DMF)2]n and organic linker LH4 as 
active materials were soaked in electrolyte for up to 5 d (Fig. 
S14). It was found that the CP with the 1D coordination chain 
was stable in the electrolyte, while the organic linker dissolved 
almost immediately and the colour of the electrolyte became 
yellowish. The electrochemical properties of LH4 were also 
investigated in comparison with the CP (Fig. S15 and S16). 
During the first discharge, there are short plateaus at ~2.4 and 
1.9 V which are very close to the plateau positions in the CP 
voltage profile, corresponding to the redox centres in the 
quinone-based organic linker. However, the capacities dropped 
rapidly to ~30 mAh g–1 within 15 cycles due to the dissolution 
of the organic ligand in the electrolyte. When compared to the 
performance of the CP electrodes, this confirms that the CP 
formation helps with material stability in the electrolyte.

To elucidate the change in the oxidation state of Cu(II) 
during discharge-charge cycle, X-ray photoelectron 
spectroscopy (XPS) was carried out on the CP electrodes. Fig. 3 
exhibits the deconvolution of high-resolution Cu 2p spectra of 
electrodes at two different positions on the first cycle (at 2.5 V 
on discharge and 3.6 V on charge). The spectra reveal that on 

discharge to 2.5 V, Cu(0) and Cu(I) are present with the majority 
being Cu(0). Cu 2p3/2 and Cu 2p1/2 were observed at 933.5 and 
953.5 eV for Cu(I) and at 932.7 and 952.46 eV for Cu(0), 
respectively.19, 45, 46 The absence of Cu 2p3/2 satellite peaks at 
~942 eV indicates that there is no Cu(II) remaining at 2.5 V. 
Subsequently, on charge to 3.6 V, the amount of Cu(0) 
significantly decreases with Cu(I) being the main component. 
This result confirms the reduction and oxidation of Cu species 
during discharge and charge, respectively. The deconvolution of 
C 1s XPS spectra does not only support the change in the metal 
oxidation state, but also reveals the redox process of the 
organic moieties. The peaks at 284.4, 285.1, and 286.4 eV are 
attributed to the characteristic peaks of C‒C, C‒O, and C=O 
bonds.47 Comparing the C 1s spectra (Fig. 3, Bottom) at 2.5 V 
and 3.6 V, it is evident that at 2.5 V higher proportion of C‒O 
bonds is observed than at 3.6, while it is the opposite for C=O. 
A change in the relative quantity between C‒O and C=O at the 
two positions suggests the transformation of carbonyl group 
into enol structure during discharge confirming electron-uptake 
process of the organic moieties, and enol structure converting 
back to carbonyl during charge. From the FT-IR spectra (Fig. 
S19), the relative intensity of the carbonyl group at 1668 cm–1 
decreases during discharge and becomes stronger during 
charge, which is in good agreement with the C 1s XPS data.47 
Fig. 3 Deconvolution of high-resolution XPS spectra of 

electrodes at 2.5 V on discharge and 3.6 V on charge: (Top) Cu 
2p3/2 and 2p1/2 (blue: Cu(0); pink: Cu(I)). (Bottom) C 1s (blue: 
C‒C; green: C‒O; pink: C=O); 291 eV assigned to π‒π* satellite 
peak.47 

To further investigate the valence state change and the local 
structure of Cu during discharge-charge (Fig. 4a), ex situ Cu K-
edge X-ray absorption spectroscopy (XAS) measurements were 
performed on the CP electrodes (CP : Super P : KS4 : PVDF = 
5:3:1:1). Starting with a pristine electrode, the spectrum from 
X-ray absorption near edge structure (XANES) analysis (Fig. 4b) 
clearly shows the existence of Cu(II) species.11 When the cell 
was discharged down to 2.1 V, the appearance of a pre-edge 
peak at 8982 eV and an edge peak shift to a lower energy show 
the reduction of Cu(II) species.11, 22 Fig. 4c exhibits Cu K-edge 
extended X-ray absorption fine structure (EXAFS) patterns. It 
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can be clearly observed that the intensity of Cu‒O bond became 
weaker, whereas Cu‒Cu bond became stronger during 
discharge-charge, when compared to pristine material. The 
curve fitting (Fig. S23) of the EXAFS patterns provides a Cu‒O 
coordination number of 3.05 per Cu in the pristine CP electrode, 
1.45 for the electrode at 2.1 V on discharge, 1.12 for 1.5 V (end 
of discharge), and back to 1.18 for 3.2 V on charge, suggesting 
Cu‒O bond dissociation during discharge and Cu‒O bond 
formation during charge. This result also further supports the 
change in oxidation state of Cu species. High-resolution 
transmission electron microscopy (HR-TEM) was also conducted 
on the CP electrodes. As shown in Fig. 5, as the CP was 
discharged to 2.5 V, metallic nanoparticles of copper were 
found to slightly aggregate in the organic matrix with the size of 
~5 nm. The interplanar spacing of 0.21 nm in Fig. 5b can be 
ascribed to the (111) plane of Cu metal.47  On charge to 3.6 V, 
some Cu(0) is still visible in the HR-TEM images (Fig. 5c and 5d).

Fig. 4 (a) Voltage profile of the CP electrodes at 20 mA g‒1. (b) 
Cu K-edge XANES patterns and (c) Cu K-edge EXAFS patterns of 
the CP electrodes by synchrotron-sourced XAS analyses (with Cu 
foil, Cu2O, and CuO as references).

Fig. 5 HR-TEM images of CP electrodes (a, b) at 2.5 V on 
discharge and (c, d) at 3.6 V on charge.

Conclusions
A new quinone-based organic ligand LH4 has been synthesized, 
and used to prepare 1D CP [CuL(DMF)2]n. The synergistic redox 
reactions on both Cu and organic moieties have been 
demonstrated to enable multiple-electron redox processes, 
leading to a high specific capacity.  Cu K-edge XANES and EXAFS 
as well as HR-TEM have revealed the nature of Cu species during 
discharge-charge process. In combination with XPS and FT-IR, 
the ligand redox activities have also been elucidated. Without 
channel-size restrictions commonly encountered in 3D 
frameworks, the chain-based supramolecular structure of 
[CuL(DMF)2]n is flexible and can accommodate volume change, 
which could help with Li-ion diffusion during cycling. Although 
the CP could deliver high initial capacity, it suffered a capacity 
loss. This suggests insufficient oxidation of Cu species during 
charge and partial extraction of Li ions, possibly due to low 
electronic conductivity of the CP. The obtained mechanistic 
understanding of the CP as electrode material for Li-based 
batteries could pave the way for the design of other metal-
organic materials for next-generation high-performance 
rechargeable batteries. Furthermore, by introducing additional 
aromatic π···π interactions into the structure of CP, such as 
replacing the coordinating DMF molecule with pyridine, the 
electronic conductivity of the CP could potentially be enhanced, 
thus allowing superior electrochemical performance. This 
intriguing concept is currently under investigation in our 
laboratory and will be reported in due course.
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