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Abstract  

Two-dimensional electrically conductive metal-organic frameworks (MOFs) are candidate 

electrode materials for use in electric double-layer capacitor (EDLC) structure-property 

investigations due to their well-defined crystalline structures. Their promising capacitive 

performance was first illustrated by EDLCs constructed with the layered framework Ni3(HITP)2 

(HITP = 2,3,6,7,10,11-hexaiminotriphenylene) and an organic electrolyte. Despite this promise, 

there have been few follow-up studies on the use of these frameworks in EDLCs, raising 

questions about the generality of the results. Here, we demonstrate the high capacitive 

performance of the layered framework Cu3(HHTP)2 (HHTP = 2,3,6,7,10,11-

hexahydroxytriphenylene) in EDLCs with an organic electrolyte and compare its performance 

with Ni3(HITP)2. Cu3(HHTP)2 exhibits a specific capacitance of 110 – 114 F g–1 at low current 

densities of 0.04 – 0.05 A g–1 and shows modest capacitance retentions (66 %) at current 

densities up to 2 A g–1, mirroring the performance of Ni3(HITP)2. However, we also explore the 

limitations of Cu3(HHTP)2 in EDLCs, finding a limited cell voltage window of 1.3 V and only 

moderate capacitance retention over 30,000 cycles. This illustrates that these materials require 
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further development to improve their EDLC performance, particularly to reach similar cycling 

performance levels as porous carbons. Despite this, our work underscores the utility of 

framework materials in EDLCs and suggests that capacitive performance is largely independent 

of the identity of the metal node and organic linker molecule, instead being dictated by the 

three-dimensional structure of the framework. These important insights will aid the design of 

future conductive MOFs for use in EDLCs.  
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1. Introduction  

The improvement of energy storage devices is critical for society to meet increasing energy 

demands and allow for the integration of renewable energy sources into energy grids1–3. Electric 

double-layer capacitors (EDLCs), a sub-set of supercapacitors, are among the most promising 

energy storage devices due to their high power densities, which result in rapid 

charging/discharging times, and excellent cyclability. As a result, EDLCs have potential uses in 

applications where other energy storage devices are not suitable e.g., in heavy electrical 

vehicles, storing energy rapidly from intermittent renewable energy sources3–6. However, state-

of-the-art industrial EDLCs have low energy densities, which impedes their widespread use. 

Potential performance gains could be achieved by optimising the structure of the electrodes and 

this may facilitate the use of supercapacitors more widely. Structure-property investigations to 

determine how performance varies with electrode structure are challenging with traditional 

EDLCs as many use porous carbons as the electrode material7,8. These tend to have poorly 

defined structures that are difficult to characterise, leading to structure-property investigations 

with conflicting results9–14.  

Recently, significant work has been done to develop new electrode materials for EDLCs with 

well-defined structures. One such class of materials is two-dimensional electrically conductive 

metal-organic frameworks (MOFs)15. These materials are generally formed from the square 

planar coordination of late transition metal M2+ nodes by planar conjugated organic linker 

molecules to form π-d conjugated 2D sheets. These sheets then stack, normally in an eclipsed 

or near-eclipsed fashion, to form an extended 3D honeycomb structure, creating pores that run 

through the material (Fig. 1a)16,17. Conductive MOFs are promising for use as EDLC electrodes 

as they have high intrinsic conductivities (up to 2500 S cm-1) and porosities (surface areas of 

500 – ca. 1400 m2 g-1)18–20. Furthermore, the tuneable crystalline structures of conductive MOFs 

make them interesting materials for use as model electrodes in structure-property 
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investigations. Despite this promise and much exploration as electrode materials in other energy 

storage devices, including batteries, few conductive MOFs have been explored in EDLCs, 

particularly with more commercially relevant organic electrolytes21–26. However, a key example 

is Ni3(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene), which demonstrated high capacitive 

behaviour (111 – 116 F g-1 at 0.05 A g-1) as the sole electrode material in a symmetric EDLC 

with 1 M NEt4BF4 in acetonitrile electrolyte27. The closely related framework Cu3(HHTP)2 (HHTP 

= 2,3,6,7,10,11-hexahydroxytriphenylene) was also explored in EDLCs with aqueous and solid-

state gel electrolytes, and while nanowire arrays (NWAs) of this MOF exhibited good capacitive 

performance, electrodes made using Cu3(HHTP)2 powder exhibited relatively poor capacitive 

behaviour28,29. Here we build on these studies and present a detailed analysis of the electric 

double-layer capacitance of Cu3(HHTP)2 in EDLCs with an organic electrolyte. Using a recently 

published synthesis, as well as traditional electrode film processing methods, we find that 

Cu3(HHTP)2 exhibits very similar performance to Ni3(HITP)2 in terms of capacitance, rate 

capability, and cycling stability, suggesting that EDLC performance is independent of the identity 

of the metal node and organic linker in these almost isostructural frameworks30.  
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2. Results & Discussion 

Cu3(HHTP)2 was synthesised by modifying a recently published procedure (see SI Methods)30. 

The identity and structure of the MOF were confirmed via powder X-ray diffraction (PXRD), with 

the experimentally obtained PXRD pattern comparing well to those simulated using eclipsed 

and near-eclipsed polytypes of the C-centred monoclinic crystal structure of Cu3(HHTP)2 (Fig. 1, 

SI Figs. S1, S2; Table S1). This supports previous work indicating that Cu3(HHTP)2 may have a 

near-eclipsed crystal structure, with a constant stacking shift of the 2D layers of Cu3(HHTP)2, as 

opposed to the closely related eclipsed structure exhibited by Ni3(HITP)2
31. However, the quality 

of the PXRD data is insufficient for Rietveld refinement and therefore insufficient to distinguish 

between the models with any degree of certainty. We subsequently evaluated the porosity and 

Brunauer, Emmett and Teller (BET) areas using 77 K N2 adsorption isotherms. A maximum BET 

area of 794 m2 g-1 was calculated using Rouquerol’s updated criteria implemented in BETSI (SI 

Fig. S3)32. This is the highest reported BET area for this material, comparable to the BET area 

of Ni3(HITP)2, and confirms permanent porosity, a key requirement for double-layer 

capacitance27,33. To characterise the Cu oxidation states present in Cu3(HHTP)2, Cu K-edge X-

ray absorption near edge structure (XANES) was performed on a powdered sample. This 

confirmed that Cu(II) is the dominant Cu oxidation state in the as-synthesised MOF with no clear 

evidence for the presence of Cu(I) (SI Fig. S4). This result helps to clarify debate in the literature 

on the Cu oxidation states in the framework, with some previous XANES and X-ray 

photoelectron spectroscopy (XPS) investigations indicating the presence of Cu(I) in the MOF 

synthesised using different methods34,35. Elemental analysis confirmed that the as-synthesised 

Cu3(HHTP)2 has approximately the correct stoichiometric ratio of Cu and HHTP, although a 

small amount of a N-containing impurity was also present, most likely due to the use of 

ammonia as a modulator in the synthesis (see SI Methods).  
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Having characterised the crystalline structure and porosity of Cu3(HHTP)2, we next examined its 

electrical conductivity as this is a further key requirement for EDLC electrodes. The electrical 

conductivity of a pressed pellet of Cu3(HHTP)2 (two-point probe) was measured as 0.007 S cm-1 

(see SI Methods). This is comparable to previously reported values for this MOF (0.0001 – 0.3 

S cm-1 for polycrystalline samples)21,28,31,36. Composite films of Cu3(HHTP)2 (85 wt. % 

Cu3(HHTP)2, 10 wt. % carbon black, and 5 wt. % PTFE) of ca. 250 µm thickness were prepared 

by adapting the traditional literature method for the preparation of activated carbon (AC) films 

(see SI Methods)37. Carbon black was used as a conductive additive to increase the electrical 

conductivity of the film for use in EDLCs, and has negligible contribution to the total capacitance 

of the cell (SI Fig. S5). Films made without the conductive additive (95 wt. % Cu3(HHTP)2 and 5 

wt. % PTFE) displayed highly resistive behaviour in EDLCs and required very low current 

densities for analysis, showing the necessity of the conductive additive to achieve good 

capacitive performance (SI Figs. S6, S7). This indicates a limitation of using this MOF in 

EDLCs. Interestingly, Cu K-edge XANES on pristine film samples revealed evidence for the 

Figure 1: a) Schematic demonstrating the general structure of hexasubstituted triphenylene-based conductive MOFs. 
The π-d conjugated 2D sheets stack to form an extended 3D honeycomb structure. This creates pores/channels that 
run through the material, with a pore size of 1.8 nm as calculated from the simulated structure of Cu3(HHTP)2. b) The 
experimental PXRD pattern of Cu3(HHTP)2 compares well to simulated PXRD patterns of Cu3(HHTP)2 with both 
eclipsed and near-eclipsed C-centred monoclinic crystal structures (space group = C2/m).  
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presence of Cu(I), with the amount of Cu(I) observed varying between samples (SI Fig. S8). 

Linear combination fitting of this XANES data with standard compounds indicated a maximal 

Cu(I) content of approximately 20 % (SI Fig. S9; Table S2). This underscores the sensitivity of 

Cu3(HHTP)2 and modification of the film-making procedure could be considered in future work if 

Cu(I) content proves to be problematic.  

To investigate the electrochemical double-layer capacitance of Cu3(HHTP)2, symmetrical 

EDLCs were assembled using composite Cu3(HHTP)2 film electrodes and 1 M NEt4BF4 in 

acetonitrile electrolyte (see SI Methods). Cyclic voltammograms (CVs) and galvanostatic 

charge-discharge (GCD) experiments on these cells showed nearly rectangular and triangular 

traces respectively (Fig. 2), indicative of electrochemical double-layer capacitance. An initial cell 

voltage window of approximately 1.0 V, where primarily electric double-layer behaviour was 

observed, was established for Cu3(HHTP)2 by running CVs with progressively higher final 

voltages. Beyond 1.0 V, faradaic processes centred at ca. 1.1 V were observed (SI Fig. S10). 

This stable voltage window was confirmed by running CVs of Cu3(HHTP)2 composite electrodes 

in a three-electrode arrangement with 1 M NEt4BF4 in acetonitrile. Electric double-layer 

capacitive behaviour and no faradaic activity were observed for Cu3(HHTP)2 between the open 

circuit potential of +0.33 V and –0.27 V vs. Ag in the anodic direction, and between the open 

circuit potential of +0.19 V and +0.79 V vs. Ag in the cathodic direction (SI Figs. S11, S12). This 

is consistent with a working voltage window for Cu3(HHTP)2 EDLCs of approx. 1.0 – 1.2 V, 

which is further discussed below. This sharply contrasts to traditional activated carbons, which 

have a larger typical working voltage window of ca. 2.5 V with this electrolyte38.  
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To evaluate and compare the capacitive performance of Cu3(HHTP)2 with other electrode 

materials, specific capacitance (Cg) was calculated at a variety of current densities from GCD 

profiles using the Supycap Python code (see SI Methods). At a low current density of 0.04 – 

0.05 A g-1, the specific capacitance of Cu3(HHTP)2 in EDLCs as assembled above was recorded 

as 110 – 114 F g-1 when charged between 0 – 1 V (SI Fig. S13, Table S3). This value is very 

similar to that recorded previously for the almost isostructural framework Ni3(HITP)2 at a similar 

current density (111 – 116 F g-1) in a similar EDLC with 1 M NEt4BF4 in acetonitrile27. Increasing 

the current density leads to a decrease in the specific capacitance (Fig. 3), again with very 

similar results to those reported for Ni3(HITP)2. Interestingly, these results suggest that the 

identity of the metal node (Cu or Ni) and ligating heteroatom (O or N) have little/no impact on 

the double-layer capacitance of these two frameworks. Indeed, Ni3(HITP)2 and Cu3(HHTP)2 

have very similar 3D structures, with both formed from the eclipsed or near-eclipsed stacking of 

2D π-d conjugated layers18,31,39. Therefore, our results suggest high capacitive performance 

arises from the three-dimensional structures of these MOFs. These results further suggest that 

the capacitance of an EDLC is uniquely defined by the 3D structure of the electrode and the 

electrolyte used. This generality has not been previously demonstrated using porous carbon 

materials, although further work is needed to confirm this hypothesis. The equivalent series 

Figure 2: a) Cyclic voltammograms (CVs) at a scan rate of 10 mV s-1 up to 1.0 V show that Cu3(HHTP)2 displays 
predominantly double-layer capacitive behaviour in this voltage window in symmetric EDLCs with 1 M NEt4BF4 in 
acetonitrile electrolyte. The black arrow shows the direction of scanning from the start of the scan. b) Galvanostatic 

charge-discharge (GCD) profiles at a variety of current densities confirm this behaviour (see labels).  
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resistances (ESRs) of the EDLC cells were measured using both electrochemical impedance 

spectroscopy (EIS) and GCD profiles, with ESRs of between 7 – 18 Ω obtained for a range of 

cells (SI Fig. S14). 

 

Furthermore, we note higher capacitance retention (79 % between 0.25 A g-1 – 2 A g-1; 72 % 

between 0.25 A g-1 – 2.5 A g-1) than obtained in previous studies using Cu3(HHTP)2 powder 

electrodes in symmetric solid-state EDLCs (30 % up to 2 A g-1), and capacitance retention on 

par with that obtained with Cu3(HHTP)2 NWAs in aqueous (58 % up to 2.5 A g-1) and solid-state 

(60 % up to 2 A g-1) EDLCs28,29. Although a direct comparison with solid-state cells is difficult 

due to the different phases of the electrolytes, these results illustrate that high capacitive 

behaviour can be achieved using Cu3(HHTP)2 powder and a conductive additive, which has a 

simpler synthesis than NWAs (SI Fig. S15). However, it must be noted that higher specific 

capacitances were observed for devices constructed with NWA electrodes (120 F g-1 at 0.5 A g-1 

with a solid-state electrolyte; 195 F g-1 at 0.5 A g-1 with aqueous electrolyte) than observed in 

this work28,29.  

Figure 3: Comparison of specific capacitance versus current density graphs for Cu3(HHTP)2 and Ni3(HITP)2 
(literature)27. This demonstrates the similarity in the capacitance of these MOFs in similar symmetric EDLCs. 
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Another common metric used to compare EDLC performance of electrode materials is the areal 

(surface area normalised) capacitance. In this work, the areal capacitance of Cu3(HHTP)2 was 

calculated as approx. 14 μF cm-2 at 0.05 A g–1. Although this is lower than that reported for 

Ni3(HITP)2 (18 μF cm-2), significant variation in our values between 14 and 23 μF cm-2 was 

observed for EDLCs prepared using independent samples of Cu3(HHTP)2 with different BET 

surface areas (SI Table S4). We also observed variations in the performances of assembled 

EDLCs as a function of the areal mass loading of the electrodes. In general, EDLCs with higher 

areal mass loadings exhibited a more rapid decrease in capacitance as a function of current 

density and a higher ESR than those with lower areal mass loadings (SI Fig. S13, Table S3). 

This is consistent with previous observations but highlights the need for clear communication on 

mass loadings when comparing electrode performances27,40.  

To further investigate the suitability of Cu3(HHTP)2 for both practical supercapacitor applications 

and structure-property investigations, the voltage limits and cycling stability were studied in 

more detail. To probe the voltage limits of the cell, GCD experiments at a current density of 

0.1 A g-1 were run with increasing final cell voltages from 0.6 V until the failure of the cell was 

observed. This showed an initial consistent increase in the specific capacitance with increasing 

final voltage followed by a rapid decrease upon cycling beyond 1.3 V (Fig. 4a). This 

demonstrates that the voltage limit of Cu3(HHTP)2 in a symmetric EDLC is approximately 1.3 V 

under these charging/discharging conditions, beyond which rapid degradation of the 

Cu3(HHTP)2 electrodes occurs causing irreversible loss in capacitance. Rapid capacitance loss 

when cycling above this cell voltage was confirmed via CV experiments cycling up to cell 

voltages of 1.6 V (SI Fig. S16). Degradation was confirmed by examining the Cu K-edge 

XANES of Cu3(HHTP)2 composite electrodes from an EDLC held at a cell voltage of 1.5 V for 

1 h (SI Fig. S17). A shift of the absorption edge to a lower energy, in addition to the appearance 

of an inflection at ca. 8981 eV, indicate formation of Cu(I) in the negative electrode. In the 
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positive electrode, the appearance of the feature at ca. 8981 eV indicates a significant change 

in the coordination environment around Cu to a lower symmetry environment. The shift of the 

rising edge to higher energies suggests an oxidation process may occur in the positive 

electrode too. These results indicate fundamental changes to the MOF structure in both 

electrodes and hint at potential degradation mechanisms, although further work is required to 

study these processes in more detail.  

To further explore the working voltage window of Cu3(HHTP)2 EDLCs, Cu K-edge XANES 

studies were carried out on electrodes extracted from EDLCs held at different cell voltages for a 

period of 1 h (SI Fig. S18). For a cell voltage of 0.5 V, minimal changes were observed in the 

XANES spectra. However, for a cell voltage of 0.8 V, the XANES data suggest structural 

changes to Cu3(HHTP)2 in the positive electrode. This suggests that kinetically slow faradaic 

processes may occur at cell voltages below 1.1 V but are missed due to the scan rates used in 

the above electrochemistry experiments (Fig. 2). This hypothesis was confirmed by obtaining a 

CV at a scan rate of 0.1 mV s-1 up to 1 V, with faradaic activity observed at this slow scan rate 

upon cycling past 0.8 V (SI Fig. S19). This highlights that Cu3(HHTP)2 may only be kinetically 

stable up to 1 V, a possible limitation that is explored further below. 

Figure 4: a) Specific capacitance, calculated from GCD profiles, against cycle number for increasing final cell 
voltages (see labels). This illustrates the voltage limit of the symmetric Cu3(HHTP)2 EDLC. b) Capacitance retention 
as a function of cycle number when cycling at 1 A g-1 and 0.1 A g-1 up to 1.0 V.  
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Finally, the cycling stability of symmetric Cu3(HHTP)2 EDLCs was investigated at two different 

current densities in GCD experiments limited to a maximum cell voltage of 1 V. Reasonable 

cycling stability was observed when cycled between 0 – 1 V at 1 A g-1, with capacitance 

retention of 81 % over 30,000 cycles (Fig. 4b). The capacitance retentions after 5,000 and 

10,000 cycles (90 % and 86 %, respectively) compare well with the retentions of Ni3(HITP)2, 

approx. 90% over 10,000 cycles, and Cu3(HHTP)2 NWA devices with an aqueous electrolyte, 

79.9 % over 5,000 cycles (SI Figs. S20, S21)27,29. This further highlights the similarities in 

electrochemical performance between Ni3(HITP)2 and Cu3(HHTP)2, and is further evidence that 

electrodes manufactured from Cu3(HHTP)2 powder can achieve high EDLC performance on par 

with those made with Cu3(HHTP)2 NWAs. Cu K-edge XANES showed minimal changes to the 

edge position and pre-edge peaks following this cycling, confirming the stability of Cu3(HHTP)2 

upon extensive cycling at this current density (SI Fig. S22).  

However, the capacitance retention of Cu3(HHTP)2 is significantly lower than that of YP50F, a 

commercial microporous AC, when cycled in an EDLC with 1 M NEt4BF4 in acetonitrile. In our 

work, YP50F exhibited a capacitance retention of 99 % over 10,000 cycles when cycled 

between 0 – 2.5 V at 2 A g-1 (SI Figs. S23, S24). This illustrates that, while this family of MOFs 

have specific and areal capacitances on par or exceeding current state-of-the-art carbons, 

significant improvement is required to achieve comparable cycling stability. This is the first work 

to call attention to this key difference and illustrates a major disadvantage of using this family of 

conductive MOFs in EDLCs instead of ACs, as high cycling stability is a crucial property of an 

EDLC. Furthermore, the capacitance retention of Cu3(HHTP)2 EDLCs in this work was 

significantly lower when cycled at a lower current density of 0.1 A g-1, with only 32 % 

capacitance retention after 10,000 cycles (Fig. 4b). An increase in the intensity of the pre-edge 

feature at ca. 8981 eV was observed in the Cu K-edge XANES of the positive electrode 

following cycling, again indicative of a change in the MOF structure. A shift in the absorption 
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edge energy to a lower value was also seen, hinting at possible Cu(I) formation. This confirms 

degradation at this current density (SI Fig. S25) and further emphasises that Cu3(HHTP)2 is only 

kinetically stable when cycled between 0 – 1 V. This is also the first work to highlight the 

difference in capacitance retention at different current densities with this family of conducting 

frameworks. These findings raise questions about the practical applicability of these frameworks 

in commercial devices. Future studies to identify the degradation mechanisms in these 

frameworks may allow for the design of conductive MOFs with wider double-layer stability 

windows, and thus improved capacitive performances. Given the observation of redox 

processes centred on the Cu nodes by XANES, varying the metal node may be a viable method 

to increase the potential window41. 
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3. Conclusion  

In summary, we have demonstrated that the conductive MOF Cu3(HHTP)2 displays good 

capacitive behaviour in symmetric EDLCs with 1 M NEt4BF4 in acetonitrile, with a specific 

capacitance of 110 – 114 F g-1 at 0.04 – 0.05 A g-1 recorded. Our work shows that the previously 

observed capacitive behaviour of Ni3(HITP)2 is not unique amongst layered conducting MOFs, 

and has expanded the family of conductive MOFs which is known to display capacitive 

performance in EDLCs with organic electrolytes. Notably, Cu3(HHTP)2 can be synthesised using 

all commercially available starting materials, and we have demonstrated that standard electrode 

fabrication techniques using Cu3(HHTP)2 powder can be employed with this framework to 

achieve good capacitive performance, making this framework an accessible model system for 

further study. However, our work also illustrates a number of limitations of using current 

conductive MOFs in EDLCs, notably the significantly lower cycling stability and stable double-

layer voltage window relative to state-of-the-art carbon materials. This raises questions about 

the practical applicability of these frameworks in commercial devices. Despite this, the similarity 

in the specific capacitances of Cu3(HHTP)2 and Ni3(HITP)2 at low current densities with the 

same organic electrolyte shows that the capacitive performance is independent of the identity of 

the metal node and organic linker molecule for these two frameworks. Importantly, this suggests 

that the capacitive performance of an EDLC more generally is uniquely defined by the 3D 

structure of the electrodes and the electrolyte, although further work is required to test this 

significant hypothesis. 
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