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ABSTRACT. Here we report a concept that allows the integration of the characteristic 

properties of [60]fullerene in 3D graphene networks. In these systems, graphene provides high 

electrical conductivity and surface area while fullerenes add high electron affinity. We use 

molecular design to optimize the interaction between 3D graphene networks and fullerenes, 

specifically in the context of stability and charge transfer in an electrochemical environment. We 

demonstrated that the capacity of the 3D graphene network is significantly improved upon the 

addition of C60 and C60 monoadduct by providing additional acceptor states in the form of the 

low lying LUMOs of C60 and its derivative. Guided by experimental results and first-principle 
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calculations, we synthesized and tested a C60 monoadduct with increased stability by 

strengthening the 3D graphene-C60 Van-der-Waals interactions. The synthesis method and 

stabilization strategy presented here is expected to benefit the integration of graphene/C60 hybrid 

materials in solar cell and charge storage applications. 

INTRODUCTION. Graphene and fullerenes are examples of carbon nanomaterials with unique 

electronic structures and related electrochemical properties that have opened the door to many 

promising applications in the field of energy storage and harvesting.1 Graphene combines high 

surface area with high electrical conductivity which makes it a promising supercapacitor and 

capacitive desalination material;1a, 2 fullerenes, on the other hand, are characterized by their high 

electron affinity which makes them excellent  electron acceptors,3 a property that has been 

exploited for photovoltaics.1b, 4 C60 in particular has the ability to store up to 6 electrons in its 

energetically low lying, triply degenerated lowest unoccupied molecular orbital (LUMO) (that is, 

0.1 electrons per carbon).3a, 5 For comparison, this is 5-10 times higher than the interfacial 

capacity of graphene (~0.01-0.02 electrons per carbon within the electrochemical stability 

window of water).2d,6 In fact, the theoretical charge storage capacitance of [60]fullerene 

(223mAh/g) is similar or higher than that of today’s standard lithium ion battery electrode 

materials (177 mAh/g for LiFePO4). 

The challenge, however, is to make fullerenes electrochemically addressable which requires 

electrical wiring of individual fullerene molecules. Thus, integrating fullerenes with unique 

electron acceptor properties in 3D graphene networks with their high surface area and electrical 

conductivity would be of great benefit for many energy storage and harvesting applications. 

However, despite their significant potential technological benefits, there are only a few studies 
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about [60]fullerene-graphene hybrids,7 including as electron extraction layers in polymer solar 

cells,8 to enhance nonlinear optical performance,9 as well as to facilitate exfoliation of graphite 

oxide to obtain graphene monolayers.10 There is clearly a need to shed more light on design and 

synthesis strategies for graphene--fullerene nanocarbon networks, in order to take advantage of 

their unique electronic structure. 

This work is aimed to achieve a fundamental understanding of the fullerene-graphene interface 

as it relates to electrochemical stability and charge transfer characteristics. Specifically, we 

designed, synthesized and tested a C60 monoadduct that allowed us to significantly improve the 

electrochemical stability of fullerene functionalized-graphene. As an experimental platform, we 

used binder-free 3D mesoporous graphene macro-assemblies (GMAs) that have exceptionally 

high surface area (up to 1500 m2/g) and excellent conductivity (up to 100 S/m).11 Using 

functionalized C60 allowed us to increase the fullerene loading while reducing their tendency to 

cluster, and to increase the fullerene-graphene physisorption energy whereby increasing the 

electrochemical stability of the nanocarbon networks. Our experiments were guided by first-

principle calculations that provided insights into the performance and stability of the hybrid 

electrodes. 

RESULTS AND DISCUSSION. Cyclic voltammetry of C60 physisorbed on the GMA 

electrodes11c (the preparation of the GMA-C60 nanocarbon composites is described in the ESI) 

shows one C60 related reversible redox wave (Fig. 1a, C60 average loading 10 + 3 wt%). To 

confirm that the redox wave observed between -0.8 and -1.1 V originates from the one-electron 

transfer to C60, we also measured the CV of C60 in dichloromethane (Fig. 1a, black line, arbitrary 

units). While the redox peaks of both CVs are in qualitative agreement, we observed a 60 mV 

cathodic shift of the C60 reduction peak that can be attributed to the characteristic timescale of 
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the charging kinetics of the bulk nanoporous GMA electrode. Although the fullerene loading is 

only 10%, the gravimetric peak current density of the GMA-C60 electrode (Fig. 1a, orange line) 

increased by more than 50%, from 221.3 mA/g to 348.5 mA/g. The fraction of C60 molecules 

that can be electrochemically assessed can be calculated by integrating the current peak 

associated with fullerene charging (Fig. 1a) and assuming a charge transfer of one electron per 

C60 (subtracting the underlying GMA charging signal). This analysis reveals that 67% of the C60 

molecules in the GMA-C60 electrodes can be electrochemically accessed (Fig 2S, see ESI); the 

fact that 33% of the deposited C60 is electrochemically inaccessible suggests some cluster 

formation at a length scale below the SEM resolution. Note that these C60 clusters must have 

formed during the impregnation as we used filtered C60 solutions.12 

In order to understand the capacitive performance of the GMA-C60 electrodes, we carried out 

density functional theory (DFT) calculations of C60 adsorbed on a single graphene sheet 

(representing GMA) using the Quantum-ESPRESSO code (see ESI). We focused on the high C60 

coverage regime, i.e., one C60 per 60 graphene carbon atoms, that is relevant to the experimental 

condition. The difference in the charge storage behavior between hybrid and graphene electrodes 

can be assessed through the calculated electronic density of states (DOS) of the systems. As 

shown in Fig. 1b, the hybrid system exhibits an additional large peak in the DOS just above the 

Fermi level which is absent for pristine graphene. This peak originates from the triply degenerate 

LUMOs of the adsorbed C60 molecule and explains for the experimentally observed redox wave 

between -0.8 and -1.1 V that improves the charge storage performance of GMA-C60 at negative 

potentials. By contrast, C60 does not induce new features in the occupied DOS within the 

indicated potential window, and hence little changes are expected in CVs towards the positive 

end of the potential sweep, in good agreement with the experiment (Fig 1a). 
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Figure 1. (a) Cyclic voltammogram of the first reduction peak of C60 in dichloromethane (black 

line), GMA in acetonitrile (orange line) and GMA-C60 in acetonitrile, 11.2% loading (green 

line). (b) Total electronic density of states of the graphene/C60 electrode (black lines) computed 

for a model system consisting of one C60 molecule and a graphene sheet of 60 carbon atoms. For 

comparison, the results computed for pristine graphene are also shown (orange lines). 

Functionalization of fullerenes has been successfully used to increase their solubility, allow 

their characterization, and explore and tune their physical and chemical properties.4a, 13 

Specifically methanofullerene derivatives are well known for their thermal and electrochemical 

stability14 and, as a result, they are often used for the fabrication of solar cells.4d, 15 As described 

above, physisorption of C60 on GMA resulted in low fullerene loadings (10 + 3 wt%) and all 

attempts to increase the concentration of the C60 solutions yielded cluster formation (it is 
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important to note that while C60 clusters increase the loading they cannot be electrochemically 

addressed due to their large internal resistance).1c 12b To overcome this limitation, we synthesized 

a more soluble, less prone to cluster methanofullerene monoadduct. PA-C60 was synthesized 

using a cyclopropane cycloaddition reaction from a diazo precursor, by in-situ base induced 

decomposition of 1-(4-aminophenyl)ethylidene-p-toluenesulfonyl hydrazide in the presence of 

C60, see ESI. 

Physisorption of GMA with PA-C60 resulted in average loadings up to 29 + 4 wt%, almost 

three times the loading achieved with C60. GMA-PA-C60 loadings were confirmed by TGA. The 

TGA curves for a 27.5% GMA-PA-C60 sample (Fig. 8S) showed a first weight loss at 200 °C 

corresponding to decomposition of the cyclopropane addend, followed by a weight loss starting 

at 500 °C corresponding to decomposition of the fullerene until reaching 1050 °C16 where almost 

no mass loss is observed. Under our experimental conditions, the TGA curve of GMA-PA-C60 

showed a 47% total mass loss of the initial loaded fullerene, in agreement with the higher 

thermal stability of the monoadduct PA-C60 comparted to the pristine C60 in which case almost 

all the initial loaded C60 is lost (Fig. 3S). We also observed a higher decomposition temperature 

of the fullerene from 360 °C for the pure PA-C60 to 500 °C for the hybrid GMA-PA-C60. This 

can be understood in view of the large number of wall contacts involved in diffusion through a 

bulk nanoporous material where even small changes in the van der Waals interaction can delay 

desorption through increasing the accumulative wall residence time. 

CVs of GMA-PA-C60 in the potential window from 0 to -1.3 V reveal that the position of PA-

C60 is negatively shifted compared to that for GMA-C60 (Fig. 2a), consistent with previous 

reports of cathodic shifts upon double bond removal by chemical functionalization.17 In addition, 

a good agreement was found between the CVs obtained from GMA-PA-C60 and PA-C60 in 



 7 

dichloromethane, an indication that the observed redox wave originates from one-electron 

transfer into the C60 monoadduct. The ~100 mV cathodic shift of the PA-C60 reduction peak 

potential again reflects the characteristic charging kinetics of the bulk nanoporous GMA 

electrode. Remarkably, the functionalization with PA-C60 doubles the gravimetric peak current 

density of the GMA electrode (Fig. 2a, orange line), from 272.2 mA/g to 548.6 mA/g. A detailed 

analysis reveals that, despite the high PA-C60 loading, 82% of the physisorbed PA-C60 molecules 

were electrochemically accessed (Fig. 1S, ESI). There results clearly demonstrate that 

functionalization of C60 is an effective strategy to suppress cluster formation and increase the 

fullerene solubility. 

 

Figure 2. (a) Cyclic voltammogram of the first reduction peak of PA-C60 in dichloromethane 

(black line), GMA in acetonitrile (orange line) and GMA-PA-C60 in acetonitrile, 30.00% loading 

(green line). (b) Cycling voltammogram of GMA-PA-C60 at different potential windows (c) 

Comparison of cycling stability of GMA-C60 and GMA-PA-C60. The Imax value is derived from 

CVs at different potential windows covering 1, 2, 3, or 4 electron transfers. 

Cyclic voltammogram of GMA-PA-C60 at different potential sweep rates allowed us to 

calculate the charge transfer utilization of GMA-PA-C60 as a function of the scan rate (Figure 9S 

and 10S). We observed a slight decrease of the performance of GMA-PA-C60 with increasing the 
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scan rate. The negative (cathodic) shift of the PA-C60 related charging peak with increasing scan 

rate suggests that some solution resistance was not fully compensated thus preventing the 

complete charging of PA-C60 at higher scan rates within the applied potential window. 

Figure 2b/c shows a significantly higher cycling stability of GMA-PA-C60 compared to GMA-

C60 when only 1 electron per fullerene molecule is introduced to the system. The electrochemical 

stability of physisorbed fullerenes depends, among other factors, on their solubility and the 

graphene-fullerene physisorption energy. The latter is expected to decrease with increasing 

electron transfer into the C60 LUMOs, which leads to electrostatic repulsion between negatively 

charged graphene sheets and fullerene molecules (see discussion below). Interestingly, the 

stability trend PA-C60 > C60 observed for the first electron transfer (C60 to C60
-) remains the same 

for the second electron transfer (C60
- to C60

2-) but is reversed for the third electron transfer (C60
2- 

to C60
3-). As demonstrated in a previous study,18 the added negative charge is localized in the C60 

adsorbate. In this regard, the overall decreasing stability of physisorbed C60 with increasing 

charge transfer can be qualitatively understood in terms of the increasingly repulsive interactions 

between the negatively charged C60 adsorbate and the graphene substrate. Accordingly, 

accessing higher C60 charging states (theoretically up to C60
-6) will require functionalization with 

more stable, covalently bonded C60 derivates. 

Next, we calculated the binding energy of C60 and PA-C60 with the graphene substrate to 

investigate the stability of the fullerene-graphene hybrid electrodes. In particular, we performed 

classical molecular dynamics (CMD) to efficiently explore the most stable configurations of C60 

and PA-C60 on graphene (see ESI).19 These configurations were then re-optimized and used for 

binding energy calculations with DFT, which provides a more accurate description of molecular 

interactions in the systems. Analysis of the representative configurations (Fig. 3) derived from 
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CMD simulations shows that the functional group significantly enhances the bonding strength 

between PA-C60 and graphene when being close to the substrate. This behavior stems from the 

𝜋-𝜋 interaction between the addend and graphene,20 resulting in a 0.3 eV increase of the binding 

energy between PA-C60 and graphene compared to that of C60. Collectively, these simulation 

results are consistent with TGA and CV measurements, indicating the important role of the 

functional group in determining the stability of the hybrid electrode. 

 

Figure 3. Binding configurations of fullerene-graphene hybrids (a) C60-graphene. (b) PA-C60-

graphene with the addend pointing away from the graphene. (c) PA-C60-graphene with the 

addend close to the graphene. 

CONCLUSIONS. To summarize, we present a detailed investigation of the electrochemical 

charging behaviour of fullerene-graphene electrodes using a combination of experiments and 

first-principles calculations. When compared to pristine graphene, we find that the capacity of 

the system is significantly improved upon the addition of C60 and C60 monoadduct by providing 

additional acceptor states in the form of the low lying LUMOs of C60 and its derivates. We also 

showed that the design of the C60 monoadduct plays a key role in the electrochemical 
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performance of the hybrid electrode. Specifically, increasing the solubility of C60 which 

improved the C60 loading and reduced cluster formation; the latter enhances the electrochemical 

accessibility of fullerene and thus warrants its utilization. Finally, functionalization of C60 

considerably improves the cycling stability of the hybrid material due to the additional 𝜋-𝜋 

interaction between the addend and graphene thus allowing access of charging states up to C60
3-. 

This trend was confirmed by DFT calculations of the binding energies of C60 and C60 

monoadduct on graphene. The stabilization strategy presented in this work is ideally suited for 

applications that are dominated by one-electron transfer such as those in photovoltaic solar cells. 

Further optimization of the hybrid system using, e.g., covalently bonded fullerene-graphene, may 

provide even higher electrochemical stability thus benefiting energy storage applications. 

ASSOCIATED CONTENT 
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