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Graphene oxide–Li+@C60 donor­acceptor 
composite for photoenergy conversion† 

Mustafa Supur,a Yuki Kawashima,a Kei Ohkubo,a Hayato Sakai,b Taku Hasobeb 
and Shunichi Fukuzumi*acd   

An ionic endohedral metallofullerene (Li+@C60) with mild hydrophilic nature was combined 
with graphene oxide (GO) to construct a donor-acceptor composite in neat water. The resulting 
composite was characterised through UV-Vis and Raman spectroscopy, powder X-ray 
diffraction, dynamic light scattering measurements and transmission electron microscopy. 
Theoretical calculations (DFT at B3LYP/6-31(d) level) were also utilized to gain further 
insight into the composite formation. As detected by electron paramagnetic resonance 
spectroscopy, photoexcitation of the GO–Li+@C60 composite results in electron transfer from 
GO to the triplet excited state of Li+@C60, leading to a photocurrent generation on the 
OTE/SnO2 electrode. 

Introduction 

Endohedral metallofullerenes (EMFs), bearing rich chemical 
and electronic properties determined by the metallic component 
inside the carbon cage,1,2 are promising alternatives of empty 
fullerenes for improving the performance of the current organic 
optoelectronic devices.3,4 Accordingly, as one of the recently 
emerging EMFs, Li+@C60 was reported to be a better electron 
acceptor as compared to its empty predecessor.5–8 Synthesized 
by an advanced ion implantation method,9,10 Li+@C60 is the 
only available ionized-metal-containing EMF, so far. It 
diverges from the other EMFs with its unique ionic 
characteristics, that is, while the Li ion is encapsulated inside 
the carbon cage its counter anion (in this study: PF6

–) stays 
outside, which simply turns the entire carbon structure into a 
salt form.9,11,12 As a result of this polar identity, Li+@C60 is 
expected to present exceptional colloidal characteristics in 
aqueous environments, different than those of the non-polar, 
hydrophobic empty fullerenes or the non-ionic EMFs. 
 On the other hand, graphene oxide (GO), having principally 
continuous π-conjugation extending in two dimensions, offers 
new carbon materials for optoelectronic applications.13–19 
Exfoliation of graphite by chemical oxidation introduces 
oxygen-containing groups on large π-surface of GO, which 
provide processability in water and non-covalent 
functionalisation with the conjugate molecules having proper 
ionic substituents.20–26 Neutral (non-reduced) GO acts as a good 
electron donor when combined with suitable electron acceptors 
during a photoinduced electron-transfer process.26 However, 
strong electronic communication through the π-π interactions 
between the mainly flat π-surface of GO and the planar π-
electron acceptors causes very fast charge recombination,26 

which can reduce the expected performance of optoelectronic 
devices, essentially based on photodriven charge separation. 
From this aspect, fullerenes can be ideal electron acceptors 
because after the photoinduced electron transfer from GO to 
fullerenes, the fast charge recombination can be delayed by the 
delocalization of the transferred electron on the spherical π-
surface of the fullerenes having geometrically limited electronic 
interaction with the chiefly flat π-surface of GO as compared to 
planar electron acceptors while the omni-directional hole 
migration through the π-conjugations of the two-dimensional 
GO surface takes place (Fig. S1, ESI). At this point, there are 
two problems standing against the construction of genuine 
electron donor-acceptor systems of pristine or metal-containing 
fullerenes with neutral GO via the non-covalent assembly: 
First, the extreme hydrophobicity of bucky-balls retards the 
assembly with GO in the absence of surfactants and/or mediator 
semiconducting carbon structures in aqueous media at ambient 
conditions.27 Second, due to spherical-planar mismatch, π-π 
interactions between fullerenes and GO is not sufficient for a 
non-covalent association and an efficient charge separation.28 
Additional intermolecular interactions are required to utilize for 
a strong binding, providing a fast electron transfer.  
 Regarding these issues, Li+@C60 with ionic characteristics 
can be suitable components to combine with GO in aqueous 
environments. Li+@C60 emerges as the only fullerene candidate 
for the assembly with GO in neat water at ambient conditions: 
Its polar character provides a mild hydrophilicity for the 
incorporation with GO sheets and the encapsulated Li ion can 
be readily used for electrostatic interactions with the electron-
rich oxygen functionalities on the GO surface for strong 
binding. In a recent communication, it has been shown that 
Li+@C60 nano-aggregates obtained by a laser irradiation 
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process have significantly smaller size distribution and more 
efficient singlet oxygen generation compared to those of C60 
and C70 in an aqueous solution as a result of its mild 
hydrophilic nature.29 The role of Li ion inside the fullerene on 
the binding of Li+@C60 with host molecules containing oxygen-
rich moieties through the electrostatic interactions has been 
comprehensively discussed in previous reports.30,31 In contrast 
to the pristine C60, Li+@C60 showed strong interaction with the 
electron-rich crown ether moieties of host molecules to form 
robust inclusion complexes, exhibiting the indispensable effect 
of the Li ion inside the fullerene cage on electrostatic binding.  
 Complexation of Li+@C60 with anionic porphyrins and 
phthaloyanines was studied in previous studies.32–35 Ionic 
interactions between the encapsulated Li+ and the anionic 
substituents were found to be more effective than the π-π 
interactions between the π-surfaces of fullerene and these flat π-
donors. Nevertheless, π-π interactions become operative for the 
complexation when the host molecule has an appropriate 
curved π-system to envelope the fullerene cage 
effectively.12,36,37  Donor-acceptor systems of Li+@C60 
underwent efficient photoinduced electron-transfer processes 
with long-lived charge separated states due to strong reducing 
ability of Li+@C60.38 Photoelectrochemical performances of 
these donor-acceptor systems of Li+@C60 were significantly 
improved by the photoinduced electron-transfer events when 
they were deposited on transparent electrodes.35,39,40 The 
photofunctional composites of GO with Li+@C60 have yet to be 
developed. In this study, we report the characterization and 
photoinduced electron-transfer and photovoltaic features of a 
donor-acceptor composite of GO and Li+@C60, the first 
example of two-dimensional material–EMF combination. 
 
Results and discussion 

Characterization of GO–Li+@C60 composite 

After applying a few minutes of sonication, Li+@C60 forms 
well-dispersed, nanometer-size colloids in water, opposite to 
hydrophobic empty C60 (Fig. 1, inset). These nanoparticles give 

absorption peak at 270 and 351 nm at UV region and a shoulder 
band at around 460 nm in water (Fig. 1a), which was assigned 
to the charge-transfer band as a result of intermolecular 
interactions between the Li+@C60 molecules in the colloids.29 It 
is important to note that absorption traits do not change by the 
variations in concentration. Mean size distribution of Li+@C60 
nanoparticles were evaluated to be 140 nm with a size width of 
76 nm in water by the dynamic light scattering (DLS) 
measurements (Fig. S2, ESI). Similarly, mean size distribution 
does not change significantly by the concentration, which 
implies the robustness of these colloids. By the addition of GO 
to the aqueous dispersion of Li+@C60, the absorption peaks at 
270 and 351 nm gradually shifts to 250 and 339 nm, 
respectively, due to possible assembly with GO layers (Fig. 1b). 
GO was titrated by Li+@C60 in water, as well. This time, the 
absorption trait of Li+@C60 appeared around 250 and 340 nm 
shifted to longer wavelengths as the concentration of Li+@C60 
was increased (Fig. S3, ESI). The average size distribution of 
Li+@C60 nanoparticles reduced to 93 nm as well, after the 
addition of a small amount of GO (Fig. 1c).41 TEM image 
confirms the DLS measurements, in which the average size of 
Li+@C60 clusters on GO is less than 100 nm (Fig. 1d). The 
nano-aggregates of Li+@C60 with smaller size distribution (30 
nm) displayed absorption peaks at the shorter wavelengths (264 
and 350 nm) in water in a previous study.29 Accordingly, the 
blue shift in the absorption spectra of Li+@C60 nanoparticles in 
Fig. 1b, observed upon the addition of GO, can be explained by 
the decrease in the size distribution of Li+@C60. GO surfaces 
harbour extensive π-conjugations and oxygen functionalities, 
which apparently provide π-and n-electron-rich environment to 
the interacting Li+@C60 aggregates in the aqueous environment. 
Thus, these aggregates ‘dissolve’ on the GO surfaces through 
the hydrophobic π-π and n-π interactions.30,31 Li ion inside the 
fullerene cage also electrostatically triggers these interactions 
with the GO surface.30,31,37 As a result of such interactions, GO 
surface can host Li+@C60 nanoparticles in water.  
 To determine the strength of association of Li+@C60 with 
GO surface in water, the toluene and 1,2-dichlorobenzene   

 
Fig. 1 (a) Absorption spectra of Li+@C60 nanoparticles dispersed in aqueous media at indicated concentrations. Inset: Photographic image of same 
amount of Li+@C60 dispersed in water (left vial) and empty C60 (right vial) floating atop the water taken after several minutes of sonication. (b) 
Absorption spectral changes upon the titration of 0.20 mg ml–1 Li+@C60 aqueous solution by GO aqueous solution. (c) Size distribution diagram of 
Li+@C60 at indicated concentrations in the presence of 0.018 mg ml–1 GO in water. (d) TEM image of GO–Li+@C60 composite obtained from its 
aqueous solution. 
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(o-DCB) solutions of Li+@C60 were treated with the aqueous 
dispersions of GO (Fig. S5 and S6, ESI). The absorption bands 
of Li+@C60 in these solvents markedly diminished after mixing 
with GO dispersion.  It should be noted that the toluene and o-
DCB solutions of Li+@C60 treated with only water did not give 
any significant decrease in the absorption spectra of these 
solutions (Fig. S7, ESI). Therefore, the significant decrease in 
absorption in the presence of GO is only related to binding of 
Li+@C60 clusters to the GO surface. Estimated by the decline in 
the absorption peaks, 2.0 mg GO in water can extract 0.042 
(2.1%, m/m) and 0.053 mg (2.7%, m/m) Li+@C60 from toluene 
and o-DCB solutions, respectively. The solubility of Li+@C60 
in o-DCB is about 10 times higher in toluene.42 As its solubility 
decreases in the organic media the amount of Li+@C60 
extracted by GO in aqueous environment increases. Therefore, 
the binding of Li+@C60 to GO is most probably related to the 
desolvation of fullerene cages30,43 at distinct regions of the GO 
surfaces where strong interaction occurs. 
 Powder X-ray diffraction (PXRD) showed that Li+@C60 
clusters have face-centered cubic (fcc) structure in the solid 
state (Fig. S8, ESI).44 The slight shifts in the corresponding 
peaks of Li+@C60 were observed in the PXRD patterns 

compared to those of C60. This can be due to the effect of the 
counter anions of Li+@C60 (PF6

–) on the cluster structure.  
 Dispersed Li+@C60 nanoparticles lead to increase in the 
average d-spacing between GO layers from 8.6 Å to 9.4 Å as 
detected by the shift of the denoted peak45 in PXRD patterns  

 
Fig. 2 Powder X-ray diffraction patterns of dried GO–Li+@C60 
composites obtained from dispersion in water. 

 
Fig. 3 Top (left) and side (right) views of optimized structures showing the binding sites of Li+@C60 with the hypothetical portions of GO having 
10% (a), 15% (b), and 23% (c) oxygen percentage by mass (calculated by DFT at the B3LYP/6-31(d) level of theory). 
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of GO–Li+@C60 composite in the solid state (Fig. 2). Li+@C60 
clusters maintain the fcc structure in these composites, as they 
conserve the corresponding peaks in Fig. 2. This indicates that 
incorporation of Li+@C60 cages into the GO layers is limited. 
Incorporation of Li+@C60 clusters into the GO layers was also 
verified by the shift of stretching mode of Li+@C60 from 1459 
to 1461 cm–1 in the Raman spectrum in the presence of GO 
(Fig. S9, ESI). Hence, the solid state of composite forms the 
stacks of the GO layers between which the fullerenes are 
partially hosted. 
 The hosting sites for Li+@C60 on the GO surface was 
investigated in light of density functional (DFT) methods at the 
. As shown in Fig. 3, three hypothetical portions of GO, 
respectively having 10%, 15%, and 23% oxygen composition 
by mass, were optimized in the presence of a Li+@C60 
molecule. Graphene surfaces were functionalized by the most 
common oxygen functionalities observed after chemical 
oxidation process.46 There is no knowledge about the location 
and the density of oxygen groups.46 The initial oxidation should 
take place on the edges of the graphite flakes rather than the 
their inner regions because of the strong stacking of graphene 
layers in the graphite. In agreement with this argument, oxygen 
groups were first distributed only on the edges of the GO 
portion with 10% oxygen content. As the oxygen content 
increases by the further oxidation process, the inner regions of 
the portions were also decorated with the oxygen 
functionalities.46 Hydrogen composition was fixed to around 
2% by mass for each hypothetical portions of GO to see the 
effect of oxygen impurities on the honeycomb structure and on 
the binding of Li+@C60 to these surfaces. In each GO portion, 
Li+@C60 sites where the most of the oxygen functional groups 
are accumulated, regardless of their type (ether, ketone, 
carboxyl, etc.). Li ion takes position inside the fullerene cage 
with a noteworthy proximity to the electron-rich oxygen atoms 
as a result of electrostatic interactions as noticed in the side 
views of optimized structures (Fig. 3). Disposition of the 
fullerenes on the edge of GO surface in Figures 3a and 3b also 
indicates that electrostatic interactions of Li ion with the 
boundary oxygen functionalities are much stronger than π-π 
interactions between the carbon cage and flat honeycomb 
structure. This suggests that the effect of π-π interactions on 
binding is limited in these portions. Accumulation of more 
oxygen atoms causes the loss of flatness of the honeycomb 
structure as shown in Fig. 3c. As result of this, there exist 
curved regions (pockets) on the GO surface. Such pockets 
apparently maintain n-π interactions with oxygen groups and π-
π interactions with the conveniently curved π-conjugations, by 
which the Li+@C60 molecules can be effectively hosted. Short 
d-spacing in the presence of Li+@C60 (Fig. 2) can be explained 
by such curved regions on GO where fullerene cages inserted as 
illustrated in Scheme 1. Li+@C60 molecules place into the 
already existing pockets so that the average distance between 
the GO layers does not change significantly. Although the DFT 
calculations portray the complexation phenomenon at the 
molecular level, the similar discussion for the hosting 

behaviour of the GO surface for the nanoparticles of Li+@C60 
through the same interactions is applicable.  

 
Scheme 1. Illustration of hosting of Li+@C60 molecule in the curved 
regions of GO layers. 

Photoinduced events and photovoltaic features of GO–Li+@C60 
composite 

 The free energy change of proposed photoinduced charge 
separation via the excited states of Li+@C60 (∆GCS) in the GO–
Li+@C60 composite was calculated according to eqn (1),47   
 

∆GCS = e(Eox – Ered) – ES 
 
where Eox is the first oxidation potential of GO, Ered is the first 
one-electron reduction of Li+@C60, and ES is the lowest excited 
states of Li+@C60. Energy levels of singlet (1Li+@C60*) and 
triplet excited states (3Li+@C60*) of Li+@C60 were calculated to 
be 1.94 and 1.53 eV, respectively.6 Ered and Eox of Li+@C60 and 
GO were previously reported as 0.145,6 and 0.88 V vs. SCE,26 
respectively. Hence, the photoinduced electron transfer from 
GO to 1Li+@C60* and 3Li+@C60* is feasible with driving forces 
of 1.20 and 0.79 eV, respectively. 
 Photoinduced charge separation in the GO–Li+@C60 
composite was observed by using electron paramagnetic 
resonance (EPR) spectroscopy, in which the formation of 
radical ions was detected upon the photoexcitation at 77 K in 
water (Fig. 4a). Photoexcitation of GO–Li+@C60 composite at 4 
K revealed the spin state of the charge-separated state to be a 
triplet with the EPR signal at g = 4.18, suggesting that charge 
separation is realized by electron transfer from GO to 
3Li+@C60* (Fig. S10, ESI). The EPR signal at 77 K appeared 
within a few seconds upon excitation and started to decay when 
the light was switched off (Fig. S11, ESI). Such a fast charge 
separation results from the strong binding of Li+@C60 to the 
GO surface through oxygen moieties. On the other hand, 
intermolecular electron transfer from free Li+@C60 molecules 
to the GO is likely to occur through the long-lived 3Li+@C60* 
in the same environment. From the decay of EPR signal 
intensity, the lifetime of the charge-separated state was 
estimated to be 250 s at 77 K (Fig. 4a, inset). Slow charge 
recombination can be due to the hole migration between the GO 
layers26 in addition to the delocalization of the radical anion 
(Li+@C60

•–) on the spherical π-system of fullerene. 
 Photoinduced events based on EPR measurements were 
summarized in the energy-level diagram (Fig. 4b). Intersystem 
crossing yields 3Li+@C60* from 1Li+@C60*, which provides 
sufficient driving force for electron transfer in GO–Li+@C60 
due to the lower energy level of the charge-separated state. 
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Fig. 4 (a) EPR spectrum of GO–Li+@C60 composite in deaerated water showing the radical ion formation at 77 K observed after photoirradiation. 
Asterisks denote the Mn2+ markers. Inset: Decay profile of EPR signal intensity of radical ion pair of GO–Li+@C60 composite in water obtained 
after switching off the photoirradiation at 77 K. (b) Energy-level diagram showing the photoinduced events of GO–Li+@C60 composite. (c) 
Photocurrent action spectra of OTE/SnO2–(GO)n and OTE/SnO2–(Li+@C60)n. Electrolyte: 0.5 M LiI and 0.01 M I2 in MeCN–PhCN (3 : 1 v/v). 

 To determine the response of the GO–Li+@C60 composite 
towards the photocurrent generation, it was deposited on an 
optically transparent electrode (OTE) of nanostructured SnO2 
(OTE/SnO2–(GO–Li+@C60)n) and a series of photocurrent 
action spectra were compared with those of only GO deposited 
on OTE of SnO2 (OTE/SnO2–(GO)n) in the electrolyte system. 
The maximum value of incident photon-to-photocurrent 
efficiency (IPCE) of OTE/SnO2–(GO)n was only 5% at 380 nm 
while OTE/SnO2–(GO–Li+@C60)n gave an IPCE value of 24 % 
at 400 nm (Fig. 4c). The maximum IPCE value of OTE/SnO2–
(Li+@C60)n was also estimated to be only 5% (at 425 nm) in a 
previous study.39 Apparently, there is no contribution of the 
individual components to the enhancement of the IPCE in the 
composite. Therefore, the remarkable enhancement of IPCE 
together with the photo-voltage response of OTE/SnO2–(GO–
Li+@C60)n (Fig. S12, ESI) reflect that the photocurrent 
generation in this composite system was initiated by a 
photoinduced electron-transfer process from (GO)n to 
(Li+@C60)n. After the photoinduced charge-separation process 
takes place, the reduced Li+@C60 injects (0.14 V vs. SCE) 
electron into the conduction band of SnO2 (0.2 V vs. SCE), 
whereas the oxidized GO undergoes electron-transfer reduction 
with I–/I3

– in the electrolyte solution.39 

 
Conclusions 

In conclusion, a new donor-acceptor composite consisting of 
GO and Li+@C60 was constructed. Electrostatic interactions of 
Li ion with the electron-rich oxygen functionalities on the GO 
surface were found to be very essential for the association with 
Li+@C60 rather than the π-π interactions with the flat π-
conjugations of GO. Incorporation of Li+@C60 into GO layers 
leads to photoinduced electron transfer under photoirradiation, 
which markedly enhances the photocurrent generation of the 
OTE/SnO2 electrode loaded with GO–Li+@C60 composites. 
The present results indicate that this new composite can be a 
promising photoenergy conversion material for the prospective 
optoelectronic devices. 

 
Experimental section 

Materials 

Graphene oxide (GO; as dispersions in water: 2.0 and 4.0 mg 
ml–1; Sigma-Aldrich) and [Li+@C60]PF6

– (98% purity, Idea 
International Co. Ltd.) were used as received. Purification of 
water (18.2 MΩ cm) was performed with a Milli-Q system 
(Millipore, Direct-Q 3 UV). GO and Li+@C60 were extensively 
sonicated before measurements.  

Instruments  

Steady-state absorption measurements were recorded on a 
Hewlett Packard 8453 diode array spectrophotometer. Dynamic 
light scattering (DLS) measurements were carried out using a 
Zetasizer Nano S (Malvern Instruments Ltd., USA). The DLS 
instrument used in this work has a range between 0.6 nm and 
6000 nm, and thereby any structures over this limit cannot be 
detected. Transmission electron micrograph (TEM) 
measurements were recorded on Tecnai spirit (FEI company) 
by applying a drop of the sample to a copper grid. TEM images 
were recorded on a transmission electron microscope an 
accelerating voltage of 120 kV for imaging. Powder X-ray 
diffraction (PXRD) patterns were recorded by a Rigaku Ultima 
IV. Incident X-ray radiation was produced by Cu X-ray tube, 
operating at 40 kV and 40 mA with Cu Kα radiation of 1.54 Å. 
A scanning rate was 4° min–1 from 4° to 50° in 2θ. Raman 
spectra of were obtained using a JASCO NR-1800 with a 514.5 
nm Ar laser. PXRD and Raman spectroscopy samples were 
prepared by drying for overnight. Density-functional theory 
(DFT) calculations were performed on a COMPAQ DS20E 
computer. The structures of corresponding complexes were 
optimized to a stationary point on the Born–Oppenheimer 
potential-energy surface. Geometry optimizations were carried 
out using the B3LYP functional and 6-31G (d) basis set,48 as 
implemented in the Gaussian 03 program Rev. C.02. Graphical 
outputs of the computational results were generated with the 
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Gauss View software program (ver. 3.09) developed by 
Semichem, Inc. The electron paramagnetic resonance (EPR) 
spectra were taken on a JEOL X-band spectrometer (JES-
RE1XE) under photoirradiation with a high-pressure mercury 
lamp (USH-1005D) through a water filter focusing the sample 
cell in the EPR cavity at 4 or 77 K. Electrophoretic electrode 
deposition was performed using a Power Pac HV (Bio-Rad). 
Photoelectrochemical measurements were carried out in a 
standard two-compartment cell consisting of a working 
electrode, a Pt wire gauze counter electrode. A KEITHLEY 
2400 was used for recording I-V characteristics and 
photocurrent generation density under an AM 1.5 simulated 
light source (OTENTO-SUN II, Bunkoh Keiki Co., LTD). For 
the IPCE measurements, a monochromator (SM-25, Bunkoh 
Keiki Co., LTD) was introduced into the path of the excitation 
beam (150 W Xenon lamp, Bunkoh Keiki Co., LTD) for the 
selected wavelength. The lamp intensity at each wavelength 
was determined using a Si photodiode (Hamamatsu Photonics 
S1337-1010BQ) and corrected. 
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