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ABSTRACT 

We report the synthesis of graphene/fullerene-capped gold nanoparticle nanocomposite film which was used to con-
struct supercapacitor electrodes. The fullerene-based self-assembled monolayers on gold nanoparticles (AuNPs) were 
attained via the fullerene (C60)-gold interaction. The fullerene-capped AuNPs effectively separated the graphene sheets 
preventing aggregation. A synergistic effect was observed—the specific capacitance of graphene/fullerene-capped 
AuNP electrode is 197 F/g, which is higher than that of graphene electrode (31 F/g), graphene/AuNP electrode (126 
F/g), and graphene/fullerene electrode (118 F/g). The results render a novel route of synthesis and modification of gra-
phene-based materials for the construction of electrochemical energy storage devices. 
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1. Introduction 

Supercapacitors, also called electrochemical capacitors 
or ultracapacitors, are considered as a promising candi-
date for energy storage because of their high power ca-
pability, fast charge/discharge rates, long cycle life, and 
low maintenance cost. The discovery of closed zero-di-
mensional (0D) buckminsterfullerenes (C60) in 1985 [1] 
and most recently the experimental isolation of 2D gra-
phene in 2004 [2] by micromechanical cleavage of 
highly oriented pyrolytic graphite (HOPG) have stimu-
lated much experimental and theoretical research, owing 
to their unusual structure and extraordinary electronic, 
transport and optical properties [3]. There has been a 
tremendous amount of research aimed at developing new 
carbon-based materials with novel useful applications [4]. 
Graphene is considered to be an excellent electrode ma-
terial for supercapacitors due to its high electrical con-
ductivity, high surface area, great flexibility, excellent 
mechanical properties, and rich chemistry [5]. The sur-
face area of a single graphene sheet is 2630 m2/g, sub-
stantially higher than values derived from Brunauer- 
Emmett-Teller (BET) surface area measurements of ac-
tivated carbons used in current electrochemical double 
layer capacitors [6]. However, aggregation of isolated 
graphene sheets during drying graphene dispersions leads 
to a loss of its ultrahigh surface area advantage as a 
two-dimensional nanomaterial, resulting in low capaci-
tance. 

Self-assembled monolayers (SAMs) of alkane thiols 
on gold nanoparticles (AuNPs) have been the most ex-
tensively studied systems due to the well-defined or-
ganosulfur adsorption chemistry on Au surfaces [7]. 
Thiols, thiol esters, or disulfides are well-known to be 
absorbed onto a gold surface to form a SAM, owing to 
the strong S-Au bond strength (~180 kJ/mol) [8]. SAMs 
of fullerenes have attracted increasing interest in many 
emerging assembly strategies. Previous theoretical and 
experimental studies have shown that C60 can be bound 
tightly to the gold surface by van der Waals interactions, 
with a C60-gold binding energy of ~1 eV [9]. The C60-Au 
bond strength has been reported to be ~200 kJ/mol, [10] 
which is comparable with the strength of the S-Au bond. 
They are thus compatible to the thiol-based SAMs on 
AuNPs which have been extensively studied and ex-
ploited in many applications. Recently, AuNPs of 10 nm 
were used as an efficient spacing material for electro-
chemically reduced graphene oxide, which greatly in-
creased the capacitance from 4.99 F/g (when no spacers 
are used) to 174.2 F/g (when gold nanospacers are intro-
duced) [11]. Here, we report a novel route of synthesis 
and self-assembly processes of fullerene-capped AuNPs 
which are used as the spacing material of graphene sheets 
for supercapacitor electrodes. 

2. Experiment 

Hydrogen tetrachloroaurate trihydrate (HAuCl43H2O), 
dodecylamine (DDA), tetrabutylammonium borohydride *Corresponding author. 
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(TBAB), and toluene were purchased from Sigma-Al-
drich. Didodecyldimethylammonium bromide (DDAB) 
was purchased from TCI America. Hydrazine monohy-
drate (N2H4H2O) was purchased from Fluka. Fullerene 
derivative [6,6]-phenyl-C61 butyric acid methyl ester 
(PCBM) was purchased from Nano-C. All reagents and 
solvents were used without further purification. 

AuNPs were synthesized by a seeded growth method 
[12]. Specifically, DDAB stock solution was first pre-
pared by dissolving 925 mg DDAB in 20 ml toluene. 
HAuCl43H2O (50 mg) and DDA (450 mg) were added to 
12.5 ml of the stock solution and sonicated until dis-
solved. Gold (III) was then reduced by dropwise addition 
of 125 mg TBAB in 5 ml of the DDAB stock solution 
under vigorous stirring. Thus prepared seed (4 nm NPs) 
solution was aged for 24 hours. The growth solution was 
prepared by adding 14 ml of the aged seed solution to 
100 ml of toluene containing 400 mg HAuCl43H2O, 2.00 
g DDAB, and 3.7 g DDA. Finally, 262 l hydrazine dis-
solved in 40 ml of the stock solution was added dropwise 
to the growth solution under vigorous stirring. Thus pre-
pared AuNPs have diameters of 5.6  0.6 nm. 

A 50 ml sample of the freshly prepared DDA-capped 
AuNP solution (ca. 7.25 mM) was quenched with 250 ml 
of methanol to give NP precipitate. The resulting NP 
precipitate was collected and sonicated in a 3.5 mM tolu-
ene solution of PCBM with desired proportions [typically, 
AuNPs to PCBM in 2:1 (wt/wt)] for 1 hr. The calculated 
proportions for the formation of a single PCBM mono- 
layer-protected AuNPs in solution and in solid film are 
8:1 and 10:3 (AuNPs to PCBM in wt/wt), respectively. A 
larger amount of PCBM was used owing to the solubility 
of PCBM in toluene. The as-prepared PCBM-capped 
AuNPs were then purified by precipitation with a large 
amount of methanol (90% v/v) followed by several cy-
cles of sonication in toluene, washed with methanol, and 
re-dispersed in toluene. 

Graphene sheets were prepared using the chemical  

vapor deposition method [13]. The graphene-based nano- 
composites (PCBM-capped AuNPs/graphene, AuNPs/gra- 
phene, and PCBM/graphene) were synthesized with gra-
phene at a constant fraction of 25 wt%. Typically, 0.15 
µg of graphene was mixed with 0.45 µg of PCBM- 
capped AuNPs (in control experiments, AuNPs or PCBM 
was used instead of PCBM-capped AuNPs). A 1 L mix-
ture was deposited on the glassy carbon working elec-
trode surface and dried. 

Dynamic light scattering (DLS) was performed on a 
Beckman Coulter particle size analyzer. X-ray photo-
electron spectroscopy (XPS) analyses were conducted 
using an Omicron ESCA probe operated in vacuum at 
around 5 × 10−10 torr (1 torr = 133.322 Pa), which was 
equipped with an EA125 energy analyzer. Photoemission 
was stimulated by a monochromated Al K radiation 
(1486.6 eV) with an operating power of 300 W. The 
takeoff angle was set at 45˚. A low-energy electron flood 
gun was employed for charge neutralization. High reso-
lution TEM (HRTEM) imaging, electron energy loss 
spectrometry (EELS), and scanning TEM (STEM) stud-
ies were carried out using a JEOL 2100 F field emission 
gun electron microscope operated at 200 kV accelerating 
voltage. The instrument was equipped with a Gatan slow- 
scan charge-coupled device (CCD) camera, and Gatan 
EELS attachments. Cyclic voltammetry (CV) was per-
formed on a Bioanalytical Systems E2-001000 electro-
chemical workstation. A three-electrode cell was em-
ployed for electrochemical measurements, where an Ag/ 
AgCl electrode and a Pt wire were used as the reference 
and counter electrode, respectively. The cyclic voltam-
mograms were obtained in 0.5 M KCl buffer at room 
temperature at scan rates of 25, 50, and 100 mV/s. 

3. Results and Discussion 

AuNPs stabilized by SAMs of fullerene derivative 
PCBM (Figure 1(a)) were prepared as described in the  
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(a)                                                   (b) 

Figure 1. (a) Chemical structure of fullerene derivative PCBM used to form SAMs on AuNPs; (b) DLS showing the particle 
size distributions of PCBM (0.8  0.1 nm), as-synthesized AuNPs (5.6  0.6 nm), and PCBM-capped AuNPs (7.3  0.7 nm) in 
oluene, consistent with a single PCBM monolayer-protected AuNPs. t 
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Experiment section. The particle size distributions of 
PCBM and AuNPs (before and after PCBM functionali-
zation) in toluene were determined using DLS, Figure 
1(b). The sizes are ~0.8 nm (PCBM), ~5.6 nm (as-syn-
thesized AuNPs), and ~7.3 nm (PCBM-capped AuNPs), 
consistent with a single PCBM monolayer-protected 
AuNPs.  

XPS was used to characterize the binding of C60 to 
AuNPs and the oxidation state of gold in the nanoparti-
cles. All spectra were calibrated using the carbon (C1s) 
peak (284.6 eV) [14]. The high resolution XPS Au 4f 
spectra of the AuNPs before and after the PCBM func-
tionalization are shown in Figure 2. For the AuNPs be- 
fore the PCBM functionalization, the Au 4f7/2 and 
4f5/2doublet gave rise to peaks positioned at 83.7 eV and 
87.4 eV, respectively, consistent with the typical values 
for Au(0) [15,16]. Bulk Au(0) atoms are known to have 
Au 4f7/2 binding energy (BE) of 84.0 eV [14] and the 
negative BE shift could arise from the clean gold surface 
atoms which caused a shift to a lower BE (of up to −0.4 
eV) in comparison with bulk atoms [17]. The observed 
spin-orbit splitting of 3.7 eV agrees well with the litera-
ture value [14]. For the AuNPs after the PCBM function-
alization, the Au 4f peaks exhibit a noticeable positive 
shift of about 0.6 eV yielding binding energies of 84.3 
eV and 88.0 eV for Au 4f7/2 and Au 4f5/2, respectively. 
The binding energy of the Au 4f7/2 for Au(I) has been 
reported to be ~84.3 to 84.9 eV [15-17]. The observed 
positive BE shift for AuNPs bound to PCBM indicates 
that Au atoms were oxidized upon binding to C60, result-
ing from the charge transfer from Au to C60 at the Au/C60 
interface [18,19]. 

The PCBM functionalized AuNPs were further inves-
tigated using transmission electron microscopy tech-
niques incorporating HRTEM, STEM, and EELS. In  
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Figure 2. (a) XPS survey spectrum of the PCBM function-
alized AuNPs; (b) High resolution XPS Au 4f spectra of 
AuNPs before and after the PCBM functionalization. Be-
fore functionalization, the binding energies of the Au 4f7/2 
and 4f5/2 doublet are 83.7 eV and 87.4 eV, respectively. 
After functionalization, a positive BE shift occurs resulting 
in binding energies of 84.3 eV and 88.0 eV for Au 4f7/2 and 
Au 4f5/2, respectively. 

EELS, low energy loss spectra provide information about 
collective electronic as well as single particle/hole exci-
tations associated with transitions between valence and 
conduction bands. Core loss EELS spectra obtained at 
higher energy losses can be analyzed to learn about the 
unoccupied density-of-states via energy-loss near-edge 
structure (ELNES) and local near neighbor coordination 
through extended energy-loss fine structure (EXELFS) 
[20]. HRTEM imaging reveals the presence of extensive 
periodicity associated with the SAMs of PCBM on 
AuNPs, Figure 3(a). The AuNPs were found to have a 
uniform size distribution of ~5.5 nm (consistent with an 
average diameter of 5.6 nm obtained by DLS measure-
ment in Figure 1(b)), and some of which exhibit the 
characteristic {111} and {200} lattice fringes. An inter-
particle spacing of ~2 nm was observed, which indicates 
a single-monolayer of PCBM (~1 nm in length) is on the 
AuNP surfaces (consistent with the result determined by 
DLS in Figure 1(b)). EELS in STEM line scan mode 
was employed to examine the PCBM functionalized 
AuNPs. Figure 3(b) shows the atomic-number (Z) con-
trast STEM image of a discrete AuNP and the corre-
sponding EELS low and core loss spectra at the edge of 
the AuNP surface. A beam diameter of 5 Å was used to 
obtain the EELS data, which provides the high spatial 
resolution capability. The low loss EELS spectrum ex-
hibits “peaks” at ~6 eV and ~25 eV, in which the first 
peak was assigned to a collective excitation of π elec-  
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Figure 3. (a) Representative HRTEM micrographs showing 
the SAMs of PCBM on AuNPs. An interparticle spacing of 
~2 nm is observed, which indicates a single-monolayer of 
PCBM (~1 nm in length) is on the AuNP surfaces; (b) 
Z-contrast STEM image of a discrete AuNP and the corre-
sponding line scan EELS spectra at the edge of the AuNP 
surface, which signifies the presence of PCBM on the AuNP 
surface. EELS showing (i) the low energy loss spectrum 
with interband π and π + σ plasmons and (ii) the backgro- 
und subtracted 1s core loss spectrum with a π* transition at 
~285 eV and splitting of a σ* transition centered at ~291 eV. 
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Figure 4. Comparison of electrochemical performance of 
graphene-based nanocomposites. (a) Specific capacitances 
of fullerene-capped AuNPs/graphene, AuNPs/graphene, fulle- 
renes/graphene, and graphene electrodes in 0.5 M KCl buf- 
fer at scan rates of 25, 50, and 100 mV/s; (b) Cyclic volt-
ammograms of fullerene-capped AuNPs/graphene, AuNPs/ 
graphene, and fullerenes/graphene electrodes at a scan rate 
of 50 mV/s. 
 
trons (i.e. an interband π plasmon) and the second broad 
peak was typically associated with a π + σ plasmon, Fig-
ure 3(b-i). ELNES 1 s features can be utilized as finger-
prints of C60 at high spatial resolution (<2 nm). Ne- 
glecting the core-hole effects, the two common features 
may be interpreted in terms of π* and σ* excitations for 
the first and second peaks, respectively. The background 
subtracted 1s core loss spectrum exhibits a π* transition 
at ~285 eV and splitting of a σ* transition centered at 
~291 eV, consistent with the fingerprints of C60 [21] and 
hence confirming the presence of PCBM on the AuNP 
surface, Figure 3(b-ii). 

Cyclic voltammetry was used to examine the electro-
chemical properties, Figure 4. Figure 4(a) shows the 
specific capacitance of PCBM-capped AuNPs/graphene 
nanocomposite film at various scan rates. The specific 
capacitances of AuNPs/graphene, PCBM/graphene, and 
graphene films were also determined for comparison. 
Their cyclic voltammograms are shown in Figure 4(b). 
The specific capacitance of PCBM-capped AuNPs/grap- 
hene electrode is 197 F/g, which is higher than that of 
graphene electrode (31 F/g), AuNPs/graphene electrode 

(126 F/g), and PCBM/graphene electrode (118 F/g). The 
fullerene-capped AuNPs effectively separated the gra-
phene sheets preventing aggregation—this accounts for 
the observed synergistic effect. 

4. Conclusion 

In summary, we have demonstrated that fullerene-capped 
AuNPs are effective spacing materials of graphene sheets 
for supercapacitor electrodes. Our fullerene-capped AuNPs/ 
graphene nanocomposite material exhibits excellent elec- 
trochemical properties with substantially enhanced ca-
pacitance performance when compared with the AuNPs/ 
graphene and fullerenes/graphene electrodes. The ca-
pacitance might be further improved by optimizing the 
size of gold nanoparticles and/or the mass ratio between 
graphene and fullerene-capped AuNPs. The results ren-
der a novel route of synthesis and modification of gra-
phene-based materials for the construction of electro-
chemical energy storage devices. 
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