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A hierarchical heterostructure composed of silver nanoparticles (Ag-NPs: average diameter ~10 nm) on fullerene nanorods 

(FNRs: average length ~11 µm and average diameter ~200 nm) was fabricated using a simple solution route. It was used as 

an effective single particle freestanding surface enhanced Raman scattering (SERS) substrate for the detection of target 

molecules (Rhodamine 6G: R6G). FNRs were formed ultra-rapidly (formation process completed in a few seconds) at a 

liquid-liquid interface of methanol and C60/mesitylene solution then Ag-NPs were grown directly on the surfaces of the 

FNRs by treatment with a solution of silver nitrate in ethanol. This unique hierarchical heterostructure allows efficient 

adsorption of target molecules also acting as an effective SERS substrate capable of detecting the adsorbed R6G molecules 

in the nanomolar concentration range. In this study, SERS spectra are acquired on an isolated single Ag–FNR for the 

detection of the absorbed molecule rather than from a bulk, large area film composed of silver/gold nanoparticles as used 

in conventional methods. Thus, this work provides a new approach for the design and fabrication of freestanding SERS 

substrates for molecular detection applications.  

Introduction 

Nanostructured materials synthesis through self-assembly of 

building blocks with molecular level precision enables the 

fabrication of novel functional systems with well-defined 

architectures through the emerging concept of materials 

nanoarchitectonics.
1-5

 Buckyball fullerene C60, which is regarded as 

an ideal zero-dimensional (0D) nano-object, can be assembled into 

various nanostructured materials of higher dimensionality by 

applying the materials nanoarchitectonics concept. These self-

assembled nanostructured fullerene crystals display unique 

optoelectronic properties including high electron mobility, high 

photosensitivity, electron transport properties and excellent 

electron-accepting properties.
6-11

 Fullerene (C60), particularly in its 

self-assembled states has attracted a great deal of interest and it 

has been applied in various fields including organic solar cells, 

optical limiting devices, superconductors, organic thin film 

transistors and spintronics.
12-19

 Therefore, studies on the fabrication 

of self-assembled fullerene nano- or microcrystals have been 

continuously growing in order to improve device performance. Of 

various material fabrication methods, the liquid-liquid interfacial 

precipitation (LLIP) method has become a versatile yet simple 

method to produce various well-defined nanostructures of different 

dimensionalities.
20-22

 In the LLIP technique, fullerene crystal 

formation is driven by supersaturation caused by the low solubility 

of fullerene especially in alcohols (antisolvent). Differences in 

solubility of C60 in antisolvents and good solvents play a key role and 

affect the morphology of the resulting crystalline materials.  

Low dimensional fullerene nanomaterials (nanorods or 

nanotubes) have been extensively studied in the past due to their 

promising applications in solar cells, batteries, fuel cells, sensors, 

catalysis, etc.
21-28 

Aligned fullerene nanowhiskers have also been 

explored for biological applications and recent studies have shown 

that cells undergo oriented growth along the axis of alignment of 

the nanowhiskers.
29

 Establishing control over the shapes and sizes 

of individual nanostructures (mono-component crystals) has 

allowed the exploitation of several new properties although 

combining these diverse functionalities within individual 

nanocrystals remains challenging. Alternatively, hetero-

nanostructured materials or doped systems can be used to 

integrate any individual properties or might be used to generate 

additional interesting new properties, which can be used for 

multiple applications. One-dimensional semiconductor 

heterostructures and interfaces have become of particular interest 

as nanoscale building blocks for future optoelectronic and nano-

electronic miniaturized devices, and remarkable efforts are 
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currently being made for the synthesis and study of the electronic 

and optical properties of advanced nanowire heterostructures. 

Hybrid nanostructures of fullerenes, π–conjugated polymers and 

metal nanoparticles (NPs) represent a new class of nanomaterials in 

which organic and inorganic components are integrated but 

exhibiting unique properties. Also, fullerene–semiconductor 

nanocrystal composites such as P3HT-doped fullerene nanocrystals 

have been designed and employed for photovoltaic applications.
30, 

31
 There have been a number of recent reports that the power 

conversion efficiencies of photovoltaic devices based on π-

conjugated polythiophene–fullerene composites are improved by 

incorporating plasmonically active metal NPs into the 

composites.
32,33

 Recently, a hybrid structure of fullerene C60-

polythiophene nanotubes with metal NPs was developed for 

plasmonic studies by template-based electrocopolymerization of 

terthiophene-linked C60 and terthiophene modified silver or gold 

NPs.
32

 In general, metal NPs, especially silver and gold, have proven 

to be excellent candidates for surface-enhanced Raman scattering 

(SERS), which is a very promising phenomenon for applications in 

molecular sensing applications. Most of these attractive 

applications are based on the localized surface plasmon resonances 

(LSPRs) of metal NPs due to the significant electromagnetic field 

enhancement near the metal surface. However, the effect of 

doping/functionalization or growing different nanostructured 

materials such as metal nanoparticles on the surface of fullerene 

nanowhiskers for the detection of molecules has not been well 

investigated to date. 

 

 

Scheme 1. Schematic representation of the reactions involved in the synthesis of FNR 

from a fullerene–mesitylene solution followed by the formation of Ag–FNRs 

heterostructures upon the addition of the AgNO3–ethanol solution to the FNR.  

In this contribution, we report a novel hierarchical 

heterostructure composed of fullerene nanorods (Ag–FNR) 

decorated with silver nanoparticles as an efficient surface enhanced 

Raman scattering (SERS) substrate for the detection of the 

fluorescent organic dye Rhodamine 6G (R6G) molecules at 

nanomolar (10
–9

 M) concentrations. This novel freestanding 

plasmonic Ag-FNR was prepared by a simple solution-based 

strategy (Scheme 1). First, fullerene C60 nanorods (FNRs) were 

prepared ultrarapidly under ambient conditions at a liquid-liquid 

interface between methanol and a saturated solution of C60 in 

methanol.
21

 A solution of silver nitrate in ethanol was then added to 

the FNRs followed by gentle hand shaking for 4 – 5 min. The 

mixture was then stored in a dark place for 48 h for the growth of 

hierarchical Ag–FNR heteronanostructure. Ag–NPs (average size ~ 

10 nm) were observed to have uniformly and homogeneously 

formed at the surfaces of the FNRs. As prepared individual isolated 

hierarchical Ag–FNR heterostructure was employed as an efficient 

SERS substrate for the detection of R6G molecules. We have found 

that Ag–FNR free standing SERS substrate is capable of detecting 

adsorbed molecules even at nanomolar concentrations.  

Experimental Section 

Materials 

Pristine fullerene C60 (pC60) powder of purity >99.5% was obtained 

from Materials Technologies Research, Ltd. (Cleveland, OH). 

Methanol and mesitylene of purity >99% were purchased from the 

Wako Chemical Corporation, Japan. Silver nitrate (AgNO3) salt was 

purchased from Tokyo Chemical Industry, Tokyo, Japan. All 

chemicals were used as received.  
Synthesis of FNRs.  

FNRs were prepared using methanol and mesitylene respectively as 

antisolvent and solvent for C60 following the LLIP method reported 

in our previous work.
21

 

Synthesis of Ag-FNR heterostructure.  

For the synthesis of Ag–FNR, as-prepared FNRs were washed with 

fresh ethanol solution 4–5 times by repeated centrifugation (6,000 

rpm) to remove mesitylene and methanol from the FNRs 

suspension. FNRs were then dispersed into a freshly prepared 

ethanol solution of AgNO3 (2 mL: 100 mM) by gentle hand shaking 

for 4–5 min. The mixture was then stored in a dark place for 48 h 

for the growth of hierarchical Ag–FNR heteronanostructure. Finally, 

the Ag–FNR was then washed with ethanol, separated by 

centrifugation and this material was used for characterizations and 

further studies.  

Characterizations.  

FNRs and Ag–FNR were characterized by scanning electron 

microscopy (SEM: S-4800, Hitachi Co. Ltd., Japan, operated at 10 

kV), transmission electron microscopy (TEM: JEOL Model JEM-

2100F, operating at 200 kV), energy dispersive X-ray spectroscopy 

(EDS) and X-ray photoelectron spectroscopy (XPS: Thermo Electron 

Co., Germany).  

Surface Enhanced Raman Scattering (SERS) study.  

The Raman spectrometer (Jobin-Yvon T64000) was wavelength-

calibrated using a silicon wafer, focused and collected as a static 

spectrum centered at 521 cm
–1

. Visible SERS spectra were recorded 

using a Horiba/Jobin Yvon laser Raman analyzer LabRAM HR 800 

(Horiba/Jobin Yvon, JAPAN) equipped with a frequency doubled 

Nd:YAG 514 nm laser. Samples were excited using green laser 

(514.5 nm, 0.025 mW power). A suspension of Ag-FNR 

heterostructures (50 µL) was directly drop-coated onto a piece of 

clean dry silicon wafer then R6G solution (10 µL) was drop cast on 

the as-prepared Ag-FNR film followed by drying at reduced pressure 

for 6 h. The concentration of the R6G solution was varied between 

0.1 nM and 1 µM for the SERS study. 

Results and Discussion 

Ultrarapid formation of self-assembled C60 crystals at the interface 

between methanol and a mesitylene solution saturated with C60 

yielded FNRs with a uniformly distributed 1D crystalline morphology 
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(Figure 1a, b). Their linear rodlike morphology, faceted structures 

and hexagonal cross-sections can be seen in the high-resolution 

SEM images (Electronic Supporting Information: Figure S1). SEM 

observations revealed the pristine appearance of the surfaces of 

the FNRs with lengths lying in the range 2−25 μm (average around ∼

11 μm) and mean diameter of ~215 nm. Histograms of length and 

diameter distributions of FNRs are shown in Figure S1e and S1f, 

respectively. Although the diameter of FNRs varies from 80 – 450 

nm, the diameters of individual FNRs are uniform along their entire 

lengths demonstrating the uniform growth of the rods. Ultrarapidly 

formed FNRs are quite reproducible. Similar structure, morphology 

and distributions (length and diameter) are observed over several 

batches of synthesis. The highly crystalline nature of these FNRs 

was confirmed by TEM observations (Figure S2). Spot type SAED 

pattern (Figure 2a) and extended lattice fringes of C60 with lattice 

spacing of 1.02 nm (corresponding to the distance between 110 

planes of hexagonal close pack structure) can be seen in HR-TEM 

images (Figure 2b). Additional TEM and HR-TEM images of FNRs are 

supplied in Figure S2. XRD pattern of ultra-rapidly formed FNR 

corresponds to the hexagonal close-pack (hcp) crystal structure 

while, pristine C60 display face-centered cubic (fcc) structure with 

cell dimension ca. a = 1.240 nm.
21

 The cell dimensions of FNR were 

ca. a = 2.401 nm, c = 1.025 nm (a/c = 2.342), which are similar to 

the hcp structures of previously reported C60 solid solvates and 

could be indexed to P63 space group with solvent molecules 

between layers with a 3-fold symmetry near the 63 screw axis.  

 
Fig. 1 (a) SEM image of 1D FNR synthesized by the LLIP method at the interface 

between methanol and a saturated solution of C60 in mesitylene at 25 °C, (b) high 

resolution SEM image highlighting the clean-faceted surfaces, (c) SEM image of the Ag–

FNR heterostructure and (d) corresponding high resolution SEM image revealing well 

distributed uniformly dimensioned Ag–NPs on the surfaces of the FNRs.  

Addition of the AgNO3-ethanol into the FNR suspension 

followed by aging for 48 h in the dark resulted in formation of 

hierarchical Ag–FNR heteronanostructure (Figure 1c, d). Ag-coated 

FNRs were prepared by the spontaneous electron transfer from C60 

to Ag ion. Due to the electron transfer, C60 is oxidised and Ag 

nanoparticles are formed. Similar spontaneous electron transfer 

from C60 to Au ions, i.e. oxidation of C60 and hole doping, has been 

observed resulting in the formation of Au-coated C60 nanowires.
34,35

 

A uniform distribution of Ag–NPs on each facet of the FNRs can be 

observed in higher resolution SEM images (Figure 1d and Figure 

S3d-h). The histogram based on particle diameters suggests a mean 

diameter of ~ 12 nm Ag–NPs (Figure S4). Low magnification SEM 

images reveal that dimensions (length and diameter) of the FNRs 

does not vary after formation of Ag–FNR heteronanostructure 

(Figure 1a and Figure S3a-c), which indicates that the Ag–NPs 

formation process does not have any impact on the morphology of 

the FNRs.   

As confirmed by SEM observation, TEM images also reveal the 

solid morphology of FNRs with nanosized Ag-NPs uniformly 

distributed on their surfaces (Figure 2c and Figure S5). Uniform 

decoration of Ag-NP on the surface of FNRs can also be seen in 

dark-field TEM images (Figure S6a, b). HR-TEM images show the 

densely packed lattice planes of both fullerene C60 and silver (Figure 

2d and Figure S6c-f). Furthermore, HR-TEM clearly reveals the 

attachment of the Ag-NPs to the surface of the FNRs, i.e. Ag–FNR is 

a heteronanostructure.  

 

 
Fig. 2 (a) TEM image of ultrarapidly formed FNRs, (b) HR-TEM images from the thinnest 

area of a single FNR indicates the high crystallinity, (c) TEM image of the Ag–FNRs 

heterostructures displaying the rod morphology with Ag–NPs attached at the surfaces 

of the FNRs and (d) HR-TEM image of the Ag–FNR. Inset of panels (a) and (c) 

corresponds to the SAED pattern. 

Using TEM/EDS elemental mapping (Figure 3) distribution of 

Ag–NPs on the FNRs was further studied. TEM/EDS analyses reveals 

the uniform distribution of Ag–NPs on the surface of the FNR, which 

is obvious from the dark field TEM image (Figure 3a). Elemental 

mapping images confirm the presence of constituent elements 

carbon (C) and silver (Ag). Figure 3b clearly shows a uniform 

distribution of carbon due to the fullerene nanocrystals and 

confirms that the nanorods are composed of the fullerene self-

assembly. Figure 3c shows the presence of Ag-nanoparticles 

uniformly distributed on the surfaces of the FNRs. The uniform 

distribution of carbon and silver can also be seen in the combined 

elemental map (Figure 3d).  
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Fig. 3 TEM/EDS elemental analysis of an Ag–FNR revealing the presence of carbon and 

silver; (a) STEM image (b), elemental mapping of carbon, (c) silver, and (d) combined 

carbon and silver. 

Surface composition of the Ag–FNRs was further characterized 

by XPS (Figure 4). The XPS survey spectrum clearly shows the 

presence of carbon, silver and oxygen and a trace of nitrogen 

(Figure 4a). Two characteristic peaks corresponding to 3d5/2 and Ag 

3d3/2 can be found in the Ag 3d spectrum due to metallic Ag (Figure 

4b). These peaks were deconvoluted into four components (each 

peak into two components). For the Ag 3d3/2 spectrum, the major 

peak (373.8 eV) accounts for 34.3 atom%, while the minor peak 

(373.2 eV) accounts for 5.9 atom% while the Ag 3d5/2 peak contains 

a major component peak (367.7 eV) for 50.1 atom% and a minor 

peak (368.2 eV) accounting for 9.7 %.  Binding energy of Ag 3d5/2 ca. 

367.7 eV with 6.1 eV peak splitting of the 3d doublet confirms that 

the silver species exists as Ag(0) at the surface of the FNRs. 

Deconvolution of C 1s spectra of pC60, FNR and Ag–FNR confirm C=C 

(sp
2
), C–C (sp

3
) and O–C=O or C–O bonding states (Figure 4c). Note 

that the C 1s peak centered at 283.7 eV in the Ag–FNR sample 

corresponds to a metal-carbon bond (as indicated by M–C in Figure 

4c). Deconvoluted XPS O 1s spectra of pC60, FNR and Ag–FNR are 

shown in Figure S7.  

 

 

Fig. 4 (a) XPS survey spectra of pC60, FNR and Ag–FNRs, (b) XPS Ag 3d spectra including 

deconvolution and (c) XPS C 1s spectra including deconvolution for pC60, FNR and Ag–

FNRs.  

The SERS technique yields greatly enhanced Raman signals from 

Raman-active molecules that have been adsorbed at a specially 

prepared metal surface. SERS uses photons as a probe and results in 

high-sensitivity and high-resolution spectra without causing damage 

to the analyte samples, and provides detailed information regarding 

interactions between adsorbates and substrates. Raman signals are 

typically very weak although when molecules are adsorbed onto 

roughened surfaces or nanoparticles composed of Ag or Au, Raman 

signals can be significantly enhanced (i.e. SERS effect). This 

phenomenon has consequently been widely explored for 

applications related to single molecule detection. Conventionally, 

the SERS effect has been studied by depositing an analyte or target 

molecule on a rough metal surface or some metal nanostructure. 

However, to date, SERS effects on freestanding nanorods or 

nanotubes incorporating metal NPs had not been well explored. 

Based on the potential of metal-decorated freestanding nanorods, 

we have studied the SERS properties of our newly-synthesized Ag–

NPs-decorated FNRs (Ag–FNR). Silver nanoparticles were formed on 

the surfaces of the ultra-rapidly formed FNRs and the resulting 

freestanding Ag–FNRs were employed as a SERS substrate for R6G 

molecular detection up to the nanomolar level. Silver nanoparticles 

decorated on the FNRs surfaces play an important role in 

magnifying the surface local electric field in the vicinities of the 

silver nanostructures through resonant surface plasmon excitation. 

 

 

Fig. 5 (a) Raman spectra of pC60, FNR, Ag-FNR and 1 µM R6G analyte adsorbed onto the 

Ag-FNR as typical example, (b) Raman spectra (SERS) collected from the Ag-FNR with 

different concentration of R6G (0.1, 1, 10, 100 and 1000 nM). Arrows in panel (a: for 

pC60) indicate six vibrations Hg modes of C60 and the “●” symbol indicates the Raman 

band originating from the silicon substrate and “*” symbol indicates the SERS signal 

from R6G molecules adsorbed on the Ag-FNR substrate.  

The Raman scattering spectrum acquired from bare FNRs 

deposited on a silicon substrate contains peaks at 273, 432, 496, 

710, 772, 1424, 1465, and 1575 cm
−1

, which are very similar to the 

Raman bands of pC60 (highlighted by arrows in Figure 5a). These 

bands correspond to two Ag (Ag(1) at 496 cm
−1

, for the breathing 

mode and Ag(2) at 1465 cm
−1

 for the pentagonal pinch mode) and 

six Hg vibration modes (Hg(1) at 273 cm
−1

, Hg(2) at 432 cm
−1

, Hg(4) at 

710 cm
−1

, Hg(5) at 772 cm
−1

, Hg(6) at 1424 cm
−1

 and Hg(8) at 1575 

cm
−1

). The positions of Raman bands remain essentially unchanged 

in FNRs, demonstrating that molecular C60 dominates and their 
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molecular rotation/vibrations are apparently unaffected in the FNR, 

i.e. FNR is purely a van der Waals solid.  Polymerization of fullerene 

molecules was not observed following laser beam irradiation during 

Raman measurements. The Raman spectrum acquired from Ag–

FNRs deposited on a silicon substrate exhibited Raman peaks 

similar to FNR with some additional and split modes resulted from 

the symmetry lowering and selection rule relaxation caused by Ag–

NP attachment at the surfaces of FNRs (Figure 5a). The additional 

and split modes were also clearly detected due to the SERS effect in 

Ag–FNR with 1 µM R6G. 

It is well known that the greatest SERS enhancement is 

expected when extremely high local electric fields are generated by 

excitation of the surface plasmon. In the present study, we have 

employed Ag-FNRs as an effective freestanding substrate for the 

detection of R6G molecules absorbed at its surfaces. Ag 

nanoparticles in the Ag-FNR heterostructure create hot sites for the 

enhancement of SERS signals. For the preparation of SERS substrate, 

a suspension of Ag–FNR was drop cast onto a silicon substrate and 

dried under reduced pressure for 6 h. Aliquots of aqueous solutions 

of the target molecule R6G (10 µL) at different concentrations (0.1, 

1, 10, 100 and 1000 nM) were then added to the Ag–FNR film and it 

was dried under reduced pressure for 6 h. Raman spectra acquired 

from the R6G adsorbed Ag–FNR displayed reliable Raman signals at 

~ 613, 774, 1124, 1183, 1311, 1363, 1511, 1575 and 1649 cm
-1

 

corresponding to the R6G molecules. The vibrational bands of the 

R6G dye lie in the range 600 to
 
1700 cm

−1
. Vibrational bands 

observed in the R6G spectra can be assigned as follows: ~ 613 cm
−1

 

is due to C–C–C in-plane bending vibrations, 774 cm
-1

 arises from C–

H out-of-plane bending vibrations, 1124 cm
-1

 and 1183 cm
-1

 arise 

from C–H in-plane bending vibrations, with remaining bands in the 

1311–1649 cm
-1

 range being due to aromatic C–C stretching 

vibrations.
36, 37

 In general, continuous films of rough metal surfaces 

are used as SERS substrates.
38

 Furthermore, assembled metal 

nanostructures into hierarchical structures have also been used as 

effective SERS substrates for the molecular detection.
37-39

 However, 

here we have used freestanding Ag–FNR nanostructures as an 

effective SERS substrate for molecule detection (Figure S8: Optical 

micrographs before and after Raman laser irradiation). Ag–FNRs 

show significant enhancement in the Raman signals of the analyte 

adsorbed at its surface.  In contrast, no obvious Raman peaks of 

R6G were observed on FNR-only substrate under the same 

conditions. The signal enhancement observed above suggests that 

the presence of Ag–NPs acts like hot spots for the localized surface 

plasmon on the FNR structure and enhances the SERS signal of the 

R6G analyte present on the surface of the Ag–FNR free standing 

substrate. The SERS enhancement factor (EF) calculated by 

following the reported method.
42

 The EF for different peaks located 

at 613, 774, 1363, 1511, 1577, 1649 cm
-1

 (at 10
-6

 M of R6G) found 

to be 2.41 x 10
5
, 2.31 x 10

5
, 2.73 x 10

5
, 2.57 x 10

5
, 2.62 x 10

5
, 

respectively from Ag-FNR SERS substrates. Two peaks centered at 

613 and 1183 cm
–1

 are clearly seen in the spectra for all 

concentrations of R6G up to 1 nM. These Raman bands showed 

monotonous decay of the SERS intensity upon decreasing 

concentration of R6G (Figure S9). In a control experiment Ag 

nanoparticle thin film prepared on a planar substrate was used as 

the SERS substrate and SERS signal was recorded for R6G (1 µM). 

The SERS signal enhancement of Ag-FNRs is more clear and 

convincing (Figure S10). From the above experimental observations, 

it is very obvious that the novel hierarchical Ag–FNRs 

heterostructure can indeed serve as robust SERS substrate for the 

detection of R6G at nanomolar concentrations. 

Conclusions 

In conclusion, we have demonstrated a simple solution-based 

approach for the fabrication of hierarchical heterostructures of Ag-

nanoparticles on fullerene nanorods (Ag–FNRs), which functions as 

an effective SERS substrate for the detection of Rhodamine 6G 

molecules in the nanomolar concentration range. Initially, we 

prepared FNRs at the liquid-liquid interface between methanol and 

a solution of fullerene C60 in mesitylene. Ag-NPs were then grown 

directly (in-situ method) on the surface of the FNRs by addition of a 

solution of AgNO3 in ethanol. Aging this solution leads to the 

nucleation and growth of Ag nanoparticles on the surfaces of the 

FNRs. Ag–NPs were grown and distributed uniformly on the surface 

of the FNRs. This plasmonically active Ag–FNRs substrate could be 

used for effective SERS detection of standard Rhodamine 6G 

molecules at a concentration of ~10
–9

 M. SERS performance was 

studied by applying confocal Raman imaging on the individual 

isolated Ag–FNR in contrast to the conventional continuous SERS 

films, which are formed from inhomogeneous metallic surfaces. The 

approach developed and demonstrated here opens up new 

possibilities for the preparation of efficient freestanding plasmonic 

substrates for application in molecular detection. 
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A hierarchical heterostructure composed of silver nanoparticles on fullerene nanorods 

fabricated using a simple solution route functions as an effective single particle 

freestanding SERS substrate for the detection of target molecules (Rhodamine 6G: R6G) 

in nanomolar concentration range. 
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