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a b s t r a c t 

Most surface-enhanced Raman scattering (SERS) substrates are based on noble metals or transition metal semi- 

conductors. Developing nonmetallic SERS substrates is of great significance for expanding the application scope 

of SERS substrate materials. In this study, ultrathin C60 nanosheets with two-dimensional structures were syn- 

thesized using CVD and used as SERS substrates. Owing to the combined effects of favorable factors such as the 

expanded specific surface area and matched interfacial charge transport paths, the substrate has a minimum de- 

tection limit of 10− 11 for rhodamine 6G and a Raman enhancement factor of 107 . In addition, the C60 nanosheets 

exhibited good stability and uniformity as SERS substrates. 
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Surface-enhanced Raman spectroscopy (SERS) is a commonly used

nalytical technique in chemistry [ 1–3 ], biology [ 4–6 ], and medical sci-

nce because of its nondestructive nature [ 7–9 ], rapid analysis capa-

ilities, and high sensitivity. To achieve optimal performance in terms

f sensitivity, stability, and uniformity, researchers have actively ex-

lored and developed diverse substrate materials for SERS applications

 10 , 11 ]. Noble metals such as Au and Ag are the most frequently stud-

ed substrates [ 12–15 ]. In addition, owing to the advancement of surface

lasmon resonance (SPR) technology, various types of semiconductors

ith SPR effects have been applied to SERS substrates, exhibiting ex-

ellent SERS performance [ 16–19 ]. However, there are few reports on

onmetallic SERS substrates with superior performance [ 20 ]. The devel-

pment of nonmetallic substrates is of great significance for exploring

he mechanism of SERS signal enhancement and expanding the applica-

ion scope of SERS substrate materials. 

Since the discovery of fullerenes in the 1980s [ 21 ], their unique

tructures and properties have attracted widespread attention. The ex-

stence of the C60 conjugated π system endows it with unique electronic

roperties, including good electron affinity [ 22 ], high electron mobil-

ty [ 23 ], and excellent optoelectronic properties [ 24 , 25 ]. Therefore, C60 

aterials are widely used in transistors [ 26 , 27 ], solar cells [ 28 , 29 ], pho-

odetectors [ 30 ], and other applications. According to different applica-

ion scenarios, various methods such as the template method [ 31 , 32 ],

hemical vapor deposition (CVD) [ 33 , 34 ], and liquid-liquid interface

recipitation (LLIP) [ 35 , 36 ] have been used to synthesize various C60 

icro/nanostructures. CVD is considered a promising method for the
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reparation of two-dimensional (2D) materials, including various types

f metal and nonmetallic films [ 37 , 38 ]. Carbon materials, which are

on-metallic materials, have attracted significant attention. Further-

ore, existing research has shown that 2D carbon materials exhibit

ignificant diversity in their physical properties, particularly tunable

andgaps [ 39 , 40 ], which have a significant impact on the performance

f nonmetallic SERS substrates. 

In this study, we prepared C60 nanosheets with 2D structure by CVD.

hese C60 nanosheets have ultrathin thickness, good crystallinity, and

n expanded specific surface area. Using ultrathin C60 nanosheets as the

ERS substrate and rhodamine 6G (R6G) as the detected molecule, mul-

iple matching interfacial charge transport (ICT) paths were observed

n the R6G-C60 nanosheet system. In addition, ultrathin C60 nanosheets

s SERS substrates exhibit excellent stability and uniformity, with an

nhancement factor (EF) and detection limits of 107 and 10− 10 M,

espectively. 

To synthesize C60 samples with 2D structures, we first investigated

he experimental conditions. The TGA results of the purchased C60 pow-

er showed a significant drop in the thermogravimetric curve around

44 °C, corresponding to the sublimation of C60 (Fig. S1). Therefore, the

VD synthesis method requires a temperature controlled slightly below

44 °C. A temperature that is too low temperature is not conducive to

he sublimation of C60 , while too high can easily lead to the graphitiza-

ion of C60 . Notably, the Mg powder plays a key role in the formation

f nanosheets. For comparison, magnesium powder was replaced with

opper nanopowder and sodium chloride under the same experimental
i) . 
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Fig. 1. Morphology and structure characterization of the C60 nanosheets. (a) Schematic illustrating the synthesis of the C60 nanosheets. (b)(c) SEM images of C60 

nanosheets. (d)(e) TEM images of C60 nanosheets. 
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onditions; however, no nanosheets were produced (Fig. S2). This may

e due to the formation of Mg–C bonds between the magnesium and C60 

olecules, which are between covalent and electrovalent bonds. Com-

ared with copper or sodium chloride, which are linked only by weak

an der Waals forces, this bond is more conducive to C60 attachment

rowth [ 39 , 41 ]. 

Fig. 1 (a) shows a schematic of the synthesis of the ultrathin C60 

anosheets using CVD. The original C60 powder was thoroughly ground

nd placed upstream of the porcelain boat, followed by the magnesium

owder, which was placed downstream. The porcelain boat was placed

n the tube furnace filled with Ar gas and heated to 550 °C for 10 h, then

aturally cooled to room temperature. Scanning electron microscopy

SEM) images ( Figs. 1 (b)(c)) show that many nanosheets were gener-

ted on the Mg powder particles. The surfaces of these nanosheets are

mooth and exhibit good uniformity with on-surface cracks, indicating

hat the growth process is continuous. The size of the nanosheets ranges

rom a few micrometers to more than ten micrometers (Fig. S3), while

hese nanosheets were not found on the original C60 particles (Fig. S4).

t is important to note that a low gas flow rate is required during the

eating process because an excessively high flow rate is detrimental to

anosheet deposition. The morphology and microstructure of the prod-

cts were analyzed by transmission electron microscopy (TEM). These

anosheets have clear edges and no pores on their surfaces ( Figs. 1 (d)

e)). In addition, the nanosheets are nearly transparent, indicating that

hey are extremely thin. The HRTEM images show that these nanosheets

ave clear lattice structures, indicating that they are highly crystalline

Fig. S5). Energy-dispersive X-ray spectroscopy (EDS) showed that these

anosheets consisted of carbon and a small amount of oxygen, which
87
as attributed to the oxygen adsorbed on the surface of the nanosheets

Fig. S6). 

The chemical compositions and states of the products were analyzed

y X-ray diffraction (XRD). In the XRD pattern of the powder product

Fig. S7), three smaller peaks at 10.8°, 17.7°, and 20.7° are observed,

orresponding to the (111), (220), and (311) crystal planes of face-

entered cubic lattice C60 , respectively. The other three stronger peaks

orrespond to the (110), (002), and (101) crystal planes of Mg metal,

ndicating that the powder contained a large amount of Mg powder in

ddition to C60 . After removing the metallic Mg with dilute hydrochloric

cid, pure C60 was obtained, and the characteristic peak of the metal-

ic Mg in the XRD pattern disappeared ( Fig. 2 (a)). There was almost

o difference between the Raman and UV–vis spectra, indicating that

he chemical structure of the product remained unchanged after acid

reatment (Figs. S8 and S9). Raman spectroscopy is an important means

f characterizing C60 , and the Raman spectra of the nanosheets exhibit

istinct C60 peaks ( Fig. 2 (b)). The characteristic peaks at 503 and 1473

m− 1 correspond to typical Ag vibrational modes, whereas the Raman

eaks at 439, 714, 779, 1428, and 1577 cm− 1 correspond to active Hg vi-

rational modes [ 40 ]. X-ray photoelectron spectroscopy (XPS) was used

o analyze the atomic composition and valence state of C60 nanosheets.

he results show that the C60 nanosheets mainly contain energy level

eaks of C and O, and no energy level peaks of Mg ( Fig. 2 (c)). The pres-

nce of oxygen was due to the oxidation and functionalization of the

ample surface. The XPS C 1s core level peaks of C60 nanosheets can

e deconvoluted into four peaks at 284.2, 285.3, 286.7, and 289.0 eV

orresponding to C = C (sp2 ), C–C (sp3 ), C–O, and C = O, respectively

 Fig. 2 (d)). 
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Fig. 2. Component analysis of the C60 nanosheets. (a) XRD pattern of the C60 nanosheets. (b) Raman spectra of the C60 nanosheets. (c) XPS survey spectrum of the 

C60 nanosheets. (d) C 1s deconvoluted XPS spectra of C60 nanosheets. 

Fig. 3. SERS properties of the C60 nanosheets. (a) Diagram of SERS test. (b) SERS spectra of R6G samples recorded on C60 nanosheets and glass. (c) SERS spectra of 

1 × 10− 7 to 1 × 10− 10 M R6G on C60 nanosheets. (d) RSD of SERS signal intensities at 5000 sites. 
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We investigated the SERS properties of the ultrathin C60 nanosheets

 Fig. 3 (a)). Ultrathin C60 nanosheets as the SERS substrate, 10− 6 M so-

ution of R6G was used for detection. Four characteristic peaks were

etected under 532 nm laser excitation ( Fig. 3 (b)): R1 (612 cm− 1 ), R2 

773 cm− 1 ), R3 (1363 cm− 1 ), and R4 (1652 cm− 1 ). Using glass slides

nder the same conditions, no characteristic peak of R6G was obtained.

he results of the comparison experiment exclude the influence of glass

lides on the SERS effect, indicating that the enhanced Raman signal

riginates from the ultrathin C60 nanosheets. Using different concentra-
88
ions of the R6G solution for detection ( Fig. 3 (c)), the results showed

hat the ultrathin C60 nanosheets had a significant Raman enhancement

ffect in the concentration range of 10− 7 –10− 10 M, with a minimum de-

ection limit of 10− 11 M (Fig. S10). At a concentration of 10− 10 M. the

nhancement factor of ultrathin C60 nanosheets for R6G molecules was

pproximately 5.53 × 107 (detailed calculations are provided in the Sup-

orting Information). In addition to their excellent sensitivity, ultrathin

60 nanosheets as SERS substrates exhibited good signal distribution.

he relative standard deviation of the sample substrate was 5.1% when
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Fig. 4. SERS enhancement mechanism of the C60 nanosheets. (a) XPS valence spectrum of C60 nanosheets. (b) Mott–Schottky plots of the C60 nanosheets. (c) The 

Tauc plot curve of C60 nanosheets. (d) Band energy alignment diagram of the charge-transfer pathways in C60 and R6G. 
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he detected intensities of 5000 random Raman signals (612 cm− 1 ) were

ounted ( Fig. 3 (d)). 

The excellent SERS properties of the ultrathin C60 nanosheets re-

ulted from a combination of many aspects. The ultrathin 2D planar

tructure provides C60 nanosheets with a larger specific surface area

Fig. S11), which is beneficial for contacting more molecules to be de-

ected and promoting SERS sensing. In addition, the matched interfacial

harge transport (ICT) pathways in the R6G-C60 ultrathin nanosheet sys-

em contributed significantly to the SERS effect [ 18,42 ]. The valence

and of the sample was obtained from the XPS valence band spectrum

 Fig. 4 (a)) and the Mott–Schottky curve ( Fig. 4 (b)), and the conduction

and was obtained from the band gap ( Fig. 4 (c)). Therefore, the valence

and energy level of the C60 nanosheets is − 5.66 eV, and the conduc-

ion band energy level is − 3.84 eV. The HOMO energy level of R6G is

nown to be − 5.70 eV, and the LUMO energy level is − 3.40 eV. Under

xcitation with the 532 nm laser (2.33 eV) ( Fig. 4 (d)), in addition to

xception resonance ( 𝜇ex ) and molecular resonance ( 𝜇mol ), there are at

east two matching energy levels in the R6G-C60 nanosheet system for

he photocatalytic ICT pathway ( 𝜇ICT -1: 2.26 eV and 𝜇ICT -2: 1.86 eV).

hese multifaceted factors combined to form ultrathin C60 nanosheets

ith excellent SERS properties (Table S1). 

In summary, we have synthesized ultrathin C60 nanosheets using a

imple CVD process and characterized them in detail. These ultrathin

60 nanosheets exhibited excellent SERS effects as 2D carbon materi-

ls and can be used as highly sensitive and reproducible nonmetallic

ERS substrates. This work not only expands the application of C60 ma-

erials in the field of detection but also suggests that the ultrathin C60 

anosheet structure has broad application prospects in solar energy de-

ices, optoelectronic devices, energy storage, and other fields. 
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