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We observed morphological modification of rod-shaped C60 solvate crystals using a facile hydrothermal method. The
initial C60 rods were changed from smooth rods to rough rods, porous rods or pieces under different hydrothermal condi-
tions. During the hydrothermal treatment, the initial samples underwent a decomposition-recrystallization process, which
can be tuned by the content of alcohol in the hydrothermal solution, thereby leading to modification of the morphologi-
cal properties of the initial C60 rods. In addition, the rough and porous C60 rods prepared in our work exhibit excellent
photoluminescence intensities that are approximately 7 and 3 times higher than those of pure C60 powders, respectively.
Our results suggest that the hydrothermal method is a potential route for fabricating fullerene materials with controllable
morphologies and novel functions.
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1. Introduction
Fullerenes exhibit fascinating physical and chemical

properties owing to their unique closed-cage molecular struc-
tures, and provide promising applications in fabricating func-
tional devices such as organic solar cells, light-emitting
diodes, field effect transistors, and sensors, for which syn-
theses of well-defined fullerene molecular assemblies are
required to achieve high performance.[1–12] On the other
hand, their engineering unique properties are strongly depen-
dent on the ability to control the structure, size and mor-
phology of fullerene materials, which remain a crucial is-
sue in fullerene nanoscience and nanotechnology as well as
applications.[13] Therefore, investigation on preparation of
crystalline fullerenes with controllable morphology is of great
interest from both a fundamental and a practical point of view.

To date, several methods such as the solution-phase
crystallization method, vapor deposition method and tem-
plate method have been introduced to fabricate high-quality
fullerene nanocrystals with various morphologies, including
one-dimensional (1D) nanorods, whiskers or nanotubes, 2D
sheets or disks, and 3D cubes.[14–29] Among these methods,
the solution-phase crystallization method attracts the most in-
terest because the morphologies of the products can be eas-
ily tailored by adjusting various parameters.[23–29] For exam-

ple, Kim et al. reported a simple reprecipitation method for
controlling the morphology of C70 crystals to be either cu-
bic or tubular not by replacing specific solvents but by sim-
ply controlling the volume ratio of C70-mesitylene to isopropyl
alcohol.[23] Sathish et al. found that the size of hexagonal C60

nanosheets crystallized at the CCl4/alcohol interface could be
tailored merely by changing the alcohol to isopropyl alcohol
or methanol.[24] Tan et al. observed a shape transformation
of solvated C60 microcrystals from an as-grown bundle shape
to a disk shape by utilizing a mild thermal treatment in the
solvent medium.[25] Wei et al. synthesized single-crystal ul-
trathin microribbons of 2C60·3CS2 by mixing the poor solvent
isopropyl alcohol with a C60/CS2 stock solution, while the as-
formed microribbons transformed to prismatic rods after being
kept in mother liquid under ambient conditions over weeks.[28]

Masuhara et al. experimentally demonstrated the cyclic trans-
formations in shape (rod shape→hexagonal disc shape→rod
shape) of C60 solvated crystals in dispersion by changing the
dispersion solvent medium and keeping the dispersion under
supersonic irradiation.[29] However, the solution-phase crys-
tallization method generally requires storage of fullerene crys-
tals in toxic organic solutions. Moreover, fullerene mate-
rials derived from the solution phase usually entrap solvent
molecules in their lattices (i.e., crystallization from the solu-
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tion phase produces fullerene solvated structures).[23,25,28–31]

These facts limit the practical applications of fullerene crys-
tals prepared by such a method in functional devices. Thus,
exploring an efficient and environmentally friendly method for
preparing fullerene crystals with controllable morphology and
high purity (constituted with pure fullerene) is still needed.

Recently, mesoporous C70 cubes with highly crystalline
frameworks were prepared by a mild heat treatment of C70

cubes, fabricated by the liquid-liquid interfacial precipitation
(LLIP) method, in mother liquor at 75 ◦C.[26] Such porous
materials exhibit excellent photoluminescence (PL) properties
and higher specific capacitance than those of pristine C70 due
to the larger electrochemically active surface areas. Further-
more, highly ordered mesoporous C60 rods with well-ordered
porous structures and a high degree of crystallinity were ob-
tained through the nanohard templating method, which of-
fers high supercapacitive performance and high selectivity for
H2O2 production as well as methanol tolerance for oxygen
reduction reactions.[32] These interesting results suggest that
the introduction of well-defined porous architectures with con-
trollable pore sizes into fullerene nanostructures not only in-
creases their surface areas but also provides additional func-
tionalities, suggesting their utility in several applications in-
cluding supercapacitors, hydrogen storage, photocatalysts and
sensing. The synthesis of novel porous fullerene crystals will
open a new avenue in research on porous carbon nanomaterials
and enable the discovery and exploration of novel crystalline
porous materials useful in various applications.

It is well known that the hydrothermal method is an ef-
ficient route to synthesize nanocrystals and materials with
porous structures in aqueous solution by providing high-
temperature and high-pressure conditions.[33] However, such
a method is rarely used for the preparation of fullerene
nanocrystals. In this work, we study the behaviors of 1D rod-
shaped C60 solvated crystals in aqueous solutions with differ-
ent alcohol amounts under hydrothermal conditions. Our aim
is to investigate the possible morphology, structure and prop-
erty modifications of C60 rods during hydrothermal treatment
and to attempt to synthesize pure C60 nanocrystals with con-
trollable morphology, especially porous structures, by a hy-
drothermal approach. Such knowledge should contribute to
the exploration of new methods for fabricating nanostructured
fullerene materials with controllable morphologies and novel
functions.

2. Experiments
2.1. Materials synthesis

Fullerene powders (C60, purity 99.9%) were purchased
from Nanjing XFNANO Materials TECH Co., Ltd. The ini-
tial C60 rods were fabricated by introducing isopropyl alco-

hol (IPA, isopropanol) into a saturated solution of C60 in m-
xylene. In brief, 30 mL IPA was injected into 10 mL saturated
C60/m-xylene solution (∼3 mg/mL) followed by 1 min ultra-
sonication. After 24 h, brown deposits were precipitated on
the bottom of the solution bottle. The as-synthesized samples
were collected by filtration and dried under ambient condi-
tions. In a typical process for preparing hydrothermally de-
rived C60 samples, 6 mg initial C60 rods, as precursors, were
added into 30 mL deionized water followed by 1 min ultrason-
ication to form a C60 rod aqueous dispersion. After injecting
a certain volume (0, 1, 2 mL) of alcohol (≥ 99.7%, Beijing
Chemical Works) into the dispersion, the mixture was trans-
ferred into a Teflon-lined stainless steel autoclave (50 ml ca-
pacity), filling the autoclave up to 60% of the total volume.
The autoclave was maintained at 120 ◦C for 18 h under au-
togenerated pressure. The resulting products were collected
by filtration, washed thoroughly several times with deionized
water, and dried under ambient conditions prior to characteri-
zation. More experimental details about the material synthesis
are shown in Fig. S1 in the Supplementary Material.

2.2. Characterization

The morphologies and structures of the hydrothermally
derived C60 samples and initial C60 rods were characterized
with scanning electron microscopy (SEM, FEI Magellan 400),
transmission electron microscopy (TEM, JEM-2200FS trans-
mission electron microscopy with an acceleration voltage of
200 kV) and x-ray diffraction (XRD, RigakuD/max-RA, Cu
Kα1 radiation with λ = 1.5406 Å (Rigaku, Tokyo, Japan)).
Raman and PL spectra of the samples were measured with
a Raman spectrometer (Renishaw in Via (Renishaw, London,
UK)) excited by a 514 nm laser. IR measurements were car-
ried out using a Bruker Vertex 80 V Fourier transform infrared
spectroscopy (FTIR) spectrometer.

3. Results and discussion
Figure 1 shows the SEM images of initial C60 rods and

hydrothermally derived C60 samples prepared at 120 ◦C for
18 h from C60 rod aqueous dispersions (30 mL deionized wa-
ter, 6 mg C60 rods) with different injected volumes of alcohol.
It is found that the initial C60 rods have an average diameter
and length of∼ 0.221 µm and 1.55 µm, respectively (Fig. 1(a)
and Fig. S2). In comparison to the initial C60 rods, the sam-
ples prepared from the dispersion without injecting alcohol are
still rod-shaped, but with a slightly smaller average diameter
of ∼0.210 µm and rough surfaces (Fig. 1(b) and Fig. S3).
After the hydrothermal treatment, the C60 products obtained
from the dispersion injected with 1 ml alcohol retain the rod-
shaped appearance of the precursors, while many pores (the
average pore size is ∼27 nm, Fig. S4(a)) are found on their
surfaces. This result indicates the transformation of initial

128102-2

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc0


Chin. Phys. B Vol. 29, No. 12 (2020) 128102

C60 rods into porous materials during the hydrothermal pro-
cess (Fig. 1(c)). The average diameter of the achieved porous
C60 rods is ∼0.208 µm (Fig. S4(b)). To the best of our knowl-
edge, this is the first example of porous fullerene materials
fabricated by a simple hydrothermal approach. It should be
noted that the diameters of the hydrothermally derived rough
and porous C60 rods are similar to those of initial C60 rods,
indicating that the formation mechanisms of these two hy-
drothermally derived samples are straightforward. As shown
in Fig. 1(d), the hydrothermally treated initial C60 rods from
the dispersion injected with 2 ml alcohol crack into pieces that
lack well-defined morphologies. These SEM results of the hy-
drothermally derived C60 samples suggest that the hydrother-
mal method is a potential route for tailoring the morphologies
of fullerene crystals.

(a)

(b)

(d)

(c)

Fig. 1. SEM images of initial C60 rods (a), rough C60 rods (b), porous C60
rods (c) and C60 crystal pieces (d). Inset: the enlarged SEM image of the
porous C60 rods.

To detect the possible structural transformations of the
initial C60 rods under hydrothermal conditions, we performed
Raman and IR spectroscopies, x-ray diffraction and high-
resolution TEM (HRTEM) measurements on the hydrother-
mally derived C60 samples. Raman and IR spectroscopies are
powerful methods for characterizing carbon materials.[34,35]

The Raman and IR spectra of the hydrothermally derived C60

samples are shown in Figs. 2(a) and 2(b). For comparison, the

vibrational spectra of the initial C60 rods are also presented
at the bottom of the figures. From the figure, we can find
that the Raman spectra of the four samples are almost iden-
tical, which mainly consist of 10 Raman modes (8 Hg modes
and 2 Ag modes) from individual C60 molecules.[14,21,22,36,37]

The IR spectrum of initial C60 rods show clear spectroscopic
features from both m-xylene molecules (absorption peak at
around 773 cm−1) and C60 molecules (three F1u modes at
around 575 cm−1, 1182 cm−1 and 1428 cm−1), indicating that
solvents remain in the rods. In contrast, the solvent peak is
absent in the IR spectra of hydrothermally derived samples,
which only consist of the spectroscopic features from pure
C60.[14,22] These observations suggests that the intermolecu-
lar interactions in the samples are weak van der Waals in-
teractions, thus excluding the formation of C60 polymers or
derivatives during the hydrothermal process.[21,22,34,38] Fur-
thermore, the absence of solvent peak in the IR spectra of
the hydrothermally derived samples suggests the desolvation
of initial C60 rods upon the hydrothermal treatments.[14,39]

Note that the solvent molecules in fullerene solvates inter-
act through weak supramolecular forces so that they can be
released upon heat treatment.[22,25,26,39] The crystal forms of
the hydrothermally derived C60 samples and the initial C60

rods are established by powder XRD (Fig. 2(c)). A mixed
phase of fcc (a = 14.13(7) Å) and hcp is observed for the ini-
tial C60 rods, confirming their solvated structures.[14,22,26,39]

It was reported that C60 forms solid solvates with the solvent
m-xylene by solvent evaporation or the LLIP method, exhibit-
ing an hcp structure with lattice parameters a = 2.37(6) Å and
c = 1.00(8) Å.[14,22,39,40] On the other hand, all the hydrother-
mally derived C60 samples transform into an fcc structure sim-
ilar to that of pure C60 crystals (fcc, a = 14.15(6) Å).[39]

This result implies that the crystal structure of the initial C60

rods is destabilized and that most of the entrapped m-xylene
molecules in the rods escape from the lattices during the hy-
drothermal process. HRTEM images and the corresponding
fast Fourier transform (FFT) images indicate the crystalline
nature of the hydrothermally derived C60 samples, which are
consistent with the XRD results (Fig. S5)

We further studied the PL properties of the hydrother-
mally derived C60 samples. The recorded PL spectra of the
hydrothermally derived C60 samples, initial C60 rods and pure
C60 powders, for comparison, are shown in Fig. 3. From the
figure, we can find that all the samples exhibit a similar red
emission, with the strongest emission band located at approxi-
mately 1.66 eV. The main component of such PL emission can
be assigned to the S1–S0 transition of the C60 molecule.[22,41]

Of the studied hydrothermally derived C60 samples, the rough
C60 rods exhibit the most intense PL, similar to that of the ini-
tial C60 rods, which is approximately 7 times greater than that
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of the pure C60 powders. The PL intensity of the porous C60

rods is reduced, while it is still at least approximately 3 times
higher than that of the pure C60 powders. This finding suggests
that porous C60 rods are also highly PL active, which may be
utilized in potential applications such as sensors, photorecep-
tors, and lighting devices.[26,41] The obvious PL enhancements

observed in the rough and porous C60 rods in comparison to
the pure C60 powders can be attributed to their highly crys-
talline structures.[41] For the C60 crystal pieces, their PL inten-
sity is the lowest and is comparable to that of pure C60 pow-
ders. This observation may imply that the C60 crystal pieces
have the lowest crystallinity.[26,41]
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Fig. 2. The Raman spectra (a), IR spectra (b) and XRD patterns (c) of hydrothermally derived C60 samples in comparison to those of initial
C60 rods. The diffraction peaks assigned to the hcp structure of C60 solvates are marked with asterisks in the figure.
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Fig. 3. The PL spectra of the hydrothermally derived C60 samples in
comparison to those of initial C60 rods and pure C60 powders.

Let us now discuss the mechanisms for the morphological
modifications of the initial C60 rods during the hydrothermal
processes. As indicated in our Raman, IR and XRD results,
the initial C60 rods transform into an fcc structure, and the en-
trapped m-xylene solvent molecules can be released from the
initial solvated lattice upon hydrothermal treatment at 120 ◦C,
which leads to structure destabilization and void spaces in
the solids.[25,26] It is reported that thermal treatment could in-
duce phase and morphology transformations of solvated C60

microcrystals by three steps in solvent medium (ethanol or
2-propanol): exchange of incorporated solvent, decomposi-
tion of old crystals, and recrystallization of dislocated C60

molecules into new crystals.[25] Furthermore, C60 nanowires
were reported to be destabilized and transformed to granular
C60 crystals over time in solution containing water.[42] These
facts suggest that the hydrothermal treatments in aqueous or
aqueous-alcohol solution could reduce the crystal stability of
the initial C60 rods and induce partial decomposition or recrys-
tallization of these samples, thereby leading to morphologi-
cal modifications of the initial C60 rods. Under hydrothermal
treatment in an aqueous solution without alcohol, only a tiny

quantity of C60 molecules can be released from the surfaces
of initial C60 rods due to the structural destabilization induced
by water. This leads to partial decomposition of the rod sur-
faces, and thus resulting in the transformation of initial sam-
ples into rough C60 rods. As was reported, C60 molecules are
almost insoluble in water but slightly soluble in alcohol.[30]

The injection of 1 mL alcohol increases the solubility of C60

in the C60 rod aqueous dispersion. On the other hand, un-
der hydrothermal treatment in an aqueous solution containing
1 mL alcohol solvated C60 molecules on the surface of ini-
tial C60 rods can exchange the incorporated solvent ligands by
entrapping (releasing) ethanol (m-xylene) molecules.[25] This
exchange together with the increased solubility of C60 in the
dispersion destabilize the crystal structure of the initial C60

rods and induce dissolution of more C60 molecules from the
surface during the hydrothermal process. In such cases, the
initial sample begins to decompose, and many defects form on
the samples and may serve as active sites for recrystallization
of dislocated C60 molecules, thereby modifying the morphol-
ogy of the initial C60 rods and leading to the formation of a
porous structure.[25,26] When the injected volume of alcohol
increases to 2 mL, the hydrothermally treated initial C60 rods
decompose into C60 crystal pieces with low crystallinity due to
the higher solubility of C60 molecules in the dispersion and the
formation of more structural defects on the treated samples.

4. Conclusion
In conclusion, the morphological modification of rod-

shaped C60 solvated crystals has been realized by hydrother-
mal treatment at 120 ◦C for 18 h. It is found that the content
of injected alcohol in the hydrothermal solution plays an im-
portant role in the morphological modification by tuning the
decomposition-recrystallization process of the initial C60 rods
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under hydrothermal conditions. During the hydrothermal pro-
cess, the structural destabilization induced by water, the in-
creasing solubility of C60 molecules in the hydrothermal solu-
tion and the formation of structural defects on the initial C60

rods due to the injection of alcohol lead to decomposition and
recrystallization of the treated initial samples, thereby modi-
fying the morphology of the initial C60 rods. Strikingly, rod-
shaped C60 crystals with porous and fcc structures have been
successfully prepared by hydrothermal methods. Such porous
C60 rods exhibit excellent PL intensity (∼3 times higher inten-
sity than that of pure C60 powders) due to their high degree of
crystallinity, which could have potential applications in sen-
sors, photoreceptors, and lighting devices. These results may
facilitate the development of a new route with great potential
for fabricating fullerene materials with controllable morpholo-
gies and novel functions via simple hydrothermal approaches.
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