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ABSTRACT: The detection of the fullerenes C60 and C70 in the
interstellar medium (ISM) has transformed our understanding of
chemical complexity in space. These discoveries also raise the
possibility for the presence of even larger molecules in astrophysical
environments. Here we report in situ heating of analog silicon
carbide (SiC) presolar grains using transmission electron micros-
copy (TEM). These heating experiments are designed to simulate
the temperature conditions occurring in post-AGB stellar envelopes.
Our experimental findings reveal that heating the analog SiC grains
to the point of decomposition initially yields hemispherical C60-sized
nanostructures, with five- and six-membered rings, which transform
into multiwalled carbon nanotubes (MWCNTs) if held isothermally
>2 min. These MWCNTs are certainly larger than any of the currently observed interstellar fullerene species, both in overall size and
number of C atoms. These experimental simulations suggest that such MWCNTs are likely to form in post-AGB circumstellar
material, where the structures, along with the smaller fullerenes, are subsequently injected into the ISM.

■ INTRODUCTION

Establishing a mechanism for the synthesis of fullerenes in the
interstellar medium (ISM) has been a challenge for
astrochemistry (e.g., ref 1). Over the past decade, observations
have shown that both C60 and C70 are present in planetary
nebulae and other circumstellar environments (e.g., refs 2−4),
as well as in diffuse clouds.5 It has been shown that C60

+ also
occurs in diffuse gas and accounts for several of the diffuse
interstellar bands, or “DIBs” (e.g., 6−8). Despite the increased
identifications, a facile mechanism that can readily cohere sp2-
hybridized carbon atoms together to form thermodynamically
stable nanofragments and nanostructures in environments that
are rich in hydrogen and other elements under typical
astrophysical conditions has yet to be proposed.3 “Bottom-
up” formation processes are thought to be unlikely, as time
scales are too long to build a 60 to 70 atom molecule given
typical interstellar densities and temperatures (e.g., ref 5).
“Top-down” synthesis seems to be more viable, with either
hydrogenated amorphous carbon (“HACs”) or polycyclic
aromatic hydrocarbons (PAHs), as the starting materials
(e.g., ref 9).
Experimental work shows that fullerene-like structures can

be generated in HACs (e.g., refs 10 and 11). Furthermore,

studies by Tielens, Berne,́ and collaborators (e.g., refs 5, 9, 12,
and 13) suggest that PAHs may be a route to C60 by a series of
processes involving dehydrogenation, folding, and shrinking.
However, in both cases, there are difficulties with intermediate
steps, such as eliminating hydrogens in a H-rich gas and
rearranging bonds in a closed carbon cage.1 Furthermore,
ultraviolet (UV) radiation is often required for these processes,
and some evolved stars which are sources of C60, such as IRAS
06338, are too cool to be substantial UV emitters (e.g., refs 14
and 15).
Recently, Bernal et al.16 conducted laboratory experiments

showing that C60 can arise from rapid heating of silicon carbide
(SiC) grains with a 3C-cubic structure. Such SiC grains are
commonly produced in the circumstellar envelopes of carbon-
rich Asymptotic Giant Branch (AGB) stars, as infrared
observations of the 11.3 μm Si−C stretch have clearly

Received: February 28, 2022
Revised: June 12, 2022

Articlepubs.acs.org/JPCA

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jpca.2c01441
J. Phys. Chem. A XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
A

R
IZ

O
N

A
 o

n 
A

ug
us

t 1
9,

 2
02

2 
at

 1
1:

00
:0

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+J.+Bernal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+J.+Zega"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucy+M.+Ziurys"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.2c01441&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01441?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01441?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01441?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01441?fig=&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.2c01441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


demonstrated (e.g., ref 17). Furthermore, studies of presolar
SiC grains extracted from meteorites show that 80% of them
have the 3C-cubic structure.18,19 Once SiC grains are formed
in circumstellar gas, they can be heated by shocks either in the
late, thermal-pulsing (TP) stage on the AGB, or in the proto-
planetary nebula (PPN) phase, where extreme mass loss occurs
at high velocities (>100 km s−1: e.g., ref 20). Also, stellar
radiation may heat the grains as the white dwarf stage is
approached. Simulating these energetic circumstellar environ-
ments, Bernal et al.16 showed that when analog grains undergo
rapid heating to ∼1300 K, along with ion bombardment (150
keV Xe), silicon is leached from the grain surface, creating
layered graphitic sheets. Using transmission electron micros-
copy (TEM) imaging and spectroscopy, surface defects in the
crystal were found to distort the six-membered rings
characteristic of graphite, creating hemispherical structures
with the necessary 5-membered rings and diameters matching
that of C60. These experiments suggest an alternate route for
synthesizing C60 and possibly other fullerene structures such as
carbon nanotubes.
In order to further explore the synthesis of fullerenes from

SiC grains, we have conducted additional TEM experiments
using a different heating rate from the Bernal et al.16

publication and without high energy ion bombardment.
Previous work has demonstrated that carbon nanotubes
(CNTs) can form from SiC decomposition,21,22 and so
experiments with higher temperatures were a natural follow-
up to our previous effort. In this paper, we present our new
results: the first measurements of multiwalled carbon nano-
tubes (MWCNTs) formed via thermal decomposition of
analog, presolar grain-sized SiC. High-resolution TEM
instrumentation was used to heat and image analog SiC grains
in situ and characterize the resulting synthesized nanostruc-
tures. The dimensions of the formed nanostructures (including
the lattice spacing of the nanotube walls) were measured in
several locations. Post-mortem TEM images of the heated SiC
samples were also obtained. We also discuss their implications
for the presence of C60 and carbon nanotubes in the ISM.

■ EXPERIMENTAL METHODS
For in situ heating experiments, we used the Hitachi HF5000
scanning transmission electron microscope (S/TEM) located
in the Kuiper Materials Imaging and Characterization Facility
at the Lunar and Planetary Laboratory, University of Arizona.
The HF5000 is equipped with a cold-field emission gun, a
third-order spherical-aberration corrector for STEM mode,
bright-field (BF), dark-field (DF), and secondary electron
STEM detectors, and an Oxford Instruments X-Max N 100
TLE EDS system with dual 100 mm2 windowless silicon-drift
detectors providing a large solid angle (Ω = 2.0 sr) for rapid
EDS mapping of samples in minutes instead of hours. It is also
equipped with a Gatan OneView 4k × 4k pixel CMOS camera
for the acquisition of TEM images and electron-diffraction
patterns. The HF5000 has a spatial resolution of 0.23 nm in
TEM mode (parallel illumination) and 0.078 nm for scanning
mode (converged beam). The HF5000 has the capability of
using either 200 or 60 keV alignments, and the 200 keV
alignment was used in this experiment because of the higher
imaging resolution.
A 3C-SiC sample (U.S. Research Nanomaterials) was

obtained, the same crystal polytype as is common in presolar
SiC grains, as mentioned.18,19 A dispersion of the SiC sample
and methanol was prepared and deposited on a micro-

electromechanical systems (MEMS) chip manufactured by
Norcada (Model HTN-0101H) to achieve a monodispersion
of grains on the support film. Once suitably prepared, the chip
was loaded into the Hitachi “Blaze” TEM holder for in situ
heating. The MEMS chip consists of SiN membranes that
sandwich a heating element, which is manufactured by
Norcada (https://www.norcada.com/products/nitride-
windows-tem/). A controller box powers the MEMS chip,
which is operated through a Labview interface. Variable ramp
rates, set points, and isothermal holds are achievable with the
Blaze holder and MEMS platform. The chip itself has a
temperature limit of 1100 °C, above which the SiN membrane
will thermally degrade to failure, resulting in breakage of the
film and catastrophic loss of the sample. Isothermal holds at
1100 °C are possible but can only be performed for short
durations, and extended experiments at this temperature are
generally avoided. In comparison, isothermal holds slightly
below the upper temperature limit are stable for extended
periods of time. The MEMS chip can also rapidly cool to a
desired temperature (as low as ambient temperature) by TEM
computer control.
Two heating experiments were performed. For both

experiments, a region with several SiC crystals was imaged
until the temperature reached ∼1050 °C, after which other
positions with additional SiC grains were observed. The first
experiment was conducted over ∼4.5 h. The SiC sample was
inserted into the TEM at room temperature for ∼1 h during
which time we aligned the microscope, searched for suitable
areas to monitor during the experiment, and acquired images
for baseline reference. We located several areas of the sample
that provided suitable monodispersed grains for in situ
monitoring, and we stored those stage positions to aid in
rapid switching of imaging locations on the MEMS chip during
the experiment. The sample was then heated from room
temperature to 800 °C over 30 min (∼25.7 °C/min). This
temperature and ramp rate were chosen to evaporate any
potential contamination from organic solvents that might still
be present on the sample surface. The sample temperature was
then increased to 1050 °C over 1 h (∼4.2 °C/min). This
heating rate was used because previous work suggests that a
slower rate is more likely to form carbon nanobuds rather than
graphene sheets, which prefer more rapid warming.23 Once the
set point temperature of 1050 °C was reached, we held the
sample isothermally at 1050 °C for a period of 13 min. We
performed a second experiment to verify our results. This
second experiment was similar to the first, in which we inserted
the SiC sample, aligned the TEM, imaged several SiC grains
monodispersed on the SiN film, and chose a suitable region to
image during heating. The sample was first heated to 800 °C at
a ramp rate of ∼25.7 °C/min, then heated to 1050 °C at a
ramp rate of ∼4.2 °C/min. After reaching the programmed
temperature of 1050 °C, the sample was held isothermally for
3 h. In both experiments, the sample temperature was cooled
at a rate of −17.0 degrees per minute to ambient temperature.
Images and video were acquired on the initial SiC sample, then
both during and after the heating.

■ RESULTS
SiC is stable at ambient temperature under the electron beam.
We measured the sample prior to experiments, and both
selected-area electron diffraction patterns and EDS mapping
reveal sample homogeneity and crystallinity. Prior to heating,
we surveyed the grain distribution on the SiN membrane. At
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∼1000 °C, we observed the grain surface changing from the
SiC crystal structure to exhibiting an increasingly graphitic
structure. We note that the SiN membrane of the MEMS chip
expands in the Z dimension during heating, making it
challenging to image at the eucentric position over the field
of view.
As the temperature approached 1050 °C, small hemi-

spherical structures with the approximate size of C60 (∼1 nm)
were initially observed on the grain surface in both
experiments. These data confirm our previous results and are
consistent with the formation of C60 from the grains (see, e.g.,
ref 24). Note that it is extremely difficult to view individual C60
molecules with TEM, and our images are virtually identical to
other TEM measurements of this species aimed solely at
obtaining its detection.24 The appearance of round nanobuds
over the entire crystal surface is illustrated in Figure 1. This
figure presents a TEM image of C60-sized hemispherical
structures on the surface of a crystal (experiment 2), as the SiC
began to reach 1050 °C. The inset shows a state-of-the-art C60
image from HRTEM, for comparison.
We subsequently observed the formation of surficial

nanostructures, which increased in size with multiple curved
layers, separated ∼0.36 nm apart, indicative of graphitic carbon
in the form of MWCNTs.25 Figure 2 provides a TEM image of
the small SiC grain (experiment 1) with the curved MWCNT
coating. The inset shows a TEM image of a MWCNT
displayed for comparison.26

As the heating duration progressed in both experiments, the
structures on the SiC grain became increasingly ordered, with
the clear appearance of nanotubes. The structures contained
several graphene layers with curvature and dimensions
indicating a tubular form. Figure 3 provides a TEM image of
a region with SiC particles coated with MWCNTs (experiment
2). Figure 4 provides enlarged images of the MWCNTs from
Figures 2 and 3. The observed graphene layers and
nanostructures were measurably larger (>3 nm vs the initial
∼1 nm of the nanobuds) as heating duration increased, several
graphitic layers appeared to roll onto themselves. It is possible
in our experiments that the imaging electron beam provides

some additional heat, which aids nanostructure formation;
however, this temperature contribution is negligible in
comparison to that of the MEMS heating apparatus.
After heating was concluded in experiment 1, the sample

temperature was decreased to 30 °C. The MWCNTs remained
intact on the SiC sample surface. Approximately 9 days later,
we performed postheating characterization at room temper-
ature but noticed that the MWCNTs were absent from surface

Figure 1. (Left) HRTEM image of a SiC sample grain acquired at 1050 °C (experiment 2), with fullerene-sized hemispheres coating the surface.
(Right) Enlarged image of the region bounded by white rectangle in left image. Hemispherical structures ∼1 nm diameter are indicated by white
arrows. The inset shows a state-of-the-art TEM image of C60, indicated by a black line, reproduced with permission from ref 24. Copyright 2004
Elsevier. Note that the image here and that of ref 24 are virtually identical.

Figure 2. High-resolution TEM image of a 3C-SiC sample grain
(center) acquired at 1050 °C (experiment 1). The surface of the grain
has a surface coated with MWCNTs, indicated by white arrows. The
MWCNTs are several nm in length/width. The inset shows a state-of-
the-art TEM image of a MWCNT (approximately 10 nm in
diameter), reproduced with permission from ref 26. Copyright 2012
American Physical Society. The similarity is striking.
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locations where they had previously been observed. Also, the
SiC grains had a noticeable decline in the size of the crystal.
Figure 5 shows TEM images of a SiC sample before and

after prolonged MEMS heating. Experiment 2 reproduced
similar nanostructures as in the first experiment, where
MWCNTs coated the SiC sample (Figures 2, 3, and 4).
After the sample was cooled to ambient, the MWCNT coating
decreased in size and order, suggesting both amorphization
and removal of material occurred under prolonged exposure to
the electron beam.

■ DISCUSSION
The synthesis of carbon nanostructures via thermal decom-
position of SiC (including the 3-C polytype used in this

experiment) is a well-documented phenomenon (see, e.g., refs
27, 21, and 28). During the initial thermal decomposition, the
silicon vapor pressure exceeds that of carbon.29 Si atoms
consequently leach from the SiC crystal, leaving a residual layer
of epitaxial graphene for every three SiC bilayers decomposed
via this process. Because the graphene growth depends on
sublimation of Si from the crystal, the pressure conditions
surrounding the crystal affect the growth rate, quality, and
initial growth temperature of the epitaxial graphene. Ultrahigh
vacuum (UHV) conditions provide a faster graphene growth
rate at the expense of lower graphene quality,29 while higher
pressures (in an argon environment) provide slower growth
and higher graphene quality.30 However, studies of SiC
thermal decomposition are typically concerned with electronics
manufacturing, which uses chemically etched wafers with as
few surface defects as possible in pressure conditions ranging
from atmospheric to UHV.28 In comparison, the few available
studies of SiC thermal decomposition in which defects occur
on the surface show that they aid in the formation of graphene
layers.28,31

At higher temperatures, SiC can continue to decompose past
the formation of epitaxial graphene, with transformation of the
graphene layers into carbon nanobuds/nanocaps. During the
initial formation of carbon nanobuds, the epitaxial graphene
layer undergoes a distortion, where the initial six-membered
rings of the graphene are rearranged into five-membered rings
at the area of nanobud curvature and seven-membered rings at
the nanobud/graphene layer interface.22 The initial nanobuds
have approximately the diameter of C60

22,16 and, to the limit of
measurement techniques, are indeed this molecule. Nanobuds
form via SiC decomposition in conditions including ultrahigh
vacuum (UHV), O2, and H2 atmospheres.23,32,33

In the final phase of SiC thermal decomposition, the
previously formed carbon nanobuds act as nucleation sites and
grow into carbon nanotubes (CNTs).22 Graphene layers which
have at this point formed below the surface layer distort,
creating multiwalled tubes. Note that the previous nanobuds
are single-walled. The CNTs, like the nanobuds they formed
from, grow perpendicular to the SiC crystal surface. CNTs
formed via this process are capped on the ends and exhibit the

Figure 3. High-resolution TEM image of 3C-SiC sample grains
acquired at 1050 °C (experiment 2). The surface of the SiC particle is
now coated with MWCNTs, indicated by white arrows. As with
experiment 1, the imaged MWCNTs are several nm in length/width.

Figure 4. (Left) Enlarged image of select MWCNTs from Figure 1 (experiment 1). (Right) Enlarged image of select MWCNTs from Figure 3
(experiment 2).
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“zigzag” chirality.34 Prior experimental studies of CNT
formation typically use chemically etched SiC wafers, as
epitaxial nanotubes are of interest in electronics manufactur-
ing.21,22

Our experiment analyzed this thermal decomposition
process on smaller SiC crystals than those used in prior
studies. Our smaller crystals have more surface curvature,
which appears to aid in the distortion of formed graphene,
preferentially creating CNTs on the surface. The CNTs
formed in this experiment are shorter in length than those
formed by Kusunoki et al.21 (∼4 nm vs ∼12 nm); however,
that experiment used YAG laser heating and achieved higher
temperatures than the capabilities of our MEMS chip (1700 °C
vs ∼1100 °C). This previous work suggests that higher
temperatures may form even larger CNTs than observed in
this study. Also, the MWCNT formation was not seen in the
work of Bernal et al.,16 where 150 keV Xe bombardment and
heating to 1000 °C was used. Under the vacuum conditions of
the HF5000, CNT formation occurs above 1000 °C, and
prolonged heating above this threshold forms larger,
increasingly ordered structures.
Refractory grains are well-known to condense out of the hot

gas near the stellar photosphere during mass loss in evolved
stars, primarily on the AGB but also in very massive,
hypergiant stars (e.g., refs 20 and 37). SiC grains are
commonly formed in carbon-rich circumstellar envelopes, as
supported by observations17 and meteorite studies of presolar
grains.18 Such grains can experience destructive processing on
the latter part of the AGB, when thermal pulses, created by
helium-shell flashes, generate shock waves in the extended
stellar atmosphere which propagate into the envelope.38

Further grain processing occurs in the PPNe phase, when
much faster winds impact the slower moving remnant AGB
shell, with velocities ∼100−200 km s−1.39 Also, the stellar
temperature increases for PPNe, generating significant UV
radiation which may also thermally process the grains. Toward
PPNe, the v = 1−0 vibrationally excited lines of H2 near 2 μm
were observed, which are clear shock indicators.40 These lines
are not observed in AGB stars but become visible in the PPNe
phase. The presence of vibrationally excited H2 indicates gas

with T ∼ 1000−2000 K (e.g., ref 41), comparable to what is
achieved in the lab experiments. Such shocks can also include
the impact and implantation of ions onto grain surfaces (e.g.,
refs 42 and 43). Dust temperatures of ∼1200−1600 K have
been observed in TP-AGB stars, post-AGB objects, and
planetary nebulae (e.g., refs 44−47). In these sources, the hot
dust components are thought to arise from recent, energetic
mass loss, an inherently nonequilibrium process, such that
equilibrium cooling has not yet been achieved.
The largest currently known interstellar molecules are the

fullerenes C60 and C70. While C60 is comprised of 60 carbon
atoms, its diameter is 0.7 nm.24 The MWCNT structures
formed in this experiment, several times the size of C60 and
with multiple walls, may easily exceed 1000 carbon atoms.
Because SiC is a common solid-state circumstellar material,
verified by decades of both mm-wave/IR astronomy and
present as presolar grains in meteoritic material, any organic
molecules formed epitaxially on the surface is a major concern
to understanding chemical complexity in the ISM. Figure 6

Figure 5. (Left) SiC grain before MEMS heating, indicated by a white arrow (experiment 2). (Right) The same SiC grain imaged during MEMS
heating at 1050 °C, indicated by a white arrow. The dimensions of the SiC sample rapidly diminished at 1050 °C. The white squares in each panel
represent the same area dimension.

Figure 6. Illustration of relevant nanostructures that may populate the
ISM, starting with 3C-SiC, leading to graphene, C60, and CNTs.
Image adapted with permission from this work, ref 16, ref 35, and ref
36. Copyright 2022 American Chemical Society, copyright 2019
American Astronomical Society, copyright 2015 Wiley-VCH, and
copyright 2002 Royal Society of Chemistry, respectively.
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provides a cartoon illustration of the relevant nanostructures
that might populate the ISM, also observed in these
experiments. Carbon nanotubes are known to have high
stability to radiation, and fullerenes are able to survive for
potentially Gyr time scales when adequately shielded.48,49

After the discovery of interstellar C60, other fullerenic
molecules were proposed as additional DIB carriers.50 One
theory for the DIB carriers are large carbonaceous molecules
with high stability under interstellar conditions.50 Carbon
nanotubes are known for near-perfect optical absorption
properties and are used to create some of the darkest synthetic
materials.51 CNTs also have long lifetimes in high-radiation
environments,48 as mentioned, making them excellent
candidate carriers of the diffuse interstellar bands (DIBs).52

Of these hundreds of unassigned DIB absorption features, a
few have been attributed to C60

+,6 which we also have
proposed is possibly formed by SiC thermal decomposition.16

Planetary nebulae are responsible for the majority (∼80%) of
material ejected into diffuse gas, linking the post-AGB
environment to the DIBs.53

■ CONCLUSIONS

Presolar SiC grain analogs with the 3C polytype were heated in
situ and characterized by high-resolution TEM. Both “bucky-
ball” structures and MWCNTs were synthesized via thermal
decomposition of the SiC sample and imaged. The resulting
MWCNTs exhibited sizes of ∼3 to 4 nm in length, and ∼3 to 4
nm in width, larger in size than buckminsterfullerene (C60).
The largest imaged MWCNTs are comprised of >4 layers of
graphitic carbon, with a lattice spacing of ∼0.36 nm. These
nanostructures are estimated to contain over a thousand
carbon atoms and were found to be removable from the SiC
sample surface. We hypothesize fullerenes, nanotubes, and
other nanostructures are likely formed by heating circumstellar
SiC dust in post-AGB environments and then survive injection
into the ISM through the PN phase. These structures have a
strong possibility of being responsible for the many
unidentified diffuse interstellar bands (DIBs) and may contain
a significant fraction of the interstellar carbon.
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