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Abstract

We present experimental evidence under low-dose conditions transmission electron microscopy for the unfolding of
the evolving changes in carbon soot during mechanical milling. The milled soot shows evolving changes as a func-
tion of the milling severity or time. Those changes are responsible for the transformation from amorphous carbon to
graphenes, graphitic carbon, and highly ordered structures such as morphed graphenes, namely Rh6 and Rhé-Il. The
morphed graphenes are corrugated layers of carbon with cross-linked covalently nature and sp?- or sp*-type allo-
tropes. Electron microscopy and numerical simulations are excellent complementary tools to identify those phases.
Furthermore, the TEAM 05 microscope is an outstanding tool to resolve the microstructure and prevent any damage
to the sample. Other characterization techniques such as XRD, Raman, and XPS fade to convey a true identification of
those phases because the samples are usually blends or mixes of the mentioned phases.

Background

Research in the discovery of carbon nanostructures
(CNs) have resulted in two nobel prices: one for the
fullerene [1, 2] and the second one for the graphene [3,
4]. These and other CNs are carbon allotropes with
nanoscale dimensions (e.g., nanotube, nano onions, etc.
[5, 6]). Graphene and the nanotubes are the most inter-
esting when compared to other CNs due to its poten-
tial in a wide variety of applications that are derived by
its physical properties [7-9]. Thus far, the reported CNs
are sp2 bonded, except for diamond that is sp3 [10, 11].
CNs are complex in nature and require sophisticated/
dedicated manufacturing infrastructure with rather
unfortunately low yields (mg/h) [3, 8, 12-16]. These
technological limitations have delayed the true industri-
alization and commercialization of CNs. Most CNs are
relatively good conductors (band gap = 0 eV) except for
graphene and diamond that may be considered the best
conductors (thermal and electrical) ever discovered [3,
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4, 17-19]. Some CNs have shown narrow band gaps in
doped (<0.53 eV) [20-23] or in zigzag nanotubes [24,
25]. One of the newly identified phases (Rh6) is a natural
semiconductor that makes it unique and worth research-
ing it. We envision that this phase has great potential for
electronic and optical applications.

Identification of carbon allotropes is quite complicated
due to the large variety of carbon phases and the pro-
nounced effects of even subtle morphology changes as in
the twisted layer graphene [26, 27]. The characteristics of
the morphed graphenes have been previously predicted
numerically [28] and more recently we have proposed
their existence [29]. However, there is still a great discrep-
ancy regarding the morphed graphenes (Rh6 and Rhé6-1I).
Here is where the use of electron microscopy becomes
important since there should not be any beam-induced
damage to the sample so that the genuine crystalline
structure and atomic arrangement can be preserved.
Additionally until now, the yield of those phases is rather
limited and they are normally blends. This combination
makes their detection and identification with Raman or
other characterization methods (e.g., XRD, XPS, etc.)
rather complicated. In the past, those phases have been
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misidentified as nanodiamonds [30]. Sophisticated ab ini-
tio simulations have been carried out to make sure that
our findings are correct [29]. We synthesize those struc-
tures in a green, friendly, solid-state process [31-33].

Experimental

Our raw material is the fullerene soot or leftover byprod-
uct from the Kratschmer method [2]. The raw material is
a commercial product called fullerene soot which is a con-
sequent leftover material once fullerene is extracted [2]. In
this work, batches of 2 g have been milled using a SPEX
8000 M mixer/mill. The milling times have been varied
from O to 50 h using hardened steel media. Milling times
of 50 h or more can contribute to ~2 wt% Fe contamina-
tion. Fe is removed using a super magnet and an acid wash
(1 hin 6 M HNOs) in an ultrasonic bath followed by an
ethanol wash. The acid procedure is repeated 5 times.

The characterization includes an X-ray diffraction
(XRD), Raman, and high-resolution transmission elec-
tron microscopy (HRTEM). The HRTEM is carried in the
TEAM 05 tool located at NCEM-LBNL California under
low-dose conditions. The dose rate is normally reduced
by using the monochromator attached to the microscope,
in order to shift the beam without introducing any sort of
aberrations, to less than 200 e /A’ for single images and
to around 20 e~/A%s for images in focal series.

A focal series consists of 40 images taken with an expo-
sure time of 1 s and at different focus settings; between
each image, there is a waiting time of approximately 1 s.
Thus, the total dose in a focal series reaches approximately
800 e~/A2. Such a dose is sufficiently low to prevent dam-
age as a result of beam sample interaction in this investi-
gation. The TEAM 0.5 has been used at 80 kV and aligned
to reach a C3 (Cs) aberration coefficient of —0.015 mm
with a focus spread of approximately 10 A. A normal
alignment of the TEAM 0.5 has been done by keeping
aberrations such as C1, Al, A2, B2, A3, S3, A4, D4, B4,
C5, and A5 within the confidence limits of measurement
and keeping C3 at the specified value. The conditions have
been earlier tested in different materials including gra-
phene [34-36] to image the genuine atomic arrangement
of the sample by preventing any damage and keeping the
required resolution of the investigated material.

Results

The CNs phases that we can produce include graphene,
graphitic carbon, Rh6, and Rh6-11. The synthesis evolu-
tion from amorphous carbon to the morphed graphenes
is summarized as follows: amorphous soot (raw), gra-
phene (2-3 layers), graphitic carbon (4-10+ layers),
and morphed graphenes (Rh6 and Rh6-1I). We are well
familiar with amorphous soot and graphene; however,
here we will focus on the morphed graphenes that are the
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product of cold welding during milling [37]. The patent of
our process is currently in process [38].

The most intriguing observation is the existence of a
morphed structure of Rh6-1I type. While the morphing
from graphene to Rhé6 preserves the sp®> bonding, the
one to Rh6-II rotates the existing bonds and makes new
ones thus changing the bonding character from sp? to sp?
(Fig. 2). The development of this transformation sponsors
the sp3 bonding that has been monitored using XPS. The
content of sp3 in the raw soot is approximately 4.2 wt%
and it increases to 18.25 wt% sp® bonding in a sam-
ple milled for 20 h of milling. Based on the XPS results,
we have an approximate ratio between sp®> and sp® of
4.5:1. Some of the sp” belongs to the amorphous carbon
and part of the sp® is attributed to dangling bonds; per-
haps ~4.2 wt% sp® or slightly more is measured in the raw
sample. We attribute this increase in the sp> bonding to
the change in nature of the carbon during the morphing
from the graphene structures into the non-graphitic or
Rh6-1I1. Yet, there is a critical time (e.g., 20 h) that allows
to maximize the presence of sp® and after that it decays.

On a final note, we need to mention that we have the
evidence of the first CNs that has a morphing mechanism
from sp2 to sp3. A feasibility to detect them using Raman
spectroscopy is of paramount importance. Unfortunately,
the amounts that we have obtained thus far do not allow
us to obtain clear spectra of either phase (e.g., Rh6 or
Rh6-1I). Therefore, the Raman spectra for the pure phases
cannot be resolved due to overlapping of the Raman
bands. We have simulated (ab initio using CASTEP) the
Raman active modes for Rh6 and Rh6-II structures and
compared to preliminary results. Therefore, we have
presented experimental evidence for morphed graphene
nanostructures in which the carbon—carbon bonding is
predominantly sp2 (Rh6) or sp3 (Rh6-1I) type.

Results and discussion
Figure la, b shows HRTEM and bright field images of
the raw material (soot) with two main characteristics:
the amorphous nature of the soot and the clustering of
the soot particles. The XRD spectra of soot show a single
reflection at similar d-spacing as that for graphite (002).
However, we do not attribute this reflection to the typical
ABAB stalking in the “c” direction for graphite because
our results using the Scherrer method [39, 40] demon-
strate that the soot has a grain size of 0.69 nm. This grain
size is near that of a single lattice of graphite [30, 41-43].
Therefore, the soot particles are short-range ordered
structures and this can be confirmed with the electron
microscopy results (Fig. 1a).

Since there are no other observable reflections of
graphite in XRD or the FFT-SAEDP (Fig. 1a), we pro-

posed that the soot has limited order in the “c” direction
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Fig. 1 Characterization of the raw carbon soot by means of TEM a using HRTEM, b bright field, € XRD, and d Raman Spectroscopy
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and no order in the “a” directions. Raman spectroscopy
supports the XRD results (Fig. 1d) by the intense D band
in the soot. The D band is typical of nanosized or amor-
phous carbon. The G band suggests a graphitic structure
and the weak 2D band indicates that the honeycomb
structure is only short range. This combination of fea-
tures is common in carbon structures with limited order.
Samples were milled from 1 to 50 h and their character-
ization results were carried out to illustrate the structural
changes that occurred in the materials. The main goal is
to identify the effect of milling during the synthesis of
this new allotrope. In our previous work we reported the
existance of those structures [30, 41, 42, 44—46] based on
diamond-like polytypes known as 2H and 4H in [47] that

are proposed numerically. Here we present the analysis
of samples where we show the evidence that these are
new carbon nanostructures and should not be confused
with neither diamond nor graphitic structures. Instead,
we identify them as new nanostructures of carbon that
are morphed stacks of graphene and therefore we name
them morphed graphene.

Figure 2a shows the XRD results of the samples milled
up to 30 h. In this figure, we can observe from the XRD
a series of reflections that do not correspond to single
phases; instead, a blend of all the nanostructures are
embedded in an amorphous mass. Therefore, only a lim-
ited number of reflections are clear and thus the XRD
results only allow a limited characterization of the carbon
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Fig. 2 a Experimental XRD results for the milled soot from 1 to 30 h, b experimental Raman results for the samples milled up to 50 h. (c and d)
ab initio simulated Raman Spectra and respective atomic distributions for Rh6 (e) and Rhé-Il (f) structures
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nanostructures. One of the major findings corresponds
to the reflection originally observed at 24.85 (20) degrees
and after a short milling it shifts to 26.3 (20) degrees. We
cannot interpret this change as an instrumental “shift” A
closer inspection shows that the graphitic reflection wid-
ens with short milling times and becomes extinct after
2 h of processing. This phenomenon is followed by the
development of the new reflection at 26.3 (20) degrees,

which is non-graphitic. The respective d-spacings for the
new reflections are between 0.34 and 0.358 nm. These
reflections are typical of the (110) planes for the morphed
graphenes (Rh6 and Rhé6-1I) [29]. The Rh6 and Rhé6-II
structures were first proposed numerically [28] and later
on, we demonstrated their existence [29]. In Table 1 are
given the experimental results for the d-spacing for each
plane as well as the respective simulated values.
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Table 1 Identification of phases using the FFT-SAEDP from the images presented in Fig. 6
Particle/FFT-SAEDP i i iii

(nm) (hki) (nm) (hkl) (nm) (hkl)
1 0.309 (101 0.164 11) 0332 (002)
2 0.179 (220) 0.238 (101) 0.162 (004)?
3 0.154 (31-1) 0.134 (401)° 0.108 (006)?
4 0.136 (21-2) 0217 (300)
5 0.226 (20-1)
6 0.115 (330)

The results correspond to the phases known as (i) Rhé, (ii) Rhé-11, and (iii) graphene

@ Second-order reflections that are not observed in the ab initio simulations

In Fig. 2b, the Raman spectra for the milled samples
for different times are presented. Within short times
(0.5-2 h), the 2D band develops, implying that graphene
and/or graphitic carbon are still present. Further mill-
ing times fade away the well-developed 2D band. The
structure of the samples milled for longer times is hard
to identify by Raman due to the lack of clarity on the
changes, except for features that are present below the
900 cm ™. Those features are of interest because graphitic
structures are not active in those ranges. In our ab initio
simulations for the Rh6 and Rhé-1I (Fig. 2c, d) structures,
it is observed activity in those regions.

Atomic resolution microscopy and HRTEM are man-
datory in this work in order to unfold the characteristics
of the as-milled phases. In the following we present the
results of low-dose transmission electron microscopy
made in the TEAM 05 microscope. The TEAM 05 is
selected for this work in principle due to its high stability
and development to prevent beam damage by reducing
the electron beam dose rate with the use of the integrated
monochromator.

Samples milled for less than 2 h are expected to be
graphitic, particularly rich in graphene, and this is
demonstrated by the results of XRD and Raman spec-
troscopy. In Fig. 3, the HRTEM results of the samples
milled for 30 min (Fig. 3a) to 2 h (Fig. 3b) are presented.
In the shorter times, double layers (Fig. 3a) of graphene
with d-spacing of 0.33 nm that is comparable to values
reported previously are identified [3]. Longer milling
times sponsor further cold welding of the graphene lay-
ers, transforming it into graphitic structures of 4-5 gra-
phene layers (Fig. 3b). Both structures are quite evident
by HRTEM. The background in those samples is amor-
phous carbon, comparable to that observed in the raw
soot. Figure 3c shows a phase image after an exit wave
reconstruction procedure with 40 images at different
defoci. A blend of phases can be observed in small sec-
tions of the sample, with layered graphene being parallel

and perpendicular to the beam. Interestingly, little to no
evidence of morphed graphene can be found in the Fou-
rier transform (FFT, Fig. 3d) of the image in Fig. 3c. Lat-
tice parameters in the range of 0.197, 0.21 nm and 0.401
nm can be deduced from the FFT.

The XRD simulations carried in this work were made
with the intention of identifying the exact planes having
constructive interference as per the Bragg’s Law (Fig. 4).
The crystal structure corresponds to trigonal cell with
group number 166 and group name R3M. The struc-
ture cell parameters for the Rh6 phase are as follows:
a=6902A,b=6902A,c=347 A, a =90", f = 90",
y = 120°. For the RH6-I], the cell group is the same 166
with the same name R3M, and the respective structure
cell parameters are as follows: a = 7.012 A, b=7.012A,
c=2509 A, a =90°, B =90°, y = 120°. Examples of the
models for each structure are given in Fig. 2 and the sim-
ulated XRD are given in Fig. 4. One of the mayor findings
among the Rh6, Rh6-I1 structures, and the graphite is the
first reflection that appears at similar locations; however,
there are differences that can be better identified using
HRTEM with resolutions as the TEAM 05. The results
of the simulations are in agreement with the behavior
observed in Fig. 2a by the reflection at 0.338 nm. This
reflection decreases in intensity and after 2 h of milling
until the constructive interference of this reflection extin-
guishes. After that milling time, a new wide reflection is
observed at approximately 0.356 nm. This new reflection
is attributed to a mix of the (101) and the (110) planes for
the Rh6 and Rhé6-1I structures, respectively. It is possible
that this reflection includes the remains of the graphitic
structure.

The DFT calculations were performed on the ab ini-
tio plane-wave pseudopotential code CASTEP [48]. The
GGA was used to account for exchange and correlation
in the Perdew—Burke—Ernzerhof (PBE) form [49]. Both
atom positions and the unit cell were relaxed to mini-
mize the atomic forces and the total energy, such that
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Fig. 3 HRTEM images of carbon soot milled for short times, in a the presence of double-layer graphene and b multi-layer graphenes with up to

5 graphitic layers. The dose rate in use is 197 e /A for a pixel size of 0.01883 nm and ¢ phase image after exit wave reconstruction procedure.
Carbon soot milled for short times, showing the presence of layered graphene parallel and perpendicular to the beam. A focal series of 40 images is
used; the dose rate in each case is 55 e~/A%s for a pixel size of 0.01883 nm. d FFT of phase image in (c). @ Measurement of lattice parameters on FFT

Fig. 4 ab initio simulated XRD for the graphite, Rh6, and Rh6-Il struc-
tures. The d-spacing along with the respective miller indices for each

reflection are included in the figures

forces were converged to 0.001 eV/A and stress residual
to 0.002 GPa. A plane-wave cutoff of 310 eV was used,
and Brillouin-Zone integrals were performed using
a 4 x 4 x 10 Monkhort-Pack grid [50]. The Raman

spectra for all the carbon polymorphs were obtained
from CASTEP package using norm-conserving pseu-
dopotentials (energy cutoff 310 eV) and the PBE-GGA
exchange correlation functional.

Longer milling times (>2 h) increase the number of lay-
ers of graphene transforming the graphene into graphitic
carbon. However, at that point the identification with
Raman and XRD is no longer simple. The collage pre-
sented in Fig. 5 has as a main intention to show a large
area where we can demonstrate the abundance of the
mentioned phases such as graphene and more impor-
tantly morphed graphenes. This figure helps in two ways:
in the first one, it offers a large area with clearly defined
particles. The graphenes are layered structures, while the
morphed graphenes are rather crystalline. The second
important aspect of this image is to show the large abun-
dance of the morphed graphenes. For further evidence
of the differences among those particles, we strategically
selected an area where we have both morphed graphene
and graphene particles and it is further analyzed and pre-
sented in Fig. 6.

Three different areas/particles have been analyzed in
Fig. 6. They are selected on the basis of their crystalline
appearance. They are abundant in the as-milled products
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Fig. 5 Collage showing a large area with a distribution of morphed
graphenes (Rh6 and Rhé-Il) particles. The area identified with the
dotted rectangle indicated the approximate region where the analysis
in Fig. 6 was performed

which is evident in the added image (Fig. 6a). The area
observed in Fig. 6b has three domains which are ana-
lyzed separately using a Fast Fourier Transformation
(FFT) analysis in the Digital Micrograph® software. The
FFT-SAEDPs are used to confirm the d-spacing with a

Fig. 6 Magnified section of Fig. 5 (collage of a large area). Here,
domains of graphene and morphed graphenes that were analyzed
independently for the regions (i, ii, and iii) are shown. The analyses of
(1), (if), and (iii) correspond with Rh6, Rhé-Il, and graphene, respec-
tively, as shown in Table 1

higher statistics than direct measurements on specific
areas along the particles. In other words, measuring
the d-spacing in the FFT-SAEDP is more accurate and
recommended. Each of the small roman numbers cor-
responds to a particle that is identified in Table 1. The
particles identified as (i), (ii) belong to phase RH6, while
area (iii) to Rh6-II. This identification is conducted based
on our results and the d-spacing that is compared to the
ab initio simulations for the XRD spectra.

The reflections from the FFT are matched against
those d-spacing and miller indices as per the ab initio
simulations. The experimental results are compared in
Table 1. In Table 1, , the first two (i and ii) of the three
selected particles belong to the Rh6 phase and the third
one belongs to Rh6-1I. The respective miller indices are
provided within the table along with their respective
d-spacing. It is important to point out that the reported
d-spacing was measured directly over the FFT diffraction
pattern to improve accuracy and the values were further
confirmed measuring directly on the HRTEM images.
The results can be compared to those in Fig. 4. Addi-
tionally, the identified reflections in (iif) are secondary
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reflections, it means they are repeated planes diffract-
ing at the respective locations. This information is used
here as example to show the uniqueness of each of the
particles. In addition, this allows us to demonstrate that
the non-graphitic structures (seen as crystalline regions
in Fig. 6) are not graphite or graphitic carbon and each
one is different in nature. Furthermore, the presence of
the crystalline areas is not limited to the spot analyzed in
Fig. 6a. Instead, we show in Fig. 5 a large number of loca-
tions with the crystalline areas.

Figure 7 is used to confirm further the above-men-
tioned points along with the proper identification of the
morphed graphenes. In this figure, we show the images
for the different selected regions (i, ii, and iii) from Fig. 6
with their corresponding FFTs and their respective

Page 8 of 12

zone axis indexed diffraction pattern. Image and dif-
fraction pattern simulations are based on data provided
by Wang et al. [27]. MacTempassX and CrystalKit X are
used to simulate images in the TEAM 05 microscope for
the corresponding experimental conditions as well as to
determine the expected diffraction patterns and atom
configurations for selected orientations, respectively.
The following are the TEAM 05 experimental conditions
and used for simulation 80 keV, Cs = —0.015 mm, focus
spread 10 A, divergence 0.10 mRad, Cs5 = 5.5, lens aper-
ture 1.251/A. The resulting simulations are presented in
Figs. 7 and 9.

Figure 7 shows the experimental images of each
involved area together with an inset showing the
image simulation for a defocus setting near 0 nm. The

insets in the HRTEM images are ab initio simulations

Fig. 7 The (a, b, ¢) HRTEM images presented herein correspond to the (i, i, and iii) locations in Fig. 6. The second column is the respective FFT-
SEADP and the third one is the indexed pattern with its zone axis. The images are for the morphed graphenes, a Rh6, b Rh6-Il, and ¢ graphene. The
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corresponding FFTs are also shown, they have been used
to determine the corresponding zone axis and for phase
identification. The small insets in each experimental
image clearly match the image features for the selected
defocus setting. This is possible only for the selected
phases and the respective crystalline structure and zone
axis, allowing phase identification in these particu-
lar areas. In this manner, area (i) is identified as a result
of observation along a zone axis near [021] as the RH6
phase. Results for area (ii) are given in Fig. 7b; here the
nearest zone axis is along [—1—14]. This is a zone axis
rather close to a high symmetry axis in the structure of
Rh6 but slightly tilted away. The magnification of the
image still allows observing a network of columns in two
directions but with rather small spacings between them.
The image simulation in this case has been done for the
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precise [—1—14] orientation and only straight bars are
obtained.

Figure 7c shows the results for area (iif). In this case,
the zone axis is determined to be [1] for the phase RH6-
II. The image simulation is overlapped on the filtered
experimental area (iif) image to improve the quality and
ease the comparison. Filtering the IFFT-HRTEM image
helped demonstrating the almost perfect match between
experimental and simulated results. Filtering only
involves removing low frequencies in the FFT.

The simulations presented in the insets of Fig. 7 are
the results of the atomic arrangements expected for the
two phases, Rh6 and Rh6-II. They are shown in Fig. 8
for the different zone axes involved. Figure 8a, e and i
shows the atomic arrangements for the three different
areas under analysis, they correspond to the phases Rh6

nmand () 033 nm,B=[1—1-1]

Fig. 8 Atom arrangement and simulated images for the corresponding areas (i, ii, and iii) in Fig. 6. The images (a—d) correspond to area (i), (e-h) for
area (if), and (i-) for area (iii). The images (a, e. and i) show a circle with two lines highlighting the d-spacing that are in agreement with experimen-
tal images and XRD results. The following are the respective values along with the zone axis for each area a 0.24 nm, B =[021]; € 0.21,B = [—1—14]
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(Fig. 8a, e) and Rh6 II (Fig. 8i). Three different character-
istic interplanar spacings are indicated by parallel lines,
i.e., 0.24 nm (Fig. 8a), 0.21 nm, (Fig. 8e), and 0. 33 nm
(Fig. 8i). Furthermore, three different simulated images
are given in Fig. 8 for each of the involved selected areas
as a function of defocus conditions. Figure 8b—d shows
the results for the zone axis [021], and Fig. 8f-h for the
orientation [—1—14] of the phase RH6 in areas (i) and
(ii) of Fig. 6. Correspondingly, Fig. 8j—1 shows the simu-
lated images for the zone axis [1] of phase RH6-ii. The
defocus conditions in all cases are —30, 20, and 70 nm
starting from the top image for each series. Neverthe-
less, the critical part with no doubt is that the simulated
images match well to the actual experimental images
as presented in the superimposed insets in the HTEM,
shown in Fig. 7. The identified match in the experimen-
tal and simulated images allow us to conclude the exist-
ence of the morphed graphenes and the identification of
two different phases (Rh6 and Rh6-1II) in the investigated
samples.

The existence of the morphed structure Rh6-II is
quite novel due to its bonding rotation from sp? to sp?,
which is further confirmed with XPS. The percentage of
sp? decreases from 95 to 81 wt% for the raw and milled
products, respectively. At the same time, the presence
of sp® increases from 4.2 wt% sp3 to 18.2 at% sp3 for the
raw and milled soot for 20 h. After that the abundance
drops to 8.7 wt% sp3 in the sample milled for 50 h. The
XPS results detect up to 0.7 at% Fe for samples milled up
to 20 h, which is a contamination caused by wearing of
the milling media. The contamination after 50 h of mill-
ing increased to approximately 3 wt%. What we can learn
from the XPS results is that the presence of sp> bonds
increases with milling times, which we attributed it to an
increase in Rh6-I1.

In Fig. 9 is presented another image where combination
of phases is observed. This is important evidence because
we can observe two particles developing from the same
one. We believe that highly deformed graphenes devel-
oping for transform into the morphed graphenes start-
ing by the corrugated layers followed by the switch from
the sp2 to the sp3 bonding. Figure 9 shows the result of a
procedure of exit wave reconstruction (using 40 images
at different defoci and the software package Mac Tem-
pas®), i.e., it is a phase image that gives atomic species
and lattice spacings with improved resolution as com-
pared to normal interference direct experimental images.

This is important evidence because we can appreciate
a particle that is breaking into two new ones. We believe
that highly deformed graphenes are the initial state to
develop morphed graphenes. In Fig. 9 are identified three
regions as (i), (if), and (iii) with their respective FFTs. In
the three regions, we measured the d-spacing directly
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Fig. 9 Mixture of graphitic carbon, Rhé, and Rhé-II structures
observed under low-dose HRTEM. The characteristic reflections
identified in the inset correspond to graphene with d-spacings; the
respective structures in (i), (if), and (iii) are graphitic carbon, Rh6, and
Rhé-1l. The inset is the FFT of the entire image

over the image and we identify the following values: (i)
0.359, (if) 0.35, and (iif) 0.337 nm. The d-spacing can also
be determined using the FFT (inset) for the reciprocal
distances (1), (2), and (3) with the following results: 0.363,
0.354, and 0.332 nm. From both measurements, we can
conclude that the values from each approach are close
confirming their differences. Using the values reported in
Fig. 4, we conclude that the d-spacings are for the planes
(110), (101), and (002) for the corresponding Rh6-11, Rhé,
and graphitic structures. The d-spacings in 4a and 4b are
0.20 and 0.218 nm, which are the perpendicular distance.
Based on this evidence, we conclude that the plastic
deformation during milling sponsors the transformation
of graphene into Rh6 and then at higher levels of defor-
mation Rh6 may transform into the Rh6-II structure.
Nevertheless, the development of a phase such as Rhé ii
does not have to depend on a sequence but rather on the
bonding and thus on the very different possibilities that
a highly aleatory processing such as mechanical milling
can offer.

The same d-spacings and differences were measured
with conventional HRTEM images and XRD, conlclud-
ing that in order to achieve the right accuracy to interpret
the results, we needed an instrument with higher reso-
lution. Here is where the resolution on the TEAM 05 is
key because it is clearly evident that the fine differences
among the results presented could not be resolved with
conventional instruments.
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Conclusions

We have presented the HRTEM evidence under low dose
for conventional structures of carbon (graphene and gra-
phitic carbon) as well as the newly identified carbon
nanostructures known as morphed graphenes. The use of
atomic resolution TEM is of paramount interest because
it is the only characterization tool available to distinguish
the differences among Rh6 and Rh6-II. The nanostruc-
tures have been predicted previously and some features
are identified using Raman, XRD, and XPS, but neither of
those methods has been capable of proving the existence
of the aforementioned phases. Here a complementary set
of experimental and numerical tools is used to clearly
demonstrate the presence of the two morphed graphene
phases and their uniqueness when compare to graphene
or other carbon allotropes. Furthermore, electron micros-
copy investigations in low-dose conditions are key to allow
a thorough characterization of the morphed graphenes,
while preserving them in damage-free condition (intact).

Authors’ contributions

HAC carried the HRTEM, simulations, discussions, analysis of results and manu-
script preparation. AO sample preparation and characterization. IEG sample
preparation and characterization. VGH Raman characterization, simulations,
discussions and analysis of results. FAR simulations, analysis of results, FCRH
ideas, experiments, sample preparation, analysis of results, and manuscript
preparation. All authors read and approved the final manuscript.

Author details

! Departamento de Fisica, ESFM-IPN, Ed. 9 Instituto Politécnico Nacional
UPALM, 07738 Mexico D.F, Mexico. 2 Department of Mechanical Engineering
Technology, University of Houston, Houston, TX 77204-4020, USA. 3 Centro

de Investigacion en Materiales Avanzados, CIMAV, Miguel de Cervantes

120, 31109 Chihuahua, Chih., Mexico. * Texas Center for Superconductivity
and Department of Mechanical Engineering, University of Houston, Houston,
TX 77204, USA.” Instituto Mexicano del Petréleo, Eje Central Lazaro Cardenas
Norte 152, Mexico, DF 07730, Mexico. ©® Center for Advanced Materials, Univer-
sity of Houston, Houston, TX 77204, USA.

Acknowledgements

IEG thanks the CONACYT support under project 169262. VGH work was sup-
ported by the State of Texas through the Texas Center for Superconductivity
(TcSUH) at the University of Houston. HACB wishes to acknowledge the use of
electron microscopes at NCEM of the Molecular Foundry (Lawrence Berkeley
National Laboratory), which was supported by the Office of Science, the Office
of Basic Energy Sciences, the U.S. Department of Energy under Contract No.
DE-AC02-05CH11231. HACB also acknowledges CONACYT (Grant 129207 and
148304) and IPN (COFAA).

Competing interests
The authors declare that they have no competing interests.

Received: 16 March 2016 Accepted: 5 August 2016
Published online: 22 August 2016

References
1. Kroto, HW, et al.: C60: buckminsterfullerene. Nature 318(6042), 162-163
(1985)

2. Kratschmer, W, et al.: Solid C60: a new form of carbon. Nature 347(6291),
354-358 (1990)

3. Geim, AK, Novoselov, KS.: The rise of graphene. Nat. Mater. 6(3), 183-191
(2007)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 11 of 12

Novoselov, K.S,, et al.. Electric field effect in atomically thin carbon films.
Science 306(5696), 666-669 (2004)

Umadevi, D, Sastry, G.N.: Molecular and ionic interaction with graphene
nanoflakes: a computational investigation of CO2, H20, Li, Mg, Li +, and
Mg2 + interaction with polycyclic aromatic hydrocarbons. The Journal of
Physical Chemistry C 115(19), 9656-9667 (2011)

Shenderova, O, Brenner, D., Ruoff, R.S.: Would diamond nanorods be
stronger than fullerene nanotubes? Nano Lett. 3(6), 805-809 (2003)
Warner, JH, et al.: Graphene fundamentals to applications, 1st edn.
Elsevier, Amsterdam. p (2013). 450

Choi, W, Lee, J-w.: Graphene: synthesis and applications. Nanomaterials
and their applications. CRC Press, Boca Raton. xv, p. 347, 8 p. of plates
(2012)

Guldi, D.M,, Martin, N.: Carbon nanotubes and related structures: synthe-
sis, characterization, functionalization, and applications. Wiley, Weinheim
(2010). 539

Ferrari, A.C, Robertson, J.. Raman spectroscopy of amorphous, nanostruc-
tured, diamond-like carbon, and nanodiamond. Philos Trans A Math Phys
Eng Sci 2004(362), 2477-2512 (1824)

. Dresselhaus, M.S,, Jorio, A, Saito, R.: Characterizing graphene, graphite,

and carbon nanotubes by Raman spectroscopy. Ann Rev Condens Matter
Phys 1(1), 89-108 (2010)

Eizenberg, M., Blakely, J.M.: Carbon interaction with nickel surfaces—
monolayer formation and structural stability. J Chem Phys 71(8),
3467-3477 (1979)

Li, X.S, et al.: Large-area synthesis of high-quality and uniform graphene
films on copper foils. Science 324(5932), 1312-1314 (2009)

Berger, C, et al.: Ultrathin epitaxial graphite: 2D electron gas properties
and a route toward graphene-based nanoelectronics. J Phys Chem B
108(52), 19912-19916 (2004)

Stankovich, S, et al.: Synthesis of graphene-based nanosheets via chemi-
cal reduction of exfoliated graphite oxide. Carbon 45(7), 1558-1565
(2007)

Sadler, G, Chappas, W, Pierce, D.E.: Evaluation of e-beam, gamma- and
X-ray treatment on the chemistry and safety of polymers used with pre-
packaged irradiated foods: a review. Food Addit. Contam. 18(6), 475-501
(2001)

Pop, E., Varshney, V., Roy, AK.: Thermal properties of graphene: fundamen-
tals and applications. MRS Bull. 37(12), 1273-1281 (2012)

Novoselov, K.S,, et al.: Electric field effect in atomically thin carbon films.
Science 306(5296), 666669 (2004)

Shirafuji, J., Sugino, T.: Electrical properties of diamond surfaces. Diam.
Relat. Mater. 5(6-8), 706-713 (1996)

Molitor, F, et al.: Energy and transport gaps in etched graphene nanorib-
bons. Semicond. Sci. Technol. 25(3), 034002 (2010)

Stampfer, C, et al.: Energy gaps in etched graphene nanoribbons. Phys.
Rev. Lett. 102(5), 056403 (2009)

Shemella, P, et al.: Energy gaps in zero-dimensional graphene nanorib-
bons. Appl. Phys. Lett. 91(4), 042101 (2007)

Son, YW, Cohen, M.L, Louie, S.G.: Energy gaps in graphene nanoribbons.
Phys. Rev. Lett. 97(21), 216803 (2006)

Hassanien, A, et al.: Geometrical structure and electronic properties of
atomically resolved multiwall carbon nanotubes. Appl. Phys. Lett. 75(18),
2755-2757 (1999)

Wildoer, JW.G, et al.: Electronic structure of atomically resolved carbon
nanotubes. Nature 391(6662), 59-62 (1998)

Wang, Y, et al.: Resonance Raman spectroscopy of G-line and folded
phonons in twisted bilayer graphene with large rotation angles. Appl.
Phys. Lett. 103(12), 123101 (2013)

Wang, Y, et al.: Four-fold Raman enhancement of 2D band in twisted
bilayer graphene: evidence for a doubly degenerate Dirac band and
quantum interference. Nanotechnology 25(33), 335201 (2014)

Wang, J-T, et al.: A new carbon allotrope with six-fold helical chains in
all-sp2 bonding networks. Sci Rep 4, 4339 (2014)

Calderon, H.A, et al.. Morphed graphene nanostructures: experimental
evidence for existence. Carbon 102, 288-296 (2016)

Fals, A.E, Hadjiev, V.G, Robles, FC.: Herndndez, Multi-functional fullerene
soot/alumina composites with improved toughness and electrical con-
ductivity. Mater. Sci. Eng., A 558, 13-20 (2012)

Estrada-Guel, I, et al.: A green method for graphite exfoliation using high-
energy ball milling. Microsc. Microanal. 21(S3), 615-616 (2015)



Calderon et al. Adv Struct Chem Imag (2016) 2:10

32.

33

34

35.

36.

37.

38.

39.

40.

Estrada-Guel, I, Robles-Hernandez, F, Martinez-Sanchez, R.: A green
method for graphite exfoliation Using a mechanochemical route. Materi-
als characterization, pp. 179-188. Springer International Publishing, New
York City (2015)

Estrada-Guel, I, et al.: A Green Method for Graphite Exfoliation, Effect of
Milling Intensity. Micros Microanal 20(S3), 1780-1781 (2014)

Kisielowski, C,, et al.: Real-time sub-Angstrom imaging of reversible and
irreversible conformations in rhodium catalysts and graphene. Phys Rev B
88(2), 024305 (2013)

Kisielowski, C,, et al.: Instrumental requirements for the detection of
electron beam-induced object excitations at the single atom level in
high-resolution transmission electron microscopy. Micron 68, 186-193
(2015)

Calderon, HA, et al.: Maintaining the genuine structure of 2D materials
and catalytic nanoparticles at atomic resolution. Micron 68, 164-175
(2015)

Gilman, PS., Benjamin, J.S.: Mechanical alloying. Ann Rev Mater Sci 13,
279-300 (1983)

Robles Hernandez, F.C., Okonkwo, A., Benavides D.H.A.C.: Synthesis of
effective carbon nanoreinforcements for structural applications. Houston
U.O. (ed), p. 38. USA (2014)

Cullity, B.D.: Elements of x-ray diffraction 2nd edn. In: Metallurgy and
materials, p 555. Addison-Wesley Pub. Co. xii, Boston, (1978)

Lavernia, EJ, Zhang, Z, Zhou, F: On the analysis of grain size in bulk
nanocrystalline materials via X-ray diffraction. Metall Mater Trans a-Phys
Metall Mater Sci 34A(6), 1349-1355 (2003)

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 12 of 12

. Fals, AE, Quintero, J., Herndndez, F.C.R.: Manufacturing of hybrid compos-

ites and novel methods to synthesize carbon nanoparticles. MRS Online
Proceed Librar 1276, 3 (2010)

Robles-Herndndez, F, Calderén H.: Nanostructured Al-Al4C3 composites
using C_Graphite or C_Fullerene as initial reinforcements. In: ICCE-16
Conference. Kungming (2008)

Fals, AE., Hadjiev, V.G, Hernandez, F.C.R: Multi-functional fullerene soot/
alumina composites with improved toughness and electrical conduc-
tivity. Mater Sci Eng Struct Mater Prop Microstruct Process 558, 13-20
(2012)

Robles Herndndez, F.C, Calderdn, H.A.: Synthesis of fullerene by spark
plasma sintering and thermomechanical transformation of fullerene into
diamond on Fe-C composites. In: MRS conference, MRS, Cancun (2010)
Fals, AE, Hadjiev, V.G, Robles, F.C.: Hernandez, Porous media reinforced
with carbon soots. Mater. Chem. Phys. 140(2-3), 651-658 (2013)
Santana, I.I, et al.: Fullerene-metal composites: phase transformations
during milling and sintering. Solid State Phenom. 172-174, 727-732
(20171)

Ownby, PD, Yang, X, Liu, J.: Calculated X-Ray-diffraction data for diamond
polytypes. J. Am. Ceram. Soc. 75(7), 1876-1883 (1992)

Clark, S.J., et al.: First principles methods using CASTEP. Z. Kristallogr. 220,
567-570 (2005)

Perdew, J.P, Burke, K., Ernzerhof, M.: Generalized gradient approximation
made simple. Phys. Rev. Lett. 77(18), 3865-3868 (1996)

Monkhorst, H.J., Pack, J.D.: Special points for Brillouin-zone integrations.
Phys Rev B 13(12), 5188-5192 (1976)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	HRTEM low dose: the unfold of the morphed graphene, from amorphous carbon to morphed graphenes
	Abstract 
	Background
	Experimental

	Results
	Results and discussion
	Conclusions
	Authors’ contributions
	References




