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A B S T R A C T

Carbon nanomaterials typically possess excellent mechanical properties, enabling them to withstand extreme 
physical environments. However, the response of different nanostructures under shear stress has not yet been 
experimentally investigated. In this study, we employ the rotational diamond anvil cell to apply pressure and 
shear to three carbon nanomaterials–graphene nanoplatelet, multi-wall carbon nanotube and C60 fullerene–and 
investigate their structure evolution using Raman spectroscopy and electron microscopy. Detailed analysis 
revealed that the materials exhibit distinct changes in their intrinsic structure. Specifically, defects and lattice 
distortion were introduced into graphene nanoplatelet, carbon nanotube broke down into curly graphene frag
ments, and C60 completely transformed into amorphous carbon. The most compelling discovery is the remark
ably high degree of amorphization process in C60 at room temperature, accompanied by an sp3 hybridization 
fraction reaching 20.84 %. Our results underscore the profound impact of shear stress on the stability of carbon- 
based nanomaterials, provide new insights into their mechanical behavior and potential limitation in practical 
application, and offer a strategy for regulating these materials which have the strongest covalent bonds.

1. Introduction

Carbon materials have long captivated researchers due to their 
exceptional physical properties. Graphene, for instance, boasts a 
Young’s modulus of approximately 1 TPa and an intrinsic strength of 
around 130 GPa [1]. Incorporating graphene into coatings has been 
shown to significantly enhance mechanical properties [2]. The epoxy 
resin composites with graphene and graphite exhibited varying degrees 
of improvement in Young’s modulus and tensile strength. Additionally, 
the graphene-epoxy resin composites demonstrated a superior ability to 
retard crack propagation [3]. Similarly, carbon nanotube (CNT) exhibits 
impressive toughness, capable of withstanding internal pressures up to 
about 40 GPa [4]. Calculations show that the C60 molecule can return to 
spherical shape after being subjected to high strain [5]. These studies 
underscore the significant potential of carbon materials in the field of 
structural applications. Further advancements in current methodologies 

to precisely manipulate these carbon materials could lead to the effec
tive utilization of them.

High pressure has been closely intertwined with the study of carbon 
materials. Earlier studies have gained detailed understanding of the 
behavior of graphite under high pressure. Approximately half of the π 
bonds converting to σ bonds has been found in compressed graphite at 
room temperature. Additionally, due to the extreme hardness of the new 
phase of graphite, shallow indentations were left on the diamond anvils 
[6]. Study have indicated that under high shear stress, 
few-layer-graphene may transform into disordered carbon nanoclusters 
and amorphous carbon [7]. A hexagonal carbon phase has been 
discovered in cold-compressed CNT at ~75 GPa, which can be quenched 
at ambient pressure. This phase was hard enough to leave significant 
cracks on the diamond anvil [8]. Chen et al. observed the formation of 
carbon nanoribbons in cold-compressed CNT [9]. For C60 fullerene, its 
changes under extreme conditions are also of great interest. Previous 
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reports have already provided evidence of the existence of an ultrahard 
phase in C60 under high shear stress [10–13]. Paracrystalline diamond 
has been synthesized by subjecting C60 to controlled high-temperature 
and high-pressure conditions [14]. At moderate pressure and tempera
ture, Zhang et al. found that C60 transformed into amorphous carbon 
that is both hard and tough, with a bandgap of 0.1–0.3 eV [15]. Recent 
studies on carbon have highlighted the critical role of high shear stress, 
suggesting that it can substitute for high-temperature treatment 
[16–18]. Understanding the behavior of carbon materials under extreme 
conditions, particularly high shear stress, is crucial for controlling them 
effectively. However, the shear responses of graphene nanoplatelet 
(GNP), CNT and C60 have yet to be directly compared in detail.

This study aims to fill the gap by employing a rotational diamond 
anvil cell (rDAC) to subject GNP, CNT, and C60 to high shear stress. By 
examining the structural changes using Raman spectroscopy and elec
tron microscopy, we seek to elucidate how shear stress influences these 
materials at the nanoscale. Such insights not only advance fundamental 
research but also pave the way for engineering applications requiring 
precise manipulation of the structure of carbon nanomaterials.

2. Materials and methods

2.1. Sample preparation

The structure of starting materials GNP (XFNANO), CNT and C60 
(Macklin Biochemical Technology) powders was checked using trans
mission electron microscopy (TEM). In the high resolution transmission 

electron microscopy (HRTEM) image of the pristine GNP, a distinct 
lattice fringe corresponding to the (001) of graphite is observed, with an 
interplanar spacing of approximately 0.335 nm (Fig. 1a) and a sheet size 
of 3–5 μm. The HRTEM image of the CNT, as shown in Fig. 1b, reveals 
that the nanotube walls consist of around 15 layers, with an interlayer 
spacing of approximately 0.338 nm. The HRTEM image and corre
sponding selected area electron diffraction (SAED) pattern show good 
crystallinity of the original C60 (Fig. 1c). High pressure and shear were 
applied to the three samples using an rDAC (Fig. 1d). The three samples 
were loaded into the sample chamber without any pressure transmitting 
medium. To minimize the introduction of dispersed impurities into the 
samples during torsion, which could affect subsequent characterization, 
we estimated the applied pressure by monitoring the Raman shift of 
stressed diamond anvil [19]. In the shear experiments, the samples were 
compressed to about 20 GPa, and one of the diamond anvils was rotated 
by 360◦ while maintaining a constant axial force. Each sample also 
underwent a control experiment where only pressure was applied and no 
rotation of anvil was operated. The shear process was completed in three 
steps, each with a rotation angle of 120◦. We have compiled the 
collected pressure data during the shear process in Fig. S1. When the 
samples were GNP and CNT, the pressure increased after rotation. 
However, for C60, the pressure decreased after rotation. Previous reports 
have mentioned the volumetric effect of C60 under high pressure, which 
we believe is the main reason for the pressure drop [20,21]. The uneven 
pressure distribution in the chamber indicated that the sample gener
ated significant friction with the anvil surfaces. Finally, all samples were 
decompressed to ambient pressure for further characterizations.

Fig. 1. HRTEM images of the original GNP (a), CNT (b), and C60 (c). Insets in (a) and (b) demonstrate the corresponding inverse fast Fourier transform results in the 
red boxes. Inset in (c) shows the SAED pattern of the C60 crystal. (d) A schematic of the core part of the rDAC set up. High pressure was generated by pressing two 
opposite diamond anvils against each other, and shear was induced by rotating the top anvil. Pre-indented stainless steel gaskets were used in the experiments. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Raman spectroscopy

Raman spectroscopy is one of the most efficient and widely used 
methods for nondestructive characterization of carbon materials. All 
Raman spectra were collected using the Renishaw inVia Raman system 
with a 532 nm excitation laser. Measurements were performed with an 
incident laser power below 0.4 mW to avoid sample damage or laser- 
induced heating effect. Due to varying stress states in the sample 
chamber of the rDAC, representative Raman spectra were collected at 
two different positions A and B. Position A is located at the center of the 
sample chamber, and position B is at the periphery, ~75 μm away from 
the center (Fig. S2). Line scans were performed along the diameter of the 
sample chamber.

2.3. TEM-electron energy loss spectroscopy (EELS)

Lamellae were cut from position B with smooth surfaces in the 
recovered samples (Fig. S3) using an FEI Versa 3D focused ion beam 
system for TEM observation. Prior to slicing, a layer of Pt was deposited 
on the sample surface as the protective coating material. The thickness 
of the lamellae was reduced to ~70 nm using the ion beam with low 
current to assure good quality of the TEM imaging.

TEM characterization was conducted on a Titan Cubed Themis G2 
microscope operating at 300 kV equipped with a Gatan Imaging Filter to 

enable electron energy loss spectroscopy to be performed.

3. Results and discussion

We initially analyzed the Raman spectra of the original samples, as 
illustrated in Fig. 2. The Raman spectrum of pristine GNP exhibits a peak 
at 1352 cm⁻1, commonly referred to as the D-band, whose intensity is 
related to defects in the sample [22]. A sharp G-peak can be clearly 
observed at 1580 cm⁻1, which is characteristic of the sp2 hybridized 
carbon atoms. Attached to the right side of the G-band is the D′-band 
observed around 1620 cm⁻1, whose intensity is correlated with that of 
the D-band, as it also originates from defects in the sample [15]. In the 
Raman spectrum of pristine CNT, a remarkably strong D-band can be 
observed, with its intensity exceeding that of the G-band, and the in
tensity of the D′-band is approaching that of the G-band. This indicates a 
very high density of defects within the CNT sample [23]. The strongest 
Raman peak of the original C60 at 1469 cm⁻1 is the Ag mode, which is 
caused by the longitudinal vibration of the double bonds between pen
tagons. For the uniaxially compressed samples, where the anvil was not 
rotated, both GNP and CNT exhibited minimal changes in their Raman 
spectra (Fig. 2a and c). Under high pressure, new covalent bonds may 
form between the layers of GNP and CNT, leading to weakening of the G 
band [6]. Our results confirm that this transformation is reversible 
below 20 GPa. In contrast, the Raman spectra of the C60 powders 

Fig. 2. Raman spectra of CNP, CNT and C60 fullerene recovered from high pressure of 20 GPa (a, c, e) and from high pressure of 20 GPa and shear (b, d, f). The black 
spectra represent the signals of the original samples, while blue and red spectra correspond to the signals from positions A and B within the sample chamber, 
respectively. The dashed lines and letter labels indicate the corresponding Raman characteristic bands. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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recovered from the same pressure display a notable weakening of the Ag 
mode signal (Fig. 2e). Additionally, the broader peaks associated with 
disordered carbon are observed at positions A and B. It has been re
ported that the Raman and XRD signals of C60 will weaken under 20 
GPa, due to the collapse of C60 molecules or the formation of new 
intermolecular covalent bonds [24–27]. These changes are not revers
ible after compression to 20 GPa. C60 may have undergone a partial loss 
of crystallinity due to compression. This also suggests that the C60 is 
relatively sensitive to pressure even without significant shear stress.

Subsequently, we analyzed the Raman spectra of the samples sub
jected to high shear stress. The GNP powders recovered from 20 GPa to 
360◦ of shear were examined using the same Raman measurements, as 
shown in Fig. 2b. Notably, the spectrum at position A still exhibits 
distinct but broadened D- and G-bands, indicating a reduction in crys
tallinity. However, at position B, the D- and G-bands become broader, 
and the F-band, associated with the vibrations of pentagon carbon rings, 
appeared at ~1450 cm− 1 [28]. This suggests a more significant structure 
alteration at the periphery of the chamber compared to the center. 
Comparison of the Raman spectra from positions A and B of the CNT 
powders before and after shear treatment is presented in Fig. 2d. It is 
clear that the spectra at both A and B positions have undergone sub
stantial changes, becoming markedly different from those of the pristine 
sample. The distinct features of the G-band and D-band are no longer 
observable, indicating a significant disruption of the original structure. 
The signal at A in CNT is similar to that at B in the sheared GNP, where 
the D- and G-band are nearly merged, resembling the characteristics of 
most disordered carbon. The signal at position B exhibited overall 
weaker intensity. However, for the C60 recovered from high pressure and 
shear, the Raman signals at positions A and B are identical. As shown in 
Fig. 2f, the sharp Ag peak is completely absent. Instead, the spectra at 
both positions A and B in the chamber display a similar broad hump 
ranging from 1000 cm⁻1–1700 cm⁻1, with no discernible peak features. 
This spectral shape is reminiscent of that observed in C60 quenched from 
12.5 GPa to 550 ◦C using large volume press, which is highly disordered 
carbon [15].

The point measurements of the aforementioned samples revealed 
significant variations in Raman spectra at different radial positions, 
corresponding to regions subjected to varying degrees of shear stress. To 
further illustrate the relationship between shear stress and structure 
changes, we performed line scans across the sample chamber, as shown 
in Fig. S2, with a step size of 5 μm. Tuinstra and Koenig originally 
established a relationship between the reciprocal of the crystallite size 
La, calculated from XRD data, and the intensity ratio of D-band and G- 
band (ID/IG) of Raman spectra. This relationship suggests that ID/IG is 
proportional to the proportion of "boundary" regions within the sample 
[29]. Subsequent studies have refined this understanding, indicating 
that La corresponds to the average distance between defects in 
graphite-like materials [30,31]. Despite differing interpretations in 
these studies, the ID/IG ratio is widely accepted as a reliable indicator of 
disorder in carbon materials. Based on this, we calculated the ID/IG ratio 
from the line scan data, with the results depicted in Fig. 3. It is evident 
that for both sheared GNP and CNT powders, the ID/IG ratio increases 
with the radial distance from the center, with GNP exhibiting a steeper 
gradient compared to CNT. For C60, the result presents a different 
behavior: its ID/IG ratio shows no correlation with the radius, remaining 
randomly distributed around a constant. During the rotation process, 
there was limited rotational shear at the center of the chamber, and the 
sample underwent pure translational shear at the edge of the chamber. 
Measurements of the pressure distribution within the sample chamber 
confirmed a radial pressure difference (Fig. S1). The uneven distribution 
of pressure together with the different shear stress states in the sample 
chamber led to the observation of different ID/IG ratios in the GNP and 
CNT. For C60, the process of collapse was dramatically enhanced by the 
introduction of extra amount of shear, which could be saturated for this 
transition when the anvil was rotated by 360◦. Therefore, the ID/IG of 
C60 remained constant across the sample chamber. This confirms its 

higher sensitivity to shear stress compared to the other two allotropes.
TEM characterization was used to further investigate the 

morphology and microstructure of the samples. The examination of thin 
sections provided detailed insights into the microstructure changes. For 
GNP samples quenched from 20 GPa, intact graphene layers were 
observed (Fig. S4). The measured interlayer spacing is 0.33 nm and 
consistent with the standard graphite interlayer spacing. CNT that had 
not been subjected to shear retained their intact fibrous structure, and 
the voids between the tubes were still observable (Fig. S5). For C60 
quenched from 20 GPa, crystallinity was partially retained (Fig. S6). 
After shear, GNP showed preferred orientation (Fig. 4a), CNT lost its 
tubular character (Fig. 4b) and C60 was converted into homogeneous 
disordered carbon (Fig. 4c). Subsequently, we analyzed the HRTEM 
images of the samples after shear. From the sheared GNP, numerous 
disordered nanoclusters were observed, with faults and folds between 
layers (Fig. 4d). In regions where the layered structure remained rela
tively intact, an interlayer spacing of approximately 0.35 nm was 
measured. This spacing is larger than the 0.33 nm interlayer distance of 
graphite under ambient pressure, indicating that lattice strain was 
introduced by shear. This observation is consistent with the Raman re
sults, suggesting that compression alone has a minimal impact on GNP, 
while shear stress plays a critical role in introducing defects and strain. 
The sheared CNT and C60 exhibited a distinct structure transformation. 
The previously fibrous structure of CNT was no longer discernible. The 
HRTEM image of the sheared CNT reveals that the tubular structure has 
disintegrated into curvy graphene fragments (Fig. 4e). The fast Fourier 
transform (FFT) analyses in Fig. 4d and e indicate that some clusters of 
sheared GNP and CNT still retain partly ordered and oriented features. 
However, for C60, it has transformed into an amorphous carbon state 
(Fig. 4f). The diffuse halo in the FFT patterns (inset) of selected areas 
confirm the overall amorphous nature of C60, further supporting the 
transformation observed in the Raman analysis. The SAED patterns for 
each sample over a larger area demonstrate that the microstructure 
characteristics revealed by HRTEM and FFT are quite common across 
extensive regions (Fig. S7).

Shear-induced diamondization in carbon materials has been previ
ously reported [16,18]. To investigate the sp2 to sp3 bonding transitions 
within our samples, we conducted EELS analysis. Fig. 4g presents the 
EELS spectra of standard graphite alongside those of the three sheared 
samples. In the high loss region, the features observed at 284 eV and 291 
eV correspond to transitions from 1s to π* and σ* states, indicative of sp2 

and sp3 bonding, respectively [32]. Notably, the EELS spectrum of the 
sheared C60 is smooth and lacks distinct features in the 285 eV–305 eV 

Fig. 3. The evolution of ID/IG across the sample chamber of GNP, CNT and C60 
recovered from high pressure and shear. The dashed straight lines are guide for 
the eye. (A colour version of this figure can be viewed online.)
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range, resembling typical amorphous carbon [33]. A more detailed ex
amination of the EELS spectra allows for a rough estimation of the sp2 

fraction in the probed regions [32–35]. Using standard graphite, which 
possesses 100 % sp2, as the reference standard, the sp2 fraction in the 
three sheared samples was estimated using equation (1). 

f = sp2 / ( sp2 + sp3)=
[
Is
π*

/ (
Is
π* + Is

σ*

)] / [
Ig
π*

/ (
Ig
π* + Ig

σ*

)]
(1) 

Where f is the fraction of sp2 in the sample, Ig
π* and Ig

σ* are the integrated 
intensities of the 1s→π* and 1s→σ* peaks in the standard sample, 
respectively, and Is

π* and Is
σ* are the integrated intensities of the 1s→π* 

and 1s→σ* peaks in our samples, respectively [32]. Detailed results can 
be found in Table S1, S2 and S3. It can be observed that the average sp3 

fraction of sheared GNP is about 5.71 %. Additionally, it reveals an 
uneven sp3 fraction across different positions. In some regions, the sp3 

fraction was calculated to be nearly zero, while in others it reached up to 
20.26 %. This indicates the formation of sp3 bonds between local carbon 
atoms, consistent with previous reports that observed diamondization in 
graphite under shear [16,17,36]. In those studies, the transition from 
graphite to diamond typically occurred through nucleation, resulting in 
significant spatial variation. For sheared CNT, the average sp3 fraction is 
about 15.95 %. In contrast, the sp3 fraction for C60 is approximately 
20.84 %. The sp3 fraction in C60 is higher and more uniformly distrib
uted. It may be due to the fact that the carbon bonds of C60 have strong 
buckling, which is more likely to form sp3 hybridization during the 
process of breaking and reformation, even at room temperature.

Our experiment transforms carbon with different precursor struc
tures into samples with varying degrees of disorder under extreme 
conditions. In GNP, the sp2 bonds are distributed within the graphene 
plane without any curvature. In CNT, a portion of the sp2 bonds is curved 
along the tube walls. In C60, the sp2 bonds are distributed along the 
surface of the spherical molecule, with curvature present in all di
rections around the molecule. The different degree of bond bending in 
these carbon materials, which has been considered as a source of strain 
in their geometry and actually changes the nature of the π orbitals [37], 
could cause their different response to shear stress, resulting in different 
degree of disorder in the recovered samples. In addition, the collaps
ibility of C60 further contributes to its extreme shear sensitivity.

Previous studies have found that these carbon materials exhibit 
superhard phases under high pressure, causing damage to diamond 
anvils [6,11,12]. In our shear experiments with C60, we also observed 

irreversible damage to the diamond anvils, with the appearance of 
pronounced ring cracks (see Fig. S8). Some studies on C60 have shown 
that the intermolecular distances shorten under high pressure, and when 
additional heat is applied, the molecules bond to form dense polymer 
structures. These polymers are believed to possess exceptional strength 
and hardness [38–40]. We share the same viewpoint as previous reports 
regarding the observed cracks in the experiment [11,12]. It indicates 
that C60 exhibits hardness comparable to diamond under high shear 
stress.

Recently, the preparation and tuning of amorphous materials for 
specific applications have become a focal point of research. Studying the 
formation mechanisms of amorphous materials could be significant 
because they have been proven to possess high strength and hardness. In 
some high-temperature and high-pressure experiments, C60 was used as 
the carbon source to synthesize amorphous materials with both good 
hardness and low crystallinity [14,15]. Our experiments also show that 
C60 is highly amorphous after shearing. These results suggest that the 
coupling of spherical molecules like C60 with shear may offer a new 
approach to preparing amorphous materials. Furthermore, sheared C60 
could be used as a precursor for the synthesis of nanopolycrystalline 
diamond [41].

4. Summary and conclusion

In summary, by direct and indirect structural characterizations, we 
have revealed the disordering behavior of GNP, CNT, and C60 fullerene 
subjected to high pressure and shear. Raman spectroscopy revealed that 
three samples exhibit different degrees of amorphization under the same 
rotation degree of diamond anvil, while the C60 is more sensitive than 
GNP and CNT. HRTEM images show that the structures of all three 
samples were damaged to varying extents after high shear stress treat
ment. Shearing introduced numerous defects into GNP, with layer faults 
and folds appearing between the graphitic layers with high lattice strain. 
The CNT decomposed into severely warped graphene fragments, with 
the fibrous structure completely destroyed. C60 was transformed entirely 
into uniform amorphous carbon. EELS spectra revealed that shear stress 
induced a noticeable fraction of sp3 bond in the carbon nanomaterials at 
room temperature. This change in carbon atom hybridization suggests 
that the formation of natural diamonds might be closely related to such 
processes. Our results highlight the shear-sensitive nature of carbon 
nanomaterials, provide insights into their mechanical behavior, and 

Fig. 4. Morphology and HRTEM images of GNP (a, d), CNT (b, e) and C60 (c, f) powders recovered from 20 GPa to 360◦ of shear. The white arrows represent the 
direction of the uniaxial compression. All images are taken from the section at position B of the sample chamber. Inset: corresponding FFT results in the blue boxes. 
(g) Representative EELS spectra of samples recovered from 20 GPa to 360◦ of shear. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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open new avenues for manipulating their properties.
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