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a b s t r a c t

Despite several theoretically proposed two-dimensional (2D) diamond structures, experimental efforts
to obtain such structures are in initial stage. Recent high-pressure experiments provided significant
advancements in the field, however, expected properties of a 2D-like diamond such as sp3 content,
transparency and hardness, have not been observed together in a compressed graphene system. Here, we
compress few-layer graphene samples on SiO2/Si substrate in water and provide experimental evidence
for the formation of a quenchable hard, transparent, sp3-containing 2D phase. Our Raman spectroscopy
data indicates phase transition and a surprisingly similar critical pressure for two-, five-layer graphene
and graphite in the 4e6 GPa range, as evidenced by changes in several Raman features, combined with a
lack of evidence of significant pressure gradients or local non-hydrostatic stress components of the
pressure medium up to z 8 GPa. The new phase is transparent and hard, as evidenced from indentation
marks on the SiO2 substrate, a material considerably harder than graphene systems. Furthermore, we
report the lowest critical pressure (z 4 GPa) in graphite, which we attribute to the role of water in
facilitating the phase transition. Theoretical calculations and experimental data indicate a novel, surface-
to-bulk phase transition mechanism that gives hint of diamondene formation.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The search for stable 2D diamond has gathered recent interest
due to the possibility of combining diamond’s distinguished
properties, such as superior hardness [1] and heat conduction [2],
to exotic new properties that may arise from the reduced dimen-
sionality. Its existence was first proposed over a decade ago [3] and
Martins), jingkong@mit.edu
different structures have been theoretically proposed ever since
[4e7]. In most structures, stability is achieved by surface func-
tionalization at the top and bottom surfaces [3,6,7], sometimes
called diamane [3] for bilayer, and diamanoïds for thicker layers [8].
Diamondene [9], another proposed 2D diamond structure, greatly
differs from those, being covalently bonded to chemical groups
only at the top surface while the bottom exhibits a periodic array of
dangling bonds. For a complete top surface-functionalization, this
structure is predicted to be stable upon pressure release and the
dangling bonds can be preserved if the substrate is chemically inert.
These unpaired electrons generate magnetism in diamondene, and
their periodic distribution gives rise to two spin-polarized bands,
making it an ideal platform material for spintronics [5,9].
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In this brand newand fast-moving field of 2D diamond research,
there are two main routes being explored for synthesis: high-
pressure compression and chemical functionalization of few-layer
graphene. On the chemical functionalization front, the strongest
indications of the existence of 2D diamond had been obtained from
Raman spectroscopy measurements of hydrogenated few-layer
graphene [8,10]. Recently, Bakharev et al. [11] provided
convincing structural evidence for the formation of diamane
through fluorination of bi-layer graphene. However, their samples
did not show any Raman feature of diamond, unlike the diamond
features observed for hydrogenated graphene in the work by Piazza
et al. [8]. Considering both works used similar excitation laser en-
ergies (in the visible range), such discrepancy indicates that there
are open questions regarding the properties of different 2D dia-
mond structures.

On the high-pressure front, most experimental indications of
the existence of 2D diamond have been obtained either by tip-
compression [5,7,12] or hydrostatic compression [9,13,14] of few-
layer graphene. Even though the aforementioned works reporting
on the tip-compression route provide significant advances in the
field, the resulting pressure-induced phase is spatially limited to
the size of the apex of the compressing tip, which limits potential
applications and makes it challenging to further assess the result-
ing structural properties. As a most reliable alternative, hydrostatic
compression using diamond anvil cells (DACs) allows for the
pressure-induced conversion of the whole flake, facilitating the
investigation of the material properties of the pressure-induced
phase and opening the possibility of obtaining stable structures
for practical applications. To date, there are only a few reports on
pressure-induced transformations in individual graphene films
using DACs [9,13,14], in contrast with the vast literature describing
high-pressure phases in room-temperature compressed graphite
[15e20].

Martins et al. [9], performed high-pressure Raman experiments
on CVD graphene samples, monitoring the bond-stretching G
mode’s frequency with laser energy. The G peak blueshifts for
higher excitation energy in a mixed sp2-sp3 system, whereas its
position is independent of the laser excitation energy in a pure sp2

system [21]. From those measurements, the authors observed a sp2

to sp2-sp3 phase transition at z 5 and 7.5 GPa in double-layer CVD
graphene for two samples when water was used as the pressure
transmitting medium (PTM). The transition was not observed for
single layer graphene compressed in water PTM or bi-layer gra-
phene compressed in mineral oil up to z 13 GPa. Those results
indicate that water facilitates the phase transition in graphene
systems with two or more layers, by reducing the critical pressure.
Indeed, tip-compression measurements also indicated a water-
assisted pressure-induced phase transition in graphene with two
or more layers [5] as well as in hexagonal boron nitride (hBN) [22],
being absent in dry conditions for both cases.

The proposed mechanism for this water-assisted pressure-
induced phase transition in graphene is that under high pressures,
water can provide the functionalization groups eH oreOH that can
bond to the top graphene layer, substantially decreasing the pres-
sure necessary to form inter-layer covalent bonds between the
carbon atoms [5,9], leading to the formation of diamondene. Such a
mechanism could explain the large discrepancy in critical pressures
observed for bi-layer graphene compressed in water (z 6 GPa) [9]
compared to tri-, tetra-, hexa-, and 12-layer graphene compressed
in Daphne 7373/Argon PTMs (z 20e30 GPa) [13,14].

In Ref. [13], the authors observed band gap opening accompa-
nied by transparency starting at z 30 GPa in tri-layer graphene
from electrical resistance and optical absorption measurements
[13], which they inferred that could be caused by a sp2-sp3 rehy-
bridization. More recently, the same group repeated the
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methodology to detect band gap opening in tri-, tetra-, hexa- and
12-layer graphene in the z 20e30 GPa range [14]. They associated
this transformation to the formation of an atomically thin hexag-
onal diamond. However, it is important to note that the claim was
based on experimental data obtained from x-ray diffraction (XRD)
measurements performed on graphene powder, which is a mixed
systemwith flakes of different thicknesses randomly stacked on top
of each other. Therefore, one cannot rule out the possibility that the
observed hexagonal diamond diffraction signal originates from
bulk structures formed upon coalescence of several flakes, or from
transformation of thicker graphite flakes usually present in gra-
phene powders. In fact, it must be pointed out that in-situ struc-
tural evidence of an isolated 2D diamond formed by compression of
isolated flakes via high-pressure experiments presents an enor-
mous challenge given the 2D nature of the samples and their low
atomic number.

From the combined information from these aforementioned
works, pressure-induced transparency and evidence of a sp3-rich
phase have each been reported individually in Refs. [13,14] and
Ref. [9], respectively. It is important to mention that even though
transparency could be an indication of sp2-sp3 phase transition, the
experimental techniques used in Refs. [13,14] do not allow to assess
the presence of sp2 and sp3 carbons, unlike Raman spectroscopy.
Evidence of increased hardness has been reported only by local
nano-indentation experiments in bilayer graphene on SiC [7], and
was not accompanied by further information about optical prop-
erties or spectroscopic signatures of the new phase. It is still
possible that the observed features in these works are uncorrelated
to a phase transition to a 2D diamond-like phase. Thus, the com-
bined properties expected from a 2D diamond-like structure, such
as sp3 content, transparency and hardness, have not yet been
observed in compressed graphene systems.

In this work, few-layer graphene samples on SiO2/Si substrate
are compressed in a water PTM. The first experimental evidence of
the formation of a quenchable pressure-induced hard, transparent,
sp3-rich 2D phase is provided from changes in the Raman spectra
and optical images upon compression as well as from indentation
marks on the substrate, as evidenced by atomic force microscopy
(AFM) measurments of the samples post-compression. For optical
measurements, we developed a new technique to consistently load
2D materials on SiO2/Si substrate into diamond anvil cells (DACs).
The Raman spectroscopy results indicate a surprisingly similar
critical pressure for two- and five-layer graphene, and also for thin
graphite (more than 20 layers) in the 4e6 GPa range, as well as the
lowest reported critical pressure (z 4 GPa) and pressure-induced
transparency (completed at z 7 GPa) in graphite, which we attri-
bute to the role of water in facilitating the phase transition. Mo-
lecular Dynamics (MD) and Density Functional Theory (DFT)
simulations show a surface-to-bulk phase transition mechanism
that starts with the inter-layer bonding of the top layers and then
propagates along the c axis with increasing pressure. Our experi-
mental data corroborates with this mechanism, giving hints of
diamondene formation at the onset of the phase transition.

2. Experimental details

2.1. Sample preparation - mechanically exfoliated graphene

High-pressure Raman experiments were performed on me-
chanically exfoliated graphene samples sitting on SiO2/Si sub-
strates. To prepare the samples, we developed a new method that
can be used to systematically load 2D materials and related heter-
ostructures into DACs, addressing a common bottleneck in high-
pressure experiments involving these types of systems.
Horseshoe-shaped trenches were etched through 25 mm-thick Si
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substrates covered with a 300 nm-thick SiO2 layer, as shown in
Fig. 1 (a). The graphene flakes were transferred onto the region
surrounded by the trenches, using a pickeup/transfer technique
[23]. Afterwards, the tiny (z 70 mm of diameter) SiO2/Si disk sup-
porting the graphene piece was cleaved and detached from the
SiO2/Si wafer using a sharp stainless steel tip, and the same tip was
used to bring the disk inside the DAC, as illustrated in Fig. 1(b). For
the Raman experiments, two samples were prepared using this
method: a bi-layer graphene, shown in Fig. 1(c), and a thin graphite
(much more than 20 layers) piece sitting next to a five-layer gra-
phene, both shown in Fig. 1(d).

The samples were compressed in the DAC using water as the
PTM, and all Raman spectra were acquired using a 532 nm excita-
tion laser wavelength [schematics shown in Fig. 1(e)]. Fig. 1(f)
shows the evolution with pressure of the first-order Raman-
allowed G band (z 1580 cm�1 in ambient pressure), and the two-
phonon Raman 2D band (z 2700 cm�1) [24] for the five-layer
graphene sample compressed in water PTM up to 18 GPa. The
strong Raman features at approximately 1330 cm�1 and below
2670 cm�1 correspond to a first and a second-order Ramanmode of
diamond, respectively, originated from the top diamond of the DAC.
The hydrostatic limit of water is an important issue to be addressed
in our experiment, and it will be discussed in detail along the text
and in the Supplemental Information.
2.2. Sample preparation - graphene powder

The graphene powder was prepared by liquidephase exfoliation
of natural graphite. The sample was centrifuged at 15,000 g. Sta-
tistical AFM analysis [49] was carried out over more than 4,000
flakes, and the results show that z 25% of the sample, in mass, is
composed of few-layer graphene flakes (less than 5 layers), z 35%
is composed of graphene platelets with thicknesses between 6 and
Fig. 1. Horseshoe method to load 2Dmaterials transferred onto SiO2/Si substrates into DACs.
etched through a 25 mm silicon sample coated with a 300 nm thermal oxide. Then, the 2D
transfer technique. (b) Illustration of the “breaking and loading” process. First, the silicon di
sample, until it cleaves. The sample/SiO2/Si is then picked up, and loaded into the gasket hol
bi-layer graphene (c) and five-layer graphene and graphite (d). (e) Schematic of the high-pr
and water PTM. At each pressure, the Raman spectra were acquired with a 532 nm laser e
ambient pressure, respectively) with pressure for the five-layer graphene sample compresse
and in the range of 2400e2670 cm�1 correspond to the first and second-order Raman mod
viewed online.)
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10 layers,z 26% is composed of platelets with thicknesses between
10 and 20 layers, and z 14% of flakes with more than 20 layers. In
fact, from the XRD data taken at ambient pressure, one can notice
that the G002 and G101 peaks from graphene are broad, an indi-
cation of a poor degree of crystallinity along c axis, as expected for a
powder composed of randomly stacked 2D flakes. To avoid the
presence of residual water content and reagents, the sample was
calcinated at 400 �C.
2.3. High-pressure Raman

Raman spectra were acquired using an alpha 300 system RA
from WITec (Ulm, Germany) equipped with a highly linear (0.02%)
piezo-driven stage, and objective lenses from Nikon (10 � ,
NA ¼ 0.3 for high-pressure measurements and 50 � , NA ¼ 0.55 for
room condition measurements). A diode pumped solid state
polarized laser, l ¼ 532 nm, was used. The incident laser was
focused with a diffraction-limited spot size (0.61l/NA), and the
Raman signal was detected by a high-sensitivity, back-illuminated
CCD located behind a 600 g/mm grating. The spectrometer used
was an ultra-high throughput Witec UHTS 300 with up to 70%
throughput, designed specifically for Raman microscopy. To avoid
damage due to sample heating, measurements were performed
with powers of approximately 3 mWand 9 mW for the 50 � and 10
� objective lenses, respectively.

High-pressure Raman measurements were performed with a
gas-membrane driven DAC, microScope DAC-HT(G), using Inconel
718 pre-indented (� 90 mm) gaskets. It is important to note that at
pressures below 3 GPa, the 2D peak partially overlaps with the
second-order Raman peak originated from the DAC’s diamond an-
vils. The pressure was monitored using the ruby’s calibration
method described in Ref. [50]. The spectra of G and 2D bands were
fitted with Voigt functions using the software PeakFit v4.12. The
(a) Optical image of a bi-layer graphene sample on a silicon disk. A “horseshoe” shape is
sample is transferred onto the center of the silicon disk via the standard pick up and
sk containing the sample is pressed with the tip of a needle, in a region away from the
e with the aid of a needle. (ced) Optical images of the samples inside the gasket hole of
essure Raman experiments. The sample was loaded into a DAC together with the ruby
xcitation line. (f) Evolution of the G and 2D bands (at z: 1580 and z : 2700 cm�1 at
d in water PTM up to 18 GPa. The strong Raman features at approximately 1330 cm�1

es originated from the top diamond of the DAC. (A colour version of this figure can be
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numbers of layers of graphene samples were determined by stan-
dardized principal component analysis (PCA) of the 2D band [51].

2.4. Experiments to confirm the indentation

The high-pressure compression of the four-layer graphene and
graphite on SiO2 substrate was performed with a Symmetric type
DAC, using stainless steel pre-indented (� 90mm) gaskets. The
pressure was increased to 8 GPa and kept at this pressure for 12 h,
after which the DAC was opened, the sample was recovered, and its
Raman spectra collected. No Raman spectrumwas acquired during
compression. Raman spectra were acquired after decompression
using a confocal microscope spectrometer (Horiba LabRAM HR
Evolution) in a backscattering geometry, with a 50 � objective lens
and 532 nm excitation laser source. The measurement was per-
formedwith a laser power of approximately 3mW to avoid damage
due to sample heating. The AFM topography measurement of the
recovered samples was performed with a Cypher S AFM Microsope
using an AC240TS-R3 cantilever from Oxford Instruments, with
resonance frequency at 70 Hz.

2.5. High-pressure x-ray diffraction

High-pressure XRD measurements were conducted at 16ID-B of
High Pressure Collaborative Access Team (HPCAT) at the Advanced
Photon Source (APS), Argonne National Laboratory, using a sym-
metric type DAC. The incident monochromatic x-ray beam, l ¼
0:40663 Å was focused down to 5e10 mm in diameter, and the XRD
patterns were collected by a Pilatus Area Detector. The XRD spectra
were analyzed using Matlab for background subtraction and
PeakFit v4.12 for Voight fit of the G002 peak.

3. Theoretical calculations details

In the MD simulations, performed with the LAMMPS [52] soft-
ware, atoms were treated as point particles interacting through the
AIREBO [53] potential. The H-functionalized five-layer graphene
was represented by 22,880 and 2,288 carbon and hydrogen atoms,
respectively, and boundary conditions were imposed in the in-
plane x- and y-directions. The time step was set to 0.25 fs. We
employed the Nos�e-Hoover thermostat [54] scheme to keep the
average temperature at 300 K. Additionally, the Nos�e-Hoover
barostat was used in order to allow for fluctuations in the lateral
(xy) box dimensions (external pressure set to 1 bar). The five layers
were placed in the AB-stacking, with a repulsive wall placed
immediately bellow the fifth layer. The pressure was applied to the
system by a moving piston modeled as a Lennard-Jones (LJ) wall,
initially placed 4 Å above hydrogen atoms, with energy and dis-
tance parameters of 1.0 meV and 3.0 Å, respectively. Simulations
were divided in two stages, the preparation and production ones.
The preparation stage comprised a structure minimization fol-
lowed by a temperature equilibration dynamic, inwhich the system
was linearly heated from 30 K to 300 K during 25 ps and kept at this
temperature for further 25 ps. In the first part of the production
stage (loading process), the distance between the piston and the
system was linearly decreased during 200 ps, leaving an average
graphene interlayer separation of 2.6 Å. Piston positionwas kept for
400 ps, and then returned to its initial position after additional 100
ps.

In the spin-DFT [55,56] calculations, we employed the SIESTA
implementation [57], making use of norm conserving Troullier-
Martins pseudopotentials [58] in the factorized Kleinman-
Bylander form [59]. The basis set was composed of double-zeta
pseudoatomic orbitals of finite range augmented by polarization
functions - the DZP basis set. The generalized gradient
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approximation (GGA) [60] was chosen to represent the exchange-
correlation functional. We performed integrals in real space using
a grid defined by ameshcutoff of 350 Ry, and the Brillouin zone was
sampled using a k-grid cutoff of 30 Å. The geometries were
considered optimized when the maximum force component (not
constrained) in any atom was less than 10 meV/Å. To mimic the
application of pressure, we employ a hard-wall constraint in the
lowest carbon atoms, which are not allowed to move in the nega-
tive z-direction, while a predefined force is applied in the oxygen
atoms of the eOH groups which functionalize the upper graphene
surface.

For the Young Modulus calculations, we applied strains up to 2%
in the zig-zag and armchair direcitons, and up to 2% in the calcu-
lations of the transverse Young modulus. The bulk modulus cal-
culations were performed by varying the lattice vectors up to
strains of 4% (in steps of 0.5%). The stacking orders were AB, ABB,
ABBB and ABCCB from bi-layer to five-layer diamondene,
respectively.

In the MD simulations, we chose hydrogen functionalization of
the upper graphene layer, since model potentials for CeH bonds are
well described in literature. First principles calculations can be
performed with either eOH andeH groups, rendering basically the
same results. We chose eOH to be consistent with similar models
reported in previous studies [5,9].

For plotting the LDOS of the dangling bonds in Fig. 3(b and c),
the Xcrysden program was used [61]. An isovalue of 0.01 was used
in Figs. 3(b) and 0.015 in Fig. 3(c).

4. Results and discussion

Fig. 2(aec) show selected Raman spectra of the compressed bi-
layer graphene, five-layer graphene and thin graphite, respectively,
measured at different pressures featuring the G and 2D bands.
Fig. 2(def) show the plot of the pressure-evolution of the G and 2D
band frequencies subtracted from their frequencies measured in
ambient conditions (DuG and Du2D, respectively). The data were
extracted from the Raman spectra of bilayer graphene, five-layer
graphene and graphite, respectively. Fig. 2(def) further show the
evolution of the full-width at half maximum of the G band, DGG.
Fig. 2(gei) show the ratio between 2D and G bands intensities,
I2D=IG, as a function of pressure, for the bilayer graphene, five-layer
graphene and graphite, respectively.

In the pressure range from 0 to z 6 GPa for bi-layer graphene,
from 0 to z 4 GPa for five-layer graphene, and from 0 to z 3 GPa
for thin graphite, we observe the expected strain-induced phonon
hardening [25], manifested through linear blueshifts of G and 2D
bands [26]. Also, in the same range of 0ez 6 GPa for bi-layer
graphene we observed that the linear shifts of G and 2D bands
occur without significant changes in their relative intensities or in
GG [27], whereas we observed a gradual decrease of 2D band in-
tensity and gradual increase of G band width for five-layer gra-
phene and thin graphite.

However, this trend suddenly changes at z 6 GPa for bi-layer
graphene and at z 4 GPa for five-layer graphene and thin
graphite. As can be seen in Fig. 2(a,d), between 6.05 and 6.35 GPa
the bi-layer graphene spectra shows a simultaneous abrupt G band
broadening and a redshift of 6.2 cm�1 along with a sudden drop in
the 2D band’s intensity and drastic 2D band’s redshift. Such
changes are highlighted in Fig. 2(d,g) by the black-dashed line.
Unlike the bi-layer graphene case, the experimental data obtained
from five-layer graphene and graphite do not demonstrate a clear
trend for a redshift in uG, although there are indications that similar
changes may have occurred. Between 3.3 GPa and 4.5 GPa, the G
band’s frequency of five-layer graphene changed from
1613.0 cm�1e1608.1 cm�1, a redshift of 4.9 cm�1 in a range of



Fig. 2. Phase transition evidence obtained from Raman spectroscopy. (aec) Selected Raman spectra at different pressures for (a) bilayer graphene, (b) five-layer graphene and (c)
graphite. G and 2D bands are indicated with * and Y, respectively. (def) Plots of the G (2D) band frequency and full width at half maximum subtracted from their values at initial
pressure, DuG (Du2D), and DGG, respectively, as a function of pressure for (d) bilayer graphene, (e) five-layer graphene and (f) graphite. The black-dashed lines indicate the critical
pressures of the phase transition, whereas the red-dashed lines indicate the end of the phase transition. (gei) Plots of the intensity ratio between the 2D and G band (I2D= IG) for (g)
bilayer graphene, (h) five-layer graphene and (i) graphite. Data from 2D band for bi-layer graphene between 0 and approximately 3 GPa was not included since 2D peak partially
overlaps with the second-order Raman peak originated from the DAC’s diamond window in this pressure range. (A colour version of this figure can be viewed online.)

L.G. Pimenta Martins, D.L. Silva, J.S. Smith et al. Carbon 173 (2021) 744e757
1.2 GPa. The redshift for the graphite flake is less pronounced and
occurred between 2.19 GPa and 3.33 GPa, with G band’s frequency
changing from 1588.3 cm�1e1585.7 cm�1. Furthermore, both
samples showed an abrupt broadening of G band at z 4 GPa, as
indicated by the black-dashed lines in Fig. 2(e and f), accompanied
by an increase in the uG vs P slope in the 4e7 GPa range. For the
graphite case, those changes were also accompanied by an abrupt
2D band’s suppression at z 4 GPa, while for five-layer graphene,
the 2D band’s intensity suppression occurred at z 7 GPa, as can be
seen in Fig. 2(h and i). Above 7 GPa, we observe a decrease in the uG
vs P slope and we no longer observe a considerable broadening of G
band for both five-layer graphene and graphite. Those changes are
indicated by red-dashed lines in Fig. 2(eei).

We now focus on understanding the origin of the observed
changes in the Raman spectra depicted in Fig. 2. A possible cause for
G band broadening could be the presence of pressure gradients or
local non-hydrostatic stress components from the PTM, that could
generate structural distortions in the graphene lattice. However,
even thoughwater becomes Ice VI atz 1 GPa and Ice VII atz 2 GPa
[28] at room temperature, related literature [28e30] as well as our
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own data show a lack of evidence of significant pressure gradients
or local non-hydrostatic stress components in water up to
approximately 8 GPa. Here we discuss the main points which are
relevant to our analysis. The detailed discussion on the hydrostatic
limits of water is presented in Section 1 in the Supplemental Ma-
terial. Piermarini et al. [29] investigated the hydrostatic limit of
water, among other PTMs, in DAC experiments using two methods:
by measuring the pressure at several different locations from ruby
crystals spread across the chamber, and by measuring the spectral
linewidth of the R1 fluorescence peak from ruby. From the first
method, they observed practically no pressure gradient up to
approximately 8 GPa in compressed water and a presence of a low-
pressure gradient of dPz 1 GPa from 8 to 14 GPa. From the second
method, they observed an increase in linewidth associated with
local non-hydrostatic stress components that is consistent with the
observations from their first method, with local non-hydrostatic
stress components of only 0.6 GPa at 9.2 GPa.

Our analyses of the linewidth of the R1 and of the difference in
peak position between R1 and R2 ruby fluorescence peaks support
those observations (see Fig. S1 in the Supplemental Material). The



Fig. 3. Evolution of the sp2esp3 restructuring process. (a) Snapshots of the MD simulation of a five-layer graphene systemwith increasing pressure. After formation of diamondene,
the process propagates to other layers through formation of interlayer covalent bonds. (b,c) DFT results with increasing applied force, also showing the Local Density of States (LDOS)
of the dangling bonds above Fermi level. Interestingly, a similar structure has been recently reported from hot-filament process of few-layer graphene [10]. In the last configuration,
the system is completely rehybridized, and the staking order is ABBBB. In the BB part of that stacking, the interlayer bonds are in an eclipsed conformation. (d) Band structure for the
complete sp3 configuration. Blue and yellow lines represent the two spin components. The system is a ferromagnetic semiconductor with a band gap of 0.88 eV. A magnetic moment
of 1 mB is associated with each primitive cell. (A colour version of this figure can be viewed online.)
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lack of pressure gradients in the 0e8GPa rangewas confirmed byan
additional high-pressureRaman experiment usingwater as the PTM
(see details in Section 1 of the Supplemental Material). Given that
the observed changes in the Raman spectra of the flakes occurred
below 7 GPa, such drastic changes can not be explained by possible
pressure gradients or local non-hydrostatic stress components from
the PTM. Moreover, if such changes were caused by structural dis-
order induced by the PTM, they should be more pronounced as the
non-hydrostatic stress components starts to appear, which happens
abovez8GPa. In fact, ourdata reveals an opposite behavior: G band
width becomes approximately constant and we no longer observed
deviations from the linear behavior in duG=dP above 7 GPa.

G band broadening and 2D band suppression could also arise
due to a differential compressibility between Ice VII and SiO2 sub-
strates, which would generate in-plane shear components that
could rip and cause structural distortions in the graphene lattice.
However, this situation is unlikely due to the remarkable resem-
blance between the differential compressibility between Ice VII and
SiO2 substrates in the 0e8 GPa range [31].

The sudden redshift of G band observed for the bi-layer flake
could in principle be associated with sample detachment from the
substrate. Filintoglou et al. [27] observed an abrupt decrease of the
G band’s frequency accompanied by a reduction of the pressure
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slope (duG=dP) in monolayer graphene compressed above 2 GPa,
which was attributed to graphene’s detachment from the substrate.
However, the main difference between our results and this previ-
ous work is that, in our case, the observed redshift in uG for bilayer
graphene was accompanied by an abrupt G band broadening and
2D band suppression, which was not observed in the work of Fili-
ntoglou et al. [27]. In Ref. [27] the G bandwidth and the relative
intensity of G and 2D bands do not change significantly during the
whole compression run.

Furthermore, the authors relate such redshift of uG and change
of (duG=dP) to graphene not being preferably adhered neither to
the substrate nor the PTM, with its mechanical response to
compression resembling that of a free-standing sample, thereby
explaining the reduced slope. Such mechanism should indeed not
change the G bandwidth or reduce 2D band intensity, since it only
changes the in-plane strain transfer from substrate to graphene,
therefore affecting the phonon frequencies and not necessarily the
lifetime. One could also associate the change of G band frequency
vs. pressure slope observed for five-layer graphene and graphite to
sample detachment. However, unlike the work of Filintoglou et al.
[27], we observed an increase in duG=dP, not a decrease, and it was
accompanied by a drastic G band broadening, which was not
observed in their work.



L.G. Pimenta Martins, D.L. Silva, J.S. Smith et al. Carbon 173 (2021) 744e757
All together, we observed several changes in the Raman spectra
of the flakes in the 0e7 GPa range. For bi-layer graphene, we
observed a simultaneous abrupt broadening and redshift of G band,
and 2D band suppression around 6 GPa. For five-layer graphene, we
observed an abrupt broadening around 4 GPa, followed by an in-
crease in G band frequency vs pressure slope above this pressure,
and eventual 2D band suppression at z 7 GPa. For graphite, we
observed a G band broadening at 4 GPa, followed by an increase in
G band frequency vs pressure slope and 2D band suppression above
4 GPa. Those changes in the Raman spectra of the flakes, combined
with the lack of indications of pressure gradients or local non-
hydrostatic stress components from PTM or shear components
induced by differential compressibility between Ice VII and SiO2,
provide strong indication of a sp2 to sp2-sp3 phase transition.

An increase in GG is considered a signature of structural phase
transitions in compressed graphite [16,32,33], and it is associated
with the formation of sp3 sites at the onset of phase transition [16].
For bilayer graphene, G band broadening occurs at approx. 6 GPa.
For both five-layer [Fig. 2(b,e)] and graphite [Fig. 2c,f], GG suddenly
broadens around 4 GPa, indicating the onset of a phase transition,
and remains relatively constant above 7 GPa, indicating a complete
transition. Intensity suppression of 2D band is another evidence of
phase transition. Because this Raman feature originates from
double-resonance mechanisms [24], its intensity is highly sensitive
to variations in the electronic and vibrational spectra caused by
structural changes [34].

The slope of G band’s frequency with pressure is associated with
the compressibility of graphene [26], which is mediated by the
strain transfer from the substrate [27,31]. As previously discussed,
sample detachment is unlikely and based on previous in-
vestigations, there are no indications of charge transferring from
the PTM affecting the pressure evolution of uG [27]. Therefore, the
observed changes in slope of G band frequency with pressure in our
data also provides additional evidence of phase transition. The
steep uG vs P slope observed for the thin graphite flake - when
compared to literature data - will be discussed later in the context
of the surface-to-bulk phase transition mechanism.

We emphasize that the evidence of phase transition from
Raman spectroscopy obtained for all samples occurred below
8 GPa. As previously discussed here and in Sec.1 of the Supple-
mental Information, literature data (Refs. [28e30]) as well as our
data on R1 linewidth of Ruby fluorescence peak and G band fre-
quencymeasured at different positions in a graphene powder show
no evidence of significant pressure gradients or local-non hydro-
static stress components in water PTM in that pressure range that
could explain such drastic changes. Furthermore, if such changes
were caused by non-hydrostatic components from the water PTM,
drastic changes for monolayer graphene compressed in water
should have also been observed in the same pressure range.
However in Martins et al. [9], the authors observed no significant
changes in the Raman spectra of monolayer graphene compressed
in water PTM up to 13 GPa: no G band dispersion with laser exci-
tation energy, nor changes in the linear behavior of duG= dP. The
observed G band broadening for that sample was likely caused by
strain and stress gradients from the flexible Teflon substrate.

Furthermore, in Martins et al. [9] the authors have detected
phase transition in bi-layer graphene (compressed inwater PTM) in
the same pressure range as in the current work, by measuring G
band dispersion with different laser lines. The fact that the laser
spot for the different laser excitation energies was placed at the
same spot in the sample, ruled out the possibility that the changes
were caused by non-hydrostatic behavior from the PTM since, if
that was the cause, the G bands frequency should be the same
regardless the laser energy. The fact that we observed increased
transparency correlated to changes in the Raman spectrum, as it
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will be later shown, further reinforces the evidence of phase tran-
sition. Lastly, as it will be shown later, the fact that we observed that
four-layer graphene and graphite flakes sink into the SiO2 after
compression, as revealed form AFM images (the samples were
compressed up to 8 GPa), could not possibly be explained by the
presence of non-hydrostatic stress components from the PTM.
Therefore, the Raman changes are associated with a phase transi-
tion and not from non-hydrostatic components from the PTM.

Above 8 GPa and between 15 GPa, where most of our data for 5-
layer graphene and graphite was obtained, a 1e2.5 GPa pressure
gradient from water PTM was reported by Piermarini et al. [29],
which is consistent with our estimated pressure gradient of approx.
1.5 GPa obtained from measurements of G band frequency at
different positions in the graphene powder (see Table S1 in the
Supplemental Information). Local non-hydrostatic stress compo-
nents in the 8e15 GPa range are in the order of approx. 1 GPa, ac-
cording to our analysis of the variation of the R1 peak width shown
for Experiment II in Fig. S1 in the Supplemental Information, which
agree with the value estimated by Wolanin et al. [30] of 1 GPa at
10 GPa, and 2 GPa at 20 GPa. In this latter work, apart from the
quantification, the authors identified the local stress component to
be uniaxial along the loading direction of the DAC, as explained in
Sec.1 of the Supplemental Information. The presence of these
components could have affected the Raman spectra in this pressure
range by causing further broadening of G band or changes in the
linear behavior of duG=dP. However, we observe quite an opposite
behavior: the G bandwidth remain relatively constant in the
8e15 GPa range for both 5-layer graphene and graphite, and we did
not observe a change in the linear behavior of duG=dP. Therefore, it
is likely that the value of such non-hydrostatic stress components
and their uniaxial direction are too small to cause significant
changes in the Raman spectra in pressure range covered in our
experiments.

It should be noticed that the persistence of the G band - a
signature of sp2 hybridization - through all compression range
provides clear evidence that the sp3 conversion is not complete.
However, previous investigations on pressure-induced phase
transitions in room-temperature compressed graphite, indicate
that the new phase is expected to present if not a full sp3 conver-
sion [32,35e37], at least a comparable number of sp2 and sp3 sites
[38]. The physical picture is that, upon compression, the formation
of one single sp3 bond triggers the reconstruction across the flake
through a cooperative phenomenon [39]. Therefore, a primarily sp2

phase with some sp3 sites is unlikely, and it is not consistent with
our results of transparency and hardness that will be shown later.
Our proposal goes the other way around: after phase transition,
there are still sp2 sites remaining inside a rehybridized sp3 matrix,
as indicated in Ref. [9]. According to DFTcalculations [5], a complete
sp3 conversion would require all carbon atoms from one sublattice
of the top layer to be covalently bonded to chemical groups such as
eH or eOH. However, it is unlikely that this requirement was met
under our experimental conditions due to the formation of ice
above z 1 GPa, which drastically reduces the mobility of water
molecules on the graphene’s surface. Moreover, remaining residues
from the polymer used in the transfer process may also have pre-
vented complete functionalization of the sample’s surface.

In fact, the extraction of in-situ direct evidence of crystalline sp3

carbon from high-pressure Raman spectroscopy measurements is
extremely challenging due to several reasons. First, considering
excitation in the visible range, the Raman cross-section for sp3

carbon is greatly reduced when compared to sp2 [8]. For instance,
the cross-section for bulk diamond at 514 nm is approximately 50
times lower than that of graphite [40]. One should expect an even
lower cross-section for an atomic thick diamond-like sample. Sec-
ond, the first order Raman peak from the diamond window of the
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DAC would overlap with an eventual first-order 2D diamond peak.
Nevertheless, the totality of information extracted from the Raman
spectroscopy data presented in Fig. 2 provides clear indications that
a sharp structural phase transition occurs at 6.3 GPa for bilayer
graphene, whereas for both five-layer graphene and thin graphite, a
transition occurs over the range from z 4 GPa to z 7 GPa. To the
best of our knowledge, 4 GPa is the lowest onset of phase transition
reported for room-temperature compressed graphite; the onset
usually ranges from 9 to 18 GPa [15e20] (see Table S2 in Supple-
mental Information). Moreover, as previously mentioned, the
pressure-induced phase transition observed for three-, four-, six-
and twelve-layer graphene compressed in either Daphne 7373 or
Argon PTM was approximately in the 20e30 GPa range [13], which
is considerably higher than the 4e7 GPa range obtained from
compression in water PTM, as reported here and in Ref. [9].
Therefore, by comparing the onset of the phase transition in gra-
phene systems compressed with water versus other PTMs, we note
that compression in water leads to a reduced critical pressure for
both few-layer graphene and graphite systems. Combined with
previous studies [5,9,22] the observation of such a reduced critical
pressure provides strong indication for the role of water in facili-
tating this phase transition.

Upon pressure release, the G band width returns to its approx-
imate initial value and the 2D band intensity is recovered for all
samples (Fig. S3), showing that the pressure-induced phase is
quenched. However, irreversible changes also occurred such as the
presence of strong and sharp defect-induced D and D0 Raman bands
[24] for most of the recovered samples (Fig. S3), their Raman
spectra resembling that of partially functionalized graphene [41].
Such changes are consistent with the presence of residual sp3

islands upon pressure release. DFT calculations on partially func-
tionalized structures (Supplemental Information in Ref. [5]) predict
stable structures upon pressure release, depending on the spatial
distribution of the chemical groups, while other configurations lead
to unstable structures. Therefore, for a random distribution of
chemical groups upon phase transition, it is possible that only some
regions will retain the sp3 configuration upon pressure release.
However, it is important to state that the possibility that the D and
D0 bands are activated by other sources of structural defects cannot
be ruled out.

To glean further insight into the experimental results, we carried
outMD simulations to dynamically follow the restructuring process
at a given temperature, and DFT calculations to study the stacking
order of the rehybridized structure and the interplay between
structural and electronic properties. Both theoretical schemes as-
sume a startingmodel of AB-stacked five-layer graphenewhose top
surface is covered with either eOH or eH groups. These are
assumed to originate fromwater molecules in reactions under high
pressures at the surface of graphene [5] (see details in Section 4 in
Supplementary Information), and play a fundamental role in both
the rehybridization and stabilization processes [42]. For simplicity,
we considered the ideal case of a complete coverage from sp3

groups to capture the phenomenology. The sp2 to sp3 phase tran-
sition is possible even for incomplete functionalization due to a
cooperative effect in which the formation of a single sp3 site in-
duces the sp2 to sp3 conversion in lines across the flake [5]. Such
incomplete functionalization of the top layer could generate
structures with coexisting sp2-sp3 regions, and this topic has been
addressed in Ref. [5].

Fig. 3(a) presents the profiles of three snapshots with increasing
pressure obtained from MD simulations, clearly showing the evo-
lution of sp3 bond formation. Under compression, the phase tran-
sition starts with the inter-layer bonding between the first two
layers, giving rise to diamondene. For the formation of covalent
bonds between diamondene and the graphene layer underneath to
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occur, the pressure needs to be further increased since the distance
between the layers is too large to allow for the rehybridization. In
this process, which we refer to as vertical propagation, the third
graphene layer displaces horizontally resulting in a transformation
from an ABA to an ABB three-layer stacking configuration (see
details in Sec. 5 in Supplemental Information).

The physical picture here is that for covalent bonds to be formed
between diamondene and the third graphene layer, the carbon
atoms of the third layer need to be displaced by one base vector so
that they will be aligned with the dangling bonds from the carbon
atoms of the second layer. A similar mechanism has been proposed
in Bakharev et al. [11], to explain why they obtained evidence of F-
diamane formation upon fluorination of AB bilayer graphene and
no evidence of its formation was obtained upon fluorination of tri-
layer ABA graphene.

Fig. 3(b and c) show the optimized geometries for two config-
urations with increasing applied force, obtained from DFT calcula-
tions. In agreement with the MD simulations, the diamondene
structure is initially formed with the underlying three-layer gra-
phene protecting the array of dangling bonds [Fig. 3(b)]. Next, by
increasing the applied forces, the sp2-sp3 process propagates
through the other layers, resulting in a completely rehybridized
five-layer geometry characterized by an ABBBB stacking, as shown
in Fig. 3(c). The BB part of the stacking corresponds to the crystal
structure of hexagonal diamond. The band structure corresponding
to the ABBBB stacking, shown in Fig. 3(d), preserves the main fea-
tures of diamondene, which are the localized states at the dangling
bonds leading to a pair of spin-polarized bands. This proposed
phase transition mechanism also includes the possibility of func-
tionalization on both top and bottom sides (see Section 6 in the
Supplemental Information).

Although our models employ an uniaxial pressure scheme,
justified by the huge difference between in-plane and out of plane
compressibility in graphene systems [16], our results can be
extended to the hydrostatic case. In fact, by anchoring a three-layer
graphene on a graphane substrate and applying periodic boundary
conditions in a calculation which includes a predefined hydrostatic
pressure, we found the same phenomenology (see Section 5 in the
Supplemental Information). However, since the diamondene lattice
constant (2.54 Å) is larger than that of graphene (2.49 Å), there is a
competition between the vertical and lateral forces: while the
former tends to induce the rehybridization, the latter makes the
process more difficult. As a result, the hydrostatic pressure tends to
slightly increase the critical pressure required for the transition.

Due to the importance of kinetic aspects, our DFTcalculations do
not aim to find the lowest energy configuration. Rather, given the
initial conditions (interaction between graphene and eOH groups),
our conclusion is that, in fact, mixed stacking orders are highly
likely. In a systematic investigation of this problem, Xie et al. [64]
have ascribed this hexagonal diamond order to a facile initial
nucleationmechanism, involving the existence of coherent sp2esp3

interfaces. Still according to their results, cubic diamond growth
should have a much slower kinetics and should be mixed with that
of hexagonal diamond.

The theoretical models show that compressing 5-layer graphene
in the presence of passivation groups such as eH or eOH, leads to a
surface-to-bulk phase transition mechanism. An in-situ detection
of CeH or CeOH bonds does not seem to be feasible given their low
Raman and infrared scattering cross-sections, added to a strong IR
absorption from water PTM and incompatibility of the DAC with
techniques such as X-ray photoelectron spectroscopy. However, we
obtained experimental indications of the occurrence of this
surface-to-bulk phase transition that further corroborates with the
role of water to drive the phase transition. For instance, the fact that
the onset of the phase transition is very similar for bi-layer
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graphene, five-layer graphene and thin graphite, indicates that the
onset does not strongly depends on the number of layers, being
consistent with a process that rather depends on the surface in
contact with water, initiating with the rehybridization of the top
layers.

The role of the stacking order of flakes in the vertical propa-
gation is discussed in Section 7 of the Supplemental Information.
The results from high-pressure Raman measurements on an un-
supported graphene powder (randomly stacked flakes) and un-
supported graphite flake (defined stacking), as well as from X-ray
diffraction data on the graphene powder - all samples compressed
in a water PTM - suggests that higher pressures are necessary for
the vertical propagation to occur for randomly-stacked flakes.
Furthermore, those experiments indicate that the asymmetrical G
band broadening after phase transition observed for some sam-
ples, (for instance, notice the G band shape for five-layer graphene
and graphite at 4.5 GPa in Fig. 2), could be explained by Raman
signals coming from the top sp2-sp3 and bottom sp2 regions
during the vertical propagation of the sp2 to sp3 reconstruction
(see Fig. S8 of the Supplemental Information). However, it is
Fig. 4. Evidence of pressure-induced transparency. (a) Optical images of the 5-layer grap
(0.9 GPa), the five-layer graphene is highlighted by the dashed ellipse, and the graphite flake
the formation of a yellow strip. With increasing pressure to 5.5 GPa, the yellow region spre
The yellow color remains only at the top-half region of the graphite flake, and its bottom-ha
color changing ends, and the flakes can no longer be seen. The subsequent color changes are
of graphite at different pressures. Notice that, from 7.1 GPa, the Raman peak from the silicon
the silicon peak measured on graphite (ISi;Gt) and on bare silicon substrate (ISi). (A colour v
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important to mention that different CeC stretching modes related
to CeH and/or CeOH functionalization [62,63] could also
contribute to G band shape asymmetry after the onset of phase
transition.

We now present the evidence of transparency and hardness and
discuss how some of the features observed in these measurements
can be explained by ourmodel. Fig. 4(a) shows optical images of the
sample inside of the DAC at different pressures. Starting around
4 GPa, a series of color changes occur in the graphite flake. We note
that possible causes of optical changes such as delamination of the
SiO2 layer, flowof the solid PTM, and proximity of the top anvil with
the sample should change the optical contrast over the whole sil-
icon disk. However, our observed optical changes are mostly
localized on the flakes. In fact, the optical changes in graphite are
precisely confined into the flake’s boundaries. The main evidence
that the optical changes are associated with structural changes in
the flakes and not with other spurious effects is the fact that they
are correlated with changes in Raman spectra, which we have
already discarded to be caused by PTM/substrate interaction-
related effects.
hene sample and graphite inside of the DAC at different pressures. In the first panel
is indicated by the arrow. At 4.5 GPa, a color change occurs in the graphite flake, with

ads over the graphite flake. At 6.4 GPa, the five-layer graphene flake turns transparent.
lf shows a color similar to the substrate - an indication of transparency. At 7.1 GPa, the
likely related to fractures on the substrate, damaging the SiO2 layer. (b) Raman spectra
substrate appears at approximately 550 cm�1. (c) Plot of the ratio between intensities of
ersion of this figure can be viewed online.)



Fig. 5. Indications of the formation of a hard 2D phase from optical images. Optical images highlighting the flake contours by black dashed lines before (left) and after (right, inside
red box) phase transition for five-layer (top row) and two-layer (bottom row) graphene. The silicon fractures are highlighted by the red-dashed lines in the panels at the right side.
(A colour version of this figure can be viewed online.)
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At 4.5 GPa, we have the formation of a yellow strip in graphite,
which coincides with an abrupt broadening of G band followed by
an increase in duG=dP as well as an intensity suppression of 2D
band above this pressure. Between 4 and 7 GPa we observed an
increase in G bandwidth and subsequent increase in uG vs P slope
for both five-layer graphene and graphite. In the same pressure
range, the yellow region spreads over the graphite flake, then
gradually turns to a color similar to the substrate - an indication of
increasing transparency. The five-layer graphene and graphite
flakes can no longer be seen at 6.4 GPa and 7.1 GPa, respectively.
Also, after 7 GPa, we no longer observe drastic changes in the
Raman spectra.

Thus, the optical changes shown in Fig. 4(a) are indications of
transparency. The actual proof is provided by the Raman signal
coming from the silicon substrate underneath the graphite flake
after 7 GPa, as shown in Fig. 4(b). The fact that the Raman signal
from silicon could be detected when we measured the graphite
flake shows that incident laser field was able to reach the substrate
throughout the flake, which became transparent due to structural
changes (graphite is opaque to visible light). To further confirm and
quantify this transparency event, Fig. 4(c) shows the plot of the
ratio between the intensity of the Si Raman peak measured at the
graphite flake, ISi;Gt, and its intensity measured directly on the Si
substrate, ISi, as a function of pressure. As the graphic shows, the
ratio becomes z 0:25 for pressures above 7.1 GPa, indicating that
the transparency is partial. However, care must be taken for not
drawing further conclusions about the transparency of the new
phase since optical absorption is wavelength dependent, and a
quantitative connection of ISi;Gt=ISi with the absolute value for the
absorption at 532 nm is not straightforward. To the best of our
knowledge, 7.1 GPa is the lowest pressure that transparency has
been reported in room-temperature compressed graphite and,
once again, we attribute it to the role of water in facilitating the
phase-transition. For instance, such transparent phases have been
reported at 18 GPa in graphite compressed in methanol/ethanol
(4:1) [17] and potassium bromide [43] PTMs.
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The optical changes observed in the graphite flake are in
accordance with our surface-to-bulk phase transition model. The
appearance of a yellow color over the graphite flake shown in
Fig. 4(a) atz 4 GPawould correspond to the phase transition of the
top layers of graphite, since it would change the local optical
contrast as the top layers become more transparent. This situation
is illustrated in Fig. 3(a) (middle structure) and Fig. 3(b) for the
rehybridization of the first two layers. As the pressure increases,
according to our proposed mechanism, the vertical propagation
evolves and the phase transition extends to deeper layers, as
illustrated in Fig. 3(a) (bottom structure) and Fig. 3(c). This situation
correlates with the observed change of color of the graphite flake
upon pressure increase, which turns to a color similar to the sub-
strate at 7 GPa.

From the optical images, we observed cracks on the substrate
along directions defined by the edges of the five-layer (Fig. 5 top
row) and bi-layer graphene samples (Fig. 5 bottom row). Notice
that these cracks appear only at 6 GPa for bi-layer and at 7 GPa for
five-layer, that is, after phase transition takes place. Such cracks
were not observed for bare SiO2/Si substrate compressed in the
same pressure range (see Fig. S12 in the Supplemental Informa-
tion). This suggests the formation of a hard 2D phase upon phase
transition, capable of indenting and cleaving the substrate. In fact,
in our surface-to-bulk phase transition model, the formation of a
hard 2D phase compressing the graphene layers underneath pro-
vides a possible explanation for the increase in uG vs P observed for
five-layer graphene and graphite after 4 GPa (see discussion in Sec.
9 in the Supplemental Information).

To confirm the formation of a hard phase upon compression, we
compressed a new sample containing a four-layer graphene and a
graphite flake on SiO2/Si [Fig. 6(a)] in a DAC using water PTM, up to
8 GPa - pressure above the onset of phase transition according to
our high-pressure Raman experiments. Fig. 6(b) shows the optical
image of the recovered sample. Interestingly, the optical contrast of
the four-layer graphene sample became much reduced, which
could indicate that the sample detached from substrate upon



Fig. 6. Indentation marks on SiO2 substrate from AFM topographic images. (a,b) Optical images with background correction of the graphite and four-layer graphene before (a) and
after (b) compression up to 8 GPa. The flakes are identified by the red arrows in (a). The open squares in (b) indicate the regions where the AFM images were taken. (c,d) AFM
topographic images of the four-layer graphene (c) and graphite (d) flakes after compression up to 8 GPa, showing deep grooves formed on the silicon oxide substrate along the edges
of the flake. On the right side, the height profiles extracted along the blue lines in the images are shown. The height profiles show that the flakes are leveled with the substrate,
indicating that they got sunk into the silicon dioxide layer. (e,f) 3D topographic AFM image from the tip of the graphite flake (e), and Raman spectra from same region (f), confirming
the presence of many layers (more than 20). Therefore, one would expect the sample to be at least � 10 nm above substrate level, confirming that it penetrated the SiO2 substrate. (A
colour version of this figure can be viewed online.)
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decompression. However, a Raman map of the region shows that
the four-layer graphene samples remains there (Fig. S13 in the
Supplemental Information). It is not clear the origin of this
apparent increase in transparency for the four-layer graphene
sample. It could be caused by irreversible changes in the sample or
by damage of the SiO2 substrate underneath the flake due to the
indentation.

Atomic force microscopy (AFM) topographical images of the
recovered sample containing the four-layer graphene and the
graphite flake are exhibited in Fig. 6(c) and (d), respectively. The
images show clear indentation marks on the SiO2 substrate, as
confirmed by the height profiles extracted from them (on the right).
Notice that, from the AFM topographical profiles, the samples are
leveled with the substrate, indicating that they got sunk into the
silicon dioxide layer. This is evident from the AFM profile taken
across the tip of graphite flake [Fig. 6(d) - right panel] and 3D
topographic AFM image [Fig. 6(e)], showing that the sample is only
� 3 nm above the substrate level. Raman spectra acquired at that
same location [Fig. 6(f)], confirm the presence of many layers (more
than 20), thereforewewould expect the flake to be at least� 10 nm
above the substrate level.
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Given that hardness can be defined as a measure of the ability of
a body to resist the penetration of another body, and given it is
correlated with the nature of chemical bonding [44], it is quite
surprising that the graphite sample penetrated the silicon dioxide
upon compression, if one compares the weak van der Waals forces
between the layers in graphite with the strong covalent bonds in
SiO2. The difference is clear if one compares the Vickers hardness
(VHN) for graphite, 7e11 kgf/mm2 [45], with VHN for amorphous
SiO2, 564.9 kgf/mm2 [46]. In fact, nano-indentation experiments
performed on graphene of different thicknesses on SiO2, in an
estimated local pressure range of 0e7 GPa, showed that graphene
systems (1e3 layers and graphite) get deeper indentation marks if
compared with SiO2 [12] when subjected to the same tip-force,
with deeper marks for thicker flakes. These nano-indentation ex-
periments confirm that graphene systems are softer than SiO2,
when compressed under same conditions, therefore not being able
to indent the silicon substrate as observed in our experiments.

Our results further confirm the occurrence of a phase transition
with the formation of a pressure-induced phase with hardness
superior to amorphous SiO2, at least. Our previous analysis relies on
the assumption that the rehybridization is accompanied by a
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structural change which increases the material’s hardness. Though
expected due to the formation of a diamond-like structure, this
hypothesis can be carefully checked by first principles calculations.
For this purpose, we have carried out additional DFT calculations,
and we found, indeed, interesting trends in the mechanical
response of compressed few-layer graphene, which fully corrobo-
rate the presented reasoning. We focused on the OH-top-
functionalized diamondene structure with the number of layers
varying from 2 to 5. To quantify the discussion we determined, in
each case, the bulk and Young moduli. It is important to point out
that the bulk modulus directly correlates with Vickers hardness
[47].

We found bulk moduli, calculated with the Birch-Murnaghan
third-order equation of state [48], ranging from 444 (five-layer
diamondene) to 466 GPa (bilayer diamondene), which are both
slightly above the diamond’s bulk modulus calculated with the
same methodology (423 GPa, comparable to the experimental
value of 443 GPa). Also, the Young moduli, calculated with strains
applied along the zig-zag direction, are relatively high: we found
1.3 TPa in the five-layer case, and values close to 1.2 TPa in the other
cases, with similar results for strains along the armchair direction.
Finally, as a measure of hardness in the transverse direction, which
is important to interpret indentation experiments, we determined
the transverse Young modulus for each diamondene structure. We
found a value as high as 1.1 TPa in the four-layer case, with similar
results for the other thicknesses (0.93, 1.03 and 1.1 GPa for two,
three- and five-layer diamondene, respectively). To compare with,
Yang Gao et al. [7] found 0.99 TPa for a double-sided-H-
functionalized bilayer diamond-like structure. Therefore, the DFT
mechanical characterization suggests that the indentation features
observed in the experiment may be ascribed to the formation of a
2D hard-phase diamond-like structure, for which the diamondene
is a consistent representation.

5. Conclusion

Our combined experimental results indicate that compressing
graphene systems in the presence of water leads to a structural
phase transition to a phase containing sp3 carbon at 6 GPa for
bilayer graphene and between 4 and 7 GPa for five-layer graphene
and graphite. The Raman evidence for bi-layer graphene comes
from the simultaneous abrupt broadening and slight redshift of G
band around 6 GPa, concomitant with drastic 2D band’s redshift
and intensity suppression. For five-layer graphene, the evidence
comes from an abrupt broadening of G band around 4 GPa, followed
by an increase in duG=dP in the 4e7 GPa range, and eventual 2D
band suppression at approx. 7 GPa. For graphite, the evidence
comes from a G band broadening at 4 GPa and 2D band suppression
above this pressure, as well as an increase in duG=dP in the 4e7 GPa
range. The new phase is transparent - as evidenced by changes in
the optical contrast of the flakes, correlated with the observation of
the Raman signal coming from the silicon substrate underneath the
graphite flake - and hard - from indentation marks on the harder
silicon oxide substrate. Those observations suggest the formation of
a 2D diamond-like phase. Furthermore, theoretical models and
experimental data indicate a surface-to-bulk phase transition,
consistent with the formation of diamondene at the phase transi-
tion onset.

Further structural information is required to conclusively claim
2D diamond formation. The obtention of in-situ confirmation pre-
sents an enormous challenge in terms of low x-ray cross section,
given the two-dimensional nature and low atomic number of the
samples. Such a confirmation would require a stable material upon
decompression, which could in principle be obtained by a complete
functionalization of graphene’s top surface, with one chemical
755
group per graphene sublattice [5]. At room temperature, water is in
the ice form above 1 GPa, and therefore this condition might not be
met due to the low mobility of the water molecules. Thus, while a
stable 2D diamond could be obtained through further tuning the
synthesis parameters, e.g. by increasing temperature or improving
sample-surface cleanness, to obtain diamondene is a matter of
choice for the right substrate. Potential applications of diamondene
are in 2D magnetism, gate-tunable spin-polarized currents, and
spin-polarized photocurrents, with broad impact in both funda-
mental research and practical applications.
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