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The nature of the interface between the components of a nanocomposite is a major determining factor in

the resulting properties. Using a graphene—mesoporous germanium nanocomposite with a core—shell

structure as a template for complex graphene-based nanocomposites, an approach to quantify the

interactions between the graphene coating and the component materials is proposed. By monitoring the
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pressure-induced shift of the Raman G-peak, the degree of coupling between the components,

a parameter that is critical in determining the properties of a nanocomposite, can be evaluated. In
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Introduction

With the advent of graphene synthesis, an avenue in nano-
composite science and technology has emerged with the
opportunity to modify the surface chemistry of materials by
coating the surface with graphene.* This opened up the field of
graphene-based nanocomposites with applications in energy
and environmental areas, among others.>” For instance, prac-
tical applications of graphene-based materials in lithium
batteries, supercapacitors and fuel cells are now foreseen.®” On
the other hand, the high surface-to-volume ratio in mesoporous
materials enhances properties related to surface effects such as
reactivity and catalysis, Li insertion (batteries) and super-
capacitance, among others.*® This is the case, for example, of
porous silicon which has attracted enormous interest because
of its inherent properties.'***

Therefore, the combination of these two nanomaterials,
graphene and mesoporous semi-conductors, is highly prom-
ising. Such a nanocomposite was obtained with mesoporous
silicon,' and more recently with mesoporous germanium (MP-
Ge)."”* Such achievements allowed incorporating the remarkable
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addition, pressure-induced transformations are a way to tune the physical and chemical properties of
materials, and this method provides an opportunity for the controlled design of nanocomposites.

properties of graphene for ample improvement of
semiconductor-based devices, possibly beyond the limits set by
their nature or fabrication processes. For instance, in the gra-
phene-mesoporous silicon nanocomposite, the temperature
stability of the materials has been drastically improved thanks
to the graphene coating.**

Germanium has suitable characteristics which make it
a good candidate for the direct growth of graphene: (i) Ge has
catalytic activity that allows the decrease of the energy barrier
for decomposition of the carbon precursor, (ii) carbon has
a low solubility in the Ge substrate, even at its melting
temperature, and (iii) the difference between the thermal
expansion coefficients of Ge and carbon is small'**"” and this
leads to the drastic decrease of the formation of wrinkles in the
graphene layer."® The combination of mesoporous Ge (MP-Ge)
and graphene is therefore a template material for using the
large specific surface area of mesoporous germanium and the
properties of graphene in a semiconductor to design a versatile
3D material. Thus, a nanomaterial made of MP-Ge and gra-
phene is expected to exhibit a decreased thermal conductivity
associated with the MP-Ge and an improved electrical conduc-
tivity with graphene leading to potentially interesting thermo-
electric properties.'*"

However, if the chemical and physical properties of a nano-
composite highly depend on the morphology of the different
component materials, the nature of their interface is also
a major determining factor of their resulting properties.”"** In
the case of the graphene-mesoporous germanium nano-
composite (Gr-MP-Ge), it has been shown that the carbon
coating of mesoporous Ge does not create Ge-C covalent
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bonding,” and the nature of the interaction between the
components of the nanocomposite and its intensity remains to
be characterized. Raman spectroscopy is a powerful tool not
only as it provides a very rich fingerprint of graphene crystal-
linity or allows stacking order determination, but also as it
provides access to understanding the adhesion property when it
is combined with mechanical deformation.

Thus, determining the mechanical behaviour of graphene-
based nanocomposites using Raman spectroscopy has been
a subject of investigation,”?* and this method has been
proposed to characterize the interface of a nanocomposite
through the stress-induced Raman peak position shift.>
However, in many cases, systems investigated are model
systems with a planar configuration and, very often, with a well-
crystallized graphene coating. However, the majority of
graphene-based nanocomposite materials that are developed
for applications are complex nanomaterials synthesized at
moderate temperatures.”® In this sense, the nanocomposite
investigated in this study is a template of this complexity.

The aim of this work is to propose a proof of concept for
a new approach allowing the quantification of the degree of
coupling between graphene and the other component of
a complex nanocomposite. This cohesive interaction between
the graphene and the other component can be determined
based on pressure-induced shifts of the Raman G-peak of the
graphene layers. Therefore, we developed a methodology to
determine a universal (it does not depend on the nature of the
component on which the graphene is deposited) phenomeno-
logical (valid for complex nanostructures) parameter that
accounts for the interaction between the components.

In addition, pressure-induced transformations are a way to
tune the physical and chemical properties of materials through
phase transitions or decoupling of the components. This
method provides an opportunity for the controlled design of
nanocomposites.””

Experimental

The graphene-mesoporous germanium nanocomposite (Gr-
MP-Ge) was synthesized and characterized following the
process reported in ref. 13 (Fig. 1). In short, bipolar electro-
chemical etching and chemical vapor infiltration (CVI) were
employed for the nanostructuration of the Ge substrate and the
subsequent 3D nanographene coating of the porous structure,
respectively. The CVI step corresponds to the infiltration of
a mixture of hydrogen/acetylene in a furnace under a controlled
atmosphere (argon). The temperature treatment may vary and
this allows us to tune the graphene quality (domain size and
disorder).* In this work, the treatment temperature was 873 K.

High pressure was generated using a membrane diamond
anvil cell (DAC) with low-fluorescence diamonds. Gr-MP-Ge
samples were placed into a 125 um chamber drilled in an
indented stainless-steel gasket. Paraffin oil was used as the
pressure-transmitting medium (PTM). With this PTM, hydro-
staticity is ensured up to 4-5 GPa.>® The pressure was probed by
the shift of the R1 fluorescence line of a small ruby chip.
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Fig. 1 Cross-sectional SEM images of the graphene—-mesoporous
germanium (Gr—-MP-Ge) nanocomposite after carbonization treat-
ment at 873 K.

The Raman experiment was carried out using a HORIBA
LabRam HR Evolution Raman spectrometer operated with
a 532 nm wavelength compatible with our high-pressure setup
(diamond anvil cell - DAC), which can detect an inelastic signal
down to about 6 cm . The laser power was set at 5 mW at the
entrance of the DAC to avoid heating. The beam was focused on
the sample using a 50 objective, with a beam diameter of ~2
um at the sample. The scattered light was collected in back-
scattering geometry using the same objective.

Results and discussion
Characterization at ambient pressure

Structural characterization of the Gr-MP-Ge has been carried
out and reported in ref. 13. According to XPS measurements
performed at different etching times to evaluate the presence of
carbon at different depths, the coating covers the pore walls as
indicated by the presence of carbon after different etching
times.*® The coating is sp* carbon (Fig. S11), and no trace of sp*
is detected, excluding the presence of amorphous graphite,
nor of graphene oxide. Fig. 2a shows the Raman spectra of the
reference Ge wafer (before porosification, after porosification
and after graphenization). The initial Ge wafer is characterized
by the presence of the T,, mode located at ~298 ¢cm™'. The
position of this peak and its width (full width at half maximum,
FWHM = 3 cm ') indicate a highly crystalline quality. After
porosification, the T,, peak shows significant broadening as
well as the appearance of a lower frequency peak. The resem-
blance to the vibrational density of states indicates the presence
of a high density of defects leading to the breaking of the
Raman spectroscopy selection rules.*® The thermal treatment
during graphenization at 7 = 873 K induces defect annealing
leading to the disappearance of the low-frequency band and
a narrowing of the T,, mode.

The presence of carbon as a graphite-like material is evi-
denced by the Raman signature in the range of 1000-1800 cm™*
as shown in Fig. 2b.** The spectrum consists of the D- and G-
peaks that are characteristic of sp> carbon with the presence

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Raman spectra of a Ge wafer (Ge), a mesoporous Ge (MP-Ge) sample (after porosification of the wafer), and a graphene—mesoporous

germanium nanocomposite (Gr—MP-Ge). (b) Raman signature of the graphene deposition (D- and G-peaks). (c) Raman spectra of the region
from 2500 cm ™! to 3100 cm™! showing the 2D peak (see text for discussion).

of disorder.**** The analysis of such spectra for graphite has
been proposed in the literature,” and it has been shown that
the intensity ratio of the D-peak to the G-peak is correlated with
the upshift of the G-peak position. This corresponds to stage 1
defined by Ferrari and Robertson.”® The underlying reason is
the presence of nanodomains. According to ref. 33, when using
a 532 nm laser excitation, one has

I(D) _ 5
1G)~ I (am) @

The ratio I(D)/I(G) measured in our case (~0.85) indicates
that nanodomains with a typical size of ~6 nm have grown on
the mesoporous Ge substrate.

The signature of graphene is usually attested by the 2D peak
shape and intensity. If the conclusion is straightforward for well
crystallized graphene, it is more difficult to conclude for
nanographene (graphene made of nanodomains) grown at low
temperature (typically below 900 K). Fig. 2c shows the spectral
region corresponding to the 2D peak. The signal shows broad
features that are typical of the ones obtained for the low-
temperature growth of nanographene as reported in the litera-
ture.** It indicates some degree of disorder of the coating.*

When the treatment temperature following the infiltration of
acetylene is increased (Fig. S2t), the Raman spectra show
marked 2D and D + D’ indicating a lower degree of disorder but
being compatible with the spectra obtained for nanographene.*®

These results agree with gravimetric measurements (esti-
mating between 2 and 3 layers) and are discussed below. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

following results indicate that there is conformation and
adhesion of the carbon coating on the substrate (meaning that
the number of layers is strictly lower than 3 (ref. 37)) and prove
that the number of layers is at most 2.

In summary, the graphene-based nanocomposite investi-
gated in this study is made of mesoporous germanium covered
by mono- or bi-layer nanographene. It is worth noting that
because of the small bandgap of germanium, the penetration
length of the laser with a wavelength of 532 nm is of the order of
20 nm. On the other hand, the laser spot size is of the order of 2-
3 microns leading to a large area being probed during
measurements. As the high corrugation starts from the surface,
the coupling between the nanographene coating and the mes-
oporous germanium is monitored during the experiment
thanks to the pressure-induced shift of the G-peak on a large
scale as discussed below.

High-pressure experiments

Let us first discuss the pressure-induced effect on the
mesoporous-Ge component of the nanocomposite (Fig. 3). As
shown in Fig. 3a, the pressure-induced upshift and broadening
of the T,, mode is observed until the phase transition to the B-
tin (Ge-1I) phase above ~9.9 GPa. At 11.7 GPa, the spectrum is
made of the two peaks of Ge-II in coexistence with the T,; mode
of Ge-1.*® Ge-II is observed up to the highest pressure reached in
this experiment ie., 18.5 GPa. At first glance, this behaviour is
very similar to that of the Ge wafer under pressure previously
reported.’® However, closer examination of the spectral

Nanoscale Adv., 2021, 3, 2577-2584 | 2579
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Fig. 3 Spectralrange of Raman spectra highlighting the MP-Ge component of a Gr—MP-Ge sample (a) during compression with the observation
of two phases Ge-| (blue) and Ge-Il (black) after the transition above 9.9 GPa and (b) on decompression with the observation of amorphization

below 8.0 GPa.

parameters obtained by fitting the T,, peak by a Lorentzian
function shows some differences.

Fig. 4 shows the position of the T,, peak (Fig. 4a) and its
width (Fig. 4b) as a function of pressure. As noted in ref. 30, the
pressure-induced shift follows an almost linear variation across
the pressure range where hydrostaticity is ensured (up to P ~
4 GPa with this PTM>®). At higher pressure, the peak position
shows a significant deviation from a linear dependence on
pressure. This effect has already been observed for mesoporous
Ge but also for bulk Ge under non-hydrostatic conditions.*
Adjusting the experimental data points with a quadratic rela-
tionship »(P) = »(P = 0) + AP + BP® yields A = 4.1(1) and B =
—0.08(1). This relationship is also found in silicon and has been
detailed in ref. 39 and ref therein as resulting from a Taylor
expansion of the exponential function »(P) = »(P,) exp [—yx(P —
P,)]. These values of A and B are very close to those obtained for
bulk Ge compressed under similar conditions.*® This is an
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interesting observation as it points out that the carbon coating
does not modify the pressure transmission to the Ge porous
substrate and that the mechanical behaviour is mainly domi-
nated by Ge.

Considering the FWHM of the T,, peak with increasing
pressure (Fig. 4b), it starts to increase between 3 and 4 GPa
when the hydrostaticity provided by the pressure-transmitting
medium is no longer ensured.”® At higher pressure, the peak
width increases monotonically without any effect of the
pressure-induced phase transition from Ge-I to Ge-II. The
FWHM of the T,, peak is compared with that of the initial
wafer.®® In the case of the latter, a decrease of this parameter
was observed across the transition as a sign of a certain stress
relaxation during the transformation.**** The absence of such
an effect on the Gr-MP-Ge sample may be related to the
heterogeneous nature of the sample that probably does not
allow cooperative relaxation through the nucleation of Ge-II that
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Fig.4 (a) Peak position and (b) full width at half maximum (FWHM) of the T,y mode in Gr—MP-Ge as a function of pressure (circles). The FWHM of
the same mode measured on a Ge wafer is shown for comparison (square).*® In (a) the black line is a linear fit of the data up to 4.5 GPa (limit of

hydrostaticity) and the red curve is a quadratic fit of the dataset.
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Fig. 5 Free energy as a function of pressure. In the case of bulk
germanium (Ge), the phase transformation occurs at the crossing of
the respective free energies of Ge-l and Ge-Il, defining the transition
pressure. In the case of the mesoporous sample (MP-Ge), the interface
induces an initial energy increase. Compression and subsequent
decompression allow the system to enter the energy range where
metastable states such as the low-density amorphous (LDA) state can
be observed.

is spatially distributed. Such an effect of heterogeneity on the
phase transformation has already been underlined using the
Ginzburg-Landau description of phase transitions.***

On decompression, Gr-MP-Ge exhibits a surprising behav-
iour compared to bulk Ge subjected to a similar pressure cycle
(Fig. 3b). In bulk Ge, the pressure release results in different
phases depending on the degree of hydrostaticity. Generally, the
metastable ST12 phase (also named Ge-III) is favored by shear
stresses.*” In our present experiments, the high-pressure crys-
talline Ge-II phase transforms on decompression into a low-
density amorphous (LDA) state below ~8.0 GPa. Pressure-
induced amorphization is a phenomenon usually observed
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during the compression stage with possibly a subsequent pol-
yamorphic transformation.*® This is, for example, the sequence
observed in mesoporous germanium® or in nanosized Ge.*
Examples of crystal-to-amorphous state transformation during
decompression are scarcer.*® This phenomenon was discussed
theoretically in 1988 (ref. 45) and can be summarized, as in
Fig. 5. It shows free energy as a function of pressure in different
cases. For the bulk sample, the transformation from phase Ge-I
to Ge-II occurs when the associated G(P) functions cross (this
defines the transition pressure). In the case of the mesoporous
Ge (MP-Ge) component of the Gr-MP-Ge, the initial position of
G is higher due to the interface and the energy contributions of
the defects. However, contrary to the mesoporous Ge studied in
ref. 30, our Gr-MP-Ge sample was annealed during graphene
coating, and the surface and defect energy contributions are
consequently lower. This is attested by the changes observed in
the Raman spectra shown in Fig. 2a, where the T,, peak is
narrower, and the low-frequency band is less intense after gra-
phene deposition. This explained why the present sample
undergoes a polymorphic transformation on compression
rather than a pressure-induced amorphization (to the high-
density amorphous (HDA) state) as observed in ref. 30).
However, during decompression in our experiment on Gr-
MP-Ge, back-transformation into MP-Ge-I is hindered, certainly
because the transition is highly reconstructive with a high
kinetic barrier. When MP-Ge-II is decompressed, it does not
back-transform to MP-Ge-I but remains in phase II until the
stability range of the LDA state is attained and amorphization
occurs. Several parameters (and their combination) can be at
the origin of this amorphization process. First, the amorph-
ization of Ge-II during decompression has already been
observed at low temperature and, consequently, it is certainly
related to phase transformation kinetics.*® Second, as for pres-
sure induced-amorphization in porous Ge, the defect density
and the heterogeneous structure are favorable to allow the
system to enter the amorphous energy landscape due to the
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Fig. 6 Raman spectra of the G-peak of the graphene-based coating (a) during compression and (b) during subsequent decompression.
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Fig. 7 Peak position of the G-peak in Gr—-MP-Ge as a function of
pressure on compression (full circles) and on decompression (open
circles). The lines are fits of the G-peak positions before and after the
transformation of Ge. The slope of the black line is 5.8(1) cm™! GPa™?,
and that of the red line is 4.5(2) cm™* GPa™%.

contribution of interface energy.* Third, with the same idea of
inhomogeneity, the effect of non-hydrostaticity has been shown
to control the transition pathway on decompression, resulting
in controlling the nucleation of metastable states.”

Let us now analyze the Raman signature of the sp> carbon
bonds (G-peak) with increasing and subsequently decreasing
pressure (Fig. 6). The position of the G-peak during the pressure
cycle is shown in Fig. 7. In the first pressure range, from 0.1 GPa
to ~7 GPa, the peak position shifts linearly with pressure by
5.8(1) cm™" GPa'. Above 8 GPa, the peak variation deviates
from this linear trend. After a transitional range between
~8 GPa and 13.5 GPa, a linear variation is found again but with
a different linear pressure coefficient of 4.5(2) cm™' GPa™". The
same slope is observed on the decompression path. This value
of the slope for the G-peak position as a function of pressure is
similar to that of free-standing graphite reported in the litera-
ture and lies between 4.2 and 4.7 cm™ " GPa™ ".**® The change in
the pressure-induced shift regime is concomitant with the
pressure-induced phase transition of the germanium substrate
i.e., the MP-Ge-I-to-MP-Ge-II transformation (Fig. 3).

The pressure-induced shift of the G-peak for the Gr-MP-Ge
in the range of [0.1-8.0 GPa] is higher than for free standing
graphite. This higher pressure-dependency is very similar to
what is observed in compression experiments on graphene
deposited on substrates.**® This is related to the adhesion
interaction between graphene and the substrate. When the
latter is significantly more compressible than carbon-based
materials, its deformation drags the graphene, inducing an
additional stress component which can be measured by Raman
spectroscopy.” As a matter of fact, the Raman shift of the G-
peak is attributed to the variation in the length of the C-C
bond. In high-pressure experiments on graphene deposited on
various substrates, the main starting hypothesis which was
proposed to explain the higher pressure-induced shift relied on
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the idea that the strain is transferred from the substrate to the
graphene, and not the pressure itself.*’

The deformation of the substrate is induced by the applica-
tion of pressure. Therefore, the substrate linear deformation is
&s = BsP, where (s is the substrate linear compressibility and P is
the applied pressure. Substrate deformation is transmitted to
the graphene component, totally or partially depending on the
substrate, yielding ¢g = aes with eg and ¢g being the deforma-
tions of graphene and the substrate, respectively. The param-
eter « then corresponds to the quantification of the
transmission of the deformation related to the degree of
adhesion between the 2D-system and its substrate. This relation
8s
Bs
modulus and ¢ is the equivalent stress associated with the
transmitted deformation of the substrate. This point is impor-
tant as it clearly appears that the stress on graphene is not equal
to the applied pressure.

The value of g is taken as the in-plane linear bulk modulus
of graphite, thus assuming that the reduction of dimensionality
does not induce modifications of the C-C chemical bond and
the associated mechanical properties. Thanks to X-ray diffrac-
tion experiments on graphite, it was determined that 8 =
1250 GPa.”

By following the procedure proposed in ref. 50, the value of
a can be determined using the linear bulk modulus of germa-

leads to ¢ = a—P, where (g is the graphene linear bulk

1
nium (8 = EBO’ where B, = 75 GPa is the bulk modulus of the

cubic diamond Ge phase®*). The low calculated value of « = 3%
indicates a rather low coupling between the carbon-layers and
the mesoporous Ge structure. For comparison, this parameter is
20% in the case of a monolayer of exfoliated graphene deposited
on a Si/SiO, substrate in a planar geometry.> Such a difference
can certainly be explained by a difference in the surface prop-
erties, in particular a marked difference in substrate roughness
that can lead to partial stress transmission. For instance, in the
case of MoS,, the adhesion with the substrate is not complete,
as MoS, is more rigid and cannot conform totally to a not-
perfectly flat substrate. In that case, two different pressure-
induced behaviours related to a high and a low conformation
of MoS, to the substrate roughness, respectively, were observed,
leading to different pressure-induced shifts.> Here, well iden-
tified regions with different conformations are not observed
because of (i) the broadness of the G-peak induced by the
nanodomains and (ii) the size of the low and high conformed
regions that must be much smaller with graphene as it is much
more flexible than MoS,.

Therefore, it is difficult to extract the fine evolution of such
nanocomposites with a complex nanostructure, and this is why
determining the phenomenological parameter « is highly
informative. This quantity summarizes the graphene-substrate
adhesion, friction, graphene bending and ripple formation, and
substrate roughness and commensurability, regardless of the
complexity of the nanostructure. In addition, this method is
universal as it can be used for any graphene-based
nanocomposite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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It is worth noting interesting information emerging from
this result and related to the number of graphitic layers
deposited during the synthesis of the Gr-MP-Ge. It has been
shown that adhesion between n-layer graphene and a substrate
may occur only for n = 2. Above this value, the bending
modulus of graphene is large enough to avoid the conformation
of the n-layered system to the substrate topology.*” This result is
in good agreement with the estimate of 2-3 layers in the Gr-MP-
Ge obtained by gravimetric methods™ and with the Raman
spectra shown in Fig. 2 and S2.7

Above 8 GPa, the variation of the G-peak position with
pressure starts to decrease. This effect occurs concomitantly
with the pressure-induced phase transformation from Ge-I to
Ge-1I1, which is characterized by a volume reduction of ~20%.%
Such drastic and sudden volume variation certainly leads to the
decoupling of graphene and germanium components. In fact,
after the transition, the pressure-induced shift recovers a lower
pressure-dependency similar to that of free-standing graphite
(Fig. 7). Therefore, the parameter « tends to zero. Consequently,
because of this decoupling, the carbon layer must have very
little effect on the amorphization mechanism of Ge during
decompression as presented above, and this phenomenon is
intrinsically related to germanium.

It is interesting to note that the regime change of the
pressure-induced shift of the graphene coating occurred at
a lower pressure than that observed in the clear Raman signa-
ture of the Ge high-pressure phase (8.0 GPa vs. 9.9 GPa). The
Raman spectral features of graphene are highly sensitive to its
environment making it an attractive sensor for phase transi-
tions.>* Therefore, depositing graphene layers as a gauge can
help to detect phase transitions such as polyamorphic trans-
formations, isostructural phase transitions, etc.

Conclusions

A graphene-mesoporous germanium nanocomposite (Gr-MP-
Ge) was studied under pressure using Raman spectroscopy.
Two frequency regions have received special interest: (i) the
region [20-500 cm '] that allows the monitoring of the
pressure-induced transformations of the germanium substrate
and (ii) the region [1500-1850 cm™'] corresponding to the G-
peak of the graphene-like coating.

The pressure-induced variations of both Raman signatures
were found to be related. First, the G-peak pressure-dependency
is larger than that expected for graphene-based materials. This
effect recalls what is observed in graphene deposited on
substrates. This pressure-dependency has been explained on
the basis of the additional stress component generated by
substrate deformation. The pressure-induced phase trans-
formation in the porous germanium substrate led to the
decoupling of interactions in a domino effect, and the pressure-
induced Raman shift returns to that of free-standing graphite.
Therefore, pressure-induced variations of the Raman spectral
features are a valuable tool for exploring the coupling between
the components of a graphene-based nanocomposite. It allows
quantifying the interactions between these components and
observing the unbinding of the components. In addition,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pressure cycling allows us to modify the nature of one compo-
nent, here, from a crystal to an amorphous structure, providing
the opportunity of tuning the associated physical properties
such as thermal or electrical conductivities. This is an impor-
tant step in the design of nanomaterials.”” Finally, this work
proposes a unified protocol that allows characterizing and
comparing the interactions between graphene and the other
component in different graphene-based nanocomposites. The
results of this study invite us to more systematically explore
graphene-based (nano)composite materials under pressure.
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