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Abstract

We applied laser-heating in diamond anvil cells (LHDAC) to synthesize a hydrogenated single-layer
graphene (SLG) and to explore the pathway toward graphane (fully hydrogenated SLG). We employed
Raman spectroscopy to investigate SLG on a Cu substrate that was compressed up to 8 GPa and 20 GPa
with 2.2% and 4.6% compressive strain, respectively, followed by laser-heating. After laser-heating, G and
2D peaks exhibit a redshift, and then form a hysteresis loop during decompression. This phenomenon can
be due to either of two mechanisms, or both; the formation of C-H chemical bonds in massive hydrogenated
SLG, and a reduction of the frictional stress between SLG and Cu substrate causing a relaxation of SLG
lattice toward its free-standing equilibrium structure. The correlation between G and 2D peaks also changes
significantly after laser-heating at 8 GPa, resembling the correlation measured in hole-doping experiments.
Finally, residual hydrogen remains bonded to the graphene layer after decompression to ambient pressure,
and the amount of hydrogen increases as a function of pressure at which the sample was laser-heated.

Keywords: Hydrogenated graphene; Graphane; High pressure; Thermodynamic pathway; Raman
spectroscopy;,
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1. Introduction

Graphane, fully hydrogenated single-layer graphene (SLG), has a wide band gap [1], in contrast
to pristine SLG, which has a zero band gap [2]. Graphane material is expected to possess a number
of fascinating properties such as strong charge-transfer excitonic effects [3, 4] and a higher speed
of spin-transport than GaAs, making it advantageous for spintronic applications [5]. To
hydrogenate SLG, hydrogen plasma guns have been used to bombard hot hydrogen onto SLG
surface [6, 7]. Hydrogen concentration in SLG increases with the bombarding time [6, 7]. The
hydrogenation on SLG can be verified by several techniques such as scanning electron microscope
(SEM), high-resolution electron energy loss spectroscopy (HREELS), and x-ray photoelectron
spectroscopy (XPS) [7-12]. Band gap opening, has been confirmed by angle-resolved
photoemission microscopy (APRES) [8, 11]. Thermal annealing can reverse hydrogenated SLG
back to SLG [7, 13]. However, the use of the above technique results in partially hydrogenated
SLG. Even though hydrogenated SLG is a potential candidate for many applications such as a
reversible and tunable band gap [14, 15], field-effect transistor, and sensing applications [15, 16],

the experimental methods to create fully hydrogenated graphane are still needed.

The two major thermodynamic factors that can be utilized to explore the synthesis pathway of
graphane are temperature and pressure. Application of pressure often results in shifting the
thermodynamic stability toward unusual chemical compositions (e.g., Ref. [17]) that do not exist
at ambient pressure, while one commonly needs high temperatures to start the transformation.
Theoretical structure predictions in hydrocarbons at high pressures suggest that graphene with the
CH composition can be thermodynamically stable above 7 GPa [18]. Several studies of graphene
under high pressure show no chemical reactivity at room temperature with hydrogen and several
other materials used as a pressure transmitting media (PTM); however, they are debating a possible
charge transfer [19-22]. Smith et al. [23] studied hydrogenation on SLG by heating the SLG in H»
at 200°C under high pressure and monitoring the ratio of intensity of Raman band, I(D)/I(G),
where D and G stand for the defect and graphite modes, respectively. They concluded that the
concentration of defects and bonded atoms of the recovered SLG, increases as a function of the

applied pressure up to 5 GPa [23]. However, full hydrogenation has not been reached.

In this work, we study the hydrogenation on SLG using a laser to heat SLG on a Cu substrate
under pressure up to 20 GPa to explore the hydrogenation pathway of SLG toward graphane. The

results show that laser-heating of SLG beyond 1000 K at 8 and 20 GPa results in dramatic changes
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of the vibrational properties recorded via in situ Raman spectroscopy and on the recovered sample.
Below we present the following findings: 1) Raman spectra of the recovered samples reveal the
amount of partial hydrogenation increasing with the pressure of laser-heating; 2) Laser-heating at
8 and 20 GPa results in dramatic softening of the G mode that can be understood as due to peeling
off of SLG from the substrate by substantial hydrogenation; 3) A hysteresis loop of the Raman
shift is observed on pressure release after laser-heating, and it can be explained by
dehydrogenation of the sample and reattachment with the substrate; 4) The correlation between G
and 2D peaks of SLG in H, PTM changes after laser-heating at 8 GPa, which suggests a hole-
doping-like behavior of hydrogenated SLG.

2. Methodology and Experimental procedures

We use Raman spectroscopy to probe the effect of pressurization and laser-heating on SLG. The
hydrogen concentration in SLG can be quantified by the ratio of intensities of Raman peaks, I(D)
/I(D") [24]. A theoretical study shows that this ratio can be used to assess the presence and amount
of sp>-bonding and vacancy defects [25], and that these two type of defects can be differentiated
by I(D)/I(D") ~ 7 for vacancy-defect and ~ 13 for sp’-defect [6]. The defective SLG can be
classified by two stages according to the defect concentration (Np): Stage 1 is when Np is below
approximately 7x10'> cm™ and Stage 2 when it is higher [25]. In Stages 1 and 2, I(D) becomes
stronger and weaker with Np, respectively, while I(2D) decreases in both stages [25]. If the
concentration of hydrogen (considered as the defects) is very high, then G and D' peaks merge and

the Raman spectrum of hydrogenated SLG will be similar to that of amorphous carbon [26, 27].

In this work, we used SLG on a ~18 um thick Cu substrate with from the Graphenea company
and then cut it into pieces smaller than 70x70 pum? with a razor blade (Figure 1). A Re gasket was
indented to 37-45 um thickness and a ~190 pm diameter hole was drilled in the center of the
indentation to form the high-pressure cavity. We used a symmetric diamond anvil cell (DAC)
equipped with diamond anvils with the culet of ~300 pm diameter. Research grade hydrogen and
helium gases (99.999% purity) were used as PTM and/or reactants in separate experiments. H, and
He gas was loaded in the DAC at room temperature in a high-pressure vessel at 0.15-0.20 GPa.
This is a standard procedure. A continuous 1065 nm laser with 10 nm linewidth FWHM was used
for one-side laser-heating. Laser power was sequentially increased to reach the desired temperature

of 1500 to 2000 K in a ~ 10 micron diameter heated area at the Cu-KCl interface. A CCD camera
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with near IR sensitivity continuously monitored the heating process, and spectroradiometric
temperature measurements were collected at discrete times. Raman spectra at high pressures [28]
and of the recovered samples were recorded using a single-frequency solid-state laser with the
wavelength of 488 nm and a single-stage grating spectrograph equipped with a CCD detector. The
spectral resolution was 4 cm™ when using a grating of 1500 grooves/mm. A custom-build confocal
Raman microscope collected the signal in a back-scattering geometry using a Mitutoyo 20X,
NA=0.4 objective lens; ultra-low frequency holographic solid-state notch filters allowed
measurement of the spectra down to 10 cm™'. Pressure was measured using ruby fluorescence scale

[29].
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Figure 1. (a) Schematic of the DAC experiments. (b) Microphotographs of the sample of Run 1 taken in the
reflected light. (c) A cartoon, which presents stresses acting on SLG and Cu substrate.

We performed three different experiments, which are named as follows. The first two
experiments with SLG/Cu in hydrogen PTM laser-heated at 8 GPa and 20 GPa are Run 1 and Run
2, respectively. The control experiment with SLG/Cu in helium laser-heated at 8 GPa is Run 3.
The thickness of Cu substrates in Run 1 and 3 was 18 um, and it was polished down to
approximately 10 pum in Run 2 to allow a relatively-thick layer of hydrogen between SLG and the
diamond culet at 20 GPa (Figure 1). A ~3-5 um thick KClI plate was positioned on one of the anvils
as a thermal insulator for the Cu substrate placed on the top of it, while the other side with a
graphene layer on it was facing H> or He. Laser-heating was applied for about 10 s on the graphene-
free side of Cu substrate to avoid exposing graphene directly. In Run 1, the sample was heated 3

times, while in Run 2 and Run 3 the samples were heated 2 times. The laser power was sequentially



increased in these heating events to reach the desired temperature. The experiments were

performed at the Geophysical Laboratory, Carnegie Institution for Science.

3. Results and discussion

3.1 Residual hydrogenation
After the samples of SLG on Cu substrate were laser-heated at 8 GPa and 20 GPa in H, PTM for

Run 1 and Run 2, respectively, and at 8 GPa in He PTM for Run 3, the pressures were decreased
to recover the sample at ambient pressure. Figure 2 shows comparative Raman spectra between
the pristine and the recovered sample of Run 1, Run 2, and Run 3. For the samples in H2 PTM in
Run 1 and Run 2, we observed the increase in the amount of defects (e.g., sp>-defect, vacancy-
defect) as evidenced by the increasing of I(D)/I(G) [30, 31] . Our results are consistent with the

other similar experiment from Smith et al [23].

In contrast, in Run 3 for SLG laser-heated in He PTM, the I(D)/I(G) ratios of the pristine and
the recovered sample are about the same, while D’ peak cannot be resolved (see an inset in Figure
3). Thus, in the presence of He PTM, there is no enhancement of defects due to heating, in contrast
to Ho PTM, where defects on SLG were created even in the area far from the heated spot (see
Figure 3).

The theoretical study using molecular dynamics simulation reveals that energy of ion
bombardment onto SLG creating vacancy-defects is much higher than embedding adatoms [32,
33]. Since there is no defect enhancement after laser-heating of SLG in He PTM, the defects, which

appear in Run 1 and Run 2, must originate from the hydrogenation.

Moreover, Machon et al. [34] discusses that if Ar is used as a PTM, solid Ar can cause shear
stress on SLG and tear SLG into small pieces, which increases the density of edge-defects on SLG.
A Raman study of edge-defects on graphene by Casiraghi et al. [35], shows that Raman spectra of
SLG along the edge give I(D)/I(G) < 1. In contrast, the results in Runs 1 and 2 show
I[(D)/I1(G) > 1 showing that the majority of D peak intensity must come from the defects other
than the edge-defect and the edge-defect may contributes to D peak marginally. Consistently, Smith
et al. [23] show that there is no enhancement of D peak in Raman spectrum SLG on Cu substrate
when compressed in solid H, medium to 6 GPa, even without annealing. This suggests that

different pressure media should be considered individually when treating the effects of the shear
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stresses. It is likely that solid H» is much softer than solid Ar, causing the difference in Raman

spectra.

Eckmann ef al. [6] suggests that sp>-defects and vacancy-defects can be identified by the ratio
I(D)/1(D") ~13 and ~7, respectively. For Run 1, I(D)/I(D") are ~13 for spots nearby the heated
spot, while I(D)/I(D") are ~7 for spots far from the heated spot (see Figure 3). However, Figure
S1 in SI shows that the spots far from the heated spot were heated to the temperature lower than
the spots nearby the heated spot. As we have discussed in the previous paragraph, the defects of
the spots, which have I(D)/I(D") ~7 (see Figure 3), should not be vacancy-defect, but sp>-defect.

Therefore, Eckmann’s condition [6] may fail in this case.
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Figure 2. Raman spectra of the pristine SLG (black) and the recovered sample (red) from experiments; (a)
Run 1 collected for 30s with 1 accumulation, (b) Run 2 collected for 60s with 5 accumulations, and (c) Run
3 collected for 60s with 1 accumulation. The signal-to-noise ratio is different for (a), (b), and (c) panels
because of different accumulation times and because different laser powers were used. The spectra are
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shifted vertically for clarity. All the spectra were measured with the samples residing on one of the diamond
anvils, and the second anvil from the side of the Raman microscope was removed.
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Figure 3. The intensity ratios of the Raman peaks for the recovered samples of Run 1 (blue), Run 2 (red),
and Run 3 (black in the inset). The intensities are deduced from fitting with the Lorentzian lineshape for D
and G modes, and the Breit-Wigner-Fano (BWF) lineshape for D’ mode. Stage 1 (Stage 2) is for Np which
is less (more) than ~7x10'? cm™. This distinction arises from the nature of (D) which increases in Stage 1,
but decreases in Stage 2 as Np increases [25].

3.2 Pressurization, laser-heating, and a possible full hydrogenation at high pressure

In the previous section, the hydrogenation has been confirmed by the Raman spectra of the
recovered samples. Herein, we will discuss the pressure treatment on SLG and hydrogenated SLG,
and the possibility of full hydrogenation after laser-heating under high pressure. For Run 1, the
Raman spectra were measured at 6 different positions around the sample repeatedly for each
pressure point and temperature treatment. To extract the spectral positions/linewidths, the most

prominent G and 2D Raman peaks were fitted to the Lorentzian line shape (see Figure S3 in SI).
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Figure 4. Raman spectra of graphene (intensity in arbitrary units versus Raman shift in wavenumbers) as
the pressure evolves and sample is laser-heated in (a) Run 1 and (b) Run 2. Black curves- spectra before
heating, various reddish curves -after the laser heating and blueish — on decompression. The asterisks (*)
mark pressure values after the laser heating. Black and green down arrows show the position of 2D peak
and the new peak, respectively. The scales on the y-axis are for comparing the intensities of Raman peak in
different panels.

Figure 4 shows the evolution of the Raman spectra with pressure and heat treatment in Runs 1
and 2. The Raman shifts of G and 2D peaks (w; and w,p) measured at various sample positions
are averaged and plotted in Figure 5 as a function of pressure. The error bars are the standard
deviation of 6 data points taken at different positions for each pressure point. During compression,
w¢ and w5, shift to higher frequencies as pressure increases (see Figure 5). The 2D peak decreases
in intensity and becomes barely observed at high pressures. After the first two laser-heating events
in Run 1, w; and w,p shift to lower frequencies noticeably, while the pressure remains almost the
same within 1 GPa. During the third laser heating in Run 1, we noticed a strong visible light
emission from the heated spot. An optical micrograph in Figure 1(d) shows that KCl and Cu around
the heated spot melted, but the SLG side did not alter as observed visually. This suggests that the
temperature on the heated Cu surface must have been greater than 2300 K (melting point of KBr
is ~ 2300 K at 10 GPa [36], melting point of Cu is ~ 1600 K at 10 GPa [37]). However, the
temperature on the SLG side must have been colder than the heated side because of the temperature
gradients, which develop as the result of a steady heat transport from the hot spot to the surrounding

materials (mainly axially via the diamond anvils). We evaluated the temperature at the SLG based
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on the results of finite element calculations [38], which use the realistic geometric and
thermochemical parameters (see Method S1 and Figure S1 in SI for details). We estimated the
highest temperature at the SLG to be below 1200 K.

After laser-heating, the intensity of the redshifted G and 2D bands increases (Figure 4). In
addition, in Run 2, the intensity of the D band increases dramatically, and an additional band
appeared at nearly 3100 cm™. On the pressure release, the G and 2D bands follow different pressure
dependencies than on compression forming a kind of hysteresis loops in Raman frequencies, which
closes near 3 GPa. Please note that the 2D peak cannot be resolved in some sample areas during
decompression, in which case the data were averaged over less than 6 data points. We interpret the
hysteresis loops in G and 2D bands of Run 1 and Run 2 in terms of a slipping model in the next

section.

To show that the population of sp*-defects increases after the second laser heating in Run 2, N,
before and after laser heating are determined from I(D)/I(G) using Eq. 8 from Ref. [31]. This
equation gives two solutions of N which result in Stage 1 and Stage 2 (see Table S1 in SI). We
justify that before laser heating the defective SLG should be in Stage 1 which has Np = 0.90x10'?
cm?, while after the second laser heating the defective and/or hydrogenated SLG should be in

Stage 2 which has Np and/or hydrogen concentration = 17.7x10'2 cm™ (see Table S1 in SI).

In the control Run 3 with He PTM to 9.4 GPa, there were slight drops of the Raman frequencies
of the G and 2D peaks after heating (Figure 5). We find no substantial change in intensity of these
peaks. The pressure dependencies of the frequencies do show a small hysteresis loop similarly to

the experiments with H; (see Figure 5).

The Raman spectra modifications after laser-heating are intriguing as they suggest a possible
massive hydrogenation of SLG at high pressure in accord with the theoretical predictions [18].
Indeed, one would expect the G band to soften in graphene [39] due to a distortion of the graphene
flat atomic sheets. Run 2 shows the most prominent observations, where we observed an increase
in intensity of all modes, which is consistent with the formation of sp> bonded carbon. Moreover,
anew peak at 3100 cm™! that appears after laser heating and remains on unloading down to ambient
conditions could signal the formation of the C-H bonding. This new peak could be either D + D’
or C-H stretching modes which appear at the similar frequency at ambient pressure. For either

assignment, the appearance of a new peak suggests the massive hydrogenation of SLG. For an
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illustration, the highly sp-defected SLGs at ambient pressure also yield similar spectra where 2D
and D + D' peaks broaden and merge, and I(2D)/I(D + D) ~ 1 [24]. Similarly, after the second
laser heating in Run 2, I(2D)/1(G) and I (new peak)/I(G) are 0.30 and 0.26, respectively. Upon
decompression, these ratios increase at pressure below 5.2 GPa (see Figure S5 in SI), but this
increase is stronger for the 2D peak than for a new peak. This leaves a possibility that a new peak

1s the C-H mode.

To further investigate the new peak at ~3100 cm™', Raman spectra from a red laser (660 nm)
were also collected in Run 2. Comparison of blue and red excited Raman spectra allow us to
quantify dispersion, the variation of Raman peak position with energy of the excitation laser. Past
studies have documented the dispersion of D and 2D peaks of graphene to be 50 and 100 cm™'/eV,
respectively [40]. After the second laser heating in Run 2 of the present study, the dispersions of
D, 2D and the new peak are 30, 73 and 34 cm’'/eV, respectively. Upon decompression, the
dispersion of the new peak decreases to less than 30 cm™'/eV (Figure S6 in SI). In contrast, the
dispersions of 2D and D + D' peaks of the recovered sample are much larger (227 and 217 cm’
1/eV), suggesting that the new peak is not the D + D’ peak at high pressure, but rather the C-H

stretching mode.
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Figure 5. Raman shifts of peaks w¢ (a) and w,p (b) of SLG on Cu in Run 1 (blue circle), Run 2 (red
diamond), and Run 3 (grey triangle) as a function of pressure during compression (filled symbols), after
laser-heating (semi-filled symbols), and during decompression (open symbols). Red-dashed line in (b) is a
guide to the eye of a new peak (see text) fitted with a quadratic equation. Dark down-triangles are the data
for SLG on diamond from Ref. [41]. Black filled squares are the data for the vi C-H stretching mode of
methane obtained in this work in a separate experiment. The points labeled by 2 X wp is the doubled
frequency of the D peak (as the 2D peak could not be measured).
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3.3 Total stress and frictional stress on SLG

Figure 5 shows that w; and w,p shift to lower frequency drastically after laser-heating and their
pressure dependencies reveal a hysteresis loop upon decompression. Similar phenomena have been
noticed in previous works (albeit without laser-heating), where qualitatively, the more
compressible substrate induces a compressive traction on the SLG, causing extra stress and hence
an increase in w; and w,p [41, 42]. After laser-heating, SLG slips on the substrate, reducing these
tractions, resulting in redshifted w; and w,p. This model provides a simple explanation to a variety

of the pressure gradients observed for G band as well for its abrupt frequency drops under pressure.

Because wg is an intrinsic vibrational frequency of SLG subjugated to applied strain, the strain

on SLG can be calculated without considering the substrate, [42, 43]

e(wg) = —p(ws — 1583), (D

where 3, equals to 3.99 X 10™* cm, is a constant calculated from the Poisson’s ratio, 0.167 [43],
the Griineisen parameter of phonon G mode, 1.90 (see Method S2 in SI for details), and 1583 cm™
U'which is wg for SLG on Cu substrate averaged from data in Run 1. Therefore, the highest strains
of SLGs before laser-heating are 2.6% for Run 1 at 8 GPa, 4.6% for Run 2 at 20 GPa, and 2.3%
for Run 3 at 8 GPa.

To account for the effect of the substrate on SLG we use a model, which accounts for friction
between SLG and the Cu substrate. We assume that SLG is held by Cu substrate by a frictional
stress (a;0cy—s1¢) causing an area of SLG to expand or shrink together with its substrate. Under
pressure, SLG is affected by the external stress (g,,:) and the frictional stress between SLG and

Cu substrate (see a cartoon in Figure 1(c)). Thus, the total stress on SLG is

Os1c = Oext T Qi0cy—s1.6 (2)

where «; is a coefficient of frictional stress between Cu surface and SLG at pressure point i, and
Ocu—-sLc 18 a frictional stress supporting the equal deformation of the SLG area and Cu contact area
(see Figure S9 in SI). It is worth noting that Francisco-Lopez et al. [44] proposes that the 2-
dimentional materials such SLG are not affected by the external stress, however this hypothesis
requires separate experimental confirmation. Here, we consider that the total stress, causing a

compressive strain on SLG, shrinks the area of SLG per unit cell by,
—2BAwg + B*(Awe)? = Asi60s16) (3)
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where the left hand side is the area of SLG per unit cell written as a function of w; (see Method
S2 in SI for a derivation), and Ag; . 1s a fitting parameter for SLG. Bousige et al. [41] shows that
SLG on diamond substrate has dw; /0P similar to graphite. Graphite is stacked of layers of
graphene, where every layer is weakly connected to, so they contract independently under high
pressure. Thus, the frictional stress between layers is assumed to be very small and can be

neglected, yielding o5, = 0.4¢ = P, yielding the Eq. 3 in the form
—2BAwg + B*(Awg)? = AgicP, 4)
where P is a pressure. Hence, we use Eq. (4) to obtain Ag; ; by fitting Aw, which is data of SLG

on diamond substrate from Ref. [41], with P.

In the present work, the Raman frequencies w, and w, as a function of gg;; are shown in
Figure 6, where g, is calculated using Eq. (3) where Ag;; = —0.0031 GPa™! (see Table S2 and
Figure S10 in SI). Figure 6(a) shows that w; is linearized with oy, and the hysteresis loops for
w,p (see Figure 6(b)) are depleted in all runs except that of w,p in Run 1. Since the mechanical
properties of partially hydrogenated SLG are similar to those of pristine SLG [45, 46], we assumed
that the Griineisen parameter of the phonon G mode and the Poisson’s ratio of partially
hydrogenated SLG are the same c [; as those of the pristine SLG. Figure 6 suggests that the major
origin of the hysteresis loop must come from the alteration of the frictional stress between Cu

substrate and SLG.

The inset in Figure 6(a) presents the coefficient of frictional stress, calculated by

_ i (ACul - T]iASLG)O-ext + ACuZO-ert

ni (ACul - ASLG)O-ext + /1Cu20-e2xt

)

;

where A¢,,, and Ay, are fitting parameters of Cu area versus external stress extracted from Ref.

[47] (see Method S2 in SI for a derivation), and 7; is defined as

(VCu (P)
VCu (O)

where Vi, (P) is a volume of Cu per unit cell as a function of pressure. After the third laser-

2/3
) 1= ny(=2BBwg + B (Bag)?), ©)

heating in Run 1, a; drops from 7.0 at 0.2 GPa to 2.2 at 2.8 GPa, and significantly drops to 0.4
(see an inset in Figure 6(a)) indicating that SLG is almost detached from the Cu substrate

completely. The similar results hold for Run 2 and Run 3 as well. Hence, laser-heating of the
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sample at a certain temperature loosens a contact between SLG and Cu substrate. The detachment

may occur because the Cu lattice expands, but SLG lattice shrinks at high temperature [48-50].

3.4 Correlation between wg and wsp

Here we discuss the correlation between w; and w,p, and why it changes after laser heating. On
compression, wg; is linearly related with w,p, and the dw,p/dw; in Runs 1, 2 and 3 are 2.2, 2.0
and 2.5 (see Figure 7), respectively, which is in agreement with other experiments [42, 51, 52].
The dashed lines in Figure 7, extracted from Ref. [52], represent the correlation between w, and
w,p of SLG when it is affected by purely strain (er line), purely hole-doped (eu line), and
concurrently strain and hole-doped [52]. In Run 1, the correlation between w; and w,p of the
sample after third laser-heating shown in Figure 7 significantly changes from on the er line to near
the en line. This indicates that the Raman spectrum of the quenched sample behaves as if it were
hole-doped. Noting that Ref. [52] shows the line of hole-doping up to 15x10'? cm™'2, we extrapolate
the hole concentration lines up to 30x10'> cm™ to cover our data by assuming that the line of hole

concentration constantly changes with strain.

On the one hand, it may be unreliable to justify that the hydrogenated SLG is chemically hole-
doped, since the dw,p/dw of strained SLG is not restricted to be 2.2 as we extracted from Ref.
[52]. For example, the correlation between w; and w,p of Runs 2 and 3 are under and above,
respectively, the et line (see Figure 7) in compression. On the other hand, to the best of our
knowledge there is no other explanations about the change of the correlation between w; and w,p
of SLG. Therefore, we include the charge-doping effect, which shifts the w as a function of charge
concentration [53, 54], into the analysis. The Eq. 1, hence, is reformulated to

£ = —f(ws — Awy(n) — 1583), (7)

where Aw,(n) is added to correct a frequency shift as a function of charge-doping, n. The hole-
doping concentration of each data point is extracted from the plot in Figure 7, and Aw4(n) can be
calculated using Eq. 6 in Ref. [54] at 300 K (see Figure S13 in SI). The application of the doping
correction via Eq. 7 makes the total stress on the sample and the hysteresis loop of w,p of Run 1
smaller (see green star symbols in Figures 6a,b). In the calculation, Fermi velocity (vp) is
considered as an invariant parameter, but v should depend on applied strain [55], and charge-

doping [56] that would be a reason of the persistent discrepancy between compression and

16



decompression data of w,p of Run 1 (see Figure 6(b)). However, to firmly support this conclusion

more experiments need to be performed.
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Figure 7. The correlations between wg and w,p of the sample during pressure treatment. All symbols are
the same as in Figure 5. The er and ey lines (black dashed line) are the guiding lines marking SLG affected
by strain and hole-doping, respectively. The grey dashed lines labeled by n =5, ..., 30 are the guiding lines
marking SLG affected concurrently by strain and hole-doping. The slope of the er line is 2.2, and the slope
of the ey line is 0.7.

3.5 Massive hydrogenation or detachment from the substrate?

We have discussed the possibilities of massive hydrogenation and the alteration of frictional
stress between Cu substrate and SLG that cause the hysteresis loops of w; and w,p. The slipping
model seems to explain the results well by diminishing of the hysteresis loops of w; and w,p
shown in Figure 6. However, a downside of the slipping model is that we use all the parameters

from the pristine SLG for hydrogenated SLG.

A theoretical study shows that the C-C bond length of graphane is longer than that of SLG [39],
and the calculated optical phonon frequency at I'-point of graphane is 1310 cm™ at 0 GPa and 1350
cm™! at 10 GPa [39], indicating the cause of the softening of wg; of SLG after laser heating. Even
though graphane is not thermodynamically stable at ambient pressure [18], it becomes stable under
pressure and it could be metastable down to almost ambient pressure as evidenced by the presence
of 3100 cm™ band on unloading in Run 2 (Figure 4(b)), which can be interpreted as the C-H
stretching mode. The theoretical study using Monte Carlo simulation demonstrated that H atoms
prefer to form dangling bonds with C atoms on both sides of SLG and stay in close proximity to
each other [57]. H2 could penetrate through the gap between Cu and SLG to hydrogenate SLG
from the substrate side during laser heating, causing a massive hydrogenation to occur. For
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example, a dashed circle in Figure 5(a) marks that w; of hydrogenated SLG on Cu substrate is
lower than w; of SLG on diamond substrate at similar pressure. For this case, the massive
hydrogenation, causing the average C-C bond length of hydrogenated SLG longer than SLG, is a
better explanation. Therefore, the massive hydrogenation and the detachment together can cause a

tremendous redshift of w.

Moreover, in decompression, w,; of hydrogenated SLG on Cu substrate is higher than w; of
SLG on diamond substrate at ~5 GPa (see open trapezoid and down-triangle symbols at 5 GPa in
Figure 5(a)). The shortening of C-C bond length as pressure decreases can be explained by
dehydrogenation from massively to partially hydrogenated SLG.

Yet another alternative explanation of the drop in wg after laser heating could be a structural
transition in SLG similar to that reported in graphite [58, 59] or graphdiyne [60]. Evidently, the
linewidth of the G band at 4.6% of compressive strain is six-fold larger than that of pristine SLG
(see Figure S8(a) in SI), similar to phase transformation in graphite [61, 62]. The broadened G
peak may come from the convolution of several peaks appearing because of the existence of
several C-C bond lengths in the structure as well as a large disorder or even amorphization [63]
originating from the corrugation of SLG on Cu substrate. However, to discuss this phenomenon

qualitatively, more data is needed which is beyond the scope of the present work.

4. Conclusion

We performed laser heating of SLG deposited on Cu substrate in hydrogen medium in DAC at
high pressure to explore its possible hydrogenation. The in situ was compressed to 8§ and 20 GPa
which the compressive strains (the total in-plane stresses) of SLG on Cu substrate were 2.6% and
4.6% (16.6 and 29 GPa), respectively, where the total in-plane stress is a summation of stress from
in situ acting on the sample and frictional stress between SLG and Cu substrate. After laser
treatment, the Raman frequencies of the G and 2D modes decreases, which is partially explained
by the model where SLG detaches from Cu substrate. However, the appearance of additional
Raman bands and some amount of softening could be tentatively assigned to a massive
hydrogenation. However, more works need to be done to demonstrate synthesis of graphane at
these conditions. The correlation between w¢ and w,p shows that hydrogenated SLG is likely to

behave as being hole-doped under high pressure. The recovered SLG samples after pressure-
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temperature treatments retain an amount of hydrogenation increasing with the pressure at which

they were treated, presenting a possible pathway toward the graphene synthesis.
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