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Abstract

The ability of functionalize graphene with several methods, such as radical reactions, cyclo-additions,
hydrogenation and oxidations, allows this material to be used in a large range of applications. In this framework,
it is essential to be able to control the efficiency and stability of the functionalization process - this requires
understanding how the graphene reactivity is affected by the environment, including the substrate.

In this work we provide an insight on the substrate dependence of graphene reactivity towards hydrogenation by
comparing three different substrates: silicon, hexagonal boron nitride (h—BN) and molybdenum disulfide (MoS,).
Although MoS, and h—BN have flatter surface than silicon, we found that the H coverage of graphene on h—BN
is about half of the H coverage on graphene on both silicon and MoS,. Therefore, graphene shows strongly
reduced reactivity towards hydrogenation when placed on h—BN. The difference in hydrogenation reactivity
between h—BN and MoS, may indicate a stronger van der Waals force between graphene and h—BN, compared
to MoS,, or may be related to the chemical properties of MoS,, which is a well-known catalyst for hydrogen

evolution reactions.
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Graphene is a 2-Dimensional (2-D) hexagonal lattice of carbon atoms that is attracting great attention because of its unique
properties and potential applications’ ~%. Graphene, being a surface, is strongly sensitive to the environment: this allows
fining tuning the properties of graphene by covalent methods* °. Those include chemical reactions®, such as diazo-coupling,
polymerization, cyclo-addition, and plasma treatment, which allows the attachment of atoms such as hydrogen® to the

graphene scaffold.

Functionalisation processes based on plasma are simple and attractive methods for the modification of graphene surface with
various atoms” &, However, the functionalization mechanism via plasma treatment is not completely understood. It is believed
that carbon atoms at corrugated parts, edges, defects, etc. are more reactive than carbon atoms in the basal plane®. In the case
of hydrogenation, the C—H bond formation leads to a change in the local atomic structure, producing a strained and buckled
surface around the C—H bond. This local area is considered the “nucleation point” for the hydrogenation to start. However,
several experiments have indicated that this simple theory may not be able to fully explain the reactivity of graphene towards
hydrogenation. Diankov et al.’® have compared graphene subjected to H plasmas onto two different substrates: silicon and
mica. Although mica is smoother than silicon, no differences were observed between the two substrates. Charge puddles in
the silicon substrate have been considered responsible for the enhanced chemical reactivity of graphene, compared to
graphene multi-layers'® **. We remark however that in those studies the plasma treatment was used to etch graphene, while
covalent functionalization requires different ions energy distribution. In any case, these initial works indicate that the

substrate has a crucial importance in determining the reactivity of graphene.

One of the most used substrates is hexagonal boron nitride (h—BN) as it allows achieving the highest charge mobility for
supported graphene®. However, with the isolation of new 2D materials and the introduction of “2D-crystal based

heterostructures”

, graphene is now placed also on other substrates; some of them have been shown to be detrimental to the
electronic properties of graphene due to contamination and bad quality of the interfaces'* *. In this framework, it is therefore
important to further investigate how the surface properties and chemistry of the substrate affect graphene reactivity. A recent
work® reports a study on the chemical reactivity of single and bilayer graphene (SLG and BLG, respectively) deposited on
silicon (Si0O,), dichalcogenides (MoS, and WS,) and h—BN. Hydrogenation was performed by using a chemical method
based on hydrogen silsesquioxane. The authors attribute the higher chemical stability of SLG, when deposited to another 2D
crystal, compared to silicon, to the stronger van der Waals interaction between graphene and the 2D substrate by providing a
higher resistive force towards geometric lattice deformation'®. This effect is believed to be more dominant than both local

curvature and charged puddles effects'®.

In this letter we show a direct comparison of hydrogenated graphene on the following substrates: silicon (Si) with 290
nm thick silicon dioxide (Gr/SiO,), molybdenum disulfide (Gr/MoS,), and hexagonal boron nitride (Gr/h—BN). We show
that h—BN minimises the reactivity of graphene to hydrogenation, while graphene on MoS, shows hydrogenation reactivity
comparable to that observed for silicon. The H coverage of graphene on h—BN is found to be about half of the H coverage on

silicon and MoS,.

The graphene crystals (a few hundreds of microns in size) and thin flakes of MoS, and h—BN were produced by micro-

mechanical exfoliation on a standard silicon substrate with 290 nm SiO,"". Graphene flakes were transferred from silicon by



using a dry-peel transfer*. Figure 1 (a) and (b) shows the optical pictures of Gr/MoS, and Gr/ h—BN samples. Note that the
graphene crystal was partially transferred on MoS, and h—BN in order to allow direct comparison between silicon and MoS,
or h—BN. The samples were exposed to hydrogen plasma made by using a modified Edwars E306A coating system chamber.
An hydrogen-argon mixture (10 % H,) at a pressure of ~ 0.1 mbar was employed and a dc plasma ignited between two
aluminium electrodes. The samples were placed about 30 cm away from the discharge zone in order to minimize any possible
damage due to energetic ions. Both samples were placed in the chamber at the same time and next to each other, so they were

exposed exactly to the same plasma conditions. Graphene was hydrogenated for 60 minutes.
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Figure 1. Optical micrograph and AFM images of the samples. Graphene transferred on a MoS, flake (a) and on an
h—BN flake (b). In both cases, the crystal partially overlaps with the Si substrate. The closed-red-line indicates the graphene
flake and the closed-black-line is the MoS, and h—BN flake in (a) and (b), respectively. AFM images of Gr/MoS, (c) and Gr/
h—BN (d), measured in the dotted square in (a) and (b), respectively. The AFM scanned area is 5x5 um?.

Atomic Force Microscopy (AFM) was performed on a 5x5 um? area in order to investigate the surface properties of the
samples before and after hydrogenation. Figure 1 (c) and (d) show the AFM pictures of the samples Gr/MoS, and Gr/ h—BN,
respectively. The root mean square (RMS) roughness of graphene on MoS,, h—BN, and on silicon is 0.46 nm, 0.34 nm, and
0.71 nm, respectively. The thickness of the MoS, and h—BN flakes is 24 nm and 21 nm, respectively. A few bubbles are
visible, as often observed for transferred graphene, but the area is largely clean and no damage or other surface
deformations are visible under the optical microscope.

A Renishaw Raman spectrometer, equipped with excitation lines of 514 nm and 633 nm, was first used to identify
graphene'® and to determine hydrogenation conditions®. The incident power was maintained below 2 mW during the
measurement to avoid any possible damage and heating of samples, which may lead to hydrogen removal. In contrast to other
type of functionalization methods, the formation of C—H bonds is a reversible process: the hydrogen can get desorbed from
the graphene scaffold through the application of thermal energy®. Therefore, hydrogenation can be easily verified by
annealing the samples (we used 300 °C in mixed argon and hydrogen gas flow for 5 hours) and tested by performing Raman
spectroscopy. There are two prominent peaks in the Raman spectrum of graphene, known as the G peak and the 2D peak, at ~

1580 cm™ and ~ 2700 cm™, respectively®. Raman spectroscopy is strongly sensitive to defects in graphene, as they activate
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characteristic modes, called D and D* peaks, at ~ 1340 cm™ and ~ 1620 cm™, respectively™® ?°. After annealing of the
samples, the Raman spectrum recovered its original shape, Figure 2 (blue and black spectra), confirming successful
hydrogenation under the conditions used in this work.

Note that Gr/MoS, and Gr/h—BN samples have been measured at 514 nm and 633 nm wavelength, respectively, see
Figure 2. Raman spectroscopy cannot be performed under the same experimental conditions for the two samples: when
graphene is placed on h—BN, it is necessary to use the 633 nm excitation wavelength in order to clearly distinguish the D
peak from the h—BN peak, at ~ 1350 cm™. On the other hand, when graphene is placed on MoS,, 514 nm excitation
wavelength has to be used to avoid the photoluminescence background coming from the MoS,. However the Raman
spectrum of graphene is strongly dependent on the excitation wavelength*® ?° so it is not possible to directly compare the
Raman spectra of Gr/MoS, and Gr/h—BN. As both samples partially overlap on the Si substrate, this can be used as reference
to indirectly compare the reactivity of graphene on MoS, and h—BN. The comparison between samples can be made by
taking into account that an increasing amount of defects on the Raman spectrum of graphene can be described with a
phenomenological three-stage amorphization trajectory™®?. In stage 1, starting from pristine graphene, the Raman spectrum
evolves as follows: the D peak appears and the intensity ratio between the D and G peaks [I(D)/I1(G)] increases; the D'
appears; all the peaks broaden and G and D' begin to overlap. In this stage, 1(D)/I(G) can be used to estimate the amount of
defects'® %%, while I(D)/I(D’) can be used to distinguish between different type of defects®. At the end of Stage 1, the G and
D' peaks are no more distinguishable, 1(D)/I(G) starts decreasing. As the number of defects keeps increasing, the Raman
spectrum enters Stage 2, showing a marked decrease in the G peak position and increase broadening of the peaks; 1(D)/1(G)
sharply decreases towards zero and second-order peaks are no longer well defined. Stage 3 describes amorphous materials
with increasing sp* content " %, For supported graphene, where only one side of the crystal is available for functionalization,
hydrogenation is obtained in stage 1, therefore I(D)/I1(G) increases with increasing amount of defects (i.e. H coverage); this

allows us to use 1(D)/1(G) to measure the graphene reactivity towards hydrogenation.
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Figure 2. Raman spectra of graphene, hydrogenated graphene and annealed graphene on MoS, and h—BN. Raman
spectra of Gr/MoS; (a) and Gr/h—BN (b). The spectra are normalised to the G peak intensity. Black, red, and blue spectra

indicate pristine, hydrogenated, and annealed samples, respectively.



Because hydrogenation is not uniform over the graphene surface®, a single Raman spectrum may not be representative of
the functionalization process. We used Raman mapping to get the I1(D)/I(G) distribution over a clean area of ~5 um x 5 um,
without any bubble or visible deformation. Figure 3 (a) and (b) show the I(D)/1(G) maps of hydrogenated graphene on MoS,
and Si, measured on the Gr/MoS, sample in Figure 1 (a). Figure 3 (c) and (d) show the I(D)/I(G) maps of hydrogenated
graphene on h—BN and Si, measured on the Gr/h—BN sample in Figure 1 (b). Figure 3 (e) and (f) show the histograms of
I(D)/I(G) extracted from the maps in Figure 3 (a)-(d). This Figure can be used to compare the three substrates: the average
I(D)/I(G) of graphene on MoS; is 0.608, similar to the value obtained for the silicon substrate (0.614). This indicates that the
reactivity to hydrogenation of graphene on MoS; is comparable with that of graphene on silicon. The average I(D)/I(G) of
graphene on h—BN is 0.69, almost half of 1(D)/1(G) measured on the silicon substrate (1.23). As mentioned earlier, 1(D)/I(G)
of Gr/MoS, and Gr/h—BN samples cannot be compared because measured at different excitation wavelengths. However,
I(D)/1(G) is known to increase with increasing laser wavelengths' %°, so a similar 1(D)/I(G) between h—BN and MoS,
measured at 633 and 514 nm, respectively, indicates that h — BN strongly minimises graphene reactivity towards
hydrogenation.

In order to remove the dependence on the excitation wavelength, we convert 1(D)/1(G) into H coverage. Ref 19 proposed
a relation between defect concentration (n) and I(D)/I(G) as: L%, (nm?) = (1.8 + 0.5) x 10° A.* x [I(D)/1(G)]™* and np (cm™®) =
1014/(nLD) where Lp is separation between defects, 4, is the laser wavelength and np is the number of defects/cm?. However,
this relation was found for ion-bombarded graphene samples™. In the case of hydrogenation, upon chemisorption of the first
H atom on the graphene lattice, the following H atoms will bond to cluster around the initial chemisorbed H atom, which acts
as nucleation point. Therefore, np found by using the relation proposed in Ref 19 needs to be multiplied by a correction
factor, which takes into account of the clusters formation. By calculating the total number of carbon sites available for
hydrogenation as a function of the cluster size (assumed circular in shape and smaller than the defects distance of ~ 5nm,
which sets the crossing between Stage 1 and 2), we deduced a correction factor of ~ 175, in good agreement with previous
works® %, In this way, we found H coverage of 1.3 + 0.3 % for both graphene on MoS, and silicon, in contrast to graphene
on h—BN, which shows H coverage of only 0.7 + 0.3 %. This result indicates that h—BN strongly minimizes the reactivity of
graphene towards hydrogenation and further confirms h—BN as the most suitable substrate for fabricating graphene-based
devices'. This is also in agreement with the results in Ref 27, where graphene devices on different substrates have been
compared: the highest mobility at room temperature was observed when graphene is placed on h—BN (~ 38,000 cm?V's™),
followed by WS, and then MoS,. The latter shows mobility comparable to that obtained when graphene is placed on oxidized

Si substrate.

In conclusion, our study provides further insights into the effect of the substrate on the hydrogenation reactivity of graphene.
Our results indicate that graphene shows strongly reduced reactivity towards hydrogenation when placed on h—BN, while
MoS; gives rise to a similar reaction rate as compared to silicon. Although MoS, and h—BN have flatter surface than silicon,
the H coverage of graphene on h—BN is found to be about half of the H coverage on both silicon and MoS,, when exposed
under the same experimental conditions. The difference in hydrogenation reactivity between h—BN and MoS, may indicate a
stronger van der Waals force between graphene and h—BN'®, compared to MoS,, or may be related to the chemical properties

of MoS,, which is a well known catalyst for hydrogen evolution reactions %.
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Figure 3. Raman maps of 1(D)/I(G) of hydrogenated graphene on different substrates. I(D)/1(G) maps of hydrogenated
graphene on MoS; (a) and on silicon substrate for the Gr/MoS, sample (b). I(D)/1(G) maps of hydrogenated graphene on

h—BN (c) and on silicon substrate for the Gr/ h—BN sample (d). Note that different excitation wavelengths are used for the
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two samples, so the values are not directly comparable.
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