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Moiré-Induced Enhanced Hydrogen Adsorption on

Graphene
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José Ignacio Martinez, Alejandro Gutiérrez, José Angel Martin-Gago, Irene Palacio,

and Pablo Merino*

The periodic patterning induced by moiré superstructures enables the
synthesis of spatially functionalized graphene surfaces owing to changes in
the local reactivity of the material. However, quantitative characterization of
the effect of different moiré patterns remains elusive. By exploiting the large
number of moiré superstructures appearing on epitaxial graphene grown on a
Pt(111) surface, this stud examines the effect of moiré-induced corrugation on
the local reactivity toward hydrogenation. This work combines atomically
resolved scanning tunneling microscopy alongside density functional theory
and Monte Carlo simulations of hydrogen chemisorption. The findings reveal
a more efficient hydrogen adsorption onto moiré patterns compared to flat
graphene, with a marked selectivity toward the most topographically
protruding areas of the moiré. This moiré-induced enhancement of the
hydrogenation efficiency is slightly increased on the most corrugated
structures, which also display longer residence times and a higher stability

of transparent electrodes or devices operat-
ing at high frequencies), it limits the suit-
ability of this material for other applica-
tions, such as electronic digital devices. To
overcome these limitations and tune the
properties of this material, the chemical
functionalization of graphene stands as a
key strategy. This approach has prompted
the application of graphene in a wide
range of fields, including optoelectron-
ics, medical and sensing devices,?l or
energy storage.l’! Nonetheless, the low
chemical reactivity of graphene hinders its
chemical modification for these purposes.

Up to date, several strategies have
been explored to control the reactivity of
graphene, for example, by inducing strain

against thermal desorption.

1. Introduction

Graphene is an exceptional material in terms of mechanical
and electronic properties. This 2D material benefits from an ex-
tremely high chemical stability, derived from its polyaromatic
character.!l While the absence of a bandgap in its electronic
structure has a beneficial impact for those applications in which
high carrier mobilities are required (such as in the fabrication
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to the material [*®] functionalizing it with

catalytic materials,[®’] or creating defects

in the graphene lattice.®?] Moiré patterns

have been observed to play a role in the
reactivity of 2D materials in general (for example, in the case
of WS, MoS, for the hydrogen evolution reaction)'®!!l and
graphene in particular.'>° These periodic patterns arise from
the mismatch between two superimposed lattices, such as in
the case of two rotated graphene sheets, or when this material
is grown on a metallic substrate. The unique moiré periodici-
ties enable the synthesis of spatially functionalized graphene sur-
faces owing to changes in the local reactivity of the material.l'l
For example, the periodic adsorption of H atoms on the moiré-
patterned graphene on Ir(111) leads to the apparition of an elec-
tronic gap around the Fermi level,['”) whereas hydrogenation and
H intercalation in epitaxial graphene on Ru(0001) produce a func-
tionalization following a honeycomb pattern.['8]

In this work, we investigate how different moiré patterns af-
fect the hydrogenation of graphene by means of the deposition of
thermally cracked H atoms under ultra-high vacuum conditions.
The adsorption of H atoms in this way can be considered a probe
of the local reactivity of graphene on its own.!*! Previous fun-
damental works, both experimental and theoretical, of graphene
hydrogenation on several substrates such as Ir(111), SiC(0001) or
HOPG have provided useful information, such as the preference
of H atoms for adsorption in clusters, typically dimers (two atoms
bonded to the same carbon hexagon), or the local shift from sp?
hybridization to a tetrahedral sp® configuration occurring upon H
chemisorption. When a hydrogen atom bonds to a carbon atom
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on the surface, it induces a local change from the original pla-
nar sp? configuration to a tetrahedral sp* configuration with the
hydrogen atom positioned on top of the carbon atom.!2021] This
change requires puckering the carbon atom out of the graphene
plane, which is energetically unfavorable. Interestingly, the lo-
cal curvature of the graphene can reduce this energy penalty if
the graphene sheet is bent so that the C atom is already pro-
truding toward the H atom, essentially changing the local reac-
tivity toward hydrogenation. In this way, the binding energy of H
atoms in the convex areas of a deformed graphene increases, as it
has been experimentally proven for nanotubes or fullerenes(?!-24],
and for individual graphene moiré patterns.'320%1In addition,
in the case of epitaxial graphene, interaction between C atoms
and the substrate in areas where the registry is adequate can
further stabilize the hydrogenated configurations. All in all, the
reactivity of graphene is dependent on a plethora of structural
factors.

Corrugated moiré superstructures, arising from the mismatch
between the stacked lattices of the graphene and the substrate,
offer an excellent platform for a fundamental study of the ef-
fects of periodically nanostructured graphene on hydrogen ad-
sorption. In previous experimental surface science works, the fo-
cus has been typically placed on single moiré patterns, such as
the (9 x 9)R0° on the Ir(111),3) (11 x 11) R0° on Ru(0001),18!
or the (61/3 x 64/3)R30° on SiC.12¢) Over these substrates, typ-
ically only one moiré is obtained, which limits the comparative
study between patterns with different periodicities on the same
substrate. However, different moiré periodicities can result in dif-
ferent properties, such as different corrugations or the opening of
different band gaps. Unfortunately, on epitaxial graphene sheets,
it is generally impossible to control the moiré patterns obtained,
which are dictated by the interaction between graphene and sub-
strate.

Depending on its orientation with respect to the substrate,
graphene grown on a Pt(111) surface exhibits 22 different sta-
ble moiré superstructures, each one of them defined by the an-
gle between the substrate and graphene lattices, which can coex-
ist in the same sample, forming domains (see Section S1, Sup-
porting Information).[””] This remarkable variety allows us to
explore the influence of a wide range of structural parameters
of the moiré physics, and moiré corrugation in particular, on
hydrogen adsorption. Although graphene weakly interacts with
the platinum surface (it adsorbs at a height > 3 A, and its elec-
tronic structure resembles that of free-standing graphene, apart
from a slight p-doping),?¥! this interaction is enough to induce
structural corrugations on the graphene in the range from 0 to
0.40 A, depending on each particular moiré superstructure.?’]
In general, there are two types of moiré patterns in the sys-
tem graphene/Pt(111): non-corrugated (corrugation close to 0 A),
which present small lattice parameters below 11.3 A, and highly
corrugated (corrugation between 0.10 and 0.40 A), which present
larger lattice parameters.3) The competition between the in-
creased binding energy of moiré superstructures and the energy
necessary to deform the graphene determines the final corruga-
tion of the graphene sheet.[3% The coexistence of stable moiré do-
mains with clearly different corrugations, together with the weak
interaction between graphene and substrate, makes this system
an ideal model for the fundamental study of H adsorption on
nano-patterned graphene sheets.
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In this work, we employ a combined approach of experimen-
tal characterization by Scanning Tunneling Microscopy (STM) at
both room temperature (RT) and 10 K along with ab initio calcula-
tions to provide a fundamental understanding of the chemisorp-
tion of atomic H on epitaxial graphene monolayers grown by
decomposition of fullerenes on a hot Pt(111) surface. By con-
fronting our experimental data with a variable-step kinetic Monte
Carlo model, considering the curvature of each moiré superstruc-
ture, we evaluate the adsorption efficiency, hydrogen residence
time, and desorption kinetics at a working temperature of 400 K.
Our results demonstrate that corrugated moirés present both en-
hanced adsorption efficiency and a better stability at higher tem-
peratures compared to a flat graphene sheet. Additionally, the de-
gree of moiré-induced enhancement in hydrogen adsorption ef-
ficiency is significantly pronounced on the most corrugated pat-
terns with larger lattice parameters.

2. Results and Discussion

We conduct an extensive characterization of hydrogen
chemisorption on ten different moiré domains after expos-
ing the samples at room temperature to a dose equivalent to
0.12 monolayers of dissociated H, molecules under ultra-high
vacuum (UHV) conditions (Figure 1a—j). The molecular dissoci-
ation was activated by thermal cracking in a commercial system
consisting of a tungsten capillary heated at 2300 K by electron
bombardment. At these coverages, the graphene moiré super-
structures remain unaffected and clearly identifiable in STM
images. Hydrogen appears as multi-lobed protrusions with lat-
eral sizes ranging from 0.5 to 1.5 nm of length (see Figure 1k-n).
We assign these features to clusters of chemisorbed hydrogen
atoms, in agreement with previous works.[2631-33] The apparent
lateral size of these clusters is much larger than what can be ex-
pected from single hydrogen atoms, since the charge transferred
from the H atoms to the C atoms pins into states surrounding
the Dirac point that involve several neighboring carbon atoms
(see Figure 2h).3*l Once the clusters are formed, they remain
stable over days at room temperature and UHV conditions.
However, we observe that strong electric fields or interaction
with the STM tip during measurements can induce local desorp-
tion from the surface (Figure S2, Supporting Information).[323%
Interestingly, we notice that the H clusters consistently appear
at the brightest parts of the moiré superstructure, as it can be
appreciated in those with a larger lattice parameter (Figure 1e—j).
In epitaxial graphene grown on Pt(111), these parts correspond
to those areas of the graphene with a convex curvature, which
are topographically more protruding according to previous
experimental and theoretical results.[?"]

Even though the exact configuration of the clusters is diffi-
cult to establish solely from STM images, we tentatively assign
them to ortho- or para-dimers, since they are more stable than
the monomers or the meta dimers (2.7-2.9 eV for ortho- and
para-dimers to be compared with 0.8-1.6 eV for meta-dimers,
see Section S6.4, Supporting Information).!?>3¢#0] Occasionally,
we observe how a whole cluster desorbs from the surface while
scanning (see Section S3, Supporting Information). On the other
hand, we do not observe any cluster diffusion independently of
the moiré pattern onto which they are bonded, as expected from
the high energy barriers for hydrogen diffusion on graphene in
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Figure 1. STM images of different moiré superstructures, in increasing lattice parameter order, after deposition of 0.12 Langmuirs of atomic hydro-
gen/deuterium. Each moiré is denoted by the angle of rotation of the graphene with respect to the substrate. All images were acquired at room tem-
perature except for panels c), d), which were acquired at 10 K. The corresponding supercells are highlighted with an orange rhombus in each panel.
Hydrogen atoms form clusters that appear as bright features with multiple lobes and dark spots. All images in the first two rows are 10 nm x 10 nm
and correspond to the following moirés: a) R30°, | = 2.72 nA, V = —-250 mV, b) R19.1°, I = 1.35 nA, V = =250 mV, ¢) R13.9°, | = 0.95 nA, V = =240 mV
(T=10K), d) R10.9%, 1 = 0.90 nA, V =250 mV (T =10 K), €) R9°, | = 1.27 nA, V = —450 mV, f) R4.7°, | = 0.29 nA, V = 18 mV, g) R22.1°, I = 1.00 nA,
V=-1150mV, h) R2.7°, | = 1.86 nA, V = —490 mV, i) R26.1°, | = 4.15 nA, V=310 mV, and j) R1.7°, | = 1.50 nA, V = -950 mV. In Table S1 (Supporting
Information), we include more details on our moiré notation.[?’] Panels k), ), m), n) are high-resolution images (2.5 nm x 2.5 nm) from clusters on
moiré R30° (I = 1.40 nA, V = —240 mV), R19.1° (I = 1.35 nA, V= -250 mV), R10.9°, and R2.7° (I = 0.16 nA, V = —450 mV) respectively. See also Figure

S2 (Supporting Information).

the order of 1 eV.[*!*2] The clusters present some identifiable
inner structure (see Figure 1k-n; Figure S2, Supporting Infor-
mation). In high-resolution images, sets of dark spots are appar-
ent inside the clusters, attributable to the hydrogen atoms them-
selves, in agreement with simulated STM images obtained from
our Density Functional Theory (DFT) calculations (see Section
S4, Supporting Information for more details).

The apparent topography of the moiré superstructures and
the dimers exhibits a dependence on the bias voltage, as shown
in Figure 2a—d for the moiré R4.7°. The apparent topographic
height of the graphene moiré increases from approximately
2 A (from peak-to-peak) at —32 mV to roughly 4 A at 10 mV.
At the same time, the apparent height of the H dimers re-
mains without a clear bias voltage dependence. Overall, the in-
crease of the apparent corrugation of the moiré pattern over-
shadows the H clusters, rendering them dimmer in compari-
son. We reproduce this observation in an STM-image simula-
tion for a single H atom chemisorbed on the R30° superstruc-
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ture (see Section S5, Supporting Information).”?’] In Figure 2e,
we show Scanning Tunneling Spectroscopy (STS) experiments
conducted at 10 K on a moiré R10.9° domain after deposi-
tion of atomic hydrogen (see Table S1, Supporting Informa-
tion for more details on this nomenclature). On the pristine
graphene, the conductance, dI/dV, shows a rounded valley shape
with its minimum at +325 mV (to be compared with the DFT-
predicted +310 mV for the R30° superstructure). We assign
this to the Dirac point, indicating a slight p-doping, which is
in agreement with angle-resolved photoemission spectroscopy
measurements.[**] This spectrum is the result of probing both the
states from the graphene and the Pt(111) substrate. By perform-
ing STS on a H cluster we obtain a similar spectrum shape, with a
new peak appearing at 385 mV above the Fermi level (Figure 2g).
We assign this feature to states related to chemisorbed hydrogen
located close to the Dirac point, supported by our DFT calcula-
tions for a H atom chemisorbed to a moiré R30° (Figure 2h).
As highlighted in Figure 2f, we predict that a peak appears close
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Figure 2. STM images (15 nm x 15 nm) taken at different voltages on a moiré R4.7°: a) =32 mV, b) —10 mV, ¢) 10 mV, d) 15 mV, e) Conductance. d//dV,
spectra acquired on a moiré R10.9° at 10 K temperature over a hydrogen cluster (purple) and on an area of bare graphene (green). A hydrogen-related
peak appears at 385 mV over the Fermi level on the purple curve (black arrow). f) Projected density of states (PDOS) calculated for a moiré R30° with a
chemisorbed H atom. A peak appears at 285 meV composed by the states of the 1st, 2nd and 3rd carbon neighbors (blue, green, and violet, respectively,
in panel h) of the chemisorbed H atom (red). g) Zoom of the hydrogen-related peak in panel €). h) DFT calculated configuration for a H atom on a moiré

R30°.

to the Dirac point, which comprises the contribution of the H
atom and the neighboring C atoms. Finally, we attribute the
local minimum in both STS spectra in Figure 2e, to phonon-
assisted inelastic tunneling processes as reported in previous
works.[44:45]

Experimentally, direct coverage comparison between different
samples poses a great challenge. Hydrogen cracking requires
high temperatures, and precise control of the deposition rates
is only possible to some extent. The uncertainty in the deposi-
tion doses, together with tip-induced desorption (see Section S3,
Supporting Information), increases the error margins when de-
termining the density of chemisorbed clusters. However, as the
amount of desorbed hydrogen during the scan depends on the
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measurement time, we can circumvent this difficulty analyzing
images from areas in which multiple moiré domains coexist (see
Figure S1a, Supporting Information for a two-domain area prior
to hydrogen deposition). In Figure 3a,b, we show a 50 nm x 50
nm image from a graphene sample grown at 1250 K. At this tem-
perature, we obtain a high number of smaller moiré domains
covering the whole surface, with lateral sizes of some tens of
nanometers and different lattice parameters. Clearly, corrugated
graphene superstructures coexist with flatter areas. Out of the
defective domain boundaries and at room temperature, our ex-
perimental results indicate that H clusters adsorb much more
efficiently on the corrugated moirés. Figure 3c,d shows another
area in which a corrugated R9° domain, with an apparent corru-
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Figure 3. a) 50 nm x 50 nm STM topographic image on a region with several corrugated moiré structures coexisting with a flat moiré R30° in the center,
where H clusters appear as bright protrusions. Boundaries between domains are defective areas that stabilize a considerable amount of hydrogen.
Note that, out of the domain boundaries, hydrogen clearly tends to chemisorb on the corrugated patterns. b) Scheme of the different moiré domains
appearing in the previous panel. White circles mark the position of H clusters adsorbed clearly outside the boundaries of the domains. Grey areas tagged
as “nb” correspond to graphene nanobubbles (decoupled graphene that lifts from the surface). ¢) 10 nm x 10 nm STM current image of a region in
which two moiré superstructures coexist after hydrogen deposition. The terrace in the left part presents a lower corrugation (moiré R10.9°) with respect
to the right-hand areas (moiré R9°). The bright spots on the most corrugated area correspond to hydrogen clusters. d) Color scheme of the domains
shown on the previous panel. White circles mark the position of hydrogen clusters. The boundary between the domains is an atomic step (see Figure

S1c, Supporting Information for the topography image).

gation of 0.32 + 0.02 A, coexists with a flatter R10.9° domain, with
an apparent corrugation below 0.10 A. These two moiré patterns
mark the boundary between the flat and corrugated graphene su-
perstructures on Pt(111), which depends on the angle between
the graphene and the substrate lattices and the size of the moiré
supercell.’%) In this area, clusters are located exclusively on the
R9° superstructure, indicating an enhanced adsorption efficiency
and higher stability, in agreement with our simulations (see be-
low).

Hydrogen chemisorption kinetics onto corrugated graphene
is a multifactorial process that comprises not only the forma-
tion of a C—H bond, but also the effects of the local curvature
of graphene, the interaction between neighboring H atoms and
the interaction between the graphene layer and the substrate. To
quantitatively understand the effect of the corrugation of the dif-
ferent moirés on the uptake of hydrogen and the stability of the
chemisorbed atoms, we simulate the chemisorption dynamics of
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hydrogen with a variable-step kinetic Monte Carlo model.[374¢]

In our calculations, we consider that a hot beam of H atoms
at a temperature of 2300 K (corresponding to the temperature
of the tungsten cracking system) arrives to a periodically mod-
ulated graphene surface at room temperature, representing the
moiré superstructures of the sample. Each atom reaches the sur-
face at a random carbon position, where it can form a C—H bond
with the graphene sheet. The physisorption of H atoms or H,
molecules is neglected as the low binding energies (in the range
of 40-60 meV)13747~*] result in poor stability. The thermalization
of the H atoms to 300 K takes some time, during which the ex-
cess of thermal energy allows for diffusion or desorption to take
place. We consider that the temperature of the H atoms follows
the law in Equation (1).037]

Tbeam
T = Tyaphener ———"———— 1
maX< graph (1+B’(t_tuds))2) "’
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where T,.... and T}, are the temperatures of the surface and
the incoming H atoms, B is related to the thermalization speed,
and t,,, is the time when the hydrogen atom adsorbs to the sur-
face. Only if the hydrogen atom thermalizes before desorbing
will it remain adsorbed to the surface. We consider that the reac-
tion rates that govern the diffusion from one C atom to an adja-
cent one, the desorption, and the recombination from previously
formed dimers follow Arrhenius law:

R (E,T)=A-exp (—%) (2)

In Equation (2), A is the pre-exponential factor, which we as-
sume equal to 10 Hz,*’] k is Boltzmann’s constant and E; is
the energy barrier for each reaction (i = diffusion, desorption, or
recombination). More details are included in Section S6.2 (Sup-
porting Infomation) As the diffusion implies the rupture and
formation of a C—H bond, the diffusion barrier essentially de-
pends on the binding energy. We also consider the modifica-
tions in the binding energy that occur when atoms form ortho-
, meta- and para-dimers, or other larger clusters involving more
than two H atoms (in this case, for each H atom, we consider
the interaction with the neighbors by pairs,”#!] ignoring those
atoms located further than the para positions). Doing so, we re-
produce the higher binding energies expected for H atoms in
large clusters.['*?3] The local curvature of the graphene sheet, d, at
each carbon position is defined as the perpendicular distance of
the corresponding C atom with respect to the plane defined by its
three closest neighbors. According to DFT calculations from pre-
vious works,!”!! the local change in the H binding energy, AE}"™,
with respect to the flat graphene configuration, due to the local
curvature follows a linear relation, and must be added to the reac-
tion energy barriers (see also Section S6.1, Supporting Informa-
tion). To account for the substrate interaction, we consider the
formation of C-Pt bonds when meta-dimers or extended meta-
structures are formed in areas with adequate registry with the
substrate, which increases the total binding energy of the cor-
responding configurations. On stronger interacting substrates,
such as Ir(111), this gives rise to graphane-like clusters in which
one graphene sublattice is hydrogenated and the other bonds to
atoms in the substrate.[1*2]

A completely accurate description of this interaction would re-
quire advanced ab initio calculations on all possible configura-
tions and moiré models, which is unfeasible. However, our pre-
liminary results on the low-interacting graphene on Pt(111) sys-
tem suggest that the interaction with the substrate plays a less im-
portant role on the chemisorption of H atoms on non-defective
areas than other factors such as the local curvature. This is due
essentially to a decreased stability of meta-dimers with respect to
the para- and ortho-dimers on epitaxial graphene on Pt(111) (see
Sections S6.9 and S7, Supporting Information).

We simulate four deposition experiments on four different
moiré models with superlattice parameters ranging from 4.9 to
19.5 A, namely R30°, R19.1°, R9° and R2.7°. We consider a flux
of 2 x 10'* atoms cm~2 s~! and deposition times of 12 s, similar
to the conditions in our experiments. The main results are sum-
marized in Figure 4, where temporal snapshots of the on-surface
hydrogen dynamics are displayed for t = 0, 4, 8, and 12 s. For
each moiré superstructure, we incorporate an equivalent experi-
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mental image to facilitate both density and qualitative structural
comparison (we note that simulations arise from stochastic pro-
cesses). As in the experiments, the final configuration tends to
accumulate H atoms in the convex areas of graphene, which cor-
respond to the brightest parts in the topographic STM images
(orange color in Figure 4). This is the result of three cooperative
mechanisms: i) at the convex regions, the binding energy of the
atoms is higher, and the desorption rate is lower, ii) the presence
of previously adsorbed atoms on those areas favors the adsorp-
tion and stabilization of new H atoms in the surroundings be-
cause of the higher stability of para- and ortho-dimers, and iii)
as the binding energy at the concave areas is lower, diffusion to
those parts is slightly favorable before thermalization of the atom,
moving atoms that fall in the proximities to even more unfavor-
able concave areas, producing desorption.

The correction in the binding energies due to the curvature
of the moiré pattern is in the range of a few tenths of eV (see
Figure 5a-h). It is useful to compare this value with the ther-
mal energy at room temperature (300 K), kT = 0.025 eV. The
rate of reaction is multiplied/divided by a factor e = 2.718 each
time this value is subtracted/added to the energy barrier, accord-
ing to Arrhenius law. To clarify how the correction of the bind-
ing energy due to curvature affects the adsorption and storage
of hydrogen on the whole system, we simulate the time-resolved
uptake/release of hydrogen on different moiré superstructures
and compare them with the flat graphene. Figure 5i displays
the average density of chemisorbed hydrogen atom as a func-
tion of time for 10 simulations per moiré. We find that all moirés
exhibit increased hydrogen sorption capabilities with respect to
flat graphene, being the figures of merit, 2.6 % and 3.2 % for
the low corrugated R30° and R19.1° moiré patterns, respectively.
For the highly corrugated R2.7° and R9° moirés, the adsorption
of hydrogen for a flux of 10" atoms cm™? s7! results signifi-
cantly larger by an 8.0% and 9.3% increase of the amount of ad-
sorbed H atoms after 60 s. The increased coverages for corru-
gated moiré superstructures reproduce the tendencies observed
in STM images in multidomain areas (see Figure 3). Our results
indicate that corrugation arises as a key factor to identify opti-
mal moiré superstructures for a more efficient hydrogenation of
graphene.

We have also calculated how the different moiré superstruc-
tures retain the chemisorbed hydrogen at different temperatures.
To do so, as a starting point we simulate a high flux deposition sat-
urating the surface with hydrogen for the four moiré superstruc-
tures R30°, R19.1°, R9°, and R2.7°. For comparison, we have also
performed a similar simulation on a flat graphene sheet (black
line in Figure 5j). A saturation coverage of 8 X 10 atoms cm™2
(21% of the C sites or 1.6 wt.% of chemisorbed H) is reached
in all systems after 12 s under a flux of 10'® atoms cm=2 s7! (50
times higher than in that used in Figure 4). The abstraction of
previously adsorbed H atoms by new incoming H atoms limits
this maximum coverage. We utilize the resulting saturated con-
figurations in desorption simulations with the kinetic chemisorp-
tion Monte Carlo model, in which we set the temperature of
the graphene sheet at 300, 350, 400, and 500 K respectively. In
Figure 5j we show the results for T,,,,,, = 400 K after 10 sim-
ulations per moiré pattern (see Figure S8, Supporting Informa-
tion for the other temperatures). At this temperature, the desorp-
tion of hydrogen takes place after few hours. The flat graphene
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Figure 4. a,c,e,g): Snapshots from our kinetic Monte Carlo simulations of deposition of 2:10'* H atoms-cm™2 s~! for 12 s on the R30°, R19.1°, R9°,
and R2.7° moiré patterns respectively. Experimental images are included for comparison in panels b,d,f,h) in the same order. Note that in all cases H is
more stable at the more protruding parts of the moiré pattern and tends to cluster and form dimers, in agreement with our experimental images.

releases 90% of its hydrogen content after 35 min, while corru-
gated moiré superstructures present a slower desorption kinet-
ics, displaying higher thermal stability and longer times of resi-
dence of the adsorbed hydrogen. Particularly, the moiré R9° sys-
tem retains its hydrogen content for longer times, releasing 90%
the hydrogen after 72 min at 400 K. At 350 K, similar results are
found, but time scales are much longer (in the range of days, see
Figure S8b, Supporting Information) in agreement with the sta-
bility of the H clusters observed in our room temperature STM
experiments. At 300 K, the corrugated moiré superstructures suf-
fer fewer thermal losses, retaining between 4 and 5 % more of
their total coverage than non-corrugated superstructures after 10
days (see Figure S8a, Supporting Information).

3. Conclusion

In summary, we have conducted an extensive characteriza-
tion of the chemisorption of atomic hydrogen on ten differ-

Small 2025, 21, e07323
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ent moiré superstructures of monolayer graphene on Pt(111)
by scanning tunneling microscopy and first-principles den-
sity functional theory-based calculations. Chemisorbed hydro-
gen forms clusters that we identify as non-magnetic dimers
(ortho- or para- dimers) and accumulates in convex areas of
the corrugated moiré patterns. We reproduce our experimen-
tal results with variable-step kinetic Monte Carlo simulations
of H chemisorption that include the binding energy alterations
due to local curvature and the clustering of H atoms, and use
them to quantitatively study the effect of corrugation on the ad-
sorption and release of chemisorbed hydrogen from graphene.
Our results show that moiré corrugation has a beneficial ef-
fect on the whole system with respect to the flat graphene
monolayer in both the adsorption speed and the time of resi-
dence of the chemisorbed hydrogen at different temperatures.
This improvement is more pronounced for higher corrugations
and lower moiré lattice parameters, as confirmed in our STM
experiments.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. a—d) Topographic height for each carbon atom in the R30°, R19.1°, R9°, and R2.7° moiré superstructures respectively. Color scales indicate the
height with respect to the lowest carbon atom (the closest to the Pt(111) surface). The blue rhombus in each panel corresponds to the unit cell of the
pattern. e-h) indicate the binding energy modification of chemisorbed hydrogen atoms due only to the local curvature of the graphene sheet. Red colors
correspond to higher binding energy and, therefore, more stable C—H bonds form on those atoms. i) Density of chemisorbed hydrogen atoms with
respect to time for a flux of 10'3 atoms cm™2 s~'. The curves are the average of 10 different simulations. The inset shows the percentage of coverage
increase with respect to the flat graphene after 60 s of deposition. j) Simulated density of chemisorbed H atoms vs time for saturated graphene moiré
superstructures annealed at 400 K. The inset corresponds to the simulations leading to the saturation coverage for each moiré superstructure (Flux =

10" atoms cm™2 571, t=12's).

4. Experimental and Computational Methods

The experiments were conducted in an ultra-high vacuum cham-
ber (UHV), P,,, = 1x107'° mbar, equipped with a home-made
fullerene evaporator, a commercial thermal gas cracker (TGC-
H) from SPECS for atomic hydrogen/deuterium deposition, and
a room temperature scanning tunneling microscope (Omicron-
STM). Unless otherwise stated, all the images were acquired in
this setup at room temperature. To prepare the surface for the ex-
periments, several sputtering-annealing cycles were performed

Small 2025, 21, 07323
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until the surface was judged clean in the STM. For sputtering
Ar* ions accelerated by a high voltage of 1.5 kV (typically, P,, =
3-5 X 107 mbar, I = 9-10 pA, t = 10 min) were used. It was fol-
lowed by a flash-annealing at 1150 K under P = 2 X 107 mbar
of oxygen to remove the carbonaceous species from previous ex-
periments. The substrate temperature was controlled with a two-
color pyrometer that automatically calculates the emissivity of the
sample. After pumping the oxygen and recovering a pressure be-
low 4 X 1071° mbar, typically after 5-10 min, it was continued
with a second flash-annealing at 1100 K to remove the possible
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oxide species formed in the previous step. This procedure re-
producibly resulted in a high-quality surface, with wide flat ter-
races and sharps atomic steps following the main surface crystal-
lographic directions.

Following previous works from the group,?’! graphene mono-
layers were grown by on-surface thermal decomposition of
fullerenes deposited on the clean Pt(111) surface at 1225-1425 K
from a tantalum evaporator situated inside the UHV chamber
(Tap = 800 K, t = 15 min). As thermal decomposition of the
molecules was only possible on the catalytic Pt surface, this proce-
dure results in high-quality full monolayers of epitaxial graphene
presenting domains with different orientations (Figure S1, Sup-
porting Information) that give rise to different periodic moiré
superstructures due to the mismatch of the graphene and the
Pt(111) lattices. In this system, there are 22 stable moiré super-
structures, each one defined by the angle of rotation between the
graphene and the substrate lattices. The corrugation of the super-
structure, which was defined as the difference between the height
of the lowest and the highest C atoms with respect to the surface,
was characteristic of each moiré. Even though the corrugation of
a particular moiré cannot be adjusted in this system, there is a cer-
tain degree of control on the type of moiré superstructures grow-
ing during graphene synthesis. On one hand, fullerene decom-
position at high surface temperatures (1325-1425 K) resulted in
large noncorrugated moiré domains with smaller lattice parame-
ters. On the other hand, deposition at lower temperatures (1225—
1325 K) resulted in small moiré domains with higher lattice pa-
rameters and higher corrugations.

The hydrogen cracker consists of a tungsten capillary heated at
2300 K by electron bombardment at one of its ends and a shutter
to block the beam of hot hydrogen atoms. A leak valve was used
to introduce 1 X 1078 mbar of diatomic deuterium or hydrogen
gas before turning on the cracker. Once the cracking temperature
was reached, the molecules dissociate thanks to the thermal en-
ergy with an efficiency close to 100 %. After that, the shutter was
opened and oriented the graphene surface (T'= 300 K) toward the
resulting beam of hot atoms. Typically, hydrogen was deposited
for 12-24 s. It was estimated that the flux of H atoms is in the
range of 103 atoms cm~2 s7!, during a deposition time of 12 s
for all images. This corresponds to densities of 0.03-0.15 clus-
ters of hydrogen/nm=2 in the experimental images, depending
on the moiré superstructure.

STM experiments at helium temperature were conducted in
a different chamber equipped with a cold-finger STM (Sigma)
and its own hydrogen cracker. Pristine graphene was prepared
on Pt(111) samples in the previous chamber and transferred by
means of a vacuum suitcase (P,,,, = 1 X 1078 mbar). The inherent
inertness of the graphene monolayer covering all the Pt(111) sur-
face protected the sample form contamination during the trans-
ference. A similar amount of atomic hydrogen was deposited in
the chamber, and introduced the sample in the STM stage to
cool down. Scanning Tunneling Spectroscopy (STS) experiments
were conducted by introducing a sinusoidal modulation to the
DC bias with an amplitude of 20 mV and a frequency of 933 Hz
and differentiating the tunnel current with a lock-in to obtain the
conductance. The images with the WSxM software was processed
and filtered."]

First-principles computational analysis of the (/3 x 1/3)R30°
H/Gr/Pt(111) a moiré superstructure was carried out by using
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Density Functional Theory (DFT) as implemented in the QUAN-
TUM ESPRESSO plane-wave simulation package for determin-
ing the ground-state structure and electronic properties of the
system,!] as well as for the simulation of Tersoff-Hamann STM
images.[?} See further details about the computational details
and theoretical approach in Section S4 (Supporting Information).

A variable step-size kinetic Monte Carlo model, based on the
work of H. M. Cuppen and L. Horneker,’’”! was used to sim-
ulate the adsorption and desorption dynamics of hydrogen on a
graphene sheet. To simulate the moiré patterns, a periodical sinu-
soidal corrugation was introduced, whose amplitude was chosen
to match previously reported moiré corrugations and lattice pa-
rameters (see Table S1, Supporting Information) and our experi-
mental observations. In our model, a beam of H atoms arrives to
the surface with a thermal energy corresponding to the cracking
temperature (2300 K). The atoms chemisorb to random carbon
positions from the graphene layer and were able to desorb, dif-
fuse, and recombine thanks to the excess of thermal energy. It
was assumed that the effective temperature of the chemisorbed
H atoms follows Equation (1).37 The model also includes the ab-
straction of a previously adsorbed H atom by an incoming atom
that reaches the same position, but not other Eley-Rideal pro-
cesses. The variations of the H binding energy due to the forma-
tion of ortho-, meta-, and para-dimers are included in the model,
as well as the formation of larger clusters, for which we add the in-
teraction with the neighboring H atoms by pairs.l*’*! The inter-
actions with the substrate are considered indirectly as the respon-
sible of the patterning of the graphene, which allows for the use of
the model to simulate depositions on epitaxial graphene grown
on other surface, such as Ir(111) (see Section S6.8, Supporting
Information). During the adsorption simulations, the graphene
temperature is set at 300 K, whereas for desorption simulations at
high temperatures, the temperature of a previously hydrogenated
substrate is selected as desired. Further details of the Monte Carlo
simulations can be found in Section S6 (Supporting Informa-
tion).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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