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Intrinsically Honeycomb-Patterned Hydrogenated

Graphene

Yang Song, Kai Qian, Lei Tao, Zhenyu Wang, Hui Guo, Hui Chen, Shuai Zhang,
Yu-Yang Zhang, Xiao Lin,* Sokrates T. Pantelides, Shixuan Du,* and Hong-Jun Gao*

Since the advent of graphene ushered the era of 2D materials, many forms

of hydrogenated graphene have been reported, exhibiting diverse proper-

ties ranging from a tunable bandgap to ferromagnetic ordering. Patterned
hydrogenated graphene with micron-scale patterns has been fabricated by
lithographic means. Here, successful millimeter-scale synthesis of an intrinsi-
cally honeycomb-patterned form of hydrogenated graphene on Ru(0001) by
epitaxial growth followed by hydrogenation is reported. Combining scanning
tunneling microscopy observations with density-functional-theory (DFT)
calculations, it is revealed that an atomic-hydrogen layer intercalates between
graphene and Ru(0001). The result is a hydrogen honeycomb structure that
serves as a template for the final hydrogenation, which converts the graphene
into graphane only over the template, yielding honeycomb-patterned hydro-
genated graphene (HPHG). In effect, HPHG is a form of patterned graphane.

1. Introduction

Hydrogenation is an effective method
to functionalize graphene, as it brings
about changes in the electronic structure
through the transformation of C—C bonds
from sp? to sp* hybridization and leads to
novel properties. In 2009, a crystalline,
fully hydrogenated graphene, named
graphane, was successfully fabricated on
Si0,.! It was later found by theoretical
investigations that graphane is an insu-
lator with a large bandgap of =5.4 eV.2
On the other hand, a form of semihydro-
genated graphene, named graphone, was
theoretically predicted to be a ferromag-

DFT calculations find that the unhydrogenated graphene regions embedded
in the patterned graphane exhibit spin-polarized edge states. This type of
growth mechanism provides a new pathway for the fabrication of intrinsically

patterned graphene-based materials.
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netic semiconductor with a small indirect
gapP! and was later fabricated.®! One-
third-hydrogenated graphene (OTHG) has
also been fabricated and found to exhibit
anisotropic electronic properties.]

By now, a large assortment of hydrogen-
ated forms of graphene (HGr) with dif-
ferent carbon-to-hydrogen (C/H) ratios have been predicted®>*!
or fabricated.”°-2% It has been found that the C/H ratio can be
used to tune the bandgap.”"?! Giant local enhancement of
spin-orbit coupling has been predicted?” and demonstrated
when introducing small amounts, =0.01-0.05%, of hydrogen
atoms.!'l Despite the many promising results, however, fabri-
cation of large-area, high-quality HGr with a single C/H ratio
remains difficult as growth methods typically lead to a mix of
C/H ratios.!3**23] Only micron-scale graphane and millimeter-
scale OTHG have been reported so far beyond the nanoscale.'”]

Lithography has been used to fabricate large-area “pat-
terned hydrogenated graphene” (PHG), comprising alter-
nating domains or stripes of pristine graphene and a form of
HGr,**?] but the pattern dimensions are 100 nm to microns.
Nonlithographic nanoscale patterning has been achieved by
“templated adsorption” of H on the moiré superlattice of gra-
phene on an iridium substrate.l’l Theoretical studies of this
and other nanoscale H patterns on graphene have revealed
interesting properties, such as energy-gap scaling,’?”) ferromag-
netic ordering,?®! and negative Poisson ratio.?%) On the other
hand, in the last few years, a form of “intrinsic patterning” by
a dosing-and-annealing process has been demonstrated experi-
mentally in the case of 2D transition-metal chalcogenides, fea-
turing nanoscale 2D triangular patterns and 1D patterns.[30-32
Such a process has not been investigated so far to achieve
intrinsically patterned HGr.

© 2021 Wiley-VCH GmbH
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In the present work, we successfully synthesize millimeter-
scale, intrinsically PHG featuring a honeycomb graphane/
graphene pattern on ruthenium (Ru) substrate by directly
dosing hydrogen gas on the highly-ordered moiré pattern
of graphene on Ru(0001) (Gr/Ru), followed by annealing.
Low-energy-electron diffraction (LEED) combined with scan-
ning tunneling microscopy (STM) images show that the
honeycomb-patterned hydrogenated graphene (HPHG) con-
tains domains of pristine graphene in the form of hexagonal
“holes” surrounded by hydrogenated graphene. The honey-
comb structure is quasi-periodic as the diameters of the holes
are 2.0 £ 0.2 nm. Combining STM observations with density-
functional-theory (DFT)-based calculations, we find that the
hydrogenated region is graphane, that is, HPHG is a form
of intrinsically patterned graphane. Moreover, the formation
of HPHG comprises two steps: intercalation and hydrogena-
tion. In the intercalation step, hydrogen atoms intercalate at
the interface between graphene and Ru substrate and bond to the
substrate preferentially under the atop and fcc regions of the
moiré pattern of Gr/Ru. As the hydrogen coverage increases,
the intercalated hydrogen atoms fill the regions under the
atop and fcc regions, producing a hydrogen buffer layer in the
form of a nanoscale honeycomb network. In the hydrogenation
step, DFT calculations demonstrate that the hydrogen buffer
layer serves as a template: hydrogen atoms adsorb preferen-
tially on both sides of the graphene monolayer, but only over
the hydrogen honeycomb network, transforming the sp*> C—C
bonds above the honeycomb network to sp> C—C bonds, that
is, converting a corresponding honeycomb network of the gra-
phene into graphane. The net result is intrinsically patterned
graphane: graphane in the form of a honeycomb pattern fea-
turing bare hexagonal graphene regions (the original hcp
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regions of the moiré pattern). It is noteworthy that the bare
hexagonal graphene regions with zigzag edges exhibit spin-
polarized edge states similar to the zigzag-edged graphene
nanoribbons. This growth mechanism, in which the hydrogen-
intercalated layer serves as a template for the growth of HPHG,
provides a new pathway for the fabrication of intrinsically pat-
terned graphene-based materials.

2. Results and Discussion

The first step in the process is the epitaxial growth of monolayer
graphene (MLG) on a clean Ru(0001) substrate.’>* Gr/Ru
exhibits a moiré pattern with a periodicity of 2.91 nm due to the
lattice mismatch between graphene and the Ru(0001) surface
(Figure 1a). Four different regions, namely, atop, bridge, fcc, and
hcp regions, can be distinguished in each unit cell of this moiré
pattern as shown in the zoom-in view in Figure 1d./3436-38l
In the next step, HPHG is successfully fabricated through sev-
eral cycles of exposure of the Gr/Ru system to atomic hydrogen
generated by a radio-frequency (RF) atom source at =200 °C,
followed by annealing at =850 °C. Here, we define 50 min
exposure to hydrogen and three hours annealing as one cycle
of sample treatment. This choice of cycles is distinctly different
from the choice that leads to the fabrication of OTHG."!

Figure 1b,c shows STM images obtained after two and five
cycles of sample treatment. Zoom-in images of the black squares
in Figure 1b,c are shown in Figure 1e f. At the end of the second
cycle, all atop regions appear brighter than those in Figure la,d,
indicating the presence of adsorbed hydrogen. In addition,
bridge and fcc regions start to be hydrogenated, forming the
bright Y-shape patterns seen in Figure 1b,e, while the hcp

Height (A)
Height (A)

Figure 1. STM images of graphene on Ru(0001) with increasing H coverage. a) STM image of graphene on Ru(0001) (Gr/Ru). The triangular pattern
shows the moiré pattern of Gr/Ru with bright atop regions [atop, bridge, fcc, and hcp regions are identified in the zoom-in image of panel (d), corre-
sponding to the area in the black box in panel (a)]. b,c) STM images of Gr/Ru after exposure to atomic hydrogen for 100 min and 250 min, respectively.
In (b) the atop regions are brighter than those in (a), indicating hydrogenation. The Y-shaped bright areas, marked by blue “Y”, signal the beginning of
hydrogenation of fcc and bridge regions [compare panels (d) and ()], comprising three hydrogenated atop regions and one fcc region surrounded by
three bridge regions, while the hcp regions are still bare. d—f) Zoom-in STM images of the black squares in (a—c), respectively. The black rhombus marks
the unit cell of the Gr/Ru moiré pattern. The scanning conditions are: (a) U=-0.5V, 1 =0.5 nA; (b) U=-0.5V,1=0.6 nA; (c) U=-0.5V, 1 =0.2 nA.
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regions are avoided, which gradually becomes the key feature for
the formation of HPHG. Each bright Y-shape pattern comprises
one hydrogenated fcc region, three neighboring hydrogenated
bridge regions, and three hydrogenated atop regions.

After five cycles of sample treatment, all bridge and fcc regions
are hydrogenated and a honeycomb network appears, marking
the end-point of the HPHG fabrication process (Figure 1c,f). The
hexagonal “holes” in the pattern are the hcp regions of the original
moiré pattern, which continue to be avoided by hydrogen. LEED
experiments on different positions of the whole sample show
similar diffraction patterns, indicating that HPHG is millimeter-
scale and high quality (Figure S1, Supporting Information).

At this point, all we know about HPHG is that the top side of
graphene is hydrogenated in all but the hcp regions of the moiré
pattern, giving rise to the honeycomb pattern seen in Figure 1c,f.
In order to elucidate the formation mechanism and the com-
plete structure of HPHG, we exposed a Gr/Ru sample to atomic
hydrogen at a low coverage and annealed at a relatively low tem-
perature (720 °C). A large-area STM image (Figure 2a) exhibits
bright, imperfect, and discontinuous honeycomb networks, which
are reminiscent of the HPHG shown in Figures 1cf, and dark
areas. When seen in the zoom-in STM image of Figure 2b, the
dark areas feature vague patterns that can be seen in the zoom-in
STM image shown in Figure 2b, which remain to be interpreted.

The line profile along the blue line F in Figure 2b, shown
in Figure 2c, features a small bump in the dark region and a

www.small-journal.com

large bump in the bright network. The height of the bright net-
work relative to the small bump is =1.5 A (Figure 2c). We exam-
ined a total of nine line-profiles along the blue lines marked in
Figure 2b. The heights of the bright networks, which are sum-
marized in Figure 2d, exhibit an average value of 1.5 + 0.1 A (all
the line-profiles are shown in Figure S2, Supporting Informa-
tion). We noticed that the tip bias was 1.5 V and the current
was kept at 0.05 nA during the scanning, suggesting a large tip-
sample distance. Therefore, the brightness of the STM image
and the corresponding line profiles are mainly contributed by
the real surface corrugation and can be quantitatively compared
with the chemical structure obtained with DFT calculations.
Since the bright features in Figure 2a,b correspond to hydro-
genated graphene, we built three different models, shown in
Figure 2e—g to explore the origin of the vague patterns in the
dark regions of Figure 2b. In each case, the structure is fully
relaxed by a DFT calculation. In the model of Figure 2e, the
height between the hydrogenated and bare graphene areas is
=2.8 + 0.2 A, which is much larger than the height measured
in the STM images. In view of the fact that intercalation of het-
eroatoms at the Gr/Ru interface has been reported,?*#) in the
model of Figure 2f we assume the presence of an intercalated
atomic-hydrogen layer, adsorbed on the Ru surface. Now the
height between the hydrogenated and bare graphene areas is
=1.8 £ 0.2 A (Figure 2f), which is in good agreement with the
heights measured in the STM image shown in Figure 2d. Since
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Figure 2. STM Images and height profiles of HPHG on Ru(0001) at low H coverage and low annealing temperature. a) Large scale STM image of
mixed structures of graphene and HPHG on Ru(0001). The scanning conditions are U =-1.5V, | =0.05 nA. b) Zoom-in STM image of the blue square
in (a). There are vague patterns in the graphene region, suggesting a hydrogen network is formed under the graphene. c) Line profile along the blue
line F in (b), which crosses Gr/H/Ru and HPHG/H/Ru regions. The height difference of Gr/H/Ru and HPHG/H/Ru, h, is 1.5 A. d) The statistical
distribution of h according to the line profiles along all the blue lines in (b). The mean value of h is 1.5 + 0.1 A. e-g) Side views of three models of the
atomic structure of partially hydrogenated graphene on Ru(0001). In (e), the height difference of HGr/Ru and Gr/Ru (h;) is 2.8 = 0.2 A. f) The height
difference of HGr/H/Ru and Gr/H/Ru (h,) is about 1.8 + 0.2 A, which agrees well with the experimental observations in (d). g) The red profile line,
reproduced in (h), reveals a height of 1.8 + 0.2 A and also reproduces the small bump seen in the experimental line profiles (Figure 2c and Figure S2,
Supporting Information). h) The height profile along the red line in (g). Detailed information is shown in Figure S3, Supporting Information. The height
difference of Gr/H/Ru and HGr/H/Ru, h, is =1.8 A, which is close to the experimental value in (c). The shape of the curve looks similar to that of the
experimental line profile in (c).
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the latter is measured from the top of the small bump, we are
led to the model shown in Figure 2g. The line profile along
the red line in Figure 2g is presented in Figure 2h. The height
difference h’indicated in Figure 2h is =1.8 + 0.2 A, which is
the same as that in Figure 2f, but now we reproduce the small
bump that is present in the experimental line profiles. There-
fore, we are able to interpret the vague patterns seen in the
dark areas of Figure 2b as a network of intercalated hydrogen
atoms adsorbed on the Ru surface, which suggests that the net-
work serves as a template for the formation of the final HPHG
structure. The small discrepancy between the experimental
value extracted from Figure 2b and the Figure 2g model value
is likely to be due to the fact that the intercalated-hydrogen net-
works of Figure 2b form at a relatively low annealing tempera-
ture and therefore do not correspond to the fully formed and
equilibrated networks that are likely to undergird the HPHG.
These experimental results and model analysis will now serve
as a cornerstone on which we construct a theory for the detailed
structure of the HPHG and the atomic-scale mechanism that
leads to its formation.

As a first step, we examine the ability of hydrogen atoms to
penetrate graphene and intercalate at the Gr/Ru interface. The
calculated energy barriers for a H atom to penetrate graphene
through hexagons in the atop, bridge, fcc, and hep regions of
the moiré pattern and adsorb on the Ru surface are 1.69, 2.59,
2.82, and 2.98 eV, respectively. We infer that, at the annealing
temperature of =850 °C, H atoms can most easily penetrate
graphene in the atop regions. We then calculated the lowest-
energy states of different numbers of H atoms intercalated in
the Gr/Ru interface under different regions of the moiré pat-
tern (atop, fcc, bridge, and hcp). We first considered only one
intercalated H atom under different regions. The intercalated
hydrogen atoms are adsorbed on the fcc sites of the Ru surface.

www.small-journal.com

For a single H atom under the atop region, the energy is lowest
when the H atom adsorbs on the Ru surface. For comparison,
if we place the H atom on the Ru surface under the fcc, bridge,
and hcp regions, the total energy increases by 0.29, 0.36, and
1.73 eV, respectively, suggesting that intercalated H atoms are
likely to gradually cover all but the hcp regions (Figure S4a—d,
Supporting Information). We also considered some hydrogen-
ated structures with one H atom on the upper side of graphene
or two H atoms on the opposite sides of graphene (Figure S4e—i,
Supporting Information). We found that the intercalated H in
atop regions is still the most energetically stable structure. The
adsorption sites of H atoms on Ru surface for the four regions
are the same. The energetic instability of H atoms adsorbed
in hcp regions is caused by the strong coupling between gra-
phene and Ru substrate in hcp regions, whereby the adsorp-
tion height of H atom in hcp regions is lower than that in other
regions. We also considered the adsorption of more H atoms
(25 H atoms), as shown in Figure S5, Supporting Information.
The results show that the adsorption energy of 25 H atoms
adsorbed on Ru in hcp regions is 702 eV higher than that in
atop regions. Therefore, intercalated H atoms decouple the
graphene and the Ru substrate, and cause an energy increase.
Indeed, total energy calculations for configurations with 25,
46, and 52 H atoms adsorbed on the Ru substrate under dif-
ferent regions further confirm that the configurations with
H atoms at atop regions, atop/bridge regions, and atop/bridge/
fcc regions are always the most energy-favorable configura-
tions. Figure 3a—d shows the most energy favorable configu-
rations considering adsorption of 1, 25, 46, and 52 H atoms,
respectively. The adsorption of H atoms at hcp regions always
has a much higher total energy no matter how many H atoms
we consider (see Figures S4-S7, Supporting Information, for
detailed information).

L0l —% atop — hcp
| —e—atop — fcc

1 il
45678 9101112131415
H adsorption sites in (f)

Figure 3. DFT calculations on the formation of an intercalated honeycomb H layer at the Gr/Ru(0001) interface. Cyan and blue are used to distinguish
H atoms adsorbed on the Ru substrate from H atoms bonded to graphene. a—d) The growth process of honeycomb intercalated H layer starting with
(a) one H atom adsorbing at the Ru surface under an atop region; (b) 25 H atoms adsorbed under an atop region, and (c) 46 H under atop/bridge
regions, and (d) 52 H atoms under atop/bridge/fcc regions. The blue triangle, orange trapezoid, deep pink triangle, and gray triangle, and parallelo-
gram mark the atop, bridge, fcc, and hcp regions, respectively. To make the figures clear, all the side views are looking from the direction marked with
a red arrow and only contain the atoms in the range marked by the red brackets to show the change of the corrugation in graphene. e) A zoom-out
model of (d) showing a honeycomb intercalated H layer. f) Zoom-in image of the green dashed rectangle in (a). The arrows mark the diffusion paths
for a H atom diffusing from the center of the atop region to the center of the hcp region (black arrows) and the center of the fcc region (blue arrows).
g) The black line and the blue line are the diffusion barriers for a H atom diffusing along the routes indicated by black arrows and blue arrows in (f).
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In order to draw final conclusions about the distribution
of intercalated H atoms in the various regions of the moiré
pattern, we examine the energy barriers for H adsorbed
under the atop regions to diffuse to the other regions. From
Figures 1d and 3a, we notice that hcp regions are surrounded
by atop and bridge regions, while fcc regions are surrounded
by bridge regions. We, therefore, calculated the diffusion bar-
riers of adsorbed H atoms crossing the boundaries between
different regions. We find that the H diffusion barriers within
and crossing atop, bridge and fcc regions are less than 0.3 eV
(Figure 3g and Figure S8, Supporting Information), suggesting
that, at the annealing temperature, intercalated H atoms would
cover all these regions if sufficient H atoms are provided. The
hcp region, however, is very different. In Figure 3g we show the
total energy variation for a diffusing H atom from the center of
an atop region to the center of the adjacent hcp region along
the path shown in black in Figure 3f and compare it with the
corresponding results for H diffusion from the center of the
atop region to the center of the fcc region along the path shown
in blue in Figure 3f. It is clear overall that, though H atoms
can easily diffuse and fill the atop, fcc, and bridge regions, they
face a steep rise in energy, a barrier of 1.45 eV, to enter the hcp
region. Though this barrier can be overcome at the annealing
temperature, the duration of the annealing is evidently key
to keeping the hcp regions free of intercalated H atoms and
forming a honeycomb network (Figure 3e). We thus conclude
that H atoms intercalate through atop regions and stay on the
Ru substrate at atop regions or diffuse to bridge and fcc regions,
but not hcp regions, resulting in a honeycomb network at the
Gr/Ru interface (Figure 3e).

We note that the STM image in Figure 2a exhibits imperfect
honeycomb bright networks and vague patterns that are some-
what different from the honeycomb pattern shown in Figure 1c.
The reason is that the STM image shown in Figure 2 is obtained
after annealing at a temperature lower than the prescribed tem-
perature for the proper formation of HPHG. By introducing
more H atoms and increasing the annealing temperature, this
intermediate state transforms into an ideal HPHG.

Once H atoms cover all the atop, bridge, and fcc regions at
the Gr/Ru interface, further calculations show that the total
energy of 13 H atoms adsorbing on Ru under hcp regions is
5.61 eV higher than that of the 13 H atoms hydrogenating the
graphene layer (Figure S9a,e, Supporting Information). There-
fore, the experimental and theoretical results so far indicate
that the growth mechanism of HPHG on Ru(0001) comprises
two steps. In the first step, H atoms intercalate between gra-
phene and the Ru substrate and form a honeycomb network
at the interface (Figure 4a-I). The second step is the hydrogen-
ation of graphene itself in a way that is guided by the interca-
lated H on the Ru substrate acting as a template. In order to
test if graphene is hydrogenated on both sides, we calculated
the energy barriers for H penetration of graphene as it sits on
top of the intercalated-H honeycomb template. We found that
the energy barrier is 1.6 eV through the atop, bridge, and fcc
regions, but 2.8 eV through the hcp regions. The net result
is that, at the high annealing temperature of 850 °C, both
sides of graphene can be hydrogenated to form a graphane-
like structure, except the hcp regions where H penetration is
unlikely.
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As a further test to confirm that double-sided hydrogena-
tion of the graphene is energetically favored and to determine
which regions are hydrogenated first, we consider hydrogena-
tion of the graphene layer using 13 and 43 H atoms at different
regions and compare their total energies (Figures S9 and S10,
Supporting Information). Total-energy calculations of four
possible configurations show that upper-side-only hydrogena-
tion is more than 10 eV higher in energy than double-sided
hydrogenation (7 and 6 H atoms at the top and bottom side,
respectively) at either atop or fcc regions and 5.6 eV higher if
all 13 H atoms are placed on the Ru substrate at hcp regions
(Figure S9a—e, Supporting Information). The total energy of
the hydrogenated configuration at atop regions on both sides
is the lowest, while the relative total energy at fcc regions is
0.73 eV higher. Furthermore, as we increase the number of
H atoms from 13 to 43 (Figure S10, Supporting Information),
the total energy of the configuration with double-sided hydro-
genation at atop region (Figure S10a, Supporting Information)
is still the lowest, followed by the configuration with double-
sided hydrogenation at fcc region (Figure S10b, Supporting
Information), which is consistent with the observations in the
STM experiments (Figure 1b,c) that atop regions are hydrogen-
ated first and fcc regions next. After all the atop and fcc regions
are hydrogenated, a honeycomb structure is finally established
(Figure 4d,a-III).

The entire process is depicted schematically in Figure 4a-IL 111,
with the final product being a honeycomb network of hydro-
genated graphene, HPHG/Ru(0001), as shown in Figure 4b—d.
The calculated lattice constant of HPHG is a, = b, = 2.95 nm
and the diameter of the graphene area is d; = 2.0 nm, which
agree well with those from the experimental STM image
(Figure 4b), a; = b; =2.91+ 0.02 nm and d; = 2.0 £ 0.2 nm. The
simulated STM image (Figure 4c), based on the proposed con-
figuration, also agrees quite well with the experimental image
(Figure 4b).

We performed additional calculations to find out why hydro-
genation of the upper side of the pristine-graphene hcp regions
in HPHG/Ru does not happen. We placed 13 H atoms on the
upper side at hcp regions and found that the total energy is only
0.13 eV (Figure S9f, Supporting Information) higher than the
energy of a graphene layer that is hydrogenated on both sides
at atop regions (Figure S9a, Supporting Information). This
result suggests that the upper sides of hcp regions ought to be
hydrogenated as well. A closer look, however, reveals that some-
thing else is going on. Figure 4e,f shows the energy barriers for
hydrogen desorption from the upper sides of different regions
of HPHG and, for comparison, from freestanding graphane.
We found that the H desorption energy barriers for both
graphane and HPHG/Ru are =5 eV, while that for H on the
upper side of HPHG hcp regions is only 2.7 eV. The different
barriers suggest that the hcp regions, the “holes” in HPHG/Ru,
are cleaned during the annealing process so that they end up
with no H on either side and the HPHG/Ru is as stable as
graphane. The instability of H atoms adsorbed on graphene in
hcp regions can be understood from the following two aspects.
First, the intensity of the PDOS of C atoms at the Fermi level in
hcp regions is much lower than that in fcc regions, implying a
weaker sp® hybridization and a lower activity of the C atoms in
hcp regions, that is, a weaker interaction with adsorbates on the

© 2021 Wiley-VCH GmbH
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Figure 4. The growth mechanism of HPHG. a) Schematics of the growth mechanism of HPHG/Ru(0001). I) H atoms form a honeycomb pattern at
the Gr/Ru interface by passing through graphene and adsorbing on the Ru(0001) surface to fill up atop, bridge, and fcc regions. 11) H atoms adsorb
on both sides of graphene at atop regions. Ill) H atoms adsorb on both sides of graphene at all atop, bridge, and fcc regions. The configurations have
been fully relaxed by DFT calculations. b) Experimental STM image of HPHG/Ru(0001), U =-0.1V, | = 0.2 nA. The lattice constant a; (b;) is 2.91 nm.
) Simulated STM image of HPHG/Ru(0001) at an energy range from —0.1 eV to Fermi level. The lattice constant is 2.95 nm. d) Atomic structure
of HPHG/Ru(0001) used to do the STM simulation in (c). e) Schematic of H desorption from the upper side of HPHG/Ru(0001) hcp, atop, and fcc
regions. f) Energy barriers in the processes of H desorption in () are marked by black, green, and red. The blue line shows the desorption barrier for
H of freestanding graphane. H atoms at hcp regions desorb much easier than H atoms at other regions. g) Top view of a freestanding HPHG shows
the spin charge density differences (pT — pl) along the edges of the unhygrogenated hcp region. The isosurfaces of ApT and Apl charge density are
marked by red and blue, respectively. The spin distribution demonstrates that HPHG is antiferromagnetic. The isosurface is chosen as 0.0016 e bohr=3.

upper side.*! Second, the H atoms on Ru decouple graphene
from the Ru substrate in atop and fcc regions, and promote the
growth of the double-sided hydrogenated graphene, which is a
much stronger sp® hybridization than the single-sided hydro-
genation in hcp regions.

Considering that the 1D edge states of graphene nanorib-
bons with zigzag edges have unique and unusual magnetic
structures,**l we performed spin-polarized calculations on a
freestanding HPHG using the supercell shown in Figure 4g.
We considered four spin states (Figure Sllc—f, Supporting
Information) based on the atomic structure in Figure S1la,b,
Supporting Information. The total energy of the antiferromag-
netic state 1 (AFM-1) is the lowest. The total energy difference
per supercell ranges from 109.3 to 486.0 meV for different
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spin states. Similar to zigzag-edged nanoribbons,*! the total
density of states of AFM-1 does not show magnetic moments,
but exhibits spin-polarized edge states (Figure S12, Supporting
Information). The spin density distributes along two zigzag
edges on opposite sides of the unhydrogenated graphene region
with opposite spin directions (Figure 4g). Calculations for a gra-
phene nanoflake with the same structure as the unhydrogen-
ated region in HPHG, with the edges passivated by H, does not
show spin-polarized edge states (Figure S13, Supporting Infor-
mation), implying that the boundary of bare and hydrogenated
graphene plays an important role in forming the spin-polarized
edge states in HPHG.

To probe the electronic properties of the novel 2D material
HPHG, we collected dI/dV spectra of the HPHG/Ru sample
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ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

at the positions marked by black and blue dots in Figure S14a,
Supporting Information. The dI/dV measurements find both
the graphane and graphene regions of HPHG metallic (see
Figure S14b,c, Supporting Information). Though freestanding
graphane has alarge gap of 5.4 eV, DFT calculations find that the
gap of freestanding HPHG is only 0.41 eV (AFM ground state),
as shown in Figure S12, Supporting Information. HPHG on
Ru, however, is metallic (PDOS on the HPHG in Figure S14d-f,
Supporting Information).

3. Conclusion

We have demonstrated a growth mechanism for a newly syn-
thesized HPHG combining STM experiments with DFT cal-
culations. The newly synthesized HPHG, which enriches the
HGr family, is a millimeter-scale, highly ordered, nanoscale
honeycomb superlattice on a Ru(0001) substrate, a form of
intrinsically patterned graphane, and therefore is valuable
for basic research and potential applications. The growth
process of HPHG comprises two steps. First, a honeycomb
intercalated H layer is adsorbed at the Ru surface, guided
by the moiré superlattice of Gr/Ru. Second, H atoms adsorb
on both sides of graphene at atop, bridge, and fcc regions,
guided by the intercalated H buffer layer as a template. Fur-
thermore, the intercalated H layer and the HPHG have the
same honeycomb pattern, as revealed by STM experiments
and DFT calculations. The novel growth mechanism, inter-
calation-layer-guided hydrogenation, provides a new method
for the fabrication of intrinsically patterned graphene-based
materials.

4. Experimental Section

Preparation of Honeycomb-Patterned Hydrogenated Graphene (HPHG)
on Ru(0007): The HPHG was fabricated in a commercial UHV system
(Omicron) with a plasma chamber. The system operates with base
pressure better than 1 x 107 mbar. The Ru(0001) (Mateck) surface
was cleaned by repeated cycles of Ar+ sputtering and post-annealing at
950 °C. Large-area and high-quality MLG was fabricated by pyrolysis of
ethylene on Ru(0001).333 Ultrahigh vacuum helical inductively coupled
RF plasma of 13.56 MHz at a power of 120 W and gas mixture of H,
(15%) and Ar (85%) at a pressure of 1x 107 mbar were used. The HPHG
was prepared by several cycles of exposure of MLG/Ru(0001) to atomic
hydrogen generated by a RF atom source. An ion deflection voltage of
250 V was applied to get hydrogen atoms instead of H ions. One cycle
refers to exposing the MLG to atomic hydrogen for 50 min at around
200 °C and post-annealing at =850 °C for 3 h. After preparation, the
sample was transferred to an STM chamber and scanned at =78 K. STM
images were acquired in constant-current mode, and all given voltages
refer to the sample.

Calculations: DFT calculations were performed using projector-
augmented wave (PAW)I#l  pseudopotentials in conjunction
with the local-density-approximation (LDA) exchange-correlation
functional®! as implemented in the Vienna Ab-initio Simulation
Package (VASP).M647l The plane-wave basis was set to an energy cutoff
of 400 eV. All the hydrogenated graphene on Ru(0001) systems were
modeled by (12 x 12) graphene supercells on a two-layered (11 x 11)
supercell of Ru(0001) slab (with the lower layer fixed and the upper
layer relaxed). The thicknesses of vacuum layers were all larger than
15 A. All the models were relaxed until the force on each of the relaxed
atoms was smaller than 0.05 eV A7 and the break condition for the
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electronic self-consistent loop was set at 1 x 107® eV. To confirm
the force convergence of 0.05 eV A~ was good enough to obtain a
reasonable result, a smaller force convergence (0.02 eV A™') was also
used to calculate the total energies of structures in Figure S4a—d,
Supporting Information. The results are summarized in Table S1,
Supporting Information. Compared with the results of 0.05 eV A™, the
very slight energy variation indicates that 0.05 eV A~ was satisfactory
and balances computational accuracy and resources. The Brillouin
zone was sampled by a (1 x 1% 1) I'-centered k-mesh.[?]

Three kinds of energy barriers were calculated in this work. First,
the penetration barrier of a single H atom passing through Gr in
Gr/Ru(0001) system and Gr/52H/Ru(0001) system. Second, the
diffusion barrier of a single H atom diffusing on Ru substrate. Third,
the desorption barrier of a single H atom desorbing from hydrogenated
graphene. These penetration, diffusion, and desorption processes
were simulated using the climb Nudged Elastic Band (cNEB)
method, %% with linear interpolation between initial and final states.
Before performing cNEB calculations, the initial and final structures
were relaxed until the residual force on each of the relaxed atoms was
smaller than 0.05 eV A7\, Three intermediate states were constructed
by using linear interpolation. In cNEB calculations for penetration
barriers, the limit of force convergence was set to 0.1 eV A7 In the
cNEB calculations for diffusion barriers and desorption barriers,
the limit of force convergence was set to 0.2 eV A”. To ensure the
cNEB calculations with force convergence of 0.2 eV A" can provide a
reasonable result, the diffusion barrier of hydrogen in the atop region
in Figure 3f was calculated using different force convergence criteria
(0.2, 0.1, and 0.05 eV A’1). The results are summarized in Figure S15,
Supporting Information. The slight variation of the energy barrier
(from 0.18 eV for 0.2 eV A" to 0.15 eV for 0.05 A™") indicated that the
energy barriers obtained using force convergence of 0.2 eV A~ were
reasonable, and balanced computational accuracy and cost.

Different parameters were used in the spin-polarized calculations
for freestanding HPHG and the graphene nanoflake. The plane-wave
basis was set to an energy cutoff of 600 eV. All the models were
relaxed until the force on each atom was smaller than 0.05 eV A~
and the break condition for the electronic self-consistent loop was set
at 1 x 107° eV. The freestanding HPHG was modeled by its primitive
cell, a (12 x 12) graphene supercell with patterned H atoms on it. The
same model size as HPHG was used in the calculation of a graphene
nanoflake. The thicknesses of vacuum layers were all larger than
15 A. The Brillouin zone was also sampled by a (1 x 1 x 1) T-centered
k-mesh.

Supporting Information

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