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ABSTRACT: Precise spatial control of materials is the key capability of
engineering their optical, electronic, and mechanical properties. However,
growth of graphene on Cu was revealed to be seed-induced two-
dimensional (2D) growth, limiting the synthesis of complex graphene
spatial structures. In this research, we report the growth of onion ring like
three-dimensional (3D) graphene structures, which are comprised of
concentric one-dimensional hexagonal graphene ribbon rings grown
under 2D single-crystal monolayer graphene domains. The ring
formation arises from the hydrogenation-induced edge nucleation and

3D growth of a new graphene layer on the edge and under the previous

one, as supported by first principles calculations. This work reveals a new graphene-nucleation mechanism and could also offer
impetus for the design of new 3D spatial structures of graphene or other 2D layered materials. Additionally, in this research, two
special features of this new 3D graphene structure were demonstrated, including nanoribbon fabrication and potential use in

lithium storage upon scaling.

B INTRODUCTION

Graphene provides unusual mechanical, optical, and electronic
properties that can be influenced by its spatial structures.'>
Recent advancements in chemical vapor deposition (CVD)
methods have enabled the large-scale production of two-
dimensional (2D) graphene films on Cu substrates.* ¢
Meanwhile, several interesting graphene-based hybrid struc-
tures, such as h—BN—graphene,7’8 graphene—CNTs,g’10 CNT-—
graphene ribbons,'"" and graphene—graphane,'” have been
recently achieved by a two-step process. However, existing
graphene growth methods on Cu have fundamental limitations
that are based on a seed-induced 2D growth mechanism and do
not allow one to fabricate in situ complex spatial graphene
structures during the growth process.l“”*lé In this research, it
has been found that three-dimensional (3D) growth of new
graphene layers on the edges of the original graphene layer
could be induced by controlling H, partial pressure during the
growth process. This stands as a complementary method to
CVD growth while permitting growth of complex graphene-
based spatial structures. By this method, onion ring like 3D
hexagonal graphene structures (hexagonal graphene onion
rings, HGoRs) were fabricated via the in situ growth of
graphene ribbon rings on the edge and under hexagonal
monolayer graphene domains. The structural models of HGoRs
are displayed in Figure la, showing that the topside monolayer
graphene domain (gray) and the bottomside few-layer

-4 ACS Publications  © 2013 American Chemical Society

graphene ribbons (blue) combine together to form an onion
ring like pseudo-3D graphene structure.

One of the most promising applications of graphene lies in
its potential use in field effect transistors, which has been
hindered by the absence of an electronic bandgap.'” Research
has demonstrated that an energy gap could be introduced via
shaping graphene into graphene nanoribbons (GNR), a
graphene strip with fixed width.'”'® Moreover, the electronic
properties of GNRs have been revealed to depend on their
widths and edges." The widths of GNRs can be adjusted using
different fabrication methods.”*”>> GNR edges can be stabilized
via termination with non-C atoms, such as S.'' The control of
the twist and chirality of GNRs has been realized in recent
research.>*** In this work, we demonstrate that GNRs can be
made from HGoRs when the top layer graphene domain is
removed using Ar plasma,®' indicating a new bottom-up
fabrication method of GNRs.

B EXPERIMENTAL SECTION

Synthesis of HGoRs. Growth of HGoRs on Cu foils was achieved
as follows. Cu foils were first cleaned usin§ electrochemical-polishing
and high-pressure annealing techniques.'® The pretreated Cu was
loaded into the CVD chamber and annealed for 30 min at 1074 °C
with the flow rate of H, at 500 sccm and the chamber pressure at 500
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Figure 1. Synthesis and spectroscopic analysis of hexagonal graphene onion rings (HGoRs). (a) Top view and side view of the structural models of
HGoR, which was a combination of the topside monolayer graphene domain (gray) and the bottomside few-layer graphene ribbons (blue). HGoRs
are synthesized on Cu foils by heating in a H,/CH, atmosphere at 1074 °C with the chamber pressure held at 500 Torr. (b and c) Typical optical
images of as-produced HGoRs transferred onto SiO,/Si wafers, showing blue graphene ribbon rings somewhat concentrically grow on or under
lighter monolayer graphene domains. (d) Raman spectra of point A and point B in c. (e) SAED patterns and the TEM image of one HGoR

transferred onto a TEM grid. The scale bar is 100 nm.

Torr. The growth of HGoRs was started by introducing 7 scem CH,
into the chamber, with the H, held at 500 sccm, for 35 min. After the
reaction, the Cu foils were quickly removed from the hot zone of the
CVD furnace using a magnetic rod and permitted to cool to room
temperature. Detailed HGoR growth procedures are described in the
Supporting Information.

Characterizations. The Raman spectra were measured using a
Renishaw Raman REO1 scope with a 514 nm excitation argon laser.
SEM characterizations were done using a FEI Quanta 400 ESEM field
emission gun at 20 KeV. Transmission electron microscopy (TEM)
measurements were performed using a JEOL 2100-F instrument
operated at 200 KeV. A 6 probe station (Model FWPX, Desert
Cryogenics-LakeShore) was used to measure the electrical properties
under vacuum (107°—107° Torr). Atomic force microscopy (AFM)
images were obtained with a Digital Instruments Nanoscope IIla in
tapping mode, at a scan rate of 1.2 Hz and 512 X 512 resolutions.

B RESULTS AND DISCUSSION

After the growth of HGoRs, the samples were transferred onto
SiO, (100 nm)/Si wafers for further characterizations. Optical
microscopy is a useful tool for graphene characterization
because graphene areas with different thicknesses can be
distinguished by their contrast difference.*® Figure 1b and ¢ and
Figure S1 of the Supporting Information provide several typical
optical images of as-produced HGoRs transferred onto SiO,/Si

wafers. In these optical images, one can see that blue graphene
ribbon rings concentrically grow upon or under the lighter
hexagonal graphene domains to form onion ring like 3D
graphene structures. Figure 1b exhibits 7 domains, with
graphene domains 1 and 2 and onion domains 1-35, suggesting
that the yield of HGoRs is ~70%. This approximate value is
consistently observed under the described growth conditions.
Graphene domains 1 and 2 are monolayer based on the Raman
spectra in Figure S2 of the Supporting Information. In addition,
they show a uniform optical contrast, indicating 100%
monolayer graphene coverage. Graphene domain 1 was a
well-defined hexagon while graphene domain 2 was partially
damaged during the transfer process. From Figure 1b, most of
the HGoRs (1—4) have the edge-to-edge distances ranging
from 70 to 90 um, suggesting that monolayer graphene
domains in HGoRs 1—4 nucleate at similar intervals during the
growth process. Through the investigation of 54 HGoRs, ~85%
have the edge-to-edge distances ranging from 70 to 90 um,
indicating a narrow size distribution. Meanwhile, a much
smaller HGoR S, with the edge-to-edge distance at ~30 pm,
was also observed in Figure 1b, indicating that the monolayer
graphene domain in HGoR 5 started growing later than those
in HGoRs 1—4. Interestingly, HGoR 5 merged with the
adjacent HGoR 1 to form a polycrystalline onion. HGoRs 1-5

dx.doi.org/10.1021/ja403915m | J. Am. Chem. Soc. 2013, 135, 10755—-10762



Journal of the American Chemical Society

a 4s0 20000
b 18000
400+ 16000
1 —~ 140001
. 350 o 12000
3 & 10000
< 300 E 8000
{ W 6000]
250 < 40004
] 2000}
200 L L FREL A L O N [ (L A LA DL NN IR L AN L LA O
45129 6 3 0 3 6 9 12 15 15129 6 -3 0 3 6 9 12 1§
n (x102cm?) n (x102cm?)
3
c d = Group Il )
0.24 v 1-86 P
* 2.3 ol
0.1 4.5 /:.-‘
< A
EU.O- P Group |
Bl 14
,."/" + 3-8
0.2
v
0.3

010 -0.05 0.00 005 0.10
Vas (V)

Figure 2. Electrical properties of HGoRs. (a) Resistivity of HGoR as function of carrier density measured at room temperature. The inset is an
optical image of the fabricated graphene onion Hall bar field effect transistor on SiO,/Si substrate; the scale bar is 20 ym. (b) Plot of density-
dependent field effect mobility of graphene onion vs carrier density from the device indicated in (a). The field effect mobility was calculated from the
Drude model,*® at a carrier density of 5 X 10'2 cm™, and the mobility was ~4000 cm® V™' s™! for the holes, indicative of the high quality of the
HGoR. (c) A representative optical image of a fabricated six-terminal device on a SiO,/Si substrate. The numbers label the device electrodes; the
same numbers are used in the I-V curves in (d). The scale bar in (c) is 20 um. (d) Two-terminal I—V characteristics of the indicated devices in (c)
measured at room temperature. The two-terminal I-V curves were measured from two groups, groups I and II. Group I was from the diagonal sides
(1—4, 2—5, 3—6), and group II was from the neighboring sides (1—6, 2—3, 4—S5). The overlaid I—V characteristics from the two groups indicate that
electrical transport through each side of the HGoR was homogeneous. This demonstrates the overall uniformity of the HGoRs. The conductance
difference between the two groups was likely due to the difference in device structure.
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Figure 3. SEM and AFM characterizations of HGoRs transferred onto SiO, (100 nm)/Si wafers. (a) A typical SEM image of HGoRs, showing sharp
wrinkles and hexagonal ribbons. (b) A typical SEM image of single-crystal hexagonal monolayer graphene domains,"® demonstrating a flat surface.
(c) A typical AFM image of the HGoR, with the height scale bar (right), demonstrating that the root square surface roughness is ~5 nm. The small
particle in the middle is the seed that initialized the growth of this particular HGoR. (d) A typical AFM image of monolayer graphene. The root
square surface roughness is ~1 nm.
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Figure 4. Proposed growth mechanism of HGoRs. (a) A monolayer graphene domain forms on the surface of the Cu foil. (b) New graphene layers
nucleate and grow on the edge of the monolayer graphene domain. (c) A one-dimensional hexagonal graphene ribbon ring forms along the edge of
the monolayer graphene domain. (d) A new edge was exposed because the monolayer graphene domain grows faster than the underlayers. (e)
Repeated growth leads to the final formation of one HGoR. (f) The scheme for the 3D layer-by-layer growth process. The new layer (second) is
nucleated on the edge of the topmost (first) layer. The blue dots represent the nucleation site, and the growth direction is indicated by arrows. TEM
images of graphene ribbons in HGoRs, with different widths of (g) ~10 nm, (h) ~200 nm, and (i) ~450 nm. (i) demonstrates that ribbon 2
nucleates and grows on the edge of ribbon 1, providing direct evidence of the edge-nucleated 3D growth mechanism.

have distinct innermost graphene ribbon ring sizes, an
indication that growth initiation of the innermost graphene
ribbon ring was random and different for each HGoR. The
ribbons appear more concentric than spiraling. Raman
spectroscopy was used to characterize the HGoR shown in
Figure 1c. Two points were selected from this HGoR, point A
and point B. Figure 1d demonstrates that the middle region
(point A) of this HGoR is monolayer and the blue graphene
ribbon rings (point B) of this HGoR are multilayer,”” indicating
that the formation of HGoRs is based on the growth of few-
layer graphene ribbons on or under monolayer graphene
domains. However, as described in the following, few-layer
graphene ribbons are revealed to reside on the bottom sides of
monolayer graphene domains by H,SO, intercalation experi-
ments and plasma etching studies.

As-produced HGoRs were also transferred onto TEM grids
for further characterizations. Figure le represents a typical
TEM image of a graphene ribbon grown under a suspended
graphene film on the TEM grid. From Figure le, one can see
the graphene ribbon has smooth edges and its width is ~200
nm. Counting the layers at the graphene ribbon’s edge indicates
that it is tetralayer (see Figure S3a of the Supporting
Information). The selected area electron diffraction (SAED)
patterns of areas el and e2 display typical hexagonal crystalline
structures of graphene, confirming graphene films exist at both
sides of the graphene ribbon. Interestingly, a slight rotation was
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observed when overlaying the SAED patterns of areas el and e2
(see Figure S3b of the Supporting Information). This slight
rotation of SAED patterns was sometimes observed in single-
crystal graphene and is suggested to arise from the waviness of
the graphene films.'>*® In this particular case, the regional
waviness of the graphene film in Figure le could be exacerbated
by the graphene ribbon as described below for the wrinkling,

The electrical transport properties were evaluated by
fabricating multiterminal devices on HGoRs transferred onto
SiO,/Si wafers (see Supporting Information). The measure-
ments were performed at room temperature under a pressure of
less than 107° Torr. A gating effect was observed on a Hall bar
device and is shown in Figure 2a with a mobility of ~4000 cm®
V's7! at a carrier density of 5 X 10'> cm™ based on the
Drude model®® (Figure 2b), indicating the high quality of the
HGoR. Additionally, 6 electrodes were patterned on the 6
edges of a HGoR (Figure 2c), which demonstrate the overall
uniformity of HGoRs (Figure 2d).

Whether the graphene ribbons reside on the top or the
bottom of the hexagonal monolayer graphene domain is critical
for understanding the growth mechanism. According to recent
research, for bilayer graphene formation on Cu, the secondary
layer grows from the Cu side.®® In this research, we use H,SO,
intercalation experiments®' to further demonstrate that
graphene ribbons also reside on the bottom of the hexagonal
monolayer graphene domains in this special case (see Figure S4
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Figure 5. Control experiments and nanoreactor model'* for graphene nucleation. (a) A continuous monolayer graphene film was obtained after 120
min growth when the H, partial pressure was 8.4 Torr (E1 in Table S1 of the Supporting Information). (b) A continuous HGoR film was made after
120 min growth when the H, partial pressure was S00 Torr (E2 in Table S1 of the Supporting Information). (c) Energies (shown by bars) and
atomic structures of C adatom adsorbed at the intact edge (I), near the intact edge (II), in the interior of graphene (III), and near the hydrogenated
sp® edge (IV), near the hydrogenated sp* edge (V). The energies refer to that of a C atom in graphene on Cu (VI), which is set to zero. The
graphene is represented by orange sticks, the Cu substrate by white spheres, and the H in green, and the C adatoms are colored in blue.

of the Supporting Information). H,SO, treatment doped only
the top layer hexagonal graphene but did not intercalate
between the nanoribbons on the underside. Figure 3a is a
typical SEM image of HGoRs transferred onto a SiO,/Si wafer
showing graphene ribbon rings have smooth edges and ~120°
corners. Sharp graphene wrinkles were observed on the surface
of the HGoRs. In contrast, a characterlstlc SEM image of
single-crystal hexagonal monolayer graphene'® transferred onto
a Si0,/Si wafer is shown in Figure 3b, which shows a surface
much smoother than that of the HGoR in Figure 3a. This
suggests that the graphene ribbons grow on the bottom face of
the hexagonal monolayer graphene, which makes the bottom
sides wavy. Thus, many sharp wrinkles were produced during
the transfer process.

We used AFM to characterize the topology of the HGoRs
transferred onto SiO,/Si wafers (Figure 3c and Figure SS of the
Supporting Information). Figure 3c provides one typical AFM
image of the center of a HGoR, showing a graphene ribbon ring
overlaid with several sharp graphene wrinkles. A 120° angle
indicates the hexagonal shape of the graphene ribbon ring. A
section analysis for the same HGoR in Figure 3c is provided in
Figure SS of the Supporting Information, which demonstrates
that the height of the graphene ribbon was ~3 nm,
corresponding to the approximate thickness of tetralayer
graphene.”” From Figure S5 of the Supporting Information,

we can see heights of graphene wrinkles in HGoRs as high as
~20 nm. Moreover, several graphene wrinkles crossed the edge
of the graphene ribbons without showing sharp discontinuity,
which suggests that graphene ribbons were on the bottom of
the HGoRs. Figure 3c also shows that the root mean square
surface roughness of this HGoR is ~5 nm. As a comparlson, an
AFM image of single-crystal monolayer graphene'® is shown in
Figure 3d, indicating a relatively flat surface with its root mean
square surface roughness at ~1 nm. In addition, a small particle
was observed in the middle of the HGoR (Figure 3c and Figure
SS of the Supporting Information), with its width being ~150
nm and its height ~20 nm, which could be the seed™® that
initialized the growth of this HGoR. Graphene ribbon segments
with ~90° corners were also observed and might originate from
the small perturbance of growth environments, such as in the
temperature and the flow rate of CH,, during the growth
process. Beyond that suggestion, we do not presently have a
rationale for the observation.

The growth of graphene on Cu has been shown to be the
direct result of nucleation, growth and coalescence of graphene
seeds,'”'**® resulting in the formation of polycrystalline
graphene films. However, the formation mechanism of
HGoRs is distinct from the seed-induced 2D growth. Here
we propose an edge-nucleated 3D growth mechanism to
explain the formation of HGoRs, as described in Figure 4a—f.

dx.doi.org/10.1021/ja403915m | J. Am. Chem. Soc. 2013, 135, 10755—-10762
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In the initial growth stage, a monolayer graphene domain
nucleates on the Cu surface and gradually grows larger by
continuously adding adjacent carbon adatoms (Figure 4a).
However, in a hydrogen rich growth environment (see
Supporting Information), a new graphene layer could nucleate
from the edge of a growing top layer, producing edge
nucleation (Figure 4b). The role of hydrogen in the edge
nucleation is discussed later (Figure S and its related text). The
edge-nucleated graphene could evolve to a hexagonal ribbon
(Figure 4c) as a result of kinetic factors, which will be discussed
later as well. After edge nucleation, new graphene layers start
layer-by-layer growth from the bottom side of the previous
layer to form few-layer graphene ribbons (Figure 4f and Figure
S6 of the Supporting Information). The sizes of the innermost
graphene ribbon rings vary (see Figures 1b and c and Figure S1
of the Supporting Information), indicating that the time of
activation of the edge of each monolayer graphene domain is
random for each HGoR. Meanwhile, monolayer graphene top-
layer domains keep growing when new graphene layers
nucleate on their edges. Monolayer graphene domains have
growth rates higher than those of edge-nucleated, new
graphene layers, due to the more efficient contact with the
adatom sources, leading to the exposure of new graphene edges
(Figure 4d). As the reaction time progresses, new graphene
layers nucleate and grow again on the newly exposed edges to
form additional hexagonal graphene ribbon rings. After
repeated exposure of new monolayer graphene domain edges,
more graphene ribbons grow concentrically on the new edges
to form HGoRs (Figure 4e and f). Figure S7 of the Supporting
Information provides an optical image of one incomplete
HGoR, which was occasionally found in the experiments and
provides further evidence for the proposed growth mechanism.

The proposed edge-nucleated 3D growth mechanism was
further confirmed by TEM characterizations. Figure 4g—i show
TEM images of three graphene ribbons on suspended graphene
films with widths ranging from 10 to 450 nm, which were
randomly found in the HGoR samples. Figure 4g shows that
the width of the graphene ribbon is ~10 nm and it is
monolayer, suggesting that this graphene ribbon has just
nucleated and it is in the initial growth stage. The graphene
ribbon shown in Figure 4h has already grown to ~200 nm, and
it is tetralayer, counting its edge, meaning that more graphene
layers would grow on the graphene ribbon via edge nucleation
during the extended growth time. Interestingly, two stacked
graphene ribbons, ribbon 1 and ribbon 2, were observed in
Figure 4i, showing that ribbon 2 grows from the edge of ribbon
1 and providing direct evidence for the proposed edge-
nucleated 3D growth mechanism. Meanwhile, Figure S8 of the
Supporting Information shows a typical SEM image of HGoRs
on the growth substrate, Cu, indicating a weak relation between
graphene ribbons and the Cu surface, which excludes the
possibility that graphene ribbons nucleate at the sites of the Cu
surface features and further confirm the hydrogenation-
induced, edge-nucleation growth mechanism.

Why might HGoRs form using these particular conditions?
To answer this question, nine experiments (E1-9) to
investigate the effects of different growth parameters on the
formation of HGoRs were performed and are summarized in
Table S1 of the Supporting Information. From Table S1 of the
Supporting Information, it can be seen that the growth time,
temperature, and CH, flow rate have weak influences on the
formation of HGoRs. The crucial parameter that determines
the formation of HGoRs is the partial pressure of H,. For

example, Figure Sa shows that when the partial pressure of H,
is ~8.4 Torr (El), a uniform monolayer graphene film was
obtained after 120 min growth. In contrast, a continuous
HGoRs film was obtained while keeping other conditions the
same and increasing the partial pressure of H, to ~500 Torr
(E2, Figure Sb).

The role of H, in the formation of HGoRs can be explained
by the nanoreactor model'* shown in Figure Sc I-V, which
represents the energies of a C adatom at different states,
computed from first principles (details can be found in the
Supporting Information). The energy of a C atom in graphene
on Cu is set to zero (Figure Sc VI). The nucleation of a new
graphene layer should start from a single C adatom. It can be
adsorbed at the growth front, on the zigzag edge,14 near the
edge, or in the interior of the growing graphene sheet. At low
H, pressure, the edge exposes pure sp° C with one dangling
bond for each edge atom. During the growth, the majority of C
atoms migrating to graphene will be adsorbed by the free edge
(Figure Sc I), leaving very few C adatoms entering underneath
graphene (Figure Sc IT and III) as a result of their large energy
difference of ~1.4 eV. In this case, the growth of graphene still
remains 2D rather than forming a new graphene layer on the
original layer. However, at high H, pressure, some of the edge
C atoms can be hydrogenated.>*~** The hydrogenation of the
growing edge could increase the probability of new graphene
layer nucleation near the edge by increasing its affinity for the C
adatom. For example, Figure Sc II and V show that
hydrogenation would decrease the energy of a C adatom near
the edge by ~0.7 eV, which corresponds to an increase of
absorption probability by a factor of e*¥/*T ~ 10 (given a
synthesis temperature of ~1347 K). In this case, the enhanced
absorption arises from the hydrogenation-induced sp® state of
an edge C atom, which forces the neighboring C into the same
four coordination state,* thus facilitating the adsorption of the
C adatom. Overall, it is shown that the hydrogenation of the
graphene edge at high H, pressure could facilitate the
nucleation of the new graphene layer near the growing edge
of the previous layer. As the C accumulates around the edge, C
clusters®” would be formed at the edge and a new graphene
layer starts to grow. The growth rate is faster along the edge
direction (i.e., growth front) of the upper layer than the normal
direction. This behavior originates from kinetic factors. Growth
along the edge is fed with the accumulated C near the edge.
Growth normal to the edge requires the C transport across the
edges, where most C would be adsorbed by the outer edges
before they arrive at the inner growth front. Therefore, the
different C concentrations lead to highly anisotropic growth
rates and result in a ribbon like shape. The spacing of the
ribbons is determined by the relative rate of nucleation and
growth normal to the edge. As more ribbons are formed during
the growth, less C is available for inner ribbon growth due to
the adsorption of the outer ribbon edges, impeding inner
ribbon growth and avoiding the formation of continuous few-
layer graphene films. The tilted graphene ribbons were also
observed in HGoRs (see Figure S8 of the Supporting
Information). This results because, after edge nucleation, the
growth between GNRs and top-layer graphene becomes less
correlated with each other. This correlation decreases with
increasing distance between their growth fronts. The eventual
orientations of the growth fronts are determined by the local
chemical environment,'* such as C concentrations, gas fluxes,
and temperatures, which are unlikely to be the same for the
top-layer graphene and bottomside graphene ribbons.

dx.doi.org/10.1021/ja403915m | J. Am. Chem. Soc. 2013, 135, 10755—-10762
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Different from general 2D graphene structures, HGoRs have
demonstrated two special features due to their 3D structures
with modulated thickness. The first feature is that HGoRs could
be used to make graphene nanoribbons by using Ar plasma to
remove the top-layer, single-crystal, graphene domains (Figure
S9 of the Supporting Information). Furthermore, according to
other research,'>'* single-crystal graphene domains made on
Cu by CVD show clean zigzag edges. Thus, through further
optimizations, this edge-nucleated technique could allow the
direct bottom-up growth of graphene nanoribbons with clean
edges on Cu substrates, without needing lithography patterns
of metal nanowires’ or organic synthesis procedures.
Second, according to recent theoretical research,®®% single-
layer graphene is not suitable for Li storage because of the weak
Li binding energy on a single-layer graphene surface. As shown
in Figure S10 of the Supporting Information, according to first-
principles calculations, HGoRs could be suitable for Li storage
because the Li binding energy between ribbon layers is 1.8 eV,
and the Li binding energy at ribbon edges is 3.3 eV, higher than
Li cohesive energy (1.6 eV). This feature, though interesting,
would be made practical only with suitable scaling.

B CONCLUSIONS

In this research, although we only demonstrated the synthesis
of 3D graphene structures, this edge-nucleated 3D growth
method might be generalized to form complex spatial structures
from other 2D materials such as h-BN,* MoS,*" or their
hybrids” after further optimizations. In conclusion, we report
the fabrication of HGoRs on Cu foils. A hydrogenation-induced
edge-nucleation 3D growth mechanism was proposed and
confirmed by AFM, SEM, Raman spectroscopy, TEM, and first
principles calculations.
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