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ABSTRACT: Confined nanospaces provide a new platform to promote
catalytic reactions. However, the mechanism of catalytic enhancement in the

H2 etching

nanospace still requires insightful exploration due to the lack of direct
visualization. Here, we report operando investigations on the etching and
growth of graphene in a two-dimensional (2D) confined space between

graphene and a Cu substrate. We observed that the graphene layer between -
the Cu and top graphene layer was surprisingly very active in etching (more 2L 2 pm

than 10 times faster than the etching of the top graphene layer). More = L
strikingly, at a relatively low temperature (~530 °C), the etched carbon ¢= g min

—

2 ym

t =20 min

radicals dissociated from the bottom layer, in turn feeding the growth of the
top graphene layer with a very high efficiency. Our findings reveal the in situ dynamics of the anomalous confined catalytic processes
in 2D confined spaces and thus pave the way for the design of high-efficiency catalysts.

KEYWORDS: confined nanospaces, graphene, catalysis, operando observation, in-plan evolution

wo-dimensional (2D) confined space, which is usually

composed of 2D material substrates or neighboring 2D
materials, possesses atomic-scale gaps, strong matter inter-
actions, and unique nanoenvironments;' > thus, it allows
abnormal reactions that cannot take place under normal
conditions and has great potential in the applications of
materials science and catalysts.”">' The 2D confined space
could provide an intriguing framework and ultrahigh pressure
for stabilizing materials that cannot exist in a traditional
atmosphere, which plays a key role in producing novel 2D
materials, such as atomically thin ice,’ GaN,” and metals.*™'°
Unlike the case in a conventional open system, in a confined
nanospace, the reactants have a large probability to interact
with a high electronic density of states, which may lead to high
catalytic efficiency. Therefore, 2D confined space has become
an intriguing system for the e)iploration of catalysis with
superior activity and stability."' ™"

To further explore novel 2D materials or high-performance
catalysts in confined nanospaces, an investigation and under-
standing of the real-time and real-space behaviors in 2D
confined systems are certainly prerequisites.”” However, to
date, the understanding of confined catalytic processes is still
based on feedback from ex situ measurements. In principle, the
proposed mechanism of catalytic processes that rely on ex situ
characterizations may be incapable of describing the full
picture of the dynamics in confined nanospaces. Therefore,
visualizing the actual reaction processes and understanding of
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the confinement effect in the field of catalysis by in situ studies
are urgently needed.

Here, we present a compact study on the etching and growth
of graphene in a 2D confined space. By choosing bilayer
graphene/Cu as a model system, where the lower graphene
layer is strictly confined by the top graphene layer and the
metal substrate, we constructed an ideal confined 2D space for
in situ real-space observation. The visualization of graphene
evolution in 2D space revealed that both the etching and
growth of graphene in the confined space are distinctly
different from those on the open surface of the metal catalyst:
(i) the confined graphene layer exhibits a quite high etching
rate, approximately 10 times faster than the top graphene layer
on the open catalyst surface; (ii) the carbon radicals released
during the etching of the confined graphene layer diffuse
through the van der Waals gap to the edge of the top graphene
layer and then feed the growth of the top graphene layer at a
relatively low temperature (~530 °C). Therefore, our work is a
rare case where both the product of the reaction and the
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Figure 1. Characterization of bilayer graphene on copper foils. (a) Optical image of a bilayer graphene island. The twist angle is 30°, as identified
by the edges. (b) Aberration-corrected transmission electron microscopy image of bilayer graphene. The real-space atomic lattice structure and the
reciprocal-space diffraction pattern both indicate that the twist angle is 30°. Inset: fast Fourier transformation patterns of (b). (c, d) Lateral force
microscopy image of bilayer graphene. The lateral force profile shows negligible changes in friction when the tip moves from the monolayer to the
bilayer graphene area, which proves that the second layer of graphene is grown under the first layer. (e, f) Schematic diagrams of the etching of

bilayer graphene in a 2D confined system.

dynamics of product evolution can be directly observed. Our
findings clearly reveal that the catalytic reaction in a 2D
confined space is highly different from that in an open space
and that the mass transport in the confined space plays a
central role in bridging the catalytic etching of the bottom-
layer graphene and the catalytic growth of the top-layer
graphene. We expect this study to facilitate the design of
catalytic systems in a confined space for various applications.

In our experiment, bilayer graphene samples were
synthesized by a heat-resisting-box-assisted chemical vapor
deposition (CVD) method to remove the particles on
graphene surface (see Methods for details).”” The bilayer
graphene samples and their twist angles can be directly
identified with optical microscopy on the basis of the different
optical contrasts (Figure la). In addition to optical
identification, the twist angle between two graphene layers
was further confirmed by aberration-corrected transmission
electron microscopy (TEM). The real-space atomic lattice
structure and the reciprocal-space diffraction pattern both
indicate that the twist angle is 30° (Figure 1b). To confirm
whether the second graphene layer was above or underneath
the first graphene layer, we conducted friction force
microscopy measurements (Figure 1c). For a bilayer graphene
where the second layer is on the top, the edge of the second-
layer graphene will be exposed and the carbon atoms have
been reported to be mainly determined with hydroxyl (C—
OH) and alkyl (C—H) groups.”* When the AFM tip moves
across the edge, the friction forces will be obviously enhanced,
resulting in a sharp peak in the lateral force profile (Figure S1).
For a bilayer graphene where the second layer is at the bottom,
the edge of the second layer graphene is buried and there
would be no obvious changes in fraction force at the edge

(Figure S1). The lateral force profile shows negligible changes
in friction when the tip moves from the monolayer to the
bilayer graphene area (Figure 1d), which strongly proves that
the second graphene layer is grown under the first layer. Then,
we can construct an ideal 2D confined system and analyze the
unique reaction behaviors in it by operando monitoring the
growth and etching behaviors of the lower and top graphene
layers under a near-ambient-pressure atmosphere (schematic
diagrams are shown in Figure lef).

We first analyzed the etching behavior of the bilayer
graphene samples under a hydrogen atmosphere. At the
beginning, etching of graphene occurred at the wrinkles
(Figure S2). The behaviors at this stage were neglected
because they are affected by surface topography, which did not
reflect the intrinsic etching behaviors in 2D confined systems.
After all of the wrinkles were etched, we operando recorded the
evolution of the top large and lower small graphene layers over
time and found completely unexpected etching behaviors. As
the lower graphene layer is restricted by the top layer and the
Cu substrate, where the interfacial space allowing hydrogen
atom diffusion is only at the sub-nanometer scale, one would
intuitively think it is very hard to etch the lower graphene layer.
However, an exceptionally high etching rate was observed
(Figure 2a—f and Movie S1). In contrast, although the top
graphene layer was completely exposed to hydrogen, the
etching was very slow (Figure 2a—f and Movie S1).

To quantitatively study the etching rates of the top and
lower graphene layers, we performed a statistical analysis of the
graphene islands at different times and calculated their etching
rates along the horizontal direction, indicated by the arrows in
Figure 2gh. The results show that the etching rate of the
restricted lower graphene layer is approximately 0.2 ym/min,
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Figure 2. Etching behavior of the top and lower graphene layers. (a—c) Schematic diagrams of the etching process of bilayer graphene in a confined
system. (d—f) In situ SEM images of bilayer graphene during H, etching at different times at 834 °C. The lower graphene layer is etched much
more quickly than the top layer. (g, h) Shape evolution of the lower (g) and top (h) graphene islands during H, etching. The different colors
correspond to different times. (i) Plot and fit of the size of the lower graphene layer (dark yellow circles and orange line) and the top graphene layer
(dark yellow circles and violet line) along the horizontal direction as a function of time. The etching rate of the restricted lower graphene layer is
0.2 ym/min, approximately 10 times higher than that of the exposed top layer.
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Figure 3. Growth behavior of the top graphene layer. (a—c) Schematic diagrams of the etching and growth process of bilayer graphene in a
confined system. (d—f) In situ SEM images of bilayer graphene during H, etching at different times at 530 °C. The lower graphene layer is etched
(marked 2L), but the top graphene layer grows larger (marked 1L'). (g, h) Shape evolution of the top (g) and lower (h) graphene islands during
H, etching. The different colors correspond to different times. (i) Plot of the area of the lower graphene layer (orange square) and the top graphene
layer (dark yellow circles) as a function of time. The area of the lower graphene layer keeps decreasing, but the area of the top graphene layer keeps
increasing. The increased area of the top graphene layer was approximately 12% of the decreased area of the lower layer.
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Figure 4. Theoretical understanding of the etching and growth behaviors of graphene in 2D confined space. (a) Formation energies of bilayer
graphene/Cu and monolayer graphene/Cu in a confined system. The formation energy of bilayer graphene on the Cu(111) surface is ~20 meV per
carbon atom higher than that of monolayer graphene. Thus, the evolution from bilayer graphene to monolayer graphene is energetically favorable.
(b) Formation energies of different hydrocarbon atoms, molecules, and radicals on the Cu surface beneath a graphene layer. The most energy
favorable hydrocarbon is the CH radical. (c) Energy profile for CH at different positions during the top layer graphene growth (dark yellow) and
the escape process (orange). The growth process has a lower barrier and the reaction kinetics are highly exothermic, ensuring that the growth of
top-layer graphene is both thermodynamically and kinetically favorable. (d) Schematic diagram of the etching of the lower graphene layer and
growth of the top graphene layer via the diffusion of released radicals through the 2D confined space.

10 times higher than that of the top graphene layer (Figure 2i).
Our findings demonstrated that the catalytic etching process in
a 2D confined space is completely different from that in open
systems and that the unique nanoenvironment in the confined
space leads to great changes in the catalytic reactions, which
may help to understand the abnormal catalytic behaviors in
various confined systems.

In addition to this abnormal etching behavior, further
operando detections also found abnormal growth behaviors of
graphene in the 2D confined system. Under a hydrogen
atmosphere, the lower graphene layer was rapidly etched away,
while the top layer was not etched but grew larger without
introducing any carbon source (the lowest tolerable temper-
ature was ~530 °C). It seems that the lower graphene layer has
been transformed into the top layer through the 2D confined
space (Figure 3a—f and Movie S2). To analyze this
transformation in detail, we also detected the area evolution
of the top and lower graphene layers over time. As time
elapses, the area of the lower confined graphene becomes
increasingly smaller, while the top graphene grows increasingly
larger (Figure 3gh). A quantitative analysis shows that the
increased area of the top graphene layer is approximately 12%
of the decreased area of the lower graphene layer (Figure 3i).
Therefore, we can preliminarily assume that, after etching of
the lower graphene layer, etched carbon species diffuse
through the van der Waals gap and attach to the edge of the
top graphene layer, leading to the consequent growth of the
top graphene layer. Obviously, due to the existence of the 2D
confined space, the etching and growth behaviors of graphene
are both greatly changed in comparison with those under
normal conditions.

To further explore the underlying mechanism, we then
carried out first-principles calculations. We first compared the
formation energy of bilayer graphene and monolayer graphene
on Cu and found that the formation energy for the bilayer was

~20 meV per atom higher than that for the monolayer (Figure
4a and see Figure S3 for the calculation details). Due to this
energy difference, the bilayer graphene tends to be a single
layer by etching of one layer and/or the growth of another
layer. The etching mechanisms of the top and lower layers
must be different. To find out which layer was etched in our
experiments, we considered two models of etching: (i) etching
of the upper layer graphene would result in carbon species
being released into the gas-phase environment and thus it
could not support the growth of the lower layer; (ii) in
contrast, if the lower layer graphene was etched, the etched
carbon species could diffuse to the edge of upper layer
graphene and attach to it, which will lead to the growth of the
upper edge. On the basis of the experimental observations, we
chose the second model in our study. Then, we calculated the
energy changes of removing one carbon atom from the edges
of lower layer and upper layer graphene, respectively. The
results revealed that the etching of the restricted lower
graphene layer was ~110 meV lower than that of the top layer
(Figure S4). Therefore, due to the unique confined structure,
catalytic etching is greatly promoted.

As was mentioned above, during the etching of the lower
graphene layer, the top graphene layer would grow without an
external carbon source supply. One possibility is that the
confined hydrocarbons diffuse through the interfacial gap and
feed the growth of the top graphene layer. To confirm the type
of hydrocarbons, we calculated the chemical potential of
hydrogen under the experimental conditions, where puy =
—0.97 eV at T = 900 K and Py, = 10~* bar (Figure S5a). In
previous reports, Wu et al. found that the carbon dimer is
stable without hydrogen.”® However, Shu et al. showed that
CH,, are the dominating species in graphene growth in the
presence of hydrogen.”® Here, we consider CH, hydrocarbons
on the basis of the experimental condition of graphene etching.
In comparison with the diagram of CH,, hydrocarbons (Figure
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S5b), we can conclude that the dominant hydrocarbons under
our conditions are CH (Figure 4b and see Figure S6 for the
calculation details). The calculated in-plane diffusion barrier of
CH in the small gap between graphene and Cu(111) is only
0.6 eV (Figure SSc), which corresponds to a diffusion
2

coefficient of D = % exp(—kEB—bT) ~ 1.30 X 10" pm”s~".
On this basis, we can estimate that a CH group could diffuse
~2/Dt~ 3.6 mm in 1 s, which is more than 1000 times larger
than the distance between the two graphene edges and thus
every CH released by the lower graphene layer can quickly
react with the edge of the upper graphene layer. When the CH
groups pass the edge of the upper layer, they may be captured
by the edge carbon atoms (Figure S7b) or directly diffuse out
(Figure S7e,f). Once they were captured, our calculations show
that the growth process has a lower barrier than that of escape
and that the reaction is highly exothermic, which proves that
the growth of the top graphene layer is both thermodynami-
cally and kinetically favorable (Figure 4c and see Figure S7 for
the calculation details). Due to the continuous CH supply, the
growth temperature of the top graphene layer can be as low as
530 °C in our experiment, which is much lower than the
traditional graphene growth process on Cu, as it does not need
additional energy to decompose methane.”” It is worth noting
that, in these catalytic etching and growth processes, graphene
served as both the reactant and product, which is quite unique
and hard to directly observe in catalysis.

Then, we can have a clear picture of the abnormal etching
and growth processes in the 2D confined space. Under a
hydrogen atmosphere, hydrogen first diffuses onto the Cu
substrate, terminates at the graphene edges, and then starts to
etch the graphene. Due to the different formation energies, the
restricted lower graphene layer would be etched more quickly
than the top layer. The fast etching and small diffusion barrier
guarantee sufficient CH groups in the small gap, which in turn
feed the growth of the top graphene layer, as it is both
thermodynamically and kinetically favorable (Figure 4d). Our
findings clearly reveal the anomalous reaction behaviors in 2D
confined space and offer a new opportunity for the design of
high-efficiency catalysts in the future.

B METHODS

Growth of Bilayer Graphene Samples. Bilayer graphene
was grown by using a chemical vapor deposition (CVD)
method. The Cu foils (25 um thick, 99.8%, Alfa Aesar) were
directly used without pretreatment. The Cu foils were put into
a self-designed heat-resistant box, and then they were loaded
into a quartz tube with a diameter of 5.5 cm. The heat-resistant
box was used to keep SiO, particles from shedding from the
quartz tube on the Cu surface, providing clean and high-quality
graphene samples (Figure S8a,b). Otherwise, the H, etching
would always start from the particles and could not reflect the
intrinsic etching behaviors of graphene (Figure S8c). In the
growth process, we added some graphite powder in the box; it
was used as a kind of solid carbon source to increase the
bilayer growth on Cu, as industrial graphite usually contains
polyaromatic hydrocarbons that can be released at high
temperature. The furnace was heated to 1030 °C under an
Ar atmosphere (500 sccm) for 1 h and then annealed with H,
(S sccm) for 40 min. After the annealing, CH, (2 sccm) was
introduced as the carbon source for graphene growth. Finally,
the furnace was cooled naturally with Ar (1000 sccm).

In Situ Observations by Environmental SEM. In situ
etching of graphene samples was performed inside the
chamber of a modified environmental SEM system (Thermo
Fisher Quattro ESEM) with a custom infrared laser heating
stage and with gas supplied through a leak valve. The etching
temperature ranged from 530 to 900 °C under 140 Pa. Images
were recorded by a large-field detector during etching. During
the experiments, the microscope was operated at an
acceleration voltage of 5.0—7.5 kV. No influence of the
electron beam on the growth and etching process could be
observed.”®” The imaged regions and their respective
surroundings showed similar behaviors, as evidenced by
changing the magnification or by moving the sample under
the beam. Furthermore, no electron-beam-induced contami-
nation was observed at elevated temperatures.

Characterization. AFM measurements were performed
using an Asylum Research Cypher instrument under ambient
conditions. Optical images of graphene were taken with an
Olympus microscope (Olympus BXS1). The graphene sample
for TEM characterization was prepared by transferring
graphene onto commercial holey-carbon TEM grids (Zhong-
jingkeyi GIG-2010-3C) using the polymethyl methacrylate
based transfer technique. STEM experiments were performed
with a FEI Titan Themis G2 300 instrument operated at 80
kv.

Computational Details. The Vienna ab initio simulation
package (VASP) was employed for DFT calculations.’”*" The
Perdew—Burke—Ernzerhof parametrization of generalized
gradient approximation (GGA) was used for the exchange-
correlation function.”> The ion—electron interactions were
embodied in a projector augmented wave method with a cutoff
energy of 400 eV.>> The Grimme DFT-D3 (BJ) method was
used for the corrections of the interlayer van der Waals
interaction.”*> The electronic self-consistency criterion was
set to 107" eV. For geometry relaxation, the force on atoms
was converged below 0.01 eV A™". The energy barriers were
calculated by using the climbing image nudged elastic band
(CI-NEB) method”® with a force threshold of 0.01 eV A%, To
avoid interference of the image, a vacuum slab of 20 A
perpendicular to the graphene plane was used for all
calculations. The Cu(111) substrate in all calculation models
is slightly compressed to match the lattice of graphene. The
substrate contains four layers of Cu, where the bottom layer is
fixed to mimic the bulk Cu.

The formation energy of monolayer (bilayer) graphene on
Cu(111) surface is calculated by E =

Egrcu =

Ne
is the total energy of monolayer (bilayer) graphene on Cu and
Ec, is the energy of the substrate. The bottom layer of
graphene is rotated by 28°, constructing a commeasurable
supercell with 26 C atoms in each layer (Figure S3). Then the
models were sampled by a 3 X 3 X 1 k-mesh using the
Monkhorst—Pack method.*”

To calculate the formation energy of hydrocarbons, each
hydrocarbon molecule was confined in a 7 X 7 superlattice of
monolayer graphene on Cu(111), and the model was sampled
by a1 X 1 X 1 k-mesh. The formation energy of the
hydrocarbon was Ecy; = Eg/ch,/ca — Egjcu — Ean — 1(Eg,/2 +

ECu
, where Egc,

Up), where Eg cy /c, is the total energy of the model, Eg)c, is
the energy of monolayer graphene on Cu, Eg,, is the formation
energy of one carbon in the monolayer graphene on Cu, Ey_ is

the energy of a hydrogen molecule, and pyy is the chemical
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potential of H. The formation energy of CH at the edge or on
the exposed substrate is Ecy = Ecpgsite = Eref = Efm — 11(Ep,/2
+ py), where Ecyagy is the total model of CH attached to the
edge or on the exposed substrate and E . is the energy of that
model without CH. All of the models are shown in Figure S7.
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