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easy chalcogen-vacancy formation, metal-atom insertion, and alloying. Such patterning can be used for selective
functionalization. Here we report the spontaneous formation of long-range, well-ordered 1D patterns in monolayer vanadium
diselenide (VSe,) by a single annealing stage during growth. Atomic-resolution images in real space combined with density-
functional-theory (DFT) calculations reveal the 1D features of patterned VSe,. Further experimental characterization of the
intermediate states in the growth process confirm the spontaneous formation of the 1D pattern by annealing-induced Se-
deficient linear defects. The 1D pattern can be reversibly transformed to homogenous VSe, monolayer by reintroducing Se
atoms. Moreover, additional experiments demonstrate that a dispersive deposition of Pt atoms along the 1D structures of
patterned VSe, is achieved, while DFT calculations find that their catalytic activity for hydrogen evolution reaction (HER) is as
good as that of Pt surfaces. The formation of long-range, well-ordered 1D patterns not only demonstrates an effective way of
dimension modulation in 2D materials but also enriches the potential of intrinsically patterned 2D materials for promising

catalytic activities.
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F unctionalization of two-dimensional (2D) materials has a
signiﬁcant impact on their intriguing properties, im-
mensely expanding their application potential in electronics,"”
optics,”* chemistry,’ energy,6 and biomedicine.”” As a widely
used method to functionalize 2D materials, formation of
geometric patterns in 2D materials provide not only an extra
dimension to manipulate their atomic structures and properties
in the nanoscale but also new platforms to combine with other
processes for multiple applications. Patterning of 2D materials
by extrinsic means such as electron-beam,” focused-ion-
beam,"’ incorporation of excess metal atoms,"' or lithog-
raphy'>'® has been reported. Patterning has led to the
functionalization of various 2D systems with novel properties,
such as semiconducting nanomesh-like graphene,'* laser-
induced phase patterning of MoTe," for Ohmic contacts,
photoluminescence in nanopatterned MoS,,'® and selective
adsorption of functional molecules on intrinsically patterned
PtSe, or CuSe."”

Among hundreds of 2D materials, transition-metal dichalco-
genides (TMDCs) with an MX, formula have great advantages
for pattern formation. TMDCs have a typical sandwich-layered
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structure with different polymorphic phases'® (e.g. 2H, 1T)
that provide a convenient platform to fabricate patterns by
phase manipulation. Moreover, the ease of chalcogen-vacancy
formation and metal-atom insertion in an otherwise stable
sandwich-layered structure are additional degrees of freedom
that have been exploited to generate unique patterns by
judiciously chosen annealing steps™' """ or even to fuse two
monolayers into a new monolayer structure.”” Pattern
generation offers unique opportunities for selective, even
dual functionalization for catalysis, sensing, or other
applications.'” The objective of combining patterning with
functionalization is emerging as a promising frontier.
Vanadium diselenide (VSe,) is a member of the TMDC
family of 2D materials with a typical sandwich T-phase
structure and its own unique and diverse properties'® which
have generated widespread interest. Specifically, intrinsic
monolayer (ML) VSe, exhibits 2D ferromagnetism,”"*”
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Figure 1. Reversible transformation between homogeneous ML VSe, and 1D-patterned ML VSe,. (a) Schematic of the reversible transformation.
(b) STM topographic image (—2.0 V, 0.1 nA) of homogeneous ML VSe, on HOPG. (c) Atomic-resolution STM image (—1.0 V, 0.8 nA) of ML
VSe, showing a hexagonal lattice with a periodicity of 0.33 nm. The unit cell is depicted by the blue thombus. (d) STM topographic image (—2.0
V, 0.1 nA) of 1D-patterned ML VSe, on HOPG. The 1D pattern is highlighted by blue dashed lines. (e) Atomic-resolution STM image (—1.0V,
0.8 nA) of 1D-patterned ML VSe, shows its rectangular lattice, whose unit cell is depicted by the blue rectangle. The lattice parameters are 0.97 and
0.34 nm, respectively. The blue dashed lines highlight the 1D pattern.

extra-high conductivity,” excellent electrocatalysis,”* and a
charge-density-wave (CDW) transition.”>® In this Letter, we
demonstrate spontaneous formation of well-ordered 1D
patterns in ML VSe, by a single annealing stage during
growth. Periodic 1D-patterned structures with a period about 1
nm form on as-grown homogeneous ML VSe, on a highly
oriented pyrolytic graphite (HOPG) substrate when it is
annealed to about 350 °C. The 1D-patterned VSe, can be
transformed to the original homogeneous ML VSe, by
introducing Se atoms at a lower sample temperature of 250
°C. The structure of the 1D patterning is confirmed by atomic-
resolution scanning tunneling microscopy (STM) and atomic-
force microscopy (AFM) combined with density-functional-
theory (DFT) calculations, revealing that the generation of 1D
patterning in the ML VSe, is undergirded by Se-deficient linear
defects. Further STM characterization of intermediate states
reveals the transformation process from homogeneous ML
VSe, to 1D-patterned ML VSe,. Selenium-deficient linear
defects are produced and increase in number as the VSe,
sample is annealed. The density of these linear defects finally
reaches a limit that results in periodic arrays of 1D structures.
Finally, platinum (Pt) deposition experiments show that the Pt
atoms are selectively adsorbed on the 1D structures of
patterned VSe,, mostly in a monodispersed fashion with
roughly 30% forming pairs. DFT calculations then demonstrate
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that monodispersed Pt atoms are as good as Pt surfaces for
hydrogen evolution reaction (HER) catalysis, while Pt pairs
and 50%-occupied 1D structures are nearly as good.

Homogeneous ML VSe, was fabricated on an HOPG
substrate in an ultrahigh vacuum (UHV) chamber by co-
evaporation of Se and V atoms™* while annealing at 270 °C
(see Sample Preparation). When the as-grown sample is
annealed to 350 °C, homogeneous VSe, transforms to a 1D-
patterned structure. When selenium is evaporated on the 1D-
patterned ML VSe, while annealing at 250 °C, the ML
recovers its original homogeneous state. Figure la shows a
schematic representation of the experimental process for the
reversible transformation between intrinsic ML VSe, and 1D-
patterned ML VSe,.

Panels b and ¢ of Figure 1 are typical STM images of the
homogeneous-phase ML VSe,. The atomic-resolution image in
Figure 1c demonstrates an atomically smooth flat monolayer
with a well-ordered hexagonal lattice. The primitive unit cell of
this lattice is illustrated by a blue rhombus, each of whose sides
is 0.33 nm. After annealing, the samples exhibit a 1D linear
pattern illustrated by blue dashed-lines in the STM images in
Figures 1d and le. It is particularly intriguing that the lattice
structure changes from a hexagonal to a rectangular Bravais
lattice. The primitive unit cell of the rectangular lattice is
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Figure 2. Structure model and DFT simulations of homogenous and 1D-patterned ML VSe,. (a) Top view and side view of the atomic structure of
homogeneous ML VSe,. The Se atoms on top and bottom are shown in different size balls for better discrimination. The blue rhombus depicts the
unit cell. Both the top view and side view are equidistantly divided by black lines for comparison with the 1D-patterned phase. (b) STM image
(upper) and simulation (lower) of homogeneous ML VSe,. The blue thombus depicts the unit cell. (c) Structural model of 1D-patterned ML VSe,
on graphene obtained by DFT calculations. The calculated distance between the graphene and the bottom Se atoms is 0.33 nm. (d) Top view and
side view of the structural model of 1D-patterned phase. The top Se atoms are shown in different size balls to exhibit the undulating height. The
blue rectangle depicts the unit cell, whose calculated length and width are a = 0.99 nm, b = 0.34 nm. (e) AFM attractive-force image, atomic-
resolution STM image, simulated STM image, and structural model of 1D-patterned ML VSe, match each other.

a b
nolayer VSe2

270°C
Annealing

ol
Se depositing

d c
350°C
250°C Annealing Annealing
Annealing

|

Figure 3. Transformation process between homogeneous VSe, and 1D-patterned ML VSe,. (a) STM image of ML VSe, on HOPG. (b) STM
image from the same sample in (a) after annealing to 270 °C. The blue-dashed lines indicate the linear defects with different orientations. (c,d)
STM images from the same sample as in (b) after annealing to 330 °C and 350 °C, respectively. The blue-dashed lines highlight the 1D pattern. All
images are obtained with the scanning parameter (—2.0 V, 0.1 nA).
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indicated by a blue rectangle in Figure le. This rectangle is this model, one row of top selenium atoms is removed from
0.97 nm along its long axis and 0.34 nm along its short axis. each group of four adjacent rows along the long axis of the
To figure out the precise atomic structure of the 1D pattern, rectangular unit cell so that the surface Se atoms form an
we constructed atomic models for both the homogeneous and undulating linear pattern, as seen clearly in the side view in
the 1D-patterned phases, relaxed the models by DFT Figure 2d. According to the lowest-energy relaxed model, the
calculations, and simulated the models’ STM images for rectangular unit cell is 0.99 nm along its long axis and 0.34 nm
comparison with the experimental STM images. The along its short axis, which are in excellent agreement with the
homogeneous-phase model is shown in Figure 2a, while the experimental values of 0.97 and 0.34 nm, respectively. The
corresponding simulated STM image and the experimental simulated STM image based on this relaxed structure also
STM image of the homogeneous phase are compared in Figure matches well the experimental STM image, as shown in Figure

2b. Since the 1D-patterned phase is formed by annealing and 2e.
the homogeneous phase can be recovered by selenium We have also carried out AFM characterization of the
deposition in this reversible transformation process, the 1D sample to further confirm the 1D pattern structure and
pattern should be a Se-deficient structure compared to the eliminate possible influence of the local electronic states to the
structure of the original homogenous VSe,. We constructed a topography of the sample in STM measurements. In an
Se-deficient model for the 1D pattern as shown in Figure 2c. In attractive-force image obtained in the non-contact mode of
4899 DOI: 10.1021/acs.nanolett.9b00889
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Figure 4. Pt adatoms on 1D-patterned ML VSe,. (a) STM image (—2.0 V, 0.3 nA) of 1D-patterned ML VSe, on HOPG before Pt deposition. (b)
STM image (—2.0 V, 0.3 nA) of the same sample in (a) after Pt deposition. The bright dots are the adsorbed Pt adatoms. (c,d) Zoom-in STM
images (—1.0 V, 0.8 nA) of adsorbed Pt dimer and single atom, respectively. (e) Statistical distribution of Pt adatoms adsorbed on 1D-patterned
ML VSe,. (f) Atomic models of single Pt adatom on 1D-patterned ML VSe,. (g) Calculated absolute value of the Gibbs free energy for atomic
hydrogen adsorption (IAGyl) on Pt adatoms in different configurations comparing with the IAGyl on pure Pt. 50%-occupation means that, in the
unit cell shown in (f), the left channel 1 is fully occupied, leaving the right channel 1 empty (see Figure S4).

AFM, shown in the top part of Figure 2e, there are rows of
distinct hollow sites along the Se-deficient rows of the model,
seen as dark holes, where the attractive force is weaker due to
the relatively larger distance from the tip to the local atoms.
On the basis of the combined data from STM, AFM, and DFT
methods, which is consistent with each other, we confirmed
that the model we propose represents the real structure of 1D-
patterned ML VSe,.

After the structure of the 1D-patterned phase was confirmed,
the formation process of this phase was further investigated by
STM
transformation from the homogeneous phase. Figure 3 show
the whole process of the reversible transformation between ML
VSe, and 1D-patterned ML VSe,. Figure 3a is the STM image
obtained on a homogeneous ML VSe, on HOPG substrate.
When the sample is annealed to 270 °C, linear defects emerge
on the ML VSe, (Figure 3b), as it loses selenium atoms. The
linear defects in a continuous VSe, island have three
orientations with 60° angle to each other due to the VSe,
symmetry. These linear defects are distributed more randomly
and have a lower density compared with those in well-ordered
1D-patterned VSe,. As the sample is annealed to a higher
sample temperature of 330 °C, the density of the linear defects
increases, and the linear defects align much more regularly,
parallel to each other in each rotational domain. Yet the
intervals between these linear defects are still varying (Figure
3c), that is, their density has not reached a limit. When the
annealing temperature of the sample increases to 350 °C, the
density of linear defects finally reaches its limit. The
homogeneous ML VSe, phase is completely transformed to

characterization of the intermediate states in the
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the 1D-patterned ML VSe, phase in which the linear defects
align regularly with a uniform interval (Figure 3d).

Because the transformation to 1D-patterned ML VSe, is
driven by a deficiency of selenium atoms, it should be
reversible by reintroducing selenium. It is confirmed by our
experiments that when selenium is deposited on the 1D-
patterned ML VSe, while the sample is kept at a lower
temperature, 250 °C, the 1D-patterned ML VSe, can be
restored to homogeneous VSe,. This transformation, therefore,
proves that removal of selenium atoms is the key to the original
transformation of homogeneous ML VSe, to 1D-patterned ML
VSe,. For more details of this reversible transformation with
more intermediate steps, see Figure S1 in the Supporting
Information. The statistical analysis of linear defects in
monolayer VSe, sample annealing at different temperatures is
shown in Figure S2.

Single-atom catalysts (SAC) with individual and isolated
metal atoms such as Pt, anchored to supports, possess high
efficiency in heterogeneous reactions.”” >’ Two-dimensional
materials such as graphene,”’ nitrogen-doped graphene,””*’
and MoSz,34 which have large surface-area, have been
predicted to be very good supports for SAC. The undulating
pattern shaped by periodic linear defects, as seen in the side
view of Figure 1d, makes the 1D-patterned ML VSe, a suitable
template for selective adsorption of Pt adatoms. We deposited
Pt atoms onto the pre-fabricated 1D-patterned ML VSe,.
Figures 4a and 4b show STM images of the sample before and
after the deposition of the Pt atoms, respectively. Figure 4b
demonstrates that the Pt adatoms are adsorbed in a dispersed
fashion (see also Figure S3). The atomic-resolution STM
images in Figure 4c,d, show clearly that Pt atoms and Pt dimers
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are adsorbed in the Se-deficient channels. The adsorbed Pt
atoms are mostly single, isolated atoms, with a fair number of
pairs and a few trimers and tetramers (Figure S4). The
statistical distribution obtained from STM images measured at
different positions of the sample (Figure S3) is shown in
Figure 4e. The above observations reveal that 1D-patterned
ML VSe, can be a promising candidate platform for the
fabrication of single-Pt-atom catalyst.

To better understand the adsorption structure of Pt adatoms
on 1D-patterned ML VSe,, we carried out DFT calculations.
Considering that one of each four rows of top-layer Se atoms
are gone, there are three different kinds of channels for Pt
adatoms to be adsorbed in, as depicted by 1, 2, and 3 in Figure
4f. DFT calculations (Figure SS) show that single-Pt adatom
located in channel 1 (the Se-deficient channel) is the most
stable structure, as shown in Figure 4e, which is in agreement
with the experimental results. DFT calculations further confirm
that disperse adsorption of Pt adatoms on 1D-patterned ML
VSe, is more energetically favorable. As shown in Figure S6,
the adsorption energy per Pt atom is the largest for isolated Pt
atoms than for any other configuration we are able to study,
including the S50%-occupied 1D structures. Computational
limitations on supercell size do not allow us to calculate
accurately the binding energy of isolated pairs, but we do find
that pair formation is not energetically favored when other Pt
atoms are in proximity (as is the case in our relatively small
supercells). This result suggests that the concentration of
deposited Pt atoms can be tuned to achieve monodispersed
adsorption. It is also notable that Pt adatoms can occupy the
whole channel at 50% occupancy with an adsorption energy of
—5.5 eV/Pt, forming a very stable structure.

After the structural stability of adsorbed Pt adatoms was
investigated, we checked the reaction activity for HER of Pt
atoms on the 1D-patterned VSe,. We find that the atomic-level
dispersed Pt atoms on 1D-patterned ML VSe, is a promising
SAC for HER. Figure 4g shows the absolute value of the Gibbs
free energy (IAGyl) of Pt adatoms in different configurations
for HER. For a single Pt atom on a 1D-patterned VSe, (Figure
4f), the IAGy value is 0.12 eV, followed by a Pt dimer of 0.13
eV. When the Se-deficient channels of the 1D-patterned VSe,
is 50%-occupied by Pt atoms, IAGyl is 0.14 eV, that is, also
indicating good catalytic activity for HER. Compared to Pt
bulk surfaces, which is the best cathode material for HER with
a calculated |AGyl of 0.09 eV,>> the DFT calculations
demonstrate the excellent catalytic activity of Pt adatoms on
1D-patterned VSe,. Thus, the 1D-patterned VSe, shows great
potential as a support material in SAC.

In summary, we discovered a reversible transformation
between ML VSe, and 1D-patterned ML VSe,. The structure
of the 1D-patterned ML VSe, is revealed, and the mechanism
of the transformation is investigated. We further explored the
dispersive adsorption of Pt atoms on the 1D-pattern and
predict its catalytic activities. Such formation of long-range
well-ordered 1D-pattern in ML VSe, not only demonstrates
dimension modulation in 2D materials, but also exhibits
promising potential of functionalized 2D materials like HER
applications.

Methods. Sample Preparation. ML VSe, was fabricated
on an HOPG substrate in an ultrahigh vacuum (UHV)
chamber, with a base pressure of 2 X 107'° mbar, equipped
with standard MBE capabilities. The HOPG substrate was
cleaved and annealed to 1100 K in the UHV chamber.
Selenium atoms (Sigma, 99.999%) were evaporated from a
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Knudsen cell, and vanadium atoms (ESPI Metals, 99.999%)
were evaporated from an electron-beam evaporator and
deposited onto the substrate, which was annealing at 270 °C
during the deposition. The coverage of ML VSe, can be
controlled by the growth time and fluxes of atoms. By
annealing the sample at 350 °C, the ML VSe, transforms to
1D-patterned ML VSe,. Additionally, by depositing selenium
atoms and keeping the sample at 250 °C, the 1D-patterned ML
VSe, can be recovered to the original homogeneous ML VSe,.
For adsorption of Pt adatoms, Pt atoms (ESPI Metals,
99.999%) were evaporated from an electron-beam evaporator
and deposited on the 1D-patterned ML VSe, at room
temperature.

Sample Characterization. STM measurements were
performed in an UHV STM-LEED combined system with a
base pressure of 3.0 X 107" mbar. All the STM images of the
samples were acquired in the constant-current mode, using an
electrochemically etched tungsten tip. The bias voltages were
applied to the sample with respect to the tip. The Nanotec
Electronica WSxM software was used to process the STM
images. AFM Measurements was conducted in an UHV low-
temperature AFM system. All the AFM images were acquired
with an electrochemically etched tungsten tip in the non-
contact mode at 4.5 K.

DFT Calculations. DFT calculations based on density
functional theory (DFT) are performed using the Vienna Ab
initio Simulation Package’®’” (VASP). The projector
augmented wave’® (PAW) method is employed, and the
Perdew—Burke—Ernzerhof (PBE) version of the generalized
gradient approximation” (GGA) was used. The electronic
wavefunctions are expanded in plane waves with a kinetic
energy cutoff of 500 eV. For freestanding VSe, structure, the k-
points sampling is 25 X 25 X 1, generated automatically with
the origin at the I'-point. For 1D-patterned VSe, on HOPG,
the k-points sampling is with only the I"-point. The structures
were relaxed until the energy and residual force on each atom
were smaller than 107 eV and 0.01 eV/A, respectively. The
vacuum layers of the two models are larger than 20 A. The
STM simulations are performed using the Tersoff-Hamann
approach.”” The Gibbs free energy of hydrogen adsorption,
AGy, is calculated as AGy = AEy + AE,pp — TASy. AEy is
the binding energy of adsorbed hydrogen. AE;p; and ASy are
the zero-point energy difference and entropy difference
between the adsorbed hydrogen and hydrogen in the gas
phase, respectively. In the standard condition, AE;p; — TASy
is approximately 0.24 eV, which is a widely accepted value.*
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