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Lateral and Vertical Morphology Engineering
of Low-Symmetry, Weakly-Coupled 2D ReS,
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Morphology significantly affects material’s electronic, catalytic, and magnetic
properties, especially for 2D crystals. Abundant achievements have been
made in the morphology engineering of high-symmetry 2D materials, but for
the emerging low-symmetry ones, such as ReS,, both the morphology control
technique and comprehension are lacking. Here, the lateral shape and vertical
thickness engineering of 2D ReS, by tailoring the growth temperature and

the substrate symmetry using chemical vapor deposition, is reported. The
temperature increase induces an isotropic-to-anisotropic transition of domain
shapes, as well as a monotonic decrease of the domain thickness, which
promotes the electrocatalytic performance. The substrate rotational symmetry
determines the shape anisotropy of polycrystalline ReS, monolayers via a
diffusion-limited mechanism, leading to highly oriented square, triangular,
and strip-like domains synthesized on the fourfold symmetry SrTiO; (001),
threefold symmetry c-sapphire, and twofold symmetry a-sapphire substrates,
respectively. Various stacking configurations in bilayers are unclosed at the
atomic scale. Some are predicted to adopt a type-1l band alignment with great
potential in photovoltaics. The results give insights into the morphological
engineering of a unique class of 2D material with low in-plane lattice sym-
metry and weak interlayer coupling, which are crucial for their high-quality

and a high proportion of surface and edge
atoms. On the one hand, the in-plane
shape of a 2D domain determines the per-
centage of edge atoms, which can exhibit
special electronic structures and spin
states,l!l thus leading to unique electrocata-
lytic,” luminescent,®l and magnetic perfor-
mances.! On the other hand, the vertical
morphology engineering, including the
domain thickness and the interlayer
stacking at the atomic scale, can result in
the indirect-to-direct band structure transi-
tion,’l unconventional superconductivity,!
ferroelectricity,”) and superlubricity.®!
Tremendous efforts have been devoted
to tailoring the in-plane and vertical mor-
phology of high-symmetry 2D materials
(e.g., graphene, h-BN, 2H-MoS,, and
2H-WS,) by the chemical vapor deposition
(CVD) method, which is regarded as one of
the most promising strategies for the mass
production of high-quality and atomically
thin films. Various compact shapes (e.g.,

synthesis and industrial applications.

1. Introduction

The properties of materials are significantly affected by mor-
phology. This is especially prominent for 2D materials, whose
exotic performance is largely derived from the atomic thickness

hexagon, triangle, rectangle, ribbon, etc.),

dendritic patterns and thickness-tunable

domains have been achieved by means
of substrate engineering, precursor concentration and growth
temperature adjustment, post-etching process, etc.*'3 How-
ever, the morphology engineering of low-symmetry 2D mate-
rials is very limited, resulting in an incomplete comprehension
of both the morphology control technique and mechanism.
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2D rhenium disulphide (ReS,), which belongs to the tri-
clinic system and only consists of an inversion center as the
symmetry element, provides an ideal platform.* 8] It adopts
two structural characteristics. One is the low in-plane lattice
symmetry, which gives rises to significant lateral anisotropy
of electrical conductivity, piezoresistance and optics.'*-?!l The
other feature is the weak coupling at the ReS,/substrate inter-
face and between ReS, layers. It triggers easy deflection of Re4
chains during the growth on commonly utilized substrates,
which makes the morphology control much more challenging
and may lead to disparate mechanisms.?>?"} Previous studies
have demonstrated that ReS, domains grown on mica or sap-
phire are commonly constructed by the assembly of many sub-
domains with different orientations.*>?% Only the Au substrate,
which has a strong interfacial coupling with ReS,, can control
the domain shape and lattice alignment of ReS, due to the
epitaxial growth mechanism.?’! On the other hand, the weak
interlayer coupling may give more freedom to the stacking
configuration and induce novel properties.[*¥ Therefore, inves-
tigating the lateral shape and vertical thickness control of 2D
ReS, can shed light on the morphology engineering and prop-
erty exploration of a unique class of 2D material that has low
in-plane lattice symmetry and weak interlayer coupling.

Herein, we realize the morphology engineering of polycrys-
talline ReS, atomic layers by tailoring the substrate symmetry
and the growth temperature using a CVD method. Monolayer
ReS, exhibits isotropic lateral growth at a low temperature,
whereas at a high temperature, the domain shape displays
prominent anisotropy that is closely related to the substrate
symmetry. Highly oriented square, triangular, and strip-like
ReS, monolayer polycrystalline domains are achieved on the
fourfold symmetry STO (001), threefold symmetry c-sapphire,
and twofold symmetry a-sapphire substrates, respectively,
which is proposed to be mediated by a diffusion-limited mecha-
nism. The domain thickness reduces monotonically with the
growth temperature enhancement, and the electrocatalytic per-
formance exhibits strong thickness dependence. Several inter-
layer stacking configurations are uncovered in bilayers at the
atomic scale. Some are predicted to adopt a type-II band align-
ment with excellent theoretical power conversion efficiency,
showing great potential in photovoltaics.

2. Results and Discussion

We developed a double-tube CVD method to grow atomi-
cally thin ReS, under atmospheric pressure without the addi-
tion of hydrogen (H,) (Figure S1, Supporting Information),
similar to our previously reported approach for the monolayer
MoS, growth.3 The advantages of such CVD setup include:
1) avoiding the quench of the ReO; precursor powder by the
upstream S vapor; 2) mitigating the sharp precursor concentra-
tion gradient on the substrate compared with the commonly
applied face-to-face method (Figures S2 and S3, Supporting
Information). The second advantage is especially significant for
the following investigation of the morphological engineering
since it excludes the potential influence from the growth loca-
tion of ReS, on the substrate. Therefore, the morphological
change of the specimen can be solely correlated to our designed
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parameters, such as the substrate symmetry and the growth
temperature. The thickness and elemental composition of the
as-grown monolayer ReS, were confirmed by the comprehen-
sive characterizations involving the atomic force microscopy
(AFM) (Figure S4, Supporting Information), Raman spectros-
copy (Figure S5, Supporting Information), and X-ray photoelec-
tron spectroscopy (XPS) (Figure S6, Supporting Information),
respectively.

We first investigated the lateral shape evolution of ReS,
domains on c-sapphire at different growth temperatures.
Figure la—c are optical images showing that, as the temperature
increased from 700 to 800 °C, the domain shape evolved from
circles to arc-sided triangles and finally ended up with well-
faceted triangles with sharp edges. The Raman intensity polar
plots indicate the polycrystallinity of the as-grown monolayer
ReS, even for the well-faceted triangular domains because the
maximum intensities of the =150 cm™ peak corresponding to
three different locations on the same domain are disparate,
situating at =75°, =100°, and =160°, respectively (Figure 1d;
Figure S7, Supporting Information). To quantify the shape,
change of ReS, domains, we introduced a mathematical con-
cept, circularity, which is a measure showing how closely the
shape of an object resembles that of a circle. Circularity (C) is
expressed by:

4mA
C=—7F© 1)

where A represents the domain area, and L is the perimeter
length of the domain. The closer C is to 1, the more similar
the domain is to a perfect circle, indicating significant growth
isotropy. In contrast, the closer C is to 0, the more anisotropic
growth the domain is. Figure le statistically presents the circu-
larity distribution of ReS, domains synthesized at 700, 750, and
800 °C, respectively. It was achieved by means of a box-counting
method (inset of Figure 1e). 100 domains were counted at each
temperature. A monotonic decrease of the domain circularity
can be clearly seen as the temperature increases. The average
circularity of ReS, domains is 0.87, 0.76, and 0.65 for the tem-
perature of 700, 750, and 800 °C, respectively. 0.65 is very close
to the circularity of an equilateral triangle, which theoretically
should be 7 /3+/3 (=0.6). These results quantitatively imply
that, as the temperature rises, the polycrystalline ReS, domain
experiences an isotropic-to- anisotropic growth transition on a
single-crystalline c-sapphire substrate. Similar phenomena are
also present for ReS, grown on a-sapphire and STO (001), where
domain shape changes from circle to stripe-like geometry and
square, respectively (Figure S8, Supporting Information).

Apart from the shape evolution, the growth temperature
enhancement also promotes the alignment of ReS, domains.
Two preferential orientations twisted by 60° are present, as
highlighted by white and red dashed lines in Figure 1c. We
quantify these two alignments by measuring the smallest mis-
orientation angle between the ReS, domain edge and the [1100)
lattice direction of the c-sapphire substrate (inset of Figure 1f).
In a collection of 100 domains prepared at temperatures of 750
and 800 °C, respectively, the angle distribution is increasingly
concentrated at 0° and 60°, respectively, as the temperature
increases (Figure le). Similar phenomena have been observed
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Figure 1. a—c) Optical images showing the shape evolution of monolayer ReS, grown at 700, 750, and 800 °C, respectively. White and red dashed lines
highlight the representative domain profiles at different temperatures. Scale bars: 15 um. d) Angle-resolved Raman intensities of the vibrational model
of monolayer ReS, at =150 cm™ captured at three different locations of a triangular ReS, domain grown at 800 °C. e) Histogram displaying the circularity
of ReS, domains prepared at 700, 750, and 800 °C, respectively. 100 domains were counted at each temperature. f) Histograms showing the statistic
orientation distribution of ReS, domains grown at 750 and 800 °C, respectively. 100 domains were counted at each temperature.

in high-symmetry 2D materials, but those 2D domains are
single crystals.[’2l Our results indicate the temperature-induced
alignment of polycrystalline ReS, domains on the single-crys-
talline substrate. The results indicate the temperature-induced
alignment of polycrystalline ReS, domains on a single-crystal-
line c-sapphire substrate (C3, symmetry) with a potential cor-
relation between the 2D domain shape and the substrate sym-
metry at a high growth temperature.

To clarity the above speculation, we grew monolayer ReS, on
three different substrates at a growth temperature of =800 °C.
Scanning electron microscopy (SEM) images display that tri-
angular, squared and strip-like ReS, domains were grown on
c-sapphire, SrTiO; (STO) (001) and a-sapphire substrates,
respectively, which adopt 3-, 4, and 2-fold rotational sym-
metries (Figure 2a—c; Figures S9 and S10, Supporting Infor-
mation). Figure 2d—f plot the orientation of the ReS, domain
edges with respect to a specific lattice direction of a substrate.
As shown in Figure 2d, the angles between the three domain
edges and the [1100] lattice direction of c-sapphire are concen-
trated at 0°, 60° and 120°, verifying the formation of equilat-
eral triangular domains and matching well with the 3-fold
symmetry of the c-sapphire substrate. The angles between
the two adjacent domain edges and the [110] lattice direction
of STO (001) are concentrated at 0° and 90°, which also shows
a good match with symmetry of the substrate (Figure 2e). The
long edges of the strip-like domains are well aligned along the
[1010] lattice direction of the 2-fold a-sapphire substrate with
a narrow orientation distribution at 0°. These results not only
indicate the good alignment of ReS, domains prepared on var-
ious substrates at a high growth temperature, but also verify the
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substrate-dependent lateral shape evolution, whose mechanism
will be unveiled in Figure 3.

The edge smoothness of a domain is another important in-
plane morphological characteristic. Typical SEM images (top
insets of Figure 2g) show high edge roughness for flakes on
all kinds of substrates, which resemble dendrites. We calcu-
lated the fractal dimension of the domain edges by virtue of a
standard box-counting approach (Figure S11, Supporting Infor-
mation). The outline of the flake was extracted followed by
filling the outline with squares having a specific pixel size of
& The number of the squares needed, which is represented by
N, has a correlation with the pixel size of the square (¢). The
fractal dimensional of the flake edge can be achieved by the
slope of the linear fitting for the In(N)-In(¢) plot (middle insets
of Figure 2g). The edge fractal dimensions of domains grown
on c-sapphire, STO (001) and a-sapphire are 1.13, 1.14, and 1.24,
respectively. All of them are greater than 1, indicating the den-
dritic morphology of domain edges that deviate from a perfectly
smooth line. This feature implies a diffusion-limited growth of
ReS; domains, which will be discussed in Figure 3.

We performed aberration-corrected annular dark field scan-
ning transmission electron microscopy (ADF-STEM) to con-
duct the atomic-scale study of ReS, domains grown at =800 °C,
especially grain boundaries (GBs). Figure 2h is a low-magni-
fication ADF-STEM image captured using a scanning moiré
fringe (SMF) method.?® It enables to perceive the approximate
locations of GBs in a relatively large region (a field of view from
tens to hundreds of nanometers), which is time-efficient and
lays foundation for the following sub-angstrom-scale imaging.
By carefully setting the scanning pixel size to be comparable
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Figure 2. a—c) SEM images showing the shape difference of monolayer ReS, grown on c-sapphire (Cs,), STO (001) (Cy), and a-sapphire (C,,),
respectively. Insets provide the lattice models of the three substrates. d—f) Statistics showing the orientation distribution of ReS, domains grown on
c-sapphire, STO (001), and a-sapphire, respectively. Each substrate counted =70 domains. g) Histogram illustrating the fractal dimension of domain
edges for ReS, grown on c-sapphire, STO (001), and a-sapphire, respectively. Each substrate counted ~20 domains. Scale bars in SEM images are T pum.
h) Low-magnification STEM image using the scanning moiré fringes method to show the interface between two grains. Yellow lines show the scanning
moiré fringes of Grain 2. The moiré fringes of Grain 1 cannot be displayed in the scope of this image due to a large spacing. i) High-magnification
STEM image of a GB with a twist angle of =120° between two neighboring grains. Cyan and pink parallelograms represent the Re4 chains in two grains,
respectively, while the green parallelograms represent the atomically stitched Re atoms at the GB. j) High-magnification STEM image of a GB with a
twist angle of =12.5° between the adjacent grains. Cyan and pink lines indicate the directions of the Re4 chains in two grains, respectively. The yellow
dashed line highlights the GB. The yellow arrows mark the holes situating at the GB. Inset is the FFT of (j). k) Zoomed-in image of the green-boxed
region in (j) showing the atomic configuration of the GB. Two green markers represent the dislocations, while the green dashed lines represent the
extra atomic rows along the Re4 chains direction (b axis). The yellow dashed lines are the lattice guide for eyes.

with the lattice spacing of ReS,, artificial patterns with dispa-
rate moiré fringe spacings were revealed at two sides of a GB
(Figure 2h). The yellow dashed line indicates the GB location.
We utilized this strategy to identify abundant GBs in ReS,
domains grown on three types of substrates (Figure S12, Sup-
porting Information). Figure 2i is a zoomed-in ADF-STEM
image showing the atomic configuration of the most-frequently
observed GBs in our as-grown specimens. The Re4 chains in
adjacent grains (labeled by cyan and pink parallelograms) are
rotated by =120° and atomically stitched with each other at
the interface (highlighted by the green parallelograms). Such
GBs are energetically favorable as the lattice points of two
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grains coincide well with only little distortion at the interface,
which has been verified by theoretical calculations in previous
reports.[2223] There also exist a small quantity of GBs with arbi-
trary misorientation angles. Figure 2j displays a typical example,
in which two adjoining grains are twisted by =12.5°, as certified
by the fast Fourier transform (FFT) image of the inset. In stark
contrast with the GB shown in panel i, lattice at the interface is
severely distorted with holes discretely situated along the GB
(pointed by yellow arrows), which may derive from the high
chemical reactivity of this type of GB. The zoomed-in view of
the green-boxed region in panel j displays two dislocations at a
distance of =1 nm with symbols of L at the GB, indicating the
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Figure 3. a) Schematic energy diagrams for monolayer ReS, grown at low temperature and high temperature, respectively. The first peak of the two
curves represents the energy barrier of the surface adsoption process of active species on the substrate, while the second peak represents the energy
barrier of the surface diffusion process of active species. b-d) DFT-calculated diffusion energy barriers along different paths of the STO (001), a-sapphire
and c-sapphire substrate, respectively. The diffusion pathways are represented in insets. e-h) Schematic models illustrating the lateral morphology
engineering of ReS, domains via substrate symmetry and temperature modulation.

insertion of two extra semi-infinite Re atomic rows along the b
axis (Figure 2k). The results verify the polycrystalline nature of
ReS, domains grown on different substrates at the atomic scale.
These domains are generated by intricate patchworks of grains
connected by various GBs, consistent with the polarized Raman
results in Figure 1d. The polycrystalline domains formed on the
single-crystalline substrates may be due to the weak interfacial
interaction between ReS, and the substrate, as well as a rela-
tively low energy consumption needed for Re4 chains deflection
and reconstruction.34

We proposed a mechanism to explain two in-plane mor-
phological phenomena observed experimentally: i) at a high
growth temperature (=800 °C), the shape of the polycrystalline
domains shows a correlation with the substrate rotational sym-
metry, and the domains are well oriented on the single crys-
talline substrates (Figure 2); ii) at a low growth temperature
(=700 °C), the polycrystalline ReS, domains experience aniso-
tropic-to-isotropic growth transition (Figure 1). In brief, the first
phenomenon is attributed to a diffusion-limited growth at a
high temperature (red curve in Figure 3a). The diffusion ani-
sotropy of precursors on the substrate is strongly dependent on
the substate symmetry. The second phenomenon is ascribed to
the synergistic effect of both an adsorption-limited growth at
the low temperature (blue dashed curved in Figure 3a) and the
polycrystalline structure of the ReS, domains.

Density functional theory (DFT) calculations were first
conducted to identify the preferential diffusion directions
of Re atoms on three different substrates. This is because S
vapor is in excess during the synthesis. Therefore, the supply
of Re atoms determines the growth of ReS, domains. Taking
the 4-fold STO (001) substrate as an example (Figure 3b), the
blue and red curves display the diffusion energy barriers of Re
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atoms along the Sr-O-Sr direction (blue arrows, [100] direction,
Pathway 1) and the Sr-Ti-Sr direction (red arrows, [110] direc-
tion, Pathway 2), respectively. It shows that the diffusion energy
barrier along Pathway 1 is only 3.7 eV, which is profoundly
smaller than that along Pathway 2, which is 5.5 eV. The remark-
able energy difference stems from the Coulomb interaction
between precursor active species and the surface ions. Our DFT
calculations show that the center of the four nearest oxygen
atoms is the most stable adsorption site for Re atoms. Mullik-
en’s population analysis suggests that each Re atom transfers
about one electron to the substrate and forms the Re* ion. The
diffusion energy in Figure 3b reaches the saddle point when
the Re" ion is on the top of the 0%~ for Pathway 1 (Sr-O-Sr). For
Pathway 2 (Sr-Ti-Sr), the saddle point corresponds to the tran-
sition structure of the Re" ion directly above the Ti*" ion. We
infer that the strong Coulomb attraction between the Re* ion
and the neighboring O~ ions contribute to the reduction of the
diffusion barrier for Pathway 1. In contrast, the Coulomb repul-
sion between Re" and Ti*" improves the barrier for Pathway 2,
thus making the diffusion along Sr-Ti-Sr to be energetically
inferior to that along Sr-O-Sr. Therefore, when the preparation
of ReS, is controlled by the diffusion step, the growth rate of
ReS, along Pathway 1 is faster than that along Pathway 2. Due
to the 4-fold lattice symmetry of STO (001), the angle between
two blue arrows corresponding to Pathway 1 is 90°. So do the
two red arrows for Pathway 2. Therefore, the domain shape of
ReS, grown on the 4-fold STO (001) is square (Figure 3e). The
diagonal directions of the square (black arrows in Figure 3e),
which are the fastest growth orientations, are parallel with
the preferential diffusion directions of precursors (Pathway 1).
Moreover, since the substrate is single crystalline, the prefer-
ential diffusion directions at different regions are oriented in
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the same direction, thus leading to the formation of aligned
ReS, domains across the substrate. It is worth noting that many
well-aligned 2D material formation reported previously are
derived from the epitaxial growth of the single crystalline 2D
domains on the substrate.’’l However, in our experiment, both
polarized Raman spectroscopy and ADF-STEM have proved the
polycrystalline structure of the ReS, domains. Hence, the epi-
taxial growth mechanism that results in the uniform domain
alignment can be excluded. In addition, the diffusion-limited
growth commonly leads to rough domain edges and dendritic
morphology,?>3¢ agreeing with our observations in Figure 2g.
The compactness of a domain grown in the diffusion-limited
regime is controlled by the diffusion ability of adatoms along
domain edges (in other words, the relaxation extent of adatoms
after attaching to domain edges).””) The more sufficient the
edge relaxation is, the higher the domain compactness will
be. Based on our results, the edge diffusion of adatoms on the
ReS, domains in our growth condition is inferred to be suf-
ficient, thus leading to a relatively high overall domain com-
pactness with dendritic features mainly revealed at rugged
edges.

The strip-like domains formed on the a-sapphire substrate
can be understood in a similar way. DFT calculations show
that diffusion along the [1010] direction (blue arrow) is ener-
getically favorable with an energy barrier of 1.8 eV (Figure 3c).
Since the lattice symmetry of a-sapphire is 2-fold, which means
it appears identical after a rotation of 180°, the ReS, domains
grown on a-sapphire adopt ribbon-like geometry, which extend
along the lattice direction of [1010] of a-sapphire (black arrows
in Figure 3f). For the c-sapphire substrate (Figure 3d), the dif-
fusion energy barrier along the [1120] direction (blue arrow,
Pathway 1) is only 3.7 eV, which is 1.1 eV lower than that along
the [1100] direction (red arrow, Pathway 2). Since c-sapphire
adopts 3-fold symmetry, the as-grown ReS, display two groups
of equilateral triangles with a twist angle of 60° to each other
(Figure 3g). The directions of the lines connecting the center of
the equilateral triangles and the vertices, which are the fastest
growth orientations, are parallel to Pathway 1 (represented by
black and red arrows, Figure S13, Supporting Information). The
reason why ReS, domains on c-sapphire are triangles rather
than hexagons may arise from the two sets of degenerated edge
structures along the six equivalent directions of <1120> for the
3-fold c-sapphire,*® the defect-influenced nucleation at the ini-
tial stage,?” and the detailed growth conditions.

When the growth temperature is decreased, the ReS, domain
shape evolves to an isotropic circle (Figure 3h). It is ascribed to
the potential change of the rate-limiting step, altering from the
diffusion-limited growth, which is highly dependent on the sub-
strate lattice directions, to the adsorption-limited growth that is
orientation-independent (blue dashed curves in Figure 3a). In
this scenario, the domain shape is not determined by the dif-
fusion rate discrepancy of the precursor molecules along dif-
ferent lattice directions on the substrate, thus losing correlation
with the substrate symmetry. Moreover, since the Re4 chains
are prone to deflect during the ReS, growth, the macroscopic
shape of the domains also does not show a correlation with the
intrinsic configuration of the triclinic ReS, single crystal, in
which the extension along b axis is energetically favorable.l*!
Therefore, the polycrystalline configuration of ReS, domains
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brings about an average growth rate in all directions, leading to
the formation of round flakes.

We then studied the vertical morphology of ReS,, including
the thickness control and the atomic-scale stacking configura-
tions. In order to make the phenomenon more obvious, the
vapor concentration of ReO; was slightly increased. Under this
condition, the domain thickness reduced as the growth tem-
perature enhanced from 700 to 800 °C (Figure 4a—c; Figure S14,
Supporting Information). To investigate the domain thickness
uniformity across a large region, we developed an approach
to evaluate the monolayer rate of ReS, (the ratio of the mon-
olayer area to the total area of the 2D product) by means of
the optical contrast. First, the optical contrast of a typical mon-
olayer region, whose thickness has been confirmed by AFM,
was calibrated. Then, a software was applied to perform peak
fitting on the total contrast distribution curve of a substrate
that involves ReS, with different thickness in an optical image.
The monolayer rate of the product across a large region can
be figured out by calculating the area ratio of the peak corre-
sponding to the monolayer contrast to the peaks corresponding
to the total product contrast (Figure S15, Supporting Informa-
tion). The results show that the monolayer rate increases as the
growth temperature rises (Figure 4e), yielding a ratio of =99%
at =800 °C. It may stem from the promotion of the precursor
diffusion ability on the substrate surface as the temperature
enhances, thus facilitating the Frank-van der Merwe growth.

The atomic-scale stacking configurations of few-layer ReS,
were then unveiled. Figure 4d is a low-magnification ADF-
STEM image, in which the intensity line profile taken along
the yellow dashed line indicates that mono-, bi- and trilayer are
involved in this region. The secondary layers of ReS, grown
on the monolayer exhibit long branches (cyan arrows), which
extend along the b axis by a zoomed-in view (Figure S16, Sup-
porting Information). This phenomenon is consistent with the
low formation energy of ReS, edges along the b axis. The atomic
registries at bilayer regions are investigated by high-magnifica-
tion ADF-STEM imaging. Interestingly, distinct from the high-
symmetry 2D materials (e.g., graphene and 2H-MoS,), which
exhibit only a few interlayer stacking configurations,* bilayer
ReS, shows a rich diversity of interlayer stacking. Figure 4f;i
and | display three typical moiré patterns at bilayer regions.
The Re4 chain directions (b axis) of two layers are parallel to
each other for all three examples, but the alignment of atoms in
the upper and lower layers are flexible. Moreover, the orienta-
tions of the Re parallelograms are the same in panels f and i,
while the Re parallelograms in the top layer in panel 1 is turned
over compared with those in the bottom layer. We deduced the
atomic models (Figure 4g,j,m) and conducted image simula-
tion (Figure 4hk,n), which match well with the experimental
images. It is worth noting that, due to the large atomic number
difference between the Re and S element, ADF-STEM can only
observe Re atoms with S atoms invisible. Therefore, for each
stacking configuration of Re4 chains shown in Figure 4g,j,
and m, there exist two potential atomic models if taking the
position of S atoms into account (Figure S17, Supporting Infor-
mation). DFT calculations were performed to unveil the total
energies of bilayer ReS, corresponding to these six different
interlayer atomic registries. Only subtle energy difference of
less than 0.8 meV/ReS, is shown (Figure S17, Supporting Infor-
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Figure 4. a—c) Optical images showing the thickness evolution of ReS, domains synthesized at 700, 750, and 800 °C, respectively, under an increased
ReOj3 vapor concentration. Scale bars: 20 um. Insets are SEM images. Scale bars: 5 um. d) Low-magnification STEM images of a multilayer ReS, region.
ML, BL and TL represent monolayer, bilayer and trilayer ReS, areas, respectively. The top inset shows the intensity line profile along the yellow dashed
line. e) Histogram showing the monolayer rate (the ratio between the monolayer area and the domain total area) for ReS, prepared at different tem-
peratures. fi,l) High-magnification STEM images of three types of typical atomic registries in bilayer ReS,. Scale bars: 0.5 nm. g,j,m) Atomic models
corresponding to the ADF-STEM images in (f), (i) and (I), respectively. h,k,n) Simulated images based on the models in (g), (j) and (m), respectively.
o) The layer-resolved projected band structure of asymmetrically stacking bilayer ReS, calculated by the DFT+D2 method. p,q) visualized CBM (p) and
VBM (q) for bilayer ReS, with the contour surface set as 107*A=. r) Power conversion efficiency (PCE) for the asymmetrically stacking bilayer ReS,.

mation). Stack-1A, Stack-2B, and Stack-3A are the most ener-
getically favorable, which suggest the most potential interlayer
stacking configurations corresponding to the experimental
images of Figure 4fi, and 1, respectively. These results unfold
the polymorphism of bilayer ReS,, which only requires the par-
allelism of the Re4 chains directions in two layers without strict
restrictions on the alignment of atoms between layers. It may
originate from the weak interlayer coupling of low-symmetry
ReS, due to Peierls distortion??l that leads to only slight energy
variation between different interlayer stackings.
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Interestingly, some stacking configurations can break the
inversion symmetry and induce spontaneous vertical elec-
tric polarization in bilayer ReS,. Take Stack-2B corresponding
to Figure 4i as an example, the layer-resolved projected band
structure is displayed in Figure 4o, in which the band degen-
eracy between two layers is removed due to inversion sym-
metry breaking, leading to a band offset of 0.1 eV (Figures S18
and S19, Supporting Information). As displayed in Figure 4p
and q, the conduction band minimum (CBM) is localized in the
upper layer of ReS,, while the valance band maximum (VBM)
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is mainly contributed by the lower layer, suggesting a type-II
band alignment. Further DFT calculations suggest that the ver-
tical dipole moment of the bilayer is only 3.8 x 107 e A per
unit cell, which cannot induce such a perceptible band offset in
Figure 4o. Therefore, the type-II band alignment in bilayer ReS,
should be directly caused by the asymmetric interface instead
of the interlayer charge transfer.

The type-1I bands alignment and 1.4 eV direct bandgap make
bilayer ReS, a promising candidate for photovoltaics. Power
conversion efficiency (PCE) is the most important quality of
heterojunction solar cells. For heterostructures, PCE can be
estimated from DFT results by:[*Z

= P(hw)

0.65(E, ~AEc—0.3) |~ diw

. ho
| P (hew)dno
0

n= (2)

where E, is the bandgap of the donor, AE. is the conduction
band offsets, and P(hw) represents the Air Mass 1.5 (AMLS5)
solar energy flux. Figure 4r displays PCE as a function of Eg and
AE( corresponding to the Stack-2B interlayer registry, in which
the positions of the bilayer ReS, performance are marked by
points. Although the bandgaps obtained from different DFT
methods vary from 1.2 to 2.0 eV, the PCE of bilayer ReS, is
always higher than 20%, which is competitive with other types
of 2D heterojunctions.** Since the bilayer ReS, with inver-
sion symmetry breaking has a high PCE and can be seen as
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a natural p-n homojunction without foreign atom doping or
electrical gating, it may show great potential in high-efficiency
photoelectric applications.

We finally investigated the vertical morphology influence
on the material property by measuring the electrocatalytic
hydrogen evolution reaction (HER) performance of ReS, with
different thickness. The HER activities of monolayer and mul-
tilayer ReS, were characterized using a typical three-electrode
setup in 0.5 M H,SO, solution (Figures S20-S22, Supporting
Information). The polarization curve (i-V plot) shows that the
onset potential of monolayer ReS, is 273 mV at the current den-
sity of 3 mA cm™2, which is =130 mV lower than that of the
multilayer counterparts (Figure 5a). The catalytic performance
remained stable for monolayer ReS, after 3000 cycles (inset of
Figure 5a). By fitting the linear portion of the Tafel plots to the
equation of 7=a + b log j (overpotential 7, Tafel slope b, current
density j), we figured out Tafel slopes of 100 mV/decade and
142 mV/decade for monolayer and multilayer ReS,, respectively,
indicating inferior reaction kinetics of multilayers (Figure 5b).
The Tafel slope of pristine monolayer ReS, measured in our
experiment is superior to some previous reports.>#! It could
be induced by both the atomic thinness and the abundant GBs
in the specimen, among that some defective structures may
facilitate the improvement of electrocatalytic properties.

The thickness-dependent catalytic properties can be attrib-
uted to the vertical conductivity discrepancy between monolayer
and multilayer ReS,. It has been reported that the interlayer
resistivity of ReS, (=10° Q um) is approximately two orders of

EZU

IJSIU

1 S 1

Glassy carbon electrode

Figure 5. a) Polarization curves for monolayer (red) and multilayer (blue) ReS, films, respectively. Inset is the long stability test comparing the polari-
zation curves between the Tst cycle and the 3000th cycle for monolayer samples. b) Tafel plots corresponding to the results in (a). ¢,d) Schematics
demonstrating the mechanism behind different electrocatalytic performance of monolayer and multilayer ReS,. The dashed red arrows indicate the
interlayer hopping of electrons. The ReS, resistance between each two layers and the ReS,/substrate interfacial resistance are represented by R,, and

R;, respectively.
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magnitude greater than those of other 2D TMDs, such as MoS,
(=10® Q pum) due to Peierls distortion-induced weak interlayer
coupling in ReS,.*! Such large interlayer resistivity decreases
the number of accessible active sites on the outermost ReS,
layer that directly contact with the electrolyte. This is because
electrons from the electrode need to hop vertically layer by
layer until reaching the top layer to participate in the electro-
catalytic reaction at active sites. Hopping through each layer
must overcome an interlayer potential barrier that will reduce
the number of electrons. Therefore, the thicker the sample is,
the less quantity of electrons can reach the outermost layer for
HER reaction, thus leading to higher overpotentials (left panels
in Figure 5c,d). Similar phenomena have also been observed in
multilayer MoS, and should be more remarkable in ReS, with
an increased interlayer resistance.*!

It is noteworthy that the HER performance difference
between monolayer and multilayer ReS, domains in our experi-
ment is not due to edges, even though they commonly con-
tribute a lot to the overall electrochemical performance of 2D
materials, especially for vertically grown 2D nanosheets, 3D
nanoflowers, and monolayer dendritic domains.*-! This is
because Figure 5a and b show that monolayer ReS, exhibits a
better catalytic performance than multilayers. If we attribute
such phenomenon to the difference in edges, since multilayer
ReS, adopts more edges than monolayers, multilayer ReS,
should perform better in electrochemistry than the monolayer
counterparts, which is just the opposite to the experimental
results. Therefore, the possibility that the thickness-dependent
catalytic performance is due to edges can be ruled out. Someone
may argue that, even though multilayer ReS, have more edges
than monolayers, the edge structures in monolayer and mul-
tilayer ReS, could be different. If the edge structure in mon-
olayers has a higher catalytical activity than multilayers, it is
still possible that better electrochemical performance in mon-
olayers is due to edges. We conducted ADF-STEM experiments
and uncovered that the edge configurations of mono- and mul-
tilayer ReS, are the same at the atomic scale (Figure S23, Sup-
porting Information), which excludes the above hypothesis.
The reason why edges do not dominate the HER property in
atomically thin 2D ReS, could stem from the spatial decoupling
of the edges sites in the laterally grown multilayer ReS, from
the GC electrode and a high interlayer potential barrier in this
type of weakly coupled van der Waals material that makes the
electron hopping between layers become the dominant factor
for the electrocatalytic property.>?

The increase of the Tafel slope for multilayer ReS, com-
pared with the monolayer counterparts can also be attributed
to the large interlayer resistivity that results in a prominent
ohmic resistance between the electrode and the outermost ReS,
layer. Previous work addressed that the Tafel slope is influ-
enced by both the intrinsic properties of the material and the
ohmic resistance of the electrode, as expressed by the following
equation:

dn Ri
an 5
dmi 73 3

where dn/dini represents the measured Tafel slope experi-
mentally, b represents the intrinsic Tafel slope of the material,
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and R represents the ohmic resistance between the electrode
and the catalytic material.>*>* If abstracting the ReS, resis-
tance between each two layers and the ReS,-substrate interfa-
cial resistance as R,, and R;, respectively, the ohmic resistance
between the active sites (in the top layer) and the electrode
for multilayer ReS, is clearly larger than that for monolayers,
which results in a larger measured Tafel slope (right panels in
Figure 5c,d). In other words, the real potential that active sites
in a multilayer sample can “feel” is severely smaller than those
in the monolayer counterparts, thus deteriorating the kinetic
parameter of Tafel slope. These results demonstrate the impor-
tance of thickness control for the catalytic performance optimi-
zation of ReS,.

3. Conclusion

To sum up, with a combination of experimental characteriza-
tions and theoretical calculations, we unraveled the lateral
growth behavior of polycrystalline monolayer ReS,, which is
isotropic at a low growth temperature but displays substrate-
symmetry dependent anisotropy with orientational uniformity
of 2D domains at a high growth temperature due to a diffusion-
limited mechanism. Such growth mechanism is considered to
be in stark difference from those of epitaxially grown single-
crystalline 2D flakes predominantly driven by either favorable
adsorption energy at the 2D material-substrate interface or the
superior binding energy between 2D material edges and the
substrate steps. The thickness of ReS, also shows great depend-
ence on the growth temperature and can influence the HER
performance. Various stacking configurations in bilayer ReS,
are uncovered, which restrict the orientation of Re4 chains in
different layers but give high flexibility to registry of interlayer
atoms. This is in stark contrast to most high-symmetry bilayer
2D counterparts with limited interlayer coupling modes (e.g.,
graphene and 2H-MoS,;) and provides some special stacking
structures with broken inversion symmetry that adopt a type-
IT band alignment with high theoretical power conversion effi-
ciency. This work demonstrates feasibility and mechanism of
engineering the lateral shape and the vertical thickness of a
special class of 2D material (low in-plane lattice symmetry and
weak interlayer coupling) polycrystalline domains by tailoring
substrate symmetry and the growth temperature. It enriches
the comprehension of the morphology control of 2D materials
that is crucial for their high-quality synthesis and industrial
applications.

4. Experimental Section

Growth and Transfer of 2D ReS,: 2D ReS, was grown by a hydrogen-free
atmospheric pressure chemical vapor deposition (APCVD) method with
rhenium trioxide (ReOs, 99.9%, Sigma-Aldrich, 2 mg) and sulphur (S,
99.5%, Sigma—Aldrich, 200 mg) powder used as precursors. C-sapphire,
STO (001), a-sapphire, and Si/SiO, can be used as the substrate. The
crucible containing ReO; was located at the furnace center, maintaining
temperature of 700 — 850 °C for the ReS, growth, while S powder was
placed upstream of the furnace with heating temperature of =200 °C.
The reaction lasted for 15 min. The furnace was naturally cooled to
room temperature after growth. For the transfer of 2D ReS,, a thin film
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of poly (methyl methacrylate) (PMMA) was initially spin-coated on the
ReS,/substrate surface. Subsequently, the sample was gently floated on
a 2 mol L7 potassium hydroxide (KOH) solution. When the PMMA/
ReS, film detached from the substrate, the film was transferred to the
deionized water for three times to thoroughly remove residuals left
by the etchant. The film was then transferred to a TEM grid or a glass
carbon rod, dried naturally in the air and baked on the hotplate at 180 °C
for 15 min. The PMMA scaffold was finally removed by submerging the
TEM grid in acetone for 8 h.

Scanning Transmission Electron Microscopy and Image Processing: ADF-
STEM imaging was conducted at room temperature on an aberration-
corrected Titan Cubed Themis G2 300. STEM was operated under
an accelerating voltage of 300 kV. Conditions were a condenser lens
aperture of 50 mm, convergence semi-angle of 21.3 mrad, and collection
angle of 39-200 mrad. Dwell time of a single frame was 2 us per pixel.
A pixel size of 0.012 nm px™' as well as a beam current of 30 pA was
used for imaging. Images were processed using the Image] software.
A Gaussian blur filter (=2-4 pixels) was used on high-magnification
ADF-STEM images for smoothing. A fire or orange hot false color
LUT was applied to some grayscale ADF-STEM images to improve
the visualization. Atomic models were constructed using the software
of Accelrys Discovery Studio Visualizer. ADF-STEM image simulations
based on corresponding atomic models were generated using
COMPUTEM software with a proper parameter adjustment in light of
the imaging conditions.

Calculation Methods: All DFT calculations used exchange correlation
potential described by the generalized gradient approximation (GGA)
in the PBE functional unless otherwise specified. The diffusion
energy barriers were calculated using the nudged elastic band (NEB)
method, which were implemented in the QuantumATK package with
a linear combination of basis sets of atomic orbitals (LCAO).I’% The
bilayer ReS, calculations were implemented in the Vienna Ab-initio
Simulation Package (VASP)[>®l and used the projector augmented wave
(PAW) methodl™”! to treat the core electrons. The force convergence
criterion was set to 0.01 eV A~ for the structural optimization of
bilayer ReS, and was reduced to 0.1 eV A" in the NEB calculations.
In PCE calculations, for comparison, it had also performed standard
DFT calculations based on local density approximation (LDA), and
GGA calculations considering van der Waals (vdW) correction in the
DFT-D2 methodP®® (GGA+D2), GGA calculations considering spin-
orbit coupling effects (GGA+SOC), and hybrid functional calculations
in the HSE06 method.

Supporting Information

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