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Abstract: Bi,Se; attracts intensive attention as a typical
thermoelectric material and a promising topological insulator
material. However, previously reported Bi,Se; nanostructures
are limited to nanoribbons and smooth nanoplates. Herein, we
report the synthesis of spiral Bi,Se; nanoplates and their screw-
dislocation-driven (SDD) bidirectional growth process. Typi-
cal products showed a bipyramid-like shape with two sets of
centrosymmetric helical fringes on the top and bottom faces.
Other evidence for the unique structure and growth mode
include herringbone contours, spiral arms, and hollow cores.
Through the manipulation of kinetic factors, including the
precursor concentration, the pH value, and the amount of
reductant, we were able to tune the supersaturation in the
regime of SDD to layer-by-layer growth. Nanoplates with
preliminary dislocations were discovered in samples with an
appropriate supersaturation value and employed for inves-
tigation of the SDD growth process.

Screw dislocation, as a universal line defect, can act as
a driving force to break the symmetry of crystal growth and
promote the formation of anisotropic nanostructures.'!
Screw-dislocation-driven (SDD) growth was predicted by
classical crystal-growth theory and distinguished from the
other two basic growth modes, that is, layer-by-layer (LBL)
growth and dendritic growth, in terms of the supersaturation
conditions.*! At very low supersaturations, only SDD growth

[*] A. Zhuang, ).-). Li, Y.-C. Wang, X. Wen, Y. Lin, Prof. X. Wang,

Prof. |. Zeng

Hefei National Laboratory for Physical Sciences at the Microscale
and Collaborative Innovation Center of Suzhou Nano Science and
Technology, University of Science and Technology of China

Hefei, Anhui 230026 (P. R. China)

E-mail: zengj@ustc.edu.cn

Homepage: http://zengnano.ustc.edu.cn/

A. Zhuang, ].-). Li, X. Wen, Prof. X. Wang

Department of Physics

University of Science and Technology of China

Hefei, Anhui 230026 (P. R. China)

Prof. B. Xiang, Prof. |. Zeng

Center of Advanced Nanocatalysis (CAN-USTC) and

School of Chemistry and Materials Science

University of Science and Technology of China

Hefei, Anhui 230026 (P. R. China)

This research was supported by MOST of China (2014CB932700 and
2011CB921403), the NSFC (Grant Nos. 21203173, 51371164, and
J1030412), Strategic Priority Research Program B of the CAS (Grant
No. XDB01020000), and Fundamental Research Funds for the
Central Universities (WK2340000050 and WK2060190025).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201403530.

[7‘: £

Angew. Chem. 2014, 126, 6543 —6547

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

is permitted, since there are step edges to which atoms can be
added. In contrast, LBL and dendritic growth require higher
supersaturation to form nuclei. A number of materials,
including oxides, hydroxides, sulfides, and nitrides, can be
grown into nanowire/tube morphologies through the SDD
mechanism.'>> For example, Jin and co-workers demon-
strated the solution growth of zinc oxide nanotubes by
controlling the supersaturation.!! In their study, the agree-
ment between the experimental growth kinetics and those
predicted from crystal-growth theories confirms that the
growth of these nanotubes is driven by dislocations. The
extension of SDD growth to nanoplate morphology has been
realized in a few cases, for example, for the synthesis of zinc
hydroxy sulfate and Au nanoplates.”* However, SDD growth
has not been observed for two-dimensional (2D) layered
materials, which are in an entirely different category and have
been attracting increasing attention, such as bismuth selenide
(Bi,Se;).

Bi,Se; is historically known for its thermoelectric proper-
ties and was recently confirmed to be a promising topological
insulator material.') To date, Bi,Se; nanoribbons and
nanoplates have been synthesized by solution and vapor
methods.'"* Bi,Se; consists of planar quintuple layers (QLs,
ca. 1 nm thick), which are five covalently bonded atomic
sheets in the order Se-Bi-Se-Bi-Se (Figure 1A). The QLs
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Figure 1. A) The layered rhombohedral crystal structure of Bi,Se;.
B) Schematic representation of the incorporation of screw dislocation
into the layered structure of Bi,Se;.

are stacked along the c axis and weakly bonded by van der
Waals interactions."¥ The incorporation of screw dislocation
into rhombohedral Bi,Se; can presumably transform the
layered structure into a continuous spiral belt (Figure 1B)
and thus create a drastically different type of platelike Bi,Se;
material.
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Herein, we demonstrate a first, controlled synthesis of
spiral-type Bi,Se; nanoplates with screw dislocations and
describe their use as a good platform to deepen our under-
standing of SDD growth. The products showed two sets of
centrosymmetric helical fringes on the top and bottom
surfaces. These helical fringes directly support the existence
of screw dislocation and indicate the bidirectional spiral
growth process. Other types of evidence, including herring-
bone contours, spiral arms, and hollow cores, were distin-
guished to support the bipyramid-like structure and SDD
growth mode. Through manipulation of some of the reaction
parameters, including the precursor concentration, the pH
value, and the amount of reductant, we could tune the
supersaturation in the regime of SDD growth to LBL growth
and thus obtain smooth (conventional) Bi,Se; nanoplates and
intermediate products. The SDD growth process was inves-
tigated on intermediate products with preliminarily devel-
oped spiral-growth steps.

In a standard synthesis, the reaction was carried out in
ethylene glycol (EG; 10 mL) with poly(vinylpyrrolidone)
(PVP; 11 mg), L-ascorbic acid (AA; 43.5 mg), and hydro-
chloric acid (HCI; 20 uL, 11.8m) at 175°C under a N,
atmosphere. The reaction was started by the rapid injection
of a solution of Bi(NO;);SH,O (2.5mg) and Na,SeO;
(1.3 mg) in EG (2.5 mL). Because HCI can effectively lower
the reducing capacity of AA by changing the pH value of the
mixture,™> the reduction of SeO;* ions to Se’” ions was
suppressed to guarantee a relatively low supersaturation
level. After 2 h, the color of the solution had changed to dark
gray, which indicated the formation of products. Figure 2 A
shows a SEM image of the as-synthesized nanocrystals. The
majority of products were hexagonal and platelike, with
a typical lateral size of 2-5 um and a thickness of approx-
imately 60 nm. Powder X-ray diffraction (PXRD, Figure 2B)
confirmed that the products were rhombohedral Bi,Se;
(JCPDS No. 89-2008; a=4.139 A, ¢=28.636 A). Through
detailed examination of the samples by SEM, we found that
they all contained helical fringes on the surfaces. Figure 2C
shows the SEM image of a representative individual nano-
plate with a single-helical pattern and a helical core located at
the center. The well-defined layered structure of Bi,Se; made
it easy to accurately define the elementary Burgers vector of
the screw dislocations as 1 QL. Atomic force microscopy
(AFM) measurements (Figure 2D,E) clearly show a disloca-
tion hillock, in which the terrace width (1) is approximately
65 nm and the step height (k) is approximately 1 nm (Fig-
ure 2F), thatis, 1 QL, equal to the elementary Burgers vector.
Other types of products characterized by a single dislocation
with multiple elementary Burgers vectors or by multiple
dislocations with multiple elementary Burgers vectors were
also observed (see Figure S1 in the Supporting Information
for SEM images). We refer herein to all products as spiral-
type Bi,Se; nanoplates.

Since Bi,Se; is more stable against a high-energy electron
beam than, say, hydroxides,” we were able to undertake
meticulous microscopic analysis and obtain state-of-the-art
images of nanoplates with screw dislocations. Figure 3 A
shows a high-angle annular dark-field scanning TEM
(HAADF-STEM) image of a representative spiral-type
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Figure 2. A) Low-magnification SEM image of Bi,Se; nanoplates
obtained from a standard synthetic procedure. B) PXRD pattern of the
products in comparison with the reference Bi,Se; diffractogram.

C) High-magpnification SEM image of a representative individual spiral-
type Bi,Se; nanoplate. The white arrows mark a set of reverse sparse
trigonal fringes. D) AFM amplitude image of the nanoplate. E) Higher-
magpnification AFM amplitude image of the region marked by a white
square in (D). F) AFM height profile of the nanoplate along the dashed
black line in (D).

nanoplate. There are two sets of densely distributed centro-
symmetric helical fringes, as marked by black and white
dotted triangles. The magnified image of the central region
shows the helical fringes more clearly (Figure 3B). The
corresponding SEM and AFM images, however, show only
one set of helical fringes on the top surface (see Figure S2).
One can infer from these observations that the spiral growth
mode of Bi,Se; was bidirectional. The bidirectional growth is
expected, since when there is no substrate, the dislocation has
to end on two surfaces, and the growth is allowed in both
directions theoretically.®! A high-resolution TEM (HRTEM)
image (Figure 3C) of the region marked by the white box in
Figure 3 A gives a direct view of hexagonal lattice fringes with
a lattice spacing of 2.1 A, which corresponds to (1120) planes.
The corresponding selected-area electron diffraction (SAED)
pattern (Figure 3D) proves the high quality of single crystal-
linity and indicates that Bi,Se; grew laterally along the [1120]
direction and vertically along the [0001] direction, with (0110)
facets on the sides. Energy-dispersive X-ray (EDX) spectros-
copy was carried out to reveal the chemical composition. It
was evident that the nanoplate was composed of Bi and Se
with an atomic ratio of 2:3 (see Figure S3 A) and that the two
elements were uniformly distributed (see Figure S3B).
Bright-field TEM images (Figure 3E; see also Figure S4)
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Figure 3. A) HAADF-STEM image of a spiral-type Bi,Se; nanoplate. The centrosymmetric helical fringes are marked by black and white dotted
triangles. B) Magnified HAADF-STEM image of the region marked by a black box in (A). C) HRTEM image of the region marked by a white box in
(A). D) Corresponding SAED pattern along the Bi,Se; [0001] direction. E) Bright-field TEM image of the nanoplate showing the herringbone
contours, which are labeled with white arrows. F) Magnified TEM image of the white box in (E), showing spiral arms at the center of the
nanoplate. G) Side and top perspective views of a typical spiral-type nanoplate, illustrating the two types of collapse modes. The black and white

dotted tripod lines indicate different orientations of herringbone contours.

revealed that most of the nanoplates had contrast herring-
bone contours (labeled with white arrows in Figure 3E).
Unlike in the HAADF-STEM images, the helical fringes can
hardly be seen. At the center, where the helical core is
located, however, spiral arms were found (Figure 3F).

On the basis of these observations, a scheme was drawn to
model the examined nanoplate. As shown in Figure 3G,
bidirectional growth steps of the nanoplate lead to the
formation of a bipyramid-like structure, and the nanoplate
shows helical fringes in the top perspective view. A nanoplate
lying on a flat TEM grid is supported on only a tiny contact
area around the center (or the dislocation core). Hence, the
other edge area will tend to drop downward (or collapse)
owing to gravity, thus generating tension in the nanoplate. As
a consequence, herringbone contours will form. The two
possible collapse modes are differentiated by the fracture
lines, which are parallel either to the helical fringes on the top
surface (type a) or to those on the bottom surface (type b).
The two types of herringbone contours, which take the shape
of the ridge of dislocation hillocks, were both discovered (see
Figure S5). Despite the clear difference in the two collapse
modes, it is difficult to determine which is more likely to
happen. The above analysis suggests that it is reasonable to
assume that the reverse sparse trigonal fringes shown in
Figure 2 C (marked by two white arrows) also originate from
edge collapse of the nanoplate.

To elucidate the mechanism of formation of the spiral
arms, it is necessary to rule out the influence of the
herringbone contour at the overlapped area. One approach
to inhibit the evolvement of herringbone contours is to
synthesize nanoplates with smaller slopes of the dislocation
hillock (i.e. #/1). According to Burton-Cabrera-Frank (BCF)
theory, the lateral step velocity (v,), the growth rate normal to
the surface (R,,), and the slope (p =h/A=R,/v,) depends on
the degree of supersaturation (o) as follows: v,x exp(o)—1,
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R, x [exp(0)—1]o, and p < 6.7 Therefore, a lower value of
o should directly lead to nanoplates with smaller slopes.
Spiral-type nanoplates with a lateral size of approximately
900 nm and a thickness of approximately 25nm were
obtained with decreased precursor concentrations of 1/4 of
those used in the standard procedure (Figure 4A). The
average value of A was increased to 100 nm, and that of &
was still maintained at 1 nm. As expected, all nanoplates
(Figures 4B; see also Figure S6) showed no obvious herring-
bone contours; instead, over 70 % of them displayed contrast
spiral arms that initiated from the dislocation core. Since the
collapse and thus the herringbone contours did not occur in
this case, it is conceivable that the spiral arms are not a simple
extension of herringbone contours to the dislocation core.
Instead, the observation of spiral arms is consistent with an
earlier kinematic simulation of the diffraction contrast of
electron microscopy images.'® It was described that screw
dislocation perpendicular to a thin film will cause crystal
displacement and twisting with an intensity proportional to
the distance from the dislocation line, thus resulting in an
oscillation contrast pattern observed by electron microscopes.
The decreased thickness and extended terrace width make the
helical fringes more clearly observed by HAADF-STEM
(Figure 4 C,F). All nanoplates, regardless of the magnitude of
the Burgers vector, were found to have a hollow core near the
center (Figure 4D,G). The corresponding TEM images
showed that the cores were definitely transparent to the
electron beam (Figure 4E,H). The hollow cores can be
interpreted as a result of the relaxation of strain energy for
dislocations with large Burgers vectors, as observed for
nonlayered materials.>¢

Inspired by this phenomenon, we carefully rechecked the
products acquired from our standard synthesis and also
discovered hollow cores (see Figure S7). The hollow cores
were sometimes difficult to recognize because the electron
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Figure 4. A) SEM image of spiral-type Bi,Se; nanoplates synthesized at
decreased precursor concentrations of 1/4 of the standard values. The
inset is a high-magnification SEM image of an individual spiral-type
nanoplate. B) TEM image of a nanoplate with spiral arm contours
originating from the center. C) HAADF-STEM image of a nanoplate
with a single elementary Burgers vector (indicated in (D) by a white
arrow). D) Corresponding magnified HAADF-STEM image. E) High-
magnification TEM image of the nanoplate center, showing an
electron-transparent core. F-H) Parallel images with (C—E) of another
nanoplate with two elementary Burgers vectors (indicated by two white
arrows).

beam did not penetrate the leaning thicker vertical dimen-
sion. The average radius of the hollow core (r,) was estimated
for nanoplates with a single dislocation (see Figure S8). For
nanoplates with one and two elementary Burgers vectors, r,
was found to be 4.0 and 6.9 nm, respectively, thus indicating
that larger Burgers vectors resulted in larger hollow cores to
release more strain energy. However, the radius of the hollow
core in Bi,Se; nanoplates does not completely follow the
relation ryoc B® (specifically, = B*u/8n*y, in which y is the
shear modulus and u is the surface energy) that is applicable
to isotropic materials, such as Au.[*”) The reason for this
deviation might be the existence of interlayer slips, which are
caused by the weak bonding between QLs and provide an
additional mode for the release of strain.

Considering that tuning of the supersaturation to a higher
level could possibly lead to other growth modes, for example,
LBL growth, we increased the concentration of the precur-
sors. When the concentration of the precursors was increased
by a factor of 1.5 with respect to the standard synthesis,
a mixture of nanoplates with preliminarily developed dislo-
cations and smooth nanoplates was obtained (see Fig-
ure S9A). The products were generally more transparent
under an electron beam than that shown in Figure 3E, thus
suggesting their thinner nature. The nanoplates with prelimi-
narily developed dislocations are intermediate products of
both SDD growth along the vertical dimension and LBL
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expansion along the lateral dimension. The small vertical size
of Bi,Se; nanoplates with preliminarily developed disloca-
tions is due to the anisotropic layered structure of Bi,Se;. In
general, atomic addition to the lateral dimension of Bi,Se;
nanocrystals is more thermodynamically favored than that to
the vertical-thickness dimension;!'"* the growth anisotropy
can even reach several thousand as a result."!! Therefore,
LBL growth along the vertical dimension can be restricted to
ensure the penetration of an electron beam with accessible
energy. A further increase in the precursor concentrations to
twice the standard values caused a marked change in
morphology. All products were smooth on the top and
bottom surfaces without helical fringes (see Figure S9B), thus
indicating that the growth of nanoplates was dominated by
lateral LBL expansion. Although it is clear that an increase in
the concentration of precursors promotes higher supersatu-
ration, an increase in the pH value owing to the presence of
less HCI or an increase in the amount of AA had a similar
effect by increasing the reducing power (see Figure S10).

By taking advantage of intermediate products on which
dislocation had been preliminarily developed, we attempted
to survey the SDD growth process. Figure 5 A shows a TEM

Figure 5. A) TEM image of a spiral-type nanoplate on which screw-
dislocation growth has been preliminarily developed. The growth
trajectories of the two sets of helical fringes are differentiated by red
and blue. B) Ball-and-stick models of Bi,Se; projected along the [0001]
direction, illustrating that a slip appears on the (0170) plane. C) Sche-
matic diagrams showing the bidirectional helical growth process of

a nanoplate. The blue (a) and red (b) arrows illustrate the growth
steps on the top and bottom surfaces, respectively.

image of a typical intermediate nanoplate obtained with
precursor concentrations 1.5 times those used in the standard
synthesis. The bidirectional growth process can be deduced
with ease; the trajectories of the two sets of centrosymmetric
fringes are labeled with blue and red arrows, respectively. The
slip plane of the nanoplate, that is, the (0110) face, occurs
along the diagonal lines of the hexagon-like structure. This
observation is probably due to the higher growth rate along
the [2110] direction and thus the higher probability of the
development of slip planes. To confirm this hypothesis, we
also examined individual nanoplates with multiple prelimi-
narily developed screw dislocations (see Figure S11). The
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dislocations were randomly distributed over the corner sites,
and for each dislocation, the corresponding slip plane took
the same orientation as that shown in Figure SA. As
illustrated in Figure 5C, when a slip plane is generated, two
growth steps (a and b) at the top and bottom faces are created
and then move forward simultaneously. Since the angular
growth velocity of the points on the surface step decreases
with the distance from the dislocation core, it drops along the
radial direction, thus leading to the development of helical
fringes."! The dislocation core did not reside at the center of
the nanoplate because of a shift in the growth mode, from
dominant LBL growth to SDD growth, as the precursors were
consumed with time.

In summary, we have reported the SDD growth of spiral-
type Bi,Se; nanoplates by a polyol synthesis. Screw disloca-
tions on the nanoplates were substantiated by two sets of
centrosymmetric helical fringes. The growth was found to
evolve along the vertical dimension in a bidirectional manner.
Through TEM analysis, we identified herringbone contours
induced by collapse and spiral arms related to the dislocation
core. By lowering the concentration of precursors and thus
the supersaturation value, we were able to obtain spiral-type
nanoplates with smaller slopes. These products do not show
obvious herringbone contours and instead are often charac-
terized by clearer helical fringes and spiral arms located
around the dislocation core. Furthermore, hollow cores
generated as a result of the relaxation of strain energy
through dislocations were identified. By increasing the
concentration of precursors, increasing the pH value, or
adding more AA, we obtained nanoplates with preliminarily
developed dislocations and smooth nanoplates dominated by
LBL growth. The SDD growth process was distinguished on
intermediate nanoplates with preliminarily developed dislo-
cations. In general, the slip plane occurs along a diagonal line
of the hexagon-like plate, and then two growth steps move
forward on the top and bottom surfaces. We hope that
understanding of the SDD bidirectional growth process of
Bi,Se; nanoplates can be extended to other 2D layered
materials and will promote their design and practical appli-
cation.
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