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ABSTRACT: Design and synthesis of super-nanostructures is one of the
key and prominent topics in nanotechnology. Here we propose a novel
methodology for synthesizing complex hierarchical superstructures using
sacrificial templates composed of ordered two-dimensional (2D) nano-
structures through lattice-directed topotactic transformations. The fabri-
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cated superstructures are nested 2D orthogonal Bi,S; networks composed

of nanorods. Further investigation indicates that the lattice matching between the product and sacrificial template is the dominant
mechanism for the formation of the superstructures, which agrees well with the simulation results based on an anisotropic nucleation
and growth analysis. Our approach may provide a promising way toward a lattice-directed nonlithographic nanofabrication
technique for making functional porous nanoarchitectures and electronic devices.

Hierarchical nanostructures have attracted increasing atten-
tion in recent years owing to their potential in constructing
novel nanoarchitectures and nanodevices. Up to now, represen-
tative hierarchical building blocks are branched nanostructures,
such as PbS/PbSe pine trees," > networks of SnO nanoribbons,*
branched In,O; nanowires,” and ZnO nanobridges and
nanopropellers.”” These branched structures are often synthe-
sized using vapor phase deposition based on a series of sequential
formations of one-dimensional (1D) nanostructures, for exam-
ple, 1D nanowires,' " or a two-step process by combining vapor-
phase and hydrothermal techniques.'® In most cases of such 1D
formations, the branches are formed on the surface of preformed
nanostructures via a “bottom-up” growth method." "
Compared with the 1D nanostructures, two-dimensional
(2D) nanostructures are much easier to tailor to complex
nanoarchitectures. Similar to the Chinese traditional papercut,
a 2D “sacrificial” nanostructure (e.g, a nanoplate) could be
“engraved” into specific hierarchical nanostructures by an
in situ topotactic transformation in a 2D formation process. In
such toptactic transformation, the morphologies of the hierarch-
ical structures are mainly determined by the lattice structure,
shape, and scale of the templates. Recently, Li et al. claimed
successful synthesis of 2D Bi,S; networks composed of single-
crystalline Bi,S; nanorods in a topotactic transformation
process,'’ in which the BiOCIl nanodiscs were used as the
sacrificial template of Bi,S; nanorods. However, the disk-like
Bi,S; networks were disordered because in their case the
preformed BiOCl nanodiscs were crystallographically indepen-
dent of each other and deposited randomly on the substrate. In
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comparison, ordered nanostructures are more desirable to fulfill
preferable functions or construct specific architectures.'” It is
expected that using ordered or superstructured 2D sacrificial
templates should be an effective way for synthesizing ordered
hierarchical nanostructures or superstructures. To realize this
purpose often requires a multistep process, in which the nano-
structure formed in the early step (intermediate) acts as the
template for the next step. To summarize, three essential condi-
tions are needed to achieve ordered or superstructured hierarchical
nanostructures: (1) a multistep process in which intermediates act
as templates for the final products; (2) templates that are ordered
structures or superstructures; (3) templates that are composed of
2D structures. How to obtain desired templates out of a suitable
material system becomes one of the key issues.

Bismuth and its compounds are hot materials in the fields of
thermoelectrics,">'* superconductors,'® photocatalysts,"*'” gas
sensors,'® electrochemical hydrogen storage and topological
insulators," "7 etc. Among bismuth compounds, BiOC],
Bi,03, and Bi,S; are important semiconductors and their nano-
structures are attracting considerable interest in recent years.
BiOCl has a tetragonal structure with lattice parameters a = 3.887
A and ¢ = 7354 A and is often used as an excellent
photocatalyst."®'” Tetragonal B-Bi,Os is a metastable phase
with a = 7.741 A and ¢ = 5.634 A and is a promising material
for oxygen sensors. Bi,S; has an orthorhombic structure with a =
11.14 A, b = 11.30 A, and ¢ = 3.981 A, and is useful in the
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applications of gas sensing, electrochemical hydrogen storage,
and photovoltaics.'®'*** Layer-structured bismuth compounds are
very common so that there are many structures with special disk- or
sheet-like morphologies. The layered morphologies and structural
transformations among different bismuth compounds may provide
a way to synthesize complex hierarchical nanostructures.

In this paper, for the first time to our best knowledge, we
report on the controllable synthesis of 2D orthogonal networks
(2DONWSs) of BiOCl nanowalls, as well as nested 2DONWs
(N2DONWs) of Bi,S; nanorods, via topotactic transformation
processes. Here the superstructured BiOCl is used as the
sacrificial template of the Bi,S; N2DONWs. Epitaxial relation-
ships among 3-Bi, O3, BiOCl, and Bi,S; are found to be the key
to the formation of the superstructures. Because the raw material
is an amorphous BiO,, thin film prepared by magnetron sputter-
ing, the resulting super-nanostructures have a good uniformity
and can be scaled-up for mass production.

B SYNTHESIS AND FORMATION MECHANISM OF
BiOCl 2DONWs

Amorphous BiO, films with a typical thickness of 200 nm were
first deposited on wafer substrates by magnetron sputtering and
then heated at 500 °C to transform to [3-Bi,O; films (see
Supporting Information Figure S1), which acted as the precursor
of the subsequent nanostructures of BIOCl. During the crystal-
lization of the amorphous layer, many crystalline domains in
different crystal orientations were formed with an average
diameter of ~25 um. BiOCl nanowall networks were simply
obtained by dipping the 3-Bi,O; films into diluted hydrochloric
solution (concentration 0.24 M) for minutes.

Figure 1a is an optical micrograph of a BiOCI film composed
of domains in different colors, which represent different mor-
phologies. The 2DONWSs shown in the scanning electron
microscopy (SEM) images of Figure 1b (see also Supporting
Information Figure S2) are made up of two sets of perpendicu-
larly aligned BiOCl nanowalls with a typical length of 300 nm,
height of 300 nm, and thickness of ~20 nm. The inset is a fast
Fourier transform (FFT) pattern of the SEM image, clearly
demonstrating that two sets of nanowalls are aligned perpendi-
cularly. Note that not all nanowalls grow vertically to the
substrate; some nanowalls are tilted or tiled, as displayed in
Figure 1c. It has been verified that only the turquoise domains in
Figure 1a are vertically aligned 2DONWs like that in Figure 1b,
while the purple and yellow domains are tilted and tiled
2DONWSs, respectively. The transmission electron microscopy
(TEM) image and selected area electron diffraction (SAED)
pattern in Figure 1d (corresponding amorphous BiO, is 75 nm in
order that the BiOCl 2DONWs are transparent under the
exposure of electron beam) clearly show that each set of nano-
walls are preferentially grown along the (110) direction and
perpendicular to the [001] direction. The high-resolution (HR)
TEM analysis in Figure le also gives the same result; and
corresponding SAED pattern shows a lattice rotation within
=£7°, which may be ascribed to the steric clash of the nanowalls in
the growth process. The electron micrographs demonstrate that the
2DONW is a superstructure similar to a superlattice film, which
implies that it may grow epitaxially from the (3-Bi,O; film. The
epitaxial relationship can be further studied using TEM analysis.

Note that both 3-Bi, 03 (dayo = 2.737 A) and BiOCl (dy =
2.751 A) have tetragonal structures, and d220| s~ dy 10[BiOCI with a
lattice mismatch f = 0.50% (in reference to 3-Bi,O3). Also, the

Figure 1. (a) Optical image of a BiOCI film, showing that the film is
composed of many domains in different colors. (b) SEM image of a
vertically grown 2DONW, inset is the corresponding FFT pattern. (c)
SEM image of 2DONWSs with three typical morphologies. (d) Bright
field TEM image of a 2DONW. Inset is the corresponding SAED
pattern, revealing that two sets of nanowalls are perpendicularly aligned
with a lattice rotation within £7°. (e) Corresponding HRTEM image.

(002) 4 facet with a spacing of 2.817 A should also be considered.
The equivalent (220)g and (220), as well as the (002) facets,
are with an approximate spacing and perpendicular to each other.
By analyzing the crystal structures of 3-Bi, O3 and BiOCl, we can
predict two possible epitaxial relationships of 3-Bi,O3 and BiOCl
nanowalls:

(1) Iftwo sets of nanowalls do not have an equivalent epitaxial
relationship with 8-Bi, O3, a possibility is (110)gioci! (220) 5,
(110)gioc! (220) g, and [001]giocl! [001]4 for one set of
nanowalls and (110)giociill (002)5 (110)gi0cull (220)4,
and [001]gi0cr 11[110] p for the other set of nanowalls in
the perpendicular direction (indicated by L). In brief, two
sets of BiOCI nanowalls are grown perpendicularly to the c-
and [110]-axes of 3-Bi,Os, respectively.

(2) If two sets of nanowalls have an equivalent epitaxial
relationship with [3-Bi,O3, they should grow from the
B-Bi,O; with the following crystallographic relationships:
(110)gioc! (220)/3;_( lIO)Bigclll (002),[001]giocd! [110]
and (110)gocull (220), (110)mocul! (002) 5, [001]pocull
[110]g. Or two sets of BiOCI nanowalls are grown
perpendicularly to the [110]- and [110]-axes of 3-Bi, O3,
respectively.

Comparing the above possibilities, the system in prediction 2
is relatively unstable because the lattice mismatch between the
{002} 5 and {110} pioc is larger (f = 2.4%) so that the amount of
misfit dislocations will increase by 65.7% compared with predic-
tion 1, implying higher elastic energy density of dislocations.
The elastic energy of dislocations per unit area, E.q, can be

estimated by**
fYb r
Egr ——+(In-+1 1
N s\ " T (1)

where b is the value of Burgers vector, r is the radius of the stress
field of dislocations, and Y and v are the Young’s modulus and
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Figure 2. (a) Bright field TEM image of the slice obtained by FIB
milling, only the right part of which has been dipped in HCI solution and
transforms to a BiOCI 2DONW. The walls aligned perpendicularly to
the electron beam are invisible because they are very thin but visible in
the HRTEM image shown in panel f. (b—d) SAED patterns of the
precursor (3-Bi,O3), interface, and formed BiOCl network, revealing
that the BiOCI network grows epitaxially from 3-Bi,O;. (¢) HRTEM
image of the 3-Bi,O; film. (f) HRTEM image of two perpendicularly
aligned nanowalls. (g) A schematic illustration of a BIOCl 2DONW,
clearly displaying the structural relationship of the BiOCI 2DONW and
ﬂ-Bi203.

Poisson’s ratio of BiOCI, respectively. According to eq 1, pre-
diction 2 will result in an increase of elastic energy of dislocation
of at least 19.1% compared with that in predication 1 (because
r = b/(2f)). Hence, we argue that prediction 1 is more reasonable.

In order to confirm the actual structural relationship between
the -Bi,O5 precursor and the BiOCI 2DONW, a TEM study of
a heterostructured BiOCl/Bi,Oj slice obtained by focused ion
beam (FIB) milling was carried out. In the TEM observation, the
electron beam was along the [001] zone axis of a set of BiOCl
nanowalls (and the [110] direction of the other set). Figure 2a is
a bright field TEM image of the slice. The HRTEM image and
SAED patterns in Figure 2b—f indicate that the BiOCI grows
epitaxially from Bi,O3, with the relationships of (110)g0cl (220)
and (001)gi0cf! (001)/)’5 (110)sioci! (250)/)’ and (110)giocyl
(002). Therefore, the above-mentioned prediction 1 agrees well
with the experimental results. It can be concluded that two sets of
perpendicularly woven nanowalls from the top view can be
observed only when both the ¢- and [110]-axes of the 5-Bi,O3
parallel the film plane.

There also exist single crystalline 5-Bi,O; domains whose
¢- and [110]-axes are not parallel to the film plane. In this case,

200,nm
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o
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Figure 3. (a) SEM image of a Bi,S; N2DONW. (b) Tilt view of a
N2DONW in high magnification, showing that each nanowall has
evolved to a 2D network made up of nanorods. (c) Bright field TEM
image of a Bi,S3 network, which is composed of two sets of perpendi-
cularly woven nanorods. (d) Corresponding SAED pattern indicates
that all Bi,S; nanorods are along the (001) fast growth direction and
grown epitaxially from the BiOCI nanowall. (e) A model of the Bi,S;
N2DONW, displaying the structural relationship of Bi,S; and BiOCI.

the formed BiOCl 2DONWs are tilted (see Figure lc). If the
tilted angle approximates to 90° or the c-axis is perpendicular to
the film plane, only a few vertically aligned walls are observed,
while most of the walls are tiled on the substrate (see the yellow
part of Figure 1c and Supporting Information Figure S3).

The wall-like morphology of BiOCI could be ascribed to the
layered growth of BiOCIL. BiOCl is composed of many five-layer-
stacked Cl—Bi—O—Bi—Cl monolayers or “macromolecules”
bonded with each other by the van der Waals force, which results
in strongly anisotropic growth. As a matter of fact, the fast growth
is in the c-plane, similar to graphite.24’25 Therefore, BiOCl prefers
to grow to layered structures with a high aspect ratio. In addition,
the lattice spacing of the {110} facets of BIOCI (2.751 A) is very
close to those of the {220} and {002} facets of 3-Bi,O5 (2.737
and 2.817 A, respectively). Therefore, it should be the epitaxial
and layered growth of BiOCl on single-crystalline 3-Bi,O; that
leads to the formation of the special morphology of 2DONWs.
Finally, the fact that a metastable 3-phase can be eroded by acids
is also a prerequisite for the formation of BIOCI 2DONWs.

B SYNTHESIS AND FORMATION MECHANISM OF
Bi,S; N2DONWSs

The superstructured BiOCI 2DONW is an ideal template for
making more complex hierarchical superstructures. First, the
BiOCI 2DONW is a superstructure itself. Second, it is com-
posed of quasi-2D nanowalls. Third, a BiOCI nanowall is a single
crystal so that it has potential to transform to other crystalline
nanostructures in a lattice-matching directed process. Actually, it
has been recently shown that a BiOCl 2D nanostructure can
transform to a superstructured network of Bi,S; nanorods by
reacting with a preblended solution of thioacetamide (TAA) and
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hydrochloric acid at 60 °C for tens of hours."" Bi,S; is an
extremely insoluble substance with a solubility product K, down
to 1 x 10™%; the insoluble BiOCI can still transform to Bi,S;
with the presence of S*. Therefore, if a 3-Bi,O5 film is put into
preblended solution of TAA and hydrochloric acid, in the first
step, BIOCl 2DONWs will be formed at once (because BiOCl
2DONWS can be formed in minutes), and in the next step, each
nanowall can act as the template for the formation of Bi,S;
network. The building blocks that construct the Bi,S; 2DONW
are 2DONWSs themselves, so that the Bi,S; nanostructure here
is a self-similar structure: a nested 2D orthogonal network
(N2DONW) composed of Bi,S; nanorods. This has been
conducted in our experiments (see Supporting Information).
The N2DONW is very interesting because it is a self-similar
superstructure and also an ideal morphology for gas sensing,
photocatalytical activities, electrochemical hydrogen storage, as
well as a desirable nanostructure for constructing complex
architectures. Moreover, the in situ synthesis of the N2DONWs
from amorphous films guarantees good uniformity on a large
scale.

Figure 3a—c illustrates Bi,S3 N2DONWs transformed from
BiOCI 2DONWs. The Bi,S; N2DONW maintains the original
profile of the BIOCI 2DONW but each nanowall has evolved to a
network or a fence-like structure composed of nanorods. The rods
with an average diameter of ~15 nm are aligned along the {(100)
directions of the original BiOCI nanowall template, as indicated
in the SAED pattern in Figure 3d. The (001) directions are the
common fast growth directions of Bi,S3 nanostructures.”®*’”
However, a nanorod has no definite crystallographic orientation
in reference to the BiOCl nanowall precursor besides (001)g; s |l
(100)gi0 1 (see Figure S4). Crystallographic-preferential growfh
of Bi,S; is the reason that the nanorods are ordered and
perpendicularly woven. That is, the Bi,S; grows on BiOCl with
(001) (spacing 3.890 A) parallel to the (100) and (010) facets
(spacing 3.981 A) of BiOCL Since BiOCI possesses a tetragonal
structure, an orthogonal morphology of Bi,S; network is reason-
able. And according to the lattice matching, the nanorods have a
~45° angle in reference to the intersecting lines of two nanowalls,
as shown in Figure 3b,e.

The textured growth of Bi,S; is related to its crystal structure.
Bi,S; has an orthorhombic structure with a = 11.14 A, b =
11.30 A, and ¢ = 3.981 A. The a and also b planes interact by van
de Waals force,”” so that the growth in both a- and b-directions is
limited. As a result, Bi,S; often presents a c-axis fast growth
direction and rod-like structures. The lattice matching between
the c-plane of Bi;S; and {100} planes of BiOCl gives rise to the
[001] oriented growth of Bi,S3 nanorods in two equivalent and
perpendicular directions from a sacrificial template of the BiOCl
nanowall. While many hierarchical nanostructures based on
epitaxy or lattice matching can be obtained,' '® there are few
examples that ordered 2D templates are used to construct highly
complex hierarchical superstructures in combination of topotac-
tic transformations. In our work, several crystal phases
(including the 5-Bi,O3 precursor, intermediate BiOCl super-
structure, and targeted Bi,S; superstructure) and phase trans-
formations (from a [3-Bi,O; domain to a BiOCl 2DONW
composed of nanowalls, and from a BiOCl nanowall to a Bi,S;
2DONW composed of nanorods) are involved in the fabrica-
tion process. Each phase transformation is facilitated by the
relationships of morphology and crystal structure, resulting
eventually in targeted complex nanostructures (ie., Bi,S;
N2DONWs) as a whole.

1[5
——

il

=

J]v dip in q)
(2) remove PMMA

nuclei

[ opnrcieq)  BOC

Figure 4. (a) SEM image and (b) simulation result of a 2DONW. The
corresponding FFT patterns indicate that the 2DONW is not a periodic
structure. (c) Schematic illustration of the fabrication of a BiOCI
nanowall array with periodic configuration by introducing an artificial
nuclei array. (d) SEM image of a BiOCI nanowall array in a periodic
structure; corresponding FFT pattern indicates that it is a nanowall
lattice. The c-axis of the 3-Bi,O; film is tilted with its projection line
along the growth direction of the nanowalls.

B LATTICE-DIRECTED NANOFABRICATION AT HIGH
THROUGHPUT

The formation of the 2DONWSs and N2DONWs includes two
processes: nucleation and growth. Take the BiOCI 2DONWs for
example: BiOCI nuclei are first epitaxially formed on the surface
of a 3-Bi, 05 film with the presence of H and Cl ™ (aq), then they
will grow accompanied with the formation and growth of new
nuclei. The nuclei are oriented in two perpendicular directions
(i.e., [110] and [001] directions of 3-Bi,O3). Nucleation and
growth stop when the f-Bi,O; film is consumed completely.
This analysis is very similar to the nucleation and growth
processes in a classical phase change. However, anisotropic
nucleation and growth should be considered. We used MATLAB
to simulate the growth process. In the simulation, we presume
that the nucleation rate is constant and growth rate of (110)
direction is 15 times that of the (001) direction, the nuclei are
formed on random locations of a 3-Bi,O3 film whose ¢- and
[110]-axes are parallel to the film plane. Simulation results agree
well with our experimental morphology, as shown in Figure 4a,b.
It also proves that our structural analysis is reasonable. The Bi,S;
2DONWs are formed in a very similar but much slower process.

Although the BiOCl nanowalls are orthogonally woven, the
pitch between two neighboring nanowalls is indeterminate
(indicated by the FFT pattern of Figure 4a,b) because the
locations of nuclei are random. To fabricate uniform and periodic
BiOCI nanowalls, we should first fabricate a periodic BiOCl
nucleus array. For this purpose, we spin-coated a polymethyl
methacrylate (PMMA) layer on a 5-Bi,O; film and obtained a
periodic pattern (orthogonal hole array with diameter of 30 nm
and pitch of 200 nm) by e-beam lithography, then dipped the
specimen in HCl solution (see Figure 4c) so that a BiOCl nucleus
array was formed. After removing the PMMA film, the exposed
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B-Bi,O; film with a periodic BiOCl array was put into HCI
solution again. In this case, it should be easier for Bi*" to diffuse
to the preformed nuclei than to form new nuclei. Therefore, the
preformed periodic nuclei grew to nanowalls, leading to a
periodically aligned BiOCI nanowall array, or nanowall lattice,
as shown in the SEM image in Figure 4d. The corresponding
FFT pattern indicates the nanowall lattice is indeed a periodic
structure.

We have provided a simple and cost-effective way of fabricat-
ing specific hollowed-out nanostructures without the use of
lithography. The formation process of N2DONWSs combines
both top-down and bottom-up methods directed by lattice
matching among different phases. Compared with the main-
stream nanofabrication techniques, it is more effective to build
superstructures on large area with the size of the building blocks
(i.e., nanowalls and nanorods) down to 10—20 nm at least in one
dimension. Thus, our work may provide a new methodology for
constructing complex hierarchical nanostructures with lattice
ordering. Also we have proven that these nanostructures can
be fabricated in designable configurations such as periodic
pattern.

In summary, we have demonstrated a methodology that
combines both top-down and bottom-up processes for synthe-
sizing complex hierarchical nanostructures, exemplified by 2D
orthogonal networks of BiOCI 2D nanowalls, as well as nested
2D orthogonal networks of Bi,S; nanorods, for the first time.
Structural analysis revealed that the special morphological evolu-
tion of the hierarchical nanostructures is directed by the crystal-
lographic lattice matching: in the formation of a BIOCI 2DONW,
two sets of BiOCI nanowalls grow perpendicularly to the ¢- and
[110]-axes of 5-Bi,Os3, respectively; and in the evolution from a
BiOCI 2DONW to a Bi,S; N2DONW, the [001]-oriented Bi,S;
nanorods grows along the [100] and [010] directions of each
BiOCl nanowall. Prospectively, such hierarchical nanostructures
hold great potential in constructing novel nanodevices. Our work
provides a way toward lattice-directed nonlithographic nanofab-
rications with specific hollowed-out nanoarchitectures at high
throughput and low cost. Following this demonstration, oppor-
tunities in designing and fabricating even more complex and
interesting hierarchical superstructures based on bismuth com-
pounds or other layered material systems are possible.

B ASSOCIATED CONTENT

© Supporting Information. An experimental section de-
scribing the synthesis of materials, preparation of TEM speci-
men, and characterization of nanostructures, together with an
XRD result of a 5-Bi, O3 film and detailed structural analysis of
the formation of the Bi,S; nanorod network from a BiOCl
nanoplate. This material is available free of charge via the Internet
at http://pubs.acs.org.
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