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Synergistic synthesis of quasi-monocrystal CdS
nanoboxes with high-energy facetst
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and Xi-Wen Du*®

Hollow nanostructures with a highly oriented lattice structure and active facets are promising for catalytic
applications, while their preparation via traditional approaches contains multiple steps and is time and
energy consuming. Here, we demonstrate a new one-step strategy involving two complementary
reactions which promote each other; it is capable of producing unique hollow nanoparticles. Specifically,
we apply synergic cooperation of cation exchange and chemical etching to attack PbS nanosized cubes
(NCs) and produce CdS quasi-monocrystal nanoboxes (QMNBs) which possess the smallest dimensions
reported so far, a metastable zinc-blende phase, a large specific surface area, and particularly high-

energy {100} facets directly visualized by aberration-corrected scanning transmission electron
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Accepted 2nd September 2015 microscopy. These properties in combination allow the nanoboxes to acquire exceptional photocatalytic
activities. As an extension of the approach, we use the same strategy to prepare CogSg and Cuy,S4

DOI: 10.1039/c5ta05472a single-crystal hollow nanooctahedrons (SCHNOs) successfully. Hence, the synergic reaction synthesis
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Introduction

Hollow nanostructures possess a large specific area, unique
exposed crystal planes and tunable energy levels, which make
them highly attractive for applications in various fields related
to catalysis, energy storage and conversion, biomedicine, etc.'
So far, most common synthetic routes to prepare hollow
nanostructures typically involve multiple steps. For example,
template-based synthesis of hollow nanostructures is usually
comprised of three steps: (i) template preparation, (ii) shell
growth on the template surface, and (iii) template elimina-
tion.** Typically, such multi-step processes are time- and
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strategy exhibits great potential in engineering unique nanostructures with superior properties.

energy-consuming. An alternative way is to combine two or
more processes and run them simultaneously in one system.
Such a synthetic route, hereafter named “synchronous
reactions”, has succeeded in the synthesis of hollow micro-
spheres,® nanoboxes,”® nanocages,”’ nanoframes," nano-
tubes,” complex 3-dimensional nanostructures,” and yolk-
shell nanostructures.® Even so, the component reactions used in
most synchronous approaches typically work separately rather
than complement each other. As a result, their many products
have relatively low quality with polycrystallinity, non-uniform
shell thickness and damaged shells.®'* Moreover, only a few
studies about the preparation of non-spherical hollow particles
were reported because of their structural instability.*>*®

It is anticipated that synchronous approaches can be further
improved by carefully selecting complementary component
reactions, so that they can promote each other to engineer
complex nanostructures with superior properties. This strategy
is defined as “synergistic reactions” to distinguish it from the
commonly used synchronous reactions. It is noted that, on one
hand, cation exchange is well known as a powerful approach for
synthesizing nanostructures through cation substitution within
the anion frame, in which the product can generally preserve
the crystal structure of templates, even at the nanoscale.”*® On
the other hand, chemical etching is a common practice to
remove the template or inner material and produce hollow
nanostructures.” When these two reactions collaboratively
attack single-crystal nanoparticles, chemical etching may
promote the cation exchange by creating new exchange sites
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and decreasing the diffusion length, which is favorable for the
preparation of hollow structured nanoparticles. Unfortunately,
there has not been any report about the synthesis of hollow
nanoparticles using this strategy.

Cadmium sulfide (CdS), an important semiconductor with a
band gap of 2.4 eV at room temperature, has attracted consid-
erable interest in photocatalysis,**?* light-emitting diodes,*
solar cells,> and other optoelectronic applications.”® Many
synthesis methods, such as electrochemical deposition,* sol-
vothermal (hydrothermal) synthesis,®* chemical vapor depo-
sition (CVD)*® and microwave radiation,* have been developed
to prepare CdS nanostructures, among which are irregularly
shaped nanoparticles,"?*® nanotubes,*® nanowires,” nano-
rods,*” nanobelts,* etc. Nevertheless, the reported CdS catalysts
usually expose low-energy facets due to surface energy mini-
mization during the crystalline growth processes,*~*® which
limits their catalytic performance.?”*® Thus, so far, there has not
been any general approach for the synthesis of cubic CdS with
an ultrafine size, highly active surfaces and a large specific
surface area for advanced photocatalytic applications.

In the present work, applying the synergic reactions of
chemical etching and cation exchange on PbS nanocubes (NCs),
we for the first time obtained the smallest ever reported CdS
quasi-monocrystal nanoboxes (QMNBs) (14 nm in length and
2.5 nm-thick walls) with a uniform size and uncommon cubic
structure. Aberration-corrected scanning transmission electron
microscopy (STEM) shows that the prepared CdS QMNBs are
primarily terminated with {100} facets. Density function theory
(DFT) calculations suggest that, among various low index planes
of the zinc-blende CdS phase, {100} planes exhibit the highest
surface energy (even an order of magnitude larger than that of
{110} planes). Thus, CdS QMNBs with high energy {100} facets
demonstrate superior photocatalytic efficiency over CdS nano-
particles (NPs) with the same quantity but an even larger
specific surface area, which makes the new material very
promising for catalytic applications. The new strategy is further
extended to successfully prepare CooSg and Cu;,S, single-
crystal hollow nanooctahedrons (SCHNOs), demonstrating that
it is a useful method to develop new hollow nanostructures.

Experimental section
Materials synthesis

The preparation approach is depicted in Scheme 1 and the
details are given in the ESI.f The 15.6 nm-sized PbS NCs were
obtained by a hot-injection method. The procedures were
mainly the same as previously reported in the literature with
only slight modifications.** 54 mg of sulfur powder dissolved in
5 mL of oleylamine (OAm) was injected into the three-neck flask
with 0.56 g of PbCl, dissolved in 10 mL of OAm at 220 °C. The
mixture was aged for 1 h, resulting in a black colloidal solution.
After cooling down, the black solution was centrifuged, washed
with ethanol and finally dried in a vacuum desiccator. CdS
nanoboxes were prepared according to the following proce-
dures. First, 0.2658 g of PbS NCs was dispersed in 100 mL of
oleic acid (OA) to obtain a suspension. Then, 3 mL of the
suspension was mixed with 15 mL of 0.5 M cadmium acetate
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dissolved in OA. After the reaction proceeded at 180 °C for a
given period of time (2-35 min) in the three-neck flask, the
mixture was momentarily cooled down to room temperature
and centrifuged to separate the deposit. Finally, the product was
washed with ethanol several times prior to further character-
ization. The preparation procedures for Co¢Sg and Cu;,S,
SCHNOs were the same as described above for the preparation
of CdS QMNBs except that 0.05 M Co(u) acetate tetrahydrate and
0.05 M Cu(u) acetate monohydrate were used instead of 0.5 M
Cd acetatetrihydrate and the reaction temperatures were set at
300 °C and 150 °C, respectively.

Characterization of materials

Phase analysis was carried out by X-ray diffractometry (XRD,
Bruker D8 advance instrument). The product morphology was
determined by transmission electron microscopy (TEM, FEI
Technai G2 F20, equipped with a field emission gun operating
at 200 kV). The composition was analyzed with an Oxford INCA
energy-dispersive spectroscopy (EDS) module attached to the
TEM microscope. Atomic-resolution annular dark-field (ADF)
and annular bright-field (ABF) images were performed with an
Enfina spectrometer on a Hitachi 2700C STEM. A Hitachi S-4800
SEM was used to analyze the NP shape and surfaces. The light
absorption spectra of the samples were examined using a
Hitachi 3010 UV-vis absorption spectrometer. A solar simulator
(Sciencetech, SS150) was used as the light source for photo-
catalysis experiments. Nitrogen sorption measurements
were performed at 77 K using an autosorb iQ instrument
(Quantachrome, US).

Surface energy calculations of zinc-blende CdS

The DFT calculations of the surface energies were performed
using the Vienna ab initio simulation package (VASP) with
choosing the generalized-gradient approximation (GGA) of
Perdew, Burke and Ernzerhof (PBE) for the exchange-correlation
function.* The Monkhorst-Pack k-point grids of (8 x 8 x 8) and
(8 x 8 x 1) were adopted for the bulk and slab calculations,
respectively. All the neighboring slabs were separated by a 15 A
vacuum space. In the geometry optimizations, the positions of
all the atoms were fully relaxed until the force on each atom
converged to 0.01 eV A™". For the bulk CdS, the optimized lattice
constant was 5.832 A, which agreed well with the experimental
values of 5.795 A or 5.830 A.*! For the (100), (110) and (111) slab
models, each slab contained 16 layers with 16 Cd and 16 S
atoms. The two top layers and two bottom layers were fully
relaxed while the other layers were fixed.

PbCl, + S
OAm solution

Cd(Ac),

‘ PbS nanooubes OA solution

. CdS nanoboxes

Scheme 1 Schematic illustration of (a) synthesis of PbS nanocube
templates and (b) one-step transformation into CdS nanoboxes.
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The surface energies were calculated using the following
formula:

Egurface = 1/Z[Eslab - nEbulk]/A

where A is the surface area of the slab model, E . is the bulk
energy per unit cell, and Eg,p, is the energy of each slab model,
which contains z bulk unit cells. The constant 1/2 indicates that
two surfaces of the slab model are taken into account.

Results and discussion

The PbS NCs, used as templates, exhibit a uniform cubic
morphology and narrow size distribution centered around 15.6
nm (Fig. 1a). Upon reacting with OA-dissolved Cd(Ac), at 180 °C,
the morphology of the PbS NCs changes with time. After 10 min,
a light contrast preferably appears at the vertexes and edges of
the NCs, and tiny holes can be found on the surfaces of some
PbS NCs (Fig. 1b), indicating that etching initiates locally rather
than evenly over the entire surface. The small holes grow bigger
as the reaction time increases to 20 min (Fig. 1c). The interior of
PbS NCs is almost etched away completely when the reaction
reaches 35 min, and most of the solid PbS NCs are found to be
transformed into well-defined nanoboxes. The nanoboxes have
a mean outer size of ~14 nm with a wall thickness of 2.5 nm
(Fig. 1d), thus being the smallest compound nanoboxes ever
reported. Their specific surface area, 63 m”> g~ ', estimated from
the Brunauer, Emmett and Teller (BET) measurement, is by far
larger than that of PbS NCs (0.76 m”> g~ ') (Fig. S1t). The
composition and structure of the PbS NC templates over the
reaction duration were investigated by means of EDS and XRD.
As clearly seen in Fig. 1e and f, PbS peaks gradually decrease
while those of CdS increase with the reaction time. When the
reaction time reaches 35 min, PbS almost disappears, and the
main product is the zinc-blende structured CdS.

The atomic surface structure of the obtained CdS nanoboxes is
revealed by aberration-corrected STEM. As shown in Fig. 2a, the
product particle is a quasi-monocrystal nanobox (QMNB) with
well oriented lattices and a few small-angle grain boundaries,
which is also shown in the high resolution TEM (HRTEM) image
in Fig. S2.T Due to the relatively low atomic number of sulfur
compared to cadmium, sulfur columns cannot be directly imaged
by the traditional annular dark-field STEM imaging. To visualize
the sulfur column, we employed two new optical geometries, i.e.
the annular bright-field (ABF) and the ultra-low-angle annular
dark-field (ULAADF) STEM images; the simultaneously acquired
atomic-resolution images taken along the [001] zone axis (Fig. 2b
and c) clearly depict sulfur and cadmium positions on the surface
of the CdS QMNBs. From the images, the projected zinc-blende
unit cell is composed of a periodic square array of Cd columns
surrounded by S columns, which is consistent with ABF and
ULAADF simulations (insets of Fig. 2b and c). {100}-determined
facets and small steps on the surface are observed in Fig. 2b and c,
which clearly shows the {100} facet exposure.

To obtain CdS nanoboxes with larger {100} facets, we then
employed 50 nm-sized PbS NCs as the template. The
morphology evolution of the products was found to follow the
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Fig.1 Evolution from PbS nanocubes to CdS nanoboxes. TEM images
of the products obtained at 180 °C after (a) 0 min, (b) 10 min, (c) 20 min
and (d) 35 min reaction. The scale bar is 20 nm. (e) and (f) are EDS
spectra and XRD patterns, respectively, of the products after different
reaction times.

same mode as that for 15.6 nm-sized PbS NCs according to the
observation of SEM and TEM images (Fig. S31), and QMNBs
with 50 nm of sizes and exposed {100} planes were finally
produced. Moreover, elemental mapping and line-scan were
performed to reveal the elemental distribution in the interme-
diate product obtained after 10 min of reaction (its morphology
is presented in Fig. S3c and d¥). The results shown in Fig. S4F
demonstrate that Pb atoms are absent at the cavity region of the
hollow particle, while Cd atoms are evenly distributed
throughout the whole particle, suggesting the formation of a
homogenous CdS shell around the cavity.

As a comparison, single-reaction or two-step synthesis
generates products distinct from the QMNBs prepared via the
synergic reactions. Firstly, PbS/CdS core/shell NCs (CSNCs) are
produced by applying only cation exchange in a mixed solvent (9
mL of OA and 9 mL of ODE) under N, flow for 10 min at 250 °C,
with PbS cores showing atomically sharp {110} edges (Fig. 3a
and b). The ab initio calculations indicate that the {111}PbS/
{111}CdS and {110}PbS/{110}CdS interfaces are more stable
than the {100}PbS/{100}CdS one (see Fig. 3c and Table S1t),
suggesting that cation exchange proceeds anisotropically.

Secondly, PbS NCs shrink into quasi-spheres after being
solely etched in OA saturated with air (Fig. S51), while they
remain intact after being heated in OA with N, as the protective
gas (Fig. S67), indicating that air (oxygen) is essential for
chemical etching. Thirdly, PbS/CdS CSNCs prepared by cation

This journal is © The Royal Society of Chemistry 2015



Paper

Fig. 2 Revealing atomic surface structure of CdS QMNBs. (a) Atomic-
resolution ADF-STEM image of one QMNB. The inset is a corre-
sponding FFT pattern. (b) Atomic-resolution ABF-STEM and (c)
atomic-resolution ULAADF-STEM images of the surface structure of
CdS QMNBs along the [001] zone axis after Richardson-Lucy
deconvolution. The exposed facet profiles are outlined by red dotted
lines. The insets show ABF and ULAADF simulations, respectively. The
sulfur columns can be directly visualized in the ABF-STEM and
ULAADF-STEM images.

exchange under N, flow (Fig. S7at) were chemically etched into
the CdS debris with irregular hollow or compact structures (see
Fig. S7b and cf), demonstrating that the stepwise synthesis
cannot produce high-quality CdS QMNBs.

To elucidate the mechanisms of the CdS QMNB formation,
we systematically investigated intermediate products using
HRTEM (Fig. 4a-f). The PdS templates exhibited high crystal-
linity (Fig. 4a). As the reactions proceeded, first cation exchange
started at the NC vertexes and edges (Fig. 4b). Afterwards, small
jagged cavities appeared on the {100} surfaces of PbS NCs
(Fig. 4c). The cavities then expanded into the PbS NCs while the
transformed CdS shells kept intact (Fig. 4d). Interestingly, the
cation exchange did not occur to a large extent on the front wall
of the freshly formed cavity (Fig. 4d and e). As a result, the
expansion of the cavity guided cation exchange along the NC
inner surface and led to the formation of a uniform Cds shell
(Fig. 4d and e, see discussion below). Finally, the PbS core was
etched out and a QMNB was obtained (Fig. 4f).

Based on the above HRTEM observations, the transition
from PbS NCs to CdS QMNBs can be schematically illustrated,
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Fig. 3 Products of component reactions and the calculation of
interface energies. (a) and (b) are high-angle-annular-dark-field
scanning transmission electron microscopy (HAADF-STEM) and
HRTEM images of PbS/CdS core/shell nanostructures obtained via
cation exchange alone, respectively. The white arrows in (a) indicate
the CdS areas. (c) Side views of three different CdS/PbS interfaces:
(100)/(100), (110)/(110) and (111)/(111), with pink, gray and yellow balls
representing Cd, Pb and S atoms, respectively. A vacuum layer with a
thickness of 10 A was added during calculations to avoid the interac-
tions between the PbS surface and the opposite CdS surface atoms.

as shown in Fig. 4g: (i) at the very beginning, cation exchange
takes place very rapidly and proceeds in an anisotropic
fashion.”* Since the NC vertexes and edges along the (111) and
(110) directions are more active compared with the stable {100}
planes, cation exchange preferably takes place in these regions
first, and then saturates when a formed CdS layer reaches its
equilibrium thickness, which is temperature-dependent and
related to the interdiffusion free path (L) of cations on the {111}
planes.* (ii) As the processes proceed, chemical etching attacks
the exposed {100} surfaces of PbS NCs, where it is more likely to
succeed at a defect site, first producing a pin-hole. In turn, the
hole edges become active sites and can be exchanged with
Cd**cations. Subsequently, cation exchange proceeds rapidly
and stops as a CdS layer reaches its threshold thickness. (iii) As
time elapses, chemical etching proceeds inwards and laterally,
gradually expanding the hole into a cavity. Meanwhile, cation
exchange is prohibited at the spherical front wall of the cavity,
because its shape, unlike the vertexes and edges, is not favor-
able for cation diffusion. On the other hand, the spherical
frontier keeps dissolving and moving on, thus creating very
unfavorable conditions for the nucleation and steady growth of
CdS on its surface. Being intrinsically a nucleation-growth
process,*”® the cation exchange cannot proceed on such an
“unstable” surface. In contrast, the NC wall area undergoes
severe cation exchange as now the CdS around the hole acts as

J. Mater. Chem. A, 2015, 3, 23106-23112 | 23109
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Fig. 4 Structural evolution from PbS nanocubes to CdS QMNBs as
synergic reactions proceed. (a)-(f) HRTEM images of products rep-
resenting different stages of transformation from PbS NCs to hollow
CdS nanoboxes. The scale bar is 3 nm. (g) Schematic cross sectional
profiles for the evolution of a PbS NC to a CdS nanobox as viewed
along the (100) direction.

stable nuclei and the cation interdiffusion can proceed easily
there, from both outside and inside. As a result, the CdS area
grows with the expansion of the cavity. In particular, the
thickness of the CdS layer remains constant in accordance with
the interdiffusion free path length of cations. (iv-vii) Next,
chemical etching continues to hollow out the PbS NC, and the
exchanged CdS walls advance along the PbS NC contour,
guiding cation exchange to a complete, uniform, and single-
crystal CdS shell. Eventually, this results in the formation of a
CdS QMNB.

To extend the synergic reaction synthesis approach, we then
employed Co** and Cu** cations instead of Cd*" to attack PbS
octahedron templates. It was found that CooSg and Cu;,S,
single-crystalline hollow nanostructures were respectively
obtained (Fig. 5). SEM and TEM images (Fig. 5a-d) demonstrate
that both products are hollow nanooctahedrons with single-
crystal shells, which is confirmed by SEAD patterns in the insets
of Fig. 5b and d. EDS (Fig. 5¢) and XRD (Fig. 5f) results reveal
that the rock-salt PbS templates were consumed completely,
and the obtained hollow nanooctahedrons are rock-salt CogSg
and Cu-,S,.

The prepared CdS QMNBs exhibit unique {100} facets and a
large specific surface area (63 m> g~ ') which are of great benefit
to photocatalytic properties. First, density function theory (DFT)
calculations were made to determine the surface energy of CdS
QMNBs. Among low-index planes {100}, {110} and {111} of the
zinc-blende CdS phase, the {100} planes exhibit the highest
surface energy (0.02657 eV A~2), much larger than those of {110}
(0.00255 eV A~?) and {111} (0.01610 eV A~?) planes (Fig. 6a).
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Fig. 5 Single-crystalline hollow CogSg and Cu;,S4 nanooctahedrons
synthesized via the reaction of PbS nanooctahedrons with OA-dis-
solved Co(Ac),-4H,0O and Cu(Ac),-H,O, respectively. (a) SEM and (b)
TEM images of CogSg; (c) SEM and (d) TEM images of Cuy,S4; (e) EDS
spectra and (f) XRD patterns of the products presented in panels (a)—
(d). The insets of (b) and (d) are SAED patterns of one particle. In EDS
spectra of (e), Cu signals in CogSg and Ni signals in Cu;,S,4 originate
from the copper grid and the nickel grid, respectively.

Therefore, it is expected that the CdS QMNBs with exposed
{100} facets would possess high dye adsorption capability and
photocatalytic activity.***¢ Accordingly, we tested the photo-
catalytic performance of CdS QMNBs after OA was stripped
from their surface (Fig. S87), by adopting the photodegradation
of methylene blue (MB) as the probe reaction.*” Two samples,
CdS NPs obtained by synchronous reactions (see ESI and
Fig. S91 for details) and CdS debris synthesized by stepwise
reactions (see ESI and Fig. S7b-dt for details), were used as
references. As shown in Fig. 6b, almost no degradation of
methylene blue solution happened with CdS QMNBs in dark-
ness. Under light irradiation, the QMNBs exhibited superior
photodegradation efficiency compared to the CdS NPs and
debris with the same quantity.

To evaluate the activity of CdS QMNBs quantitatively, the
apparent reaction rate constant per unit surface area (k) of MB
degradation was calculated (see ESIf), and the results are
summarized in Table S2.} The ks values of the CdS debris, NPs
and QMNBs are 0.010068, 0.007394 and 0.03681 min~' m™2,
respectively. Apparently, the ks value of QMNBs with exposed
{100} facets is 5 times that of NPs with an irregular surface.
Therefore, the high degradation rate of QMNBs could be
ascribed to their unique exposed facets. On one hand, the {100}
facets are polar and terminate with Cd atoms, forming abun-
dant adsorption sites for dioxygen-derived oxygen atoms.*® On

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Surface energy and photocatalytic activity of CdS QMNBs. (a)
Surface energies for three facets of zinc-blende CdS. (b) Photo-
catalytic decay of MB by CdS nanoboxes, NPs and debris. The intensity
change of MB absorption at 663 nm was recorded at different light-
irradiation times. All samples were treated with EDA prior to mixing
with MB solution and measured under the same conditions.

the other hand, the {100} planes exhibit high surface energy
(0.02657 eV A~?), in favour of the degradation of organic
molecules. The two factors jointly contribute to the enhanced
photocatalytic activity of QMNBs.

Conclusions

In summary, we have demonstrated that the synergic reaction
synthesis strategy combining the merits of cation exchange and
chemical etching can generate diverse hollow nanostructures.
More importantly, we found that the obtained CdS QMNBs have
a metastable phase, exposed high-energy facets, the smallest
size reported so far, and a rather large specific surface area,
which jointly provide promising and exceptional catalytic
activities. Our results demonstrate the power of synergic reac-
tions in engineering of complex nanostructures with high
quality and superior properties.
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