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Anion replacement in silver chlorobromide
nanocubes: two distinct hollowing mechanisms

Sasitha C. Abeyweera, (% Shea Stewart and Yugang Sun 2 *

Silver chlorobromide nanocubes have shown promise as a class of sacrificial template for the synthesis
of silver-based hollow nanostructures through chemical transformation reactions. Strong chemical
bonding between silver and sulfur enables the transformation of AgClysBrgs nanocubes into hollow
nanoshells of silver—sulfur compounds. During these transformations, factors such as the crystalline
structure and nature of the shell material influence the reaction kinetics, and thus the structural and
morphological evolution of the hollow structures. Herein, we systematically investigate the hollowing
mechanism and associated reaction kinetics for the controlled conversion of AgClp sBrg s nanocubes into
hollow nanostructures. The use of sulfide anions (57) and benzenethiolate anions (BT™) for the anion
exchange reaction with halide ions has been compared to illustrate the hollowing mechanisms. The 52
ions are comparable in size to the halide ions, resulting in a nano-scale Kirkendall effect that is mainly
responsible for the formation of hollow Ag,S nanoshells. In contrast, the Kirkendall effect is absent from
forming hollow nanoshells of silver benzenethiolate (AgBT) because the much larger size of BT~ ions
relative to halide ions hinders their diffusion in the solid AgBT lattice. The molecular-type layered structure
of AgBT also disfavors both the inward and outward diffusion of ions through the AgBT shells, thus leading
to an overall reduction in the kinetics of the transformation reaction. The transformation reaction is driven
only by the dissolution of AgClysBros and reprecipitation of Ag* and BT~ ions. These results allow for
understanding of the underlying factors in hollowing mechanisms to enable the controlled synthesis of
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Introduction

Hollow nanostructures are of great interest because their
unique geometrical configurations lead to properties different
from their solid counterparts.'” For example, a hollow nano-
shell exposes both the inner surface and outer surface to offer a
surface area much larger than that of a solid nanoparticle
formed from the same amount of material. The enlarged surface
area of hollow nanoshells is beneficial for applications requiring
exposed surfaces such as catalysis® and surface plasmon
resonance.”” In addition to the exposed surfaces, the hollow
interior spaces confined in nanoshells are useful for the devel-
opment of controlled drug delivery,®'® sensing devices,'"">
nanoscale reactors,”®'* and electrode materials for electro-
chemical energy storage.'>'®

A common strategy when synthesizing hollow nanostructures
relies on the use of sacrificial template nanostructures, which
can either transform into the materials of the resulting hollow
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well-defined hollow nanostructures with desired properties for a broad range of potential applications.

nanostructures through appropriate chemical reactions or serve
as a physical support to receive materials of the resulting hollow
nanostructures.'®?> The former templated chemical transfor-
mation represents the most promising approach, which has
been widely adopted in the past decades. Typical mechanisms
include nanoscale galvanic replacement reactions® and the
Kirkendall process.>* Galvanic replacement reactions involve
redox reactions of the sacrificial template nanostructures,
which are usually composed of metals*® or metal oxides with
varying oxidation states.’®*” The nanoscale Kirkendall process
is responsible for the formation of hollow nanoshells when the
outward diffusion of the template nanostructure species is
larger than the inward diffusion of the reactant species across
the newly developed interfacial boundaries. During this process,
the unbalanced diffusion of materials results in vacancies in the
nanoparticles, which can further grow and coalescence to form
hollow interiors in nanoparticles. The Kirkendall hollowing
process can be triggered by a broad range of reactions including
redox reactions®® and ion exchange reactions.”® In a typical
Kirkendall hollowing process, the initial reaction deposits a thin
layer of the desired shell material on the surfaces of the solid
sacrificial template nanoparticles, creating interfacial boundaries
to facilitate the following Kirkendall hollowing process.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Herein, uniform ionic nanocrystals of silver chlorobromide
(AgCly 5Bry 5) with well-defined cubic morphology are studied
as a sacrificial template to react with sulfur-containing reagents
including sodium sulfide and benzenethiol. Due to the strong
binding interaction between silver and sulfur, both sulfide and
benzenethiol replace the halide ions, transforming the silver
chlorobromide nanocubes to hollow nanoshells made of silver
sulfide (Ag,S) and silver benzenethiolate (AgBT), respectively.
The hollowing mechanism and the dimensionality of the hollow
nanoshells are different when different sulfur-containing reagents
are used. The difference of the hollow nanoshells originates from
the size of the S-containing species and the crystallinity of the
nanoshells. The similarity of the ionic crystalline structure of
AgClysBrys and Ag,S and the size of the anions favors the
hollowing process to follow the Kirkendall process, in which the
outward diffusion of halide ions is faster than the inward diffusion
of S> ions. In contrast, the molecular-type feature and layered
crystalline structure of AgBT result in a hollowing process that is
different from the Kirkendall process and exhibits slower reaction
kinetics. Comparative studies highlight the importance of the
reactant species and the crystalline structure of the nanoshell
materials in determining the hollowing process and properties
of the resulting nanoshells.

Experimental
Synthesis of AgCl, sBr, s nanocubes

The synthesis of AgCl, 5sBr, s nanocubes was performed through
a controlled precipitation reaction between Ag" ions and mixed
halide ions with [C17]:[Br ] = 1:1.>***" In a typical synthesis,
2.5 g of poly(vinylpyrrolidone) (PVP, M,, =~ 55000, Sigma
Aldrich) powder was added to a 50 mL three-necked flask
containing 12 mL of ethylene glycol (EG, Fisher Chemical).
The mixture was stirred vigorously for 20 minutes under an N,
atmosphere until the PVP powder was completely dissolved. To
this solution was added 10.2 mg (17.5 mmol) of NaCl (Fisher
Chemical) and 18.2 mg (17.7 mmol) of NaBr (Acros Organics).
The flask was then sealed by capping the three necks with
rubber septa, through which syringe needles were used to flow
N, gas and purge the mixture. The N, purging continued for
20 minutes at 60 °C to dissolve the salt crystals completely
while the stirring was maintained. The flask was wrapped
with aluminum foil to block light. 1 mL of EG solution of
0.34 mol L' AgNO; was then added to the EG solution
containing PVP and halide ions at a rate of 1 mL min~" using
a syringe pump, triggering a precipitation reaction between Ag*
cations and halide anions. The stirring rate was maintained at
340 rpm (revolutions per minute), and the temperature was
maintained at 60 °C throughout the reaction of 2 hours.**?>
The product solution was then centrifuged, and the product
nanocubes were washed with ethanol. For example, 7 mL of the
product solution was mixed with 14 mL of ethanol (Fisher) in a
50 mL centrifuge tube, followed by centrifugation at 6000 rpm
for 20 minutes. The settled nanocubes were washed by repeated
dispersion/centrifuging cycles three times, each of which involved
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adding 20 mL of ethanol to the nanocubes and centrifuging the
dispersion at 6000 rpm for 20 minutes. The washed AgCl, sBr 5
nanocubes were then dispersed in 20 mL ethanol, forming the
stock solution for further use.

Synthesis of hollow Ag,S nanoshells

A stock solution of 12 mM Na,S was prepared by dissolving
14.6 mg of Na,S-9H,O (Sigma Aldrich) in 5 mL ethanol. A
100 pL aliquot of the Na,S stock solution was added to 1 mL of
the AgCl, sBry s nanocube stock solution in a 2 mL Eppendorf
centrifuge tube followed by prompt vortexing. The reaction lasted
10 minutes in the dark to ensure the complete transformation
of the AgCl, sBr, s nanocubes. The product nanoparticles were
collected through centrifuging and washing cycles similar to
those applied to the AgCl, sBr, s nanocubes.

Synthesis of hollow AgBT nanoshells

In the synthesis of hollow silver benzenethiolate (AgBT) nano-
shells, 1 mL of the AgCl, sBry s nanocube stock solution was
mixed with 0.5 mL ethanolic solution of 0.49 M benzenethiol
(HBT, 99%, Acros Organics) in a 2 mL Eppendorf centrifuge
tube followed by prompt vortexing. The reaction continued for
12 hours in the dark under ambient conditions. The product
nanoparticles were collected through centrifuging and washing
cycles similar to those applied to the AgCl, sBr, s nanocubes.

Characterization of nanoparticles

Scanning electron microscopy (SEM) images were obtained
with an FEI Quanta 450 scanning electron microscope operating
in high vacuum mode. The SEM samples were prepared by drop-
casting 5 pL aliquots of nanoparticle dispersions on clean
silicon wafers with a size of 5 mm x 5 mm, followed by drying
in a vacuum desiccator in the dark. Backscattered electron
images were recorded using a concentric backscattering detec-
tor as part of the same SEM. An X-Max" 50 spectrometer as part
of the SEM was used to perform energy-dispersive X-ray spectro-
scopy (EDS). Transmission electron microscopy (TEM) images
were obtained using a JEOL JEM-1400 electron microscope.
X-ray diffraction (XRD) patterns were obtained with a Bruker
D8 X-ray diffractometer consisting of a Cu Ko (2 = 0.154 nm)
source. The XRD samples were prepared in a similar way to
preparing the SEM samples except that more nanoparticles were
deposited on the silicon wafers. The optical UV-visible absorption
spectra of the nanoparticle dispersions were recorded using an
Evolution 220 photospectrometer (Thermo Scientific).

Kinetics studies of transforming AgCl, sBr, s nanocubes to
hollow nanoshells

The transformation kinetics was probed using time-dependent
UV-visible absorption spectroscopy. In a typical study, 40 pL of
the AgCl, sBr, 5 nanocube stock solution was added to a quartz
cuvette containing 3 mL of ethanol. The solution was mixed
thoroughly via air agitation using a glass pipet. With ethanol
as the background reference, the absorbance at a single wavelength
that corresponds to the characteristic feature of the resulting
hollow nanoshells made of Ag,S (490 nm) and AgBT (360 nm)
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was continuously recorded at appropriate time intervals depending
on the reaction kinetics. The hollowing reactions were performed
using either 40 pL ethanolic solution of 12 mM Na,S or 0.49 M
HBT. The absorption spectra in the range of 250-600 nm were also
obtained using the same procedure to track any noticeable
changes.

Evaluation of the photocatalytic activity

In a typical experiment, 40 puL of benzyl alcohol (BAL, 99%,
Acros Organics) and 100 pL of the Ag,S nanoshell stock solution
were added to 3 mL of benzotrifluoride (BTF, 99%, Alfa Aesar)
that was saturated with O,. The mixture was transferred to a
4 mL glass vial enclosed with a rubber septum. Light illumination
was provided using a high-intensity LED illuminator (Fiber-lite
MI LED B1, a wavelength of 350-750 nm) at room temperature.
Aliquots of 50 pL were taken out from the reaction dispersion
at different times and analyzed using an Agilent 7820A gas
chromatograph (GC) equipped with a flame ionization detector
(FID). Control experiments were done in the dark. The reference
Ag,S solid nanoparticles were synthesized using the following
procedure. 0.0773 g of AgNO; was mixed with 0.1044 g of
thiourea (Sigma-Aldrich) in 15 mL of water. After the powders
were dissolved completely, to the solution was added a 15 mL
aqueous solution of cetyltrimethylammonium bromide (CTAB,
0.0422 g), followed by heating up to and maintaining at 160 °C
for 1 hour in a microwave reaction vessel using a microwave
reactor (Anton Paar, Monowave 300).

-

AgClysBros
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Results and discussion

The low solubility constants of silver sulfide (Ag,S with K, =
6.3 x 107°° mol® L™* at 20 °C)** and silver thiolates (AgBT with
Kyp = 2.4 x 102" mol > L™?)** usually drive fast precipitation
reactions between Ag" cations and the corresponding anions in
solution, resulting in difficulty in synthesizing nanoparticles of
Ag,S and AgBT in a controlled manner. Slowing the precipita-
tion reaction kinetics requires the concentrations of precursor
ions to be extremely low at the micromolar or even nanomolar
levels. The low concentrations make it challenging to supply
enough precursor ions to synthesis nanoparticles in the desired
quantities. In this work, ternary silver halide nanocubes made
of AgCl,sBry s are used as an alternative precursor that can
provide and maintain freestanding Ag" at a low concentration.
The continuous release of Ag' ions from the AgCly sBros
nanocubes ensures the availability of precursor Ag" ions to
synthesize nanoparticles of Ag,S and AgBT in large quantities
using Na,S and HBT as anion precursors, respectively. The
reactions convert the precursor AgCl, sBr, s nanocubes to hollow
nanoshells of Ag,S and AgBT. Fig. 1 compares the key steps
involved in the conversion from AgCl, sBr, s nanocubes to Ag,S
and AgBT nanoshells.

The AgX (X denotes the halide ions) crystals exhibit low
values of Ky (€., 1.8 x 107" and 5.0 x 10> mol” L™ for AgCl
and AgBr at 25 °C in aqueous solution, respectively),*” resulting
in a low and constant concentration of Ag" in liquid solution
at room temperature. When an ethanolic dispersion of the

Fig. 1 Schematic illustration highlighting the major steps involved in transforming AgCly sBrg s nanocubes to hollow nanoshells of Ag,S (top) and silver
benzenethiolate (AgBT, bottom). For clarity, different materials are coded with different colors: blue-AgClg sBro s, green-AgBT, yellow-Ag,S. The arrows
highlight the diffusion directions of various ions involved in the anion exchange reactions between the template AgCly sBrg s nanocubes and the reaction
solutions. The edges of the nanostructures of stage Il and Il are partially opened to portray the hollow geometry and wall thickness of the nanoshells.
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AgCly 5Br, 5 hanocubes is mixed with a solution of either Na,S
or HBT, a precipitation reaction is initiated on the surfaces of
the AgCl, sBry s nanocubes (Stage I, Fig. 1). Since Na,S can
directly dissociate into freestanding S>~ anions and Na" cations
in an ethanolic solution, the concentration of $*~ in a Na,S
solution is high to react with the available freestanding Ag" at a
large rate. The high-rate precipitation of Ag,S favors hetero-
geneous nucleation on the surfaces of the AgCl, sBry s nano-
cubes with the formation of high-density nuclei. The crystalline
orientations of individual Ag,S nuclei are random because of
the different crystalline structures of Ag,S and AgCl, sBry s
(hexagonal lattice versus cubic lattice).*™*> Therefore, the
growth of the nuclei in the following reaction results in the
transformation of the AgCl, sBr, s nanocubes into nanostructured
Ag,S with polycrystallinity. In contrast, benzenethiol molecules
only release freestanding benzenethiolate anions (BT ) with low
concentration in solution because of the weak acidity of the HBT
molecules. The reaction of the AgCl, sBr, s nanocubes with benze-
nethiol slowly precipitates AgBT to nucleate on the surfaces of the
AgCly sBry s nanocubes, forming a low density of nuclei. Since
AgBT crystals exhibit a layered structure consisting of parallel
conjugated molecular layers,*® the AgBT nucleus on each surface
of the nanocube prefers anisotropic in-plane growth to form
two-dimensional (2D) AgBT nanoplates.

The layers of reaction products, i.e., Ag,S and AgBT, initially
formed on the surfaces of the template AgCl, sBr, s nanocubes
create boundaries between the sacrificial AgCl, 5Br, 5 solid phase
and the liquid solution phase containing precursor anions. As the
reaction proceeds, the unreacted AgCl,sBrys underneath the
product layers constantly releases freestanding Ag” to precipitate
with the precursor anions, accumulating more product material
on the outer surfaces of the nanoparticles to thicken the product
layers and enlarge the lateral dimensions of the cubic nano-
particles (Stage II, Fig. 1). The crystalline nature of the product
layers and the size of the precursor anions determine whether
solid-state anion exchange can occur across the product layers.
The Ag,S product layers are ionic crystals, in which both halide
anions (CI” and Br™) and S$*>~ anions can diffuse. However, the
outward diffusion of halide ions is faster than the inward
diffusion of S*~ ions. This difference of ionic diffusion in
the Ag,S layers is ascribed to the lower charge of halide ions
(1 negative charge per halide ion versus 2 negative charges per
sulfide ion) since the size of the S anion (184 pm) is
comparable to those of the CI™ (181 pm) and Br~ (185 pm)
anions.*” Both the unbalanced ionic diffusion and the continuous
supply of Ag" from the AgCl,sBrys nanocubes result in the
formation of hollow shells of Ag,S. The inward diffusion of $>~
cations across the Ag,S shells also thickens the Ag,S shells by
forming more Ag,S on the inner surfaces of the shells. The
observed morphological transformation is consistent with the
classic nanoscale Kirkendall hollowing process.'® Hollow Ag,S
nanoshells are formed when the Ag" cations in the template
AgCly sBry s nanocubes are completely converted to Ag,S
(Stage III, Fig. 1). The involvement of the Kirkendall process
results in hollow interiors with sizes smaller than the size of the
AgCl, sBr, 5 nanocubes. In contrast, the AgBT product layers are
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molecular-type 2D sheets, which prevent the benzenethiolate
anions with large size from penetrating the AgBT layers. This
property eliminates the occurrence of the Kirkendall process in
the reaction of the AgCl, sBr, s nanocubes and HBT. Therefore,
the transformation of the AgCl, sBrys nanocubes to hollow
AgBT nanoshells is dominated only by the precipitation reaction
between benzenethiolate anions and Ag" cations released from
the AgCl, 5Br, 5 nanocubes, which produces AgBT to deposit on
the outer surfaces of the AgBT shells. The slow release of Ag”
from the AgCl, sBrys nanocrystals supports the continuous
growth of the AgBT films, which extends the AgBT layers even
beyond the surfaces of the AgCl, sBr, 5 nanocubes due to the 2D
layered crystalline structure of AgBT. The 2D layered structure
prefers the growth along the side edges of the AgBT layers rather
than their basal surfaces.>**® When the size of individual layers
is too large, the low concentration of available Ag" cations
cannot support their diffusion to the edges of the AgBT layers.
Instead, the precipitation reaction of the available Ag" cations
and BT anions then favors deposition of AgBT on the basal
surfaces of the AgBT layers, thickening the AgBT layers. Continuous
reaction eventually transforms the AgCl, sBr, 5 hanocubes to hollow
boxes, each of which is composed of six AgBT nanoplates (Stage II,
Fig. 1). Due to the absence of the Kirkendall process, the AgBT
nanoshells exhibit hollow interiors with dimensions similar to those
of the template AgCl, sBr, 5 nanocubes.

The morphological and dimensional differences of the
hollow nanoshells of Ag,S and AgBT were characterized with
SEM imaging. Fig. 2 presents the SEM images of the template
AgCly 5Bry s nanocubes, which have an average edge length of
157.6 nm (Fig. 2a and b), and the corresponding hollow nano-
shells of Ag,S (Fig. 2d and e), and AgBT (Fig. 2g and h). The
absence of XRD peaks of AgCl,sBrys (Fig. 2¢) in the XRD
patterns of the product nanoshells (Fig. 2f and i) confirms that
the anion replacement reactions consume the template AgCl, sBr 5
nanocubes completely (the SEM images taken during the con-
version of nanocubes to nanoshells are shown in Fig. S2, ESIT).
The AgCl, sBry s nanocubes exhibit smooth surfaces. Although
the cubic morphology remains, the polycrystalline Ag,S nano-
shells exhibit rough and uneven surfaces, which is ascribed to
the fast precipitation reaction kinetics and the formation of
high-density nuclei at the early heterogeneous nucleation stage.
The EDS mapping images (Fig. S3, ESI{) show the uniform
distributions of both Ag and S elements in the nanoshells. Each
wall consists of many Ag,S nanocrystals with an average grain
size of 23 nm. The backscattered electron images highlight the
wall thickness of the nanoshells of 27.9 nm (Fig. S1c, ESI{). On
the other hand, the anisotropic in-plane growth of individual
AgBT plates enlarges them beyond the edges of the template
AgCl, 5Br1, 5 nanocubes, consistent with the observations of the
SEM images (Fig. 2g and h). Each AgBT nanoplate has a uniform
thickness throughout the entire plate and exhibits smooth
surfaces. The formation of only one AgBT nanoplate on each
surface of the AgCl, sBr, s nanocubes indicates that the initial
slow nucleation forms only one nucleus on each surface.
Otherwise, forming multiple nuclei on each surface could
grow multiple nanoplates to exhibit a flower-like morphology.**

Mater. Chem. Front, 2020, 4, 524-531 | 527
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Fig. 2 SEM images of (a and b) AgClg 5Brg. s nanocubes and the corresponding hollow nanoshells made of (d and e) Ag,S and (g and h) AgBT formed from
the complete anion exchange reactions with Na,S and benzenethiol (HBT) solutions, respectively. The scale bar in (a) also applies to (d) and (g). The scale
bar in (b) also applies to (e) and (h). The right column presents the XRD patterns of (c) the template AgCly sBrg s nanocubes, (f) the hollow Ag,S nanoshells,
and (i) the hollow AgBT nanoshells. The standard XRD pattern of monoclinic acanthite Ag,S (PDF# 14-0072) is presented at the bottom of (f) as a reference.

The XRD pattern of the AgBT nanoshells exhibits a quintuplet of
peaks that are different orders of reflection of the same lattice,
confirming the layered crystalline structure of the AgBT nano-
plates with an interlayer distance of 14.1 A (Fig. 2i). Furthermore,
the EDX mapping (Fig. S4, ESIt) shows that Ag, S, and C in the
thiol molecules are distributed uniformly in the nanoshell.

The hollowing mechanisms illustrated in Fig. 1 indicate that
the involvement of the Kirkendall process produces hollow
nanoshells with hollow interiors different from those formed
in the absence of the Kirkendall process. Fig. 3 compares the
average size and size distribution of the nanostructures shown
in Fig. 2 in terms of their outer edge lengths and inner void
edge lengths. Converting the AgCl, sBrys nanocubes to the
hollow Ag,S nanoshells increases the outer edge length by
17.4 nm, ie., from 157.6 nm to 175.0 nm. The average edge
length of the interior voids of the Ag,S nanoshells is 119.2 nm,
which is 38.4 nm smaller than the size of the template
AgCl, sBr, 5 nanocubes. Converting the AgCl, sBr, s nanocubes
to the AgBT hollow nanoshells increases the average lateral
dimension from 157.6 nm to 189.2 nm, corresponding to a
mean thickness of 15.8 nm for individual AgBT nanoplates. In
contrast, the average edge length of the inner void is 154.7 nm,
which is very close to the edge length of the template AgCl, 5Br 5
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Fig. 3 Average edge lengths of the template AgCly sBrg s nanocubes, and
the resulting nanoshells of Ag,S and AgBT. The edge lengths of the inner
voids of the hollow nanoshells are also presented. The statistical analysis
was performed using the corresponding backscattered electron SEM
images as shown in Fig. S1 (ESI¥).

nanocubes, indicating that the inward diffusion of anions barely
occurs. The significant dimensional difference between the Ag,S
nanoshells and the AgBT nanoshells confirms that the hollowing
mechanisms involved in the formation of these two types of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 4 (a) UV-visible absorption spectra of dispersions of the AgClg sBro s
nanocubes (red) and the corresponding Ag,S hollow nanoshells (green).
(b) Time-dependent variation of optical absorbance at a wavelength of
490 nm, which corresponds to the characteristic absorption peak of AgsS,
in the course of the anion exchange reaction between the AgClysBros
nanocubes and the NaS solution.

nanoshells are different, i.e., the nanoscale Kirkendall process
makes a contribution to the formation of hollow Ag,S nanoshells
with thick walls but not to the formation of AgBT nanoshells.

The chemical reaction kinetics of transforming the AgCl, 5Bro 5
nanocubes to hollow nanoshells were analyzed by time-dependent
UV-visible absorption spectroscopy because the product materials
of the nanoshells exhibit different absorption spectra from
those of the template AgCl,sBr,s nanocubes. For example,
Ag,S shows an absorption peak centered at 490 nm corres-
ponding to its direct bandgap,***° while the absorption peak of
AgCly sBry 5 is located at 312 nm (Fig. 4a and Fig. S5, ESIT). In
the course of transforming the AgCl, sBry s nanocubes to the
Ag,S nanoshells, the absorbance at 490 nm quickly increases to
a plateau, indicating that a fast reaction consumes the template
AgCly sBrp s nanocubes quickly. The fast reaction kinetics
are ascribed to the synergy between the Kirkendall process
and the precipitation reaction of freestanding Ag" cations with
high-concentration freestanding S~ anions. The reaction com-
pletes the transformation within ~5 seconds at an initial
reaction rate of 0.066 s~
(Fig. 4b).

under the experimental conditions

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 5 (a) A series of UV-visible absorption spectra of the AgClosBros
nanocubes before (black curve) and after reaction with HBT for varying
times. (b) Time-dependent variation of optical absorbance at 360 nm, the
absorption peak position of AgBT, during the anion exchange reaction.

The characteristic absorption peak of AgBT, which increases
as the reaction of the AgCl, 5sBr, 5 nanocubes and HBT proceeds,
appears at 360 nm (Fig. 5a). The sharp absorption peak originates
from ligand-to-metal charge transfer. The time-dependent increase
of the absorbance at 360 nm determines that the initial reaction rate
for forming AgBT nanoshells is only 0.000051 s~ (Fig. 5b), which is
approximately 1300 times lower than that of forming Ag,S nano-
shells. The slow reaction kinetics is consistent with the absence of
the Kirkendall hollowing process in transforming the AgCl,sBr s
nanocubes to the hollow AgBT nanoshells. The lower concentration
of available freestanding BT~ anions is also responsible for the slow
reaction kinetics. The comparison of reaction kinetics highlights the
importance of precursor anions in determining the morphol-
ogy and dimensions of the product hollow nanoshells that are
synthesized through anion replacement reactions using the
template AgCl, sBr, s nanocubes.

Hollow nanoshells of assembled small-size nanograins usually
exhibit much higher colloidal stability than the freestanding
nanocrystals with a size similar to the nanograins. The geometry
of the hollow nanoshells exposes both the outer and inner
surfaces, promoting applications requiring large surface areas
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Fig. 6 High-magnification SEM images of (a) Ag,S nanoshells and (b) freestanding Ag,S nanoparticles (serving as a control sample). (c) Time-dependent
yield of BAD produced from the photocatalytic oxidation of BAL using the hollow Ag,S nanoshells as a photocatalyst. (d) Comparison of the
photocatalytic production of BAD using the hollow Ag,S nanoshells (CJ) and the freestanding Ag,S nanoparticles (®) as photocatalysts for a short
reaction time. The reaction in the presence of the hollow Ag,S nanoshells in the dark was also studied for comparison (A).

such as photocatalysis. A model reaction, i.e., photocatalytic
oxidation of BAL to BAD (benzaldehyde), is used to evaluate the
colloidal stability of the hollow Ag,S nanoshells (Fig. 6a) and
freestanding Ag,S nanocrystals (Fig. 6b and Fig. S6, ESIT) under
operation conditions.**™** The results show that the hollow Ag,S
nanoshells maintain the photocatalytic activity over 48 hours
despite a slight drop at long reaction time (Fig. 6¢). The rate
decrease of the photocatalytic reaction could be attributed to
catalyst deactivation after prolonged irradiation with light. In
contrast, the photocatalytic activity of the freestanding Ag,S nano-
crystals quickly drops to nearly zero (corresponding to the plateau
of the blue curve in Fig. 6d) after the reaction lasts 6 hours. The
complete deactivation of the freestanding Ag,S nanocrystals in a
short time is ascribed to the quick aggregation and fusion of the
small Ag,S nanocrystals into large particles (Fig. S7, ESIt), high-
lighting the low colloidal stability of the Ag,S nanocrystals with
small sizes. The enhanced colloidal stability of small nanocrystal
domains with exposure of large surface areas represents one of the
unique properties of hollow nanoshells. The results shown in
Fig. 6 justify the importance of synthesizing hollow nanoshells
with controlled parameters for exploring unique properties and
improving the performance of current applications.
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Conclusions

In summary, we have systematically demonstrated the structural,
morphological, and compositional evolution of hollow nano-
structures using well-defined AgCl, sBr, s nanocubes as a sacri-
ficial template, which react with sulfur-containing precursors
including sodium sulfide and benzenethiol. The lower solubility
of sulfur-containing silver salts (e.g., AgBT and Ag,S) compared to
the silver halides governs the transformation of the AgCl, sBr 5
nanocubes to hollow nanoshells of Ag,S and AgBT in the
presence of Na,S and HBT, respectively. The size of the sulfur-
containing anions and the crystalline structure of the nanoshell
materials represent two crucial factors in determining the
hollowing transformation mechanism, which influences the
physical dimensions of the nanoshells and the kinetics of
the anion replacement of the hollowing process. For instance,
due to the similarities in crystalline nature between AgCl, sBr, 5
and Ag,S with the comparable sizes of $>~ and halide ions,
the transformation follows the nanoscale Kirkendall effect
where the outward diffusion of halide ions and the inward
diffusion of S*~ occur across an initial Ag,S shell layer.
The differences in charge between halide ions and S*>~ ions
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(i.e., —1 versus —2) leads to the faster outward diffusion of
halide ions compared to the inward diffusion of S*>~ ions,
corresponding to a net outward diffusion of mass and the
formation of hollow Ag,S nanoshells. In contrast, the initial
molecular-type AgBT shell layer does not allow inward diffusion
of the relatively large BT~ anions to exchange the core halide
anions, preventing the Kirkendall process. The absence of the
Kirkendall process in the reaction with HBT gives much slower
reaction kinetics than the transformation of Ag,S. Overall, the
size of the exchanging ionic species and the crystal structure of
the shell material determine the hollowing mechanism and the
morphological evolution. Thorough understanding of various hol-
lowing mechanisms and associated kinetics benefits design and
control of hollowing processes. Therefore, template-based
synthesis of hollow nanostructures offers a simple and scalable
approach towards well-defined hollow nanostructures with
desirable properties and functions.
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