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The importance of and demand for eco-friendly syntheses of metal nanocrystals are increasing. In this
study, a novel protocol for the one-pot, template/seed-free, and completely green synthesis of rose-
shaped Au nanostructures with unique three-dimensional hierarchical structures was developed. The
synthesis of the nanostructures was carried out at room temperature using water as a reaction medium
and an eco-friendly biopolymer (sodium salt of alginic acid (Na-alginate)) as a reducing agent. The
morphologies of the Au nanostructures were controlled by adjusting the amount of capping ligand
(polyvinylpyrrolidone (PVP)) in the reaction mixture, and a limited ligand protection (LLP) strategy was
used to induce the formation of rose-shaped Au nanostructures. A formation mechanism for the rose-
shaped Au nanostructures was proposed on the basis of structural characterizations and the shape
evolution of the nanostructures. The unique structural features of the rose-shaped nanostructures,
which include a high surface roughness, a large surface area-to-volume ratio, and abundant edges and
sharp tips, motivated us to use them as a high-performance catalyst. They were used as an
environmentally benign catalyst in an organic reaction to remove a hazardous chemical from an
aqueous medium: specifically, the hydrogenation of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by
sodium borohydride. Without an additional supporting material, the rose-shaped Au nanostructures
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Introduction

Because the chemical and physical properties of gold (Au)
nanocrystals depend heavily on their size and shape, the size-
and shape-controlled synthesis of Au nanocrystals is an
important topic."* The literature includes numerous reports of
the synthesis of Au nanocrystals with various shapes, including
zero-dimensional (0D, such as spheres and platonic shapes),**
one-dimensional (1D, such as rods and nanowires),>® two-
dimensional (2D, such as plates and sheets),”® and three-
dimensional (3D, such as multipods and nanocages).”*
Among the various reported structures, Au nanocrystals with 3D
hierarchical structures such as flower-like architectures have
attracted considerable attention because of their unique struc-
tural features, which include a high surface roughness, a large
surface area-to-volume ratio, and abundant edges and sharp
tips."**® These unique features enable these nanocrystals to be
used as advanced and high-performance materials, particularly
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catalysts.”" Several synthesis strategies for synthesizing Au
nanostructures with flower-like architectures have been re-
ported, including a soft template method, hard template
method,* electrochemical methods,**** a galvanic replacement
reaction,” and seeded-growth syntheses.**** Because these
approaches require the preparation of complex templates or
seeds in advance and tend to involve time-consuming, compli-
cated, or costly processes, the development of a one-pot, easy-to-
implement method for preparing Au nanostructures with 3D
hierarchical structures is still highly desirable and technically
important.

The challenge in developing a novel synthesis method for
noble-metal nanocrystals is the adoption of a “green” approach
that reduces the use of organic solvents and reagents that are
potentially hazardous to both the environment and human
health.”®*” The use of an eco-friendly solvent system and natural
resources is critical to achieving this goal.”® Water, the most
commonly accessible solvent on Earth, has long been consid-
ered a safe, nontoxic, environmentally benign, and ideal solvent
system for syntheses.” Bio-sourced materials, including
biopolymers, are candidates for environmentally benign
reducing and stabilizing agents for the synthesis of noble-metal
nanocrystals.?* The adoption of energy-saving experimental
conditions that do not require high energy input or high
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pressures is also an important factor in the green synthesis of
noble-metal nanocrystals.**> However, substantial barriers
must be overcome to realize the size- and shape-controlled
synthesis of noble metals via completely green approaches.

The catalytic conversion of small organic molecules to value-
added products under ambient conditions is an attractive
topic.**** In particular, catalysts in water are important in the
sustainable design of organic-compound-conversion reactions
because of their reduced cost and reduced environmental
impact compared with organic-solvent-based reactions.***” 4-
Nitrophenol (4-NP), which is widely used in medicaments, dyes,
plastics, pesticides, and anticorrosive agents, has been identi-
fied as one of the most dangerous and toxic pollutants.®**°
Therefore, the hydrogenation reaction of 4-NP by sodium
borohydride (NaBH,) to 4-aminophenol (4-AP) is potentially an
effective and eco-friendly method to remove 4-NP from water
because 4-AP is an important intermediate chemical used in
many industries and is also easier to mineralize and remove
from waste streams than 4-NP.**"** Because the hydrogenation
of 4-NP to 4-AP by NaBH, takes several days, a stable and effi-
cient catalyst is needed to dramatically reduce the reaction
time.***

In the present study, we report a facile, green and low-cost
synthetic method for producing rose-shaped Au nano-
structures with unique 3D hierarchical structures. This new
synthesis route differs from and has several advantages over
previously reported methods for synthesizing Au nano-
structures with flower-like structures. First, it follows an easy-to-
use protocol based on a one-pot synthesis method that does not
require multistep growth processes such as the preparation of
complex templates or seeds in advance. Second, the synthetic
procedures involve environmentally acceptable “green” chem-
istry. In the proposed method, only water was used as a reaction
medium in all of the reactions and no additional toxic organic
solvents were required. In addition, the sodium salt of alginic
acid (Na-alginate), an eco-friendly biopolymer based on brown
algae extract,’>*” was used as a reducing agent. Because the
polyvinylpyrrolidone (PVP) used as a capping ligand is also
nontoxic and biocompatible,*® the process does not involve any
toxic substances. Moreover, it is a low-cost protocol, being
based on a room-temperature process. The room temperature
procedure is advantageous for commercial applications because
of its low power consumption and no inconvenience of
handling special equipment. Although we achieved a substan-
tial reduction in reaction time (within 3 h), the synthetic results
were still reproducible. Rose-shaped Au nanostructures with
unique 3D hierarchical structures were synthesized by simply
adding a HAuCl, aqueous solution to an aqueous solution
containing Na-alginate and PVP. Here, a limited ligand protec-
tion (LLP) growth strategy controlled by the amount of capping
ligand (PVP) was used to induce the 3D stacking of Au
nanoplates.

The rose-shaped Au nanostructures synthesized in the
present study were used as eco-friendly and effective catalysts in
the hydrogenation of 4-NP to 4-AP by NaBH, in water. The
prepared nanostructures showed excellent catalytic activity
because of their high surface roughness, large surface-to-
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volume ratio, and abundant edges and sharp tips resulting
from their highly nanotextured topography and layered struc-
ture. The relatively large particle size, which reached several
hundred nanometers, and three-dimensionally stacked struc-
tures with numerous layers enabled their easy separation from
the reaction mixture by simple centrifugation after the catalytic
reaction; they can therefore be used as high-performance cata-
lysts without a supporting material. They showed excellent
recyclability, exhibiting only slight degradation of their catalytic
performance over five cycles.

Experimental

Chemicals and materials

Na-alginate, PVP (M,, = 360 kDa), gold(u) chloride trihydrate
(HAuCl,), 4-NP, and NaBH, were purchased from Sigma-
Aldrich. The deionized (DI) water used in all reactions was
purchased from SK Chemical (Republic of Korea). All reagents
were of analytical grade and were used as supplied, without
further purification.

Synthesis of rose-shaped Au nanostructures

In a typical synthesis, 2 mL of 0.5 wt% Na-alginate aqueous
solution, 1 mL of 0.05 wt% PVP (360 kDa), and 4 mL of DI water
were added to a 20 mL glass vial (liquid scintillation vial with
a polyethylene liner and a white cap, Research Product Inter-
national Corp.) and mixed with a vortex for 10 s. 1 mL of 7 mM
HAuCl, aqueous solution was then rapidly added to the vial
using a glass pipette. The synthesis reaction was carried out at
room temperature under ultraviolet (UV) irradiation using a UV-
light curing system with a UVA (mainly 365 nm) output of 6 W
ecm 2. After 1.5 h of UV irradiation, the bright-yellow reaction
medium became colorless. As the reaction progressed, the color
of the reaction solution, which was initially bright yellow,
changed to blue and was dark-blue when the reaction was
completed after 3 h. To adjust the reduction kinetics, other
series of the reactions were run by adding different amounts of
PVP (the PVP-to-HAuCl, weight ratio: from 0 to 18) or varying
the concentration of HAuCl,. The reaction product was
collected by centrifugation at 6000 rpm for 10 min, washed five
times using DI water, and finally dispersed and stored in DI
water for further experiments.

Hydrogenation of 4-NP to 4-AP by reaction with NaBH,

The hydrogenation of 4-NP to 4-AP by NaBH, was carried out at
room temperature in a quartz cuvette. NaBH, (700 mM)
aqueous solution was prepared and placed in a refrigerator. An
aqueous solution of 4-NP (2.5 pL, 10 mM) was prepared and
added to a cuvette containing 1 mL of DI water. 10 pL of the
NaBH, solution (700 mM) were added to a quartz cell to convert
the 4-NP to 4-nitrophenolate ion. 100 pL of the aqueous solution
containing the rose-shaped Au nanoparticles (~0.06 mg) was
then added to the cuvette. The reduction reaction was moni-
tored by UV-Vis spectrophotometry at time intervals of 10 s.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Characterizations

Transmission electron microscopy (TEM) observations were
carried out using a transmission electron microscope (H-7500,
Hitachi) operated at an acceleration voltage of 80 kV. Speci-
mens for TEM observation were prepared by dropping an
aqueous solution of Au nanoparticles onto a carbon-coated Cu
grid, followed by drying at room temperature. High-resolution
TEM (HR-TEM) micrographs were acquired using a field-
emission transmission electron microscope (JEM-2100F, Jeol)
operated at 200 kV. Scanning electron microscopy (SEM)
micrographs were acquired using a field-emission scanning
electron microscope (Mira 3LMH, Tescan) operated at 5 kV. X-
ray diffraction (XRD) analysis was conducted using a powder
X-ray diffractometer (X'Pert3, PANalytical). Thermogravimetric
analysis (TGA) was conducted using a Pyris 1 thermogravimetric
analyzer (PerkinElmer). UV-Vis spectra were acquired at room
temperature using a UV-Vis spectrophotometer (Cary 50,
Agilent).

Results and discussion

Synthesis and characterizations of rose-shaped Au
nanostructures

In the present study, Au nanostructures were synthesized using
a water-based one-step synthesis method in which Na-alginate
was used as a reducing and stabilizing agent. PVP was intro-
duced as a capping ligand, and the reaction was carried out at
room temperature under UV irradiation for 3 h. As shown in
Fig. 1(a), the reaction mixture was initially light-yellow because

Fig. 1 (a) Photographs of the reaction mixture before (left) and after
(right) the UV irradiation process at room temperature for 3 h. (b) Low-
and (c) high-magnification SEM images of rose-shaped Au nano-
structures. (d) TEM image of the rose-shaped Au nanostructures. In the
synthesis, the final concentration of HAuCl, in the mixture was
adjusted to 0.88 mM, and the PVP-to-HAuCl, weight ratio was 0.18.
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of the HAuCl, solution used as a Au precursor; however, the
aqueous solution changed to dark-blue after the Au®** ions were
reduced by the photochemical reaction. Fig. 1(b) and (c) show
SEM images of the synthesized Au nanostructures. Interest-
ingly, the synthesized particles exhibited a rose-shaped struc-
ture with numerous stacked plate-shaped layers. The average
size of the rose-shaped nanostructures was approximately 430 +
45 nm. A typical TEM image of the Au nanostructures is shown
in Fig. 1(d). The image shows different regions of contrast,
where the hierarchical layered structure of the Au nano-
structures is easily observed.

To confirm that the synthesis of the rose-shaped Au nano-
structures occurred through the photochemical reduction by
alginate and UV light, control experiments were performed by
excluding a specific reactant from the reaction mixture or by
controlling the UV-light irradiation. Fig. S1(a)} shows that the
reaction proceeded in the absence of PVP under the same
conditions and that it became dark-blue, similar to the mixture
shown in Fig. 1(a). These results indicate that the reduction
reaction of the Au precursor proceeded in the absence of PVP.
Fig. S1(b)} shows that the reaction mixture with Na-alginate
excluded; the yellow mixture indicates that the Au precursor
was not reduced at all. These experimental results demonstrate
that the Na-alginate acts as a reducing agent under the current
synthesis conditions. However, UV light was also observed to
strongly affect the formation of the Au nanostructures. The
reaction mixture containing both Na-alginate and PVP, where
the reaction was performed in a dark room under the same
conditions, showed no color change (Fig. S1(c)f). Collectively,
these results indicate that the Au precursor was reduced only
when alginate was present and under irradiation with UV light,
confirming the photochemical reduction in the presence of
alginate and UV light.

XRD analysis was performed to analyze the crystal nature of
the rose-shaped Au nanostructures (Fig. S2t). In the XRD
pattern, peaks are observed at 38.4°, 44.5°, 64.8°, and 77.8°%
these peaks correspond to the {111}, {200}, {220}, and {311}
crystal planes of pure Au, revealing that the rose-shaped nano-
structures were composed of Au.*” However, the peak corre-
sponding to the {111} crystal plane of Au is dominant in the
XRD pattern, whereas the intensities of the other peaks are low.
This abnormal intensity ratio indicates that the top and bottom
surfaces of the plate-layer in the nanostructures consist of {111}
facets.”® HR-TEM was used to gain further insight into the
crystal structure of the plate layer (Fig. 2(b)-(d)). The lattice-
spacing, separated by 0.25 nm in a hexagonal arrangement,
corresponds to 1/3{422} planes of face-centered cubic (fcc) Au,
which was mainly observed for thin-film-shaped Au nano-
crystals (Fig. 2(d)).”**> The corresponding fast Fourier transform
(FFT) pattern is shown in the inset of Fig. 2(d). The six diffrac-
tion spots with sixfold rotational symmetry confirm that the
plate was a single crystal with the {111} crystal plane as its basal
plane, consistent with the XRD results.”® These observations
indicate that the rose-shaped nanostructures have multilayered
structures of single-crystalline Au nanoplates with the {111}
crystal plane at the flat top and bottom surfaces.

RSC Adv, 2021, 11, 34589-34598 | 34591
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Fig. 2

The unique structural features of the rose-shaped Au nano-
structures, which include a high surface roughness, a large
surface area-to-volume ratio, and abundant edges and sharp
tips, may make these nanostructures thermodynamically
unstable. Thermodynamically unstable nanostructures tend to
aggregate or transform during storage in order to reduce their
surface energy. In order to evaluate the stability of the rose-
shaped Au nanostructures, the final sample dispersed in DI
water was aged for at least 3 months at room temperature. As
shown in Fig. S3,T the rose-shaped nanostructures obtained in
this study maintained their shape for over 3 months of aging
and showed no signs of aggregation. That is, despite their
unique structural features, the rose-shaped Au nanostructures
exhibited high stability with regard to dispersity and shape.
This stability, which can be attributed mainly to the PVP that
served as a capping ligand, indicates that the rose-shaped Au
nanostructures are suitable for real-world applications. Ther-
mogravimetric analysis (TGA) was used to determine the pres-
ence and amount of surface-bound ligand coverage on the rose-
shaped Au nanocrystals. The residual PVP content as deter-
mined by TGA analysis was found to be approximately 3.2 wt%
of the final sample mass in the dried state (see Fig. S47).

Growth mechanism of rose-shaped Au nanostructures

To investigate the growth of the rose-shaped Au nanostructures,
we monitored their evolution by stopping the typical synthesis
process at different reaction times and observing the Au nano-
crystals by TEM. The micrograph of Au nanocrystals obtained at
a reaction time of 30 min (Fig. 3(a)) shows that small plate-
shaped nanocrystals with a size of 70 nm or less were formed
at the early stage of the reaction. The structures evolved to form
large plate-shaped particles with abundant edges and tips as
their sizes increased to 330 £+ 7.89 nm over a period of 1.5 h
(Fig. 3(b) and (c)). When the reaction time was further extended
to 2 h, new small plate-like particles became stacked on the
formed large nanoplates (Fig. 3(d)). After 3 h, as the petal-
shaped nanoplates became increasingly stacked, rose-shaped
particles were formed and the average size of the rose-shaped
particles grew to 430 + 45 nm (Fig. 3(e)). Changes in the
shape and size of the Au nanostructures were clearly observed at

34592 | RSC Adv, 2021, N, 34589-34598

(a)—(c) HR-TEM images of the rose-shaped Au nanostructures.

reaction times as long as 3 h; however, no substantial changes
in shape or size were observed at longer reaction times
(Fig. 3(f)). These results suggest that the growth of the rose-
shaped nanostructures can be roughly divided into two
distinct stages. In the first stage, which corresponds to reaction
times shorter than 1.5 h, the nanoplates grow mainly in the
lateral dimension and large nanoplates with several edges and
tips are formed. In the second stage, corresponding to reaction
times beyond 1.5 h, new small plate-shaped particles stack on
the top surface of the formed large nanoplates, generating rose-
shaped nanostructures.

In the present study, the shape of the Au nanostructures was
strongly influenced by the amount of PVP (i.e., capping ligand)
in the reaction mixture. Accordingly, an LLP strategy was used
to induce the formation of rose-shaped nanostructures. LLP
growth strategies have been previously reported for the
synthesis of metal or metal oxide nanostructures as a method to
induce secondary 3D aggregation of primary nanocrystals by
reducing the level of ligand protection.>*” When the reaction
was carried out only in the presence of Na-alginate without PVP,
large 2D structures with amorphous shapes were obtained
(Fig. 4(a)). These results indicate that, in the absence of PVP, the
formed Au nanoparticles were not stable in the aqueous solu-
tion and therefore agglomerated and grew into large particles
with amorphous structures. When PVP was introduced and the
PVP-to-HAuCl, ratio was ~0.18, rose-shaped Au nanostructures
with stacked plate layers were formed (Fig. 4(b)). In a previous
study, the enhanced colloidal stability of the Au nanocrystals in
the presence PVP enabled Ag nanocrystals to grow without
agglomerating.*® In addition, PVP is known to stabilize the {111}
crystal plane of Au nanocrystals by binding preferentially to the
{111} facet over the Au nanocrystals' other facets.*® Therefore, in
the presence of PVP, forming a plate structure having {111}
surfaces as top and bottom surfaces is advantageous. However,
because the amount of PVP is insufficient, PVP cannot provide
adequate protection against crystal growth, which leads to
stacking of the as-synthesized nanoplates and to the eventual
formation of rose-shaped nanostructures.

The yield of rose-shaped particles in the final product
decreased when the PVP-to-HAuCl, weight ratio was increased
to 1.8 (Fig. 4(c)). Because high concentrations of PVP favor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 TEM images of Au nanostructures sampled at different reaction times: (a) 30 min, (b) 1 h, (c) 1.5 h, (d) 2 h, (e) 3 h, and (f) 6 h. The scale bar in

each figure represents 100 nm.

Fig. 4 TEM images of Au nanostructures synthesized using various
concentrations of PVP. The PVP-to-HAuUCl, weight ratio was (a) O, (b)
0.18, (c) 1.8, and (d) 18.

sufficient ligand protection and may interfere with the stacking
of the as-synthesized Au nanoplates, Au nanoplates tend to grow
individually without stacking, thereby reducing the yield of
rose-shaped Au nanostructures in the final product. In addition,
the hydroxyl end groups of PVP have sufficient reducing power
to reduce the Au precursor.” When the PVP-to-HAuCl, weight

© 2021 The Author(s). Published by the Royal Society of Chemistry

ratio was greater than 18, the reducing power of PVP led to the
formation of multiply twinned particles reduced by PVP
(Fig. 4(d)). To confirm the reduction of the Au precursor by PVP
at high PVP concentrations, the reaction was carried out under
identical experimental conditions but without Na-alginate,
which was used as a reducing agent in the present study. As
shown in Fig. S5(a),T when the PVP-to-HAuCl, weight ratio was
18, Au nanocrystals were produced in the absence of Na-
alginate. The Au nanocrystals generated by the reduction of
PVP were multiply twinned structures, not plate-shaped
(Fig. S5(b) and (c)t), making them similar in shape and size
to those shown in Fig. 4(d). Because Au atoms are generated
rapidly in the presence of high concentrations of PVP, multiply
twinned structures, which are thermodynamically preferred
structures, would be obtained.®® Taken together, these results
indicate that the rose-shaped Au nanostructures could be
formed in the special reaction region corresponding to LLP,
which is highly correlated with the amount of PVP in the reac-
tion mixture. A schematic of the shape change of the Au
nanocrystals according to the main reducing agent and
colloidal stabilizer is shown in Fig. 5.

On the basis of the experimental results related to the shape
evolution of the previously discussed Au nanocrystals, we
propose a mechanism for the formation of rose-shaped Au
nanostructures. At the early stage of the reaction, small Au
nanoplates are formed (Fig. 3(a)). These anisotropic nano-
structures are known to dominantly form when Au nanocrystals
are formed under mild reducing power.®* Because the reducing
power of Na-alginate is low at room temperature, such plate-like
nanostructures are formed at the early stage of the reaction.*

RSC Adv, 2021, 11, 34589-34598 | 34593
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Fig. 5 Schematic of the shape changes of Au nanocrystals depending on the amount of PVP, which was used as a capping ligand in the present
study. The rose-shaped Au nanostructures can be formed in the special reaction region corresponding to limited ligand protection (LLP).

The nanoplates with abundant edges and tips observed in
Fig. 3(b) and (c) exhibit irregular and asymmetric shapes;
however, their thickness is uniform. Given their structural
characteristics, these nanoplates are not expected to have
formed through the normal growth process based on Ostwald
ripening.®” The secondary structure of nanoplates with abun-
dant edges and sharp tips rich in single particles is expected to
form by fusion of the initially formed primary nanoplates
together along the side surfaces through oriented attachment.®
Close examination of the morphology of a single large Au
nanoplate (Fig. S6T) confirms the nanoplate growth mechanism
through oriented attachment. Several lines observed on the top
and bottom surfaces of large nanoplates are attributed to
incomplete fusion of small nanoplates. In addition, the large
nanoplate shows overlapping structures, which cannot be
explained by a growth mechanism based on Ostwald ripening.

Under Kkinetically controlled reaction conditions based on
a single-step synthesis method, the lateral growth of nanoplates
tends to stop when the nanoplates reach a certain size.** As far
as we know, nanoplates synthesized by conventional single-step
solution-phase synthesis pathways have rarely grown to more
than 500 nm in lateral size.®® In addition, the amount of PVP is
not sufficient to effectively cap the top and bottom {111}
surfaces of the nanoplates in the LLP reaction region; conse-
quently, the newly generated Au nanoplates stack on the surface
of the existing large nanoparticles, forming layered structures.
As the number of stacked nanoplates increases, the particles
grow vertically to form rose-shaped nanostructures.

To investigate the effect of the concentration of the
precursor, HAuCl,, on the growth of the Au nanostructures, an
identical experiment was conducted by adjusting the concen-
tration of the HAuCl, precursor from 0.38 mM to 1.25 mM.
Fig. 6(a) shows a TEM image of Au nanocrystals formed when

34594 | RSC Adv, 2021, 11, 34589-34598

the HAuCl, concentration was 0.38 mM. At this low concen-
tration of HAuCl,, the amount of reduced Au atoms was insuf-
ficient, resulting in the growth of small nanocrystals into small
tadpole-like structures. When the concentration of HAuCl, was
increased to 0.63 mM, thin plate-shaped particles were observed
(Fig. 6(b)). The increase in concentration of HAuCl, led to the
synthesis of particles larger than those obtained under the
0.38 mM condition; in the 0.63 mM case, nanoplates similar to
those observed in the initial growth stage of rose-shaped

B

Fig. 6
sized using various concentrations of HAuCly: (a) 0.38 mM, (b)
0.63 mM, (c) 0.88 mM, and (d) 1.25 mM.

(a)—(c) TEM and (d) SEM images of Au nanostructures synthe-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles were obtained. However, because the amount of
Au atoms produced was still insufficient, single-layered struc-
tures rather than 3D stacked structures were formed. When the
concentration of HAuCl, was increased to 1.25 mM, most of the
particles were multiply twinned particles; a few hexagonal plate-
shaped particles were also observed. When the concentration of
HAuCl, was increased, the amount of reduced Au atoms
increased; thus, multiply twinned particles with thermody-
namically preferred structures were generated (Fig. 6(d)). In the
present study, the optimal concentration of HAuCl, for
synthesizing the rose-shaped nanostructures was found to be
0.88 mM.

Catalytic performance of rose-shaped Au nanostructures

Au nanocrystals have been widely used as catalysts because of
their greatly enhanced stability and high catalytic activity.®
Catalytic reactions that use water instead of toxic organic
solvents have great environmental advantages.****> Because the
rose-shaped Au nanostructures synthesized in the present study
are stabilized by alginate and PVP and dispersed in water, eco-
friendly catalytic reaction experiments could be performed. In
addition, because the rose-shaped Au nanostructures have an
average particle size of almost 500 nm and a three-
dimensionally stacked structure, they can be easily separated
from the reaction mixture through simple precipitation or
centrifugation. Accordingly, excellent recovery and recyclability
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of the catalysts can be obtained after the catalytic reaction is
completed.

The synthesized rose-shaped Au nanostructures were used as
catalysts in the hydrogenation of 4-NP to 4-AP by NaBH,. When
NaBH, was added to a 4-NP aqueous solution, the absorption
peak at 317 nm shifted to 398 nm, confirming that 4-NP was
changed to 4-nitrophenolate ion (Fig. 7(a)).®” The absorption
peak of 4-AP appeared at 305 nm in the absorption spectrum.
Spontaneous reduction of 4-NP to 4-AP is possible in the pres-
ence of NaBH,; however, this reaction requires several days.®®
The addition of a small amount of catalyst can increase the
speed of electron transfer from the NaBH, to the 4-nitro-
phenolate ions, thereby reducing the time required for the
reduction reaction. In the reduction process of 4-NP, Au nano-
crystals adsorb hydrogen species generated by NaBH,, along
with 4-nitrophenolate ions, which facilitates electron transfer.*
Fig. 7(b) shows the UV-Vis spectra recorded every 10 s after the
addition of the rose-shaped Au nanostructures to an aqueous
solution containing NaBH, and 4-NP. The intensity of the
absorption peak at 398 nm gradually decreased over time, and,
after 210 s, its intensity was almost zero. Simultaneously, an
absorption peak at ~305 nm appeared, indicating that the
hydrogenation reaction was successful. Because the concen-
tration of NaBH, was excessive compared with that of 4-NP, the
reaction rate was not dependent on the concentration of NaBH,,
thereby allowing the reaction rate constant could be calculated
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Fig. 7 Catalytic activity test of the rose-shaped Au nanostructures; the test was based on the catalytic hydrogenation of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) by NaBHj,. (a) UV-Vis spectra of 4-NP (red), 4-nitrophenolate ion (black), and 4-AP (blue). (b) UV-Vis spectral changes
during the catalytic reduction for 210 s in the presence of the rose-shaped Au nanostructures. (c) Plot of In(A;/Ao) as a function of the reaction
time t. (d) Reusability of the Au nanoparticles as catalysts for the hydrogenation of 4-NP.
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on the basis of the pseudo-first-order reaction equation.”®”
Fig. 7(c) shows that a plot of In(4,/A,) vs. time is linear, where 4,
and A, are the absorbances at times 0 and ¢, respectively. The
reaction rate constant (k) of the rose-shaped Au nanostructures
used in the present study was calculated to be 17.4 x 10> s~ ",
The absorption spectra acquired after 210 s of the hydrogena-
tion reaction conducted with only NaBH, and 4-NP (i.e., without
the Au nanostructures) showed no change over time, indicating
that the hydrogenation reaction was slow in the absence of the
Au nanostructures (Fig. S67).

The recycling and reuse of catalysts without incurring
a substantial loss of activity are critical factors in assessing their
industrial and practical effectiveness.””® The rose-shaped Au
nanostructures synthesized in the present study were easily
separated from the reaction solution by centrifugation after the
catalytic reaction because they were several hundred nanome-
ters in size and had three-dimensionally stacked structures.
Recyclability and reusability were evaluated by repeatedly using
the same catalysts in the reduction of 4-NP to 4-AP. As evident in
Fig. 7(d), the conversion rate of 4-NP did not substantially
decrease compared with its initial conversion rate, even after
five uses, indicating excellent reusability and stability of the
catalyst.

Using the activity parameter (k) obtained by dividing the rate
constant (k) by the total mass (m) of the catalyst used, we
compared the catalytic activity of the rose-shaped Au nano-
structures with the activities of recently reported catalysts.***>7*
The k-value of the rose-shaped Au nanostructures was calcu-
lated to be 290 s™' g~ ', which is substantially greater than the
values for other noble-metal-based catalysts (Table S1t). The
high catalytic activity of the rose-shaped Au nanostructures
synthesized in the present study is attributable to their unique
structure. The rose-shaped nanostructures with a 3D hierar-
chically layered structure have a large specific surface area and
abundant active sites such as sharp tips, edges, and steps,
which tend to result in extremely high catalytic activity.”>”*

Conclusions

A one-pot completely green method for synthesizing rose-
shaped Au nanostructures at room temperature was devel-
oped. In this method, water was used as a reaction medium in
all of the reactions. Na-alginate, a bio-derived polymer, served
as a reducing and stabilizing agent, and PVP, a nontoxic and
biocompatible polymer, acted as a capping ligand. According to
the mechanism proposed in the present study, the amount of
PVP in the reaction mixture strongly affected the shape of the
obtained Au nanostructures. In the special LLP reaction region,
irregular and asymmetric large Au nanoplates with abundant
edges and sharp tips were first formed via oriented attachment;
the newly created Au nanoplates continued to grow on the
surface of the as-synthesized large nanoplates, forming rose-
shaped nanostructures. Because the rose-shaped Au nano-
structures were large, stable, and featured abundant active sites
such as sharp tips and edges, they could be used as efficient
environmentally friendly catalysts without requiring a support-
ing material. They showed outstanding catalytic activity, high
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stability, and excellent recyclability when used as a catalyst for
the hydrogenation of 4-NP to 4-AP by NaBH,. This study has not
only established an eco-friendly method for synthesizing Au
nanostructures with unique three-dimensional hierarchical
structures, but also provides an approach that can be used to
develop an environmentally benign catalyst with excellent
catalytic performance and reusability.
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