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Silver (Ag) nanocrystals with a dendritic structure have attracted intensive attention because of their unique
structural properties, which include abundant sharp corners and edges that provide a large number of active
atoms. However, the synthesis of Ag dendrites via a simple and environmentally friendly method under
ambient conditions remains a challenge. In this paper, we report a simple water-based green method for
the production of biopolymer hydrogel beads embedded with Ag dendrites without using an additional
reducing agent, stabilizer, or crosslinking agent. The obtained Ag dendrites exhibit a unique two-
dimensional (2D) structure rather than a conventional three-dimensional structure because Ag* ions are
reduced on the surface of the solid-phase hydrogel beads and grow into crystals. Reasonable

mechanisms explaining the formation of the nanocomposite hydrogel beads and the formation of 2D Ag
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Accepted 24th June 2021 dendrites in the hydrogel are proposed on the basis of our observations and results. The hydrogel beads
embedded the 2D Ag dendrites were used as an environmentally friendly catalytic reactor, and their

DOI: 10.1035/d1ra03536¢ catalytic performance was evaluated by adopting the reduction of 4-nitrophenol to 4-aminophenol with
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1. Introduction

Hydrogels are crosslinked three-dimensional (3D) networks of
hydrophilic polymer chains that can reversibly swell and de-
swell in water." Hydrogels, which can absorb a substantial
amount of water or biological fluids, are soft and flexible and
have thus have been used as biomaterials with tunable
degradability for growing tissues and cells.” Incorporating
metal nanocrystals into hydrogel networks can result in func-
tional hydrogels with new chemical, physical, electrical, and
mechanical properties,®® extending their applications to
include soft electronics, sensors, and catalysts.®* Two synthetic
approaches can be used to fabricate such novel hybrid mate-
rials: ex situ and in situ methods.* The ex situ method involves
first forming metal nanocrystals and then injecting and
dispersing them into a hydrogel. By contrast, in the in situ
method, metal precursors are dissolved in a polymerizing or
polymer solution for hydrogel formation and are then reduced
to form metal nanocrystals inside the hydrogel. Between these
methods, the in situ method is preferred because the ex situ
method requires a relatively long processing time and
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continuous effort."> However, the in situ synthesis of hydrogels
embedded with metal nanocrystals remains a challenge and is
thus a topic of great interest.

Because the physical and chemical properties of noble-metal
nanocrystals are strongly dependent on their shape and size,
the shape- and size-controlled synthesis of noble-metal nano-
crystals is an important topic.'® Several synthesis methods that
can produce various noble-metal structures such as nano-
spheres, nanoplates, nanocubes, and nanowires have been re-
ported.”* Among the prepared structures, dendritic structures
of noble-metal nanocrystals have attracted intensive attention
because of their unique structures, which include abundant
sharp corners and edges that provide a large number of active
atoms; these materials have thus been successfully used in
catalysis, surface-enhanced Raman scattering (SERS), surface-
enhanced fluorescence, and sensing applications.”*

Several methods have been developed to synthesize these
noble-metal nanocrystals with dendritic structures, including
electrochemical deposition, electroless redox reactions, photo-
chemical reduction, a sonoelectrochemical method, and
a microwave-assisted solution method.***®* However, most of
these methods require expensive and/or sophisticated equip-
ment, a long reaction time, an elevated reaction temperature,
complex synthesis steps, specific additives such as surfactants,
and a supplementary etching process to remove the templates
or surfactants.*>*° Therefore, synthesizing Ag dendrites through
a simple synthetic method without surfactants or harmful
materials and under ambient conditions remains a challenge.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In the present paper, we report a simple, cost-effective, water-
based green method for producing biopolymer hydrogel beads
embedded with two-dimensional (2D) Ag dendrites. This new
synthesis method was found to be a one-step protocol based on
the in situ method, where an aqueous biopolymer solution is
simply added into an aqueous metal precursor solution. In our
investigations, without an additional reducing agent, stabilizer,
or crosslinking agent, the biopolymer was crosslinked by the
metal precursor ions and the metal precursor was subsequently
reduced by the biopolymer under UV-light irradiation, resulting
in the formation of hydrogel beads that contain uniformly
embedded 2D Ag dendrites in a single step. The synthesis
results were easy to reproduce, no special equipment was
required for the synthesis, and the reaction was completed
within 3 h. In particular, because the hydrogels are based on
sodium alginate (a natural biopolymer extracted from brown
seaweeds) and contain no organic material, they are environ-
mentally friendly and safe to use and handle.

Surprisingly, Ag 2D dendrites, which have proven difficult to
synthesize in wet chemical systems, can be prepared via our
water-based one-step process at room temperature without any
special surfactant or sophisticated equipment. We speculate
that that the nonequilibrium synthesis conditions in which Ag"
ions are reduced on the surface of the solid-phase hydrogel
under exposure to UV light play a critical role. Reasonable
mechanisms explaining the formation of the nanocomposite
hydrogel beads and the formation of 2D Ag dendrites in the
hydrogel are proposed on the basis of our observations and
results. We used the hydrogel beads embedded with 2D Ag
dendrites as a catalytic reactor for the reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) in the presence of
sodium borohydride (NaBH,). The nanocomposite-hydrogel-
based catalytic reactors showed excellent catalytic activity and
could be reused several times without loss of activity.

2. Experimental
2.1 Chemicals and materials

Silver nitrate (AgNO;), alginic acid sodium salt from brown
algae (Na-alginate), NaBH,, and 4-NP were products of Sigma-
Aldrich and were used as received, without further purifica-
tion. Deionized (DI) water was used in all reactions.

2.2 Synthesis of alginate beads embedded with 2D Ag
dendrites

In this study, alginate beads embedded with 2D Ag dendrites
were prepared by immersing aqueous alginate droplets in an
aqueous AgNO; solution without adding an extra cross-linking
agent for forming alginate hydrogels or an additional
reducing agent for reducing the Ag' ions. Two hundred milli-
grams of Na-alginate were dissolved in 10 mL of deionized
water, and 2 mL of the resultant aqueous alginate solution was
loaded into a syringe and then dropped into a 0.125 M AgNO;
aqueous solution at a rate of 10 mL h™" using a syringe pump,
producing alginate hydrogel beads cross-linked with Ag" ions.
The aqueous solution containing alginate beads was aged for
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3 h at room temperature under ultraviolet (UV) irradiation. The
UV irradiation was applied using a UV curing lamp, and the
output power of the UVA band (mainly 365 nm) was adjusted to
3.0 W cm ™2, During the UV irradiation, the aqueous solution
containing alginate beads was shaken at intervals of 30 minutes
to uniformly synthesize Ag nanocrystals on the entire surface of
the beads. After 3 h, the prepared alginate beads were washed
three times with DI water to remove the Ag" precursor remain-
ing on the bead surface. After washing, the beads were stored in
a dark room.

2.3 Catalytic activity

The catalytic reduction reaction was carried out using a 4.5 mL
quartz cuvette with a 1 cm path length. Initially, an aqueous
solution of 4-NP (5 pL, 280 mM) was prepared and added to
a cuvette containing 1.2 mL of water. After NaBH, aqueous
solution (0.2 mL, 700 mM) was added to the reactor, the 4-NP
was converted to 1,4-nitrophenolate ion. Alginate beads
embedded with 2D Ag dendrites were subsequently added to the
reactor, and the UV-Vis absorption spectrum was recorded every
1 min.

2.4 Characterizations

The size, structure, and crystallinity of Ag nanocrystals were
determined by a transmission electron microscopy (TEM). TEM
images were taken with a HITACHI transmission electron
microscope operated at an acceleration voltage of 80 kV.
Samples for TEM observation were prepared by breaking the
prepared alginate beads embedded with 2D Ag dendrites. About
10 as-prepared hybrid beads were placed in vial and 3 mL of DI
water was added. The hydrogel beads were broken through the
mechanical stirring (magnetic stirring at 1800 rpm) for 1 h. The
hydrogel was selectively separated by means of centrifugation
(6000 rpm for 8 min). After that, one drop of the remaining
solution containing Ag nanocrystals was placed onto a carbon-
coated copper grid and dried at room temperature prior to
observation. High-resolution TEM images of Ag nanocrystals
were taken using a Philips Tecnai F30 microscope operated at
300 kv. UV-Vis spectra were acquired at room temperature
using a Cary 50 UV-Vis spectrophotometer (Agilent Technolo-
gies, USA). Thermogravimetric analysis (TGA) was conducted
using a Pyris 1 thermogravimetric analyzer (Perkin-Elmer). X-ray
photoelectron spectroscopy (XPS) was carried out using an Axis
Nova spectrometer (Kartos Axis Nova, UK). Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
was conducted in the wavelength range from 500 to 4000 cm ™"
using a model 5700 (Thermo Nicolet) attenuated total reflec-
tance Fourier transform infrared spectrometer.

3. Results and discussion

3.1 One-step synthesis of alginate hydrogel beads embedded
with 2D Ag dendrites

To synthesize alginate beads embedded with Ag nanocrystals,
a single-step-based in situ crosslinking and reduction method
was used. In this method, droplets of aqueous alginate solution
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were dropped into a 0.125 M aqueous AgNO; solution. Fig. 1(a)
shows a photograph of the sample prepared immediately after
dropping, which indicates that the alginate chains could be
crosslinked by Ag" ions to form a bead shape. Ionic cross-
linking of alginate is well known to occur when guluronic
acid (G-block) groups in different alginate chains are bonded via
multivalent cations.** However, the results in Fig. 1(a) indicate
that alginate chains can be ionically crosslinked in the presence
of monovalent cations such as Ag". To confirm the gelation of
Na-alginate by Ag" ions, droplets of Na-alginate aqueous solu-
tion containing Au nanocrystals (used as pigment) were formed
and then immersed in an AgNO; aqueous solution and in pure
water. As shown in Fig. S1,t the alginate droplets containing Au
nanocrystals immersed in an aqueous solution containing
0.125 M AgNO; were cross-linked and maintained the spherical
shape of the original droplets. By contrast, the droplets
immersed in pure water collapsed and the Au nanocrystals were
dispersed in the entire medium (Fig. S11). These results clearly
demonstrate that alginate chains can be ionically crosslinked in
the presence of Ag".

Fig. 1 Photographs of (a) alginate beads formed by immersion in
0.125 M AgNO3 aqueous solution and (b) alginate beads obtained after
immersing in 0.125 M AgNOs and aging at room temperature for 3 h
under UV irradiation. (c) TEM image of an Ag dendrite formed in the
alginate beads. (d—f) HR-TEM images of the Ag dendrite. The inset in (f)
shows the fast Fourier transform (FFT) of the image.
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The 0.125 M AgNO; aqueous solution where the alginate
hydrogel beads were formed was aged under UV irradiation at
room temperature During the UV irradiation, the aqueous
solution containing alginate beads was shaken at intervals of 30
minutes to uniformly synthesize Ag nanocrystals on the entire
surface of the beads. The beads, which were initially trans-
lucent, turned brown after the UV irradiation for 3 h (Fig. 1(b)).
This color change indicates that Ag" ions were reduced and Ag
nanocrystals were formed during the aging process, and, thus,
that alginate beads embedded with Ag nanocrystals were
formed. To examine the shape of the formed Ag nanocrystals,
the alginate beads embedded with Ag nanocrystals were
mechanically destroyed and the Ag nanocrystals were collected
through a centrifugation process. Fig. 1(c) shows a TEM image
of the obtained Ag nanocrystals, indicating that the Ag nano-
crystals formed in the alginate beads exhibited a two-
dimensional (2D) dendrite shape. Several branches grew radi-
ally from the center and were further divided into sub-branches.
The diameter of the 2D Ag dendrite shown in Fig. 1(c) was
approximately 24.6 um. Fig. 1(d)-(f) shows high-resolution (HR)
TEM images of the 2D Ag dendrite. The lattice fringes indexed
in the HR-TEM image in Fig. 1(f) confirm the crystallinity of the
Ag dendrite; the measured lattice spacing of 0.25 nm corre-
sponds to the 1/3{422} reflection that is generally forbidden for
a face-centered cubic lattice.”” This forbidden reflection has
been previously observed for Ag nanostructures in the form of
thin plates.** The inset in Fig. 1(f) shows the fast Fourier
transform (FFT) pattern of a high-resolution TEM image. The
diffraction spots with six-fold rotational symmetry imply that
the plane is bounded by the {111} plane.** The XPS analysis
results for the 2D dendrite are shown in Fig. 2(a), and the
asymmetric spectra for the Ag 3d line confirm that the Ag was
present only in the zero-valent state.*” These results indicate
that alginate beads embedded with 2D Ag dendrites can be
prepared by simply adding aqueous Na-alginate droplets to an
AgNO; aqueous solution and then exposing the mixture to UV
light. We used TGA to determine the mass of the Ag nano-
crystals in the beads shown in Fig. 1(b). The results show that
the Ag nanocrystals composed approximately 49.4 wt% of the
bead mass in the dried state (Fig. 2(b)).

In this method, alginate acted as a reducing agent; however,
UV light was also found to strongly affect the formation of Ag
nanocrystals. The formation of Ag nanocrystals in the alginate
beads was considerably influenced by the light intensity
depending on the type of light source. In the above experiments,
UV irradiation was conducted via a UV curing lamp with
a substantial ultraviolet energy. In the experiment conducted
under the identical conditions in a dark room, alginate beads
did not exhibit a color change, maintaining their initial trans-
lucent color; this observation indicates that Ag nanocrystals
were not formed in the alginate beads in the absence of UV light
(Fig. S2(a)t). When the beads were exposed to sunlight instead
of UV light, the color changed to bright-yellow, indicating that
Ag nanocrystals were formed but not in large quantities
(Fig. S2(b)T). Fig. S2(c) and (d)} shows photographs of beads
fabricated without stirring using a Xe lamp that produces light
of relatively lower ultraviolet energy than a UV lamp under the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) High-resolution XPS Ag 3d peaks and (b) TGA data for
alginate beads embedded with 2D Ag dendrites, after the complete
drying of water.

identical conditions. As shown in the figure, one side of the
beads exposed to light turned brown, confirming that Ag crys-
tals were selectively formed only in the area exposed to light
(Fig. S2(c) and (d)t). Fig. S2(e) and (f)} show TEM images of Ag
nanocrystals obtained by using the Xe lamp, which were quite
different from the TEM images shown in Fig. 1. When the
AgNO; aqueous solution not containing Na-alginate was
exposed to UV light, the solution did not show any color change,
indicating that Ag nanocrystals were not formed in the absence
of alginate. Collectively, these results indicate that Ag nano-
crystals were formed when both alginate and UV light were
present, and Ag nanocrystals having dendritic structures were
formed in 3 h under UV irradiation with a substantial ultraviolet
energy.

Alginate is an anionic polymer with a high charge density,
and their negative charge character promotes the attraction of
Ag' ions to the polymer chains (the carboxyl groups) in an
aqueous AgNO; solution.*® The alginate chains can then be
ionically crosslinked by the Ag" ions, and some of the Ag" ions
can be reduced by the adjacent hydroxyl groups of alginate
under UV irradiation.*””** The reduced Ag atoms coalesce,
leading to the formation of metal clusters, and continue to grow
into nanocrystals. Fig. S37 shows the FTIR spectrum of Na-
alginate and alginate beads immersed in 0.125 M AgNO;
aqueous solution for 3 h under UV irradiation. In the spectrum
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Fig. 3 Schematic of the proposed in situ synthesis process of alginate
hydrogel beads embedded with 2D Ag dendrites.

of pure Na-alginate, the absorption band of 3254 cm ™' is

assigned to hydroxyl groups, and the absorption peaks at 1595
and 1407 cm ' are due to the asymmetric and symmetric
elongation vibrations of carboxyl groups, respectively.* Inter-
estingly, after the ion exchange and reduction of Ag" ions, the
peaks at 1595 and 1407 cm ™" shifted to 1574 and 1393 cm ™,
respectively, clearly indicating that the carboxyl groups in the
alginate interacted with Ag" ions.” On the basis of these results,
we concluded that alginate beads embedded with 2D Ag
dendrites can be prepared in situ by simply immersing droplets
of an alginate aqueous solution in a AgNO; aqueous solution,
followed by UV irradiation. Fig. 3 shows a schematic of the in
situ synthesis process of alginate hydrogel beads embedded
with 2D Ag dendrites proposed in the present study.

3.2 Growth mechanism of 2D Ag dendrites

The Ag dendrites obtained in the present study showed
distinctly different features than the dendrites synthesized in
previous related studies. Specifically, they exhibit a 2D struc-
ture, whereas most of the dendrites reported in the previous
studies were 3D. In the present study, because the Ag nano-
crystals are mainly generated and grown on the surface of the
alginate hydrogel beads exposed to UV light, they are expected
to have a 2D structure instead of the 3D structures generated in
homogeneous solutions. To observe the growth behavior of the
Ag nanocrystals with the 2D dendrite structure, we used TEM to
observe the morphologies of Ag nanocrystals prepared under
identical conditions but with the reaction time varied; the
results are shown in Fig. 4. In the early stage of the reaction, Ag
nanocrystals grew, forming particles in the form of thin plates
(Fig. 4(a)). After 10 min, clusters of plates with several branches
(dendrite embryo) were formed, as shown in Fig. 4(b), and an
imperfect dendrite-like structure with new branches was
formed after 30 min of reaction (Fig. 4(c)). As the reaction time
increased, the branches continued to grow and new sub-
branches began to form, resulting in a structure resembling
a dendritic structure; the particle size gradually increased
(Fig. 4(d) and (e)). When the reaction time was increased to 3 h,
a large number of dense sub-branches were formed and the
branches became thicker, resulting in a highly branched
dendrite structure larger than 24 pm (Fig. 4(f)).

The formation and growth of 2D Ag dendrites can be
explained by the following mechanism. As shown in Fig. 4(a), Ag

RSC Adv, 2021, 11, 22826-22834 | 22829
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Fig. 4 TEM images of the products sampled at different stages of the
reaction: (@) 5 min, (b) 10 min, (c) 30 min, (d) 1 h, (e) 2 h, and (f) 3 h.

nanoplates were formed at the beginning of the reaction;
nanoplates have frequently been observed when such aniso-
tropic nanostructures have been formed using a reducing agent
with mild reducing power. For the shape-controlled synthesis of
Ag nanocrystals, precisely controlling the reduction kinetics of
Ag' ions is important. The total free energy of Ag nanoplates is
high because the surface area is relatively large and the lattice
strain energy due to defects is high.** Therefore, the formation
of nanoplates is not thermodynamically favored, and nanoplate
structures can only be obtained by inducing reactions under
kinetically controlled conditions.”® Specifically, when the
reduction rate of Ag" ions is low, the formation of nanocrystals
is governed by reaction kinetics, not thermodynamics; thus,
anisotropic nanostructures such as nanoplates can be formed.>
Because the reducing power of alginate (the reductant in the
present study) at room temperature is low, Ag nanoplates were
formed at the beginning of the reaction. The dendrite embryo
shown in Fig. 4(b) was asymmetric and irregular in shape but
uniform in thickness. These structural characteristics indicate
that the structure was unlikely to have been produced through
the growth process associated with conventional nucleation and
Ostwald ripening.** We speculated that the nanoplates initially
formed under kinetic control were fused together along their
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side planes via the mechanism of oriented attachment to form
a secondary cluster structure of nanoplates, as shown in
Fig. 4(b).*

The dendrite structure is generally acknowledged to form
through anisotropic crystal growth of nanocrystals in
a nonequilibrium state in which the kinetic factor dominates
the thermodynamic factor.>**® Such conditions are difficult to
achieve in homogeneous solutions based on wet chemical
synthesis.* However, when the reaction occurs at the interface
of a solid-phase reducing agent, the nonequilibrium conditions
are easily realized.” In the present study, the solid-phase algi-
nate hydrogel beads acted as the reducing agent and Ag atoms
were generated on the surface of the alginate hydrogel beads
irradiated with UV light. After the dendrite embryos (Fig. 4(b))
had formed, Ag" ions in the aqueous solution continued to
diffuse into the beads and were reduced in the surface of the
beads under UV irradiation. The Ag atoms then agglomerated
and grew into small Ag clusters, and alginate served as
a colloidal stabilizer for these clusters. However, because algi-
nate in this state was crosslinked, the movement and growth of
the small Ag clusters stabilized by alginate was retarded by the
polymer network. The Ag clusters then underwent a random
walk and combined with the existing seed particles, forming
fractal dendritic structures (Fig. 4(c)-(d)); this process is
described by the diffusion-limited aggregation model.®® When
the dendrite structures formed, the particles appeared to grow
through Ostwald ripening with diminishing small particles and
the number and width of branches in the dendrites increased
with increasing reaction time (Fig. 4(e) and (f)).

Fig. 5 shows TEM images of Ag nanocrystals prepared using
various concentrations of AgNO; in the aqueous solutions to

Fig. 5 TEM images of 2D Ag dendrites prepared using various
concentrations of the Ag precursor. The concentrations of Ag* ions
were (a) 30 mM, (b) 62.5 mM, (c) 0.125 M, and (d) 0.5 M.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which the alginate beads were added. In the present study,
when the concentration of AgNO; was less than 60 mM, added
alginate droplets were broken in the aqueous solution and the
bead structures could not be formed, indicating that, when the
concentration of Ag" ions was low, the polymer chains of algi-
nate were not properly crosslinked and the hydrogel bead was
not generated. Fig. 5(a) shows Ag nanocrystals synthesized in
the solution in which alginate droplets were broken and
uniformly dispersed, indicating that the Ag nanocrystals
formed in the homogeneous solution state did not exhibit the
dendritic shape. When the concentration of AgNO; was greater
than 60 mM, alginate beads were formed and Ag nanocrystals
synthesized on the beads formed dendrites (Fig. 5(b)-(d)). With
increasing concentration of the AgNO; solution, the dendrites
became larger and denser because more Ag' ions could be
reduced and added to the dendrites. These results demonstrate
that 2D dendritic metal structures can be efficiently formed
when alginate hydrogel beads (as a solid-phase reducing agent)
are formed and the reduction of Ag" ions and the crystal growth
occur in the hydrogel beads.

3.3 Catalytic reactor based on alginate hydrogel embedded
with 2D Ag dendrites

The use of water in catalytic reactions is one of the most
powerful tools of green chemistry because it reduces pollution
by reducing the release of toxic chemicals into the environ-
ment.®* Hydrogels contain a large amount of water and, in their
swollen state, exhibit a higher surface-area-to-volume ratio and
greater porosity. This feature enables the efficient diffusion of
reactive molecules in the water through the surface of the
hydrogel, where they interact with the hydrogel substrates. This
behavior is advantageous for a catalyst support material.®> The
literature includes various accounts of noble-metal nanocrystals
exhibiting high activity and excellent selectivity as catalysts.®***
The alginate hydrogel beads embedded with 2D Ag dendrites
synthesized in the present study can be used as ecofriendly
heterogeneous catalysts because the 2D Ag dendrites were
uniformly formed in the surface of the hydrogel beads, as
previously described. Because the 2D Ag dendrites are
embedded in the hydrogel, they should not degrade or aggre-
gate when catalyzing a reaction. In addition, the large size of the
beads enables their easy separation from the reaction mixture.
Thus, the heterogeneous catalyst can be readily separated and
reused after the reaction is completed.

To evaluate the catalytic performance of the hydrogel beads
embedded with 2D Ag dendrites synthesized in the present study,
the catalytic conversion of 4-NP to 4-AP in the presence of excess
sodium borohydride (NaBH,) was carried out as a model reac-
tion. Fig. 6(a) shows the absorption spectra of 4-NP, 4-nitro-
phenolate ion, and 4-AP. The spectrum of 4-NP shows an
absorption peak at 317 nm. When NaBH, was added to the 4-NP
aqueous solution, the 4-NP was converted to 4-nitrophenolate
and the peak of 4-NP at 317 nm correspondingly shifted to
398 nm.*® The absorption peak of 4-AP was observed at 305 nm
(Fig. 6(a)). 4-NP can be reduced to 4-AP using NaBH, as
a reducing agent; however, this reaction is kinetically slow,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-Vis spectra of freshly prepared solutions of 4-NP, 4-NP
mixed with NaBH,4, and 4-AP. (b) UV-Vis absorption spectra at various
reaction times and (c) the linear fit of In(A;/Ao) vs. reaction time for the
catalytic reduction of 4-NP with NaBH4 in the presence of the
hydrogel beads embedded with 2D Ag dendrites. (d) Recyclability of
the hybrid hydrogel beads used as a catalytic reactor for the reduction
of 4-NP with NaBH,.

requiring a reaction time of a few days.*® The addition of a small
amount of catalyst shortens the reaction time to a few minutes.
When NaBH, was not added, the peak in the UV-Vis absorption
spectrum did not change over time because 4-NP could not be
reduced to 4-AP. Fig. 6(b) shows the UV-Vis absorption spectra
recorded at 10 s intervals after the hydrogel beads embedded
with 2D Ag dendrites were added to the reaction mixture. The
intensity of the 4-nitrophenolate peak at 398 nm gradually
decreased with increasing reaction time; after 140 s, the peak had
almost completely disappeared. In addition, the intensity of the
absorption peak of 4-AP at 305 nm, which was initially close to 0,
gradually increased with time, indicating that the reduction
reaction proceeded. When an alginate hydrogel bead crosslinked
with Ba®" ions and not including Ag nanocrystals was used as
a catalyst, the peak at 398 nm did not change for 10 min
(Fig. S47), indicating that the reduction reaction did not occur in
the absence of the 2D Ag dendrites. Because the reduction rate
does not depend on the concentration of NaBH, that is present in
excess compared with 4-NP, the catalytic rate constant can be
calculated using the first-order reaction equation. The plot of
In(A/A,) vs. reaction time (Fig. 6(c)) shows a linear relationship,
where A, and A, are the absorbance at time ¢ and at time zero,
respectively. The rate constant of alginate beads with 2D Ag
dendrites, which was calculated on the basis of the slope of the
linear region of the plot, was 1.609 x 10> s~ ",

Catalyst recovery and reuse are an important consideration
in modern catalysis.”” Because the hydrogel beads with
embedded 2D Ag dendrites synthesized in the present study
exhibit a large particle size, the beads were easily removed from
the reaction mixture after the catalytic reduction was
completed, making them easy to reuse. In Fig. 6(d), the reus-
ability of the catalytic reactors was assessed in experiments
where the same hybrid hydrogel beads were used repeatedly.
During five reuse cycles, the catalyst activity based on the
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conversion percent of 4-NP was measured to be almost iden-
tical, demonstrating that the heterogeneous catalyst exhibited
excellent reusability and good stability.

To quantitatively compare the catalytic activity of the hybrid
hydrogel bead catalyst with that of other reported catalysts, we
used the activity parameter « = k/m, where k is the rate constant
and m is the total mass of catalyst added in the reaction.®® The «
value of the alginate beads embedded with 2D Ag dendrites was
calculated to be 40.23 s g~ '. As far as we know, this value is
high among values reported for heterogeneous catalysts based
on noble-metal nanoparticles (e.g., Ag, Au, Pd, and Pt) used in
the catalytic reduction of 4-NP to 4-AP by NaBH, (Table S17).
The improved activity of our system may be attributable to the
unique structure of the 2D Ag dendrites because the dendrite
structures have a high specific surface area with open pores and
abundant sharp edges/corners. These results also confirm that
the hydrogel beads with a high surface-area-to-volume ratio and
high porosity in the swollen state in water can be used as
excellent catalyst support materials.

4. Conclusions

Alginate hydrogel beads embedded with 2D Ag dendrites were
synthesized by simply adding aqueous alginate droplets to an
aqueous AgNOj; solution. The alginate was crosslinked by Ag”
ions, and the Ag' ions were reduced by alginate to form Ag
nanocrystals with a dendritic shape, leading to the formation of
the hydrogel beads embedded with 2D Ag dendrites. UV light
strongly affected the reduction of Ag" ions. In the present study,
because the reduction of Ag' ions occurred mainly on the
surface of the alginate beads (as a solid-phase reductant),
nonequilibrium conditions could be easily realized, which
promoted the formation of Ag nanocrystals with a dendritic
shape based on diffusion-limited aggregation. The hydrogel
beads embedded with 2D Ag dendrites exhibited excellent
catalytic activity and reusability when used as a catalytic reactor
for the conversion of 4-NP to 4-AP by NaBH,. This study
demonstrates our ability to develop 2D Ag dendrites via a new
chemical reduction system and also confirms the feasibility of
using hydrogels as new support materials for developing cata-
lytic reactors with excellent catalytic performance and
reusability.
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