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ABSTRACT: Nanowire hydrogels with high specific surface
areas have great promise in many practical applications.
However, the preparation of nanowire hydrogels using
common materials and inexpensive means remains an
outstanding challenge. This paper reports a novel method for
creating aligned nanowire structured hydrogels by directional
freezing and γ-radiation initiated polymerization of 2-
hydroxyethyl methacrylate (HEMA) using t-butyl alcohol
(TBA) as the solvent. The hydrogels prepared at a monomer
concentration lower than 2.0 mol L−1 and a freezing rate
higher than 10 mm min−1 are structured of nanowires,
mimicking the microstructure of jellyfish mesogloea. Silver
(Ag) nanoparticles (NPs) are introduced into the hydrogels
with a chemical reduction method, and the Ag NPs are formed and deposited on the nanowires. Both size and content of Ag NPs
in the hydrogels increase with increasing AgNO3 concentration. The PHEMA and PHEMA/Ag nanocomposite hydrogels all
possess very good compressive properties, and the composite hydrogels show higher compressive strengths and excellent
deformation recovery. The PHEMA/Ag NPs composite hydrogels show excellent catalytic activity and reusability for the
conversion of o-nitroaniline to 1,2-benzenediamine, with an apparent rate constant (kapp) up to 0.165 min−1. This facile and
efficient method can be applied to fabricate more nanowire hydrogels for many practical applications.
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■ INTRODUCTION

Hydrogels are three-dimensional cross-linked hydrophilic
polymeric networks that can swell largely rather than be
dissolved in water. Benefiting from their porous microstructure
and excellent biocompatibility, hydrogels have found many
practical applications in biomedical, industrial and other
fields.1,2 Generally, common synthetic hydrogels in the
freeze-dried state show porous structures consisted of micro-
or sub-micro- sized pores with continuous and dense pore
walls, which impede the fast diffusion and hence the exchange
of substances between the hydrogels and the environment. This
drawback can be overcome by modifying the microstructures of
hydrogels. In recent years, several strategies have been
developed to prepare hydrogels with different morphologies,
such as macropores,3,4 aligned porous structures,5,6 hierarchical
porous structure,7 nanowires8,9 and so on.
Porous hydrogels constructed of or containing nanowires

have great promise in catalytic conversion,10 selective
absorption,11 chemical connectors9 and so on, as the nanowires
with high specific surface areas provide more active sites for
fulfilling their functionalities. Our recent study shows that
jellyfish mesoglea, a biological hydrogel, is mainly composed of
nanowires connected by nanosheets, forming a unique
anisotropic macroporous microstructure that imparts jellyfish

mesoglea with high mechanical strengths even at an extremely
high water content of 97−99%.12,13 Jellyfish mesoglea can be
used as a matrix for the synthesis of extremely high content
silver dendrites with high catalytic activity.14 Unfortunately,
most of the normal synthetic nanowires are inorganic
components, such as silicon, manganese oxide, titania and
cobalt oxide.8,15−17 Only a few polymeric nanowire hydrogels
have been reported, and the nanowires are usually made by
complex and time-consuming methods, such as electro-
spining,10 self-assembly18 and more often template polymer-
ization.15,19 The preparation of nanowire hydrogels using
common materials and inexpensive means remains an out-
standing challenge.
Directional freezing has been used for fabricating hydrogels

with aligned porous structures. However, only a few polymers
that can form strong intermolecular hydrogen bonding (e.g.,
poly(vinyl alcohol))20−22 can be used as the raw materials for
directional freezing method. As an important progress of the
directional freezing method, the combination of directional
freezing and the polymerization of monomeric molecules in the
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frozen state has dramatically broadened the choice of raw
materials.5,23,24 The microstructure of the hydrogels can be
tuned by the proper choice of freezing conditions (i.e.,
temperature and rate) as well as the monomer(s) and the
solvent(s). The crystalline structures of the solvent(s) largely
determine the microstructures of the hydrogels, as the gaps
among the solvent crystals, formed by the phase separation
during DF process, act as the templates for the polymerization
of monomers. Water is the most commonly used solvent, and
some organic solvents such as camphene, dioxane, cyclohexane,
or cosolvents of t-butyl alcohol (TBA) and water are also
used.9,25,26 TBA has been widely applied in lyophilization, due
to its high vapor pressure, low toxicity and low cost.27−29

Fabietti and Trivedi reported the transition of TBA crystals
from a planar interface to cellular and needle morphologies
with increasing freezing velocity.30 We presume that when TBA
is used as the solvent, it could form many fine needle-like
crystals under proper DF conditions, and hence forming many
monomer-rich micro- or nanosized gaps, which transform into
polymer wires after the polymerization in the frozen state.
Therefore, nanowire structured hydrogels might be obtained.
In this work, we successfully prepared PHEMA nanowire

hydrogels by the directional freezing and γ-radiation initiated
polymerization of HEMA in TBA. The optimal conditions for
synthesizing nanowire hydrogels were determined by varying
the freezing rates and monomer concentrations. In addition, Ag
nanoparticles (NPs) were introduced into the hydrogels and
the catalytic activity of the PHEMA/Ag nanocomposite
hydrogels was evaluated by catalyzing the reduction reaction
of o-nitroaniline to 1,2-benzenediamine.

■ EXPERIMENTAL SECTION
Materials. 2-Hydroxyethyl methacrylate (HEMA, 98.0%) was

purchased from Aladdin Reagent Database Inc. (Shanghai, China),
silver nitrate (AgNO3, AR grade), o-nitroaniline and sodium
borohydride (NaBH4, AR grade) were purchased from Beijing
HWRK Chem Co., Ltd. (Beijing, China), and t-butyl alcohol (TBA,
CP grade) was purchased from Tianjin Bodi Chem Co., Ltd. (Tianjin,
China). All chemicals were used without futher purification.
PHEMA Hydrogel Preparation. HEMA solutions with the

monomer concentrations of 1.5, 2.0, 2.5 and 3.0 mol L−1 using TBA
as the solvent were used to prepare hydrogels in the absence of any
chemical initiators and cross-linking agents. The solutions were
injected into test tubes and then deaerated by bubbling with high-
purity nitrogen to remove the dissolved oxygen. Then the solutions
were directionally frozen over liquid nitrogen by using a self-made
directional-freezing equipment with the freezing rates of 2, 5, 10 and
20 mm min−1, respectively. The frozen HEMA solutions were
irradiated with 60Co γ-rays at a dose rate of 2.5 kGy/h and at a
temperature of about −10 °C (ice−salt bath), ensuring the
preservation of the solvent crystals. HEMA (m.p.: −12 °C) in the
liquid state could be easily polymerized and cross-linked under γ-rays
irradiation. It was found that the HEMA solutions transformed into
hydrogels after only 1 h irradiation (2.5 kGy). To ensure the full
conversion of HEMA, a total absorbed dose of 5.0 kGy was always
applied for the hydrogel preparation. More detailed information on the
radiation-induced polymerization and cross-linking of HEMA in the
frozen state can be found in our previous study.24 The organogels were
immersed into a large excess of deionized water for 2 d with the
change of water every 6 h to obtain PHEMA hydrogels.
Preparation of PHEMA/Ag Nanocomposite Hydrogels. The

prepared PHEMA hydrogels were swollen to the same water content
of 60 wt %. A small piece of hydrogel sample (0.28 g) cut into a cubic
shape was soaked into an AgNO3 aqueous solution (0.01, 0.02, 0.04, or
0.06 mol L−1, 36 mL) for 48 h. Then the soaked hydrogel was dipped
into a freshly prepared NaBH4 solution (0.03, 0.06, 0.12, or 0.18 mol

L−1, 18 mL) for another 24 h to ensure the full reduction of silver ion
into elemental silver. The resulting PHEMA/Ag nanocomposite
hydrogel was thoroughly washed with deionized water and then
kept in water for further use.

Scanning Electron Microscopy (SEM) Investigation. The
middle part of the PHEMA gels were cut into strips and then plunged
into liquid nitrogen for about 5 min. The frozen strips were
subsequently freeze-dried in a FD2-1B-50 vacuum freeze-dryer
(Beijing Boyikang Laboratory Apparatus Co. Ltd.) for about 24 h to
remove the solvent completely, and then the dried samples were
cracked in the direction parallel to the freezing direction. After being
sputter-coated with platinum for 15 min, the morphologies of these
fractured surfaces were observed with a Hitachi S-4800 cold field
emission scanning electron microscope (Tokyo, Japan) with an
accelerating voltage of 5 kV.

Transmission Electron Microscopy (TEM) Investigation. The
Ag nanocomposite hydrogels were ground into microsized powders
and then dispersed into water. The dispersions were coated on a
copper grid and then dried in air. Transmission electron microscopy
(TEM) observation of the Ag NPs was performed with a FEI TF20
instrument (FEI, USA) at an acceleration voltage of 200 kV. To
understand the spatial distribution of the Ag NPs in the nano-
composite hydrogels, TEM observation was also performed on thin
slices (80−100 nm) obtained via microtoming from freeze-dried
specimens that were embedded with epoxy resin and cured for about
12 h at 60°. Microtoming was performed with a Leica EM UC 6
microtome (Leica, Germany) at a rate of 0.2−0.4 mm/s at room
temperate.

The particle sizes of the Ag NPs were analyzed with the software
Nano Measurer (version 1.2.0) by counting about 100 particles in
several TEM images. The particles generally do not show regular
shapes, so their sizes were evaluated by averaging the long and short
diameters (or lengths).

X-ray Diffraction (XRD) Measurement. The Ag nanocomposite
hydrogels ground into powders were used for XRD measurement. The
spectra were recorded on a PANalytical-X’Pert PRO diffractometer
(Cu radiation, λ = 1.5418 Å) running at 40 kV and 40 mA
(PANalytical, Holland).

BET Surface Area Analysis. The Brunauer−Emmett−Teller
(BET) specific surface areas of the gel samples cracked into small
lumps were evaluated on the basis of nitrogen adsorption isotherms
using a Quantachrome NOVA 2000e sorption analyzer (Quantach-
rome, USA) at liquid nitrogen temperature.

ICP-AES Analysis. The Ag nanoparticles in the composite
hydrogels were reacted with concentrated HNO3 to form water-
soluble AgNO3, and then the diluted aqueous AgNO3 solutions were
measured by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) on an SPECTRO ARCOS EOP instrument (SPECTRO
Analytical Instruments GmbH, Germany).

Compressive Mechanical Tests. The cylinder-shaped specimens
for compressive tests were with a height and a diameter of 5 and 13
mm, respectively. The specimens were tested with an Instron 3366
electronic universal testing machine (Instron Corporation, MA, USA)
at a crosshead speed of 60% min−1 and a compressive ratio of 95%. To
obtain reliable values, at least three parallel specimens were used for
each test. Cyclic measurements were performed in immediate
succession with the same specimen for 10 run cycles.

Catalytic Reduction of o-Nitroaniline. For the catalytic
reduction of o-nitroaniline, o-nitroaniline (0.5 mL, 0.85 mmol L−1)
was added into the freshly prepared NaBH4 solution (2 mL, 0.3 mol
L−1) and then a PHEMA/Ag nanocomposite hydrogel sample with a
solid content of about 0.11 g was placed. The conversion of o-
nitroaniline to 1,2-benzenediamine was monitored with a Shimadzu
UV-2450 spectrophotometer (Shimadzu, Japan) over a scanning range
of 250−500 nm at ambient temperature. The successive catalysis was
performed by washing the gel sample and immersing into a large
amount of deionized water for 2 h after each reaction, and then the gel
sample was used again.
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■ RESULTS AND DISCUSSION

Microstructures of PHEMA Gels. Both monomer
concentration and freezing rate are important factors affecting
the microstructures of the hydrogels. In this work, two series of
PHEMA hydrogels were prepared by varying the monomer
concentration or the freezing rate while keeping the other one
constant.
First, we investigated the effect of freezing rate on the

microstructures of the hydrogels. Figure 1 shows the SEM
images of the middle part of the PHEMA hydrogels fabricated
at a constant monomer concentration of 2 mol L−1 but varying
freezing rates (from 2 to 20 mm min−1). Generally, the
hydrogels all show obvious anisotropic porous microstructures,
with large (more than 10 μm) and long channels aligned along
the freezing direction. At the low freezing rates of 2 and 5 mm
min−1, the pore walls are mainly continuous and dense and with
a wall thickness of ca. 100−200 nm (Figure 1a,b). It is
necessary to notice that many tiny pores (generally less than 1
μm) appear on the walls at the freezing rate of 5 mm min−1

(Figure 1b). When the freezing rate is increased to 10 mm
min−1, more and bigger (in micrometers) pores appear on the
walls, and some regions even change into meshes consisted of
nanowires (Figure 1c). With further increased freezing rate,
most of the walls are transformed into nanowires (mostly with
a diameter of 30−50 nm) mainly aligned along the freezing
direction (Figure 1d).
Figure 2 shows the microstructures of the hydrogels prepared

at the monomer concentrations from 1.0 to 3.0 mol L−1 at a
constant freezing rate of 10 mm min−1. The microstructure of
the hydrogels changes dramatically with increasing monomer
concentration. At a low monomer concentration of 1.0 mol L−1,

the hydrogel present an interesting porous mesh structure
mainly constructed of nanowires (mostly <50 nm, Figure 2a)
and some submicrometer or microsized nanowires (Figure 2b).
With the increase of monomer concentration (1.5 and 2.0 mol
L−1), the morphology transforms into mesh structures
constructed of nanowires connected by tiny microsized sheets
(Figure 2c,d). And at the monomer concentrations of 2.5 and
3.0 mol L−1, continuous and dense pore walls rather than
nanowires are found (Figure 2e,f).
These observations suggest that a monomer concentration

lower than 2.0 mol L−1 and a freezing rate higher than 10 mm
min−1 are beneficial to the formation of nanowires in the gels.
As the hydrogel prepared at a low monomer concentration
usually has poorer mechanical properties, we chose the
monomer concentration of 2.0 mol L−1 and the freezing rate
of 20 mm min−1 to prepare hydrogels for further studies.
The microstructures of the PHEMA hydrogels prepared by

using TBA as the solvent are quite different from those of the
hydrogels prepared using water as the solvent,24,31 as water
usually forms microsized or even larger columnar or lamellar
crystals rather than needle-like crystals of TBA during the
directional freezing process. The phase separation induced by
the crystallization of solvents during directional freezing has
been well studied.5,23,24,32 During the directional freezing of
HEMA/TBA solution, needle crystals of TBA grow direction-
ally from the bottom to the top of the solution, and the
monomer molecules are expelled to fill the gaps among them.
The increased freezing rate leads to an increased degree of
supercooling and hence the formation of more tiny needle
crystals, which prevent the formation of large aggregates of
HEMA. Since the polymerization of monomer molecules is
performed in the frozen state, the phase separation-induced

Figure 1. SEM images of the PHEMA hydrogels prepared with different freezing rates in the direction parallel to the freezing direction indicated
with arrows. The freezing rates were 2 (a), 5 (b), 10 (c) and 20 (d) mm min−1, respectively. HEMA concentration: 2 mol L−1.
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microstructure can be preserved. Therefore, the hydrogels show
the microstructure change from continuous and dense pore
walls to meshes consisted of nanowires with the increasing
rates.
The effect of monomer concentration on the microstructure

can be explained as follows: The solution with a lower
monomer concentration contains more TBA, and hence more
TBA crystals are formed and grow along the freezing direction.
The TBA crystals separate the HEMA molecules into many tiny
domains aligned along the freezing direction, which transform
into nanowires after the polymerization. On the contrary, at a
higher monomer concentration, more HEMA molecules are
easier to aggregate to form larger aligned structures, i.e., the
continuous and dense pore walls.
Characterization of PHEMA/Ag NPs Composite

Hydrogels. When AgNO3 soaked in the PHEMA hydrogels
is reduced with NaBH4, elemental Ag is formed. Figure 3a−d

shows the morphologies of the PHEMA/Ag nanocomposite
hydrogels prepared with different AgNO3 concentrations. With
comparison to the original PHEMA hydrogels (Figure 1d and
Figure 2a), some NPs are found on the nanowires in the
composite hydrogels. The NPs should be the elemental Ag, as
proven by the appearance of the Ag peaks in the EDX spectra
(Figure S1). TEM observations performed with Ag nano-
composite hydrogels ground into microsized powders also
prove the presence of Ag NPs in the composite hydrogels
(Figure 3e−h).
TEM observations of Ag NPs were also performed with thin

slices microtomed from the specimens along the freezing
direction. As shown in Figure 4a−c, there is a spatial
distribution of the Ag NPs, and they are mainly distributed
along some lines. Together with the SEM images (Figure 3a−
d), it is reasonable to conclude that the Ag NPs are formed and
deposited on the directionally aligned nanowires. The NPs are

Figure 2. SEM images of the PHEMA hydrogels prepared with different monomer concentrations in the direction parallel to the freezing direction
(indicated with arrows). The monomer concentrations are 1.0 (a, b), 1.5 (c), 2.0 (d), 2.5 (e) and 3.0 (f) mol L−1, respectively. The freezing rate of all
the hydrogels above is 10 mm min−1.
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generally separated rather than aggregated into clusters in the
composite hydrogels, though there is some degree of
aggregation for the NPs formed at a higher AgNO3

concentration of 0.06 mol L−1 (Figure 4c).
To confirm that the NPs are nanocrystals, high-resolution

TEM images were taken from a round and an elliptical Ag NPs,
as shown in Figure 4d and Figure S2. They show the same
lattice structure, with a lattice distance of approximately 0.24
nm, corresponding to the Ag (111) lattice plane,33,34 which is
the basal plane for Ag single crystals. The XRD patterns of the
PHEMA/Ag nanocomposite hydrogels are shown in Figure 5.
Except for the broad peaks centered around 18° attributed to

the amorphous structure of PHEMA, all samples exhibit the
typical crystalline peaks of the face centered cube structure of
silver NPs (α = 4.09 Å, JCPDS No. 4-783), with 2θ values of
38.07° (111), 44.17° (200), 64.43° (220) and 77.37°
(311).35,36 The intensity of the diffraction peaks attributed to
Ag NPs increase with the increase of AgNO3 concentration.
Both TEM and XRD characterizations prove the existence of
Ag nanocrystals in the composite hydrogels.
The sizes of the Ag NPs prepared at different AgNO3

concentrations were evaluated from TEM images and
summarized in Figure 6a. The size of the Ag NPs increases
with the increase of AgNO3 concentration, from 16.5 ± 5.8 nm

Figure 3. SEM and TEM images of the PHEMA/Ag nanocomposite hydrogels prepared with the AgNO3 concentrations of 0.01 (a, e), 0.02 (b, f),
0.04 (c, g) and 0.06 mol L−1 (d, h), respectively. All the hydrogels were made with 2 mol L−1 HEMA solution and at the freezing rate of 20 mm
min−1.
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at the concentration of 0.01 mol L−1 to 58.4 ± 11.6 nm at 0.06
mol L−1. The Ag contents in the dried hydrogels measured by
ICP-AES are 0.13, 0.30, 0.67 and 1.27%, respectively (Figure
6b). Both size and content of Ag NPs in the hydrogels increase
with increasing AgNO3 concentration, in consistent with the
SEM and TEM observations.
The Ag contents in the composite hydrogels prepared with

different freezing rates and monomer concentrations are very
similar (ca. 0.13−0.15%) when the AgNO3 concentration is the
same (0.01 mol L−1).
Compressive Mechanical Properties of the Hydrogels.

The PHEMA and PHEMA/Ag nanocomposite hydrogels all
possess very good compressive mechanical properties. Figure 7a
shows that the compressive stresses (σc) are mostly more than
1 MPa at a compressive strain (εc) of 95%. The σc of the

hydrogels significantly decreases with increasing freezing rates,
from 6.6 MPa at the freezing rate of 2 mm min−1 to 0.4 MPa at
20 mm min−1. In addition, at the same freezing rate the σc of
the PHEMA/Ag nanocomposite hydrogel is slightly higher than
that of the corresponding PHEMA hydrogel, suggesting the
formation of complexation between the Ag NPs and the
network of hydrogels. The cyclic compressive σc−εc curves for
10 runs shows small deviations from the prior ones, especially
for the hydrogels prepared at the low freezing rates (Figure 7b
and Figure S3), suggesting the excellent deformation recovery
of the PHEMA/Ag nanocomposite hydrogels. The high
compressive stresses and excellent deformation recovery
provide the PHEMA/Ag nanocomposite hydrogels with
excellent reusability.

Catalytic Performance. To evaluate the catalytic proper-
ties of the obtained Ag NPs composite hydrogels, the reduction
reaction of o-nitroaniline to 1,2-benzenediamine by sodium
borohydride was investigated.37,38 The absorbance at 412 nm of
o-nitroaniline in the UV/vis spectra was employed to monitor
the reaction progress as a function of time.
Figure 8a shows the UV/vis spectra for the reduction of o-

nitroaniline at different reaction times. Without the addition of
a PHEMA/Ag nanocomposite hydrogel into the solution, the
absorbance at 412 nm is almost unchanged within 3 h,
suggesting that the reduction does not proceed in the absence
of a catalyst. But when a PHEMA/Ag nanocomposite hydrogel
is added, the absorbance at 412 nm decreases gradually to
nearly 0 after about 20 min, accompanying the color of the
solution changing from yellow to colorless (see the inset photos
in Figure 8a). The full conversion of o-nitroaniline to 1,2-
benzenediamine is also proven by FTIR and HNMR
characterization of the reactant and the product (Figure S4
and Figure S5).

Figure 4. (a−c) TEM images of the PHEMA/Ag nanocomposite hydrogels prepared with the AgNO3 concentrations of 0.04 (a, b) and 0.06 mol L
−1

(c), and (d) the high-resolution TEM image of a round Ag nanoparticle. The hydrogel was made with 2 mol L−1 HEMA solution and at the freezing
rate of 20 mm min−1.

Figure 5. XRD patterns of the PHEMA/Ag nanocomposite hydrogels
prepared with different AgNO3 concentrations. All the hydrogels were
made with 2.0 mol L−1 HEMA solution and the freezing rate was 20
mm min−1.
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Because the concentration of NaBH4 is in large excess to that
of o-nitroaniline, the first-order rate kinetics can be applied to
the reaction with consideration to the concentration of o-
nitroaniline only.39−42 Therefore, the reaction kinetic can be
described as

− =d d k C/ t tC app (1)

where Ct is the concentration of o-nitroaniline at time t and kapp
is the apparent rate constant of the reaction.
As shown in Figure 8b, a linear ln(Ct/C0) ∼ t relationship

can be observed with 10 cycles, suggesting that the reaction
follows first-order kinetics as discussed above. The kapp can be
obtained from the slope of the linear line directly, and it is
0.165 min−1 for the first time. The hydrogel was washed with
water and then was used to catalyze the reduction reaction for 9
times. Figure 8c shows that the kapp value decreases gradually in
the following three times, and they are 0.150, 0.136 and 0.127
min−1, respectively; however, an unexpected increase in kapp is
found from 5 to 9 times. The possible reason for the increase is
that the more cracks (not into pieces) are shown in the
hydrogel sample with the increase of cycle number, leading to
the faster contact of reactants with the Ag NPs. It is worth to
note that no detectable Ag NPs leaked from the nanocomposite
hydrogels into the reacted solution even after 10 cycles.
The catalysis performance of the Ag NPs nanocomposite

hydrogels should be affected by the microstructures of the
hydrogels and the morphologies of the Ag NPs, etc. It is known
that a higher freezing rate and a lower monomer concentration

are beneficial to the formation of nanowires in the hydrogels,
which provide larger specific surface area for the formation and
deposition of well-dispersed Ag NPs. We compared the kapp
values of the catalytic reduction of o-nitroaniline with the
specific surface areas of the hydrogels prepared at different
freezing rates and monomer concentrations. The kapp value and
the specific surface area both increase with increasing freezing
rate (Figure 9a), whereas they decrease as monomer
concentration increases (Figure 9b), showing a direct
correlation between the kapp and the specific surface areas of
the hydrogels. In addition, the more porous microstructure of
the hydrogel prepared at a lower monomer concentration
allows the easier and faster diffusion of reactants to the
catalysts. Therefore, the Ag NPs nanocomposite hydrogels
prepared at a higher freezing rate and/or a lower monomer
concentration exhibit better catalysis performance.
For the reactions catalyzed with the composite hydrogels

prepared with different AgNO3 concentrations, their kapp value
first decreases and then increases with increasing AgNO3
concentration (Figure 9c). AgNO3 concentration affects the
morphology and content of Ag NPs in the composite
hydrogels. As shown in Figures 3 and 6, the Ag NPs formed
at AgNO3 concentration of 0.01 mol L−1 are the smallest (16
nm) and are separately distributed, so their large specific
surface area provides more catalytic active sites and hence
higher catalytic activity. Although the content of Ag NPs
increases with increasing AgNO3 concentration, their smaller
specific surface area due to the increase of particle size lowers

Figure 6. Sizes (a) and contents (b) of the Ag NPs prepared with different AgNO3 concentrations.

Figure 7. Compressive mechanical performances of the hydrogels prepared with different freezing rates. The compressive strengths (σc, εc = 95%) of
the PHEMA and PHEMA/Ag nanocomposite hydrogels (a), and the cyclic compressive σc−εc curves of the PHEMA/Ag nanocomposite hydrogels
(b). All the hydrogels were made with 2.0 mol L−1 HEMA solution, and the PHEMA/Ag nanocomposite hydrogels were prepared with 0.01 mol L−1

AgNO3 solution.
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Figure 8. Catalytic activity of PHEMA/Ag nanocomposite hydrogels prepared with 0.01 mol L−1 AgNO3 concentration. (a) Successive UV/vis
spectra of the aqueous solution of o-nitroaniline and NaBH4 in the presence of a PHEMA/Ag composite hydrogel; (b) the ln(Ct/C0) ∼ t plots and
(c) the corresponding kapp values for 10 successive catalysis run cycles.

Figure 9. Factors affecting the catalysis performance of the Ag NPs nanocomposite hydrogels. The apparent rate constants (kapp) of the composite
hydrogels prepared at different freezing rates (a), monomer concentrations (b) and AgNO3 concentrations (c), with the other two factors kept
constant. The specific surface areas of the PHEMA hydrogels are included in (a) and (b). The monomer concentration was 2.0 mol L−1 (a, c), the
AgNO3 concentration was 0.01 mol L−1 (a, b), and the freezing rate was 10 mm min−1 (b) and 20 mm min−1 (c).
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their catalytic activity. The decrease in specific surface area
becomes less significant with the further increase in the size of
NPs, and hence the increase of the amounts of Ag NPs makes a
more important contribution to the catalytic activity. This
might be the main reason for the slightly increased kapp value
for the composite hydrogel prepared at the AgNO3
concentration of 0.06 mol L−1.

■ CONCLUSIONS
In summary, aligned nanowire structured PHEMA hydrogels
have been prepared by directional freezing and γ-radiation
initiated polymerization using TBA as the solvent. By observing
the microstructures of the hydrogels prepared under different
conditions, it is concluded that an enhanced freezing rate and a
lower monomer concentration are more beneficial to the
formation of nanowire hydrogels. Silver NPs are easily
introduced into the hydrogels, and they are formed and
deposited on the directionally aligned polymeric nanowires.
The PHEMA/Ag NPs composite hydrogels show excellent
catalytic properties and reusability. We postulate that more
hydrogels or other polymeric materials with different micro-
structures can be prepared with the DF and a polymerization
method by using other monomers and solvents. In addition,
other metal nanoparticles can also be introduced into the
hydrogels for more applications in various fields.
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