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cCQM – Centro de Qúımica da Madeira,

Penteada, 9000-390 Funchal, Portugal

† Electronic supplementary information (
results. See DOI: 10.1039/c3ta13966b

Cite this: J. Mater. Chem. A, 2014, 2,
2323

Received 2nd October 2013
Accepted 19th November 2013

DOI: 10.1039/c3ta13966b

www.rsc.org/MaterialsA

This journal is © The Royal Society of C
The assembly of dendrimer-stabilized gold
nanoparticles onto electrospun polymer nanofibers
for catalytic applications†
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Meifang Zhua and Xiangyang Shi*abc

We report here a facile approach to assembling low generation poly(amidoamine) (PAMAM) dendrimer-

stabilized gold nanoparticles (Au DSNPs) onto electrospun polymer nanofibrous mats for catalytic

applications. In this study, Au DSNPs formed using amine-terminated generation 2 PAMAM dendrimers

as stabilizers were assembled onto electrospun polyacrylic acid (PAA)/polyvinyl alcohol (PVA) nanofibrous

mats either through electrostatic interactions or through the covalent 1-ethyl-3-(3-dimethyl-

aminopropyl)carbodiimide hydrochloride (EDC) coupling reaction. The assembly of Au DSNPs with a

mean diameter of 5.4 nm onto the electrospun nanofibrous mats was characterized via different

techniques. The catalytic activity of the Au DSNP-assembled nanofibrous mats was evaluated by the

transformation of 4-nitrophenol to 4-aminophenol. We show that both approaches enable the efficient

assembly of Au DSNPs onto nanofiber surfaces and the as prepared Au DSNP-containing nanofibers

formed via both approaches have excellent catalytic activity and reusability. However, the Au DSNP-

assembled nanofibers via electrostatic physical interactions display a much higher catalytic activity than

those formed via the chemical assembly approach. The facile dendrimer-mediated assembly approach

to modifying electrospun nanofibers may be used to fabricate other composite nanofiber systems for

applications in catalysis, sensing, and biomedical sciences.
Introduction

Electrospinning is recognized as one of the most powerful tech-
nologies to create bers with diameters ranging from tens of
nanometers to several micrometers.1–4 For improved functionality
and applicability, organic/inorganic hybrid nanobers are gener-
ally required to be fabricated.5–7 The common strategy used to
form hybrid nanobers is to mix the inorganic components with
polymer solution for subsequent electrospinning. For instance,
nanoclay materials (e.g., halloysite5,8–11 and laponite6,12), hydroxy-
apatite nanorods,13,14 and carbon nanotubes,15–18 have been
incorporated within polymer nanobers for applications in tissue
engineering, pharmaceutical sciences, and environmental tech-
nology. Hybrid nanobers can also be formed using preformed
electrospun polymer nanobers as nanoreactors.18–22Our previous
work has shown that metal nanoparticles (NPs) of Fe,18,21,22 Au,19
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Pd,23 Fe/Pd,20 and Fe/Ni24 can be immobilized within polyacylic
acid (PAA)/polyvinyl alcohol (PVA) or polyethyleneimine (PEI)/PVA
nanobers for environmental or catalytic applications. These
hybrid nanobers share the common features that the active
functional groups within the nanobers (e.g., carboxyl or amine)
are able to complex metal ions for the subsequent reductive
formation of metal NPs. Furthermore, polymer nanobers can
also be functionalized via surface self-assembly, creating metal
NP-assembled hybrid nanobers.25,26 The major advantage of the
metal NP-assembled polymer nanobers is that the properties or
functionalities of metal NPs can be sufficiently employed due to
the location of the metal NPs on the surfaces of nanobers with a
high surface area to volume ratio. Therefore, it is crucial to
develop versatile technologies to generate metal NP-assembled
hybrid nanobers.

Our previous work has shown that polymer nanobers can
be assembled with polyelectrolyte multilayers for Fe NP
immobilization,27 and polyelectrolyte/carbon nanotube multi-
layers for enhanced cellular proliferation.28 For the effective
assembly of nanober surfaces, the surface of nanobers and
the used polyelectrolytes or inorganic components should
possess functional groups, allowing for effective chemical or
physical interactions. Therefore, to create metal NP-assembled
hybrid nanobers, it is a prerequisite to prepare functionalized
stable metal NPs prior to the self-assembly process.
J. Mater. Chem. A, 2014, 2, 2323–2332 | 2323
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Dendrimers are a family of highly branched, mono-
dispersed, synthetic macromolecules with well-dened
composition, architecture, and abundant surface functional
groups.29 The uses of dendrimers, especially poly(amidoamine)
(PAMAM) dendrimers as powerful stabilizers and templates to
generate metal NPs have attracted increasing attention.30 Den-
drimers can be used as templates to form dendrimer-entrapped
metal NPs,31–34 where each metal NP is entrapped within one
dendrimer molecule. Dendrimers can also be used as stabilizers
to form dendrimer-stabilized metal NPs (metal DSNPs),35–38

where each metal NP is surrounded by multiple dendrimer
molecules. In our previous research,35 we have shown that
amine-terminated generation 2 (G2) PAMAM dendrimers can be
adopted as stabilizers to form stable aminated Au DSNPs
through a facile hydrothermal approach. In another work,
Esumi and his coworkers prepared gold-dendrimer nano-
composites by UV irradiation.39 Given the advantages of the use
of dendrimers to create functionalized metal NPs, it is reason-
able to hypothesize that Au DSNPs could be assembled onto
the surface of electrospun polymer nanobers for catalytic
applications.

For the catalytic applications of metal NPs with different
compositions,40–43 it is important to maintain the catalytic
activity of the particles and simultaneously to make the metal
NPs easily recyclable and reusable. Our previous studies have
shown that electrospun PEI/PVA nanobers are able to serve as
nanoreactors to immobilize Au19 or Pd20 NPs for catalytic
applications with good recyclability and reusability. The nano-
ber immobilization approach enables the efficient distribu-
tion of metal NPs both within the interior and onto the surface
of the nanobers, signicantly improving the stability of the
metal NPs. Therefore, besides the similar advantages of the
metal NP-immobilized nanobers, it is expected that metal NPs
assembled solely on the surface of polymer nanobers may be
more efficient for catalytic applications.

In this present study, aminated Au DSNPs were rst formed
using amine-terminated G2 PAMAM dendrimers as stabilizers
using a hydrothermal approach (Scheme 1a). The formed Au
DSNPs were then assembled onto the surface of crosslinked
electrospun PAA/PVA nanobers via either physical electrostatic
interactions or covalent chemical bonding (Scheme 1b). The
formed Au DSNPs and Au DSNP-assembled PAA/PVA were
characterized via different techniques. Finally the catalytic
activity of the formed Au DSNP-assembled nanobers was
assessed by the transformation of 4-nitrophenol to 4-amino-
phenol. To our knowledge, this is the rst report related to the
combination of electrospinning and dendrimer nanotech-
nology to generate metal NP-assembled hybrid nanobers for
catalytic applications.

Experimental section
Materials

Ethylenediamine core amine-terminated G2 PAMAM den-
drimers (G2.NH2) were purchased from Dendritech (Midland,
MI, USA). Chloroauric acid (HAuCl4) was from Sinopharm
Chemical Reagent Co., Ltd. (China). PAA (averageMw¼ 240 000,
2324 | J. Mater. Chem. A, 2014, 2, 2323–2332
25% in water) was obtained from Aldrich. PVA (88% hydrolyzed,
Mw ¼ 88 000) and 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide hydrochloride (EDC) were acquired from J&K chemical.
The water used in all of the experiments was puried using a
Milli-Q Plus 185 water purication system (Millipore, Bedford,
MA, USA) with a resistivity higher than 18 MU cm. All other
chemicals were of analytical grade.

Synthesis of Au DSNPs

Au DSNPs were prepared using G2.NH2 dendrimers as stabi-
lizers through a hydrothermal method according to our
previous work (Scheme 1a).36 In brief, an aqueous G2.NH2

dendrimer solution (10 mg mL�1, 15 mL) was preheated in a
60 �C water bath for 30 min. Then, HAuCl4 (30 mg mL�1,
1.895 mL) was added into the G2.NH2 dendrimer solution with
the Au salt–dendrimer molar ratio of 3 : 1. The reaction was
maintained at 60 �C for 3 h under magnetic stirring. With the
solution color gradually changing from yellow to red, Au NPs
were formed. Aer that, the mixture was cooled down to room
temperature, dialyzed against water (6 times, 2 L) for 2 days to
remove the excess reactants, followed by lyophilization to get
the {(Au0)3-G2.NH2} DSNPs (Au DSNPs).

Preparation of the crosslinked PAA/PVA nanobrous mats

The procedure to fabricate the crosslinked electrospun PAA/PVA
nanobrous mats was adopted from our previous work.20

Briey, a PVA/PAA homogeneous solution with a PVA/PAA mass
ratio of 1 : 1 and a total polymer concentration of 12% was
prepared before electrospinning. The electrospinning was
carried out at ambient temperature using a syringe with a
needle having an inner diameter of 0.8 mm at an applied
voltage of 16.8 kV. The feeding rate and the tip-to-collector
distance were set to be 0.5 mL h�1 and 25 cm, respectively. The
freshly prepared PAA/PVA nanobrous mats were crosslinked
upon a heating treatment at 145 �C for 30 min to render them
water stable according to the literature.20

Preparation of the Au DSNP-assembled PAA/PVA nanobrous
mats

The process to physically assemble the Au DSNPs onto the PAA/
PVA nanobrous mats is shown in Scheme 1b. In brief, a
crosslinked nanobrous mat (1 � 2 cm2, 5 mg) was dipped into
water (0.8 mL) for 3 h to allow the available free PAA carboxyl
groups to be deprotonated. Then, the Au DSNP aqueous solu-
tion (2.6 mM, 0.2 mL) was added onto the nanobrous mat and
the liquid was le on the mat surface for 20 min to allow the
electrostatic deposition of the aminated Au DSNPs, followed by
rinsing with water for 3 times to remove excess Au DSNPs. The
formed Au DSNP-assembled nanobrous mats were dried
under vacuum at room temperature for 24 h, and stored in a
desiccator before use.

Au DSNPs were also covalently assembled onto the PAA/PVA
nanobrous mats through a chemical reaction between the
amino groups of the G2.NH2 dendrimers and the available free
carboxyl groups of PAA (Scheme 1b). Differently from the
physical assembly process, EDC was employed here to activate
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Schematic illustration of the synthesis process of Au DSNPs (a) and the assembly of Au DSNPs onto electrospun PAA/PVA nanofibers
through physical adsorption and chemical reaction (b).

Fig. 1 TEM image (a) and size distribution histogram (b) of the formed
Au DSNPs.
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the free PAA carboxyl groups to react with the dendrimer
amines. In a typical procedure, a crosslinked nanobrous mat
(1 � 2 cm2, 5 mg) was dipped into an EDC aqueous solution
(32.6 M, 0.8 mL) under constant vibration using a shaker at
room temperature for 3 h, followed by adding the Au DSNPs
aqueous solution (2.6 mM, 0.2 mL) under vibration. The
nanobrous mat was taken out aer 2 days, rinsed with water 3
times, dried under vacuum at room temperature for 24 h, and
nally stored in a desiccator before use.
This journal is © The Royal Society of Chemistry 2014
Characterization techniques

The morphology of the electrospun PAA/PVA nanobrous mats
before and aer Au DSNP assembly was observed using scan-
ning electron microscopy (SEM, TM-100, Hitachi, Japan) with
an operating voltage of 10 kV. Prior to the SEMmeasurements,
samples were sputter-coated with 10 nm thick carbon lms.
The elemental composition of the samples was analyzed by
energy dispersive spectroscopy (EDS, IE300X, Oxford, U.K.)
attached to the SEM. UV-vis spectrometry (Lambda 950 UV-vis
spectrometer) was also used to characterize the assembly of
the Au DSNPs onto the PVA/PAA nanobrous mats via the
measurement of reectance induced by the Au DSNPs. The
samples were xed onto glass slides before the measurements.
To observe the distribution of Au DSNPs onto the nanobers,
the Au DSNP-assembled polymer nanobrous mats were
embedded in epoxy resin and cut into ultrathin sections with
an ultramicrotome equipped with a diamond knife. Trans-
mission electron microscopy (TEM, JEM2100, JEOL Ltd.,
Japan) was performed at an operating voltage of 200 kV.
The diameters of the nanobers and particle sizes were
measured using image analysis soware ImageJ 1.40G (http://
J. Mater. Chem. A, 2014, 2, 2323–2332 | 2325
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Fig. 2 UV-vis spectra of the Au DSNP solution after physical (a) and chemical (b) assembly onto the surface of the nanofibers at different time
points.

Fig. 3 SEM images and diameter distribution histograms of PAA/PVA nanofibers without Au DSNPs (a), and Au DSNP-assembled PAA/PVA
nanofibers formed via physical adsorption (b), Au DSNP-assembled PAA/PVA nanofibers formed via chemical reaction (c).

2326 | J. Mater. Chem. A, 2014, 2, 2323–2332 This journal is © The Royal Society of Chemistry 2014
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Fig. 4 EDS spectra of the Au DSNP-assembled PAA/PVA nanofibers
formed via physical adsorption (a) and chemical reaction (b).

Fig. 5 Reflectance UV-vis spectra of PAA/PVA fibers without Au
DSNPs (a), Au DSNP-assembled PAA/PVA nanofibers formed via
physical adsorption (b), and Au DSNP-assembled PAA/PVA nanofibers
formed via chemical reaction (c).
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rsb.info.nih.gov/ij/download.html). At least 300 randomly
selected nanobers or NPs in different SEM or TEM images
were analyzed for each sample to acquire the diameter/
size distribution histograms. Thermal gravimetric analysis
(TGA) was carried out using a TG 209 F1 (NETZSCH Instru-
ments Co., Ltd., Germany) thermogravimetric analyzer with a
heating rate of 10 �Cmin�1 in air. To determine the Au content
in the Au DSNP-assembled PAA/PVA nanobrous mats
before and aer catalytic reactions, a Leeman Prodigy induc-
tively coupled plasma-optical emission spectroscopy
(ICP-OES) system (Hudson, NH03051, USA) was used. The Au
DSNP assembled brous mat (5 mg) was treated with aqua
regia (500 mL) for 3 h. The extract solution was diluted before
analysis.
This journal is © The Royal Society of Chemistry 2014
Catalysis experiments

A model reaction to transform 4-nitrophenol to 4-aminophenol
was selected to evaluate the catalytic efficiency and reusability of
the Au DSNP-assembled PAA/PVA nanobrous mats formed via
either the physical or chemical assembly process according to
the procedure reported in the literature.19 In brief, a solution
mixture containing 4-nitrophenol (0.6 mL, 10 mM), NaBH4

aqueous solution (0.6 mL, 10 M), and water (16.8 mL) was
prepared in a 25 mL beaker. Then, an Au DSNP-assembled free-
standing nanobrous mat with an Au amount of 0.5 mg was
immersed into the above mixture solution at room temperature,
followed by gentle magnetic stirring. At a given time interval,
0.5 mL of the aqueous solution was withdrawn and diluted to
1.0 mL for the detection of the transformation efficiency using a
Lambda-25 UV-vis spectrometer (Perkin-Elmer, USA). To verify
the reusability of the Au DSNP-assembled PAA/PVA nanobrous
mat, the mat was washed with water and blotted with lter
paper before it was reused for the next cycle of catalytic reaction.
For comparison, the cross-linked free-standing PAA/PVA nano-
brous mats without the assembly of Au DSNPs were also
tested. The transformation efficiency of 4-nitrophenol to
4-aminophenol was calculated according to the following
equation:

remaining fraction of 4-nitrophenol ¼ Ct/C0 � 100% (1)

where C0 and Ct are the initial concentration of 4-nitrophenol
and 4-nitrophenol concentration at a given time interval,
respectively.

Results and discussion
Preparation and characterization of Au DSNP-assembled PAA/
PVA nanobrous mats

To construct Au DSNP-assembled PAA/PVA nanobrous mats,
Au DSNPs were rst synthesized using G2 dendrimers as
stabilizers according to the protocol described in our previous
reports.35,36 TEM was used to characterize the formed {(Au0)3-
G2.NH2} DSNPs (Fig. 1a). It can be seen that the formed Au
DSNPs are spherical in shape with a mean diameter of 5.4 �
1.8 nm (Fig. 1b), in agreement with our previous reports.35,36

Similar to our previous work,18,21,22 PAA/PVA nanobrous
mats were rendered water stable by crosslinking before being
used in an aqueous environment. The PAA/PVA nanobers were
crosslinked by a heating treatment at 145 �C for 30 min, which
makes the carboxyl groups of PAA react with the hydroxyl
groups of PVA to form ester bonds. Then, the aminated Au
DSNPs were assembled onto the nanober surfaces via both
physical and chemical approaches.

UV-vis spectroscopy was performed to monitor the assembly
process (Fig. 2). The surface plasmon resonance (SPR) band
located at 525 nm for the Au DSNP solution dramatically
decreased aer 5 min physical adsorption and remained almost
unchanged until 120 min (Fig. 2a). This indicates that the Au
DSNPs are able to be quickly adsorbed onto the brous mat via
electrostatic assembly. In contrast, the chemical assembly
involves an EDC-mediated coupling of the PAA carboxyl groups
J. Mater. Chem. A, 2014, 2, 2323–2332 | 2327

http://dx.doi.org/10.1039/c3ta13966b


Fig. 6 TEM images and size distribution histograms of the Au DSNPs assembled onto PAA/PVA nanofibers via physical adsorption (a) and
chemical reaction (b). The insets show the high-resolution TEM images of the respective Au DSNPs.

Fig. 7 TGA curves of the PAA/PVA nanofibers before (Curve a) and
after assembly with the Au DSNPs via physical adsorption (Curve b) and
chemical reaction (Curve c).
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and the amines of the Au DSNPs. This process was quite slow,
and the SPR peak at 525 nm for the Au DSNP solution contin-
uously decreased with the time of reaction and reached its
lowest point at 48 h in the studied time period (Fig. 2b).

SEM was performed to observe the morphology of the
formed nanobrous mats before and aer the assembly of Au
DSNPs (Fig. 3). Similar to our previous work,22 crosslinked PAA/
PVA nanobers with a smooth and uniform morphology and
random orientation were generated with a mean diameter of
225 � 42 nm (Fig. 3a). The physical assembly of the Au DSNPs
does not seem to alter the morphology of the PAA/PVA nano-
bers and the ber diameter (Fig. 3b). Similarly, the chemical
2328 | J. Mater. Chem. A, 2014, 2, 2323–2332
assembly of the Au DSNPs does not alter the smooth
morphology of the PAA/PVA nanobers (Fig. 3c), but leads to a
slight increase of the ber diameter (232 � 58 nm). The
increased ber diameter should be caused by the swelling of the
nanobers that are treated by EDC for the chemical assembly of
Au DSNPs in a relatively long time period when compared with
the physical assembly process. The assembly of Au DSNPs onto
the surface of nanobers was further conrmed by EDS analysis
of the elemental composition of the nanobers (Fig. 4). Au
element can be clearly seen in the EDS spectrum of the Au
DSNP-assembled nanobrous mats prepared by both physical
adsorption (Fig. 4a) and chemical reaction (Fig. 4b). The
elemental oxygen observed in both cases could be attributed to
the hydroxyl group of the PVA and the carboxyl group of the PAA
in the nanobers.

Reectance UV-vis spectroscopy was also used to conrm the
assembly of Au DSNPs (Fig. 5). In contrast to the PAA/PVA
nanobers without the assembly of Au DSNPs that do not
display apparent absorption features, the Au DSNP-assembled
PAA/PVA nanobers prepared by both physical adsorption and
chemical assembly show the typical SPR peak at 538 nm asso-
ciated with the assembled Au DSNPs. This further demon-
strated the successful assembly of Au DSNPs onto the surface of
PAA/PVA nanobers.25

The distribution of Au DSNPs onto the surface of PAA/PVA
nanobers was characterized by cross-sectional TEM imaging of
the hybrid nanobers (Fig. 6). Round-shaped patterns of the Au
DSNPs are clearly observed, indicating that Au DSNPs were
successfully assembled along the cross section of the bers
(Fig. 6a and b). The mean diameter of the Au DSNPs assembled
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 UV-vis spectra of the 4-nitrophenol aqueous solution treated
with nanofibers at different time intervals: PAA/PVA nanofibers without
Au DSNPs (a), Au DSNP-assembled PAA/PVA nanofibers formed via
physical adsorption (b), and Au DSNP-assembled PAA/PVA nanofibers
formed via chemical reaction (c).

This journal is © The Royal Society of Chemistry 2014
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by physical adsorption was estimated to be 5.0 � 3.1 nm, while
the mean diameter of the Au DSNPs assembled by chemical
reaction was estimated to be 5.8 � 1.9 nm. The slightly larger
size of the Au DSNPs assembled via chemical reaction may be
due to the longer assembly time, favoring further Ostwald
ripening. Differently from our previous study related to the
uniform distribution of Au NPs within the entire ber cross-
section of the PEI/PVA nanobers,19 the Au DSNPs assembled in
this work are solely distributed at the outer shell of the bers,
conrming the success of the assembly via both physical and
chemical approaches. Furthermore, the crystalline lattice
structure of the assembled Au DSNPs can be clearly observed by
high-resolution TEM images (Fig. 6, insets).

TGA was used to analyze the composition of the Au DSNP-
assembled PAA/PVA nanobers (Fig. 7). The initial slight weight
loss for all the nanobers should be due to the loss of moisture
in the bers. The major weight loss of the Au DSNP-assembled
nanobrous mats in the region of 170–500 �C is attributed to
the decomposition of the PAA/PVA polymers and dendrimers.
By comparing the Au DSNP-assembled nanobrous mats with
the Au DSNP-free mats (Fig. 7, Curve a), the assembled Au
component onto the nanobrous mats was estimated to be
8.1% for the physical assembly approach (Fig. 7, Curve b) and
12.0% for the chemical assembly approach (Fig. 7, Curve c),
respectively. The higher loading of Au DSNPs via the chemical
assembly approach (also in line with the above UV-vis spectro-
scopic data) may be ascribed to the more efficient interaction
between the aminated Au DSNPs and the PAA carboxyl groups
via an EDC-mediated coupling reaction. In contrast, the phys-
ical assembly of Au DSNPs onto the ber surface via electro-
static interaction is not strong enough and the interparticle
repulsion may lead to a reduced density of the particle coating
on the ber surface.
Catalytic transformation of 4-nitrophenol to 4-aminophenol

We next explored the potential catalytic applications of the Au
DSNP-assembled PAA/PVA nanobrous mats by a model reac-
tion to transform 4-nitrophenol to 4-aminophenol in the pres-
ence of NaBH4. It is well-known that the reaction does not
proceed without a catalyst.44 UV-vis spectroscopy was used to
monitor the transformation process aer the addition of the
hybrid nanobrous mat as a catalyst. Firstly, we selected the Au
DSNP-assembled nanobrous mats formed through physical
adsorption as a catalyst. We show that the Au DSNP-assembled
nanobrous mats are able to effectively catalyze the reaction to
transform 4-nitrophenol to 4-aminophenol in the presence of
NaBH4, similar to our previous work.19 It is clear that the yellow
color of the 4-nitrophenol solution gradually faded with the
reaction time (Fig. S1b, ESI†), and the intensity of the charac-
teristic absorption peak of 4-nitrophenol at 400 nm gradually
decreased and disappeared within the time frame of 8 min
(Fig. 8b). With the decrease of the characteristic absorption
peak of 4-nitrophenol, a new characteristic absorption peak of
4-aminophenol started to appear at 300 nm. In contrast, when
the PAA/PVA nanobers without Au DSNPs were exposed to the
same reaction mixture, a slight decrease in the intensity of the
J. Mater. Chem. A, 2014, 2, 2323–2332 | 2329
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Fig. 9 The remaining fraction of 4-nitrophenol as a function of time for the first, second, and third catalytic transformation reaction cycle: (a) Au
DSNP-assembled PAA/PVA nanofibers formed via physical adsorption, (b) Au DSNP-assembled PAA/PVA nanofibers formed via chemical
reaction.
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absorption peak at 400 nm was observed within 36 min, which
should be associated with the physical adsorption of the
4-nitrophenol onto the surface of the PAA/PVA nanobrous
mats (Fig. 8a and S1a†). This further supports that the superior
catalytic transformation of 4-nitrophenol to 4-aminophenol is
closely related to the excellent catalytic property of the assem-
bled Au DSNPs.

For comparison, the catalytic properties of the Au DSNP-
assembled hybrid mats through chemical reaction were also
investigated under similar experimental conditions. We show
that with a similar amount of Au content, the Au DSNP-
assembled nanobers formed via chemical reaction are also
able to catalyze the transformation of 4-nitrophenol to 4-ami-
nophenol (Fig. 8c and S1c†). However, the catalytic efficacy is
lower than that of the hybrid mats formed via physical
assembly. Aer 20 min, the characteristic absorption peak of
4-nitrophenol at 400 nm disappeared. The relatively low cata-
lytic activity of Au DSNP-assembled PAA/PVA nanobers formed
via chemical assembly may be due to the dense packing of the
Au DSNPs onto the ber surfaces, limiting the accessibility of
the 4-nitrophenol molecules to undertake the transformation
reaction.

For practical catalytic applications, the developed catalyst
must have good reusability and recyclability. Although the
prepared colloidal gold-dendrimer nanocomposites reported
in the literature39 are able to catalyze the conversion of
4-nitrophenol to 4-aminophenol with a catalytic activity
comparable to the Au DSNPs assembled onto the nanobers in
our work, the colloidal gold-dendrimer nanocomposites are
difficult to be recycled for further use. The catalytic activity of
the Au DSNP-assembled nanobrous mats was also demon-
strated by plotting the remaining fraction of 4-nitrophenol as a
function of the exposure time (Fig. 9). Aer catalyzing the
4-nitrophenol solution for the rst time, the hybrid nano-
brous mats were washed with water and blotted by a lter
paper before it was reused for the next cycle of catalytic reac-
tion. It can be seen that more than 97% 4-nitrophenol is able to
be transformed to 4-aminophenol aer 8, 12, and 20 min
exposure of the Au DSNP-assembled ber mats formed via
physical assembly for the 1st, 2nd, and 3rd reaction cycles,
2330 | J. Mater. Chem. A, 2014, 2, 2323–2332
respectively, conrming their reusability (Fig. 9a). In the case
of Au DSNP-assembled ber mats formed via chemical
assembly, 99% 4-nitrophenol is able to be transformed to
4-aminophenol aer 20, 28, and 36 min for the 1st, 2nd, and
3rd reaction cycles, respectively, revealing their good reus-
ability (Fig. 9b). The slightly decreased catalytic activity of both
types of Au DSNP-assembled nanobers with the number of
reaction cycles may be due to the fact that the swelling of
nanobers during the multiple catalytic reactions in aqueous
solution may introduce more ber junctions, thereby limiting
the accessibility of the reactants to the surface of the Au
DSNPs. Taken together, our results illustrate that the as-
prepared hybrid nanobers via both the physical and chemical
approaches are promising catalysts with high efficiency and
reusability. The Au DSNP-assembled nanobers formed via the
physical approach display a better catalytic efficiency than
those formed via the chemical approach. It should be noted
that the Au DSNP-assembled hybrid nanobers formed via
both physical and chemical approaches display much better
catalytic efficiency than the AuNP-immobilized PEI/PVA
nanobers reported in our previous work.19 This well demon-
strates our hypothesis that Au NPs assembled onto ber
surfaces allow for efficient access to the substrate molecules,
favoring enhanced catalytic reactions. In contrast, the Au NPs
immobilized within the interior of the nanobers are likely to
be insufficiently accessed by substrate molecules for efficient
catalytic reactions. Finally, the developed Au DSNP-assembled
ber mats formed via either the physical assembly or chemical
reaction were demonstrated to be quite stable, and the brous
morphology could be maintained aer 3 times of catalytic use
(Fig. S2, ESI†). In addition, the Au NPs did not seem to have an
appreciable release into the reaction medium, which was
conrmed by the EDS analysis of both Au DSNP-assembled
nanobers aer 3 catalytic reaction cycles (Fig. S3, ESI†).
Further ICP-OES analysis showed that the Au content for the Au
DSNPs-assembled nanobers via physical assembly changed
from 8.3% to 7.6% aer 3 cycles of catalytic reactions. Simi-
larly, the 3 cycles of catalytic reaction did not seem to change
the Au content signicantly for the Au DSNP-assembled brous
mat via chemical assembly (from 10.0% to 9.5%).
This journal is © The Royal Society of Chemistry 2014
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Conclusions

In summary, we have developed a novel approach to assembling
Au DSNPs onto eletrospun polymer nanobrous mats for cata-
lytic applications. The dendrimer stabilization approach
enables the generation of aminated Au DSNPs with a mean
diameter of 5.4 nm that can be assembled onto electrospun
PAA/PVA nanobrous mats through either physical absorption
or chemical reaction. Although the loading of Au DSNPs via
chemical reaction is more efficient than that via physical
assembly, the catalytic activity of the Au DSNP-assembled
nanobers via the physical assembly is demonstrated to be
higher in the transformation of 4-nitrophenol to 4-amino-
phenol than that of the hybrid bers formed via the chemical
approach. Moreover, the Au DSNP-assembled hybrid nanobers
formed via both approaches display good reusability. The
approach to assembling Au DSNPs onto nanobers may be
extended to prepare other metal NP-assembled hybrid nano-
bers for applications in catalysis, sensing, and biomedical
sciences.
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