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A facile approach for the synthesis of uniform, small size and well-dispersed rhodium nanoparticles (RhNPs)
on cross-linked polyvinyl alcohol-polyethyleneimine (PVA-PEI) nanofibers has been demonstrated.
Various methods were firstly employed to cross-link PVA nanofibers and the cross-linked PVA-PEI
nanofibers exhibited good water stability and porous structures after immersing in water for 72 h.
Because of the strong chelate effects among the amine groups, hydroxyl groups and Rh** ions, uniform
RhNPs with an average diameter of about 2.5 £ 0.2 nm can evenly and densely grow throughout the
PVA-PEI nanofibers via an in situ reduction. Meanwhile, the better dispersion and smaller size of the
RhNPs grown on the nanofibers in comparison with the pre-synthesized RhNPs directly deposited on
the nanofibers exhibit the advantages of in situ reduction for size and dispersion control. The successful
fabrication of the RhNPs/(PVA-PEI) nanofibers with various densities of well-dispersed RhNPs
demonstrates that the strong chelate effects and stabilization of the PVA-PEI nanofibers also play an
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Accepted 8th November 2013 essential role in the size and dispersion control of RhNPs. The crystal structures, chemical bonding and
interactions of the prepared nanofibers were verified using XPS and FTIR spectra and XRD patterns.
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Introduction

The rational design of new generation catalysts with excellent
performance requires control over their architecture at the
nanoscale. The size, shape and dispersion control of nano-
structures determines their catalytic behavior through the
adjustment of the number and geometric structure of the active
sites.’ Recently, noble metal nanoparticles (NPs) with sizes
below 10 nm have been extensively studied in catalysis due to
their high surface to volume ratios, unique electronic property
and catalytic activity that are significantly different from their
bulk forms.*®* To date, various noble metals, such as gold, silver,
palladium, and platinum have been studied extensively in
catalysis reactions.*” However, compared to other noble metals,
the synthesis of size-controlled and well-dispersed rhodium
nanoparticles (RhNPs) is a challenging task and there are few
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electrocatalytic activity towards H,0,.

reports on the size and dispersion control of RhNPs."” Rh is a
choice metal for this study not only because of the lack of
structural control but also because of its versatility, activity, and
selectivity over so many chemical transformations, such as NO
reduction, CO oxidation, hydrogenations, electro-oxidations,
and hydroformylations.***

Previously literature has reported that the electrocatalytic
activity of metal NPs is extremely sensitive to their sizes, shapes
and dispersion.”*™** Small size usually can dramatically affect
their physical and chemical properties arise from their large
surface-area-to-volume ratio and the spatial confinement of
electrons, phonons, and electric fields in and around these
particles.’*™ However, along with the exciting properties
caused by the small size, and due to the high surface energy and
large surface curvature of NPs, significant challenges are still
remain for the preparation and isolation of NPs with controlled
sizes and dispersion.”*** The lack of the structural control for
Rh could be attributed to the small number of suitable surfac-
tants or adsorbate additives which can stabilize the growing Rh
surface." Therefore, the metal precursors are reduced in the
presence of the surface stabilizer, which prevent aggregation
and may also impact the control in the growth process. In
addition, because of the growing environmental concerns and
increasingly stringent regulations governing auto emissions,
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more efficient, reproducible, stable catalysts are needed and
based on the demands, more and more noble metal NPs are
intend to load on the substrates.*>**

As a kind of 1-D substrates, polymer nanofibers prepared by
the electrospinning process gradually attracted the attention
of many researchers because of the associated advantages of
the synthesizing technique and the obtained products.>*
Compared with the widely used 1-D substrates, such as carbon
nanotubes, metal and metal oxide nanowires, the electrospun
nanofibers possess several remarkable characteristics such as
flexibility in surface functionalities, high specific surface area,
high porosity and superior mechanical performance.>*>”
Meanwhile, the surfaces of the polymer nanofibers possess
abundant chemical groups, making the polymer nanofibers to
be optimal substrates for the immobilization of metal NPs.
Among a wide series of electrospun polymers, poly(vinyl
alcohol) (PVA) attracted particular attention due to its plenty
advantageous properties such as water solubility, hydrophi-
licity, chemical and thermal stability, and biocompati-
bility.>#**** However, the water soluble PVA nanofibers cannot
stay in water, which impose restrictions on the widely practical
applications. Various methods were employed to cross-liked
PVA nanofibers using physical methods such as heat and radi-
ation or chemical agents including glutaraldehyde (GA), glyoxal,
and boric acid.”®* It should be noted that the cross-linkage of
the PVA nanofibers usually results in the formation of merged
and entangled nanofibers and the damages of the porous
structures of the nanofibers.?**° Therefore, how to obtain the
cross-linked PVA nanofibers with good water stability and
porous structures still remain challenge.

Recent studies in our groups have shown that small, uniform
and well-dispersed Au and AgNPs can be synthesized in poly-
acrylonitrile nanofibers or immobilized on the halloysite nano-
tubes via in situ reduction and these novel materials exhibit high
catalytic activity and antibacterial property.*** In addition, we
also fabricated the sulfydryl functionalized water-stable PVA
nanofibers to served as a nanoreactor for the in situ formation of
AgNPs, and the fabricated AgNP-immobilized PVA nanofibers
have been demonstrated to be a highly active biosensor for the
detection of glutathione and glucose.*** These successes in the
fabrication of Au, Ag and PtNPs embedded in or immobilized on
the electrospun polymer nanofibers lead us to develop a facile
approach to synthesis small, uniform and well-dispersed RhNPs
on the surfaces of cross-liked PVA nanofibers for the electro-
chemical detection of H,O,.

In the present investigations, various methods were firstly
employed to cross-linked PVA nanofibers with good water
stability and porous structures. The morphologies of cross-
linked nanofibers immersed in water for the desired times help
us to obtain a best substrates for the growth of RhNPs. The
cross-linking reaction of PVA-PEI nanofibers is due to the
formation of acetal bridges generated between PVA-GA, and
aldimine linkages generated between the GA-PEL>***?° The
chemical bondings informations were verified by the FTIR and
XPS characterizations. The cross-linked PVA-PEI nanofibers
with good water stability and porous structures were immersed
in RhCl; solution to complex the Rh** jons with the amine and
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hydroxyl groups of the PEI-PVA nanofibers because of the
chelate effects. Through the reduction by NaBH,, small,
uniform and well-dispersed RhNPs were grown on the surfaces
of PVA-PEI nanofibers via in situ reduction. The pre-synthesized
RhNPs in water directly deposited on the PVA-PEI nanofibers
exhibit larger size and aggregated RhNPs clusters, indicating
the advantages of the in situ reduction and the stabilization of
the PVA-PEI nanofibers in the control of the size and dispersion
of the RhNPs. A series of RhNPs/(PVA-PEI) nanofibers mats
with various densities of RhNPs were prepared and the RhNPs
can also show uniform size and well dispersion. The fabricated
non-enzymatic RhNPs/(PVA-PEI) nanofibrous mats electro-
chemical sensors exhibit highly electrocatalytic activity towards
H,0,, which would be the promising nanomaterials for the
widely application in the biosensors and bioelectrocatalysis.

Experimental method

Materials

Rhodium (u) chloride hydrate (RhCl;-3H,0, 99.9%), polyvinyl
alcohol (88% hydrolyzed, M,, = 88 000), and polyethyleneimine
(PEI, branched, M,, = 750 000, 50 wt% in water) were acquired
from Shanghai Civi Chemical Technology Co., Ltd. Glutaralde-
hyde (GA) aqueous solution (30 wt%) and hydrochloric acid
were obtained from Aladdin Chemistry Co., Ltd. Epi-
gallocatechin gallate (EGCG) was purchased from Xuancheng
Baicao Plant Industry and Trade Co., Ltd. Nafion aqueous
solution (5 wt%) was obtained by Aldrich Chemistry Co., Ltd. All
the chemicals were used as received without further purifica-
tion. Deionized water (DIW, 18.2 MQ) was used for all solution
preparations.

Fabrication of the water-stable PVA nanofibrous mats via
various methods

For the preparation of PVA solution (10 wt%), a certain amount
of PVA powder was firstly dissolved in DIW at 85 °C overnight
under magnetic stirring to get homogeneous solution, and then
the solution was cooled down to room temperature naturally.
(1) In the fabrication of PVA-GA nanofibers, the GA solution
(30 wt%) was mixed with the PVA aqueous solution under
vigorous stirring to achieve a homogeneous solution, in which
the mass ratio of PVA and GA was 4 : 1. The prepared PVA-GA
electrospun precursor solution was collected in a 10 mL syringe
equipped with a 24 gauge stainless steel needle tip. The syringe
was fixed on an electric syringe pump set to maintain constant
feed rate of 0.01 mL min~" for PVA-GA nanofibers. The voltage
was 12 kV and the distance between the needle tip and the
collector were 12 cm. (2) In the fabrication of the cross-linked
PVA nanofibers, the PVA precursor solution (10 wt%) was firstly
electrospun into the PVA nanofibers, and then treatment via the
GA vapor in a vacuum oven at 60 °C for 24 h. (3) For the prep-
aration of the acid promoted cross-linked PVA-GA nanofibers,
the above prepared PVA-GA nanofibers were immersed in a
mixed solution containing 10 vol% of HCI aqueous solution
(37 wt%) and 90 vol% methanol for 24 h to produce water-stable
nanofibrous mats. (4) For the preparation of PVA-PEI
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electrospun precursor solution, PEI (50 wt%) and PVA (12 wt%)
solutions were mixed together under magnetic stirring over-
night with a PEI-PVA mass ratio of 1 : 3 to achieve a homoge-
neous solution. The electrospun procedure of PVA-PEI
precursor was the same as PVA nanofibers. The constant of the
feed rate, voltage and distance are 0.005 mL min ", 20 kV and
20 cm. The freshly prepared PEI-PVA nanofibers were then
cross-linked by GA vapor to render the nanofibers with water
stability. The diameters and distribution of all the prepared
nanofibers were measured by Image-Pro Plus6.2 software
(200 particles of nanofibers were randomly selected for the
measurement).

Facile preparation of the RhNPs immobilized on cross-linked
PVA-PEI nanofibers via an in situ reduction approach

0.110 g of the freshly prepared cross-linked PVA-PEI nano-
fibrous mats were immersed into the desired volume of RhCl;
solution (5 mL, 10 mM) by vigorous shaking in an incubator
shaker at room temperatures for 3 h to reach the adsorption
equilibrium of the Rh®*" ions. Then the PVA-PEI nanofibers
chelated with Rh** ions were rinsed with DIW and ethanol three
times, respectively. After that, the prepared Rh*'/(PVA-PEI)
nanofibers mats were immersed into NaBH, solution followed
by vigorous shaking in an incubator shaker at room tempera-
tures for 1 h. The as-produced RhNPs/(PVA-PEI) nanofibers
mats were rinsed with DIW three times, followed by drying
at room temperature for 2 h, and stored under ambient
conditions. The diameters and distribution of the RhNPs
and nanofibers were measured by Image-Pro Plus6.2 software
(200 particles of RhNPs were randomly selected for the
measurement).

Fabrication of the RhNPs deposited on the cross-linked PVA-
PEI nanofibrous mats

The RhNPs (5 mL, 10 mM) were firstly synthesized in DIW
(45 mL) using NaBH, as the reductant and the EGCG as the
stabilizer. Then, 0.110 g of the freshly prepared cross-linked
PVA-PEI nanofibrous mats were immersed into the desired
volume of RhNPs (50 mL) solution by vigorous shaking in an
incubator shaker at room temperatures for 3 h to reach the
adsorption equilibrium of the RhNPs. The as-produced RhNPs/
(PVA-PEI) nanofibers mats were rinsed with DIW three times,
followed by drying at room temperature for 2 h, and stored
under ambient conditions. The diameters and distribution of
the RhNPs and nanofibers were measured by Image-Pro Plus6.2
software (200 particles of RnNPs were randomly selected for the
measurement).

Facile preparation of the RhNPs/(PVA-PEI) nanofibers with
various loading of the RhNPs via an in situ reduction
approach

A similar approach was used for the preparation of RhNPs/
(PVA-PEI) nanofibers with various loading of the RhNPs. The
PVA-PEI nanofibrous mats with same weight were immersed
into DIW solution containing 1, 2.5, 5, 7.5 mL RhCI; solution,
respectively, to reach the adsorption equilibrium of the Rh**
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ions. Then, the prepared Rh**/(PVA-PEI) nanofibers mats were
immersed into NaBH, solution followed by vigorous shaking in
an incubator shaker at room temperatures for 1 h. The as-
produced RhNPs/(PVA-PEI) nanofibrous mats were rinsed with
DIW three times, followed by drying at room temperature for
2 h, and stored under ambient conditions. The diameters and
distribution of the RhNPs and nanofibers were measured by
Image-Pro Plus6.2 software (200 particles of RhNPs were
randomly selected for the measurement).

Electrocatalytic experiments

Electrocatalytic experiments were conducted with a CHI660C
workstation (Shanghai Chenhua, Shanghai). All experiments
were carried out using a conventional three-electrode system in
0.1 M phosphate buffered saline (PBS), where PVA-PEI/GCE and
RhNPs/PVA-PEI/GCE was used as the working electrode, a
platinum foil as the auxiliary electrode and a saturated Ag/AgCl
electrode as the reference electrode. The buffer was purged with
high-purity nitrogen for at least 30 min prior to each experi-
ment, and the nitrogen environment was then kept over the
solution to protect the solution from oxygen. Electrochemical
performances of the fabricated electrodes were tested using a
three-electrode system by cyclic voltammetry (CV).

Instrumentation

Transmission electron microscopy (TEM) images were obtained
with a JSM-2100 transmission electron microscopy (JEOL,
Japan) at an acceleration voltage of 200 kV. The EDS spectrum of
the RhNPs/(PVA-PEI) nanofibers was also recorded by the TEM.
The morphologies of all the electrospun nanofibers were
observed by a JSM-6700F field-emission scanning electron
microscope (FE-SEM, JEOL, Japan) at an acceleration voltage of
1 kV. X-ray Diffraction (XRD) patterns of the PVA-PEI nanofibers
and RhNPs/(PVA-PEI) nanofibers were characterized with a
SIEMENS Diffraktometer D5000 X-ray diffractometer using Cu
K, radiation source at 35 kV, with a scan rate of 0.02° 26 s~ * in
the 26 range of 10-80°. Fourier transform infrared (FTIR)
spectra were recorded on a Nicolet 5700 FTIR spectrometer in
transmittance mode at a resolution of 4 cm™"' and 32 scans in
the range from 4000 nm to 400 nm. Thermogravimetric analysis
(TGA; Pyris 1) was carried out from 298 to 1073 K at a heating
rate of 5 K min~" in N, atmosphere. X-ray photoelectron spectra
of cross-linked PVA-PEI nanofibers and RhNPs/(PVA-PEI)
nanofibers were recorded using an X-ray Photoelectron Spec-
trometer (Kratos Axis Ultra DLD) with an aluminium (mono) K,,
source (1486.6 eV). The aluminium K, source was operated at
15 kV and 10 mA.

Result and discussion

A better substrate for the growth of RhNPs should be taken into
account firstly. It is well-known that the PVA is one of the water-
solubility polymer, and in the widely application, much atten-
tions should be drawn to promote the water-stability of the PVA.
In this paper, we used four different methods to prepare the
cross-linked PVA nanofibers and the morphologies of the PVA

This journal is © The Royal Society of Chemistry 2014
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nanofibrous mats via different treatments before and after
soaked in the water are shown in Fig. 1. Fig. 1a shows the PVA-
GA nanofibrous mats prepared from the PVA-GA solution and
smooth and uniform nanofibers with random orientation were
obtained with an average diameter of 250 + 38 nm (Fig. S17).
However, after soaking in water for 1 h, the reserved PVA
nanofibers swell considerably and the nanofibers start to fuse
with each other and destroy the porous structures. The control
of the morphology and the porous structures of the nanofibrous
mats is essential for the practical applications where a high
surface-area-to-volume ratio is considered advantageous.**** As
shown in Fig. 1b, the cross-linked PVA nanofibers treated by GA
vapor show distinct nanofibers with average diameter of 460 +
54 nm (Fig. S2t). It can be observed from Fig. 2f that after
soaking in the water for 24 h, the cross-linked PVA nanofibers
were swollen, became soft, and intertwined together. Mean-
while, except for the destroyed porous structures, the
morphology of the nanofibers still maintained in these mats,
indicating that the GA vapor can indeed improve their water
stability.

Fig. 1 FE-SEM images of the as-electrospun PVA-GA nanofibrous
mats prepared from the PVA-GA mixed solution, (b) cross-linked PVA
nanofibrous mats via GA vapor, (c) acid promoted GA cross-linked
PVA-GA nanofibrous mats and (d) cross-linked PVA—-PE| nanofibrous
mats via GA vapor; FE-SEM images of the corresponding cross-linked
PVA nanofibrous mats via different treatments immersed in water for
(e) 1, (f) 24, (g) 48, and (h) 72 h, respectively.
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Fig. 2 (A) FTIR spectra of the (@) PVA-GA and (b) acid promoted
cross-linked PVA nanofibrous mats; (B) schematic illustration of the
cross-linkages between the hydroxyl groups of PVA and aldehyde
groups of GA.

Fig. 1c shows the morphology of the acid promoted cross-
linked PVA-GA nanofibrous mats. In a prepared procedure, the
solution containing both PVA and GA was firstly electrospun
into homogeneous nanofibers, and then the PVA-GA nanofibers
were immersed into acidic solution to promote the cross-link-
ing generated between hydroxyl groups of the PVA and the
aldehyde groups of GA.**** The morphology of the nanofibrous
mats before and after immersing in water for 48 h did not
change so much, indicating the enhanced water resistant
compared with the freshly prepared PVA-GA nanofibers (Fig. 1a
and b). However, the nanofibers before and after soaking in
water were both merged and entangled among each other.
Based on the above results, the simply mixed PVA with GA, GA
vapor and acid promoted cross-linkage are not able to prepare
the water-stable PVA nanofibers with uniform and distinct
nanofibers, porous structures and high surface-area-to-volume
ratio. Therefore, in order to keep the water stability along with
the porous structures, another approach should be considered.
In biomaterials and bioscience, the PEI polymer with perfect
biocompatibility is widely used for the gene and drug delivery,
gamma scintigraphy imaging agent, gene therapy and so on.*>*”
In the present investigation, we use the hyperbranched PEI
polymer as the second component to promote the water-
stability and morphology of the PVA nanofibers. The mixed PVA
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and PEI solution were firstly electrospun into homogeneous
nanofibers, and then treat via GA vapor for 24 h to improve the
water-stability. As shown in Fig. 1d, uniform and distinct
nanofibers with average diameter about 460 + 52 nm (Fig. S31)
are observed, and the nanofibers only formed interfiber
bonding/fused mostly at the intersection points because of the
GA vapor. It is because that during the GA vapor procedure,
the GA vapor contains water vapor and it can swell and soften
the surface of the nanofibers, leading to the directly contact
with nearby nanofibers at intersection points to form interfiber
bonding.* After immersing in water for 72 h, there is almost no
significant merged and entangled nanofibers and the porous
structures still remains, indicating the reliable cross-linkage
and good water-stability of PVA-PEI nanofibers. Compare the
freshly cross-linked PVA-PEI nanofibers with the immersed
nanofibers (480 + 78 nm, Fig. S4t) for 72 h, the average diam-
eters also did not change much.

The chemical bondings of the cross-linked PVA nanofibrous
mats were confirmed by FTIR spectra. As shown in Fig. 2A, curve
a shows the electrospun PVA-GA nanofibers prepared from the
mixed PVA-GA solution, and the morphology of the nanofibers
is corresponding to Fig. 1a. The broad band centered at
3348 cm ' are associated with the stretching vibration of
hydroxyl (-OH) groups from intermolecular and intramolecular
hydrogen bonds.>****° The strong peaks located at 1734 and
1258 cm™ " are assigned to the C=O0 stretching vibration of free
GA aldehyde groups and C-O stretching vibration of hydroxyl
groups in PVA, respectively. The schematic illustration of the
cross-linkages process between PVA and GA is shown in Fig. 2B.
Compared with curve a, after the acid promoted cross-linkage of
PVA-GA nanofibers, the intensities of the peaks at 1734 cm™*
and 1258 cm ™' decreased significantly. This means that the acid
promoted the cross-linking of the aldehyde groups of GA and
the hydroxyl groups of PVA, leading to the formation of ether
linkages.?® In addition, a new peak emerged at 1011 cm ™' is
attributed to the formed ether linkages, indicating the forma-
tion of acetal bridges between the aldehyde and the hydroxyl
groups. The cross-linkage both in intramolecular and/or inter-
molecular occurred within and at the point of contact nano-
fibers, leading to the phenomena of the merged and entangled
nanofibers (Fig. 1c). The band became relative broad and moved
to 3391 cm™ ', which also implied the involvement of the -OH
groups in the cross-linkages, resulting in the partial destruction
of hydrogen bonds.*® The chemical bondings of the cross-linked
PVA-PEI nanofibrous mats would discuss later.

Based on the above results, the cross-linked PVA-PEI nano-
fibers were used as the substrates for the growth of RhNPs. As
shown in Fig. 3a, the FE-SEM image shows the distinct RhNPs/
(PVA-PEI) nanofibers with uniformly average diameter of 540 +
80 nm (Fig. S57). The surfaces of the nanofibers are covered by
large amounts of small RhNPs, which can also be observed by
the TEM image (Fig. 3b). From Fig. 3c, a mass of RhNPs are
evenly and densely distributed on the surface of the PVA-PEI
nanofibers and there is nearly no aggregated RhNPs, indicating
the strong stabilization of the amino and hydroxyl groups. A
narrow diameter distribution of the RhNPs has been observed
with an average size of 2.5 £+ 0.2 nm (Fig. S61) and the particle

798 | RSC Adv., 2014, 4, 794-804

View Article Online

Paper

Fig. 3 FE-TEM (a) and TEM (b and c) images of the RhNPs/(PVA—-PEI)
nanofibers; SAED pattern of the RhNPs/PVA—-PEI nanofibers and the
inset is the HRTEM of the small RhNPs.

sizes were measured by 200 particles from enlarged TEM images
using imaging analysis software, Image-Pro Plus6.2 software
(Media Cybernetics Ltd). The size distribution diagram is shown
in Fig. S6.1 The inset in Fig. 3d exhibits a HRTEM image of
RhNPs, showing lattice fringes of the (111) plane with an
interplaner distance of 0.21 nm, which is according with the
XRD results.®®*® Fig. 3d shows the selected area electron
diffraction (SAED) pattern of the RhNPs/(PVA-PEI) nanofibers
and it reveals the polycrystal rings indexed to the (111), (200),
and (311) planes of fcc Rh crystal, respectively, indicating the
polycrystallinity of RhNPs.3**-*>

Because of the strong chelate effects among the -NH groups,
-OH groups and Rh*" ions, the small RhNPs can evenly grow on
the surfaces of PVA-PEI nanofibers via in situ reduction, and the
stabilization of PVA and PEI can impose restrictions on the size
and distribution of RhNPs, leading to the formation of the
uniform and well-dispersed RhNPs.****3* In order to show
the advantages of the PVA-PEI assistant in situ reduction for the
controlled size and distribution of RhNPs, we firstly synthesized
the RhNPs by NaBH, in water and then the as-synthesized
RhNPs were directly deposited on the PVA-PEI nanofibers.
Fig. 4a shows the small and uniform RhNPs with average
diameter of about 2.8 + 0.3 nm (Fig. S71), which is almost the
same size as the RhNPs grown on PVA-PEI nanofibers (Fig. 3b).
It is well known that because of the high surface energy, the
RhNPs are easily aggregated to form larger sizes."* In our
previously reports, a green compound, EGCG, was used both as
reducer and stabilizer for the synthesis of AuNPs, PtNPs and
AgNPs'ZO,SO,Sl

In the present studies, with the assistant of the stabilization
of the EGCG, there is no aggregated RhNPs in water (Fig. 4a and
b). Fig. 4b shows the HRTEM image of RhNPs, the lattice fringes
of an interplaner spacing of 0.21 nm is according with the (111)
plane of RhNPs.***° Compared with the in situ growth of RhNPs
on PVA-PEI nanofibers (Fig. 3a), large size RhNPs clusters were
deposited on the nanofibers, and the aggregated phenomena
were relatively serious. As shown in Fig. 4d and e, the large size
RhNPs clusters varied from 50 nm to 200 nm, are consist of
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Fig. 4 (a) TEM and (b) HRTEM images of the synthesized RhNPs in
water by NaBH,4 with the stabilization of EGCG; (c) FE-SEM and (d and
e) TEM image and (f) SAED pattern of the PVA-PElI nanofibers
deposited with RhNPs; the inset is the HRTEM image of the RhNPs
deposited on PVA—-PEI nanofibers.

many small RhNPs. Small RhNPs are united to form Rh clusters,
indicating that the -NH groups can not catch the small RhNPs
to get a better distribution through the whole nanofibers.
Therefore, the chelate effects between the NH groups and
RhNPs is very weak, it cannot afford the enough stabilization for
the RhNPs to prevent the aggregated RhNPs clusters. The inset
in Fig. 4e show the lattice fringes of the Rh(111) planes, and the
SAED pattern also reveals the polycrystal rings indexed to the
(111), (200), and (311) planes of fcc Rh crystal, respectively,
which are according with the XRD results.***"*

The results of thermogravimetric analysis (TGA) are dis-
played in Fig. 5A. The weight losses of 8.57 wt% for the cross-
linked PVA-PEI and RhNPs/(PVA-PEI) nanofibers, are nearly
both observed up to 55 °C, which can be attributed to the loss of
free water molecular. The TGA curve of original cross-linked
PVA-PEI nanofibers (curve a) shows that a great weight loss of
84.45 wt% occurred between 55 and 570 °C, which is caused by
the decomposition of the PVA-PEI nanofibrous mats. Upon the
temperature 570 °C, the polymer component of PVA-PEI
nanofibrous mats was burned out. Compared with the curve a,
the weight losses of 75.53 wt% for RhNPs/(PVA-PEI) nano-
fibrous mats is observed up to 450 °C, and the component of
PVA-PEI nanofibrous mats have almost decomposed, while the
Rh residues remains. With the comparison between the RhNPs/
(PVA-PEI) nanofibrous mats and PVA-PEI nanofibrous mats,
the loading capacity of RhNPs within the nanofibrous mats was
estimated to be 8.92 wt%. Fig. 5B presents the results obtained
from the energy dispersive X-ray spectroscopic (EDS) analysis.
The EDS analysis was mostly used for the determination of

This journal is © The Royal Society of Chemistry 2014
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elements present in the products. The EDS spectrum consisted
of different peaks for Rh, C, and O. The large intense Rh peak
came from the RhNPs, and the C and O peak came from the
PVA, PEI and GA.

Fig. 6 shows the FTIR spectra of the pure PVA-PEI nanofibers
and cross-linked PVA-PEI nanofibers with and without the
growth of RhNPs. In the above discussion, the process and
chemical bondings of cross-linkage between PVA and GA have
been demonstrated. In this part, the hyperbranched PEI poly-
mer possess large amounts of primary amine and imine groups
with high activity and were used as the second component to
crosslink the PVA nanofibers.?®*3** As shown in curve a and b,
the peak located at 1650 ecm™ ' is ascribed to the bending
vibrations of the primary amine groups in the pure and cross-
linked PVA-PEI nanofibers, which is essential for the
complexation of Rh®" jons.”® The strong peaks located at
1740 cm " and 1253 cm ™' are assigned to the C=0 stretching
vibration of aldehyde groups and the C-O stretching vibration
of hydroxyl groups in PVA.>***** The peak located at the
1582 cm ! is attributed to the bending vibration of imine
groups in PEL**¢ After the treatment by GA vapor, some peaks
have changed, which can identify the cross-linkage of the
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PEI-PVA nanofibers. The peak ascribed to the C=0O groups
(1740 cm™") become weaker and a new peak emerged at
1600 cm ™! are indicative of the aldimine linkages generated
between the GA-PEL>**°

The chemical bondings among PVA, PEI and GA are shown
in Fig. 6B. In addition, compared with curve a, another new
peak located at 1016 cm ™' are emerged in curve b and ¢, and it
belongs to the ether linkages generated between the GA-PVA.
The above information can confirm the successful cross-linkage
of the PVA-PEI nanofibers. The followed several evidences can
support the chemical interactions among the amino groups,
hydroxyls groups and RhNPs. After the growth of RhNPs on
cross-linked PVA-PEI nanofibers, the peak location of primary
amine groups (1650 cm ™ ') moves to 1636 cm ™, indicating the
chemical interactions between the RhNPs and -NH groups. In
addition, the peak ascribed to the bending vibration of amine
groups becomes strong also can support the chelate effects. The
broad band centered at 3320 cm™" in curve a and b are attrib-
uted to the stretching vibrations of -NH and -OH groups, and
with the growths of RhNPs, the peak moves to 3374 cm™ ' and
become relatively sharp, which is presumably due to the inter-
action between the amino/hydroxyl groups of the PEI-PVA
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polymers and the immobilized RhNPs.***' Furthermore, as
shown in curve ¢, two new peaks emerged at 3072 cm™ ' and
1334 cm ™', are attributed to the stretching and bending vibra-
tions of associated -NH groups, respectively, which is caused by
the hydrogen bonds and chelate effects.

Fig. 7 shows the morphology evolutions of the RhNPs/(PVA-
PEI) nanofibers with various amounts of RhNPs. As shown in
Fig. 7a, at the low concentration of RhCl;, the as-formed RhNPs
were well dispersed around the PVA-PEI nanofibers. With the
increasing concentration of RhCl;, more RhNPs were grown on
the surfaces of the nanofibers and no obviously aggregated
RhNPs clusters were observed, indicating the perfect stabiliza-
tion of the PVA and PEI (Fig. 7b). When the amounts of RhCl;
are further increased to 5 mL, more and more RhNPs formed on
the surfaces of nanofibers until the nanofibers are completely
encapsulated by a thin layer of RhNPs shells. In addition, there
are still no significant aggregated RhNPs clusters. When 7.5 mL
RhCl; adopted, large amounts of RhNPs are densely grown on
the whole nanofibers, which are shown in Fig. 7d. Beyond the
minimum loading of RhNPs, the RhNPs start to grow on the
previously formed thin layer of RhNPs and join together to form
a thicker solid RhNPs shells. Therefore, without the stabiliza-
tion of the -NH and -OH groups of PVA-PEI nanofibers, more
and more aggregated RhNPs clusters formed.

XRD patterns of the above RhNPs/(PVA-PEI) nanomaterials
are shown in Fig. 8. As shown in Fig. 8, the curve a shows the
XRD pattern of the pure PVA-PEI nanofibers and a broad peak
centered at 20.8° is attributed to the (101) plane of semi-
crystalline PVA.*** XRD patterns of the RhNPs/(PVA-PEI)
nanofibers with various amounts of RhCl; ranged from 1 mL to
7.5 mL are shown form curve b to curve e. When 1 mL RhCl;
adopted, the as-prepared RhNPs/(PVA-PEI) nanofibers mats
show very weak characteristic peaks of Rh crystal. With the
amounts of RhCl; increase to 5 mL, three relatively distinct
characteristic peaks of Rh crystal located at 40.2°, 49.7° and
70.0° can be observed, which are according with the (111), (200),
and (220) planes ascribed to the face-centered cubic (fcc) Rh

Fig. 7 FE-SEM images of the RhNPs/(PVA—-PEI) nanofibers via in situ
reduction with various amounts of RhClz solution: (a) 1 mL, (b) 2.5 mL,
(c) 5mL and (d) 7.5 mL.
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Fig. 8 XRD Patterns of the as-synthesized (a) PVA-PEI and RhNPs/
(PVA—-PEI) nanofibers with various amounts of RnCls solution: (b) 1 mL,
(¢) 25 mL, (d) 5 mL and (e) 7.5 mL.

metal (JCPDS: 050685).%°" Although the XRD patterns of the
PVA-PEI and RhNPs/(PVA-PEI) nanofibers look similar, close
examination shows that because of the increased loading of
RhNPs on PVA-PEI nanofibers, the relatively intensity of (101)
plane peaks become weak, and while the intensity of the Rh
plane peaks become strong. There is no other impurity peaks
could be detected, such as Rh oxide, indicating the pure phase
of the Rh nanocrystals. The XRD results also can shows several
evidences for the stabilization effects to control the size of
RhNPs. It is previously reported that the larger well faceted
particles (>5 nm) have predominately exposed (111) crystal
planes.* Grass et al. have prepared size-controlled RhNPs with
average diameter ranged from 1.9 to 11.3 nm and study the
size-depended XRD patterns.*”® If the size of RhNPs is lower
than 5 nm, the (200) and (220) planes peaks are very weak,
which are similar with the curve b, ¢ and d. Therefore, based
on the FE-SEM images and XRD patterns, the sizes of the
major RhNPs grown on PVA-PEI nanofibers can be changed in
the range from 2 to 6 nm (below 5 mL of the RhCl;). The
relative strong (111), (200) and (220) peaks (curve e) can also
indicate the larger size of the RhNPs, which are due to the
aggregated RhNPs clusters.

XPS spectra were used to testify the chemical states and
chemical interactions of the prepared nanomaterials and help
us to understand the growth process of the RhNPs on nano-
fibers. The whole XPS spectra of the PVA-PEI and RhNPs/(PVA-
PEI) nanofibers are shown in Fig. S8.7 Fig. 9A shows the Rh 3d
core-level XPS spectra of the RhNPs/(PVA-PEI) nanofibers, and
two peaks with binding energy (BE) at 307. 5 eV and 312.2 eV are
consistent with the literature data for the BE of core levels Rh
3ds, and Rh 3djp,, respectively, for the zero-valent Rh.***
According to the literatures, the metallic Rh(0) shows 3ds,, XPS
signal at 307.2 eV, and the relative higher BE of RhNPs in
PVA-PEI nanofibers are mainly attributed to the strong chem-
ical bindings among the surface Rh atoms, NH groups and OH
groups. The previously literatures have reported that the
relatively high BE of metal NPs was due to the binding of

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 (A) Rh 3d XPS spectra of the RhNPs/(PVA-PEI) nanofibrous
mats; C 1s XPS spectra of the (B) cross-linked PVA—PEI nanofibers and
(C) RhNPs/(PVA-PEI) nanofibers; N 1s XPS spectra of the (D) cross-
linked PVA-PEI nanofibers and (E) RnNPs/(PVA—-PEI) nanofibers; (F) O
1s XPS of the (a) cross-linked PVA—PEI nanofibers and (b) RhNPs/(PVA-
PEI) nanofibers.

surface metal atoms with the stabilizer or passive molecules
surrounding the NPs, which lead to a substantial electron
donation from metal NPs to the stabilizer molecules.’
In addition, there are no additional peaks such as Rh(i) and
Rh(m) appeared, suggesting that metallic Rh(0) is obviously the
predominant species in the RhNPs.

As shown in Fig. 9B and C 1s XPS spectra of the cross-linked
PVA-PEI nanofibers shows four significant peaks located at
284.8, 286.0, 287.5 and 289.9 eV, which are according with the
carbon atoms in different functional groups: the C-C, the C in
C-0 and/or C-NH, bonds, the C in C-NHR bonds and the C in
C=N (aldimine groups) and/or O-C=0 bonds.>>*” The exis-
tence of the aldimine groups indicate the cross-linkage of PVA~-
PEI nanofibers, which is according with the FTIR results.
Compared with Fig. 9B, the C 1s XPS of the RhPNs/(PVA-PEI)
nanofibers also shows four similar peaks, which are located at
284.7, 285.9, 287.6 and 288.9 eV, respectively. However, the
intensity of the XPS peak of C-NHR bonds has a significant
decrease after the growth of RhNPs, indicating the strong
interactions between the NH groups and RhNPs. The N 1s XPS
spectra of the PVA-PEI nanofibers shows a peak located at
399.1 eV (Fig. 9D), and after the growth of RhNPs, two obvious
peaks are appeared in the N 1s XPS spectra of the RhNPs/
(PVA-PEI) nanofibers (Fig. 9E). One of the peaks located at
399.1 eV belongs to the unchelated NH groups, while the BE of
the other one moves to 400.0 eV because of the strong interac-
tions between the NH groups and RhNPs.>*%”
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Meanwhile, the O 1s XPS spectra of the PVA-PEI nanofibers
before and after the growth of RhNPs show two significant
peaks, which are located at the 532.6 and 532.0 eV, respectively.
The shift of the BE of O 1s can also indicate the strong inter-
actions between the OH groups and RhNPs. Based on the XPS
results for the O, N, C and Rh elements, it can be concluded
that the chelating effects among the NH groups, OH groups
and Rh*" ions are the keys for the synthesis of uniform, small
size and well dispersion RhNPs on PVA-PEI nanofibers. The
schematic illustration of the growth process of the RhNPs on
PVA-PEI nanofibers is shown in Scheme 1.

As shown in Scheme 1, the PVA-PEI nanofibers were firstly
cross-linked by the GA vapor to improve the water stability of the
nanofibrous mats. The surfaces of the PVA-PEI nanofibers
possess abundant amino (NH) and hydroxyl (OH) groups and
these groups can catch the Rh** ions to form chelate complex
because of the chelate effects among the amino groups,
hydroxyl groups and Rh** ions.>>** Then, the Rh*"/(PVA-PEI)
chelated nanofibers were immersed in the NaBH, solution, and
because of the stabilization of the functional groups, the as-
formed Rh chelate complexes were reduced to the small RhNPs
immediately via the in situ reduction. The formed small RhNPs
were immobilized on the surfaces of the nanofibers without any
collision with other RhNPs. It means that the sizes and distri-
butions of the RhNPs can be controlled through the chelate
effects.

RhNPs possess distinct physical and chemical attributes that
make them excellent scaffolds for the potential applications in
electrocatalysis, electrochemical sensor, bioelectrocatalysis and
so on.**** The detection of H,0, plays a significant role in many
fields including clinic, food, pharmaceutical and environmental
analyses.”**®%%* The detection of H,0, based on electro-
chemical sensors is one of the most used methods because of its
low detection limit as well as low costs. However, most sensors
based on enzymes or proteins may result in limited lifetime,

GA Vapor

=

Immersing in
RhCIs solution

PVA/PEI nanofibers Cross-linked PVA/PEI
nanofibers

Rh/PVA/PEI
chelated nanofibers

Target Biosensor
Molecule

RhNPs/PVA/PEI
nanofibers

Scheme 1 Schematic illustration of the growth process of the RhNPs
on PVA-PElI nanofibers and their application in electrochemical
sensors for the electrocatalytic of H,O,.
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stability problem and complex procedures in the fabrication
process. Therefore, in the present investigation, the novel
nanomaterials were used as a non-enzymatic electrochemical
sensor for the electrocatalytic towards H,0,. The electro-
catalytic activity of the as-prepared RhNPs/(PVA-PEI) nanofibers
was studied with electrochemical cyclic voltammetry. Fig. 10A
shows the cyclic voltammograms (CVs) of the (PVA-PEI)/GCE
and RhNPs/(PVA-PEI)/GCE electrochemical sensors. Aqueous
solutions with 1.0 mM of HQ in 0.1 M of sodium phosphate
buffer (PB) at pH 6.8 were used for the electrochemical
measurement. As shown in Fig. 10A, well-defined CVs of (PVA-
PEI)/GCE (curve a) are observed, and the redox peak currents of
HQ are about 28.6 and —16.6 pA, with potentials at 0.48 and
0.06 V, respectively.

For the RhNPs/(PVA-PEI)/GCE sensors (curve b and c), the
intensities of redox peaks have an obvious increase, and the
currents of HQ are about 52.7 and —28.4 pA, with potential at
0.48 and 0.00 V, respectively. The growth of RhNPs on PVA-PEI
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Fig. 10 (A) CVs of (a) PVA-PEI, (b) RnNPs/(PVA-PEI) (2.5 mL RhCls),
and (c) RhNPs/(PVA—-PEI) (5 mL RhClz) nanofibrous mats functionalized
GCE with 1.0 mM HQ in 0.1 M PB (pH 6.8) (scan rate, 50 mV s~%). (B)
CVs of (a) PVA-PEI, (b) RhNPs/(PVA-PEI) (2.5 mL RhClz), and (c)
RhNPs/(PVA-PEI) (5 mL RhCls) nanofibrous mats functionalized GCE

with 1.0 mM HQ and 5.0 mM H,0O, in 0.1 M PB (pH 6.8) (scan rate,
50 mV s7Y).
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nanofibers can improve the interfacial electron-transfer kinetics
of HQ at the electrode interface, resulting in the increase of the
currents.*®*® As shown in Fig. 10B, with the addition of H,0,,
the redox peak currents are about 27.5 and —12.4 pA, with
potentials at 0.08 and 0.38 V. Compared with the currents of HQ
obtained in Fig. 10A (curve a, 28.6 and —16.6 pA), the presence
of H,O, had little effects on the reduction peak currents
(16.6 pA) and the potential of HQ (0.08 V), suggesting the weak
reactions between HQ and H,0,. However, while for the RhNPs/
(PVA-PEI) nanofibrous mats with various loading of RhNPs,
with the addition of H,0,, the reduction peak currents (104 and
141 pA) caused by HQ both increased significantly accompa-
nying with the disappearance of the oxidation current peak
(Fig. 10B, curve b and c), indicating the strong reactions
between H,0, and HQ. In addition, compare curve b with curve
¢, the reduction peak currents increased from 104 pA to 141 pA
with the increased loading of the RhNPs. The results indicate
that the RhNPs/(PVA-PEI)/GCE electrochemical sensors exhibit
remarkable electrochemical catalysis toward H,O,, indicating
the fast direct electron transfer. Obviously, the presence of the
small and well-dispersed RhNPs on PVA-PEI nanofibers is the
key factor for the direct electron transfer, that is, the H,O,
molecule can fast and easily reach the surfaces of the RhNPs.
Meanwhile, excellent electrocatalytic activity of the biosensors
can also benefit from the highly porous fibrous structure and
increased surface area of nanofibers mats. According to the
previously studies,*** the good peak currents can lead to the
good current response towards the H,O, and the peak currents
obtained in this study are higher than our previously works at
the same experimental conditions. The fabricated non-enzy-
matic RhNPs/(PVA-PEI) nanofibrous mats electrochemical
sensor exhibit highly electrocatalytic activity towards H,O,,
which would be the promising nanomaterials for the widely
application in the biosensors and bioelectrocatalysis.

Conclusions

In summary, a facile approach to the synthesis of uniform,
small sized and well-dispersed RhNPs on cross-linked PVA-
PEI nanofibers has been demonstrated. In order to get a
perfect substrate for the growth of RhNPs, various methods
were firstly employed to cross-linked PVA nanofibers and the
cross-linked PVA-PEI nanofibers show good water stability
and porous structures after immersing in water for 72 h. The
chemical bonding of the cross-linked PVA nanofibers was
discussed and confirmed by XPS and FTIR spectra. Because of
the strong chelate effects among the amine groups, hydroxyl
groups and Rh*" ions, uniform RhNPs with an average diam-
eter of about 2.5 £ 0.2 nm can evenly and densely grow
throughout the PVA-PEI nanofibers via an in situ reduction.
Meanwhile, the better dispersion and smaller size of the
RhNPs grown on the nanofibers in comparison with the pre-
synthesized RhNPs directly deposited on the nanofibers
exhibit the advantage of in situ reduction for the size and
dispersion control. The successful fabrication of the RhNPs/
(PVA-PEI) nanofibers with various densities of well-dispersed
RhNPs (average diameter ranged from 2-6 nm) demonstrated

This journal is © The Royal Society of Chemistry 2014
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that the strong chelate effects and stabilization of the PVA-PEI
nanofibers play an essential factor for the size and dispersion
control of RhNPs. The crystal structures and chemical inter-
actions of the RhNPs/(PVA-PEI) nanofibers were verified by
XPS spectra and XRD patterns. These novel nanomaterials
were fabricated as non-enzymatic electrochemical sensors and
exhibit highly electrocatalytic activity towards H,0,, which
would be promising nanomaterials for wide application in
biosensors and bioelectrocatalysis.
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