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Facile and green synthesis of palladium
nanoparticles loaded into cyclodextrin nanofibers
and their catalytic application in nitroarene
hydrogenation†

Asli Celebioglu,a Fuat Topuz a and Tamer Uyar *ab

Herein, catalytically active cyclodextrin (CD) nanofibers loaded with in situ formed Pd nanoparticles

(Pd-NPs) were prepared by solution electrospinning. Cyclodextrin (CD) acted as a reducing agent and

catalyzed the formation of noble metal nanoparticles, e.g., palladium (Pd) over the reduction from Pd2+

to metallic Pd0, without requiring any other reducing agent. Nanofibers were produced by the

electrospinning of CD molecules from aqueous and DMF solutions containing two different Pd loadings

(1 and 2 wt% with respect to CD). The electrospinning of these solutions could give rise to bead-free CD

nanofibers whose diameters showed variations depending on the solvent-type and the Pd content used:

the nanofibers electrospun from DMF solutions were smaller in diameter than those produced from aqueous

solutions. Furthermore, increasing Pd loading decreased the nanofiber diameter. TEM, HRTEM, STEM and SAED

analyses confirmed the presence of homogeneously distributed polycrystalline Pd-NPs in the size range of

3–5 nm throughout the nanofiber matrix. XPS experiments demonstrated the presence of a higher proportion

of metallic Pd0 atoms owing to the efficient reduction of Pd2+ by CD molecules. Lastly, the catalytic activity of

the nanocomposite nanofibers was explored by the reduction of a nitroarene compound, p-nitrophenol (PNP),

to p-aminophenol (PAP), and high catalytic activity of the nanofibers was observed.

1. Introduction

There is growing interest in engineering functional electrospun
nanofibers with tunable structural properties due to their use
in a wide spectrum of applications.1–3 Particularly, catalytically
active nanofibers have gained considerable interest owing to
their handful and reusable structure.4–6 In this regard, various
strategies have been developed for the engineering of catalytically
active nanofibrous materials by electrospinning, of which most
require either organic solvents, additional reducing agents or
heat treatment, and hence, the green and one-step synthesis
of catalytically active nanofibers with embedded noble metal
nanoparticles is highly desirable.

Among noble nanoparticles, palladium nanoparticles (Pd-NPs)
have gained great interest due to their high catalytic activity and
inherent stability against chemical corrosion so that they can

maintain their physical properties for a long period of time.7–9

They have been incorporated into various nanofiber systems
through different approaches, and the resultant nanofibers have
been implemented for a wide range of applications. In this regard,
Demir et al. reported Pd-NP loaded poly(acrylonitrile-co-acrylic
acid) nanofibers using hydrazine as a reducing agent for the
nanoparticle synthesis.10 Likewise, Tong et al. reported Pd/Ag-NP
embedded polyacrylonitrile (PAN) nanofibers using ammonium
borate as a reducing agent.11 Pd-NP functional nanofibers were
also synthesized by the thermal treatment of electrospun nano-
fibers, which were produced by the electrospinning of a mixed
solution of PAN and palladium(II) acetate (Pd(OAc)2).12 The
electrospinning and following carbonization led to the synthesis
of Pd-NP embedded carbon nanofibers, which were used for the
reduction of H2O2 and oxidation of NADH. Tang and co-workers
reported the synthesis of Pd-NPs using polydopamine-coated
PAN fibers as the reducing agent.13 The Pd-NP decorated fibers
were used for trichloroethene dichlorination, and excellent
dichlorination performance was observed with high recyclability.
Wen et al. reported a silica-supported Pd nanofiber catalyst system.4

The electrospinning of a mixed solution of poly(vinyl pyrrolidone)
(PVP), tetraethyl orthosilicate, and PdCl2 and following calcination
led to Pd/PVP/SiO2 composite nanofibers, which were used for
the efficient hydrogenation of acrylic acid. As seen in the above
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examples, most of the concepts use either an additional reducing
agent or heat treatment as a driving force for the synthesis of Pd-NPs.

Here we describe a facile and green synthesis route relying
on the aqueous solutions of CD for the fabrication of Pd-NP
embedded polymer-free CD nanofibers. The Pd-NP embedded
polymer-free CD nanofibers were also produced from DMF
solutions. To the best of our knowledge, this study, for the first
time, reports the facile and green synthesis of Pd-NPs through
the reduction of CD molecules and their incorporation into
electrospun polymer-free CD nanofibers in which CD acts as a
stabilizer for the Pd-NPs against aggregation and also CD by itself
functions as a self-standing nanofibrous support matrix for Pd-NPs.

CDs are cyclic oligosaccharides with a toroidal shape bearing
primary and secondary alcohol groups. Furthermore, CDs are
natural, edible and biocompatible compounds and have been
used for a wide spectrum of applications owing to their com-
plexation ability with numerous hydrophobic molecules.14–18

CDs with pendant hydroxyl moieties catalyze the reduction of
Pd2+ to metallic Pd0, resulting in Pd-NPs. Furthermore, CDs
could be electrospun into nanofibers without the requirement
of any polymeric carrier19 so that the resultant fibrous materials
provide a high active CD content, and with that, they can serve
as carriers of functional molecules for possible applications in
drug delivery and be involved in the scavenging of environmental
micropollutants.19,20 Thus, a system containing CDs would be a
rational approach for the engineering of Pd-NPs embedded in
functional electrospun nanofibers without the requirement of
any other additives.

In this paper, the precursor Pd(OAc)2 was mixed with an
aqueous or DMF solution of hydroxypropyl-beta-cyclodextrin
(HP-b-CD) molecules and electrospun into bead-free HP-b-CD
nanofibers with embedded in situ formed Pd-NPs. The nano-
fibers were characterized based on their morphology by SEM,
and the structure and crystallinity of the nanoparticles were
explored by TEM, STEM and SAED analyses. XPS was used to
confirm the presence of Pd-NPs near to the nanofiber surface and
explore the atomic states of Pd. Lastly, the catalytic performance
of the nanocomposite nanowebs was explored by the reduction of
p-nitrophenol (PNP) to p-aminophenol (PAP).

2. Experimental section
2.1. Chemicals and materials

Hydroxypropyl-b-cyclodextrin (HP-b-CD) with a substitution
degree between 0.6 and 0.9 was obtained as a gift from Wacker
Chemie AG (Germany). Palladium(II) acetate trimer (C12H18O12Pd3,
Pd 45.9–48.4%, Alfa Aesar), N,N-dimethylformamide (DMF, Riedel)
and sodium hydroxide (NaOH, Fluka, Z98%) were purchased.
p-Nitrophenol (PNP, 99%) was purchased from Alfa Aesar.
Deionized water was produced using a Milli-Q ultrapure water
system (resistivity Z 18 MO cm).

2.2. Electrospinning of nanocomposite cyclodextrin nanofibers

Nanocomposite HP-b-CD nanofibers were prepared by the
electrospinning of HP-b-CD in aqueous and DMF solutions at

different concentrations, i.e., 120% (w/v) for DMF and 160% (w/v)
for aqueous systems, which are the optimum concentrations
for the production of bead-free HP-b-CD nanofibers from the
respective solvent system.19 Elemental Pd contents were adjusted
as 1 and 2 wt% with respect to CD content. The solution pH was
adjusted between 8.5 and 9 with 1 M NaOH and mixed over-
night to obtain homogeneous dispersions of the Pd-NPs in the
respective solvent system. As the reaction proceeds, the color
of the solution turned black, demonstrating the formation of
Pd-NPs. Thereafter, the solutions were loaded into plastic
syringes having disposable metallic needles with an inner diameter
of 0.6 mm. The syringes were placed on a syringe pump (Model:
SP 101IZ, WPI). The electrode of a high voltage power supply
(Matsusada precision, AU Series) was clamped to the metallic
needle tip. Electrospinning was performed using the following
parameters: the applied voltage was between 10 and 15 kV, the
tip-to-collector distance was in the range of 10–20 cm, and the
flow rate was set to 0.5 mL h�1. The electrospun nanofibers were
deposited on a grounded stationary metal collector covered by a
piece of aluminum foil. The electrospinning apparatus was
enclosed in a Plexiglas box, and electrospinning was carried
out at 25 1C.

2.3. Characterization methods

Viscosity measurements were performed using an Anton Paar
Physica MCR 301 rheometer equipped with a Peltier device for
temperature control. The top plate (cone plate (CP, 11), dia-
meter (D) 40 mm) was set at a distance of 164 mm prior to the
measurements. A solvent trap system was used to minimize
water evaporation during rheological testing. Furthermore,
the sample perimeter was covered with a low-viscous silicone
oil to prevent evaporation of water during the measurements.
Conductivity measurements were carried out using a conductivity
meter (Mettler Toledo) at room temperature. The morphology of
the electrospun nanofibers was explored by scanning electron
microscopy (Quanta 200 FEG, FEI). The samples were sputtered
with a thin layer of Au (B5 nm) using a Gatan 682 Precision
Etching and Coating System (PECS), and the mean diameters (hDi)
of the spun fibers and their size distributions were calculated by
analyzing ca. 100 fibers from the SEM images using ImageJ (NIH,
Bethesda, MD, USA). Transmission electron microscopy was per-
formed at 300 kV using a FEI Tecnai G2F30 microscope. In this
regard, the nanocomposite solutions were directly electrospun on
TEM grids. Wide-angle X-ray diffraction tests were carried out
using a PANalytical X’Pert Pro MPD, which was powered by a
Philips PW3040/60 X-ray generator and fitted with an X’Celerator
detector. X-Rays were generated from a Cu anode supplied with a
voltage of 40 kV and a current of 40 mA. The data were collected in
the 2y range of 5–901 using a scanning X’Celerator detector and
analyzed using PANalytical High Score Plus software (version 2.0).
An X-ray photoelectron spectrometer (XPS) (Thermo Scientific) was
used to study the chemical state of Pd in the nanocomposite
nanofibers. XPS was performed by means of a flood gun charge
neutralizer system equipped with an Al K-a X-ray source
(hn = 1486.6 eV). High-resolution spectra were recorded for the
spectral regions of Pd with a pass energy of 50 eV. FTIR spectra
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were recorded on a Bruker-VERTEX 70 spectrophotometer. The
samples were blended with KBr and pressed into transparent
pellets. A total of 64 scans were taken per sample with a
resolution of 4 cm�1.

2.4. Catalytic activity tests

The catalytic performance of the nanocomposite HP-b-CD
nanofibers was explored by the reduction of a nitroarene
compound, i.e., p-nitrophenol (PNP) to p-aminophenol (PAP),
in the presence of NaBH4, and the reaction was monitored by
UV-vis measurements. In a typical reaction test, the freshly
prepared sodium borohydride (NaBH4, 1.0 mL of 7 mM) solution
was mixed with 1.7 mL of 0.1 mM PNP in a standard quartz cell
with a path length of 1 cm. After the addition of the nanofibers
(1 mg), the first UV-vis absorption spectrum was recorded in
15 s, and the following spectra were collected every 60 s in the
wavelength range of 200–550 nm. As control experiments, the
conversion of PNP was explored in the presence of Pd-free HP-b-
CD fibers and NaBH4 or in the presence of only NaBH4. The
reusability experiment of the Pd-NPs in the HP-b-CD/Pd-NP
nanofibers was performed by the addition of 0.17 mL from
1 mM PNP solution. The conversion was followed by UV-vis
analysis until the peak at 400 nm disappeared, and afterwards,
0.17 mL of PNP was added to the cuvette, and this cycle was
repeated three times.

3. Results and discussion

The nanocomposite HP-b-CD nanofibers were prepared by the
electrospinning of HP-b-CD from aqueous and DMF solutions
containing two different Pd contents (1 and 2 wt% with respect
to CD). In this regard, HP-b-CD molecules were treated with
Pd(OAc)2 overnight while the color of the solution turned black,
indicating the formation of Pd-NPs. The characteristics of the
HP-b-CD solutions containing 1 and 2 wt% Pd are given in
Table 1. The viscosity of the HP-b-CD solutions (120% (w/v)) in
DMF was determined to be 0.55 and 0.68 Pa s for 1 and 2 wt%
Pd loadings, respectively. On the other hand, a lower viscosity
was observed for aqueous HP-b-CD solutions (160% (w/v)): the
respective values were 0.38 and 0.30 Pa�s for 1 and 2 wt% Pd
loadings. Although the concentration of HP-b-CD in DMF was
lower than that in aqueous solutions, the higher viscosity of
HP-b-CDs in DMF can be attributed to enhanced intermolecular
associations. A similar trend was reported in Pd-free CD solutions
where a higher viscosity was observed for the solutions of
HP-b-CD molecules in DMF than in water.19 The conductivity of
the respective solutions increased with higher Pd concentration.
The conductivity of the HP-b-CD/Pd-NPs-1% was determined to

be 34 mS cm�1, while it increased two-fold to 61.7 mS cm�1 with
an increasing Pd content. On the other hand, the conductivity
values were much higher for water-based systems. The respective
values were determined to be 517 and 1111 mS cm�1 for 1 and
2 wt% Pd loadings.

The nanocomposite nanofibers of HP-b-CD and Pd-NPs were
produced by electrospinning. The SEM images of the nano-
fibers revealed bead-free nanofibers whose size, regardless of
the solvent system used, decreased with a higher Pd loading:
for the nanofibers produced from DMF solutions, the mean
nanofiber diameter slightly decreased from 195 to 190 nm with
an increased Pd loading from 1 to 2 wt% (Fig. 1). Likewise, for
the nanofibers electrospun from aqueous solutions, the mean
diameters of the nanofibers were determined to be 530 and
420 nm for 1 and 2 wt% Pd loadings, respectively. When lower
HP-b-CD concentrations were used for the electrospinning, the
resultant nanofibers were obtained with smaller diameters
than those electrospun from aqueous solutions (i.e., cHP-b-CD =
160 wt% for water and cHP-b-CD = 120 wt% in DMF). On the other
hand, Celebioglu et al. reported a reverse trend for pure HP-b-
CD nanofibers produced from aqueous and DMF solutions: for
the nanofibers electrospun from DMF solutions at 120% (w/v)
HP-b-CD, the mean fiber diameter was found to be 1125 �
360 nm while the respective value for water-based systems at
160% (w/v) HP-b-CD was determined to be 745 � 370 nm.19 A
decrease in the nanofiber diameter with an increased Pd
loading can be ascribed to the enhanced conductivity of the
electrospinning solutions. The structure and distribution of the
Pd-NPs were analyzed by TEM imaging. Fig. 2 shows the TEM
images of the nanofibers where uniform Pd-NPs were homo-
genously distributed in the nanofiber matrix with a mean particle
size varying between 3.7 and 4.9 nm depending on the solvent
system and Pd loading. For the nanofibers produced from DMF
solutions at 1 wt% Pd loading, the mean particle size was
calculated to be 3.7 � 1.0 nm and 4.0 � 1.1 nm for 2 wt% Pd
loading. On the other hand, the Pd-NPs produced from aqueous
solutions were slightly bigger in size: the mean particle size was
found to be 4.7 � 1.1 nm for HP-b-CD/Pd-NPs-1% and 4.9 �
1.2 nm for HP-b-CD/Pd-NPs-2%. For both solvent systems,
increasing Pd loading led to the formation of larger Pd-NPs.
The examination of the crystal structure of the Pd-NPs by high-
resolution TEM (HRTEM) revealed lattice fringes (Fig. 3). For the
Pd-NPs produced in DMF, the respective HRTEM image showed
that the interplanar spacing of the Pd-NP lattice was found to be
0.224 nm, which coincides well with the {111} lattice spacing of
a face-centered cubic (fcc) Pd.21 Furthermore, the crystalline
structure of the Pd-NPs in nanofibers was analyzed by wide-
angle XRD analysis, which revealed small peaks at 40.5 and

Table 1 The characteristics of HP-b-CD/Pd solutions and their nanofibers produced at different Pd loadings

Solvent system HP-b-CD (wt%) Pd loading (wt%) Viscosity (Pa s) Conductivity (mS cm�1) D (nm)

HP-b-CD/Pd-NPs-1% DMF 120 1 0.55 34.0 195
HP-b-CD/Pd-NPs-2% DMF 120 2 0.68 61.7 190
HP-b-CD/Pd-NPs-1% Water 160 1 0.38 517 530
HP-b-CD/Pd-NPs-2% Water 160 2 0.30 1111 420

NJC Paper

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

by
 B

ilk
en

t U
ni

ve
rs

ity
 o

n 
2/

14
/2

02
0 

1:
12

:3
3 

PM
. 

View Article Online

https://doi.org/10.1039/c8nj05133j


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 3146--3152 | 3149

47.31 due to the {111} and {200} planes of metallic Pd (Fig. S1,
ESI†). Thus, the appearance of the dominantly exposed (111)
facets suggests the presence of a highly active surface on the
particles. The selected-area electron diffraction (SAED) analysis
of the samples demonstrated the presence of diffuse rings arose
from the {111}, {200}, {220} and {311} reflections. The appearance
of various planes demonstrates their polycrystalline structure, and
the dominant exposed plane of {111} suggests the presence
of anisotropy in shape.22 XPS experiments were conducted to
confirm the presence of the Pd-NPs near the fiber surface, and
the reduction level of Pd in its chemical state was evaluated.
Fig. 4 shows the deconvoluted Pd 3d XPS spectra of the
nanofibers produced using different solvent systems and Pd
loadings. The XPS spectrum of Pd 3d showed a doublet of a
low-energy Pd 3d5/2 band and a high-energy Pd 3d3/2 band. The
corresponding binding energy values (i.e., 335.7 eV for Pd 3d5/2

and 341.6 eV for Pd 3d3/2) for Pd 3d agree well with those of
previous studies.23–25 Furthermore, these bands are composed
of two pairs of doublets belonging to metallic Pd0 and oxidized
Pd2+. The proportion of Pd0 was dominant for all samples,
suggesting the higher proportion of metallic Pd on the nano-
fibers owing to its efficient reduction by CD molecules.

The proportions of Pd0/Pd2+ were found to be 1.87 and 1.80,
for the Pd-NPs synthesized from DMF solutions with 1 and
2 wt% Pd loading, and the respective values were calculated to be
1.70 and 1.45 for the Pd-NPs produced from aqueous solutions.

The interaction between the Pd-NPs and HP-b-CD was
explored by FTIR analysis. Fig. 5 shows the FTIR spectra of the
nanocomposite nanofibers produced from DMF and aqueous
solutions with two different Pd loadings (1 and 2 wt%). For the
nanocomposite nanofibers, a peak appeared at 1730 cm�1 owing
to the stretching vibration of the carbonyl (CQO) group in the
Pd(OAc)2 (Fig. 5a and c). This was observed for both nanocom-
posite nanofibers produced from aqueous and DMF solutions,
and their intensity increased with a higher Pd loading. The
formed Pd-NPs interacted with the hydroxyl groups of CD and
caused an apparent frequency shift of OH stretching of the CD
molecules (Fig. 5b and d). The peak shifted to higher frequencies for
the nanofibers generated from DMF and aqueous solutions due to
the presence of physical interactions between CD and Pd-NPs. This
agrees with a previous report, which showed the shift of OH
stretching of the CD molecules due to the interactions between
CD and nanoparticles (Ag-NPs and Au-NPs).26,27 Pd-NPs are

Fig. 1 (a) Optical photos of the HP-b-CD/Pd-NP dispersion after over-
night mixing and the nanofiber mat produced by electrospinning. A cartoon
illustration of the HP-b-CD/Pd-NP nanofibers with in situ formed Pd-NPs.
The scanning electron micrographs of the Pd-NPs embedded in HP-b-CD
nanofibers produced from DMF solutions at 1 wt% (b) and 2 wt% (c) Pd
loadings. The SEM images of the Pd-NP functional HP-b-CD nanofibers
generated from aqueous solutions at 1 wt% (d) and 2 wt% (e) Pd loadings.
Insets show the size distribution plots of the respective nanofibers.

Fig. 2 The TEM images of the HP-b-CD/Pd-NP nanofibers prepared at
different formulations. The nanofibers electrospun from DMF (a and b) and
aqueous solutions (c and d) at the 1 wt% (a and c) and 2 wt% (b and d)
Pd-NPs concentrations, respectively.

Fig. 3 (a) The HRTEM image of the Pd-NPs loaded HP-b-CD nanofibers
generated from DMF solutions, and (b) the corresponding SAED pattern
obtained from the nanofibers.
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known to have high catalytic activity for a wide spectrum of
reactions, including carbon–carbon cross-coupling, hydrogenation
and dehydrogenation.28–31 The incorporation of the Pd-NPs into
the nanofibers transforms them into catalytically active nano-
materials. In this regard, numerous studies on Pd-NP functional
nanofiber systems have been reported for different catalytic
reactions, including the photocatalysis of methylene blue,32

Heck coupling reactions between iodobenzene and acrylates,33

and hydrogenation of aldehydes34 and p-nitrophenol.35 p-Nitro-
phenol is a nitroarene-type of molecule and can be found in
wastewater,36 and can damage the central nervous system, liver
and kidneys.37 It is thus considered as a pollutant by the U.S.
Environmental Protection Agency (EPA).38

Due to its high stability and solubility in water, it can be
converted into a less harmful and biodegradable derivative by
converting the nitro groups to amine. In this regard, several
studies have reported the reduction of p-nitrophenol to p-amino-
phenol using silver nanoparticles immobilized on fibrous nano-
silica particles,39 Ni@Pd core–shell nanoparticle modified fibrous
silica nanospheres,40 metal organic framework-derived magnetic
porous carbon composite-supported gold and palladium nano-
particles.41

The catalytic activity of the Pd-NP-embedded CD nanofibers
was explored by the reduction of p-nitrophenol (PNP) to p-amino-
phenol (PAP). In this context, the nanofibers were treated with a
PAP solution over a period of time, and the absorbance was
followed by UV-vis measurements with 1 min intervals (Fig. 6).
As a co-catalyst, NaBH4 was used as an additive during the

Fig. 4 The deconvoluted Pd 3d XPS spectra of the HP-b-CD nanofibers
generated at different formulations. HP-b-CD/Pd-NP nanofibers produced
from DMF solutions containing 1 wt% (a) and 2 wt% (b) Pd. HP-b-CD/Pd-NP
nanofibers produced from aqueous solutions containing 1 wt% (c) and
2 wt% (d) Pd.

Fig. 5 FTIR spectra of the HP-b-CD/Pd-NP nanofibers produced from
different solvent systems (water and DMF) at two different Pd loadings
(1 and 2 wt%), along with pure HP-b-CD fibers. The high resolution XPS of
the electrospun HP-b-CD/Pd-NP nanofibers produced from two solvent
systems (DMF and water) at different Pd-NPs loadings (1 and 2 wt%).

Fig. 6 The catalytic performance of the HP-b-CD/Pd-NP nanofibers over
the reduction of PNP to PAP. (a-i) UV-vis spectra of PNP in the presence of
only NaBH4 and the absence of fiber. (a-ii) UV-vis spectra of PNP in the
presence of NaBH4 and Pd-free HP-b-CD fibers. (b-i) UV-vis spectra of
PNP solution treated with HP-b-CD/Pd-NPs–1%-DMF, (b-ii) HP-b-CD/
Pd-NPs–2%-DMF, (c-i) HP-b-CD/Pd-NPs–1%-water and (c-ii) HP-b-CD/
Pd-NPs–2%-water nanofibers. (d) The reaction mechanism of the reduction
of PNP to PAP by NABH4 and Pd-NPs, and the respective optical photos of
the PNP solution before and after fiber treatment. (e) The reusability of the
Pd-NPs over the conversion of PNP. The extra time needed for the complete
conversion of PNP was written on the respective column.
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experiments. There was no clear decrease in the absorption
peak of PNP in the presence of Pd-free HP-b-CD fibers or only
NaBH4 (Fig. 6a and b), suggesting that no hydrogenation
reaction took place in the absence of Pd-NPs in a given period
of time. Normally, PNP shows a maximum absorbance at
317 nm, which shifted to 400 nm with the addition of NaBH4

due to the formation of phenolate ions. After the addition of the
nanofibers, a decrease in the intensity of the absorption peak at
400 nm was observed while a new peak appeared at 300 nm
owing to the formation of p-aminophenol (PAP). The decrease
was faster for the nanofibers with 2 wt% Pd loadings than those
with 1 wt% Pd loading. This was the case for nanofibers
produced from aqueous solutions or DMF: a higher Pd content
increased the reaction kinetics and led to the formation of PAP
in less time. For the nanofibers generated from DMF solutions,
the complete conversion of PNP to PAP took about 10 min for
the 1 wt% Pd loading while this duration decreased two-fold to
6 min with increasing Pd content. A similar trend was observed
for the composite nanofibers produced from aqueous solutions.
The nanofibers with 1 wt% Pd content converted PNP to PAP in
9 min while it decreased to 5 min with an increasing Pd content
to 2 wt%. The reaction mechanism is shown in Fig. 6d, in which
the optical photos of the PNP solution before and after treatment
with the nanocomposite nanofibers are shown. The yellowish
solution turned colorless in a few minutes with the treatment of
the nanocomposite nanofibers, demonstrating the high catalytic
activity of the HP-b-CD/Pd-NP nanofiber system. Assuming that
all added Pd content remained in the resultant nanofibers, the
TOF values were close to each other and the TOF values were
calculated to be 10.17 and 12.25 h�1 for the HP-b-CD/Pd-NP
nanofibers prepared from DMF and aqueous solutions, respectively.
The respective values were compared with the Pd-NPs on different
supports (Table S1, ESI†). Although there are some systems with
better catalytic activity, they are mainly based on conductive supports
or with different metals. Nonetheless, the catalytic activity of the
HP-b-CD/Pd-NPs systems for the reduction of PNP is comparable
with those of the ZnO supported Pd nanoparticles (Pd/ZnO)42 and
Pd-decorated mesoporous SiO2 SBA-15 nanoparticles.43

Here, we have shown that HP-b-CD molecules not only acted
as both a reducing agent and a stabilizer, they also served as a
handy nanofibrous carrier matrix in the form of a self-standing
mat for the Pd-NPs while keeping the nanoparticles active and
stable over a period of time and preventing their aggregation.
The HP-b-CD/Pd-NP nanofibers are electrospun from their
aqueous solution and DMF, so, the HP-b-CD/Pd-NP nano-
fibrous mats have a fast-dissolving characteristic which is due
to the highly water-soluble nature of CDs. The HP-b-CD/Pd-NP
nanofibrous mats are self-standing and very handy, being very
light-weight, and they do not occupy high volume and are quite
transportable when compared to nanoparticles which are kept
in their solutions. Here, when HP-b-CD/Pd-NP nanofibrous
mats are placed in a PNP aqueous solution, the nanofibrous
matrix readily dissolves and the Pd-NPs present in the HP-b-CD/
Pd-NP nanofiber matrix become active for catalytic reactions.
Furthermore, the reusability of the Pd-NPs has also been shown
here once the HP-b-CD/Pd-NP nanofiber matrix was placed and

dissolved in an aqueous PNP solution for the first catalytic
reaction, and the system can be reused without any drastic
difference in the catalytic performance. The reusability experi-
ments were performed with the addition of an identical PNP
content from the concentrated PNP solution (1 mM). Fig. 6
shows the results related to the reusability of the Pd-NPs over
the conversion of the PNP added. After the addition of fresh
PNP, UV-vis spectra were obtained at the onset of the reaction.
The results revealed that the complete conversion of PNP took
place, but the time needed for the total conversion of PNP
increased after each use as shown in Fig. 6e. Overall, the present
concept allows the one-step synthesis of Pd-NPs through reduction
by CDs without the need of any other reducing agent. Further-
more, the same mixture can directly be electrospun into bead-free
nanofibers by electrospinning. In addition to the reducing role of
the CD molecules, they also stabilize the Pd-NPs, and hence, the
respective electrospun nanowebs offer many advantages, including
the long-term storage of Pd-NPs, being lightweight and trans-
portable and having a handy structure.

4. Conclusion

For the first time, polymer-free nanocomposite electrospun
nanofibers of HP-b-CD and the in situ formed Pd-NPs have
been reported. HP-b-CD acted as the reducing agent and gave
rise to the formation of Pd-NPs by the reduction of Pd2+ to
metallic Pd0 without the requirement of any other reducing
agent. The nanocomposite solutions were successfully trans-
formed into bead-free HP-b-CD/Pd-NP nanofibers by electro-
spinning. The green synthesis of the Pd-NPs in water and their
electrospinning led to larger nanofibers with mean diameters
of 530 and 420 nm for 1 and 2 wt% Pd loadings while the
respective values for the DMF-based system were found to be
195 and 190 nm. A similar trend was observed in the size of the
formed Pd-NPs: the NPs synthesized in water were slightly
larger in size. The TEM and HRTEM images of the Pd-NPs
revealed the homogenously distributed Pd-NPs in the size range
of 3.7–4.9 nm depending on the solvent-type and Pd loading.
XPS confirmed the presence of a higher proportion of metallic
Pd0 than Pd2+, demonstrating the successful reduction of the
Pd atoms to form nanoparticles with the help of HP-b-CD
molecules. The catalytic activity of the nanofibers was explored
by the reduction of p-nitrophenol (PNP), and the results showed
high catalytic performance of the nanocomposite nanofibers,
which could reduce PNP in few minutes into p-aminophenol
(PAP). Overall, this paper describes a one-step facile and green
route for the synthesis of ultrasmall Pd-NPs with sizes in the
3–5 nm range through reduction by renewable CD molecules,
and their transformation into nanofibers through electro-
spinning for catalytic applications.
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