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Atomic layer deposition of palladium nanoparticles
on a functional electrospun poly-cyclodextrin
nanoweb as a flexible and reusable heterogeneous
nanocatalyst for the reduction of nitroaromatic
compounds+

We here show a rational approach for the fabrication of a flexible, insoluble catalytic electrospun nanoweb
of cross-linked cyclodextrin (CD) for the reduction of nitroaromatics. CD nanofibers were produced by
electrospinning an aqueous HP-B-CD solution containing a multifunctional cross-linker (ie., 1,2,3,4-
butanetetracarboxylic acid, BTCA) and were subsequently cross-linked by heat treatment, which led to
an insoluble electrospun poly-CD nanoweb. The poly-CD nanoweb was decorated with Pd
nanoparticles (Pd-NPs) by atomic layer deposition (ALD) technique over 20 cycles to give rise to
a catalytic electrospun nanoweb (ie., Pd@poly-CD). The formation of the Pd-NPs on the poly-CD
nanofiber surface was clearly evidenced by TEM and STEM imaging, which displayed the homogeneously
distributed Pd-NPs with a mean size of 4.34 nm. ICP-MS analysis revealed that the Pd content on the
Pd@poly-CD nanoweb was 0.039 mg per mg of nanoweb. The catalytic performance of the Pd@poly-
CD nanoweb was tested for the reduction of a nitroaromatic compound (i.e., 4-nitrophenol (4-NP)), and
high catalytic performance of the Pd@poly-CD nanoweb was observed with a corresponding TOF value
of 0.0316 min~%. XPS was used to explore the oxidation state of Pd atoms before and after the catalytic
reduction of 4-NP, and no significant change was observed after catalytic reactions. In brief, the
Pd@poly-CD nanoweb having handy, flexible, structural stability and reusability can be effectively used in
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Introduction

Electrospun nanowebs have sparked great interest owing to
their high aspect ratio and tailor-made properties for many
different applications, including water treatment,' drug
delivery,” wound dressing,® tissue engineering,* sensing,® food®
and food packaging,” and catalysis.® Particularly, the use of
electrospun nanowebs as supporting materials in heteroge-
neous catalysis has gained interest recently due to the facile
preparation of such nanofibrous catalysts with high catalytic
activity. In this regard, various approaches have been developed
to produce catalytic nanowebs, such as (i) the electrospinning of
polymer solutions with the impregnated metal precursors and
thereafter, thermal or chemical treatment of the nanofibers,”’ (ii)
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environmental applications as a heterogeneous nanocatalyst for the reduction of toxic nitroaromatics.

in situ synthesis of catalytic particles in nanofibers using
reducing agents,* and (iii) the decoration of colloidal metal
nanoparticles onto the fiber surface.” In addition to these
approaches, atomic layer deposition (ALD) of metals or metal
oxides onto electrospun nanowebs has emerged as a more
advantageous technique since it promotes the growth of
nanoparticles in an atomically controlled manner by chemical
attachment to surface oxygen atoms and therefore, allows
producing nanoparticles or ultrathin nanolayers on the sup-
porting materials.'**® As the entire process follows a layer-by-
layer growth, the deposition of atoms gives rise to nano-
structures with atomically controlled interfaces. Furthermore,
ALD as a chemical vapor deposition technique enables the
chemical attachment of atoms and their subsequent growth
into nanoparticles or nanolayers so that the materials can be
reused many times without the loss or with a minimal loss of
catalytic nanomaterials from the material's surface.** The
embedding of nanoparticles in the fiber matrix may reduce
their catalytic performance due to accessibility problems of
reactants to the nanoparticle interface, and hence, the surface
functionalization of electrospun nanowebs with catalytic
nanoparticles via ALD has considerable advantages owing to the

This journal is © The Royal Society of Chemistry 2019
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highly accessible surface functionality and the lack of interfer-
ence from reducing agents or other molecules. In this regard,
our research group has made a significant contribution in this
area by exploiting different combinations of electrospun
nanofibrous materials as substrates and ALD of metal oxides
and metals for catalytic purposes.*>™¢*

The ALD technique is based on self-terminating gas-solid
reactions® and is mainly composed of repetitive cycles of the
following reactions: (i) the reaction of a metal-ligand (ML)
molecule and (ii) the reaction of water.* The first step is likely to
happen through ligand (L) swap with one or more surface OH
groups, releasing a gaseous product, HL, while attaching the
metal-ligand (ML) species to the surface. Thereafter, water
molecules react with the adsorbed ligands and replace them
with OH groups by releasing more HL. In the following cycle,
the hydroxyl groups react again with the ML molecules. Hence,
there is a correlation between the growth-per-cycle and the
number of surface hydroxyl groups.* In this regard, the use of
an electrospun poly-cyclodextrin (poly-CD) nanoweb as a sup-
porting material facilitates the initial deposition of metal atoms
owing to the presence of many hydroxyl groups on the molec-
ular structure of CD. Subsequently, cyclic repetition produces
nanoparticles or ultrathin nanolayers on the nanofibers
depending on the applied ALD cycle number.*

Because of their high catalytic activity and intrinsic long-
term stability against corrosion, Pd nanoparticles (Pd-NPs)
have been exploited as heterogeneous catalysts for many reac-
tions, including Suzuki-Miyaura coupling,®*** Heck,>*¢ Stille
coupling,”*® Sonogashira®?*® and nitroarene reduction.*
Several approaches have been exploited for the chemical deco-
ration of the fiber surface with Pd-NPs and other nanoparticles
to obtain handy, flexible catalytic materials with the further
advantage of reusability.">'*?* In this regard, the use of Pd-NPs
with ALD enables the preparation of highly catalytic materials,
and the deposition of Pd atoms takes place as a layer-by-layer
process so that the layer growth can be achieved with fine
control.” Such electrospun nanowebs can be exploited for the

a HP-B-CD/BTCA
solution

High voltage
power supply

ALD of Pd nanoparticles on the poly-CD nanoweb

Fig. 1
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catalytic conversion of hazardous water pollutants to less
harmful ones, such as nitroaromatics.*®

Nitroaromatics, i.e., nitro-substituted aromatic hydrocar-
bons, are exploited in the synthesis of key intermediates for
pharmaceuticals®*?** and agrochemicals.*® Most of them are
toxic and labeled as carcinogenic molecules due to their adverse
effects on human health. Among them, 4-nitrophenol (4-NP)
has been used for different applications, including as the
substrate for glucuronide and sulfate conjugation pathways,*®
and the synthesis of organophosphorus insecticide deriva-
tives.*” However, 4-NP is a very poisonous and refractory
pollutant, which is hence incorporated in the US Environmental
Protection Agency (USEPA) “Priority Pollutant List”.*® The
degradation or transformation of such toxic chemicals into less
harmful derivatives is highly suggested to mitigate their toxicity.
In this regard, various catalytic approaches have been applied
for the transformation of nitro-groups into less harmful deriv-
atives.*” Recently, polymer-free cyclodextrin electrospun nano-
fibers with in situ formed Pd nanoparticles were produced and
used for the reduction of 4-NP.' On contact with water, the
embedded Pd-NPs are released from the fiber matrix and effi-
ciently catalyze the reduction of 4-NP. However, such purely
cyclodextrin-based nanofibers suffer from non-reusability
because of their instant dissolution in aqueous solutions.

Electrospun nanofibers having the cyclodextrin (CD) func-
tionality are quite interesting since CD molecules can form
inclusion complexes with water pollutants. The use of CD-based
materials as the supporting materials for the deposition of Pd
nanoparticles allows their use as an adsorbent besides their
application as a nanocatalyst since functional CD molecules can
sequester micropollutants from water through inclusion-
complexation. In this regard, recently we reported the fabrica-
tion of poly-CD nanowebs using tetracarboxylic acid**** or
epichlorohydrin** based cross-linkers. Both cross-linking routes
led to structurally stable and insoluble nanofibrous poly-CD
membranes, which could efficiently scavenge water pollutants.

In this study, an electrospun poly-CD nanoweb was
produced, and the nanofiber surface was functionalized with

4-NP

4-Nitrophenol reduction

(@) A schematic representation of the production of an electrospun poly-CD nanoweb and (b) subsequent surface decoration of the

nanoweb with Pd-NPs by ALD. A cartoon illustration of the use of the Pd@poly-CD nanoweb in (c) the catalytic reduction of 4-NP. Photos show
the 4-NP solution before and after treatment with the Pd@poly-CD nanoweb.

This journal is © The Royal Society of Chemistry 2019
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Pd-NPs by ALD. The nanoweb was exploited for the reduction of
a nitroaromatic compound, 4-NP, in water (Fig. 1). The poly-CD
nanoweb was prepared by electrospinning an aqueous solution
of HP-B-CD containing tetracarboxylic acid functional linkers,
followed by their cross-linking with heat treatment. The nano-
web was used as the supporting material for ALD to grow Pd
atoms in the form of nanoparticles on the nanofiber surface,
and the resultant material was characterized in terms of
morphology by SEM and TEM, and compositionally by XPS, ICP-
MS, and EDS. The catalytic activity of the Pd-decorated poly-CD
nanoweb was tested against the reduction of 4-NP.

Experimental
Materials

Hydroxypropyl-B-cyclodextrin (HP-B-CD) was received as a gift
sample from Wacker Chemie (Germany). 1,2,3,4-Butanete-
tracarboxylic acid (BTCA) (99%, Sigma Aldrich) and sodium
hypophosphite hydrate (SHP, =99%, Sigma Aldrich) were ob-
tained. 4-Nitrophenol (4-NP, 99%, Alfa Aesar), sodium borohy-
dride (NaBH,, 98%, fine granular, Merck), methanol (MeOH,
Sigma-Aldrich), and methylene blue (MB, Sigma Aldrich) were
used as received. Palladium(u) hexafluoroacetylacetonate
(Pd(hfac),) was purchased from Strem Chemicals.

Production of the electrospun poly-CD nanoweb

First, HP-B-CD (155%, w/v) was dissolved in water, and the
solution was stirred at 25 °C until a clear solution was obtained.
BTCA (20 wt% with respect to the HP-B-CD) and SHP (2 wt%
with respect to the HP-B-CD) were added to the solution. The
mixture was stirred at 50 °C under continuous stirring, and
thereafter, it was cooled down to RT. For electrospinning, the
solution was transferred into a plastic syringe connected with
a needle (inner diameter: 0.4 mm). The solution was pushed
through a syringe pump (Model: KDS-101, KD Scientific) at
a feeding rate of 1 mL h™". A piece of aluminum foil was used to
cover a grounded metal collector, which was placed at a 10 cm
distance from the needle head. A high voltage power supply (AU
Series, Matsusada Precision Inc.) was used to provide a fixed
electrical potential of 10 kV. Finally, the nanofibers were ther-
mally treated in an oven at 175 °C for 1 hour to produce a cross-
linked, insoluble electrospun poly-CD nanoweb.

ALD of Pd nanoparticles on the electrospun poly-CD nanoweb

ALD was exploited on the electrospun poly-CD nanoweb for the
deposition of Pd-NPs on the nanofiber surface using a Pd
precursor (Pd(hfac),) and a counter reactant, formalin (HCOH,
30% in aqueous solution with 15% methanol). Pd(hfac), was
kept at 70 °C to obtain a suitable vapor pressure. A carrier gas
(N,) with a flow rate of 20 sccm was used under dynamic
vacuum conditions. Twenty cycles were applied for the deposi-
tion of Pd on the nanofibers at 200 °C. The exposure mode
conditions for the formalin and Pd were as follows: 0.1 s pulse,
2 min holding time and 1 s pulse, and 2 min holding time.

4084 | Nanoscale Adv., 2019, 1, 4082-4089
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Characterization

The morphology of the Pd@poly-CD nanoweb was analyzed by
scanning electron microscopy (SEM, Quanta FEI 200). Before
SEM analysis, the nanofibers (i.e., HP-B-CD, poly-CD, and
Pd@poly-CD) were coated with a 10 nm Au layer using a GATAN
PECS™ sputter coating system. The mean diameter ((D)) of the
nanofibers was evaluated over 100 nanofibers using Image]
software (US National Institutes of Health, Bethesda, MD, USA).
Transmission electron microscopy (TEM) images were obtained
on a Tecnai G2F30 (FEI) apparatus. The nanofiber sample was
sonicated in ethanol, and a tiny droplet was dropped and dried
on a carbon-coated copper grid. TEM was operated with an
accelerating voltage of 300 kV. The elemental composition of
the electrospun nanoweb was explored by energy-dispersive X-
ray spectroscopy (EDS). Scanning transmission electron
microscopy (STEM) mode was used to observe the Pd-NPs on
the nanofibers. The X-ray photoelectron spectra of the samples
were recorded using an X-ray photoelectron spectrometer
(Thermo Fisher Scientific, U.K.). As an X-ray source, an Al K-
alpha X-ray monochromator (0.1 eV step size, 12 kV, 2.5 mA,
with a spot size of 400 pm) was exploited at an electron take-off
angle of 90°. The deconvoluted XPS spectrum of the Pd 3d
orbital was measured 30 times with 50 ms dwell time (pass
energy 30 eV). A PANalytical X'Pert Pro MPD was used to obtain
XRD patterns from the samples. The equipment has a Philips
PW3040/60 X-ray generator and fitted with an X'celerator
detector. The sample was exposed to Cu K-alpha X-ray radiation
(A = 1.541874 A) to obtain diffraction data. The X-rays were
produced from a Cu anode that was supplied with 40 kv and
a current of 40 mA. The data were obtained from a 26 range of
30-90°. The Pd content on the nanoweb was determined by
inductively coupled plasma-mass spectroscopy (ICP-MS,
Thermo X series-II inductively coupled plasma-mass spec-
trometer). In this regard, the Pd@poly-CD nanoweb was treated
with aqua regia (2 mg nanoweb in 2 mL of aqua regia). From
this solution, 100 uL was taken, and the volume was made up to
10 mL with 2% HNOs;.

Catalytic experiments

An aqueous 4-NP solution (2.9 mL, 0.2 mM) was transferred into
a cuvette. Subsequently, 100 puL of 0.3 M NaBH, was added. After
the addition of the Pd@poly-CD nanoweb (2 mg), UV-vis spectra
were collected on a Cary-UV 100 spectrophotometer every 5 min
in the wavelength range of 250-500 nm. The peak intensity at
400 nm was exploited for the conversion of 4-NP to 4-AP. The
measurements were conducted at 25 °C. The same nanoweb was
reused four times using identical concentrations of 4-NP and
NaBH,.

Results and discussion

Production and characterization of the electrospun Pd@poly-
CD nanoweb

The HP-B-CD nanofibers were produced by electrospinning an
aqueous HP-B-CD solution (¢ = 155% (w/v)) containing a cross-
linker, BTCA, and a catalyst, SHP. Such a cross-linking reaction

This journal is © The Royal Society of Chemistry 2019
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Pd@poly-CD nanoweb

Fig. 2 Scanning electron micrographs of the electrospun (a) HP-B-CD, (b) poly-CD and (c) Pd@poly-CD nanofibers. Insets display the size-
distributions of the nanofibers. (d) Optical photos of the poly-CD nanoweb (d) before and (e) after the decoration with Pd-NPs by ALD.

between carboxylic acid and CD was adapted from Martel et al.**
After the electrospinning process, the nanofibers in various
sizes were produced with a mean fiber diameter of 520 nm
(Fig. 2a). Afterward, the nanofibrous web was heat-treated in an
oven at 175 °C for 1 h to generate an insoluble electrospun poly-
CD nanoweb. The SEM image of nanofibers in the poly-CD
nanoweb shows the bead-free nanofiber structure with a mean
fiber diameter of 490 nm (Fig. 2b), demonstrating that the cross-
linking process does not cause any significant change in the
fiber size. The poly-CD nanofibers were decorated with Pd-NPs
by the ALD technique. During the ALD process, 20 cycles were
applied to ensure the deposition of Pd in the form of nano-
particles (Pd-NPs) on the fiber surface, rather than the forma-
tion of a thin film of Pd since the high accessibility of Pd atoms
is crucial for the enhanced catalytic performance of the poly-CD
nanoweb. As we previously obtained small Pd-NPs on polyamide
and polyacrylonitrile fibers by performing ALD over 15 cycles,*®
we increased the cycle number to 20 to produce catalytic
nanofibers with densely coated Pd-NPs. The SEM image of the
Pd decorated poly-CD nanofibers did not reveal any structural
changes on the fibers, and the mean fiber diameter remained
unchanged (i.e., 490 nm) (Fig. 2c). After the ALD step, the white
color of the poly-CD nanoweb turned into dark grey, suggesting
the successful deposition of Pd atoms onto the poly-CD nano-
web (Pd@poly-CD nanoweb) (Fig. 2d and e). Furthermore, the
resultant freestanding Pd@poly-CD nanoweb could be folded
without any breaking, demonstrating its flexible character
under multiple folding (ESI Video 17).

The deposition of the Pd-NPs on the poly-CD nanoweb was
confirmed by TEM and STEM, which revealed homogeneously
distributed Pd-NPs on the Pd@poly-CD nanofibers (Fig. 3a and

This journal is © The Royal Society of Chemistry 2019

b). The average size of the Pd-NPs was measured as 4.34 nm,
showing the formation of small Pd-NPs due to low ALD cycle
number.**** The crystalline structure of the Pd-NPs was
explored using the selected area electron diffraction (SAED)
pattern. The SAED pattern of the nanofibers revealed diffuse

<D>=4.34nm

Mean (nm)

C
2
%
2
2
E

Fig. 3 (a and b) Transmission electron micrographs of the Pd@poly-
CD nanofibers. The inset shows the plot of particle-size distribution. (c)
The SAED pattern of the Pd@poly-CD nanofibers. (d) Scanning trans-
mission electron micrograph of a Pd@poly-CD nanofiber. The inset
displays the EDS spectrum of the respective nanofibers.
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rings due to an amorphous poly-CD fiber matrix plus bright
diffraction spots from a Pd{111} plane (Fig. 3c). Further, XRD
analysis of the pristine poly-CD nanoweb revealed a broad peak
at 18.59° (Fig. S1a, ESIT). Likewise, the Pd@poly-CD nanoweb
showed a broad peak at 18.59° due to the amorphous structure
of the HP-B-CD, together with a small diffraction peak of the
{111} plane of face-centered cubic (fcc) Pd at 40° (d-spacing =
2.26 A) (Fig. S1bt), which is in agreement with literature
reports.*® The absence of other peaks regarding Pd-NPs in the
XRD pattern can be attributed to the low concentration of the
Pd-NPs on the nanofibers. Likewise, such peaks were not
detected by XRD for the ALD-mediated Pd-NP decorated Nylon
and polyacrylonitrile nanofibers because of the low weight
loading of Pd.*® As the content of the amorphous poly-CD matrix
dominates the composition, the presence of the Pd-NPs was not
revealed as crystalline peaks, except for the dominant peak of
a Pd{111} plane. The STEM image of the Pd@poly-CD nano-
fibers revealed the homogeneous distribution of the Pd-NPs
throughout the longitudinal axis of the nanofibers (Fig. 3d).
The inset shows the EDS analysis of the Pd@poly-CD nanoweb,
which revealed the presence of Pd-NPs on the Pd@poly-CD
nanofiber surface because of the successful deposition of Pd
atoms on the nanofibers by ALD. Furthermore, ICP-MS analysis
was performed to quantitate the Pd content on the Pd@poly-CD

a 25r 455 — 20min — 40min b 20 —15s — 15mn
—— 5min 25 min 45 min
5 10 min 30 min 3 10 min
S 2.0 F — 15min — 35 miny/A\ 4 L
s //\\\ S 1.5
/
[ 1
8 s / o 15tuse
c c 10F
£ 8
2 2
Q 205
< <

=]
o
o
o

—— 5min —— 20 min —= 35 min

View Article Online

Paper

nanofibers, and the presence of 0.039 mg mg ' Pd on the
Pd@poly-CD nanoweb was determined.

Reduction of 4-nitrophenol by the electrospun Pd@poly-CD
nanoweb

The catalytic activity of the Pd@poly-CD nanoweb was tested in
the reduction of a nitroaromatic compound, 4-nitrophenol (4-
NP). 4-NP exists in the industrial wastewater from the produc-
tion of herbicides®” and dyestuffs.*® Nitro groups are easily
reduced to give amino compounds.” Such a transformation
leads to its less harmful derivative (i.e., 4-aminophenol, 4-AP),
which is highly desired to mitigate its toxicity.

The reduction of 4-NP by the poly-CD and Pd@poly-CD
nanowebs was explored (Fig. 4). Normally, 4-NP gives
a maximum absorption at 316 nm while upon the addition of
NaBH,, phenolate ions form, which shifts the maximum
absorption peak to 400 nm. Fig. 4a shows the changes in the UV-
vis spectra of 4-NP in the presence of the pristine Pd-free poly-
CD nanoweb, where a very small decrease in the peak inten-
sity was observed. This can be attributed to the reduction of 4-
NP by NaBH, and the partial adsorption of 4-NP onto the poly-
CD nanoweb. However, the interference from the CD cavity was
insignificant in the presence of the Pd@poly-CD nanoweb, and
the use of the Pd@poly-CD nanoweb drastically decreased the
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Fig. 4 The catalytic performance of (a) the poly-CD and (b) Pd@poly-CD nanowebs for the reduction of 4-NP to 4-AP, monitored by UV-vis, at
RT over time (time interval is 5 min). The use of the same nanoweb for (c) 2™, (d) 3%, (e) 4™, and (f) 5" times for the reduction of 4-NP. (g) The
reduction pathway of 4-NP to 4-AP with the respective photos of the solutions before and after reduction. (h) A plot of In(A/Ao) versus time for
the reduction of 4-NP catalyzed by the Pd@poly-CD nanoweb during its repetitive use. The measurements were performed at 25 °C. 5.8 x

10~* mmol 4-NP and 2 mg Pd@poly-CD nanoweb were used for the
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catalytic experiments.
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absorption peak intensity at 400 nm because of the reduction of
4-NP by the Pd-NPs. A new peak appeared at 300 nm due to the
formation of 4-aminophenol (4-AP), and an inverse correlation
between the two peaks was observed (Fig. 4b). After the
complete reduction of 4-NP, the nanoweb was reused for the
reduction of the identical concentration of 4-NP (Fig. 4c).
Similar catalytic performance of the Pd@poly-CD nanoweb was
observed. Furthermore, the nanoweb could be reused three
times more without any drastic drop in its catalytic performance
(Fig. 4d-f). The Pd-mediated reduction reaction of 4-NP is
shown in Fig. 4g, where the NO, group was reduced to NH, by
the Pd-NPs in the presence of NaBH,, and with that, the color of
the respective solution turned from yellowish to colorless,
demonstrating the formation of 4-AP. During the reduction
experiments, a higher amount of NaBH, was used to ensure that
the reaction follows pseudo-second-order kinetics with respect
to the 4-NP only. Thus, the reaction kinetics can be described as
-kt = In(A/Ao), where k is the first-order rate constant, ¢ is the
reaction time while A, and A, are the absorbance values at times
¢t and 0, respectively. The rate constants (k) were determined
from the slopes of the fitted lines (Fig. 4h). The mean reaction
constant k was found to be 0.092 min~*, and it remained nearly
stable during the reuse of the Pd@poly-CD nanoweb, suggest-
ing the sustained catalytic activity of the Pd@poly-CD nanoweb
for its repetitive use (Fig. 4h). The respective TOF value for the
reduction of 4-NP was calculated as 0.0316 min ™.

The detachment of Pd ions from the nanoweb during its use
was explored by ICP-MS analysis, which revealed less than 1%
release of Pd ions after the 1% use, and the total released Pd
content was lower than 5% after the 5™ use of the same nano-
web. We also performed an experiment on the catalytic activity
of the aqueous phase after the removal of the nanoweb and
observed no significant catalytic activity of the medium in the 4-
NP reduction (Fig. S2t). The presence of strong interactions
between Pd and the polymer interface through the ALD process
minimized the leaching of Pd ions from the fiber surface. A
similar finding was reported by Ranjith et al., who showed that
the catalytic activity of Pd-deposited nylon nanofibers is main-
tained thanks to the ALD process.’® The performance of the
electrospun Pd@poly-CD nanoweb in the reduction of 4-NP was
much higher than that of monometallic Pd and bimetallic Pd/
Ag decorated nylon nanowebs reported previously, and the
respective TOF values of the nanowebs were calculated to be
1.75 fold lower than that of the Pd@poly-CD nanoweb.*® During
the Pd-mediated reduction of 4-NP, the Pd(0) accepts electrons
from the BH, ions and favors the production of an H atom
from the fractionation of the B-H bond (Fig. 4g). Active H atoms
later react with the 4-nitrophenolate ions by hydrogenation. In
this regard, the presence of the Pd{111} plane as revealed by
SAED and XRD analyses is also worth mentioning, since it is
regarded as the highly interactive site for the reduction of 4-
NP.* The presence of the Pd{111} plane enhanced the catalytic
activity of the Pd@poly-CD nanoweb. Furthermore, owing to its
highly cross-linked structure, the Pd@poly-CD nanoweb, unlike
uncross-linked CD nanofibers,' can be reused multiple times in
water and organic solvents for catalytic applications. Further-
more, owing to the presence of functional CD molecules in the
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nanoweb, the Pd@poly-CD nanoweb was also exploited as an
adsorbent for the removal of methylene blue (MB) dye from
water. The sorption results revealed that the nanoweb can be
used as a high-efficiency sorbent for the removal of MB from
water with an equilibrium adsorption capacity of 104.05 =+
6.27 mg g~ (Fig. $3-S5 and Table S1t), which is higher than the
performance of many reported adsorbents (Table S2}). More-
over, the morphology of the nanofibers could be maintained
after use (Fig. S61). All relevant data regarding MB removal are
available in the ESLf

The chemical state of the Pd atoms before and after the
repetitive use of the Pd@poly-CD nanoweb in the 4-NP reduc-
tion was explored through XPS (Fig. 5a and b). The appearance
of the Pd peak in the XPS analysis of the Pd@poly-CD nanoweb
demonstrates the successful deposition of the Pd-NPs on the
nanofiber surface. For the electrospun Pd@poly-CD nanoweb,
deconvoluted Pd 3d spectra displayed two peaks related to
metallic and oxidized Pd states (Fig. 5a). Fig. 5a shows the
deconvoluted Pd 3d XPS spectrum after the catalytic use of the
Pd@poly-CD nanoweb, where a doublet of a low-energy Pd 3ds/,
band and a high-energy Pd 3d;,, band appeared. The respective
binding energies (i.e., 335.7 eV for Pd 3ds/, and 341.6 eV for Pd
3d3,) fit well with literature reports.”* The percentages of Pd(0)
and Pd(u) were, respectively, calculated as 73.31 and 26.69%,
demonstrating the formation of metallic Pd-NPs while the
respective values after its 5" use were 72.43 and 27.57%
(Fig. 5b), demonstrating that their repetitive use in the 4-NP
reduction did not significantly affect the oxidation state of Pd.

Structural stability of the electrospun Pd@poly-CD nanoweb
after its use in catalysis

The structural stability of electrospun fibers is crucial for their
repetitive use in catalysis. The stability of the Pd@poly-CD
nanoweb was explored over the fiber morphology by SEM.
Fig. 6 shows the morphology of the nanofibers in the nanoweb,
where no significant change was observed after their 5™ use in
the 4-NP reduction (Fig. 6a). The swelling of the nanofibers was
low and a 20% increase was observed in the fiber diameter, and
the size analysis of the nanofibers revealed a similar mean fiber
diameter (~600 nm) (Fig. 6b) after their use in the 4-NP
reduction several times. The structural stability of the nanoweb
could be credited to the occurrence of highly efficient cross-
linking reactions between the CD and cross-linker BTCA,
which led to a highly stable poly-CD nanoweb (Fig. 6¢). The

— Pd(73.31%) — Pd* (26.69%)

Counts (s)

340 335
Energy (eV)

Energy (eV)

Fig. 5 The deconvoluted Pd 3d XPS spectrum of the Pd@poly-CD
nanoweb (a) before and (b) after its repetitive use in the catalytic
reduction of 4-NP.
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Fig. 6 (a) Scanning electron micrograph of the Pd@poly-CD nanoweb
after its 5th use in the reduction of 4-NP. (b) The size distribution of the
respective nanofibers. (c) Optical photo of the dried electrospun mat
after its use in the 4-NP reduction.

highly cross-linked structure of the nanoweb and the presence
of chemically attached Pd nanoparticles make this nanofibrous
material superior to many other catalytic electrospun nano-
webs, which are mostly based on hydrophobic uncross-linked
polymers®* and can dissolve upon exposure to organic media.

Conclusions

The electrospun poly-CD nanoweb was produced by electro-
spinning and subsequently functionalizing with ALD of Pd-NPs.
The resultant Pd@poly-CD nanoweb was exploited for the
catalytic conversion of a nitroaromatic pollutant (4-NP). The
bead-free fiber structure of the nanofibers was revealed by SEM
analysis, while TEM analysis displayed the homogeneous
distribution of ultrasmall Pd-NPs with a mean size of 4.34 nm
on the Pd@poly-CD nanofiber surface. ICP-MS showed the
presence of 39 nug Pd per mg of the Pd@poly-CD nanoweb
sample. XPS measurements confirmed the reduction of Pd(u) to
metallic Pd(0) to a large extent (Pd(0) = 73.3%) while no
significant change was revealed in the oxidation state of Pd after
its repetitive use, suggesting its sustained catalytic activity. The
catalytic performance of the nanofibers was analyzed through
the hydrogenation of a nitroaromatic compound (i.e., 4-NP).
The results revealed their high catalytic activity in the nitro-
aromatic reduction, and the respective TOF value for the 4-NP
reduction was calculated as 0.0316 min . Furthermore, the
Pd@poly-CD nanoweb with a high functional CD content acted
as an efficient adsorbent for MB removal from an aqueous
solution with a sorption capacity of 104.05 & 6.27 mg g™, while
the sorption kinetics was found to fit well the pseudo-second-
order model. Due to the structural flexibility, cross-linked
structure, and high catalytic activity, the electrospun
Pd@poly-CD nanoweb can be a promising material for water
treatment applications for the reduction of environmentally
hazardous nitroaromatics.
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