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Catalytically active porous and hollow titania nanofibers encapsulating gold nanoparticles were fabricated
using a combination of sol—gel chemistry and coaxial electrospinning technique. We report the fabrication
of catalytically active porous and hollow titania nanofibers encapsulating gold nanoparticles (AuNPs) using
a combination of sol—gel chemistry and coaxial electrospinning technique. The coaxial electrospinning
involved the use of a mixture of poly(vinyl pyrrolidone) (PVP) and titania sol as the shell forming
component, whereas a mixture of poly(4-vinyl pyridine) (P4VP) and pre-synthesized AuNPs constituted
the core forming component. The core—shell nanofibers were calcined stepwise up to 600 °C which
resulted in decomposition and removal of the organic constituents of the nanofibers. This led to the
formation of porous and hollow titania nanofibers, where the catalytic AuUNPs were embedded in the
inner wall of the titania shell. The catalytic activity of the prepared Au@TiO, porous nanofibers was
investigated using a model reaction of catalytic reduction of 4-nitrophenol and Congo red dye in the
presence of NaBH4. The Au@TiO, porous and hollow nanofibers exhibited excellent catalytic activity and
recyclability, and the morphology of the nanofibers remained intact after repeated usage. The presented
approach could be a promising route for immobilizing various nanosized catalysts in hollow titania
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Introduction

Colloidal nanocatalysts have received significant interest due to
their fascinating optical as well as electronic properties, princi-
pally, because of their large surface area to mass ratio."” Such
nanocatalysts have been extensively used as effective catalysts for
a number of catalytic reactions. However, there are numerous
technical challenges associated with the usage of nanocatalysts,
which limit their extensive applications.** The first concern is the
poor stability of the nanometer-sized catalysts due to their high
surface energy. Hence, during the catalytic reactions, the nano-
catalysts tend to aggregate or re-shape which makes their
dispersion difficult. The second challenge is the difficulty in
separation and recovery of the nanocatalysts due to their
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extremely small size. This not only hinders the reusability of the
nanocatalysts but also creates environmental hazards.

In order to overcome these crucial challenges associated with
the practical usage of the nanocatalysts, a number of immobili-
zation approaches have been reported using solid supports.””
Among the various solid supports investigated, the use of porous
substrates as a support has been shown to be the most promising
one. In the past, various porous supports such as mesoporous
metal oxides (silica, titania, etc.),"**> microporous zeolites,
cellulose membranes etc.*>**® have been used to host the
nanocatalysts. In this case, it is crucial that the catalyst is strongly
bound to the support surface in order to ensure its long-term
stability and reusability.® However, it has been found that the
increased adhesion strength between the catalyst and the solid
supporting the substrate also decreases the active surface area
leading to a significant reduction in the intrinsic catalytic activity
of the nanocatalyst. The use of porous hollow supports, which
has a reactant-permeable shell with the catalyst enclosed inside,
are more innovative supports, which may overcome some of the
challenges associated with the simple catalyst-on-support kind of
systems. Some of the principal examples of such supports are the
yolk-shell (single-core) or nanorattles (movable cores) type of
systems.” In these cases, the catalytic reaction occurs on the
surface of the catalyst which are located inside the cavity or
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attached to the inner wall of the shell. The design of these
support systems ensures that the aggregation and mechanical
leaching of the catalyst during the reaction is negligible.
Furthermore, such core-shell and yolk-shell catalytic systems
were found to be quite stable under harsh conditions and, hence,
are more suitable for high-temperature catalytic reactions.****
However, the main drawback is that the large-scale preparation of
the yolk-shell catalytic systems is challenging and, hence, it may
not find its way into practical applications.

In the last few years, electrospinning has been acknowledged as
a versatile approach for fabricating solid porous fibrous supports
for nanocatalysts. The electrospinning process is simple,
economical, and scalable, where the diameter of the nanofibers
could be easily tuned. Furthermore, a range of polymers and
composite materials can be easily processed into nanofibers using
this method. So far, most of the work on electrospun catalytic
supports has dealt with the surface functionalization of the elec-
trospun nanofibers with the nanocatalyst.”>>* In this case, the
electrospun nanofibers provide a very high surface area for the
necessary catalytic sites. Moreover, the inherent porous nature of
the non-woven structure formed from the electrospun nanofibers
allows it to be used as efficient catalytic membranes.”®*** The
electrospinning approach also enables the formation of hollow
nanofibers, using coaxial or emulsion electrospinning, which
could provide a marked enhancement in the total surface area
available. However, limited work has been done on the fabrication
of such hollow nanofibers for the use as catalytic supports so far.
The hollow nanofibers fabricated were either as such catalytically
active (such as those based on metal oxides) or the catalytic
nanoparticles were incorporated into the porous shell of the
nanofibers.”® However, the entrapment of the nanocatalyst within
the shell is expected to mask the potential catalytic sites available
on the nanocatalyst thereby reducing the total active surface area.

This issue could be solved if the nanocatalysts are trapped inside
the hollow core of the nanofibers. In this case, the nanocatalyst was
expected to be bound to the inner surface of the nanofiber shell
only through a small fraction of its total surface area such that most
of the active surface area will be available for catalysis. In the
present work, we demonstrate the fabrication of such a catalytic
system via coaxial electrospinning approach. The catalytic system
consisted of hollow titania nanofibers with gold nanoparticles
(AuNPs) entrapped in the hollow core. It will be shown that the
system exhibited excellent catalytic activity as well as reusability.

Experimental

Materials

Poly(4-vinyl pyridine) (P4VP) (average M, ~ 160 000 g mol ),
poly(vinyl pyrrolidone) (PVP) (average M,, ~ 1 300 000), gold ()
chloride hydrate (HAuCl,-3H,0, 99.9%, trace metals basis),
trisodium citrate dihydrate (C¢Hs;NazO;-2H,0, =99%), acetic
acid (CH3COOH, =99.7%), Congo red (CR, 85%), sodium
borohydride (NaBH,, =96%) were procured from Sigma-Aldrich
and used as reactants without further purifications. Titaniu-
m(wv) isopropoxide (TIP) and 4-nitrophenol (4-NP) were
purchased from Spectrochem Chemicals. Ethanol and N,N-
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dimethyl formamide (DMF) were procured from Merck and
Fisher Scientific, respectively.

Synthesis of AuNPs

AuNPs were synthesized following Brown's method. In a typical
synthesis, 1 mL of 5 mM HAuCl, solution was dissolved in 9 mL
of deionized water. After 1 minute, 220 puL of 1 wt% sodium
citrate was added dropwise in the solution. Finally, 110 pL of
freshly prepared ice-cold 0.08% NaBH, solution was added.
After another 10 minutes of stirring, the solution was subse-
quently cooled down to room temperature.>”*

Preparation of core and shell solutions

Firstly, the core-forming and shell-forming solutions for coaxial
electrospinning were prepared separately. To prepare core-
forming P4VP + AuNPs solution in DMF, citrate stabilized
AuNPs were collected using centrifugation, vacuum dried to get
water free AuNPs, and then re-dispersed in 1 mL of DMF. The core-
forming solution was prepared by dropwise mixing of DMF solu-
bilized AuNPs with 4 mL of 0.2 g mL ™" P4VP solution in DMF.>>%
The shell-forming solution was prepared in order to produce
a porous titania shell. For this, 0.3 g PVP was dissolved in 5 mL of
ethanol in a round-bottom flask. Subsequently, 3 mL of titaniu-
m(wv) isopropoxide (TIP) and 1 mL of acetic acid were injected one
after another under constant stirring. The solution was stirred
further for an hour.*® The calculated weight fraction of Au in
electrospun Au@TiO, nanofibers after pyrolysis was estimated as
ca. 0.12 wt% relative to the TiO, (see also ESIt for more details).

Fabrication of Au@TiO, nanofibers

Firstly, the core-shell electrospun nanofibers were fabricated
using a coaxial electrospinning approach. For this, the AuNPs +
P4VP and TIP + PVP solutions were taken in core and shell
syringe pumps, respectively. The tip to collector distance was set
to 20 cm, and a voltage of 25 kV was applied. The flow rates were
adjusted to 1.7 and 3 mL h™' for the core and shell parts,
respectively, to obtain uniform bead free nanofibers. The as-
prepared core-shell nanofibers were further calcined via
thermal treatment to obtain Au@TiO, nanofibers. To this end,
the core-shell nanofibers were first heated stepwise in a muffle
furnace from room temperature to 300 °C with a temperature
ramp rate of 5 °C min~ " and held for 30 min. The temperature
then was raised from 300 °C to 600 °C and the samples were
further held at this temperature for 4 hours. During heat
treatment, the polymeric components of the nanofibers was
removed such that hollow nanofibers comprising mesoporous
titania shell are formed. The removal of P4VP from the cores
leaves behind AuNPs in the hollow core. For comparison of the
catalytic efficiency, solid titania and hollow titania nanofibers
without AuNPs were also prepared using the TIP + PVP solution.

Characterization

Samples’ surface morphology was observed under a ZEISS EVO
18 scanning electron microscope (SEM). Before observation,
samples were coated with a thin layer of carbon to avoid the
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accumulation of electrons on the sample's surface. High-
resolution electron microscopy images were obtained using
a Tecnai G> transmission electron microscope (TEM, Thermo
Fischer Scientific/FEI, USA) operated at 200 kV. The samples for
TEM analysis were prepared on a copper grid. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and spectrum imaging analysis based on
energy-dispersive X-ray spectroscopy were conducted with
a Talos F200X (Thermo Fischer Scientific/FEI, USA) operated at
200 kV and equipped with a Super-X EDX detector to confirm
the presence of AuNPs inside the nanofibers. The crystalline
nature of titania was investigated using X-ray diffraction (XRD)
analysis performed on a PANalytical X'Pert® powder diffrac-
tometer. N, adsorptions experiments at the temperature of
liquid nitrogen (77 K) were carried out employing the auto-
matically working sorptiometer Autosorb-1 (Quantachrome
GmbH and Co. KG, USA) which is a volumetrically operating
instrument. The evaluation of the specific surface area was
performed according to Brunauer, Emmett, and Teller (BET)
method. Pore size distribution was determined according to the
Barrett-Joyner-Halenda (BJH) method for mesopores. UV-Vis
measurements were carried out on UV-2450 Shimadzu UV-Vis
spectrometer. The content of gold in Au@TiO, nanofibers was
determined by using an Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES) iCAP 7400 from Thermo Sci-
entific™ (Dreieich, Germany) using the Qtegra™ Intelligent
Scientific Data Solution™ software. For the ICP-OES measure-
ment, the Au@TiO, catalyst samples were digested in 10 mL of
aqua regia solution for 1 hour under boiling conditions. A
further extension of digesting time did not result in higher gold
content. The dissolved gold was collected from the dispersion
using a 0.25 pm PTFE filter, and this solution was diluted to five
different concentrations, which were subjected to ICP-OES to
measure the amount of gold in the Au@TiO, nanofibers. Each
sample was measured three times. Fresh standards were
prepared to construct a calibration curve using five calibration
points: 1, 5, 10, 50, and 100 mg L' of gold purchased from
Bernd Kraft GmbH (Duisburg, Germany).

Measurements of catalytic activity

The Au@TiO, hollow nanofibrous catalyst was dispersed in
Millipore water using the ultrasonic bath to give stock disper-
sion with the catalyst concentration of 0.075 mg mL ™ '. Next,
12 mL of catalyst dispersion was added to a mixture of freshly
prepared aqueous solution of NaBH, (18 mL, 0.2 M), aqueous
solution of 4NP (6 mL, 0.2 mM) and Millipore water (8 mL), such
that the total volume of the reaction mixture in all experiments
was kept constant (44 mL). Successive UV-Vis spectra of filtered
(through 0.25 pm PTFE) aliquots were recorded in the wave-
length range 250-900 nm immediately after the addition of the
catalyst. The evaluation of the reaction kinetics was done by
monitoring the intensity change of the nitrophenolate absorp-
tion peak (Amax = 400 nm) with respect to the time.*>"** For
recyclability analysis, 27 times more Au@TiO, catalyst was used
in the reaction solution, and after complete reduction, the
catalyst was collected by using a detachable filter assembly and
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reused by maintaining the same conditions as before.** Exper-
imental conditions and reagent concentrations during the
catalytic degradation of Congo red dye were maintained similar
to those used for 4-NP reduction.

Results and discussion

Fig. 1 shows a schematic illustration of the preparation of
Au@TiO, hollow nanofibers. In the first step, the core-shell
nanofibers were spun using coaxial electrospinning. Here, the
TIP + PVP constituted the shell of the nanofibers, whereas
AuNPs dispersed in PVP or P4VP constituted the core material.
In the next step, the core-shell nanofibers were calcined at high
temperatures in an oxidative atmosphere. This resulted in the
removal of the organic constituents of the nanofibers and the
formation of the porous shell with hollow interiors, where the
AuNPs plausibly were embedded in the inner wall of hollow and
porous titania nanofibers.

The synthesized nanocatalyst, i.e., the AuNPs, were firstly
characterized using UV-Vis spectroscopy and TEM, as shown in
Fig. 2a and b respectively. The characteristic plasmon absorp-
tion peak of the AuNPs was observed at 520 nm in the UV-Vis
spectra. Furthermore, the TEM images showed spherical
AuNPs with an average diameter of 8 nm. The synthesized
AuNPs subsequently were mixed with the P4VP solution in
DMF, and the resulting AuNP + P4VP solution was used as the
core fluid during coaxial electrospinning process.

Next, the coaxial electrospinning was performed using the
TIP + PVP solution as the shell-forming component and the
P4VP + AuNP mixture solution as the core-forming component.
The electrospinning parameters were optimized in order to
obtain bead-free uniform core-shell nanofibers (see ESI,
Fig. S3t). Furthermore, the flow rates of the core- and shell-
forming solutions were chosen so that the thickness of the
titania shell could be minimized to provide an easy pathway for
the reactants and products to diffuse in and out of the hollow
nanofibers during the catalytic reaction. Fig. 3a shows SEM
images of the nanofibers obtained at the optimized electro-
spinning conditions, where the shell and core flow rates were
kept at 3.0 and 1.7 mL h™', respectively. These core-shell
nanofibers were subsequently calcined at 600 °C. Fig. 3b shows
the nanofiber morphology after the calcination step. The SEM
results clearly reveal that the fibrous structure of the core-shell
nanofibers was retained after calcination. Moreover, the diam-
eter of the nanofibers before and after calcination were found to
be nearly the same. This clearly indicates that the shrinkage of
the nanofibers was minimal which is crucial for retaining the
hollow core during the removal of P4VP on calcination.
Furthermore, SEM images of the nanofiber tips also revealed
a hollow core, as shown in the right inset of Fig. 3b.

However, the AuNPs which were likely to be present in the
hollow core were not observed in the SEM images, as they were
masked by the titania shell. Hence, the morphology and
composition of the calcined nanofibers were further analyzed
by TEM and EDX measurements. The TEM images in Fig. 4a
and b show the formation of titania nanofibers and provide
evidence for the polycrystalline nature of the titania shell.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of the preparation of Au@TiO, hollow nanofibers and their application for catalytic reduction of 4-NP.

Furthermore, the presence of AuNPs was revealed from TEM-
EDX measurements. In particular, the EDX spectrum in
Fig. 4c shows the prominent Au La peak at 9.71 keV and the Mo
peak at 2.12 keV. Furthermore, the presence of AuNPs in the
hollow titania nanofibers was also confirmed by STEM analyses
(Fig. 5).***” The combination of HAADF-STEM imaging and
EDX-based element mapping clearly showed the presence of
AuNPs trapped in the titania shell of the nanofibers. Further-
more, the HRTEM image shown in Fig. 4b clearly revealed the
crystalline nature of the titania shell with an interlayer distance
of 0.352 nm which matches well with the lattice spacing cor-
responding to the (101) lattice planes of anatase TiO,.**™*

The crystalline nature of the titania shell was also examined
using XRD, as shown in Fig. 6. The XRD pattern of the nano-
fibers showed diffraction peaks suggesting the polycrystalline
character of the titania. The most intense peaks for the calcined
titania nanofiber samples are seen at 26 values of 25.6° and
48.5°, which corresponds to the (101) and (200) lattice planes,

Absorbance

Frequency

Diameter (nm)

Fig. 2
plot of the synthesized AuNPs.
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respectively. The presence of these peaks indicated that the
titania is present in its anatase form.*®**° Furthermore, the
broadening of the diffraction peaks revealed that the titania
crystallites were small in size. The average crystallite size of the
calcined hollow mesoporous TiO, nanofibers from corre-
sponding XRD peaks were determined using the well-known
Scherer equation:**

K
" Bcosb

where D is the crystallite size in nm, K is the shape factor and
taken as 0.9, A is the wavelength of the X-rays used for the XRD
measurement, § is the full width at half maximum (FWHM)
intensity in radians and 6 is the corresponding Bragg angle. The
average crystallite size, as calculated using the Scherrer equa-
tion, was found to be 13 nm.** Hence, the titania formed was
polycrystalline, composed of many small, and, as visible in the
TEM and STEM images, tightly aggregated crystallites. It is well-

520 nm

450 560 5&0 660 650
Wavelength (nm)

(@) TEM image and (b) UV-visible spectrum of the as-synthesized AuNPs. The inset in the bottom left corner (a) shows the size distribution
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Fig.3 SEMimages of Au@TiO, nanofibers (a) before calcination and (b)

(low magnification) and high-magnification SEM images, respectively.

known that from the possible polymorphic forms of titania i.e.
anatase and rutile, anatase comparatively is more photo-
catalytically active. The anatase form of titania is considered to
be the more catalytically active phase due to its higher reduction
potential and lower recombination rate of electron-hole pairs.
Hence, a well-crystallized anatase phase material with small
grain size and large surface area is considered the desired form
for titania-based photocatalysts.

Next, it was desirable that sufficient surface is available for
access of the reactants to the nanocatalyst surface during the
catalytic reaction. Hence, the specific surface area and pore size
distribution of the Au@TiO, hollow nanofibers were deter-
mined using N, sorption experiments. Fig. 7a shows the N,
adsorption-desorption with a hysteresis loop which is charac-
teristic for samples with mesopores. The pore size distribution
using the method by Barrett, Joyner and Halenda (BJH) shows
mesopores between 10-50 nm with a maximum from 20-30 nm
(Fig. 7b). For the determination of the specific surface area, the
Brunauer-Emmett-Teller (BET) multipoint method was used
which gave a value of 14 m* g~ '. The mesoporous structure is
useful in increasing the catalyst efficiency since reactant mole-
cules get more access to come in contact with the
nanocatalyst.*>**
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after calcination. The micrographs on the left and right side are overview

The catalytic efficiency of the Au@TiO, hollow nanofibers
was investigated by following the reduction of 4-nitrophenol
with sodium borohydride as a model reaction.*>™*® This reaction
is well-known and is one of the most frequently used to evaluate
the efficiency of various catalytic systems. It was also proved to
produce only aminophenol without any side products so that
reaction kinetics can be monitored by UV-Vis absorption spec-
tral changes of 4-nitrophenolate versus time. Fig. 8a shows the
time-resolved changes in the UV-Vis spectra during the boro-
hydride reduction of 4NP in the presence of Au@TiO, hollow
nanofibers. The aqueous solution of 4-nitrophenol exhibits
a strong absorption peak at 317 nm. Once the sodium borohy-
dride is added in the solution, the absorption peak immediately
shifts to 400 nm due to the formation of 4-nitrophenolate ion.
After the addition of the Au@TiO, hollow nanofibers, the
intensity of nitrophenolate peak decreased, whereas the peak of
4-aminophenol at 300 nm, increased as the reaction proceeded.
The degree of 4NP conversion (C,/C,) was deduced from the UV-
Vis spectra by monitoring the decrease of the absorption peak at
400 nm (A,/A,) with time. It is known that when the reaction is
carried out in an excess of sodium borohydride, it follows
pseudo-first order kinetics.*

This journal is © The Royal Society of Chemistry 2020
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Thus the apparent rate constant (K,pp), for the catalytic
reaction studied, was determined from the slope of the linear
plot In(C/C,) versus time (Fig. 8b) and was found to be
0.642 min~'. However, the main problem with using the
apparent rate constant for discussing the catalytic behavior is
that even though it provides information about the efficiency of
the nanocatalyst, the values cannot be directly compared with
the K,pp values reported for other similar systems in the liter-
ature. Hence, it is necessary to carry out the normalization of
the apparent rate constant in order to compare the catalytic
efficiency with the other similar systems. The normalization of
the rate constant could be done either with respect to the
concentration or surface area of the catalyst. For concentration
normalized rate constant, the weight or number of moles of the
nanocatalyst could be used: Ky, = Kapp/Mear (Where mcy is the
number of moles of the catalyst).*>*® In the case of systems with
different sizes of the catalyst, surface normalized rate constant
K; could also be used to characterize and compare the efficiency
of the catalyst, where Ks = Kapp/Scat (Scac iS the surface area of the
nanocatalyst).”® Here, we determined the rate constants
normalized both by the gold content (K,,) and nanocatalyst
surface area (K;). From the ICP-OES analysis, the content of gold

This journal is © The Royal Society of Chemistry 2020

(@) TEM, (b) HRTEM and (c) EDX spectrum of Au@TiO, nanofibers.

nanoparticles in the Au@TiO, catalyst was determined as
0.094 Wt% or 4.77 x 10~° mmol mg~ "' with respect to the total
titania content. The surface area concentration of gold in the
reaction solution was found to be 7.46 x 10" m> L™ (All
calculations are given in the ESIf). Subsequently, the normal-
ized rate constants for this reaction were found to be: K,,, =
1.097 x 10° s ' mol™' L and K, = 14.34 s~ m > L. The obtained
result on the catalytic efficiency for 4NP reduction was compa-
rable or even better than that reported for other supported
AuNP catalytic systems.**

As titania itself is catalytically active, albeit, in the presence
of light, the catalytic activity of neat titania nanofibers, as well
as hollow titania nanofibers (i.e., both without embedded
AuNP) was also evaluated under similar condition. In both
cases, the conversion of 4NP to 4AP was negligible in the same
time period, where the conversion was almost 99% in the
presence of Au@TiO, nanofibers (see Fig. S5at). It must also be
noted that the concentration of TiO, nanofibers used in these
experiments was almost 27 times higher than that in the case of
Au@TiO, hollow nanofibers. Hence, it could be safely argued
that the catalytic behavior of the titania support had no
significant influence on the catalytic efficiency of the Au@TiO,

RSC Adv, 2020, 10, 6592-6602 | 6597
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Fig. 5
Scale bars are 40 nm.

catalyst observed. Thus, the high rate constant observed for the
Au@TiO, catalyst was intriguing considering also that the
surface area of the nanofibers was not significantly high. As of
now, the reasons for the high catalytic efficiency of the fabri-
cated system here is not clear to us. However, recently it has
been demonstrated that metal oxide supports alter electronic
properties of AuNPs.?**” Apart from, regular active sites, there
are additional unique active sites with low coordinated gold
atoms at contact edges between AuNPs and support.*®**® It has
been further suggested via theoretical calculations that
supports can play an important role in the activation of reac-
tants bound to the gold nanoparticle surface.” Hence, the
enhanced catalytic reduction of 4-nitrophenol by gold nano-
particles attached to titania support can, therefore, plausibly be
attributed to the presence of unique active sites at the gold-
titania interface.®® Due to the porous and hollow morphology of
the nanofibers, respectively several narrower and wider chan-
nels were formed, which served as mass transfer aisles for
reactant and resultant. The reaction solution was flowed
towards the inner surface of the nanofibers to react on active
sites and form the resultant.®® The reduction of 4-nitrophenol
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Map data
MAG: 160kx HV: 200kV

(a) and (b) HAADF-STEM micrographs of Au@TiO, nanofibers as well as (c) Ti and (d) Au element distributions obtained by EDX analysis.

occurred on the active sites of AuNPs which were located in the
inner surface of hollow porous nanofibers. Electrons were
released on diffusion and adsorption of borohydride ion (BH, )
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Fig. 6 XRD pattern of Au@TiO, nanofibers after calcination at 600 °C
revealing the anatase phase.
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on the active sites and electrons were captured by nitro (-NO,)
group of the 4-nitrophenol. Furthermore, -H slowly replaced -O
of the nitro group (-NO,) and form amine (-NH,) in aqueous
conditions.*"*?

The obtained results on 4NP reduction were compared in
Table 1 with other analogous nanofibrous systems reported in
literature till now.¢*%*¢* The K, value of our hollow Au@TiO,
nanofibrous catalyst is higher than the solid Au/TiO, nano-
fibrous catalytic system reported by Hao et al.** and Ning et al.**
and almost comparable to the hollow nanofibrous system re-
ported by Yue et al.®*

The recyclability of the Au@TiO, catalytic system was
investigated since it is crucial for its practical application. The
catalytic performance of the Au@TiO, system was evaluated for
five successive reaction/recovery cycles. Fig. 9 shows the cata-
lytic performance of the Au@TiO, nanofibers during five
successive catalytic cycles. After each cycle, the nanofibers could
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(a) N, adsorption—desorption isotherms of Au@TiO, nanofibers and (b) corresponding pore size distributions of mesopores.

be easily recovered by filtration from the reaction mixture and
further re-dispersed in water to be used in the subsequent
catalytic experiment. The results show excellent reproducibility
of the catalytic efficiency of the Au@TiO, nanofibers after each
recycling step. Recyclability experiments point out the negli-
gible loss of AuNPs during subsequent reaction/recycling steps
and, hence, signify that AuNPs are firmly bound to the fibrous
TiO, porous support.*

Au@TiO, nanofibers were also tested as a catalyst for cata-
Iytic reduction of Congo red dye, which is one of the water
pollutants (please see ESI, Fig. S7f). As can be seen, in the
presence of excess of sodium borohydride the catalytic reaction
follows first order kinetics, with the apparent and normalized
rate constants K,,, = 0.019 min~', K, = 1.95 x 10° L min '
mol ', respectively. This further demonstrated the applicability
of Au@TiO, nanofibers as an efficient catalyst for a range of
different reactions.

(b) *k Kk 0
101 0o 0—¢ ° '
h L -1
\
0.8- i
A —
[} \ -2 O
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0.4 ‘K\/—A 35
0.24 Kapp = 0.642 min-1 .\ \.\ - -4
X
0.0- —3% |5
0 5 10 15 20
Time (min)

(a) Successive UV-Vis spectra were taken during borohydride reduction of 4NP after the addition of Au@TiO, catalyst and 4-NP.

Experiment was carried out with initial concentrations [4NP]y = 0.027 mmol L= and [NaBH4lo = 0.081 mol L™ (b) conversion plot of (A/Ag ~ C¢/
Co) versus time (circles), and In(C/Co) ~ In(A/Ao) versus time (stars) at 0.0205 mg mL~* concentrations of Au@TiO, catalyst.
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Table 1 The comparison of normalized reaction rate constants Ky, determined for Au/TiO, nanofibrous catalytic reduction of 4-nitrophenol
with values reported in the literature for analogous systems®

Catalyst Preparation  w(Au) wt%  d(AuNP) (nm)  Kpp (s 1) [Aulg (mol L") Ky (Ls 'mol™") Ref.

Au(2)/TiO, NFs ES 1.97 10-30 1.45 x 107 2.88 x 10°° 5.04 x 107 Hao et al. (2015)%
Au(5)/TiO, NFs ES 5.14 10-30 2.38 x 107°  7.52 x 10°° 3.18 x 10? Hao et al. (2015)*
Au(10)/TiO, NFs ES 10.68 10-30 4.07 x 107°  1.56 x 10° 2.61 x 10° Hao et al. (2015)%
Au/TiO, solid NFs ES 1.17 8.14 7.50 x 107*  1.71 x 1078 4.38 x 10* Yue et al. (2019)**

Au/TiO, hollow NFs Co-ES 1.09 8.14 7.67 x 10°* 159 x 107® 4.81 x 10* Yue et al. (2019)°*

Au/TiO, HTHNFs Co-ES 1.13 8.14 2.82 x 10°  1.65 x 10°° 1.70 x 10° Yue et al. (2019)°*

Au/TiO, HTHNFs-L Co-ES 1.12 8.14 2.02 x 10°  1.64 x 10°° 1.23 x 10° Yue et al. (2019)°*

Au(0.93)/TNT-UV HT 0.93 5.50 4.67 x 107°  8.99 x 107° 5.19 x 10% Ning et al. (2015)%*
Au(0.93)/TNT HT 0.93 5.50 833 x 10" 899 x 10°° 9.27 x 10" Ning et al. (2015)**
Au(0.45)/TNT-UV HT 0.45 3.95 117 x 107> 4.35 x 10°° 2.68 x 10” Ning et al. (2015)%*
Au(0.45)/TNT HT 0.45 3.95 6.67 x 107" 4.35x 10°° 1.53 x 107 Ning et al. (2015)**
Au@TiO, hollow NFs  Co-ES 0.094 8.00 1.07 x 1072 9.76 x 108 1.10 x 10° Current work

¢ HTHNF: hollow through-hole nanofibers, HTHNFs-L: HTHNFs with lower through-holes density, TNT: titania nanotube, UV: catalysis under
ultraviolet light irradiation, ES: electrospinning, Co-ES: co-axial electrospinning, HT: hydrothermal method, w(Au): weight% of Au in catalyst,
d(AuNP): diameter of AuNPs in nm, [Au]g: molarity of Au in reaction mixture (mol L), Kpp: apparent rate constant in s ', Ky normalized rate

constant in L s~* mol ™.
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Fig. 9 Conversion of 4NP to 4AP as a function of time during
successive reaction cycles and subsequent catalyst recycling steps.
Experiment was carried out with initial concentrations [4NP]g =
0.027 mmol L% [NaBH4lp = 0.081 mol L™ and 0.545 mg mL™?
concentrations of Au@TiO, catalyst.

Conclusions

In summary, we report on the fabrication of hollow and porous
Au@TiO, nanofibers, which demonstrate excellent catalytic
activity and recyclability during the catalytic reduction of 4-
nitrophenol. In the first step, core-shell nanofibers are
prepared via coaxial electrospinning. In the second step, the
core-shell nanofibers are converted into the hollow nanofibers
comprising porous TiO, shell and immobilized gold nano-
catalyst. The appropriate compositional and morphological
design of the core-shell nanofibers and optimized subsequent
thermal treatment ensure that the AuNPs are trapped in the
inner wall of the porous titania shell. This provides a large
fraction of the AuNPs to be available for effective contact with
the reactants during the catalytic reaction. Hence, the Au@TiO,

6600 | RSC Adv, 2020, 10, 6592-6602

exhibit excellent catalytic activity towards the reduction of 4-
nitrophenol to 4-aminophenol. Moreover, the Au@TiO, cata-
lysts is also applicable for catalytic degradation of organic dyes,
such as Congo red, which makes it attractive for water purifi-
cation purposes. Furthermore, the catalyst could be easily
recovered and recycled without any noticeable loss in the cata-
Iytic activity ensuring the long-term uses of this catalyst system.
The present approach could be a promising route for immobi-
lizing various nanosized catalysts in hollow titania support for
designing a stable catalyst system where the added photo-
catalytic activity of titania could further be of a significance.
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