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Inorganic composite nano⿿�bers consisting of TiO2, metallic Ag, and SiO2 nanoparticles were prepared using electrospinning 
to enhance photocatalysis of a colored organic dye. Inorganic composite nano⿿�bers have a high surface-area-to-mass ratio 
and are suitable for various applications in catalysis, sensors, and environmental remediation. In this study, TiO2 and metallic 
Ag nanoparticles were homogeneously embedded in a phenylsilsesquioxane matrix by mixing molecular precursors such as 
titanium diisopropoxide bis(acetylacetonate) and Ag-neodecanoante with phenyltrimethylsilane-based organically modi⿿�ed 
silica particles dissolved in dimethylformamide. Electrospinning transformed these precursor mixtures to hybrid composite 
nano⿿�bers. Subsequent application of heat at 1000 °C converted the hybrid composite nano⿿�bers to inorganic composite 
nano⿿�bers. Metallic Ag nanoparticles were used in the design of the composite photocatalyst to enhance its photocatalytic 
activity by exploiting the band gap overlap between metallic Ag and semiconducting TiO2 particles. Inorganic composite 
nano⿿�bers without having Ag nanoparticles were also prepared for comparison purposes using only Ti and Si precursors. 
Rhodamine B was selected to test the photocatalytic activities of both inorganic composite nano⿿�bers, and ultraviolet (UV)-
visible light spectroscopy was used to investigate the photocatalytic activities of the inorganic composite nano⿿�bers. Under 
UV light, TiO2/Ag@SiO2 inorganic composite nano⿿�bers were more e῿�cient than TiO2@SiO2 inorganic composite nano⿿�bers. 
X-ray di�raction, transmission electron microscopy–energy-dispersive spectroscopy, and X-ray photoelectron spectroscopy 
con⿿�rmed the uniform distribution of TiO2 and Ag nanoparticles in the corresponding composite nano⿿�bers.
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Introduction

Contamination of the air and water is causing serious 
public concerns about human and ecosystem health [1]. 
Among the methods available to address such pollution, 
photocatalysis has received extensive attention because it 
is a low-impact technology that can be used at normal 
temperatures and pressures [2, 3].

Most photocatalytic processes use the particulate 
forms of catalysts because of the superior photocatalytic 
efficiency provided by the large surface-to-volume ratio 
related to size reduction [4, 5]. However, separating 
microscopic photocatalysts from a reaction medium after 
completion of the photocatalytic process can be difficult 
[6]. In addition, such small particles have a strong 
tendency to agglomerate into larger particles, resulting in 
a reduction in photocatalytic activity [7, 8]. To optimize 
photocatalytic performance in commercial applications, 
nanosized catalyst particles in and/or on substrates with 
a large surface area, such as one-dimensional material, 
are often dispersed [9]. Electrospinning is a versatile 
and cost-efficient method for the large-scale production 

of one-dimensional nanofibers with a high surface-to-
volume ratio [10, 11]. Electrospun one-dimensional 
nanofibers can be applied to catalysts, sensors, 
filters, and batteries [12-15]. Early studies focused on 
spinning organic polymer nanofibers, but research on 
electrospinning technologies has expanded to include 
inorganic and composite nanofibers, and materials are 
no longer limited to polymers.

Titanium dioxide (TiO2) is one of the most effective 
metal-oxide semiconductors among those that have been 
extensively investigated and used in catalysts, solar 
cells, sensors, and other optical and electronic devices 
due to its low cost and nontoxic and environmentally 
friendly characteristics [16-18]. It is also associated 
with outstanding electronic and optical properties and 
stability. TiO2 exhibits three crystalline phases: anatase, 
rutile, and brookite. The photocatalytic activity of TiO2 is 
strongly affected by its physical characteristics, including 
crystallization, grain size, morphology, surface area, 
surface state, and porosity [19-21]. TiO2 fibers were 
first fabricated by electrospinning in 2003 [22]. He et 
al. studied electrospun TiO2 fibers as photocatalysts that 
can degrade dye pollutants [23]. Based on these studies, 
TiO2-based fibers with a large aspect ratio were fabricated 
to mitigate the disadvantages of nanosized particulate 
TiO2 catalysts. However, TiO2 presents some drawbacks, 

*Corresponding author: 
Tel : +82-10-3617-1910 
E-mail: sangman@hanyang.ac.kr



Enhanced photocatalytic activity of electrospun TiO2/Ag@SiO2 inorganic composite nanofibers toward colored organic dye 1043

such as a relatively wide band gap of 3.2 eV and a 
high recombination rate of photo-generated electron-
hole pairs, hindering its application as a photocatalyst 
[24, 25]. These disadvantages can be addressed with 
the addition of other metal-oxide semiconductors or 
metallic particles that can facilitate charge transfers by 
decreasing the band gap of TiO2. Recently, tests of noble 
metals with low resistance, such as silver (Ag), gold 
(Au), and platinum (Pt), indicate that they can effectively 
accelerate the decomposition of organic dye molecules 
by prohibiting electron-hole recombination through the 
separation of photo-generated electron-hole pairs and the 
promotion of interfacial charge transfers [26-31].

In this study, inorganic composite nanofibers consisting 
of TiO2, metallic Ag, and SiO2 nanoparticles fabricated by 
electrospinning were used to enhance the photocatalysis of 
colored organic dyes. Metallic Ag was used as an electron 
mediator due to its electronic conductivity, stability, 
and strong surface plasmon resonance effect [32-36]. A 
precursor solution for composite hybrid nanofibers was 
prepared by mixing phenyltrimethoxysilane (PTMS)-
based organically modified silica (ORMOSIL) particles 
with titanium diisopropoxide bis(acetylacetonate) and 
Ag-neodecanoate (Ag-ND) in N,N-dimethylformamide 
anhydrous (DMF). The elementary composition and 
morphology of composite nanofibers (TiO2@SiO2 and 
TiO2/Ag@SiO2) were investigated using field emission 
scanning electron microscopy (FE-SEM), transmission 
electron microscopy (TEM), X-ray diffraction (XRD), 
and X-ray photoelectron spectroscopy (XPS). The ability 
of inorganic composite nanofibers to photocatalyze 
rhodamine B under ultraviolet (UV) light was then 
examined. The inorganic composite nanofibers can be 
easily recycled by centrifuging, washing, and drying 
without any noticeable reduction in photocatalytic 
activity. Our observations suggest that the inorganic 
composite nanofibers developed in this study can be 
used in a broad range of applications in environmental 
remediation.

Experimental

Materials
Phenyltrimethoxysilane (PTMS, 97%, Alfa-Aesar) 

and ammonium hydroxide (NH4OH, 25-28 wt.% NH3, 
Daejung Chemicals and Metals) were used to prepare 
PTMS-based ORMOSIL particles. Silver nitrate (AgNO3,  
99.8%, Junsei), neodecanoic acid (NDA, 99.8%, 
STREM), and sodium hydroxide (NaOH, 98%, Daejung 
Chemicals and Metals) were used to synthesize silver 
neodecanoate (Ag-O2C10H19, Ag-ND). Titanium (IV)  
diisopropoxide bis(acetylacetonate) in 75 wt.% isopropanol 
(Ti(acac)2(OiPr)2, STREM) was used as a precursor 
to prepare TiO2 nanoparticles. DMF (99.8%, Sigma-
Aldrich) was used as an organic solvent to prepare a 
precursor solution. Methanol (99.5%, Daejung Chemicals 
and Metals) and deionized (DI) water were used as 

washing solvents. All chemicals were used without 
further purification.

Preparation of PTMS-based ORMOSIL particles
ORMOSIL particles based on PTMS particles were 

prepared as reported previously [37]. Initially, 100 mL of 
DI water and 0.1 mL of NH4OH (2.9 mmol) were added 
to a three-necked flask. The temperature of the reaction 
solution was adjusted to 70 °C, and the solution was 
stirred at 350 rpm. After 10 min of stirring, 14.36 mL 
of PTMS (0.0775 mol) was added to the solution using 
a syringe, after which the reaction mixture was stirred 
for 3 h. PTMS-based ORMOSIL particles were formed 
by hydrolysis and condensation reactions of phenylsilane 
monomers, resulting in a white suspension. After 3 h, the 
resulting solution was filtered through a membrane, and 
PTMS-based powders were washed several times with 
DI water and methanol. After drying in a vacuum oven 
at 110 °C for 2 h, 9.98 g of PTMS-based ORMOSIL 
particles (a yield of 99.8%) were obtained.

Preparation of silver neodecanoate (Ag-ND)
In a typical synthesis procedure, 0.0179 mol of 

NaOH was dissolved in 50 mL of DI water, and the 
same molar amount of NDA was added. The reaction 
temperature was adjusted to 50 °C and the solution was 
stirred for 1 h. Next, 50 mL of an aqueous solution of 
AgNO3 (0.0179 mol) was added to the solution and 
the mixture was stirred for an additional 1 h, resulting 
in precipitation of a white powder. The resulting 
suspension was filtered through a membrane, washed 
several times with DI water, and finally washed with 
MeOH. The product was dried in a vacuum oven at 30 
°C for 12 h, producing 4.44 g of silver Ag-ND powder 
at a yield of 88.8%.

Preparation of precursor solutions for electrospinning
A precursor solution of TiO2@SiO2 composite hybrid 

nanofibers was prepared by mixing Ti(acac)2(OiPr)2 
and PTMS-based ORMOSIL particles. 3.0 g of 
PTMS-based ORMOSIL particles was dissolved in 
1.05 g of anhydrous DMF and Ti(acac)2(OiPr)2 was 
then added to the dissolved solution at a molar ratio 
of 2:1. To manufacture TiO2/Ag@SiO2 composite 
hybrid nanofibers, additional Ag-ND was added to the 
precursor solution at a molar ratio of 1:1 for Ti and 
Ag. The resulting precursor solution was stirred at 240 
rpm for 1 h at 100 °C, adjusting the viscosity to about 
140 poise, suitable for electrospinning.

Fabrication of composite hybrid nanofibers using 
electrospinning and thermal conversion to inorganic 
composite nanofibers

Lab-type electrospinning equipment (NNC-ESP200) 
from Nano NC was used to produce composite hybrid 
nanofibers. Composite hybrid nanofibers were fabricated 
by electrospinning with the corresponding precursor. 
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The prepared precursor solution was loaded into a 3 
mL plastic syringe equipped with a 15-gauge stainless-
steel spinneret. The metallic needle was connected to a 
high-voltage power supply, and the precursor solution 
was supplied through the needle at a constant rate of 
1 mL/h while a voltage of 8-10 kV was applied to 
inject electric charges. The resulting as-spun composite 
hybrid nanofibers were collected on a grounded 
aluminum-foil substrate at a tip-to-collector distance 
of 15 cm. Electrospinning was carried out at room 
temperature. After electrospinning, as-spun composite 
hybrid nanofibers were transferred to a vacuum oven at 
80 °C for drying and then moved to a muffle furnace 
for annealing at 1000 °C in air at a heating rate of 10 
°C/min to produce inorganic composite nanofibers. 
Inorganic TiO2@SiO2 composite nanofibers and TiO2/
Ag@SiO2 composite nanofibers were obtained and used 
to investigate photocatalytic activity toward an organic 
dye molecule (rhodamine B) under UV light.

Surface etching of inorganic composite nanofibers
To further increase photocatalytic efficiency, the 

surface of inorganic composite nanofibers was partially 
etched by an aqueous hydrofluoric acid (HF) solution, 
increasing the surface area of the inorganic composite 
nanofibers and exposing photocatalytically active TiO2 
and metallic Ag nanoparticles. A 1 g sample of each 
inorganic composite nanofibers was immersed in 0.5 M 
aqueous HF for 10 min, washed three times with DI 
water, and dried at 60 °C for 3 h.

Evaluation of photocatalytic activity for degradation 
of rhodamine B

A 0.01 g sample of inorganic composite nanofibers 
(TiO2@SiO2 and TiO2/Ag@SiO2) was added to 30 
mL (1 × 10-5 M) of an aqueous solution of rhodamine 
B. The mixture was wrapped with aluminum foil to 
prevent exposure to light and then stirred in the dark 
for approximately 30 min to obtain an absorption-
desorption equilibrium condition prior to irradiation. A 
UV light source (300-420 nm) with a maximum intensity 
of 7.6 mW/cm2 at 365 nm was used to irradiate the 
reaction mixture at a distance of 15 cm. The rhodamine 
B remaining after photodegradation was detected by 
UV-visible light spectroscopy at 554 nm. The change 
in the concentration of rhodamine B was monitored by 
extracting 3 mL of the solution with a syringe from the 
reaction mixture at fixed time intervals (30, 60, 90, 120, 
and 180 min after commencement of irradiation) and 
transferring it to vials for absorbance measurement with 
a UV-visible light spectrophotometer. Photocatalytic 
activity for TiO2@SiO2 and TiO2/Ag@SiO2 inorganic 
composite nanofibers after surface etching were also 
evaluated. To investigate the recyclability of inorganic 
composite nanofibers, the photocatalysts underwent 
three continuous cycles of photocatalysis of rhodamine 
B under identical experimental conditions.

Characterizations
The morphologies of the electrospun composite 

hybrid nanofibers were observed by FE-SEM (JEOL 
JSM-6340F) and optical microscopy (Olympus BX51). 
FE-TEM (JEOL JEM-3010) was used to investigate the 
morphologies and the distribution of chemical constituents 
(TiO2 and metallic Ag) of inorganic composite nanofibers 
before and after surface etching. Surface analyses of the 
inorganic composite nanofibers were also conducted 
using EDS in TEM and XPS (PHI Quantera II) with Al-
Kα monochromatic radiation of 1486.6 eV. To analyze 
the development of the crystalline phases of TiO2 
nanoparticles and metallic Ag nanoparticles in inorganic 
composite nanofibers along with the temperature change, 
XRD (Rigaku D/RAD-C) patterns were obtained using 
a diffractometer with Cu-Kα radiation (λ = 1.5418 Å) 
at 40 kV and 100 mA. To evaluate the photocatalytic 
ability of inorganic composite nanofibers, changes in dye 
concentration during the photodegradation of rhodamine 
B were measured using a UV-visible light absorption 
spectrometer (Scinco S-4100).

Results and Discussion

Scheme 1 illustrates the fabrication process of inorganic 
composite nanofibers used in the photocatalytic degradation 
of colored organic dye. In the first stage of preparation, 
precursor solutions for electrospinning were prepared by 
homogeneous mixing of corresponding chemical species 
in each composite nanofiber. For TiO2@SiO2 composite 
hybrid nanofibers, Ti(acac)2(OiPr)2 was used as a Ti 
source and PTMS-based ORMOSIL particles were used 
to supply silicon at molar ratios of 2:1. Compared to 
silica particles, PTMS-based ORMOSIL particles are 
softer and even soluble in some organic solvents, which 
makes them suitable for reprocessing, such as filming and 
electrospinning. This versatility in structural modification 
might come from the fact that a relatively lower degree 
of condensation occurs during the sol-gel process due to 
the steric hindrance from bulky phenyl groups in PTMS 
[38]. 29Si-NMR result in a previous study indicated that 
the PTMS-based ORMOSIL particles are consisted of 
the structural network with 27% of partially condensed 
T2 units and 73% of fully condensed T3 units [39]. This 
unique structural property of PTMS-based ORMOSIL 
particles can provide additional processability while 
maintaining morphological stability as a particulate form. 
In the TiO2/Ag@SiO2 composite hybrid nanofibers, Ag-
ND was also used as an Ag source. DMF was used as 
a solvent for mixing and to control viscosity. When the 
molar ratio of Ti to Si was less than 4:1, no crystalline 
TiO2 was observed after heat treatment, probably due 
to the low levels of TiO2 in the composite nanofibers. 
When a molar ratio of 1.5:1 was used, the resulting as-
spun composite hybrid nanofibers were partially melted, 
exhibiting a loss of fiber shape. An optimal molar ratio 
of Ti to Si was set at 2:1 to achieve the highest TiO2 
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content in composite hybrid nanofibers and maintain 
their structural integrity through the electrospinning 
process.

Metallic Ag in the TiO2/Ag@SiO2 composite 
nanofibers was used as an electron mediator due to 
its electronic conductivity, stability, and strong surface 
plasmon resonance effect. Particles of noble metals can 
enhance charge transfer by decreasing the band gap of 
TiO2, accelerating the decomposition rate of organic 
dyes by prohibiting electron-hole recombination [40-
42]. In the second step, composite hybrid nanofibers 
were fabricated by electrostatic spinning of precursor 
solutions. The precursor solution was supplied through 
a needle at a constant rate of 1 mL/h, while a voltage 
of 8-10 kV was applied to inject electric charges. The 
resulting as-spun composite hybrid nanofibers were 
collected on a grounded aluminum-foil substrate at a 15 
cm distance between the syringe tip and the collector. 
Electrospinning was carried out at room temperature. 
Afterward, as-spun composite hybrid nanofibers were 
dried in a vacuum oven at 80 °C for 1 h, followed by 
heating to 1000 °C in the air at 10 °C/min.

The morphology of as-spun composite hybrid 
nanofibers was investigated by SEM and optical 
microscopy, as shown in Fig. 1. These composite 
nanofibers appear as a one-dimensional structure with 
a random orientation. Fig. 1(a) shows that TiO2@SiO2 
composite hybrid nanofibers present with a smooth 
surface, with diameters ranging from 85 to 320 nm and 

lengths of a few micrometers. Fig. 1(b) exhibits the 
randomly aligned linear fibers with homogenous surfaces 
of the TiO2/Ag@SiO2 composite hybrid nanofibers with 
diameters varying from 76 to 132 nm.

Detailed morphologies and internal microstructures 
of inorganic composite nanofibers, before and after 
surface etching, were scrutinized by FE-TEM (Fig. 2). 
TEM confirmed that TiO2 and Ag nanoparticles were 
distributed homogeneously in all inorganic composite 
nanofibers and were in intimate contact. Under a UV 
light source, TiO2 undergoes an electron transition and 
generates electron-hole pairs. However, this electronic 
transition is not stable, and photo-generated electron-hole 
pairs may be annihilated by a recombination process. 
These shorter-lived photo-generated electrons and holes 
often decrease the photocatalytic efficiency by reducing 
their availability for participation in photocatalytic 
reactions. It has been reported that noble metals (Ag, 
Au, and Pt) with an unfilled d-electron structure have 
a strong tendency to transfer and accommodate photo-
generated electrons from the conduction band of TiO2, 
while photo-generated holes remain on the valence band 
of the TiO2. This results in the formation of Schottky 
barriers at the Ag-TiO2 contact region and gives rise 
to charge separation [43]. In this study, metallic Ag 
particles dispersed with TiO2 nanoparticles act as an 
electron trapping center by immobilizing the photo-
generated electrons and preventing the electron-hole 
pairs recombination.

Scheme 1. The fabrication process of inorganic composite nanofibers by electrospinning.

Fig. 1. FE-SEM and OM (inset) images of as-spun composite hybrid nanofibers: (a) TiO2@SiO2 composite hybrid nanofibers and 
(b) TiO2/Ag@SiO2 composite hybrid nanofibers.
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Surface etching of inorganic composite nanofibers using 
an aqueous HF solution can increase the photocatalytic 
ability further by exposing the photocatalytically active 
TiO2 and metallic Ag species. The TEM image in 
Fig. 2 shows that the nanoparticles are exposed on the 
surface of inorganic composite nanofibers after surface 
etching with HF. All inorganic composite nanofibers 
retained their original shape, even after surface etching. 
As shown in Fig. 2(a) and (b), TEM images of TiO2@ 
SiO2 inorganic composite nanofibers show evenly 
distributed uniform TiO2 and SiO2 nanoparticles inside 
inorganic composite nanofibers. After surface etching 
with an aqueous solution of HF for 10 min, the surface 
of inorganic composite nanofibers became rough with 
exposure of fine TiO2 nanoparticles on their surface. 
Fig. 2(c) and (d) show TEM images of TiO2/Ag@SiO2 
inorganic composite nanofibers consisting of evenly 
distributed metallic Ag and TiO2 nanoparticles with 
an average size of 14.2 (±4.5) nm and 4.5 (±0.6) nm, 
respectively.

The surface chemical compositions of the TiO2/Ag@
SiO2 inorganic composite nanofibers before and after 
surface etching were further determined by TEM-EDS 
measurements (Fig. 3). The EDS mapping images in Fig. 
3 confirm that Si, Ti, O, and Ag elements are uniformly 
distributed along the fiber body. After surface etching, 
the distribution of Ti and Ag on the surface appeared 
to be thicker and brighter than before etching due to the 
removal of a SiO2 layer on the surface. From the result 
of TEM and EDS analyses, it can be concluded that the 
surface area and the amount of photo-catalytically active 
species such as TiO2 and metallic Ag nanoparticles are 
increased by surface etching with HF. Especially for 
surface etched TiO2/Ag@SiO2 inorganic composite 
nanofibers, the roughest exteriors and well-defined 
nanoparticles of TiO2 and metallic Ag are observed on 

the surface of inorganic composite nanofiber, which 
results in a pronounced improvement in photocatalytic 
activity.

Fig. 4 depicts XRD patterns of TiO2@SiO2 and TiO2/
Ag@SiO2 composite nanofibers after heat treatment 
at three temperatures in the air. Neither composite 
nanofiber, when dried at 80 °C, produced a discernible 
diffraction peak, indicating that Si, Ti, and Ag elements 
existed as molecular species or amorphous states at this 
temperature. After heat treatment at 800 °C, a small peak 
at a 2θ value of 25° from the crystalline anatase phase of 
TiO2 was observed for TiO2@SiO2 composite nanofibers, 
while two peaks at 2θ values of 25° and 48° from the 
crystalline anatase phase of TiO2 as well as several 
moderate peaks at 2θ = 38°, 44°, 64°, and 77° from the 
face-center cubic phase of metallic Ag were observed 
for TiO2/Ag@SiO2 composite nanofibers [41, 44]. This 
implies that the conversion of TiO2 to an inorganic phase 
began at this temperature, although the transformation of 
Ag precursor to a metallic phase occurred at a temperature 
lower than 800 °C. After heat treatment at 1000 °C, 
the intensities of diffraction peaks from the anatase 
phase of TiO2 and metallic Ag increased further, with 
well-grown crystalline peaks evident for both inorganic 
composite nanofibers: 25.4°(101), 36.4°(004), 48.2°(200), 
54.2°(105), 55.4°(211), and 62.7°(204) for the anatase 
phase of TiO2 (JCPDS No. 21-1272) and 38.3°(111), 
44.4°(200), 64.4°(220), and 77.2(311) for metallic Ag 
(JCPDS No. 87-0720). SiO2 nanoparticles existed in an 
amorphous phase in all composite nanofibers, regardless 
of chemical composition and heating temperature.

A previous study of the preparation of TiO2 nanofibers 
found that the development of an anatase phase 
commenced at temperatures as low as 500 °C, and 

Fig. 2. TEM images of inorganic composite nanofibers before 
(left) and after (right) surface etching with an aqueous HF 
solution: (a) TiO2@SiO2 inorganic composite nanofibers and 
(b) TiO2/Ag@SiO2 inorganic composite nanofibers.

Fig. 3. TEM-EDS mapping of Si, Ti, O, and Ag elements on the 
surface of inorganic composite nanofibers: TiO2@SiO2 inorganic 
composite nanofibers before (a) and after (b) surface etching 
and TiO2/Ag@SiO2 inorganic composite nanofibers before (c) 
and (d) after surface etching.
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conversion of the anatase phase to the rutile phase was 
observed at temperatures as low as 600 °C. After 1000 
°C heat treatment, only the rutile phase was observed 
[45]. The drying temperature of as-spun composite 
nanofiber did not have any effect on the morphology and 
crystallinity of inorganic composite nanofibers. On the 
other hand, the annealing temperature clearly affected 
the degree of crystallinity in inorganic composite 
nanofibers. For TiO2@SiO2 composite nanofibers, XRD 
analysis shows that the anatase phase appears after heat 
treatment at 800 °C. These relatively weak diffraction 
peaks increase further after heat treatment at 1000 °C 
while maintaining an anatase phase. It is possible that 
the homogeneous dispersion of TiO2 nanoparticles in an 
amorphous SiO2 matrix inhibits the phase transformation 
from anatase to rutile, preventing intimate crystal growth 
between TiO2 nanoparticles [46]. For TiO2/Ag@SiO2 
composite nanofibers, a similar trend in the development 
of an anatase phase in the XRD pattern is observed, 
although well-developed metallic Ag diffraction peaks 
appear even after heat treatment at 800 °C. Therefore, 
an annealing temperature of 1000 °C was selected as 
the annealing condition because a well-defined degree 
of crystallinity in an anatase phase was observed at this 
temperature.

A Debye-Scherrer analysis indicates that, after heating 
at 1000 °C, the average size of the crystalline anatase 
was 9.25 nm for TiO2@SiO2 composite nanofibers, 
and those of TiO2 and metallic Ag were 10.38 nm and 
10.34 nm, respectively, for TiO2/Ag@SiO2 inorganic 
composite nanofibers.

Fig. 5 and 6 show typical XPS survey spectra and 
high-resolution spectra for the Si2p, Ti2p, and Ag 3d 
regions of inorganic composite nanofibers before and 
after surface etching. TiO2@SiO2 inorganic composite 
nanofibers consist of the Si, O, and Ti elements, and 
the binding energies of Si2p, O1s, Ti2p1, and Ti2p3 are 
102.6, 531, 464.5, and 458.4 eV, respectively. In the 
TiO2/Ag@SiO2 inorganic composite nanofibers, Ag was 

found in addition to the other three elements. The binding 
energies of Ag3d3 and Ag3d5 bands for metallic Ag are 
374.3 and 368.3 eV. The binding energy difference of 
the Ag3d was 6.0 eV, confirming the metallic chemical 
state of Ag, which agrees with previous reports [33, 47].

The UV-visible light spectra of the rhodamine 
B solution in the presence of inorganic composite 
nanofibers under UV irradiation were obtained to measure 

Fig. 4. XRD patterns of (a) TiO2@SiO2 and (b) TiO2/Ag@SiO2 composite nanofibers after drying (at 80 °C in a vacuum) and heat 
treatment at 800 °C and 1000 °C in air.

Fig. 5. XPS spectra of TiO2@SiO2 inorganic composite nanofibers 
before (left) and after (right) surface etching: (a) survey spectra 
and high-resolution images of (b) Si2p and (c) Ti2p.
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photocatalytic degradation efficiencies (Fig. 7). The 
change in absorbance of the peak at 554 nm, the highest 
in the spectrum, was used to calculate the degradation 
percentages. The intensities of the absorbance peaks of 
rhodamine B decreased with an increase in irradiation 
time in the presence of photocatalysts. In all cases, a 

pretreatment time of 30 min in the dark before irradiation 
was used to ensure an adsorption and desorption 
equilibrium. As in Fig. 7(a), the absorbance peak at 
554 nm in the photolysis sample containing TiO2@SiO2 
inorganic composite nanofibers before surface etching 
decreased as follows: absorbance values of 0.80, 0.66, 

Fig. 6. XPS spectra of TiO2/Ag@SiO2 inorganic composite nanofibers before (left) and after (right) surface etching: (a) survey spectra 
and high-resolution images of (b) Si2p, (c) Ti2p, and (c) the Ag3d region.

Fig. 7. UV-vis spectroscopic analysis of photocatalytic degradation of rhodamine B by TiO2@SiO2 (left) and TiO2/Ag@SiO2 (right) 
inorganic composite nanofibers (a), (b) before and (c), (d) after surface etching.
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0.59, 0.42, and 0.45 after an irradiation time of 30, 60, 
90, 120, and 180 min, respectively. For the photolysis 
sample containing TiO2@SiO2 inorganic composite 
nanofibers after surface etching, the absorbances were 
0.61, 0.36, 0.21, and 0.15 for irradiation times of 30, 
60, 90, and 120 min, respectively, as shown in Fig. 7(b). 
TiO2/Ag@SiO2 inorganic composite nanofibers before 
surface etching are presented in Fig. 7(c); the decrease in 
absorbance was from 0.77 to 0.60, 0.46, 0.40, and 0.33 
after 30, 60, 90, 120, and 180 min of the irradiation time, 
respectively. Fig. 7(d) shows a decrease in absorbance 
for TiO2/Ag@SiO2 inorganic composite nanofibers 
after surface etching, exhibiting the most pronounced 
decrease in absorbance among all photocatalysts studied: 
absorbances of 0.33, 0.13, 0.05, and 0.03 for irradiation 
times of 30, 60, 90, and 120 min, respectively.

The photocatalytic performance of inorganic 
composite nanofibers was investigated by calculating 
the percentage of rhodamine B degradation as it varied 
with photocatalysis time under UV light. The amount 
of degradation of each inorganic composite nanofiber 
was obtained by measuring the value of C/C0, where 
C and C0 are the remainder and initial concentrations 
of rhodamine B, respectively. A comparative analysis 
revealed that the decrease in C/C0 of rhodamine B with 
TiO2/Ag@SiO2 inorganic composite nanofibers was 
higher than that of TiO2@SiO2 inorganic composite 
nanofibers [48]. The percentages of degradation for 
TiO2@SiO2 inorganic composite nanofibers before 
surface etching at irradiation times of 30, 60, 120, and 
180 min were 20.0%, 34.5%, 476.6%, and 54.6%, 
respectively, showing the lowest efficiency of degradation 
for rhodamine B among inorganic composite nanofibers 
employed. In the TiO2/Ag@SiO2 inorganic composite 
nanofibers before surface etching, the degradation ratios 
were 23.1%, 40.4%, 60.5%, and 67.2% after irradiation 
for 30, 60, 120, and 180 min, respectively, with slightly 
enhanced degradation efficiency upon addition of Ag. 
The proportions of degradation for TiO2@SiO2 inorganic 
composite nanofibers after surface etching were 38.8%, 
64.1%, 85.4%, and 90.8% after irradiation for 30, 60, 120, 
and 180 min, respectively, yielding superior degradation 
efficiency compared with that of TiO2@SiO2 inorganic 
composite nanofibers before surface etching. The highest 
percentage of degradation was observed for TiO2/Ag@
SiO2 inorganic composite nanofibers after surface 
etching, with degradation proportions of 66.8%, 87.5%, 
97.4%, and 99.5% after irradiation for 30, 60, 120, and 
180 min, respectively. For TiO2/Ag@SiO2 inorganic 
composite nanofibers after surface etching, less than an 
hour of irradiation was necessary to decompose 90% of 
organic dye, and rhodamine B was almost completely 
decomposed after 3 h of irradiation. We can conclude 
that, to construct the high-efficiency photocatalyst, the 
existence of photocatalytically active species such as 
TiO2 on the surface of composite nanofiber catalysts is 
important, along with contributions from a noble metal 

such as Ag [48, 49].
In wider and practical applications, the stability (or 

recyclability) of photocatalysts is an important factor. 
To investigate the photo-stability of inorganic composite 
nanofibers, the photocatalysts underwent three continuous 
cycles of photocatalysis of rhodamine B under identical 
conditions. In other previous studies on the recyclability 
of TiO2/Ag@SiO2 photocatalyst, it was reported that the 
photocatalytic efficiency remained practically constant, 
maintaining higher than 90% in each cycle with a total 
loss of less than 6% even after 5 to 10 cycles [50, 51]. 
However, an investigation of the effect of Ag dopant on 
recyclability has not been done in any of these studies, 
and no clear explanation was presented. In this study, 
analogous phenomena on the recyclability were observed 
for inorganic composite nanofibers, as shown in Fig. 
9. For TiO2/Ag@SiO2 inorganic composite nanofibers 
after surface etching, the photocatalytic efficiency was 
maintained over 94% with the total loss of only 3.3% 
after 3 cycles. Compared TiO2/Ag@SiO2 inorganic 
composite nanofibers after surface etching, un-doped 
inorganic composite nanofibers after surface etching and 
both doped and un-doped inorganic composite nanofibers 
before surface etching exhibited low photocatalytic 
efficiencies along with huge total losses after 3 cycles. 
For TiO2@SiO2 inorganic composite nanofibers before 
surface etching, the photocatalytic efficiency decreased 
from 54.6% to 47.0%, with a loss of 7.6% after 2 cycles. 
For TiO2@SiO2 inorganic composite nanofibers after 
surface etching, the photocatalytic efficiency decreased 
from 67.2% to 61.6% and 57.3%, with a loss of 5.6% 
and 4.3% after the second and third cycles. Surface 
etching of inorganic composite nanofibers augmented 
the photocatalytic ability by increasing the surface area 
and exposing additional photocatalytic active sites, such 
as TiO2 and metallic Ag nanoparticles. About 10~15% 
improvement in the photocatalytic efficiency was 

Fig. 8. Photocatalytic degradation of rhodamine B with UV 
irradiation for inorganic composite nanofibers before and after 
surface etching.
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achieved by surface etching with HF, while the difference 
in the loss was 2% after 2 cycles. For TiO2/Ag@SiO2 
inorganic composite nanofibers before surface etching, 
the photocatalytic efficiency decreased from 85.4% to 
79.1% and 73.9%, with a loss of 6.3% and 5.2% after 
second and third cycles. In the case of TiO2/Ag@SiO2 
inorganic composite nanofibers, 12~20% enhancement 
in the photocatalytic efficiency was attained by surface 
etching with HF, and the difference in the loss was 
4.3% and 3.9% after the second and third cycles. As 
described earlier, the incorporation of Ag nanoparticles 
into TiO2@SiO2 photocatalyst provides the formation of 
the Schottky barrier at the interfaces with TiO2 that act 
as an electron-trapping center for the photo-generated 
electrons, thereby preventing the electron-holes pairs 
recombination. Therefore, compared to un-doped 
photocatalyst, Ag doped TiO2@SiO2 photocatalyst can 
supply more electrons and holes to participate in the 
reaction with water, oxygen, and organic matter and 
exhibit more enhanced photocatalytic efficiency as well 
as recyclability.

Conclusions

Inorganic composite nanofibers with enhanced 
photocatalytic activity were fabricated using an 
electrospinning technique followed by thermal treatment. 
Two composite hybrid nanofibers (TiO2@SiO2 and 
TiO2/Ag@SiO2) were prepared by mixing corresponding 
chemical species such as Ti(acac)2(OiPr)2, Ag-ND, and 
PTMS-based ORMOSIL particles in DMF. Subsequent 

heat treatment at 1000 °C converted these as-spun hybrid 
composite nanofibers to inorganic composite nanofibers. 
Under UV light, TiO2/Ag@SiO2 inorganic composite 
nanofibers showed significantly enhanced photocatalytic 
activity compared with TiO2@SiO2 inorganic composite 
nanofibers. The enhanced photocatalytic performance 
of TiO2/Ag@SiO2 inorganic composite nanofibers is 
likely due to the successful utilization of metallic Ag 
nanoparticles in composite nanofibers by providing 
efficient charge separation through the overlapping of 
band structures of Ag and TiO2. Surface etching of 
inorganic composite nanofibers with an aqueous solution 
of HF can further increase photocatalytic activity by 
exposing more photocatalytically active TiO2 and 
metallic Ag nanoparticles on the surface of inorganic 
composite nanofibers. Both inorganic composite 
nanofibers are recyclable, and their photocatalytic 
activities did not change noticeably over three repeated 
photodegradation tests under identical experimental 
conditions. Characterization using XRD, TEM-EDS, and 
XPS confirmed the uniform distribution of constituent 
nanoparticles (TiO2 and metallic silver) and the structural 
integrity of composite nanofibers. These findings suggest 
that the inorganic composite nanofibers developed in this 
study possess excellent photocatalytic properties and the 
potential to be applied to diverse industrial applications.
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