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Abstract

Ag—Carbon-TiO, composite tubes were prepared by using polystyrene/AgNO; composite fibers as a sacrifice template and a
co-pyrolysis process. The Ag—Carbon-TiO, tubes were characterized by SEM, TEM, X-ray diffraction, Raman spectrum,
XPS, and UV-vis spectrum. The results showed that the Ag—Carbon-TiO, tubes possessed uniform tubular structure with
amorphous carbon, graphitic carbon, and Ag nanoparticles (AgNPs) distributing uniformly in TiO,. The Ag—Carbon-TiO,
tubes were confirmed high UV-vis light utilization and photocatalytic degradation efficiency to Rhodamine B due to the
carbon doping, the surface plasmon resonance of AgNPs and the tubular structure, and the degradation of Rhodamine B
reached 90% in 6 h. Meanwhile, they showed an excellent antibacterial effect on staphylococcus aureus, and the fatality rate
of Ag—Carbon-TiO, tubes to staphylococcus aureus reached 99.9% in 24 h when its concentration was higher than 4 mg/ml.
The co-pyrolysis process could repress the AgNPs to grow to be large particles, which could be a key for the excellent
antibacterial property. The research showed a promising strategy for preparing Ag—Carbon-TiO, composite tubes by co-
pyrolysis of PS composite electrospinning fibers, indicating their potential application in wastewater treatment and
antibacterial materials.
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e Ag-Carbon-TiO, composite tubes are prepared by co-pyrolysis of polystyrene/AgNO; fibers.
AgNPs distribute uniformly in C doped TiO, due to the co-pyrolysis process.
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The size growth of AgNPs can be repressed by the co-pyrolysis process.

The Ag-Carbon-TiO, tubes show excellent antibacterial and oganic degradation properties.
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1 Introduction

Titanium dioxide (TiO,) is an excellent photocatalyst for
degradation of organic pollutants and sterilization of micro-
bial cells due to its excellent properties including high pho-
tocatalytic activity, nontoxic, low cost, high stability and no
secondary pollution in the degradation process [1, 2]. TiO,
can produce a large number of electron—hole pairs under the
excitation of ultraviolet (UV) light. However, anatase TiO,
which is a crystalline with the best photocatalytic property can
only absorb UV light with a wavelength <400 nm because of
its wide band gap (Eg =3.2eV), and the UV light excited
electrons and holes are easy to recombine. The solar energy
utilization of TiO, is low. Doping metal or nonmetal elements
into TiO, has attracted scientists’ attention because they find
this doping strategy can induce defects into TiO,, narrowing
the band gap, extending the visible light absorption,
improving the photocatalytic activity, and solar energy utili-
zation of TiO, [3-5].

Doping carbon into TiO, or preparing TiO,/C composite
is a popular strategy to prepare TiO, photocatalyst of high
quantum efficiency [5]. Carbon atom can substitute O atom
in TiO, lattice and form a series of impurity states in the
band gap, which makes the electron—hole pairs possible to
be excited by visible light [6]. TiO, nanoparticles are often
loaded on carbon fibers or carbon nanotubes to form one-
dimensional structures, because these kinds of structures can
repress the agglomeration of nanoparticles, benefit the
transportation of free electrons, and be recycled easily [7, 8].

In recent years, people find that combining silver nano-
particles (AgNPs) with TiO, could be a promising choice for
preparing TiO, photocatalysts. AgNPs are excellent photo-
catalysts under irradiation of UV light. In addition, AgNPs
have been widely applied for water treatment investigation
due to their strong antibacterial property [9]. Many
researchers have confirmed that the interband transitions and
surface plasmon resonance (SPR) effects of AgNPs can
improve the UV-vis light absorption of TiO, [10-12].
Doping Ag ions into TiO, can inhibit the phase transition
from anatase to rutile [13], which is beneficial to obtain
anatase TiO, with excellent photocatalytic performance. For
example, AgNPs/TiO, composites used for water treatment
investigation showed better result than bare TiO, [14]. P/Ag/
Ag,0/Ag;PO4/TiO, photocatalyst was confirmed excellent
photocatalytic bactericidal ability [15]. As people do in the
field of one-dimensional TiO,/C composites, one-
dimensional TiO,/Ag composites also attract scientists’
attention. Wang et al. prepared Ag/TiO, nanofibers by an
electrostatic ~ spinning, = which  showed  enhanced
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photocatalytic property [16]. They speculated that visible
light could excite AgNPs and the excited electrons could be
transferred into the conductive band of TiO, due to the
heterostructure of the Ag/TiO, nanofibers. Wang et al. pre-
pared AgNPs/TiO,/graphene nanofibers by an electrostatic
spinning [17]. They confirmed that graphene quantum dots
could sensitize the AgNPs/TiO, composite and improve its
photoresponse and photocatalytic activity. In another work,
Jiao et al. confirmed that AgNPs/TiO,/graphene composite
nanofibers possessed high photocatalytic efficiency for
wastewater treatment and found that the enrichment of
organic pollutant on the modified graphene was a key [18].
The hollow structure of TiO, nanotubes possesses high
specific surface area and can enrich organic pollutant on the
surface easily. Bai et al. doped iron, fluorine, and nitrogen
into TiO, and obtained TiO, nanotube arrays exhibiting
excellent photocatalytic activity [19]. Ji et al. prepared a
carbon-doped TiO, nanotube photocatalyst, which indicated
excellent activity for decomposing asymmetric dimethylhy-
drazine [20]. Furthermore, Xiong et al. prepared a Poly
(dopamine)/AgNPs/TiO, nanotube coating on a Ti implant
and achieved excellent in vitro and in vivo bactericidal and
biocompatible properties [21]. The uniformly dispersed
AgNPs is another key for an excellent antibacterial property.
It was confirmed that an Ag/TiO, composite film prepared
by coating multiple times and uniformly loaded with silver
nanoparticles could effectively kill E. coli [22].

Since both incorporating metal and nonmetal into TiO,
showed significant improvement in photocatalytic property,
it is highly anticipated that codoping metals and/or non-
metals can create synergistic effects. TiO, nanoparticles
doped with silver, carbon, and sulfur showed improved
photocatalytic property [23]. The improvement was attrib-
uted to homogeneous anatase crystalline phase, low band
gap, high surface area, and nature of precursor materials. In
another work, silver and carbon were doped into
titania—silica nanoparticles for investigating their effect on
photocatalytic property [24]. The content of silver could be
a key for optimizing the photocatalytic properties of TiO,
composites. A report confirmed that fibrous titania—carbon
composite containing 9.5 wt% of silver nanoparticles pos-
sessed excellent antibacterial activity [25], and this kind of
composite could be used as an anode material [26]. Another
report present that Ag/C-TiO, nanoparticles loading
0.5-5.0 wt% of silver possessed the best disinfection per-
formance under visible light, compared with a C-TiO,
sample [27]. A high specific surface area is another key for
optimizing the photocatalytic property of TiO, composites.
Mesoporous titania codoped with carbon and AgNPs
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indicated great potential in photocatalytic materials due to
its high specific surface area [28]. An investigation showed
that depositing silver and tridoping C, N, and S into TiO,
nanoparticles can significantly enhanced the surface area
and improve the photocatalytic property [29]. TiO,/C
composite nanotubes that was loaded with AgNPs and
possessed high surface area showed potential for hydrogen
generation and organic degradation due to the synergistic
effect of carbon layer and surface loaded AgNPs [30]. A
titania nanotube array film deposited with carbon quantum
dots and AgNPs also present a photocathodic protection
effect and could be used as a photoanode [31].

The reported achievements enlightened us that a carbon-
doped Ag/TiO, tubular structure could be potential for
antibacterial and organic degradation application. In this
work, we are trying to prepare Ag—Carbon-TiO, tubes with
excellent photocatalytic efficiency for organic wastewater
degradation and bacteria inhibition. We propose that AgNPs
can enhance the UV-vis light utilization of TiO, through
their SPR effect and improve its antibacterial and organic
degradation properties, carbon doping can reduce the band
gap of TiO,, thereby improving photocatalytic activity, and
the tubular structure can enrich organic pollutant. Poly-
styrene (PS)/AgNO; composite fibers prepared by electro-
spinning are used as templates and carbon source to prepare
Ag—Carbon-TiO, tubes. This template synthesis strategy
has several advantages. Firstly, in most previous work,
AgNPs were deposited on TiO,/carbon composite. In this
work, the agglomeration of AgNPs can be repressed and
their distribution in the material is uniform because AgNO;
and PS are combined uniformly in advance by dissolving
them in a solvent for electrospinning and they will pyrolyze
simultaneously in this work, which is conducive to excellent
organic degradation and antibacterial properties. Secondly,
the obtained Ag—Carbon-TiO, tubes can have a thin tube
wall without broken or crumbling because carbon, AgNPs,
and TiO, are combined uniformly and bind tightly in very
small size due to the co-pyrolysis process, which is con-
ducive to reuse and also excellent organic degradation and
antibacterial properties. Thirdly, only a little carbon residue
which is not enough to form a carbon layer can be left and
doped into TiO, after pyrolysis of PS, so the interior of
Ag—Carbon-TiO, tubes can enrich and decomposing
organic molecules as an active surface, which has advantage
over TiO, loaded on a material.

2 Experimental
2.1 Preparation of Ag-Carbon-TiO, tubes

All the reagents were purchased from Aladdin Industrial
Corporation and used as received. A total of 0.05 g silver

nitrate and 3 g PS, which was synthesized in our laboratory
(Mw = 110,000), were dissolved into 7 g DMF. The mixture
was stirred at room temperature for 5h, and electrospun
(16kV, needle to receiver distance 15cm, 23 °C) to get
AgNO;5/PS fibers. The obtained AgNO;/PS fibers were
soaked in tetrabutyl titanate for 16 h, and then transferred
into a mixture of water/ethanol (1:8 vol/vol) to form AgNO3/
PS/TiO, composite fibers. After calcinations at 450 °C for
2 h under nitrogen, Ag—Carbon-TiO, composite tubes were
obtained. In the control experiment, Carbon-TiO, composite
tubes were prepared by a similar process without dissolving
silver nitrate in DMF. Anatase TiO, nanoparticles purchased
from Aladdin Industrial Corporation were also used as
control without any further treatment.

2.2 Characterization of materials

The observation and analysis of the morphology, structure,
and composition of the samples were performed by a scan-
ning electron microscope (SEM, Gemini, 300) and a high-
resolution transmission electron microscope (HRTEM, Tec-
nai, G2 F30). X-ray diffraction (XRD) patterns of all samples
were acquired on a Bruker AXS D8 ADVANCE X-ray dif-
fractometer to confirm the phase composition. BET-specific
surface area and pore size distribution were measured by a
Bei Shi De 3H-2000PS2 instrument. Raman spectra were
obtained by a Renishaw Raman spectrometer. The thermal
stability of the samples was characterized by thermal gravity
analysis (TGA, PerkinElmer). The analysis of UV-vis—NIR
spectra of the samples were carried out on a Cary
5000 spectrophotometer. UV—vis absorption was character-
ized by a PerkinElmer Lambda 950 spectrophotometer.
Transient photocurrent response was measured using an
electrochemical workstation (CHI 660E, Shanghai Chenhua
Instruments) with a 40 W incandescent lamp as a light source
and an aqueous solution Na,SO, (0.1 mol/l) as an electrolyte
solution. The working electrodes were prepared by coating
10 mg of samples on indium tin oxide conductive glasses
(2x 1 cm). The counter electrode was a platinum sheet elec-
trode, and the reference electrode was a calomel electrode.

2.3 Photocatalytic activity

Photocatalyst powder (30 mg) was dispersed in an aqueous
solution of 25 ml Rhodamine B (RhB) (20 mg/l), and the
performance of the catalysts was measured by a 350 W high-
pressure mercury lamp on a photocatalytic apparatus (YM-
GHX-1 Shanghai Yu Ming Yi Qi co. LTD). One milliliter of
degraded RhB solution was added to a volumetric flask of
5 ml, and then diluted to the scale to obtain the sample. A UV
spectrophotometer was used to measure the absorbance of the
sample, and the degradation rate of RhB in aqueous solution
was calculated according to the equation: Degradation (%) =
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Fig. 1 a PS fibers prepared with
a PS electrospun solution of

30 wt%. b AgNO3/PS composite
fibers showed smaller diameter
than PS fibers. ¢ Carbon-TiO,
tubes prepared by loading TiO,
on PS fibers and calcinations.

d Ag—Carbon-TiO, tubes
prepared by loading TiO, on
AgNO;/PS fibers and
calcinations

(Cy — CYICyx 100%, in which Cj and C, were the initial and
the tested concentration, respectively.

2.4 Evaluation of antibacterial activity

The evaluation of antibacterial activity was carried out
according to a national food safety standard of China (GB
4789.10-2016) and reported references [32, 33]. To deter-
mine the inhibition of staphylococcal growth by antibacterial
agents, 0.2ml of Staphylococcus aureus was added into
4.8 ml of LB medium, and different quantitative antibacterial
agents were added. The samples were then placed in a 37 °C
incubator for 12 h. The obtained bacterial suspensions were
diluted to make 107, 1073 107, 1074
107%,10°% 1077, 10°%, 107%, 107'%, 107", 1072, 107",
10!, and 10~ diluents, and then 50 ul of the diluents were
evenly spread on the blood agar medium for bacterial culture
at 37 °C for 24 h. The number of the colonies on the plates
was converted to the number of viable cells in the original
bacterial solution based on the diluents of the bacterial
suspension and the amount of liquid applied to the plate.

3 Results and discussions
3.1 Characterization
The diameter of PS fibers prepared by a PS DMF solution of

30 wt% was about 3 um with a narrow size distribution (Fig.
la). When AgNO; was added into the electrospun solution,

@ Springer

the fiber diameter decreased to 1-2 um, and the fiber surface
became rough (Fig. 1b). The reason could be that the
conductivity of the electrospinning solution mixed with
AgNO; increased comparing with a PS DMF solution,
which resulted in high electric field intensity [16]. High
electric field intensity offered high surface tension, which
stretched the fibers to be thinner. By the sol-gel method,
TiO, formed on the surface of the PS/AgNOj or PS fibers.
PS/AgNO3/TiO, composite fibers and PS/TiO, composite
fibers all became tubular structures after calcinations in
nitrogen atmosphere because the PS fibers were pyrolyzed
and left only a little carbon residue (Fig. lc, d). The surface
of the Ag—Carbon-TiO, composite tubes was smooth with
only a small amount of titania particles distributing sparsely
on tubes, suggesting that AgNPs did not agglomerate in the
sintering  process. The wall thickness of the
Ag—Carbon-TiO, tubes was about 20nm. Tubes with
thinner wall could possess higher specific surface area and
photocatalytic activity, which was conducive to the
adsorption and degradation of organic molecules.
High-angle annular dark field imaging indicated that Ti,
O, and Ag signals distributed uniformly throughout the
Ag—Carbon-TiO, tubes, confirming the SEM result that
AgNPs did not agglomerate in the sintering process and
dispersed uniformly in TiO, phase. The aggregation of silver
nanoparticles may lead to a decrease in SPR effect, thereby
reducing photocatalyticand antibacterial efficiencies (Fig. 2).
It was observed by HRTEM that the Ag—Carbon-TiO,
tubes were composed of nanocrystals of TiO, and graphite
carbon, amorphous carbon and AgNPs. These components



Journal of Sol-Gel Science and Technology (2020) 93:291-301

295

Fig. 2 a HAADF image of
Ag—Carbon-TiO,, and its
element mappings of (b) Ag,
(c) oxygen, and (d) titanium

Fig. 3 HRTEM images of The
Ag—Carbon-TiO, tube formed
after calcining

were distributed uniformly throughout the tubes. The
AgNPs presented an average size of 20-30 nm and a lattice
spacing of 0.234 nm. The lattice spacing of 0.350 nm can be
assigned to the (101) plane of anatase TiO, [34]. The carbon
nanocrystals present an average size of about 5—10 nm with
a lattice spacing of 0.215 nm. Since the size of the carbon
nanocrystals was small, their ordered crystalline structure
was not as clear as anatase TiO, and AgNPs (Fig. 3).

An increase of about 2 wt% in weight was found in the
TGA pattern of the sample Ag—Carbon—TiO, tubes in air
flow when temperature increased from 40 to 200 °C, which
can be attributed to the oxidation of AgNPs. When the
temperature reached 250°C, silver oxide started to
decompose. The Ag—Carbon-TiO, tubes indicated a loss of
4 wt% in air flow when the temperature was increased to
650 °C, This weight loss could be due to the oxidation of
carbon component in the Ag—Carbon-TiO, tubes. The
results showed that the Ag—Carbon-TiO, tubes had an
AgNPs content of about 0.5 wt%, a TiO, content of about
95.5wt%, and a carbon content of about 4 wt%. EDS
characterization indicated a consistent result (Table 1 and
Fig. 4).

Figure 5a showed the XPS spectrum of the
Ag—Carbon-TiO, tubes. The coexistence of Ti, O, C, and
Ag elements in Ag—Carbon-TiO, tubes could be deter-
mined by the XPS spectra. Ag 3ds, peak appeared at the
binding energy of 367.8eV; Ag 3d;, peak appeared at
the binding energy of 373.8 eV, and the difference between
the two peaks was 6.0 eV (Fig. 5b). Comparing with the two
peaks of metallic silver at 374.1 and 368.1 eV [35], the two

Table 1 The EDS
Ag—Carbon-TiO, tubes

result confirms the composition of the

Element names Ti C Ag Mean content of Ag
Atomic percent (%) 65.19 3448 0.33

65.31 3441 0.28

69.00 30.78 0.22 0.252mol.%

6595 3378 026 0481%

65.25 3458 0.17

90

80

70 4

Relative Weight (%)

60

ssr—prr —+— 4+ 77
100 200 300 400 500 600 700

Temperature (C)

Fig. 4 TGA confirmed the existence of carbon
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Fig. 5 XPS spectra of the Ag—Carbon-TiO, tubes: a The survey spectra;

Ag 3d peaks of the Ag—Carbon-TiO, tubes moved to lower
binding energy. The reason could be that the tiny AgNPs
formed following the pyrolysis of PS/AgNO; fibers
embedded into TiO,, forming Ag—TiO, heterostructure with
large interface. The zero-valent silver on the interface was
converted into univalent silver. Since the binding energy of
univalent silver was lower than that of zero-valent silver,
the peaks of the sample moved to low binding energy [11].
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The Ti 2ps, and Ti 2p;,, peaks of bare TiO, were at 458.88
and 464.63 eV with a split gap 5.7 eV (Fig. 5c¢), confirming
that the valence state of titanium was +4 [36]. The
Carbon-TiO, showed a binding energy of Ti 2ps;, at
458.73, 0.15eV lower than that of bare TiO,, while
Ag—Carbon-TiO, exhibited a binding energy of Ti 2p;,, at
458.78, 0.10 eV lower than that of bare TiO,. These shifts
were attributed to the strong interaction between Ti*" and
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Fig. 6 XRD spectra of Ag—Carbon-TiO,, Carbon-TiO, and bare TiO,. b Is the partial enlarged view of a

carbon [4]. Figure 5d showed that the high-resolution
spectrum of C 1s consisted of three peaks at 284.9, 286.7,
and 288.8eV. The peak centered at 284.9eV could be
attributed to the C—C bond of carbon quantum dots (Fig.
3b), which were sensitizers enhancing the visible light
response of TiO, [37, 38]. Figure 5e showed the binding
energy of O Is. The Ti—O bond was at 529.89 eV, and the
peak at 518.82 eV belonged to the oxygen vacancy, which
improved the photocatalytic activity [39].

Figure 6a showed that TiO, in Ag—Carbon-TiO, com-
posites, Carbon-TiO, composites, and bare TiO, was all
anatase, which was characterized with (101), (004), (200),
(105) plane diffraction around 20 (25.3°), (37.9°), (48.0°),
(53.9°). The diffraction peak of Ag was not found in the
sample because the concentration of Ag in the sample was
very low. Figure 6b showed a magnified diffraction region
of the sample between 23 and 28°. It indicated that the
peaks of (101) planes of the Ag—Carbon-TiO, tubes and
Carbon-TiO, tubes shift to lower 20 direction, comparing
with the corresponding peak of bare TiO,. The shift could
be due to carbon doping in the sample [40]. The radius of
oxygen atom was smaller than that of carbon atom, and
Ti—C bond length was longer than Ti—O bond. Carbon
atoms substitute oxygen atoms in the crystal lattice, leading
to distortion of TiO, lattice [41].

A Raman spectrum of Ag—Carbon-TiO, composite tubes
showed four strong peaks at 152, 403, 517, and 640 cm™!,
which corresponded to the peaks of Eq(1y, Big(1), Aig + Big),
and E,3) of anatase TiO, [42]. Two extra peaks belonged to D
band and G band of carbon appeared at 1360 and 1590 cm ™.
The intensity of D band and G band (Ip: Ig) can be used to
measure the graphitization degree of carbon materials [43].
The Ip: I of the Ag—Carbon-TiO, composite tubes was 1.09,
suggesting that considerable amounts of amorphous carbon
and crystalline carbon co-exist in TiO, (Fig. 7).

o(1)

Intensity (arb. units)

1000
Raman Shift (cm™)

1500 2000

Fig. 7 A Raman spectrum of the Ag—Carbon-TiO, tubes

Figure 8 showed the nitrogen adsorption/desorption
isotherms and corresponding pore size curves of
Ag—Carbon-TiO,, Carbon-TiO, and bare TiO,. The pore
size distributions of all three samples were polydispersed
and similar. The specific surface area of Ag—Carbon-TiO,
was 45.8m*g~!, which was not very large because the
tubular structure had little nanoscale pores (Fig. 8a). The
nitrogen adsorption/desorption isotherms of
Ag—Carbon-TiO,, Carbon-TiO,, and bare TiO, belonged to
type IV in IUPAC classification, showing the characteristics
of macroporous structures.

3.2 Photocatalytic organic degradation and
antibacterial properties

Figure 9 recorded the UV-vis absorption spectra of

Ag—Carbon-TiO,, Carbon-TiO,, and bare TiO,. In
220-800 nm range, the absorption strength of bare TiO,,
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Fig. 9 a and b are the UV absorption spectra and band gap energies of Ag—Carbon-TiO,, Carbon-TiO,, and bare TiO,

Carbon-TiO, tubes, and Ag—Carbon-TiO, tubes increased
in turn. The Ag—Carbon-TiO, tubes showed the strongest
absorption of UV-vis light because they had both carbon
doping and AgNPs SPR effects. Compared with bare TiO,,
which absorbed UV-vis light up to 400nm, the
Carbon-TiO, tubes absorbed light up to 410 nm, and the
Ag—Carbon-TiO, tubes extended from 400 to 470 nm. The
band gap energies of bare TiO,, Carbon-TiO, tubes and
Ag—Carbon-TiO, tubes calculated by Kubelka—Munk rule
were 3.02, 2.89, and 2.12 eV, respectively [44]. It confirmed
that carbon doping and AgNPs led to the reduction of the
band gap width, which was consistent with the reported
results [6, 10]. Therefore, the Ag—Carbon-TiO, tubes
should possess the best photocatalytic property [45, 46].
The photoelectron transfer efficiency of the Carbon-TiO,
tubes and Ag—Carbon-TiO, tubes were investigated by
measuring their instantaneous photocurrent. Carbon-TiO,
tubes and Ag—Carbon-TiO, tubes expressed fast and
repeatable transient response currents under intermittent
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visible light. The transient response current of
Ag—Carbon-TiO, tubes was stronger than that of
Carbon-TiO, tubes, which could be attributed to the local
SPR effect of AgNPs [47]. The results suggested that
Ag—Carbon-TiO, tubes had higher photogenic
electron-hole pair separation efficiency and electron trans-
fer efficiency, which improved the photocatalytic perfor-
mance (Fig. 10).

By degrading RhB, it was confirmed that the
Ag—Carbon-TiO, tubes had excellent photocatalytic activ-
ity. The bare TiO, and Carbon-TiO, tubes were also used to
decompose RhB for comparison. Under the irradiation of
mercury lamps, the concentration of RhB in the mixture
solution of Ag—Carbon—TiO, tubes decreased about 90% in
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Fig. 11 Degradation curve of Ag—Carbon-TiO, tubes, Carbon-TiO,
tubes, and bare TiO, to RhB

Fig. 12 The a-d were blood
AGAR media obtained with 2,
4, 8, and 16 mg/ml bacteriostatic
agents. The e was the fatality
rate of Ag—Carbon-TiO, to
staphylococcus aureus at
different concentrations

e

Cells Death (%)

100.0

6 h, while the concentration of the samples of bare TiO, and
Carbon-TiO, tubes decreased relatively slow, with the
degradation rate of about 62 and 82% (Fig. 11). The
enhanced photocatalytic activity of the Ag—Carbon-TiO,
tubes was caused by carbon doping and the presence of
AgNPs.

The inhibition of bacterial growth by TiO, could be
improved by the addition of AgNPs. As shown in Fig.
12a—d, staphylococcus aureus stopped growing in diluents
of 107", 107, 1077, and 10~ with different concentrations
of the bacteriostatic agents. As the concentration of the
bacteriostatic agent increases (Fig. 12e), the antibacterial
effect was significantly improved. The results showed that
the antibacterial activity of Ag—Carbon-TiO, composite
reached 99.9% when its concentration was higher than
4 mg/ml.

Based on the experimental facts and analysis, the high
photocatalytic antibacterial and organic degradation prop-
erties of the Ag—Carbon-TiO, tubes could be explained by
the composition and structure of the material [20, 32, 33].
Carbon formed impurity levels in TiO, shell, as being
confirmed by the XPS spectrum and the XRD mode. The
impurity levels made TiO, easy to be activated by the light
source of mercury lamp. When charges were separated
under the irradiation of light, the generated photoelectrons
were transferred into the TiO, conduction band, and then
captured by AgNPs. AgNPs can also effectively improve
their photocatalytic activity against visible light because of
the SPR induced by surface electron collective oscillation
[44, 48]. The SPR of AgNPs located in the visible region,
which could improve the absorption intensity of visible
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light and reduce the band gap width [49], as confirmed by
the UV—vis absorption spectra in Fig. 9. Meanwhile, the h*
produced by the AgNPs could directly oxidize organic
molecules. Therefore, the photocatalytic activity of the
Ag—Carbon-TiO, tubes remained at a high level, and its
rapid degradation performance was attributed to the unique
microstructure [50, 51]. The long tubular structure of the
Ag—Carbon-TiO, composite increased their contact chance
with bacteria [32], resulting in more cell membrane damage
and inhibiting bacterial growth. The bacteriostatic activity
of a carbon- and Ag-doped TiO, could also be significantly
improved by the relative higher surface area of the tubular
structure because a higher surface area could increase the
reactivity of the crystal surface [33]. The augment of oxy-
gen deficiency increased the damage to the cell wall and the
permeability of the cell membrane. The presence of abun-
dant oxygen defects increased intracellular oxidative stress
and could cause damage to intracellular systems, such as
cell membranes, DNA, and proteins.

4 Conclusion

To sum up, we had designed a co-pyrolysis method of silver
nitrate/PS fiber/TiO, composite to prepare
Ag—Carbon-TiO, composite tubes. The diameter of the
Ag—Carbon-TiO, composite tubes was about 2 um, and the
tube wall was composed of anatase-TiO,, AgNPs, amor-
phous carbon, crystalline carbon, and carbon elements
doped into TiO, lattice. The outstanding photocatalytic
antibacterial and organic degradation properties of the
Ag—Carbon-TiO, composite tubes were attributed to the
reduction of the TiO, band gap energy, the improvement of
visible light utilization, and the inhibition of charge
recombination. The co-pyrolysis process ensured that
AgNPs with a diameter of about 20 nm could distribute
uniformly in TiO, to form a heterogeneous structure, which
was a key for repressing the agglomeration of AgNPs. In
addition, as PS composite fibers were easy to be prepared
by co-electrospinning, this work suggested that TiO, tubes
containing other materials could be prepared by the
same way.
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