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The present study reports the electrospun one-dimensional TiO;/graphene oxide (GO) composite
nanofibers photocatalysts using polyvinylpyrrolidone (PVP) as a fiberizing carrier. Continuous TiO,
nanofibers segregated by the well-dispersed GO with the content even high as 5 wt% were obtained after
the carrier PVP was burnt away at 500°C. The observed lower excitonic intensity from photolumines-
cent study in the TiO,/GO samples than that in bare TiO, nanofibers indicated that the recombination of
photoinduced electrons and holes in TiO, could be effectively inhibited in the composite nanofibers.
Photocatalytic studies suggested that the TiO,/GO composite nanofibers showed higher mobility of
charge carriers and enhanced photocatalytic activity than bare TiO, nanofibers under visible light irradi-
ation. In addition, photocatalytic performance of the TiO,/GO composites nanofibers was enhanced with
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Nanofibers insights into TiO,/GO composites materials as high performance photocatalysts with potential uses in

environmental remediation.
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1. Introduction

With rising interest in green technology for solving environ-
mental pollution problems, increasing attention has been paid
to titanium dioxide (titania, TiO,) photocatalysts in recent years,
as it is cost-effective, has high catalytic stability and is carried
out at ambient condition [1]. However, as anatase TiO, is a wide
bandgap semiconductor, it can only be photoactivated under UV
light irradiation (of wavelength shorter than 388 nm), which only
accounts for 4% of the solar spectrum [2]. Additionally, the photo-
catalytic efficiency of TiO, could not meet the practical application
requirements because of the drawback of poor quantum yield
caused by the rapid recombination of photogenerated charge car-
riers (hole-electron pairs) [3]. Doping TiO, with other elements,
such as N, C, or Fe was found to broaden the spectral response
range to the visible region, but the recombination of electrons
and holes may occur on the lattice defects and reduce the sub-
sequent photocatalytic activity [4]. The deposition of noble metals
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was reported to produce the Schottky barrier and facilitate electron
capture [5]. Therefore, Ag, Ru, and Pt were employed to modify
TiO, for enhancing UV photocatalytic efficiency and/or visible-
light activities [6]. Compared with noble metals, carbon materials
are cheaper and easily obtained. In recent years, modifying TiO;
with a carbonaceous substance on the surface was reported to
induce visible-light responsive activity [7]. Various types of car-
bon, such as graphitic or coke-like carbon or carbonate structural
fragments bonding with titanium are proposed as the origin of the
visible-light activity [8-10]. As compared with conventional con-
ductive additives, the individual graphene nanosheets, as a new
type of one-dimensional (2D) carbon nanomaterial, appear particu-
larly promising to improve the photocatalytic performances owing
to its superior electrical conductivity, large specific surface area,
and excellent structural flexibility [11]. Even at a very low weight
fraction, graphene can serve as an efficient electron conducting net-
work [12]. Consequently, modification of TiO, nanomaterials with
graphene or graphene oxide has attracted broad interests [13-15].
For example, Anderson et al. synthesized TiO,-graphene oxide
(GO)/thermally reduced graphene oxide (TGO) composites and car-
ried out the photocatalysis in the absence of dissolved oxygen
(under nitrogen), and their results confirmed the role of graphene
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as an electron sink and transporter for suppression of electron-hole
pair recombination [16]. Cai et al. synthesized visible-light respon-
sive GO/TiO, composites with a band gap narrower than 2.43eV,
and they assumed that GO possessed a higher work function than
graphene, which made it more possible for electrons to transfer
from TiO, to GO [17]. Todorova et al. prepared TiO,/graphene com-
posites photocatalysts, and they found the activity of the TiO, /RGO
composites under visible light in NOx removal was significantly
increased [18]. However, as graphene or GO is not photocatalyst, it
only improves the photocatalytic efficiency of TiO, during synergy
with it. When loading TiO, nanoparticles on graphene or GO sheets,
the main part is graphene or GO sheets, so the photocatalytic effi-
ciency could not be significantly improved. The nanosized graphene
or GO sheets with a high concentration were prone to aggregate in
the solution, but the content of TiO, may not be enough for the
photocatalysis if graphene or GO sheets in a low concentration in
the solution.

For photovoltaic and photocatalysis applications, one-
dimensional (1D) nanoscaled TiO, with modulated morphologies,
compositions, and interfaces have obtained considerable attention
[19,20]. Especially, compared with photocatalysts in the form of
film and nanoparticles, nanofibers are appropriate for practical
application because of excellent mobility of charge carriers, high
specific surface areas, scattering more light at the red part of
the solar spectrum, and the existence of straight pores, which
may enhance the adsorption of contaminant molecules [21]. In
nowadays, electrospinning has been a facile method to fabricate
1D nanoscaled photocatalysts [22,23]. Lavanya et al. synthe-
sized RGO wrapped tubular and porous rutile TiO, nanofibers
by electrospinning together with the help of chemical meth-
ods for photocatalytic performance in water treatment [24].
Zhu et al. prepared TiO,—graphene composites to study their
photocatalytic properties by electrospinning method; however,
probably adding graphene reduced the viscosity of the spinning
solution, no continues nanofibers but rice-shaped TiO, composites
were obtained [25]. As graphene has a poor dispersion, it is
still difficult to fabricate continuous electrospun TiO,-graphene
composite nanofibers with a high graphene content. Compared
with graphene, the GO sheets possess lots of functional groups
on their surface and thus could be well dispersed in the spinning
solution, which help to improve spinnability, and finally obtain
continuous nanofibers photocatalysts. However the usage of
continuous TiO, nanofibers segregated by GO to serve as catalysts
for the degradation of methylene blue (MB) and 4-chlorophenol
(4-CP) under visible-light irradiation has not been reported.

Herein, we report electrospinning of continuous TiO, nanofibers
segregated by GO with different contents. The amount of GO in the
composite is varied from 0.0 to 5.0 wt% to obtain morphologically
stable electrospun nanofibrous mats with increasing photoactiv-
ity. The presence of GO in the TiO, nanofibers was confirmed using
several characterization methods. The recombination of photoin-
duced electrons and holes in TiO, can be effectively inhibited in the
composite nanofibers as demonstrated by the photoluminescence
spectroscopy and photocurrent tests. The photocatalytic activity of
the TiO,/GO composite nanofibers was investigated on the degra-
dation of methylene blue (MB) and 4-chlorophenol (4-CP) under
visible-light irradiation. In addition, the photocatalytic mechanism
of the TiO,/GO composite nanofibers was also discussed in detail.

2. Experimental
2.1. Materials

Graphite powders (30 wm, purity of 99%), tetrabutyl titanate
(Ti(OC4Hg)4, 97%), acetic acid (glacial, 99.9%), sodium nitrate

(NaNOs), potassium permanganate (KMnOg4, 98%), sulfuric acid
(H2S04, 98%), hydrogen peroxide (H,0,, 30%), dimethylformamide
(DMF, 99.9%), hydrochloride (HCI, 37%), and 4-CP (CgH5CIO, 99%)
were all obtained from Sinopharm Chemical Reagent Co., Ltd. The
TiO, nanoparticles (P25, 20% rutile and 80% anatase, average size
of ~20nm) were purchased from Evonik. Poly(vinyl pyrrolidone)
(PVP, My ~ 1.3 x 108) were purchased from Sigma-Aldrich. All the
chemcials were used as-received without any further modifica-
tions.

2.2. Preparation of GO

The oxidation of graphite powder was achieved according to the
modified Hummers’ method [26]. Briefly, graphite powder (5 g) and
NaNOs (2.5 g) were placed in a flask. Concentrated H;SO4 (115 mL)
was then added slowly with stirring in an ice-water bath. KMnO4
(15g) was added gradually over 1h under stirring and kept stir-
ring for another 2 h. Afterwards, it was stirred at 40 °C for 30 min,
then 90 °C for 45 min. Then, dropwise addition of 230 mL distilled
water and external heating was introduced to maintain the reac-
tion temperature at 98 °C for 15 min. Finally, the oxidation reaction
was terminated by the addition of 700 mL distilled water and 50 mL
30% H,0; solution. The mixture of graphite oxide and oxidants was
rinsed with 5% HCl aqueous solution and distilled water to remove
the residual metal ions and other impurities. The brown-yellow
graphite oxide paste thus obtained was dried at 60 °C under vac-
uum for 48 h. The required amounts of GO was dispersed in DMF
by ultrasonic treatment before mixing with polymer solution. The
final solution was concentrated to 4 mg/mL.

2.3. Synthesis of TiO,/GO nanofibers

The spinning solution for preparing TiO, nanofibers contained
4.0g tetrabutyl titanate, 4.0 mL acetic acid, 1.4g PVP and 13 mL
ethanol. GO solutions were added at different concentrations (0.0-
5.0wt%GO in the obtained TiO,/GO composites) to the spinning
solution. The solution was ultrasonicated for 2h to ensure the
homogeneity. A distance of 10 cm and voltage of 12 kV were main-
tained between the tip of spinneret and the collector. A grounded
wire netting was used as electrode to collect the nanofibers. The as-
spun fibers were calcined at 500 °C for 2 h to burn away the organic
compounds in air and to obtain inorganic TiO,/GO nanofibers.

2.4. Sample characterization

The morphologies of the samples were characterized with a field
emission scanning electron microscope (FESEM, Hitachi S-4800).
TEM images were obtained using a JEM-2100F TEM (JEOL Tokyo
Japan) operating at 200 kV. Atomic force microscopy (AFM) images
were measured with a NanoScope IV (Veeco, USA) in tapping mode
in air. Samples for AFM measurement were prepared by deposit-
ing diluted aqueous GO colloidal solution onto freshly cleaved
micas and drying at 60°C under vacuum for 12 h. Thermogravi-
metric analysis (TG209F1, NETZSCH Instruments Co., Ltd., Bavaria,
Germany) was recorded from room temperature to 800 °C at a heat-
ing rate of 10°Cmin~! in nitrogen atmosphere. X-ray diffraction
(XRD) was carried out on a Rigaku-D/max 2550 PC (Japan) diffrac-
tometer with Cu Ko radiation (A=1.5406A). The samples were
characterized with a Fourier transform infrared (FTIR) spectrom-
eter (Nicolet 8700, Bruker Optik GmbH, Ettlingen, Germany) using
KBr pellets. DRS spectra were recorded on a PerkinElmer Lambda
950 instrument, using BaSOy4 as the reference sample, in the range
of 200-800 nm. Raman spectra were collected on a Fourier trans-
form infrared-Raman spectrometer (NEXUS-5670, Nicolet, USA).
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed with a Thermo Scientific K-Alpha using monochromatic Al
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Ka radiation. Photoluminescence (PL) was measured at room tem-
perature in a PerkinElmer LS55 luminescence spectrometer with a
Xenon lamp as the excitation source, and the excited wavelength
was 300 nm.

2.5. Photocatalytic activity measurements

In a typical reaction, irradiation was performed with a 500 W
xenon lamp and a ZJB 420 filter glass was used to cut off the
light with wavelength less than 420nm. 0.10g photocatalyst
was added into a 450 mL Pexyr photoreactor containing 100 mL
3.8x107>M MB and 150mL 1.6 x 10~*M 4-CP. The concentra-
tions of the solutions were monitored colorimetrically by using
a Lambda 35 ultraviolet-visible (UV-vis) absorption spectropho-
tometer (PerkinElmer, USA) at 655 nm for MB and 224 nm for 4-CP.
The absorbance was converted to MB or 4-CP concentration using a
standard curve that showed a linear relationship between the con-
centration and the absorbance at the corresponding wavelength
(Fig. S1, Supporting information). The total organic carbon (TOC)
of 4-CP was monitored by a TOC Analyzer (Astro TOC UV TURBO,

HACH, USA). The degradation rates and the mineralization degree
(%) of 4-CP were calculated using Equation (1) and Equation (2),
respectively.

(%) = COC;C « 100% (1)
b (%) = m‘;n_om x 100% )

where Cy and C are the concentrations of the initial and remaining
MB or 4-CP; mg and m are the initial and remaining total organic
carbon content.

3. Results and discussion

The morphology and microstructure of the as-electrospun com-
posite fibers with different GO contents before calcining at 500 °C
is shown in Fig. 1(a-f). It can be observed that all these composite
fibers have a one-dimensional texture structure and are randomly
oriented forming non-woven mats. The diameter of the bare TiO,
nanofibers is about 200 nm with the length of individual fibers

21/nm

Fig. 1. SEM images of (a) the bare TiO, nanofibers, (b) TiO2/1%GO, (c) TiO2/2%GO, (d) TiO2/3%GO, (e) TiO2/4%GO, and (f) TiO2/5%GO before calcinations. The inset scale bars
are 1000 nm. (g) SEM, (h) TEM images and (i) SAED pattern of the sample TiO,/3%GO after calcining at 500°C.
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Fig. 2. AFM image and height profile of single-layer GO.

reaching tens of micrometers, Fig. 1a. The diameters of the as-spun
nanofibers increased with increasing the GO content in the as-spun
nanofibers, Fig. 1b, and c. There were some bubbles exposed on the
fibers. The diameters of the as-spun nanofibers decreased in the
samples of TiO,/3%GO and TiO,/4%GO, as shown in Fig. 1d and e.
GO needs to be dispersed in DMF solvent. Increasing the content
of GO in the spinning solution, more DMF solvent was needed at
the same time, and then the concentrations of PVP and tetrabutyl
titanate were reduced. Thus, the diameter of the as-spun nanofibers
was decreased after the evaporation of the solvent. The number of
bubbles exposed on the fibers was significantly reduced, accom-
panied with increasing the diameter for the sample TiO,/5%GO,
Fig. 1f. Adding different amounts of GO changed the stability of
the spinning solution (such as the concentration, dielectric con-
stant and viscosity). Zhu et al. added graphene in the spinning
solution, but it was observed that during the annealing, the con-
tinuous fiber morphology was lost, while only rice-shaped TiO,
composites were obtained [25]. Compared with graphene, it was
reported that GO with lots of organic group on their surface could
be well dispersed in several organic solutions such as DMF [27].
In addition, some minor adjustments of the spinning parameters
were needed to make the electrospinning process smoothly carried
out, which may make the morphology of the as-spun nanofibers
correspondingly changed. After calcined at 500 °C, the continuous
fibrous morphology still exists, but the average diameter of the
nanofibers changed to ~100 nm, and the bubbles were disappeared
as shown in the SEM and TEM images of the sample TiO,/3%GO
(Fig. 1g and h). The GO was not identified by the SEM or TEM,
possibly attributed to that GO were integrally connected to the
inorganic nanoparticles within the nanofibers. The selected area
electron diffraction (SAED) pattern is consistent with the tetragonal
structure of anatase TiO,, with strong ring patterns being assigned
to(101),(004),and (2 00) planes of anatase (Fig. 1i) [28]. Fig. 2
shows an AFM image of GO sheets deposited on freshly cleaved
mica from aqueous suspension. According to the statistical evalu-
ation, the mean thickness of a single GO sheet was ~1.0 nm. The
1.0nm thickness and 0.5 wm length of the sheet in Fig. 2 indicate
that the GO sheets exist in single layers and disperse thoroughly in
the DMF solution. It has been reported that graphene fibers could
be fabricated by wet-spinning of a concentrated GO liquid crystal
solution [29]. However, the mechanism for fabricating graphene
fibers by wet-spinning methodology was different from fabricat-
ing nanofibers by electrospinning method. The spinning solution
requires a higher viscosity for fiberizing GO during the electrospin-
ning process. As aresult, some polymer materials (such as polyvinyl
alcohol, polyvinylpyrrolidone and so on) need to be added as fiber-
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Fig. 3. TGA curves of the samples of (a) the bare TiO, nanofibers, (b) TiO,/1%GO, (c)
TiO,/5%GO, and (d) pure GO sheets.

izing carrier. As the removal of fiberizing carrier may damage the
nanofiber structure, there was no literature reported about fabri-
cating graphene or GO nanofibers via electrospinning method from
GO solution without adding fiberizing carrier up to now.

Fig. 3 shows the TGA curves of the samples of bare TiO,
nanofibers (curve a), TiO;/1%GO (curve b), TiO,/5%GO (curve c)
calcined at 500°C and pure GO (curve d). As shown in Fig. 3, the
bare TiO, nanofibers have a low weight loss of 0.89% due to water
evaporation and combustion of carbon residue. It also indicates
that almost all PVP was burnt away in the nanofibers. The sam-
ple TiO3/1%GO and TiO,/5%GO have a low weight loss of 1.88% and
5.15% respectively. Subtracted the parts of water evaporation and
combustion of carbon residue in PVP, the GO contents in TiO,/1%GO
and TiO,/5%GO were calculated to be 0.99% and 4.26%. The TGA
curves of pure GO can be distinctly divided into three stages. The
first stage is 30-180°C with the weight loss about 4.5%, indicating
the loss of solvent such as water and ethanol in GO [30]. At the sec-
ond stage (180-550°C), the weight loss of the GO was about 33%,
which might be ascribed to the degradation of GO [31]. The weight
loss of pure GO at 500 °C was 28.76%, indicating that after calcining
at 500°C there may be some distortion on GO, but the main part
of GO still exists in the nanofibers. At the last stage (550-800°C),
the weight loss of pure GO was about 90.36%, which was possibly
caused by the combustion of GO sheets.

Fig. 4A shows the XRD patterns of the nanofibers with different
GO contents after calcinations at 500 °C. The diffraction peaks of
the nanofibers can be indexed to (1 0 1), (00 4), (2 00),(105),
(211),(204)and (2 1 5) crystal planes of TiO, (JCPDS File No.
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Fig. 4. XRD patterns of (a) bare TiO, nanofibers, (b) TiO,/1%GO, (c) TiO,/2%GO,
(d) TiO2/3%GO, (e) TiO,/4%GO, and (f) TiO,/5%GO after calcinations with 26 in (A)
10°-90° and (B) 24.0°-27.0°.

21-1272) [32]. All the peaks of the nanofibers can be assigned to
the anatase phase. The crystallite sizes are 15.6, 13.3, 13.2, 12.9,
12.8 and 12.6 nm for bare TiO, nanofibers, TiO,/1%GO, TiO,/2%GO,
Ti0,/3%GO0, Ti0,/4%GO, and TiO,/5%GO after calcinations, respec-
tively, calculated from X-ray line broadening () according to the
Scherrer formula:

d=0.89A/wcos 6 3)

where \ is the X-ray wavelength, 1.5406 A (Cu Ka), and 9 is the
diffraction angle. The intensity of diffraction peaks decreased with
increasing the GO content in the composites, also suggesting that
finer crystallite size of TiO, was formed in the presence of the
nanofibers. Additionally, the most intense diffraction peaks of (1 0
1) plane of the nanofibers are displaced to lower 260 values gradually
with increasing the GO content in the composites (Fig. 4B). It can
be attributed to adding GO into the TiO, nanofibers that inhibited
the growth of the TiO, crystallites.

Fig. 5 shows the FTIR spectra of the bare TiO, nanofibers,
TiO,/4%GO0, and pure GO. All the three samples exhibit very strong
peaks between 3400 and 3450 cm~! corresponding to the adsorbed
water or O—H stretching vibration of hydroxyl groups [16]. The
peakat 1638 cm~! represents the O—H distorting vibration is due to
water molecules [33]. The peaks at 1385 and 500-700cm~! in the
bare TiO;, nanofibers originate from the Ti—0 and Ti—O—Ti stretch-
ing mode, respectively [23,33]. For the pure GO sheets, several
characteristic peaks such as those at 1729 (C=0 carboxyl or car-
bonyl stretching vibration), 1392 (O—H deformations in the C—OH
groups), 1228 (C—OH stretching vibration) and 1050cm~! (C—0
stretching vibrations in the epoxy group) were observed [16]. The
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Fig. 5. FTIR spectra of the bare TiO, nanofibers, the sample TiO,/4%GO and pure GO.
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Fig. 6. UV-vis DRS spectra of different samples.

peak at around 1625 cm~! may be attributed to the deformation
mode of the adsorbed water and non-oxidised graphitic domains.
The FTIR spectrum of TiO,/GO nanofibers exhibits the absorption
peaks at almost the same positions as pure GO, indicating that the
calcination of the as-spun fibers at 500 °C in air did not reduce GO in
the TiO,/GO composite nanofibers. The presence of peaks at 1727,
1385, 1221 and 1064 cm™! indicates the existence of functional
groups of carboxyl, hydroxyl and epoxy groups in the TiO, /GO com-
posite nanofibers. The C=0 stretching of the —COOH groups of GO
sheets observed at 1727 cm~! can help to interpret the connec-
tion between the graphene sheets and TiO, [34]. The —OH, —COOH,
and —C—0—C groups on the surface of GO sheets and —OH groups
on TiO, allow GO contact with TiO, closely in the molecular level
[33,35].

The UV-vis DRS spectra of the bare TiO, nanofibers and the
TiO,/GO nanofibers with different GO contents are shown in Fig. 6.
The main absorption edge for bare TiO, nanofibers is estimated to
be 402 nm, which can be attributed to the intrinsic absorption band
derived from the band gap transition from O 2p to Ti 3d orbital
[36]. The band gap energy was calculated to be 3.1eV using the
relation Eg =1240/\, where \ is the onset absorption wavelength
(402 nm) [37]. The absorption edge of the TiO,/GO nanofibers is
also at 402 nm, implying that GO is not incorporated into the lat-
tice of TiO,. The TiO,/GO nanofibers have an enhanced response
in the whole visible-light region due to the interaction between
TiO, and GO through the 0—C=0 bond originated from the —COOH
groups connecting the graphene and TiO,, which is proposed as the
origin of the visible light activity [34,38]. The UV-vis DRS spectra of
the TiO, /GO nanofibers are different from those of the TiO,/carbon
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Fig. 7. Raman spectra of the sample TiO,/4%GO and pure GO (inset).

structured materials; the absorption edge of TiO, is largely cov-
ered by carbon that has a strong absorbance in the visible-light
region [39]. With increasing the GO content in the TiO, nanofibers,
the intensity of the visible-light absorbance was also increased
in the visible light range of 400-700 nm. However, the intensity
changes between TiO, /GO nanofibers samples were not as evident
as the intensity changes from bare TiO; to TiO, /GO nanofibers sam-
ples. This indicates that coupling with GO could extend the optical
absorption of TiO, into the visible-light region. The white TiO,
nanofibers changed into dark gray after incorporating GO sheets
into the nanofibers.

Fig. 7 shows the Raman spectra of the sample TiO,/4%GO and
pure GO (inset). The sample TiO,/4%GO exhibits four major Raman
bands at 156, 379, 518, and 635 cm™~! in the range of 0-1000 cm™!,
which can be attributed to the Raman-active modes of anatase
phase with the symmetries of Eg, B1g, A1z and Eg, respectively [40].
In addition, two prominent peaks at 1350 and 1580cm~!, named
the D and G band, were also observed, indicating the successful
incorporation of GO into the composite nanofibers [41]. The D band
is the symmetric Aj; mode and has been ascribed to the edges,
defects, dangling bonds and disordered carbon, while the G band
is the Ex; mode and corresponds to ordered sp2-bonded carbon
atoms [42]. Therefore the intensity ratio of the D to G band (Ip/Ig)
is a measure of the disorder, as expressed by the sp2/sp3 carbon
ratio, which is a critical characteristic referring to the electrical
conductivity [43]. The Ip/Ig values of the pure GO and the sam-
ple TiO,/4%GO were calculated to be 0.90 and 0.94, indicating that
after calcination the defects in the sample TiO,/4%GO were slightly
increased due to a larger quantity of edges caused by the distortion
of GO sheets in the TiO, nanofibers.

To investigate the chemical nature of the resultant nanofibers,
X-ray photoelectron spectroscopy (XPS) was performed on both
GO sheets and TiO, /GO nanofibers, which provided an exact ele-
mental composition in the top 1-12 nm of the sample surface. The
XPS survey (Fig. 8a) confirms the C, O and Ti composition of the
TiO, /GO nanofibers, while there were only C and O peaks detected
in the GO sample. The high resolution C 1s XPS spectra of GO and
TiO, /GO nanofibers (Fig. 8b) include three components: nonoxy-
gen ring C (284.1 eV, containing C—C, C=C, and C—H bonds), C—0
(286.6eV), and O—C=0 (288.5eV) [23], which are consistent with
the FTIR spectra. The peak area ratios of the C—0 and O—C=0 bonds
to the C—C bonds were respectively expressed as Ac—o/Ac—c and
Ao-c=0/Ac—c and estimated for comparison. The values of Ac—o/Ac—c
and Ap-c=0/Ac—c were 0.74 and 0.28 for bare GO, and 0.18 and
0.11 for the TiO,/GO nanofibers. This means that more than one
half of the oxygen-containing groups were removed for GO, after
being inserted into TiO, nanofibers and calcined at 500 °C. No peak
in the C 1s or the Ti 2p spectra can be assigned to Ti-C bond-
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Fig. 8. (a) XPS survey and (b) high resolution C 1s XPS spectra of TiO,/GO nanofibers
and GO nanosheets.
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Fig. 9. PL spectra of different samples.

ing, which has a binding energy of ~282 and ~455 eV, respectively
[44,45]. Hence, no Ti-C covalent bonding was formed between the
TiO, fibers and the GO sheets. As observed in the FTIR spectra, the
0—C=0 (288.5eV) peakis originated from the —COOH groups of GO
sheets in the TiO,/GO composite nanofibers that helps to connect
the graphene sheets and TiO, surfaces [34].

The PL analysis has been performed to investigate the efficiency
of charge carrier trapping and transfer behavior of the photoin-
duced electrons and holes [46]. Fig. 9 represents the PL spectra
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Fig. 10. (A) The photocatalytic degradation of MB over different samples. (B) The absorption spectra of MB photodegraded by TiO, /4%GO after different time. (C) Kinetic linear
simulation curves of photocatalytic degradation MB over different samples: (a) bare TiO, nanofibers, (b) P25, (c) TiO2/1%GO, (d) TiO2/2%GO, (e) TiO2/3%GO, (f) TiO2/5%GO
and (g) TiO,/4%GO. (D) Recyclability of the photocatalytic decomposition of MB for TiO,/4%GO.

of the bare and GO added TiO, nanofibers. All the samples exhib-
ited obvious PL signals under irradiation with 300 nm light. The
PL intensity decreased with increasing the GO content in the TiO,
nanofibers. The weakened PL signal is attributed to the migration
of photoelectrons from the TiO, surfaces to GO sheet, resulting in a
decrease in the radiation recombination of photoinduced electrons
onthe TiO, surfaces [47]. When GO formed a p-type semiconductor,
a p/n heterojunction could be clearly observed [17]. The potential
difference between TiO, and GO allowed photoelectrons to easily
migrate from the TiO, surfaces to the GO conduction band. This
resulted in a decrease in the recombination of photoinduced elec-
trons on the TiO, surfaces and a further weakened PL signals. The
efficient charge separation could increase the lifetime of the charge
carriers and enhance the efficiency of the interfacial charge trans-
fer to the surface, and then account for a higher activity of TiO, /GO
nanofibers.

The photocatalytic degradation of MB has been chosen as a
model reaction to evaluate the photocatalytic activities of the
TiO, /GO nanofibers. For comparison, the photocatalytic degra-
dation of MB by bare TiO, nanofibers, Evonik P25 and TiO,/GO
nanofibers in the dark was also carried out under the same
condition. Fig. 10A shows the degradation curves of MB with
different samples. The TiO,/GO nanofibers in the dark exhib-
ited little photolysis. The TiO,/GO composite nanofibers exhibited
higher photocatalitic activity than Evonik P25 and bare TiO,

nanofibers. Generally, with increasing the GO content, the com-
posite TiO, /GO nanofibers exhibited higher photocatalytic activity.
The diameters of bare TiO, and GO sheets are much less than the
carrier diffusion length of 60-100 um [48], while the electrons
and holes can be efficiently separated in the TiO,/GO composite
nanofibers. Notably, the time for an entire decolorization of MB
over TiO,/4%GO and TiO,/5%GO was about 50 min and 60 min.
The photocatalytic efficiency of TiO,/5%GO was lower than that
of TiO,/4%GO, meaning that further increasing the GO content in
the nanofibers may reduce the photogenerated carriers induced
by TiO,. The photocatalytic rates for MB under UV irradiation
are shown in Fig. S2 in the Supporting information, suggesting
the function of heterojunction in leading to the efficient charge
separation and the resulting high photocatalytic activity. Fig. 10B
shows the changes in the UV-vis absorption spectra of the MB
solution with TiO,/4%GO as the photocatalyst. The decomposi-
tion rate of MB was very fast at the beginning and then slowed.
The sharp decrease indicates that TiO,/4%GO provided excellent
removal of MB. The digital photo showes that, after 50 min, the
color of MB was entirely decolorized over TiO,/4%GO (Fig. 10B,
inset). In order to better understand the photocatalytic efficiency
of the above photocatalysis, the photocatalytic degradation kinetics
of MB was also investigated. The photocatalytic degradation pro-
cess is fit to pseudo-first-order kinetics [49], —In(C/Cy) = kt, where
k is the photocatalytic reaction apparent rate constant and t is
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Fig. 11. (a) The degradation rates and (b) mineralization degrees (%) of 4-
chlorophenol photocatalyzed over different samples.

the light irradiation time, due to the low initial concentrations
of the reactants (~12mg/L). Fig. 10C shows the effect of differ-
ent samples on the kinetics of MB under visible light irradiation.
The calculated value of apparent rate constant k from the corre-
sponding slope of the pseudo-first-order linear simulation curve
is shown in the inset of Fig. 10C. It is seen that the k values for
TiO,/4%GO, TiO2/5%GO, TiO5/3%GO, Ti0,/2%GO, TiO,/1%GO, P25
and bare TiO, nanofibers are 0.04973, 0.0463, 0.03853, 0.03031,
0.02109, 0.00896 and 0.00337 min~!, respectively. Obviously, the
k value of the TiO,/4%GO is far higher than those of the others,

TiO, nanofiber

-

and is 5.6 and 14.8 times higher than those of P25 and bare TiO,
nanofibers, respectively, suggesting that the introduction of GO
could extend the light absorption spectrum of TiO, and thus highly
improve the visible light photocatalytic performance. The photo-
catalytic efficiency under visible light irradiation estimated by the
k value follows the order: TiO,/4%GO >TiO,/5%GO >TiO,/3%GO >
Ti0,/2%G0 >TiO,/1%GO > P25 > the bare TiO, nanofibers. Further-
more, the TiO,/GO composite nanofibers photocatalyst can be
effectively recycled at least four times without an apparent
decrease in its photocatalytic activity, which demonstrates its high
stability (Fig. 10D).

Though the photocatalytic degradation of MB in water by
TiO, /GO composite nanofibers is efficient, MB can work as a pho-
tosensitizer to inject electrons to conduction band (CB) of metal
oxide particles, undergoing self-oxidative degradation [50,51]. The
MB solution was tested without photacatalysts under the same
experimental conditions; the C/Cy value was 0.85 after 60 min. It
indicates that the sensitization mechanism indeed accelerated the
degradation of MB molecule in the solution. However, comparing
with photocatalysis, the self-oxidative degradation caused by sen-
sitization mechanism was not remarkable. The degradation rates
of 4-CP were also studied photocatalyzed over TiO,/GO compos-
ite nanofibers. The 4-CP solution without photacatalysts exhibited
little photolysis under visible-light illumination, with the C/Cy
value of 0.96, implying that 4-CP was stable without self-oxidative
degradation. The photocatalytic degradation of 4-CP over different
samples was shown in Fig. 11. The C/Cy values were 0.77 and 0.59
for the bare TiO, nanofibers and P25 respectively. The photocat-
alytic reaction time reached more than 4 h, as the carbon chains on
the benzene ring were much sturdier than MB molecule. Notably,
all the C/Cq values were lower than 0.40 for the TiO,/GO composite
nanofibers, especially the C/Cy values were 0.19 and 0.12 for two of
the most efficient catalysts of TiO,/5%GO and TiO,/4%GO. The min-
eralization degree (%) of more than 80% (calculated from the ratio
between TOC final values and initial TOC content in the tests) indi-
cated that more than 80% 4-CP was mineralized with TiO,/4%GO
under visible-light illumination.

The heterostructure which facilitates the charge transfer may
account for the enhancement of the photocatalytic activity of
TiO,/GO nanofibers. Fig. 12 shows the schematic diagram of the
internal micron structure and electron-hole pair separation in the
TiO,/GO nanofibers. As shown in Fig. 12, the electrospun TiO,
nanofibers segregated by GO and formed heterojunction with the
photogenerated carrier diffusion between them. When the TiO, /GO

\ 4
< ==
) AYA

-~
o
@)
® 3
)

Fig. 12. Schematic diagram showing the internal structure and electron-hole pair separation in the TiO,/GO nanofibers.
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heterojunction is excited with photon energy higher than or equal
to the band gap of TiO, /GO, the electrons in the valence band (VB)
could be excited to the CB with simultaneous generation of the
same amount of holes in the VB. The photogenerated electrons
transfer occurred from the CB of TiO, to GO. The accumulated elec-
trons serve to interact with the GO sheets in order to reduce certain
functional groups on the surface of GO (RGO) [52]. Holes were then
captured by surface hydroxyl groups (OH—) on the photocatalyst
surface to yield hydroxyl radicals (OH®) [53]. The OH®, as strong
oxidizing agents, degraded the organic molecules of MB and 4-CP
[54]. This further promotes the photogenerated electrons to inter-
act with the GO sheets. The efficient charge separation increases
the lifetime of the charge carriers and enhances the efficiency of
the interfacial charge transfer to surface of the photocatalyst, and
then, accounts for a higher photocatalytic activity of the TiO,/GO
photocatalysts.

4. Conclusions

The present study reports the preparation of well-defined
and structurally stable TiO, nanofibers segregated by GO with
different contents using electrospinning technology. The pres-
ence of GO in the TiO, nanofibers was confirmed using several
characterization methods. These TiO,/GO composite nanofibers
demonstrated enhanced visible-light absorption and increased
photocatalytic degradation of organic pollutants. The investiga-
tion of photocatalytic ability indicated that TiO,/GO composite
nanofibers possessed higher photocatalytic activity than Evonik
P25 and the bare TiO, nanofibers for the degradation of MB and
4-CP molecules under visible-light irradiation due to the enhanced
separation efficiency of photogenerated electron-hole pairs. It is
expected that such nanofibers photocatalysts would provide great
impetus to the practical application in environmental remedia-
tions.
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