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ion of TiO2@carbon nanofibers
composites via foaming agent migration

Xianhang Sui, * Xianhua Li, Liang Chen, Guangyou Li, Fengsen Lin and Changbo Liu

Based on the merits and demerits of conventional methods for fabricating TiO2@carbon nanofibers

(TiO2@CNFs) composites, the composites were prepared via a foaming-assisted electrospinning strategy

and subsequent thermal treatment. Betaine was used as the foaming agent and assembled with TiO2

before electrospinning. It was found that the foaming agent of betaine introduced within the solutions

played a crucial role on the migration of TiO2 nanoparticles to the surface of CNFs, enabling their regular

movement when the carbonization temperature increased from 400 to 1000 �C. The TiO2 loading

amount on the surface of CNFs increased gradually with an enhanced temperature, resulting in an

increase in specific surface area from 30.09 to 419.8 m2 g�1. In addition, the obtained TiO2@CNFs

composites exhibited excellent hydrophilicity and high degree of graphitization. Accordingly, when the

carbonization temperature increased, the composites presented an enhanced photocatalytic activity

toward the degradation of rhodamine B. Hence, a novel method for preparing TiO2@CNFs composites

with tailored TiO2 loading amount could be envisioned.
1. Introduction

Civilization dictates the progress of society, which results in
more production from textile industry with increasing quantity
of discharge of wastewater and organic dyes.1 As an effective
approach, photocatalytic degradation has been employed for
effluent treatment, where most of the photocatalysts were
clean, economical and environment-friendly. Oxide semi-
conductor materials have been gradually developed into
a promising approach to solve environmental protection
issues, such as air purication, hazardous waste remediation
and water purication.2–4 Among the various semiconductor
photocatalysts, TiO2 has been extensively studied for the
removal of toxic dyes due to its high chemical stability,
controllable structure, nontoxicity and low cost.5 However, the
large band gap prevents it from practical applications, i.e., the
issue of recombination of photogenerated charge carriers has
not been fully overcome.6

To overcome such limitations, various approaches have
been studied to improve the photocatalytic activity by extend-
ing the photoresponsive range and increasing the electron–
hole extending pair separation efficiency.7–10 Lee et al. demon-
strated that electrostatic layer-by-layer deposition effectively
immobilized and stabilized TiO2 nanoparticles on polymer
nanobers for degradation of bisphenol A.11 One-dimensional
carbon nanobers (CNFs) have been used for the develop-
ment of load-bearing nanoparticles due to their good
ai 264200, China. E-mail: suixianhang@

0631 5298266

26
conductive property, high adsorptive capacities and mechan-
ical strength as well as strong fatigue resistance.12–15 Electro-
spinning was reported as a straightforward technique that
could produce continuous bers with ne exibility, low
density, high porosity, and ease of scalable synthesis.16–18

Therefore, electrospinning technique combined with thermal
treatment provided a promising and cost-effective approach to
prepare continuous CNFs loaded with TiO2 nanoparticles
(TiO2@CNFs composites).19–21 In recent years, there have been
two main approaches to prepare TiO2@CNFs composites via
electrospinning technique: blended spinning22 and post-
assembly pathways.23 It is well known that most of the TiO2

nanoparticles were embedded inside the CNFs in blended
spinning method and part of TiO2 nanoparticles could fall off
from CNFs in post-assembly pathways. Therefore, the prepa-
ration and optimization of TiO2@CNFs composites still
remains a challenge.

Based on these considerations, the objective of this study is
to demonstrate a novel TiO2@CNFs composite formed by the
combination of foaming-assisted electrospinning strategy and
thermal treatment involving pre-oxidation and carbonization.
Betaine was used as the foaming agent and assembled with TiO2

before electrospinning. Further, on calcination, the abundant
vapors released from betaine could drive TiO2 nanoparticles
from within the surface of the CNFs, leading to formation of
tailored TiO2 loading amount composites. The morphology,
structure and photocatalytic activity of TiO2@CNFs composites
with different heat treatment temperatures were then
investigated.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental section
2.1 Materials

Polyacrylonitrile (PAN,Mw ¼ 150 000) was provided by Shaoxing
Gimel Advanced Materials Technology Co., Ltd, China. TiO2

nanoparticles (20–50 nm) were purchased from Shanghai Tita-
niumDioxide Chemical Products Co., Ltd. Betaine was provided
by Tianjin Tianzhi Fine Chemical Co., Ltd. N,N-Dime-
thylformamide was used as a solvent, purchased from Tianjin
Fuyu Chemical Co., Ltd. Rhodamine B (RhB) was provided by
Tianjin Fengchuan Chemical Reagent Science And Technology
Co., Ltd. All chemicals were used as received.
2.2 Preparation of TiO2@CNFs composites

A certain amount of TiO2 nanoparticles were dispersed in
betaine solution and sonicated for 1 h to obtain a homogeneous
solution (10 wt%). Then, the resulting mixtures were stirred for
24 h and dried at 80 �C overnight.

A homogeneous solution of PAN and betaine–TiO2 mixtures
(12 wt%) dissolved in N,N-dimethylformamide was constantly
stirred at room temperature for 24 h. Then, the nanobers were
electrospun onto the aluminium foil. The voltage, feed rate and
collection distance were 25 kV, 1 mL h�1 and 15 cm, respec-
tively. Aer electrospinning, the blend bers were dried at 60 �C
under vacuum overnight.

The dried blend bers were stabilized in an air atmosphere
at 270 �C for 4 h with a ramp rate of 2 �C min�1 in order to
induce dimensional stability of the carbon nanobers (CNFs).
Then, the above stabilized bers were carbonized in a tube
furnace at 400, 600, 800 and 1000 �C for 2 h under N2 atmo-
sphere with a ramp rate of 5 �C min�1, respectively. The prep-
aration process of TiO2@CNFs composites is shown in Fig. 1.
2.3 Characterization

The morphology of the as-prepared composites was observed
using scanning electron microscope (SEM, Hitachi S-4800) and
transmission electron microscope (TEM, JEM-2100). The Bru-
nauer–Emmett–Teller (BET) specic surface areas were exam-
ined using N2 adsorption–desorption isotherms with
Micromeritics Analytical Services (TriStar 3000, GA). X-Ray
Diffraction (XRD) patterns of composites were recorded at
a scanning speed of 5� min�1 from 3 to 80� with Cu Ka radiation
(l ¼ 1.54059 Å). Raman spectrum was used to investigate the
Fig. 1 Schematic illustrations of the synthetic pathways of TiO2@CNFs c

This journal is © The Royal Society of Chemistry 2017
crystallinity of carbon nanobers with an excitation wavelength
of 514 nm. The water contact angles were tested using an image
processing program based on the sessile-drop method (JYSP-
180 Contact Angle Analizer). At least ve contact angle values
of different spots were collected to obtain the nal contact angle
value.24,25

2.4 Photocatalytic tests

The photocatalytic activity of the as-prepared composites was
measured by degrading RhB under the irradiation of a 250 W
ultraviolet lamp. The obtained composites (2 cm � 2 cm) were
mixed with a solution of 10 mg L�1 RhB using a mechanical
shaker in the dark for 60 min to ensure a good dispersion and
establish adsorption–desorption equilibrium between the
organic molecules and the catalyst surfaces.26 Then, the
mixtures were exposed to UV light. Aer UV irradiation, 3 mL
dye solution was withdrawn at given intervals of illumination
(10 min). Finally, the concentrations of RhB aqueous solution
were recorded by UV spectrophotometer (Shimadzu UV-2450,
Japan) at the maximum adsorption wavelength (l ¼ 554 nm)
according to Lambert–Beer's law.27 In the entire photo-
degradation process, the temperature of the solution was kept
at 20 � 2 �C.

3. Results and discussion
3.1 Morphology and structure of TiO2@CNFs composites

Fig. 2 shows the SEM images of TiO2@CNFs composites
prepared at different carbonization temperatures. Clearly, the
content of TiO2 nanoparticles on the surface of CNFs could be
viewed, indicating that the TiO2 loading amount on the surface
of CNFs was enhanced when the carbonization temperature
increased. During the carbonization process, betaine would be
decomposed and rapidly volatilized. The outward diffusion of
some gas generated a force to migrate the TiO2 nanoparticles
outside. In this case, it could be assumed that the interface layer
between the TiO2 and carbon nanobers would change due to
the increased temperature. Therefore, the composites with
tailored TiO2 loading amount could be obtained. It is inter-
esting to note that when the carbonization temperature was
1000 �C, the TiO2 nanoparticles were agglomerated and became
larger (red circles in Fig. 2d), indicating that a small amount of
the TiO2 nanoparticles could fall off. The SEM images not only
presented a uniform distribution of TiO2 nanoparticles on the
omposites.

RSC Adv., 2017, 7, 49220–49226 | 49221
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Fig. 2 SEM images of TiO2@CNFs composites at (a) 400 �C, (b) 600 �C, (c) 800 �C, and (d) 1000 �C.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

12
:1

2:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
surface of CNFs with further increasing the carbonization
temperature, but also showed that most of the carbon nano-
bers were bonded to each other, which could affect the results
of photocatalytic tests.

The relevant N2 adsorption–desorption isotherm curves of
the TiO2@CNFs composites are shown in Fig. 3, exhibiting
a type IV isotherms with a variety of typical adsorptive behav-
iours, such a monolayer adsorption. This indicated that the
mesoporous structure could exist within the composites,28

which were formed by the betaine volatilizing with the
increasing carbonization temperature. Table 1 shows the
calculated BET specic surface areas, presenting a dramatic
Fig. 3 N2 adsorption–desorption isotherms of TiO2@CNFs
composites.

49222 | RSC Adv., 2017, 7, 49220–49226
increasing trend. Notably, the specic surface areas of
composites increased from 30.09 to 419.8 m2 g�1 with the
increase in carbonization temperature. Such large changes
could be explained by the gradual migration of TiO2 nano-
particles to the surface of CNFs, which formed the rough
structures, indicating that a small amount of photocatalytic
activity would be expected.

The TEM images in Fig. 4 reveal clear lattice fringes of the
nanocrystal with an interplanar space of 0.35 nm (ref. 29) when
the carbonization temperature changed from 400 to 800 �C. The
fringes correspond to the (101) crystal plane of anatase TiO2

nanoparticles. When the carbonization temperature was
increased to 1000 �C, the interplanar space changed to 0.32 nm,
indicating that part of the crystal type has transformed to rutile
TiO2.30 In particular, for the composite prepared at high
carbonization temperature, it could be seen that the ultrasonic
process during the sample preparation for TEM examination
hardly had an effect on the TiO2 nanoparticles; hence, they did
not fall off the CNFs, implying that the interface between TiO2

nanoparticles and CNFs was strong. In addition, for the
composite prepared at high carbonization temperature, the
Table 1 Structure parameters of TiO2@CNFs composites at different
carbonization temperatures

2q (�) d002 (nm) ID/IG
Specic surface
area (m2 g�1)

400 �C 25.18 0.3496 1.339 30.09
600 �C 25.30 0.3479 1.1913 113.2
800 �C 25.33 0.3475 1.035 287.4
1000 �C 25.38 0.3469 0.9833 419.8

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 TEM showing the TiO2 nanocrystals in (101) orientation at (a) 400 �C, (b) 600 �C, (c) 800 �C, and (d) 1000 �C.
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migration process of TiO2 nanoparticles could be viewed visu-
ally from the TEM pictures, which was consistent with the
results of SEM tests.

The crystalline structure of composites could be analysed by
the XRDmethod. Fig. 5a shows the XRD patterns of TiO2@CNFs
composites at different carbonization temperatures, which were
consistent with the TiO2 anatase phase (JCPDS no. 21-1272),
indicating that the crystalline structure of TiO2 nanoparticles
remained unchanged with the increasing carbonization
Fig. 5 XRD patterns (a) and Raman spectra (b) of TiO2@CNFs composit

This journal is © The Royal Society of Chemistry 2017
temperature. Nevertheless, when the carbonization tempera-
ture was increased up to 1000 �C, the crystal type of TiO2

nanoparticles was transformed into rutile phase (JCPDS no. 21-
1276), which was consistent with the results of TEM analyses. It
is well known that anatase TiO2 is in favour of photocatalytic
degradation, indicating that a slight decrease in photocatalytic
activity of the composites would occur when the carbonization
temperature was 1000 �C. The interlayer distance d002 of carbon
bers, which was calculated from XRD spectra using Bragg
es.

RSC Adv., 2017, 7, 49220–49226 | 49223
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equations,31 is shown in Table 1. As it is well known, the carbon
ber has a broad peak at 2q of 25.6�, which is attributed to the
lattice plane of graphitized carbon (002).32,33 It was evident that
the diffraction peaks of anatase TiO2 (101) and carbon ber
(002) were coincident. In addition, it was reported that the
changes in diffraction peak at about 25.6� in TiO2@CNFs
composites mainly resulted from the enhancement in degree of
graphitization of CNFs.34 It could be observed from Table 1 that
the d002 interlayer spacing, indicative of the degree of graphi-
tization,35 decreased from 0.3496 to 0.3469 when the carbon-
ization temperature increased from 400 to 1000 �C, indicating
the improvement of graphitization degree. Hence, the improved
photocatalytic activity of composites would be expected.

Raman spectroscopy of TiO2@CNFs composites, which were
prepared at different carbonization temperatures, is demon-
strated in Fig. 5b. As shown in Fig. 5b and Table 1, the degree of
graphitization of composites increased gradually due to the
lower ID/IG value when the carbonized temperature ranged from
400 to 1000 �C, where the ID and IG represent the intensity of
defect graphite structure and sp2 hybridized carbon,36 respec-
tively. Notably, the ID/IG values of composites decreased, con-
rming the transformation of disordered carbon into
graphitized carbon with an enhanced carbonization tempera-
ture,37 which matched well with the abovementioned XRD
results.
3.2 Hydrophilicity of TiO2@CNFs composites

The water contact angle was an important parameter for testing
the surface hydrophilicity of the as-prepared composites. The
contact angle results are shown in Fig. 6, from which a clear
trend could be drawn that the contact angle values of TiO2@-
CNFs composites decreased gradually when the carbonization
temperature increased. Notably, when the carbonization
temperature increased above 800 �C, the contact angle values
were almost 0�. It should be ascribed to the hydrophilic TiO2

nanoparticles migrated to the surface of CNFs to reduce the
interface energy with the increase in carbonization
Fig. 6 Contact angles of TiO2@CNFs composites at different
carbonization temperatures.

49224 | RSC Adv., 2017, 7, 49220–49226
temperature, making the composite surface hydrophilic, which
was consistent with the abovementioned SEM and TEM results.
The results also presented that TiO2 nanoparticles were
anchored rmly on the surface of the CNFs, conrming that the
interface between TiO2 nanoparticles and CNFs was strong,
indicating that the hydrophilic property of TiO2@CNFs
composites could play a favourable role in elevating the pho-
tocatalytic activity.
3.3 Photocatalytic activity of TiO2@CNFs composites

The photocatalytic activities of the TiO2@CNFs composites were
evaluated by the degradation of RhB. Fig. 7a shows the plots of
the time-dependent degradation efficiencies of RhB over the
four photocatalysts, which clearly show the degradation trends.
For the rst 60 min, the degradation rate changed slightly,
indicating that the absorption–desorption equilibrium between
the RhB solution and the composite surfaces was achieved. The
photocatalytic activities of TiO2@CNFs composites gradually
increased with an increase in temperature, which was attrib-
uted to the gradual increase in degree of graphitization and
TiO2 loading amount on the surface of CNFs. Fantastically, in
spite of the transformation of TiO2 crystal structure, the pho-
tocatalytic activities of the composites improved, indicating
that TiO2 loading amount on the surface of CNFs was vital for
enhancing photocatalytic activities. However, when the
carbonization temperature was 1000 �C, the degradation rate
was only 87.9%, which could be owing to the fact that part of
TiO2 nanoparticles had fallen off and most of the carbon
nanobers were bonded to each other. Hence, the parameters of
thermal treatment and the addition of betaine–TiO2 mixture
would be further investigated in our later study.

From the kinetic studies on the photocatalytic reactions over
the four samples, their photocatalytic performances could be
investigated by the Langmuir–Hinshelwood pseudo-rst-order
kinetics model38 using the equation ln(C0/C) ¼ kt (where C0

and C are the concentrations of the initial and real-time RhB,
respectively, and k is the apparent rate constant). From Fig. 7b,
it can be observed that the corresponding reaction rate
constants were calculated as 0.019, 0.025, 0.023 and
0.029 min�1 with correlation coefficients (R2) of 0.996, 0.994,
0.991 and 0.988, respectively. These results implied that the
photocatalytic performances of TiO2@CNFs composites
improved as the carbonization temperature increased, which
matched well with the photocatalytic activities illustrated in
Fig. 5a.

Fig. 8 shows the schematic illustration of the mechanism of
photocatalytic activity of TiO2@CNFs composites for RhB
solution. First, the RhB organics were adsorbed to the surface of
CNFs, which was ascribed to the high specic area of compos-
ites. Second, when the TiO2 nanoparticles were illuminated by
UV light with higher photon energy than the band gap of TiO2

nanoparticles, electrons in the valence band (VB) could be
excited to the conduction band (CB), resulting in improvement
in the photocatalytic activity of TiO2 nanoparticles.39 In addi-
tion, there have been some reports that CNFs could introduce
UV-generated electrons (e�) into the conduction band (CB) of
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Photocatalytic degradation profiles (a) and kinetic linear fitting curves (b) of RhB over TiO2@CNFs composites.

Fig. 8 Proposed mechanism of photocatalytic degradation of RhB.
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TiO2 nanoparticles,40,41 indicating that the electron–hole pair
separation efficiency increased, which could improve the pho-
tocatalytic activity of composites. These electrons transferred
between CNFs and TiO2 nanoparticles could react with O2,
producing the highly reactive superoxide radical ions (cO2

�).
Simultaneously, the positively charged holes (h+) could be
generated due to the transfer of electrons from the valence band
of TiO2 nanoparticles to the conduction band of CNFs. These
positively charged holes (h+) might then react with the OH�

produced by the dissociation of H2O, which could lead to the
formation of the hydroxyl radical (cOH). In conclusion, CNFs
could play an important role in forming highly reactive super-
oxide radical ions (cO2

� and cOH).
4. Conclusions

We have reported a simple method to fabricate TiO2@CNFs
composites as photocatalysts via the foaming-assisted electro-
spinning technique and a subsequent thermal treatment
process. The introduced betaine used as the foaming agent in
the initial solutions played an important role in the formation
of the composites with tailored TiO2 loading amount, enabling
effective migration of TiO2 to the surface of CNFs. When the
This journal is © The Royal Society of Chemistry 2017
carbonization temperature ranged from 400 to 1000 �C, the TiO2

loading amount on the surface of CNFs increased, resulting in
an increase in specic surface area from 30.09 to 419.8 m2 g�1.
In addition, the obtained TiO2@CNFs composites exhibited
excellent hydrophilicity and high degree of graphitization. The
investigation of the photocatalytic degradation of RhB disclosed
that the composites presented an enhanced photocatalytic
activity when the carbonization temperature increased. In
addition, at a temperature of 1000 �C, the composites showed
the best photocatalytic activity. It is promising that the present
study could provide some useful insight for the exploration of
high loading amount of photocatalysts with excellent
performances.
Conflicts of interest
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