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ab s t r ac t
N-doped TiO2 were successfully deposited on the surface of carbon fibers (CFs) by the sol–gel method. 
The synthesized samples show much higher adsorption capacity and photocatalytic activity for the 
degradation of Rhodamine B than the pure TiO2 under visible light irradiation. The doped N can 
further enhance the photocatalytic activity of TiO2 due to the significant synergistic effect between 
TiO2 and N, which can introduce intermediate level between the conduction band and valence band 
of TiO2, thus decreasing the band gap values effectively. Moreover, the deposition of doped TiO2 on 
CFs can promote the transfer and separation of photoproduction carriers, improving the adsorption 
capability of the catalyst and facilitating the recovery of catalyst. Meanwhile photocatalytic activity of 
the catalyst is reproducible which demonstrates excellent stability and recyclability factors, which are 
crucial for practical application.
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1. Introduction

Recently, semiconductor photocatalysis has received 
growing attention, as a green and advanced oxidation technol-
ogy, and several different semiconductor photocatalysts have 
been extensively studied. Among these various semiconduc-
tor photocatalysts, TiO2 has been widely applied owing to its 
strong photocatalytic ability, low cost and non-toxicity [1–3]. 
It is widely applied in pollutant treatment in gas and waste 
water, solar cells, self-cleaning surfaces, hydrogen decompo-
sition from water [4–6]. However, there are some drawbacks 
to limit its practical application. For example, pure TiO2 can 
only be excited by the UV light due to its wide intrinsic band 
gap [7–9]. Therefore, various approaches have been studied 
to improve the performance of TiO2 photocatalytic, such as 
ions doping, dye sensitization, noble metal loading and semi-
conductor compound. The doping of various elements into 

TiO2 is an effective method to improve the photocatalytic 
activity since the recombination of photogenerated electrons 
and holes can be hindered [10–12]. For example, Asahi et al. 
[13] and Tong et al. [14] doped N and Fe3+ into TiO2 catalysts, 
respectively, to improve the visible light catalysis activity 
of the TiO2. The TiO2 crystal lattice can be distorted with 
the introduction of impurity atoms, which can promote the 
transfer and separation of photoproduction carriers. A large 
amount of impurity level were formed between the conduc-
tion band (CB) and valence band (VB) of TiO2 with the atomic 
orbital coupling hybrid of N, Ti and O, by which the band gap 
values of the catalyst can be decreased effectively. Therefore, 
photocatalytic activity of catalyst can be also improved.

On the other hand, the adsorption performance of the cat-
alytic material can affect the degradation effect, the adsorp-
tion process could increase the encounter probability between 
the pollutants and catalysts as the pollutants are degraded by 
catalysis [15,16]. Furthermore, the separation and recovery of 
TiO2 photocatalysts from the treated water is another import-
ant problem for industrial applications [17,18]. Much research 
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is focused on loading TiO2 onto such porous materials, such 
as silica, zeolites, and activated carbon [19]. The porous mate-
rials usually have good pollutant adsorption and can promote 
photocatalytic efficiency. There are various support materials 
such as activated carbon, molecular sieve, clay, and silica gel. 
Carbon fiber (CF) is widely used as a support in various appli-
cations because of its uniform pore structure, extensive pore 
surface area, and high adsorption ability [20–22]. TiO2 and 
activated carbon fiber (ACF) composite photocatalytic materi-
als (TiO2/ACF) and founded that the methyl orange could be 
removed rapidly with those samples under UV irradiation. Yao 
and Shi [24] synthesized TiO2/ACF by a hydrothermal method 
and study of its adsorption property. It was reported that the 
Rhodamine B (RhB) molecules are more easily adsorbed on a 
polar surface because of their cationic nature; in addition, the 
nanoparticles adsorption effect of immobilized TiO2 helps to 
promote the adsorption of RhB molecules. Thus, these results 
reveal enhanced adsorption ability for the TiO2/ACF composite 
fiber. Liu et al. [25] prepared (Fe, N) co-doped TiO2 powders by 
hydrothermal synthesis and found that doped titanium dioxide 
powders had excellent photocatalytic activity during the pro-
cess of photodegradation of formaldehyde and total volatile 
organic compound gases under visible light irradiation. The Fe 
and N doping induced the formation of new states closed to the 
VB and CB, respectively. The co-operation of the N ion leads 
to the much narrowing of the band gap and greatly improves 
the photocatalytic activity in the visible light region [26,27]. 
Meanwhile, the co-doping can also promote the separation of 
the photogenerated electrons and holes [28]. 

In this paper, CFs deposited with N-doped TiO2 compos-
ite (NTCF) were synthesized by the sol–gel method, in which 
the costless ferric nitrate and urea were used as the iron and 
nitrogen source, respectively. The adsorption properties and 
photocatalytic performances of the material under visible 
light irradiation were investigated by using RhB as a target 
compound. The as-prepared materials exhibit higher pho-
tocatalytic activity than pure TiO2 (P25) under visible light 
irradiation, due to the doping N can decrease the band gap 
and promote the separation of the photon-generated car-
rier. It also has been proved that the photocatalytic activities 
of NTCF are stable and durable by the cycle photocatalytic 
test. In this study, an efficient photocatalytic material was 
prepared by simple method and inexpensive raw materials, 
which was very necessary for large-scale applications.

2. Experimental

2.1. Materials

CFs was purchased from the Japanese Toray Engineering  
(T700SC-12000-50C, Tokyo, Japan). Tetrabutyl titanate (TBOT), 
acetic acid, ethanol absolute (EtOH), acetone, urea and RhB 
were purchased from the Sinopharm Chemical Reagent 
Corporation (Shanghai, China). Pure TiO2 (Degussa P25) was 
employed as a reference photocatalyst. All chemicals were of 
analytical grade and were used without further purification.

2.2. Sol–gel process of NTCF

A series of N–TiO2 composites were prepared by a 
sol–gel method. First, TBOT (18.8 mL) was added into EtOH 

(31.2 mL) and kept stirring for 30 min, then a certain amount 
of urea were added directly to the initial TBOT solution with 
the acetic acid. A homogeneous solution (solution A) was 
obtained after continuous stirring for 1 h. Acetic acid (5.0 mL) 
and EtOH (6.2 mL) were added into distilled water (3 mL) 
with stirring to form a homogeneous solution (solution B). 
Solution B dripped into solution A slowly in 60 min and kept 
stirring for 3 h and the N–TiO2 sol was obtained. The pre-
treated CFs dipped in the N–TiO2 sol repeatedly for 35 min, 
then pulled out slowly and dried in a vacuum oven at 60° for 
8 h, followed by calcined at 500°C for 4 h in air to obtain the 
NTCF photocatalyst.

2.3. Characterization

The morphology of NTCF was observed on an SU-70 
scanning electron microscope (Hitachi Limited, Japan). The 
X-ray diffraction pattern was obtained with a D8 Advance 
diffractometer (Bruker AXS, Germany) using Cu Kα radia-
tion at a tube voltage of 50 kV and tube current of 100 mA. 
Fourier-transform infrared spectroscopy (FTIR) analyses were 
performed on a FTIR spectrometer (PerkinElmer, USA) using 
samples dispersed in anhydrous KBr. The UV-visible diffuse 
reflectance spectrum (UV--Vis DRS) data of grinded solid pow-
ders (sample + KBr) was recorded on a UV-3600 spectropho-
tometer (Shimadzu, Japan) at room temperature using BaSO4 
as reference material. The chemical composition of the samples 
was analyzed using Thermo Escalab 250Xi X-ray photoelec-
tron spectrometer (Thermo Electron Corporation, USA). The 
nitrogen adsorption–desorption isotherm was measured using 
Tristar II 3020 (Micromeritics Instrument Corporation, USA).

2.4. Photocatalytic experiments

The photocatalytic experiments were carried out in 
a XPA-7 photoreactor (Xujiang Electromechanical Plant, 
Nanjing, China) equipped with a 500 W high-pressure 
xenon lamp as the visible light source. First, 0.0325 g of 
as-synthesized catalyst was added to quartz tube with a 
solution of RhB (70 mL, 2.0 × 10–5 mol∙L–1). Then, the tube 
was mounted onto the rotating disk inside the photoreactor 
and kept in dark for 30 min to reach absorption equilibrium. 
Afterwards, the tube was exposed to light with continuous 
purging of air to provide oxygen. A certain amount of sus-
pensions were extracted at regular intervals and centrifuged 
to separate the supernatant liquid. The supernatant liquid 
was collected and analyzed by a UV–Vis spectrometer to 
measure the temporal changes of solution concentration.

The degradation efficiency (%) was calculated as follows: 

Degradation (%) = (C0 – C)/C0 × 100%  (1)

where C0 is the initial RhB concentration and C is the residual 
RhB concentration.

3. Results and discussion 

3.1. Morphology and structure of NTCF 

The morphologies of the catalysts are presented in Fig. 1. 
The surface of CFs is smooth and has a large amount of long 
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and shallow grooves as is benefited for surface adsorption 
of target pollutant as shown in Fig. 1(a). Figs. 1(b)–(f) show 
scanning electron microscope (SEM) images of NTCF pre-
pared with different N loading. Compared with the pure 

CFs, the N–TiO2 nanoparticles are deposited on the surface of 
CFs with favorable dispersibility, and the loading amounts of 
N/TiO2 increase as the ratio of N increases from 0.4% to 4.8%. 
As can be seen in Figs. 1(b) and (c), cracks appeared on the 

Fig. 1. SEM images. (a) Pure CFs; (b–f) NTCF with different loading: (b) n(N:Ti) = 0.4%:1, (c) n(N:Ti) = 0.8%:1, (d) n(N:Ti) = 1.6%:1, 
(e) n(N:Ti) = 3.2%:1 and (f) n(N:Ti) = 4.8%:1.
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Fig. 2. XRD patterns of TiO2 (a) and NTCF: (b) n(N:Ti) = 0.4%:1, (c) n(N:Ti) = 0.8%:1, (d) n(N:Ti) = 1.6%:1, (e) n(N:Ti) = 3.2%:1, (f) n(N:Ti) 
= 4.8%:1 and (g) CFs.
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NTCFs surface and N–TiO2 nanoparticles separated from the 
CFs, which may be caused by high temperature annealing 
and the little load volumes of N–TiO2 with uneven distribu-
tion. When the content of N reached up to 4.8% (Fig. 1(f)), 
the deposition amount of immobilized N–TiO2 apparently 
achieved to maximum and the surface of NTCF was smooth 
and uniform.

Fig. 2 shows the X-ray diffraction (XRD) patterns of the 
synthesized samples. The original TiO2 exhibits typical pat-
terns that can be well indexed to the phases of anatase and 
rutile. The characteristic diffraction peaks at 2θ values of 
25.3°, 37.9°, 48.4°, 53.9°, 55.1°, 62.8°, 68.8°, 70.3° and 75.0° cor-
respond to the crystal planes of (101), (004), (200), (105), (211), 
(204), (116), (220) and (215) of the anatase phase TiO2 (JCPDS 
No. 21-1272). In addition, the rutile phases have diffraction 
peaks with 2θ values of 27.4°, 36.1°, 41.2° and 56.7° corre-
sponding to rutile (110), (101), (111) and (220) crystal planes, 
respectively. The structure of the TiO2 in the prepared com-
posite is also identified as rutile and anatase obviously that is 
very similar to the pure TiO2.

The FTIR spectra of CFs and NTCF are shown in Fig. 3. 
It is believed that the band at 400–850 cm–1 corresponds to 
the Ti–O–Ti stretching vibration in crystal TiO2 [29], indicat-
ing that the molecular structure of TiO2 was not changed in 
the process of heat treatment, which is consistent with XRD 
results. Another peak centered at around 1,348 cm–1 is con-
sistent with the C=C and C–C stretching bands of the carbon. 
The broad peak at 3,400 and 1,630 cm–1 are assigned to the 
surface adsorbed water and hydroxyl groups.

In order to study the relation between N/TiO2 and CFs, 
ultrasonic cleaning tests were carried out for NTCF samples 
(the doping ratio of n(N:Ti) = 4.8%:1). The CFs and NTCF 
were studied using X-ray photoelectron spectroscopy (XPS) 
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Fig. 3. FTIR spectra of NTCF.
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Fig. 4. The XPS spectra of CFs and NTCF.
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measurements after ultrasonic cleaning. Fig. 4 shows the XPS 
spectra of the CFs and N/TiO2 sample. In Fig. 4, the peaks of 
456.48 and 462.28 eV correspond to the peaks of Ti 2p3/2 and 
Ti 2p1/2, respectively, which is consistent with the theoretical 
value of Ti4+ in the TiO2 in documents mentioned [30]. In addi-
tion, XPS data have detected the existence of C=NH, C–N and 
C–N+ correspond to 398.9, 400.3 and 401.5 eV, respectively, 
which prove a good combination between the N–TiO2 and 
the CFs. And this is benefit for the stability of the catalysts. 

The photocatalytic activity of the material is related to its 
light absorption performance. The optical properties of the 
samples were investigated using the UV–Vis diffuse reflec-
tance spectra as shown in Fig. 5(a). For comparison, pure TiO2 
(P25), CFs and doped TiO2 were also evaluated. Pure TiO2 
have no response to visible light, however, the optical absorp-
tion edge is shifted to visible light region after modified by 
doping with N as is in consistent with the literature reported 
[31]. NTCF has a strong light absorption performance in both 

ultraviolet and visible region as shown in Fig. 5(a) which is 
similar to the CFs, which is attributed to the enhanced optical 
absorption properties of CFs compared with that of the pure 
TiO2. The broad absorption of NTCF is expected to improve 
its photocatalytic activity in the visible region.

The specific surface area, pore diameter and pore volume 
of CFs and NTCF were measured by N2 adsorption–desorption 
technology. Fig. 5(b) shows the adsorption isotherm, and 
Table 1 lists the detailed data of surface area, pore diameter 
and pore volume of the CFs and NTCF. Specific surface area 
of the CFs and NTCF was 28.04 and 20.86 m2∙g–1, pore volume 
was 0.025 and 0.021 cm3∙g–1 by calculating on the adsorption 
branch, pore size was 35.31 and 38.31 nm, respectively. The 
N2 adsorption–desorption test results show that the spe-
cific surface area of NTCF decreases, while the pore size is 
increased, this may be that the catalyst has certain degree of 
coalescence in the process of heat treatment [32].

3.2. Photocatalytic test

The photocatalysis performance of the materials was 
evaluated with RhB as the target pollutants with initial con-
centration of 2.0 × 10–5 mol∙L–1 under visible light irradiation 
in 80 min. The results of photocatalytic degradation of RhB 
for composite fibers irradiated under visible light are shown 
in Figs. 6(a) and (b). The RhB could hardly be degraded 

Table 1
Structural characteristics of catalyst

Surface area  
(m2∙g–1)

Pore volume  
(cm3∙g–1)

Pore size  
(nm)

CFs 28.04 0.025 35.31
NTCF 20.86 0.021 38.31
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under visible light irradiation. Thus, the removal of RhB is 
owing to the adsorption and photocatalytic degradation. In 
heterogeneous catalytic reaction, turnover frequency (TOF) 
is the number moles of conversion reactants on unit mass 
catalyst in unit time. The concentration of RhB reduced rap-
idly in the dark, as was due to the excellent adsorption abil-
ities of the composite. The optimal n(N/Ti) ratio was 0.8%:1, 
in which rate the composites showed good photocatalysis 
activity exposed to visible light (Fig. 6(a)). It can be seen that 
the loaded amount of NTCF has a significant effect on the 
photocatalytic activity of the composite fibers. The concen-
tration of the adopted pollutant (RhB) almost no change after 
irradiation of 80 min under the visible light when absence 
of a catalyst. The degradation rate did not increase with the 
increase of dosage of catalyst instead reduce, which may be 
caused by the block of the transmission of the incoming light 
as high concentration of the catalyst was used. To explore 
the stability and continuous photocatalytic activity of NTCF, 
recycling experiments were also conducted under the same 
reaction conditions. The catalyst was collected and washed 
with deionized water to remove the bulk solution, dried in 
oven at 90°C for 0.5 h, and then the renewed NTCF was used 
directly in the next run. As shown in Fig. 6(d), there is no 
appreciable loss of photocatalytic activity observed when 
the photocatalyst was used four times. The possible reason 
is that the separation of e– and h+ was promoted by the intro-
duction of impurity elements, which can increase the crystal 
lattice distortion of TiO2. On the other hand, a large amount 
of impurity level formed between the CB and VB of TiO2 with 
the atomic orbital hybridization of N, Ti and O [33,34], so the 
band gap of the composite was decreased than that of the 
pure TiO2, and the visible light can also stimulate the transi-
tion of the photogenerated charge carriers.

3.3. Proposed mechanism

Combining with the results of the morphology, structure 
and photocatalytic test, we know that N and CFs played an 
important role in photocatalytic RhB degradation system. 

The formation mechanism of NTCF can be deduced in Fig. 7. 
The electron cannot be excited from the VB to the CB for the 
pure TiO2 under visible light. For NTCF samples, the band 
gap of TiO2 is narrowed due to the replacement of the lattice 
oxygen by nitrogen, resulting in the formation of O–Ti–N 
bonds and facilitating to extend the adsorption region from 
the UV to the visible light [35]. As a result, the electron can 
be excited in smaller gap [36]. In addition, after high tem-
perature calcinations, C=NH, C–N and C–N+ were formed 
between N and CFs which effectively transfer electronic 
through the interface with N-doped TiO2 nanoparticles.

4. Conclusion

In this paper, we have successfully synthesized Fe, N 
co-doped TiO2 deposited on carbon fibers (NTCF) which was 
characterized by XRD, SEM, XPS, FTIR, UV–Vis DRS and N2 
adsorption–desorption measurements. The N–TiO2 nanopar-
ticles are loaded with good dispersity on the surface of CFs. 
The as-prepared composites exhibited an enhanced adsorp-
tion property and photocatalytic activity for the removal of 
RhB than that of pure TiO2 (P25), and the doping contents sig-
nificantly affect the photocatalytic efficiency, the degradation 
rates of RhB increased from 33.8% to 78.6% as the ratio of N 
varied from 0.4% to 4.8%. The doping of N induced a red-shift 
of the absorption curves due to the inclusion of new intragap 
energy levels. On the other hand, the deposition on CFs ben-
efits the adsorptive function of the composites for the organic 
pollutants and the effective separation of electron and hole. By 
which an efficient visible light response and photogenerated 
charge carriers separation system was been established for the 
removal of pollutants via adsorption–photocatalysis processes.
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