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a  b  s  t  r  a  c  t

Series  of  transition  metal-doped  TiO2 (metal/TiO2) is  prepared  by combining  the  hydrothermal  synthe-
sis  and  air-thermal  treatment  without  any  reduction  process.  The  selected  transition  metal  precursors,
including  Ag,  Au, Co,  Cr,  Cu,  Fe,  Ni, Pd,  Pt,  Y, and  Zn, were  individually  doped  into  TiO2 nanofibers  to
evaluate  the  photocatalytic  degradation  activity  and  photocatalytic  hydrogen  generation.  Consider  the
photocatalytic  performance  of  these  synthesized  metal/TiO2 under  UV-A  irradiation,  copper  doped  TiO2

nanofibers  (Cu/TiO2 NFs)  was  chosen  for further  study  due  to its  extraordinary  reactivity.  Systematical
studies  were  spread  to  optimize  the doping  concentration  and  the  calcination  condition  for  much  higher
photocatalytic  activity  Cu/TiO2 NFs.  In  the  photocatalytic  degradation  test,  0.5 mol%-Cu/TiO2 NFs  calcined
at  650 ◦C  exhibits  the highest  activity,  which  is even  higher  than  commercial  TiO2-AEROXIDE® TiO2 P25
under  UV-A  irradiation.  The  synthesized  0.5  mol%-Cu/TiO2-650  NFs  also  have  the  capability  in the  pho-
hotocatalysis
ydrogen evolution

tocatalytic  hydrogen  production.  The  hydrogen  evolution  rates  are  200  �mol/g·h  under  UV-A  irradiation
and  280  �mol/g·h  under  UV-B  irradiation.  The  density  of  state  calculated  by  CASTEP  for  Cu/TiO2 indicates
that  Cu  doping  contributes  to the  states  near  valence  band  edge  and  narrows  the  band  gap.  The disclosed
process  in  this  study  is  industrial  safe,  convenient  and cost-effective.  We  further  produce  a significant
amount  of TiO2-based  catalysts  without  any  hydrogen  reduction  treatment.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Photocatalysts have raised lots of attention because of its exten-
ive applications in air purification [1–3], anti-bacteria [4–7], green
nergy [8–13], self-cleaning [14,15], water treatment [16], and CO2
eduction [17–19]. The importance of photocatalyst in our daily
ife is its low cost, non-toxicity, chemical/thermal stability, ease of
roduction and use, and being human- and environment-friendly
20,21]. In 1972, Honda and Fujishima discovered the water split-
ing phenomenon by using TiO2 and platinum as the electrodes.
heir pioneering works broaden TiO2 photocatalytic studies and
pplications [22,23]. However, the wide bandgap of ∼ 3.2 eV for

natase TiO2 leads to little charge separation efficiency and the
eak absorption under solar irradiation, which only utilizes ∼5%
V radiation in the solar spectrum [24]. Many efforts have been
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E-mail address: mingchungwu@mail.cgu.edu.tw (M.-C. Wu).

ttp://dx.doi.org/10.1016/j.apsusc.2017.09.035
169-4332/© 2017 Elsevier B.V. All rights reserved.
made to overcome the TiO2 bandgap issue toward a potential mate-
rial. The visible or solar light photocatalytic activity of TiO2 is
enthusiastic to be demonstrated. The conventional method is metal
or non-metal doping in the TiO2 which generates the donor level
or acceptor level in the forbidden band. The related bandgap and
the best optoelectrical property thus shifted to the solar spectrum
as designed.

Experienced scientists focused on the transition metal dop-
ing of TiO2, and discussed the role of metal ion in electron-hole
recombination dynamics [25]. The transition metal dopant such as
Cu2+, Fe3+, Mn3+, and Ni2+ adjusts not only the bandgap but also
the behavior of electron-hole separation [26–35]. With decreasing
the recombination probability of electron and hole, the oxidation-
reduction reaction of transition metal-doped TiO2 is enhanced a lot
after visible light exposure. Based on this, when the transition metal
Bi3+ and Ni2+ are well incorporated into TiO2 lattice by the sol-gel

method, it demonstrates the bandgap modulation so as to enrich
the solar-light driven photocatalytic capability [28]. For Co2+, Ni2+,
Mn3+, and Cu2+ doped mesoporous TiO2 film material, it exhibits
a higher photocurrent efficiency than the non-doped mesoporous

dx.doi.org/10.1016/j.apsusc.2017.09.035
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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iO2 film material [32]. As a result of the formation of larger surface
rea, Fe3+ doped TiO2 produced by the hydrothermal method gives

 higher photodegradation rate than the non-doped TiO2 [33]. It is
bserved that the transition metal doped TiO2 promotes the pho-
ocatalytic activity due to the decreased bandgap, the decreased
ecombination rate of electron and hole, and the increased specific
urface area. Moreover, the computer calculation based on den-
ity functional theory of first-principles is helpful for investigation
f the photocatalytic performance and mechanism. The band struc-
ure and electronic properties of metal doped TiO2 can be accurately
redicted [36,37].

Among various transition metals, it is noted that Cu2+-doped
iO2 has attracted many interests due to its low cost, high photocat-
lytic activity and possesses the ability of visible light absorption.
u2+-doped TiO2 synthesized by the sol-gel method has the
andgap of 2.83 eV, and the Cu2+ acts as the electron trap that

nduces the electron-hole separation [38,39]. The radius of Cu2+ is a
ajor factor for substantial substitutional solid solubility. Accord-

ng to the radius difference between Cu2+ (0.73 Å) and Ti4+ (0.61 Å)
s less than 15%, Cu2+ can be doped into the TiO2 lattice very eas-
ly. Therefore, for the substantial substitutional type, Cu2+ doping
an generate the donor levels below the conduction band of TiO2
nd reasonably enhance the absorption behavior under visible light
rradiation [38–41].

In this study, we began to synthesize a series of 1.0 mol% tran-
ition metal-doped TiO2 by the hydrothermal method followed by
n air-thermal treatment. The candidate transition metal includes
g, Au, Co, Cr, Cu, Fe, Ni, Pd, Pt, Y, and Zn. The best transition
etal-doped TiO2 was found out to show the highest photocatalytic

erformance by measuring the photocatalytic activity. Considering
he cost and the performance of each transition metal-doped TiO2,
u/TiO2 was recommended as the best candidate for industrial
sage. The optimized processing parameters for the high photoac-
ivity of Cu/TiO2 is reported in the manuscript. The crystalline
tructure, microstructure, absorption behavior, and photocatalytic
ctivity are systematically studied to know the photocatalytic
echanism.

. Experimental details

Eleven types of transition metal-doped TiO2 were synthe-
ized by the hydrothermal method. At first, 2.50 g TiO2 anatase
owder (Sigma-Aldrich, 98%) and various transition metal pre-
ursor were suspended in 62.5 mL  sodium hydroxide aqueous
olution (∼10.0 M).  The transition metal precursors are listed as
ollows: silver nitrate (AgNO3, Choneye, 99.8 +%), hydrogen tetra-
hloroaurate(III) trihydrate (HAuCl4·3H2O, Acros, 99.9%), cobalt(II)
itrate hexahydrate (Co(NO3)2·6H2O, Acros, 99%), chromium(III)
itrate nonahydrate (Cr(NO3)3·9H2O, Acros, 99%), copper(II) nitrate
rihydrate (Cu(NO3)2·3H2O, Acros, 99%), iron(III) nitrate nonahy-
rate (Fe(NO3)3·9H2O, Acros, 98 +%), nickel(II) nitrate hexahydrate
Ni(NO3)2·6H2O, Acros, 99%), palladium(II) acetate (C4H6O4Pd,
cros, 47.5%), platinum(II) acetylacetonate (C10H14O4Pt, Acros,
8%), yttrium(III) nitrate hexahydrate (Y(NO3)3·6H2O, Acros,
9.9%), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Choneye, 97%).
eactants were transferred into a polytetrafluoroethylene-lined
utoclave followed by a thermal treatment under the condi-
ion of 150 ◦C for 24 h. Various transition metal-doped sodium
itanate (Na2Ti3O7) were obtained. Then, 0.10 M hydrochloric acid
HCl, Sigma-Aldrich, 37%) was used to exchange the sodium ion

or protons. Finally, the transition metal-doped sodium hydro-
en titanate (NaxH2-xTi3O7) was filtered and dried in air at 80 ◦C.
o obtain the various transition metal-doped TiO2 (metal/TiO2),
he metal-doped NaxH2-xTi3O7 was calcined at different temper-
cience 430 (2018) 390–398 391

atures (500, 550, 600, 650 and 700 ◦C) for 12 h at 5 ◦C/min heating
rate.

The Kubelka-Munk function spectra of various metal/TiO2 was
recorded by an UV/Vis spectrophotometer (JASCO, V-730, Japan)
ranged from 300 to 800 nm.  The crystal structures of the non-
doped TiO2 series and Cu/TiO2 series were determined by the
synchrotron X-ray diffractometer (13A1, Biomembrane Scatter-
ing Station, National Synchrotron Radiation Research Center). The
synchrotron X-ray spectra were collected from 5◦ to 45◦ of 2�
with a scan rate of 0.02◦/s, and its wavelength is ∼ 1.025 Å. Raman
scattering spectra of the non-doped TiO2 and Cu/TiO2 were mea-
sured by using a micro-Raman scattering spectroscopy system
combined with an output power of 50 mW,  532 nm green laser
(UniDRON, UniNanoTech). The laser beam was focused by the
objective lens (Mag 50×,  NA ≈ 0.55, Olympus), and the focused laser
beam diameter is about several micrometers. The high-resolution
microstructure and lattice images of Cu/TiO2 were observed by
a field-emission transmission electron microscope (JEOL, JEM-
ARM200FTH, Japan). X-ray photoelectron spectroscopy spectra
were measured and recorded by X-ray photoelectron spectrometer
system (K-Alpha, Thermo Fisher Scientific) using micro-focused Al
Ka X-ray source.

For the activity measurement of photocatalytic degradation,
methyl orange (ACROS, pure) was chosen as a degradation target.
In this photodegradation experiment, 133.3 mg/L metal/TiO2 was
dispersed well in 10.0 ppm methyl orange aqueous solution. The pH
value of the mixture solution during degradation reaction is about
6.0. At the beginning of the photodegradation experiment, the sus-
pensions were kept in the dark for 30 min  regarding the adsorption
equilibrium so that we are able to revoke the adsorption error. The
temperature of the photodegradation measurement was controlled
at 25 ◦C. The UV-A lamps (Sankyo Denki, G8T5BLB, �max ∼ 352 nm,
8.0 W)  were placed ∼ 10.0 cm high above the reaction system. After
UV-A irradiation, the suspension was centrifuged at 5000 rpm for
15 min. The UV–vis absorption spectra between 300 ∼ 800 nm were
applied to analyze the residual methyl orange. The characteristic
peak of methyl orange is located at � = 464 nm.  According to the pre-
established calibration curve, we can calculate its corresponding
concentration. The photodegradation of organic dye using TiO2-
based catalyst usually followed Langmuir-Hinshelwood kinetics
[42,43]. It can be mathematically simplified to a first-order kinet-
ics in the early stage as described as ln(C0/Ct) = kt, where C0 is the
initial methyl orange concentration, Ct is the methyl orange con-
centration at the various time, and k and t are the apparent reaction
rate constant and photodegradation time respectively. After plot-
ting the logarithm of the Ct /C0 as a function of time for the various
catalysts, the slopes of each fitting lines are identified as photo-
catalytic reaction rate. The reaction rate constants of the various
catalysts were further calculated as well.

The computational simulation is based on CASTEP using
the software of Biovia Materials Studio (version 8.0.0.843). It
is a quantum mechanics-based program designed particularly
for solid-state materials science. Density functional theory and
exchange-correlation potential are utilized in the calculation.
Perdew-Burke-Ernzerhof (PBE) of Generalized Gradient Approxi-
mation(GGA) was chosen for the gradient-corrected function. The
properties of TiO2 and Cu/TiO2, including band structure, the den-
sity of states (DOS), and absorption spectra, were also simulated.
The model of TiO2 and Cu/TiO2 is a 3×3×1 supercell. Moreover,
Norm Conserving was  chosen in pseudopotentials due to its accu-
racy in predicting optical properties. The energy cutoff and k-point
in the CASTEP calculation were set at 10.0 eV and 2 × 2 × 3.
Photocatalytic hydrogen generation test was  carried out in the
2.0 L mixture of C2H5OH and H2O (volume ratio of 50:50). Fifty mil-
ligrams Cu/TiO2 was  dispersed well in the mixture of C2H5OH  and
H2O by an ultrasonic bath. Three kinds of light sources, including
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ig. 1. The UV-A photodegradation reaction rate constants of TiO2-P25, non-doped T

V-B lamps (Sankyo Denki, G15T8E, �max ∼ 312 nm, 8.0 W),  UV–A
amps, and visible lamps (Goodly, F8T5/D, 8.0 W),  were used in the
hotocatalytic hydrogen production measurement. The six lamps
f various light sources were placed in a hexagonal arrangement
round the reactor. Nitrogen gas (99.995%) was bubbled into the
eaction system to avoid the sedimentation of Cu/TiO2. Purging gas
as also used for the evolving gaseous products. The nitrogen flow

ate of 400 mL  min−1 is controlled by a mass flow meter (C100L,
ierra). The liquid nitrogen cold trap system and the molecular sieve
ere connected to the outlet of the reaction system to diminish

he vapor of C2H5OH and H2O. Finally, the photocatalytic hydrogen
eneration rate was recorded by a Status FGD3 gas detector.

. Results and discussion

Aiming to exploit photocatalyst for pollution treatment and
reen energy, highly photocatalytic performance in the organic
ompound degradation and hydrogen generation especially in the
olar spectrum is the primary work for scientists. We  propose a
ransition metal doping method in the TiO2 to find out a new
hotocatalyst. Eleven types of transition metal-doped TiO2 with

 fixed doping concentration of 1.0 mol% calcined at 650 ◦C for 12 h
ere synthesized. They are denoted as Ag/TiO2, Au/TiO2, Co/TiO2,
r/TiO2, Cu/TiO2, Fe/TiO2, Ni/TiO2, Pd/TiO2, Pt/TiO2, Y/TiO2 and
n/TiO2 NFs. A series of simple tests for photocatalytic degra-
ation of methyl orange was applied to compare the activity of
etal-doped TiO2 NFs under UV-A irradiation. The photocatalytic

ecolorization phenomenon of various metal/TiO2 is displayed by
he bar chart of reaction rate constants as shown in Fig. 1. The
hotocatalytic activity of Cr/TiO2 NFs shows approximately zero.

n contrast, it is obviously noted that both Cu/TiO2 and Ag/TiO2
Fs exhibit outstanding performance and show the higher activity

han TiO2-P25 under UV–A irradiation. The reaction rate constants
f Cu/TiO2 and Ag/TiO2 NFs are similar and related to 0.0109 min−1
nd 0.0107 min−1, respectively. Moreover, the cost of Cu precursor
s lower than Ag precursor. These results are able to be summarized
hat Cu/TiO2 is the best choice in cost and photocatalytic perfor-

ance, and it could be an ideal candidate for the further study.
nd 11 types of transient metal-doped TiO2 NFs with 1.0 mol% doping concentration.

The series of the non-doped TiO2-X and Cu/TiO2-X NFs with 1.0
mol% doping concentration were calcined at several temperatures
(inducing 500, 550, 600, 650 and 700 ◦C) in an air atmosphere for
12 h. The symbol “X” indicates the calcination temperature. It is the
way to find the optimization of calcination process. The structural
crystalline analysis of non-doped TiO2-X NFs and Cu/TiO2-X NFs
series were obtained by a synchrotron X-ray diffractometer (Fig.
S1 and Fig. 2(a)). Non-doped TiO2-650 NFs possesses the strongest
crystalline of anatase TiO2. As calcination temperature is up to
700 ◦C, rutile TiO2 phase starts to grow in the anatase phase of pris-
tine TiO2. While Cu/TiO2 NFs calcined at 500, 550, and 600 ◦C exhibit
the characteristic peaks at 2� around 18.94◦, 19.75◦, and 22.01◦, and
the characteristic peaks are identified as the phase of �-TiO2 mon-
oclinic [44]. When the calcination temperature goes to 650 ◦C, the
characteristic peaks of �-TiO2 transform into anatase TiO2 phase.
The diffraction peaks of Cu/TiO2-X NFs series is consistent with
the pristine anatase TiO2 below 650 ◦C. The lattice parameters are
the tetragonal crystal system with a = 3.78 Å and c = 9.51 Å. In con-
trast to the non-doped TiO2, Cu/TiO2 NFs show no rutile phase
when the calcination temperature is achieved to 700 ◦C. The results
suggest that the art of Cu doping into TiO2 could hinder the forma-
tion of rutile TiO2. The crystallite size of the non-doped TiO2 and
Cu/TiO2 NFs series were calculated by Debye-Scherrer formula as
shown in Fig. 2(b) [45]. With increasing of the calcination tem-
perature, the crystallite size of the non-doped TiO2 decreased due
to the existence of rutile phase when the calcination temperature
is above 650 ◦C. It is interesting to know that the crystallite size
of Cu/TiO2 NFs series become larger at high calcination tempera-
ture. The crystallinity and the crystallite size is also enhanced as
well up to 700 ◦C. Therefore, we can see that Cu doping is a benefi-
cial factor for improving the crystallinity of TiO2. These results are
notably unique than other metal doping TiO2 nanomaterial such
as bismuth and niobium in our previous study [35,46]. Generally,
the crystalline of Bi-doped TiO2 NFs significantly decreases with
increasing doping concentration owing to destruction of anatase

TiO2 lattice by bismuth ion, and the Bi2O3 phase will form when
the doping concentration is higher than 10.0 mol%. Niobium dop-
ing in TiO2 crystalline also shows the smaller crystallite size with
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Fig. 3. (a) The Ct /Co curves, (b) the linearized kinetic plots, and (c) the reaction
rate constants of the photocatalytic degradation of organic dye (i.e., methyl orange)
under UV-A irradiation using various Cu/TiO2 NFs calcined at the different temper-
ig. 2. (a) Synchrotron X-ray diffraction patterns of Cu/TiO2 NFs series and (b) the
alculated crystallite size of the non-doped TiO2 and Cu/TiO2 NFs.

ncreasing the doping concentration, but it will not form the new
hase.

The correlation between the calcination temperature and the
hotocatalytic activity for Cu/TiO2 NFs was discussed by the
hotodegradation experiments of methyl orange. The standard
aterial TiO2-P25 was acted as the comparison basis in the pho-

odegradation test. For the photodegradation measurement, the
olor expression of the solution is changed from initial orange to
olorless. It typically follows the Langmuir-Hinshelwood kinetics
42,43]. The Ct /C0 curves of Cu/TiO2-X NFs series from the photode-
raded methyl orange under UV-A irradiation is shown in Fig. 3(a).
lotting the logarithm of the Ct /C0 as a function of time, we acquired
he corresponding linear slopes for Cu/TiO2-X NFs series as shown
n Fig. 3(b). The reaction rate constant for the photodegradation of
u/TiO2-X series is shown using bar chart in Fig. 3(c). Cu/TiO2-650
Fs displays the highest reaction rate among Cu/TiO2-X NFs series.
t is even higher than TiO2-P25. The optimal calcination tempera-
ure of 650 ◦C is therefore suggested for synthesis process.

After discovering the optimal parameter of calcination process,
e synthesized a series of Cu/TiO2-650 NFs with several dop-
atures and TiO2-P25 as a comparison. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)

ing concentrations and characterized them by synchrotron X-ray
diffractometer. Synchrotron X-ray diffraction pattern of Cu/TiO2-
650 NFs with doping concentrations involving 0.5, 1.0, 3.0, 5.0, and
10.0 mol% are shown in Fig. 4(a). There is no phase transformation
happened as the increasing of doping concentration. We  suggest

that the art of doping Cu into TiO2 material does not alter the crys-
talline structure of anatase TiO2, even the doping concentration
up to 10.0 mol%. The results can be attributed to the similar ionic
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ig. 4. (a) Synchrotron X-ray diffraction patterns and (b) Raman spectra of Cu/TiO2-
50  NFs series with several doping concentrations.

adius of Cu ion and Ti4+ [12,17,47,48]. Raman spectroscopy was
lso applied to investigate the crystal structure of Cu/TiO2-650 NFs
eries (Fig. 4(b)). The Raman peaks at 146.8 (Eg), 199.6 (Eg), 397.9
B1g), 513.0 (A1g), 518.9 (B1g), and 637.2 (Eg) cm−1 mainly indicated
he anatase TiO2, and they are corresponding to the six symmetric
aman-active modes [49]. The superimposed phenomenon occurs
t 513.0 and 518.9 cm−1. Thus it shows a broad peak at 515.9 cm−1.

hen the Cu doping concentration is less than 10.0 mol%, the inten-

ity of the Raman scattering is proportional to the copper doping
oncentration. The increased copper doping improves the crys-
al structure of anatase TiO2. The Raman spectrum supports the
Fig. 5. (a) The Kubelka–Munk function of Cu/TiO2-650 NFs series with different
doping concentrations, (b) density of states (DOS), and (c) simulated absorption of
the  non-doped TiO2 and Cu/TiO2 NFs.

conclusion from the synchrotron XRD pattern. There is no phase
transformation of crystal structure while Cu dopant is in the TiO2
NFs.
The Kubelka–Munk function (F(R)) spectra of Cu/TiO2 NFs series
with various doping concentration were observed as shown in
Fig. 5(a). The F(R) plot gives a correlation between the reflectance
and the Cu doping concentrations [50]. It is noted that there is a
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Fig. 6. (a) The Ct /Co curves, (b) the linearized kinetic plots, and (c) the reaction rate
constants of the photocatalytic degradation of methyl orange under UV-A irradiation
M.-C. Wu  et al. / Applied Sur

light redshift between 300 and 400 nm.  Fig. 5(b) shows the density
f state (DOS) of the non-doped TiO2 and Cu/TiO2 NFs that is cal-
ulated by the gradient-corrected functional (GGA-PBE) of CASTEP.
he 3d orbital of Ti and the 2p orbital of O exists in the valence band
nd the conduction band of TiO2 as shown in Fig. S2.  The valence
and is mainly attributed to the Ti 3d orbital and the partial of O
p orbital. On the other hand, the conduction band is dominated by
he 2p orbital of O. A mid-bandgap is formed between the valence
and and conduction band when the Cu is doped into TiO2. The
imulated absorption spectra show that the non-doped TiO2 only
xists the absorption in UV band as shown in Fig. 5(c).  Once the Cu
as doped into TiO2, it can absorb visible light due to the existent

f Cu 3d orbital which is consistent with the experiments we  had
ade.
Further, we measured the photodegradation activity of Cu/TiO2-

50 NFs series to understand the doping effect of the light exposure.
nder UV-A irradiation, 0.5 mol%-Cu/TiO2-650 exhibits the highest
egradation rate as shown in Fig. 6(a) and (b). We  calculated the
eaction rate constants of various Cu/TiO2 NFs samples as the bar
hart in Fig. 6(c). The reaction rate constant of 0.5 mol%-Cu/TiO2-
50 NFs is 0.018 min−1 that is higher than 0.007 min−1 of TiO2-P25.

t is interesting to know that when the Cu doping concentration is
igher than 1.0 mol%, the photocatalytic activity is decreased with

ncreasing the doping concentration. The result is due to the high
oncentration of Cu dopant could trap the electrons in the TiO2
attice so as to reduce the separation of electron and hole [51].

Another strategy, photocatalytic hydrogen production is often
pplied to evaluate the activity of photocatalysts. For non-doped
iO2, it shows an undetectable value of photocatalytic hydrogen
roduction under various light sources. The water splitting and
ydrogen generation is a typical uphill reaction. The reaction will
ot occur when the energy of a photon is smaller to the band gap of
he TiO2. In Fig. 6, 0.5 mol%-Cu/TiO2-650 NFs possesses the highest
ecolorization rate among all TiO2-based materials. The optimal
hotocatalyst, 0.5 mol%-Cu/TiO2-650 NFs, is tested to investigate
he feasibility of hydrogen production. The photocatalytic hydro-
en production rates of 0.5 mol%-Cu/TiO2-650 NFs under various
rradiation sources are shown in Fig. 7. Under visible light irradia-
ion, the hydrogen detector showed an undetectable value caused
y the insufficient energy of visible light. It is due to the excited pho-
on with the limited energy that is smaller than Cu/TiO2 bandgap
hich is unable to create the electron-hole pair. On the other hand,

he hydrogen production rates under UV-A and UV-B irradiation
an reach ∼200 �mol/g·h  and ∼280 �mol/g·h, respectively. The
hotostability test of methyl orange with 0.5 mol%-Cu/TiO2 NFs
nder UV-B light was shown in Fig. S3 of supporting information.
fter five recycling of photodegradation, 0.5 mol%-Cu/TiO2 NFs still
aintained great photocatalytic activity.
The chemical compositions of non-doped TiO2 and 0.5 mol%-

u/TiO2-650 were analyzed by XPS as shown in Fig. S4,  and the
esults of XPS are summarized in Table 1. XPS survey spectrum of
.5 mol%-Cu/TiO2-650 is shown in Fig. S4(a). The Ti4+ 2p1/2 and
i4+ 2p3/2 for 0.5 mol%-Cu/TiO2-650 are located at binding energy
f 464.2 and 458.5 eV, respectively. For the O 1 s spectrum, four O 1 s
eaks are contributed to lattice oxygen of TiO2 the (529.7 eV), Cu2O
530.5 eV), CuO (530.7 eV), and OH group (531.5 eV). In Fig. S4(d),
he Cu concentration of 0.5 mol%-Cu/TiO2-650 NFs is ∼0.33 at.%.
he Cu ion existing with the chemical state of Cu+ and Cu2+ at the
inding energy around 932.1 and 933.1 eV, respectively. Due to the
roper conduction band edges of CuO (-0.96 V) and Cu2O (-0.22 V),
u dopant is the best candidate to enhance H2 generation [52].

The microstructure of Cu/TiO2 NFs is a strong factor that would

ffect the photocatalytic activity. TEM was applied to observe the
icrostructure of 0.5 mol%-Cu/TiO2-650 NFs (Fig. 8). From TEM

mage as shown in Fig. 8(a),  the synthesized 0.5 mol%-Cu/TiO2-650
using various Cu/TiO2 NFs with different doping concentration and TiO2-P25. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web  version of this article.)

NFs is present as a linear, uniform and separated fiber morphol-
ogy. One dimension Cu-doped TiO2 Nanofibers can promote the

electron mobility and exhibit the excellent charge separation abil-
ity so that it can reduce the recombination of electron and hole
[53]. The synthesized 0.5 mol%-Cu/TiO2-650 NFs in this study is
reasonable to show a higher photocatalytic activity than the other
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Table  1
Results of XPS analysis of non-doped TiO2 and Cu/TiO2 NFs.

Material Ti 2p3/2 O 1s Cu 2p

BE (eV) Conc. (at.%) BE (eV) Conc. (at.%) BE (eV) Conc. (at.%)

Non-doped TiO2 NFs 458.5 30.45 529.7 69.55 Not detected
Cu/TiO2 NFs 458.5 30.26 529.7 69.41 932.4 0.33
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ig. 7. The photocatalytic hydrogen production rates of 0.5 mol%-Cu/TiO2-650
nder the different light sources irradiation.

hapes/morphology. The high-magnification lattice image with
he corresponding fast-Fourier-transformed pattern of 0.5 mol%-
u/TiO2-650 NFs is shown in Fig. 8(b). High-resolution TEM image

llustrates that 0.5 mol%-Cu/TiO2-650 NFs exhibits a high crys-
allinity and the d(101) is 3.43 Å which is slightly larger than 3.41 Å
f non-doped TiO2 [54]. The result may  be due to the ionic radius
f Cu+ (0.77 Å) is larger than Ti4+ (0.61 Å).

The mechanism of photodegradation of organic dye by using
u/TiO2 NFs is shown in Fig. 9. Since the energy of irradiation source

s higher than the intrinsic bandgap of TiO2, the electron-hole pair
ill be generated. Once the electron (e−) and hole (h+) migrates to

he surface of Cu/TiO2 where the organic compounds absorbed on,
he hole will react with water (H2O) and hydroxide ions (OH−) to
orm the proton (H+) and the hydroxyl radicals (OH •). In addition,
he electron and oxygen (O2) will go through a reaction to form
uperoxide ion (O2

− •). The superoxide ion with excellent reducing
bility will react with a proton to generate hydroperoxyl radical
HO2

•). The free radicals usually show the strong oxidizing ability.
hey can react with the organic compound adsorbed on Cu/TiO2 NFs
urface. After a series of oxidation-reduction reactions, the organic
ompound will be oxidized into the environmental friendly com-
ounds, such as water and carbon dioxide. The developed Cu/TiO2
Fs in this study is a high-performance and cost-effective material.

t would be useful for the removal of pollutants from water and
astewater.

. Conclusion

The eleven types of transition metals, including Ag, Au, Co, Cr,
u, Fe, Ni, Pd, Pt, Y, and Zn, were doped into TiO2 respectively to
nhance the photocatalytic performance. Systematic studies were
ade to conclude an optimized processing method for Cu/TiO2 NFs.

u doping could hinder the phase transformation from anatase to
utile while increasing the calcination temperature. The photocat-

lytic hydrogen production rates by using 0.5 mol%-Cu/TiO2-650
re ∼ 200 �mol/g·h  under UV-A irradiation and ∼ 280 �mol/g·h
nder UV-B irradiation. For the photodegradation test under UV-

 irradiation, Cu/TiO2 NFs exhibits the fastest decolonization rate.
Fig. 8. (a) TEM images and (b) high-magnification lattice image of 0.5 mol% Cu/TiO2

NFs calcined at 650 ◦C for 12 h.

For the photodegradation test under visible light irradiation, the
reaction rate constant of 0.5 mol%-Cu/TiO2-650 is 0.018 min−1

that higher than 0.007 min−1 of TiO2-P25. The result illustrates a
soft controlling of the heterophase junction and highly crystalline
anatase TiO2, and it may  strongly improve the photocatalytic activ-
ity for the TiO2-based materials.
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