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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 synthesis 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 photocatalytic 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.

1. Introduction
Photocatalysts have raised lots of attention because of its extensive applications in air puriﬁcation [1–3], anti-bacteria [4–7], green
energy [8–13], self-cleaning [14,15], water treatment [16], and CO2
reduction [17–19]. The importance of photocatalyst in our daily
life is its low cost, non-toxicity, chemical/thermal stability, ease of
production and use, and being human- and environment-friendly
[20,21]. In 1972, Honda and Fujishima discovered the water splitting phenomenon by using TiO2 and platinum as the electrodes.
Their pioneering works broaden TiO2 photocatalytic studies and
applications [22,23]. However, the wide bandgap of ∼ 3.2 eV for
anatase TiO2 leads to little charge separation efﬁciency and the
weak absorption under solar irradiation, which only utilizes ∼5%
UV radiation in the solar spectrum [24]. Many efforts have been
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made to overcome the TiO2 bandgap issue toward a potential material. 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 doping 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 oxidationreduction 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
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TiO2 ﬁlm material [32]. As a result of the formation of larger surface
area, Fe3+ doped TiO2 produced by the hydrothermal method gives
a higher photodegradation rate than the non-doped TiO2 [33]. It is
observed that the transition metal doped TiO2 promotes the photocatalytic activity due to the decreased bandgap, the decreased
recombination rate of electron and hole, and the increased speciﬁc
surface area. Moreover, the computer calculation based on density functional theory of ﬁrst-principles is helpful for investigation
of the photocatalytic performance and mechanism. The band structure and electronic properties of metal doped TiO2 can be accurately
predicted [36,37].
Among various transition metals, it is noted that Cu2+ -doped
TiO2 has attracted many interests due to its low cost, high photocatalytic activity and possesses the ability of visible light absorption.
Cu2+ -doped TiO2 synthesized by the sol-gel method has the
bandgap of 2.83 eV, and the Cu2+ acts as the electron trap that
induces the electron-hole separation [38,39]. The radius of Cu2+ is a
major factor for substantial substitutional solid solubility. According to the radius difference between Cu2+ (0.73 Å) and Ti4+ (0.61 Å)
is less than 15%, Cu2+ can be doped into the TiO2 lattice very easily. Therefore, for the substantial substitutional type, Cu2+ doping
can generate the donor levels below the conduction band of TiO2
and reasonably enhance the absorption behavior under visible light
irradiation [38–41].
In this study, we began to synthesize a series of 1.0 mol% transition metal-doped TiO2 by the hydrothermal method followed by
an air-thermal treatment. The candidate transition metal includes
Ag, Au, Co, Cr, Cu, Fe, Ni, Pd, Pt, Y, and Zn. The best transition
metal-doped TiO2 was found out to show the highest photocatalytic
performance by measuring the photocatalytic activity. Considering
the cost and the performance of each transition metal-doped TiO2 ,
Cu/TiO2 was recommended as the best candidate for industrial
usage. The optimized processing parameters for the high photoactivity of Cu/TiO2 is reported in the manuscript. The crystalline
structure, microstructure, absorption behavior, and photocatalytic
activity are systematically studied to know the photocatalytic
mechanism.

2. Experimental details
Eleven types of transition metal-doped TiO2 were synthesized by the hydrothermal method. At ﬁrst, 2.50 g TiO2 anatase
powder (Sigma-Aldrich, 98%) and various transition metal precursor were suspended in 62.5 mL sodium hydroxide aqueous
solution (∼10.0 M). The transition metal precursors are listed as
follows: silver nitrate (AgNO3 , Choneye, 99.8 +%), hydrogen tetrachloroaurate(III) trihydrate (HAuCl4 ·3H2 O, Acros, 99.9%), cobalt(II)
nitrate hexahydrate (Co(NO3 )2 ·6H2 O, Acros, 99%), chromium(III)
nitrate nonahydrate (Cr(NO3 )3 ·9H2 O, Acros, 99%), copper(II) nitrate
trihydrate (Cu(NO3 )2 ·3H2 O, Acros, 99%), iron(III) nitrate nonahydrate (Fe(NO3 )3 ·9H2 O, Acros, 98 +%), nickel(II) nitrate hexahydrate
(Ni(NO3 )2 ·6H2 O, Acros, 99%), palladium(II) acetate (C4 H6 O4 Pd,
Acros, 47.5%), platinum(II) acetylacetonate (C10 H14 O4 Pt, Acros,
98%), yttrium(III) nitrate hexahydrate (Y(NO3 )3 ·6H2 O, Acros,
99.9%), zinc nitrate hexahydrate (Zn(NO3 )2 ·6H2 O, Choneye, 97%).
Reactants were transferred into a polytetraﬂuoroethylene-lined
autoclave followed by a thermal treatment under the condition of 150 ◦ C for 24 h. Various transition metal-doped sodium
titanate (Na2 Ti3 O7 ) were obtained. Then, 0.10 M hydrochloric acid
(HCl, Sigma-Aldrich, 37%) was used to exchange the sodium ion
for protons. Finally, the transition metal-doped sodium hydrogen titanate (Nax H2-x Ti3 O7 ) was ﬁltered and dried in air at 80 ◦ C.
To obtain the various transition metal-doped TiO2 (metal/TiO2 ),
the metal-doped Nax H2-x Ti3 O7 was calcined at different temper-
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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 nondoped TiO2 series and Cu/TiO2 series were determined by the
synchrotron X-ray diffractometer (13A1, Biomembrane Scattering 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 measured 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, JEMARM200FTH, 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 suspensions 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 preestablished 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 kinetics in the early stage as described as ln(C0 /Ct ) = kt, where C0 is the
initial methyl orange concentration, Ct is the methyl orange concentration at the various time, and k and t are the apparent reaction
rate constant and photodegradation time respectively. After plotting the logarithm of the Ct /C0 as a function of time for the various
catalysts, the slopes of each ﬁtting lines are identiﬁed as photocatalytic 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 Approximation(GGA) was chosen for the gradient-corrected function. The
properties of TiO2 and Cu/TiO2 , including band structure, the density 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 accuracy 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 C2 H5 OH and H2 O (volume ratio of 50:50). Fifty milligrams Cu/TiO2 was dispersed well in the mixture of C2 H5 OH and
H2 O by an ultrasonic bath. Three kinds of light sources, including
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Fig. 1. The UV-A photodegradation reaction rate constants of TiO2 -P25, non-doped TiO2 , and 11 types of transient metal-doped TiO2 NFs with 1.0 mol% doping concentration.

UV-B lamps (Sankyo Denki, G15T8E, max ∼ 312 nm, 8.0 W), UV–A
lamps, and visible lamps (Goodly, F8T5/D, 8.0 W), were used in the
photocatalytic hydrogen production measurement. The six lamps
of various light sources were placed in a hexagonal arrangement
around the reactor. Nitrogen gas (99.995%) was bubbled into the
reaction system to avoid the sedimentation of Cu/TiO2 . Purging gas
was also used for the evolving gaseous products. The nitrogen ﬂow
rate of 400 mL min−1 is controlled by a mass ﬂow meter (C100L,
Sierra). The liquid nitrogen cold trap system and the molecular sieve
were connected to the outlet of the reaction system to diminish
the vapor of C2 H5 OH and H2 O. Finally, the photocatalytic hydrogen
generation rate was recorded by a Status FGD3 gas detector.

3. Results and discussion
Aiming to exploit photocatalyst for pollution treatment and
green energy, highly photocatalytic performance in the organic
compound degradation and hydrogen generation especially in the
solar spectrum is the primary work for scientists. We propose a
transition metal doping method in the TiO2 to ﬁnd out a new
photocatalyst. Eleven types of transition metal-doped TiO2 with
a ﬁxed doping concentration of 1.0 mol% calcined at 650 ◦ C for 12 h
were synthesized. They are denoted as Ag/TiO2 , Au/TiO2 , Co/TiO2 ,
Cr/TiO2 , Cu/TiO2 , Fe/TiO2 , Ni/TiO2 , Pd/TiO2 , Pt/TiO2 , Y/TiO2 and
Zn/TiO2 NFs. A series of simple tests for photocatalytic degradation of methyl orange was applied to compare the activity of
metal-doped TiO2 NFs under UV-A irradiation. The photocatalytic
decolorization phenomenon of various metal/TiO2 is displayed by
the bar chart of reaction rate constants as shown in Fig. 1. The
photocatalytic activity of Cr/TiO2 NFs shows approximately zero.
In contrast, it is obviously noted that both Cu/TiO2 and Ag/TiO2
NFs exhibit outstanding performance and show the higher activity
than TiO2 -P25 under UV–A irradiation. The reaction rate constants
of Cu/TiO2 and Ag/TiO2 NFs are similar and related to 0.0109 min−1
and 0.0107 min−1 , respectively. Moreover, the cost of Cu precursor
is lower than Ag precursor. These results are able to be summarized
that Cu/TiO2 is the best choice in cost and photocatalytic performance, and it could be an ideal candidate for the further study.

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 pristine 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 monoclinic [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 contrast 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 formation 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 temperature, 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 temperature. The crystallinity and the crystallite size is also enhanced as
well up to 700 ◦ C. Therefore, we can see that Cu doping is a beneﬁcial 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 Bi2 O3 phase will form when
the doping concentration is higher than 10.0 mol%. Niobium doping in TiO2 crystalline also shows the smaller crystallite size with
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Fig. 2. (a) Synchrotron X-ray diffraction patterns of Cu/TiO2 NFs series and (b) the
calculated crystallite size of the non-doped TiO2 and Cu/TiO2 NFs.

increasing the doping concentration, but it will not form the new
phase.
The correlation between the calcination temperature and the
photocatalytic activity for Cu/TiO2 NFs was discussed by the
photodegradation experiments of methyl orange. The standard
material TiO2 -P25 was acted as the comparison basis in the photodegradation test. For the photodegradation measurement, the
color expression of the solution is changed from initial orange to
colorless. It typically follows the Langmuir-Hinshelwood kinetics
[42,43]. The Ct /C0 curves of Cu/TiO2 -X NFs series from the photodegraded methyl orange under UV-A irradiation is shown in Fig. 3(a).
Plotting the logarithm of the Ct /C0 as a function of time, we acquired
the corresponding linear slopes for Cu/TiO2 -X NFs series as shown
in Fig. 3(b). The reaction rate constant for the photodegradation of
Cu/TiO2 -X series is shown using bar chart in Fig. 3(c). Cu/TiO2 -650
NFs displays the highest reaction rate among Cu/TiO2 -X NFs series.
It is even higher than TiO2 -P25. The optimal calcination temperature of 650 ◦ C is therefore suggested for synthesis process.
After discovering the optimal parameter of calcination process,
we synthesized a series of Cu/TiO2 -650 NFs with several dop-

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 temperatures 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 crystalline 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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Fig. 4. (a) Synchrotron X-ray diffraction patterns and (b) Raman spectra of Cu/TiO2 650 NFs series with several doping concentrations.

radius of Cu ion and Ti4+ [12,17,47,48]. Raman spectroscopy was
also applied to investigate the crystal structure of Cu/TiO2 -650 NFs
series (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
the anatase TiO2, and they are corresponding to the six symmetric
Raman-active modes [49]. The superimposed phenomenon occurs
at 513.0 and 518.9 cm−1 . Thus it shows a broad peak at 515.9 cm−1 .
When the Cu doping concentration is less than 10.0 mol%, the intensity of the Raman scattering is proportional to the copper doping
concentration. The increased copper doping improves the crystal 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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slight redshift between 300 and 400 nm. Fig. 5(b) shows the density
of state (DOS) of the non-doped TiO2 and Cu/TiO2 NFs that is calculated by the gradient-corrected functional (GGA-PBE) of CASTEP.
The 3d orbital of Ti and the 2p orbital of O exists in the valence band
and the conduction band of TiO2 as shown in Fig. S2. The valence
band is mainly attributed to the Ti 3d orbital and the partial of O
2p orbital. On the other hand, the conduction band is dominated by
the 2p orbital of O. A mid-bandgap is formed between the valence
band and conduction band when the Cu is doped into TiO2 . The
simulated absorption spectra show that the non-doped TiO2 only
exists the absorption in UV band as shown in Fig. 5(c). Once the Cu
was doped into TiO2 , it can absorb visible light due to the existent
of Cu 3d orbital which is consistent with the experiments we had
made.
Further, we measured the photodegradation activity of Cu/TiO2 650 NFs series to understand the doping effect of the light exposure.
Under UV-A irradiation, 0.5 mol%-Cu/TiO2 -650 exhibits the highest
degradation rate as shown in Fig. 6(a) and (b). We calculated the
reaction rate constants of various Cu/TiO2 NFs samples as the bar
chart in Fig. 6(c). The reaction rate constant of 0.5 mol%-Cu/TiO2 650 NFs is 0.018 min−1 that is higher than 0.007 min−1 of TiO2 -P25.
It is interesting to know that when the Cu doping concentration is
higher than 1.0 mol%, the photocatalytic activity is decreased with
increasing the doping concentration. The result is due to the high
concentration of Cu dopant could trap the electrons in the TiO2
lattice so as to reduce the separation of electron and hole [51].
Another strategy, photocatalytic hydrogen production is often
applied to evaluate the activity of photocatalysts. For non-doped
TiO2 , it shows an undetectable value of photocatalytic hydrogen
production under various light sources. The water splitting and
hydrogen generation is a typical uphill reaction. The reaction will
not occur when the energy of a photon is smaller to the band gap of
the TiO2 . In Fig. 6, 0.5 mol%-Cu/TiO2 -650 NFs possesses the highest
decolorization rate among all TiO2 -based materials. The optimal
photocatalyst, 0.5 mol%-Cu/TiO2 -650 NFs, is tested to investigate
the feasibility of hydrogen production. The photocatalytic hydrogen production rates of 0.5 mol%-Cu/TiO2 -650 NFs under various
irradiation sources are shown in Fig. 7. Under visible light irradiation, the hydrogen detector showed an undetectable value caused
by the insufﬁcient energy of visible light. It is due to the excited photon with the limited energy that is smaller than Cu/TiO2 bandgap
which is unable to create the electron-hole pair. On the other hand,
the hydrogen production rates under UV-A and UV-B irradiation
can reach ∼200 mol/g·h and ∼280 mol/g·h, respectively. The
photostability test of methyl orange with 0.5 mol%-Cu/TiO2 NFs
under UV-B light was shown in Fig. S3 of supporting information.
After ﬁve recycling of photodegradation, 0.5 mol%-Cu/TiO2 NFs still
maintained great photocatalytic activity.
The chemical compositions of non-doped TiO2 and 0.5 mol%Cu/TiO2 -650 were analyzed by XPS as shown in Fig. S4, and the
results of XPS are summarized in Table 1. XPS survey spectrum of
0.5 mol%-Cu/TiO2 -650 is shown in Fig. S4(a). The Ti4+ 2p1/2 and
Ti4+ 2p3/2 for 0.5 mol%-Cu/TiO2 -650 are located at binding energy
of 464.2 and 458.5 eV, respectively. For the O 1 s spectrum, four O 1 s
peaks are contributed to lattice oxygen of TiO2 the (529.7 eV), Cu2 O
(530.5 eV), CuO (530.7 eV), and OH group (531.5 eV). In Fig. S4(d),
The Cu concentration of 0.5 mol%-Cu/TiO2 -650 NFs is ∼0.33 at.%.
The Cu ion existing with the chemical state of Cu+ and Cu2+ at the
binding energy around 932.1 and 933.1 eV, respectively. Due to the
proper conduction band edges of CuO (-0.96 V) and Cu2 O (-0.22 V),
Cu dopant is the best candidate to enhance H2 generation [52].
The microstructure of Cu/TiO2 NFs is a strong factor that would
affect the photocatalytic activity. TEM was applied to observe the
microstructure of 0.5 mol%-Cu/TiO2 -650 NFs (Fig. 8). From TEM
image as shown in Fig. 8(a), the synthesized 0.5 mol%-Cu/TiO2 -650
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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
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 morphology. One dimension Cu-doped TiO2 Nanoﬁbers can promote the
electron mobility and exhibit the excellent charge separation ability 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

Non-doped TiO2 NFs
Cu/TiO2 NFs

Ti 2p3/2

O 1s

Cu 2p

BE (eV)

Conc. (at.%)

BE (eV)

Conc. (at.%)

BE (eV)

Conc. (at.%)

458.5
458.5

30.45
30.26

529.7
529.7

69.55
69.41

Not detected
932.4

0.33

Fig. 7. The photocatalytic hydrogen production rates of 0.5 mol%-Cu/TiO2 -650
under the different light sources irradiation.

shapes/morphology. The high-magniﬁcation lattice image with
the corresponding fast-Fourier-transformed pattern of 0.5 mol%Cu/TiO2 -650 NFs is shown in Fig. 8(b). High-resolution TEM image
illustrates that 0.5 mol%-Cu/TiO2 -650 NFs exhibits a high crystallinity and the d(101) is 3.43 Å which is slightly larger than 3.41 Å
of non-doped TiO2 [54]. The result may be due to the ionic radius
of Cu+ (0.77 Å) is larger than Ti4+ (0.61 Å).
The mechanism of photodegradation of organic dye by using
Cu/TiO2 NFs is shown in Fig. 9. Since the energy of irradiation source
is higher than the intrinsic bandgap of TiO2 , the electron-hole pair
will be generated. Once the electron (e− ) and hole (h+ ) migrates to
the surface of Cu/TiO2 where the organic compounds absorbed on,
the hole will react with water (H2 O) and hydroxide ions (OH− ) to
form the proton (H+ ) and the hydroxyl radicals (OH • ). In addition,
the electron and oxygen (O2 ) will go through a reaction to form
superoxide ion (O2 − • ). The superoxide ion with excellent reducing
ability will react with a proton to generate hydroperoxyl radical
(HO2 • ). The free radicals usually show the strong oxidizing ability.
They can react with the organic compound adsorbed on Cu/TiO2 NFs
surface. After a series of oxidation-reduction reactions, the organic
compound will be oxidized into the environmental friendly compounds, such as water and carbon dioxide. The developed Cu/TiO2
NFs in this study is a high-performance and cost-effective material.
It would be useful for the removal of pollutants from water and
wastewater.
4. Conclusion
The eleven types of transition metals, including Ag, Au, Co, Cr,
Cu, Fe, Ni, Pd, Pt, Y, and Zn, were doped into TiO2 respectively to
enhance the photocatalytic performance. Systematic studies were
made to conclude an optimized processing method for Cu/TiO2 NFs.
Cu doping could hinder the phase transformation from anatase to
rutile while increasing the calcination temperature. The photocatalytic hydrogen production rates by using 0.5 mol%-Cu/TiO2 -650
are ∼ 200 mol/g·h under UV-A irradiation and ∼ 280 mol/g·h
under UV-B irradiation. For the photodegradation test under UVA 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 activity for the TiO2 -based materials.
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