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AbstractWith the increasing concerns for environmental pollution, photocatalysts have been attracting attention
due to their environmentally friendly characteristics, low cost, and simple processing. Titanium dioxide (TiO2) has been
commonly used as a photocatalyst owing to its white pigment, excellent photocatalytic activity and low cost; however,
its poor pollutant adsorption properties and high electron-hole recombination ratio limit its practical application. Tran-
sition metals such as nickel exhibit excellent electron-trapping capability, lowering the rate of electron-hole recombina-
tion and facilitating the generation of oxygen free radicals. One-dimensional nanofibers fabricated by electrospinning
methods not only develop mesopores but can also make photocatalytic materials with a relatively high specific surface
area, thereby increasing the adsorption of pollutants. In this study, transition metal-embedded TiO2 was fabricated by
an electrospinning method, and the influence of post-calcination in a reducing atmosphere on the photocatalytic activ-
ity was investigated. The photocatalytic properties were performed by decomposition of Rhodamine B under visible
light irradiation using fabricated material. Among the investigated samples, Ni-embedded TiO2 nanofibers showed the
fastest decomposition of Rhodamine B under visible light irradiation due to a relatively high number of oxygen vacan-
cies, lower Fermi level, small particle size, well-developed mesopores and relatively high specific surface area.
Keywords: Photocatalytic Activity, Nanofiber, Electrospinning, Exsolution, Rhodamine B Degradation

INTROUDCTION

In recent years, rapid developments in science technology and
industry have resulted in increasing of the environmental pollution
problems. To protect the environment, methods for the decompo-
sition of problematic environmental pollutants have attracted atten-
tion [1]. Existing method of pollutant decomposition uses organic
compounds. However, the method is limited due to the toxicity,
high cost, and low processing efficiency associated with organic
compounds [2]. As an environmentally friendly method, decom-
posing pollutants using photocatalysis has been considered a prom-
ising alternative, as it can be conducted using only solar energy at
room temperature [3]. Therefore, the environment protection is
achieved through photocatalysts with high activity.

Titanium dioxide (TiO2) is a promising photocatalyst material
[4] and it is a widely used owing to its excellent chemical stability
over a wide pH range, low toxicity, low cost, high durability, and
environmentally friendly properties [5,6]. Nevertheless, the photo-
catalytic efficiency of TiO2 is limited due to its electron-hole recom-
bination ratio and wide bandgap energy (3.2 eV), suggesting it is
only activated in the ultraviolet region [7-9]. As the ultraviolet region
comprises only 5% of sunlight [10], research has been conducted
for activation in the visible light region that comprises a higher pro-
portion (45%) than ultraviolet light [11]. The efficient utilization of
sunlight is considered as an important factor in photocatalysis [4].

To overcome this issue, previous studies attempted to improve the
photocatalytic activity of TiO2 using transition metals to activate
the visible light region [4]. Doping the transition metal separates
electrons and holes on the surface of TiO2 photocatalysts and inhib-
its electron-hole recombination [12]. Furthermore, catalytic activ-
ity increases and the absorbance of photocatalyst is shifted to the
visible light region [13-18]. Pt, Au, Pd, Ni, and Ag, which are used
as doping materials to increase photocatalytic activity, have lower
Fermi levels than TiO2 [16,17]. Electrons generated by sunlight are
transferred from the conduction band to the metal, and holes remain
in the valence band [18]. Among these dopant materials, Ni is eas-
ily doped on the TiO2 lattice, and the Ni dopant affects the TiO2

band gap reduction. Guan et al. [19] reported reducing of the band
gap in photocatalysts was achieved by doping nickel. As the incor-
poration of Ni ions into TiO2 lattice, the band gap of TiO2 reduces
due to the formation of impurity levels below conduction band, and
electrons can transfer from valence band. These electrons adsorbed
by O2 in surface and produce •O2 ions that can further convert to
the strong redox species •OH ions. Nagaraj et al. [20] reported Ni2+

can easily be doped into TiO2 lattice by substitution of Ti4+ and
generate an impurity energy level. This impurity energy induces to
strong visible light response of photocatalyst, resulting in the in-
creased photocatalytic activity.

To increase the photocatalytic efficiency, the adsorption of pol-
lutants on photocatalysts should be improved [14]. The pollutant
adsorption property of a photocatalyst can vary depending on the
pore size [15]. The development of mesopores enables the adsorp-
tion of large amounts of pollutants and increases the photocatalytic
efficiency [21,22]. Electrospinning is a unique and simple method
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for fabricating nanofiber-type materials with large surface areas
and well-developed mesopores [23,24]. This method can produce
a one-dimensional fiber material from a liquid solution using an
electric field generated at high voltage [25-27]. The electrospin-
ning method involves the fabrication of nanofibers from a mixed
solution of organic polymers and inorganic materials [18]. The
resultant material is bestowed with the characteristics of inorganic
materials with high strength, high heat resistance, thermal stabil-
ity, chemical resistance, and the variable characteristics of organic
materials [28]. The fabrication of organic-inorganic composite mate-
rials via the electrospinning involves calcination at high tempera-
ture and the organic polymer is decomposed to obtain inorganic
nanofibers.

In this study, TiO2 and Ni-doped TiO2 nanofibers were fabricated
using an electrospinning method. Then, they were subjected to a
simple calcination process in a reducing atmosphere to prepare
Black-TiO2 and Ni-exsoluted TiO2 nanofibers. In addition, the influ-
ence of oxygen vacancies on the photocatalytic activity of the pre-
pared nanofiber samples was investigated by studying the decom-
position reaction of Rhodamine B under visible light irradiation.

MATERIALS AND METHODS

TiO2 nanofibers were fabricated by electrospinning a polymer
solution consisting of the desired titanium precursor and Poly (vinyl
acetate) (PVAc, [CH2CH(O2CCH3)]n, Mw~500,000, Sigma‐Aldrich
Co., Inc.) dissolved in N, N-dimethylformamide (DMF, (CH3)2

NCOH, 99.0%, Samchun Pure Chemical Co., Ltd.). First, 11 wt%
PVAc polymer solution was stirred at 353 K. After the polymer
was completely dissolved in DMF, 0.3 mL acetic acid (CH3COOH;
C2H4O2, 99.7%, Daejung Chemicals & Metals Co., Ltd.) was added
and stirred at room temperature for 10 min. Then, 0.005 mol of
titanium(IV) butoxide (Ti(OCH2CH2CH2CH3)4, 97%, Sigma‐Aldrich
Co., Inc.) was added to the prepared PVAc polymer solution. The
PVAc polymer solution containing titanium precursors was stirred
at 373 K for 1 h. The composite solution was electrospun in the
form of a fiber web through a positively charged capillary tip of 0.5
mm diameter using a high-voltage power supply (HV30, NanoNC
Co., Ltd.). The electrospun fibers were collected as a web on a
drum-type metal collector (NNC-DC90H, Ø90, NanoNC Co.,
Ltd.) rotating at approximately 290 rpm. For electrospinning, the
supplied voltage was 20kV, distance from the collector to the syringe
needle tip was 13 cm, and flow velocity of the solution was adjusted
to 0.8 mL/h using a syringe pump. Electrospun fibers were cal-
cined to decompose the PVAc polymer at 773 K for 2 h. Black-
TiO2 nanofibers were fabricated by calcining the TiO2 nanofibers
at 923 K for 4 h in a hydrogen atmosphere.

Ni-doped TiO2 nanofibers were fabricated by adding a nickel
precursor to the PVAc polymer solution to which the titanium pre-
cursor was added. Nickel(II) acetate tetrahydrate (Ni(OCOCH3)2·
4H2O, 98%, Sigma‐Aldrich Co., Inc.) was added in a quantity cor-
responding to 2 wt% of the titanium precursor contained in the
PVAc polymer solution. The PVAc polymer solution containing tita-
nium and nickel precursors was stirred at 373 K for 1 h. The com-
posite solution was electrospun in the form of a fiber web using
the same electrospinning conditions stated above. Electrospun fibers

were calcined to decompose the PVAc polymer at 773 K for 2 h to
yield Ni-doped TiO2 nanofibers. Ni-exsoluted TiO2 nanofibers were
fabricated by calcining the Ni-doped TiO2 nanofibers at 923K for 4h
in a hydrogen atmosphere using high purity hydrogen gas (99.99%).

The fabricated TiO2, Black-TiO2, Ni-doped TiO2, and Ni-eluted
TiO2 nanofibers were named TiO2, B-TiO2, ND-TiO2 and NE-TiO2,
respectively.

Morphological observations and quantitative elemental analysis
of the TiO2, B-TiO2, ND-TiO2 and NE-TiO2 nanofibers were con-
ducted using scanning electron microscopy (FE-SEM, Hitachi, S-
4800, Japan) and energy dispersive spectrometer (EDS, HORIBA,
S-4800). Structural characterization of the fabricated nanofibers was
via X-ray diffraction (XRD) using a MiniFlex 600 (Rigaku, Japan)
with Cu K


 radiation (=1.5406 Å) in the 2 range of 20o to 80o at

4o/min. The specific surface areas and pore size distributions were
evaluated using the Brunauer Emmett Teller (BET) equation from
isotherms recorded at 77 K (BELSORP-mini II, Mictrotrac BEL,
USA). The oxidation state of the prepared nanofibers was de-
termined by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250, USA), using Al K


 radiation. UV-VIS spectra of

the samples were recorded using a Lambda365 (PerkinElmer Inc.,
USA) in the wavelength range of 400-700 nm. Photoluminescence
spectra were obtained using a LabRAM HR-800 UV-Visible-NIR
(HORIBA Jobin Yvon Inc., USA) with a 325 nm laser in a range
of 340-800 nm.

The photocatalytic activity of the prepared nanofibers was deter-
mined by measuring the degradation of Rhodamine B in water.
An internal 300 W Xenon lamp (DYX500, DY-Tech, Korea) was
used as a UV light source, and it was equipped with an optical fil-
ter for visible light (>420 nm). To cool the lamps, a circulating
water system was used. The initial concentration of the 100 mL
Rhodamine B solution was 25 mg/L. A solid catalyst (0.05 g) was
added and the solution was stirred without UV-Vis light for 2 h to
obtain a good dispersion, establishing an adsorption-desorption
balance between the catalyst surface and the organic molecules of
Rhodamine B. After irradiation with visible light for 4 h, 4 mL of
reaction solution was extracted and centrifuged at 4,000 rpm for
10 min. Then, the filtrates were analyzed by using UV-VIS spec-
trophotometer to calculate the decrease in Rhodamine B concen-
tration.

RESULTS AND DISCUSSION

Fig. 1 shows the morphology of the fabricated fiber samples. The
as-prepared composite fibers, as shown in Fig. 1(a) and (d), were
partially aligned along the winding direction of the drum winder.
The surfaces of the fibers were smooth and uniform owing to the
amorphous nature of PVAc, and the average diameter of both
fibers was 138 nm. This indicates that the Ni additive did not sig-
nificantly affect solution parameters such as viscosity and electric
conductivity in electrospinning. TiO2 and ND-TiO2 nanofibers were
obtained through calcination of Ti-embedded PVAc fibers and Ti,
Ni-embedded PVAc fibers, respectively. As shown in Fig. 1(b) and
(e), the surfaces of the TiO2 and ND-TiO2 nanofibers shrank and
increased in roughness due to the decomposition of PVAc during
the calcination process [29]. In both samples, the diameter of the
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fiber was decreased by decomposition of the PVAc polymer during
the calcination process. The average diameters of the TiO2 and
ND-TiO2 nanofibers were 107 nm and 121 nm, respectively. ND-
TiO2 exhibited a thicker average fiber diameter as a result of the
increase in grain size caused by the Ni doping and grain agglom-
eration. The influence of transition metal dopants in semiconduc-
tor materials has been investigated by many research groups [30-
32]. Manzoor et al. reported that the position of the ion in the lat-
tice can be determined from the ionic size difference between the
host and dopant [31]. Because the ionic radius of Ni2+ (69 pm) is
larger than that of Ti4+ (61 pm), Ni2+ ions can substitute into Ti4+

sites by an interstation process, which could produce a positive
charge around the Ti4+ host ion or create oxygen vacancies. There-
fore, the diameter of the nanofiber and the grain size increased
upon doping with Ni. B-TiO2 and NE-TiO2 nanofibers were fabri-
cated by additional heat treatment of TiO2 and ND-TiO2 nanofi-
bers at 923 K in a hydrogen atmosphere. After post-heat treatment,
dark gray nanofibers were obtained. The particles constituting the
nanofibers were densified due to crystallization of titanium diox-
ide on the surface [33]. In addition, the surface roughness of the
nanofibers increased and the diameters of nanofibers shrank, as
shown in Fig. 1(c) and (f). The average diameters of the B-TiO2 and
NE-TiO2 nanofibers were 77 nm and 92 nm, respectively. These
changes originate from the vigorous sintering at relatively high tem-
peratures.

To confirm the influence of the Ni dopant and post-heat treat-
ment, X-ray diffraction (XRD) analysis was conducted. Fig. 2(a)
shows the XRD patterns of anatase phase TiO2 nanofibers were
fabricated without any impurities. In addition, the ND-TiO2 exhib-
ited only the typical XRD patterns of anatase phase TiO2 without
any secondary phase, that including Ni-related peaks as shown in

Fig. 2(c). This indicates that the Ni dopant was successfully incor-
porated into TiO2, and it did not contribute to the formation of
any secondary phases that included the rutile or brookite phases
TiO2. The Ni dopant did not cause formation of secondary phase
materials; however, it did result in peaks shifting to a higher 2 angle
than in the XRD patterns of TiO2, because the radius of the nickel
ion (0.69 Å) is larger than that of titanium ion (0.61 Å) [13]. As
mentioned, when doped with a material of smaller ionic radius,
oxygen vacancies can be formed. Fig. 2(b) and (d) show the XRD
patterns of B-TiO2 and NE-TiO2 prepared by post-heat treatment
in a reducing atmosphere of TiO2 and ND-TiO2, respectively. The

Fig. 1. FE-SEM image of (a) as-spun Ti-embedded PVAc fiber, (b) Ti-embedded fibers calcined at 773 K, (c) Ti-embedded fibers calcined at
923 K in H2, (d) as-spun Ti, Ni-embedded PVAc fiber (e) Ti, Ni-embedded fibers calcined at 773 K and (f) Ti, Ni-embedded fibers cal-
cined at 923 K in H2.

Fig. 2. X-ray diffraction (XRD) patterns of (a) TiO2, (b) B-TiO2, (c)
ND-TiO2 and (d) NE-TiO2.
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XRD patterns of B-TiO2 and NE-TiO2 show the diffraction peaks
of anatase and rutile phase TiO2. The rutile phase is active under
visible light but exhibits a lower bandgap (3.0 eV) compared to that
of anatase phase. This results in low photocatalytic activity due to
a high ratio of electron-hole recombination [34]. Therefore, the fabri-
cated B-TiO2 and NE-TiO2 nanofibers with rutile peaks can affect
to decrease photocatalytic activity. In addition, compared with the
TiO2 and ND-TiO2 nanofibers, the crystallinity of the B-TiO2 and
NE-TiO2 nanofibers increased according to the post-heat treatment
at higher temperatures. The crystallite sizes of TiO2, ND-TiO2, B-
TiO2 and NE-TiO2 nanofibers calculated by the Scherrer equation
were 21.76 nm, 27.99 nm, 26.34 nm and 30.83 nm, respectively. The
post-heat treatment in a reducing atmosphere affected not only
the crystallite size but also the lattice structure [33]. The XRD pat-
tern of B-TiO2 exhibited peak shift to higher 2 angles than that of
TiO2. These peak shifts are related to the change in the oxidation
state of titanium from Ti4+ (0.61 Å) to Ti3+ ions (0.67 Å), which can
affect the formation of oxygen vacancies. In contrast, NE-TiO2 pre-
pared through the same post-treatment process exhibited peak
shift toward a lower 2 angle compared to ND-TiO2. The differ-
ence in peak shift trends may be related to the Ni diffraction peaks,
which indicate the exsolution of Ni dopant during post-heat treat-
ment in a reducing atmosphere. Exsolution has previously used to
produce “intelligent catalyst” in the field of automotive catalysis
[32]. Nishihata et al. reported the exsolution of noble metals from
a noble metal-doped perovskite lattice during sintering in a reduc-
ing atmosphere. The exsolution process has been widely applied in
various catalyst area because the exsolved nanoparticles are stuck

Fig. 3. Nitrogen adsorption-desorption isotherms of TiO2, B-TiO2,
ND-TiO2 and NE-TiO2.

Fig. 4. O 1s X-ray photoelectron spectroscopy (XPS) spectra (a) TiO2, (b) B-TiO2, (c) ND-TiO2 and (d) NE-TiO2.

on the surface without agglomeration during the redox cycle. During
post-heat treatment in a reducing atmosphere, NE-TiO2 was formed
by the Ni2+ ions that were exsolved from the ND-TiO2 lattice and
rutile phase TiO2 was formed. Additionally, SEM-EDS analysis was
conducted to confirm exsolution of Ni. The content of the Ni ele-
ment increased from 0.85 wt% (ND-TiO2) to 1.94 wt% (NE-TiO2)
after the post-heat treatment process. Deka et al. reported increas-
ing content of metal elements after the post-heat treatment pro-



1526 H.-Y. Kim and Y.-W. Ju

July, 2021

cess in EDS analysis indicates the exsolution of metal [35].
For photocatalyst, the specific surface area is an important fac-

tor in determining the adsorption of pollutants such as Rhodamine
B and the photochemical reaction area. Fig. 3 shows the nitrogen
adsorption-desorption isotherms of TiO2, B-TiO2, ND-TiO2 and
NE-TiO2. The specific surface areas were calculated using the
Brunauer Emmett Teller (BET) equation of TiO2, B-TiO2, ND-TiO2

and NE-TiO2 nanofibers were 55.56 m2/g, 26.63 m2/g, 43.09 m2/g
and 38.57 m2/g, respectively. The TiO2 and ND-TiO2 nanofibers
had high specific surface area compared to the nanofibers that
conducted post-heat treatment at 923 K. Through the post-heat
treatment process the diameter of the fiber decreased, and the spe-
cific surface area decreased because the particle size increased and
structure densified [36]. All samples can be described as typical
IUPAC type III, which indicates nonporous or macroporous materi-
als. A hysteresis loop was observed in the high relative pressure
range from 0.7 to 1.0 of the isotherms of TiO2 and ND-TiO2, which
indicates the development of a mesoporous type in the samples.
After post-heat treatment, ND-TiO2 showed a small decrease in
the specific surface area, which may be related to the exsolution of
Ni particles from the ND-TiO2 lattice as confirmed by XRD analysis.

Oxygen vacancy can affect photocatalytic activity by capturing
electron in the conductive band and preventing electron-hole recom-
bination. The oxygen vacancy ratios of the fabricated nanofiber
samples was calculated from the O1s X-ray photoelectron spectra,
as shown in Fig. 4. The integral value of absorbed oxygen (OAb) to
lattice oxygen (OL) in each of the fabricated nanofibers was calcu-
lated. B-TiO2 nanofibers (OAb/OL=0.5) increase the formation of
oxygen vacancies compared to TiO2 nanofibers (OAb/OL=0.28). The
oxidation state of titanium was reduced from Ti4+ to Ti3+ during
heat treatment in a hydrogen atmosphere for fabricating B-TiO2

from TiO2. In this process, oxygen vacancies were formed in order
to achieve electrical neutrality. ND-TiO2 nanofibers (OAb/OL=1.0)
had the highest number of oxygen vacancies due to the oxidation
state of Ni2+ ions. In Ni-doped TiO2, Ni2+ occupied Ti4+ sites and
oxygen vacancies were formed due to the lower oxidation state. In
the NE-TiO2 nanofibers (OAb/OL=0.8), the oxidation state of tita-
nium was converted from Ti4+ to Ti3+ through post-heat treatment

in a reducing atmosphere and formed oxygen vacancies [37]. How-
ever, the exsolution of Ni decreased the formation of oxygen vacan-
cies compared to the ND-TiO2 nanofibers. After post-heat treatment
in a reducing atmosphere, Ni exsoluted on the ND-TiO2 nanofi-
bers surface and the ratio of Ni2+ ions occupying the titanium sites
was decreased. The formation of many oxygen vacancies inhibits
electron-hole recombination by trapping electrons that are formed
upon irradiating with light [38,39]. Therefore, the ND-TiO2 nano-
fibers with the highest oxygen vacancies formation affected to
improve photocatalytic activity.

Fig. 5 displays the XPS spectra for the Ti 2p and Ni 2P of nano-
fibers after heat treatment in hydrogen atmosphere. Fig. 5(a) shows
the Ti 2p XPS spectra of as-prepared pure TiO2 and B-TiO2, ND-
TiO2 and NE-TiO2 photocatalysts. Two major peaks at 458.2 eV
(Ti 2p3/2) and 463.8 eV (Ti 2p1/2) are observable for pure TiO2, These
values are characteristic of octahedral Ti4+ in TiO2. In contrast, heat
treatment nanofibers at 923 K show a shift in the spectrum. The
variation of binding energy results in the shift of the correspond-
ing XPS peak due to the presence of the chemical states of the ele-
ment having different oxidation state. The appearance of shifting
peak to low binding energy suggests the existence of Ti oxidation
states lower than Ti4+ [40-42]. The creation of Ti3+ species could be
a result of the reduction by heat treatment in hydrogen atmosphere.
Fig. 5(b) shows the Ni 2p XPS spectra of as-prepared ND-TiO2

and NE-TiO2 photocatalysts. Two major peaks at 855.6 eV (Ni 2p3/2)
and 873.1 eV (Ni 2p1/2) are observable for ND-TiO2. The shifting
of Ni XPS spectra to low binding energy indicates that the Ni oxi-
dation state is lower that Ni2+. Because, Ni2+ ions occupying the
titanium sites in ND-TiO2 are exsoluted and reduction of Ni2+ ions
after heat treatment.

The electron-hole recombination behavior of the fabricated nano-
fibers was investigated by photoluminescence (PL) spectroscopy.
Fig. 6 shows the PL spectra of TiO2, B-TiO2, ND-TiO2 and NE-TiO2.
During the PL spectroscopy, electrons in the conduction band and
holes in the valence band are recombined, energy and light are
released [43]. A higher ratio of recombination between electrons
and holes results in a higher intensity of the peak in the PL spec-
trum. TiO2 nanofibers with the lowest formation of oxygen vacan-

Fig. 5. (a) Ti 2p and (b) Ni 2p X-ray photoelectron spectroscopy (XPS) spectra of sample.
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cies have poor ability to trap electrons in the conduction band.
Electrons recombine with holes in the valence band due to the low
number of oxygen vacancies. Therefore, the PL intensity of the TiO2

nanofibers (650 a.u.) was higher than that of the samples. Com-
pared with TiO2 nanofibers, the B-TiO2 nanofibers have a higher
number of oxygen vacancies formed, and oxygen vacancies can
capture more electrons, so the PL intensity of B-TiO2 (529 a.u.)
was relatively low. The rutile phase peaks that appeared in the NE-
TiO2 and B-TiO2 nanofibers indicated an increased the ratio of
electron-hole recombination and reduced photocatalytic activity.
Compared with the ND-TiO2 nanofiber, NE-TiO2 nanofibers had
an increased ratio of electron-hole recombination due to the fewer
oxygen vacancies and the existence of the rutile phase. The PL
intensity of NE-TiO2 (167 a.u.) was higher than that of ND-TiO2

(10 a.u.). ND-TiO2 nanofibers had the lowest PL peak intensity due
to the low ratio of electron-hole recombination by forming the

highest number of oxygen vacancies compared to other samples.
The photocatalytic property of the fabricated nanofibers was

evaluated by decomposing Rhodamine B under visible light irra-
diation, as shown in Fig. 7. Before irradiation with visible light to
evaluate the photocatalytic activity, all samples were kept in a dark
room for 2 h to equilibrate the adsorption and desorption of
Rhodamine B on the nanofiber surface. The concentration of
Rhodamine B solution before the photolysis reaction was 0.4 arbi-
trary units (a.u.). As a result of decomposing Rhodamine B under
visible light irradiation for 4 h, TiO2 (0.15 a.u.) and B-TiO2 (0.13
a.u.) had a high absorption peak intensity, indicating the slow
decomposition of Rhodamine B. In contrast, after decomposing
Rhodamine B under visible light irradiation for 4 h, ND-TiO2

showed the lowest peak intensity at 0.03 a.u., which indicates the
fastest decomposition rate compared to other samples. The ND-
TiO2 exhibited a decreased ratio of electron-hole recombination,
which originated from a large number of oxygen vacancies and a
high specific surface area with well-developed mesopores. In com-
parison with ND-TiO2, NE-TiO2 nanofibers showed relatively high
absorbance peak intensity (0.06 a.u.). This may originate from the
relatively high ratio of electron-hole recombination with a lower
oxygen vacancy ratio, which is related to the exsolution of Ni and
the formation of the rutile phase during the post-heat treatment in
reducing atmosphere. Based on these results, it can be confirmed
that the activity of the photocatalyst is determined by the electron-
hole recombination ratio due to oxygen vacancy rather than the
specific surface area. In addition, the doping of a heterogeneous ele-
ment having a lower oxidation state than the reduction treatment
is effective in the formation of oxygen vacancies.

CONCLUSION

TiO2 nanofibers and 2mol% Ni-doped TiO2 nanofibers were fab-
ricated by electrospinning and simple calcination process. Ni dop-
ing caused a decrease in the specific surface area as a result of the
increase in grain size also enhancing the number of oxygen vacan-
cies in the TiO2 lattice. Black TiO2 nanofibers and Ni-exsolved TiO2

nanofibers were prepared from TiO2 and Ni-doped TiO2 nanofi-
bers by post-heat treatment in a reducing atmosphere. In the case
of the TiO2 nanofiber, the post-heat treatment caused the forma-
tion of oxygen vacancies by reducing the oxidation state of tita-
nium from Ti4+ to Ti3+. In contrast, Ni-exsolved TiO2 exhibited a
reduction in the oxygen vacancy ratio in comparison with Ni-
doped TiO2 due to the Ni exsolution during post-heat treatment.
The post-heat treatment caused a decrease in the diameter of the
fiber, and the specific surface area was decreased because of the
increased in the particle density. The influence of specific surface
area and oxygen vacancy on the photocatalytic activity of the fab-
ricated nanofibers was confirmed by studying the decomposition
of Rhodamine B conducted for 4 h under visible light irradiation.
The photocatalytic activity test confirmed that the activity of the
photocatalyst is determined by the hole-electron recombination
ratio due to oxygen vacancies rather than the specific surface area.
In addition, the doping of a heterogeneous element having a lower
oxidation state than the reduction treatment is effective in the for-
mation of oxygen vacancies.

Fig. 6. Photoluminescence (PL) spectra of TiO2, B-TiO2, ND-TiO2 and
NE-TiO2.

Fig. 7. UV-VIS absorption spectra of TiO2, B-TiO2, ND-TiO2, NE-
TiO2 and commercial P-25 photocatalyst.
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