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K-doped TiO, nanowire networks were prepared by the corrosion reaction of Ti nanoparticles in an alka-
line (potassium hydroxide: KOH) solution. The prepared nanostructures were characterized by scanning
electron microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis, X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, X-ray diffraction (XRD) and photoluminescence (PL) spectra. Their sunlight-
driven photocatalytic activity was also investigated with differently charged dye molecules, such as
methylene blue, rhodamine B and methyl orange. The adsorption of the dye molecules on the photocat-
alyst surface would play a critical role in their selective photodegradation under sunlight illumination.

© 2016 Published by Elsevier B.V.

1. Introduction

Titanium dioxide (TiO;,) has been extensively explored because
of its superior photocatalytic activity under UV light irradiation,
high chemical stability, and low cost [1-3]. Absorption of photons
with energy greater than the bandgap of a semiconductor is con-
ducive for the formation of electrons in the conduction band (CB)
and holes in the valence band (VB). If these charge carriers migrate
to the semiconductor surface without recombination, they can ini-
tiate various redox reactions with adsorbates. Unfortunately, TiO,
can utilize no more than 5% of the total solar energy impinging on
the earth’s surface, because of its wide band gap (3.2 eV for anatase,
3.0eV for rutile, and ~3.2 eV for brookite [4,5]). To cope with this
issue, energy band modulation by metal ion doping has been pri-
marily studied with the aim of harnessing a greater amount of solar
light for photocatalytic reactions [6]. The incorporation of transi-
tion metals and noble metals into the TiO, lattice can extend light
absorption toward the visible light region, but these metals are very
expensive [7,8]. Recently, chemical modification of TiO, with alka-
lis has been proposed to facilitate visible-light absorption [6]. It is
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reported that alkaline dopants such as Li, Na and K stabilize the
anatase phase of TiO, and enhance the photocatalytic efficiency
under visible light [9-11].

In order to achieve high photocatalytic reaction rates, a large
surface area-to-volume ratio is crucial for TiO,-based photocat-
alysts. Monodispersed TiO, nanoparticles are commonly used
since a small crystallite size provides a larger surface area
and suppresses electron-hole recombination [12]. Recently, one-
dimensional nanostructures (e.g., TiO, nanotubes and nanowires)
have been suggested to enhance the photocatalytic performance
[13]. These nanostructures facilitate efficient charge separation
of photogenerated electron-hole pairs and fast transport of such
charges to the surface. To date, tubular and fibrous nanostructures
have been prepared by numerous methods, including chemi-
cal (template) synthesis, electrochemical synthesis, and alkaline
hydrothermal method [14-16]. The unique physicochemical prop-
erties of TiO, render the nanostructures highly promising for
various practical applications such as photocatalysis, water split-
ting, and dye-sensitized solar cells [17,18].

In this study, TiO, nanostructures were prepared through a cor-
rosion reaction of Ti nanoparticles in KOH aqueous solutions at
room temperature (RT). The photocatalytic activity of the nanos-
tructures under air mass (AM) 1.5 one sun illumination was
investigated by using them for the degradation of methylene blue
(MB), rhodamine B (RB), and methyl orange (MO), which are
cationic, neutral and anionic dyes, respectively.
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2. Experimental
2.1. Wet corrosion

Titanium nanoparticles (Ti, diameter ~70 nm, 99%) were used
as the starting material for wet corrosion, and potassium hydrox-
ide (KOH, 95%) was used as a corrosive solution. The photocatalysts
were prepared by reacting 1 g of Ti nanoparticles with 20 mL of KOH
aqueous solutions (1.0, 5.0, 10.0 and 15.0 mol/L) for 24 h at RT. Dur-
ing the wet corrosion, the mixtures were continuously stirred using
a Teflon-coated stir bar and the by-product H, was degassed. The
wet-corroded particles were thoroughly rinsed with deionized (DI)
water and then stored in the DI water for 24 h at RT to remove resid-
ual K* or OH™ ions on the surface. Subsequently, the particles were
collected at the bottom of a centrifuge tube after centrifugation at
7,000 rpm for 10 min and dried on a hot plate at 120°C for 24 h.
Finally, the aggregated samples were ground into fine powders for
photocatalytic experiments.

2.2. Characterization

The geometry and morphology of the materials were inves-
tigated by field emission scanning electron microscopy (FE-SEM,
S-4800, Hitachi). The specific surface area was investigated
by Brunauer-Emmett-Teller (BET, Autosorb-iQ 2ST/MP, Quan-
tachrome Instruments) measurement. X-ray photoelectron spec-
troscopy (XPS) was performed with a K-alpha XPS system (Thermo
Fischer Scientific Inc.) using a monochromated Al Ko X-ray source
with an energy of 1486.6 eV. The spectra of Ti 2p and O 1s energy
levels were calibrated with respect to the C 1s peak at 285.0eV,
attributable to the adventitious carbon formed on the sample
surface. Micro-Raman spectroscopy was performed in a back-
scattering geometry using a laser operating at a wavelength of
approximately 473 nm and a NTEGRA Spectra spectrometer (NT-
MDT) with a spectral resolution of 0.7cm~!. The Raman signals
were detected using a Newton electron multiplying charge-coupled
device (EMCCD) camera (Andor). The powder X-ray diffraction
(PXRD) patterns were collected on a Bruker D8-Advance diffrac-
tometer using Cu Ko radiation with 40kV and 40 mA at room
temperature. The photoluminescence (PL) emission spectra were
recorded on a PL spectrometer (iHR320, Horiba Ltd.) with excitation
wavelength at 350 nm.

2.3. Photocatalytic activity

Photocatalytic performance was measured in terms of the ability
of the catalyst to degrade MB, RB, and MO aqueous solutions. 0.1 g of
the wet-corroded Ti nanoparticles was dispersed in 100 mL of each
dye solution and then stirred continuously in the dark for 90 min
to achieve the adsorption equilibrium for each dye on the cata-
lyst. The resulting solution was irradiated under AM 1.5 one-sun
illumination (K3000 LAB, McScience). Samples were periodically
withdrawn from the reactor and centrifuged at 2,000 rpm for 3 min
and at 10,000 rpm for 10 min. The supernatant was subjected to
UV-vis absorption spectroscopy (Optizen 3220 UV-bio, Mecasys)
analysis.

3. Results and discussion

Fig. 1 shows SEM images of the nanostructures prepared by
the corrosion of the Ti nanoparticles with various KOH aqueous
solutions. As-received Ti nanoparticles were spherical, and their
sizes were 40-50 nm (Fig. S1 in the Supporting information (SI)).
Ti nanoparticles were mildly corroded in 1M KOH, and their ini-
tial shape was retained after the KOH treatment (Fig. 1a). However,
higher KOH concentration resulted in the formation of nanowires

Table 1
Surface area of the wet-corroded Ti samples in KOH aqueous solutions of various
concentrations.

BET 1M 5M 10M 15M
Surface area (m?/g) 353 70.5 143.5 154.0
Table 2

Binding energies of Ti 2p, O 1s, and K 2p levels in XPS fitting.

(unit: eV) K2p Ti 2p O1s

2p1p 2p3p 2pip2 2p3p2 O—H adsorptive  Ti—O
1M 2957 2929 4642 4584 5321 531.1 530.0
5M 295.8 293.0 4642 4585 5324 5313 530.0
10M 295.8 293.0 4642 4586 5323 531.1 530.0
15M 2956 2929 4643 4586 5324 5313 529.9

and porous filiform networks. The increase in KOH concentra-
tion allowed for the creation of thicker nanothreads and more
aggregated networks. The specific BET surface areas of the nanos-
tructures are summarized in Table 1. The surface area increased
markedly with an increase in KOH concentration. For example, the
surface area of the wet-corroded Tiin 15 M-KOH was 9 times higher
than that of the as-received Ti nanoparticles (17.4 m?/g). This indi-
cates that such wet corrosion would be beneficial for the formation
of highly porous filiform networks.

If Ti nanoparticles are immersed into KOH aqueous solution, the
passive TiO, layer on the Ti surface partially dissolves because of
the corrosive attack of the hydroxyl groups (Eq. (1)). Meanwhile, Ti
reacts with the alkaline solution through the following hydration
reactions (Egs. (2)-(4)) [19]. Further hydroxyl attack on hydrated
TiO, can produce negatively charged hydrates (Eq. (5)). Impor-
tantly, potassium ions in the solution combine with the charged
hydrates, resulting in the formation of K-Ti-O after dehydration:

TiO; + OH™ — HTiO3 (1)
Ti+30H™ — Ti(OH)j +4e~ (2)
Ti(OH)j +e~ — TiO; -H,0 + %Hz (3)
Ti(OH); + OH™ = Ti(OH), (4)
TiO; -nH,0 + OH™ = [HTiO3] -nH,0 (5)

The chemical identity of the wet-corroded samples was con-
firmed by XPS. According to the survey X-ray photoelectron spectra
(Fig.S2 in the SI), the samples contain K, Ti,and O; no other elements
are detected except for carbon, which may have been derived from
sample handling. The normalized intensities of the X-ray photo-
electron narrow scan spectra of the K 2p, Ti 2p and O 1s levels are
shown in Fig. 2 and the dotted lines below the X-ray photoelectron
spectra denote the Lorentzian-fitted curves. The observed binding
energies of K 2p, Ti 2p, and O 1s are summarized in Table 2. The
whole XPS data were corrected using C 1s at 285.0 eV as a reference.
In Fig. 2(a), the binding energy of the K 2p3;, level around 293.0 eV
is in good agreement with that of the K-doped TiO, reported in the
literature [20]. Courcot et al. reported that the binding energy of
K 2p decreases with an increase in the amount of potassium, due
to the loss of its cationic character [20]. In our case, the amount of
potassium atoms can be estimated as 1-2 atoms/nm? on the surface
of the K-doped titania. Furthermore, the relative intensity ratio of
K 2p to Ti 2p increased as the KOH concentration increased (0.13,
0.26,0.32,and 0.35 for 1M, 5M, 10 M and 15 M KOH, respectively).
This accounts for the increment in potassium incorporation into
the TiO lattice. In Fig. 2(b), the binding energy of the Ti 2p3; level
is slightly lower than that of bulk TiO, reported in the literature
(458.6eV and 458.9 eV for anatase and rutile, respectively) [20,21].
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Fig. 1. FE-SEM images of wet-corroded Ti in KOH aqueous solutions of various concentrations: (a) 1M (b) 5M (c) 10M and (d) 15M for 24 h in RT. Scale bars are 500 nm.

This would result from the change in the oxidation state of some Ti
cations from +4 to +3, as the binding energy of Ti3* is lower than that
of Ti** [20]. Such a change in the Ti oxidation state would be related
to the incorporation of potassium atoms into Ti—O bonds [20]. In
Fig. 2(c), the prominent peak of the O 1s level can be assigned to the
Ti—O0 bond (bulk 02~ ) in TiO; (530.0 eV and 530.5 eV of anatase and
rutile, respectively), while the peak at the higher binding energy is
related to the hydroxyl groups or oxygen atoms bound to carbon
[22]. According to the observed binding energies of the K 2ps,, Ti
2p3p2,and O 1slevels, the prepared photocatalysts can be concluded
to be K-doped TiO,. The Ti nanoparticles corroded with 1M, 5M,
10M, and 15M KOH solutions are denoted as 1K-TiO,, 5K-TiO,,
10K-TiOy, and 15K-TiO,, respectively.

Fig. 3 shows the Raman scattering spectra of all the K-TiO,
samples at RT under approximately 473 nm excitation. Raman
spectroscopy is suitable for identifying the anatase and rutile
phases of TiO,. Anatase has the space group Dy(I4,/amd), with
two formula units per unit cell and six Raman active modes

(a) (b)

(A1g*+2B1g+3Eg). The six Raman bands of an anatase single crys-
tal were identified at 144 cm~! (Eg), 197 cm™! (Eg), 399 cm~! (Byg),
513 cm™" (A1g), 519 cm™1 (Byg), and 639 cm~! (Eg) [23]. In contrast,
rutile has the space group Dy, (P4, /mnm), with two units and four
Raman active modes (Aqg+B1g+Byg+Eg). The four Raman bands of
a rutile single crystal were identified at 143 cm~1 (Byg), 447 cm™!
(Eg),612cm™! (Ayg), and 826 cm~! (Byg) [23]. In addition, the band
at 144cm~! is the strongest for the anatase phase, whilst that at
143cm! is the weakest for the rutile phase. In Fig. 3, both 1K-
TiO, and 5K-TiO, samples show distinctive Raman peaks due to
the anatase and rutile phases: the broad peaks at ~400cm~! and
~600 cm~! might originate from the blueshift of the characteristic
Raman peaks of anatase at 399 cm~!, 639 cm~!, and those of rutile
at447cm!,612cm1, respectively [24]. Thus, it can be concluded
that the samples are a mixture of anatase and rutile phases. The
shift of the peaks toward lower value as compared with bulk TiO,
could be attributed to the non-stoichiometry resulting from oxygen
deficiency or structural defects, or both [25,26]. It should be noted
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Fig. 2. Normalized intensity of X-ray photoelectron narrow scan spectra for (a) K 2p (b) Ti 2p, and (c) O 1s levels. The dotted line below the X-ray photoelectron spectra

denotes the Lorentzian-fitted curves.
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Fig. 3. Raman spectra of all K-TiO, samples.
Table 3
Amount of MB adsorption on the prepared photocatalysts.
(Unit. mg/L) 1K-TiO, 5K-TiO, 10K-TiO, 15K-TiO,
Initial conc. 45.0 55.0 120.0 90.0
Final conc. 204 19.9 19.3 20.9
Adsorption 24.6 35.1 100.7 69.1

that the peaks of the anatase phase in 5K-TiO, are more intense
and sharper than those in 1K-TiO,. Unfortunately, both 10K-TiO,
and 15K-TiO, show less intense and broader Raman peaks. This
indicates poor crystallinity and thus optical phonons may decay at
the imperfect sites [27]. In addition, the peaks at 280 and 440 cm™!
can be assigned to the Ti-O-K bonding in the potassium titanate
structure [28]. The structures of our K-TiO, samples were also
investigated by the PXRD analysis (Fig. S3 in the SI). All the K-TiO,
samples showed low-crystalline anatase phase whilst the inten-
sity of crystalline Ti peaks decreased with the increase in the KOH
concentration.

In order to evaluate the photocatalytic activity of all the K-
TiO, samples, photodegradation of MB was performed at RT under
AM 1.5 one-sun illumination (Fig. 4). Before the photodegradation
experiments, adsorption of the MB molecules on the K-TiO, sam-
ples was monitored by UV-vis spectroscopy (Fig. S4 in the SI). After
stirring the solution for 90 min in dark, adsorption equilibrium was
reached. Table 3 summarizes the concentration of the MB solu-
tion before the addition of the catalyst and after the adsorption
equilibrium. As the KOH concentration for wet corrosion increased,
the MB adsorption increased, reached the maximum at 10K-TiO5,
and then decreased. This is analogous to the trend in the specific
BET surface area, except for 15K-TiO,. Interestingly, the K-TiO,
rapidly and selectively adsorbed the cationic dye, MB. However,
no uptake of anionic and neutral dye molecules on the K-TiO, sur-
face was observed (Fig. S4(b) and (c) in the SI). Thus, this indicates
that the incorporation of K* ions into TiO, would make the surface
become significantly more negative. Fig. 4(a) shows the temporal
evolution of the absorption spectra during the photodegradation
of MB in aqueous 5K-TiO, suspension. It is clearly shown that
the MB molecules were gradually decomposed under AM 1.5 one-
sun illumination. Normally, the TiO,-based photocatalyst under
UV irradiation generates holes in the VB and electrons in the CB.
The photogenerated charge carriers initiate various oxidation and
reduction reactions on the photocatalyst surface and decompose
the MB molecules [29,30]. However, under sunlight irradiation,
photoexcitation of the MB molecules adsorbed on the photocat-
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Fig. 4. (a) Temporal evolution of UV-vis absorbance spectra of MB (55 mg/L) aque-
ous solution with 5K-TiO, suspension and (b) rate of photocatalytic degradation
over all the K-TiO, samples under AM 1.5 one-sun illumination.

alyst would occur because MB is an aromatic compound showing
maximum light absorption at around 670 nm. This allows for elec-
tron transfer from the excited MB molecules to the CB of the
photocatalyst or hole transfer from the photogenerated holes to the
VB of the photocatalyst, or both. The electrons participate to form
superoxide radicals ("0 ) and then hydroperoxyl radicals (*HO;),
whilst the holes react with water to produce a hydroxyl radical
(-OH). These radicals would attack the oxidized dyes, yield inter-
mediate products, and allow for complete mineralization of the MB
molecules containing carbon, nitrogen, and sulfur into the final oxi-
dation products (CO,, NO3, and 50‘21’ ). Removal of the adsorbed
dyes provides vacant adsorption sites for the MB molecules existing
in the solution. This series of processes is repeated under sun-
lightirradiation. Importantly, it is reasonable to postulate that prior
adsorption of the dyes on the photocatalyst surface is inevitable for
sunlight-driven photodegradation. Fig. 4(b) shows the photocat-
alytic degradation rate over all the K-TiO, samples under AM 1.5
one-sun illumination. 15K-TiO, shows the highest degradation rate
because it has the largest specific BET surface area among all the
samples. However, if the effect of surface area on the photodegrada-
tion is eliminated, 15K-TiO, would have the lowest photocatalytic
activity because of its poor crystallinity and excess K* incorporation
into TiO, lattices [28].
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Fig. 5. Photocatalytic degradation rate of MB, RB, and MO with (a) 5K-TiO, and (b)
P25.

Fig. 5 shows the photocatalytic degradation of MB, RB, and MO,
which are cationic, neutral, and anionic dyes, respectively. Intrigu-
ingly, the charge on the dye molecules plays a significant role in
their sunlight-driven photodegradation. The adsorption of the dye
molecules on the 5K-TiO, samples was monitored by UV-vis spec-
tra (Fig. S4). After stirring the solution for 90 min in the dark, 63.8%
of MB was adsorbed, whilst RB and MO were hardly adsorbed.
After 3 h of sunlight irradiation, 40.0% of MB and 10.0% of RB were
decomposed, whilst MO was hardly degraded. This indicates that
the K-TiO, photocatalyst would be effective in selectively removing
dye molecules in water due to the electrostatic attraction between
the positive charge on the MB molecules and the negative charge
on the K-TiO, surface. In Fig. 5(b), corresponding performance of
Degussa P25 is also given for comparison. After stirring in dark,
all dyes were never adsorbed on Degussa P25 (58.9m?/g). P25
was found to be favorable for decomposing MB and RB under AM
1.5 one-sun illumination. In addition, PL spectra were obtained
to investigate the relationship between PL attributes and pho-
tocatalytic activity of the photocatalysts (Fig. S5 in the SI). Both
emission spectra of P25 and 5K-TiO, are similar to those of solid
TiOg3~ complexes due to the charge-transfer transition from Ti3*
to oxygen anion and reflect the mixed characteristics of rutile and
anatase phases [31-33]. The PL intensity of P25 was higher that
of 5K-TiO,. The PL intensity is associated with the recombination
of the photo-generated electron-hole pairs and the shallow traps

on surface oxygen vacancies or defects [32,34]. If the PL emission
mainly results from the recombination of photo-induced charges,
the lower PLintensity indicates fewer recombination between elec-
trons and holes. However, the effect of the oxygen vacancies or
defects on the PL intensity cannot be neglected. Depending on
their abundance, the sites can become either a separation center or
a non-radiative recombination center of photo-induced electrons
and holes.

4. Conclusion

The K-doped TiO, nanotubular networks were prepared by the
corrosion reaction of the Ti nanoparticles in the KOH aqueous solu-
tion. Unique nanowire morphologies were obtained corresponding
concentration of the KOH solution. Low-crystalline TiO, structure
could be made at the surface as a result of wet-corrosion process
proven by XPS, Raman and XRD. Their sunlight-driven photocat-
alytic activity was also investigated with the differently charged
dye molecules, such as MB, RB and MO. The adsorption of the dye
molecules on the photocatalyst surface would be a vital role in their
selective photodegradation under AM 1.5 one-sun illumination.
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