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Black titania spheres (H-TiO,_,) were synthesized via a simple active TiO, visible-light photocatalysts through defect
green method assisted by water plasma at low temperature , engineering have progressed rapidly.'®*° Although numerous
and atmospheric pressure. The in situ production of highly
energetic hydroxyl and hydrogen species from water plasma
10 are the prominent factors for the oxidation and
hydrogenation reactions during the formation of H-TiO,_,,
respectively. The visible-light photocatalytic activity toward by thermal treatment under hydrogen or oxygen-depleted
dye degradation of H-TiO,_, can be attributed to the conditions, chemical vapor deposition, and high-energy particle
synergistic effect of large surface area, visible-light bombardment (e.g., electron, argon, and hydrogen plasma).'”
is absorption, and existence of oxygen vacancies and Ti’" sites. These methods inevitably involve high processing temperatures

(> 500 °C), a vacuum system, long processing times, and multi-

research efforts have been devoted to this exciting field, the
method for synthesizing H-TiO, , has mostly relied on the
reduction of pristine stoichiometric TiO, (reducing Ti*" to Ti*")
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Titania (TiO;) has long been regarded as one of the most step processes, which are major barriers for practical

promising photocatlysts for the global-environmental cleaning ¢ implementation. Therefore, it is very challenging and desirable to

and production of hydrogen by utilizing solar radiation, owing to draw up new prospects for the synthesis of H-TiO,
-
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its long-term stability, inexpensiveness, availability, and non- Herein, we have developed a simple green method assisted by

.. . . 1
toxicity toward both human beings and the environment. water plasma for the synthesis of H-TiO,_, at low temperature

However, TiO, photocatalyst is virtually inactive within the and atmospheric pressure. Plasma generated inside liquid water is

visible-light region (about 43% of solar radiation) due to its wide an intriguing source and an energetically challenging reaction for
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band gap, typically ~3.2 eV for anatase and ~3.0 eV for rutile.” A the in situ production of highly reactive species, radicals, atoms,

25 massive recombination of photogenerated electron-hole pairs is and ions due to the low dissociation energy of water.® In brief,

also one of the undesirable phenomenon that substantially the plasma was generated in liquid water between a pair of

diminishes the photocatalytic efficiency of TiO,.> To address metallic Ti electrodes by applying microsecond bipolar high-

these particular issues, considerable recent research effort of TiO, voltage pulses with high frequency (Fig. S1t and S2). The

-
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photocatalysts has been intensively conducted on the basis of optical emission spectrum clearly shows the emission peaks
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three strategies: i) extending the excitation wavelength toward the attributed to Ti I (neutral), Ti II (single-charged ions), hydrogen,

visible-light - region, if) inhibiting the recombination  of hydroxyl radicals, and atomic oxygen (Fig. 1). The generation of

photogenerated electron-hole pairs by enhancing charge hydroxyl radicals is very important for the oxidation process due

separation, and iii) increasing the surface area and quantity of s to its highest oxidation potential in comparison with other

. . 4-16 . .
active sites. So far, these strategies have been achieved by oxidative species.’’ In addition, highly kinetic energy and fast

3
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modifying TiO, through several rational designs and engineering diffusion of H atoms play essential role in the hydrogenation

approaches, such as doping non-metal atoms (e.g., N, B, S, and reaction.*” Once the water plasma was generated, the surfaces of

F),*” decorating the surface with noble-metal nanoparticles (e.g., Ti electrodes were predominantly bombarded with OH and O,

Au, Pt, Ag, and Pd).* ! and compositing with carbonaceous

1214 0 because the negative ion species were dominantly localized inside

substances (e.g., carbon nanotubes, graphene, and fullerenes). the plasma region,” resulting in the electrode surface oxidation.

40 Most recently, Chen et al. reported that hydrogenated black TiO, Subsequently, the continuous bombardment by highly energetic

(H-TiO,.,) revealed outstanding photocatalytic activity for the atomic and molecular species from the water plasma could create

degradation of organic dye pollutants and the production of a number of local hot spots on the oxidized electrode surface due

e . . . 17
hydrogen from water splitting under solar irradiation.” The to the Joule heating effect. The molten particles came off the
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. . 3+ .
existence of oxygen vacancies and Ti™" sites has been proven as a electrode surface and then formed a spherical shape due to the

s key role in significantly enhancing visible-light photocatalytic effect of surface tension. We hypothesize that the molten particles

activity of H-TiO,. This finding has presented the most were readily re-oxidized in the plasma phase and subsequently

important breakthrough in the TiO, photocatalysis research hydrogenated at/near the plasma-liquid interface before ejecting

community. Thenceforth, the research and development on highly to the liquid phase. A dramatic quenching of the molten particles

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



Physical Chemistry Chemical Physics

@

wydrogenatio,,

Water plasma

Oxidation

X
o
{=]
[=]
®
o
[=]
[<]
(3

@ Plasma phase
@) Liquid phase
() Plasmalliquid interface

< Hydrogenatio®
Quenching

of

Black titania A
spheres

- ".t'.c.
’.. .'.

3
c
©
0
©
°

Till 322 nm
Till 334 nm

Ti Il 376 nm
Til498 nm

Til405 nm
Ti1416 nm

OH 310 nm
Ti1428 nm
Ti 1452 nm

H}KABG nm
Til519 nm
Ti 1550 nm
Ti 1564 nm
Til 596 nm
Ti 1625 nm
01778 nm

01716 nm

300 400 500 600 700 800

Wavelength (nm)
& J

Fig. 1. The proposed formation mechanism of H-TiO,_, spheres assisted
by water plasma and the corresponding optical emission spectrum of
water plasma generated through Ti electrodes.

5
in the liquid phase resulted in the freeze of metastable defects and
disordered surface. The proposed formation mechanism of H-
TiO,_, spheres is depicted in Fig. 1. The morphological feature,
structural properties, chemical bonding state, and visible-light
10 photocatalytic activity of H-TiO,_, spheres were investigated and
discussed. Commercial TiO, (Aeroxide P25) was concurrently
investigated as a benchmark for comparison throughout this
study.
Diffuse reflectance spectra of P25 and H-TiO,_, are shown in
15 Fig. 2. As expected, the P25 shows a sharp absorption edge at a
wavelength of 370 nm. In contrast, the H-TiO, , possesses a
strong and broad absorption in the visible-light range throughout
the near-infrared regions, while its absorption edge occurs at a
longer wavelength of 440 nm. The band gap of H-TiO,,
20 estimated from the Tauc plot is approximately 2.18 eV, which is
much narrower than that of P25 (ca. 3.02 eV) (Fig. S37). This
result suggests that the H-TiO,_, is more active in the visible-light
and infrared regions with a narrower intrinsic band gap compared
to those of P25. The visible-light absorption and the black color
2s of H-TiO,_, are attributed to the existence of oxygen vacancies
and Ti*" sites.??* The black color of H-TiO, . was nearly
unchanged for several months under ambient conditions,
confirming the stability of defects in H-TiO,._,.
The scanning electron microscopy (SEM) and bright-field
30 transmission electron microscopy (BF-TEM) images of H-TiO,_,
are displayed in Fig. 3a and 3b, respectively. The H-TiO,_,
particles have a perfect spherical shape with a broad size
distribution ranging from several-hundred nanometers to a few
micrometers (Fig. S47). High-resolution TEM images were also
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Fig. 2 Diffuse reflectance spectra of P25 and H-TiO,-, (UV light: < 400

nm, visible light: 400-800 nm, infrared light: > 800 nm). The spectrum of
solar radiation is displayed in the background for comparison. The inset
shows the color of P25 (white) and H-TiO,, (black).

40
investigated at the bulk and surface regions of H-TiO,_,. At the
bulk region, obvious lattice fringes corresponding to the (110)
plane of the rutile phase can be seen (Fig. 3c). On the contrary, a
disordered structure and amorphous phase are observed at the
4s surface of H-TiO,_, (Fig. 3d). This result suggests that the H-
TiO,_, exhibits good crystallinity in bulk with a disordered
surface. To gain an insight into the morphological feature of H-
TiO,_,, the specific surface area, pore volume, average pore
diameter, and pore-size distribution were evaluated using
so nitrogen adsorption-desorption isotherms (Fig. S5at). The
specific surface area of H-TiO,_, calculated using the Brunauer-
Emmett-Teller (BET) method is about 120 m’> g', which is
almost three times greater than that of P25 (43 m’ g 1. The larger
specific surface area of H-TiO,_, is most likely due to the rough
ss adsorbing surface and the overlapping of a broad range of particle

Disordered .
structure - |

Fig. 3 (a) SEM image and (b) bright-field TEM image of H-TiO,,.
HRTEM images of H-TiO,, at (c) bulk and (d) surface regions. The inset
60 in (b) shows the corresponding selected area electron diffraction pattern.
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Fig. 4 (a) XRD patterns of P25 and H-TiO,_,. The rutile (JCPDS No. 21-
1276), anatase (JCPDS No. 21-1272), and oxygen-deficient phases™ are
denoted as R, A, and OPD, respectively. (b) Raman spectra of P25 and H-
TiO,.. The inset shows the enlarged view of the main E, peak of P25 and
H-TiO,..

sizes.*® Therefore, the H-TiO,_, would have more sites accessible
for adsorption of the organic dyes in comparison with P25. The
pore volume, average pore diameter, and pore size distribution of
both P25 and H-TiO,_, were also determined using the Barrett-
Joyner-Halenda (BJH) method and shown in Fig. S5bt and Table
S1+.

X-ray diffraction (XRD) patterns of P25 and H-TiO,_, are
shown in Fig. 4a. The P25 reveals the diffraction peaks
corresponding to both anatase and rutile phases without other
phases. The XRD pattern of H-TiO,_, is composed of the mixture
of rutile, anatase, and oxygen-deficient phases (e.g., Ti;¢Oj
TisOy, and Ti;05).*’ The fraction of rutile phase is quite higher
than that of anatase in H-TiO,_,, which may be due to the high
temperature in the plasma region. It has been reported that the
anatase to rutile phase transformation in TiO, usually occurs at
temperatures of > 600 °C.*** A broadening of rutile and anatase
diffraction peaks of H-TiO,_, is possibly related to the existence
of oxygen vacancies, which result in disorder-induced lattice
strain and reduced crystallite size.>® Further structural information
was investigated using Raman spectroscopy (Fig. 4b). The
Raman spectrum of P25 clearly shows six Raman-active modes
of the anatase phase (3E, + 2B, + Alg).45 Comparing the Raman
spectra of P25 and H-TiO,_,, three different features can
evidently be observed. First, the Raman peaks of H-TiO,_, are
much broader than those of P25. Second, the Raman peaks of H-
TiO,_, occur at higher wavenumbers in comparison with those of
P25. These two features are evidence that oxygen vacancies (Ti**
sites) and/or structural disorder exist in the lattice structure of H-
TiO,_.>**"3 The third feature is the presence of additional peaks
(indicated as arrows in Fig. 4b), which are probably associated
with the rutile and oxygen-deficient phases in H-TiO,_.”"*

X-ray photoelectron spectroscopy (XPS) was employed to
elucidate the chemical bonding state and valence band maximum
(VBM) of P25 and H-TiO,_,. Apart from a very weak C 1s peak
(284.5 V) from carbon contamination, only the peaks related to
titanium and oxygen are observed from the XPS survey spectra of
P25 and H-TiO,_,, (Fig. S61). High-resolution XPS spectra Ti 2p
and O 1s spectra for both samples are shown in Fig. 5a and 5b,
respectively. As can be seen, the XPS Ti 2p spectrum of P25 is
only composed of two peaks centered at 458.6 and 464.2 eV,
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which correspond to Ti 2ps,, and Ti 2p,,, peaks of Ti*" in TiO,,
respectively. On the other hand, the XPS Ti 2p spectrum of H-
TiO,_, can be resolved into six peaks. In addition to the main
sharp peaks of Ti* in TiO, (458.5 and 464.2 ¢V), two shoulder
peaks at lower binding energies can also be detected on both Ti
2p; (457.2 and 456.2 eV) and Ti 2py), peaks (462.9 and 461.9
eV), which are associated with the presence of Ti'" and Ti**
species (Fig. 5a and Table S2t).***> The (Ti*'+Ti*")/Ti*" ratios
calculated from the corresponding XPS Ti 2p peak areas of H-
TiO,_, is found to be approximately 43%. The XPS O 1s spectra
can be deconvoluted into three and four peaks for P25 and H-
TiO,_,, respectively (Fig. 5b). The main peak at 529.8 eV is
assigned to the lattice oxygen in TiO, (Ti**~0), while the peak at
a lower energy of 528.3 eV is associated with oxygen bonded to
Ti*" species (Ti*'~0).*** Two further peaks at higher binding
energies of 531.1 and 532.2 eV are attributed to oxygen vacancies
of TiO, (Ti**~0) and the presence of adsorbed oxygen or surface
hydroxyl species, respectively.**™® The detailed deconvolutions
of XPS Ti 2p and O 1s spectra are summarized in Table S2+. This
result indicates that the surface of H-TiO, , contains more
oxygen vacancies and Ti>" species than that of P25. Furthermore,
the valence band maximum (VBM) was determined by linear
extrapolation of the peak to the baselines of the valence band
XPS spectra (Fig. 5c). The VBM of P25 shows a band edge
position at 2.04 eV below the Fermi energy, while that of H-
TiO,_, occurs at a binding energy close to the Fermi energy (0.83
eV) owing to the formation of a band tail above the VBM. The
presence of a band tail state above the VBM of H-TiO,  is
similar to several previous reports.'”**** Combined with the band
gap estimated from the Tauc plot, the conduction band maximum
(CBM) of P25 and H-TiO,_, should occur at approximately —0.98
and —1.35 eV, respectively. From a calculation of the energy band
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Fig. 5 High-resolution XPS spectra and peak deconvolutions of (a) Ti 2p
and (b) O 1s regions for P25 and H-TiO,_,. (¢) XPS valence band spectra
of P25 and H-TiO,-,. (d) Schematic diagram illustrating density of state
(DOS) of P25 and H-TiO,.,.
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Fig. 6 (a) The change in relative concentration of MB (C/C)) as a function
of irradiation times under visible-light irradiation (4 > 420 nm, 150 W
xenon lamp) in the absence and presence of P25 and H-TiO,-,. (b) UV-
visible absorption spectra of MB solution in the presence of H-TiO,, at
different irradiation times. (c) Recycling photocatalytic activity of H-
TiO,_, toward MB degradation under visible-light irradiation.

structure by density functional theory (DFT) in literatures, the
uplift of the VBM is likely due to the presence of structural
disorder at the surface of H-TiO, ,, while the localized states
below the CBM arise from oxygen vacancies or Ti** sites.'”****
The tailing effect on both the VBM and CBM of H-TiO,_, would
give rise to a substantial band gap narrowing (2.18 eV), thus
leading to the improvement of photoresponse in the visible-light
region. Based on the above results, the density of state (DOS) of
P25 and H-TiO,_, are schematically illustrated in Fig. 5d.

The photocatalytic activity of P25 and H-TiO,, was
evaluated using the degradation of methylene blue (MB) dye
solution (5 ppm) as a model reaction under visible-light
irradiation (4 > 420 nm, 150 W Xenon lamp). More detailed
information of the photocatalytic measurements is given in ESIf.
A change in the characteristic absorption peak of MB at 664 nm
was monitored at different irradiation times to determine the MB
degradation (Fig. S77). The relative concentrations of MB (C/C,,
where C and C, represent the concentration of MB during the
reaction time and the initial concentration of MB, respectively) in
the absence and presence of photocatalysts at different irradiation
times are shown in Fig. 6a. Almost no degradation of MB is
observed under visible-light irradiation in the absence of a
photocatalyst, indicating that the self-degradation of MB is
negligible. In dark conditions, about 51% of the MB molecules
are adsorbed on the surface of H-TiO,_,, while only 9% of the
MB molecules are absorbed on the surface of P25. The difference
in adsorption ability between P25 and H-TiO,_, is reasonably
well correlated with their surface area. Under visible-light
irradiation for 180 min, the MB is almost completely degraded in
the presence of H-TiO,_, (90%), whereas it is degraded only by

18% in the presence of P25. Due to the significant adsorption
40 ability of H-TiO,_, it is necessary to confirm that the MB dyes
are photodegraded rather than adsorbed on the H-TiO,_, surface.
The MB solution in the presence of H-TiO,_, can reach the
adsorption equilibrium at least 60 min and remain nearly
unchanged for 180 min under dark conditions (Fig. S87). This is
s evidence that the MB degradation in the presence of H-TiO,_,
irradiation mainly occurs due to the
than process.
Furthermore, the reaction kinetic analysis of MB degradation for
P25 and H-TiO,  was investigated (Fig. S97). It is found that the
so MB photodegradation of both P25 and H-TiO,_, is in agreement
with the pseudo-first-order kinetic reaction. The pseudo-first-
order rate constant of P25 and H-TiO,_, is calculated to be 5.95 x
10™* and 9.30 x 107> min™', respectively. This result indicates that
the H-TiO,_, exhibits higher visible-light photocatalytic activity
ss for the MB degradation than P25. To confirm the stability of H-
TiO,_,, the photocatalytic activity of H-TiO, , was carried out

under visible-light

photocatalytic reaction rather adsorption

multiple times. The recycling test reveals that the adsorption
ability of H-TiO,_, progressively decreases from 51% for the 1%
cycle to 43% for 4™ cycle (Fig. S7t), which may be due to the
60 loss of its surface activity during cycling. The pseudo-first-order
rate constant of H-TiO,_, is retained up to 7.24 x 107> min™" after
recycling four times (Fig. S10t), indicating that H-TiO,_,
possesses good stability and recyclability.
On the basis of the above results, we can conclude that the
superior photocatalytic activity of H-TiO,_, is mainly attributed

o
%

to the synergistic effect of several factors, which can be explained
as follows. The H-TiO,_, has a large surface area and accessible
mesopores, which offer more active sites for photocatalytic
reaction as well as favor mass exchange between MB molecules
70 and photocatalytic degradation products over the H-TiO,_,
surface. Due to a narrow band gap (2.18 eV) and visible-light
absorption of H-TiO,_,, the electrons in the valence band (VB)
can be excited to the conduction band (CB) under visible-light
irradiation, resulting in the generation of the holes in VB. The
75 photogenerated holes subsequently oxidize adsorbed water or
surface hydroxide anions (OH") to yield hydroxyl radicals (*OH).
On the other hand, the photogenerated electrons reduce the
dissolved oxygen, first forming superoxide anion radicals (*O,")
and then yielding hydroperoxy radical (HO,*) upon protonation,

%
=3

and finally *OH radicals. The formation of *OH radicals plays an
essential role in the decomposition of MB over the surface of H-
TiO,_, under visible-light irradiation. In addition, oxygen
vacancies and Ti"" sites existed on the surface of H-TiO,_, can
serve as electron and hole traps, respectively.?** These can thus
ss enhance the separation efficiency of photogenerated electron-hole
pairs or suppress charge recombination (extend the lifetime of the
charge carriers), leading to efficient visible-light photocatalytic
activity toward MB degradation. The schematic diagram of the
photodegradation of MB by H-TiO,, under visible-light
o irradiation is depicted in Fig. 7. Another important factor that
should be considered here is the crystalline phase of H-TiO,._,.
The correlation between the crystalline phase of H-TiO,_, and the
photocatalytic activity is quite complicated and still unclear at
present. However, we believe that an unusual phase mixture of

Page 4 of 6
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Fig. 7 Schematic diagram of the photodegradation of MB by H-TiO,-,
under visible-light irradiation.

different polymorphs in H-TiO,, (i.e., anatase, rutile, and
oxygen-deficient phases) under water plasma conditions may
result in an increased photocatalytic activity compared with the
pure phase.

In summary, a simple green method assisted by water plasma
has been developed for the synthesis of stable-black H-TiO,_,
spheres at low temperature and atmospheric pressure. The in situ
production of highly energetic OH and H species from water
plasma play the essential for the oxidation and
hydrogenation reactions of H-TiO,_,. The synergistic effects of
large accessible surface area, visible-light absorptions, and defect
sites (i.e., oxygen vacancies and Ti’" ions) can promote the
photocatalytic activity of H-TiO,_, toward MB degradation under
visible-light irradiation. We believe that this synthetic route can
be potentially extended to the design and synthesis of various-
defective metal-oxide particles for advanced photocatalysis and
energy storage/conversion applications.
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