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The present study is a part of continuing research efforts devoted to modifying nano titania by tailoring its
structure for enhanced photocatalytic performances. The study concerns suspension plasma spray fabrication of
black titanium dioxide coatings with porous microstructures and high photocatalytic activity. The black titania
showed composite structure comprising anatase, rutile, metastable brookite, and Ti,O3 with markedly narrowed
band gap of 2.71 eV. Further TEM characterization revealed that formation of the black titania was associated

with grain growth and with tremendous lattice disorders, which are predominately responsible for visible light
absorption. Examination of photocatalytic performances of the black titania coatings showed enhanced ab-
sorption and degradation of methylene blue under visible light, giving inspiring insights into surface coating
construction of black titania for photocatalytic applications.

1. Introduction

A lot of pollutants existing in wastewater and air, for instance nu-
trients, organic matter and toxic metal ions produced from industries
and daily life, introduced detrimental effects into the aquatic and air
system due to their intensive colors and persistent toxicity [1-4]. Var-
ious methods have therefore been developed to tackle the pollution
problems. Conventional treatment routes are usually based on biolo-
gical and physical strategies, which in most cases brought about other
concerns like generation of toxic secondary pollutants [5,6]. Extensive
worldwide research efforts have therefore been devoted to developing
new techniques, among which advanced oxidation processes (AOPs)
were successful in eliminating organic compounds, pathogens and dis-
infection by-products by in situ generation of highly reactive transitory
species and subsequent reactions [7-9]. As one of AOPs, heterogeneous
photocatalysis employing semiconductor catalysts has been regarded as
one of the most promising methods for its outstanding oxidative power
and stability [10]. TiO, has drawn substantial attention as a semi-
conductor catalyst for cost efficiency, excellent thermal stability and
mechanical properties [11]. It is noted, however, that the overall solar-
driven photocatalytic efficiency of TiO, is predominately limited by its
wide band gap working under UV illumination, which only accounts for
~5% in solar spectrum [9]. In addition, traditional techniques for
fabricating bulk TiO, catalyst usually involve slurry processing,
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consequently causing other undesired issues when the catalyst was se-
parated from the mixture.

Many attempts in modifying the structure of nano titania, e.g. metal
and non-metal doping [9], co-deposition of metals [12], and mixing of
two semiconductors [13], have been made to accomplish visible light
photo-response. Recently, it was realized that black titania has much
better photocatalytic performances than other structures of titania, and
several approaches have been explored to fabricate black titania [14].
Hydrogen thermal treatment with 20.0-bar pure H, atmosphere at
200°C for 5 days was claimed successful in transforming white TiO,
nanoparticles to black TiO, [15]. Hydrogen plasma treatment [16] and
chemical reduction processing with the participation of aluminum [17],
zinc [18], imidazole [19], NaBH, [20], and CaH, [21] were also re-
ported for preparing black titania. Regardless of the extensive efforts
made in recent years in making black titania, for example chemical
oxidation [22], electrochemical reduction [23] and anodization-an-
nealing [24], fabrication of black titania in the form of coating yet
keeps elusive.

As a versatile surface coating technique, plasma spray is competitive
in large-scale construction of nanostructured coatings [25-27]. In
particular, liquid plasma spray has shown great promises in fabricating
functional coatings using nanoparticles as starting feedstock [28].
Construction of nano titania coatings has been successful by suspension
flame spray [29] and suspension plasma spray [30,31]. The structures
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Fig. 1. Digital photos and topographical morphology of the white TiO, coating (A) and the black TiO, coating (B). (-3 is enlarged view of selected area in -2).
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Fig. 2. FTIR spectra of the samples.

with porous zones containing fine nanometric and submicrometric
grains were reported for the coatings [31]. During the spraying, liquid
droplets usually facilitate acceleration of nanoparticles for subsequent
impact coating formation, and evaporation of liquid alleviates effec-
tively phase transformation of the nanomaterials at elevated tempera-
tures [30]. In this work, suspension plasma spray was employed for
making black TiO, coatings with controllable crystal phases through
optimizing the spray parameters. Microstructural evolution of titania
during the coating deposition and photocatalytic performances of the
coatings were examined and elucidated.

2. Materials and methods

The suspension used for the coating deposition was prepared by

dispersing 10 g Degussa TiO, (25 nm in diameter, Evonik Degussa P25,
99.5%) in 200 ml 50% ethanol solution after 3 g polyvinylpyrrolidone
(PVP) and 0.5 g polyethylene glycol (PEG) were added. The mixing was
carried out for 1h under ultra-sonication and constant mechanical
stirring. Coating deposition using the suspension was made using the
APS-2000K plasma spray system (Beijing Aeronautical Manufacturing
Technology Research Institute, China). During the spraying, the sus-
pensions were fed into plasma torch through a home-made peristaltic
pump equipped with a magnetic stirrer, and the flow rate was 90 ml/
min. The spray distance was 80 mm, and the flow rate of Ar and H, was
15 ml/min and 1.8 ml/min, respectively. To attain the desired structure
of the titania coatings, plasma spray power and gun moving speed were
optimized and the robot-controlled moving speed was set within the
range of 333-833 m/min. Sand-blasted 316 L stainless plates with the
dimension of 20 mm x 20 mm x 2 mm were used as the substrates.

Microstructure of the coatings was characterized by field emission
scanning electron microscopy (FESEM, FEI Quanta FEG250, the
Netherlands). Chemical composition of the samples was further ex-
amined by Fourier transform infrared spectroscopy (FTIR, Nicolet 6700,
Thermo Fisher Scientific, USA) with a resolution of 8 cm ! and a scan
number of 4 at the spectral region ranging from 400 to 3600 cm ™.
Phase composition of the samples was detected by X-ray diffraction
(XRD, Bruker AXS, Germany) at a scanning rate of 0.1°/s using Cu Ka
radiation operated at 40kV. UV-Visible diffuse reflectance spectra
(UV-Vis DRS) of the coatings were recorded in the range of
200-800nm with BaSO, being used as the reflectance reference.
Further microstructure characterization was made using high resolution
transmission electron microscopy (HRTEM, FEI Tecnai F20, the
Netherlands). For the TEM sample preparation, the coatings were
scrapped from substrates and then ultrasonic dispersion was carried out
for 3 min. The suspension was then transferred onto copper micro-grids
and the solvent evaporation was achieved with the aid of an infrared
light.

Assessment of photocatalytic activity of the coatings was carried out
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Fig. 3. XRD curves (A) of (i) the 316L substrate, (ii) the pristine P25 powder, (iii) the white TiO, coating (spray power of 30 kW and nozzle moving speed of 500 mm/
s), and (iv-vii) the black TiO, coatings (iv: spray power of 30 kW and nozzle moving speed of 250 mm/s, v: spray power of 35kW and nozzle moving speed of
250 mmy/s, vi: spray power of 30 kW and nozzle moving speed of 200 mm/s, and vii: spray power of 36 kW and nozzle moving speed of 200 mm/s). Peak shifting is
clearly seen from the spectra with 2theta ranges of 24.5-28.5° (B) and 47.75-52.75° (C).
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Fig. 4. TEM imaging analyses of the coatings, A-1: TEM image of the white TiO, coating, B-1: TEM image of the black TiO, coating, A-2: SAD pattern of the white
TiO, coating, B-2: SAD pattern of the black TiO, coating, A-3: HRTEM micrograph of the white TiO, coating, B-3: HRTEM micrograph of the black TiO, coating.

by measuring the degradation of methyle blue (MB, Aladdin Reagent
Corp., China) under both UV light (Philips, TL-D, 15 W) and Xe lamp
(GXZ500). For the testing, the coating sample was immersed in a
double-walled beaker which was positioned 15 cm below the lamp and
was equipped with controllable circulating cooling water to eliminate
thermal effect. After 15 ml MB solution (5 ppm) was added, the solution
was magnetically stirred continuously. The whole testing system was
subject to dark for 1h to achieve a dye adsorption/desorption equili-
brium prior to photo-irradiation. At every illumination interval, 1h in
this case, 0.5 ml suspension was taken out to determine the variation of
MB concentration using a UV-vis spectrophotometer (MAPADA, UV-
3300 spectrophotometer) by measuring the adsorption intensity at the
absorbance wavelength of 664 nm.
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3. Results and discussion

Optimization of operational spray parameters resulted in two dis-
tinguished colors of the coatings, white and black (Fig. 1). From the
topographical views, it seems clear that both the coatings exhibited
porous microstructure, which could be well explained by sudden de-
composition of PVP in the spraying process. Once the atomized sus-
pension was fed into the high temperature plasma torch, the decom-
position usually resulted in formation of steam and gases. Release of the
gases from the splats upon impingement on the substrate/pre-coating
would easily result in formation of pores in the coatings, and these
phenomena were already elucidated by Pravdic and Gani [32]. Higher
plasma spray power would cause intensified expansion of the gases,
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Fig. 5. Spectral absorbance (A) and Tauc plot (B) of the coatings.

which might explain the much larger pores seen from the topographical
morphologies of the black coating than the white coating (Fig. 1B-3 vs.
A-3). The black coating showed the open-pore sizes of up to 20 um,
while the white coating exhibited the pore sizes of less than 15 pm. This
would in turn reflect different photocatalytic activity. Decomposition of
PVP was further analyzed by FTIR (Fig. 2). The broad peak located at
3400 cm ™ is attributed to water adsorbed on PVP surface and the
carbonyl on pyrrolyl ring stretching vibration [33]. The peaks located
at 2924-2843cm ™', 1671cm ™', 1462cm ™' and 1286cm ™' are as-
signed to C-H stretching vibrations, C= = O stretching, -CH,- stretching
vibration, and C-N stretching vibration of PVP molecules, respectively
[34-36]. The white TiO, coating showed the typical IR peaks referring
to PVP at 2889cm ™', 1671 cm ™", 1462 cm™" and 1286 cm ™. These
peaks suggest residual PVP in the white coating. The IR curve of the
black coating showed much less content of PVP, only a shoulder peak at
1900-1260 cm ~ ! is seen. Besides, the black coating showed the broad
band located at 700-1000 cm ~?, referring to Ti-O and Ti-O-Ti skeletal
frequency region [34]. These information is consistent with the spray
parameters used for the coating deposition that the black coating was
made using higher spray power. Disappearance by decomposition of
PVP facilitates pore formation during the coating formation stage,
which has already been seen in the SEM images.

In this study, the key plasma spray parameters were optimized
predominately by examining by XRD the phases of the as-sprayed
coatings. It was noted that the spray power plays the key role in reg-
ulating the phase transformation of titania during coating formation
stage (Fig. 3). Due to the small thickness of the coatings (less than
20 pm), the steel substrate was also detected. Anatase remained as the
main phase in the white TiO, coating fabricated with the power of
30 kW and the gun moving speed of 500 mm/s (Fig. 3A-iii) and in the
black TiO, coating fabricated with 30 kW power and the gun moving
speed of 250 mm/s (Fig. 3A-iv). This is not surprising since liquid
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evaporation occurred during the spraying could prevent the phase
transformation of titania. The Magnelli phases that are usually seen in
plasma sprayed titania coatings were hardly detected in this case. It is
clear that increase in spray power or decrease in gun moving speed
gives rise to decreased ratio of anatase to rutile, suggesting enhanced
structure transformation of anatase to rutile. It is realized that as the
power was higher than 30 kW or the gun moving speed was lowered
down to less than 250 mm/s, the color of the coatings changed from
white to black, indicating the presence of rutile (Fig. 3A-iii-vii). It
should be noted that catalytic performance of anatase is more re-
markable than that of rutile [37,38]. For this reason, developing the
techniques for constructing photocatalytic titatia coatings must take
into account significant existence of anatase phase. In this case, apart
from the white coating, the black TiO, coating also showed the XRD
peaks for anatase structure (Fig. 3). However, it is surprisingly noted
that compared to the white coating, the black coating showed shifting
of the peaks for anatase, 25.5-24.5° (Fig. 3B) and 48.2-48.1° (Fig. 3C),
and peak shift was also seen for rutile phase (from 28.5° to 27.5°,
Fig. 3B). As the reference peaks, those detected from the steel substrate
did not show any shifting (Fig. 3C). The peak shifting of titania was
believed to indicate presence of dissolved dopants lattice distortion
[39], which would ultimately influence the photocatalytic perfor-
mances.

Further TEM characterization revealed changes in lattice para-
meters of titania grains in the black coating (Fig. 4). The grains in the
coatings showed similar morphology as the pristine P25 powder
[40,41]. For both the coatings, close interconnection between adjacent
grains was clearly seen, indicating favorable cohesion of the nano-
particles in the coatings. Transformation from anatase to rutile is as-
sociated with enlarged grain sizes [39], which can be clearly recognized
from the TEM images in this study. The SAD patterns revealed the
features of crystalline titania with the planes of (220), (101), (200) and
(221) for rutile, (200), (112), (101), and (220) for anatase, and (111)
for metastable brookite. Surprisingly, in the black titania coating, a
more complex crystal phase with faint presence, Ti»O3 phase, was seen.
In addition, the SAD pattern detected from the black coating showed
apparently low angle grain boundary and moire fringes, which are
generated by misalign [42,43]. The large number of lattice disorders
would improve visible light absorption by bringing about band tail
states and merging with the valance band. These states tend to become
the center to guide optical excitation and relaxation. In addition, an-
other advantage of the disorders in the black titania coating is their
capability of potentially enhancing electron transfer and photocatalytic
activity by providing trapping sites for photogenerated carriers and
balancing their recombination speed [15,39,44]. It is probably the first
time that the black titania structure was fabricated by thermal spraying,
and the phase transformation of anatase (structure changes, grain
growth, lattice disorder, etc.) is apparently tailored by the key spray
variables.

Photocatalytic activity of the coatings was examined by acquiring
their UV-vis diffuse reflectance spectra (Fig. 5). The black TiO, coating
exhibited no difference in the absorption at UV-light region from the
white coating, and an enhanced light adsorption occurred at the wa-
velengths between 360 and 800 nm. This presumably suggests that the
black TiO, coating tends to absorb more visible light, showing much
higher catalytic activity than the white coating. To study the changes in
band gap of the coatings, Tacu plots were also acquired (Fig. 5b). As an
indirect band gap semiconductor, TiO, has the photon energy (hv) on
the abscissa and (ahv) 2 on the ordinate of the Tacu plot, where a is
the absorption coefficient of the semiconductor [45]. The band gaps are
2.71eV and 3.12eV for the black coating and the white coating, re-
spectively, and the values were estimated by extrapolating the linear
region to the abscissa, which was already proven reliable [46]. The
results suggest greater ability of the black coating than the white
coating to respond to the visible light wavelengths. The narrowed band
gap, introduction of mid-gap states and improvement in charge carrier
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Fig. 6. Photocatalytic degradation of MB under UV light (A) and Xe lamp (B) irradiation, and linear transform In (C,/C) of the kinetic curves of MB degradation under

the UV light (C) and Xe lamp (D) irradiation.

recombination induced by surface disorder of black titania could result
in enhanced absorption in the visible light and near-infrared region
[47,48]. In this case, the enhanced light response of the black titania
coating is obviously attributed to the large amount of surface disorders
that exist in the coating.

Photocatalytic activity of the coatings was further measured by
degrading the dye MB under UV light and visible light irradiation
sources (Fig. 6, C; refers to the original concentration of MB in the
solution). Due to strong absorption at the wavelengths shorter than
400 nm, the decolorization efficiency of MB under UV light is around
~91% for the black coating, ~ 18% more than that achieved by the
white coating (Fig. 6A). As a comparison, MB degradation by the
coatings and the substrate alone was also examined under Xe lamp il-
lumination, which can produce visible wavelength light (Fig. 6B).
Strikingly, MB degradation of ~89% under the visible light was
achieved for the black TiO, coating, showing superior catalytic activity
to the white coating and the substrate. Kinetics of photocatalytic de-
gradation of low concentration organic pollutants by TiO» has been well
established and can be described by Langmuir-Hinshelwood first-order
kinetic model: In (%):kapp X t, where C, is the concentration of the
dye after darkness adsorption, C is the concentration of the dye mea-
sured at the time point t, and kg, refers to the apparent rate constant
[49]. The relationship between illumination time and degradation rate
of the dye under UV and visible light illumination was plotted (Fig. 5C,
D). The UV photocatalytic testing showed the apparent rate constant k
of 0.00056 min "', 0.00259 min~" and 0.004856 min "' for the sub-
strate, the white TiO, coating and the black coating, respectively. In
addition, the apparent rate constant k of the control group, the white
and the black samples examined under Xe lamp is 0.000204 min~?,
0.001021 min~! and 0.004591 min %, respectively. It is therefore clear
that the black titania coating possesses significantly enhanced
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photocatalytic performances in particular under the visible light irra-
diation, which in turn gives insight into the appropriateness of plasma
spray processing route for making structure disorders in titania for
promoted photocatalytic activities.

4. Conclusions

Nanostructured titania coatings were fabricated by suspension
plasma spraying, and the black TiO, structure was fabricated for the
first time in titania coatings. The high temperature spray processing
triggered partial structure transformations of anatase to rutile, brookite,
and remarkable lattice disorders of anatase. The exceptional structure
of the black titania coating gave rise to significantly enhanced photo-
catalytic activity under both UV and visible light irradiation, and the
improvement in degrading MB under visible light irradiation is re-
markable for the black coating. The results shed light on the efficient
fabrication of photocatalytic titania coatings with tunable novel struc-
tures for enhanced performances.
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