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Biohazards and coexisted antibiotics are two groups of emerging contaminants presented in various
aquatic environments. They can pose serious threat to the ecosystem and human health. As a result,
inactivation of biohazards, degradation of antibiotics, and simultaneous removal of them are highly
desired. In this work, a novel photoanode with a hierarchical structured {001} facets exposed nano-size
single crystals (NSC) TiO; top layer and a perpendicularly aligned TiO; nanotube array (NTA) bottom layer
(NSC/NTA) was successfully fabricated. The morphology and facets of anatase TiO, nanoparticles covered
on the top of NTA layer could be controlled by adjusting precalcination temperature and heating rate as
the pure NTA was clamped with glasses. Appropriate recalcination can timely remove surface F from
{001} facets, and the photocatalytic activity of the resultant photoanode was subsequently activated.
NSC/NTA photoanode fabricated under 500 °C precalcination with 20 °C min~' followed by 550 °C
recalcination possessed highest photoelectrocatalytic efficiency to simultaneously remove bacteria and
antibiotics. Results suggest that two-step calcination is necessary for fabrication of high photocatalytic
activity NSC/NTA photoanode. The capability of simultaneous eradication of bacteria and antibiotics
shows great potential for development of a versatile approach to effectively purify various wastewaters
contaminated with complex pollutants.
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1. Introduction

Biohazards are a kind of emerging contaminants (ECs) pre-
sented in various aquatic environments (Dobrowsky et al., 2014;
Rizzo et al., 2013). These pathogenic microorganisms can cause
outbreaks of various waterborne diseases, thus posing serious
threat to the ecosystem and human health (de Man et al., 2014).
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Conventional water disinfection methods such as chlorination and
UV irradation have been frequently proved to possess many
drawbacks. For instance, the formation of toxic and potential
carcinogenic disinfection byproducts is the main drawbacks of
chlorine treatment (Acero et al., 2013). Chlorination and UV irra-
diation disinfection did not contribute to significant reduction of
antibiotic resistant genes and antibiotic resistant bacteria (Munir
et al., 2011). Besides, another group of ECs, antibiotics, often coex-
isted with biohazards in many wastewaters and even in drinking
water (Almeida et al., 2014). Current evidence suggests that the
widespread antibiotics have contributed to the propagation and
spread of antibiotics resistant microorganisms (Baquero et al.,
2008; Fletcher, 2015; Na et al.,, 2014), which compromise our
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ability to fight infections, and many common procedures carry
greater risks (Mather, 2014). Nevertheless, the removal of these
antibiotics is not so efficient using the conventional water treat-
ment technologies since they were not designed to remove these
ECs. Consequently, extensive efforts have been made to ensure the
safety of water and improve the quality of water through enhanced
treatment strategies and technologies to effectively remove mi-
crobial pathogens and coexisted antibiotics.

Semiconductor (especially nano-sizsed TiO;) photocatalysis has
been proved as one of the most promising new technologies to treat
wastewater containing a wide array of organic contaminants and
biohazards due to its superior photocatalytic oxidation ability, high
photocorrosion resistance, nontoxic and inexpensive properties
(An et al., 2015; Gao et al., 2012; Li et al. 2011, 2015; Marugan et al.,
2010; Sun et al., 2014). For anatase TiOo, single crystal anatase TiO;
with exposed {001} facets possesses higher photocatalytic activity
than other facets (Stefanov et al.,, 2016; Yang et al., 2008). In this
regard, extensive research has since been devoted to synthesize
TiO; crystals with exposed {001} facets. Yang et al. first successfully
synthesized {001} facets dominated anatase TiO, single crystals
using hydrofluoric acid (HF) as a capping and shape-controlling
agent (Yang et al., 2008). This pioneering work provides a prom-
ising application prospect, such as in solar cells, photocatalyst for
hydrogen production from water and degradation of organic pol-
lutants (Liu et al., 2010; Yang et al., 2011; Zhang et al., 2010).

However, in many conventional applications, TiO, was almost
exclusively carried out in particle suspension system, which is not
beneficial to the electron transport and the recycling of the used
photocatalysts. Conversely, the immobilization of nanoparticle TiO;
enables the application of electrochemical (photoelectrocatalytic
(PEC)) techniques to enhance the photoefficiency due to the
effectively suppressed photoelectron and hole recombination
(Zhao et al., 2004). Nevertheless, for PEC applications, the overall
performance is determined not only by the individual photocatalyst
particle performance but also the connectivity among particles
(Benkstein et al., 2003; Yu et al., 2009); and a poor connectivity
among TiO, particles increases electron transport resistance, in-
tensifies the recombination and hence reduces photocatalytic ef-
ficiency (Benkstein et al., 2003; Yu et al., 2009). Recently, highly
ordered TiO, nanotube array (NTA) directly synthesized by anod-
izing the Ti foil has attracted considerable attentions due to its
unique chemical and physical properties (Grimes et al., 2009;
Schmuki et al., 2011). Compared with a nanoparticulate film, such
a NTA can effectively improve the charge transport rate as well as
slow the recombination time of photoelectron and hole because of
its perpendicularly aligned nanotubular architecture (Paulose et al.,
2006; Zhu et al., 2007). Nevertheless, the PEC efficiency of such NTA
is determined by the cross-section areas of the nanotube walls
(Zhang et al., 2008), meaning that the hollow parts of nanotubes
occupy valuable surface area but are inactive.

In this regard, to overcome these drawbacks and utilize the
aforementioned advantages, that is, the high reactivity of {001}
facets exposed nano-size single crystals and superior electron
transport properties of NTA, fabrication of the composite photo-
catalysts with both components would be a possible way to
enhance the pollutants removal efficiency of TiO,-based photo-
catalyst. However, works about the TiO, NTA with exposed {001}
facets are quite limited so far. One paper just fabricated similar kind
of catalyst without any further application (Alivov and Fan, 2009),
and another paper synthesized similar kind of catalyst to photo-
catalytically degradation of ordinary organics (Liao et al., 2013). As
for PEC approach to remove pollutants, its application in bacterial
inactivation and antibiotics degradation is the least exploited with
only a few scattered reports (Butterfield et al., 1997; Cho et al., 2011;
Daghrir et al., 2013; Liu et al., 2012), and most of researches on the

PEC bacterial inactivation were previously carried out by our
research group (An et al., 2016; Li et al., 2013; Nie et al., 2014a; Sun
et al., 2016, Sun et al. 2014). Nevertheless, the PEC inactivation of
biohazards, degradation of antibiotics, and simultaneous removal
of them has not been previously attempted on this catalyst.

Herein, a novel TiO, based photoanode with a hierarchical
structured {001} facets exposed nano-size single crystals (NSC) top
layer and perpendicularly aligned nanotube array bottom layer
(NSC/NTA) was successfully synthesized using a facile anodization-
precalcination-recalcination approach. The effects of various pre-
pared parameters, including the calcination temperature and
heating rate, on the structure, morphology and photocatalytic ac-
tivity of the resultant composite photoanodes were systematically
investigated in detail. Escherichia coli and ciprofloxacin in water
were chosen as the model biohazards and antibiotics to evaluate
the PEC activity of prepared composite photoanodes.

2. Experimental section
2.1. Synthesis of the composite photoanode

In a typical process, highly oriented NTA was prepared by the
potentiostatic anodization method in a two-electrode electro-
chemical cell (Fig. S1) at room temperature (~22 °C) according to
our previous work (Nie et al., 2013). Rectangle Ti foil (1.5 x 10 cm,
99.6% purity, 0.16 mm thickness) was used as the substrate for NTA
fabrication. During the synthesis process, ultrasonically cleaned Ti
foil was used as an anode and same size Pt foil as cathode. The
distance of two electrodes was fixed at 2 cm. A mixture solution
containing 50 mL ethylene glycol, 0.5 M glacial HAc, 10 wt% H,0,
and 0.2 M NH4F was used as an electrolyte. Ti foils were pre-
anodized for 4 h at 30 V, and the produced films were cleaned by
sonication in deionized water for 30 min, then pre-anodized Ti foils
were further anodized at 30 V for 24 h.

The as-synthesized TiO, NTA films were washed with deionized
water, clamped with two pieces of glasses, and then calcined in a
muffle furnace at 300—550 °C for 2 h with a heating rate of
2—-30 °C min~! in air (precalcination), which was further calcined
for another 3 h at 500—650 °C with a heating rate of 2 °C min~!
after the removal of glasses (recalcination).

2.2. Characterizations

2.2.1. General characterizations

The crystal phase composition and crystallinity, surface mor-
phologies, as well as the elemental composition were characterized
and the detail procedures are provided in Supporting Information.

2.2.2. Photoeletrochemical characterizations

The photoelectrochemical characterizations were carried out
using a three-electrode system with a quartz window for UV illu-
mination (Nie et al., 2014b). The composite photoanode, a Pt foil,
and a saturated Ag/AgCl were employed as a working, counter
electrode, and reference electrode, respectively. A micro-
electrochemical system (1ECS) (USB2.0, PLAB, Changchun Institute
of Applied Chemistry, China) powered and controlled by a laptop
was used for the application of potential bias, the current signal
recording and data processing in photoelectrochemical experi-
ments. A UV-LED (NCCUO33 (T), Nichia Corporation) with a wave-
length of 365 nm and light intensity of 27 mW cm 2 was used as
light source, and 0.2 M NaNOs3 aqueous solution was used as
electrolyte.
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2.3. Photocatalytic activity test

2.3.1. Inactivation of bacteria

E. coli K-12 (The Coli Genetic Stock Center at Yale University,
USA) was chosen as the model bacterium to evaluate the inacti-
vation efficiency of the as-prepared samples. The PEC inactivation
of bacteria were conducted under constant applied potential
of +1.0 Vin a 50 mL quartz reactor in a three-electrode cell with the
composite photoanode, a Pt foil, and a saturated Ag/AgCl were
employed as a working, counter electrode, and reference electrode,
respectively. The bacteria were cultured in nutrient broth growth
medium at 37 °C for 16 h with shaking and then successively
washed with sterilized water via the centrifugation. The bacterial
cell concentration was adjusted to a final cell density of 107 colony-
forming units per mL (cfu mL™!) with 0.20 M NaNOs solution.
Before each experiment, the reactor was washed several times to
remove the residual organics which generated from decomposed
bacteria, and all glassware and samples were sterilized by auto-
claving at 120 °C for 15 min. The reaction temperature was kept at
approximately 25 °C and the reaction solution was stirred with a
magnetic stirrer throughout the experiment. For the PEC experi-
ment, a +1.0 V of constant applied potential and 27 mW cm 2 of
UV-LED array illumination were used. Photocatalytic (PC) and
electrolytic (EC) inactivation experiments were also conducted
under identical experimental conditions as PEC experiments,
except the electrochemical system was disconnected and the light
was switched off, respectively. In a typical inactivation experiment,
50 mL solution containing 107 cfu mL~! E. coli was added into
reactor. At different time intervals, approximately 1.5 mL inactiva-
tion solution was collected for further analysis of final bacterial
survivability by diluting with sterilized saline solution and
spreading 0.1 mL of the diluted sample uniformly on nutrient agar
plates (3 plate repeats per sample). The plates were incubated at
37 °C for 16 h, the colonies were enumerated, and the initial
number of bacteria was calculated. The E. coli inactivation data
displayed in this work were the average values obtained from ex-
periments replicated in triplicate.

During PEC inactivation process, field emission scanning elec-
tron microscope (FESEM) was used to observe the destruction
process of E. coli cells. The SEM sample preparation procedure was
similar to our previous work (Sun et al., 2014).

2.3.2. Degradation of antibiotics

Ciprofloxacin (>98% purity, Sigma—Aldrich), an antibiotic used
to treat a number of bacterial infections and has been detected in
different waters (Michael et al., 2013), was chosen as the model
antibiotics to evaluate degradation efficiency of the as-prepared
samples. The PEC, PC, and EC degradation of ciprofloxacin were
carried out in the identical reactor and conditions as bacterial
inactivation. The detailed degradation experiment procedures and
the analysis are provided in Supporting Information.

3. Results and discussion
3.1. Characterization

3.1.1. Morphological and phase compositional properties of
prepared photoanodes

A series of experiments was performed under different condi-
tions (precalcination temperature, heating rate, and recalcination
temperature) to understand the mechanism of the NSC/NTA pho-
toanodes formation. The detailed description of morphological and
phase compositional properties of NSC/NTA photoanodes as well as
the images are provided in Supporting Information and in
Figs. S2—S6. An optimized NSC/NTA photoanode was achieved as

follows: the optimized TiO, NTA was firstly synthesized using
potentiostatic anodization method (Nie et al., 2013); then the as-
synthesized TiO, NTA were clamped with two pieces of glasses,
and calcined in a muffle furnace at 500 °C for 2 h with a heating rate
of 20 °C min~! in air (precalcination) followed by recalcination at
550 °C with heating rate of 2 °C min~! for 3 h after the removal of
glasses.

As Fig. 1a shows, both characteristic peaks of anatase TiO; and
titanium were observed from the XRD pattern of optimized pho-
toanode. Specifically, peaks at 26 = 25.3°, 48.0°, and 54.0° were
attributed to the (101), (200), and (105) planes of anatase TiO,
respectively (An et al., 2008; Liu et al., 2009c; Nie et al., 2013), while
the peaks of Ti can also be indexed to 26 = 38.3° (002), 40.1° (101),
53.0° (102), 62.9° (110), 70.6° (103) and 76.2° (112) owing to the
Bragg reflection of Ti foil in the sample.

Fig. 1b and c shows the SEM images of the optimized synthesis
NSC/NTA photoanode. The highly ordered NTA layer (approxi-
mately 1.8 um height) was directly grown onto Ti foil, and nano-size
TiO, nanoparticle layer (approximately 1.2 pum thickness) fully
dispersed onto the NTA layer (Fig. 1b), suggesting that the opening
ends of partial TiO, nanotubes were transformed to nanoparticles
when some of HF molecules in the nanotubes were volatilized into
air at 500 °C calcination temperature under the semiclosed
circumstance (Alivov and Fan, 2009). The dispersed upper layer of
TiO, nanoparticles are cubic shape TiO, particles with average
diameter of ~500 nm (Fig. 1c), and the two flat and square mirror-
like surfaces can be ascribed to {001} facets of anatase TiO, crystal
according to reference (Liu et al., 2009b).

The NSC/NTA photoanode prepared under the optimized con-
dition was also characterized by transmission electron microscope
(TEM). For NTA at bottom layer (Fig. 1d), the corresponding
selected-area electron diffraction (SAED) pattern recorded from the
circled area (upper-left inset in Fig. 1d) indicated a best fit to
polycrystalline anatase (Zhang et al.,, 2011a). The corresponding
high-resolution TEM (HRTEM) image (lower-left inset in Fig. 1d)
showed that the lattice fringes spacing of 0.352 nm were assigned
to {101} planes of anatase TiO,. For the cube at top layer (Fig. 1e),
the corresponding SAED pattern recorded from the circled area
confirmed that the crystalline was single crystal with exposed
{001} facet, indicating that the NTA opening ends were transformed
from polycrystalline to single crystal. HRTEM image directly
showed that the lattice fringes spacing was 0.235 nm, corre-
sponding to {001} planes of anatase TiO, (An et al., 2012). That is,
TiO, photoanode with a hierarchical structured {001} facets
exposed nano-size single crystals top layer and a perpendicularly
aligned NTA bottom layer was successfully fabricated.

The morphology and composition of photoanode could be
controlled by adjusting precalcination temperature and heating
rate (Figs. S3 and S4). According to reference (Nie et al., 2013), the
formation of NTA photoanodes by electrochemical anodization of
pure Ti was due to that HF served as a pore opening reagent. The
consumed HF can be supplemented by the combination of F~ and
H* generated from the dissociation of F source and acid, and HF
concentration is maintained at constant levels in the electrolyte. In
this study, during the precalcination process, the residual HF
vaporized and moved to the opening ends of NTA directly facing the
glass, where highly concentrated HF was obtained as the glass
covered on the NTA film. Whereas, the NTA on the other side of the
sample still aligned on Ti foil retained its nanotube array
morphology. With further progress of precalcination, the opening
ends of NTA shrank and collapsed due to that the HF adsorbed NTA
surface was not energetically favorable at high temperatures.
Simultaneously, the dissociative adsorption of HF dramatically
reduced the surface energy of {001} facets, which facilitated the
{001} facets growth. This resulted in the conversion of top TiO;
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Fig. 1. (a) XRD pattern; (b) cross-sectional structure SEM image; (c) surface morphology SEM image; (d) cross section of TiO, nanotubes TEM image; (e) individual nanoparticles
TEM image; and (f) XPS spectra of the composite photoanode precalcined at 500 °C with heating rate of 20 °C min~" followed by 550 °C recalcination with heating rate of 2 °C min~!

for another 3 h (A: Anatase; T: Titanium).

from tubular shape to cube, and the dominant crystal facet was
accordingly transformed from {101} to {001} facets based on pre-
vious report (Zhang et al., 2011b). As such, the cubic TiO; particles
with exposed single-crystal {001} facets could be obtained after the
densification and rearrangement of TiO, crystal. As known, the
synthesized anatase TiO5 is often dominated by {101} facets due to
its low surface energy (0.44 ] m~2) because the {001} facets with a
higher surface energy (0.90 ] m~2) can be rapidly diminished dur-
ing the crystal growth (Yang et al., 2008). Therefore, to guarantee
the transformation of {101} facets to {001} facets, and to stabilize
higher surface energy {001} facets, sufficient HF at the opening
ends of NTA directly facing the glass was a prerequisite (Alivov and
Fan, 2009), which could be controlled by adding HAc during
anodization, optimum precalcination temperature and heating
rate.

More importantly, the recalcination temperature could also
affect the morphology and composition of the photoanode. Fig. S5
shows SEM images of the photoanodes (after removal of glasses)
recalcined at different temperatures with heating rate of 2 °C min !
after precalcination at 500 °C with 20 °C min~! heating rates. The
description of morphology change of the photoanodes under
various recalcination temperatures is provided in the Supporting
Information. It can be found that the optimized recalcination
temperature was 550 °C, which resulted in the formation of high-
quality anatase TiO; cubic particles with mirror-like plane {001}
facets. However, higher temperature (e.g. 650 °C) would lead to a
seriously erosion of {001} facets (Fig. S5) with the transformation of
anatase to rutile (Fig. S2). As reported, the anatase-to-rutile phase
transformation prefer to occurring at higher temperatures (Jarosz
et al,, 2015). The eroded {001} facets were due to the HF etching/

dissolution effect at high recalcination temperature (Zhang et al.,
2011a). In addition, high recalcination temperature would lead to
the break of surface Ti—F bond and subsequent to the volatilization
of F (Liu et al., 2009a). This is because the surface F species played
an important roles in the formation of high energy facets (Lai et al.,
2012). Comparatively, the surface lattice F species was slowly
removed at lower recalcination temperature, which will not lead to
the destruction of {001} facets.

To clarify this issue, the presence of F element on the prepared
photoanode was also characterized by X-ray photoelectron spec-
troscopy (XPS). As known, the centroid of F1s peak at 684.4 eV in
samples corresponds to the typical value for surface Ti—F species
(Gordon et al., 2012; Liao et al., 2013), but it almost could not be
found under the optimized condition (Fig. 1f). This suggests that
there is no or very limited surface Ti—F species existed under this
condition. Nevertheless, high characteristic peak of F element was
clearly observed for the photoanodes prepared without recalcina-
tion or recalcination temperature below 550 °C (Fig. S6), indicating
the existence of F element on the photoanode surface. This is due to
that, covered by two pieces of glasses, too much of F was concen-
trated in the semiclosed environment, and subsequently formed
Ti—F species on the photoanode surface during the first run calci-
nation process. This further proved that the existence of Ti—F
bonding can greatly reduce the surface free energy of high energy
{001} facets of anatase TiO;, leading to the formation of single
crystal with exposed {001} facets. Further, after removal of glasses,
too low recalcination temperature still could not remove surface
Ti—F species, but high recalcination temperature (>550 °C) led to
the break of surface Ti—F bond and subsequently to the volatiliza-
tion of F (Liu et al., 2009a).
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Based on the above results, a possible growth mechanism of the
TiOy-based NSC/NTA photoanode can be proposed (Fig. 2). First,
highly ordered TiO, NTA was synthesized using an anodizing
method from Ti foil as reported in our previous work (Nie et al.,
2013). Second, after clamped with two pieces of glasses, the
opening ends of TiO, NTA directly contacted with the glass trans-
formed from anatase into {001} facets exposed nano-size single
crystals TiO, by volatilized HF molecules during precalcination.
This is due to that there exists some residual electrolyte (mixture of
ethylene glycol, HAc, and NH4F) in the nanotubes, two pieces of
glasses can build a semi-closed circumstance to block the rapid
evaporation of residual electrolyte during precalcination (Alivov
and Fan, 2009), and the concentrated HF was obtained. The disso-
ciative adsorption of HF at the opening ends of TiO, NTA dramati-
cally reduced surface energy of {001} facets, which facilitated the
{001} facets growth. Finally, after remove the covered glasses,
appropriate recalcination can completely drive out the electrolyte
residuals and effectively remove surface F element from {001}
facets to improve photocatalytic activity of the resultant
photoanode.

3.1.2. Photoeletrochemical analysis

The transient photocurrent density-time responses of resultant
photoanodes were also analyzed. As Fig. S7 shows, except pure NTA
and photoanode recalcined at 650 °C, the highest steady-state
photocurrent density was obtained by the photoanode pre-
calcined at 500 °C with heating rate of 20 °C min~! followed by
recalcined at 550 °C. The significantly high photocurrent density
indicates efficient separation of photogenerated electrons and
holes, and then high photocatalytic activity. However, lower
photocurrent density was observed for the photoanodes pre-
calcined below (or over) 500 °C. The reason might be the partially
dispersed TiO, nanoparticle layer onto the NTA layer (or obtained
film easily peeling off from Ti substrate), leading to poor connec-
tivity among TiO, particles (or hinder of the charge transport to
substrate) and hence reduced photocatalytic efficiency (Benkstein
et al,, 2003; Yu et al, 2009). It is worth noting that the steady-
state photocurrent density of pure NTA calcined without glass
coverage was extremely high, which is due to that directly grown
perpendicularly aligned nanotube arrays onto the conducting
substrate can facilitate electron transport and will increase photo-
efficiency (Zhang et al., 2008). In addition, although the obtained
film can easily peel off from Ti substrate, high photocurrent density
was also achieved for the photoanode recalcined at 650 °C, which is

due to high content of rutile in this photoanode. The bandgap en-
ergy of rutile TiO, (3.0 eV) is slightly lower than that of anatase TiO;
(3.2 eV), resulting in higher photocurrent. Similar results were also
reported previously (Yu and Wang, 2010).

3.2. Inactivation of E. coli

Fig. S8 shows the direct photolysis, EC, PC and PEC inactivation
of E. coli by the composite photoanode obtained under the opti-
mized condition. Within 60 min, the bacterial population remained
unchanged under only UV light irradiation or 1.0 V potential bias,
and only 0.3 log E. coli was inactivated during PC process. In
contrast, bacteria were completely inactivated after 45 min of PEC
treatment, since the application of appropriate potential bias to
photoanode can timely remove the photogenerated electrons and
prolong the lifetime of photoholes. This is due to that, besides the
production of high concentration of reactive species (RSs) served as
bactericides, the holes could also directly inactivate bacteria (Li
et al., 2011, 2013).

PEC inactivation of E. coli using photoanodes fabricated under
various conditions was also carried out. Fig. 3a shows bactericidal
performance of the photoanodes precalcined at different temper-
atures before 550 °C recalcination. For photoanode precalcined at
300 °C, only 3.5-log E. coli was inactivated within 60 min, since TiO,
nanoparticle layer only partially dispersed onto NTA layer (Fig. S3)
and the electron transport was not so smoothly. The bactericidal
performance improved significantly and all bacteria were inacti-
vated within 60 and 45 min by photoanodes precalcinated at 400
and 500 °C, respectively. This is due to the full coverage of TiO,
nanoparticles onto NTA surface under these conditions, which
facilitate electron transport and will increase the photoefficiency.
Furthermore, the top layer is the TiO, nanoparticles with exposed
single-crystal {001} facets for the photoanode precalcinated at
500 °C, meaning higher photocatalytic activity (Yang et al., 2008).
However, the bactericidal performance decreased as the photo-
anode precalcined increased to 550 °C (bacteria were fully inacti-
vated within 60 min), due to the decreased {001} faceted surface
and the abscission of anodization layer (Fig. S3). In addition,
although time needed to fully inactivate bacteria is the same
(45 min) for pure NTA and photoanode precalcined at 500 °C, the
inactivation efficiencies of the composite photoanode were much
higher within shorter reaction time. This revealed that the highly
reactive {001} facets possessed high photocatalytic activity to
inactivate bacteria, although the steady-state photocurrent density

Fig. 2. Schematic diagram of the formation mechanism of NSC/NTA photoanode.
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Fig. 3. The photoelectrocatalytic inactivation curves of E. coli by the composite pho-
toanodes (a) calcined at different precalcination temperatures (heating rate:
20 °C min~'; recalcination temperature: 550 °C); (b) calcined with different heating
rates (precalcination temperature: 500 °C; recalcination temperature: 550 °C); (c)
recalcined at different temperature after precalcination temperature of 500 °C with
20 °C min~". (NTA: pure TiO, nanotube array).

of pure NTA was the highest (Fig. S7).

Fig. 3b shows PEC inactivation of bacteria by photoanodes pre-
pared at various heating rates. As shown, bacteria could be fully
inactivated within 60 min by the photoanodes precalcined with the
heating rates ranging from 2 to 10 °C min~, indicating that lower
heating rates will not greatly influence PEC bactericidal perfor-
mance of resultant photoanodes. As the heating rate further
increased to 20 °C min~!, the highest PEC bactericidal activity was
achieved using the resultant photoanode (107 cfu mL~! bacteria
could be completely inactivated within 45 min), due to that bottom
NTA layer surface was fully covered with highly reactive {001}
facets. Nevertheless, further increasing heating rate to 30 °C min~!
led to a dramatic decrease of PEC bactericidal activity, by which

only approximately 3.5-log reduction of bacteria was achieved
within 60 min. This could be ascribed to the agglomeration of TiO,
nanoparticles, abscission of anodization layer, and the decrease of
{001} facets (Fig. S4e).

Furthermore, bacteria inactivation was also investigated by the
photoanodes recalcined at different temperatures after 500 °C
precalcination (Fig. 3c). For unrecalcined photoanode, the PEC
bactericidal activity was the lowest as compared with recalcined
photoanodes. This is due to that existence of surface Ti—F bonding
in the {001} facets (Fig. S6), which is not favorable for the photo-
catalysis (Liao et al., 2013; Selloni, 2008). Comparatively, the time
needed to inactivate 5.3-log bacteria was same for 500 °C recal-
cined photoanode, but its inactivation efficiencies were much
higher within shorter reaction time. This is good agreement with
our XPS and photoeletrochemical characterizations. With higher
recalcination temperatures (>550 °C), the surface lattice F species
can effectively be removed (Fig. S6), leading to a significant
improvement of PEC bactericidal activity of the resultant photo-
anodes, and all bacteria could be inactivated with 45 min. Although
the bactericidal activity is slightly higher using photoanode recal-
cined at 650 °C, it is entire exposed reactive {001} facets were
eroded (Fig. S5e). All these results indicate that recalcination is
necessary for the formation of NSC/NTA photoanode with high PEC
bactericidal performance.

From the results, it can be found that photoanode precalcined at
500 °C with heating rate of 20 °C min~! followed by 550 °C recal-
cination with heating rate of 2 °C min~! possesses highest PEC
bactericidal activity. Therefore, FESEM was employed to examine
the location and extent damages to bacterial cells during PEC
treatment using optimized TiO, photoanode (Fig. 4). Before treat-
ment, the bacteria have an intact cell structure and a well-
preserved rod shape (Fig. 4a). Although the intact structure is still
possessed, abnormal wavy surface could be observed after the cell
subjecting to a 30-min PEC treatment (Fig. 4b). This suggests that
some damages occurred to the cell membrane, which is supported
by the dented cell due to the intracellular contents release. How-
ever, a longer PEC treatment of 60 min caused further morpho-
logical changes (Fig. 4c), and the complete leakage of intracellular
contents occurred within 120 min (Fig. 4d), leading to a permanent
bacterial inactivation.

3.3. Degradation of ciprofloxacin

Photolytic, EC, PC and PEC degradation of ciprofloxacin were
also performed using photoanode prepared under optimized con-
dition (Fig. S9). Similar with the EC bacterial inactivation, the cip-
rofloxacin concentration almost remain constant within 120 min.
However, unlike bacteria, approximately 37% and 70% of cipro-
floxacin could be degraded within 120 min under only UV light
irradiation and PC process, respectively. Furthermore, the highest
degradation efficiency was obtained during PEC process that
approximately 94% of ciprofloxacin was eradicated within 120 min.
These indicated that the resultant optimized photoanode can also
effectively remove not only bacteria but also antibiotics during PEC
process.

PEC degradation of ciprofloxacin was also conducted using
photoanodes fabricated under various conditions. Using photo-
anodes precalcined at different temperatures before 550 °C recal-
cination (Fig. S10a), although the difference of the PEC degradation
efficiency trend is not so obvious, the change trend is the same as
the bacterial inactivation. That is, PEC degradation efficiencies
increased first, peaked and then decreased with the increase of
precalcination temperature from 300, to 500 and then to 550 °C. In
addition, the PEC degradation efficiencies using pure NTA photo-
anode were slightly lower than those of photoanode precalcined at
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Fig. 4. SEM images of PEC inactivation of E. coli in the absence [(a) 0, (b) 30, (c) 60, and (d) 120 min)] and in presence [(e) 0, (f) 30, (g) 60, and (h) 120 min)] of 10 ppm ciprofloxacin.

500 °C. As for using photoanodes prepared at various heating rates
to degrade ciprofloxacin (Fig. S10b), the PEC degradation effi-
ciencies of the photoanode obtained with the heating rate of
20 °C min~! were the highest, which was consistent with that for
bacterial inactivation. As using photoanodes recalcined at different
temperatures after 500 °C precalcination (Fig. S10c), the photo-
anodes recalcined at 550—650 °C possessed higher photoactivity,
which was also consistent with bacterial inactivation results.

3.4. Simultaneous PEC removal of E. coli and ciprofloxacin

From aforementioned results, it can be concluded that E. coli or
ciprofloxacin can be effectively removed by PEC approach using the
optimized photoanode. To further validate the versatility of the
resultant photocatalyst to purify water contaminated both with
antibiotics and bacteria, the PEC removal of E. coli and ciprofloxacin
mixture was also carried out under identical condition. First, the
mixture solutions of E. coli (107 cfu mL™') and ciprofloxacin
(0—10 ppm) were only irradiated with UV light (Fig. S11). Similar
with the abovementioned results, bacterial population decreased
slightly and the ciprofloxacin concentration reduced approximately
33%—39% within 120 min. In addition, the concentrations of bac-
teria and ciprofloxacin were unchanged after keeping for 4 h under
dark, indicating that E. coli and ciprofloxacin might be very stable
under natural condition.

As using PEC approach, as Fig. 5a shows, all E. coli (107 cfu mL™1)
could be completely inactivated within 45 min in the absence of
ciprofloxacin, and the complete inactivation time increased with

the increase of ciprofloxacin concentration. For instance, time
needed to completely inactivate all bacteria is prolonged from 45 to
150 min in the presence of 0 and 10 ppm ciprofloxacin. This is due
to that RSs concentration in PEC system is constant, and extra
added organics will compete RSs with bacteria. As such, less RSs
will attack bacteria, and subsequently prolong the bacterial inac-
tivation time (Moncayo-Lasso et al., 2012). These results can also be
further proved by SEM characterization. As Fig. 4 shows, in the
presence of 10 ppm ciprofloxacin, the damage of bacterial cell was
not so obvious, and the bacteria still maintained the intact cell
structure and rod shape after 60 min treatment as compared with
the system without ciprofloxacin. As Fig. 5a shows, the bacterial
population decreased only 1.0-log at this time. However, with
longer PEC treatment (120 min) in the presence of ciprofloxacin,
similar cell damages (Fig. 4h) were observed as the cell treated for
30 min without ciprofloxacin (Fig. 4b).

Meantime, ciprofloxacin removal in the absence and presence of
E. coli (107 cfu mL~') was also carried out. As Fig. 5b and c shows,
although PEC degradation efficiencies of ciprofloxacin increased
gradually with the decrease of ciprofloxacin concentration with or
without bacteria addition, the degradation process was also
delayed with addition of bacteria. Similar results were also
observed by other report (Moncayo-Lasso et al., 2012).

4. Conclusions

In sum, using an anodization-precalcination-recalcination
approach, a novel TiO;-based photoanode with a NTA bottom
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Fig. 5. PEC inactivation of E. coli (10 cfu mL™") in the presence of various concen-
trations of ciprofloxacin (CIP) (a); PEC degradation of various concentrations of cip-
rofloxacin (CIP) in absence (b) and presence of 107 cfu mL~' E. coli (c), using the
optimized photoanode.

layer covered with exposed high-energy {001} facets top layer was
successfully synthesized. In this process, TiO, NTA was firstly syn-
thesized on Ti foil by anodization. Then anatase TiO, {101} facets at
opening ends of NTA directly facing the glass transformed into
{001} facets during precalcination as the NTA clamped with two
pieces of glasses, and the surface F element in {001} facets was
finally removed during appropriate recalcination after removing
the covered glasses. Photoelectrocatalytic performance of the
resultant photoanodes showed that the optimized TiO,-based NSC/
NTA photoanode possessed excellent PEC activity to remove bac-
teria, antibiotics as well as mixture of bacteria and antibiotics
simultaneously.
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