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Abstract: Anodization has been widely used to synthesize nanostructured TiO2 films with promising
photocatalytic performance for solar hydrogen production and pollution removal. However, it usually
takes a few hours to obtain the right nanostructures even on a small scale (e.g., 10 mm × 20 mm).
In order to attract interest for industrial applications, fast and large-scale fabrication is highly desirable.
Herein, we demonstrate a fast and large-scale (e.g., 300 mm × 360 mm) synthesis of pine-cone TiO2

nanostructures within two min. The formation mechanism of pine-cone TiO2 is proposed. The
pine-cone TiO2 possesses a strong solar absorption, and exhibits high photocatalytic activities in
photo-oxidizing organic pollutants in wastewater and producing hydrogen from water under natural
sunlight. Thus, this study demonstrates a promising method for fabricating TiO2 films towards
practical photocatalytic applications.

Keywords: pine-cone TiO2 nanoclusters; formation mechanism; lattice defects; optical absorption;
large-sized films; printing and dyeing wastewater

1. Introduction

Nano-structured photoactive TiO2 materials are believed to have a great promise for many
photocatalytic applications such as pollution degradation [1], watersplitting [2], and dye-sensitized
solar cells [3]. Many methods have been created to fabricate TiO2, such as sol-gel [4,5], hydrothermal
treatment [6,7], assisted-template method [8–10], laser ablation [11–14], and electrochemical anodic
oxidation [15,16]. However, these methods have a common shortcoming that it needs a long reaction
time to obtain the photocatalysts. For example, it usually takes several days for the sol-gel and
hydrothermal methods to obtain TiO2 [17–21]. Konishi et al. synthesized monolithic TiO2 by sol-gel
method from the starting solution containing titanium n-propoxide, HCl, formamide, and H2O,
followed by aging for 24 h, drying for seven days, and heat-treatment for three hours in air [22]. Lu’s
group prepared TiO2 nanosheets by a hydrothermal method with titanium butoxide and hydrofluoric
acid solution mixed in a Telfon-lined autoclave at 200 ◦C for 24 h, and subsequent drying at 50 ◦C
overnight [23]. Although it is faster to prepare TiO2 with the anodic oxidation method, it still takes a
few hours [24–27]. For example, well-aligned TiO2 nanotube arrays were obtained after first anodizing
for two hours in an electrolyte containing NH4F, ethylene glycol, and H2O at 60 V, and again anodizing
for 20 min at 60 V, and finally annealing for three hours at 450 ◦C [28]. On the other hand, in real
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applications, TiO2 nanotube films obtained by the anodization method have many advantages, such
as high photocatalytic activity, simple installation and easy recycling. However, so far, it is rarely
reported on the large-scale production of anodized films, leaving their practical promise in industrial
application unknown. For practical industrial applications, it is highly desirable to develop a fast and
large-scale fabrication method.

In the present study, we demonstrate a fast and large-scale anodizing synthesis of TiO2 within two
minutes. The synthesized TiO2 has a pine-cone-like structure (pine-cone TiO2: PCT). This structure is
formed as a result of continuous deposition of TiO2-coated graphene layers and subsequent removal of
graphene during the annealing process. It has a strong visible-light absorption and exhibits impressive
photocatalytic performances for photocatalytic oxidation of organic pollutants in wastewater and
photocatalytic generation of hydrogen from water under natural sunlight irradiation.

2. Results and Discussion

2.1. Morphology

The morphologies of the TiO2 films were investigated with scanning electron microscope (SEM).
Figure 1A and Figure S1 showed that three-dimensional pine-cone-like nanoclusters were grown on
the surface of the Ti substrate when the Ti foil was anodized with grapheme in the electrolyte. When
the Ti foil was anodized without graphene in the electrolyte, only a rough oxide layer was formed
on the Ti foil without the formation of any nanoclusters, as shown in Figure S2. These indicated that
the graphene played a crucial role for the formation of the pine-cone nanostructure. The pine-cone
nanocluster was made of many layered structures (Figure 1B and Figure S3); there were layers of pores
between adjacent layers within the pine-cone structure, and each layer was comprised of small TiO2

nanoparticles (Figure 1C and Figure S4). In addition, the areas between the pine-cones were comprised
of nanotubes structures (Figure 1D, Figures S5 and S6). These unique pine-core structures provided a
large specific surface area of the film.
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Figure  1.  (A) Field‐emission scanning electron microscopy  (FE‐SEM)  image of  the pine‐cone TiO2 

(PCT) film anodized in the electrolyte of graphene (5.0 mg) and magnesium nitrate solution (100.0 
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Figure 1. (A) Field-emission scanning electron microscopy (FE-SEM) image of the pine-cone TiO2 (PCT)
film anodized in the electrolyte of graphene (5.0 mg) and magnesium nitrate solution (100.0 mg L−1,
50.0 mL) at 60 V for 2 min, (B) enlarged scale of the PCT nanoclusters, (C) enlarged scale of the marked
region in B. (D) enlarged scale of the marked region in B.

2.2. Proposed Formation Mechanism

To understand the formation process of these unique pine-cone structures, we examined the
morphology changes of the films formed after various anodization periods. Figure 2 showed a series
of TiO2 films obtained at different anodization times from 1 to 3 min which apparently displayed
the evolution of the pine-cone structures. Figure 2A showed that, after being anodized for 1 min, an
uneven oxide layer with many small holes was formed, along with many bumps which had some
small cracks in the center. After being anodized for 1.5 min, the size of the small holes increased, along
with the expansion of the bumps and the cracks in the center (Figure 2B). After 2 min anodization,
pine-cone structures were formed in the center of the cracks (Figure 2C). Further anodization led to the
partial dissolution or collapse of the pine-cone structure (Figure 2D).
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Based on the observation above, a possible mechanism as shown in Figure 3 was proposed
to explain the formation of the PCT film. As illustrated in Figure 3A, at the beginning, a compact
oxide layer with small holes was formed. Mg2+ and NO3

− ions in the solution moved to the cathode
and anode under the electrical field, respectively. The NO3

− ions reacted with the oxide layer and
soluble species such as [TiO2−x(NO3)x]m−n (m > n, 0 < x < 2) were formed, leading to the local
dissolution/thinning of the oxide layer and forming many small pores rapidly. Meanwhile, as shown
in Figure 3B, as NO3

− and OH− reacted with the oxide layer/Ti interface to form soluble [Ti(NO3)n]m−n

(m = 3, 4; n > 4) and Ti(OH)4 species [29] the pores continued to grow. However, the formation of oxide
layers led to lattice expansion and generated stress at the metal/oxide interface. Accumulation of the
stress led to the deformation of the film and formation of bumps and eventually cracks (Figure S7) [30].
Some of the TiO2 fragments were washed to the electrolyte by the O2 gas (Figure S8). In this experiment,
the pH of the electrolyte was 6.8. As the point of zero charge (pHpzc) of TiO2 was approximately
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6 to 6.5 [31–33], the surface of TiO2 was negatively charged in the electrolyte. In addition, it was
found that most of the graphene sheets were quickly adsorbed on the cathode. So, the graphene
sheets were likely positively charged on the surface. Therefore, the negatively charged TiO2 fragments
could be easily adsorbed on the surface of the positively charged graphene sheets to form layered
structures. As negatively charged TiO2 accumulated on the graphene sheets, this eventually turned
the graphene-TiO2 complex negatively charged on the surface to prevent further accumulation of TiO2

on the surface. As shown in Figure 3C, the complex was attracted to the anode and reversed on charge
on the surface under the electrical field. The cracks on the expansion parts were excellent landing
positions where the electric field intensity was the strongest due to the shortest distance between the
two electrodes. As this process proceeded, a layer-by-layer stacking structure was obtained. At the
end, the graphene was removed in the annealing process at 723 K in the air, and the pine-cone was
formed as shown in Figure 3D.
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Figure 3. Schematic illustration of the formation mechanism of the PCT film: (A) formation of
the anodic oxide layer and pore growth; (B) formation of the cracks and TiO2-graphene layers;
(C) deposition of the TiO2-graphene layers on the cracks; (D) removal of the graphene and formation
of the pine-cone structure.

2.3. Crystal Phase and Surface Chemical Composition

Both XRD and Raman measurements suggested the PCT film annealed at 737 K had an
anatase/rutile mixed phase. The grain sizes estimated with the Scherrer equation from the XRD
pattern were around 18 and 20 nm for the anatase and rutile phases, respectively (Figure S9 and
Table S1). The mixed crystal parameters obtained were consistent with their theoretical values [34].
The Raman peaks (Figure S10) at 147, 198, 396, 515, and 636 cm−1 were from the Eg(1), Eg(2), B1g, A1g or
B1g, and Eg(3) modes of the anatase phase, respectively. The peak located at 448 cm−1 was due to the
Eg mode of the rutile phase. XPS measurements (Figure S11) revealed that the PCT film was found
to contain Ti, O, C, and N, while TNTs was comprised of only Ti, O, and C. The C element existing
at the surface of films was derived from carbon contaminants or residual organic carbons [35]. The
concentration of N calculated from the N 1s XPS spectrum of the PCT film was ~2.93 at %, which
included interstitial N (Ti-O-N; 399.6 eV; 81.3%) [36], substitutional N (Ti-N; 397.1 eV; 8.7%) [37], and
molecularly chemisorbed γ-N2 (401.3 eV; 10%) [38], as shown in Figure S12. N atoms were introduced
by the anodizing technique, likely from the nitric irons attacking the oxide layer and some adsorbed
complexes, such as [TiO2−x(NO3)x]m−n (m > n, 0 < x < 2) and [Ti(NO3)n]m−n (m = 3, 4; n > 4), during
the formation of TiO2 [29,39]. These complex anions [Ti(NO3)n]m−n were thermodynamically unstable
and decomposed into thermodynamically stable TiO2 with N doping [29]. In addition, the NO species
from the decomposition of the nitrate radical might be chemisorbed on the surface or incorporated into
the defects of the resultant TiO2 [40]. The binding energies of the Ti 2p3/2 (458.4 eV) and lattice O2−

(529.5 eV) states of the TNTs shifted 0.2 eV and 0.5 eV toward lower binding energies of 458.6 eV and
530.0 eV, as shown in Figures S13 and S14, respectively. These suggested the reduction of the valence
state of titanium from Ti4+ to Ti3+ [41], and the presence of N species and oxygen vacancies (Vo) [42].

2.4. Lattice Defects and Optical Absorption

ESR results (Figure 4A) showed that the PCT film exhibited a strong signal at g = 2.004, while
TNTs did not show observable signals. This signal was attributed to the electron traps associated with
Vo [43,44], possibly associated with N doping, Ti3+ and/or disordered structures. N doping could
lead to thermal instability and the formation of Vo [45,46]. The interface between the Ti substrate and
the oxide layer could undergo the reaction Ti + TiO2→TiOx (x = 0–2) to form Vo [47]. Moreover, the
fast cooling process employed was a key component for maintaining stable Vo defects and forming a
disordered structure. As shown in Figure S15, the fast cooling sample possessed more Vo defects than
a slow cooling sample. The metastable defective phase on the surface, such as Vo, can subsequently be
oxidized when a sample annealed at high temperature is rapidly exposed to oxygen-rich air [48], but
the Vo defects are maintained at a high concentration in the internal lattice.
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Figure 4B showed that the valence band maximum (VBM) of the PCT film was located at 0.72 eV,
and the band tail region was shifted toward the vacuum level, ending at approximately −0.34 eV,
while TNTs displayed the typical valence band value of TiO2 with the VBM located at ~1.25 eV below
the Fermi energy [49]. The substantial shift of the VBM (1.59 eV) for the PCT film was likely caused by
the substitutional/interstitial N atoms and the disorder of the anatase/rutile interfaces [50].
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Figure 4. (A) Electron spin resonance (ESR) spectra of the PCT film and typical TiO2 nanotube
arrays (TNTs) in air at 77 K. (B) Valence band edge spectra of the PCT film and TNTs.
(C) Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption spectra of the PCT film and TNTs.
(D) Bandgap evaluation from the plots of (αhv)2 vs. the energy (h) of the absorbed light.

The UV-vis-NIR absorption spectra in Figure 4C showed that both PCT film and TNTs had a
substantial absorption from 200 to 400 nm due to electron excitation from VB to CB. The PCT film
had absorption above 500 nm and the absorption edge remarkably extended to the infrared region
(760–2500 nm). This enhanced visible-infrared absorption might be attributed to the N doping and/or
Vo and/or the nanoporous pine-cone structure. Nanoporous-layer-covered on the TiO2 nanotube
arrays were reported as photonic crystals with a substantial optical absorption even in the infrared
region [51–53]. Some oscillations in absorbance might also be due to optical interference. The plots of
(αhv)2 versus the energy of the absorbed light (hv) [37] shown in Figure 4D hinted that the PCT film
might have several distinct electronic transitions, while the TNTs had one of 3.27 eV.

2.5. Photoelectrochemical Activity

The photoelectrochemical activity of the PCT film under natural sunlight was evaluated with its
transient photocurrent response, linear sweeps voltammogram and calculated its photoconversion
efficiency. As shown in Figure 5A, the PCT film had a strong photocurrent density of 0.28 mA cm−2,
14-fold of the TNTs (0.02 mA cm−2). Figure 5B displayed that the photocurrent density of the PCT film
increased rapidly with increasing bias. Figure 5C showed that a maximum photoconversion efficiency
of 0.21% was obtained at −0.34 V vs. Ag/AgCl (0.66 V vs. a reversible hydrogen electrode) for the
PCT film, approximately 13 times higher than that of TNTs.
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2.6. Photoelectrocatalytic Activity

The solar-driven photoelectrocatalytic activity of the PCT film (30 mm × 40 mm) was further
evaluated with hydrogen generation and MO degradation under natural sunlight. As shown in
Figure 6A, the PCT film exhibited stable activity during a 10-day testing period, and maintained a
hydrogen yield of up to 0.8 mL h−1 cm−2. The PCT film also displayed a high photoactivity in MO
degradation (Figure 6B). The MO (20 mg L−1, 40.0 mL) degradation rate was 97% and 82% after 2 h on
a sunny and cloudy day, respectively (the illumination intensity of sunlight is summarized in Table S2).
Measurements showed that the self-decomposition of MO under the light and the adsorption by the
photocatalyst were negligible (Figure 6C). The PCT film maintained a stable degradation rate over
10 cycles (Figure S16). Thus, the PCT film is a durable, stable, and efficient photocatalyst.

The activity of a large-sized PCT film (300 mm × 360 mm, Figure 6D and Figure S17) was also
evaluated with the decomposition of 2.0 L of MO (20 mg L−1) under three-types of light sources:
UV-light, natural sunlight and fluorescent lamp. It had a good photocatalytic activity under UV light
and sunlight (Table 1), with 94% and 85% of MO removed within 20 min and 2 h, respectively.



Catalysts 2017, 7, 229 10 of 17
Catalysts 2017, 7, 229    10 of 16 

 

0.4

0.8

1.2

1.6

 

 

A

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 4 6 8 10 12 14 16 18 20

 

 

H
yd

ro
ge

n
 g

en
er

at
io

n
 (

m
L

/c
m

2 )

 Irradiation time (h)
0

0 30 60 90 120

0.2

0.4

0.6

0.8

1.0 B

 

 

C
t/C

0

Irradiation time (min)

 Sunny
 Cloudy

 

0 30 60 90 120

0.2

0.4

0.6

0.8

1.0

C

C
t/C

0

Irradiation time (min)

 Photolysis
 Adsorption
 Photoelectrocatalytic

 

Figure 6. (A) Cycling measurements of hydrogen gas generation through photoelectrocatalytic water 

splitting with  the  PCT  film  under  natural  sunlight.  Experiments were  conducted  over  a  10‐day 

period, with 20 h of overall irradiation time. (B) Comparison of the solar‐driven photoelectrocatalytic 

activity of PCT  film  in sunny day and cloudy day.  (C) Degradation  rates of methyl orange  (MO) 

solution with PCT  film  in  three different processes. Photolysis means  the MO degradation under 

light  in the absence of PCT film, adsorption means the MO degradation in the darkness with PCT 

film,  and  photoelectrocatalytic  is  the MO  degradation  under  light  and  bias with  PCT  film.  (D) 

Picture of the large‐size PCT film (300 mm × 360 mm) compared with the laptop. 

Table 1. Degradation of MO solution under three different light sources with a large‐scale PCT film. 

Light Sources  Irradiation Time (min) Degradation Rate (%) 

UV  20  94 

sunlight  120  85 

fluorescent lamp  180  16 

Figure 6. (A) Cycling measurements of hydrogen gas generation through photoelectrocatalytic water
splitting with the PCT film under natural sunlight. Experiments were conducted over a 10-day period,
with 20 h of overall irradiation time. (B) Comparison of the solar-driven photoelectrocatalytic activity
of PCT film in sunny day and cloudy day. (C) Degradation rates of methyl orange (MO) solution
with PCT film in three different processes. Photolysis means the MO degradation under light in
the absence of PCT film, adsorption means the MO degradation in the darkness with PCT film, and
photoelectrocatalytic is the MO degradation under light and bias with PCT film. (D) Picture of the
large-size PCT film (300 mm × 360 mm) compared with the laptop.

Table 1. Degradation of MO solution under three different light sources with a large-scale PCT film.

Light Sources Irradiation Time (min) Degradation Rate (%)

UV 20 94
sunlight 120 85

fluorescent lamp 180 16
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2.7. Photoelectrocatalytic Degradation of Wastewater

The practical performance of the PCT film (30 mm × 40 mm) was further tested with the printing
and dyeing wastewater. Figure 7 showed the treatment process. After flocculation and precipitation,
the upper wastewater (50.0 mL) was taken out for the photoelectrochemical degradation under UV
light. The UV-visible absorbance spectra of waste water (Figure S18) showed that the peaks around
230 and 280 nm obviously decreased after 1 h irradiation, and completely disappeared after 2 h. The
wastewater after the test almost had no color. The removal rates of COD and TOC reached 90% and
72.8%, respectively (Table 2). These results indicated that the PCT film had a good photocatalytic
activity for purifying wastewater from printing and dyeing industries. According to the previous
MO degradation tests, we can calculate that 2.5 L upper wastewater can be purified in 2 h with one
large-scale PCT film (300 mm × 360 mm). That means, one 300 mm × 360 mm PCT film can purify 5 L
of printing and dyeing wastewater within 2 h. Accordingly, around 556 L wastewater can be purified
everyday with 1 m2 of our PCT film.
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Table 2. Chemical oxygen demand (COD) and total organic carbon (TOC) removal rates after
photoelectrocatalytic degradation.

Initial Concentration
(mg L−1)

Final Concentration
(mg L−1) Removal Rate (%)

COD 2620 253 90
TOC 1030 280 72.8

3. Experimental Section

3.1. Fast Anodization Synthesis of the TiO2 Nanostructured Film

Ti foils (purity 99.9%, 0.3 mm × 30 mm × 40 mm) are polished with abrasive papers, cleaned with
acetone, anhydrous ethanol, and distilled water in an ultrasonic bath, each for 10 min. The foils are
then washed in a solution of HF/HNO3/H2O (1:4:5 v/v/v) for 30 s, and rinsed with deionized water
several times. A mixture of graphene (5.0 mg) (transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM) images are shown in Figures S19 and S20) and
magnesium nitrate solution (100.0 mg L−1, 50.0 mL) is sonicated for 30 min to form a uniform aqueous
electrolyte. In the anodizing process, two Ti foils are used as the anode and cathode, and are subjected
to a constant voltage of 60 V for 2 min at 298 K. The sample is then rinsed with distilled water, and
calcinated at 723 K for 2 h in a muffle oven. This is followed by a fast cooling step, where the sample
is immediately taken out from the muffle oven after calcination, and cooled to room temperature.
For comparison, the film anodized without graphene in the electrolyte (100.0 mg L−1, 50.0 mL of
Mg(NO3)2) is obtained in the same condition, and typical TiO2 nanotube arrays (TNTs) are prepared
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as well at 60 V in 0.6 wt % NH4F-10 vol % H2O-EG electrolyte for 2 h. In the anodizing process, a Ti
foil and a graphite rod are used as the anode and the cathode, respectively.

3.2. Fast Anodization Synthesis of Large-Scale TiO2 Film

Large Ti foils (purity 99.9%, 0.3 mm × 300 mm × 360 mm) are cleaned the same way as the small
Ti foils. They are first polished using abrasive papers, then cleaned with acetone, anhydrous ethanol,
and distilled water in order. The pre-treatment, composition of the electrolyte, anodization conditions,
and calcinations are the same as those applied to the small foils in Section 3.1.

3.3. Characterization

The micromorphologies are analyzed with a Hitachi S-4800 field-emission scanning electron
microscopy (FE-SEM) instrument and Tecnai G2 F20 TEM instrument. The crystalline structures are
obtained with glancing angle X’pert Pro X-ray diffraction (XRD) with Cu-Kα radiation (0.15418 nm).
Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption, Fourier Transform Infrared (FIIR) and
Raman spectra are recorded on a Hitachi U-4100 UV-vis-NIR spectrometer, a Nicolet-5700 FTIR
spectrophotometer and a LeiCA DMLM micro-spectrometer with excitation wavelength of 514.5 nm,
respectively. The chemical states of samples are examined on a Perkin-Elmer X-ray photoelectron
spectroscopy (XPS) instrument with an Mg K anode. The binding energy values are calibrated with C
1s = 284.4 eV. Surface defect is studied with a JES FA-200 electron spin resonance (ESR) spectrometer in
air at 77 K.

3.4. Photoelectrochemical Performance

The photoelectrochemical measurements are conducted under sunlight in a three-electrode cell
using a CHI 830C electrochemical workstation. A 1.0 M NaOH solution, the TiO2 film (1.0 cm2),
Ag/AgCl and Pt foil, are used as the electrolyte, the working electrode, the reference and the counter
electrode, respectively. The linear sweep voltammetry and photocurrent density are recorded. The
efficiency of photoconversion is calculated as follows [54].

η(%) = [(total power output− electrical power input)]/[light power input]× 100%
= jp

[(
E0

rev −
∣∣Eapp

∣∣)/I0
]
× 100%

(1)

here, jp refers to the photocurrent density (mA cm−2), E0
rev = 1.23 V the standard potential for H2

evolution, I0 the incident-light power density, and the applied potential Eapp = Emeans − Eaoc, where
Emeans refers to the working electrode potential at jp, Eaoc the open circuit working electrode potential
under equivalent conditions, and Eaoc is the voltage where the photocurrent becomes zero.

3.5. Photoelectrocatalytic Activity in Hydrogen Generation and Removal of Model Organic Pollutants

The photoelectrocatalytic activity is assessed with photocatalytic hydrogen generation and
pollutants degradation under sunlight. Hydrogen generation is conducted in a quartz cell with
a 1.0 M NaOH and 10% vol of methanol. The TiO2 film (30 mm × 40 mm) and Pt foil are used
as the photoanode and the cathode, respectively. A bias potential of 1.0 V is applied to the two
electrodes separated by a Nafion membrane. Prior to irradiation, this system is purged to remove
the air completely with argon. The hydrogen gas produced at the Pt electrode is collected in an
inverted burette.

Methylene blue (MB) discoloration test is one of the most popular methods for assessing
photocatalytic activity of films and powders [55–57]. Here we use methyl orange (MO) as the model
organic pollutant as an example. The MO degradation experiments are performed in 40.0 mL of
MO solution (20.0 mg L−1, pH = 6.8) with 0.50 M NaCl as the supporting electrolyte. The TiO2 film
(30 mm × 40 mm) and a cleanly Ti foil are used as the working electrode and the counter electrode,
respectively. A bias potential of 2.0 V is applied. Cycling tests are conducted for 2.5 h at the same time
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of day (12:00 to 14:30) under direct sunlight for 10 days. 1.0 mL of MO solution is taken out every
30 min, and the absorption spectrum of the MO solution is measured with a UV-vis spectrophotometer.
The concentration of MO is determined with the absorbance value at 464 nm. The efficiency of MO
decolorization (D%) is calculated as follows:

D% =
C0 − Ct

C0
× 100% (2)

here, C0 and Ct are the initial absorbance and the absorbance after reaction time t of MO.

3.6. Removal of Organic Pollutants in Wastewater

The performance of the PCT film for practical pollution removal is assessed with the degradation
of wastewater from printing and dyeing industries (Sichuan Mianyang Jialian Printing and Dyeing
Company, Mianyang, China) under UV light. The wastewater is dark brown and its composition is
very complex (pH = 13, Chemical oxygen demand (COD) is 2620 mg/L. Total organic carbon (TOC)
is 1030 mg/L). Then, 100 mL wastewater is taken out to test, after pre-treatment of flocculation and
precipitation, 50 mL upper solutions is then taken for the photoelectrocatalytic degradation. The large
TiO2 film (30 mm × 40 mm) and a cleanly Ti foil are used as the working and counter electrodes,
respectively. A bias potential of 2.0 V is applied to the two electrodes. 0.50 M NaCl is added as the
supporting electrolyte. Then, 1 mL MO solution is taken out every 30 min to measure its absorption
spectrum. After 2 h irradiation, its COD is measured by Potassium dichromate oxidation method, and
its TOC is determined using a Shimadzu TOC analyzer. COD and TOC removal are calculated using
the following equations, respectively.

COD removal(%) = (COD0 − CODt)/COD0 × 100 (3)

TOC removal(%) = (TOC0 − TOCt)/TOC0 × 100 (4)

where COD0 (mg L−1) and CODt (mg L−1) are the initial concentration of chemical oxygen demand
and its remaining concentration of chemical oxygen demand after reaction, respectively. TOC0 (mg L−1)
and TOCt (mg L−1) are the initial concentration of total organic carbon and its remaining concentration
of total organic carbon after reaction, respectively.

4. Conclusions

In this study, we have demonstrated a fast anodizing method to synthesize large-scale
(e.g., 300 mm × 360 mm) pine-cone nanostructured TiO2 film. The pine-cone TiO2 possesses a strong
solar absorption, and exhibits high photocatalytic activities in photo-oxidizing organic pollutants
in wastewater and producing hydrogen from water under natural sunlight. This work has showed
a promising future for practical utilization of anodized TiO2 films in renewable energy and clean
environment applications.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/8/229/s1,
Figure S1: FE-SEM image of overall PCT film, Figure S2: FE-SEM images of the TiO2 film anodized in the
electrolyte of magnesium nitrate solution (100 mg L−1, 50 mL) at 60 V for 2 min, Figure S3: FE-SEM image of top
view of the PCT film, Figure S4: FE-SEM image of layer structure of the PCT film, Figure S5: FE-SEM image of
cracks on the oxide layer, Figure S6: FE-SEM image of the nanoporous oxide layer, Figure S7: FE-SEM image of
small cracks in the Figure 1A, Figure S8: FE-SEM image of TiO2 fragment washed up by O2 gas, Figure S9: XRD
patterns of the PCT films. Specific diffraction peaks for anatase (JCPDS#21−1272) and rutile (JCPDS#21−1276) are
labeled according to A(hkl) and R(hkl), respectively, Figure S10: Raman scattering patterns of the PCT films, where
the anatase and rutile vibration modes are labeled according to mode (a) and mode (r), respectively, Figure S11:
Full XPS spectra of PCT film and TNTs, Figure S12: N 1s XPS spectrum of the PCT film, Figure S13: Ti 2p XPS
spectra of the PCT film and TNTs, Figure S14: O 1s XPS spectra of the PCT film and TNTs, Figure S15: ESR spectra
of PCT film with different cooling styles after calcination at 723 K for 2 h, Figure S16: Stability test of methyl orange
degradation for ten cycles under natural sunlight (CMO = 20 mg L−1, VMO = 40 mL), Figure S17: Pictures for the
large-scale PCT films prepared by different anodization conditions. A laptop was used as a reference, Figure S18:
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UV-Vis absorbance of the printing and dyeing wastewater during the photoelectrochemical degradation process.
I represents the absorbance of the waste water after flocculation and precipitation, Figure S19: TEM images of
prepared graphene. The as-prepared graphene was almost completely transparent and had an average length and
width of about 500 and 300 nm, Figure S20: HRTEM images of prepared graphene. The graphene was no more
than 7 layers thick, Table S1: Lattice parameters and particle sizes of the PCT film, Table S2: Average illumination
intensity of sunlight and outside temperature during the MO photodegradation.
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