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Abstract

To improve the photocatalytic performance of TiO,-based heterostructures,
Z-scheme/ II-type rutile TiO, (R) / anatase TiO; (A) / ZrTiO4 ternary heterojunction
photocatalyst was designed and prepared via a facile one-step calcining strategy.
Phase interface and band structure of the materials were controlled and optimized by
regulating R-TiO, /A-TiO, mass ratio in the TiO; (A, R)/ ZrTiO4 structures using
boron doping. The highest photocatalytic performance and excellent catalytic stability

of Rhodamine B removal was observed from the heterojunction with a low R-TiO;
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/A-TiO, mass ratio of 0.066, even after five testing cycles, accompanying with low
photoluminescence intensity and electrochemical impedance, high photocurrent and
charge carrier density (5.12 x 10** cm™), and a positive shift of valence band position
(from + 2.06 to + 2.16 eV). The increased photodegradation behaviour was due to the
remarkably enhanced separation efficiency and improved redox ability of the
photo-induced charge carriers as a result of the high content of oxygen vacancies and
the formed anatase TiO, /rutile TiO, Z-scheme heterojunction.

Keywords: B: Interface; B: Surface; D: Rutile TiO2/ Anatase TiO, / ZrTiOq; E:

Functional application
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1. Introduction

The increasing energy and environmental crises are challenging the global social
and economic development. Semiconductor-based photocatalytic technique with the
advantages of high efficiency, low cost, clean, renewable, and universality has been
extensively researched and used in wastewater remediation and energy conversion
[1-7]. Because of the unique physical and photochemical properties, TiO, has become
the most widely studied photocatalytic material among numerous metal oxides
semiconductors. However, the narrow absorption of solar spectrum, slow separation
of photo-induced charge carriers, and low efficiency of interfacial charge transfer are
still limiting its further application [8-10].

To overcome the above issues of TiO,, phase junction optimization through
semiconductor coupling has been demonstrated to be an effective approach. To date,
TiO, coupled with binary semiconductor, such as TiO,/ZnO, TiO,/CuO, TiO,/ZrO,,
TiO,/MgO have been successfully synthesized and applied in the area of organic
pollutants degradation and hydrogen production [11-15]. Besides, a novel ternary
oxide semiconductor, zirconium titanate (ZrTiO4), has attracted more and more
attention due to the similar crystal structure, matched band gap energies, high negative
conduction band potential, and high chemical stability, as compared with TiO,. The
characteristic of ZrTiO4 shows great potential to form well-structured TiO,/ZrTiO4
heterojunction, which has verified the effectiveness on the separation of
photo-induced electron-hole pairs, and the improvement on photocatalytic activities

[16].



O 1o Ul W

OO DTG UTUIUTUITOTUTOTOT S BB BB DD DDA DWWWWWWWWWWNNNNNNNNNNER R PR R R R R
AP WNHFRFOWOJdNT D™ WNROW®OW-JAUBDWNROWOW®®JdONUTDWNR OWOWTJOAUBRWNR OWOWTI0U S WN R O W

Whereas, for conventional heterojunction photocatalysts, the redox ability of
photo-induced charge carriers is weakened for separated and transferred charges at the
interface [17]. The photo-induced electrons and holes with the strong redox ability
can be retained to participate in photocatalytic reactions by constructing Z-scheme
heterojunctions [18]. However, Z-scheme photocatalytic materials are usually
prepared with the aid of the electron mediators, including noble metals (Pd, Pt, Au,
Ag), carbon-based materials (CQDs, GQDs, RGO) or redox pairs (10* /T, Fe**/Fe*",
NO*/NO%), resulting in limited practical applications due to the high-cost and
complex operation [19,20]. Therefore, a new concept on the Z-type TiO, based
photocatalytic systems need to be explored.

Element doping is a feasible approach to tune the intrinsic electronic band
structures and optical properties for highly active photocatalysts [21-24]. Currently,
the element doping can be summarized into two categories: metal element (Al, Zn, et
al) doping, and non-metal element (B, C, N, O, S, et al) doping. Unfortunately, due to
the inevitable defects of metal element doping, such as low thermal stability,
increased recombination centres of photocatalytic electron-hole (e -h") pairs and
possible secondary pollution caused by photo-corrosion, metal element doping is not
an ideal method to choose [25,26]. Contrarily, the non-metal element doping has been
extensively applied owing to their high thermal stability and the ability to modulate
electronic properties of the materials [27,28]. Among these non-metal elements, boron
doping has already been proved to tailor the optical behaviors of TiO, based materials

by enhancing the electron-accepting capacity of TiO,. Furthermore, the addition of
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boron source (such as H3;BOs3) was an established approach to tune the phase ratio
between anatase and rutile TiO, [29]. Xu et al. prepared anatase/rutile bi-phase TiO,
nanofibers composites and proposed that the Z-scheme photocatalytic mechanism was
the reason for the improved photocatalytic Hy-production ability [30]. The result
suggested that A-TiO,/R-TiO, Z-scheme photocatalysts can be directly obtained by
controlling the component of TiO, (A, R) as a result of boron doping. Furthermore, to
achieve high photocatalytic activity of R-TiO,/A-TiO, Z-scheme photocatalyst, the
contact interface between the two phases which mainly determined by the phase ratio
must be well controlled to improve charge-carrier separation efficiency. However, as
far as we know, there is no systematic study on Z-scheme R-TiO,/A-TiO,
photocatalysts, and the photocatalytic mechanism behind needs to be revealed.

Hence, in this study, we designed and prepared a ternary Z-type/ II-type scheme
rutile TiO,/ anatase TiO,/ ZrTiO4 (R-TiO2/A-TiO,/ZrTiO4) photocatalyst via a facile
one-step calcining strategy using H;BOj; as the dopant. A tunable rutile TiO,/ anatase
TiO, ratio (R/A) was achieved by changing the boron doping content. The
photodegradation performance of Rhodamine B under visible light irradiation, and the
stability of the obtained catalyst were evaluated. Besides, systematical
characterization was employed to explore the composition, microstructure, optical
properties and the photochemical properties of the materials. Especially, the
utilization of visible light, the band structures, the generation, separation and transfer
of the charge carriers in TiO, (A, R) /ZrTiO4 was investigated to clarify the reason for

the improved photocatalytic behaviour. This work provided an effective and simple
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approach to design the bi-phase TiO, Z-scheme heterojunction, and the related
photocatalytic mechanism was discussed.
2. Experimental section
2.1. Materials

Zirconyl chloride octahydrate (ZrOCl,-8H,0O, AR), Titanium sulfate (Ti(SOs),,
CP), Glucose (C¢H 206, AR), Boric acid (H;BO3;, AR), Hydrogen peroxide (H,O,, 35
wt%), Acetylacetone (CsHgO,, AR), Ethanol (C;HgO, CP) and Rhodamine B (RhB,
AR) were supplied by Sinopharm Chemical Reagent and used as received.
2.2. Preparation of Catalysts

The catalysts were prepared by a simple precursor preparation and calcination
process. Firstly, solution A was obtained by adding (0.005 M) ZrOCl,-8H,O and
(0.025 M) Ti(SOy), into 40 mL ethanol under constant stirring for 30 min, followed
by adding 2 mL H,O; and 5 mL CsHgO, with 1 h stirring to fully dissolve all the
chemicals. Meanwhile, solution B was prepared by dissolving a certain amount of
H;BOj into 20 mL ethanol under constant stirring for 1 h. Similarly, solution C was
made by dissolving (0.50 g) C¢H 20 into 20 mL deionized water under constant
stirring for 1 h. Secondly, solution B and solution C were added into solution A
dropwise, respectively, followed by stirring for another 2 h to prepare the hybrid
solution. Then the aimed precursor was obtained by fully drying the prepared hybrid
solution at 60 °C for 48 h. Finally, the catalyst was synthesized by calcining the
precursor at 800 °C for 2 h with a heating rate of 5 °C/min in air. For the convenience

of comparative analysis, H;BO; of different dosages were used in the preparation of
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solution B, based on a serial of B/Zr molar ratio, i.e., 0, 0.2, 0.4, 0.5, 0.55, 0.6, 0.7 and
0.75. Correspondingly, the obtained catalysts were labeled as 0-BZT, 20-BZT,
40-BZT, 50-BZT, 55-BZT, 60-BZT, 70-BZT, and 75-BZT, respectively.
2.3. Characterizations

The phases of the samples were measured by X-ray diffraction (XRD,
D/max-2200PC, Rigaku, Japan, Cu Ko, A = 0.15406 nm) in the 26 range of 15~70°
(40 kV, 40 mA). The component and molecular vibration of the samples were studied
by a microscopic confocal laser Raman spectrometer (Raman, Renishaw-inVia, UK).
The morphologies and the detailed structural features of the samples were studied by
a scanning electron microscopy (SEM, FEI Verios 460, US), and a transmission
electron microscope (TEM, FEI Tecnai G2 F20 S-TWIN, US) equipped with an
energy-dispersive X-ray spectroscopy (EDS). Valence band (VB), composition and
chemical state of the samples were analyzed by an X-ray photoelectron spectrometer
(XPS, AXIS SUPRA, UK) with Al Ka X-ray source (10 mA, 15 kV) and Cls
characteristic peak of 284.6 eV as the reference. UV-Vis diffuse reflectance spectra
(UV-Vis DRS) of the samples were recorded on UV-Vis-NIR spectrophotometer
(Cary 5000, US) at the wavelength of 200-800 nm, with an integrating sphere
attachment and BaSO, reference. The photoluminescence (PL, excitation wavelength:
280 nm) spectra and time-resolved fluorescence (TR-PL, excitation wavelength: 340
nm) spectra were recorded on a fluorescence spectrophotometer (F-4600, Rigaku,
Japan). The photocatalytic activities and the active species trapping experiments were

measured by UV-Vis spectrophotometer (UV2800-A, UNICO, China). And the
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electron spin resonance (EPR) spectra were obtained using a spectrometer (Bruker
model A300, German) with a 300 W Xe lamp as the light source.
2.4. Photodegradation Procedure

The photocatalytic performances of the samples were determined through the
degradation of RhB, using a 300 W Xe lamp as the visible light source. Typically, 30
mg photocatalyst was placed in 30 mL RhB solution (15 mg/L). Before illumination,
the solution was kept in the dark for 10 min to achieve the adsorption equilibrium.
Then the concentration of residue RhB during the reaction process was monitored by
the UV-Vis spectrophotometer based on the characteristic absorption peak at the
wavelength of 554 nm under illumination. The removal ratio (R) of the pollutant was
calculated by equation (1):

R=(1-C/Cp) x 100% (1)

Where Cy is the initial concentration of RhB, and C represents the concentration at
given time intervals. Meanwhile, isopropyl alcohol (IPA), benzoquinone (BQ) and
triethanolamine (TEOA) were applied as scavengers of hydroxyl radicals (*OH),
superoxide radicals (¢O*) and holes (h"), respectively, during the scavenging
experiments to determinate the active species during the RhB degradation. Besides,
the powder after photodegradation reaction was collected after washing thoroughly
and centrifugally separation by deionized water, and then the same procedure for
photocatalytic degradation was run for another four times to check the recyclability of
the photocatalyst.

2.5. Photoelectrochemical Measurement
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The photoelectrochemical response was measured on an electrochemical
workstation (CHI 760D, China) in a standard three-electrode system. During the test,
a platinum wire was used as the counter electrode, Ag/AgCl was the reference
electrode, and a fluorine-doped tin oxide glass (FTO, 2 cm %2 cm) modified with the
samples worked as the working electrode. The preparation method of the working
electrode was described as follows: 5 mg of samples were dispersed into the mixed
solution of 1 mL ethanol and 0.5 mL terpineol under ultrasonic treatment for 15 min.
Then, 40 pL mixture was spread on a 2 cm x2 cm FTO glass substrate, followed by
24 h drying in air. Moreover, all the transient photocurrent (TP) response,
electrochemical impedance spectrum (EIS), and Mott—Schottky (M-S) plots were
performed in 0.5 M Na,SO4 aqueous solution at a pH level of 7.1. Also, a 300 W Xe
lamp was applied as the visible light source.

3. Results and discussion
3.1. Microstructural characterization of the photocatalysts

Figure 1 presents the XRD patterns and the Raman spectra of the samples with
various amount of boron doping. In Figure 1a, sample 0-BZT only exhibits strong
diffraction peaks at around 25.3°, 37.8°, 48.1°, 53.9° and 55.1°, ascribing to (101),
(004), (200), (105) and (211) planes of anatase TiO, (A-TiO;) (PDF 83-2243),
respectively, and the other peaks at around 30.4° and 50.5° correspond to (111) and
(022) planes of ZrTiO4 (PDF 34-0415) [31,32]. From sample 20-BZT to 75-BZT,
besides the existence of A-TiO, and ZrTiOy diffraction peaks, the peaks at around

27.4°, 36.1°, 54.3° and 56.6° correspond to (110), (101), (211) and (220) planes of
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rutile TiO, (R-TiO;) (PDF 76-1938), demonstrating the co-existence of A-TiO,,
ZrTiO4 and R-TiO; in the composites. Moreover, the relative peak intensity of
R-TiO,/ A-TiO, was dramatically increased from 20-BZT to 75-BZT, suggesting that
the major phase changed from A-TiO; into R-TiO, with the increasing of boron
doping. Furthermore, Table 1 presents the relative contents of each phases in all the
samples determined from Rietveld method. As can be seen, the content of ZrTiO4in
BZT was kept at around 25 wt%. The content of R-TiO; in BZT was increased from 0
to 74 wt% from 0-BZT to 75-BZT. The mass ratio of R-TiO,/ A-TiO, increased from
0 (0-BZT) to 0.066 (50-BZT), and finally reached 61.67 (75-BZT), correspondingly.

Raman spectra of the samples were displayed in Figure 1b. For sample 0-BZT,
the major bands at 142, 394, 515, and 639 cm’ were observed, representing the
typical characteristic Raman active modes (3E,+B1,+Ag) of A-TiO, [33]. Similarly,
with the increasing amount of boron doping, the gradually increased peak intensity of
R-TiO, (236, 442, 623 cm™') Raman bands can be observed, verifying the increase of
R-TiO; content [34].

Figure S1 shows the SEM images of as-prepared samples, from which an
apparent morphology transformation can be observed. Specifically, the 0-BZT sample
(Figure 2a) is composed of uniform and fine spherical particles in an average size of
about 50 nm. The average particle size is significantly increased to nearly 100 nm for
50-BZT with a higher boron doping, as shown in Figure 2b. Moreover, the 75-BZT
sample (Figure 2c) clearly consists of coarsened spherical, rhombic and ellipsoidal

particles of different sizes ranging from about 100 nm to larger than 200 nm. TEM
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and HRTEM were further applied to investigate the microstructure of as-prepared
50-BZT, and the result is shown in Figure 3. In Figure 3a, the composite has evenly
distributed spherical, tetragon, and irregular nano-particles with the size around 20, 40,
70 nm, respectively, which are attributed to the co-existence of the A-TiO,, R-TiO,,
and ZrTiO4 phases. In Figure 3b, the lattice fringes of 0.351, 0.189, 0.169, 0.207, and
0.361 nm are ascribed to the (101), (200) crystal planes of A-TiO,, (211) crystal plane
of R-TiO,, and (211), (011) crystal planes of ZrTiO4, respectively [32,34,35]. It is
noted that clear interface between A-TiO,/R-TiO, and A-TiO,/ZrTiO4 can be observed,
further confirming the successful development of heterointerface between the three
phases, and the formation of R-TiO,/A-TiO,/ZrTiO4 heterojunction, which is crucial
for the separation of the photo-generated carriers in photocatalysis. The corresponding
EDS mapping patterns of the selected area has been conducted and the results are
shown in Figure 3(c-h), indicating the homogeneous distribution of B, C, O, Ti and
Zr elements throughout the detected region of 50-BZT. Furthermore, the EDS result
indicates that boron atoms were successfully introduced into the composite.

To explore the detailed chemical state of the elements, XPS analysis was
performed over all the samples, and the results are shown in Figure S2. In the XPS
survey spectra of Figure S2a and S2b, all the BZT samples exhibit peaks related to
the elements of B, C, O, Ti and Zr. From Oy, spectra in Figure S2c¢ and S2d, all the
samples mainly consist of five peaks, i.e. the peaks at around 529.2, 530.3, 531.5,
532.8, and 533.4 eV, which are assigned to lattice oxygen (Lo), Ti-O, vacancy oxygen

(Vo), adsorbed oxygen (Ap) and O-H, respectively [36,37]. For the convenience of
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analysis, the results of selected samples (0-BZT, 50-BZT and 75-BZT) were given in
Figure 4. In Figure 4a, an observable blue shift can be observed for samples with the
increasing amount of boron doping. It may be attributed to the increase of binding
energy resulted from the increased boron atoms into the Ilattices of the
A-Ti0,/R-Ti0,/ZrTiO4 system [29]. As for the Oy spectra in Figure 4b, compared
with 0-BZT and 75-BZT, the component of vacancy oxygen for 50-BZT is much
higher, indicating that the highest incorporation amount of boron into the crystal
lattice might be achieved in this sample. Since the vacancy oxygen plays a major role
in the band structure of semiconductor [38], the high component of vacancy oxygen in
sample 50-BZT may be one reason for its better photo-degradation activity (as
presented in section 3.2). Figure 4¢ shows Tiy, spectra of the three samples. For
sample 0-BZT, the spectrum can be divided into three peaks, and the peak at 458.0,
458.9 and 463.4 eV corresponds to the Tiy, 3 in A-TiO,, Ti-O-Zr bond, and Tiy, 12 in
A-TiO,, respectively [39,40]. Compared with 0-BZT, a new peak at around 458.6 eV
can be observed for 50-BZT, which is caused by the presence of R-TiO, [29,34].
Moreover, with increasing boron doping amount, the relative content of the peak at
around 458.6 eV is increased, confirming the increasing content of R-TiO,, which is
in well agreement with the previous XRD and Raman results. In B;; XPS spectra, the
broad peaks can be divided into two peaks centered at around 197 eV and 195 eV,
respectively. Considering the standard binding energy of Bis in B,O3 or H3BOj; is
around 194 eV [41], the appearance of the peak at around 195 eV indicates the

possible formation of B,O; microaggregates inside or on the surface of the
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heterostructure [42,43]. Moreover, in sample 75-BZT, peaks ascribed to Bis in B,O;
or H3BO; appears with high intensity, implying that too high amount of boron loading
did not contribute to a higher level of doping into the crystal structure, but caused the
aggregates of B related species. Moreover, the peak at around 197 eV is not
conclusively assigned and may be due to the chloride atoms (residue from zirconium
source ZrClO4-8H,0) bonded with boron atoms [44].
3.2. Photocatalytic activities of the photocatalysts

The photocatalytic activities of the constructed R-TiO,/A-TiO,/ZrTiO4
heterojunctions were evaluated under visible-light using RhB as target pollutant. The
results are shown in Figure 5 and Table 3, while 0-BZT and P25 catalysts were used
as references. The corresponding degradation curves are present in Figure 5a. RhB
shows no self-degradation activity with visible light illumination, and all of the
samples have no adsorption ability for RhB during the dark reaction. Compared with
0-BZT, an obvious positive effect on the photodegradation activity was observed, with
the increasing amount of boron doping (from 20-BZT to 50-BZT). For sample
50-BZT, the degradation rate of RhB after visible light irradiation for 100 minutes
was 97.8%, which was nearly 10 times higher than that of P25. Further increasing
boron content from 55-BZT to 75-BZT, significant decrease in the degradation
capacity was observed. According to the colour changes of the solutions after
degradation reactions (inset pictures in Fig 5a), photodegradation performance of the
samples can be easily verified. The kinetics of the degradation of RhB of all the

samples is presented in Fig 5b. The RhB degradation rate of 50-BZT was 0.038 min ',
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which was 1.46 times higher than that of 0-BZT, and 38 times higher than the value of
P25. Besides, the stability of 50-BZT was evaluated by conducting the RhB
degradation experiment five times under the same condition, as shown in Fig 5c. The
catalyst maintained the photodegradation efficiency with a less than 2% deduction
after five cycles, indicating superior stability. Furthermore, the Raman spectra
analysis of the fresh and tested 50-BZT in Fig 5d illustrate that the catalyst had stable
structure after cycle experiments. These results demonstrate that the prepared BZT is
a structure-stable and recyclable photocatalyst with high photocatalytic efficiency.

Combined with the result of XRD, the ability of RhB photodegradation of boron
doped samples was improved gradually by increasing the mass ratio of
R-TiO,/A-TiO; from 0 to 0.066. And then, the photodegradation performance was
deteriorated by further increasing the R-TiO; content. The result suggests that the low
content of R-TiO, plays a crucial role in affecting the photo-degradation performance
of BZT. In section 3.3, we will focus on clarifying the mechanism of the enhanced
photocatalytic activity with the introduction of R-TiO,,
3.3. Photocatalytic mechanism of the photocatalysts

Figure 6a shows the UV-Vis diffuse reflectance spectra (DRS) of the samples.
All the samples have strong absorption in the UV and near-visible light. Compared
with un-doped 0-BZT, samples with low mass ratio of R-TiO,/A-TiO; (from 20-BZT
to 50-BZT) presented an observable blue shift of the absorption edge. Further
increasing the boron doping amount to 75-BZT, an apparent and continuous red shift

of absorption edge was observed. The calculated bandgap Eg of the samples were
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shown in Fig 6b and Table 3, according to equation (2) [45]:
ohv = A (hv-Eg)™? )

where o is a constant, h denotes the Planck constant, v represents frequency, A refers
to the absorption coefficient near the absorption edge. The coefficient n is 4 in this
work, because A-TiO,, R-TiO, and ZrTiO4 have indirect transition [46-48]. Similarly,
bandgaps of the doped samples were narrowed from 2.84 eV (20-BZT) to 2.55 eV
(75-BZT). Therefore, it can be concluded that visible light utilization can be enhanced
with the increase of R-TiO,/A-TiO, mass ratio in R-TiO,/A-TiO,/ZrTiO4. Compared
with A-TiO,/ZrTiO4 (0-BZT), low R-TiO,/A-TiO, mass ratio (<0.066) would have
some negative effect on the efficiency of visible light utilization due to the slightly
increase of the band-gap of the materials.

PL spectral studies were conducted, and the results were shown in Fig 6¢. High
PL intensity represents high rate of charge carrier recombination. Among all samples,
sample 50-BZT shows the lowest PL intensity, suggesting the enhanced charge
separation in optimized boron doped samples. Besides, much different curves were
observed for the samples from 55-BZT to 75-BZT, due to the transformation of the
major phase in the system. Additionally, the time-resolved transient PL decay (TR-PL)
were measured to determine the recombination kinetics of photo-induced charge
carriers and their average lifetimes, as shown in Fig 6d, which are fitted by a
second-order exponential kinetics curve, based on equation (3) [49]:

Tave = (A171% + 4312%) /(A171 + ApT3) 3)

where A represents the amplitudes and 7 denotes emission lifetimes of each
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component. All the results of PL lifetime are presented in Table 2. Obviously, the
lifetimes for 50-BZT (t; = 0.12 ns, A; = 98.27%; 1, = 8.47 ns, A, = 1.73%) are much
longer than those of 0-BZT (t; =0.11 ns, A; = 98.16%; 1, = 3.95 ns, A, = 1.84%). The
prolonged lifetime indicates a longer duration time for photo-induced charger carriers
kept at excited state, which may increase the probability of charge carriers
participating in the following photodegradation reactions. However, 75-BZT with the
longest lifetime did not perform a better photocatalytic activity, suggesting that the
photoinduced carriers are easily excited but difficult to transfer, thus leading to the
long PL lifetime but weak photocurrent, as verified by the following analysis.

From the transient photocurrent (TP) curves in Fig 6e, with a low
R-TiO,/A-TiO, mass ratio, the photocurrent intensity of the samples increased
gradually from 0-BZT to 50-BZT. In Fig 6f, EIS plot of 50-BZT is the lowest among
all the samples, indicating the charge carriers in the material possess the fastest
separation and transfer rate. With a higher R-TiO,/A-TiO; mass ratio from 55-BZT to
75-BZT, remarkably reduced photocurrent intensity was observed, which was also
confirmed by the significantly increased EIS value in Fig 6f. These results are in good
consistent with their photocatalytic behaviour. Therefore, it can be concluded that the
R-TiO,/A-TiO,/Z1TiO4 composites with appropriate component ratio possess
significantly lowered recombination and high transportation of photogenerated
electrons and holes, as a result of controlled B-doping content.

The band structures of all the samples were determined and shown in Figure 7.

Considering a corrected value of a standard hydrogen electrode (0.63 eV, pH = 7) [50]
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and the obtained XPS VB values in Figure 7a and 7b, the deduced valence band
values of samples with low R-TiO,/A-TiO, mass ratio (from 0-BZT to 50-BZT)
increase from 2.07 to 2.21 eV. While this value decreased from 2.09 to 1.76 eV for
samples with higher R-TiO; ratio (from 55-BZT to 75-BZT), as shown in Figure 7d.
Based on the relation of Ecg= Eyg — Eg [51], the conduction band values (Ecg) of the
samples can be calculated to be from -0.67 to -0.79 eV, correspondingly. Moreover,
Mott-Schottky analysis was conducted to obtain the electrochemical flat-band
potentials (Egp) of the samples. The Mott-Schottky plots with different frequencies
(500, 1000, 1500 Hz) of the samples are shown in Figure S3, and the positive slope
of the linear region demonstrates the n-type semiconductor [52]. Based on the
potential relative to the Ag/AgCl reference electrode, the normal hydrogen electrode
(NHE) potential was calculated according to equation (4) [53]:
Eq (vs. NHE) = Eg, (vs. Ag/AgCl) + Eagci + 0.059 x pH 4)

where Eagcr 1s 0.197 V, and the pH is 7.10. Eg, (vs Ag/AgCl) and the calculated Eg,
values of all samples are compared in Figure 7c. Considering Eg of a n-type
semiconductor is about 0.2 V below its CB potential [54], the CB positions of the
samples can be deduced, which are in good consistent with the calculated CB value.
In combination with the analysis above, schematic diagram of the band variations of
the samples is given in Figure 7d. Obviously, boron doping is an effective approach
to dominate the electronic band structure. Besides, the suitable band positions of the
samples obtained from controlling the amount of boron dopant is crucial to enhance

the redox ability and is helpful for the separation of photo-generated carriers.
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Moreover, based on the results of Eg, values and the slopes of the Mott—Schottky
plots, the charge carrier density (Np) of the samples was calculated from equation (5)

[54]:

2 dE _ 2 1
qeeg dciz - geeg slope

Np = (5)

where q denotes the electronic charge (1.602 x 107" C), ¢ refers to the dielectric
constant of TiO, (2.40), & is the permittivity (8.85 x 10 F-cm ) in vacuum, and the
results are presented in Table 3. As can be seen, sample 50-BZT showed the highest
carrier density, indicating the greater spatial separation of charge carriers.

To further clarify the generation of active species during the irradiation, the EPR
measurement of sample 0-BZT, 50-BZT and 75-BZT was conducted, and the results
are shown in Figure S4. During the test of vacancy, an apparent EPR signal at g =
2.001 was detected, suggesting the existence of the oxygen vacancy in the system [55].
Moreover, before and after illumination, the intensity of EPR signal ascribed to
vacancy hardly changed (seen in Figure S4a, S4d and S4g), verifying the existence
of oxygen vacancies, as revealed by the XPS analysis. Moreover, no signal was
observed in the dark during the *O, and *OH radicals trapping tests. In contrast,
under visible light illumination, four strong signal peaks of DMPO-+O, and
DMPO-+OH with the intensity of 1:1:1:1 and 1:2:2:1 are detected over all the samples,
indicating the generation of O, and *OH radicals during the photocatalytic reaction.
The comparison result between these three samples is present in Figure 8. In the

vacancy test of Figure 8a, compared with sample 0-BZT and 50-BZT, an extremely

low signal was detected for sample 75-BZT, suggesting low content of oxygen
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vacancy for high boron doped samples. In Figure 8b, the highest intensity of *OH
radical was found for sample 50-BZT, resulted from its positive shift of the valence
band position. In Figure 8¢, decreased intensity of *O, radical with sample 50-BZT
and 75-BZT could be observed, which might be attributed to the positive shift of the
conduction band and the weakened transfer ability of charge carriers, respectively.
Moreover, the EPR results are in good consistent with above analysis of band
structures and the results of active species trapping experiments shown in Figure S5.
Based on the analysis above, a feasible photocatalytic mechanism of
R-TiOy/A-TiO,/ZxTiO4 is illustrated in Figure 9. Combined with energy band
structure and band bending theory, a novel Z-scheme/ II-type R-TiO,/A-TiOy/ZrTiO4
ternary heterojunction structure is obtained. Here, the band positions are reported on
the basis of the energy values reported in ref 16, 56 and 57. Since R-TiO; has higher
CB and VB positions and smaller work function (¢p=4.2 eV) than A-TiO, (¢=8.1 eV)
[58,59], when R-TiO, and A-TiO, are in contact, free electrons of R-TiO; can transfer
to A-TiO; until their Fermi levels are equilibrated. Therefore, the R-TiO, side is
positively charged, while A-TiO; side is negatively charged at the interface. Thus, an
internal electric filed is formed and band edge bending occurs [60]. Furthermore,
because R-TiO; has the smaller work function than A-TiO,, i.e. a higher Fermi level,
its band edge bends upward, hindering electrons transfer to A-TiO,. And the build-in
electric field as well as Coulomb repulsion also barricades possible electrons transfer
from R-TiO, CB to A-TiO, CB. Similarly, these factors could also suppress the

transfer of holes from VB of A-TiO, to VB of R-TiO,. While, the existence of the



O 1o Ul W

OO DTG UTUIUTUITOTUTOTOT S BB BB DD DDA DWWWWWWWWWWNNNNNNNNONNNNER R PR R R R e
O WNEFPF OWO-JO U WNREFPOOWOJIOYUDd WNRPFPOWOOJOYUIDd WNRFPF OWOOLO-JoYUd WNE OWOWJoY U P WNEFE O W

built-in electric field favors the recombination between the electrons in the CB of
A-TiO, and the holes in the VB of R-TiO,. This leads to direct Z-scheme electron
transfer from the CB of A-TiO, to the VB of R-TiO,. Importantly, the electrons from
the CB of R-TiO; and the holes from the VB of A-TiO, are maintained and spatially
separated. On the other hand, A-TiO, and ZrTiO4 has similar band positions and
staggered gaps, a typical II-type charge transfer mode is preferred. The photo-induced
electrons in the CB of ZrTiOy4 transfer to CB of A-TiO,, and then recombine with the
holes in the VB of R-TiO, with the existence of build-in electric field between the
R-TiO, and A-TiO,. Meanwhile, the holes in the VB of A-TiO, transfer to VB of
ZrTiO4. Moreover, the oxygen vacancies served as springboards to promote the
separation and transfer of the photo-induced carriers. As a consequence, with stronger
redox ability, the electrons accumulate in the CB of R-TiO,, and the holes accumulate
in the VB of ZrTiO4. Subsequently, photo-induced electrons and holes react with O,
and H,O/OH™ to generate *O, and *OH radicals, respectively, which will take part in
the following photo-degradation of organic dyes.
4. Conclusions

Z-scheme/ II-type R-TiO,/A-TiO,/ZrTiO4 ternary heterojunction photocatalysts
were designed and successfully prepared using a simple one-step calcination strategy.
The phase composition ratio of the R-TiO,/A-TiO, and the band structure can be
adjusted by controlling the amount of boron doping. With the increasing amount of
boron doping, the content of ZrTiO4in BZT was kept at around 25 wt%. The content

of R-TiO; in BZT was consistently increased from 0 to 74 wt% from 0-BZT to
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75-BZT, while the material morphology evolved from uniform spherical particles into
coarsened spherical, rhombic and ellipsoidal particles of different sizes. For
as-prepared R-TiO,/A-TiO,/ZrTiO4 photocatalysts, sample 50-BZT (R/A ratio, 0.066)
had the lowest values of PL intensity and impedance, and the highest photocurrent
intensity and density of charge carriers, making its superior photodegradation
performance. Its RhB degradation rate was 97.8% after visible light irradiation for
100 minutes, about 10 times higher than P25. The excellent photodegradation
performance was due to the remarkably enhanced separation and improved redox
ability of the photo-induced charge carrier as a result of the formed rutile TiO»/
anatase TiO, Z-scheme heterojunction and high content of oxygen vacancies.
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Table and Figure Captions:

Table 1 Phase compositions and mass ratios of R-TiO,/A-TiO; in BZT samples

Table 2 Exponential decay-fitted parameters of fluorescence lifetime for BZT samples
Table 3 Photocatalytic degradation rates (R), kineties (k), band gap (Eg), and density
of charge carriers (Np) of BZT samples

Figure 1. (a) XRD patterns and (b) Raman spectra of the BZT samples

Figure 2. SEM images of (a) 0-BZT, (b) 50-BZT, and (c) 75-BZT samples

Figure 3. (a) TEM, (b) HRTEM, (¢) HADDF images and EDS mappings of the B (d),
C (e), O (f), Ti (g) and Zr (h) elements for 50-BZT

Figure 4. XPS spectra of 0, 50, 75-BZT: (a) survey, (b) Ois, (c) Tizp, and (d) By
Figure 5. (a) Photo-degradation curves of RhB over the BZT with various doping
amount of boron, (b) Kinetics of the RhB degradation under visible light, (c) Cycled
experiments of the 50-BZT, (d) Raman spectra of fresh and tested 50-BZT

Figure 6. (a) UV—Vis DRS, (b) Plot of (ahv)* versus hv, (c) PL spectra, (d) TR-PL
spectra, (e) TP curves, and (f) EIS plots of the BZT samples

Figure 7. (a, b) VB XPS spectra, (¢) comparison of Eg, potential variations, and (d)
schematic diagram of the band variations of the BZT samples

Figure 8. EPR spectra of (a) vacancy, (b) DMPO-+OH adducts in methanol solution,
and (c) DMPO-+O, adducts in aqueous solution recorded with 0, 50, 75-BZT under
visible light irradiation

Figure 9. Photocatalytic mechanism of R-TiO,/A-TiO,/ZrTiO4 under visible light

illumination
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Table 1 Phase compositions and mass ratios of R-TiO,/A-TiO, in BZT samples

Samples A-TiOy/wt% R-TiOy/wt% ZrTiO4/ wt% R-TiO,/A-TiO, mass ratio
0-BZT 74.6 0 25.4 0

20-BZT 73.8 0.7 25.5 0009

40-BZT 72.5 1.7 25.8 0.023

50-BZT 69.2 4.6 26.2 0.066

55-BZT 42.4 31.5 26.1 0.743

60-BZT 13.5 60.7 25.8 4.796

70-BZT 23 72.1 25.6 31.35

75-BZT 1.2 74 24.8 61.67
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Table 2 Exponential decay-fitted parameters of fluorescence lifetime for BZT samples

T1 T Tave
S | A A
ampres ! 2 (ns) (ns) (ns)
0-BZT 0.9816 0.0184 0.11 3.95 1.65
50-BZT 0.9827 0.0173 0.12 8.47 4.75
75-BZT 0.9821 0.0179 0.11 14.43 10.21
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Table 3 Photocatalytic degradation rates (R), kineties (k), band gap (Eg), and density

of charge carriers (Np) of BZT samples

Samples R k . Ee No 3
(%) (g'min") (eV) (cm™)
0-BZT 92.93 0.026 2.74 4.98x10*
20-BZT 93.33 0.026 2.84 4.15x10%
40-BZT 95.73 0.031 2.81 4.31x10%
50-BZT 97.82 0.038 2.79 5.12x10%
55-BZT 93.05 0.027 2.69 4.74x10%
60-BZT 72.39 0.013 2.57 4.41x10%
70-BZT 43.76 0.006 2.56 4.31x10%
75-BZT 15.92 0.002 2.55 3.92x10%
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Figure 1. (a) XRD patterns and (b) Raman spectra of the BZT samples
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Figure 2. SEM images of (a) 0-BZT, (b) 50-BZT, and (c) 75-BZT samples
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Figure 3. (a) TEM, (b) HRTEM, (c) HADDF images and EDS mappings of the B (d),

C (e), O (f), Ti (g) and Zr (h) elements for 50-BZT
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Figure 4. XPS spectra of 0, 50, 75-BZT: (a) survey, (b) Oys, (¢) Tiap, and (d) By,
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Figure 5. (a) Photo-degradation curves of RhB over the BZT with various doping

amount of boron, (b) Kinetics of the RhB degradation under visible light, (c) Cycled

experiments of the 50-BZT, (d) Raman spectra of fresh and tested 50-BZT
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Figure 6. (a) UV—Vis DRS, (b) Plot of (ahv)” versus hv, (c) PL spectra, (d) TR-PL

spectra, () TP curves, and (f) EIS plots of the BZT samples
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Figure 7. (a, b) VB XPS spectra, (c) comparison of Eg, potential variations, and (d)

schematic diagram of the band variations of the BZT samples
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Figure 8. EPR spectra of (a) vacancy, (b) DMPO-+OH adducts in methanol solution,

and (¢) DMPO-+0O, adducts in aqueous solution recorded with 0, 50, 75-BZT under

visible light irradiation
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Figure 9. Photocatalytic mechanism of R-TiO,/A-TiO,/ZrTiO4 under visible light

illumination




