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Highlights

Carbonate-doped TiO. was prepared via a hypoxic carbonization method.

A bidentate carboxylate linkage was formed between carbonate and TiO: lattice.

The electron-withdrawing carboxylate ligands can remarkably narrow the bandgap.
Two possible mechanisms were elucidated based on the bidentate carboxylate linkage.

Carboxylate chelate carbonate-doped TiO2 shows high photodegradation activity.



Abstract

Carbonate-doped anatase TiO. photocatalysts were prepared by a conventional sol-gel
method and subsequent xerogel carbonization process in hypoxic atmosphere. Acetic acid
was used as the hydrolysis inhibitors of titanium butoxide (TBOT) and the carbon source is
the organic species produced during the synthesis of TiO- particles. Via a low-temperature (<
300 ° C) carbonization process, the carboxylate ligands from the chelated acetic acid
molecules can be retained and transformed into the bidentate carboxylate linkage between the
amorphous carbonate dopants and TiO- lattice. The strong electron-withdrawing bidentate
carboxylate ligands can induce valence band (VB) tail states to narrow the bandgap of TiOg,
as confirmed by attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy and X-Ray photoelectron spectroscopy (XPS) analyses. Moreover, the
carbonate dopants can serve as photosensitizer to absorb visible-light and help to promote the
charge carriers’ separation through cooperation with bulk/surface defects of TiO,. The
synergistic effects can significantly enhance the visible-light photocatalytic activities of TiO>
for phenol degradation (A > 420 nm). The band structure and possible photocatalytic

mechanism of the carbonate-doped TiO2 were thus elucidated.
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1. Introduction

Semiconductor-based photocatalysis has been identified as an effective method to degrade
and eliminate harmful organic pollutants from waste water. Although many novel
photocatalysts with various performances have been proposed to date, titanium dioxide (TiO2)
is still the most promising photocatalyst because of its low cost, nontoxicity, abundance, and
high thermal and chemical stabilities [1-6]. TiO2 exists primarily in four polymorphs, anatase,
rutile, brookite, and TiO (B) [4]. Among these four phases, anatase TiO2 has been commonly
reported to show the highest photocatalytic activity. However, due to its bandgap of 3.2 eV,
pure anatase TiO> can absorb photons only in the ultraviolet (UV) region of the solar
spectrum that accounts for ca. 3%—-5% of the solar energy reaching the Earth’s surface [5],
limiting its efficiency for light harvesting. In addition, the high recombination rate of the
photoinduced electron-hole pairs that reduces the photoefficiency of the photocatalytic
process is another major drawback of TiO> as a photocatalyst [6]. Therefore, extensive efforts
have been undertaken to improve the optical response of TiO2 in the visible-light region and
restrain the recombination of photoinduced carriers. These have been mainly achieved by
introducing either anion or cation dopants (main group elements, transition metals, or rare
earth) into the TiO: lattice [1, 5, 6].

Recently, increasing interest has been directed to carbonate-doped TiO. photocatalysts
because of their high visible-light photocatalytic activity for degradation of water pollutants
as well as production of hydrogen from water [7-12]. It has been demonstrated that in
addition to effectively narrowing the TiO2 bandgap [7, 8], carbonate doping can also induce

visible-light photocatalytic activity in TiO2 by playing the role of photosensitizer [13-16]. To



the best of our knowledge, “carbonate” as a specific term can be used to describe a series of
oxygen-containing carbon species, such as carbonate anion, carbonyl, carboxyl, ester, and
acyl. However, the question of whether all of these oxygen-containing carbon species can
contribute to enhancing the visible-light photocatalytic activity has not investigated in depth.
Moreover, we note that different “carbonates” display different abilities for binding to TiOx.
In particular, carboxyl, which possesses strong covalent binding ability to TiO2, is often
employed to act as the anchoring group for dye-sensitized solar cells [17, 18]. Generally, such
strong covalent binding may strongly influence the electronic environments for Ti cations and
O anions, as well as the energy band structure of TiO,. However, such structural features and
the effect on the photocatalytic activity have not been explored systematically to date.

In the present work, we prepared a series of carbonate-doped TiO, photocatalysts using a
conventional sol-gel method and subsequent xerogel carbonization process in hypoxic
atmosphere under different temperatures. The structures and morphologies of the as-prepared
samples were investigated using a variety of characterization techniques. In particular, the
structural features of carboxylate ligands and their effects on the band structure of TiO, were
investigated in detail by attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy and X-Ray photoelectron spectroscopy (XPS) analyses. The photocatalytic
activity was evaluated by the photodegradation of phenol under visible-light irradiation (A >
420 nm). Finally, based on the results of characterization and experiment, the possible band
structure and mechanism of the enhanced photocatalytic activity based on the
electron-withdrawing bidentate carboxylate linkage were proposed for the carbonate-doped

TiOo.



2. Experimental Section
2.1 Photocatalyst preparation

Carbonate-doped TiO> was prepared by the conventional sol-gel method followed by the
xerogel carbonization process. All chemicals were used as received without further
purification. Distilled water was used for the preparation of all aqueous solutions.

Typically, 10 mL glacial acetic acid (AcOH), 20 mL anhydrous ethanol, and 5 mL distilled
water were mixed in a 200 mL flask with stirring for 10 min to obtain solution A. Meanwhile,
10 mL titanium butoxide (TBOT, =99.0%) and 20 mL anhydrous ethanol were mixed with
stirring for 10 min to obtain solution B. The solution A was added dropwise into the solution
B slowly under vigorous and magnetic stirring of the reaction mixture in order to form the sol.
The sol was stirred continuously for 30 min and aged for 48 h to form the gel at room
temperature. After that step, the gel was dried for 12 h at 90 °C to obtain the xerogel that was
then milled and placed into a ceramic boat. Next, the xerogel was carbonized using a tube
furnace at different temperatures with a ramping rate of 5 °C/min and held for 2 h to prepare
the carbonate-doped TiO. The carbonization was performed in a hypoxic atmosphere (5% Oo,
95% N2, 100 mL/min), which was beneficial for obtaining a suitable level of carbonate
doping. The final products were allowed to cool to room temperature naturally. The
carbonate-doped TiO. samples were labeled as CT-x, where “x” indicated the carbonization
temperature (°C).

2.2 Characterization
X-Ray diffraction (XRD) patterns were collected using a PANalytical Empyrean X-ray

diffractometer with Cu Ka radiation. Nitrogen adsorption/desorption measurements at 77 K



were performed using a Quadrasorb SI-MP apparatus. The surface area was calculated using
BET method within the relative pressure (P/Po) range of 0.05-0.30. Raman spectra were
measured by a Renishaw inVia confocal Raman microscope equipped with a 532 nm green
laser source. The morphologies of carbonate-doped TiO> was observed by transmission
electron microscopy (TEM, FEI Tecnai F20). The sample for TEM measurements was
suspended in ethanol and supported onto a holey carbon film on a Cu grid. X-Ray
photoelectron spectra (XPS) were obtained using a Thermon ESCAlab 250 X-ray
photoelectron spectrometer with an Al Ka X-ray source. To investigate the local chemical
state of the functional groups on the surface, curve fitting of the raw data of the Ti 2p, O 1s
and C 1s spectra was performed using the public software package XPSPEAK v4.1. Ar* ion
etching at 3 kV for 6 minutes on a 2 mm X 2 mm sample was used to remove the surface
oxide to unveil subsurface information for comparison. Fourier-transform infrared (FTIR)
spectroscopy measurements were carried out using a Perkin Elmer Frontier FTIR
spectrometer with an attenuated total reflection (ATR) accessory. Ultraviolet visible diffuse
reflectance spectra (UV-Vis DRS) were recorded in the 300—700 nm range in reference to
barium sulphate (BaSO4) wusing a UV-Vis spectrometer (UV-3600, Shimadzu).
Photoluminescence (PL) emission spectra were acquired under excitation at 280 nm using an
SHIMADZU RF-5301 PC spectrometer.
2.3 Visible-light photocatalytic degradation of phenol

The photocatalytic activity of carbonate-doped TiO, was evaluated using phenol
degradation in aqueous solution under visible-light irradiation. The light source was a 20 W

blue light-emitting diode (LED) lamp. The wavelength of the blue LED was in the range of



410 to 500 nm. The short wavelength components of the light were cut off using a glass
optical filter (A > 420 nm) (Fig. S1). In a typical experiment, 0.1 g of the as-prepared
carbonate-doped TiO2 was added into 30 mL of 20 mg/L phenol solution in a 50 mL quartz
beaker. Prior to irradiation, the suspensions were magnetically stirred for 1 h to achieve
adsorption-desorption equilibrium for phenol. Then, the suspensions were illuminated with
the above-mentioned light source. To determine the change in the phenol concentration in
solution during the process, a 3.0 mL solution sample was taken from the reaction mixture
every 30 minutes and subsequently filtered through a millipore filter (pore size 0.22 pum) in
order to remove the catalyst. This solution was then analyzed using a UV-Vis spectrometer.
The phenol concentration was obtained according to the linear relation between the
absorbance at 270 nm and the phenol solution concentration [8, 19].
2.4 Measurement of evolved CO:2

Photocatalytic evolution of CO, was measured in a 50 mL sealed quartz volumetric flask
with stirring at ambient temperature using the above-mentioned LED as the light source. In a
typical experiment, 0.1 g of CT-300 was dispersed in 30 mL of 20 mg/L phenol solution.
Prior to irradiation, the suspensions were magnetically stirred for 1 h to achieve the
adsorption-desorption equilibrium for phenol. At regular time intervals during the
illumination process, 0.5 mL of the gas in the headspace was withdrawn using a gas-tight
syringe and analyzed by a gas chromatograph with a thermal conductivity detector (TCD),
equipped with MS-13X packed column. The molar amount of CO2 was quantified using the

external standard method.



2.5 Action spectrum of phenol degradation

The photocatalytic degradation of phenol in the presence of CT-300 was investigated as a
function of irradiation wavelength in a 15 mL quartz colorimetric tube with stirring at
ambient temperature. In a typical experiment, 16.7 mg of CT-300 was dispersed in 5 mL of
20 mg/L phenol solution. The suspension was stirred in the dark environment for 60 min, to
achieve the adsorption-desorption equilibrium for phenol, and then irradiated for 30 min
under stirring. A series of monochromatic 5 W LEDs were employed as the irradiation source
(Fig. S2). The irradiation intensity was measured using an irradiatometer (FZ-A, Beijing
Normal University Optical Instrument, China). The wavelength-dependent apparent quantum
efficiency, ®qpp, Was defined as the rate ratio of the consumption of photogenerated holes and
the flux of incident photons, by taking into account the fact that 28 electrons (holes) are
required according to the stoichiometry of the following reaction: CéHsO + 7 O — 6 CO2 +
3 H20.
2.6 Measurement of hydroxyl radicals

The photocatalytic activity of CT-300 was also evaluated by measuring the formation of
hydroxyl radicals (¢OH) in solution. It was analyzed by a photoluminescence (PL) technique
using coumarinas a probe molecule, which reacts with «OH radicals readily to produce
7-hydroxycoumarin as a highly fluorescent product. In a typical experiment, the 1.0 g/L
CT-300 suspension, containing 0.5 mmol/L coumarin and 20 mg/L phenol, was mixed under
magnetic stirring, and then shaken overnight. After that, the suspension was illuminated with
the above-mentioned LED light source. At given intervals, small aliquots were withdrawn by

a syringe, and filtered through a millipore filter (pore size 0.22 pum) in order to remove the



catalyst. The filtrate was then analyzed using a SHIMADZU RF-5301 PC fluorescence
spectrophotometer by the excitation at the wavelength of 332 nm.

3 Results and Discussions

3.1 Morphology and structure

Fig. 1 shows the digital photographs of the carbonate-doped TiO> samples. With the
increased carbonization temperature, the visible color of the resulting powders changes from
light yellow for CT-100 and CT-200, dark brown for CT-300, earthy yellow for CT-400, to
light grey for CT-500, with all of these samples showing a striking contrast to the white color
of the pristine anatase TiO2. These results indicate that the surface properties of TiO, are
apparently affected by the xerogel carbonization process in a hypoxic atmosphere at different
temperatures.

The XRD patterns of the as-prepared carbonate-doped TiO2 samples are presented in Fig.
2(a). All diffraction peaks can be assigned to those of the tetragonal anatase phase (JCPDS
99-0008). Diffraction peaks due to other polymorphs of TiO2 such as rutile and brookite are
absent. The TiO2 crystallinity increases with the carbonization temperature. For CT-100,
CT-200 and CT-300, the diffraction peaks show weak intensity and significantly broadened
full width half maximum (FWHM), which can be attributed to the poor crystallinity and very
small size of the TiO> crystallites. With the higher carbonization temperature, the diffraction
peaks’ intensities increase abruptly for CT-400 and CT-500, indicating a better crystallinity
and fewer crystal defects. The crystallite sizes of carbonate-doped TiO> from CT-100 to
CT-500 were estimated using the Scherrer's equation and are given in Table 1. It can be

observed that the nanocrystallite size increases with the carbonization temperature. However,
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the increment of the crystalline size was relatively small, which can be attributed to the
stabilizing effects of AcOH on the precursors that could restrain the crystallization process of
TiO2 [20-22]. It is well known that the smaller crystalline size the larger specific surface area,
the BET surface areas of the as-prepared carbonate-doped TiO, samples were therefore
calculated according to the nitrogen adsorption-desorption isotherms (Fig. S3) and
summarized in Table 1. It can be seen that the samples prepared at lower temperatures
(CT-100, CT-200 and CT-300) show relatively high BET surface area. When the
carbonization temperature further increases to 400 or 500 °C (CT-400 or CT-500), the BET
surface area decreases markedly, which should be related to the larger crystalline size at
higher temperature.

Fig. 2(b) presents the Raman spectra of as-prepared carbonate-doped TiO, samples in the
800-100 cm range in order to investigate the formation of TiO,. All samples show the peaks
at ca. 638 cm? (Eg), 516 cm™ (Ayg), 395 cm? (Big), 200 cm™ (Eg), and 150 cm? (Ey),
indicating the existence of a predominant anatase phase in these samples [23, 24]. Close
inspection of the strongest and sharpest peak at ca. 150 cm™ reveals a red shift towards the
lower frequency for higher carbonization temperature from 100 to 500 °C, indicating the
reduction of surface defects due to the temperature processing and crystal growth [24].
Together with the results from XRD, these results indicated that it is reasonable to conclude
that the carbonate-doped TiO2 samples prepared at lower temperature (< 300 °C) contains
more bulk and/or surface defects.

The crystal structure and morphology of the carbonate-doped TiO. samples are examined

by high-resolution transmission electron microscopy (HRTEM). Fig. 3 shows the HRTEM
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images and the results of fast Fourier transform (FFT) analyses of CT-300. As shown in Figs.
3(a) and S4, the carbonate-doped TiO. particles are comprised of a large number of
nanocrystallites, which abut against each other within the particles. The crystallite size
determined from the HRTEM image is ca. 10 nm, consistent with the crystallite size extracted
from the width of the XRD patterns. Lattice fringes with an interplanar spacing of 0.35 nm
are clearly observed and are consistent with spacing between the (101) planes of tetragonal
anatase, in good agreement with the results of XRD and Raman. To determine the local
structural features, a selected area of the image is filtered using FFT as shown in Fig. 3(b).
The FFT pattern of the selected area shows both the spots pattern for crystalline phase and the
diffusing ring pattern for the amorphous phase. After applying band pass mask tools to the
spots and diffuse ring, the corresponding Fourier-filtered images are obtained by further
inverse FFT operation, as shown in Figs. 3(c) and 3(d). The Fourier-filtered image of the
spots pattern (Fig. 3(c)) clearly shows severe lattice distortions, with several developing into
dislocations in the selected area, confirming the existence of bulk and/or surface defects.
Meanwhile, the Fourier-filtered image of the diffuse ring pattern shows that the amorphous
phase is evenly distributed in TiO> lattice. Because no apparent peaks for graphite-like carbon
were observed in Raman analysis (Fig. S5) [24, 25], such amorphous phase should be
attributed to the carbonate dopants in TiO2, as discussed in the next section.
3.2 Surface chemical analysis

To investigate the chemical states of the carbonate dopants, XPS was used to record the C
1s high resolution spectra for all samples, as shown in Fig. 4(a). The major peak at 284.5 eV

can be attributed to the C-C neutral bond for which the high intensity is an indicator of the
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carbonate species doped into TiO rather than external hydrocarbon contaminations [26-29].
The peaks centered at 285.9 eV and 288.5 eV match the XPS peaks of C-OR(H) and
C-OOR(H), respectively, confirming that all five samples were successfully doped by
carbonate species [7, 10, 26-30]. In addition, the absence of the peak at 282.0 eV indicates
that the carbon species do not substitute oxygen species in the TiO; lattice to form a C-Ti
bond [7, 11, 24]. Therefore, it is very likely that the amorphous carbonate dopants are mainly
located at the interstitial and/or surface position of the TiO; lattice [31].

Apparently, C 1s XPS spectra could not provide us more information to identify the
binding mode between the carbonate dopants and TiO2, hence ATR-FTIR analysis was
carried out for all samples. The total reflection capabilities of ATR-FTIR allow the wave to
propagate along the region near the carbonate dopants/TiO; interface, enhancing the
carbonate species signal [18]. As shown in Fig. 4(b), the peaks observed at ca. 1526 cm™ and
1445 cm can be attributed to the antisymmetric and symmetric stretching vibration of the
coordinated carboxylate ligands on TiOz [32, 33]. In our preparation, AcOH was employed to
suppress the rapid hydrolysis and condensation of TBOT via the chelation of AcOH
molecules to the Ti cations. Carboxyl groups show a strong binding ability to the Ti cations
[34]. These coordinated carboxylate ligands are most likely derived from the chelated AcOH
molecules under lower carbonization temperatures. When the carbonization temperature is
increased from 100 to 200 °C, the intensities of carboxylate peaks decrease slightly,
indicating a slight decomposing of the carboxylate chelate structure. On the other hand, at
300 °C, the intensity of carboxylate peaks decreases abruptly, indicating an intense

decomposition of the carboxylate ligands due to a more aggressive carbonization. With the
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higher carbonization temperature (400 and 500 °C), these characteristic peaks eventually fade
away in samples CT-400 and CT-500, possibly due to the total breakdown of carboxylate
chelate structure under high temperatures. Therefore, it is only when the carbonization
temperature is sufficiently low (< 300 °C) that the carboxylate ligands can be retained and
transformed into a part of carbonate dopants and can coordinate with TiO in final products.

Furthermore, FTIR spectroscopy is also a reliable tool to determine the coordination mode
of the carboxylate ligands. Generally, the frequency difference between the antisymmetric
and symmetric stretching vibration (A = vas-va) has been related to the type of carboxylate
coordination. Three possible binding modes have been previously proposed for the
coordination of carboxylate ligands on metal oxides: the monodentate (esterlike) linkage (A =
350-500 cm™), bidentate bridging (A = 150180 cm™), and the bidentate chelating (A =
60—100 cm™) [32, 35]. In our study, the A value of the two peaks (A = 81 cm™) suggests that
the binding mode of the carboxylate on TiO> is predominantly that of the bidentate chelating
linkage (inset in Fig. 4(b)) rather than other two binding modes. With the exception of the
double peaks of bidentate carboxylate ligand, the peaks at ca. 1416 cm™ match the symmetric
stretching vibration of carboxyl group (-COOH) well [36, 37], while the shoulder peaks at
ca.1343 cm™ correspond to the deformation vibration of the methyl group (-CHs) [36, 38].
These peaks can be attributed to the residual AcOH under lower carbonization temperatures.
The broad absorption band at ca. 1634 cm™ for CT-400 and CT-500 can be ascribed to the
stretching vibration of surface water or hydroxyl groups [39, 40].

The bidentate structure of carboxylate ligands significantly affects the electronic

environments for Ti cations and O anions, with these influences recorded by the high
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resolution XPS spectra of Ti 2p and O 1s regions, as shown in Figs. 4(c) and 4(d). The
surface element content was also calculated according to the XPS survey spectra and is
summarized in Table 1. It is clear that the intensities of all Ti 2p and O 1s peaks are enhanced
gradually with the increasing temperature, which can be attributed to the decrease of the
surface carbon contents (Table 1). In general, the peaks at 457.8—459.6 €V can be assigned to
the Ti 2p3/2 binding energy regions, and the peaks at 463.9—464.3 eV can be ascribed to the
Ti 2p1/2 binding energy regions, respectively (Fig. 4(c)) [24, 29, 40]. Interestingly, careful
examination reveals that the Ti 2p3/2 peaks for CT-100, CT-200 and CT-300 can be further
deconvolved into two components: one at 458.2—458.5 eV and the other at 459.2—-459.6 eV,
indicating two different types of electronic environments for Ti cations. Generally, a chemical
shift to lower binding energy translates into an increased local electron density, while the
opposite is true for a shift to higher binding energy [41]. Considering the bidentate
carboxylate chelating structure revealed by the ATR-FTIR spectra and the strong
electron-withdrawing property of the carboxylate ligand [18, 42-45], it is reasonable that the
split of Ti 2p3/2 peak is caused by the coordination of carboxylate ligands on the Ti cations.
In the present situation, the electron density around the Ti cation coordinated with bidentate
carboxylate would be decreased due to the electron-withdrawing character of carboxylate
ligands, leading to the increase in the binding energy of Ti 2p, corresponding to Ti 2p3/2
peaks at 459.2—459.6 eV. By contrast, in the absence of the coordinating carboxylate ligands,
the electron density around the Ti cation is not affected, and the corresponding Ti 2p3/2 peaks
would appear at a lower binding energy (458.2—458.5 e¢V), similar to the typical value of

pristine anatase TiO,. Moreover, we note that the two split Ti 2p3/2 peaks shift
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simultaneously towards higher binding energy with increasing carbonization temperature,
which can be explained by the decrease of surface organic carbon species. Previous results
have shown that the bonding of some organic species or carbon species on the surface of TiO>
would lead to the shift of Ti 2p3/2 peak toward lower binding energy [41, 46-48].

For CT-400, two intense peaks at 458.2 and 463.9 eV are observed, corresponding to the Ti
2p3/2 and Ti 2p1/2 binding energy regions, respectively, indicating the presence of Ti** ions
in TiO2. We note that the two Ti 2p peaks of CT-400 exhibit a slight shift to a lower binding
energy (ca. 0.3 eV) compared to CT-300, which can be attributed to the absence of the
electron-withdrawing bidentate carboxylate ligands. When the carbonization temperature
reaches 500 °C, in addition to the intense peaks at 458.7 (Ti 2p3/2) and 464.2 eV (Ti 2pl/2), a
new peak located at 457.8 eV is observed that can be assigned to Ti%* ions and oxygen
vacancy [29, 49]. In fact, CT-500 was prepared in a hypoxic atmosphere under higher
carbonization temperature, hence, it should have more oxygen vacancies, and the appearance
of Ti** ions should be normal. Compared to CT-400, the two Ti 2p peaks of CT-500 exhibit a
slight shift to higher binding energy (ca. 0.3 eV for Ti 2p1/2 and ca. 0.5 eV for Ti 2p3/2),
which is related to the presence of the oxygen vacancies in CT-500 [40].

The high resolution XPS spectra of the O 1s regions are shown in Fig. 4(d). For all five
samples, the peaks at 529.3-529.9 eV are related to the O% anions of the TiO crystalline
network [26, 27, 30, 50, 51], and the peaks at 531.0-531.6 eV can be attributed to the surface
hydroxyl group [26, 51-53] or C=0 from carbonate dopants [24, 27, 31, 50]. For CT-100 and
CT-200, the peaks at 532.7-532.8 eV can be attributed to several contributions from the OH

groups of the residual carboxyl groups, H.O from the TiO surface, and/or from the small
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amount of organic carbon species [47, 54]. However, for CT-300, these peaks (532.7-532.8
eV) fade away and a new peak located at 531.8 eV is observed that can be assigned to the
bidentate carboxylate ligand. Finally, this bidentate carboxylate peak disappears in CT-400
due to high temperature, very consistent with the results of FTIR and Ti 2p XPS. In the
absence of a bidentate carboxylate ligand, the Ti-O (lattice O) peak of CT-400 exhibits a
slight shift to lower binding energy (ca. 0.4 eV) relative to that in CT-300, reconfirming the
influence of electron-withdrawing bidentate carboxylate ligands on the electronic
environments for the Ti cations and O anions. For CT-500, a new peak located at 528.9 eV is
observed, accompanied by a shift of the other two peaks to higher energy that can be related
to the Ti*" and oxygen vacancy [40, 55]. To investigate the subsurface properties of the
carbonate-doped TiO2 samples, the high resolution XPS analyses after Ar* etching were also
performed for C 1s, Ti 2p and O 1s regions (details can be found in Supplementary Material,
Fig. S6).

In support of the results from ATR-FTIR and XPS analyses, we can conclude that the
bidentate carboxylate linkage between the amorphous carbonate dopants and TiO> lattice can
be obtained under a lower carbonization temperature (< 300 °C) and a hypoxic atmosphere
where AcOH is employed as the chelating agent and carbon precursor. Due to the strong
electron-withdrawing character of the carboxylate ligands, the electronic environments for Ti
cations and O anions are significantly affected. It can be expected that the energy band
structure of TiO2 will also be changed.

3.3 Energy band structure analysis

As shown in Fig. 5, the energy band structure of the prepared carbonate-doped TiO, was
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investigated in detail by UV-Vis DRS and valence band XPS (VB-XPS). Figs. 5(al)—(ab)
show the UV-Vis DR spectra of all five samples from CT-100 to CT-500, respectively. It is
found that the spectra of all samples shift to longer wavelengths, revealing the decrease in the
bandgap. The bandgap narrowing can be attributed to the doping of various carbonate species
[7, 31]. In particular, CT-300 shows the maximum optical absorption threshold at ca. 575 nm
(red shift) compared to other samples, corresponding to the narrowest bandgap energy of 2.16
eV. Compared to CT-300, other samples exhibit wider bandgaps. It is clearly determined that
the bandgaps of all five samples discussed here satisfy the sequence of CT-300<<CT-500<<
CT-400<<CT-200<<CT-100. The red shift in the absorption spectrum is also consistent with
the change in the color of the samples. It is highly likely that both the carbonization degree
and the content of the carbonate dopants can simultaneously affect the bandgap of TiO.. Due
to the lower temperature, the carbonate precursors in CT-100 and CT-200 are not carbonized
sufficiently, leading to more organic precursor residuals and poor bandgap narrowing.
Nevertheless, CT-400 and CT-500 also do not achieve the desired bandgap narrowing due to
their lower content of carbonate dopants, even though these two samples were carbonized
adequately at higher temperatures. Moreover, the overall visible-light absorbances of all five
samples are enhanced in varying degrees, with different absorption tails extending up to 700
nm. Previous studies have shown that the carbonate species on the surface of TiO2 can play
the role of photosensitizer with an extended absorption band tail in the visible-light region
that is responsible for the enhancement of visible-light absorbance [13-16, 56]. The observed
“tail-like” features in the UV-Vis DR spectra are directly related to the modification of the

electronic states due to the carbonate dopants. The optical transitions between these dopants
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and dopant-induced levels and Ti 3d orbitals can explain the observed visible-light
absorptions (from around 450 nm to 700 nm) of these carbonate-doped TiO2 samples [57].

The total density of states (DOS) of the valence band of carbonate-doped TiO2 was also
measured by VB-XPS, as shown in Figs. 5(b1)-(b5). For the VB-XPS of CT-100, CT-200
and CT-300, a notable difference compared with CT-400 and CT-500 is the presence of VB
tail states. Combined with the results from XPS and ATR-FTIR, such band tail should be
attributed to the strong electron-withdrawing bidentate carboxylate ligands that induces
additional diffusive electronic states above the VB edge and causes further bandgap
narrowing. Such VB tail states are not observed for CT-400 and CT-500, which can be
explained by the thermal decomposition of bidentate carboxylate ligands at high
carbonization temperature. In addition, from CT-100 to CT-500, the main VB edge shifts
substantially towards the vacuum level (negative shift) and becomes closer to the typical
value for the pure anatase TiO2 (2.01 eV) [58], indicating the decrease in content of the
carbonate dopants and lattice defects due to high temperature.

Figs. 5(c1)—(c5) presents schematic illustrations of the resolved band structures of the five
samples, constructed using the experimental data from the UV-Vis DRS and the VB-XPS
results [8, 59]. As shown in Figs. 5(c1)—(c3), according to the VB-XP spectra, the main
absorption onsets in CT-100, CT-200 and CT-300 are located at ca. 2.59 eV, 2.51 eV and 2.40
eV, respectively, whereas the valence band maximum (VBM) energies associated with the
band tails are located at ca. 2.17 eV, 1.84 eV and 1.87 eV, respectively. Because the bandgaps
of the three samples are measured to be ca. 3.05 eV for CT-100, 2.99 eV for CT-200 and 2.16

eV for CT-300 from the UV-Vis DR spectra, their corresponding conduction band minimum
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(CBM) would occur at ca. -0.46 eV, -0.48 eV and 0.24 eV, respectively. Consequently, the
remarkable bandgap narrowing of the carbonate-doped TiO, with bidentate carboxylate
ligands (2.63 eV, 2.32eV and 1.63 eV) is caused by the substantial shifts of the VB tails. The
VBM energies of CT-400 and CT-500 are located at ca. 2.13 eV and 1.99 eV, respectively, as
indicated in the VB-XP spectra. UV-Vis DR spectra demonstrate that the bandgaps of the two
samples are ca. 2.88 eV and 2.82 eV, respectively. Therefore, their corresponding CBM
should be located at ca. -0.75 eV and -0.83 eV, respectively. Due to the absence of the VB tail
states, the bandgaps of CT-400 and CT-500 are not narrowed further (Figs. 5(c4) and (c5)).
Based on the above analyses and considering the bandgap narrowing effect of VB tails, the
new bandgap increase in the following order: CT-300 <<CT-200 <<CT-100 <CT-500 <
CT-400.
3.4 PL spectra analysis

Photoluminescence (PL) emission spectra have been frequently used to investigate the
efficiency of charge carrier trapping, migration, and transfer in order to understand the fate of
electron-hole pairs in semiconductor particles because PL emission results from the
recombination of free carriers [60-62]. As shown in Fig. 6, PL spectra were examined at the
excitation wavelengths of 280 nm and showed peaks at different wavelengths that indicate
the trap sites present on the surface of the photocatalyst. According to the results of XPS and
UV-Vis DRS, high-energy peaks can be assigned to the edge luminescence of the TiO>
particles, while lower energy peaks are introduced by the presence of the carbonate dopants
[63]. The PL spectra show the change in the peak intensity of the five as-prepared samples,

increasing in the following sequence: CT-300<<CT-400<<CT-200<<CT-100<<CT-500. The
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minimum intensity is found for CT-300. The lowest PL intensity of CT-300 indicates the
effective inhibition of the recombination of electrons and holes that can be likely explained as
follows. First, the reduced PL intensity can be explained by the carbonate dopants that can
suppress the electron-hole recombination [10, 62]. Another reason may be the existence of
appropriate bulk/surface defects upon carbonate doping that can promote the separation of the
charge carriers [64]. The intensities of PL signals of CT-100 and CT-200 are higher than that
of CT-300, which may be attributed to the excess bulk/surface defects due to the lower
carbonization temperatures, as discussed above for the XRD and Raman results. The excess
surface defects may act as the centers for the recombination of electrons and holes [64, 65].
Moreover, CT-400 and CT-500 also exhibit higher PL intensities than CT-300, which may be
related to the significant decrease of carbonate dopants and bulk/surface defects due to the
higher carbonization temperatures (as is evident from the ATR-FTIR, XRD and Raman data).
Therefore, the separation of charge carriers can be improved more effectively only when the
amount of the carbonate dopants and bulk/surface defects is kept at an appropriate level.
3.5 Photocatalytic activities under visible light

Phenol photocatalytic degradation experiments were performed to investigate the
photocatalytic activity of the as-prepared carbonate-doped TiO, under visible-light
illumination (A > 420 nm). Fig. 7(a) shows the changes in the relative concentrations of
phenol in the dark environment and with a certain period of visible-light irradiation. The
adsorption-desorption equilibrium of phenol in the dark environment was established within
60 min. In this stage, all five samples do not show any obvious phenol adsorption in water.

The large amount of organic carbon residues in CT-100 and CT-200 even leads to a slight
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increase in absorbance.

In the subsequent photodegradation process, CT-300 shows the highest photocatalytic
activity compared to the other samples. After irradiation for 90 min, nearly 90% of phenol
was degraded. During the photocatalytic reaction process, the representative UV absorbance
spectra of phenol in water were recorded as a function of reaction times in Fig. 7(b). While
the degradation of phenol occurs, the evolved CO, was simultaneously analyzed using a gas
chromatograph equipped with a thermal conductivity detector (TCD), as shown in Fig. 7(c).
After irradiation for 180 min, the final amount of CO> in gas-phase was around 0.025 mmol,
confirming the high degradation efficiency for phenol. It is because, about 0.0064 mmol of
phenol (20mg/L phenol solution, 30mL) was used for the photocatalytic degradation in this
study. If such amount of phenol was completely degraded, the emission of CO2 would be
0.038 mmol. Consequently, the practical photodegradation efficiency seems to be 66%.
However, it is noteworthy that the dissolution of CO> in aqueous solution is not considered in
the above calculation. In our experiment, when the photodegraded phenol suspension was
statically placed in dark environment for 60 min, only 0.0068 mmol of CO; in gas-phase was
remained, which implies that about 73% of CO: in gas-phase was re-dissolved in agueous
solution. Therefore, the practical photodegradation efficiency should be much higher than
66%.

The obvious advantage of CT-300 for the photodegradation of phenol should be attributed
to its narrowest bandgap energy and lowest recombination rate of electrons and holes,
resulting in a high efficiency of light-harvesting. Moreover, we note that the carbonate

dopants on the TiO> surface can serve as a photosensitizer for the absorption of visible light

22



and inject electrons into the conduction band of TiO>. Combined with the results obtained by
UV-Vis DRS, these results mean that it is very likely that the photocatalytic activity of
CT-300 is further promoted via such a photosensitization approach. Therefore, it is reasonable
to deduce that the bandgap narrowing, restraint of electron-hole recombination and
photosensitization of surface carbonate dopants may synergistically contribute to the
enhanced photocatalytic activity of CT-300. The CT-300 photocatalyst is also very stable and
can be recycled several times, as shown in Fig. S7.

In order to elucidate the photoresponse performance of CT-300 in visible-light region, the
photocatalytic degradation of phenol was also investigated systematically as a function of
irradiation wavelength, by collecting the so-called action spectrum [66, 67]. The obtained
action spectrum and absorption spectrum of CT-300 were compared in Fig. 7(d). The most
straightforward demonstration that a certain material is an effective photocatalyst consists in
the resemblance of its action spectrum with its absorption spectrum [66]. It can be seen that
the action and absorption spectrum of CT-300 coincide in their peak positions of ca. 478 nm
and 574nm, which partially demonstrates the resemblance. In the 400-515 nm wavelength
range, the apparent quantum efficiency does not show any significant decline, and the related
absorption spectrum exhibit exactly the similar trend, indicating that CT-300 is an effective
photocatalyst for phenol degradation in this region. However, in the 515750 nm wavelength
range, the apparent quantum efficiency decreases gradually with the wavelength, whereas the
corresponding absorption spectrum does not show any appreciable decline, indicating an
increase in ineffective visible-light absorption that cannot induce any appreciable activity for

phenol photocatalytic degradation in this irradiation wavelength range. This result may be
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rationalized by considering the following reasons:

(1) The decreased photon energy would lead to the drop of the oxidative power of the
photoinduced holes, until finally the photoinduced holes cannot effectively oxidize the
adsorbed H»O to produce the «OH radical.

(2) For the photosensitization approach, the oxidized photosensitizer needs to be reduced
again, e.g. by oxidation of phenol or other possible intermediates [13]. With the increased
wavelength, the oxidized photosensitizer might lack enough oxidative power to trigger the
subsequent redox process, due to the decreased photon energy.

Although CT-400 possesses the widest bandgap among all five samples, it unexpectedly
exhibits a high photocatalytic activity with 87% degradation efficiency in 150 min, which is
lower than that of CT-300 but higher than those of the other samples. As discussed in our
previous report [31], without considering its lower charge carrier recombination rate, the
photosensitization of the surface carbonate dopants may be an important reason for the
relatively high photocatalytic activity of CT-400. Due to the poor crystallinity, too many
bulk/surface defects and higher charge carrier recombination rate, CT-100 and CT-200 show
lower photocatalytic activities than CT-300 and CT-400. The excessive recombination of
charge carriers and the lowest content of carbonate dopants can be responsible for the worst
photocatalytic activity shown by CT-500.

3.6 Mechanism of enhanced photocatalytic activity

As shown in Fig. 8, two possible mechanisms of enhanced visible-light photocatalytic
activity of CT-300 are proposed on the basis of the characterization results described above.

There are two possible pathways for the generation of active species for the degradation of
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phenol:

I. The amorphous carbonate doping modifies the electronic band structure of TiO> by the
strong electron-withdrawing bidentate carboxylate linkage, resulting in the formation of VB
tail states and bandgap narrowing. Upon visible-light irradiation, electrons can be excited
directly into the TiO2 conduction band and are transferred to the adsorbed oxygen molecule to
produce ¢O," and subsequently the strongly oxidizing «OH. Meanwhile, the photogenerated
hole will oxidize the adsorbed water molecule to produce the ¢OH radical as well. The
attached phenol can thus be attacked by ¢OH radicals. In addition to narrowing the bandgap,
the carbonate dopants can help enhance the charge carrier separation through cooperation
with bulk/surface defects of TiOz, as discussed in the PL section.

Il. It has been reported that visible-light photocatalytic activity can be enhanced by the
carbonate species sensitized TiO2. The carboxylate ligands enable good electronic
communication between the photosensitizer and TiO. by forming a strong linkage with the
TiO2 surface [68]. Therefore, the carbonate species on the surface of TiO2 can serve as
photosensitizer for absorption of visible light and inject electrons into the conduction band of
TiO, through the bidentate carboxylate linkage. The injected electrons can be transferred to
the adsorbed oxygen molecule to produce O, and subsequently «OH, and then trigger the
subsequent redox reactions similar to pathway I. The photosensitization of the carbonate
dopants and the electron injection process from the photoexcited surface carbonate
photosensitizer to the conduction band of the TiO> was demonstrated by the PL emission
spectroscopy analyses and a parallel carbonate species sensitizing experiment (details can be

found in Supplementary Material, Fig. S8).
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For the two pathways, a greater number of hydroxyl radicals are expected to be generated
in CT-300 to yield improved visible-light photocatalytic performance in comparison to other
samples. The formation of photoinduced hydroxyl radicals was identified by
photoluminescence technique using coumarin as a probe molecule, which readily reacted
with ¢OH radical to produce highly fluorescent product, 7-hydroxycoumarin [69]. Fig. 9
shows the PL spectra and the PL intensity at 450 nm of 7-hydroxycoumarin against the
irradiation time in the presence of CT-300. It can be seen that the generation of fluorescent
7-hydroxycoumarin is linearly proportional to irradiation time, confirming the rapid
generation of photoinduced hydroxyl radicals on CT-300 under visible-light irradiation (A >
420 nm).

4 Conclusions

Carbonate-doped anatase TiO» photocatalysts have been successfully synthesized by
combining a facile sol-gel method and a xerogel carbonization in hypoxic atmosphere. AcCOH
was used as the hydrolysis inhibitors of TBOT and the carbon source is the organic species
produced during the synthesis of TiO particles. The level of carbonate doping depends on the
carbonization temperature. The carbonate dopants in TiO, lattice are found to exist at
interstitial and/or surface positions with an amorphous structure, which can narrow the TiO>
bandgap effectively. For a sufficiently low carbonization temperature (< 300 °C), the
carboxylate ligands derived from the chelated AcOH molecules can be retained and
transformed into the bidentate carboxylate linkage between the amorphous carbonate dopants
and TiO> lattice. The strong electron-withdrawing bidentate carboxylate ligands can induce

VB tail states to further narrow the TiO2 bandgap. Moreover, the carbonate dopants can help
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promote the charge carriers’ separation and serve as the photosensitizer for the absorption of
visible light. The synergistic effects can significantly enhance the visible-light photocatalytic
activities of TiO2 on phenol degradation. The findings of our study may provide new insights
for directing the design of new TiOz-based photocatalysts without any complicated and

expensive modification.
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Figure Captions:

Fig. 1 Photographs of carbonate-doped TiO, synthesized at 100—500 °C.

Fig. 2 (a) XRD patterns and (b) Raman spectra of carbonate-doped TiO; synthesized at 100—500 °C in the
1000—2000 cm™ range. An expanded part of the Raman spectra in the range of 200 t0100 cm* is shown in
the inset.

Fig. 3 (a) HRTEM image of carbonate-doped TiO, synthesized at 300 °C. (b) FFT pattern of the selected
area. (c) Application of band-pass masking tool to the spot of FFT pattern (shown as inset) and the
corresponding inverse FFT image. (d) Application of band-pass masking tool to the diffuse ring of FFT
pattern (shown as inset) and the corresponding inverse FFT image.

Fig. 4 (@) C 1s, (c) Ti 2p and (d) O 1s high resolution XPS spectra with constituent fitting and (b)
ATR-FTIR spectra for carbonate-doped TiO; synthesized at 100—500 °C.

Fig. 5 UV-visible diffuse reflectance spectra ((al)—(a5)), valence band XPS spectra ((b1)—(b5)) and
proposed schematic energy band structure ((c1)—(c5)) of carbonate-doped TiO. synthesized at 100—500 °C.
Fig. 6 Photoluminescence spectra of carbonate-doped TiO; synthesized at 100—500 °C with the excitation
wavelength at 280 nm.

Fig. 7 (a) Photocatalytic degradation of phenol in the presence of carbonate-doped TiO, synthesized at
100—500 °C under visible light irradiation (A > 420 nm). (b) Representative UV-vis absorbance spectra of
phenol in water as a function of reaction times using CT-300 as the photocatalyst. (c) Photocatalytic
degradation of phenol and evolved CO; in the presence of CT-300 under visible light irradiation (A > 420
nm). (d) Action spectrum of phenol degradation and absorption spectrum of CT-300.

Fig. 8 Schematic illustrations for the proposed band structure of CT-300 and visible-light photocatalytic

process.
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Fig. 9 Photoluminescence spectra of 7-hydroxycoumarin as a function of reaction times using CT-300 as
the photocatalyst. The PL intensity at 450 nm of 7-hydroxycoumarin against the irradiation time is shown

in the inset.
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Table 1 Carbonization temperature, crystallite size, BET surface area and surface element content of the

carbonate-doped TiO, samples

Surface element content

Carbonization Crystallite size
Sample y BET surface area (m?g™?)  (at.%)?

temperature(°C) (nm) -

Ti @] C

CT-100 100 10.0 271.6 4.75 26.58 68.67
CT-200 200 10.7 283.9 1055 41.13 48.32
CT-300 300 10.1 255.9 17.06 48.77 34.17
CT-400 400 13.3 116.3 18.39 48.27 33.34
CT-500 500 14.3 61.5 2128 53.18 2554

a Surface element content for every sample was calculated from the corresponding XPS survey spectra.
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