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Nano-TiO, is a type of environment-friendly and inexpensive substance that could be used for
photocatalytic degradation processes. In this study, the multi-type carbon species doped and modified
anatase nano-TiO, was innovatively synthesized and developed to overcome the deficiency of common
nano-TiO, photocatalysts. The multi-type carbon species were derived from tetrabutyl titanate and
ethanol as the internal and external carbon sources, respectively. Meanwhile, diverse characterization
methods were applied to investigate the morphology and surface properties of the photocatalyst. Finally,
the visible-light photocatalytic degradation activity of the collected samples was evaluated by using
methyl orange as a model pollutant. The promotion mechanism of multi-type carbon species in the
photocatalytic process was also discussed and reported. The results in this work show that the doping

and modification of multi-type carbon species successfully narrows the bandgap of nano-TiO, to
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Accepted 20th November 2020 expand the light absorption range, reduces the valence band position to improve the oxidation ability of

photogenerated holes, and promotes the separation of photogenerated charge carriers to improve

DOI: 10.1039/d0ra08894c quantum efficiency. In addition, the further modification of the external carbon source can promote the
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1 Introduction

In the past several decades of photocatalysis research, nano-
TiO, as a photocatalyst has been extensively studied due to its
low price, non-toxicity, natural abundance, high thermal and
chemical stability, and its wide practical application in industry.**
However, the bandgap of nano-TiO, is relatively wide (=3.0 eV),
which severely limits its application in the field of visible-light
photocatalysis.” In addition, nano-TiO, displays a low quantum
efficiency due to the rapid recombination of photogenerated
electrons and holes. In order to expand the light absorption range
of nano-TiO, to the visible-light region and suppress the recom-
bination of photogenerated carriers to improve the quantum effi-
ciency, numerous efforts have been devoted to the modification of
nano-TiO,.** Among these studies, as an important modification
method, carbon modification and carbon doping has received
considerable attention in recent years.

“Inner Mongolia Key Laboratory of Theoretical and Computational Chemistry
Simulation, Inner Mongolia University of Technology, Hohhot 010051, China.
E-mail: liyjuming@imut.edu.cn; jzhang@imut.edu.cn

’School of Chemical Engineering, Inner Mongolia University of Technology, Hohhot
010051, China

School of Energy and Power Engineering, Inner Mongolia University of Technology,
Hohhot 010051, China

T Electronic  supplementary
10.1039/d0ra08894c

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2020

surface adsorption of MO and stabilize the multi-type carbon species on the surface of nano-TiO,.

Compared with the doping and modification of other
elements, it can be found that the carbon doping and carbon
modification of nano-TiO, have some particular advantages.
Firstly, carbon sources are naturally abundant and diverse.
Either external carbon sources such as glucose, acetone, etc., or
internal carbon sources such as carbon components contained
in titanium sources (such as tetrabutyl titanate, etc.) can be used
as carbon sources for carbon doping and modification
process.*'*** Secondly, carbon exists in various forms, which
involve carbon atoms, oxygen-containing carbon species,
amorphous carbon, and graphitic carbon, etc.'*** Furthermore,
the sites of carbon doping and modification are diverse,
including the interstitial structure of TiO,, the substitution of
lattice oxygen or titanium sites, the surface of TiO,, and the
interface of nano-TiO, particles. Finally, the carbon species
possess multiple functions, containing reducing the bandgap,
promoting the separation of photogenerated charge carriers,
and inducing the visible-light activity of TiO, through photo-
sensitization.” Therefore, the carbon doping and carbon
modification of nano-TiO, have been widely investigated in
recent years with different synthesis strategies and diversified
perspectives.'>**?° Nevertheless, due to the diversity of the
carbon species,” > an in-depth understanding of the structure
of carbon species and the synergistic promotion of the photo-
catalytic activity of nano-TiO, by multi-type carbon species is
still deficient.
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In this work, multi-type carbon doped and modified anatase
nano-TiO, particles were synthesized via hydrothermal and low-
temperature (300 °C) carbonization process. The carbon
component contained in the titanium source tetrabutyl titanate
acts as an internal carbon source to form in situ carbon doping
in the nano-TiO,. Subsequently, the carbon species derived
from the external carbon source ethanol modified the surface of
nano-TiO,. The crystal phase, morphology, carbon species
structure, energy band structure and photogenerated charge
carrier recombination of the photocatalysts have been investi-
gated by various characterization techniques. Using methyl
orange (MO) as a model pollutant, the visible-light photo-
catalytic degradation activity of the samples was evaluated and
the dominant active species were analyzed. Finally, the
promotion of different types of carbon species on the photo-
catalytic activity of nano-TiO, was analyzed and discussed.

2 Experiments
2.1 Preparation of photocatalysts

The main reagents used in the preparation of the photocatalysts
include: tetrabutyl titanate (Ti(BuO),) (Aladdin, analytically pure,
=99%), absolute ethanol (Tianjin Yongsheng Fine Chemical Co.,
Ltd., analytically pure), distilled water (laboratory self-made).

The photocatalyst preparation process was as below: tetra-
butyl titanate (30 mL) and distilled water (6.5 mL) were mixed
and reacted in a 100 mL Teflon-lined stainless-steel autoclave
(Anhui Kemi Machinery Technology Co., Ltd.) with continu-
ously stirring at the room temperature for 1 h. Afterwards, the
autoclave was placed in an oven and kept at 180 °C for 12 h for
hydrothermal reaction. After the reaction, the collected solid
product was washed three times with distilled water and
ethanol to remove impurities, and then dried at 80 °C for 2 h.
The obtained sample was labeled as AT. Then, the obtained AT
sample in a crucible was placed in a muffle furnace. After
carbonizing in air at 300 °C for 2 h, the resulting sample was
labeled as C4AT. After that, the C4AT sample (0.3 g) was mixed
with absolute ethanol (9 mL) in a crucible, and then placed in
a tube furnace and carbonized again at 300 °C in an air atmo-
sphere for 2 h. The resulting sample was labeled as C,,,C4AT, in
which AT means anatase nano-TiO,, C4 means doped with
carbon species, C,, means modified by carbon species.

Fig. S11 shows the photographs of the as-prepared samples.
Compared with the white AT sample, the sample C4AT is light
yellow, indicating that carbon doping changed the light
absorption characteristics of nano-TiO,. Compared with the
C4AT sample, the C,,C4AT sample was dark brown, indicating
that the carbon modification caused a further change in the
light absorption characteristics of the nano-TiO,.

2.2 Characterization of photocatalysts

The crystal structure of the samples was analyzed by a Smartlab
9 kW X-ray diffractometer from Rigaku (Japan) using Cu Ka
radiation. The test voltage was 200 kV, the test current was
45 mA, and the scanning speed was 2° min~'. The morphology
of the samples was observed by transmission electron
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microscopy (TEM, FEI Talos 200X) and scanning electron
microscopy (SEM, Hitachi-SU 8220). A NETZSCH STA 449 F5/F3
Jupiter thermal analysis system (Germany) was used for the
thermal gravimetric (TG) characterization of the as-prepared
samples. The measuring temperature range was 30-1100 °C,
the heating rate was 10.0 °C min~", and the measuring atmo-
sphere was air. N, adsorption-desorption isotherms were
collected by a Micromeritics ASAP 2020 volumetric adsorption
analyzer (USA) at 77 K. Prior to the measurement, the samples
were degassed at 200 °C for 10 h. The Brunauer-Emmett-Teller
(BET) method was utilized to calculate the specific surface area.
Pore size distribution was derived from the desorption branch
using Barrett-Joyner-Halenda (BJH) method. The total pore
volume was estimated from the adsorbed amounts at a relative
pressure (P/P,) of 0.99. A Thermo-Fisher ESCAlab 250Xi X-ray
photoelectron spectrometer with Al Ko X-ray source was used
to analyze the X-ray photoelectron spectroscopy (XPS) of the
samples. Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) was performed using a PerkinElmer
Frontier Fourier transform infrared spectrometer equipped with
an attenuated total reflection accessory. An ultraviolet-visible
spectrometer (UV-3600, Shimadzu, Japan) was used with barium
sulfate (BaSO,) as a reference and the ultraviolet-visible diffuse
reflectance spectrum (UV-Vis DRS) was recorded in the range of
200-800 nm in order to analyze the light response range of the
samples. The photoluminescence spectra of the samples were
recorded at an excitation wavelength of 450 nm by using a FLS 980
spectrometer (Edinburgh Instruments) to characterize the recom-
bination of photogenerated charge carriers.

2.3 Evaluation of visible-light photocatalytic activity

MO was used as a model pollutant in water to evaluate the
visible-light photocatalytic degradation activity of the as-
prepared samples. The light source is a 20 W blue LED lamp
with a wavelength of 450 nm, and its emission spectrum is
shown in Fig. S2.1 The specific experimental procedure is as
follows: photocatalyst (0.1 g) was placed in a 50 mL quartz
reactor, and then MO solution (20 mg L™, 30 mL) was added
with stirring for 60 min until MO reached adsorption-desorp-
tion equilibrium on the photocatalyst, then turned on the light
source and irradiated for 180 min with continuous stirring to
carry out the photocatalytic reaction. About 3 mL of suspension
was drawn from the reactor every 30 min and passed through
a Millipore filter (pore size 0.22 um) to remove solid particles.
Then, the absorbance of the solution was analyzed by a UV-Vis
spectrometer, and the degradation rate of MO on the photo-
catalyst was calculated based on the linear relationship between
the absorbance at 464 nm (the characteristic absorption wave-
length of MO) and the concentration of the MO solution. The
liquid was poured back into the reactor after analyzed.

The cyclic degradation performance of the photocatalyst was
evaluated using an “in situ” cyclic degradation mode without
separating the photocatalyst. The specific steps were as follows:
the photocatalyst was not separated after the first round of
photocatalytic degradation. Keeping the total volume of the
degradation suspension system unchanged, MO was directly
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added to the system until the absorbance reached the initial
value of the first round of degradation. Then, the second round
of photocatalytic degradation was carried out under the same
conditions as the first round of degradation. The subsequent
cycle of degradation repeated the second round of degradation
until the fifth round of degradation was completed.

2.4 Analysis of dominant active species in the photocatalytic
process

To study the photocatalytic reaction mechanism, it is necessary
to analyze the effect and influence of the active species which
play a major role in the degradation process of MO. The pho-
tocatalytic degradation reaction mechanism can be divided into
three typical reaction processes: firstly, photogenerated holes
are as the leading factor; secondly, hydroxyl radicals are as the
leading factor; thirdly, superoxide radicals are as the leading
factor. Therefore, the corresponding sacrificial reagents
including triethanolamine (TEOA, scavengers for holes, Tianjin
Yongsheng Fine Chemical Co., Ltd., analytical grade),*® meth-
anol (MeOH, scavengers for hydroxyl radicals, Tianjin Yong-
sheng Fine Chemical Co., Ltd., analytical grade)**** and p-
benzoquinone (PBQ, scavengers for superoxide radicals,
Aladdin, China Reagent Co., Ltd., analytically pure)* were
selected for active species inhibition experiments. In the
experiment, different concentrations of sacrificial reagents
(3.79 mM TEOA, 8 mM MeOH, 0.18 mM PBQ) solutions were
added to the photocatalytic degradation system.** The other
experimental steps were the same as the aforementioned pho-
tocatalytic degradation of MO. The dominant active species
were judged based on the change in photocatalytic degradation
activity.

3 Results and discussions

3.1 Morphology and structure analysis

Fig. 1 shows the XRD spectra of the prepared AT, C4AT and
CmCy4AT samples. Compared with the standard spectrum of
TiO,, it is evident that the characteristic peaks of the three
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Fig. 1 XRD patterns of the as-prepared samples.
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samples belong to the anatase phase (JCPDS no. 99-0008), and
no characteristic diffraction peaks of other crystal phases such
as rutile and brookite are observed. Compared with the AT
sample, the (101) peak intensity of the C4AT and C,,C4AT
samples is slightly lower, which is related to the X-ray interface
scattering caused by some surface species on the TiO,.**?®
Combined with the sample preparation process, these surface
species were carbonized products derived from the carbon-
containing titanium source (internal carbon source) and
ethanol (external carbon source).

The morphology of the prepared samples was observed by
using SEM and TEM techniques. Fig. S31 shows the SEM images
of the three samples and the corresponding EDS elemental
mapping images. As shown in Fig. S3(al, a2, b1, b2, c1 and c2),T
the three samples have the same morphological characteristics,
and they are all formed by random agglomeration of nano-
particles. This observation indicates that the doping and
modification of carbon species does not significantly alter the
morphology of nano-TiO,. It can be seen from the corre-
sponding EDS mapping results (Fig. S3(a3-a6, b3-b6 and c3-
¢6)1) that the distribution of elements is relatively uniform, and
no local enrichment of elements is observed. In particular, the
distribution of carbon elements is very even, indicating that the
doping and modification of nano-TiO, by the carbon species
introduced by the internal and external carbon sources is
uniform.

Fig. 2 and S4f show the TEM characterization results of the
samples. It can be observed that the particle size of nano-TiO, is
around 10 nm, and these TiO, nano-particles randomly and
irregularly agglomerate into dozens of nano-sized secondary
particles, which is consistent with the SEM results. The HRTEM
observation of the three samples (Fig. 2) further confirms that
the spacing of the lattice fringes is around 0.35 nm, which is
consistent with the spacing of the (101) facets of tetragonal
anatase, as revealed by the XRD results. Compared with the
original AT sample (Fig. 2(a)), the C4AT sample (Fig. 2(b)) has no
obvious difference in morphology, indicating that low-
temperature carbonization has no effect on the morphology
and crystal phase of nano-TiO,. It is worth noting that for the
CmCyAT sample with the highest carbon content, a very thin
surface carbon layer can be observed (as shown in Fig. 2(c)),
which indicates that the carbon species derived from the
external carbon source ethanol was successfully modified on
the surface of the nano-TiO,.

In order to determine the carbon species loading of each
sample, TG analysis was performed, and the results are shown
in Fig. S5.1 The carbon species loadings of the samples esti-
mated from the TG results were summarized in Table 1.
Compared with the AT and C4AT samples, the carbon species
loading of the C,,C4AT sample increases by about 10 times.
Notably, the C,,C4AT sample has one more stage of weight loss
than the AT and C4AT samples (Fig. S51), indicating that the
modification of ethanol has introduced more types of carbon
species. In addition, the AT and C4AT samples ended their
weight loss at about 700 °C, while the weight loss of the C,,,C4AT
sample extended to more than 1000 °C, indicating that the
carbon species of the C,,C4AT sample has better stability.

RSC Adv, 2020, 10, 43193-43203 | 43195
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Fig. 2 TEM and HRTEM (illustrations) images of the (a) AT, (b) C4AT and (c) C,,,C4AT samples.

N, adsorption-desorption isotherm measurements were also
performed to investigate the specific surface area and pore size
distribution of the samples. The BET specific surface area and
BJH average pore diameter calculated from the N, adsorption-
desorption data were summarized in Table 1. The N, adsorp-
tion-desorption isotherms of all the samples (Fig. S6(a1, b1 and
c1)t) show a typical type-IV behavior with a H,-type hysteresis
loop, indicating the existence of uniform mesopores.>” The pore
size distribution plots (Fig. S6(a2, b2 and c2)t) and the average
pore diameter data in Table 1 further confirm this result. The
AT sample that has not been heat-treated exhibits the highest
BET surface area and the smallest pore size. Compared with the
AT sample, the BET surface area of the C4AT sample is reduced
and the pore diameter is increased. In addition, as shown in
Fig. S6(b2),T the C4AT sample has a new mesopore distribution

Table 1 The carbon species loading, BET surface area and average
pore diameter of the AT, CdAT and C,,C4AT samples

Carbon species BET surface Average pore

Sample loading (%) area (m*> g™ ") diameter (nm)
AT 1.00 187.78 7.78
C4AT 1.35 174.99 8.47
CmCyAT 14.02 120.46 8.36

43196 | RSC Adv, 2020, 10, 43193-43203

at the pore diameter of 9.04 nm. These results indicate that the
volatilization and carbonization of carbon species during the
carbonization process lead to the destruction of some pores,
resulting in an increase in pore size and a decrease in BET
surface area. After the C4AT sample was modified with ethanol,
the resulting C,,C4AT sample exhibited the lowest BET surface
area and lower average pore size. At the same time, the meso-
pore distribution of 9.04 nm disappeared, as shown in
Fig. S6(c2).t These results should be attributed to the surface
deposition of a large amount of carbon species derived from the
external carbon source ethanol, which resulted in the blockage
of some pores and the reduction of BET surface area and pore
size. All three samples have uniformly distributed mesopores
around 7.2 nm. It is generally agreed that the mesoporous TiO,
materials possess better photocatalytic performance due to
their larger surface area, more accessible active sites, facilitated
diffusion of reactants and multiple scattering of incident
light.>*

3.2 Surface chemical analysis

To investigate the surface chemistry of the samples, ATR-FTIR
characterization and analysis were conducted on three
samples. As shown in Fig. 3, the attribution analysis of the
infrared characteristic absorption bands is as below. The broad

This journal is © The Royal Society of Chemistry 2020
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absorption bands locate near 3280 cm ™" and 3210 cm™ " are the
characteristics of absorption from the stretching vibrations of
the hydroxyl groups in the hydrogen-bond network on the TiO,
surface.?**® The absorption band at 1640 cm * corresponds to
the bending vibration of the adsorbed water molecules on the
TiO, surface in the hydrogen bond network.**** The charac-
teristic absorption bands at 2960 cm ' and 2868 cm ' are
attributed to the antisymmetric and symmetric stretching
vibrations of methyl groups,*® and the characteristic absorption
bands at 2920 cm™' are attributed to the antisymmetric
stretching vibration of methylene,” and the methylene
stretching vibration with weaker peak intensity appears at
1380 cm "% The characteristic absorption bands at
1090 cm™' and 1050 cm™ ' are attributed to the stretching
vibration absorption of the ethanol C-OH bond.**** In addition,
the characteristic absorption band at 1700 cm ™' should be
attributed to the carbonyl stretching vibration of the carboxylic
acid dimer.***® The characteristic absorption bands at
1582 cm ™' and 1440 cm™ " are attributed to the antisymmetric
and symmetric stretching vibration of the coordinated carboxyl
group on the surface of TiO,.*****' The appearance of carboxylic
acid is resulted from the oxidation of alcohol in the hydro-
thermal process and carbonization process. Similar results have
been observed in our previous studies.'® ATR-FTIR spectroscopy
is also a reliable method to determine the coordination mode of
carboxyl groups. The frequency difference between the anti-
symmetric and symmetric stretching vibrations of the carboxyl
group (4 = v,s — vg) is directly related to its coordination mode.
Generally, the frequency difference for monodentate binding is
350-500 cm ™" and for bidentate chelating it is 60-100 cm ™",
while the frequency difference for bidentate bridging is between
the former two.?>** As shown in Fig. 3, the 4 values of the C4AT
and C,,C4AT samples are both 88 cm™', indicating that the
coordination mode of the carboxyl group is bidentate chelating.

For the AT sample, there are a large number of hydroxyl
groups and adsorbed water molecules on the surface to form
a hydrogen-bond network. The hydrogen-bond also caused the
AT sample to adsorb a certain amount of ethanol molecules
when it was washed by ethanol, resulting in the appearance of

Adsorption(a.u.)
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4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 3 ATR-FTIR spectra of the as-prepared samples.
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the infrared characteristic absorption of ethanol. In the hydro-
thermal process, the butanol produced from the hydrolysis of
tetrabutyl titanate was also adsorbed on the surface of the AT
sample, which leaded to the infrared characteristic absorption
of methyl and methylene groups of the AT sample. After the AT
sample was carbonized at 300 °C, the amount of hydroxyl
groups and adsorbed water on the surface of the obtained C4AT
sample was greatly reduced, and the infrared absorption char-
acteristic bands of ethanol and butanol almost disappeared,
and the characteristic band intensity of the carboxyl coordina-
tion structure at 1582 cm ' and 1440 cm™ ' increased. These
results indicate that a large amount of hydroxyl and water
adsorbed on the surface of TiO, volatilized in the carbonization
process, part of the ethanol and butanol adsorbed on the
surface also volatilized, and the rest of them were carbonized,
oxidized, and converted into carbon species with carboxyl
groups. For the C,,C4AT sample, the surface hydroxyl content
further decreased, and the surface adsorbed water molecules
almost disappeared. Meanwhile, the obvious infrared absorp-
tion characteristics of ethanol were observed, the infrared
absorption of methyl and methylene groups was significantly
enhanced, and the content of bidentate chelated carboxylate
ligands obviously increased, and even the infrared absorption
characteristics of carboxylic acid dimer occurred at 1700 cm ™.
These results show that the external carbon source ethanol was
oxidized on the surface of nano-TiO, in the carbonization
process, and carbonized to generate a series of carbon species,
including alcohols, bidentate carboxylate ligands and carboxylic
acid dimers. These carbonized carbon species replaced the
surface hydroxyl groups and the adsorbed water molecules, and
eventually succeeded as the dominant surface species on nano-
TiO,.

In order to further investigate the surface chemical state of
the samples, XPS characterization was performed and the
results were shown in Fig. 4. All XPS data was corrected
according to the C 1s peak of the C-C bond at 284.8 eV. As
shown in Fig. 4(a), the surfaces of the three samples only
contain the elements Ti, O, and C, and no other elements are
observed. Fig. 4(b) shows the C 1s high-resolution XPS spectra
of the samples. The C 1s peaks at 284.8 eV, 285.8-286.2 eV and
288.8-289.1 eV correspond to the C-C, C-O and COO bonds,
respectively.>»*> Notably, on the one hand, these C 1s peaks
further confirm the existence of multi-type carbon species,
which is revealed by the results of ATR-FTIR. On the other hand,
the latter two C 1s peaks (C-O and COO bonds) also demon-
strate the presence of carbonate doping in nano-TiO,."”* Mean-
while, the C 1s characteristic peak of the C-Ti bond was not
observed at 282.0 eV, indicating that the lattice oxygen was not
substituted by carbon. Fig. 4(c) shows the Ti 2p high-resolution
XPS spectra of the samples. The characteristic peaks at 458.6-
458.9 eV correspond to the Ti 2p;/, binding energy region, and
the characteristic peaks at 464.3-464.6 eV correspond to the Ti
2p1/, binding energy region.**** Following the order of AT, C4AT
and C,,C4AT, the position of the characteristic peak of Ti 2p
gradually shifts toward the direction of higher binding energy.
Considering that XPS is a surface detection technology, this
change should be related to the succession of the surface

RSC Adv, 2020, 10, 43193-43203 | 43197
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species of nano-TiO,. According to the ATR-FTIR results,
following the order of AT, C4AT and C,,C4AT, the dominant
surface species of nano-TiO, succeeded from hydroxyl and
adsorbed water molecules to multi-type carbon species
involving carboxyl and carbonyl. The electron-withdrawing
carboxyl and carbonyl groups reduce the local electron density
of Ti cations, leading to an increase in the binding energy of Ti
2p. A similar trend can also be observed in the O 1s high-
resolution spectra of the samples, as shown in Fig. 4(d). The
peaks at 529.8-530.1 eV, 530.7-530.9 eV and 531.5-532.0 eV
correspond to lattice oxygen, surface hydroxyl and water mole-
cules, surface carboxyl groups and other oxygen-containing
carbon species, respectively.>*

3.3 Energy band structure analysis

The bandgap and valence band (VB) position of the samples
were investigated by UV-Vis DRS and VB-XPS. Based on these
data, schematic diagrams of the energy band structure of the
samples were drawn.'”*® The results are shown in Fig. 5. As
shown in Fig. 5(al), the bandgap of the AT sample is 3.20 eV,
which is completely consistent with the bandgap of anatase
TiO,. Compared with the AT sample, the light absorption of the
C4AT and C,,,C4AT samples both exhibit a red shift, as shown in
Fig. 5(a2 and a3). The bandgaps of the C4AT and C,,C4AT
samples are 3.16 eV and 2.92 eV, respectively. The results
indicate that carbonate doping and multi-type carbon modifi-
cation can effectively narrow the bandgap of nano-TiO,. In
addition, all three samples exhibit “tail-like” absorption char-
acteristics in the visible-light region. The “tail-like” absorption
of the AT sample extends to about 550 nm, while the “tail-like”
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(a) XPS survey spectra and high-resolution (b) C 1s, (c) Ti 2p and (d) O 1s XPS spectra of the as-prepared samples.

absorption of the C4AT and C,,C4AT samples extends to about
800 nm. The “tail-like” absorption greatly expands the light
response range of the samples. These “tail-like” absorptions are
mainly attributed to two contributions: one is carbonate
doping, and the other is modification of multi-type carbon
species. The previous results have shown that carbonate doping
can introduce diffused VB tail states at the VB edge, which can
narrow the bandgap of TiO,."* The VB-XPS spectra of the three
samples shown in Fig. 5(b1-b3) confirm the presence of the VB
tail states. In addition, the carbonized multi-type carbon species
on the surface of the C4AT and C,,C4AT samples can also work
as photosensitizers to induce the visible-light photocatalytic
activity of nano-TiO,, as demonstrated by the previous
results.””®

As shown in Fig. 5(b1-b3), the VB edges of the AT, C4AT, and
CmCyAT samples are located at 2.68, 2.74, and 2.88 eV, respec-
tively, showing a gradually increasing trend. This result is
consistent with the increasing trend of the binding energy of Ti
2p and O 1s peaks, which should also be attributed to the
electron-withdrawing carboxyl and carbonyl groups. Based on
the results of UV-Vis DRS and VB-XPS spectra, the energy band
structures of the AT, C4AT, and C,,C4AT samples are schemat-
ically drawn in Fig. 5(c1-c3). According to the VB-XPS spectra,
the VB edges of the AT, C4AT, and C,,C4AT samples are located
at 2.68, 2.74, and 2.88 eV, respectively. The UV-Vis DRS spectra
demonstrate that the bandgaps of the three samples are 3.20 eV,
3.16 eV, and 2.92 eV, respectively. Therefore, their correspond-
ing conduction band minimum (CBM) would occur at —0.52 eV,
—0.42 eV, and —0.04 eV, respectively. Because of the existence of
the VB tail states, the valence band maximum (VBM) energies
are located at 2.12, 2.22, and 2.47 eV, respectively. Finally, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 UV-vis DRS spectra ((al)-(a3)), VB-XPS spectra ((b1)-(b3)) and proposed schematic energy band structures ((c1)-(c3)) of the as-prepared

samples.

bandgaps of the AT, C4AT and C,,C4AT samples are 2.64 eV,
2.64 eV and 2.51 eV, respectively. That is, based on the red shift
of the light absorption edge, the VB tail states further narrow
the bandgaps of the samples, which enables the multi-type
carbon doped and modified nano-TiO, to harvest more
visible-light. In addition, it is worth noting that following the
sequence of AT, C4AT and C,,,C4AT, the position of the VB edge
gradually shifts downward, which is beneficial to enhance the
oxidative degradation ability of the photogenerated holes of the
photocatalysts.

3.4 Analysis of the recombination of photogenerated charge
carriers

To investigate the recombination of photogenerated charge
carriers, the prepared samples were characterized by PL emis-
sion spectra. 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.'” As shown in Fig. 6, PL
spectra are examined at the excitation wavelengths of 450 nm
and show peaks at different wavelengths that indicate the trap
sites present on the surface of the photocatalyst. The PL spectra

This journal is © The Royal Society of Chemistry 2020

show the change in the peak intensity of the three as-prepared
samples, increasing in the following sequence: C,,C4AT < C4AT
< AT. This result indicates that the multi-type carbon species
derived from internal and external carbon sources are efficient
to inhibit the recombination of photogenerated charge carriers.

3.5 Analysis of photocatalytic activity and dominant active
species

The visible-light photocatalytic activity of the samples was
evaluated using MO as a model pollutant, and the results are
shown in Fig. 7(a). In a dark environment, the sample can reach
the adsorption-desorption equilibrium of MO within 60 min. At
this stage, the AT sample has no obvious adsorption of MO. The
C4AT sample modified by the internal carbon source adsorbed
about 15% of MO, while the C,,C4AT sample modified by the
external carbon source adsorbed about 20% of MO. This result
indicates that the multi-type carbon species promotes the
surface adsorption of MO, which is conducive to further pho-
tocatalytic degradation of MO. In the subsequent photocatalytic
process, the AT sample showed weaker photocatalytic activity,
while the C4AT and C,,C4AT samples both showed higher
photocatalytic activity, and the final degradation rate after
120 min was close to 100%. Based on the aforementioned

RSC Adv, 2020, 10, 43193-43203 | 43199
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characterizations and analyses, the excellent photocatalytic
activity of the C4AT and C,,C4AT samples are due to: (1) the
doping and modification of multi-type carbon species leads to
the narrowing of the bandgap of nano-TiO, and the red shift of
the light absorption edge; (2) the multi-type carbon species
further narrows the bandgap of nano-TiO, by introducing the
VB tail state; (3) the electron-withdrawing carboxyl and carbonyl
groups of multi-type carbon species induce nano-TiO, to form
lower VB positions, which significantly enhances the oxidative
degradation ability of photogenerated holes; (4) multi-type
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carbon species promote the separation of photo-generated
charge carriers; (5) multi-type carbon species significantly
increase the surface adsorption of MO, which is beneficial to the
rapid photocatalytic degradation of MO.

Fig. 7(b) and (c) are the results of the cyclic photocatalytic
degradation of the C,,C4AT and C4AT samples. In a dark envi-
ronment, the C,,C4AT sample exhibited higher adsorption of
MO than the C4AT sample, which proved that the multi-type
carbon species can effectively promote the surface adsorption
of MO. After five rounds of in situ photocatalytic degradation,
the degradation rate of C,,C4AT samples can still reach 90%,
while the degradation rate of C4AT samples drops to 46%. The
stable photocatalytic performance of the C,,C4AT sample
should be attributed to the dominant multi-type carbon species
on its surface. According to the ATR-FTIR results, the surface of
the C,,C4AT sample has almost no adsorbed water molecules.
Therefore, the C,,C4AT sample has a relatively hydrophobic
surface. On the contrary, the surface of the C4AT sample has
a certain amount of adsorbed water molecules, indicating that it
has a certain hydrophilicity. The dissociative adsorption of
water molecules may destroy the structure of the surface carbon
species of nano-TiO,.*® In addition, the TG results also show
that the carbon species of the C,C4AT sample has better
stability. Therefore, the stable hydrophobic surface can protect
the surface multi-type carbon species of the C,,C4AT sample
and make the sample exhibit stable cyclic photocatalytic
degradation performance.

In order to clarify the dominant active species in the pho-
tocatalytic process, the free radical suppression experiment and
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(a) Photocatalytic degradation of MO by the as-prepared samples under blue LED (450 nm) irradiation. In the in situ cyclic degradation

process of the (b) C,,C4AT and (c) C4AT samples, the adsorption rate of MO in the dark environment and the photocatalytic degradation rate
under blue LED irradiation in each round. (d) Photocatalytic degradation of MO by the C,,C4AT sample with different scavengers.
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analysis were carried out with the C,,C4AT sample as a repre-
sentative sample. TEOA, MeOH, and PBQ were used as sacrifi-
cial reagents for photogenerated holes (h*), hydroxyl radicals
("OH) and superoxide radicals ('O, ") to identify the dominant
active species. The results are shown in Fig. 7(d). The addition
of MeOH to the reaction system did not result in a significant
decrease in the photocatalytic activity, which means that ‘OH is
not the dominant active species. When PBQ was added to the
reaction system, the photocatalytic activity decreased, indi-
cating that "0, is an active species that played a role in the
photocatalytic process. It is worth noting that the addition of
TEOA to the system led to a significant decrease in the photo-
catalytic activity, which indicates that photogenerated h* is the
active species that played a major role in the photocatalytic
process.

4 Conclusion

Multi-type carbon species doped and modified anatase nano-
TiO, photocatalysts were synthesized via hydrothermal and low-
temperature (300 °C) carbonization processes by using the
carbon components contained in tetrabutyl titanate and
ethanol as the internal and the external carbon sources,
respectively. Multi-type carbon species involve carbonates,
adsorbed alcohols, bidentate carboxylate ligands, and adsorbed
carboxylic acid dimers. The doping and modification of multi-
type carbon species can narrow the bandgap of nano-TiO, to
expand the light absorption range, shift the VB position down to
improve the oxidation ability of photogenerated holes, and
promote the separation of photogenerated charge carriers to
improve quantum efficiency. In addition, the stable hydro-
phobic surface caused by the modification of multi-type carbon
species promotes the adsorption of MO and stabilizes the multi-
type carbon species on the surface of nano-TiO,. The synergy of
the above factors resulted in the C,,C4AT sample exhibiting
prominent visible-light photocatalytic degradation activity. The
conclusions of this work provide a comprehensive under-
standing of carbon doping and carbon modification of nano-
TiO,, and develop a convenient and low-cost strategy for the
modification of nano-TiO,.
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