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ty and Ins
A B S T R A C T

Maximizing adsorption and catalytic active sites and promoting the photo-excited charge separation are
two key factors to achieve excellent photocatalytic performance. In this study, we report a sol-gel
synthesis approach to obtain non-metal doped TiO2 with sponge-like structure and surface-phase
junctions all at once. While doping of carbon and nitrogen shifted the activation wavelength to the
visible-light region, the innovative use of perchloric acid as a pore-making agent led to the formation of
three-dimensional lamellar and porous structure with surface-phase junctions. High surface area with
catalytic active sites rendered by the sponge-like structure and surface-phase junctions contributed to
themuch improved photocatalytic degradation efficiency toward rhodamine B, tetracycline and Disperse
Red 60 with excellent reusability and stability. The improved generation and separation efficiency of the
photo-induced charge carriers of the as-prepared TiO2 were supported by electrochemical impedance
measurements and transient photocurrent responses. This method could also be applied to other
photocatalysts to achieve structural alteration and element doping simultaneously.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Photocatalysis has been a tremulously focus over the past three
decades due to its attractive solar energy conversion ability for
environmental remediations [1–4]. TiO2, being the benchmark
photocatalyst with high production volume, has a market value of
approximately 16,200millionUSdollars in 2018 owing to itsmarket
penetration inpaints, cosmetics, food coloring andplastic industries
[5–7]. However, there is plenty of room for improvement to resolve
the disadvantages of TiO2, such as low responsiveness towards
visible-light, agglomeration induced inactivation, high carrier
recombination rate. Recent studies have shown some success in
improving long wavelength light (visible-light/infrared-light) re-
sponsiveness by metal/non-metal doping and better dispersity and
stability bysurfacemodifications [8–10]. Introductionof defects and
heterojunctions showed improved photoexcited charge separation
and reduction of electron-holes recombination [11–15].
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Among various improvement strategies, heterojunctions for-
mation at the interface of different materials was effective in
creating spatial separation of electron-hole pairs and subsequently
lowering the recombination rate [16,17]. Studies have demon-
strated that [19_TD$DIFF]typeII heterojunction photocatalysts, such as BiVO4/
WO3 and TiO2/g-C3N4 exhibit desirable electron-hole separation
efficiency, fast mass transfer and wide light-absorption range
against type I or III [18,19]. Surface-phase junctions formed within
the same material, such as surface anatase/rutile junctions in TiO2,
could further minimize the redox potential loss due to band
structures differences and have the advantage of lowering the cost
of multi-components in photocatalyst [20–22]. Moreover, the
advantage of the high surface area of nano-sized photocatalysts
was often compromised by particle agglomeration during photo-
catalytic performance [23]. While loading photocatalysts into
three-dimensional matrix could effectively prevent the agglomer-
ation, the efficiency of suchmaterials largely relied on the capacity,
the uniformity as well as the stability of the loading of
photocatalyst [24–26]. Therefore, it would be appealing to create
photocatalysts with three-dimensional structures of its own [27–
29]. Such structure would enable effective absorption of target
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Physicochemical characterizations of the as-prepared C,N-TiO2. (A-C)
Representative SEM images of C,N-TiO2-1 at increasing magnifications, with
yellow and red circles indicating particles of �20 nm and �100 nm in size. (D)
Representative TEM image of the thin layers of C,N-TiO2-1 and the corresponding
selected area electron diffraction (SAED) pattern (insert). (E) High-resolution TEM
image of the thin layers of C,N-TiO2-1 with surface-phase junctions highlighted in
yellow dash lines. (F) AFM image of the thin layers of C,N-TiO2-1 and the
corresponding height profile (insert). (G-K) Representative TEM image of C,N-
TiO2-1 and the corresponding elemental mapping showing the distribution of C,
N, O and Ti.
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pollutant molecules and provide sufficient active sites for photo-
catalytic degradation to occur simultaneously [30,31]. More
importantly, each of the above mentioned strategies was only
targeting one limitation at a time. It would be desirable to develop
strategies to achieve improvements in multiple aspects simulta-
neously and study the synergistic effect among them.

Against this background, we set out to design synthesize TiO2-
based photocatalysts with specific focus on creating structural
alterations and surface junctions, aiming to improve the photo-
catalytic performance toward degradation of organic pollutants
under visible light irradiation. By tuning the precursor ratios and
introducing a pore-making agent, HClO4, into a sol-gel synthesis
process, a unique type of carbon and nitrogen doped TiO2 (C,N-
TiO2) with three-dimensional lamellar and porous structure and
surface-phase junctions was obtained. Compared to the commer-
cial TiO2 (P25), the as-prepared C,N-TiO2 showed enhanced visible-
light responsiveness, higher adsorption capacity and degradation
efficiency towards a series of organic pollutants, including
rhodamine B, tetracycline and Disperse Red 60 with excellent
reusability and stability.

By varying the concentrations and ratios of titanium tetrachlo-
ride (as Ti source), citric acid (as C source), nitric acid (as N source),
and perchloric acid (as pore-making agent), it enabled investiga-
tion on the interplay among these key components in determining
the structure and properties of the as-prepared TiO2 photocatalysts
(Table S1 in Supporting information). Representative micrographs
of the resulted photocatalysts under scanning electronmicroscope
(SEM) and transmission electron microscope (TEM) showed
Table 1
Summary of the physicochemical characteristics of C,N-TiO2 in comparison with P25.

Name Morphology Layer Thickness [14_TD$DIFF](

C,N-TiO2-1 Lamellar/Porous 75� 35
C,N-TiO2-2 Irregular/Spherical NA
C,N-TiO2-3 Irregular/Spherical NA
C,N-TiO2-4 Irregular/Spherical NA
P25 Spherical NA

Notes: morphology determined by SEM; surface area measured by BET; phase compos
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drastically different morphologies. Among them, C,N-TiO2-1
displayed a unique lamellar and porous structure (Fig. 1A) while
the rest showed irregular or spherical shaped particles (Figs. S1A-H
in Supporting information). In comparison, P25 showed typical
spherical shapewith 25 nm in diameter. Close-up SEM images of C,
N-TiO2-1 (Figs. 1B and C) revealed clear lamellar structure with
grain size of approximately 20�100 nm in diameters and macro-
pores in the range of hundreds of nm distributed in each layer. The
unique three-dimensional lamellar and porous structure of C,N-
TiO2-1 resulted in a relatively higher specific surface area as
determined by Brunauer-Emmett-Teller (BET) analysis (Table 1).

As indicated in the SEM images, each of the lamellar layer
constitutes thinner stacking sheets. These thin stacking sheets
were analyzed by TEM and atomic force microscopy (AFM)
following sonication. [20_TD$DIFF]Figs. 1D and E showed that both typical
TiO2 crystalline phases, i.e. anatase (lattice fringe of 0.35 nm
corresponding to the 101 lattice plane) and rutile (lattice space of
0.325 nm corresponding to the 110 lattice plane) were present in
these thinner sheets with abundant surface-phase junctions
(highlighted inyellowdash line). Under AFM, the average thickness
of these thinner sheetswas approximately 1.5 nmwithmacropores
and mesopores (Fig. 1F). Energy-dispersive spectroscopy (EDS)
mapping ([20_TD$DIFF]Figs. 1G-K) demonstrated that both carbon and nitrogen
elements were uniformly distributed in the thin layers of C,N-TiO2-
1. These results suggested that the choice of carbon and nitrogen
sources as well as the pore-making reagent was crucial to obtain
the desired structure feature of the modified photocatalysts. The
amount of HNO3 not only served as a N source but also provided an
acidic environment that was crucial for the formation of stable
TiO2 particleswith size in the range of 50�60 nm [32]. Citric acid as
a C source played a role in controlling the appropriate hydrolysis
rate [33]. The formation of three-dimensional lamellar and
macropore structures was likely due to the introduction of HClO4

leading to gas production under high temperature [34]. The
adsorption of Cl� ion to the crystal facets of anatase or rutile could
contribute to the alteration of crystal growth direction that led to
the formation of surface-phase junctions [35]. It is also worth
mentioning that with the ideal combination of these components,
the yield of the lamellar and porous structures could reach almost [21_TD$DIFF]
100%. Without any purification processes, the as-prepared C,N-
TiO2-1 showed consistent structural features in all views under
SEM (Figs. S2A-D in Supporting information).

Given the unique structure, further physicochemical character-
izations were focused on C,N-TiO2-1 in comparison with the
others. The phase composition and crystalline structure were
further confirmed by X-ray diffraction (XRD). As illustrated in
Fig. S3A (Supporting information), only C,N-TiO2-1 and P25
showed characteristic diffraction peaks for both anatase and
rutile, while the rest only possessed anatase phase. Similar to P25,
the anatase to rutile ratio of C,N-TiO2-1 was approximately 3:1, an
ideal ratio for charge separation efficiency [20,21]. The presence of
both anatase and rutile phases in C,N-TiO2-1 in microscale was
further confirmed using high-resolution Raman spectroscopy
(Fig. S3B in Supporting information). These results were in
good agreement with the high resolution TEM (Fig. 1E) and the
nm) Surface Area (m2/g) Crystal Phase

77.6925 Anatase and Rutile
60.6935 Anatase
77.3681 Anatase
50.3194 Anatase
54.0184 Anatase and Rutile

ition characterized by XRD.
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Fig. 2. XPS analysis demonstrated successful doping of C and N in C,N-TiO2-1. XPS
spectra of C,N-TiO2-1 and the fitting results in N 1s (A), C 1s (B), O 1s (C) and Ti 2p (D)
regions.
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surface-phase junctions were expected to show an effective
electron-hole separation under light irradiation [20,21,36].

The X-ray photoelectron spectroscopy (XPS) analysis confirmed
a successful doping of C and N in the C,N-TiO2-1. As shown in [20_TD$DIFF]

Figs. 2A-D, the XPS spectra revealed the presence of C, N, O and Ti
elements in C,N-TiO2-1 with an atom ratio of 19:1:29:51. As shown
in Fig. 2A, the N 1s spectrum showed a main peak at 399.5 eV
corresponding to the pyrrole-like nitrogen with the N atoms
hosted in an interstitial position and directly bond to lattice oxygen
to form Ti–O–N and/or Ti–N–O linkages [37,38]. And in C 1s region
(Fig. 2B), the fitting result showed three peaks at 284.8, 286.1 and
288.8 eV, which could be ascribed to the adventitious elemental
carbon, COx compounds and carbonate species, respectively [ [22_TD$DIFF]39].
Considering the synthesis conditions (high-concentration of nitric
acid and calcination at 450 �C), the main N 1s peaks of C,N-TiO2-1
[(Fig._3)TD$FIG]

Fig. 3. Removal of rhodamine B, tetracycline and Disperse Red 60 by the as-prepared
tetracycline and Disperse Red 60. (B) Extent of mineralization of rhodamine B, tetracycli
TOC quantification. (C) Five repeated cycles of photocatalytic de-colorization of rhodam
The XRD patterns of C,N-TiO2-1 before and after photocatalytic performance. (E) Repre
showing excellent material stability.
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could be ascribed to interstitial N atoms in the environment of Ti–
N–O and Ti–O–N linkages, due to the high electronegativity of O
[39–41]. In Fig. 2C of the O 1s spectra, the one at 530.1 eV arising
from O–Ti–O shifted slightly to lower energy compared with that
of P25 due to N doping. The one at higher energy of 531.9 eV was
attributed to the formation of hyponitrite (N2O2)2� resulting from
decomposition of nitrogen precursors or oxidation of the
interstitially doped N in the TiO2 lattice [41,42]. The spectra of
Ti 2p presented in Fig. 2D showed a slight shift of the Ti4+ 2p3/2 and
Ti4+ 2p1/2 peaks (458.8 and 464.5 eV, respectively) to lower energy
likely due to the covalent doping of N [32]. Meanwhile, the absence
of Ti 2p peak at around 455 eV suggested that there were no Ti–C
bonds formed, consistent with the C 1s spectra [43].

To evaluate the utility of C,N-TiO2-1 for pollutants removal,
rhodamine B, tetracycline and Disperse Red 60were used asmodel
pollutant molecules for organic dyes and antibiotics. Under dark
condition, C,N-TiO2-1 showed the highest adsorption capacity
towards all three pollutant molecules (Fig. 3A). Although C,N-TiO2-
1 had a similar specific surface area comparing to C,N-TiO2-3
(Table 1), the adsorption capacity of the former was approximately
twice of the latter and more than three times higher than P25.
These results suggested that the unique lamellar and porous
structure of C,N-TiO2-1 might create a capillary force to attract
pollutant molecules more effectively. Based on the photocatalytic
decolorization of rhodamine B, all C,N-TiO2 showed first-order
kinetic under visible light irradiation, where C,N-TiO2-1 displayed
the highest rate constant ([20_TD$DIFF]Figs. S4A-C in Supporting information).
To further evaluate the photocatalytic performance of C,N-TiO2-1,
all three molecules were subjected to photocatalytic degradation
under visible light. According to the total organic carbon (TOC)
analysis, the removal rate for rhodamine B, tetracycline and
Disperse Red 60 were [23_TD$DIFF]53.51%, 62.92% and 34.77%, respectively
(Fig. 3B). The differences in degradation efficiencies by C,N-TiO2-1
toward different types of pollutants indicated that the interactions
between thematerial surface and pollutantmoleculesmight play a
role. Since the reactive oxidative species generated during photo-
catalytic performancewere usually short-lived, it would be ideal to
have the pollutant molecules tightly bound to thematerial surface.
C,N-TiO2. (A) Adsorption capacity of C,N-TiO2-1-4 and P25 toward rhodamine B,
ne and Disperse Red 60 by C,N-TiO2-1 under visible light irradiation determined by
ine B by C,N-TiO2-1 under visible light irradiation showing excellent reusability. (D)
sentative SEM images of C,N-TiO2-1 after five runs of photocatalytic performance
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Fig. 4. Mechanistic analysis of the enhanced photocatalytic performance of C,N-
TiO2-1. (A) Band gap energy of C,N-TiO2-1 and P25 and the corresponding UV–vis
diffuse reflectance spectra (insert). (B) Electrochemical impedance spectroscopy
(EIS) Nyquist plots showing similar impedance values of C,N-TiO2-1 and P25. (C)
Transient current response of C,N-TiO2-1 and P25 membrane electrodes with light
on and off cycles showing higher transient photocurrent of C,N-TiO2-1 than that of
P25. (D) EPR spectra of C,N-TiO2-1 and P25 under visible light irradiation showing a
much higher

�
[13_TD$DIFF]OH generation by C,N-TiO2-1 than that of P25.
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The unique three-dimensional lamellar and porous structure of C,
N-TiO2-1 could explain the enhanced photocatalytic degradation
efficiency. The aspect of reusability and stability of the C,N-TiO2-1
was addressed by conducting five repeated cycles of photocatalytic
de-colorization of rhodamine B. As shown in Fig. 3C, the
photocatalytic activity of C,N-TiO2-1 remained stable after five
recycles. And neither the crystalline phase nor the morphology
showed any changes after 5 cycles as shown in Figs. 3D and E.

Further mechanistic investigations demonstrated that the
enhanced visible-light photocatalytic performance was mainly
due to the shift of activation wavelength, the unique macrostruc-
ture, and the surface-phase junctions. As shown in Fig. 4A, the
band gap of C,N-TiO2-1 was at 2.71 eV, showing a significant band
gap narrowing with red shift of the absorption edge to the visible
light region compared to P25 (3.20 eV), according to their UV-vis
diffuse reflectance spectra (insert of Fig. 4A). Based on electro-
chemical impedance measurements and transient photocurrent
responses ([20_TD$DIFF]Figs. 4B and C), the impedance value of C,N-TiO2-1 was
similar to that of P25 while a higher transient photocurrent was
observed for C,N-TiO2-1. These results suggested that the enhanced
photocatalytic degradation efficiency was resulted from a higher
sorption of visible light and a better generation and separation
efficiency of the photo-induced charge carriers, i.e., electrons (e�)
and holes (h+) pairs. This is consistent with the previous report, in
which the current intensity was found to decrease with the
increase of material thickness [36]. Moreover, the unique lamellar
structure and surface-phase junctions also contributed to a higher
generation of hydroxyl radicals (

�
[24_TD$DIFF]OH) based on electron paramag-

netic resonance (EPR) measurements (Fig. 4D). Based on scav-
engers experiments, it was clear that hydroxyl radicals played the
most significant role in photocatalytic degradation while h+ and
O2

��
[25_TD$DIFF] also took part in the degradation processes (Fig. S5 in

Supporting information).
In summary, this study demonstrated the possibility of

significantly enhancing the photocatalytic performance of TiO2

through structural alteration and surface-phase junctions forma-
tion. Such improvement was achieved by a one-pot sol-gel process
that included an innovative use of pore-making agent HClO4. The
1826
resulted modified TiO2 showed effective photocatalytic degrada-
tion of organic pollutants upon visible light irradiation with
excellent reusability and stability. The excellent pollutants removal
ratewas attributed to the relatively narrow band gap resulted from
C and N doping, the higher charge-carrier migration efficiency due
to the presence of surface-phase junctions, and the large
adsorptive capacity owing to the unique lamella structure. This
strategy could also be applied to optimize other photo/electro-
catalysts for environmental remediations.
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