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Introduction

Semiconductor photocatalytic technology for solar
energy conversion and contamination control has
received widespread attention in recent years due to
its prospects in promoting environmental restoration
and alleviating the energy crisis [1, 2]. Since the
photoelectrochemical splitting of water by TiO,
reported in

electrodes was first

Handling Editor: Kyle Brinkman.

ABSTRACT

Constructing heterojunction structures is an effective way to produce highly
efficient photocatalysts with favorable charge transfer paths. In this study, TiO,
nanotube arrays were synthesized using an electrochemical anodization
method, and g-C3N4 nanoparticles were grown in situ on TiO, nanotubes using
three thermal polymerization strategies. Compared with pure TiO,, the g-C3N,/
TiO, heterojunctions exhibited different degrees of enhancement in photoelec-
trochemical performance under stimulated solar light. The TNT-L heterojunc-
tion fabricated by urea solution exhibited excellent photoelectrochemical (PEC)
activity and followed a Z-scheme mechanism, which is beneficial for carrier
separation and maintaining the original redox capacity of each component. The
crystallinity, morphology, chemical composition, and optical properties of the
photocatalysts were also analyzed using a series of characterization techniques.

semiconductor TiO, has received intensive research
as a promising photoactive material in the fields of
contaminant degradation, hydrogen generation, and
solar cells due to its strong redox ability and high
photocatalytic activity under ultraviolet irradiation
[3, 4. In particular, TiO, with one-dimensional
nanostructures (nanotubes, nanorods, nanowires,
etc.) has drawn considerable interest owing to the
faster axial charge transport path, high aspect ratio

1972, the  for light harvesting, and large surface area for
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accessible active sites [5]. However, TiO, suffers from
inherent drawbacks, such as a wide bandgap and
relatively high recombination rate of photogenerated
electrons and holes [6, 7]. Therefore, many efforts are
dedicated to improve the electric structure of TiO, to
increase the optical response and charge separation
efficiency. One of the most effective approaches is
coupling with staggered band structure configuration
semiconductors to form heterojunctions [8-11].

As a visible-light-driven n-conjugative polymer
semiconductor, graphitic carbon nitride (g-C5Ny)
possesses an appropriate band structure and good
physicochemical stability, making it an attractive
candidate for reductive reactions (H, evolution and
CO; reduction) and oxidative degradation [12-14].
However, the photocatalytic activity of g-CsNy is
unsatisfactory owing to its low quantum efficiency
[15]. Due to the well-matched energy band structure
between TiO, and g-C3Ny4, many studies have con-
structed organic-inorganic g-C3N4/TiO, heterojunc-
tions to restrain the respective drawbacks of each
component and realize synergistic effects in pro-
moting charge generation and separation [16-18]. The
interface properties between semiconductors are
critical for the charge carrier transfer [19]. Among
various synthesis methods, the in situ growth strat-
egy favors the formation of strong interactions and
intimate contact interfaces between components to
reduce charge transfer impedance.

In this study, photocatalysts composed of g-C3Ny4
nanoparticles and highly ordered TiO, nanotube
arrays were fabricated through three thermal poly-
merization strategies. Herein, g-C3N, was grown on
the surface of TiO, nanotubes to form a tight two-
phase contact layer, which facilitated the spatial
separation of photogenerated carriers. The synergis-
tic effect formed between g-C3N4 nanoparticles and
TiO, nanotubes was investigated by various
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characterization techniques and photoelectrochemi-
cal measurements, and the mechanism of charge
separation and transfer was proposed. The con-
struction of g-C3N4/TiO; heterojunctions may pro-
vide promising prospects for water-splitting
photoelectrodes.

Experimental method

Preparation of TiO, and g-C;N,/TiO,
samples

Synthesis of TiO, nanotube array membranes: Com-
mercial pure titanium sheets (¢ 30*2 mm) were pol-
ished first, and then ultrasonically cleaned with
deionized water and ethanol. The TiO, nanotube
array membrane was prepared by a two-step elec-
trochemical anodic oxidation method with a direct
current power supply. First, the titanium sheet was
oxidized at 60 V for 2 h in an electrolyte solution
containing ethylene glycol and 0.5 wt% ammonium
fluoride. Then, the cleaned specimen was oxidized in
ethylene glycol solution containing 0.5 wt% ammo-
nium fluoride and 0.6 vol% hydrofluoric acid at 60 V
for 4 h. Finally, the amorphous precursor was calci-
nated at 450 °C in the air for 1 h to crystallize.
Synthesis of g-C3N, functionalized TiO; nanotubes:
Three strategies were used to fabricate g-C3N4/TiO,
nanocomposites. Method I: As a novel synthesis
approach, g-C;N, was grown on TiO, nanotubes by
gasification conversion of urea solution. A schematic
diagram of the synthesis procedure is shown in
Fig. 1. The anodized TiO, nanotube array membrane
was placed on the top of a crucible containing the
liquid phase precursor (2 g urea, 2 ml H,O), and
then, the crucible was calcinated at the temperature
of 500 °C for 1 h in a tubular furnace under an air

Figure 1 Schematic diagram for the fabrication of the TNT-L sample.
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atmosphere at a heating rate of 4 °C min™~ '. The final
product was denoted as TNT-L. Method II: The
g-C3Ny was deposited onto TiO, nanotubes through
the solid urea sublimation and conversion. Two
grams of urea was placed in a crucible covered with
TiO, nanotube arrays, and the calcination process
was the same as that described above for TNT-L.
Concurrently, a certain amount of g-C3N4 powder
was also obtained in the bottom of the crucible after
calcination. This nanocomposite was denoted as
TNT-S. Method III: The deposition of g-C3N4 into
TiO, nanotube arrays was performed using the vac-
uum impregnation method. The prepared TiO, nan-
otube coating was immersed in urea aqueous
solution with a concentration of 1 g mL™ ' for 24 h
under vacuum conditions. Then, the TiO, nanotube
arrays were directly calcinated with the same proce-
dure above, and the resultant sample was denoted as
TNT-I.

Characterization

Phase composition and crystallinity were analyzed
by an X-ray powder diffractometer (Philips X'Pert
PRO, Netherlands) using Cu-Ko radiation over a 26
range of 10-80°. The surface chemical compositions
of the samples were detected by an X-ray photo-
electron spectrometer (Thermo Fisher ESCALAB
250Xi, USA) with a monochromatized Al-Ka excita-
tion source (hv =1486.8 eV), and all the binding
energy values were calibrated based on C 15 at
284.8 eV as a reference. Morphology features and
microstructures were investigated by a scanning
electron microscope (54800, Japan) equipped with an
energy dispersive X-ray spectroscope to examine the
elemental composition. Ultraviolet—visible diffuse
reflectance spectra were measured against a BaSO,
reference in the region of 270-800 nm using a UV-Vis
absorption spectrophotometer (UV2550, Japan). ESR
measurements were performed at ambient tempera-
ture using an EMXmicro A300 spectrometer. Photo-
luminescence (PL) spectra were collected on a
fluorescence spectrophotometer (Edinburgh FLS1000,
U.K.) at room temperature.

PEC Measurements
Photoelectrochemical (PEC) performance was mea-

sured with a CHI650 electrochemical workstation
(Chenhua Co. Ltd, Shanghai) in a three-electrode
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system. The as-fabricated samples were directly used
as working electrodes with an active area of 1 cm?
Platinum sheets and saturated Ag/AgCl electrodes
were employed as the counter and reference elec-
trodes, respectively. All the measurements were
performed in a 1 M KOH electrolyte solution. A
500 W xenon lamp was acted as the simulated solar
light source to provide full-spectrum illumination
with a 100 mW c¢m™ ? light intensity. The potential
values versus Ag/AgCl electrode were converted to
reversible hydrogen electrode potential (RHE) by the
Nernst equation. Linear sweep voltammetry curves
were recorded at a scanning rate of 10 mV s~'. The
transient photocurrent responses of the samples were
recorded at intervals of chopping light irradiation
under a fixed bias voltage of 0 V versus Ag/AgCl
electrode. Electrochemical impedance spectra (EIS)
were measured with an amplitude of 5 mV, and a
frequency range of 10°-10° Hz under open-circuit
voltage conditions.

Results and discussions
Characterization analysis

Figure 2 shows the X-ray diffraction (XRD) patterns
of the as-synthesized samples. For pure g-C3Ny, the
primary characteristic diffraction peak located at
27.4° corresponded to the (002) plane with an inter-
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Figure 2 XRD patterns of g-CsN4, TNT, TNT-I, TNT-S, and
TNT-L samples.
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crystallinity. The weak peak at a low angle diffraction
of 13.3° was attributed to the (100) plane with an in-
plane structure of tri-s-triazine units [20, 21]. Com-
paring TiO, and nanocomposites, there were no
obvious phase structure differences in the XRD pat-
terns. The diffraction reflections located at 25.33°,
37.84°,48.07°, 53.95°, 55.11°, and 62.75° were indexed
to the crystal planes (101), (004), (200), (105), (211),
and (204) of anatase TiO, (JCPDS card 01-084-1286)
[22]. Except for anatase TiO,, the other diffraction
peaks originated from the Ti substrate (JCPDS card
01-089-4893) with strong intensity. The characteristic
diffraction peak of g-C3N, in the composites was not
obvious due to the relatively lower crystallization
and percentage content.

The surface morphology and structure of TiO,
nanotubes, g-C3Ny, and g-C3Ny/TiO, composites
were characterized by scanning electron microscopy
and transmission electron microscopy. As shown in
Fig. 3a, the top view image of the TiO, photoelec-
trode consisted of a distinct microscopic-ordered
tubular structure. The pure g-C3N4 sample exhibited
an irregular flake morphology in submicron size
(Fig. 3b).The TNT-I and TNT-S samples (Fig. 3c and
d) show that g-C3N4 nanoparticles occurred on the
upper surface of TiO, nanotubes, and some blocked
the nanotube orifices after thermal polymerization.
Figure 3e, f shows the SEM images of TNT-L at dif-
ferent magnifications. The g-C3N4 nanoparticles were
uniformly and tightly anchored on the TiO, nanotube
surfaces. The TiO, nanotubes not only acted as plat-
forms, but also effectively suppressed the agglomer-
ation and size growth of g-C3;N, nanoparticles. The
pore size of the nanotubes was statistically calculated
using Image ] software, and each aperture was rep-
resented by an equivalent diameter. Results are
shown in Fig. S1. The equivalent diameter distribu-
tion showed that the TNT-L sample has pore sizes
ranging from 70 to 160 nm, while 100 ~ 130 nm
were the majority. To identify the spatial distribution
of g-C3N, on the TiO; nanotubes, the corresponding
energy-dispersive spectroscopy (EDS) mappings of
the TNT-L sample are shown in Fig. 52 and Fig. S3. It
can be seen from Fig. S2 that Ti, O, C, and N elements
were homogeneously distributed on the top of the
nanotubes. The side-view images of TNT-L (Fig. S3)
showed that the g-C3;N; nanoparticles were uni-
formly anchored on the walls of nanotubes, which
further confirmed that g-C;N, nanoparticles were
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loaded on the entire TiO, nanotubes to form a
heterojunction structure.

The morphological and structural characteristics of
the samples were analyzed by transmission electron
microscopy, and the TEM and HRTEM results are
shown in Fig. 4. Figure 4a shows that the TiO, nan-
otubes were dense and uniformly arranged, and the
g-C3Ny nanoparticles formed by thermal polymer-
ization were deposited onto the walls of TiO, nan-
otubes (Fig. 4b), which was consistent with the SEM
images. The selected electron diffraction pattern
(SADE) of a typical area is shown in Fig. 4c. The
diffraction rings matched the (101), (107), (101), (107),
(217), (228), (424), and (0012) interplanar spacings of
anatase TiO,. The HRTEM image of TNT-L is shown
in Fig. 4d, and the corresponding Fourier transform
(FFT) of the region A is shown in Fig. 4e. Each crystal
plane was determined after calibrating the FFT
results, and the marked interplanar spacing was
measured to be approximately 0.1736 nm, which was
in good agreement with the interplanar spacing cor-
responding to the anatase TiO, (105) plane.

The surface chemical compositions of TiO, and the
composites were studied by X-ray photoelectron
spectroscopy (XPS), as shown in Fig. 5. Figure 5a
shows the high-resolution Ti 2p spectra, with binding
energies of 458.5 and 464.3 eV that were attributed to
Ti 2p3,, and Ti 2p;/, of Ti*" in anatase TiO,. Com-
pared with bare phase TiO,, the characteristic peaks
of Ti 2p in TNT-I, TNT-S, TNT-L shifted to lower
binding energy regions, which indicated that the
electron cloud density of Ti was changed because of
the interfacial interaction between TiO, and g-C3N,
[23, 24]. From the O 1 s spectra (Fig. 5b), the primary
peak at 529.7 eV in the TNT sample could be attrib-
uted to the oxygen lattice in TiO,, and the binding
energy in the composites exhibited a negative shift, as
in the case of the Ti 2p spectrum. The marginal peak
located at 531.2 eV corresponded to -OH functional
groups at the surface [25, 26]. The C 1s spectra
(Fig. 5¢) of the samples showed three peaks, the peak
centered at 284.8 eV arising from C-C coordination
or adventitious carbon, while the peaks at 286.3 and
288.3 eV were identified as sp2 hybridized carbon in
N-containing carbon aromatic ring [22, 25]. Also, the
N 1 s spectra (Fig. 5d) could be deconvoluted into
two Gaussian peaks, indicating two types of N
bonding. The dominating peak at 397.9 eV was rela-
ted to pyridinic nitrogen (C-N = C) in triazine rings,
and the peak at 399.7 eV was derived from pyrrolic
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Figure 3 SEM images of TNT (a), g-C3Ny(b), TNT-I (c), TNT-S (d), and TNT-L (e, f) at different magnifications.

nitrogen (N-(C);) [27]. Comprehensive analysis of
XPS results demonstrated the existence of hetero-
junction structures in the composites, and the inti-
mate interfacial interaction between TiO, nanotubes
and g-C3Ny nanoparticles may improve the photo-
catalytic activity.

@ Springer

PEC performance

A series of PEC measurements were performed to
study the optoelectronic properties of the as-pre-
pared TiO, and g-C3N4/TiO, photoelectrodes. The
carrier characteristics at the interface of the semi-
conductor and electrolyte were assessed by linear
sweep voltammetry. Figure 6a shows the variation in
current densities versus applied potential (I-V) in the
dark and under illumination conditions. The dark



J Mater Sci (2023) 58:2676—2688

0.1 1/nm

2681

5 1/nm

Figure 4 TEM images of TNT (a), TNT-L (b), and HRTEM and SAED patterns of TNT-L sample (c-e).

current densities for all the samples were negligible,
while a pronounced photoresponse was observed
upon illumination, implying effective light-harvest-
ing and charge separation. The incidence of light led
to the generation of electron and hole pairs in the
semiconductor. The photoexcited e~ moved from the
conduction band to external circuit through the
electrode, while the holes would ionize water mole-
cules to produce H" ions. Hydrogen ions were
transported to the counter electrode through the
electrolyte and recombined with electrons from the
external circuit to generate hydrogen; the carrier
migration was proportional to the amount of hydro-
gen produced by water splitting [23, 28]. Therefore,
the photocurrent information was used to evaluate
the effectiveness of semiconductor photocatalysts for
water splitting. It was obvious from I-V curves that
the photocurrent densities showed a general order of
TNT-L > TNT-S > TNT-I > TNT. The corresponding
photoconversion efficiency (1) of each photoelectrode
was calculated by the following equation:

0(%) = I(Epey = Vapp) /Tright (1)

where E2,, is the standard reversible potential (1.23 V
vs. RHE), I is the photocurrent density (mA cm?),

Vapp is the applied bias potential versus RHE, and

Jiignt is the incident light intensity (mW cm ). Plots of
the photoconversion efficiency versus applied bias
potentials are presented in Fig. 6b. The optimal
photoconversion efficiency of TNT achieved 0.36% at
-0.66 V vs. Ag/AgCl. With the introduction of g-C3N4
into TiO, nanotubes, the photoconversion efficiency
of TNT-I and TNT-S increased to 0.52% and 0.59%,
respectively. In particular, TNT-L generated the
highest photoconversion efficiency of 0.66% among
all the samples, which was approximately 1.83 times
higher than that of pure TiO, nanotubes. Thus, cou-
pling g-C3Nj is an effective strategy to improve the
photocurrent density and photoconversion efficien-
cies of TiO,.

To evaluate the transient photoresponse of the as-
prepared electrodes, amperometric photocurrent
density versus time (I-f) measurements were per-
formed at 0 V vs. Ag/AgCl under on/off light illu-
mination. Figure 7a shows that the photocurrents of
all four electrodes underwent a marked increase in
irradiation, and then, the current density immedi-
ately decreased in the dark, indicating the fast sepa-
ration rate of photoelectrons and holes [29]. The
stable photocurrents of TNT, TNT-I, TNT-S, and
TNT-L under illumination after ten cycles were 0.47,
0.72, 0.78, and 0.87 mA cm >, respectively. To verify
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Figure 7 Transient photocurrent responses with 60 s cycles (a); Photocurrent density under constant illumination (b).

the stability of the electrodes, the corresponding I-t
curves were measured at 0 V vs. Ag/AgCl for a
constant time over 7200 s. As shown in Fig. 7b, the
photocurrent density of all four samples showed a
slight attenuation after the test, which confirmed that
the prepared electrodes possessed good stability.
The charge transfer behavior at the electrode and
electrolyte interface was investigated using electro-
chemical impedance spectroscopy. EIS measure-
ments were performed under light irradiation at the
open-circuit potential, and the results and simulated
equivalent circuit model are shown in Fig. 8. The
Nyquist plots for all electrodes consist of semicircles
at high frequencies and oblique lines in the low-fre-
quency region. The semicircle is correlated to the
charge transfer resistance (Rct) at the elec-
trode/electrolyte interface, while the oblique line
reflects the Warburg diffusion process (Zw) [30, 31].
Furthermore, the intersection of the semicircle with
the real axis at high frequency was attributed to the
internal resistance (Rs) [32]. The Nyquist plots were
fitted by Z-view software, and the impedance
parameters are listed in Table S1. Among the four
electrodes, nanocomposites electrodes exhibited a
lower R,; value than that of pure TiO,, while TNT-L
possessed the lowest interface resistance. Smaller R,
values indicate a higher charge transport capability,
which can markedly enhance PEC activity [33].

PEC mechanism of g-C5;N4/TiO,

Photoelectrochemical performance is closely related
to the photoexcited property and charge separation
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Figure 8 Nyquist plots of TNT, TNT-I, TNT-S, and TNT-L
electrodes, and the equivalent circuit model inset.

ability of photocatalysts; thus, UV—-vis diffuse reflec-
tance and photoluminescence (PL) experiments were
performed to understand the optical absorption
behavior and carrier separation efficiency. The DRS
spectra are shown in Fig. 9, and the corresponding
band edges are given in the figure’s insets. The TNT
sample exhibited a spectral response in the UV region
below 380 nm, while pure g-C3N4 can absorb light
from the UV to visible range with a band edge
absorption of ~ 470 nm. After combining TiO, with
g-C3Ny in three thermal polymerization pathways,
the light absorption edge of all composites showed a
slight partial redshift in comparison with that of
TNT. Additionally, the bandgap energies of TNT,
TNT-I, TNT-S, TNT-L, and g-C3N, estimated
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Figure 9 UV-vis diffuses reflectance spectra (DRS) of samples
and inset of band-gaps.

according to the Kubelka-Munk function were 3.22,
3.17, 3.08, 3.11, and 2.63 eV, respectively [34, 35]. The
composites showed a narrower bandgap than pure
TiO,, which implied the formation of TiO,/g-C3Ny4
heterojunctions [36]. From the PL spectra (Fig. S4),
the as-prepared g-C;N4/TiOcomposites exhibited
weaker photoluminescence intensities than pure
TiO,, indicating that the modification of g-C3Ny
inhibited photogenerated carrier recombination [37].
This result indicates that more electrons and holes are
available for redox reactions, resulting in a higher
photocurrent [38]. The degree of PL quenching was in
accordance with the photoelectrochemical results.
Heterojunctions are always assembled of two
semiconductor materials with staggered band struc-
tures. The difference in the work function between
semiconductors will induce charge redistribution,
which significantly affects charge separation and
transfer. Therefore, it is imperative to study charge
transfer mode in photocatalytic reactions. ESR spec-
tra were used to detect the generation of «OH and
¢O, radicals for understanding the charge transport
process of TiO, and g-C3;N4/TiO, heterojunction, and
the results are shown in Fig. 10. No obvious peaks
were observed for DMPO-eOH and DMPO-¢O; un-
der darkness; after 10 min of irradiation, the signals
of ®OH and ¢O; could be examined in both TNT and
TNT-L samples [39, 40]. TNT-L showed a relatively
stronger ESR signal than pure TiO, component.
According to the conduction band (CB) and valence
band (VB) positions of g-C3N,, the photogenerated
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holes cannot oxidize H,O molecules to form eOH
because the Eyg (1.57 eV) of g-C3Ny is lower than that
of E (H,O/eOH) (2.68 eV vs NHE, pH =7) [41, 42].
There are two possible charge carrier migration
mechanisms for g-C3N4/TiO; as shown in Fig. S5. For
type-II heterojunction photocatalysts, photogenerated
electrons from the CB of g-C3Ny4 could easily migrate
to the CB of TiO,, while the holes in the VB of TiO,
would further transfer to the VB of g-C3Ny4, which led
to the accumulation of electrons and holes in the CB
of TiO, and VB of g-C3N4 respectively [43—45].
However, the Z-scheme heterojunction photocata-
lysts could drive the photogenerated electrons in the
CB of TiO; to recombine directly with the holes in the
VB of g-C3Ny4, while the excited electrons in the CB of
g-CsNjand holes in the VB of TiO, are maintained
and spatially separated [46, 47]. These two mecha-
nisms are in favor of the generation and separation of
charges in heterojunctions, so it is impossible to
identify by electrochemical analysis [48]. If TNT-L
was a type-II heterojunction, the ability to generate
radicals would be weakened [49]. According to the
ESR spectra of TNT-L, the enhanced signals of «OH
and O, confirm that the construction of hetero-
junctions could promote the production of radicals,
which contradicted the charge transfer mechanism of
type-1I heterojunction.

According to the experimental results discussed
above, we proposed a possible PEC mechanism
responsible for the g-C3N4/TiO; heterojunction, as
shown in Fig. 11. Under full spectrum illumination,
TiO; nanotubes and g-C3N4 can be simultaneously
excited to generate photoinduced electrons and holes
[50]. The excited electrons present in the conduction
band of TiO, can rapidly combine with the holes
from the valence band of g-C3;N, at the interface
under built-in electric field driving. Thus, the elec-
trons in the conduction band of g-C3N, and the holes
in the valence band of TiO, were effectively sepa-
rated, thereby suppressing the recombination rate of
charge carriers [51, 52]. Under an applied potential,
these electrons were transmitted along the external
circuit to the Pt electrode for the hydrogen evolution
reaction. On the other hand, the remaining holes
participated in the oxidation reaction to achieve the
entire galvanic cycle [28, 53].
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Figure 10 ESR spectra of DMPO-eOH (a), DMPO-eO, (b) spin-trapping adducts in the photocatalytic system.

Figure 11 Schematic diagram of the photogenerated electron—
hole separation for Z-scheme heterojunction.

Conclusion

In this study, three thermal polymerization approa-
ches were used to fabricate heterojunctions by cou-
pling g-CsN4 nanoparticles with one-dimensional
TiO, nanotube arrays. Photoelectrochemical proper-
ties were investigated by linear sweep voltammetry,
photocurrent response, and electrochemical impe-
dance spectroscopy. Experimental results showed
that the TNT-L photoanode possessed the highest
PEC activity under solar irradiation, and the detec-
tion of ESR radicals confirmed the direct
Z-scheme carrier transmission mechanism, leading to
effective charge separation and enhanced redox
ability. The results of this study describe a material
that may be applicable to various photocatalytic
applications.
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