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Abstract

A novel g-C3N4/NiTiO3 composite was fabricated by one-step calcination
method using dicyandiamide, tetrabutyl titanate and nickel acetate as the precursor.
The samples were characterized by scanning electron microscopy, X-ray diffraction,
X-ray photoelectron spectroscopy, N, adsorption/desorption isothermal, UV-vis
diffuse reflection spectroscopy and photoluminescence spectroscopy. It was indicated
that the hybrids owned large surface area, mesoporous structure and improved visible
light absorption. The optimal g-C3N,4 content in g-C3N4/NiTiO3 composite was 18.4
wt%, and corresponding visible-light removal rate for nitrobenzene was 0.0132 min™*,
about 1.6 times higher than that of pure NiTiO3. The enhanced photocatalytic activity
may be attributed to the large surface area, the stronger absorption in the visible
region and the efficient electron-hole separation.
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1. Introduction

In recent years, carbon materials with graphite-like structure, such as graphene,
carbon nitride, and boron carbonitride, have attracted considerable attention in energy
storage, adsorption and catalysis'™. Remarkably, the graphitic carbon nitride (g-CsN4),
a novel metal-free polymeric semiconductor, has received extensive interests because
of its superior photocatalytic performance®. The g-CsN, was identified to be a
prospective visible-light-responsive photocatalyst with the suitable band gap of 2.7
eV and high chemical stability. However, g-C3N,4 could suffer limited low sunlight
absorption, low quantum efficiency and high recombination rate, which might result
in low photocatalytic activity® . Various attempts have been introduced to improve
the photocatalytic activity of g-CsNa, such as increasing the surface area®, doping®,
serving as co-catalyst™ and so on. Particularly, integrating g-CsN. with other
semiconductors to form heterojunctions was found to be a high effective and feasible
strategy. Recently, our group has reported a novel g-C3N4/MIL-125(Ti)
heterostructures which demonstrated enhanced visible light photocatalytic activities™.
Furthermore, novel g-CsN4/Bi,WOg®, g-CsN4/BiOCI*, g-C3N4/SnO,*, g-CsN4/WO3*
and g-CsN4/ZnO™ composites were developed and obtained enhanced visible-light
photocatalytic activity. However, most composite photocatalysts were mainly
prepared based on the multi-step method. Commonly, g-C3N4 monomer was firstly
synthesized, and then the hybrids were formed by sol-gel®, precipitation®”,
hydrothermal method*®. If the photocatalysts could be fabricated by a convenient
one-pot method, the impact would be tremendous in more areas. Therefore, it was

imperative to utilize one-step method to integrate g-CsN,4 with other semiconductors
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for the improved photocatalytic activity.

Nickel titanate (NiTiO3) had an ilmenite structure in which both Ni and Ti mostly
prefer octahedral coordination with alternating cation layers solely occupied by Ni
and Ti*®. It was reported that NiTiO3 had a band gap of 2.18 eV and possessed good
photocatalytic activity in removing organic pollutants under light irradiation®.
However, the NiTiO3, as an individual photocatalyst, was limited by the poor
quantum efficiency because of its narrow band gap®. NiTiOs-based heterojunctions
have been obtained in attempt to reduce the recombination rate of charge carriers, and
included Ag/NiTiOs*, CdS/NiTiOs% and Fe;04/NiTiOs**. To the best of our
knowledge, the report on coupling NiTiO3 with the polymeric semiconductor g-C3N4
was still scarce.

In the present study, a series of novel g-C3N4/NiTiO3 composites were obtained
by one-step calcination method using dicyandiamide, tetrabutyl titanate and nickel
acetate as the precursor. The photocatalytic activity of the as-prepared composites was
detected by the removal of NB under visible light irradiation. Then, a possible
removal mechanism was also proposed based on energy band positions and
photoluminescence spectra.

2. Experimental

The g-C3N4/NiTiO3 composites were synthesized through a thermal calcination
at 550 °C using dicyandiamide, tetrabutyl titanate and nickel acetate as the precursor.
For the specific sample preparation, characterization and photocatalytic test have been

shown in the Experimental section in the Supporting Information. The as-prepared
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g-C3N4/NiTiO3 samples with expected g-C3N,4 contents of 10.1, 18.4 and 27.3 wt%
were labeled as CT1, CT3, CT5, respectively.

3. Results and discussion

3.1 Characterization of the catalyst

The size and morphology of the g-C3N4, NiTiO3 and CT3 samples were
examined by SEM analysis (Fig. 1). As displayed in Fig. 1a, pure g-C3N4 sample
presented aggregated morphologies consisting of irregular block-based flakiness and
particles®. The NiTiOs was primarily comprised of nanorods with diameters of 1-2 um
and length of around 4 um (Fig. 1b). Fig. 1c revealed that the NiTiO3 nanorods were
decorated on the surfaces of g-C3N4. Moreover, the EDS of the CT3 sample
confirmed the existence of C, N, O, Ti and Ni (Fig. 1d). From the EDS analyses, the
ratio of Ti, Ni and O was about 1: 1: 3 in the CT3 sample. The elemental mapping
images displayed the distribution of NiTiOz on the g-C3N4 surface (Fig. 1f),
demonstrating the formation of g-C3N4/NiTiO3 hybrids.

The XRD patterns of g-C3N4, NiTiO3 and CT3 were exhibited in Fig. 2a. The
diffraction peaks of pure NiTiO3 at 20 of 24.1°, 33.1", 35.7", 40.9, 49.5", 54.0, 62.5°
and 64.0° can be indexed as the (012), (104), (110), (113), (024), (116), (214) and
(300) crystal planes of ilmenite NiTiO3 (JCPDS no. 33-0960). The distinct peak at
27.4" was observed in g-CsN,4 sample, which well matched with (100) diffraction
planes (JCPDS 87-1526). Comparatively, the new peak emerged in the hybrid as
compared with NiTiO3 when g-C3N4 was introduced. The XRD pattern of the CT3

composite revealed two sets of diffraction peaks from both g-C3N4 and NiTiOs,
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indicating the presence of two components.

The chemical composition and electronic structure of CT3 were characterized by
the X-ray photoelectron spectroscopy (XPS) measurements. High resolution
spectrums of C 1s, N 1s, O 1s, Ti 2p and Ni 2p were described in Fig. 2. Fig. 2b
showed the C 1s spectrum, the peak observed at 284.8 eV derived from sp* C-C bonds,
while the other signal of C=N coordination appeared at 287.4 eV** % From Fig. 2c,
the N 1s peak at 396.0 eV can be representatively ascribed to the N bonded to Ti
atoms in the form of Ti-N bands™. The signal at 400.2 eV corresponded to the N
atoms sp>-bonded to two coordinated carbon atoms (C=N-C), and the other
contribution at 401.5 eV was responsible for the bridging nitrogen atoms N-(C)s*® %'
As described in Fig. 2d, O*" ions surrounded by Ti atoms showed a binding energy at
529.5 eV, and the peak appeared at 531.0 eV was assigned to O*” ions in the surface
oxygen deficient regions®®. The Ti 2p spectrum (Fig. 2e) exhibited the binding
energies at 458.0 eV for Ti 2ps, and 463.7 eV for Ti 2py,. The spin-orbit splitting
value of 5.7 eV for Ti 2p was typical for Ti**°. The peaks at 855.2 eV and 872.8 eV
were conformed to the Ni 2ps;, and Ni 2py/, (Fig. 2f), respectively. The peak positions
and the spin-orbit splitting value of 17.6 eV indicated the presence of Ni*** %, The
XPS and SEM results revealed the formation of CT3 composite.

UV-vis diffusive reflectance spectra (UV-vis DRS) of g-C3N4/NiTiO3 composites,
pure g-C3sN4 and NiTiO3 indicated that all of them presented photoabsorption property
from the UV to visible regions (Fig. 3). The absorption edge of the pure g-C3N4 was

shorter than 460 nm, while that of the NiTiO3 depicted a major absorption edge
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around 550 nm. Compared with the single NiTiOg3, the g-C3N4/NiTiO3 photocatalysts
exhibited the similar absorbance edge, but extended the absorbance to the visible light
region due to the existence of g-C3N4.The results implied that the visible light
response of the photocatalysts was enhanced by introducing g-C3Ny into the NiTiOs
and leaded to possible charge-transfer between the valence band of g-C3N4 and the
NiTiO;%.

The N, adsorption-desorption isotherm was used to characterize the NiTiOs,
g-C3N4 and CT3 composite. As illustrated in Fig. Sla, the BET surface area of
component g-CsN4 was 10 m? g%, and that of the pristine NiTiO; was 57 m? g .
Notably, the BET surface area of CT3 increased to 61 m? g%, indicating that the CT3
had more activity sites for NB adsorption, which was favorable for photocatalysis.
The average pore size diameter was calculated to be 12 nm, 16 nm and 16 nm for
g-CsNy4, NiTiO3z and CT3 (Fig. S1b), respectively. The mesoporous structure may be
caused by the accumulation of NiTiO3 nanoparticles and also the gas from the
pyrolysis of the precursor®.

3. 2 Photocatalytic activity of NB under visible lights

A representative organic pollutant NB, a primary absorption band at 268 nm,
was implemented to evaluate the photocatalytic efficiency of as-prepared
samples under visible light irradiation (A>420 nm). Fig. 4a reflected the
photocatalytic removal (C/Cy) of NB in the presence of the g-C3N4/NiTiOz with
various loading levels of g-C3Ng, pure g-C3N4 and NiTiOs. For pure NiTiOs,

only 62% NB was degraded after 2 h irradiation. It was noteworthy that with the
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increase of g-C3Ny4 content, photocatalytic activity of the hybrids for NB removal
exhibited a rise first followed by a decline, indicating that the concentration of g-C3N4
exerted profound influence on the photocatalytic activity. Particularly, when the
proportion of g-C3N4 climbed to 18.4%, the g-C3N4/NiTiO3 hybrid was detected to
perform the highest photocatalytic activity and almost 80% NB was degraded in 2 h.
Furthermore, this value is also higher than other photocatalysts in the same irradiation
time, such as Ag-RGO*, Ce,S3*, co-doped TiO,**, CdS/ g-C3N,** and
hydroxynaphthalene-modified TiO,>. Notably, differences in conditions such as
phase structure, NB concentration, photocatalyst dosages and light density may lead
to the diverse catalytic performances. However, the photocatalytic activity decreased
when the ratio of g-C3N,4 exceeded 18.4%. This may be caused by the fact that the
excessive g-C3N4 would hinder the electrons transferring from the g-C3N4 to NiTiOs,
and thus reducing its photocatalytic performance®.

To quantitatively understand the reaction kinetics of the NB removal, the
experimental data were fitted by applying the pseudo-first-order kinetics model as
expressed by -In(C/C,)=kt. Where k (min™®) and t (min) were the apparent first-order
rate constant and irradiation time, Co (mg/L) and C (mg/L) were the initial and
remaining concentrations of NB at each time. The model fitting plots and the
corresponding k values were shown in Fig. S2. The order of NB removal rate for

as-prepared samples was CT3 (0.0132 min™) > CT1 (0.0119 min™*) > mixed CT3

(0.0110 min™) > CT5 (0.0093 min™*) > NiTiO3 (0.0082 min™) > g-C5N,4 (0.0074 min™).

It was apparent that the g-C3N4/NiTiO3 photocatalysts showed higher photocatalytic
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activity for NB removal than that of pure NiTiO3 and g-C3N4. The improved
photocatalytic efficiency may be caused by the following factors: (i) the stronger
absorption in the visible light region provided more electron-hole pairs; (ii) the
porous heterojunction facilitated a fast electron transport, which was favorable
for the efficient separation of photogenerated carriers.
3.3 Mechanism

Two materials with disparate conduction band (CB) and valence band (VB)
redox energy levels can be implemented to promote photogenerated carrier mobility
and enhance the efficiency of interfacial charge transfer®. The band gap positions (Eg)
of NiTiOs, g-C3N4 and CT3 were estimated to be 2.18 eV, 2.7 eV and 2.34 eV (inset
of Fig. 3), according to E,=1240/) , where X is the wavelength (nm) of the
absorption edge™. Moreover, the CB and VB potentials (Ecg and Eyg, respectively)
were imputed by the empirical equation Eyg=X-E°+1/2E, and Ecg=Ey-E,. Where
X is the electronegativity of the semiconductor, E°® is the energy of free electrons on
the hydrogen scale (about 4.5 eV)*®. The calculated Ecg and Eyg of g-CsN4 were -1.13
and +1.57eV, and those of NiTiO3 were +0.2 and +2.38 eV, separately. The schematic
diagramof the photocatalytic process for g-C3N4/ NiTiO3 composite was depicted in
Fig. 4c. Considering the Ecg of g-C3N,4 was more negative than that of NiTiO3, the
electrons were transferred from the CB of g-C3N, to the CB of NiTiO3z. While the
generated holes in the VB of NiTiO3 spontaneously migrated to that of g-C3Ny,
leaving the holes behind. Since the standard redox potential E°(02/H,0,) (+0.682 V

vs. NHE) was more positive than the CB potential of NiTiOs, The large quantity of O,
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brought into the solution could inhibit the h*/e” recombination by efficiently
scavenging the electrons in NiTiOs, producing H,0,*. At the same time, the holes in
the VB of g-C3N, can react further with H,O to generate abundant *OH radicals® .

These highly reactive *OH radicals was beneficial for the efficient photocatalytic

removel of nitrobenzene®’. The above process was described as the follows:

g-C3Ny/NiTiO3+ hv — g-C3N, (e+h")/NiTiO3(e+ h") (1)
g-C3Ny(e+h")/NiTiO3(e+ h") — g-C3Ny(h")/NiTiO;(e") (2)
2¢’+0,+ 2H —H,0, 3)
h" + H,0 » "OH +H" 4)
"OH + NB - Other products %)

To further investigate the effect of the g-C3N, modification, PL spectroscopy
were useful for revealing the separation efficiency of the photogenerated electrons and
holes®. As shown in Fig. 4b, the PL spectrum of pure NiTiO3 exhibited a strong
emission among these observed samples, implying that it possessed the rapid
recombination rate of electrons and holes. Compared with the pure NiTiOs, the
introduction of g-C3N4 hardly changed the position of emission peak, but rather
reduced its relative intensity. This clearly illustrated that the recombination rate of
photogenerated electron-hole pairs was inhibited in the hybrids, and thus enhanced the
photocatalytic activity. Moreover, the recycling and stability test of CT3 for the
photocatalytic removal of NB was depicted in Fig. S3. It can be apparently seen that
the photocatalytic performance had no significant decrease after five cycles.

Additional, the XRD (Fig.S3b) and SEM analysis (Fig.S4) of CT3 before and after
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photocatalysis exhibited no obvious change even after 5th reuse. These results
indicated that the g-C3N4/NiTiO3 composites possessed excellent photocatalytic
stability, which was significant for the practical applications.
4. Conclusions

A series of novel g-C3N4/NiTiO3 composites with large surface area and
mesoporous structure were obtained via a facile calcination method. The CT3
photocatalyst presented the highest visible light photocatalytic activity for NB
removal. The corresponding removal rate was 0.0132 min™* which was higher than
that of pure g-CsN4 (0.0074 min™*) and NiTiO3 (0.0082 min™). The large BET surface
area and mesoporous structure, the stronger absorption in the visible region and the
efficient electron-hole separation were the main reasons for the improved
photocatalytic performance. Besides, cyclic experiments indicated the photocatalysts
possessed a reusability and stability towards NB removal. Hence, it can be concluded
that the novel g-C3N4/NiTiO3 composite was a promising candidate for water
treatment.
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Fig.1. SEM images of (a) g-C3N,, (b) NiTiO3, (c) CT3; (d) the EDX spectrum and (f) corresponding

elemental mapping images of CT3.
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Fig.3. (a) UV-vis diffuses reflectance spectra of g-C5N,4, NiTiO; and g-C3N4/NiTiO; composites.
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Fig.4. (a) Photocatalytic removel of NB over samples under visible light; (b)

Photoluminescence spectra of g-C3N4/NiTiO; samples; (c) Proposed mechanism for the NB

removel on the g-C3N4/NiTiO3; composites under visible light irradiation.



