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Abstract: Nickel titanate (NiTiO3) semiconductors and graphitic carbon nitride (g-C3Ny) have
attracted great attention as photocatalysts in the degradation of environmental pollutants because of
their visible-light-driven activity. But the utilizations of both semiconductors are limited by their low
specific surface area. In this study, a nano-NiTiO3 /g-C3N, photocatalyst was successfully synthesized
by optimizing the preparation method of photocatalyst precursors. Compared with the bulk g-C3Ny
and bulk NiTiO3/g-C3N4 composite photocatalysts, the nano-NiTiO3/g-C3N4 composite catalyst
displayed a larger specific surface area, a more abundant pore size structure, and superior carrier
separation capabilities. According to the pseudo-first-order, the degradation rate of MB was more
than 2.5-19.7 times higher than that of previous studies. The superoxide radicals (-O, ™) and holes
(h™) played significant roles in the photocatalytic reaction of MB. This study provides a new idea for
the synthesis of photocatalysts and the improvement in photocatalytic performance.

Keywords: nano-NiTiO3 /g-C3Ny; photodegradation; visible light; high activity; photodegradation
mechanism

1. Introduction

One of the biggest challenges of the 21st century is environmental pollution caused by
refractory organic matter, demanding the development of efficient and environmentally
friendly technologies as a solution [1]. Among these, photocatalytic technology has gained
recognition for its effectiveness in degrading pollutants. Studies have demonstrated that
when exposed to sunlight, photocatalysts can undergo excitation, leading to the genera-
tion of photoelectrons, vacancies, and free radicals, all of which contribute to pollutant
degradation [2]. The discovery by Wang et al. that graphite carbon nitride (g-C3Ny) can be
hydrolyzed to produce hydrogen has sparked significant interest in this material due to its
metal-free nature, exceptional thermal and chemical stability, and suitable band gap [3,4].
However, bulk g-C3Ny4 possesses certain drawbacks, such as a high rate of recombination
of electron-hole pairs and a limited specific surface area, which hinder its photocatalytic
efficiency [5]. To address these challenges, two effective approaches have been proposed.
Firstly, the preparation of g-C3Ny4 nanosheets offers a viable solution, enhancing the specific
surface area and adsorption capacity. Secondly, the formation of heterojunctions with
semiconductors presents another avenue for improvement, expanding the materials’ re-
sponsiveness to visible light and mitigating the recombination rate of photoelectrons and
holes [6,7].
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The unique physical and chemical properties of g-C3N4 nanostructures have been
documented, offering potential solutions to address challenges related to electron-hole pair
recombination and low specific surface area resulting from the 7-7t conjugation system [8].
Xu et al. achieved successful preparation of g-C3N,4 nanostructures by introducing bulk
g-C3Ny to concentrated sulfuric acid and stirring the mixture for 8 h [9]. In a separate
study, Yang et al. employed ball milling and liquid exfoliation techniques to produce
nanostructured g-C3Ny, which exhibited a high degradation rate for RhB [10]. Another
approach involved the utilization of mesoporous silica as a template and monocyandi-
amide as a precursor in the study by Groenewolt et al., who constructed porous g-C3sNy
nanostructures through thermal polymerization with an HF solution etching method. The
resulting g-C3Ny nanosheets displayed a larger specific surface area compared to direct
thermal polymerization [11]. However, the liquid exfoliation method suffered from a low
yield and a complicated preparation procedure, while the template method employed
a significant quantity of chemical auxiliary reagents, increasing the risk of environmen-
tal pollution. Alternatively, the hydrothermal synthetic method has been reported as
an efficient means of preparing g-C3Ny nanostructures [12]. It has been demonstrated
that g-C3Ny nanostructures synthesized through hydrothermal methods exhibit improved
photocatalytic water-splitting performance [13]. Nonetheless, the band gap of g-C3Ny
nanostructures synthesized via the hydrothermal method tends to be wide, resulting in low
light-energy efficiency.

In recent years, extensive research has been conducted to address the issue of low
light-energy efficiency in g-C3Ny, resulting in the investigation of numerous heterojunc-
tions based on g-C3Njy. Notably, a study by Jung et al. (2018) discovered that ZnO/g-C3Ny
heterojunctions effectively enhance the separation of electron-hole pairs and enhance
photocatalytic activity [14]. Similarly, Gu et al. (2015) observed that TiO, /g-C3Ny hetero-
junctions, which were synthesized, exhibited commendable efficiency in the degradation
of methylene blue and rhodamine B through photocatalysis [15]. Furthermore, Fu et al.
(2013) successfully constructed g-C3Ny/CdS heterojunctions using an in situ precipitation
method, resulting in a photocatalytic degradation activity that was 20.5 times higher than
that of pure g-C3Ny and 3.1 times higher than that of CdS, demonstrating promising cyclic
stability [16]. In the realm of perovskite titanates, Qu et al. (2012) reported significant pho-
tocatalytic properties of these materials in terms of oxidizing toxic organic pollutants and
generating hydrogen (Hj) [17]. Specifically, nickel titanate (NiTiO3) with an energy band
gap of 2.20 eV has garnered considerable attention due to its suitable band gap and dis-
tinctive light response under visible light, leading to extensive research endeavors [18,19].
In their study, Qu et al. (2013) successfully fabricated a NiTiO3/CdS heterojunction and
observed a remarkable enhancement in its oxidative degradation capability compared to
pure CdS [20]. Furthermore, it has been demonstrated that pure g-C3Ny, possessing a
band gap ranging from 2.5 to 2.9 eV, can form a heterojunction with NiTiO3 [21]. Wang
et al. (2015) discovered that the photocatalytic activity of NiTiO3/g-C3Ny increased sig-
nificantly upon the elimination of nitrobenzene [22]. Similarly, Zeng et al. (2016) reported
that NiTiO3 /g-C3N4 nanocomposites exhibited superior performance in the production of
photocatalytic hydrogen [6]. However, it is worth noting that the aforementioned studies
utilized g-C3Ny4 with a limited specific surface area for the formation of the heterojunction,
which significantly impacts the adsorption capacity of the heterojunction and consequently
reduces the photocatalytic efficiency. The specific surface areas of g-C3Ny and NiTiO3 syn-
thesized by different methods shown in Table 1 are small. To address this limitation, some
investigations have focused on enhancing the specific surface area and catalytic activity of
the heterojunction through the utilization of nanomaterials [23]. Some studies had found
that hydrothermal methods could improve the specific surface area and photocatalytic
performance of photocatalysts [13,24].
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Table 1. Specific surface areas of g-C3N, and NiTiOj3 synthesized by different methods.
Synthesis Specific Surface
Photocatalyst Precursor Method Area Reference
melamine Calcining 11.5m?/ [25]
method S s

_C:N . Calcining )
g-C3Ny melamine method 24.35m*/g [26]

. s Calcining 2
dicyandiamidine method 724m/g [27]

. Hydrothermal 2
melamine methods 282m*/g [28]

nickel acetate, Facile ethylene

g . glycol-mediated 23.1m?/g [17]
NiTiO; etra-n-butyltitanate method
nickel acetate, Sol-gel method 114 m%/g [24]

etra-n-butyltitanate

The aim of this study was to synthesize nano g-C3Ny /NiTiO3; photocatalysts with a
large specific surface area and high catalytic activity by improving the synthesis method
and to investigate the effect of nanostructures on the photocatalytic degradation of organic
compounds. This investigation entailed the construction of nano-NiTiO3/g-C3Ny4 and
bulk NiTiO3/g-C3sN4 composites, which were employed to explore their respective pho-
todegradation capabilities toward methylene blue (MB) when exposed to visible light. The
photochemical and electrochemical properties of the synthesized materials were thoroughly
examined, and the underlying mechanism behind the degradation of methylene blue was
also considered.

2. Experimental Section
2.1. Materials and Reagents

Melamine (Machlin-Lab, 99.0%), ethylene glycol (Machlin-Lab, >99%), nickel ac-
etate (Machlin-Lab, 99.0%), titanium butoxide (Machlin-Lab, 99.0%), methylene blue (MB)
(Machlin-Lab, >98.0%), and methanol (Machlin-Lab, 99.5%) were used in this study. Ultra-
pure water was used as a solvent throughout the experimental procedures.

2.2. Synthesis of Nano-NiTiO3

Nano-NiTiO3; was synthesized by the optimized glycol medium route [17]: 249 g
nickel acetate was completely dissolved in 60 mL ethylene glycol (EG), stirred for 3 h to
form a green solution, and 3.2 mL tetrabutyl titanate was added to the green solution and
stirred for 3 h to form a light blue precipitate. The light blue sediments were washed three
times with ultrapure water and alcohol, centrifuged for 30 min, and dried at 60 °C in a
vacuum drying oven. The dried products were calcined at 600 °C for 2 h in a Muffle furnace.
The nano-NiTiO3 product was named NT.

2.3. Synthesis of Nanostructures g-C3Ny and Bulk g-C3Ny

Bulk g-C3Ny was synthesized by direct thermal polymerization [23]: 10.0 g melamine
was loaded into a crucible with a cover and heated to 550 °C at a 2.5 °C/min heating rate
and kept for 4 h. The light yellow g-C3Ny4 product was named BG.

g-C3Ny nanostructures were synthesized by optimized thermal polymerization of
melamine treated by a hydrothermal process [27]: 12.0 g melamine was put into 150 mL
ultrapure water and stirred well. Then, the white suspensions were poured into a 200 mL
Teflon-lined stainless steel hydrothermal reactor and heated at 200 °C for 12 h. The product
was cooled at room temperature and washed with ultrapure water 3 times. The white
precursors were dried overnight at 60 °C. g-C3Ny nanostructures were also synthesized by



Separations 2024, 11,77

40f17

direct thermal polymerization, which was similar to the process of bulk g-C3Njy. The final
product was named G200.

2.4. Synthesis of Nano-NiTiO3/g-C3Ny and Bulk-NiTiO3/3-C3Ny Composite Catalysts

The nanostructures g-C3N4 and nano-NiTiO3 were mixed according to a mass ratio of
1:1 and dissolved in 50 mL methanol. The mixture was treated with an ultrasonic crusher for
30 min and dried at 60 °C. The yellow products were heated at 400 °C for 2 h to synthesize
nano-NiTiOz/g-C3Ny composite catalysts. The bulk-NiTiO3 /g-C3Ny heterojunction was
prepared using nano-NiTiO3 and bulk g-C3Ny. The synthetic method was similar to the
process of nano-NiTiO3/g-C3Ny. The obtained nano-NiTiO3 /g-C3Ny4 heterojunction was
named GN200, and the bulk-NiTiO3 /g-C3Njy heterojunction was named BGN.

2.5. Characterization

Field-emission scanning electron microscopy (SEM, Hitachi SU5000, Tokyo, Japan)
was used to observe the morphology of the catalysts. The composition of nano-NiTiOs/g-
C3N4 (GN200) was determined by energy dispersive X-ray spectrometry (EDS, Oxford
Instruments Ultim Max) attached to SEM. The crystalline structures of the catalyst were
characterized using X-ray diffraction (XRD, Bruker D8 ADVANCE, Saarbriicken, Germany)
with Cu K« radiation (A = 0.15406 nm, scanning rate of 0.025°/s). X-ray photoelectron
spectroscopy (XPS, Thermo Fisher K-Alpha, Waltham, MA, USA) was used to analyze
the elemental composition of the catalyst. UV —vis diffuse reflection spectra (DRS) of the
catalyst were examined on a UV-VIS-NIRs spectrophotometer (UV-3600Plus, Shimadzu,
Kyoto, Japan) from 200 to 800 nm using BaSOj, as a reference. In order to investigate the
band gap of the catalyst, the UV—vis diffuse reflectance spectroscopy data were subjected
to conversion using Formula (1).

(aho)" = k(hv — Eg) 1)

where « is the absorption index, & is the Planck constant, v is the frequency, Eg is the
semiconductor band-gap width, and k is a constant. " is related to the type of semiconductor,
which is 1/2 for the indirect transition.

The photoluminescence (PL) spectra were measured using a fluorescence spectropho-
tometer (F4600, Hitachi, Tokyo, Japan) with an excitation wavelength of 400 nm at
25 °C. The Brunauer-Emmett-Teller (BET) surface area of all of the samples prepared was
obtained by being measured at liquid nitrogen temperature (Quantachrome Instruments,
Boynton Beach, FL, USA). Samples were degassed at 300 °C for 6 h in a vacuum before
testing. The photocurrent and Mott-Schottky curves were measured using a three-electrode
system on an electrochemical workstation (CHI-660E, Chenhua, Shanghai, China).

2.6. Photocatalytic Activity Evaluation

The photocatalytic activities of the prepared catalyst were measured by the degrada-
tion of MB in an aqueous solution under visible light. A total of 50 mL of methylene blue
aqueous solution (MB = 10 mg/L) was put into a quartz tube, and then 40 mg of catalyst
was added to the solution. The suspension was stirred for 30 min under dark conditions
to reach adsorption—-desorption equilibrium. After reaching equilibrium, the solution was
irradiated for 150 min using a 300 W xenon lamp (CEL-LAB500E4, Beijing, China) under
visible light (A > 420 nm) (Figure 1). The optical energy density of the xenon lamp was
approximately 100 mW/cm?. During the experiment, the photocatalytic system was cooled
by a cooling water circulator (LX-2000, Beijing, China). Then, 0.5 mL of the mixture was
collected from the solution every 30 min, and the sample was centrifuged to remove the
photocatalyst. The MB concentration was measured at 665 nm by a UV —vis spectropho-
tometer (T6, Puxi, China). The degradation process of methylene blue conformed to the
pseudo-first-order reaction kinetics equation by analyzing the relationship between the
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photodecomposition time and the concentration of methylene blue in the solution. The
reaction rate was calculated by Formula (2) (Pham, et al., 2018) [29]:

In(C;/Cp) = kt 2)

where k is the pseudo-first-order reaction kinetic rate constant, and Cy and C; are the initial
concentration of MB solution and the remaining concentration of methylene blue in the
solution at time t.

Figure 1. Photochemical reaction system.

2.7. Photocatalytic Mechanism Evaluation

The free radical capture test was used to study the photocatalytic mechanism. During
the experiment, isopropyl alcohol (IPA, scavenger of -OH), ethylenediamine tetraacetic
acid sodium (EDTA-2Na, scavenger of h*), and N, (eliminate oxygen) were added to MB
aqueous solution. The experimental process was similar to photocatalytic degradation
mentioned above.

3. Results and Discussion
3.1. Structure and Morphology of Photocatalysts
3.1.1. XRD Analysis

Figure 2 illustrates the XRD patterns of BG, NT, G200, BGN, and GN200. In the
XRD pattern of BG depicted in Figure 2, two distinct diffraction peaks were observed at
approximately 26 = 13.1° and 27.5°, corresponding to the (100) and (002) diffraction planes
of pure g-C3Ny as reported in the JCPDS 87-1526 database [30]. Notably, G200 and BG
exhibited similar peak positions in the XRD pattern, but the (002) peak of G200 appeared
weaker and broader compared to that of BG. A similar phenomenon has been observed
in previous studies on g-C3N4 nanosheets, as reported by Huang et al. (2017) [31]. The
XRD pattern of NT exhibited distinct diffraction peaks at 24.1°, 33.1°, 35.7°, 40.9°, 45.4°,
50.0°, 57.5°, 62.7°, and 64.2°, which corresponded to the (012), (104), (110), (113), (024),
(116), (018), (214), and (300) diffraction planes of pure NiTiO3 based on the JCPDS 33-0960
database [20]. No additional peaks related to TiO; or NiO were detected, indicating that
NT consisted solely of pure NiTiO3 with high crystallinity. The XRD patterns of BGN and
GN200 displayed diffraction peaks corresponding to both g-C3Ny and NiTiO3, confirming
the presence of g-C3N4 and NiTiOj3 in these composites. Comparing the XRD patterns of
BGN and GN200 with those of BG, a significant reduction in the intensity of the diffraction
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peaks at 20 = 27.5° and 13.1° was observed. This reduction suggests that the hydrothermal
treatment and ultrasonic crushing not only decreased the crystallinity of g-C3Ny but also
successfully dispersed the agglomerated structure of g-C3Ny [32,33].

BG

e NT
— (G200
BGN

Intensity (aww)

. . . . . . .
10 20 30 40 50 60 70
2Theta (degree)

Figure 2. XRD patterns of BG, NT, G200, BGN, and GN200.
3.1.2. XPS Analysis

The elemental chemical states on the surface of the prepared catalyst were analyzed
using XPS. The survey XPS spectra are presented in Figure 3a. In the case of bulk g-C3Ny
(BG), the surface was predominantly composed of carbon (C) and nitrogen (N), with a
small amount of oxygen (O) detected. For NT, the surface elements observed were titanium
(Ti), nickel (Ni), and oxygen (O), along with a minor presence of carbon (C), potentially due
to carbon contamination during sample preparation. The XPS spectra of GN200 exhibited
the presence of all of the elements from both NT and BG. Figure 3b displays the XPS
spectra of the C 1s region for BG, BGN, and GN200. Peaks at 284.7 eV and 288.2 eV were
observed in all three samples. The peak at 284.7 eV corresponds to sp3 C-C bonds, while the
peak at 288.2 eV corresponds to sp2 N=C-N bonds, as reported in previous studies [6,34].
Furthermore, Figure 3c shows the XPS spectra of the N 1s region for BG, BGN, and GN200.
Peaks at 398.8 eV, 400.4 eV, and 404.1 eV were observed in BG. These peaks are associated
with sp2-hybridized N(C=N-C), C-N-H, and 7 excitation, respectively [35]. The peak at
404.1 eV was not observed in BGN and GN200, consistent with the findings of Huang et al.,
indicating a structural change in g-C3N, when it forms a heterojunction with NiTiO3 [26].
The banding energy of C=N-C groups at 404.1 eV disappeared, indicating that the g-C3Ny
structure has changed feebly to form the heterojunction [36].

Figure 3d illustrates the XPS spectra of the Ni 2p region for BG, BGN, and GN200. Peaks
at 855.6 eV, 862.0 eV, 873.3 eV, and 880.0 eV were observed in all three samples. The dominant
peaks at approximately 855.6 eV and 873.3 eV correspond to the Ni 2p3/2 and Ni 2p1/2 states,
respectively. The peaks at 862.0 eV and 880.0 eV are satellite peaks, which aligns with the
findings of Kim et al. [36]. In addition, Figure 3e presents the XPS spectra of the Ti 2p region
for BG, BGN, and GN200. Peaks at 458.2 eV, 458.8 eV, 463.9 eV, and 465.0 eV were observed
in all three samples. The peaks of Ti 2p3,, at 458.2 eV and 464.4 eV can be attributed to the
oxidation state of Ti**, while those of Ti 2p; , at 458.8 eV and 465.0 eV can be assigned to
the oxidation state of Ti** [17]. Notably, in the XPS spectra of BGN and GN200, a small peak
appears at 460.6 eV, corresponding to the Ti-N peak [35]. This observation might explain
why the peak at 404.1 eV in the N 1s region was not detected in BGN and GN200. Previous
studies have indicated that Ti-N bridges have a significant impact on the photocatalytic
activity of heterojunctions [18]. The ratio of Ti* /Ti** in BGN and GN200 was found to be
smaller compared to NT, suggesting that more Ti elements were bonded to g-C3Njy in the
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heterojunction. Furthermore, the peak area at 460.6 eV in GN200 was significantly larger
than that in BGN. This result implies that g-C3Ny prepared from melamine, treated by a
hydrothermal method, exhibited a higher tendency to interact with Ti in the NiTiO; lattice,
promoting the formation of a heterojunction.

(a) i — &
— NT
— GN200

F Nizp

e -

Intensity (a.u.)

0 100 200 300 400 500 600 700 800 900 1000
Banding Energy (eV)

(b) Cls (e) Nis
N 288.2ev 398.8ev

284.7ev

A
i
i
i

I

Intensity (a.u.)

Intensity (a.u.)

i

!
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

28,"7. 5 ZSE‘). 0 28';'.5 29(‘).0 29’,‘7. 5 29;’. 0 ) ‘ : i€ 40 =02 i 408
Binding Energy (eV) Binding Energy (eV)

Figure 3. Cont.
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Figure 3. (a) XPS survey spectrum, (b) C1s, (c) N1 s, (d) Ni 2p, and (e) Ti 2p.

3.1.3. Morphology

The morphologies of BG, NT, G200, BGN, and GN200 were examined using SEM,
as shown in Figure 4. BG exhibited a large lamellar structure with a bulky size, which is
characteristic of bulk g-C3Ny (Figure 4a) [20]. The morphology of pure NiTiO3 appeared
rod-like, with an average diameter ranging from approximately 1.5 to 2.5 um (Figure 4b). In
comparison, G200 exhibited a looser structure with fractures and pores on its surface, pre-
senting a two-dimensional sheet structure (Figure 4c). Previous studies have suggested that
during the hydrothermal process, some melamine undergoes hydrolysis and conversion
into cyanuric acid. The resulting g-C3Ny, obtained through direct thermal polymerization
of melamine and cyanic acid, exhibited a bent and stripped morphology [35]. It is worth
noting that the yield of g-C3Ny prepared through thermal oxidation of the hydrothermally
pretreated mixture was approximately 2.1 times higher (13%) compared to the yield re-
ported in previous studies (6%) [36]. In the case of BGN and GN200 samples, NT nanorods
were observed to be attached to the surface of g-C3Ny (Figure 4d—f), indicating a strong
interaction between NT and g-C3Njy. The elemental mapping and EDS analyses of GN200
further confirmed the elemental composition of GN200, which consisted of C, N, Ti, Nij,
and O (Figure 5). From HRTEM (Figure 6a), the BG had a compact granular structure, but
G200, synthesized through thermal polymerization of melamine, had an obvious nanosheet
structure, and the thickness of the nanosheets was about 15-20 nm (Figure 6c). Compared
with the GB, the G200 had a larger specific surface area, which could provide more reaction
sites when used as a catalyst. From HRTEM (Figure 6b), NT had a nanorod structure
aggregated by nanoparticles. The NT in BGN was coated with g-C3sNy particles (BG) to
form a rod-like heterojunction. However, the NT particles in GN200 were dispersed in
the nanosheets, forming heterogeneous junctions with a larger specific surface area. And
Figure 6 shows the lattice fringes of 0.36 and 0.25 nm, corresponding to the (012) and (110)
crystallographic planes of ilmenite NiTiOj3, respectively (Figure S5).
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Figure 6. HRTEM images of (a) BG; (b) NT; (c) G200; (d) BGN; (e) GN200.

3.1.4. Brunauer-Emmett-Teller and Adsorption Capacities

The Brunauer-Emmett-Teller (BET) surface areas of BG, NT, BGN, and GN200 were de-
termined using adsorption—desorption techniques, as depicted in Figure 7a. The hysteresis
loops observed in the adsorption—desorption curves of all samples, as shown in Figure 7a,
indicate the presence of mesoporous structures [37]. The BET surface area of BG was a mere
11.90 m? /g, while that of G200 was significantly higher at 36.55 m? /g (see Supplementary
Data, Figure Sla). This marked increase in BET surface area for BGN and GN200, compared
to BG and G200, suggests that the formation of heterojunctions can enhance the specific
surface area of g-C3Ny. The specific surface areas of NT and G200 synthesized in this
paper were 2.3—4.7 times and 3.6-7.8 times those obtained by the traditional methods,
respectively, and the specific surface area of GN200 synthesized by a two-step method was
1.6-2.2 times that of the other studies [17,24-27,37]. Consequently, these findings imply that
nanostructured g-C3Ny4 and nanostructured heterojunctions possess a substantial specific
surface area, which in turn provides a greater number of adsorption sites and photocatalytic
activity sites. Figure 7b illustrates the adsorption characteristics of the four catalysts for
methylene blue, and the adsorption process of the catalyst for methylene blue aligns with
the quasi-second-order kinetic model. The quasi-second-order kinetic equation was em-
ployed to calculate the maximum adsorption quantity (qe) [22]. The maximum adsorption
capacities of the four catalysts are summarized in the table presented in Figure 7b. The
adsorption capacities of NT and BG for methylene blue exhibited similarity, while GN200
and BGN demonstrated 2.0 and 1.7 times higher adsorption capacities than BG, respectively.
These findings are consistent with the study conducted by Qu et al. [17]. Further support
for this observation can be found in Figure S1b of the Supplementary Data, which indicates
that GN200 not only possesses a larger specific surface area compared to the other three
catalysts but also exhibits a more abundant pore size structure, thereby facilitating the
adsorption of MB. Some studies have found that the BET total specific surface area was not
the key factor affecting the adsorption of methylene blue, but the range of mesoporous size
range was the superior pore size for MB adsorption [38].
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Figure 7. (a) N, adsorption—desorption isotherms; (b) adsorption of catalyst in the dark.

3.2. Photoelectric Property
3.2.1. Uv-Vis Absorption Spectra

UV-vis diffuse reflectance spectroscopy was employed to ascertain the spectral ab-
sorption range and band gap of the four catalysts, as depicted in Figure 8a. The results
revealed that all four catalysts exhibited broad absorption capabilities within the visible
light range, suggesting their suitability as visible light catalytic materials. The initial ab-
sorption wavelength for BG was determined to be 484 nm. Notably, NT displayed two
absorption peaks at 514 nm and 546 nm, which align with the absorption characteristics
of nanostructured NiTiOj3 [39]. According to theoretical calculations, the band gaps of BG
and NT are 2.43 eV and 1.64 eV, respectively, and that of G200 is 2.20 eV (Supplementary
Data Figure S3a). The band gaps of BGN and GN200 are 1.87 eV and 2.27 eV, respectively
(Figure 8b). According to the band gap of the prepared catalyst, all of them can be used for
visible light catalytic reactions.

(a)

— BG (b)
—— NT
—— BON
GN200

AR 1 i ——
— NI
— BGN
—— GN200

2.43eV

300

3
hv (eV)

400 500 600 700 800 4

Wavelength (nm)

Figure 8. (a) UV —visible diffuse reflectance spectroscopy of the catalyst; (b) calculated band gap of
the catalyst.

3.2.2. Photoluminescence Spectra

Photoluminescence (PL) emission spectra are commonly used to characterize the
recombination rate of photogenerated holes and photogenerated electrons in photocatalysis
when subjected to photoexcitation. Figure S2a displays the PL emission spectra of BG,
G200, BGN, and GN200 at 350 nm. The PL emission peak of the heterojunction (BGN and
GN200) exhibited a noticeable blueshift compared to that of pure g-C3Ny, and the blueshift
of the PL emission peak was more pronounced in GN200 compared to BG. This observation
suggests that the quantum effect on the nanostructure contributes to the blueshift of the PL
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emission peak [40]. Additionally, the PL emission peak of G200 was lower than that of BG,
indicating that the 2D g-C3N4 nanosheet structure effectively reduces the recombination
rate of photogenerated electrons and holes, aligning with the findings of Yang et al. [41].
Among the four catalysts, GN200 displayed the lowest PL emission intensity, indicating
a lower photocarrier load rate. This finding is supported by the transient photocurrent
response of the photocatalyst (Figure S2b). The photoelectric conversion efficiency of BG,
BGN, and GN200 is shown in the attached Supplementary Data (Table S1). It has been
shown that the photoelectric conversion efficiency of GN200 was 1.3%, which was 21 times
that of BG and 1.4 times that of of BGN. Some studies have shown that the construction of
nanostructured heterojunctions could improve the PCE of photocatalysts [42].

3.2.3. Mott-Schottky Analysis

The properties of the valence band (VB) and conduction band (CB) have a significant
impact on the recombination mode of holes and electrons as well as the oxidation-reduction
capabilities of the photocatalyst, as mentioned by Yang et al. [41]. Therefore, in order to
understand the band structure of G200 and NT, Mott-Schottky (MS) analysis was performed
(refer to Figure 9), enabling the estimation of the CB edge (ECB) for both G200 and NT. The
MS plots display positive slopes, indicating that both NT and G200 exhibited characteristics
of n-type semiconductors, as observed by Sun et al. [43]. The calculation revealed that
the flat bands (CFB) for G200 and NT were —1.61 eV and —0.34 eV, respectively, relative
to Ag/AgCl. In the case of n-type semiconductors, the ECB typically was approximately
0.1 eV below the EFB. Consequently, the ECB values for G200 and NT were approximately
—1.51 eV and —0.24 eV, respectively. Using the equation EVB = Eg + ECB, along with
the band gap results from Figure 7b, the EVB values for G200 and NT were determined
as 0.69 eV and 1.40 eV, respectively, relative to NHE. According to Figure S3b, it can be
inferred that the CB potential of G200 was more negative compared to BG (—1.32 eV),
thereby facilitating photocatalysis for the reduction of O; to -O,~ (—0.33 eV), as described
by Zhang et al. [44].
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Figure 9. Mott-Schottky plots of (a) G200 and (b) NT.

3.3. Photocatalytic Evaluation

The degradation efficiencies of BG, NT, BGN, and BG200 for methylene blue under
simulated visible light (optical density = 35-40 mW /cm?, CEL-NP2000-2, Beijing, China)
were measured (Figure 10a,b). Figure 10a illustrates the photodegradation rate of methylene
blue (MB) by the four catalysts, with GN200 exhibiting the highest photodegradation rate
(98%), followed by BGN (67%), BG (59%), and NT (36%). The reaction rate was calculated by
Formula (2), and the results are shown in Figure 10b. Figure 10b illustrates the degradation
rate of methylene blue (MB) by the four catalysts, with GN200 exhibiting the highest
degradation rate (0.0156 min~!), followed by BGN (0.0072 min~!), BG (0.0062 min~1),
and NT (0.0033 min~!). These results indicate that the photocatalytic properties of BGN
and GN200 surpass those of NT and BG, suggesting the formation of a NiTiO3/g-C3Ny
heterojunction. The photodegradation rate of methylene blue by GN200 was 2.5-19.7 times
that of NiTiO3/g-C3Ny synthesized by other methods [36,44]. The notable enhancement in
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catalytic performance observed in GN200 can be attributed to its richer pore size structure,
which facilitates the entry of MB molecules into the catalyst and promotes degradation.
Additionally, Figure 3e demonstrates that GN200 possesses more Ti-N bonds compared to
BGN. It has been observed that the catalytic activity of the heterojunction is closely linked
to internal Ti-N bonds, which contribute to the improved catalytic activity [45]. To validate
the catalytic stability and repeatability of the GN200 catalyst, cyclic photodegradation
experiments were conducted under the same conditions. Following each cycle of the
experiment, the catalyst was recovered and cleaned using alcohol and deionized water.
The results indicate that the catalytic performance of GN200 experienced a slight decrease
of 1.2% after four repeated tests, signifying good catalytic stability (Figure 54).
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Figure 10. (a) Photodegradation curves of MB with BG, NT, BGN, and BG200; (b) photocatalytic

degradation rate of MB with BG, NT, BGN, and BG200; (c) trapping test of free radicals during

degradation for the photodegradation of MB on sample GN200.

The investigation of active compounds involved in the degradation of MB was con-
ducted by introducing free radical and void-trapping agents into the experimental setup.
As illustrated in Figure 10c, the addition of isopropanol (IPA) had a negligible impact
on the degradation rate of MB, which was about 94.3%, thus suggesting that .OH had
minimal influence on the process of MB degradation. The addition of EDTA-2Na only
slightly diminished the degradation rate of MB, which was about 66.1%, indicating that
holes (h*) played a role in the MB degradation process. Moreover, when O, was eliminated
from the reaction system through the introduction of Ny, the degradation rate of MB was
about 30.1%. This strongly suggests that -O,~, generated by Oy, played a crucial role in the
degradation of MB.

3.4. Photocatalytic Mechanisms

The determined band gaps of G200 and NT suggest that both materials are capable
of being excited by absorbing visible light. In the case of GN200, if a double-charge
transfer mechanism is followed, the photogenerated electrons in G200 would migrate
to the conduction band (CB) of NT. Given that the standard redox potential of the NT
CB potential (—0.24 eV) is higher than that of Oy/-O;~ (—0.33 eV), the formation of
Oy~ is hindered. As depicted in Figure 11, the potentials of the G200 valence band (VB)
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(0.69 eV) and NT (VB) (1.4 eV) are both lower than those of OH™ /-OH (1.90 eV) and
H,O/-OH (2.70 eV) [44,46]. Consequently, the production of .OH at the VB edge of G200
and NT is not feasible, thereby explaining why the addition of isopropyl alcohol has no
impact on MB degradation. On the other hand, the potential of G200 CB (—1.57 eV) is
lower than that of O,/-O;™ (—0.33 eV), allowing the electrons generated in the G200 CB
to capture O, and generate -O, ™. This outcome indicates that the electrons produced by
the NT CB in the heterojunction can only migrate toward the G200 VB, supporting the
hypothesis that GN200 operates according to a Z-scheme-type mechanism. Figure S3b
demonstrates that BG is also an n-type semiconductor with a flat band of —1.42 eV, relative
to Ag/AgC], resulting in an ECB and EVB of —1.32 eV and 1.11 eV, respectively. Since
the potential of G200 CB is more negative than that of BG, the reduction capacity of the
heterojunction is significantly enhanced [46], which aligns with the highest degradation
efficiency observed in GN200.
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Figure 11. Proposed mechanism of GN200 degradation for MB under visible light irradiation.

4. Conclusions

In this study, we showed that the specific surface area and photocatalytic performance
of the photocatalyst can be significantly improved by optimizing the preparation method
of the photocatalyst precursor. A nano-NiTiO3/g-C3Ny4 photocatalyst was successfully
synthesized with a two-step method. Compared with previously studies, the specific
surface area of the novel material was increased by 1.6-2.2 times. According to the pseudo-
first-order, the degradation rate of MB was more than 2.5-19.7 times higher than that of
previously studies, which was attributed to the improvement in the carrier separation
capability and the acceleration of the charge transfer. The radical scavenging experiments
showed that-O,~ and holes (h*) played significant roles in the photocatalytic reaction
of methylene blue (MB). Cycled experiments demonstrated that a nano-NiTiO3/g-C3Ny
photocatalyst could maintain more than a 90% MB removal rate after four rounds of
recycling. This work opens a new avenue for the synthesis of photocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations11030077/s1, Figure S1. (a) N, adsorption-desorption isotherms
of G200; (b) Barret-Joyner-Halenda (BJH) pore-size distribution of BG, NT, BGN and GN200; Figure S2.
(a) PL spectra of the photocatalyst; (b) transient photocurrent responses of the photocatalyst; Figure S3.
(a) Calculated band gap of G200; (b) Mott-Schottky plots of BG.; Figure S4. Degradation performance
of GN200 toward MB over four cycles; Figure S5. HRTEM image of GN200; Table S1. Photoelectric
conversion efficiency (PCE) of BG, BGN and GN200; Ref. [47] is cited in Supplementary Materials.
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