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In this study, g-C3N4/TiO, heterostructure composites were synthesized using sol-gel and hydrothermal methods. Through
X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), the crystalline phase structure and chemical
composition of the composite were confirmed. Scanning electron microscopy (SEM) revealed that the g-C3;N, sheets were uni-
formly dispersed on the block TiO, particles. Ultraviolet—visible diffuse reflectance spectroscopy (UV—-Vis/DRS) indicated that
the incorporation of g-C3;N, resulted in a narrowing of the forbidden bandwidths of the composites. Photoluminescence (PL)
spectroscopy and electrochemical impedance spectroscopy (EILS) further demonstrated that the g-C3N4/TiO, heterostructure ef-
fectively suppressed the recombination of photogenerated charge carriers. To evaluate the photocatalytic performance of
2-C3N4/TiO; heterojunction composites, different g-C3;N4 loadings were tested for degradation of rhodamine B (RhB). The 7.62
w/% g-C3N4/TiO, heterojunction composite exhibited the highest degradation efficiency for RhB dye, with a constant degrada-
tion rate that was twice as high as that of pure TiO,. Additionally, experiments on free radical trapping of the composite revealed
the crucial role of hydroxyl radicals (-OH) and photogenerated holes (h*) in the RhB degradation. Moreover, the formation of a
Z-scheme heterojunction between g-C3Ny and TiO, was the main factor in further enhancing the degradation activity of the com-
posite.
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V ¢lanku avtorji opisujejo izdelavo hetero-strukturiranega kompozita g-C3;Nu/TiO», ki je bil sintetiziran s sol-gel postopkom in
hidrotermalno metodo. Kristalno fazno strukturo in kemi¢no sestavo kompozitov so avtorji dolocili z rentgensko praskovno
difrakcijo (XRD) in rentgensko fotoelektronsko spektroskopijo (XPS). Analiza z vrsti¢no elektronsko mikroskopijo (SEM) je
pokazala, da so luske g-C3N, enakomerno porazdeljene po povrsini delcev TiO,. Difuzijska odbojna spektroskopija v
ultravijoli¢ni in vidni svetlobi (UV-Vis/DRS) je pokazala, da vkljucitev g-C3N4 povzroci zoZzitev Sirine prepovedanega pasu
kompozitov. Fotoluminiscen¢na spektroskopija (PL) in elektrokemijska impedancna spektroskopija (EIS) sta pokazali, da
heterostruktura g-C3;N4/TiO, ucinkovito zavira rekombinacijo fotogeneriranih nosilcev naboja. Avtorji raziskave so ugotavljali
tudi vpliv razli¢nih vsebnosti g-C3Ny4 na razgradnjo rodamina B (RhB), da bi ocenili fotokataliti¢no uc¢inkovitost kompozitov
2-C3N4/TiOs s hetero priklju¢kom. Pri tem so kompoziti g-CsN4/TiO, s 7,62 wt.% pokazali najvis§jo ucinkovitost razgradnje
barvila RhB. Ugotovili so, da je bila konstanta hitrosti razgradnje dvakrat vi§ja kot pri ¢istem TiO,. Poleg tega so poskusi
lovljenja prostih radikalov v kompozitu pokazali, da imajo hidroksilni radikali (OH) in fotogenerirane luknje (h*) klju¢no vlogo
v procesu razgradnje RhB in, da je nastanek heteroprehoda tipa Z med g-C;N, in TiO, glavni dejavnik za nadaljnje povecanje
aktivnosti razgradnje kompozita.

Kljuc¢ne besede: hidrotermalna sinteza, g-C3Ny, TiO,, fotokataliza
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1 INTRODUCTION

Dyes are widely used in the leather, textile, and dye-
ing sectors, and water pollution has progressively grown
to be a major environmental concern for humankind.!-3
This is mostly due to several hazardous chemicals pres-
ent in dye wastewater that obstruct photosynthesis and
oxygen consumption, which has a negative impact on the
ability of aquatic species to grow and survive. On the
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other hand, according to prior research, humans who
consume or are subjected to contaminated water at ex-
tremely low concentrations for an extended period may
suffer from many kinds of physical illnesses, including
cancer.*

Semiconductor photocatalysis is an efficient environ-
mental cleaning technology that can completely decom-
pose organic pollutants into environmentally benign sub-
stances such as water (H,O), carbon dioxide (CO,), and
inorganic salts.’ The catalytic degradation of organic pol-
lutants can be achieved under mild reaction conditions,
with complete degradation and no secondary pollution
occurring when sunlight is applied at room temperature
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and pressure. Because of its exceptional chemical and bi-
ological stability, inherent catalytic degradation capacity,
nontoxicity, and environmental friendliness, TiO, is re-
garded as one of the most acceptable photocatalytic
semiconductor materials suitable for the photocatalytic
degradation of organic pollutants and toxic substances.®’
However, TiO; has limited performance in visible and in-
frared photoresponses because of its large energy band
gap (E, = 3.2 eV) and rapid recombination of photo-
generated carriers, significantly hindering its photo-
catalytic efficiency in widespread applications.® There-
fore, TiO, semiconductor photocatalysts must be
modified to enhance their photocatalytic activity. Gen-
erally, enhancing the photocatalytic activity of TiO,
through the creation of semiconductor heterostructures is
an easy and useful method that not only enhances spec-
tral absorption but also prevents the recombination of
photogenerated electron—hole pairs.

So far, significant efforts have been dedicated to im-
proving the photocatalytic efficiency of TiO,, for exam-
ple, by doping it with metallic or nonmetallic elements,’
with surface modification,'® and semiconductor coupling
by forming heterojunctions.!! Nevertheless, the majority
of these require expensive raw materials (e.g., rGO,
MoS,, and noble metals). Therefore, logically altering
the structure of TiO, to quicken the separation of
photogenerated carriers and increase the photoresponsive
range in an economical and nontoxic way is essential for
overcoming this dilemma.

For the past few years, graphitic-phase carbon nitride
(g-C3N,) has gained significant attention as a promising
material for modifying semiconductor photocatalysts.'?
2-C3Ny is a novel photocatalyst with a narrow band gap
of 2.7 eV and a strong spectral response to visible light.
However, the photocatalytic effectiveness of pure g-C;N,
is constrained by the ease with which its photogenerated
electron—hole pairs form complexes. Based on relevant
literature, g-C;N4 and TiO, can work together to effec-
tively boost the visible-light response, leading to satis-
factory photocatalytic efficiency. This is because their
bandgaps are well matched, and creating heterojunction
interfaces at the boundaries is easy.'>'* For example, Lv
et al.’’ reported that g-C;N, effectively removed the
photogenerated electrons accumulating on a high-energy
TiO, (101) crystalline surface, leading to the generation
of spatially isolated photogenerated holes and electrons,
thereby increasing the photocatalytic activity. Li et al'
synthesized g-Cs;N4/TiO,N, composites by incorporat-
ing platinated titania and platinated titanite—rutile with
N-doped TiO, nanoparticles. They used TiCl; as a source
of Ti. The addition of rutile-phase TiO,Ny effectively
transfers photogenerated electrons from rutile TiO, to
g-C3N4, improving electron—hole pair separation effi-
ciency and augmenting the photocatalytic activity. How-
ever, alkoxylated titanium, organic solvents, or stringent
conditions are usually used in the preparation of these
g-C3N4/TiO, complexes.!” Therefore, there is an urgent
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need to explore a relatively economical method for pre-
paring g-C3N4/TiO, composites with a structurally stable,
homogeneous morphology, large specific surface area,
and heterogeneous structure.'8-2!

Accordingly, we synthesized g-C;N4/TiO, hetero-
junction photocatalytic composites through sol-gel and
hydrothermal methods. The morphology and structural
properties of the composites were characterized with an-
alytical methods including XPS, XRD, SEM, PL,
UV-Vis/DRS, EIS, and N, adsorption-desorption. The
photocatalytic performance of the g-C;N4/TiO, hetero-
junction composites was estimated using the typical RhB
dye, and reactive species trapping experiments were exe-
cuted to probe the effect of the heterojunction on the
photocatalytic degradation system, determining a possi-
ble mechanism of the photocatalytic reaction.

2 EXPERIMENTAL PART
2.1. Materials and instruments

Tetraisopropyl orthotitanate (C,,H»sO.Ti, AR grade,
=97.0%); Melamine (CsHe¢Ng, AR grade, =99.0%);
Poly(ethylene  glycol)-block-poly(propylene  gly-
col)-block-poly(ethylene glycol) (P123) (C;sH3605Xs,
AR grade); Rhodamine B (RhB) (Cy3H;3,CIN,O5;, AR
grade); Methanol (CH;0H, AR grade, =99.5%); Ethanol
(C,HsOH, AR grade, =99.7%); P-benzoquinone (BQ)
(C¢H40O,, AR grade); Disodium ethylenediaminetetra-
acetic acid (EDTA-2Na) (CoH4N.Na,Os, AR grade);
Isopropyl alcohol (IPA) (CsHsO, AR grade, =99.7%).
The reagents used in the experiments were not further
purified, and the experimental water used was deionized
water.

XRD spectra of the samples were analyzed with a
Bruker-AXS (D8) X-ray diffractometer, Germany. The
measurements were conducted with a Cu target, Ko radi-
ation (A = 0.15406 nm), a scanning range of 5-90°, scan-
ning speed of 1 °/min, working voltage of 40 kV, and
working current of 180 mA. The surface valence states
of the samples were determined using a VGADES400
X-ray photoelectron spectroscopy (XPS) instrument,
with Mg Ka radiation (hv = 1486.4 eV) as the excitation
source. The vacuum level was maintained at 108 Pa, and
the data were calibrated using the linear mode. The mor-
phology of the samples was analyzed using a Hitachi
S-4700 scanning electron microscope (SEM) with an op-
erating voltage of 5 kV. The photoluminescence (PL)
spectra of the samples were measured using a Hitachi
F-7000 fluorescence spectrophotometer. The electro-
chemical impedance spectroscopy (EIS) of the samples
was conducted using a PEC-1000 photoelectrochemical
testing system produced by Bio-Logic. The specific sur-
face area and pore size of the samples were measured us-
ing a 3H-2000 specific surface area and pore size ana-
lyzer from Beijing Beishide Company at a temperature
of 77 K. The UV-visible absorption spectra of the sam-
ples in a wavelength range of 200-800 nm were recorded
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using a TU-1901 UV-Vis double-beam spectrophoto-
meter from Beijing Puxi General Analysis Co., Ltd.
BaSO, was used as the reference. The absorbance of the
sample solution was determined using a TU-1901
UV-Vis double-beam spectrophotometer produced by
Beijing Puxi General Analysis Co., Ltd.

2.2 Preparation of g-C:N, /TiO; composites

Preparation of g-C;N, was conducted as follows:
g-C3Ny4 was synthesized through thermal polymerization.
A specific quantity of melamine was measured and sub-
jected to calcination at 550 °C for 4 h in a crucible. Af-
terwards, it was cooled to room temperature and milled
to produce powdered g-Cs;N. solid, which was named
CN.

Preparation of g-C;N4/TiO, composite materials: Ul-
trasonically, various concentrations of g-C;N, were dis-
persed in 10 mL of isopropanol. Two milliliters of
tetraisopropyl titanate were added, and the mixture was
stirred magnetically for 30 min or until it was thoroughly
combined. After adding 0.6 mL of P123 and stirring the
mixture rapidly for 30 min, the solution was allowed to
completely dissolve. Deionized water was added gradu-
ally to the mixed solution, and the mixture was stirred
until a pale-yellow colloid formed. Finally, after a solid
gel was formed by slow stirring, the gel was transferred
to a polytetrafluoroethylene reactor, and the temperature
was increased to 200 °C for 2 h. The collected solid was
separated by centrifugation and then rinsed multiple
times with deionized water and ethanol. The
g2-C3N/TiO, composite materials were created with vary-
ing weight ratios of g-C3Ny (6.51, 7.62, 8.49, 12.37, and
19.60 %) and labelled as 6.51 w/% CN/T, 7.62 w/%
CN/T, 8.49 w/% CN/T, 12.37 w/% CN/T, and 19.60 w/%
CN/T, respectively.

2.3 Photocatalysis experiments

The photocatalytic degradation performance of the
prepared samples was evaluated using the decolouris-
ation results of the RhB solution. Firstly, 150 mg of the
photocatalyst was completely dispersed in 90 mL
(50 mg/L) of an RhB solution, and the suspension was
placed in dark conditions for 30 min to achieve adsorp-
tion-desorption equilibrium. Then the samples were ex-
posed to an Xe lamp (MC-PF300, 300 W, Beijing Merry
Change Technology Co, Ltd) for a certain time. The so-
lutions were extracted at certain intervals and then cen-
trifuged. The corresponding absorbance values were
measured by a UV-Vis spectrophotometer (TU-1901
type), and the degradation rate was calculated using for-
mula C/Cy, = A/Ao, where Cy and A, are the concentra-
tion and absorbance value of the simulated pollutant be-
fore the light exposure, respectively, while C, and A, are
the concentration and absorbance value of RhB at the
photocatalytic time of # min. The reaction device for the
UV light photocatalysis experiment was custom-made,

featuring a built-in 125 W high-pressure mercury lamp
with an emission wavelength of 313.2 nm. The photo-
catalytic reaction was cooled by circulating water di-
rected to the reaction device.

3 RESULTS AND DISCUSSIONS
3.1 XRD analysis

To investigate the crystalline structure of the CN/T
composites, XRD analyses were performed on the CN
and CN/T composites, and the corresponding results are
shown in Figure 1. As shown in this figure, diffraction
peaks at 25.46°, 37.88°, 48.02°, 54.14°, 54.86°, 62.71°,
75.31°, and 82.82° for pure TiO, can be attributed to
(101), (004), (200), (105), (211), (204), (215) and (224)
crystal planes, which is in accordance with TiO, (JCPDS
21-1272) from the literature.?> For pure CN, there is a
distinct characteristic peak at diffraction angle 20 of
27.63°. This is consistent with the formation of graphite
interlayer structures, which correspond to the (002) crys-
talline facets formed by the interlayer accumulation of
aromatic hydrocarbon rings.?* Diffraction peaks of the
CN/T composite are mainly located at 25.46°, 37.88°,
48.02°, 54.14°, 54.86°, 62.71°, 75.31° and 82.82°, and
they are consistent with the (101), (004), (200), (105),
(211), (204), (215) and (224) crystal planes of anatase
TiO, (JCPDS 21-1272), demonstrating the presence of
anatase TiO, in the composite. In addition, the CN/T
composite exhibited a weak diffraction peak at 27.40°,
demonstrating its alignment with the (200) crystal plane
of g-Cs;N,, indicating that the composite existed in both
the crystalline phases of g-C;N, and TiO, components.
However, since the amount of CN in the composite is
relatively small, the characteristic peak associated with
the (200) crystal plane of g-C;Ny is not very obvious, in-
dicating that TiO, hybridization with CN does not alter
its diffraction peak crystal structure.?* In addition, the ab-
sence of additional diffraction peaks fully proves that the

* TiO, PDF#21-1272
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Figure 1: X-ray diffraction patterns of CN and CN/T
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synthesized samples are of high purity without any
by-products.

3.2 XPS analysis

The surface composition and chemical valence states
of CN/T composites were analyzed through XPS. The
findings are illustrated in Figure 2. The full spectrum of
Figure 2a clearly illustrates the presence of Ti, N, C, and
O in the CN/T composite.”> The C 1s high-resolution
spectrum of CN/T is shown in Figure 2b, and three
binding energy peaks at 284.9 eV, 286.4 eV and
288.7 eV are fitted, corresponding to the sp* hybridized
carbons of the sample surface indeterminate carbons
C-C, the carbons in the -C—NH, moiety, and the N-C=N
bonds in the triazine ring structure, respectively.?® Simi-
larly, from the high-resolution spectra of the N 1s of
CN/T in Figure 2c, the binding energies are located at
398.6 eV, 400.2 eV and 401.6 eV, corresponding to the
sp? hybridized N species (C-N=C) and the tertiary N
species (N—(C);-terminal C—-NH, group), respectively, all
of which are characteristic of the neutralization of the N
atoms in CN, indicating the structural stability of CN.?’
The O 1s XPS spectra for CN/T composites are dis-
played in Figure 2d. These spectra display combined
signals of hydroxyl-oxygen groups (531.9 eV) on the
Ti—OH surface and Ti—O-Ti bonds (529.8 eV) formed by
TiO, with adsorbed oxygen on the CN surface, which
strongly suggests that CN and TiO, interactions exist.?®
Figure 2e shows two electronic states resulting from
spin-orbit interactions corresponding to the two peaks of

Ti 2ps, and Ti 2py, at 459.8 eV and 465.6 eV, respec-
tively,” suggesting a unique presence of Ti*. The XPS
findings provided tentative verification of the hetero-
junction composite structure of TiO, and CN.

3.3 SEM analysis

The microstructure and surface morphology of the
prepared materials were examined by analyzing CN/T
through SEM. Figure 3 presents the findings. Compared
with the bulk structure of TiO, nanoparticles shown in
Figures 3a-b, Figures 3c—d demonstrate that CN is a
sheet-like structure and TiO, nanoparticles are scattered
on the surface of CN sheets in the composite; moreover,
the aggregated CN nanosheets form a porous structure in
the CN/T composites. The agglomeration of TiO, in-
creases the roughness of CN nanosheets and is antici-
pated to improve the degradation ability of composites.
The SEM analysis further confirmed that the prepared
composite components were in close contact with each
other and formed a heterogeneous structure between
TiO, and CN, which was anticipated to enhance the deg-
radation efficiency of CN/T composites.*

3.4 N: adsorption—desorption analysis

N, adsorption and desorption measurements were
performed on TiO,, CN, and various compositions of
CN/T composites to examine the physicochemical prop-
erties of the composite surfaces.
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Figure 2: a) Full spectra of TiO, and CN/T, b) XPS spectra of C 1s, ¢) N 1s, d) O Is and e) Ti 2p of CN/T
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As shown in Figures 4a-c, the N, adsorption-
-desorption isotherms of the synthesized TiO,, CN and
CN/T composites all exhibited type IV adsorption
curves. According to the TUPAC definition, TiO,, CN,
and CN/T composites are all typical mesoporous struc-
tures.’! Both TiO, and CN/T composites have H2 type
hysteresis loops corresponding to ink-bottle type pores.3
In contrast, the CN hysteresis loop is of the H3 type, in-
dicating the development of slit-shaped structures. The
characteristics of isotherms and hysteresis lines are influ-
enced by capillary merging and TiO, particle clustering
inside the structure,** aligning with the findings from the
SEM analysis. Table 1 shows the Brunauer-Emmett-
Teller (BET) specific surface area of each sample. The
results indicate that the specific surface area of the com-
posite increases and then decreases compared to that of
the TiO, monomer after CN is incorporated. Among
them, the 7.62 w/% CN/T composite exhibits the largest
specific surface area.

Moreover, the pore size distributions of monomers
TiO,, CN, and CN/T composite appear relatively uni-
form in the BJH pore size distribution curves displayed
in Figures 4a, 4b and 4d. This homogeneity is a result of
the gentle hydrothermal process of program-controlled
uniform temperature rise, creating a more uniform inter-
nal structure of the catalysts. The increase in the
photocatalytic activity of the CN/T composites is proba-
bly due to the increase in the BET surface area and the
formation of a heterojunction lamellar structure. These
modifications expose more active sites on the surface of
the 7.62 w/% CN/T composite and reduce the carrier mi-

10

gration distance; a larger pore structure allows light to
enter the photocatalyst and accelerates the charge trans-
fer. Thus, CN/T composites may have excellent photo-
catalytic performance.

Table 1: BET specific surface area, average pore size, pore volume of
TiO,, CN and different components of CN/T composites

Sample Sper/m?g! D/inm | Vig/cm3-g~!
TiO, 148.95 8.22 0.432
CN 34.53 13.25 0.160
6.51 w/% CN/T 157.16 9.39 0.540
7.62 w/% CN/T 167.35 8.56 0.516
8.49 w/% CN/T 161.93 9.00 0.495
12.37 w/% CN/T 153.99 9.08 0.505
19.60 w/% CN/T 131.83 10.53 0.481

3.5 UV-Vis/DRS analysis

Monomeric CN, TiO,, and different components of
CN/T composites were subjected to UV-Vis diffuse
reflectance spectroscopy experiments to analyze their
optical properties in the UV and visible regions
(200-800 nm). Figure 5a displays light absorption pro-
files of different materials, while Figure Sb illustrates
the energy mapping curves of different samples. Fig-
ure Sa demonstrates that titanium dioxide exhibits light
absorption in a wavelength range of 200400 nm, likely
due to charge transfer from O—Ti, where electrons tran-
sition from O 2p orbitals in the valence band (VB) to Ti
3d empty orbitals in the conduction band (CB).** Certain
light-absorbing characteristics are shown by CN in both
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Figure 5: UV-Vis/DRS absorption spectra of TiO,, CN and different ratios of CN/T composites (a), Kubelka—Munk energy curve plots of differ-
ent samples (b), Photoluminescence spectra of CN/T composites with different ratios (c) and CN (d) (Excitation wavelength A = 325 nm), Tran-
sient photocurrent response (TPRs) of TiO,, CN and different ratios of CN/T composites (e), and Nyquist plots of TiO,, CN and CN/T (f)
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the UV and visible regions; in the latter, its light-absorb-
ing behaviour is noticeably greater than that of
monomeric TiO,. In comparison to TiO,, the CN/T com-
posite demonstrates an outstanding visible response,
with its light absorption edge shifting into the visible
range, situated between CN and TiO,. This phenomenon
can be explained by the interplay between CN and ana-
tase TiO,. The photoresponse of the 7.62 w/% CN/T
composite increased to 460 nm in the visible region.

The forbidden bandwidths of these photocatalysts
can be calculated based on Figure 5b and the
Kubelka-Munk formula:33

ahv = A (v — Eg)™ (1)

where a denotes the absorption coefficient, #v denotes
the discrete photon energy, A denotes the proportional-
ity constant, n denotes the optical frequency and Eg is
the bandgap energy.

As shown in Figure 5b, the forbidden bandwidths
ranging from 6.51 w/% CN/T to 19.60 w/% CN/T are
2.95¢eV, 3.11 eV, 3.06 €V, 2.92 eV and 2.88 eV. The cor-
responding forbidden bandwidths of monomeric CN and
TiO, are 2.70 eV and 3.23 eV, respectively. Notably, the
band gap of the composite is slightly shifted towards vis-
ible light. Compared with monomeric TiO,, the compos-
ites are more efficient at separating light-generated elec-
tron—-hole pairs, resulting in an enhanced photocatalytic
activity when exposed to natural light.*

3.6 Photoluminescence analysis

To assess the efficacy of the prepared photocatalytic
composites for charge carrier separation, a PL analysis
was conducted. As shown in Figure 5c, the emission
peak of monomeric CN in the visible range is approxi-
mately 450 nm, aligning with the band gap of CN
(2.73 eV).?? Figure 5d shows that the CN/T photo-
catalytic material has an emission peak similar to CN,
while the emission intensity is much lower, indicating
that photogenerated charge recombination is restricted.
In other words, CN/T composites exhibit a greater photo-
generated charge separation efficiency than CN alone.
The enhanced efficiency of CN/T in separating photo-
generated charges is a result of the built-in electric field
created by the heterojunction structure of CN/T hybrids
near the interface of CN and TiO,. Among the samples
with 6.51 w/% CN/T, 7.62 w/% CN/T, 8.49 w/% CN/T,
12.37 w/% CN/T, and 19.60 w/% CN/T, the lowest inten-
sity of the PL peak is observed for 7.62 w/% CN/T, indi-
cating that the 7.62 w/% CN/T composites have the fast-
est photogenerated electron and hole separation
efficiency at the interface.

3.7 Electrochemistry analysis

It is well known that the photovoltaic performance is
closely related to the charge carrier transfer and separa-
tion ability of photocatalysts. Figure Se shows that dif-
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ferent samples exhibit stable photocurrent signals over
all six exposure periods of the fast photocurrent re-
sponse. The order of the instantaneous photocurrent den-
sity of different samples is: 7.62w/% CN/T > 6.51w/%
CN/T > 8.49w/% CN/T > 12.37w/% CN/T > 19.60w/%
CN/T > TiO, > CN. Compared to monomeric TiO, and
CN, the increase in the photocurrent density of the CN/T
composites indicates that the introduced CN promotes
the generation and separation of photogenerated charges.
It is noteworthy that 7.62 w/% CN/T shows higher
photocurrent density, indicating a high photogenerated
carrier separation capability. However, an excess of CN
may cover the reaction site, which inhibits the migration
of photogenerated carriers and ultimately leads to a de-
crease in the photocurrent intensity, a result that is con-
sistent with the PL emission spectra described above.?’

To demonstrate the efficiency of photogenerated elec-
tron—hole separation and charge transfer, electrochemical
impedance spectroscopy (EIS) was performed on TiO,,
CN, and CN/T composites. It is clear from Figure 5f that
the radius of curvatures of CN/T composites decreases
and then increases with the incorporation of CN. Among
them, the Nyquist plot radius of the curvature of 7.62
w/% CN/T is the smallest, which implies that the synthe-
sized 7.62 w/% CN/T has the highest charge separation
efficiency and lowest charge—transfer resistance. This
demonstrates that by preventing electron—hole pairing,
the combination of TiO, and CN can enhance charge
transfer in CN/T composites and achieve good
photocatalytic performance.

3.8 Photocatalytic activity

Using RhB as a model molecule, a series of
multimodal photocatalytic experiments was carried out
under UV and simulated sunlight irradiation to investi-
gate the photocatalytic properties of CN/T composites.
Figure 6 shows the effects of the experiment.

Figure 6a shows the experimental results of the
photocatalytic degradation of RhB in the simulated sun-
light mode with different catalysts. The degradation effi-
ciency of the composites in degrading RhB first in-
creased and then decreased with the addition of CN
doping following 30 min of simulated sunlight irradia-
tion, in which 7.62 w/% CN/T had the highest degrada-
tion efficiency compared with the other composites and
was twice as high as that of monomeric TiO,. The exper-
imental results confirmed that the photocatalytic activity
of TiO, substantially increased after CN doping. This
may additionally be due to the formation of a Z-type
heterojunction between TiO, and CN, which promotes
the separation of photogenerated electrons and holes.
Nevertheless, the active sites on the surface of the com-
posites decreased and the photocatalytic effect also de-
creased as the CN loading increased.’® As shown in Fig-
ure 6c¢, the photocatalytic efficiency of CN/T composites
under UV light surpasses that of TiO, and CN. Addi-
tionally, with increasing CN doping, the composite mate-
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Figure 6: Experimental outcome of degradation of RhB in simulated sunlight with different catalysts (a); Reaction kinetics of simulated sunlight
catalytic degradation of RhB (b); Experimental outcome of degradation of RhB in UV light with different catalysts (c); Reaction kinetics of UV

catalytic degradation of RhB (d); Repeatability tests of 7.62 w/% CN/T for four cycles (e); XRD analysis of composites before and after
photocatalytic experiments (f)

Table 2: Comparison of photocatalytic properties of 7.62 w/% CN/T composites with those reported in the literature

Photocatalyst I()H?Zf): Pollutant ]()n?;g: Light irradiation {irrrr?gl(?g&% ]t)i(e)%r?(l%;a)_ (rnilfrl) Ref

7.62 w/% CN/T 150 RhB 50 Slmu{?{f‘}i;‘ﬁ?hgh‘ 3 0858 1 0092 | Here
Cu0-g-C3Ny 10 TC 30 Visible light 150 57.26 - 38
Fe304/hTiO, 4 MB 20 Simulated sunlight 120 40.30 0.004 2
Ag/TiO, 12 CAP 20 UV light 120 84.00 0.006 40
CuO-TiO,-2.5-Ag-2 - RhB 5 UV light 120 91.16 0.019 &
GO/TiO, 200 MB 5 Simulated sunlight 180 99.00 - 42
TiO/GO 200 CV 40 Simulated sunlight 120 60.00 0.006 &
TiO,/C-dots/g-C3Ny 10 RhB 4.79 UV light 80 83.30 0.017 44
Al O3-TiO; 50 MB 43 UV light 120 47.00 - 48
11% Ag/g-C3N4/CNO-4 10 RhB 10 Simulated sunlight 120 82.07 0.014 46
g2-C3Ny/TiO, 30 TA 10 Simulated sunlight 180 76.00 0.007 i

rial containing 7.62 w/% CN/T demonstrated the highest
degradation efficiency for RhB, reaching approximately
55 % in 30 minutes. This efficiency is 2.2 times greater
than that of pure TiO,, indicating superior photocatalytic
performance. These findings align with the results of
UV-Vis diffuse reflectance absorption spectroscopy. The
photocatalytic performance of the synthesized 7.62 w/%
CN/T composite was compared with the results reported
in the literature, and the results were shown in Table 2.
The first-order reaction model proposed to study the
reaction kinetics of the photocatalytic degradation of

RhB by TiO,, CN, and CN/T is represented by Equa-
tion (2):
—In (C/C,) = kt (2)

120

where Co and C; are the initial concentration at time O
(the time at which adsorption—desorption equilibrium is
reached) and the concentration of RhB dye at time ¢, re-
spectively, while k is the pseudo-primary rate constant.
Figures 6b and 6d show the kinetic profiles of RhB
degradation by the catalyst under simulated sunlight and
UV light, respectively, indicating that the degradation
profiles of the dye molecules by the composites correlate
well with the pseudoprimary kinetics; thus, degradation
is consistent with the pseudoprimary kinetics. Figure 6e
displays the results of four consecutive cycle studies
measuring the 7.62 w/% CN/T degradation of RhB in or-
der to assess the catalyst’s stability. The degradation of
RhB only decreased by less than 5 % during the four cy-
cles, indicating that the photocatalyst has good cycling
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stability. The residual RhB on the surface of 7.62w/%
CN/T may have led to a slight decrease in its degradation
efficiency, thus reducing the active site.*® In addition, the
7.62 w/% CN/T composite before and after cycling was
analyzed with XRD in this study. As can be seen in Fig-
ure 6f, the XRD diffraction peaks of both TiO, and CN
before and after photocatalytic degradation did not ex-
hibit obvious changes, and the composite still had high
crystallinity after the photocatalytic experiment, indicat-
ing that the 7.62 w/% CN/T composite had certain stabil-
ity.

In order to investigate the degradation effect of
7.62 w/% CN/T composite photocatalyst on RhB in dif-
ferent actual water environments, different water bodies
(river water, lake water and tap water) were collected for
photocatalytic experiments. As can be seen from Fig-
ure 7a, the removal efficiency of 7.62 w/% CN/T com-
posite for RhB was 93.58 % (deionized water), 88.04 %
(river water), 62.97 % (tap water), and 51.08 % (lake wa-
ter). The reduced removal efficiency for RhB in other
water sources compared to deionized water was mainly
due to the presence of other competing organics, inhibi-
tion by co-existing cations and anions, and differences in
the pH between different water sources. Therefore, the
7.62 w/% CN/T composite has great potential and good
applicability in practical wastewater treatment.
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3.9 Possible photocatalytic reaction mechanism

To determine a possible mechanism for the photo-
catalytic degradation of RhB with 7.62 w/% CN/T, a cap-
ture assay was employed. The findings are displayed in
Figure 7b. Under the same experimental conditions,
photocatalytic capture experiments were conducted using
p-benzoquinone (BQ) to capture superoxide radicals
(-Oy), ethylenediamine EDTA-2Na to capture holes (h*),
and methanol (CH;OH) to capture hydroxyl radicals
(-OH). The degradation rate of RhB decreased when free
radical trapping agents were added, indicating that all
three active substances,-O,~, h* and -OH, had unique ef-
fects on the photodegradation of RhB by CN/T. After the
addition of CH;0OH, the degradation rate of RhB by
7.62 w/% CN/T decreased the most, from 67.56 % to
21.32 %, confirming that -OH was a primary active in-
gredient in the photocatalytic process and that it played a
significant role in photocatalytic degradation. The degra-
dation rate of the CN/T composites also decreased, nota-
bly with the addition of BQ and EDTA, suggesting that
the photocatalytic degradation of RhB was influenced in
specific ways by O, and h*. This confirmed that O, and
h* acted as supplementary active substances in the
photocatalytic process.

The Mott—Schottky plots of monomers TiO, and CN
show positive slopes, indicating the n-type semiconduc-
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Figure 7: a) Photocatalytic degradation of RhB with 7.62w/% CN/T composite in different water substrates under simulated sunlight, b) experi-
mental diagram of the capture of 7.62 w/% CN/T, c¢) Mott-Schottky experimental result plots of TiO, and d) CN
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tor nature of the synthesized samples. As shown in Fig-
ures 7c-7d, the flat band potentials (Egg) of TiO, and
CN were derived from the intercepts of the M-S plots on
the X-axis, with values of —0.71 eV and —1.30 eV (vs.
Ag/AgCl), corresponding to —0.51 eV and —1.10 eV (vs.
NHE), respectively. The flat band potential of n-type
semiconductors is close to the conduction band (CB) po-
sition.* Therefore, the conduction band (CB) positions
of TiO, and CN are about —0.51 eV and -1.10 eV (vs.
NHE), respectively. Meanwhile, the band gap values of
TiO, and CN are 3.23 eV and 2.70 eV, respectively, from
the UV-vis/DRS and Kubelka-Munk energy profile plots.
Combined with the equation (Evg = Ecg + E,),*° calcula-
tions show that the valence bands of TiO, and CN are
2.72 eV and 1.60 eV, respectively.

Based on the above experimental results, a possible
photocatalytic reaction mechanism for the CN/T system
is proposed. If the CN/T heterojunction composites fol-
low the conventional type II charge carrier transfer
mechanism (Figure 8a), the e~ in the CB of CN is trans-
ferred to the CB of TiO,, while the h* in the VB of TiO,
migrates to the VB of CN. The CB of TiO, is more nega-
tive than the redox potential of O,/-O;~ (-0.33 eV vs.
NHE), and thus the e~ that accumulates in the CB of TiO,
is energetically sufficient to reduce O, to form -O,™ anion
radicals. However, h* accumulated on the VB of CN
makes it difficult to oxidize OH/H,O directly to gener-
ate OH radicals. Considering the presence of a large
number of O, anion radicals and OH radicals in the
CN/T photocatalytic system, the type II charge transfer
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24 -0y
z 0:
Z e o SR (0,/-0,)=-033 eV
»
-
z 323eV
é 2 OH/M,0 T
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Figure 8: Mechanistic diagram of energy band structure arrangement
and two possible carrier transfer mechanisms in CN/T heterojunction
composites

mechanism is not suitable, so a direct Z-type charge
transfer mechanism was proposed (Figure 8b).

Under simulated sunlight exposure, the photo-
generated electrons undergo a jump and move from the
VB to the CB of TiO,. As a result of the heterojunction
between CN and TiO, in the composites, the photo-
generated e~ is transferred to the VB of CN to recombine
with h* under the action of the internal electric field.
Thus, more reductive photoexcited electrons are retained
in the CB of CN, while more oxidized holes are retained
in the VB of TiO,. The heterojunction in CN/T acceler-
ates the transfer of photoelectrons and holes generated
between CN and TiO,. Since the electron potential in the
CB of CN (-1.1 eV) is lower than that in O,/-O,"
(-0.33 eV vs. NHE), the electrons accumulated in the CB
of CN can reduce O, molecules to O,~. Moreover, the
hole potential in the VB of TiO, (2.92 eV) is greater than
that in OH/-OH (2.40 eV vs. NHE). Consequently, the
reaction of H,O + h* = OH can occur, where the h* in
the VB of TiO, reacts with H,O in the system to form
OH.5! The results show that O,~ and h* have strong oxi-
dizing effects and can effectively decompose and miner-
alize RhB under simulated sunlight.

4 CONCLUSION

Heterostructure composites CN/T were synthesized
with hydrothermal and sol-gel methods. The layered
structure of CN provided sites for TiO, particles and
helped achieve uniform loading of TiO,. The photo-
generated electron-hole pair separation efficiency of
CN/T composites was greater than that of monomeric
CN and TiO,. Among the composites, 7.62 w/% CN/T
exhibited the most effective photodegradation activity,
which was 1.1 and 2 times greater than those of mono-
meric CN and TiO,, respectively. The 7.62 w/% CN/T
composite exhibited good absorption and utilization of
visible light and therefore the best photocatalytic degra-
dation activity for RhB. This study presents a simple and
economical approach to the preparation of CN/T hetero-
structure composites as photocatalysts; therefore, the
synthesized CN/T heterojunction composites may
strengthen the solar light utilization of monomeric TiO..
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