
Heliyon 9 (2023) e22038

Available online 7 November 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Novel g-C3N4/PrFeO3 nanocomposites with Z-scheme structure 
and superior photocatalytic activity toward visible-light-driven 
removal of tetracycline antibiotics 

M.I. Chebanenko a,*, L.A. Lebedev a, A.S. Seroglazova a, A.A. Lobinsky a, 
E.Y. Gerasimov b, E. Yu Stovpiaga a, V.I. Popkov a 

a Ioffe Institute, St. Petersburg, 194021, Russia 
b Boreskov Institute of Catalysis SB RAS, Novosibirsk, 630090, Russia   

A R T I C L E  I N F O   

Keywords: 
G-C3N4 

PrFeO3 

Photocatalytic degradation 
Tetracycline hydrochloride 
Z-scheme heterojunction 

A B S T R A C T   

In the presented work, heterostructured nanocomposites based on g-C3N4 and PrFeO3 with 
different mass content of PrFeO3 (0–10 wt%) were prepared by ultrasonic processing to study 
their photocatalytic activity in the process of antibiotic degradation under visible light. The study 
of phase composition, structural, morphological and textural characteristics carried out by 
powder X-ray diffraction, scanning electron microscopy and adsorption-structural analysis 
confirmed the presence of two phases - graphite-like C3N4 and orthorhombic PrFeO3 with average 
crystallite sizes of 5 and 21 nm and mesoporous structure with specific surface area of 57.2–68.6 
m2/g and average pore size of 20 nm. The measured values of the forbidden bandwidth for the 
obtained nanocomposites were ~3 eV, indicating potential activity under visible light irradiation. 
The efficiency of antibiotic removal under visible light was evaluated in the degradation of 
TCHCl. It was found that 5 % PrFeO3 content was optimal and increased the TOF by 5 times 
compared to pure g-C3N4. The results of photocatalytic test with absorbers showed that photo-
catalysis occurs by Z-scheme mechanism. The results obtained allow us to consider this nano-
composite as an effective and stable photocatalyst for pharmaceutical wastewater treatment.   

1. Introduction 

The constant increase in the consumption of medicines in the absence of proper disposal control measures inevitably leads to 
negative consequences for the environment. The production of medicines is a multi-stage process. At each stage, wastewater with a 
variable content of mineral and organic substances is generated [1,2]. Sewage treatment plants are incapable of effectively removing 
these substances from wastewater. The ingress of pharmaceuticals into aquatic ecosystems leads to unpredictable consequences and 
has a negative impact on living organisms. As a consequence, interest in the problem of treating industrial wastewater from such 
compounds has been growing rapidly [3–5]. 

To date, the photocatalytic oxidation of pharmaceutical compounds is considered one of the most promising areas for solving the 
issue of industrial wastewater treatment. Particularly, the acceleration of the chemical reaction of pollutant decomposition is achieved 
by the combined actions of catalyst and light irradiation [6]. The viability of this method relies on the possibility of unlimited use of 
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solar energy. In this regard, the search and development of effective photocatalysts is an important task that concentrates on the ability 
of the material to create electron-hole pairs under the influence of visible light. 

In the last decade, graphite-like carbon nitride (g-C3N4) has attracted the attention of researchers due to its high photoactivity and 
effective absorption of visible light. The main method of obtaining g-C3N4 in the form of nanopowders is the thermolysis of various 
organic precursors (melamine, urea, thiourea, and dicyandiamide) [7]. Despite the large number of precursors, urea is most commonly 
used, as it achieves the highest values of the specific surface area of the product under the same conditions of synthesis [8,9]. 
Graphite-like carbon nitride is a two-dimensional sheet that has a hexagonal structure based on tri-c-triazine links [10]. The presence 
of nitrogen atoms in the graphite-like layered structure gives it unique semiconductor properties and the ability to absorb radiation in 
the visible region of the spectrum (band gap width 2.7–3.1 eV) [11]. Thus, g-C3N4 consists of widely distributed chemical elements and 
exhibits high photocatalytic activity in processes induced by the activity of visible radiation [12]. However, the photocatalytic ca-
pabilities of primordial g-C3N4 are low due to the high recombination rate of charge carriers and insufficient specific surface area. To 
overcome these shortcomings, various methods of modification of g-C3N4 are studied and developed. 

One of the promising but little-studied areas is the fabrication of heterostructures based on nanocrystalline graphite-like carbon 
nitride (g-C3N4) and orthoferrites of rare-earth elements (RFeO3, R=Sc, Y, Ln). Due to the effective spatial separation of photo-
generated electrons and holes, the speed of the photocatalytic reaction increases significantly [13,14]. In addition, the absorption band 
of such composite materials can be increased since the semiconductors in their composition have different band gap widths. 

A large number of studies focus on the study of perovskite-like orthoferrites of rare earth elements due to the wide range of their 
functional applications as a basis for new materials for sensors, gas separators, electromagnetic devices, and photocatalysis [15–17]. 
One of the most photoactive orthoferrites of rare-earth elements is praseodymium orthoferrite (PrFeO3), which has high photocatalytic 
activity when exposed to visible light in addition to its outstanding electromagnetic properties. However, early studies of its catalytic 
properties are limited due to the single disadvantage of reduced catalytic activity during processes of reverse recombination of 
electron-hole pairs [18–21]. One of the methods to suppress the processes of reverse recombination is to create a heterojunction 
structure by adding a second component to the main phase. Its presence allows for the transfer of charge carriers immediately after the 
formation of an electron-hole pair [22–25]. Earlier studies have indicated that photocatalytic systems with heterojunction based on 
PrFeO3 can demonstrate improved catalytic characteristics by including semiconductor catalysts based on СeO2, TiO2, and ZnO [22, 
23,26]. A larger value of the band gap width reduces the recombination time of electron-hole pairs and increases the surface area. 

In this study, heterostructural photoactive nanocomposites based on g-C3N4 and PrFeO3 were obtained for the first time using 
ultrasonic dispersion of powders in ethanol. The composition of the nanocomposite was optimized by changing the mass fraction of 
PrFeO3 in the graphite-like carbon nitride powder. The resulting series was characterized by various physico-chemical methods. The 
catalytic activity of g-C3N4/PrFeO3 was evaluated during the photocatalytic decomposition of tetracycline hydrochloride (TCHCl) 
under the influence of visible radiation. In the final part of the work, a photocatalytic experiment in the presence of scavenging agents 
was proposed, which enabled us to infer the mechanism of the resulting Z-scheme. 

2. Experimental 

2.1. Materials 

Urea (99.8 %, CH4N2O), praseodymium trinitrate hexahydrate (99.9 %, Pr(NO3)3⋅6H2O), iron (III) nitrate nonahydrate (98.0 %, Fe 
(NO3)3⋅9H2O), glycine (99.5 %, С2H5NO2), ascorbic acid (99.0 %, C6H8O6), formic acid (85.0 %, CH2O2), were purchased from 
NevaReaktiv. Tetracycline hydrochloride (95 %, C22H24N2O8⋅HCl) was obtained from neoFroxx. All the reagents used in this research 
work are analytical grade. Deionized water is obtained from the analytical laboratory. 

2.2. Synthesis of g-C3N4 

The initial graphite-like carbon nitride powder was obtained by the thermal polymerization of urea (CH4N2O). The heating rate of 
the muffle furnace was 5◦/min, the heat treatment temperature was 550◦С, the holding time was 2 h, and the heat treatment was 
carried out in an air atmosphere [27,28]. The yield of carbon nitride relative to the initial urea as a result of its heat treatment in air is 
about 2 wt% [29]. 

2.3. Synthesis of PrFeO3 

Nanopowders based on praseodymium orthoferrite (PrFeO3) were obtained by solution combustion with a glycine-nitrate ratio of 
G/N = 2.0. Aqueous nitrates of the corresponding metals Pr(NO3)3⋅6H2O and Fe(NO3)3⋅9H2O were used as starting reagents, and 
glycine (С2H5NO2) was used as fuel. The number of initial reagents was calculated using the reaction equation:  

3Pr(NO3)3 + 3Fe(NO3)3 + 10C2H5NO2 = 3PrFeO3 + 20CO2+ 14 N2+ 25H2O                                                                                        

During the synthesis of praseodymium nitrate, iron (III) nitrate and glycine were dissolved in 30 ml of distilled water with constant 
stirring until all reagents were completely dissolved. The prepared reaction mixture was heated on an electric laboratory burner until 
complete evaporation of water and subsequent spontaneous combustion. The resulting foamy product was additionally crushed in a 
mortar until a homogeneous powder was formed and annealed at 700◦С for 1 h to completely remove unreacted components and form 
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crystalline PrFeO3. 

2.4. Synthesis of g-C3N4/PrFeO3 nanocomposite 

The initial graphite-like carbon nitride powder was subjected to ultrasonic exfoliation in ethyl alcohol (C2H5OH) for 2 h. Five 
portions of a suspension containing 30 ml of C2H5OH and 0.5 g of g-C3N4 were prepared. A predetermined amount of praseodymium 
ferrite powder (2.5, 5, 7.5, and 10 wt%) was added to the suspension, treated with ultrasound for another 2 h, and finally dried for 4 h 
at 80 ◦C until the ethyl alcohol was completely removed. Pure samples of g-C3N4 (hereinafter CN) and PrFeO3 (hereinafter PFO) were 
obtained analogically. Sample series of CN, PFO, CN/2.5 % PFO, CN/5 % PFO, CN/7.5 % PFO, and CN/10 % PFO were investigated 
using a complex of physicochemical analysis methods. 

2.5. Physicochemical characterization 

The crystal structure of the powders was studied using a Rigaku SmartLAB III diffractometer (CuKα radiation, λ = 0.154051 nm) in 
the range of 10–60◦(2θ). The average size of the crystallites was estimated using Debye-Scherrer’s equation (1): 

D=
0.94•λ

β • cos θ
(1)  

where λ is the wavelength of the incident radiation (CuK α = 0.154 nm); β is the full width at half maximum in radians; θ is the Bragg 
angle in radians. 

The morphology of the samples was obtained using a Tescan Mira scanning electron microscope equipped with a Standard Aztec 
Energy/X-act energy-dispersive X-ray (EDX) analyzer. 

The transmission electron microscopy (TEM) studies and elemental mapping carried out using a Hitachi HT7700 TEM with an 
acceleration voltage of 100 kV, W source. 

The Brunauer-Emmett-Teller (BET) surface area was measured by a Micromeritics 3Flex surface area analyzer. The pore size 
distribution plots were generated from a desorption branch of the isotherm by the Barrett-Joyner-Halenda (BJH) method. 

Diffuse reflection spectra and photoluminescence spectra were recorded using an Avaspec-ULS2048CL-EVO spectrometer equipped 
with an AvaSphere-30-REFL refractometric integration sphere in the 350–700 nm region. The obtained diffuse reflection spectra were 
transformed using the Kubelka-Munk function to estimate the energy of the band gap. The reflection coefficient F (R) was calculated 
using formula (2): 

F(R)=
(1 − R)2

2R
(2)  

where R is the reflectance [30]. 
X-ray photoelectron spectroscopy (XPS) spectra were found using Thermo Fisher Scientific Escalab 250Xi complex spectrometer. 

2.6. Photocatalytic activity 

Tetracycline hydrochloride (TCHCl) was chosen as a model antibiotic. The concentration of TCHCl in the initial solution was 0.03 
g/l. The pH of the solution was 6.5. The catalyst powder (1 mg) was thoroughly dispersed in the initial antibiotic solution and placed in 
a photocatalytic reactor cuvette. The capacity of the cuvette was 10 ml. The solution was then stirred in the dark for 1 h to achieve an 
adsorption-desorption equilibrium. Next, the solution was irradiated with LEDs (power consumption: 24 W, λmax = 405 nm) and 
continuously stirred under the influence of visible radiation. The measurements were carried out in-situ using an Avaspec-ULS2048CL- 
EVO spectrometer equipped with an Avalight-XE Pulsed Xenon Lamp. 

The degree of decomposition of the antibiotic under the influence of visible radiation in the presence of a catalyst was determined 
by formula (3): 

Rem.Eff.=
(C0 − C)

C0
• 100% (3)  

where С0 is the concentration of the initial TCHCl solution and С is the concentration of the TCHCl solution after exposure to light. 
The efficiency of the photocatalysts was evaluated using the turnover number (TON) and the turnover frequency (TOF). TON 

represents the maximum yield of products achieved in the active catalytic center, up to a decrease in activity for a specific reaction, and 
can be calculated using equation (4): 

TON =
Rem.Eff . • (Moles of TCHCl)

Moles of catalyst
(4) 

The turnover frequency (TOF), indicating how many times the catalytic cycle occurs at one site per unit of time, was determined as 
the number of reaction products formed at one active site per unit of time (5): 
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TOF =
TON

Reaction time
(5) 

The stability of the most active photocatalyst was investigated using a cyclic photocatalytic degradation test of an aqueous solution 
of TCHCl under visible light irradiation. The powder was collected, washed between the cycles of photocatalysis, and then returned to 
the reactor with the initial concentration of the antibiotic. 

To better understand the mechanism of photocatalytic decomposition using the obtained catalysts, an experiment was conducted in 
the presence of various scavenging agents. 0.1 mM of isopropyl alcohol (IPA), ascorbic acid (AA) and formic acid (FA) were used as 
absorbers of hydroxyl radicals (⋅OH), superoxide radicals (⋅O2− ), and holes (h+), respectively. The concentrations of the antibiotic and 
catalyst in the experiment were 0.005 g/l and 0.1 g/l, respectively, and were selected based on literature data [31]. 

3. Results and discussion 

3.1. Powder X-ray diffraction 

The results of powder X-ray diffraction are shown in Fig. 1a. The analysis showed that the CN sample is single-phase and corre-
sponds to JCPDS card No. 87–1526. The pattern is represented by two reflexes typical for graphite-like carbon nitride at Bragg angles of 
~12.5 and 27.1◦, which results from the repeating of tri-c-triazine links in the plane and the ordering of conjugated aromatic rings in 
the structure of graphite-like carbon nitride, respectively. Patterns of nanocomposites contain peaks belonging to both CN and PFO. At 
the same time, there is no pronounced displacement of reflexes when the ratio of the initial components varies. The intensity of the 
peaks belonging to PFO naturally increases with an increase in the mass fraction of praseodymium orthoferrite in the nanocomposite. 
Annealed PFO nanoparticles have an orthorhombic structure of the Pnma spatial group without secondary phases. Fig. 1b shows that 
the observed PFO reflexes are in good agreement with JCPDS standards and correspond to card No. 02–7274. 

The size distribution of the crystallites is shown in Fig. 1c. The average size of the crystallites was determined by the broadening of 
the most intense reflex (002) and (112) for CN and PFO and was 5 ± 0.5 nm and 21 ± 1 nm, respectively. 

3.2. X-ray photoelectron spectroscopy 

Fig. 2a illustrates the X-ray spectrum in which peaks were observed for C 1s, N 1s, Pr 3d, Fe 2p and O 1s of the CN/5 % PFO 
photocatalyst. Deconvolution of the carbon spectrum (Fig. 2b) reveals three peaks at 284.2 eV, 288.7 eV and 286.1 eV, which belong to 
the C–C, (C)3–N and C–N–C bonds, respectively [32]. The dominant peak at 399.3 eV (Fig. 2c) is assigned to the tertiary N bonded to C 
atoms in the form of N-(C)3 [33]. Fig. 2d shows the spectrum of praseodymium. The peak positions at 933.0 eV and 953.4 eV can be 
attributed to Pr 3d5/2 and Pr 3d3/2, while 928.5 eV and 948.1 eV are satellite peaks. The spectrum of iron is shown in Fig. 2e. The 
binding energy at 711.1 eV and 724.6 eV belongs to Fe 2p3/2 and 2p1/2 with an oxidation state of 2+ [34]. The peak at 718.9 eV is 
satellite. The oxygen spectrum revealed the presence of two peaks (Fig. 2f). The binding energy of 529.7 eV belongs to oxygen located 

Fig. 1. X-ray diffraction patterns of CN, PFO and CN/PFO nanocomposites (a), standard (JCPDS #02–7274) and synthesized PrFeO3 (b) and 
crystallite size distribution of the CN and PFO of CN/5%PFO nanocomposite (c). 
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in the PrFeO3 crystal lattice. The peak at 530.8 eV belongs to the adsorbed on the surface. The results obtained are in good agreement 
with the literature data describing the g-C3N4 and PrFeO3 spectra. 

3.3. Scanning and transmission electron microscopies 

SEM images were obtained to consider the shape and spatial organization of the obtained powders. The morphology typical for 
graphite-like carbon nitride is represented by “crumpled” two-dimensional sheets with a high degree of agglomeration (Fig. 3 a, b). The 
PFO sample has a foam-like morphology (Fig. 3 k, l). The formation of the foamy structure is caused by the abundant release of gaseous 
products by solution combustion during the synthesis. SEM images of the resulting nanocomposites are shown in Fig. 3 c-j. It is shown 
that the quantity of orthoferrite crystal particles distributed over the surface of g-C3N4 increases with an increase in the mass fraction of 
PFO in the nanocomposite. The deposition of a large number of crystalline PFO particles with an average diameter of ~20 nm on the 
CN surface confirms the X-ray diffraction data (Fig. 1 c). Notably, some PFO particles are represented as agglomerates consisting of 
dozens of particles (Fig. 3 f). 

The element mapping of a typical CN/5%PFO nanocomposite is shown in Fig. 4 a-f. This method allowed to control the chemical 
purity of the obtained catalysts and evaluate the uniformity of the distribution of elements over the sample. The analysis proved the 
existence exclusively of the anticipated elements such as C, N, Pr, Fe, and O without any impurities. The homogeneous distribution of 
elements in the composite was also confirmed. 

Morphology of CN, PFO and CN/5%PFO nanocomposite was studied with TEM microscopy, images are shown on Fig. 5. Pristine 
graphite-like C3N4 appears as assembly of ragged-edged two-dimensional nanosheets (Fig. 5 a). Mesoporous structure can be revealed 
at higher magnification (Fig. 5 b), these pores are formed upon thermopolymerization reaction of urea due to evolution of large 
amount of gases. Praseodymium orthoferrite structure shown on Fig. 5c and d, it is clearly seen that its foam-like consistency, that 
produced due to synthetic rout, assembled from a number of separate irregular-shaped particles. Under ultrasonic treatment PFO 
particles distributed on the surface of CN sheets in a random manner as shown on Fig. 5 e, f. To further verify PFO content in com-
posites, elemental mapping of CN/5%PFO was used (Fig. 5 g, h). 

3.4. Low-temperature nitrogen adsorption/desorption studies 

The surface and porosity of the samples were studied by low-temperature adsorption-desorption of nitrogen. Typical isotherms of 
IV type with pronounced hysteresis of H3 type were obtained, which indicates the presence of mesopores in the studied catalysts 
(Fig. 6a). The values of the specific surface area were obtained by the BET method and are shown in the form of a bar chart in Fig. 6b. It 
is shown that the addition of PFO to graphite-like carbon nitride leads to an increase in the values of the specific surface area of the 
sample. 

The positive effect of ultrasonic exposure on the value of the specific surface area CN was previously demonstrated in the work [27, 
28]. It was proved that this procedure allows to reduce the agglomeration of two-dimensional CN layers and significantly increase the 

Fig. 2. The XPS survey of CN/5 % PFO (a); the fine spectra of XPS analysis for C (b), N (c), Pr (d), Fe (e) and O (f) elements.  
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available surface of the sample due to effective exfoliation. Thus, a consistent increase in the values of the specific surface area of 
nanocomposites is caused by ultrasonic exposure, as well as the introduction of the orthoferrite praseodymium additive. Presumably, 
under the influence of ultrasound, PFO particles penetrate between the CN layers and prevent re-agglomeration. The theoretically 
predicted curve shown in Fig. 6b is based on the assumption that when a given amount of additive is introduced, PFO does not 
penetrate into the interlayer space but is located on the surface of the stacks, which leads to a decrease in the values of the specific 
surface area due to the overlap of the CN surface available for adsorption. 

The BJH pore size distribution graph (Fig. 6c) shows that the obtained materials have a pore size distribution in the range from 2 to 
100 nm, which also confirms the mesoporous structure of the obtained catalysts. The average pore size for nanocomposites was 20 ± 2 
nm (Table S1). Effectively, such a developed porous structure and high specific surface area can have a positive effect on the separation 
efficiency of light-generated electrons and holes. 

3.5. Ultraviolet–visible (UV–vis) and photoluminescence spectroscopies 

Diffuse reflection spectra in the UV–visible region were obtained to consider the electronic structure of the samples. As shown in 
Fig. 7a, initial CN showed an absorption edge located at a wavelength of 413 nm, while the PFO spectrum exhibited a stronger ab-
sorption edge located at 566 nm. Therefore, a quantum-dimensional effect of the “red” shift type is observed with the introduction of a 
PFO additive. This means that the edge of the absorption band is shifted to the long-wavelength region, and a lower energy of the 
absorbed quantum is required to excite electrons from the valence band to the conduction band. The band gap width (Eg) was 
determined using the Kubelka-Munk function by the linear extrapolation of the inclined part of the spectrum to the intersection with 
the abscissa axis (Fig. 7b). The calculated band gap energies for pure CN and pure PFO were 2.19 eV and 3.0 eV, respectively. 

Photoluminescence spectra of prepared samples at 365 nm excitation shown on Fig. 7 c, integral luminescence intensity for all 
samples also presented on Fig. 7 d, pure PFO doesn’t show any signs of luminescence in visible region. It was shown that the spectra are 
less intense for all PFO decorated samples compared to pristine CN, as well as significant drop in intensity for most catalytically active 
sample, due to lower rate of radiative recombination related to generation of active oxygen species thus attributed to photocatalytic 

Fig. 3. SEM images of the CN (a–b), CN/2.5%PFO (c–d), CN/5%PFO (e–f), CN/7.5%PFO (g–h), CN/10%PFO (i–j) and PFO (k–l) nanopowders.  
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activity of the material. 

3.6. Photocatalytic analysis 

The photocatalytic activity of the obtained nanocomposites was evaluated during the process of decomposition of a tetracycline 
hydrochloride solution under the influence of visible light irradiation. The experiment with the initial CN and PFO was carried out 
under similar conditions for comparison. Prior to the experiment, all samples were placed in a light-tight box and mixed for 60 min to 
establish adsorption equilibrium in solutions. The degradation of the antibiotic in the dark experiment in the presence of catalysts was 
insignificant and did not exceed 3 ± 0.5 % of the initial concentration. Next, photocatalytic tests of the samples were carried out under 
the influence of LEDs with a wavelength of 405 nm. Typical absorption spectra of a TCHCl solution by a nanocomposite that were taken 
at intervals of 5 min are shown in Fig. S1. C/C0 dependencies presented in Fig. 8 a report that pure PFO did not have sufficient 
photocatalytic capabilities to decompose the antibiotic under the selected conditions. This can be explained by the low values of the 
specific surface area and total pore volume (Table S1). At the same time, pure CN and nanocomposites based on it showed superior 
photoactivity. The rate constants of the TCHCl oxidation reaction were found using the kinetic equation of the pseudo-first-order 
reaction and arranged in the following order: CN < CN/7.5 % PFO, CN/10 % PFO < CN/2.5 % PFO < CN/5 % PFO (Fig. 8 b,c). It 
should be noted that the course of the graphs for the obtained samples containing 7.5 and 10 wt% of praseodymium orthoferrite differs 
slightly, as shown in Fig. S2. The increased photoactivity of CN/5 % PFO is explained by a combination of several factors: the low 
intensity of the photoluminescence spectrum, indicating a decrease in the recombination rate of electron-hole pairs (Fig. 8d), and a 
sufficiently high value of the specific surface area. 

To better understand the obtained results, the values of TON and TOF were calculated and presented. Unlike the reaction rate 
constant, the calculation allows to evaluate the effectiveness of the photocatalyst while accounting for the number of active centers on 
its surface. Fig. 8d shows a bar chart with the obtained values for the series under study. It is shown that the values of TON and TOF 
increase with an increase in the mass fraction of PFO in the nanocomposite from 0 to 5 %, which is followed by a decrease in efficiency. 
Despite the high values of the specific surface area, the CN/7.5 % PFO and N/10 % PFO samples have low values of overall efficiency, 
which might be caused by reverse recombination processes. The CN/5 % PFO catalyst has an optimal ratio of the initial components, 
which improves light absorption and charge transfer, allowing for the effective destruction of tetracycline antibiotics in aquatic 
environments. 

The stability of the catalyst, which showed the best results in the photocatalytic test, was measured throughout five cycles of TCHCl 
photodegradation under visible light irradiation. Fig. 9 shows that the 5 % CN/PFO sample retains its photocatalytic properties after 
cycling (Fig. 9a). The absence of a clear decrease in photocatalytic activity indicates its high photocatalytic stability. To assess the long- 
term photocatalytic stability, an additional study was conducted on the reproducibility of the photocatalytic degradation of tetra-
cycline solution under the influence of visible light. After twelve cycles, there is a decrease in efficiency by 13.3 %, which indicates 
excellent reproducibility and durability of the studied catalyst (Fig. 9b). 

Fig. 4. Backscattered electron (BSE) image of the CN/5%PFO nanocomposite (a) and elemental mapping of the elements: C (b), N (c), Pr (d), Fe (e), 
O (f). 
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Fig. 5. TEM images of the CN (a–b), PFO (c–d), CN/5%PFO (e–f) and TEM-EDX elemental maps of CN/5%PFO (g–h) nanopowders.  
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Photocatalytic performance of CN/5 % PFO sample was further examined in the presence of different ionic species as well as wider 
range of catalyst dosage, results are shown on Fig. 10. Catalytic dosage (Fig. 10a and b) significantly affects the rate of photode-
composition of TCHCl, it enhanced with increase of dosage. The effect in activity is more prominent for the change from 0.5 to 1 mg 
and diminishes for additional 0.5 mg change (1.5 mg plot), nevertheless additional surface display itself in dark phase of experiment, 
by notable drop in concentration due to adsorption of TCHCl, that was negligible for previous experiments. It is known, that presence 
of coexisting ions can negatively affect photocatalytic performance [35,36], thus a number of tests were conducted with 1.0 mg of 
CN/5 % PFO sample in presence of variety of 0.1 M solutions of different inorganic salts (Fig. 10c,d,e,f). For evaluation of anionic 
affect, sodium chloride, nitrate and sulfate were utilized. As expected, TCHCl removal efficiency was reduced in all cases, for chloride 
and sulfate the effect was more prominent than for nitrate as shown on Fig. 10c and d. For cationic influence evaluation, sulfates of 
sodium, magnesium and zinc were used. The results (Fig. 10e and f) reveal similar decline in photoactivity of catalyst in the presents of 
ions. In this test zinc ion is the less active towards catalytic inhibition, sodium and magnesium showed similar results. 

Tests of catalytic materials with the participation of scavenging agents were carried out to better understand the mechanism of 
photocatalytic degradation of an antibiotic under the influence of visible light. IPA, AA and FA were used in the experiment as agents 
for catching radicals. The values of the efficiency of removing TCHCl using a CN/5%PFO (Blank) photocatalyst in the presence of 
scavengers are shown in Fig. 11. It is shown that the addition of ascorbic acid reduces the efficiency of photocatalytic decomposition of 
TCHCl by 30 %, isopropanol by 21 %, and formic acid by 19 %. This suggests that all active particles (O2− ,⋅ОН, h+) are critically 
important for the process of photocatalysis, but O2− plays the primary role in this system. 

It is known that photocatalysts forming type II heterojunctions and photocatalysts operating according to the Z-scheme have a 
similar structure but differ in the charge transfer mechanism. In the photocatalytic process, the semiconductor material must have 
sufficient oxidation potential to generate hydroxyl radicals and sufficient reduction potential to create superoxide radicals [37]. In 
particular, CN is a well-known reduction photocatalyst, while PFO is an oxidation photocatalyst. Based on the results of the photo-
catalytic test for the capture of radical groups, the formation of ⋅O2− , ⋅OH and h+ was recorded. However, type II heterojunction 
photocatalysts with low redox ability can generate only one type of radicals [38–42]. Therefore, the mechanism described below is 
based on the assumption that the decfomposition of TCHCl by a photocatalytic CN/5%PFO material under the action of visible light 
corresponds to the Z-scheme (Fig. 12). 

Step 1. When a quantum of light is absorbed by CN and PFO particles, elementary charge carriers are formed, which are free 
electrons (ē) and electron vacancies (h+): 

CN + hν → ē + h+

Fig. 6. Nitrogen adsorption-desorption isotherms (a), BET specific surface areas (b) and BJH pore size distribution plots (c) of the CN, PFO and CN/ 
PFO nanocomposites. 
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PFO+ hν → ē + h+

Step 2. As a result of light excitation, electrons pass from the conduction band (CB) PFO to photoexcited electron vacancies in the 
valence band (VB) CN. CBCN electrons restore molecular oxygen and form a superoxide radical (ECB = − 1.36 eV), while EVB PFO allows 
to react with hydroxide ions to form a hydroxyl radical: 

ē(CN) +O2→⋅O−
2  

h+
(PFO) +OH− →⋅OH   

Step 3. The formed active radicals effectively oxidize TCHCl to form harmless products: 

⋅O−
2

⋅OH

}

+ TCHCl→Products + CO2 + H2O   

4. Conclusions 

In conclusion, a composite photocatalyst based on graphite-like carbon nitride and praseodymium orthoferrite was successfully 
obtained. The series consisted of six samples: pure CN, CN/2.5 % PFO, CN/5 % PFO, CN/7.5 %, CN/10 % PFO and pure PFO. The 
resulting series of samples was characterized in detail using a complex of physico-chemical methods. Using X-ray phase analysis (XRD) 
of nanocomposites, the main crystal structure of g-C3N4 and the impurity phase of PrFeO3 with a cubic structure were revealed. The 
phase purity of the initial powders of graphite-like carbon nitride and praseodymium orthoferrite was also confirmed. The chemical 
composition of the surface was confirmed by X-ray photoelectron spectroscopy. The morphology of powders characteristic of g-C3N4 

Fig. 7. UV–visible spectra (a), Kubelka-Munk functions (b) and band gap energies (c) and PL spectra (d) of the CN, PFO and CN/PFO 
nanocomposites. 
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and PrFeO3 was illustrated using SEM and PEM methods. In addition, the uniformity of the distribution of praseodymium ferrite 
particles over the surface of the main phase is shown. Typical type IV isotherms with pronounced H3 type hysteresis were obtained, 
which indicates the presence of mesopores in the catalysts. It was found that the addition of PFO to graphite-like carbon nitride leads to 
an increase in the specific surface area of the sample due to the introduction of praseodymium orthoferrite particles into the interlayer 
space of g-C3N4. The process of photocatalytic degradation of antibiotics under visible light irradiation was considered using the 
example of tetracycline hydrochloride. It was established that the obtained nanocomposites have superior photocatalytic activity and 
stability when reused. The optimal PFO content in the main material was determined to be 5 %. The synergistic interaction between the 
initial components was achieved due to numerous active centers on the developed surface of graphite-like carbon nitride and a 
decrease in the recombination rate of electron-hole pairs with praseodymium orthoferrite. Consequently, a possible mechanism of 
photocatalytic degradation in the presence of the studied catalysts that proceeds in accordance with the Z-scheme is proposed. The 

Fig. 8. Kinetics of photocatalytic degradation of TCHCl under visible light irradiation (a), pseudo-first-order reaction kinetic fitted curves (b), 
apparent rate constants for tetracycline degradation (c) and TOF and TON values (d) of the CN, PFO and CN/PFO nanocomposites. 

Fig. 9. Recycling stability (a) and long-term stability (b) tests of the CN/5%PFO nanocomposite for TCHCl degradation.  
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technique of creating a CN/PFO-based heterojunction presented in this work can be widely used in the production of inexpensive and 
environmentally friendly photocatalysts of the visible radiation range for the removal of dangerous pollutants from pharmaceutical 
wastewater. 

Data availability statement 

The data related to this study has not been deposited into a publicly available repository. The data that support the findings of this 
study are available from the corresponding author, Maria I. Chebanenko, upon request. 

Fig. 10. Photodegradation of TCHCl and kinetic plots under various conditions (a) and (b) catalyst amount variation; (c) and (d) variety of anionic 
types; (e) and (f) variety of cationic types. 
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Fig. 11. Effect of radical scavengers on the photocatalytic degradation of TCHCl in the presence of g-C3N4/5%PFO photocatalyst.  

Fig. 12. Schematic representation of the Z-scheme photocatalytic mechanism.  
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[38] J. Fernández-catalá, R. Greco, M. Navlani-garcía, W. Cao, Á. Berenguer-Murcia, g-C3N4 -based direct Z-scheme photocatalysts for environmental applications, 
Catalysts 12 (10) (2022) 1137, https://doi.org/10.3390/catal12101137. 

[39] H. Yin, C. Yuan, L. Huijun, K. Zhang, X. Chen, Y. Zhang, Yo Zhang, Fabrication of 2D/1D Bi2WO6/C3N5 heterojunctions for efficient antibiotics removal, Powder 
Technol. 413 (2022), 118083, https://doi.org/10.1016/j.powtec.2022.118083. 

[40] M. Zhang, M. Arif, Y. Dong, X. Chen, X. Liu, Z-scheme TiO2− x@ZnIn2S4 architectures with oxygen vacancies-mediated electron transfer for enhanced catalytic 
activity towards degradation of persistent antibiotics, J. Col. Surf. 649 (2022), 129530, https://doi.org/10.1016/j.colsurfa.2022.129530. 

[41] H. Yin, C. Yuan, L. Huijun, K. Zhang, X. Chen, Yo Zhang, The interface design of (0D/2D/1D) AgI/BiOI/C3N5 dual Z-scheme heterostructures with efficient 
visible-light-driven photocatalytic activity, J. Sep. Pur. Techn. 308 (2023), 122815, https://doi.org/10.1016/j.seppur.2022.122815. 

[42] H. Yin, Y. Cao, T. Fan, M. Zhang, J. Yao, P. Li, S. Chen, X. Liu, In situ synthesis of Ag3PO4/C3N5 Z-scheme heterojunctions with enhanced visible-light-responsive 
photocatalytic performance for antibiotics removal, Sci. Total Environ. 754 (2021), 141926, https://doi.org/10.1016/j.scitotenv.2020.141926. 

M.I. Chebanenko et al.                                                                                                                                                                                                

https://doi.org/10.1016/j.xcrp.2021.100355
https://doi.org/10.1016/j.xcrp.2021.100355
https://doi.org/10.3390/catal12101137
https://doi.org/10.1016/j.powtec.2022.118083
https://doi.org/10.1016/j.colsurfa.2022.129530
https://doi.org/10.1016/j.seppur.2022.122815
https://doi.org/10.1016/j.scitotenv.2020.141926

	Novel g-C3N4/PrFeO3 nanocomposites with Z-scheme structure and superior photocatalytic activity toward visible-light-driven ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of g-C3N4
	2.3 Synthesis of PrFeO3
	2.4 Synthesis of g-C3N4/PrFeO3 nanocomposite
	2.5 Physicochemical characterization
	2.6 Photocatalytic activity

	3 Results and discussion
	3.1 Powder X-ray diffraction
	3.2 X-ray photoelectron spectroscopy
	3.3 Scanning and transmission electron microscopies
	3.4 Low-temperature nitrogen adsorption/desorption studies
	3.5 Ultraviolet–visible (UV–vis) and photoluminescence spectroscopies
	3.6 Photocatalytic analysis

	4 Conclusions
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


