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Abstract 

1. Introduction 

Nowadays, the necessity to found and develop even more powerful systems in the branch of the 

heterogenous photocatalysis is one of the most arduous challenge to which the research is coping. 

A standard photocatalytic process is based on the exploitation of light energy, hopefully coming 

from the sun, to promote chemical transformations [Baly, E.C.C.; Helilbron, I.M.; Barker, W.F. (1921). "Photocatalysis. Part 

I. The Synthesis of Formaldehyde and Carbohydrates from Carbon Dioxide and Water". J Chem Soc. 119: 1025–1035 // Coronado, Juan M.; Fresno, 

Fernando; Hernández-Alonso, María D.; Portela, Racquel (2013). Design of Advanced Photocatalytic Materials for Energy and Environmental 

Applications. London: Springer. pp. 1–5]. The reactions in the photocatalytic field ranges from the 

decontamination of pollutants in wastewater [D.F. Ollis, E. Pelizzetti, N. Serpone, Destruction of Water Contaminants, 

Environ. Sci. Technol., 25 (1991) 1522-1529 // M.R. Hoffman, S.T. Martin, W. Choi, D.W. Bahnemann, Environmental Applications of Semiconductor 

Photocatalysis, Chem. Rev., 95 (1995) 69-96], to the generation of H2 from the water photo-splitting reaction [K. 

Maeda, K. Domen, Photocatalytic Water Splitting: Recent Progress and Future Challenges, J. Phys. Chem. Lett., 1 (2010) 2655-2661 // K. Domen, J.N. 

Kondo, M. Hara, T. Takata, Photo- and Mechano-Catalytic Overall Water Splitting Reactions to Form Hydrogen and Oxygen on Heterogeneus Catalyst, 

Bull. Chem. Soc. Jpn., 73 (2000) 1307-1331], until the photo-reduction of CO2 to generate useful chemical 

compounds (i.e. methanol overall) [T. Inoue, A. Fujishima, S. Konishi and K. Honda, Photoelectrocatalytic reduction of carbon dioxide 

in aqueous suspensions of semiconductor. Powders, Nature, 1979, 277, 637-638 // X. Chang, T. Wang and J. Gong, CO2 photo-reduction: insights into 

CO2 activation and reaction on surfaces of photocatalysts, Energy and environtmental sciences, 2016, 9, 2177-2196]; all processes aimed 

to reduce the environmental impact caused by humanity through the contamination and the 

consumption of the planet's sources [S. Jerez, J.M. Lopez-Romero, M. Turco, P. Jimenez-Guerrero, R. Vautard, J.P. Montavez, Impact 

of Evolving Greenhouse Gas Forcing on the Warming Signal in Regional Climate Model Experiments, Nat Commun, 9 (2018) 1304 // C. Figures, H.J. 

Schellnhuber, G. Whiteman, J. Rockström, A. Hobley, S. Rahmstorf, Three Years to Safeguard our Climate, Nature 546 (2017) 593-595]. The 

materials identified to be the most suitable for photocatalytic applications have been transition 

metal oxide semiconductors since their intrinsic band structure, allowing them to induce the 

promotion of electrons in the conduction band – CB -, leaving holes in the valence band – VB -; this 

takes place when an appropriate amount of energy, equal or higher the band gap width, impinges 

the material [A. Hernandez-Ramirez, I. Medina-Ramirez, Photocatalytic Semiconductors]. Once at the semiconductor 

surface, the photo-generated charge carriers, electrons and holes, can entail reductive (H2 photo-

production and CO2 photo-reduction) and oxidative (photo-degradation) redox reactions, 

respectively; however, the fraction of charge carriers really available for a photocatalytic process is 

very poor, since the most probable process is the electron-hole pairs recombination, limiting the 

amount of free electrons and holes for redox reactions. 

The first studies about photoactive martials dates back to the 1920s, but we have to wait until 

the 1960 to see a systematic study of photo-activity regarding transition metal oxides based 

semiconductors [Basov LL, Solonitsyn YUP, Terenin AN (1965) Influence of illumination on the adsorptivity of some oxides. Dokl Akad Nauk 

SSSR 164:122–124 // Basov LL, Kuzmin GN, Prudnikov IM, Solonitsyn YUP (1976) Photoadsorption processes on metal oxides. In: Vilesov THI (ed) 

Uspehi fotoniki (advances in photonics). LGU, Leningrad, pp 82–120, Iss. 6]. The work of that time focused mainly on the fact 

that wider band gap semiconductors exhibited higher activities concerning the reductive and 
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oxidative redox reactions carried on by electrons and holes. It was understood that to a larger band 

gap corresponded a more negative potential of the CB and a more positive potential for the VB, and 

definitively, a greater reductive and oxidative abilities of the photo-induced charge carriers. By the 

way, a wider band bap requires higher energetic photos for the photo-excitation, belonging to the 

UV range, that are just the 5% of the total solar spectrum at the earth surface [K. Ranabhat, L. Patrikeev, A. 

Antal'evna-Revina, K. Andrianov, V. Lapshinsky, E. Sofronova, An Introduction to Solar Cell Technology, ARPN J. Eng. Appl. Sci., 14 (2016) 481491] 

On the other hand, the use of semiconductor materials able to absorb photons in the visible range 

(λ > 400 nm), in larger amount in the solar radiation, displayed the drawback to lost the redox 

abilities in the oxidation of harmful pollutants and in the reduction of H2O and CO2 molecules [Emeline, 

A. V.; Kuznetsov, V. N.; Ryabchuk, V. K.; Serpone, N. On the Way to the Creation of Next Generation Photoactive Materials. Environ. Sci. Pollut. 

Res. 2012, 19, 3666−3675 // Serpone, N.; Emeline, A. V. Semiconductor Photocatalysis  Past, Present, and Future Outlook. J. Phys. Chem. Lett. 

2012, 3, 673− 677 // S. Gunti, A. Kumar, M.K. Ram, Nanostructure photocatalysis in the visible spectrum for the decontamination of air and water, 

International Materials Review, 2018, 4, 257-282]. Two main strategies have been taken into account in order to 

alter and set the material properties in such a way to ensure a higher absorption quantum efficiency 

maintaining, at the same time, good band redox potentials and enhancing the lifetime of the photo-

induced charge carriers: the doping and the instauration of heterojunctions. The doping procedure 

provides the deliberated insertion of a controlled amount of foreign atoms inside a semiconductor 

matrix leading to the generation of defective states inside the material band gap allowing the 

absorption of a major part of the visible solar spectrum [// R. Asahi, T. Morikawa, T. Ohwaki, A. Aoki, and Y. Taga, 

Science293, 269~2001 // S. Sato, R. Nakamura, S. Abe, Visible-light sensitization of TiO2 photocatalysts by wet method N-doping, Applied Catalysis, 

2005, 284, 131-137 // V. C. Anitha, A.N. Banerjee,  S.W. Joo, Recent developments in TiO2 as n- and p-type transparent semiconductors: synthesis, 

modification, properties, and energyrelated applications, J Mater Sci (2015) 50:7495–7536]. The principle issue of this approach 

lies in the fact that the defective levels can act as charge carriers traps, preventing the availability 

of the electrons and holes in the CB and VB.  

The constitution of heterojunctions at the semiconductor interfaces results in the bands 

alignment, that can occur in different manners, depending on the band potentials. The best 

performances for this technology have turned out for interfaced systems in which the band gap of 

the semiconductors are staggered with the subsequent improving of the charge carriers separation 

[H. Wang, L. Zhang, Z. Chen, J. Hu, S. Li, Z. Wang, J. Liu and X. Wang, Semiconductor heterojunction photocatalysts: design, construction, and 

photocatalytic performances, Chem Soc Rev, 2014, 43, 5234-5244 // ], as depicted in Fig. 1; this develop has gone down in 

history as type-II heterojunction. 

 

 

 

 

 

 

 

 

Fig. 1. Charge carriers separation model at semiconductors interface characterized by staggered band gaps: type-II heterojunction. 
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The photocatalytic achievements enhance resides in the fact that the photo-generated charge 

carriers are stabilized on the two different semiconductors, obtaining a limited electron-hole pairs 

recombination. An inherent restriction of this model is that the holes and electrons are not stabilized 

on semiconductors with the best oxidative and reductive potentials, respectively. This problem has 

recently overcome by the so called “direct Z-scheme” or “S-scheme” heterojunction, already 

conceptually theorized by Bard in 1979: the first direct Z-scheme interfaced systems could only be 

constructed in liquid phase, since they needed the presence of an electrolytic mediator [. Low, J. Yu, M. 

Jaroniec, S. Wageh, and A.A. Al-Ghamdi, Heterojunction Photocatalysts, Advanced Materials, 2017, 29, 1601694]. In 2006 Tada et al. [H. 

Tada, T. Mitsui, T. Kiyonaga, T. Akita, K. Tanaka, Nat. Mater. 2006, 5, 782] demonstrated that an all-solid Z-scheme was 

possible, in which the solid electron mediator was represented by gold particles. However, it was 

just in the 2013 that the direct Z-scheme heterojunction engineering was proposed, flanking two 

semiconductors without electron mediators [J. G. Yu, S. H. Wang, J. X. Low, W. Xiao, Phys. Chem. Chem. Phys. 2013, 15, 16883], 

whose charge carriers dynamic is sketched in Fig. 2. 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 2.  Interface charge carriers migration in “Direct Z-scheme” or “S-scheme” heterojunction.   

The novel technology occurs, similarly to a type-II heterojunction, when two semiconductors 

characterized by staggered band gaps are put in contact, but this time, a suitable work function, 

intrinsic feature of the two materials, allows the instauration of a peculiar electric field at the 

interface. Due to the existence of an internal electric field coming from the different work function 

of the two semiconductors (b) and c) in Fig. 2), the selective recombination of photo-induced 

electrons in the semiconductor with lower CB (PCII) and the holes in the semiconductor with higher 

VB (PCI) occurs. This still guarantees the spatial separation of the photo-induced charge carriers 

that, differently from the classical type-II heterojunction, are available at the best redox potentials 

[J. F. Zhang, Y. F. Hu, X. L. Jiang, S. F. Chen, S. G. Meng, X. L. Fu, J. Hazard. Mater. 2014, 280, 713 // N. Tian, H. Huang, Y. He, Y. Guo, T. Zhang, Y. Zhang, 

Dalton Trans. 2015, 44, 4297 // Q. Xu, L. Zhang, J. Yu, S. Wageh, A.A. Al-Ghamdi, M. Jaroniec, Direct Z-Scheme Photocatalysts: Principles, Synthesis, 

and Applications, Mater. Today, 21 (2018) 1042-1063]. 

In the last decade, the long-time known material g-C3N4 is coming back into the limelight in the field 

of heterogeneous photocatalysis. Indeed, although it was first synthetized in 1834 by Berzelius and 

Liebing [Liebig,J.Aboutsomenitrogencompounds.Ann.Pharm.10,10(1834)], it was proposed as a suitable polymeric 

semiconductor for photocatalytic applications, based on earth-abundant elements, just in the 2009 
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by Wang et all [X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. Carlsson, K. Domen, M. Antonietti, A metal-free polymeric 

photocatalyst for hydrogen production from water under visible light, Nature Materials, 2009, 8, 76-80]. In their study the researches 

proved the unique photo-catalytic ability of g-C3N4, derived by the direct heating of cyanamide 

precursor in air at different temperatures, in the production of H2 from the water photo-splitting 

process upon visible irradiation. As a matter of fact, the growing interest in the promising 

photocatalytic performances shown by the metal-free visible active polymeric g-C3N4 has resulted 

in 2019 in almost a quarter of the overall photocatalysis research literature. However, to the 

undoubted promising properties characterizing a promising photocatalyst owned by g-C3N4 as a 

band gap capable to absorbed visible photons of 2.7 eV [X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. Carlsson, 

K. Domen, M. Antonietti, A metal-free polymeric photocatalyst for hydrogen production from water under visible light, Nature Materials, 2009, 8, 76-

80 // M.N. Huda, J.A. Turner, Morphology-dependent optical absorption and conduction properties of photoelectrochemical photocatalysts for H2 

production: a case study, J. Appl. Phys. 107 (2010) 123703 // ], the modification of the band gap through thermal 

treatments [J. Zhang, G. Zhang X. Chen, S. Lin, L. Mohlmann, G. Dolega, G. Lipner, M. Antonietti, S. Blechert, X. Wang, Co-monomer, control of 

carbon nitride semiconductors to optimize hydrogen evolution with visible light, Angew. Chem. Int. Ed. 2012, 51, 3183–3187 // J. Xiao, Q. Han, H. Cao, 

J. Rabeah, J. Yang, Z. Guo, L. Zhou, Y. Xie, A. Bruckner, Number of reactive charge carriers – a hidden linker between band structure and catalytic 

performance in photocatalysis, ACS Catalysis, 2019, 9, 8852-8861 // P. Niu, L. Zhang, G. Liu, H.M. Cheng, Graphene-like carbon nitride nanosheets for 

improved photocatalytic activities, Advanced functional materials, 2012// Y. Kang, Y. Yang, L.C.Yin, X. Kang, L. Wang,  G. Liu, H.M. Cheng, Selective 

Breaking of Hydrogen Bonds of Layered Carbon Nitride for Visible Light Photocatalysis, Advanced functional materials, 2016 // ] and a CB 

potential able to reduce H2O and CO2 molecules, some drawbacks have limited its practical 

application. Indeed, the high electron-hole recombination rate, the low quantum and separation 

efficiency and the small specific surface area resulted in large nanoparticles dramatically affect the 

photocatalytic performances. Hence the need to tune in a proper way the material features by 

means doping [M. Bellardita, E.I. Garcia-Lopez, G. Marcì, I. Krivtsov, J.R. Garcia, L. Palmisano, Selective photocatalytic oxidation of aromatic 

alcohols in water by using P doped g-C3N4 Applied Catalysis B: Environmental, 2018, 220, 222-233 // Ke Wang Qin Li Baoshun Liu Bei Cheng Wingkei 

Ho Jiaguo Yu, Sulfur-doped g-C3N4 with enhanced photocatalytic CO2-reduction performance, Applied Catalysis B: Environmental, 2015], 

morphological modification to increase the surface area tuning the synthesis parameters and 

employing soft and hard templates [F. Goettmann, A. Fischer, M. Antonietti, and A. Thomas, Chemical Synthesis of Mesoporous 

Carbon NitridesUsingHardTemplatesandTheirUseasa Metal-Free Catalyst for Friedel–Crafts Reaction of Benzene, Angew. Chem. Int. Ed. 2006, 45, 

4467–4471 // X. Jin  Veerappan V. Balasubramanian Dr.  Sakthivel T. Selvan Dr.  Dhanashri P. Sawant Dr.  Murugulla A. Chari Dr.  G. Q. Lu Dr.  Ajayan 

Vinu, Highly Ordered Mesoporous Carbon Nitride Nanoparticles with High Nitrogen Content: A Metal‐Free Basic Catalyst, Angew. Chem. Int. Ed. 2009, 

48, 7884-7887 // Eun Zoo Lee  Dr. Young‐Si Jun  Prof. Won Hi Hong  Prof. Arne Thomas  Prof. Moonsoo M. Jin, Cubic Mesoporous Graphitic Carbon(IV) 

Nitride: An All‐in‐One Chemosensor for Selective Optical Sensing of Metal Ions, Angew. Chem. Int. Ed., 2010, 49, 9706-9710 // T. Cui, J. Zhang, G. 

Zhang, J. Huang, P. Liu, M. Antonietti, X. Wang, Synthesis of bulk and nanoporous carbon nitride polymers from ammonium thiocyanate for 

photocatalytic hydrogen evolution, J. Mater. Chem., 2011, 21, 13032-13039], the development of intrinsic defects [D. Zhang, Y. 

Guo, Z. Zhao, Porous defect-modified graphitic carbon nitride via a facile one-step approach with significantly enhanced photocatalytic hydrogen 

evolution under visible light irradiation, Applied Catalysis B: Environmental, 2018, 226, 1-9 // Y. Li, W. Ho, K. Lv, B. Zhu, S.C. Lee, Carbon vacancy-

induced enhancement of the visible light-driven photocatalytic oxidation of NO over g-C3N4 nanosheets, Applied surface science, 2018, 430, 380-

389] and the constitution of heterojunction with other semiconductors as TiO2, ZnO and WO3 [X. Liu, N. 

Chen, Y. Li, D. Deng, X. Xing, Y. Wang, A general nonaqueous sol-gel route to g-C3N4-coupling photocatalysts: the case of Z-scheme g-C3N4/TiO2 with 

enhanced photodegradation toward RhB under visible-light, Scientific report, 2016,6 L. Kong, X. Zhang, C. Wang, J. Xu, X. Du, L. li, Ti3+defect mediated 

g-C3N4/TiO2 Z-scheme system for enhanced photocatalytic redox performance, Applied Surface Science, 2018, 448, 288-296 // J. Zhou, M. Zhang, Y. 

Zhu, Preparation of visible light-driven g-C3N4@ZnO hybrid photocatalyst via mechanochemistry, Phys.Chem.Chem.Phys., 2014, 16, 17627 // J.X. Sun, 

Y.P. Yuan, L.G. Qiu, X. Jiang, A.J. Xie, Y.H. Shen, J.F. Zhu, Fabrication of composite photocatalyst g-C3N4–ZnO and enhancement ofphotocatalytic 

activity under visible light, DaltonTrans., 2012,41, 6756–6763 //  l. Huang, H. Xu, Y. Li, H. Li, X. Cheng, J. Xia, Y. Xu, G. Cai, Visible-light-induced WO3/g-

C3N4composites withenhanced photocatalytic activity, Dalton Transactions, 2013, 42, 8606-8616//]. This last strategy has produced 

the best results, delaying the electron-hole recombination since the photo-induced charge carriers 

are stabilized on the two different materials. 
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By the way, several inferences have corroborated the best performances of the g-C3N4 based 

heterojunction systems, the most of the time as result of the enhanced photocatalytic process 

reaction, also if in some case they appear being incorrect. 

In this work, the C3N4-ZnO visible photo-activity system, with the proven skill in photo-catalytic 

oxidation and reduction [J. Zhou, M. Zhang, Y. Zhu, Preparation of visible light-driven g-C3N4@ZnO hybrid photocatalyst via 

mechanochemistry, Phys.Chem.Chem.Phys., 2014, 16, 17627 // J.X. Sun, Y.P. Yuan, L.G. Qiu, X. Jiang, A.J. Xie, Y.H. Shen, J.F. Zhu, Fabrication of 

composite photocatalyst g-C3N4–ZnO and enhancement ofphotocatalytic activity under visible light, DaltonTrans., 2012,41, 6756–6763 // . Zhai, T. 

Wang, C. Wang, D.Liu, UV-light assisted ethanol sensing characteristics of g-C3N4-ZnOcomposites at room temperature, Applied Surface Science, 

2018, 441, 317-323 // W. Yu, D. Xu, T. Peng, Enhanced photocatalytic activity of g-C3N4 for selective CO2 reduction to CH3OH via facile coupling of 

ZnO: a direct Z-scheme mechanism, J. Mater. Chem, 2015, 3, 19936 // H. Jung, T.T. Pham, E.W. Shin, Interactions between ZnO nanoparticles and 

amorphoys g-C3N4 nanosheets in the thermal formation of g-C3N4/ZnO composite materials: the annealing temperature effect, Applied Surface 

Science, 2018, 458, 369-381 // S. Le, T. Jiang, Y. Li, Q. Zhao, Y. Li, W. Fang, M. Gong, Highly efficient visible-light-driven mesoporous graphitic carbon 

nitride/ZnO nanocomposite photocatalysts, Applied Catalysis B: Environmental, 2017, 200, 601-610 // Q. Chen, H. Hou, D. Zhang, S. Hu, T. Min, B. Liu, 

C. Yang, W. Pu, J. Hu, J. Yang, Enhanced visible light-driven, photocatalytic activity of hybrid ZnO/g-C3N4 by high performance ball milling, Journal of 

Photochemistry and Photobiology A: Chemistry, 2018, 350, 1-9 // C. Mahala, M.D. Sharma, M. Basu, ZnO nanosheets decorated with graphite-like 

carbon nitride quantum dots as photoanodes in photoelectrochemical water splitting, 2020, 3, 1999-2007 //], has been synthetized and 

investigated mainly by an optical and electronic point of view. The most used technique for this 

purpose has been the Electron Paramagnetic Resonance (EPR) spectroscopy, able to give a deep 

view of the electronic states of the solids, to follow the charge carriers separation upon in-situ 

irradiation and depicting a direct and clear overview of the electrons and holes dynamic at the 

semiconductor interfaces. At the best of our knowledge, this study represents a straightforward and 

unambiguous proof of the direct Z-scheme or S scheme heterojunction mechanism of the visible 

photons absorption characterizing the C3N4-ZnO mixed system. 

2. Materials and Methods 

2.1 Samples preparation 

Melamine (C3H6N6) and zinc nitrate hexahydrate (Zn(NO3)2*6H2O) employed in the preparation 

of the samples were purchased by Sigma-Aldrich and used without any further purification 

treatment. 

The 50:50 C3N4-ZnO mixture has been synthetized from an aqueous solution 1M (V = 20ml) of 

the respective precursors (C3H6N6 and Zn(NO3)2*6H2O), kept in constant stirring for one hour at 

room temperature. The sample has been further collected and dried at 353 K. The final material has 

been obtained by thermal annealing in air at 823 K for 4h with a temperature ramp of 5 °C/min. 

The pristine samples g-C3N4 and ZnO has been produced following the same procedure adopted 

for the mixed system.   

2.2 Characterization methods 

The X-ray Powder Diffraction (XRPD) patterns, acquired to define the structural phases and the 

crystallinity of the samples, were recorded with a PANalytical PW3040/60 X’Pert PRO MPD 

diffractometer using a copper Kα radiation source (0.154056 nm). The intensities were obtained in 

the 2θ range between 10° and 80°. X’Pert High-Source software was used for data handling.   

UV-Visible absorption spectra were recorded using a Varian Cary 5 spectrometer, coupled with 

an integration sphere for diffuse reflectance (DR) acquisition, using a Carywin UV/scan software. A 

sample of PTFE with 100% reflectance was employed as reference. Spectra were registered in the 

200-800 nm range at a scan rate of 240 nm/min with a step size of 1 nm. The measured intensities 
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were converted with the Kubelka-Munk function. The energy gap has been evaluated using the Tauc 

plot method [G. Martra, E. Gianotti, S. Coluccia, The Application of UV - Visible - NIR Spectroscopy to Oxides, in: S.D. Jackson, J.S.J. Hargreaves 

(Eds.) Metal Oxide Catalysis, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2009, pp. 51-94].  

The Transmission Electron Microscopy acquisitions were performed at our institute, using a high 

resolution transmission microscope TEM JEOL JEM-3010 operated at a 300 keV ultrahigh resolution 

analytical. The microscope is equipped with Gatan US1000 CCD camera and an Energy Dispersive 

Detector OXFORD Software INCA. 

The electronic paramagnetic resonance measures were conducted with a CW-EPR EMX-Bruker 

spectrometer operating at X-band (9.5 GHz), equipped with a cylindrical cavity operating at 100 KHz 

field modulation and interfaced with a computer with WINEPR Acquisition program. The spectra 

have been recorded in a bath of liquid nitrogen (77 K). Prior to the measure, the samples have 

undergone an activation treatment, aimed cleaning the surface from absorbed and physisorbed 

species (hydroxyl and carboxyl groups), obtaining a more stoichiometric compound at the surface, 

and allowing a more efficient study of the charge carriers separation. The treatment provides a first 

annealing step in which the materials were heated in dynamic vacuum at 573 K for 30 minutes; 

following, 50 mbar of molecular oxygen were added and the temperature raised up to 673 K. At the 

end of the treatment, the excess molecular oxygen is removed and the measurements were 

performed in vacuum condition. The photo-activity of the synthetized material has been 

investigated coupled EPR spectroscopy with in-situ irradiation, using a 1000 W xenon lamp (Oriel 

Instruments) equipped with an IR water filter, to whom different band pass filters (Newport-20CGA, 

UV filter cutting visible light components, λ ≥ 400 nm, λ ≥ 420 nm and λ ≥ 455 nm) have been applied. 

Computer simulation of the EPR spectra were obtained using the SIM32 software developed by Prof. 

Sojka (Jagellonian University, Cracow, Poland) [Adamski, A.; Spalek, T.; Sojka, Z. Application of EPR Spectroscopy for Elucidation 

of Vanadium Speciation in VOx/ZrO2 Catalysts Subject to Redox Treatment. Res. Chem. Intermed. 2003, 29, 793−804]. 

3. Results 

3.1 Structural and morphological analysis  

The XRPD analysis executed on the synthetized samples and reported in Fig. 3 displays for the 

bare ZnO reflections corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), (201), 

(004) and (104) planes, typical of the wurtzitic hexagonal crystal phase (JCPDS 36-1451) [J. Wróbel, J. 

Piechota, On the structural stability of ZnO phases, Solid State Commun., 146 (2008) 324-329]; the reflections sharpness and the 

absent of further signals stand for a highly pure crystalline sample. The diffractogram related to the 

pure g-C3N4 material is characterized by two reflections at 2θ = 27.3° and 2θ = 13.2°, respectively 

(JCPDS 87-1526): the first one, with a strongest intensity, is associated with the (002) crystal planes 

of the conjugated stacking aromatic system typical of the graphitic materials [J. Liu, T. Zhang, Z. Wang, G. 

Dawsona and W. Chen, Simple pyrolysis of urea into graphitic carbon nitride with recyclable adsorption and photocatalytic activity, J. Mater. Chem., 

2011, 21, 14398// F. Goettmann, A. Fischer, M. Antonietti, and A. Thomas, Chemical Synthesis of Mesoporous Carbon Nitrides Using Hard Templates 

and Their Use as a Metal-Free Catalyst for Friedel–Crafts Reaction of Benzene, Angew. Chem. Int. Ed. 2006, 45, 4467–4471] with a distance 

of 0.326 nm, while the second reflection, weaker and broader, is attributed to the (100) crystal 

planes of the in-plane structural packing motif of the tri-s-triazine (melem) units [M. S. Ansari, A. Banik, M. 

Qureshi, Morphological tuning of photo-booster g-C3N4 with higher surface area and better charge transfer for enhanced power conversion efficiency 

of quantum dot sensitized solar cells, Carbon, 2017, 121, 90-105]. 
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Fig. 3.  XRPD analysis of: a) bare ZnO (black line), b) g-C3N4-ZnO (50:50 mixture) (red line) and c) bare g-C3N4 (blue line).  

The diffractogram of the 50:50 C3N4-ZnO mixture reveals a significant change considering the 

XRPD patterns of both pristine samples, where the g-C3N4 structural fingerprints are not recorded 

and the reflections of the ZnO phase are considerable reduced reporting a broader profile; however, 

any 2θ shift has been recorded, indicating the existence of the unmodified wurtzitic ZnO phase in 

the mixed sample without the incorporation of external species. Accordingly, the lower intensity 

and the larger width of the reflections foreboding for a smaller crystal size and a lost in crystallinity 

in the case of the two-phases systems compared to the bare ones. The reduced crystallinity of the 

mixed material is ascribable to the concurrent crystallization of ZnO that tampers with the 

condensation process and the interlayer stacking of the g-C3N4 phase; oppositely, also the growth 

of the ZnO nanocrystals is delayed by the presence of the g-C3N4 [W. Yu, D. Xu, T. Peng, Enhanced photocatalytic 

activity of g-C3N4 for selective CO2 reduction to CH3OH via facile coupling of ZnO: a direct Z-scheme mechanism, J. Mater. Chem, 2015, 3, 19936// 

Q. Chen, H. Hou, D. Zhang, S. Hu, T. Min, B. Liu, C. Yang, W. Pu, J. Hu and J. Yang, Enhanced visible-light driven photocatalytic activity of hybrid ZnO/g-

C3N4 by high performance ball milling, J. Photochem. Photobiol: A, Chem., 2018, 350, 1-9].  

The TEM pictures acquired for the mixed material, in Fig. 4, have allowed verifying the existence 

of the C3N4 phase, undetectable by XRPD and its intimate contact with the ZnO phase.  

  

 

 

 

 

 

 

 

 

Fig. 4. TEM images of C3N4-ZnO (50:50). 
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In Fig. 4a), the C3N4 phase in the mixed system appears being as petals brushstrokes painted on 

the ZnO nanoparticle structures surface. At higher magnitudes (Fig. 4b)), ZnO nanocrystals 

surrounded by the typical multilayer staking structure of the graphitic carbon nitride can be 

recognised, confirming that the synthetic procedure has brought to the constitution of an interfaced 

system: as it will be presented in the following sections, the occurrence of such a connection 

between the two semiconductors lead to a unique charge carrier transport.  

3.2 Optical characterization 

The UV-vis DR spectroscopy has been employed to evaluate the optical behaviour and the 

electronic structure of the synthetized materials. The semiconducting nature of ZnO, characterized 

by a direct band gap, appears in the spectrum a) of Fig. 5 with the typical absorption in the UV range 

until 375 nm. As widely reported in previous works, it is caused by the electron transition from the 

valence band, mainly formed by 2p orbitals of O2-, to the conduction band, made up by the 4s states 

of Zn2+. The band gap value, calculated with the Tauc plot method [G. Martra, E. Gianotti, S. Coluccia, The Application 

of UV- Visible-NIR Spectroscopy to Oxides, in S.D. Jackson, J.S.J. Hargreaves (Eds.) Metal Oxide Catalysis, WILEY-VCH Verlag Gmbh & Co. KGaA, 

Weinheim2009, pp. 51-94], is in line with those found in literature and evaluated being of 3.3 eV [A. Ashrafi, C. 

Jagadish, Review of Zincblende ZnO: Stability of Metastable ZnO Phases, J. Appl. Phys., 102 (2007) 071101 // V. Srikant, D.R. Clarke, On the Optical 

Band Gap of Zinc Oxide, J. Appl. Phys., 83 (1998) 5447-5451 // D. Vogel, P. Krüger, J. Pollmann, Ab Initioelectronic-Structure Calculations for II-VI 

Semiconductors using Self-Interaction-Corrected Pseudopotentials, Phys Rev B, 52 (1995) R14316-R14319 // O. Zakharov, A. Rubio, X. Blase, M.L. 

Cohen, S.G. Louie, Quasiparticle Band Structures of Six II-VI Compounds: ZnS, ZnSe, ZnTe, CdS, CdSe, and CdTe, Phys Rev B, 50 (1994) 1078010787 // 

P. Erhart, K. Albe, First-Principles Study of Migration Mechanisms and Diffusion of Oxygen in Zinc Oxide, Phys. Rev. B 73 (2006) // A. Janotti, C.G.V.d. 

Walle, Native Point Defects in ZnO, Phys. Rev. B, 76 (2007) 16520216520222 // F. Oba, M. Choi, A. Togo, I. Tanaka, Point defects in ZnO: an approach 

from first principles, Sci. Technol. Adv. Mater., 12 (2016) 034302]. As reported in previous studies, the direct poly-

condensation of the melamine precursor performed at 823 K in air brings to the C3N4 in the graphitic 

phase, with a band gap of 2.7 eV, then to a material able to absorbed photons in the visible range, 

until almost 460 nm [J. Xiao, Q. Han, H. Cao, J. Rabeah, J. Yang, Z. Guo, L. Zhou, Y. Xie, A. Bruckner, Number of reactive charge carriers – a 

hidden linker between band structure and catalytic performance in photocatalysis // X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. Carlsson, 

K. Domen, M. Antonietti, A metal-free polymeric photocatalyst for hydrogen production from water under visible light, nature materials, 2009, 8, 76-

80 // I. Papailias, T. Giannakopoulou, N. Todorova, D. Demotikali, T. Vaimakis, C. Trapalis, Effect of processing temperature on structure and 

photocatalytic properties of g-C3N4, Appl. Surf. Sci. 358 (2015) 278–286 // W.J. Ong, L.L. Tan, Y.H. Ng, S.T. Yong, S.P. Chai, Graphitic carbon nitride (g-

C3N4)based photocatalysts for artificial photosynthesis and environmental remediation: Are we a step closer to achieving sustainability? Chem. Rev. 

116 (2016) 7159–7329 // S. Kumar, S. Karthikeyan, A.F. Lee, g-C3N4-based nanomaterials for visible lightdriven photocatalysis, Catalysts 8 (2018) 74 

// M.N. Huda, J.A. Turner, Morphology-dependent optical absorption and conduction properties of photoelectrochemical photocatalysts for H2 

production: A case study, J. Apll. Phys., 2010, 107, 123703]. The UV-vis spectrum c) in Fig 5 shows this features, in which 

the electrons in the VB, predominantly constituted by the pz orbitals of nitrogen, are photo-excited 

by visible photons, until energies corresponding to wavelengths around 460 nm, into the conduction 

band, composed by the pz orbitals of carbon atoms. 
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Fig. 5. Normalized UV-vis DR spectroscopy measurements of: a) pristine ZnO (black line), b) C3N4-ZnO (50:50) (red line) and c) g-C3N4 

(blue line).  

Concerning the optical analysis of the 50:50 mixed system (spectrum b), Fig. 5), it exhibits a red-

shift of the absorption edge with a band gap value of 3.1 eV respect to pristine ZnO, where the 

visible photons absorption improvement is attributed to the presence of the C3N4 phase and 

suggesting a close cooperation of the two phases at the interface. The zoom in Fig. 5 ascertains that 

the mixed material shows a slightly higher absorption of photons at longer wavelengths compared 

with bare g-C3N4, probably due to the higher defectivity of this phase in the mixed system as result 

of simultaneous crystallization with the ZnO phase towards C3N4 condensation, as already discussed 

in previous works [K. Wang, Q. Li, B. Liu, B. Cheng W. Ho and J. yu, Appl. Catal., B, 2015, 176-177, 44,52 // J. Zhai, T. Wang, C. Wang, D.Liu, 

UV-light assisted ethanol sensing characteristics of g-C3N4-ZnOcomposites at room temperature, Applied Surface Science, 2018, 441, 317-323 // W. 

Yu, D. Xu, T. Peng, Enhanced photocatalytic activity of g-C3N4 for selective CO2 reduction of ZnO: a direct Z-scheme mechanism, Journal of materials 

chemistry A, 2015, 3, 19936 // S. Le, T. Jiang, Y. Li, Q. Zhao, Y. Li, W. Fang, M. Gong, Highly efficient visible-light-driven mesoporous graphitic carbon 

nitride/ZnO nanocomposite photocatalysts, Applied Catalysis B: Environmental, 2017, 200, 601-610]. It should be noted that the 

absorption of the C3N4-ZnO interface is higher also in the UV range respect to g-C3N4 thanks to the 

presence of ZnO. Then, it can be attested that the contemporary presence of the two phases is 

beneficial in terms of a wider range of photons absorbed respect the bare materials, both in UV and 

visible ranges, revealing an intimate cooperation of the two phases during the light absorption 

determined by a successfully charge carriers transfer at the interfaces.  

3.3 EPR spectroscopic study upon irradiations 

In general, Electron Paramagnetic Resonance (EPR) Spectroscopy is a highly sensible magnetic 

resonance technique based on the energy separation of the spin states of an unpaired electron by 

the action of an external magnetic field, exploiting the electronic Zeeman effect, in which the 

magnetic transitions are induced by microwave photons (in the range of GHz). In the last decades, 

its potentialities in the huge panorama of heterogeneous catalysis has increased, with particular 

emphasis in the field of photocatalysis [V. Polliotto, S. Livraghi, E. Giamello, Electron magnetic resonance as a tool to monitor 

charge separation and reactivity in photocatalytic materials, Res. Chem. Intermed., 2018, 44, 3905-3921 // M. Chiesa, E. Giamello, S. Livraghi, M.C. 

Paganini, V. Polliotto, E. Salvadori, Electron Magnetic Resonance in heterogeneous photocatalysis research, 2019, Journal of Physics: Condensed 

Matter, 31]. This has been possible since EPR attests itself as a sensitive tool for what concerns the 

monitoring of charge carriers separation, very often trapped in intrinsic or extrinsic defect sites 

during light absorption, generating paramagnetic species. In this sense, EPR can be considered an 
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analytical technique to perform a pre-screening of material photo-activity [Di Valentin, C.; Pacchioni, G.; Selloni, 

A.; Livraghi, S.; Giamello E. J. Phys Chem. B 2005, 109, 11414-11419 // S. Livraghi, M.C. Paganini, E. Giamello, A. Selloni, C. Di Valentin, and G. Pacchioni, 

Origin of Photoactivity of Nitrogen-Doped Titanium Dioxide under Visible Light, JACS, 2006, 128, 15666-15671 // S. Livraghi, A. Votta, M.C. Paganini 

and E. Giamello, The nature of paramagnetic species in nitrogen doped TiO2 active in visible light photocatalysis, Chem. Commun., 2005, 498-500 //  

V. Polliotto, E. Albanese, S. Livraghi, P. Indyca, Z. Sojka, G. Pacchioni, E. Giamello, Fifty-fifty Zr-Tisolid solution with a TiO2-type structure: electronic, 

structure and photochemical properties of zirconium titanateZrTiO4, Physical Chemistry C, 2017, 121, 5487-5497]. In addition, it is 

increasingly used as supportive vehicle to determine the working mechanism upon light absorption 

of complex materials or heterojunctions [E. Cerrato, C. Gionco, M.C. Paganini, E. Giamello, E. Albanese, G. Pacchoni, “Origin of 

visible light photo-activity of the CeO2-ZnO heterojunction”, Applied Energy Materials, 2018, 1, 4247-4260 // E. Cerrato, C. Gionco, M.C. Paganini, E. 

Giamello, “Photoactive properties of ZnO doped with cerium ions: an EPR study”, Journal of Condensed Matter, 2017, 29, 444001 C. Gionco, M.C. 

Paganini, E. Giamello, R. Burgess, C. Di Valentin, and G. Pacchioni, Cerium-Doped Zirconium Dioxide, a Visible-Light-Sensitive Photoactive Material of 

Third Generation, Physical Chemistry Letters, 2014, 5, 447-451 // ], in such a way to achieve the correct electronic transfer 

at the interface, as it will be presented in the following rows. 

Connecting the discussion to the transition-metal oxide semiconductors, it is well known that, 

considering the band structure whereby they are modelled, when a semiconducting material is 

irradiated by a suitable light energy, the excitation of electrons (negative charged) from the valence 

band to the conduction band occurs, leaving the holes (positively charged) in the valence band and 

generating charge carriers separation; the phenomenological occurrence is reported in equation 1: 

MeOX + hν  e-
(CB) + h+

(VB)  (1) 

In this regard, when the irradiation is conducted in vacuum conditions (where no surface 

molecules can interact with the excited charge carriers) and at enough low temperature, as that of 

liquid nitrogen (77 K, to prevent electron-hole pairs recombination), it is possible to follow the 

photo-generation of electrons and holes that, stabilized in the solid, induced paramagnetic species 

peculiar for each solid.  

As obvious, the stabilization of photo-generated charge carriers depends on the nature of the 

oxide matrix, but some guidelines can be summarized. The photo-excited electrons are generally 

stabilized on metal cations, as described by equation (2), forming shallow donor energetic levels just 

below the conduction band edge. 

Men+ + e-  Men-1    (2) 

In this way, the ionized metal cation becomes a paramagnetic centre, easily recognizable via EPR.  

On the other hand, the photo-induced holes are stabilized at the oxygen ions of the lattice (O2
-), 

ionizing it to the paramagnetic species O-, as outlined hereafter in equation 3: 

O2- + h+
(VB)  O-     (3) 

Transferring the acquired knowledge to the materials object of this study, in Fig. 6, the EPR 

spectrum of pristine ZnO after the activation process (see Materials and Methods section) is 

reported before and during the exposure to UV light irradiation. As claimed by UV-vis spectroscopy 

acquisitions (Fig. 5), the synthetized ZnO is photoactive just in the UV range of the electromagnetic 

spectrum, with any activity under visible light. The spectrum a) of Fig. 6 shows that ZnO displays 

some EPR signals before the illumination procedure, due to the lack of a perfect stoichiometry in 

the sample, where, in order to maintain the charge neutrality, several defects are generated, among 

which some with paramagnetic character. Upon UV exposure, the profile of the spectrum does not 

change qualitatively, but one witnesses the intensity increase of the EPR signals. In detail, the quasi-



11 
 

isotropic line with g < ge (right hand side of the spectra, ge = 2.0023 is the free electron g value) at g 

= 1.96 is caused by electrons excited in the conduction band end relaxed in shallow donor levels, at 

around 0.02-0.05 eV below the conduction band edge. The shallow donors nature has been, in the 

past, the subject of several different attributions among which oxygen vacancies (or F-centres) [V. 

Soriano, D. Galland, Photosensitivity of the EPR Spectrum of the F+ Center in ZnO, phys. stat. sol. (b), 77 (1976) 739 // R. Laiho, L.S. Vlasenko, M.P. 

Vlasenko, Optical Detection of Magnetic Resonance and Electron Paramagnetic Resonance Study of the Oxygen Vacancy and Lead Donors in ZnO // 

G. Volkel, A. Poppl, B. Voigtsberg, Investigation of the Oxygen Vacancy Balance in ZnO Ceramics by Means of EPR, phys. stat. sol. (a), (1988) 295], 

zinc interstitial [G. Neumann, Current Topics in Materials Science, North Holland, Amsterdam, 1981 // V.A. Nikitenko, Luminescence and EPR 

of Zinc Oxide (review), J. Appl. Spectrosc., 57 (1992) 783-798 // P.H. Kasai, Electron Spin Resonance Studies of Donors and Acceptors in ZnO, Phys. 

Rev., 130 (1963) 989-995 // L.S. Vlasenko, Magnetic Resonance Studies of Intrinsic Defects in ZnO: Oxygen Vacancy, Appl. Mag. Res., 39 (2010) 103-

111 // K. Leutwein, J. Schneider, Defects in Neutron-irradiated ZnO, Z. Naturforsch., 26a (1971) 1236-1237 // L.E. Halliburton, N.C. Giles, N.Y. Garces, 

M. Luo, C. Xu, L.B.A. Boatner, Production of Native Donors in ZnO by Annealing at High Temperature in Zn Vapour, Applied Physics Letters, 87 (2005) 

1721081-1721083], group-III element impurities [R.B. Lal, G.M. Arnett, Electron Paramagnetic Resonance of Photosensitive Donors in 

ZnO, J. Phys. Soc. Jpn., 21 (1966) 2734-2735 // F.A. La Porta, J. Andrés, M.V.G. Vismara, C.F.O. Graeff, J.R. Sambrano, M.S. Li, J.A. Varela, E. Longo, 

Correlation between structural and electronic order–disorder effects and optical properties in ZnO nanocrystals, J. Mater. Chem. C, 2 (2014) 10164-

10174 // M. Setaka, S. Fujieda, T. Kwan, Electron Spin Resonance of Oxidized ZnO at -195°C, Bullettin of the Chemical Society of Japan, 43 (1970) 2377-

2380] and hydrogen interstitial [C. Gonzalez, D. Block, R.T. Cox, A. Hervè, Magnetic Resonance Studies Of Shallow Donors In Zinc Oxide 

J. Cryst. Growth, 59 (1982) 357-362 // D.M. Hofmann, A. Hofstaetter, F. Leiter, H. Zhou, F. Henecker, B.K. Meyer, S.B. Orlinskii, J. Schmidt, P.G. Baranov, 

Hydrogen: a Relevant Shallow Donor in Zinc Oxide, Phys. Rev. Lett., 88 (2002) 0455041-0455044 // A. Janotti, C.G. Van de Walle, Hydrogen Multicentre 

Bonds, Nat Mater, 6 (2007) 44-47]. Although the assignment to oxygen vacancies is nowadays considered 

erroneous since the theoretical calculations attested their location in the middle of ZnO band gap 

instead of being shallow [A. Janotti, C.G.V.d. Walle, Native Point Defects in ZnO, Phys. Rev. B, 76 (2007) 16520216520222// F. Oba, A. 

Togo, I. Tanaka, J. Paier, G. Kresse, Defect Energetics in ZnO: A Hybrid HartreeFock Density Functional Study, Phys. Rev. B, 77 (2008)// E.-C. Lee, Y.S. 

Kim, Y.G. Jin, K.J. Chang, Compensation Mechanism for N Acceptors in ZnO, Phys. Rev. B, 64 (2001) 085120], a clear and defined 

explanation of the signal origin still lacks. An unambiguous knowledge is complicated by the fact 

that the isotopic abundant of 67Zn (I = 5/2, giving a six lines multiplicity for the hyperfine interaction) 

is lower than the 5%, preventing the observation of any resolved hyperfine interaction that could 

provide direct information about the chemical nature of the donors. In addition, the isotropic line 

has been observed in highly pure ZnO single crystals, making the hypothesis that it could be caused 

by III-group elements less convincing. However, all the researchers agree with the fact that the signal 

at g = 1.96 derives from the electrons in conduction band or trapped in the shallow donor levels; in 

the latter case the signal seems to be independent on the shallow donor identity [K. Senthilkumar, M. 

Subramanian, H. Ebisu, M. Tanemura, Y. Fujita, Trapping and Recombination Properties of the Acceptor-like VZn-H Complex Defect in ZnO, J. Phys. 

Chem. C, 117 (2013) 4299-4303// S.M. Evans, N.C. Giles, L.E. Halliburton, L.A. Kappers, Further characterization of oxygen vacancies and zinc vacancies 

in electron-irradiated ZnO, Journal of Applied Physics, 103 (2008) 043710 ] and the electrons can be modelled in an effective-

mass-hydrogenetic-like state [N. Kondal, S.K. Tiwari, Origin of polychromatic emission and defect distribution within annealed ZnO 

nanoparticles, Mater. Res. Bull., 88 (2017) 156-165].  
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Fig. 6. EPR spectra of pristine ZnO recorded at 77K and in vacuum after the activation treatment: a) in dark (black line), b) upon UV 

irradiation (red line).  

In line with the above mentioned debate, the signal enhance upon UV irradiation is attributed to 

the photo-excitation of electrons from the valence band to the conduction band or in shallow donor 

levels. The mechanism reported in equation (4) is therefore purely formal but consistent with the 

EPR study of others transition-metal oxide semiconductors, where the photo-excited electrons are 

stabilized on specific cations (e.g. Ti3+ in TiO2 and Zr3+ in ZrO2 [V. Polliotto, S. Livraghi, E. Giamello, Electron magnetic 

resonance as a tool to monitor charge separation and reactivity in photocatalytic materials, Res. Chem. Intermed., 2018, 44, 3905-3921 // V. Polliotto, 

E. Albanese, S. Livraghi, P. Indyca, Z. Sojka, G. Pacchioni, E. Giamello, Fifty-fifty Zr-Tisolid solution with a TiO2-type structure: electronic, structure and 

photochemical properties of zirconium titanateZrTiO4, Physical Chemistry C, 2017, 121, 5487-5497]). 

Zn2+ + e-  Zn+    (4) 

The growth of complex signal at g > ge (left-hand side of the spectra) constituted by the two axial 

signal with gǁ =2.019 and gꞱ = 2.005 and gǁ =2.010 and gꞱ = 2.004 upon irradiation is caused by the 

trapping of photo-generated holes, taking place according to equation (3) [P.H. Kasai, Electron Spin Resonance 

Studies of Donors and Acceptors in ZnO, Phys. Rev., 130 (1963) 989-995 // G. Volkel, A. Poppl, B. Voigtsberg, Investigation of the Oxygen Vacancy 

Balance in ZnO Ceramics by Means of EPR, phys. stat. sol. (a), (1988) 295 // M. Che, A.J. Tench, Characterization and Reactivity of Mononuclear Oxygen 

Species on Oxide Surfaces, Advances in Catalysis, 31 (1982  // R.D. Iyengar, TiO2 and ZnO Surface Studies by Electron Spin Resonance Spectroscopy, 

Advan. Colloid Interface Sci., 3 (1972) 365-388 // A.M. Volodin, A.E. Cherkashin, ESR Studies of N2O Interaction with Photoinduced Centers on ZnO 

and MgO React. Kinet. Catal. Lett., 20 (1982) 335-338, E. Cerrato, M.C. Paganini, E. Giamello, Photoactivity under visible light of defective ZnO 

investigated by EPR spectroscopy and photoluminescence, Journal of Photochemistry and Photobiology A: Chemistry, in press]. 

After having ascertained that the stabilization of charge carriers upon UV irradiation can be 

followed via EPR spectroscopy for ZnO, we shift the matter of the discussion to the bare g-C3N4 

semiconductor. Before to analyse the EPR outcomes for the graphitic polymer, it is worth to consider 

its electronic configurations and hybridizations. Considering the carbon in the bond N=C-N2 of the 

tri-s-triazina ring at the ground state, the 2s orbital is fulfilled with two electrons with opposite spin, 

as well as the 2px and 2py sublevels of the 2p orbitals, while the 2pz results being unoccupied. Passing 

to the excited state, being each of 2px, 2py and 2pz orbitals occupied by an unpaired electron, the 2s 

orbital can hybridize with 2px and 2py, giving rise to three sp2 hybridized orbitals (equivalent 

hybridized), leaving the unpaired electrons in the 2pz state, at slight higher energy. The same 

argumentation can be applied for the N atom in both the C-N=C and in the N-(C)3 bonds: while in 

the first case, the excited state is characterized by a sp2 hybridization, this time non-equivalent (one 

of the three sp2 hybridized orbitals is doubly occupied) but again with un unpaired electron in the 
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2pz orbital, in the second case an equivalent sp2 hybridization can be anew considered with the 2pz 

orbital doubly occupied. Having elucidating the atomic configuration in the tri-s-triazina unit 

constituting the heptazina network of g-C3N4, the overlapping of the sp2 hybridized orbitals of C and 

N atoms results in the formation of σ-bonds, while the overlapping of the 2pz orbitals generates π-

bonds. In this lasts, the electrons, half coming from the carbon atoms and half from N atoms 

subunits, cannot be confined but they are free, constituting the π-conjugated structure [P. Xia, B. Cheng 

,J. Jiang, H. Tang, Localized π-conjugated structure and EPR investigation of g-C3N4 photocatalyst, Applied Surface Science, 2019, 487, 335-342]. It 

should be noted that the two electrons with different spin orientation in the 2pz orbitals of the N 

atom in the N-(C)3 bonds do not take part in the delocalized π-conjugated system due to the 

Coulombian repulsion to which they are subjected; in this case the electrons in the π-conjugated 

cannot move in the 2D plane but they can travel inside the triazina ring, bringing to a localized π-

conjugated structure, as described by DFT calculation in ref [M.N. Huda, J.A. Turner, Morphology-dependent optical 

absorption and conduction properties of photoelectrochemical photocatalysts for H2 production: a case study, J. Appl. Phys. 107 (2010) 123703].  

At the light of the clarified atomic configuration characterizing the atoms of the heptazine 

network constituting the building blocks of the investigated C3N4, its EPR spectrum in Fig. 7 can be 

readily analysed. As reported in many previous works [J. Xiao, Q. Han, H. Cao, J. Rabeah, J. Yang, Z. Guo, L. Zhou, Y. Xie, 

and A. Brcukner, Number of Reactive Charge Carriers  a Hidden Linker between Band Structure and Catalytic Performance in Photocatalysts, 2019, 

ACS Catalysis, 9, 8852-8861 // D. Dvoranová, Z. Barbieriková, M. Mazúr, E. I. García-López, G. Marcì, K. Lušpai, V. Brezov, EPR investigations of 

polymeric and H2O2-modified C3N4-based photocatalysts, 2019, Journal of Photochemistry & Photobiology A: Chemistry, 375, 100-113 // W. Ho, Z. 

Zhang, M. Xu, X. Zhang, X. Wang, Y. Huang, Enhanced visible-light-driven photocatalytic removal of NO: Effect on layer distortion on g-C3N4 by H2 

heating, Applied Catalysis B: Environmental, 2015, 179, 106-112 // J. Zhang, G. Zhang, X. Chen, S. Lin, L. Mçhlmann, G. Dołega, G. Lipner, M. Antonietti, 

S. Blechert, and X. Wang, Co-Monomer Control of Carbon Nitride Semiconductors to Optimize Hydrogen Evolution with Visible Light, Angewandte 

Chemie, 2012, 51, 3183-3187], the spectrum of the thermal activated g-C3N4, before light exposure, shows an 

isotropic line with mostly Lorentzian shape at g = 2.0042, caused by unpaired electrons in the 

localized π-conjugated system, with preferential carbon character; this assignation is supported by 

the absence of hyperfine splitting typical of unpaired electrons stabilized on N atoms. The presence 

of unpaired electrons in the localized excited state previous illumination can be attributed to the 

defects in the nanostructured material aroused by melamine polymerization [P. Xia, B. Cheng ,J. Jiang, H. Tang, 

Localized π-conjugated structure and EPR investigation of g-C3N4 photocatalyst, Applied Surface Science, 2019, 487, 335-342 // D. Hollmann, M. 

Karnahl, S. Tschierlei, K. Kailasam, M. Schneider, J. Radnik, K. Grabow, U. Bentrup, H. Junge, M. Beller, S. Lochbrunner, A. Thomas, and A. Brückner, 
Structure−Activity Relationships in Bulk Polymeric and Sol−GelDerived Carbon Nitrides during Photocatalytic Hydrogen Production, Chemistry of 

Materials, 2014, 26, 1727-1733 // M. Caux, F. Fina, J.T.S. Irvine, H. Idriss, R. Howe, Impact of the annealing temperature on Pt/g-C3N4 structure, 

activity and selectivity between photodegradation and water splitting, Catalysis Today, 2017, 287, 182-188].  
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Fig. 7. EPR spectra of pristine g-C3N4 recorded at 77K and in vacuum after the activation treatment: a) in dark (black line), b) upon 

illumination with band pass filter at λ ≥ 400 nm (red line); c) at 420 nm (blue line) and d) at 455 nm (green line).  

Upon visible light irradiations, performed with several band pass filters at different visible 

wavelength irradiations, the rising up of the Lorentzian line, due to the electron photo-excitations 

from the valence band (2p nitrogen orbitals) to the conduction band (2p carbon orbitals) dominates 

the EPR spectra b), c) and d) of Fig. 8, increasing the number of unpaired electrons in the localized 

π-conjugated system. It can be observed as the outcomes are in line with the UV-vis spectroscopy 

measurements, since the g-C3N4 material is still photo-active until irradiation executed with λ ≥ 455 

nm, although the intensity of the signal decreases, as obvious, increasing the irradiation wavelength. 

Deeper analysing the EPR spectra during the irradiation procedure, a further broader shoulder is 

visible at lower magnetic field values and attributed to electrons trapped at nitrogen radials in the 

polymeric network [D. Dvoranová, Z. Barbieriková, M. Mazúr, E. I. García-López, G. Marcì, K. Lušpai, V. Brezov, EPR investigations of 

polymeric and H2O2-modified C3N4-based photocatalysts, 2019, Journal of Photochemistry & Photobiology A: Chemistry, 375, 100-113]. In order 

to evaluate this hypothesis, the simulation of the EPR spectra of the g-C3N4 sample upon irradiation 

with λ ≥ 400 nm has been carried out using the SIM32 software [Adamski, A.; Spalek, T.; Sojka, Z. Application of EPR 

Spectroscopy for Elucidation of Vanadium Speciation in VOx/ZrO2 Catalysts Subject to Redox Treatment. Res. Chem. Intermed. 2003, 29, 793−804]: 

Fig. 8 reports the calculated spectrum in comparison with the experimental one, where also the 

single convolutions are highlighted. The simulation attests the presence of a further species respect 

the most imposing with Lorentzian character at g = 2.0042 (blue line in Fig. 8), distinguished by a 

rhombic shaped signal with g1 = 2.0150 , g2 = 2.0062 and g3 = 2.0012 (green line in Fig. 8), compatible 

with the presence of nitroxide species generated during the surface oxidation of the activation 

treatment [G. Dong, Z. Ai, L. Zhang, Efficient anoxic pollutant removal with oxygen functionalized graphitic carbon nitride under visible light, RSC 

Adv. 4 (11) (2014) 5553–5560, // J.P. Blinco, B.A. Chalmers, A. Chou, K.E. Fairfull-Smith, S.E. Bottle, Spin-coated carbon, Chem. Sci. 4 (2013) 3411–

3415 // A.J. Shakir, D.C. Culita, J. Calderon-Moreno, A. Musuc, O. Carp, G. Ionita, P. Ionita, Covalently grafted TEMPO on graphene oxide: a composite 

material for selective oxidations of alcohols, Carbon 105 (2016) 607–614 // C. Yang, M. Guenzi, F. Cicogna, C. Gambarotti, G. Filippone, C. Pinzino, E. 

Passaglia, N.T. Dintcheva, S. Carroccio, S. Coiai, Grafting of polymer chains on the surface of carbon nanotubes via nitroxide radical coupling reaction, 

Polym. Int. 65 (2016) 48–56]. The broad profile displayed by the g1 component of the rhombic signals is 

imputable to the un-homogeneity of nanocrystals surface, in which the unpaired electrons can 

differently interact with the neighbour species. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. Simulation of the EPR spectra of pristine g-C3N4 recorded at 77K and in vacuum after the activation treatment upon at λ ≥ 

400 nm: experimental (black line), simulated (red dashed line), lorentzian convolution (blue line), rhombic convolution (green line).  

Passing to the EPR characterization of the C3N4-ZnO mixed system, exposed in Fig. 9, a much 

more complex profile appears. At the best of our knowledge, this study provides the first 
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investigation of paramagnetic centres regarding the interfaced system C3N4-ZnO. In order to 

streamline the handling, the first step is leading back to the EPR features observed for the two bare 

semiconductors, again by means the simulation procedure (red line spectrum Fig. 9). 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9. EPR spectrum of 50:50 C3N4-ZnO mixed system and the corresponding simulation: experimental (black line), simulation (red 

dashed line), contribution from isotropic line at g = 1.96 (trapped electrons) of ZnO (blue line), contribution from axial line at gǁ =2.019 

and gꞱ = 2.005 (trapped holes) of ZnO (green line), contribution from axial line at gǁ =2.010 and gꞱ = 2.004 (trapped holes) of ZnO 

(orange line), contribution from isotropic line at g = 2.0042 (trapped electrons) of C3N4 (violet line). 

The various deconvolutions in the calculated spectrum reveal the EPR signals already observed 

and commented for the two separated ZnO and C3N4 phases: the spectrum is dominated by the 

isotropic line at g = 1.96 due to electrons trapped in shallow donor levels of ZnO. The signal at lower 

magnetic fields appears being still trickier respect to that generated by trapped holes (O-) in pristine 

ZnO, due to the presence of the Lorentzian signal at g = 2.0042 caused by the electrons stabilized at 

the localized π-bonds, characterized by carbon character. 

The exposition of the mixed material C3N4-ZnO to visible irradiation produces a modification of 

the EPR spectrum in terms of signal intensities completely different respect to what observed for 

the pristine samples. Fig. 10 shows the mixed material upon exposure to light with λ ≥ 400 nm (red 

line) and λ ≥ 455 nm (blue line).  

 

 

 

 

 

 

 

 

 

Fig. 10. EPR spectra of pristine g-C3N4 recorded at 77K and in vacuum after the activation treatment: dark (black line), upon 

illumination with band pass filter at λ ≥ 400 nm (red line) and c) at λ ≥ 455 nm (blue line).  

Oppositely to bare ZnO, in which UV irradiation causes a growth of the signal at g = 1.96 due to 

the stabilization of photo-excited electrons in shallow donor levels (Fig. 6), for the mixed sample the 
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intensity of the signal drops down during the visible light exposure performed with band pass filters 

at 400 nm and 455 nm. On the other hand, the more complex signals at higher g values, having axial 

character and attesting the stabilization of photo-induced holes stabilized as O- species in ZnO, grow 

up during irradiation as in the case of the pristine material in case of UV illumination. Finally, the 

isotropic Lorentzian line at g = 2.0042, caused by localized electrons in C3N4, is embedded in the 

broader gꞱ component of the O- centres, as certified by the simulation in Fig. 9 (violet line). This 

implies that the 50:50 C3N4-ZnO mixture is photoactive upon visible irradiation, improving the 

photo-activity feature of the zinc oxide; the observed trend guarantees a beneficial interfacing 

between the two semiconducting materials in which the charge carrier separation can be analysed 

and elucidated as discussed the following section.   

3.4 Results Discussion and visible photons absorption mechanism unveiling 

Summarizing the presented results, the synthetized ZnO, characterized by a wurtzitic crystal 

structure, develops a charge carrier separation upon UV irradiation that can be followed through 

EPR spectroscopy by means well-established strategies, in which the signal of trapped photo-

induced charge carriers can be recognized in the spectrum, located in separate spectral regions [M. 

Chiesa, E. Giamello, S. Livraghi, M.C. Paganini, V. Polliotto, E. Salvadori, Electron Magnetic Resonance in heterogeneous photocatalysis research, 

Journal of Physics: Condensed Matter, 2019, 31, 444001 // V. Polliotto, S. Livraghi, E. Giamello, Electron Magnetic Resonance as a tool to monitor 

charge separation and reactivity in photocatalytic materials, Research in Cem. Intermed, 2018, 44, 3905-3921 // E. Cerrato, M.C. Paganini, E. Giamello, 

Photoactivity under visible light of defective ZnO investigated by EPR spectroscopy and photoluminescence, Journal of Photochemistry & 

Photobiology, A: Chemistry, 2020, in press.]. Concerning the pristine g-C3N4, obtained by the poly-condensation of 

melamine precursor via the annealing in air at 823 K, has shown the typical 2D graphitic structure 

composed by tri-s-triazina units dominated by a π-conjugated system. Also in this case, the 

excitation of electrons upon visible irradiation has been possible by means EPR spectroscopy, with 

the increase of the Lorentzian line at g = 2.0042 due to the stabilization of excited electrons in the 

localized π-bonds, having carbon character and forming the material conduction band; moreover, 

the presence of the surface nitroxide radicals have been verified, having a specific rhombic g-tensor. 

The activity at different photon frequencies for the two pristine materials has confirmed by means 

UV-vis spectroscopy measurements, highlighting the photo absorption of ZnO just in the UV spectral 

region, while for g-C3N4 the absorption edge is around 460 nm. The 50:50 mixture has exhibited a 

red-shift respect to bare ZnO of the absorption edge and a slightly higher absorption in the visible 

region compared to pure g-C3N4, indicating an actual cooperation of the two phases in the interfaced 

system. TEM acquisition confirms the homogenous distribution of the two phases and their 

anchoring one around on the other, suggesting an active partnership at the interface and 

constituting a heterojunction system.  

In the last years several authors have reported the prominent photocatalytic ability upon visible 

light of the mixed C3N4-ZnO material [H.Osman, Z. Su, X. Ma, Efficient photocatalytic degradation of Rhodamine B dye using 

ZnO/graphitic C3N4 nanocomposites synthesized by microwave, Environ. Chem. Lett., 2017, 15, 435-441 // S. Raha, M. Ahmaruzzaman, Facile 

fabrication of g-C3N4 supported Fe3O4 nanoparticles/ZnO nanorods: A superlative visible light responsive architecture for express degradation of 

Pantoprazole, Chemical Engineering journal, 2019 // J. Zhou, M. Zhang, Y. Zhu, Preparation of visible light-driven g-C3N4@ZnO hybrid photocatalyst 

via mechanochemistry, Phys.Chem.Chem.Phys., 2014, 16, 17627 // Y. Zhang, S. Zhao, Q. Su, J. Xu, Visible light response ZnO–C3N4 thin film 

photocatalyst, rare metals, 2019, J.Zhai, T. Wang, C. Wang, D. Liu, UV-light-assisted ethanol sensing characteristics of g-C3N4-ZnO composites at room 

temperature, Applied Surface Science, 2018, 441, 317-323 // J. Sun, Y. Yuan, L. Qiu, X. Jiang, A. Xie, Y. Shen, J. Zhu, Fabrication of composite 

photocatalyst g-C3N4–ZnO and enhancement of photocatalytic activity under visible light, Dalton Trans., 2012, 41, 6756 // C. Mahala, M. Sharma, M. 

Basu, ZnO Nanosheets decorated with graphite-like Carbon Nitride Quantum Dots as Photoanodes in Photoelectrochemical Water Splitting, Applied 

Nanomaterials, 2020, accepted], where they speculated the working mechanism at the interface of the 
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heterojunction. In the most of the cases, the sustained thesis about the real process upon visible 

photonic irradiation foreseen an electron transfer from the C3N4 conduction band (-1.12 eV vs. NHE), 

to the ZnO conduction band (-0.02 eV vs. NHE), typical of a type-II or p-n heterojunction. On the 

contrary, the hole transition would occur from the ZnO valence band (+3.00 eV vs. NHE) to the C3N4 

valence band (+1.57 eV vs. NHE) (Fig. 11). In general, in a type-II heterojunction the spatial charge 

carriers separation is improved, since the photo-generated charge carriers are localized on the two 

different semiconductors; however, the stabilized electrons and holes are not at the best potentials 

for reductive and oxidative redox reactions, respectively. These explanations are not consistent with 

the extremely high photocatalytic activity exhibited by the C3N4-ZnO mixed system in both oxidative 

and reductive reactions.  

 

 

 

 

 

 

 

Fig. 11. Schematic representation of the hypothetical C3N4-ZnO type-II heterojunction with the standard potential found in literature 

[W. Yu, D. Xu, T. Peng, Enhanced photocatalytic activity of g-C3N4 for selective CO2 reduction to CH3OH via facile coupling of ZnO: a direct Z-scheme 

mechanism, J. Mater. Chem, 2015, 3, 19936]. 

Accordingly, considering the outcomes of this work obtained by EPR technique upon in-situ 

visible irradiations for C3N4-ZnO and compared with those of the pure materials, it comes out that 

a different mechanism of the charge carriers migration at the interface should be considered. 

Indeed, in the case that the working mechanism is the one described above (type-II heterojunction, 

Fig. 11), the signal at g = 1.96 in mixed system should grow up, in a similar way as in ZnO during UV 

light exposure, but this is not the case. Contrariwise in the C3N4-ZnO the signal at g = 1.96 decreases, 

both with irradiation performed with band pass filters at λ ≥ 400 nm and λ ≥ 455 nm, indicating that 

an electron transition occurs from ZnO during the illumination; still, the hole signal (O-), at higher g 

values, rises in a conspicuous way than the holes in bare ZnO, although the irradiation was more 

energetic (UV) for the pristine material. This elucidation of the results allows us sustaining the thesis 

proposed by few researchers, in which they suggested a different electron transition respect to that 

of type-II heterojunction, but without enough convincing mechanistic studies and just deriving from 

photocatalytic reactions [W. Yu, D. Xu, T. Peng, Enhanced photocatalytic activity of g-C3N4 for selective CO2 reduction to CH3OH via 

facile coupling of ZnO: a direct Z-scheme mechanism, J. Mater. Chem, 2015, 3, 19936//]. Rather, the charge transfers at the 

interface of C3N4-ZnO during visible light irradiation can be explained with the recently proposed 

“direct Z-scheme or S Scheme” heterojunction [//  Q. Xu, L. Zhang, J. Yu, S. Wageh, A.A. Al-Ghamdi, M. Jaroniec, Direct Z-

Scheme Photocatalysts: Principles, Synthesis, and Applications, Mater. Today, 21 (2018) 1042-1063 // J. Low, J. Yu, M. Jaroniec, S. Wageh, and A.A. 

Al-Ghamdi, Heterojunction Photocatalysts, Advanced Materials, 2017, 29, 1601694 // D. Huang, S. Chen, G. Zeng, X. Gong, C. Zhou, M. Cheng, W. 

Xue, X. Yan, J. Li, Artificial Z-scheme photocatalytic system: What have been done and where to go?, Coordination Chemistry Reviewes, 2019, 385, 
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44-80]. In this case the bands alignment configuration at the interface is the same of a type-II 

heterojunction, where the band gap of the two semiconductors are staggered. The different charge 

carriers dynamic at the interface is guaranteed by a suitable work function different at the interface 

between the two semiconductors, fundamental pre-requisite inducing a specific electric field at the 

interface. The establishment of the electric field at the interface (deriving from the peculiar features 

of the semiconductors) favours the selective annihilation of the electrons from the semiconductor 

with lower conduction band (ZnO in this case) energy with the holes of the semiconductor with 

higher valence band energy (C3N4). The described charge carriers transportation would ensure the 

strongest redox ability for the photo-excited electrons stabilized in C3N4 conduction band and of the 

photo-induced holes in ZnO valence band, as depicted in Fig. 12.    

 

 

 

 

 

 

 

 

 

Fig. 12. Schematic representation of the actual C3N4-ZnO “Direct Z-scheme” or “S scheme” heterojunction with the standard potential 

found in literature [W. Yu, D. Xu, T. Peng, Enhanced photocatalytic activity of g-C3N4 for selective CO2 reduction to CH3OH via facile coupling of 

ZnO: a direct Z-scheme mechanism, J. Mater. Chem, 2015, 3, 19936]. 

Concluding, EPR spectra upon visible irradiations recording both the simultaneous reduction of 

the electronic signal (g = 1.96) and the improvement of the hole signals of ZnO must be explained 

implicating the recombination at the interface of the photo-excited electrons in ZnO with the holes 

of C3N4 (not detected by EPR). The consistency of these results provides a solid proof of the 

supposed working mechanism during visible irradiation of the C3N4-ZnO mixed system, unrevealing 

the predictions of previous studies. Nevertheless, the necessity of a scale up concerning the 

production of H2 from the water photo-splitting or CO2 photo-reduction in chemical products 

requires further improvements starting from the synthetic routes, aimed to obtain higher porous 

materials, then with a higher specific surface area available for the reactions at the surface, and to 

ensure a greater intimate contact at the interface to further enhance the charge carriers annihilation 

at the semiconductor surfaces.   

 4. Conclusion 

Bare ZnO and C3N4 semiconducting materials and the 50:50 C3N4-ZnO mixture were prepared via 

a fast and facile synthetic route, consisting in a one-step annealing in air of the dissolved precursors 
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at moderate temperature (823 K) for 5 hours. Structural and morphological analysis have revealed 

the purity of the obtained phases, expressed in a diffraction pattern of the typical wurtzitic 

hexagonal phase for ZnO and of the characteristic repetition of the interlayer stacking of aromatic 

systems for the C3N4 graphitic phase; moreover, the existence of an intimate contact between the 

two phases for the mixed material emerged, unveiling the occurrence of an interfaced system. 

Optical measurements performed with UV-vis DR spectroscopy testified a band gap of 3.3 eV for 

bare ZnO and of 2.7 eV for pristine g-C3N4, while the C3N4-ZnO sample shown a greater light 

absorption in all the spectral range. 

The working mechanism upon visible light absorption of the C3N4-ZnO heterojunction has been 

investigated coupling EPR spectroscopy with in situ irradiation performed employing different band 

pass filters and comparing the outcomes with those of the pristine materials. It comes out that bare 

ZnO displayed an increase of the signals due to the trapping of photo-excited electrons (g = 1.96) 

and holes (gǁ =2.019 and gꞱ = 2.005 and gǁ =2.010 and gꞱ = 2.004), inducing paramagnetic defects; 

on the other hand, also g-C3N4 exhibited the increase of the Lorentzian line at g = 2.0042 upon visible 

irradiation, caused by the photo-excitation electrons from the valence band (with almost nitrogen 

character) to the conduction band (deriving from the pz carbon orbitals of the π-conjugated system). 

Concerning the mixed system, an antipodean behaviour was recorded during visible illumination, 

where the signal due to trapped electrons in ZnO matrices decreased while the hole signals still 

increased. The observed phenomenon can be only explained assuming a direct Z-scheme or S-

scheme heterojunction at the material interfaces, as previously reported in few works, and not to a 

type-II heterojunction as often theorized. At the best of our knowledge, this study represents the 

first experimental evidence regarding a definitively attribution of the visible light absorption 

mechanism of the C3N4-ZnO heterojunction.      


