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Abstract 

g-C3N4 nanosheets were coupled with oxygen-defective ZnO nanorods (OD-ZnO) to form a 

heterojunction photocatalyst with a core-shell structure. Multiple optical and electrochemical analysis 

including electrochemical impedance spectroscopy, photocurrent response and steady/transient 

photoluminescence spectroscopy revealed that the g-C3N4/OD-ZnO heterojunction exhibited increased 

visible-light absorption, improved charge generation/separation efficiency as well as prolonged lifetime, 

leading to the enhanced photocatalytic activities for the degradation of 4-chlorophenol under visible-light 

illumination (>420 nm). An oxygen defects-mediated Z-scheme mechanism was proposed for the charge 

separation in the heterojunction, which involved the recombining of photoinduced electrons that were trapped 
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in the oxygen defects-level of OD-ZnO directly with the holes in the valence band of g-C3N4 at the 

heterojunction interface. The detection of surface generated reactive species including •O2
- and •OH clearly 

supported the Z-scheme mechanism. Moreover, the g-C3N4/OD-ZnO photocatalysts also exhibited enhanced 

visible-light Z-scheme H2 evolution activity, with an optimal H2 evolution rate of about 5 times than that of 

pure g-C3N4. The present work not only provided an alternative strategy for construction of novel 

visible-light-driven Z-scheme photocatalysts, but also gained some new insights into the role of 

oxygen-defects of semiconductors in mediating the Z-scheme charge separation. 

1. Introduction 

Recently, a metal-free semiconductor, graphitic carbon nitride (g-C3N4) has emerged as an attractive 

material in the fields of environment and sustainability. The facile synthesis, high physicochemical stability 

and suitable band-gap (~2.7 eV) make it a promising visible-light photocatalyst [1, 2]. However, the low 

efficiency of this polymeric photocatalyst caused by the high recombination rate of photoinduced charges 

limits its practical application [3, 4]. Strategies have been developed to suppress the charge recombination in 

g-C3N4, such as textural design [5], doping [6] and noble metal loading [7], etc. In particular, coupling 

g-C3N4 with other semiconductors to form a heterojunction has been widely investigated owing to the efficient 

spatial separation of charges [2]. 

Basically, two types of heterojunctions with similar staggered band structure but different pathways for 

interfacial charge transfer, namely type-II heterojunction and solid-state Z-scheme system, have been well 

established [8, 9]. In a type-II heterojunction, the photoinduced electrons transfer to a less negative conduction 

band (CB) while the holes to a less positive valence band (VB), leading to their lower redox ability. However, 

in a Z-scheme system, the photoinduced electrons from less negative CB and holes from less positive VB will 
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recombine at the interface, leaving behind the electrons and holes with stronger redox ability separately on two 

semiconductors. Therefore, the Z-scheme system exhibits dual advantages of efficient charge separation and 

high redox ability, which are more suitable for the photocatalytic process requiring high redox potentials 

(especially for H2 evolution) [8]. Based on this, various g-C3N4-based Z-scheme photocatalysts such as 

g-C3N4/TiO2, g-C3N4/BiOI and g-C3N4/WO3, etc. have been fabricated and they showed enhanced 

performances in multiple photocatalytic processes including decomposition of organics, H2 evolution and CO2 

conversion [10-14]. Nevertheless, to date, g-C3N4-based heterojunction photocatalysts are still dominated by 

the type-II heterojunction. In addition, although an increasing number of g-C3N4-based Z-scheme 

photocatalysts have been recently reported, only a handful of them provided convincible experimental 

evidences to support the proposed mechanisms [1]. Given these conditions, it is still desirable to develop novel 

strategies for construction of g-C3N4-based Z-scheme photocatalysts as well as explore their interfacial charge 

separation mechanism. 

Another main drawback of g-C3N4 is its limited adsorption edge of 460 nm. When constructing a 

g-C3N4-based Z-scheme photocatalyst, the visible-light utilization ability of the other component should be 

considered. Many g-C3N4-based Z-scheme systems containing wide-band semiconductors such as TiO2, ZnO 

and BiOCl, etc. usually need to work efficiently under UV illumination [10, 13, 15, 16]. On the other hand, 

some narrow band-gap semiconductors used in the Z-scheme system, such as CdS and Ag3PO4 [17, 18], etc. 

are unfortunately unstable and suffer from serious photodecomposition. Therefore, many efforts have been 

devoted to the coupling of g-C3N4 with band-engineered semiconductors for improved visible-light absorption. 

For example, g-C3N4 was hybridized with S-doped TiO2 [19] or N-doped ZnO [20] to form Z-scheme 

photocatalysts with enhanced visible-light absorption, which were attributed to the formation of 
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dopants-isolated energy levels in TiO2 and ZnO. In addition to foreign elemental doping, introducing defects as 

“self-doping” to create defects-isolated levels in semiconductors is an alternative approach to extend light 

absorption. Specially, the oxygen defects have been demonstrated to be effective in adjusting the band levels of 

many metal oxides-bearing Z-scheme systems [21-25]. For example, various semiconductors with rich oxygen 

vacancies such as Bi20TiO32 [24], ZnO [22], SnO2-x [23, 25] etc., were coupled with g-C3N4 and the obtained 

Z-scheme heterojunction showed enhanced visible-light photocatalytic degradation of organics and CO2 

reduction. It was generally suggested that oxygen-defective metal oxides extended the visible-light absorption 

owing to their defects-induced band gap narrowing. However, in these reported g-C3N4-based heterojunction 

systems, the critical roles of oxygen defects in mediating the Z-scheme charge separation were not fully 

identified. Further insight into the interfacial charge transfer mechanisms will facilitate the construction of 

visible-light-driven Z-scheme photocatalysts by employing oxygen defects. 

Herein, g-C3N4 nanosheets were coupled with oxygen-defective ZnO nanorods (OD-ZnO) to form a 

core-shell heterojunction. The rich surface oxygen vacancies in OD-ZnO played dual-function roles of 

improving visible-light absorption and mediating the Z-scheme charge separation. Multiple optical and 

electrochemical analyses were employed to evaluate the charge separation efficiency of the heterojunction, and 

the Z-scheme mechanism was convinced by detecting the surface generated reactive species. The enhanced 

charge generation and separation efficiency of the g-C3N4/OD-ZnO photocatalysts led to their superior 

-visible-light activities for degradation of 4-chlorophenol. Moreover, the oxygen defects-mediated Z-scheme 

H2 evolution from a g-C3N4-based photocatalyst was demonstrated for the first time. 

2. Experimental 

2.1 Synthesis of photocatalysts 
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Commercial chemicals of analytical grade and deionized water with a resistivity > 18 MΩ∙cm-1 were used 

in all the experiments. Commercial ZnO powder (denoted as C-ZnO, >99.9 %) with few defects was used as a 

reference in this work and was purchased from Sigma-Aldrich. 

Oxygen-defective ZnO nanorods (OD-ZnO) were synthesized from -Zn(OH)2 precursor by a solution 

conversion method based on our previous work with modifications [26]. In brief, -Zn(OH)2 was prepared by 

drop-wise addition of 50 ml of 2.0 mol·L-1 ZnSO4 into 50 ml of 4.0 mol·L-1 NaOH at 25 °C under stirring. The 

precipitate was filtrated, washed with deionized water and dried at 25 °C for 24 h. 3.50 g of -Zn(OH)2 was 

dispersed in 40.0 ml of 4.0 mol·L-1 NaOH solution, then the slurry was kept at 80 °C for 0.5 h. The final 

OD-ZnO product was filtrated, washed and dried at 60 °C for 12 h. 

Bulk g-C3N4 was prepared by heating urea to 550 °C in a covered crucible with a heating rate of 

5 °C·min-1 and kept isothermally at 550 °C for 3 h [27]. 50 mg of bulk g-C3N4 powder was ultrasonically 

exfoliated into thin nanosheets in 50 mL of water for 4 h. To this dispersion, an appropriate amount of 

OD-ZnO was added and then stirred at room temperature for 48 h. After complete evaporation of the water, 

g-C3N4/OD-ZnO composite powders left in the beaker were collected and dried at 60 °C for 12 h. Samples 

with x % (weight ratio) loaded g-C3N4 were denoted as CN-x/OD-ZnO. 

2.2 Characterization 

The morphology and microstructure of the samples were examined with a field emission scanning 

electron microscope (FESEM, Nova NanoSEM 630, FEI Company, USA) and a high-resolution transmission 

electron microscope (HRTEM, JEM-2010, JEOL, Japan) equipped with energy-dispersive X-ray spectroscopy. 

Powder X-ray diffraction (XRD) was used for phase identification using an X-ray powder diffractometer 

(PANalytical Empryean, USA) with CuK (=0.154178 nm) radiation. Raman spectra were recorded using 
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He-Ne laser excitation at 532 nm with a Horiba Jobin Yvon LabRAM HR800 Raman spectrometer. Surface 

composition of the samples was characterized by X-ray photoelectron spectrometer (XPS, PHI-5300, PHI, 

USA). Electron-spin-resonance (ESR) measurements were performed on a JEOL-TE300 spectrometer 

operating at an X-band frequency of 9.4 GHz. UV-visible diffuse reflectance spectra were recorded on a 

Perkin-Elmer Lambda 950 UV-vis-NIR spectrophotometer. The functional groups of the samples were 

examined by a Fourier transform infrared spectrometer (FT- IR, Nexus, Nicolet, USA). The composition of the 

samples was determined by thermogravimetry (TG, NETZSCH STA 409C, Switzerland) under nitrogen 

atmosphere with a heating rate of 10 °C∙min−1. The Brunauer–Emmett–Teller (BET) surface areas of the 

products were determined using a nitrogen adsorption analyzer (Quadrasorb-S1, Quantachrome, USA) and the 

pore-size distribution was estimated by the Barrett-Joyner-Halenda method. Photoluminescence (PL) spectra 

and PL decay curves of the samples were measured at room temperature on a FLS920 fluorescence lifetime 

spectrophotometer (Edinburgh Instruments, UK) under the excitation of a LED lamp with an excitation 

wavelength of 400 nm. 

2.3 Photoelectrochemical measurements 

The photocurrent responses were measured in a three-electrode quartz cell with 0.1 molL-1 Na2SO4 

electrolyte solution and recorded using an electrochemical system (CHI-660B workstation, CH Instruments). A 

Xe lamp with a Y-43 cutoff filter (>420 nm) was used as the visible light source (light intensity: 1 mW·cm−2). 

The working electrodes were prepared by drop-casting of the photocatalyst suspensions (10 mgmL-1) onto Ti 

foil and drying at 60 oC for 12 h. Platinum wire and Ag/AgCl were used as the counter and reference electrodes, 

respectively. The electrochemical impedance spectroscopy (EIS) measurements were performed in a 

three-electrode cell in the presence of 5 mM [Fe(CN)6]
3−/[Fe(CN)6]

4− by applying an AC voltage with 5 mV 
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amplitude in a frequency range from 0.01 Hz to 100 kHz under open circuit potential conditions. 

2.4 Evaluation of photodegradation activity 

The photocatalytic activities were evaluated by the degradation of 4-chlorophenol (4-CP) under visible 

light. A 300 W Xenon lamp with a Y-43 cutoff filter (Asahi Techno Glass, >420 nm) was used as the visible 

light source. The spectral distributions of light from the Xenon lamp and the light passing the Y-43 filter were 

recorded by using a spectro-radiometer (USR-40D, Ushio Ltd) and provided in Fig. S1, revealing that the Y-43 

filter could block the light at < 420 nm but would not obviously affect the light in the visible region (420-780 

nm). In a typical run, 0.1 g of the photocatalyst was dispersed in 100 mL of 4-CP aqueous solution (10-4 

mol∙L-1), stirred in the dark for 30 min to achieve the adsorption-desorption equilibrium and then illuminated 

under visible light. The suspensions were sampled at regular intervals (10 or 15 min) and centrifuged to 

remove the catalysts at 5000 rpm for 10 min. The supernatant was filtrated through a 0.45 μm filter and then 

analyzed by a high performance liquid chromatograph (HPLC, Shimadzu) equipped with a UV–vis detector 

and a C18 column. The mobile phase (1 mL∙min-1) was composed of methanol and H2O (v/v=6: 4), and 20 μL 

of the sample solution was injected. The initial concentrations (C0) for the calculation of rate constants were 

considered to be the 4-CP concentration after adsorption equilibrium. The extent of mineralization of 4-CP was 

measured using a total organic carbon (TOC) analyzer (Shimadzu TOC-V CPN). 

2.5 Detection of reactive species 

DMPO in methanol was used for the detection of superoxide radicals (DMPO–O2
−). 10 mg samples and 

40 μL DMPO were dispersed in 0.5 mL CH3OH by stirring for 5 min. After 30 s illumination, ESR signals of 

DMPO–O2
− species were recorded with a JEOL-TE300 spectrometer. Nitroblue tetrazolium (NBT) 

degradation was also used to quantitatively determine the generated O2
−. The method was also similar to the 
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former experiment with NBT replacing the pollutant, and the concentration of NBT was 2.5 × 10−2 mM. PL 

spectra were used to disclose the formation of OH using terephthalic acid (TA) as a probe molecule. 

Photocatalyst (0.05 g) was dispersed in a 40 mL of the TA (5 × 10−4 mol·L−1) aqueous solution with NaOH (2 

× 10−3 mol·L-1) at room temperature. The suspension was illuminated under visible light for 30 min, then the 

PL spectra of the suspension were measured using a FLS920 fluorescence spectrophotometer with excitation 

wavelength of 365 nm. 

2.6 Photocatalytic H2 evolution measurements 

The photocatalytic hydrogen evolution was carried out in a 250 mL sealed three-necked Pyrex flask at 

room temperature and atmospheric pressure. A 300 W Xenon lamp equipped with a Y-43 cutoff filter (>420 

nm) served as the visible-light source. In a typical run, 0.1 g of catalyst was dispersed in 100 mL of 10 vol% 

triethanolamine (TEOA) aqueous solution, and then bubbled with argon for 30 min to remove the dissolved 

oxygen. Certain amount of H2PtCl6 was pre-dissolved into the reactant suspension for in-situ photo-deposition 

of Pt as a co-catalyst (1 wt %) on the catalysts by UV irradiation for 30 min. The suspension was then exposed 

to visible light with continuous stirring. 0.5 ml of gas was sampled at regular intervals (2 h) through the 

septum, and hydrogen was analyzed by a gas chromatograph (GC-Agilent 7890A, with nitrogen as a carrier 

gas  equipped with a 5   molecular-sieve column and a thermal-conductivity detector. 

3. Results and discussion 

Oxygen-defective ZnO nanorods (OD-ZnO) were simply synthesized by a solution-conversion approach 

using -Zn(OH)2 as precursor. Fig. 1 shows that the OD-ZnO displays a needle-like morphology with 

diameters of 50-200 nm and lengths of 0.5-4 m. The XRD pattern (Fig. S2) reveals the hexagonal würtzite 

structure. A few damaged domains (marked by dashed yellow circles) could be observed in the HRTEM image 
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of the nanorods (Fig. 1b). Such a lattice deformation should be mainly caused by the surface reconstruction or 

the existence of defects [28]. Correspondingly, the SAED analysis (inset in Fig. 1b) showing an irregular 

pattern also indicates the existence of the lattice disorder. Multiple characterization techniques were further 

employed to identify the oxygen-defective nature of the as-prepared ZnO nanorods using commercial ZnO 

powder (Fig. S3, C-ZnO) as a reference. The Raman spectra (Fig. 1c) indicates that the E1(LO) modes (located 

at 582 cm-1) of OD-ZnO exhibited a much higher intensity compared to C-ZnO, which were generally assigned 

to the oxygen deficiencies such as oxygen vacancies (VO) in ZnO [29]. Fig. 1d shows the high-resolution O1s 

spectra of the two samples. Two species centered at the banding energies of ca. 530.2~530.3 eV and 

531.6~531.7 eV were denoted as O1 and O2, respectively. The species of O1 were originated from the lattice 

oxygen anions (O2-) in würtzite structure, while the species of O2 belonged to the Ox
- ions (mainly O2

-) in the 

oxygen-defective regions caused by VO on the surface [30]. The ratios of O2 species on the surface of OD-ZnO 

and C-ZnO were 43.6 and 12.4%, respectively, indicating that the OD-ZnO had a high concentration of surface 

oxygen vacancies. In addition, the ESR spectra (Fig. 1e) of OD-ZnO displayed a significant signal with 

g-factor=2.008, which was not observed for C-ZnO and could be attributed to an unpaired electron trapped in 

an surface oxygen vacancy site [31]. All the results presented above confirmed the existence of a high 

concentration of oxygen vacancies in the OD-ZnO, especially on the surfaces. The oxygen-defective nature of 

the ZnO nanorods would affect their optical properties such as the absorption characteristics. The UV−visible 

diffuse reflectance spectra (DRS) in Fig. 1f revealed that C-ZnO only absorbed the light with <420 nm owing 

to the intrinsic wide band gap, while the absorption curve of OD-ZnO exhibited an obvious red shift to longer 

wavelength compared to C-ZnO reference, implying the band gap narrowing of OD-ZnO. The large absorption 

tail occurring in the visible-light regions of OD-ZnO was attributed to the rich oxygen vacancies which 
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generated a defects-isolated level below the CB of ZnO [32, 33]. Therefore, the visible-light absorption 

capacity was highly increased in OD-ZnO. 

 

Fig. 1. Characterizations of the as-prepared OD-ZnO. SEM (a) and TEM (b) images; Raman spectra (c), 

high-resolution O1s XPS spectra (d), ESR spectra (e), UV-Vis diffuse reflectance spectra (f) of OD-ZnO, 

using commercial ZnO powder (C-ZnO) as a reference. 

The as-prepared bulk g-C3N4 was firstly exfoliated into thin nanosheets to help the subsequent 

self-assembly process. After long-time sonication in water, dispersible g-C3N4 nanosheets with sizes less than 

100 nm and thicknesses down to nanometers were obtained (Fig. 2a). g-C3N4/OD-ZnO heterostructures with 

varying g-C3N4 ratios were simply prepared by adding an appropriate amount of OD-ZnO into the g-C3N4 

nanosheets suspension followed by a solvent evaporation-induced self-assembly process [34]. The ratios of 



 11 

g-C3N4 in the nanocomposites could be simply adjusted by tuning the adding amount of ZnO and were also 

confirmed by TG analysis (Fig. S4). The SEM image (Fig. 2b) reveals a typical composite sample containing 

10 wt% g-C3N4 (denoted as CN-10/OD-ZnO), which exhibited a morphology similar to the original nanorods. 

However, high-magnification SEM image (inset in Fig. 2b) indicates that the g-C3N4 nanosheets seem to coat 

onto the ZnO nanorods, resulting in rough surfaces of the nanorods. The phase and composition of the g-C3N4 

nanosheets and the obtained g-C3N4/ZnO heterostructures were confirmed by the XRD patterns as displayed in 

Fig. 2c. The TEM image (Fig. 2d) of a single composite nanorod clearly reveals the coating of g-C3N4 

nanosheets onto a ZnO nanorod to form a core-shell structure with a shell thickness of ca. 10 nm. The lattice 

structures of the ZnO core and g-C3N4 shell were analyzed by HRTEM. Two different interplanar spacings of 

0.26 and 0.325 nm were observed, corresponding to the (001) plane of ZnO and (002) plane of g-C3N4, 

respectively. In addition, the EDS mapping analysis presented in Fig. 2e demonstrated that the core of a 

nanorod tip was mainly composed of zinc and oxygen elements, while the shell was mainly composed of 

nitrogen, further confirming the core-shell structure. The shell thickness of the heterostructures depended on 

the ratio of g-C3N4 in the nanocomposites. As demonstrated in Fig. S5, for CN-5/OD-ZnO sample, the g-C3N4 

nanosheets could not fully cover the ZnO nanorods surface, while for CN-20/OD-ZnO sample, the g-C3N4 

nanosheets formed a continuous shell with a larger thickness of 20 nm. The self-assembly of core-shell 

structures should be attributed to the minimization of the surface energy of the exfoliated thin g-C3N4 

nanosheets during the solvent evaporation. Moreover, strong chemical interactions were believed to occur 

between g-C3N4 and ZnO according to FT-IR analysis (Fig. 2f). The peak at 808 cm-1 in pure g-C3N4 relating 

to the s-triazine ring vibrations [35] shifted to a lower wavenumber (801 cm-1) in the core-shell 

heterostructures, suggesting the possible formation of chemical bonds between C3N4 and ZnO. This strong 
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interaction would not only facilitate the formation of robust core-shell structures, but may also promote the 

interfacial charge transfer in the photocatalytic processes. 

Fig. S6 gives the high-resolution XPS spectra of C 1s, N 1s, Zn 2p and O 1s of CN-10/OD-ZnO sample. 

The peak at 284.6 eV is ascribed to adsorbed adventitious carbon, whereas the other peak at 287.5 eV 

corresponds to the sp3-bonded C in C=N-N coordination. Two major peaks at 398.5 and 399.3 eV 

deconvoluted from N 1s peaks belong to the pyridinic-like nitrogen and graphite nitrogen, respectively. It was 

also noticed that the ratios of O2 species further increased to 55.3%, indicating increased surface defects could 

be aggregated at the solid-solid contact interface. The contact interfaces derived from defect-rich ZnO surfaces 

may serve as the recombination center of photoinduced electron-hole pairs and thus leading to the formation of 

the Z-scheme system [8], which will be discussed in detail in the later part. 

 

Fig. 2. SEM images (a, b), XRD patterns (c), FT-IR spectra (f) of the exfoliated g-C3N4 nanosheets (a) and 

typical g-C3N4/ZnO heterostructures (CN-10/OD-ZnO); TEM image, HRTEM image (inset) (d) and 

corresponding EDS mapping images (e) of CN-10/OD-ZnO sample. 
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The BET surface areas of three typical samples including g-C3N4 nanosheets, OD-ZnO and 

CN-10/OD-ZnO were also investigated, as shown in Fig. S7. The g-C3N4 nanosheets had a low surface area of 

10 m2/g and the OD-ZnO showed a comparatively larger surface area of 15 m2/g. The core-shell 

CN-10/OD-ZnO heterostructure exhibited a much larger surface area of 38 m2/g. The exfoliated g-C3N4 

nanosheets would easily re-stack into thick layers and lose their surface area, leading to a low BET value. The 

coating of g-C3N4 nanosheets onto ZnO nanorod surfaces in the form of thin shells could inhibit their 

re-stacking during the drying process. In addition, the IR results (Fig. 2f) reveal the possible formation of 

chemical bonds between ZnO and g-C3N4, which improved the robustness of the nanocomposites. Therefore, 

the self-assembled formation of a g-C3N4/ZnO core shell structure not only led to a well-defined solid-solid 

interface, but also contributed to the increased surface area of the nanocomposites. 

A combined analysis of UV-vis DRS, electrochemical impedance spectroscopy (EIS) and photocurrent 

measurements were carried out to investigate the performances of charge generation, transfer and separation of 

the heterojunction, as shown in Fig. 3. As expected, the C3N4 sample shows its absorption edge around 460 nm, 

corresponding to its band gap of ~2.7 eV, while the absorption edge of g-C3N4/OD-ZnO samples experience a 

red shift and an increased absorption in the visible-light region (Fig. 3a) owing to the visible-light active 

OD-ZnO. For EIS analysis, the semicircle part at higher frequencies corresponds to the 

electron-transfer-limited process, and the semicircle diameter is equivalent to the electron-transfer resistance 

(Ret) [36]. Fig. 3b indicated that the Ret value of the g-C3N4 nanosheets and OD-ZnO were about 250 and 170 

Ω, respectively, while the g-C3N4/OD-ZnO nanocomposite samples exhibited comparatively lower Ret values, 

and the Ret order was CN-10/OD-ZnO < CN-20/OD-ZnO < CN-5/OD-ZnO < OD-ZnO < g-C3N4, suggesting 

that the electroconductivity was improved by the heterojunction. As discussed in the former parts, strong 



 14 

chemical interaction as well as a large number of defects may be generated at the g-C3N4/OD-ZnO interface, 

thus the solid-solid contact may have quasi-continuous energy levels and show similar properties to conductors 

[8], leading to the low electrical resistance of the heterojunction. 

Fig. 3c shows the photocurrent responses of samples tested on a photoelectrochemical test device with 

visible light (λ > 420 nm  on and off cycles. Though possessing a good visible light absorption ability, g-C3N4 

electrode showed a weak photocurrent response due to its high electric resistance, while the OD-ZnO electrode 

showed a higher photocurrent response because of it smaller resistance. The g-C3N4/OD-ZnO electrodes 

exhibited enhanced photocurrent responses and the response order was consistent with the order of Ret value. 

The CN-10/OD-ZnO electrode showed largest photocurrent response, about 3 and 8 times higher than that of 

OD-ZnO and g-C3N4, respectively. These suggested that the g-C3N4/OD-ZnO heterojunction led to improved 

visible light absorption and electroconductivity, which are expected to have enhanced generation, transfer and 

separation efficiency of photoinduced carries under visible-light illumination and this would be beneficial for 

the visible-light photocatalytic activity. 

 

Fig. 3. (a) UV-Vis diffuse reflectance spectra of g-C3N4 and CN-x/OD-ZnO; (b) EIS Nyquist plots of g-C3N4, 

OD-ZnO and CN-x/OD-ZnO samples; (c) photocurrent response of the g-C3N4, OD-ZnO and CN-x/OD-ZnO 

electrodes under the irradiation of visible-light (>420 nm); x=5, 10, 20. 

Steady-state and transient photoluminescence (PL) analyses were performed to further investigate the 
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charge transfer and separation in the heterojunction, as shown in Fig. 4. Considering that intrinsic ZnO has a 

band-gap of 3.3 eV, 400 nm excitation light was employed herein for PL measurements, thus the direct 

excitation of the electrons from VB to CB of OD-ZnO would be inhibited under this condition [37]. As shown 

in Fig. 4a, OD-ZnO shows a broad-band of green emissions centered at ca. 520 nm, which were generally 

considered originating from singly charged oxygen vacancies (VO
), consisting with the ESR result in Fig. 1e 

since VO
 is paramagnetic. To determine the energy band structure of OD-ZnO, the valence band XPS 

spectrum (VB-XPS) was also measured, as shown in Fig. S8. The OD-ZnO sample displayed a VB with the 

edge of the maximum energy around 2.5 eV, similar to that of bulk ZnO (~2.6 eV), indicating that the 

oxygen-defective nature did not significantly affect the VB position of OD-ZnO. Therefore, the green emission 

at ~520 nm, which corresponded to an energy of ca. 2.4 eV, should have originated from the recombination of 

the photoexcited holes in VB and the photoexcited electrons that were being trapped in the VO-isolated states 

of about 0.8 eV below the CB of ZnO [38-40]. Moreover, the PL results of OD-ZnO implied that under 

visible-light illumination (400 nm), the photoexcited electrons were preferably trapped in the VO state rather 

than being further excited to the CB band, since no obvious UV emission from OD-ZnO was observed. The 

energy band structure and PL emission mechanism of OD-ZnO were summarized in Fig. S9, which are 

consistent with previous studies [41-43]. For comparison, the C-ZnO sample, however, did not show obvious 

emissions under 400 nm excitation, but only exhibited a strong UV emission located at 384 nm under 325 nm 

excitation (Fig. S10). The above results indicated that the VO-isolated state in the band structure of OD-ZnO 

was responsible for visible-light absorption and the green PL emission under 400 nm excitation. It will be also 

demonstrated later that the VO-isolated state was critical for the formation of the Z-scheme system. 

The pure g-C3N4 nanosheets exhibited a strong emission peak at around ∼460 nm under 400 nm 
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excitation, which is consistent with the band gap of 2.7 eV, and the high intensity of the emission peak 

indicated the high charge recombination rate in pure g-C3N4. However, the g-C3N4/OD-ZnO heterojunction 

showed a much weaker emission peak centered at around 490 nm, which could be divided into two component 

emission peaks belonging to g-C3N4 and OD-ZnO (inset in Fig. 4a), respectively. The intensity of the two 

peaks dropped significantly compared to pure g-C3N4 and OD-ZnO, suggesting that the recombination of 

photoinduced charges in g-C3N4 and OD-ZnO components was effectively inhibited. The enhanced charge 

separation in the heterojunction was then further understood by the time-resolved transient PL spectroscopy, 

which were monitored at 460 nm under 400 nm excitation. As can be seen in Fig. 4b, the emission decay data 

could be normalized and fitted by triexponential kinetics (                            ) for which 

three components were derived. Interestingly, for all three components, the CN-10/OD-ZnO heterojunction 

(τ1=2.98 ns, A1=33.2%; τ2=9.43 ns, A2=53.1%; τ3=53.71 ns, A3=13.7%) yielded much longer emission 

lifetimes compared with g-C3N4 nanosheets (τ1=1.07 ns, A1=34.5%; τ2=4.07 ns, A2=50.2%; τ3=18.84 ns, 

A3=15.3%). Moreover, an overall comparison of the emission decay behavior was deduced by the 

intensity-average lifetimes through the following equation [44]: 

                                    

The results showed that, after coupling with OD-ZnO, the     value of g-C3N4 nanosheets significantly 

increased from 11.90 to 33.35 ns. The observed elongation of emission lifetime indicated that the charge 

recombination of g-C3N4 nanosheets in the heterojunction was inhibited, and thus the photoinduced electrons 

and holes could be more effectively separated and utilized in the photocatalytic processes. 
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Fig. 4. (a) Steady-state PL measurements of g-C3N4, OD-ZnO and CN-10/OD-ZnO under 400 nm excitation; 

(b) time-resolved PL decay and their fitting curves monitored at 460 nm under the excitation of 400 nm for 

g-C3N4 and CN-10/OD-ZnO samples. 

The photocatalytic degradation performances of different samples were evaluated under visible-light 

irradiation (λ > 420 nm  using 4-CP as a typical colorless non-dye organic contaminant. As shown in Fig. 5a 

and Fig. S11, in the dark-adsorption stage, the g-C3N4/ZnO nanocomposite samples showed better adsorption 

abilities than the solely ZnO and g-C3N4 samples, which may be attributed to their increased surface areas. 

Under visible-light irradiation, the C-ZnO reference showed very low activity in photodegradation due to its 

poor visible-light absorption capacity, and only about 2.8 % of 4-CP was degraded after 90 min of irradiation. 

The degradation ratio of 4-CP was 34.2 and 64.2 % for g-C3N4 and OD-ZnO after 90 min, respectively, 

suggesting better degradation activities of OD-ZnO than g-C3N4. When g-C3N4 was coupled with C-ZnO, the 

degradation activity slightly increased compared to pure g-C3N4. However, when g-C3N4 was coupled with 

OD-ZnO, the photodegradation activity was significantly enhanced. The CN-10/OD-ZnO sample exhibited the 

highest activity and nearly 95 % of 4-CP could be degraded after only 60 min of irradiation. The degradation 

data could be fitted by pseudo first-order kinetic equation (Fig. 5b) and the determined apparent rate constants 

of the tested samples are displayed in Fig. 5c, clearly demonstrating the photocatalytic activity order of the 
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samples. The CN-10/OD-ZnO sample showed the highest rate constant of 0.0509 min-1, about 11 and 4.6 times 

higher than that of pure g-C3N4 and OD-ZnO, respectively. Stability tests were also performed by recycling the 

photocatalysts for the photodegradation of 4-CP over CN-10/OD-ZnO sample under visible light irradiation. 

As shown in Fig. 5d, only a slight loss of the photocatalytic activity of the sample was observed in four cycles. 

Moreover, consider that the degradation process may involve the formation of various intermediates and 

by-products such as p-benzoquinone and hydroquinone [45], we also performed a total organic carbon (TOC) 

analysis of the 4-CP degradation process over CN-10/OD-ZnO sample. As shown in Fig. S12, over 90% of 

4-CP was completely mineralized after irradiation for 280 min, indicating the most active sample could also 

lead to a high mineralization of 4-CP, which is consistent with some previous studies [46, 47]. 

 

Fig. 5. (a) Photocatalytic degradation of 4-CP under visible-light irradiation (>420 nm) over different samples; 

(b) pseudo first-order kinetic fitting and (c) the determined apparent rate constants (k, min-1) of the tested 

samples; (d) cycle performance of CN-10/OD-ZnO for the photodegradation of 4-CP. 

Though enhanced visible-light photocatalytic of the g-C3N4/OD-ZnO heterojunction could be related to 

the improved charge generation and separation, as evidenced by optical and electrochemical measurements 
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demonstrated above, it is still necessary to ascertain the migrated channel of the photoinduced electrons and 

holes to reveal the photocatalytic mechanisms. When g-C3N4 was coupled with C-ZnO with few oxygen 

defects, the enhanced photocatalytic activity could be simply understood by the so called “photosensitizer” 

mechanism [48], i.e. the g-C3N4 served as a sensitizer for visible-inert ZnO, as illustrated in Fig. 6a. Under 

visible-light irradiation, the electrons in VB of g-C3N4 would be excited to the CB of g-C3N4, and further 

transferred to the CB of ZnO. The electrons gathered in the CB of ZnO and the holes left behind in the VB of 

g-C3N4 would lead to the occurrence of reduction and oxidation reactions, respectively. Such spatial separation 

of the photoinduced electrons/holes by this “photosensitizer” mechanism reduced the electron-hole 

recombination ratio, which promoted the subsequent redox reactions leading to a higher visible-light 

photocatalytic performance of the g-C3N4/C-ZnO heterostructures compared to pure g-C3N4, even though 

C-ZnO was visible-light inert. 

When g-C3N4 was coupled with OD-ZnO, the migrated channel of the photoinduced electrons and holes 

became complex since both g-C3N4 and OD-ZnO could be excited under visible light. Two possible 

mechanisms for the charge transfer and photocatalytic process in the g-C3N4/OD-ZnO heterojunction were 

proposed, i.e. type II heterojunction and Z-scheme system. In detail, for type-II heterojunction (Fig. 6b), the 

excited electrons in CB of g-C3N4 would transfer to the CB of OD-ZnO and may further be trapped in the 

VO-level with lower energy, while the holes in the VB of OD-ZnO would transfer to the VB of g-C3N4. As a 

result, photoinduced electrons and holes would be accumulated in the VO-level of OD-ZnO and VB of g-C3N4, 

respectively. However, for the Z-scheme system in Fig. 6c, the photoinduced electrons trapped in the VO-level 

of OD-ZnO would directly recombine with the holes in the VB of g-C3N4 at the heterojunction interface, and 

thereby inhibited the recombination in both g-C3N4 and OD-ZnO components, thus leading to the 
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accumulation of photoinduced electrons and holes in the CB of g-C3N4 and VB of ZnO, respectively, in 

contrast to the situation for type-II heterojunction. These two mechanisms were both beneficial for the charge 

generation and separation in the heterojunction, which would result in the enhanced photocurrent as well as 

prolonged charge lifetime. Therefore, they could not be identified by optical and electrochemical 

measurements. 

 

Fig. 6. (a) Schematic illustration of the charge-transfer in g-C3N4 coupled with defect-free ZnO under 

visible-light; (b, c) schematic illustration of two possible mechanisms for charge-transfer and photocatalysis in 

g-C3N4 coupled with oxygen-defective ZnO under visible-light, i.e. type II heterojunction (b) and Z-scheme 

system (c). 

According to the band structures of g-C3N4 and OD-ZnO, the photoinduced holes on g-C3N4 cannot 

oxidize the adsorbed H2O molecules to •OH because the VB potential of g-C3N4 (+1.57 eV vs. NHE) [49] is 

less positive than the standard redox potential E(•OH/OH-) (1.99 eV vs. NHE, pH=7 [50]). Because the 

photoinduced electrons were trapped in the VO-level of OD-ZnO, it was hard to reduce the adsorbed O2 

molecules because the VO-level potential of OD-ZnO (ca. 0.1 eV vs. NHE) is more positive than the standard 

redox potential E(O2/•O2
-) (-0.33 eV vs. NHE, pH=7 [50]). If g-C3N4/OD-ZnO was a type-II heterojunction, 
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the electrons and holes accumulated in the VO-level of OD-ZnO and VB of g-C3N4 would not be favorable for 

the generation of •O2
- and •OH, respectively. However, if a Z-scheme system was constructed for the 

heterojunction, the generation and accumulation of electrons in the CB of g-C3N4 and holes in VB of ZnO 

would be promoted in both cases owing to the interfacial recombination, leading to the enhanced generation of 

•O2
- and •OH. Therefore, the detection of surface generated reactive species such as •O2

- and •OH on different 

photocatalysts should be an effective approach to determine the photocatalytic mechanism. 

DMPO in methanol was used for the detection of •O2
- generated on the surface of photocatalysts through 

ESR signals of DMPO-•O2
- [51], as shown in Fig. 7a. As expected, OD-ZnO shows weak signals since most 

photoinduced electrons were trapped in the VO-level below E(O2/•O2
-), while g-C3N4 shows obvious signals. 

CN-10/C-ZnO sample exhibited signals with comparable intensity to g-C3N4 since •O2
- could also be generated 

on CB of ZnO. The signals of CN-10/OD-ZnO have an obvious larger intensity compared to that of other 

samples, indicating that the generation of •O2
- was enhanced on the g-C3N4/OD-ZnO heterojunction. In 

addition, the transformation percentage of NBT degraded by different samples under visible light was also 

evaluated, which could be used to quantitatively determine the generated •O2
- radicals in the photocatalytic 

process [52], and the results are shown in Fig. S13. As expected, the order of degradation percentage of NBT is 

consistent with the results from DMPO trapping experiments. On the other hand, hydroxyl radicals (•OH  

generated on the surface of different photocatalysts were also detected by the fluorescence spectrometer with a 

5 × 10−4 mol∙L-1 basic solution of terephthalic acid (TA) as a probe molecule [53], as shown in Fig. 7b. TA 

readily reacts with •OH to produce a highly fluorescent product, i.e., 2-hydroxyterephthalic acid, whose PL 

peak centered at ca. 425 nm and the intensity was in proportion to the amount of •OH radicals formed in water. 

Though •OH cannot be produced on the VB of g-C3N4, a weak PL peak was observed for g-C3N4 sample since 
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the •O2
- generated on CB can further transfer into •OH (•O2

-+H2O+e-→HO2
-+OH-; HO2

-++e-→•OH+2OH-). 

The CN-10/C-ZnO sample showed a slightly higher PL intensity because of the improved charge separation. 

The OD-ZnO sample shows a more higher PL intensity originated from the water oxidation by the 

photoinduced holes on VB of OD-ZnO (h++ OH-→•OH . The CN-10/OD-ZnO sample exhibited the highest 

PL intensity, indicating that the •OH generation was also promoted on the g-C3N4/OD-ZnO heterojunction. The 

efficient production of •O2
- and •OH on the g-C3N4/OD-ZnO heterojunction cannot be well explained by the 

type-II heterojunction according to the energy band structures in Fig. 6b. Therefore, the charge separation by 

the heterojunction in the current work should be attributed to the Z-scheme mechanism. 

The contributions of reactive species including h+, •O2
- and •OH to the photocatalytic reaction were also 

evaluated by introducing some scavengers.  Ammonium oxalate (AO), benzoquinone (BQ) and tert-butyl 

alcohol (TBA) were employed as scavengers for h+, •O2
- and •OH [54], respectively to investigated their 

influences on the photodegradation of 4-CP, as shown in Fig. 7c. The photocatalytic activity of the 

CN-10/OD-ZnO sample was greatly suppressed by the addition of TBA, indicating that ˙OH was the main 

active species in the photocatalytic reaction. Moreover, the decrease in the photocatalytic activity was also 

observed by the addition of AO as h+ scavenger and BO as O2˙− scavenger, respectively, and h+ played a more 

important role. The different contribution of reactive species could be connected with the previously proposed 

degradation pathway of 4-CP as shown in Fig. S14, which indicates that •OH plays the most critical roles in 

the formation of various intermediates and the final complete mineralization of 4-CP [45, 47, 55]. These results 

were also consistent with the proposed Z-scheme mechanism since it implied that the holes were preferably 

accumulated on the VB of ZnO, which subsequently led to the formation of •OH. 
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Fig. 7. (a) DMPO spin-trapping ESR signals for DMPO-•O2
- of different samples in methanol dispersion upon 

visible-light irradiation for 30 s; (b  •OH trapping PL spectra of different samples with TA solution upon 

visible-light irradiation for 30 min; (c) photocatalytic degradation of 4-CP over CN-10/OD-ZnO sample under 

visible-light irradiation in the presence of different scavengers. 

Based on the above discussion, the roles of oxygen vacancies of OD-ZnO in mediating the Z-scheme 

charge separation of g-C3N4/OD-ZnO heterojunction under visible light illumination could be summarized by 

the following two aspects. On the one hand, the VO generated isolated level below the CB of OD-ZnO played 

the role of “band gap narrowing”, increasing the visible-light absorption ability of the heterojunction. On the 

other hand, under visible-light illumination, the photoinduced electrons generated and trapped in the VO level 

of OD-ZnO could directly recombine with the photoinduced holes in VB of g-C3N4 at the heterojunction 

interface, consequently, the Z-scheme charge separation was constructed in the g-C3N4/OD-ZnO 

heterojunction. 

Z-scheme systems were considered as efficient photocatalysts for hydrogen evolution as it can provide 

high redox overpotentials for both oxidation and reduction reactions. In this work, photocatalytic H2 evolution 

activities of the as-prepared samples were also evaluated under visible-light (λ > 420 nm) irradiation using 10 

vol% TEOA solutions as sacrificial agents. Pt cocatalyst (1.0 wt %) was loaded by an in-situ photochemical 

deposition. g-C3N4/Pt showed visible light activity for H2 evolution, however, the rate was comparatively low 
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(ca. 6.5 μmol∙h−1) due to the high recombination rate in g-C3N4, in accordance with some previous reports [56, 

57]. OD-ZnO sample showed no obvious activity for H2 evolution under visible light even after loading with 

Pt due to the low potential of the photoinduced electrons. The Pt loaded g-C3N4/OD-ZnO heterostructures 

showed enhanced H2 evolution compared to pure g-C3N4, and the CN-20/OD-ZnO sample (20 wt% g-C3N4) 

achieved an optimal H2 evolution rate of 32.2 μmol∙h−1, about 5 times than that of pure g-C3N4 even though the 

OD-ZnO component itself could not produce H2 under visible-light. In addition, the light intensity dependent 

H2 evolution rate of CN-20/OD-ZnO sample was also evaluated. As shown in Fig. S15, the photocatalytic H2 

evolution rate was approximately proportional to light intensity in the range of 0.1-2 mW·cm−2, implying that 

the photoexcited electrons and holes were well separated and consumed in the subsequent surface reactions 

[58]. The enhanced visible light H2 evolution of the g-C3N4/OD-ZnO heterojunction should be also attributed 

to the VO-mediated Z-scheme charge separation, as shown in Fig. 8b. The interfacial recombination of the 

photoinduced electrons trapped in the VO-level of OD-ZnO with the photoinduced holes in the VB of g-C3N4 

promoted the spatial charge separation. Electrons would be efficiently generated and accumulated in CB of 

g-C3N4 and further injected into Pt cocatalyst to trigger the H2 evolution reaction, while the holes accumulated 

in VB of OD-ZnO could provide higher overpotential for the oxidation of sacrificial agents. It was noticed that 

the H2 evolution rates achieved herein (322 μmol∙h−1∙g-1) by the g-C3N4/OD-ZnO heterojunction were smaller 

than some heterojunctions of g-C3N4/metal sulfide such as g-C3N4/CdS (4152 μmol∙h−1∙g-1) [59] and 

g-C3N4/NiS (447.7 μmol∙h−1∙g-1) [60], but comparable or even higher than some g-C3N4/metal oxide 

heterojunctions under visible light illumination (>420 nm), such as g-C3N4/N-CeOx (292.5 μmol∙h−1∙g-1) [61], 

g-C3N4/TiO2 (224 μmol∙h−1∙g-1) [62] and g-C3N4/WO3 (28.4 μmol∙h−1∙g-1) [63], etc. Here, we also report for the 

first time, the oxygen-defects mediated g-C3N4-based Z-scheme system for enhanced visible-light 
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H2 evolution. 

 

Fig. 8. (a) The rate of H2 evolution on different samples loaded with 1 wt% Pt as a cocatalyst under 

visible-light irradiation (>420 nm); (b) schematic illustration of the visible-light photocatalytic H2 evolution 

on the g-C3N4/OD-ZnO heterojunction through a Z-scheme mechanism; (c) time-dependent photocatalytic H2 

evolution for CN-20/OD-ZnO sample in four cycles; the light was turned off for 2 h among cycles and the 

reaction system was bubbled with Ar for 30 min to remove the H2 inside. 

Recycling test was performed on the H2 evolution performance of the CN-20/OD-ZnO sample to evaluate 

the stability of the heterojunction under visible-light, as shown in Fig. 8c. After four recycles, the average H2 

evolution rate decreased from 32.2 to 29.1 μmol∙h−1, indicating the acceptable stability and reusability of the 

catalysts. The decrease of photocatalytic activity could be mainly attributed to photocorrosion reaction of ZnO 

caused by the photoinduced holes (ZnO+2h+→Zn2++0.5O2) [64]. The XRD of the sample after 5 cycles is 

presented in Fig. S16, which demonstrated that no detectable phase or composition change occurred during the 

photocatalytic processes. Moreover, the as-synthesized g-C3N4/OD-ZnO photocatalysts had the merit of good 

sedimentation ability, which made for easy recovery and separation after usage. After free sedimentation for 20 

min, most of the g-C3N4/OD-ZnO photocatalysts have separated from the original suspension (Fig. S17a) and 

accumulated at the bottom of vial. In contrast, the pure g-C3N4 sheets were still well-dispersed in the solution 

(Fig. S17b), suggesting that the assembling of g-C3N4 sheets into a core-shell heterojunction was beneficial for 
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photocatalyst separation. Nevertheless, more attention should be paid to the photostability of the g-C3N4-based 

Z-scheme photocatalysts since oxidative holes are accumulated on the other components. 

It was noticed that CN-10/OD-ZnO and CN-20/OD-ZnO showed optimum photocatalytic activity in 

degradation of 4-CP and hydrogen evolution, respectively. The difference in optimal values of g-C3N4 ratio for 

degradation and hydrogen evolution could be explained by the different photocatalytic mechanisms in these 

two cases. The degradation of 4-CP occurred in an oxygen-bearing solution. Therefore, the photoinduced 

electrons accumulated on g-C3N4 surface were captured by O2 to form •O2
-, and highly oxidative h+ and •OH 

were generated on OD-ZnO surfaces. These active species were all involved in the oxidation of 4-CP. 

According to the results in Fig. 8c, •OHs on ZnO surfaces were the main active species in the oxidation 

process, while •O2
- generated on g-C3N4 surface showed weaker effect on degradation of 4-CP. Therefore, the 

CN-10/OD-ZnO sample with a higher ZnO ratio exhibited optimum degradation activity. On the other hand, 

when the hydrogen evolution occurred in an oxygen-free solution, the photoinduced electrons accumulated on 

g-C3N4 surfaces were injected into Pt co-catalyst to trigger the hydrogen evolution, while the holes 

accumulated on OD-ZnO surfaces were consumed in the oxidation of sacrificial agents. In summary, the active 

species on the surface of OD-ZnO in the Z-scheme system participated directly in the oxidation of 4-CP, but 

did not involve in hydrogen evolution reaction. Therefore, the CN-20/OD-ZnO sample with a higher g-C3N4 

ratio exhibited optimum H2 evolution activity. 

4 Conclusion 

In summary, heterojunction photocatalysts were fabricated by coupling g-C3N4 nanosheets with 

oxygen-defective ZnO nanorods. The rich oxygen vacancies in OD-ZnO play dual-function roles of improving 

visible-light absorption and mediating the efficient Z-scheme charge separation of the g-C3N4/OD-ZnO 
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heterojunction, leading to their enhanced visible-light photocatalytic performances for degradation of 

4-chlorophenol as well as H2 evolution. The present work demonstrated an effective strategy for construction 

of novel visible-light-driven Z-scheme photocatalysts by taking advantage of oxygen defects in 

semiconductors. 
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