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ABSTRACT 

This study reports the optimization of the g-C3N4 synthesis by the melamine-annealing 

route using the Response Surface Methodology (RSM) and its direct coupling to WO3 

by a simple sono-assisted synthesis of g-C3N4:WO3 heterojunctions, with good 

materials homogenization, effective interface, and proper energy levels.  The optimized 

synthetic conditions were:  605°C, 183 min, and 5°C min–1, producing a high-quality 

material in comparison with the ones reported in papers published between 2016-2020, 

as far as bandgap energies and specific surface areas are concerned (SSA/Eg ratio).  The 

highest photocatalytic activity was observed in the 80:20 (wt.%) heterostructure.  That 

material presented a high visible response, being capable of completely degrading the 

model-pollutant approximately four times faster than g-C3N4. The efficient flux of 

photo-generated electrons though a Z-Scheme heterojunction promoted a superior 

superoxide radical formation, resulting in increased pollutant degradation. Finally, a 

complete mechanism for the heterostructure photocatalysis was proposed based on 

theoretical and experimental results. 
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1. INTRODUCTION 

Solar-driven photocatalysis has been investigated over the last years as a 

prospective method for water decontamination, but the lack of efficient catalysts under 

visible light limits its application on a large scale [1]. Recently, graphitic carbon nitride 

(g-C3N4), a semiconductor polymer composed of heptazine rings (tri-s-triazine), was 

shown to be a promising photocatalyst due to its low bandgap, as well as its very simple 

preparation compared to other similar semiconductors [2,3].  Nevertheless, the 

photocatalytic activity of bulk g-C3N4 is lower than that of classical materials (e.g. 

TiO2) due to the fast recombination rate of the generated charge carriers, poor 

crystallinity, and relative small specific surface area [3]. 

 

Typically, g-C3N4 is synthesized by calcination of n-triazinic compounds, 

especially melamine, which is structurally similar to g-C3N4 and possibly provides the 

closest structural precursor.  This simple synthesis has efficiencies higher than 20% wt, 

making it economically attractive [4,5].  However, there is no consensus regarding the 

initial solid-phase synthesis conditions, which could result in different photocatalytic 

activities [6,7].  To the best of our knowledge, those optimized annealing conditions 

have not been defined yet, leading to several discrepancies among similar reports. 

 

Similarly, tungsten trioxide (WO3) is a key material in a variety of areas, i.e., 

solar panels, superconductor devices, and heterogeneous photocatalysis [8].  WO3 has 

non-stoichiometric properties as a result of oxygen defects and can be synthesized in at 

least three common crystallographic phases [9].  Those facts generate a broad range of 

possible bandgaps, from 2.4 to 2.8 eV [10,11].  Although those bandgaps are within the 

visible region of the electromagnetic spectrum, the energy levels of WO3 may not be 

capable of promoting some desirable photo-induced reactions, like superoxide radical 

formation. Usually, WO3 synthesis follows standard methodologies for regular oxides, 

such as:  simple annealing [12], sol-gel [13], acidic precipitation [14], hydro- and 

solvothermal [15,16], etc.  Recent studies reported proper photocatalytic properties of 

sonochemically-synthesized WO3 [17].  Although its simplicity and relatively low cost, 

as far as we know, it lacks information about that route in the literature. 
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The literature points out that the limitations of those two materials could be 

overcome if they were combined with each other [18–20].  Fast recombination (in g-

C3N4) and absence of proper energy levels (in WO3) are reduced by type-II or Z-

Scheme heterojunctions.  In both alternatives, electrons can be physically separated 

from holes, promoting redox reactions that cannot take place with the isolated materials. 

The g-C3N4/WO3 heterostructure has typically been prepared by the simple 

impregnation of bulk pre-formed photocatalysts [17,18,20].  Although that methodology 

generates improved photocatalysts, it could lead to materials with low homogeneity and 

ineffective interfaces.  Unfortunately, non-optimized synthetic conditions may generate 

materials with features not suited for the desired application.  Therefore, a new synthetic 

route capable of overcoming both limitations is needed. 

 

This work initially optimizes the g-C3N4 synthesis (annealing method) by the 

response surface methodology (RSM) [21].  Three parameters were studied:  annealing 

temperature (AT) and time (At), and heating rate (HR).  The resulting photocatalyst was 

directly incorporated into the sono-assisted WO3 synthesis, yielding a new and simple 

route for obtaining g-C3N4/WO3 heterostructures.  The sono-assisted synthesis of metal 

oxides has been used, especially for synthesizing TiO2 and ZnO, mostly for making it 

possible their formation in shorter times, under mild conditions [22,23].  Finally, several 

characterization techniques were performed, to gain a better understanding of which 

structural and/or surface factors were significant to the enhanced photocatalytic activity. 
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2.  MATERIALS AND METHODS 

2.1.  g-C3N4 Synthesis Optimization 

Initially, a full 23 factorial design (FFD, three factors, two levels) was performed 

to obtain preliminary information about the effect of each parameter on the chosen 

response-variable (photocatalytic activity).  Three factors were studied: annealing 

temperature (AT, 500 and 600ºC), annealing time (At, 120 and 180 min), and heating 

rate (HR, 5 and 10ºC min–1).  The 16 experiments were randomly performed with 

genuine replicates.  Table S1 shows the experimental matrix, with real and coded 

factors. 

 

Next, a series of experiments were performed along the path of the steepest 

ascent of the surface defined by the FFD results until a local maximum was achieved 

(Table S2). A central composite design (CCD) was then performed using that local 

maximum as the central point.  Table S3 presents studied factors, levels, and the 

experimental matrix.  A polynomial model was adjusted to the obtained responses and 

the global maximum was estimated.  The model adjustment was evaluated by an 

analysis of variance (ANOVA) and validation experiments (Table S4 and Table S5). 

 

The solid-phase synthesis was based on the melamine precursor (Sigma-Aldrich, 

99%).  Typically, 2 g of melamine was added to a semi-closed alumina crucible 

(Chiarotti, A-45) and treated at the established conditions described in the experimental 

matrix.  Annealing was performed in an EDG 7000 muffle, coupled with an EDG 

EDGCON 3P heater.  The crucible was positioned in the center of the muffle. 

2.2.  Sono-assisted g-C3N4/WO3 Heterostructures Preparation 

A series of g-C3N4/WO3 heterostructures were obtained (CN20 – CN80, 

meaning 20 to 80%wt of the synthesized g-C3N4).  The steps taken to prepare those 

heterostructures are shown in Figure 1. 
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Figure 1.  Proposed sono-assisted synthetic route for g-C3N4/WO3 heterostructures. 

 

Typically, a certain mass of H2WO4 was suspended in a beaker containing 40 

mL of H2O2 2.5 mol L1, forming a yolk-yellow suspension.  That suspension was 

magnetically stirred until the formation of peroxo-tungsten complexes took place 

(approximately 4 h).  The total conversion was clearly noticed when the suspension 

turned into a colorless solution.  A variable amount of g-C3N4 was then added to the 

beaker.  The resulting suspension was magnetically stirred for 2 h. 

 

The suspension was then sonicated in a Branson Digital Sonifier 450 (400 W, 

20% amplitude) for 20 min (the beaker was kept immersed in an ice bath), transferred to 

a Falcon tube (50 mL), and freeze-dried.  The remaining powder was annealed in an 

EDG 7000 muffle, coupled with an EDG EDGCON 3P heater (10°C min1) for 4 h at 

400°C.  The product was ground in an agate mortar/pestle and stored in amber flasks. 

The same procedure was repeated twice, with just one of the precursors at a time, for 

obtaining control samples (CN0 and CN100 for WO3 and g-C3N4, respectively). 

2.3.  Photocatalytic Activity Assessment  

The reaction was carried out in a 250-mL jacketed Pyrex® open reactor 

containing the suspension (50 mL) with the model-pollutant solution (tartrazine, 25 mg 

L1) and the synthesized material under stirring.  For experiments in the visible range, a 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

medium-pressure Hg lamp (Philips HPL-N, 250 W) was positioned 15 cm above the 

surface of the suspension.  For UV-Vis experiments, the same conditions were used, 

except for the lamp had its outer bulb removed (optimization experiments). 

 

Typically, the suspensions (25 mg) were irradiated for 30 min at 20°C, with 250 

mL min–1 air bubbling, and magnetic stirring. Afterward, the suspensions were vacuum-

filtered (0.45 μm) and the remaining tartrazine concentration was determined by high 

performance liquid chromatography coupled to a diode array detector (HPLC-DAD).  

The chromatographic conditions were:  Agilent ZORBAX SB-C18 column, 30°C, 1 mL 

min1 flow rate, 427 nm.  The mobile phase gradient was (A, acetate buffer at pH 4;  B, 

methanol):  10% B from 0 to 2 min;  then, 10–60% B in 2–4 min;  60% B from 4 to 8 

min;  60–10% B in 8–10 min.  Control experiments under nearly identical conditions, 

but without photocatalyst (direct photolysis) and without illumination (dark adsorption) 

were also performed. 

 

The photocatalyst recyclability was assessed in the same conditions of the 

photocatalytic activity tests, except for using the same mass of semiconductor several 

times.  After each batch experiment (30 min), the photocatalyst was vacuum-filtered in 

a 0.45 μm cellulose membrane.  The retained solid was recovered (by removing the 

solid of the membrane with a gentle flux of the next pollutant solution) directly to the 

next batch.  By doing so, approximately the same mass of the photocatalyst could be 

recovered, repeatedly. 

2.4.  Optical and Structural Characterization  

Structural characterization of the synthesized solids was performed with an X-

ray powder diffractometer Shimadzu XRD 6000, using nickel-filtered CuKα (1.54187 

Å), operating at 30 kV and 30 mA, 0.02° step size, and 4 s accumulation time.  Data 

was recorded between 2θ = 5-60°.  FTIR spectra were obtained using a Bruker 

VERTEX 70 spectrometer by bulk powder attenuated total reflectance (ATR).  The 

spectra were obtained in the range 400 to 4000 cm−1, with 32 scans, 4 cm–1 resolution.  

Thermal gravimetric analyses (TGA) were performed on a TA Instruments Q500, from 
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30 to 700°C, at 10°C min–1 and dry air flux of 100 mL min1.  The isoelectric point was 

measured in Malvern Zetasizer Nano – ZS, by dispersing the materials in ultrapure 

water via sonication. X –ray photoelectron spectroscopy (XPS) analyses were 

performed  on a ScientaOmicron ESCA + spectrometer with a high-performance 

hemispheric analyzer (EA 125), using a monochromatic Al X-ray excitation source (Kα 

1486.7 eV). The samples were supported on carbon adhesive tape. 

 

Morphology was observed by field emission scanning electron microscopy 

(FEG-SEM, JEOL JSM 6701F microscope).  The powder was ultrasonically dispersed 

and dropped on a silicon plate fixed on the stub.  Transmission electron microscopy 

(TEM) was performed on a TECNAI G2 F10-LaB6 microscope, at 200 kV.  Semi-

quantitative energy dispersive X-ray analysis (EDX) was performed in the same 

equipment.  The material was prepared as for FEG-SEM, this time using carbon-

covered copper grids.  BET specific surface area (SSA) was determined by nitrogen 

adsorption-desorption measurements using a surface area analyzer Micromeritics 

ASAP–2000. 

 

Diffuse reflectance spectroscopy (DRS) was performed using an Agilent 

Technologies UV-vis-NIR spectrophotometer model Cary 5G.  For estimating the 

bandgap value from the UV-vis spectrum, a straight line was extrapolated from the Tauc 

plot [7,24].  Steady-state and time-resolved photoluminescence (SSPL and TRPL) were 

acquired in a FluoroLog Horiba Jobim Yvon spectrometer, at room temperature, and 

with excitation at 386 nm acquired with a 300W Xe lamp.  For TRPL, emission was 

evaluated at 517 nm. 
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3.  RESULTS AND DISCUSSION 

3.1.  g-C3N4 Synthesis Optimization and Characterization 

The complete g-C3N4 optimization steps are detailed in the Supplementary 

Information [25].  The calculated optimum synthesis conditions (OP) were 605ºC, 183 

min, and 5°C min–1, for the annealing temperature, annealing time, and heating rate, 

respectively.  An ANOVA showed that the calculated model was well adjusted to the 

data, although it could not be considered as a predictive one.  Validation experiments 

were then performed, resulting in a deviation between the estimated and the 

experimental removals as low as 1.2%, on average.  In addition, the removal using the 

material obtained with the OP conditions was indeed the greatest one, as expected. 

 

The recyclability test showed that the optimized g-C3N4 was capable of 

maintaining its photocatalytic activity at least for seven consecutive batches (Figure 

S3).  It is worthwhile mentioning that those results were achieved without any kind of 

treatment of the solid, like washing, drying, annealing, etc.   

 

The morphology of g-C3N4 samples was analyzed through FEG-SEM in Figure 

2a.  One can observe that the optimized material was composed of lamellar layers and 

small particles with indistinct shapes, which are typically aggregates of smaller layered 

structures (Figure 2b).  The main diffraction peak of g-C3N4 was observed at 27° (002), 

corresponding to the stacking of the conjugated aromatic systems [26], indicating that 

the photocatalyst was properly synthesized (Figure 2c).  FTIR spectroscopy indicated 

the presence of heptazine rings, which have typical bending and stretching vibrations at 

810 cm–1, assigned to tri-s-triazine, as well as at 1258-1634 cm–1, corresponding to 

stretching vibrations of aromatic C-N heterocycles [6,27].  The broad band at 2750-

3500 cm–1 is related to the presence of incomplete or non-perfect segments, 

corresponding to secondary and primary amines, which are the terminations of the 

polymeric chain [6,27]. 
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.   

Figure 2.  Optimized g-C3N4 characterization results: FEG-SEM on different magnifications (a, b); DRX 

(c) and ATR-FTIR (d). 

 

 

Table 1 presents the indirect bandgap assessment, which demonstrates that OP and 

CE samples are active under visible-light irradiation.  According to Papailias [6], g-C3N4 

bandgap energies are directly related to the polymeric chain extension and C-N sp2 

conjugates.  It is noteworthy that the OP sample, which had the highest photocatalytic 

activity, has slightly blue-shifted (on average) than that of CE samples.  Although their 

reduced bandgap energy, CE samples could not achieve high photocatalytic activities, 

indicating that charge carriers recombined at high rates in those compounds. 

 

Table 1.  Bandgap energies, specific surface areas, and isoelectric points of the validation samples. 

Sample 

Bandgap 

Energy 

(eV) 

Specific 

Surface Area 

(m2 g–1) 

Isoelectric 

Point 

CE1 2.52 14.8 2.8 

CE2 2.57 12.9 3.1 

CE3 2.51 21.6 3.4 

CE4 2.52 25.5 3.2 

CE5 2.52 15.1 3.6 

OP 2.59 29.5 3.3 

 

 

In accordance with the previous results, higher SSA has been observed for OP, 

CE4, and CE3 samples (Table 1), indicating that the elimination of lateral groups gave 

rise to improved polymeric chains.  Higher SSA could improve photocatalytic activity 
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by making more active sites available.  Temperatures and times higher than the ones in 

the OP conditions decreased the SSA, probably by reducing contribution of the g-C3N4 

edges as the polymer chain increases. 

 

The IEP of the OP sample is similar to that of the CE samples (Table 1).  In all 

cases, the IEP ranged between pH 2.8 and 3.6, below typical reported values (pH 

approximately 4) [9,28].  This indicates that a significant number of basic surface 

groups have been eliminated from the synthesized materials.  Two factors that may 

influence the IEP, the elimination of surface primary/secondary amines, and the 

increase in particle sizes (polymer size), reducing the contribution of the edges [28].  

Both factors took place in those samples, but apparently the elimination of amines had 

the largest contribution to the increase of IEP, since particles in all samples had similar 

sizes. 

 

A remark must be made regarding the comparison of these results with the 

experimental conditions reported in the literature (Table S6) [29–64] for g-C3N4 SSA, 

bandgap energies, and their related wavelengths.  In order to obtain an effective 

comparison, Table S6 only includes the results for materials without any kind of 

modifications (e.g. hydro/solvothermal treatment, exfoliation, surface groups’ 

modification, templates, different precursors, special annealing atmosphere, etc.).  It is 

important to mention that those modifications may generate great improvements on 

SSA and bandgap energies [29-68];  however, their effect could mask the ones caused 

only by the solid-phase synthesis conditions, which are the parameters optimized in this 

work. 

 

 To better observe the differences among reports, it is proposed a g-C3N4 

photocatalytic quality factor:  the SSA/Eg ratio.  Those parameters are related to 

increased availability of active sites, better formation of the g-C3N4 structure, and ease 

of electron excitation, in this case even under visible light.  Therefore, Figure 3 presents 

that ratio for different reports on the g-C3N4 synthesis by the melamine annealing route 

(with no further modifications). 

 

The optimized synthetic conditions (OP) herein described are more favorable 

regarding photocatalytic activity, simultaneously presenting greater SSA and lower 
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bandgap energy, therefore presenting the second-best SSA/Eg ratio.  It is noteworthy 

that, although the material described by Praus [33] presented high SSA and the highest 

SSA/Eg ratio, it can only be excited under wavelengths on the violet-blue range, which 

are more energetic than the minimum required by almost all other materials herein 

assessed. 

 

 

Figure 3.  Plot comparing several materials (g-C3N4) obtained by solid-phase synthesis only (melamine 

precursor) reported in the literature (○) and the material herein described (), regarding their 

photocatalytic quality factor and absorption wavelength.  Survey performed within the Web of Science 

database using “photocatalysis”, “g-C3N4”, and “melamine” as the search topics.  Time span:  2016–2020. 
 

3.2.  Sono-assisted g-C3N4/WO3 Heterostructures Formation 

Figure 4 depicts a general scheme of ultrasound effect during heterojunction 

formation.  Ultrasound does not directly interact with the oxides precursors;  instead, it 

generates a phenomenon called acoustic cavitation, which could induce physical and 

chemical changes.  Those modifications in the precursor’s structures are possible due to 

the formation, growth, and implosive collapse of bubbles.  Following that, short-lived 

spots are generated where temperature and pressure increase as high as 10,000 K and 

1,000 atm, respectively [69]. The selected precursor, H2WO4, can generate species that 

may undergo those changes.  In fact, when in contact with H2O2, tungstate anions 

(WO4
2) form a series of complex ions, whose structures are very sensitive to the 

experimental conditions [70,71].  WO4
2 ions may also undergo crystallization, in a 
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process similar to direct annealing of the acid to the formation of WO3.  However, the 

key mechanisms for this kind of interaction are still unknown.  

 

Simultaneously, the SSA of g-C3N4 can be increased (and consequently its 

photocatalytic activity).  The literature reports that bulk g-C3N4 layers may be 

sonochemically exfoliated at acidic medium [72,73].  The g-C3N4 protonation causes 

delamination and increases water dispersibility, but not exfoliation.  However, 

ultrasound does exfoliate g-C3N4, increasing SSA tenfold [73].  Oxidation of g-C3N4 

surface groups and oxygen doping could also play an important role on its final activity, 

according the literature [48,74].  The herein proposed sono-assisted synthesis rely on 

reagents that are strong oxidants (peroxide and peroxide-tungsten complexes) and, 

therefore, oxidation of g-C3N4 surface groups may occur. 

 

 

Figure 4.  Sequence of modifications on reactional species during the proposed sono-assisted synthetic 

route. 

 

 

The sonochemical route can also promote efficient coulombic attractions among 

reactional species.  Specifically, WO4
2 and derived complexes tend to be negatively 

charged, while g-C3N4 is positively charged at acidic media (Table 1).  That fact tends 

to give rise to heterostructures with superior interface formation.   

 

Precursor’s mass ratios are described in Table S7.  Those values assume that 

H2WO4 would be completely turned into WO3 by annealing.  In fact, TGA demonstrates 

good accordance between planned and real g-C3N4 masses in the heterostructures.  TGA 

also indicates that g-C3N4 has relatively high thermal stability, being decomposed only 

at temperatures higher than 500°C (Figure S8). 
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3.3.  Photocatalytic Activity Evaluation 

The photocatalytic activity of the heterostructures during 20 min of irradiation is 

shown in Figure 5a.  One can see that CN60 and CN80 had superior activities than the 

precursors (CN0 and CN100).  Actually, their activity was higher than the sum of the 

activities of the precursors, suggesting the formation of an effective heterostructure 

interface.  On the other hand, CN20 and CN40 had activities between the ones observed 

for pure WO3 and g-C3N4.  It is noteworthy that the more active samples were the ones 

with smaller oxidant/g-C3N4 molar ratio, suggesting a minimal influence of possible 

oxidized surface groups.  The highest activity was observed with CN80, removing 

remarkably 95% of the model-pollutant.  This result is in accordance with the literature, 

which reports 70-90% wt. of g-C3N4 as the most appropriate content in g-C3N4/WO3 

composites for photocatalysis [18,20].  PM sample stands for a physical mixture of the 

semiconductors, with the same mass ratio of CN80 (most active material).  One can 

notice that the physical mixture could not achieve comparable activity to the analogue 

heterostructure, suggesting that there was no dissociated-semiconductor assistance 

and/or synergistic effect. 

 

 

Figure 5.  Removal of the model-pollutant (25 mg L–1):  (a) after 20 min of photocatalysis with the 

heterostructures (25 mg each) under UV+Vis irradiation and (b) kinetics by direct photolysis and 

photocatalysis with g-C3N4 and CN80 (also 25 mg each) under visible irradiation. 

 

 

The degradation kinetics assessment using CN80 and g-C3N4 are shown in 

Figure 5b, as well as direct photolysis.  The CN80 heterostructure was selected due to 

its higher activity (Figure 5a), being compared with the optimized g-C3N4.  Pure WO3 

only was not evaluated due to its low photocatalytic activity, even under UV+Vis 
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irradiation.  One can see that there was no direct photolysis under Vis irradiation, and 

that both selected materials could completely remove tartrazine by photocatalysis, 

although the heterostructure was able to remove the model-pollutant approximately four 

times faster than optimized g-C3N4.  The estimated pseudo-first-order kinetic constants 

were 3.0  10–2 and 8.1  10–3 min–1 for CN80 and g-C3N4, respectively.  Those results 

show the high photocatalytic activity improvement obtained in the CN80 

heterostructure, both under UV+Vis or Vis irradiation. 

3.4.  Optical and Structural Characterization 

The diffractograms of the heterostructures show a sequential increase in the g-

C3N4 peaks relative intensity, following their carbon nitride weight percentage and, 

again, in accordance with the content of the intended composites (Figure 6a). The CN0 

diffraction pattern matches the one described in JCBDS 89–4476, for monoclinic WO3.  

The major peaks are observed in 23.1, 23.6, and 24.3°, corresponding to the Miller’s 

plans (002), (020), and (200), respectively [10].  According to the literature, this 

crystalline phase is more appropriate for photocatalytic applications [75,76].  A g-C3N4 

content as low as in CN20 is enough for distorting the original WO3 pattern.  Higher 

amounts of carbon nitride lead to a decrease in XRD resolution, which was probably 

caused by the interference of the relatively low g-C3N4 crystallinity. 
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Figure 6.  Characterizations of CN samples: (a) DRX; FEG-SEM microscopies of (b) CN0 and (c) 

CN100; and backscattering electron microscopy of (d) CN80. 

 

 

FEG-SEM presents very distinct morphologies for CN0 and CN100 (Figure 5b-

c).  Pure graphitic carbon nitride seems to be formed by an agglomerate of lamellar 

structures, even after a possible exfoliation step by ultrasound irradiation.  On the other 

hand, tungsten trioxide is formed by irregular particles, with no characteristic shape.  

However, it was difficult to distinguish those differences in the heterostructures.  This 

difficulty could be explained by the similar particle sizes of WO3 and g-C3N4, and/or 

high dispersions of WO3 on g-C3N4.  Therefore, backscattering electron microscopy was 

performed, with the same conditions, to check the latter hypothesis.  As one can observe 

in Figure 6d, smaller and brighter spots representing WO3 were well distributed over 

darker spots (g-C3N4).  Similar images for the other heterostructures are shown in the 

Supplementary Information (Figure S9).  The same behavior was observed with the 

EDX analysis (Figure 6), which shows that carbon (yellow), nitrogen (purple), oxygen 

(green), and tungsten (cyan) are indeed homogenously distributed. 
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Figure 7.  Distribution of elements according to the EDX analysis:  carbon (yellow), nitrogen (purple), 

oxygen (green), and tungsten (cyan). 

 

 

High-resolution TEM could not directly highlight the diffraction planes of pure 

g-C3N4.  However, WO3 presents a sequence of parallel lines with 0.27-nm gaps, 

representing its (022) Miller’s plane (Figure 8a).  The absence and presence of 

diffraction planes in g-C3N4 and WO3, respectively, made it possible to observe regions 

mostly composed of these substances, as well as their interface.  Figure 8b shows this 

behavior, presenting visible diffraction peaks (0.38-nm gaps, 020 plane) at top-left and 

the absence of them at bottom-right.  Between those regions, an interface can be 

noticed, presenting barely visible planes.  This image highly suggests the formation of 

g-C3N4/WO3 heterojunctions, and consequently, charge carriers transference between 

the two materials. 

 

 

Figure 8.  High-resolution TEM of (a) CN0 and (b) CN80. 
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Figures 9a-9c compare the XPS spectra of g-C3N4 (OP) and CN80;  Figure 9d 

compares WO3 and CN80 spectra.  XPS survey spectra are presented in Figure S10.  

The C 1s spectra (Figure 9a) show a clear peak on 284.8 eV for adventitious carbon, 

which was used for calibration of further peaks [77].  Although not shown in Figure 9a, 

the WO3 sample also had its peaks calibration based on adventitious carbon.  Both g-

C3N4 and CN80 presented a peak at 288.1 eV, that could be related to N=C–N tertiary 

carbon [78-80].  Peaks at 286.0 and 287.6 eV were associated to C–O and C=O, 

respectively.  Those peaks could be caused by the samples contamination (adventitious 

carbon) [78,81].  Peaks around 286.0 eV could also be related to C–N bonds.  Figure 9b 

presents g-C3N4 peaks at 398.2, 399.5, and 403.1, assigned to C=N–C sp2 nitrogen, 

tertiary N–(C)3 nitrogen, and π-excitation of nitrogen, respectively [78, 82-84].  For 

CN80, nitrogen binding energies followed the same pattern, but were shifted 

approximately +0.4 eV, probably due to positive charging effects [77].  The O 1s 

spectrum (Figure 9c) shows peaks at 531.3 and 533.1 eV for both g-C3N4 and CN80, 

assigned to superficial hydroxyl groups and adsorbed water, respectively [78,84,85].  

The presence of those peaks on g-C3N4 suggests that its surface was already somewhat 

oxidized, however the slightly increase at the 531.3 eV peak of CN80 could suggest that 

there was a minimal oxidation of surface groups during its synthesis.  CN80 also 

presents a peak at 530.4 eV, related to the O–W binding energy [86].  Tungsten-related 

binding energies of WO3 were:  35.5, 37.6, and 41.1 eV (W4d7/2, W4d5/2, and loss 

feature, respectively) [87].  The shift to low biding energies observed in CN80 

suggested that part of the tungsten changed its oxidation state, from +6 to +5.  That fact 

is possible due to the stability of tungsten oxide polymorphs, which can be formed in 

the surface by oxygen disbalancing.  However, as the XRD pattern of WO3 did not 

change (in comparison with pristine WO3), one can conclude that this effect is limited, 

probably at the surface.  Similar assessment regarding fresh and used CN80 can be 

observed in Figure S11.  Generally, the patterns of the peaks did not change 

significantly after photocatalysis.  However, their relative intensities suggested that 

there was a simultaneous decrease of hydroxyl surface groups, sp2 nitrogen, and 

tungsten with W4d7/2 states.  These factors may be associated to tungsten and g-C3N4 

terminal C-N oxidation, although in a minor extent. 
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Figure 9.  High resolution XPS spectra of g-C3N4 (OP), WO3, and CN80:  (a) C 1s, (b) N 1s, (c) O 1s, 

and (d) W 4f. 

 

Table 2 shows the measured SSA for the synthesized heterostructures.  One can 

observe that precursors areas were in the same order of magnitude:  20.0 and 29.7 m2 g–

1 for WO3 and g-C3N4, respectively.  Composites presented increasing SSA, related to 

their g-C3N4 content.  As optimized (OP) and sonicated (CN100) g-C3N4 presented 

similar SSA, one suggests that ultrasound irradiation was not energetic enough to 

achieve exfoliation or the obtained exfoliation was lost at some point of the synthetic 

route.  Perhaps the quick solidification of the suspension in the freeze-drying step 

promoted the re-agglomeration of previously exfoliated sheets.  Even if that is the case, 

g-C3N4 exfoliation was important for allowing WO3 particles be intercalated between g-

C3N4 layers, increasing their contact area. 

 

Table 2 also presents the indirect bandgap estimation, which demonstrates that 

precursors have similar bandgap energies, as well as the heterostructures with high g-

C3N4 contents.  Although CN20 and CN40 had slightly lower bandgaps (compared to 

the precursors), they did not present higher photocatalytic activities (Figure 5).  These 

results may indicate that charge carriers readily recombined in those compounds.  In any 
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case, the differences among samples suggest that different energy configurations were 

formed, significantly changing light absorption. 

 

Table 2.  Specific surface area (m2 g–1) and bandgap energies (eV) of heterostructure samples. 

Sample 
Specific surface 

area (m2 g–1) 

Bandgap energy 

Eg (eV) 

CN0 20.0 2.54 

CN20 22.3 2.45 

CN40 24.1 2.44 

CN60 28.6 2.62 

CN80 28.6 2.53 

CN100 29.7 2.57 

 

Finally, regardless of the heterostructures composition, the characterization 

performed indicated that they had similar properties.  In fact, none of the samples 

presented any difference that could justify the higher photocatalytic activity observed.  

Therefore, removal increases could only be ascribed to electronical properties induced 

by an effective interface between the two precursors.  The following experiments were 

performed aiming at proving that hypothesis. 

3.4.  Band Structure and Photocatalysis Mechanisms Proposition 

To better understand the photo-generated charge carriers separation in the 

heterostructures, conduction (CB) and valence (VB) bands energy positions were 

estimated.  According to Mousavi [88], the theoretical energy levels of the bands can be 

calculated by Equations 1 and 2.  𝐸𝐶𝐵 and 𝐸𝑉𝐵 are the CB and VB energy potentials, 

respectively;  𝐸𝑒 is the energy of the free electron versus the normal hydrogen electrode 

(NHE), approximately 4.5 eV;  𝜒 represents the Mulliken’s electronegativity of 

semiconductors.  According to the literature [89,90] , they are 4.73 and 6.59 eV for g-

C3N4 and WO3, respectively. 

 

 𝐸𝐶𝐵 =  𝜒 −  𝐸𝑒 − 0.5𝐸𝑔 (1) 

 𝐸𝑉𝐵 = 𝐸𝐶𝐵 + 𝐸𝑔 (2) 
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 Therefore, the calculated 𝐸𝐶𝐵 and 𝐸𝑉𝐵 for g-C3N4 (OP sample) were – 1.06 and 

+ 1.52 eV, respectively.  Those figures for WO3 were + 0.82 and + 3.36 eV, 

respectively.  It was assumed that the 𝐸𝐶𝐵 and 𝐸𝑉𝐵 of each precursor in the synthesized 

heterostructures were the same.  In order to empirically assess VB values for those 

samples, an extrapolation of the slope of their first XPS signal was performed (Figure 

10) [91].  One can notice that the empirical values were in agreement with the 

theoretical ones (+1.47 eV and +3.14 eV for g-C3N4 and WO3, respectively).  The 

slightly differences between theoretical and empirical values could be explained by the 

Mullikan electronegativity:  tabled values may not exactly represent the real ones. 

 

 

Figure 10.  Valence band assessment via X-ray photoelectron spectroscopy extrapolation. 

  

It is well known that radicals (hydroxyl and superoxide) and holes are the 

predominant oxidant species in photocatalysis [92].  Therefore, it is of utmost 

importance to realize whether the materials 𝐸𝐶𝐵 and 𝐸𝑉𝐵 are correctly positioned to 

generate those species, making it possible the proposition of the involved mechanism. 

  

One can observe that g-C3N4 (OP sample) is able to reduce adsorbed O2 to ●O2
–, 

as its CB is more negative than the standard potential of O2/
●O2

– (– 0.13 eV) [93].  On 

the contrary, WO3 cannot generate superoxide radical by that route.  g-C3N4 holes 

cannot oxidize OH– or H2O to form hydroxyl radicals, once they are less positive than + 

1.89 and + 2.72 eV, which are the standard potentials of OH–/OH● and H2O/OH●, 

respectively [94].  However, both reactions can take place at WO3 holes.  A third 

(indirect) route to form hydroxyl radicals is the reduction of O2 to H2O2 in the presence 

of H3O
+ [93].  Both semiconductors can promote that reaction (+ 0.68 eV). 
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To empirically observe the effects of those assumptions, scavengers (20 mmol L–

1) were added to a typical photocatalytic reaction with the CN80 heterostructure:  propan-

2-ol (IPA), potassium iodide (KI), and benzoquin-1,4-one (BQ) were used as scavengers 

of hydroxyl radicals, holes, and superoxide radicals, respectively [95].  Figure 11 presents 

the pollutant removal achieved with and without those scavengers. 

 

 

Figure 11.  Model-pollutant removal by the CN80 heterostructure with and without scavengers:  propan-

2-ol (IPA), benzoquin-1,4-one (BQ), and potassium iodide (KI). 

 

The results showed that ●OH is not significantly involved in the degradation of 

tartrazine, as the addition of IPA caused a slight reduction in its removal, probably 

within the experimental error.  On the contrary, BQ totally prevented the pollutant 

removal, which implies the paramount role of ●O2
– radical.  These facts indicate that a 

significant amount of electrons was transferred to the CB of g-C3N4 upon excitation, 

which is the only one capable of ●O2
– formation.  The classic type-II scheme for the 

synthesized heterostructure does not hold, as electrons should be more stable in the CB 

of WO3 in this kind of configuration. 

 

The addition of KI decreased removal quite significantly (approximately 80%), 

showing that holes also had great importance for the degradation process.  As ●OH did 

not have any perceivable role (IPA addition), probably the direct oxidation of tartrazine 

took place at the VB of WO3, the only band positive enough to promote that.   

 

PL analysis (electron excitation intensity and excited electron lifetime) also 

helps in deducting the degradation mechanism.  Figure 12a shows an increase in the 

SSPL intensity of the g-C3N4/WO3 heterostructure (CN80) compared to that of 

optimized g-C3N4.  At first sight, this result would indicate that CN80 has higher charge 
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carriers recombination rate and, consequently, lower photocatalytic activity.  However, 

that hypothesis is not corroborated by the degradations achieved.  Therefore, another 

path for the electrons was indicated. 

 

 

Figure 12.  (a) SSPL. (b) Normalized deconvolution of SSPL spectra for g-C3N4 and CN80.  Percentages 

are related to the total area of the reconstructed SSPL (dashed). (c) TRPL for g-C3N4 and CN80. 

 

According to the literature, the excited electrons in typical type-II 

heterostructures can be transferred between conduction bands and, therefore reducing 

PL intensity, as electrons may return to the fundamental state by different routes [96].  

In fact, that could lead to band shifts on the heterostructure emission spectrum.  

However, the results indicated that there were no new PL phenomena on 

heterostructure, as could be seen in Figure 12b. 

 

Figure 12b presents the normalized deconvolution peaks for g-C3N4 and CN80, 

as well as the reconstructed SSPLs (sum of deconvoluted peaks, dashed) and the 

relative area of each peak.  One can notice that the peaks maxima are aligned and the 

relative areas deviation was not larger than 1% between g-C3N4 and CN80.  Those facts 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

suggest that the same PL phenomena is taking place in both materials, although with 

different intensities.  In other words, although WO3 electrons could be excited by the 

light source, only the standard decay of g-C3N4 emission has been observed. 

 

Therefore, based on the difference between the CB of WO3 and g-C3N4, the 

scavenger effect, and the absence of SSPL band shifts, it is proposed that the transfer of 

excited electrons between those bands is neglectful.  Alternatively, theoretical and 

empirical experiments suggest the formation of Z-scheme heterojunctions, in which 

excited electrons might flow from the VB of WO3 to the CB of g-C3N4 [41,97].  That 

multi-step process comprises:  the excitation of electrons from the VB of WO3 to its 

CB; their transfer to the VB of g-C3N4, and finally the excitation of those electrons to 

the CB of g-C3N4. 

 

If the interface of that Z-scheme heterojunction is highly effective, all of the WO3 

excited electrons might flow to g-C3N4.  That electrons excess in the VB of g-C3N4 could be 

the reason for the increase observed in the heterostructure SSPL, with massive excitation to 

the CB and relaxation to the respective fundamental state.  That would explain the 

significant formation of superoxide radicals from the reduction of adsorbed oxygen. 

 

Figure 10c shows the TRPL results, which were adjusted to a bi-exponential 

function (Equation 3), in which 𝐼 is PL intensity (counts) and 𝑡 is time (μs).  Direct 

band-to-band radiative (1) and inter-sheet (2) recombination processes are represented 

by 𝐴1, 𝐴2 and 𝜏1, 𝜏2, which are the relative contributions and the lifetimes of each 

process, respectively.  The calculated averaged lifetimes for g-C3N4 and CN80 were 

0.82 and 0.89 μs, which demonstrates an improvement on the charge carriers 

availability for surface redox reactions in the heterostructure.  Those calculations were 

performed according to Alam [98]. 

 

 𝐼(𝑡) = 𝐴1𝑒
−𝑡

𝜏1⁄ +  𝐴2𝑒
−𝑡

𝜏2⁄  (3) 

 

Finally, this set of experiments corroborates the formation of an efficient interface 

and, consequently, heterojunction between the two photocatalysts.  Moreover, the results 

of the experimental and theoretical band positions assessment, photocatalytic activity in 

the presence of inhibitors, and steady-state photoluminescence suggest the formation of a 
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Z-scheme heterostructures (Figure 13) [97,99,100].  That charge-transfer pathway imply 

high charge carrier separation, in accordance with the time-resolved photoluminescence 

results. 

 

 

Figure 13.  Proposed photocatalysis mechanism for g-C3N4/WO3 heterostructures.  Theoretical CBs and 

VBs positions inside brackets. 
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4.  CONCLUSIONS 

 This paper shows the importance of performing optimization routines to assess the 

true efficiency of any system or material of interest.  By carefully optimizing the g-C3N4 

solid-phase synthesis, it was possible to fabricate a material with superior photocatalytic 

activity, at least as far as bandgap energies and specific surface areas are concerned. 

 

 The sono-assisted synthesis of the g-C3N4/WO3 composite, using tungsten peroxo-

complexes with the direct incorporation of g-C3N4 followed by freeze-drying was 

proven to be a facile procedure, able to produce effective heterojunctions. 

 

 The synthesized g-C3N4/WO3 composite presented high photocatalytic activity under 

visible light, being capable of completely degrading the model-pollutant in a short time 

by pseudo-first-order kinetics. 

 

 Based on the measured bandgaps, valence and conduction bands energy levels, the 

results indicated that superoxide radicals and holes were the active species during 

degradation.  That finding was corroborated by performing tests with scavengers. 

 

 The calculated energy levels for valence and conduction bands together with 

scavengers tests and steady-state photoluminescence results, indicated the formation of 

a Z-scheme heterostructure. 
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