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Abstract: Composites g-C3N4/WO3 represent a great interest in heterogeneous photocatalysis due to 

effective separation of charge carriers at the contact of semiconductor phases. In this work, we have 

studied the effect of hydrothermal conditions on composites’ structure and photocatalytic activities. 

Initial g-C3N4 was obtained using the classical melamine thermolysis approach. Respectively, com-

posites g-C3N4/WO3 were synthesized under hydrothermal conditions from acidic tungstate solu-

tions. Structure and composition changes in g-C3N4 were described using FTIR-spectroscopy and 

CHNO-analysis. The synthesized composites were characterized by powder XRD and STEM anal-

ysis, which had shown WO3 formation on the g-C3N4 surface. The photocatalytic activity was eval-

uated in the reaction of hydrogen peroxide generation from oxygen under UV irradiation. The ob-

tained composites demonstrated up to three times higher photocatalytic activity than the individual 

semiconductor photocatalysts. 
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1. Introduction 

Photocatalysis has been attracting much attention due to its application in different 

global problems such as air [1] and water purification [2], generation of green fuels via 

water splitting [3], and CO2 reduction [4]. One of the most popular photocatalysts actively 

studied recently is graphitic carbon nitride (g-C3N4), which demonstrates significant pho-

tocatalytic activity under visible light illumination and, moreover, is chemically and ther-

mally stable [5]. Nevertheless, the efficiency of g-C3N4 is limited by the high possibility of 

photogenerated electron-hole pairs recombination. One approach to improve g-C3N4 pho-

tocatalytic activity is the formation of composites with metal [6] or other semiconductor 

nanoparticles [7]. Commonly, tungsten oxide WO3 is considered the best candidate for the 

creation of composites with g-C3N4 due to its band structure as well as its chemical and 

physical properties [8]. Furthermore, WO3 is a great choice for the second complementary 

semiconductor to g-C3N4 for the construction of an efficient Z-scheme system. Thus, being 

contacted, WO3 and g-C3N4 contribute to the separation of photogenerated charge carriers 

into different phases realizing Z-scheme mechanism: holes drift to the WO3 valence band 

and electrons—to the g-C3N4 conduction band. This leads to spatial separation of oxida-

tion and reduction processes, which increases photocatalytic activity. 

To synthesize the g-C3N4/WO3 composites methods of simultaneous heating [9] and 

hydrothermal treatment [10] are commonly used. The first one includes mixing precursors 
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of each semiconductor and then annealing at their decomposition temperature. With such 

annealing, catalytic decomposition of g-C3N4 by WO3 is possible [11]. On the other hand, 

hydrothermal treatment of already obtained g-C3N4 in acidic tungstate solutions can be 

conducted. In that case hydrolysis of carbon nitride might occur, which leads to the de-

struction of the initial structure. However, by varying the processing conditions, precipi-

tation can be achieved without destroying the structure [10]. Overall, despite some chal-

lenges, both of these methods make it possible to achieve contact between semiconductor 

particles using a minimum number of synthesis steps. 

The aim of the current research was to develop optimal conditions for the hydrother-

mal synthesis of g-C3N4/WO3 composites. For successful synthesis, WO3 nanoparticles 

should precipitate on the surface of g-C3N4 particles, and the structure of initial g-C3N4 

should be intact. Moreover, the effect of hydrothermal conditions on g-C3N4 structure was 

systematically studied. The obtained composites containing both phases had shown great 

photocatalytic activity, which was demonstrated to be more than three times exceeding 

the individual photocatalysts’ activities. 

2. Materials and Methods 

2.1. Synthesis of g-C3N4 

Initial g-C3N4 was synthesized using the classical thermolysis approach, where mel-

amine (analytical grade, Sigma-Aldrich) was chosen as a precursor. The melamine was 

placed in a closed corundum crucible and annealed under 550 °C for four hours in the air. 

Synthesized products were cooled down at room temperature and had a characteristic 

yellow color. 

To establish optimal conditions of the composite’s hydrothermal synthesis, experi-

ments with g-C3N4 were carried out. Aqueous sol of g-C3N4 was obtained by 20-min ultra-

sonic treatment of 300 mg g-C3N4 in 40 mL of deionized water. Then, the pH level was 

adjusted to 2–5 using HCl solution (35% solution, Rushim), and the obtained sol was 

placed in a Teflon-lined stainless autoclave. The autoclave was placed in a muffle oven at 

a temperature of 180 °C for 2–12 h. At the end of the treatment, the obtained samples were 

centrifuged at 10,000 rpm for 10 min, and then the precipitate was washed several times 

with distilled water and dried at a temperature of 60 °C. 

2.2. Synthesis of g-C3N4/WO3 

The synthesis of the composites was carried out under hydrothermal conditions. For 

this purpose, 40 mL of a stable sol containing 300 mg of g-C3N4 powder was treated ultra-

sonically for 20 min. Then, a certain amount of sodium tungstate (analytical grade, Sigma-

Aldrich) and sodium sulfate (analytical grade, Sigma-Aldrich) was added to achieve de-

sired WO3 content in the final composites (12.5, 37.5, 62.5, and 87.5 wt. %). After ultrasonic 

treatment, the suspension was adjusted to pH = 1.5 using 1M H2SO4 (analytical grade, 

Rushim) and placed in a Teflon-lined stainless autoclave with a volume of 60 mL. Hydro-

thermal treatment was carried out at a temperature of 180 °C for 4 h. Then, the resulting 

mixture was centrifuged at 10,000 rpm for 10 min, the precipitate was washed several 

times with distilled water, and dried at a temperature of 60 °C. The obtained samples were 

marked as g-C3N4/WO3 (x%), where x corresponds to theoretical weight WO3 content. 

The amount of g-C3N4 in the synthesized composites was determined using thermo-

gravimetric analysis. The sample was placed in a corundum crucible and annealed under 

450 °C for 2 h in the air. At the end of the annealing, all g-C3N4 burned down, and in the 

crucible there was only WO3. Based on the ratio of the masses of the sample before and 

after annealing, the mass fraction of g-C3N4 was calculated. 

2.3. Material Characterization 

X-ray powder diffraction (PXRD) study was performed on a D/MAX 2500 (Rigaku, 

Japan) diffractometer with rotating anode in reflection mode (Bragg–Brentano geometry) 
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using CuKα1,2 radiation and graphite monochromator. FTIR spectra were recorded on an 

ALPHA (Bruker, Germany) Fourier-transform IR spectrometer in the range of 400–4000 

cm−1 in attenuated total reflectance mode. CHNO elemental analysis was performed on a 

2400 Series II (PerkinElmer, USA) CHNS/O elemental analyzer. Scanning transmission 

electron microscopy (STEM) images were collected using an Amber GMH (Tescan, Czech 

Republic) microscope operated at an accelerating voltage of 30 kV using bright field (BF) 

and high-angle dark field (HADF) detectors. 

To study the kinetics of photocatalytic hydrogen peroxide formation, 0.2 mL of eth-

anol and 0.3 mL of 0.1 M phosphate buffer solution were added to 2.5 mL of an aqueous 

suspension of photocatalyst with a concentration of 0.1 mg/mL. The suspension was ex-

posed to irradiation of a UV lamp (wavelength 366 nm) of the TLC Visualizer 2 (CAMAG, 

Switzerland) instrument with stirring. The concentration of evolved hydrogen peroxide 

was determined by the specific enzymatic reaction of 3,3′,5,5′-tetramethylbenzidine (TMB) 

oxidation by horseradish peroxidase. For this purpose, 60-µL aliquots were taken each 5 

min and added in a 96-well plate with a mixture of 204 µL of 0.1 M phosphate buffer, 6 

µL of 5 × 10–5 M solution of horseradish peroxidase, and 30 µL of 10–2 M alcoholic TMB 

solution. The concentration of oxidized TMB was determined by spectrophotometry using 

a SPECTROstar Nanospectrometer (BMG Labtech, Germany) with an accuracy of ±0.003 

optical units. 

3. Results and Discussion 

3.1. Characterization of g-C3N4 

Changes in the structure of g-C3N4 samples treated under hydrothermal conditions 

were analyzed with FTIR spectroscopy. The FTIR spectra of g-C3N4 sample obtained by 

melamine thermolysis and the sample obtained after 12 h of hydrothermal treatment are 

shown in Figure 1. The spectra prove the formation of the initial g-C3N4 structure and 

consist of typical g-C3N4 vibrations, such as C=N bonds (1625 cm–1), vibrations of aromatic 

rings (1550–1300 cm–1), and residues of non-condensed intermediate products containing 

-NH and -NH2 groups (3300–3050 cm–1). In comparison with FTIR spectra of the initial g-

C3N4, a significant change in structure has been determined after hydrothermal treatment 

(Figure 1B), which could be caused by a formation of a new phase. Most likely, the new 

phase is melamine cyanurate, since there are characteristic vibrations of it on the FTIR 

spectra: vibrations of -NH2 (3396 cm−1), formations of hydrogen bonding vibrations be-

tween -NH2/-NH groups (3234 cm−1), and vibrations of carbonyl group C=O (1782 cm−1). 

The results of CHNO analysis are also shown in Figure 1. It shows an increase in oxygen 

and hydrogen content in the sample after hydrothermal treatment when compared to that 

of the initial material. It also confirms a change in g-C3N4 structure during hydrolysis. 

Thus, the maximum time of hydrothermal treatment preventing graphitic carbon nitride 

hydrolysis was defined as the minimum time for WO3 formation. 
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Figure 1. FTIR spectra of (A) g-C3N4 obtained by melamine thermolysis and (B) g-C3N4 obtained 

after 12 h of hydrothermal treatment. 

3.2. Characterization of g-C3N4/WO3 

Based on PXRD results (Figure 2), composites g-C3N4/WO3 contain both tungsten ox-

ide and graphitic carbon nitride phases. Two diffraction peaks at 13.3° and 27.5° corre-

sponding to (100) and (002) planes confirm the presence of g-C3N4 phase in the samples. 

There are no peaks on the pattern that could be attributed to the phase of melamine cy-

anurate or other derivative phases of carbon nitride, which means g-C3N4 structure is not 

significantly changed during the hydrothermal treatment. 

 

Figure 2. XRD patterns of g-C3N4/WO3 samples after hydrothermal treatment. 

Phase analysis of composites g-C3N4/WO3 indicates the presence of several phases of 

tungsten oxide depending on tungstate concentration in the synthesis. The composites 

with the maximum content of tungsten oxide contain WO3 with a hexagonal crystalline 

structure (ICDD No. 33-1387). An increase of g-C3N4 amount leads to hydrated tungsten 

oxide WO3·0.33H2O crystallization (ICDD No. 72-199), and at the maximum concentration 
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of g-C3N4 (in the sample with ω(WO3) = 12.5%) the main tungsten-containing phase is 

monoclinic γ-WO3 (ICDD No. 43-1035). Thereby, the addition of g-C3N4 during hydro-

thermal treatment of a sodium tungstate in acidic medium affects the phase composition 

of the deposited tungsten oxide. 

To evaluate a tungsten oxide distribution over g-C3N4 particles’ surface STEM images 

were taken (Figure 3). On HADF STEM images it is clear that large tungsten oxide parti-

cles are uniformly distributed and cover plate-like g-C3N4 particles. Thus, observed con-

tact between WO3 and g-C3N4 nanoparticles can benefit efficient photogenerated charge 

carriers transfer, which results in an increase in the photocatalytic activity of the obtained 

composites. 

 

Figure 3. HADF STEM images of g-C3N4/WO3 sample containing ω(WO3) = 37.5% after hydrother-

mal treatment. 

Photocatalytic activity of the obtained g-C3N4/WO3 samples was studied in the reac-

tion of the photocatalytic reduction of oxygen dissolved in water–alcohol mixture into 

hydrogen peroxide. The results of these experiments are shown in Table 1. With an in-

crease in tungsten oxide mass fraction in g-C3N4/WO3 composites up to 12.5%, there is a 

significant increase in the rate of hydrogen peroxide formation (up to 6.8 × 10−4 М/min). It 

is more than 3 times higher than the rate of hydrogen peroxide formation by individual 

semiconductor photocatalysts g-C3N4 and WO3 obtained under similar conditions. This 

increase in photocatalytic activity can be explained by the formation of the contact be-

tween semiconductor particles. That confirms the composite formation, in which the pho-

tocatalytic reaction proceeds according to the Z-scheme with spatial separation of charge 

carriers. At the same time, an increase in the tungsten oxide fraction in composites to more 

than 50% leads to a significant decrease in photocatalytic activity, caused by total loading 

of the composite’s surface with WO3 particles. 
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Table 1. The photocatalytic activity of g-C3N4/WO3 composites obtained by hydrothermal treatment. 

Sample Name g-C3N4 Content, wt. % Tungsten Oxide Content, wt. % H2O2 Formation Rate, М/min 

g-C3N4/WO3 (0%) 100 0 2.0 × 10−4 

g-C3N4/WO3 (12.5%) 92 8 (γ-WO3) 6.8 × 10−4 

g-C3N4/WO3 (25%) 80 20 (γ-WO3 and WO3·0.33H2O) 5.7 × 10−4 

g-C3N4/WO3 (50%) 47 53 (h-WO3) 1.9 × 10−4 

g-C3N4/WO3 (100%) 0 100 (h-WO3) 2.0 × 10−4 

4. Conclusions 

The present study has provided valuable insights into the formation and photocata-

lytic properties of g-C3N4/WO3 composites synthesized under hydrothermal conditions. 

Our results indicate that hydrolysis of g-C3N4 occurs under hydrothermal conditions, 

which, according to FTIR spectroscopy and CHNO-analysis, leads to the formation of 

melamine cyanurate in the samples with a long treatment time. The method of g-

С3N4/WO3 composites formation, which includes hydrothermal treatment of deposited 

hydrated tungsten oxide on g-C3N4 was found to be effective. Under hydrothermal condi-

tions, hexagonal WO3 crystallizes in composites with high content of tungsten oxide, 

whereas an increase in g-C3N4 fraction leads to the formation of WO3·0.33H2O and mono-

clinic modification of WO3. Synthesized composites demonstrate significant photocata-

lytic activity in the reaction of hydrogen peroxide formation, exceeding the activity of in-

dividual WO3 and g-C3N4 nanoparticles obtained under similar conditions by more than 

3 times. Our findings suggest that the developed method of composites synthesis holds 

great promise for applications in various heterogeneous photocatalytic processes. 
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