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A B S T R A C T

A new series of photocatalysts, including WO3, Bi2O3 and Bi2WO6, were prepared for the photo- 
oxidation of 5-Fluorouracil (5-FU) in water, as a model of cytostatic drug, under solar-LED 
irradiation. The materials were hydrothermally prepared under the same experimental condi
tions, and the effect of incorporating an activated carbon during the synthesis and further post- 
treatments in air or nitrogen atmosphere were investigated. All photocatalysts were thoroughly 
characterized by complementary techniques analyzing their morphologies and physicochemical 
properties, which differed based on the type of semiconductor used. In general, the addition of 
carbon led to an increased porosity (SBET= 20–50 m2/g), a reduced band gap (Eg= 2.7–2.9 eV) 
and a lower crystallite size compared to the original semiconductor. The photocatalytic perfor
mance of the materials depended also on the thermal post-treatment, while N2 treatment 
improved the efficiency of Bi-carbon composites, the air treatment did not influence the pure 
semiconductors. The 5-FU degradation varied as WO3 (10 %) < Bi2WO6 (36 %) < Bi2O3 (68 %) 
after 100 min under solar-LED irradiation, while their corresponding carbon-metal composites 
always improved the performance. In particular, the conversion of 5-FU after 100 min of reaction 
was 64 % and 84 % for Bi2WO6-3C and Bi2WO6-3C-n, while the carbon-Bi2O3 composite achieved 
total photodegradation of 5-FU (kapp= 43.89 ×10− 3 min− 1) after ~100 min of reaction and under 
solar-LED irradiation.

1. Introduction

Effluents from pharmaceutical industries, hospitals and municipal wastewater treatment plants (WWTPs) contain organic com
pounds that end up in the aquatic environment. One of such pharmaceuticals are the cytostatic drugs used to inhibit or completely 
block the growth of cancerous cells, and trigger cell death when possible (Crowley et al., 2016; Jureczko and Kalka, 2020). Different 
studies have reported the occurrence of cytostatic drugs at concentrations between ng L− 1 to µg L− 1 in natural waters in Europe(Feng 
et al., 2015; Ganzenko et al., 2018). Their presence in aquatic environments possesses negative genotoxic, teratogenic, carcinogenic, 
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cytotoxic and mutagenic effects on aquatic organisms and human health as well (Lutterbeck et al., 2016; Pérez-Molina et al., 2023). 
They are not easily removed by natural attenuation in the environment, neither are they effectively treated by the conventional 
methods used in WWTPs. As a result, different methods are sort for their possible treatment from water.

Advanced oxidation processes have been studied to potentially degrade persistent and recalcitrant organic pollutants. Among them, 
the development of efficient visible-light active photocatalysts for the treatment of resistant pharmaceuticals has been one of the 
important aspects of photocatalysis research. Recently, bismuth-based photocatalysts have been reported to be interesting alternatives 
to TiO2 due to their good visible light absorption properties due to narrow band gaps (Muruganandham et al., 2012). Finding simple 
and non-toxic precursors, and routes for the synthesis of these photocatalysts with different structures and morphologies is vital in this 
regard. Tungsten and bismuth oxide photocatalysts have also garnered interest due to their wide radiation range, in particular, under 
solar or visible radiation, band gap values between 2.7 and 3.0 eV, the easy lab-scale synthesis and environmentally benign nature. 
However, the slow charge transfers and fast recombination of photogenerated electron-hole pairs during photocatalytic degradation 
using semiconductors based on pure metal oxides are still a challenge (Bayahia, 2022). Furthermore, these pure materials are also 
known to have a low specific surface area and porosity, which adversely affect to their photocatalytic performance.

Carbon materials have the ability to delocalize charge carriers of semiconductors hence, reducing the electron hole recombination 
rate, extending the photoactivity to longer light wavelengths and enhancing the porosity (Bu et al., 2023; Morales-Torres et al., 2012; 
Pastrana-Martínez et al., 2012). This is due to its ability to delocalize charge carriers in the π-electron density of their graphitic layers. 
Therefore, incorporating carbon in metal oxide semiconductors, as dopants or additives (Raza and Ahmad, 2022), is a strategy to 
obtain high photoconversion efficiencies in the degradation of contaminants (Gomis-Berenguer et al., 2019).

In this work, tungsten/bismuth-based photocatalysts were synthesized by a hydrothermal method maintaining time and temper
ature, further thermally treated in air or nitrogen flow. These materials were also used to prepare carbon-semiconductor oxide 
composites to be applied as photocatalysts for the photodegradation of 5-fluorouracil (5-FU) under solar-LED irradiation and 
compared with the corresponding bare metal oxides. The main aim of this work is to study the influence of various post-treatments on 
hydrothermally synthesized tungsten/bismuth-based photocatalysts, physical, chemical and optical properties being analyzed through 
different characterization techniques and correlated with their photocatalytic activity for the removal of a 5-FU cytostatic drug. In 
addition, an activated carbon (AC) from spruce wood was added during the hydrothermal synthesis to lead metal-carbon composites to 
enhance their properties and activity under solar-LED irradiation. Mane et al., (2024a) published an extensive review on Bi2O3 
nanomaterials for photocatalytic and antibacterial application. They also modified Bi2O3 with other materials such as Fe, Zn and 
graphene oxide, but most of the applications were limited to the removal of conventional dyes in water (Mane et al., 2023; V. A. Mane 
et al., 2024c; Vijay A. Mane et al., 2024b). This shows that the catalysts synthesized in this work, active under solar-LED irradiation, 
have been reported less so far in the removal of cytostatic drugs.

2. Materials and methods

2.1. Synthesis of materials

The materials studied in this work, in particular bismuth oxide (Bi2O3), bismuth tungstate (Bi2WO6) and tungsten oxide (WO3), 
were synthesized adapting the methods described in previous works. For Bi2O3, 1.2 g of BiNO3⋅5 H2O (≥ 98 %, Alfa Aesar) was dis
solved in 1 mL of HNO3 (68 %, VWR Chemicals) and 50 mL of deionized water, stirred at 250 rpm for an hour, while 0.90 g of 
anhydrous oxalic acid (98 %, Thermo scientific) was dissolved in 50 mL of water. Then, both solutions were mixed and transferred to 
an autoclave, which was placed in a furnace at 150 ◦C for 12 h (Muruganandham et al., 2012). To prepare WO3, 3.2 g of Na2WO4⋅2 H2O 
(99 %, Acros Organics Chemicals) and 0.10 g of pure NaCl were dissolved in 60 mL of deionized water and stirred for 1 h. Then, 15 mL 
of HCl (37 %, VWR Chemicals) was added dropwise for 30 min. After that, the resulting solution was transferred to an autoclave, which 
was heated at similar conditions (150 ◦C, 12 h) (Bayahia, 2022). For Bi2WO6, 5.0 g of BiNO3⋅5 H2O was dissolved in 10 mL of acetic 
acid (99.8 %, Sigma Aldrich) and 1.2 g of Na2WO4⋅2 H2O was dissolved in 90 mL of deionized water and then, both solutions were 
mixed and stirred for 1 h, transferred to an autoclave and heated at 150 ◦C for 12 h (Gomis-Berenguer et al., 2019). In all cases, 
as-prepared metal oxides were washed repeatedly with deionized water and ethanol, and then dried at 80 ◦C overnight. Carbon-W/Bi 
composites were prepared under a similar methodology by adding a 3.0 wt% of AC during the metal oxide synthesis. This AC was 
previously prepared by physical activation with CO2 at 800 ◦C from spruce wood following a similar procedure to that described 
elsewhere (Regadera-Macías et al., 2024). Further thermal post-treatments were done at 300 ◦C with a 5 ◦C min− 1 heating rate under 
N2 flow for 2 h in a horizontal oven (Forns Hobersal), or under static air atmosphere at 450 ◦C for 5 h in a muffle furnace (Nabertherm L 
9/11/B510). The materials will be labelled in the text indicating their chemical formula and by adding “3 C” for the carbon composite, 
while “a” or “n” refers to the thermal post-treatment done at 450 ◦C in air or at 300 ◦C in N2, respectively. It is worthwhile noting that 
Bi-carbon composites presented a complete burnout of the carbon during the thermal treatment in air, nitrogen treatments being 
preferred.

2.2. Characterization techniques

The physico-chemical properties of the prepared materials were characterized using different techniques. The thermogravimetric 
(TG) analysis (heating up to 800 ◦C under air flow at 20 ◦C min− 1) was carried out using a SHIMADZU TGA-50H thermobalance until 
constant weight. X-ray diffraction (XRD) patterns were obtained using a Philips PW 1710 diffractometer equipped with a CuKα ra
diation and a nickel filter that removes κβ radiation. The N2 adsorption-desorption isotherms were obtained at –196 ◦C using a 

V.B.K. Yaah et al.                                                                                                                                                                                                     Environmental Technology & Innovation 38 (2025) 104148 

2 



Quantachrome Quadrasorb SI equipment. Previously, the samples were degassed overnight at 110 ◦C under high vacuum (10–4 mbar). 
The specific surface area (SBET) was calculated from the Brunauer–Emmett–Teller (BET) equation, while the total pore volume (Vpore) 
was estimated from the N2 volume adsorbed at a relative pressure (P/P0) of 0.95 (Brunauer et al., 1938; Sing, 1985). The pore size 
distribution (PSD), including the mean pore size (dpore), was analyzed using Barret–Joyner–Halenda (BJH) method (Barrett et al., 
1951). The morphology of the synthetized materials was analyzed by an ultra-high resolution scanning electron microscopy (FE-SEM) 
using a JSM-IT800 SHL microscope from JEOL LTS equipped with an in-lens Schottky Plus field emission electron gun (FEG), an 
electron optical NEO engine and a fully embedded energy dispersive X-Ray spectrometer (EDS). A UV-Vis spectrophotometer CARY 5E 
from VARIAN equipped with a diffuse reflectance accessory (DRA) was used to study the optical properties of materials, and their 
corresponding band gaps were determined from the corresponding Tauc’s plots. Combining the reflectance data and the absorption 
coefficient, the Eq. 1 below based on the Kubelka-Munk theory is used to interpret the spectra. In this equation, Eg is the band gap to be 
calculated (eV), A is the proportionality constant, α is the absorption coefficient, h is the Planck constant, v is the frequency of the light 
radiation and n is the transition (Ahmad et al., 2024). 

αhv = A
(
hv − Eg

)n (1) 

Photoluminescence (PL) spectra of materials were recorded using a HORIBA QuantaMaster-8000 spectrofluorometer with an 
excitation wavelength of 360 nm. X-ray photoelectron spectroscopy (XPS) analysis was performed using a Physical Electronics Ver
saProbe II apparatus with a hemispherical electron analyzer and a MgK X-ray source (hν = 1486.6 eV) working at 1.3 eV and 20 mA. 
Survey and multi-region spectra were recorded at the C1s, O1s, Bi4f and W4f photoelectron peaks.

2.3. Photocatalytic reactions

The photocatalytic activity of the prepared materials was studied in the degradation of 5-Fu in aqueous solution under solar-LED 
irradiation at room temperature. The photocatalytic experiments were carried out in a glass reactor containing 100 mL of 5-FU 
(5 mg L− 1) and a catalyst loading of 1 g L− 1. The concentration of 5-FU was monitored at different time intervals at wavelength of 
265.5 nm using a Shimadzu UV-2600 UV VIS spectrophotometer. The activity of the materials after the hydrothermal synthesis was 
also tested to better understand the effect of the post-treatments on their performance.

3. Results and discussion

3.1. Materials characterization

Thermogravimetric and differential thermogravimetric analysis (TG/DTG) was carried out to ascertain the thermal stability of the 
photocatalysts and to estimate the carbon content incorporated to the carbon-metal composites by burning. Fig. 1a shows, as an 
example, the TG and DTG profiles recorded for the as prepared Bi2WO6-3C composite with increasing the temperature at 10 ◦C min− 1 

in air flow up to 700 ◦C. Un-doped Bi2WO6 was used as reference, under identical experimental conditions. The photocatalysts showed 
a good thermal stability up to about 400 ◦C, in which no mass variation was recorded. In the case of Bi2WO6, the total weight loss (WL) 
was about 2 wt% with a main process at 325 ◦C corresponding to the rest of unreacted precursors (Majumdar et al., 2014; Narayanan 
and Mandal, 2023). For the Bi2WO6-3C composite, the total WL is 4.8 wt%. At low temperature, the DTG peak around 150 ◦C is 
associated to dehydration processes, followed by two thermal decomposition processes. The first one observed at ~345 ◦C is in good 
agreement with the band observed for pure Bi2WO6, while the new WL at ~415 ◦C is probably therefore due to the carbon phase 

Fig. 1. (a) TG and DTG profiles for neat Bi2WO6 and Bi2WO6-3C under air atmosphere, and (b) XRD patterns for the neat metal oxides and their 
metal-carbon composites.
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combustion incorporated in the composite. No significant WL occurs from this temperature range. The determined carbon content was 
around 2.8 wt%, in agreement with the theoretical carbon amount (3 wt%). In both materials, there is almost no weight loss after 
about 415 ◦C, the photocatalysts being quite stable at high temperatures.

The crystallinity of the metal oxide photocatalysts and their composites was studied by XRD, the corresponding patterns being 
similar enough between each series of materials (Fig. 1b). No peaks associated to the carbon component or new crystalline phases 
induced by the interaction between carbon and metallic phases during thermal treatments, were observed, however, the wider and less 
intense peaks in the composite denotes a smaller crystallinity. The XRD pattern of WO3 and WO3-3C treated with air shows peaks that 
correspond to the monoclinic WO3 phase. The diffraction peaks around 2θ= 23.0◦, 23.2◦, 24.3◦, 28.8◦, 35.7◦ correspond to the (002), 
(020), (200), (112) and (220) planes, while the peaks around 50.0◦, 54.8◦, 55.1◦, 63.0◦ align with the (202), (222), (113) and (133) 
planes, respectively (JCPDS 71–2141) (Priya et al., 2016). This shows that the hydrothermal synthesis and the subsequent air treat
ment produces monoclinic phase WO3 (Balzer et al., 2014; J. Ma et al., 2022; Wang et al., 2019; Yang et al., 2022).

The XRD peaks of Bi2WO6 and Bi2WO6-3C-n are attributed well to the orthorhombic Bi2WO6 (JCPDS 39–0256) (Chen et al., 2023). 
Four main peaks were obtained at 2θ= 28.1◦, 32.6◦, 46.8◦ and 58◦ corresponding to the (131), (200), (202) and (262) planes (Gui and 
Zhang, 2011; Rhoomi et al., 2024). In the XRD pattern of Bi2O3 and Bi2O3-3C, the main peaks were observed at 26.9◦ (112), 33.0◦

(012), 25.7◦ (002), 27.4◦ (121) and 46.3◦ (041) corresponding to the monoclinic α-Bi2O3 phase (JCPDS 01–071–2274) (Karen et al., 
2021). Based on XRD results, the crystallite size (dcrystal) of the materials was calculated by the Scherrer equation and summarized in 
Table 1. As note, a decrease in crystallite sizes was observed when carbon was added to materials, especially in the case of Bi2WO6 (e.g., 
21.6 and 8.6 for Bi2WO6-a and Bi2WO6-3C-n, respectively). However, the crystallite size was instead increased for WO3-3C-a compared 
to WO3-a. This fact could be based on that the WO3-3C material presented were further treated in air at 450 ◦C, while nitrogen was used 
in Bi-3C-based materials were carried out at 300 ◦C. Additional crystallographic parameters, such as dislocation density, microstrain 
and stacking faults are presented in Table S1, Supplementary Material. It is observed that as the crystallite size of the materials de
creases, the dislocation density, stacking fault and microstrain increase. Considering the TG results previously commented, the carbon 
phase could be burned by the air treatment at 450 ◦C generating hot spot along the sample thus increasing sintering regarding pure 
WO3.

The morphology of the materials is shown in Fig. 2 and Figure S1, Supplementary Material. In the case of Bi2WO6, elongated 
nanoparticles are grouped forming microspheres, sometimes defined as flower-like particles, with sizes ranging 3–9 µm (Fig. 2a and b). 
When carbon was added during the hydrothermal synthesis, several changes were produced in the material surface. The nanoparticle 
size decreases regarding Bi2WO6 and their aggrupation in spheres avoided, now being placed as coating of the carbon grains added to 
the starting synthesis suspension (Fig. 2c and d). These observations are in agreement with those reported in literature 
(Gomis-Berenguer et al., 2019; Murcia-López et al., 2013). Similarly, Bi2O3 was composed by worm-like structures with an average 
length of about 1 µm (Fig. 2e), with the addition of carbon in the corresponding composite (Fig. 2f) a more heterogenous distribution of 
Bi2O3 nanoparticles coating large carbon particles is favoured. An intimate contact between the inorganic and carbon phases being 
always established. The synthesized WO3 showed tiny regular and uniform nanocubes with smooth surfaces (Fig. 2g). These nanocubes 
seem to overlap each other forming self-assembled aggregates. This is a typical of monoclinic hydrothermally synthesized WO3 (Wang 
et al., 2019). In the case of the WO3-3C composite (Fig. 2g and Fig. S1), less uniform nanocube structures are formed and their surface 
seems to be less smooth compared to pure WO3. Nevertheless, EDX analysis confirm that WO3 is ubiquitously distributed. As com
mented, the air thermal treatment could remove an important part of the carbon phase, thus, the contact between the carbon grains 
and WO3 nanocubes seem to be worse than in the other cases.

The N2-adsorption-desorption isotherms and PSDs obtained by applying BJH to the isotherm data of the photocatalysts are shown 
in Fig. 3a and b, respectively. In general, all the materials showed isotherms classified as type II in agreement with IUPAC classification 
and typical for low porous materials (Pérez-Molina et al., 2023; Thommes et al., 2015). At relative pressures (P/P0) of ~0.4–1.0, a 
hysteresis loop of type H3 is always observed due to mesoporosity between particles in non-rigid aggregates of plate-like particles, but 
also can be suggested the presence of macropores (Thommes et al., 2015) in agreement with the SEM observations. However, the N2 
adsorption at low P/P0 was very low (Fig. 3a), which is indicative to the absence of micropores. In general, the porosity of the samples 
was enhanced by the addition of carbon in the composite, especially for Bi2WO6-3C and WO3-3C. In fact, the BET surface areas (SBET) of 
the photocatalysts were increased by about four folds for WO3 (13–48 m2 g− 1, Table 1) and about two folds for both the Bi2O3 
(12–22 m2 g− 1) and Bi2WO6 (27–53 m2 g− 1), when only 3 wt% of the AC from spruce wood was added during the synthesis. Regarding 
the total pore volume (Vpore) of the materials, a similar tendency was also estimated.

From the corresponding PSDs (Fig. 3b), it is observed that the porosity of all the materials is distributed in the mesoporous range. 

Table 1 
Textural, chemical and optical properties for the different photocatalysts.

Sample dcrystal 

(nm)
SBET 

(m2 g–1)
Vpore 

(cm3 g–1)
dpore 

(nm)
Eg 
(eV)

Bi2WO6-a 21.6 27 0.06 4.5 3.00
Bi2WO6-3C-n 8.6 53 0.10 4.5, 24.0 2.94
Bi2O3-a 28.8 12 0.03 2.8 2.72
Bi2O3-3C-n 21.6 22 0.06 2.8 2.66
WO3-a 21.4 13 0.03 2.9 2.73
WO3-3C-a 28.6 48 0.07 2.8 2.69

dcrystal= crystallite size by Scherrer equation; SBET= BET surface area; Vpore= total pore volume; dpore= mean pore size; Eg= band gap.

V.B.K. Yaah et al.                                                                                                                                                                                                     Environmental Technology & Innovation 38 (2025) 104148 

4 



Fig. 2. SEM micrographs for the metal oxides (a, b, e, g) and their carbon-metal composites (c, d, f, h). (i) An EDX elemental mapping is also included as reference.
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However, different pore volumes and sizes were determined depending on the type of material. Thus, PSDs determined for WO3, WO3- 
3C, Bi2O3 and Bi2O3-3C were mainly monomodal ones with pore diameters between 2 and 20 nm, although some macropores (dpore >

50 nm) were detected for WO3. The PSD is maintained in the same porosity range for the corresponding composites, but clearly the 
porosity improves in the composites, generating also a wider PSD. Bi2WO6 presented basically also a monomodal distribution, 
although more heterogeneous, however, Bi2WO6-3C showed a bimodal distribution of mesopores with sizes around 4 nm and 30 nm, 
respectively. Otherwise, the mean pore size (dpore, Table 1) was comparable for WO3, WO3-3C, Bi2O3 and Bi2O3-3C (dpore= ~2.8 nm, 
Table 1), while a largest size of 4.5 nm for Bi2WO6, and 4.5 and 24 nm for Bi2WO6-3C, was calculated by applying the BJH method, 
corroborating that the microspheres with flower-shaped structure of Bi2WO6 and its composite favoured the formation of wider pores 
compared to the other materials.

The optical properties of the materials was studied by UV-Vis diffuse reflectance spectroscopy and the corresponding absorbance 
spectra in Kubelka-Munk units are depicted in Fig. 4a. For all the materials, there is a significant light absorption from the UV region 
extending to the visible light region, in particular for the case of the carbon-metal composites regardless the type of metal oxide used. 
This could be indicative of the material ability to exhibit certain photocatalytic activity under visible light irradiation. The steep curve 
seen in the visible light region is due to the intrinsic band gap transition (Trixy Nimmy Priscilla et al., 2024). The Tauc’s plots were 
shown in Fig. 4b, in which the band gap of the photocatalysts slightly decreases when the carbon is added during the synthesis 
(Table 1). Thus, pristine WO3 had a band gap of about 2.73 eV, which was slightly decreased to 2.69 eV for the WO3-3C composite. The 

Fig. 3. (a) N2-adsorption-desorption isotherms and (b) pore size distribution (PSD) obtained applying BJH to the isotherm data for the different 
photocatalysts.
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band gap of WO3 was slightly higher than that reported in previous literature (Ketir et al., 2014; Kiamouche et al., 2022), which should 
be explained on the significant particle size of the nanocubes observed by SEM. The band gap of Bi2WO6 and Bi2O3 were also slightly 
higher than the corresponding carbon-Bi composite, and the values were within the range reported in previous works (Chen et al., 
2021; Huang et al., 2020; Vijay Mane et al., 2024b). Comparing all carbon-metal composites, the band gap decreased as follows: 
Bi2O3-3C < WO3-3C < Bi2WO6-3C. These values, between other parameters, influence on the ability of these materials to be photo
catalytically active in the visible light region.

Photoluminescence (PL) spectra were recorded for metal oxides and their carbon-metal composites (Fig. 5). In general, all pure 
metal oxides exhibited intensive luminescence peaks due to the rapid recombination of photogenerated electron-hole pairs within the 
semiconductor. The faster the recombination process, the higher the fluorescence excitation intensity of the material (Zhang et al., 
2019). For Bi2WO6, a maximum PL emission was observed around 560 nm, while both Bi2O3 and WO3 showed peaks at lower 
wavelengths, approximately 450 nm. The addition of carbon into the composites effectively enhanced the separation of photo
generated electron-hole pairs, as evidenced by the lower PL intensity observed for all carbon-metal composites compared to their 
pristine metal oxides. This suggest that the carbon phase acts as an electron acceptor, supressing charge recombination and potentially 
improving the photocatalytic efficiency.

The surface chemistry of materials was investigated by XPS. The survey and the high-resolution spectra for O1s, Bi4f and W4f are 
shown in Fig. 6. The survey XPS spectra exhibited the typical peaks regarding the surface chemical composition of the samples 
(Fig. 6a). Thus, Bi2O3 samples presented mainly O and Bi, while Bi, W and O were detected for Bi2WO6 and WO3 samples. In the case of 
carbon-metal composites a large amount of surface carbon was also recorded. In general, the O1s region was deconvoluted in two 
peaks placed at ~529.5 eV and ~530.6 corresponding to M–O bonds and chemisorbed HO/hydroxyl groups for pure metal oxides 

Fig. 4. (a-c) UV-Vis diffuse reflectance spectra and (d-f) Tauc’s plots for the photocatalysts.

Fig. 5. Photoluminescence spectra excited at a wavelength of 370 nm for metal oxides and selected carbon-metal composites.
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(Fig. 6b). In the case of carbon-metal composites, a third contribution was set at ~533.0 eV due to oxygenated surface groups (C–O and 
C––O bonds)(Madhusudan et al., 2011; Pastrana-Martínez et al., 2014). The incorporation of these oxygen functionalities was 
confirmed when analyzed the C1s region. Thus, three components were found (results not shown), the first one placed at ~284.6 eV 
due to C–C bonds, while the peaks at ~285.4 eV and ~288.6 eV corresponded to different oxygenated surface groups, such as 
hydroxyl/epoxy groups (C–O) and carbonate/carboxyl acid groups (C––O, O–C––O), respectively (Figueiredo et al., 1999). Concerning 
the Bi4f region, two peaks were placed at ~159 eV and ~164.3 eV with a spin-orbital splitting of 5.3 eV (Fig. 6c) attributed to the 
presence of Bi3+ in the materials. However, carbon-Bi composites showed an additional doublet at ~160.1 eV and ~165.4 eV, which 
should be ascribed to other Bi species with a different electronic environment favoured by the Bi2O3/AC or Bi2WO6/AC heterojunction 
((Zhu and Zhou, 2020). Finally, the W4f region was deconvoluted in two peaks placed at ~35.3 eV and ~37.5 eV with a spin-orbital 
splitting of ~2.2 eV (Fig. 6d), indicative of W6+ in the corresponding materials (Bi2WO6 and WO3 samples and composites) (Zhu and 
Zhou, 2020). In this last case, no differences were observed in the spectra between the metal oxide and its corresponding carbon-metal 
composite.

3.2. Photocatalytic degradation of 5-FU under solar-LED irradiation

To avoid the contribution of the adsorption process on the determination of the catalytic performance of the samples, before 
starting the photocatalytic experiments, the aqueous solution containing the 5-FU and the photocatalyst in suspension were stirred for 
30 min in the dark until reaching the adsorption equilibrium. The adsorption capacity of 5-FU was always lower than 6.7 % of the 
initial concentration (Fig. 7a), WO3 and WO3-3C-a presenting the lowest adsorption values (< 1 %), followed by Bi2O3 materials and 
finally, Bi2WO6 materials. The WO3 material had the lowest BET surface area (13 m2 g− 1, Table 1), and thereby, this should explain the 
very low adsorption of 5-FU occurred. All carbon-metal composites presented slightly higher adsorption capacity that their corre
sponding metal oxides, which is indicative of an enhancement in the adsorption properties, as observed from the N2 physisorption data 
(Table 1). The pollutant adsorption in aqueous solution normally is governed by the porosity of the materials and the surface chemistry 
(Moreno-Castilla, 2004).

Fig. 6. XPS spectra of selected materials: (a) survey, (b) O1s, (c) Bi4f and (d) W4f. The high-resolution spectra includes the corresponding peak 
deconvolution.
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After the dark period, the catalyst surface should be saturated allowing an adequate comparison when the materials were tested for 
the photodegradation of 5-FU under solar-LED irradiation (Fig. 7b-d). Initially, the photolysis of 5-FU was performed in absence of any 
catalyst, concluding that it was photostable under solar-LED irradiation (Fig. 7c). The 5-FU removal was consequently due to the 
photocatalytic performance of samples, which varied in the order: Bi2O3 > Bi2WO6 > WO3 for pure semiconductors without any 
additional post-treatment, achieving conversion values of 68 %, 36 %, and 10 % respectively, after 100 min of reaction (Fig. 7b).

In order to establish the influence of the post-treatment on the material activity, the Bi2WO6 catalyst was pretreated in air (Bi2WO6- 
a), the results demonstrating that this thermal treatment did not influence significatively on the activity of this sample (Fig. 7c). 
However, the performance of all the semiconductors improved in all cases when doped with carbon and additionally, when the 
corresponding carbon-metal composites were post-treated in N2. For instance, the removal of 5-FU after 100 min of reaction was 64 % 
and 84 % for Bi2WO6-3C and Bi2WO6-3C-n, respectively (Fig. 7d). The same trend of activity was found for metal-carbon composites, 
the most active material being that prepared with carbon and Bi2O3 (Bi2O3-3C-n), which was the most active photocatalyst achieving 
the total 5-FU conversion after 100 min. Air thermal post-treatment was also performed on the W-carbon composite (WO3-3C-a), the 5- 
FU removal being improved from 10 % to 24 %, i.e., more than twice.

The apparent kinetic rate constant (kapp) and regression coefficients of the 5-FU degradation under solar-LED irradiation using all 
the synthesized materials are listed in Fig. 7b and Table S2, Supplementary Material. In general, a beneficial effect of the carbon added 
in the synthesis of the composites can be clearly observed. In all the materials, kapp of the metal-carbon composites is higher than the 
corresponding value of the pure metal oxides, suggesting that carbon adding promotes the degradation reaction. Further treatments 
with nitrogen increased the reaction kinetics and complete removal was achieved at a lower time. Hence, there is a combination of the 
effect of carbon and further treatment in both efficiency and kinetics. In all materials as well, the presence of carbon provokes an 
increase in the specific surface area and pore volume of the respective semiconductors. Porosity and specific surface area have been 
reported to play an important role in photodegradation reactions (Ketir et al., 2014; Leary and Westwood, 2011). Furthermore, the 

Fig. 7. 5-FU removal obtained (a) by adsorption during the dark phase, and the photocatalytic process using (c) pure semiconductors and (d) 
carbon-metal composites;(b) Apparent kinetic rate constant (kapp) from photocatalytic reaction data. (Bi2WO6 refers to the material after the hy
drothermal synthesis).
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performance of these materials is also linked to their physico-chemical properties, and this explains the order in activity. Typically, 
smaller crystallite sizes correspond to an increased number of surface defects providing more active sites for photocatalytic reactions 
(Wang et al., 2014). However, Nandiyanto et al.,(2020) (Nandiyanto et al., 2020) reported that in the case of monoclinic WO3, the 
increase in crystallite size had a positive correlation on its photocatalytic activity. This could explain why, WO3-3C firstly with a 
crystallite size of 28.6 nm, performed better than WO3 with a 21.4 nm crystal size. In addition, its high specific surface area as well 
compared to that for WO3 added to the improved efficiency. However, as earlier mentioned, the carbon in the WO3-3C material seems 
to not be well integrated with the WO3 nanocubes, hence the impact of carbon was less compared to the Bi-based materials, as the odds 
were high that the particles used during the experiments did not have a homogenous distribution of carbon. In the case of Bi-based 
materials, the smallest crystallite size for Bi2WO6-3C led to the highest specific surface area and provided more active sites for pho
tocatalysis. Despite these, its efficiency and kinetics were lower than those of Bi2O3 and its composite. This could be explained by its 
wider band gap, since Bi2O3 and its composite had band gaps of about 0.3 eV lower than that for Bi2WO6 and Bi2WO6-3C, making them 
more active under the solar-LED irradiation. It can be inferred from literature that the presence of the carbon phase favours the 
separation of photogenerated carriers leading to charge transfer reactions. The carbon increases the number of photogenerated holes 
and electrons compared to the bare metal oxides, hence increasing photocatalytic activity. Carbonaceous structures are known to have 
high conductivity, promote charge transfer, enable better separation of electron-hole pairs, improve surface reactivities hence delaying 
their recombination (Elaouni et al., 2023; Q. Ma et al., 2022; Zhao et al., 2015). From the rate constant values, the highest performance 
was obtained for Bi2WO6-3C-N2 and Bi2O3-3C-N2 treated in nitrogen, and bismuth oxides without treatment.

Table 2 summarizes some studies regarding the recently works published for the removal of 5-FU in water. It is worthwhile noting 
that the experimental parameters such as catalyst loading, pollutant concentration and most especially light irradiation source differ 
making it challenging to do an accurate comparison. However, it can be observed that the photocatalysts prepared in this work, 
especially the composites showed an excellence photoactivity for the degradation of 5-FU under solar-LED irradiation compared to the 
materials reported in literature under similar light irradiation and even, irradiations of higher energy and intensity.

4. Conclusions

Tungsten and bismuth-based photocatalysts and their carbon-metal composites were prepared under same hydrothermal condi
tions and with. a different post-treatment in nitrogen or air atmosphere to ascertain which further treatment was better for the 
functionality of the materials. The materials were thoroughly characterized and used as photocatalysts for the degradation of 5-FU in 
water under solar-LED irradiation. The morphology and structure of the materials depended on the type of semiconductor synthetized. 

Table 2 
Survey literature of different photocatalysts used for the removal of 5-FU in water.

Material Removal (%)/ time 
(min)

5-FU concentration (mg L¡1)/ catalyst 
loading (g L¡1)

Irradiation type Reference

g-C3N4 99/30 10/1 Medium pressure Hg lamp 
(λ > 350 nm)

(Pérez-Molina et al., 2023)

g-C3N4 55/420 10/1 Solar-LED (λ > 410 nm) (Pérez-Molina et al., 2023)
g-CN/Ni3(VO4)2 

/ZnCr2O4

100/200 20/0.02 Halogen lamp (λ > 200 nm) (Swedha et al., 2022)

g-CNQDs/ CuFe2O4/ 
Cu0

100/60 3.9/0.2 Xe lamp (λ > 420 nm) (Wang et al., 2023)

g-C3N4/ZnO 100/180 20/1 UV-LED (λ = 385 nm) (Pérez-Molina et al., 2022)
BiOCl 100/60 15/0.2 Medium pressure Hg lamp 

(λ > 200 nm)
(Wilczewska and 
Bielicka-giełdo, 2021)

BiOClBr 100/90 15/0.5 Medium pressure Hg lamp 
(λ > 200 nm)

(Wilczewska et al., 2019)

P25 100/120 0.2/0.005 UV lamp (λ > 254 nm) (Lin and Lin, 2014)
Bi-B doped TiO2 95/240 50/0.25 Xe lamp (λ > 420 nm) (Fiszka Borzyszkowska et al., 

2016)
N/S doped TiO2 80/180 10/0.1 Xe lamp (λ > 300 nm) (Koltsakidou et al., 2017)
TiO2-TBMA ​ ​ ​ (Wilczewska et al., 2022)

100/180 15/0.5 Xe lamp (λ > 420 nm)
100/60 15/0.5 Medium pressure Hg lamp (λmax 

= 366 nm)
PET− 10 wt% TiO2 94/360 1/1 Xe lamp (λ > 300 nm) (Evgenidou et al., 2020)
PLLA-GO− 10 wt% 

TiO2

40/360 1/1 Xe lamp (λ > 300 nm)

​ ​ 5/1 Solar-LED (λ > 380 nm) This study
WO3-C 75/420
​ ​
Bi2O3-C 100/100
​ ​
Bi2WO6-C 100/180

g-C3N4: graphitic carbon nitride; g-CNQDs: graphitic carbon nitride quantum dots; TBMA: tributylmethylammonium chloride; PET: Poly(ethylene 
terephthalate); PLLA-GO: poly(L-lactic acid)-graphene oxide.
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Thus, Bi2O3 was composed by worm-like structures, while elongated particles forming microspheres and nanocube particles were 
observed for Bi2WO6 and for WO3, respectively. The carbon-metal composites showed a well-integrated carbon grains coated by the 
metal oxide particles, especially in the case of Bi-carbon composites. In addition, the presence of carbon provoked an increase in the 
specific surface area and pore volume, a reduced band gap and lower crystallite size compared to the original semiconductor. The xps 
analysis confirmed the incorporation of the carbon functionalities in the composites while the PL spectra showed that the carbon phase 
in the composites contributed to a lower intensity suggesting a suppression in charge recombination in the composites. Regarding the 
photocatalytic performance, all materials were active for the 5-FU removal under solar-LED irradiation, Bi-based materials, i.e., Bi2O3 
and Bi2WO6, being more active than WO3, as well as the corresponding carbon-metal composites showed a superior activity compared 
to the original semiconductor. The influence of the post-treatment on the activity depended on the type of semiconductor tested. Thus, 
air thermal post-treatment did not seem to affect significatively on the activity of Bi2WO6. However, the nitrogen post-treatment 
improved remarkably the efficiency of all Bi-carbon composites. In the case of WO3 materials, air post-treatment favoured the ac
tivity of the materials because a higher crystallite size was obtained. In all materials, the presence of carbon improves the reaction 
kinetic rates and overall efficiency irrespective of the semiconductor used. Overall, total photodegradation of 5-FU was obtained using 
Bi2O3-3C-n in 100 mins, followed of Bi2WO6-3C-n in 240 mins and finally, WO3-3C-a in 420 mins. This work therefore establishes 
novel information on the further treatment, which improves the structure and performance of the Bi-based photocatalysts for their 
application in wastewater treatment of resistant organic pollutants and other environmental remediation studies.
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review & editing. F.J. Maldonado-Hódar: Conceptualization, Validation, Writing - review & editing. S. Morales-Torres: Concep
tualization, Investigation, Data curation, Resources, Writing – review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

This work was financially supported by Junta de Andalucía – Conserjería de Universidad, Investigación e Innovación – Project 
P21_00208 and by project PID2021–126579OB-C31 from MCIN/AEI/10.13039/ 501100011033 and “ERDF A way of making Europe”. 
VBKY acknowledges the Finnish Foundation for Technology promotion, tekniikan edistämissäätiö and Soroptimist International 
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