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Highly efficient visible light active 
iron oxide‑based photocatalysts 
for both hydrogen production 
and dye degradation
Preethi Vijayarengan 1,2*, Sri Chandana Panchangam 3*, Ananth Stephen 4, 
Gokulanandhan Bernatsha 1, Gokul Krishnan Murali 1, Subramanyam Sarma Loka 5, 
Sathish Kumar Manoharan 6, Venkatramu Vemula 7, Rama Rao Karri 8* & Gobinath Ravindran 9

Photocatalysis is essential for wastewater cleanup and clean energy, and in this current study, we have 
synthesized nanomaterials (iron oxide‑based) for photocatalytic pollution degradation and hydrogen 
production. The performance of aluminium oxide/ferric oxide  (Al2O3/Fe2O3), samarium oxide/ferric 
oxide  (Sm2O3/Fe2O3) and yttrium oxide/ferric oxide  (Y2O3/Fe2O3) were compared for the production 
of hydrogen  (H2) and degradation of dye under natural sunlight. Various characterisation equipment 
was used to characterize these photocatalysts’ structure, morphology, elemental content, binding 
energy and band gap. The hydrogen recovery efficiency of iron oxide‑based photocatalysts from 
sulphide‑containing wastewater is assessed.  Y2O3/Fe2O3 has shown the highest hydrogen production 
of 340 mL/h. The influence of operating factors such as sulphide ion concentration, catalyst quantity, 
and photocatalyst photolytic solution volume on hydrogen production is studied. The optimal values 
were 0.25 M, 0.2 g/L, and 1L, respectively. The developed photocatalyst passed multiple cycles of 
stability testing.  Fe2O3 has shown the highest Rhodamine B (RhB) dye degradation efficiency of 94% 
under visible light.
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Accelerated technological advancements and strong economic growth have increased global energy demand, 
highlighting the critical need for energy conservation and efficiency. The replenishment of scarce and rapidly 
depleting fossil fuels takes ages and cannot meet the escalating rate of energy demand. With rapid industriali-
zation and expanding urbanization, there has been greater emphasis on the need for comprehensive research 
studies on energy consumption, its impact on the environment and the use of renewable energy for promoting 
 sustainability1,2. Earlier research has shown that the photocatalytic process under visible light could be used 
for the effective generation of renewable energy  (H2 evolution) and in the degradation of toxic wastewater 
 pollutants3. Many research studies have focussed on exploring photocatalytic materials that are active under 
visible light and stable during the photocatalytic process, thus achieving maximum hydrogen production and 
complete mineralization of pollutants. Clean renewable energy production from cheap resources like wastewater 
is the need of the hour for energy security. At the same time, removing harmful contaminants from wastewater 
is a challenging problem that must be tackled to protect and preserve the environment. Organic dyes are used 
in several applications, such as cosmetics, textiles, paper industry, and other colourants, and they eventually 
enter into water bodies. These dyes are pollutants that must be treated effectively to achieve maximum removal 
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 efficiency4. Photocatalytic removal of the organic dyes from the environmental water matrix offers the follow-
ing advantages, i.e., (a) utilization of renewable solar energy and (b) cost-effective pollution  mitigation5. The 
photocatalytic process is an efficient method that can be employed for the twin uses of removal of wastewater 
pollutants and hydrogen  production6–8. The adopted method offers noteworthy economic and environmental 
benefits. Photocatalytic degradation or  H2 production is considered suitable because of its economical, eco-
friendly, and convenient nature. The photocatalytic reaction requires a potential of 1.23 eV per electron to obtain 
desirable  H2,  O2 and  CO2 molecules and comprises three significant steps: electron and hole pairs generation, 
charge isolation and migration to the catalyst surface, and chemical reaction on the active  sites9.

Fe2O3 is a potential photocatalyst with a narrow band gap (< 2.1 eV) and a vast absorption capacity in the vis-
ible light area. The photocatalytic activity of  Fe2O3 increases in a concurrent system during real-time applications. 
Interfacing of other metal oxides with  Fe2O3 will likely result in substantial improvement in the photocatalytic 
efficacy. Iron oxide facilitates the sinking of photogenerated electrons and hole pairs in a co-catalyst lattice, 
thereby increasing the charge separation and improving the corresponding  photoactivity10. Furthermore, there 
are a more significant number of active sites in a co-catalyst system when compared to a pristine catalyst. Maxi-
mum active sites are at the disposal of a co-catalyst system when compared to a pristine catalyst. The increased 
number of available active sites aids in enhanced hydrogen production and improved dye  degradation11–13. Most 
research studies have combined iron oxide with titania-based photocatalysts or other  semiconductors10,14. The 
application of nanocomposite metal oxide materials as a photocatalyst to remove wastewater contaminants was 
examined, and it resulted in better photocatalytic activity than the oxides alone. Composite nanostructured metal 
oxides are an interesting option against doping techniques. The nanocomposites enhanced the properties of the 
metal  oxides15. Few research papers have reported visible, active photocatalytic dye  degradation16.

The current research study discusses the photocatalytic efficiency of visible-light-induced iron oxide compos-
ites like  Al2O3/Fe2O3,  Sm2O3/Fe2O3, and  Y2O3/Fe2O3 to recover hydrogen from sulphide-containing wastewater 
and degrade the organic pollutant, Rhodamine B (RhB) dye. These iron oxide composites are synthesized in a 
novel route and have not yet been reported by other researchers. The photocatalysts are well characterized, and 
the factors affecting photocatalytic reactions of  H2 production and dye degradation are studied.

Materials, synthesis and characterization of iron‑oxide‑based photocatalysts
Iron oxide nanoparticles are synthesised by the combustion process, using cow urine as the natural urea source. 
Cow urine is obtained from nearby farmers. Analytical grade Rhodamine B (RhB) is procured from M/s S.D. 
Fine Chemicals, Mumbai, India. Ferric nitrate, urea, aluminium nitrate, yttrium nitrate, and samarium nitrate 
are obtained from Merck Chemicals, India, and have a purity of 99.99%.

Synthesis of pure iron oxide
At first, 40.4 g of ferric nitrate (Fe(NO3)3⋅9H2O) is dissolved in 100 mL natural urea solution and stirred for 
30 min to obtain a homogeneous mixture. Later, this homogeneous solution is heated continuously on a hot 
plate. Upon heating for an hour, this homogeneous mixture of urea-iron nitrate solution turns into a transparent 
viscous gel that auto-ignites to form voluminous foam. Further continual heating transforms the foam into dry 
nanoparticles because of combustion. A schematic representation of the preparation of iron oxide nanoparticles 
is provided in Fig. 1.

Figure 1.  Synthesis of iron oxide nanoparticles.
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Synthesis of aluminium oxide: iron oxide
A similar combustion process, as described above using natural urea fuel, is adopted to synthesise aluminium 
oxide: iron oxide nanoparticles. An equimolar ratio of ferric nitrate and aluminium nitrate (Al  (NO3)3⋅9H2O) 
is taken and dissolved individually in a 50 mL quantity of fuel. After ensuring complete solubility, both solu-
tions are transferred into a single container and thoroughly mixed to form a homogeneous solution. Then, this 
homogeneous mixture is heated on a hot plate to facilitate the combustion process. Figure 2 depicts the synthesis 
procedure of  Al2O3/Fe2O3 nanoparticles.

Synthesis of yttrium oxide: iron oxide and samarium oxide: iron oxide
For the Yttrium oxide: iron oxide  (Y2O3/Fe2O3) synthesis, ferric nitrate, and Yttrium nitrate (Y(NO3)3.6H2O) 
are taken as precursor materials in equimolar ratio and dissolved individually in 50 ml natural urea. Similarly, 
for the samarium oxide: iron oxide  (Sm2O3/Fe2O3) synthesis process, ferric nitrate and Samarium nitrate (Sm 
 (NO3)3 ·  6H2O) are taken as the precursor materials. The preparation of the homogeneous mixture and combus-
tion process is the same as explained in the earlier section. All the processes yield ultra-fine particles, which are 
dried and powdered well for further studies and characterization.

Characterization of photocatalysts
The prepared photocatalysts are thoroughly characterized with X-ray diffraction measurements of  Fe2O3 and 
other mixed metal oxides using a Rigaku Miniflex-600 X-ray diffractometer operated with Cu Kα radiation 
(λ = 1.54 Å) in the 2θ range of 0° to 90°. Morphological features of  Fe2O3 and other mixed metal oxides are 
obtained using Scanning Electron Microscopy (SEM). A JEOL JSM-IT 500 scanning electron microscope is oper-
ated at 25 kV. For SEM analysis, the powder samples are glued to carbon adhesive tape. Energy dispersive X-ray 
(EDX) analysis is done to identify metals and oxygen species with a built-in dry silicon-drift EDX detector inte-
grated with the SEM instrument. UV–vis Diffuse Reflectance spectrum (UV-DRS) obtained with a JASCO V755 
UV–vis spectrophotometer is used to determine the photocatalysts’ band structure and light-absorbing capacity.

Photocatalytic experiments for  H2 production and dye degradation
A photocatalytic reactor of five-litre capacity is used for hydrogen recovery. The reactor is made of acrylic material 
with a trapezoidal shape. Simulated sulphide wastewater consisting of sulphide ion concentrations in the range of 
0.05 M to 0.3 M, with 0.2 M in a typical system, is used for hydrogen recovery. Sulphide ion acts as the sacrificial 
agent in the hydrogen production process. Different doses of iron oxide-based photocatalysts are employed. The 
hydrogen produced during the process is collected in an inverted measuring cylinder. All the experiments are 
conducted from 12 to 2 PM when the sunlight intensity is at its peak.

A 50 mg/L stock solution of RhB is prepared, and the necessary dilutions are made from the stock solution. 
RhB is quantified by a UV–Vis double beam Spectrophotometer (Systronics Model No. 2203) with a wavelength 
range of 200 to 1100 nm with an accuracy of 0.5 nm and a bandwidth of 2 nm. The photometric range of absorb-
ance for the instrument is ± 2.5 ABS. The peak absorbance wavelength of RhB used in the study is 554.8 nm. A 
calibration graph for RhB quantification with concentrations 0–25 mg/L is prepared. The linear fitting is achieved 
with a coefficient of determination  (R2) value of 0.999. The concentration of RhB in the unknown sample is 
determined using this calibration graph.

Figure 2.  Synthesis of  Al2O3/Fe2O3 nanoparticles.
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Photocatalytic degradation of RhB is carried out in a 1 L volume double-jacketed quartz reactor with an inlet 
and outlet. A 125 W Vis Lamp with a built-in safety resister is used as a light source to provide illumination. The 
lamp is placed in the quartz sleeve and is in the provision given in the reactor vessel. An initial RhB concentra-
tion of 5 mg/L is used in a typical experiment while the catalyst dose is maintained at 200 mg/L. All the reaction 
solutions are stirred in the dark for half an hour before they are exposed to visible light illumination to attain 
adsorption–desorption equilibrium between the photocatalysts and the RhB dye. The solution is illuminated for 
4 h, and the samples are withdrawn every 15 min to determine RhB concentration. The solution is continuously 
stirred at 600 rpm using a magnetic stirrer while the temperature is maintained at 25 ± 2 °C using a cooling tank 
with a pump. The pH of the samples was not controlled during the experiments; however, the initial pH was 
within the range of 6.5 to 9 during the entire experiment. The collected samples are centrifuged at 5000 rpm 
with Remi make model number R-24 centrifuge. The supernatant from the centrifuge tube is collected in vials 
for the RhB quantification.

Results and discussions
Characterization of photocatalysts
Figure 3 shows the XRD patterns of  Fe2O3 and other mixed metal oxides. In the case of the XRD scan of  Fe2O3, 
well-defined peaks appear at 26.67°, 33.21°, 35.98°, 42.58° and they are compared with standard XRD for the 
hematite phase of  Fe2O3 (JCPDS card number 39-1346). Further, sharp and strong peaks are observed for  Fe2O3, 
revealing that the prepared metal oxide is crystalline. No peaks related to the  Fe2O3 phase are observed in the 
XRD scan of  Al2O3/Fe2O3. Close inspection of the XRD scan reveals a broad peak between 2θ between 25° and 30° 
originating from the diffraction of the (220) plane of γ-Al2O3

17.
Further, coverage of iron oxide by aluminium oxide particles may have contributed to the absence of XRD 

peaks related to the iron oxide. In the case of other mixed metal oxides like  Sm2O3/Fe2O3 and  Y2O3/Fe2O3, 
observed peaks comprise of contribution from both the metal oxides. From the XRD analysis, it is evident that 
except  Al2O3/Fe2O3, other mixed metal oxides are reasonably crystalline in nature, and hence better photocata-
lytic activity can be anticipated.

The morphological features observed for  Fe2O3 and other mixed metal oxides are examined using scan-
ning electron microscopy (SEM) and are presented in Fig. 4. It is seen that the  Fe2O3 particles have a plate-like 
morphology and are porous in nature. In the case of mixed  Al2O3/Fe2O3, it can be seen that some numbers of 
spherical aggregates are deposited on  Fe2O3. Similar observations can be seen for other mixed metal oxides like 
 Sm2O3/Fe2O3 and  Y2O3/Fe2O3. Fe and other metal components in mixed metal oxides are verified from energy 
dispersive X-ray analysis (EDX) (Fig.  SI 1: Supplementary Information).

The optical absorption potential of the photocatalysts is assessed using UV-DRS spectrum recorded within 
the 200 nm to 800 nm range, as shown in Fig. 5a. All the iron oxide-based photocatalysts exhibit high visible 
photoactivity with a typical absorption broad peak at around 400–500 nm. The absorbance of photocatalysts is 

Figure 3.  X-ray diffraction patterns of  Fe2O3,  Al2O3/Fe2O3,  Sm2O3/Fe2O3, and  Y2O3/Fe2O3.
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in the following order:  Al2O3/Fe2O3 >  Sm2O3/Fe2O3 >  Y2O3/Fe2O3. The bandgap of the iron oxide-based photo-
catalysts is determined using Kubelka–Munk plots, as shown in Fig. 5b. The band gap values of the photocatalysts 
are 1.5, 1.6, 1.9, and 1.7 for  Fe2O3,  Al2O3/Fe2O3,  Sm2O3/Fe2O3 and  Y2O3/Fe2O3, respectively.

The chemical state, valency, binding energy, etc., can be obtained from XPS analysis. The optical application 
is based on the valence state of the synthesized iron oxide-based NPs. Figure 6 shows the valence band XPS 
spectra of  Fe2O3,  Al2O3/Fe2O3,  Y2O3/Fe2O3 and  Sm2O3/Fe2O3. The presence of  Fe2+ is well bonded with the Al 
and O in  Al2O3/Fe2O3 sample. Hence, the iron is more sensitive than aluminium for the oxidation process. The 
metal ions are surface bonded with lattice oxygen. The obtained valency state has opted for the photocatalytic 
application. The binding energy of 2p3/2 and 2p1/2 states located at 711 and 714 eV agree with the standard 
values and confirm the configuration of  Fe2O3. The binding energy of the other elements matches the XPS spectral 
data. The binding energies are slightly altered and raised in doped  Fe2O3 owing to the inclusion of  Al2O3,  Y2O3 
and  Sm2O3. The results obtained demonstrate the high purity of  Al2O3/Fe2O3 NPs. The oxidized metal NPs are 
widely employed for catalytic applications.

Photocatalytic solar hydrogen production
Simulated sulphide wastewater with 0.2 M sulphide ion concentration is used for the  H2 production study. The 
efficiencies of various iron oxide  (Fe2O3) photocatalysts are determined to determine their photocatalytic activ-
ity. In a typical reactor, as soon as the  Fe2O3-based photocatalysts are exposed to solar irradiation, electrons are 
generated, and holes are produced, leading to reduction and oxidation reactions, respectively, to form hydrogen. 
The solar light intensity is determined with the help of a lux meter and is seen to vary from 75,000 to 82,000 lx. 
Figure 7a shows the photographic view of the photocatalytic reactor utilized for hydrogen production, and Fig. 7b 
depicts the activity of various iron oxide-based photocatalysts used for hydrogen production. Regarding hydrogen 
production efficiency,  Y2O3/Fe2O3 are observed to have maximum efficiency with 340 mL of  H2 per hour. There 
is a reduction in the  H2 production efficiency in the following order:  Y2O3/Fe2O3 (340 mL/h) >  Al2O3/Fe2O3 
(250 mL/h) >  Sm2O3/Fe2O3 (200 mL/h) >  Fe2O3 (135 mL/h). The  Y2O3 increases the  H2 production efficiency by 
2.5 times compared to pure  Fe2O3.  Y2O3 is one of the heavy rare earth oxides with a small atomic radius, which 
helps accelerate the photoactivity of the attached co-catalyst18.

Sacrificial agent
Synthetic wastewater with 0.2 M sulphide concentration and 0.1 g of  Y2O3/  Fe2O3 is used to estimate the effect 
of sulphite ion concentrations as a sacrificial agent for maximum hydrogen production. The sulphite ion con-
centrations are varied from 0.05 to 0.3 M with an interval of 0.05 M. The optimized sulphide ion concentration 
will help to suppress photo-corrosion19. Figure 8 depicts the effects of sulphite ion concentrations on hydrogen 
recovery. The generation of  H2 was found to decrease with an increase in sulphite ion concentration beyond 

Figure 4.  Scanning electron microscopy (SEM) images of  Fe2O3,  Al2O3/Fe2O3,  Sm2O3/Fe2O3, and  Y2O3/Fe2O3.
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Figure 5.  (a) UV-DRS spectra of iron oxide-based photocatalysts, (b) Kubelka–Munk plots with bandgap 
values.

Figure 6.  Valence band XPS spectra of  Fe2O3,  Al2O3/Fe2O3,  Y2O3/Fe2O3 and  Sm2O3/Fe2O3.
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0.25 M. A probable reason for this is that the available active sites on the surface of the photocatalyst might be 
competitively adsorbed by sulphite and thiosulphate thio-sulphite  ions20. Earlier reports support the present 
study’s findings wherein higher and lower sulphite ion concentrations against optimum concentration negatively 
impact the maximum  H2  production21–23.

Effect of catalyst dose
The effect of  Y2O3/Fe2O3 dose on  H2 recovery from synthetic sulphide wastewater containing 0.2 M sulphide ion 
concentration is determined by varying the catalyst dose from 0.05 to 0.25 g/L.  Y2O3/Fe2O3 is chosen because 

Figure 7.  (a) Photocatalytic reactor for solar hydrogen production from sulphide wastewater, (b) activity of 
iron oxide-based photocatalysts for hydrogen production.

Figure 8.  Effect of Sacrificial agent on photocatalytic hydrogen production.
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of its best  H2 production efficiency compared to other catalysts studied in this study. The optimal sulphite ion 
concentration of 0.25 M was used. The hydrogen production is recorded at regular intervals of every 1 h. Figure 9 
depicts the effects of catalyst amount on hydrogen recovery. The optimal hydrogen recovery is achieved with 
a  Y2O3/Fe2O3 dosage of 0.2 g/L. An increase in the volume of the added photocatalyst above 0.2 g/L causes the 
photolytic solution to become more turbid, which decreases light penetration to the  Y2O3/Fe2O3 active surface 
and thereby reduces the rate of hydrogen recovery. Several other researchers have obtained similar  findings21,23–31.

Effect of volume of photolytic solution on  H2 production
The volume of the initial photolytic solution affects the  H2 production efficiency, as reported by earlier 
 researchers23–31. Hence, the influence of 1 L to 3 L volume of reaction solution on hydrogen recovery from sul-
phide wastewater was analysed. The optimal sulphite ion concentrations and catalyst amount are used. Figure 10 
depicts the effects of the volume of the photolytic solution on hydrogen recovery. The recovery of  H2 is found to 
be maximum for 1 L. On increasing the volume of the photolytic solution above 1 L, the hydrogen production 
decreases gradually. This shows that the light penetration is maximum at optimum volume (1 L) than increased 
volume (2 L, 3 L) of photolytic  solution32.

Reusability of  Y2O3/Fe2O3 for  H2 recovery
For large-scale hydrogen recovery from industrial sulphide wastewater, photocatalyst stabilisation is crucial. 
The reuse potential of the  Y2O3/Fe2O3 photocatalyst is evaluated through multiple runs to ensure its stability. To 
perform this recyclability test for six cycles, after each cycle, the photocatalyst from the photolytic solution was 
separated and washed several times with ethanol, followed by drying and grounding. Thus, the photocatalyst 

Figure 9.  Effect of  Y2O3/Fe2O3amount on hydrogen production.

Figure 10.  Effect of volume of photolytic solution.
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was recycled for every  cycle33. The reusability of  Y2O3/Fe2O3 for six cycles is shown in Fig. 11. According to the 
results, the  Y2O3/Fe2O3 is stable for up to 6 cycles.

Photocatalytic degradation of RhB dye
An inner irradiated, visible light, double-jacketed quartz photocatalytic reactor with 500 mL capacity was used 
to study the degradation of RhB (Fig. 12a). The photocatalytic degradation efficiencies of the as-prepared pho-
tocatalyst  Fe2O3,  Al2O3/Fe2O3,  Y2O3/Fe2O3, and  Sm2O3/Fe2O3 are evaluated using RhB as a model compound. 
With an initial concentration of 5 mg/L RhB and a photocatalyst dose of 200 mg/L, photocatalytic degradation 
takes place/occurs, and the results in terms of % removal of RhB are shown in Fig. 12b. RhB alone is irradiated 
under visible light when no catalyst is employed, and the degradation reaches 20.8% in 4 h. When the solution 
mixture with RhB and no catalyst is kept in a dark place, no degradation of RhB is observed. The degrada-
tion of RhB increases in the presence of  photocatalysts34–37. The performance of pure  Fe2O3 and  Al2O3/Fe2O3 
is comparable, with the highest removal efficiencies of 94% and 92%, respectively. The degradation efficiency 
with  Fe2O3 and  Al2O3/Fe2O3 is nearly 4.5 times that of irradiation of RhB in the absence of a photocatalyst. The 
removal efficiencies of  Sm2O3/Fe2O3 and  Y2O3/Fe2O3 are 71% and 70%, respectively, which is 3.38 times higher 
than without the photocatalyst. This indicates that direct photolysis of RhB results in dye degradation of up to 
20%, and upon the addition of the photocatalysts, the degradation efficiency increases due to the effectiveness 
of the photocatalyst. RhB has an absorbance of 554.8 nm, while the photocatalysts employed in this study have 
a broad absorbance peak ranging from 400 to 500 nm, indicating higher light-harvesting capacity. Therefore, it 
is clear that the presence of photocatalysts triggers the radical-based photocatalytic dye degradation mechanism, 
facilitating higher removal rates of RhB.

The reuse potential of the  Fe2O3 photocatalyst is evaluated through multiple runs to ensure its stability in the 
degradation of RhB dye. To perform this recyclability test for 6 cycles, after each cycle, the photocatalyst from 
the photolytic solution was separated and washed several times with ethanol, followed by drying and grounding. 
Thus, the photocatalyst was recycled for every  cycle33. The reusability of  Fe2O3 for 6 cycles is shown in Figure 13. 
According to the results, the  Fe2O3 is stable for up to 6 cycles.

Mechanism of  H2 production and RhB degradation
Figure 14 shows the reaction mechanism for  H2 production from sulphide wastewater and RhB degradation. 
The band edge positions are calculated using the following formula. EVB = X − Ee + 0.5Eg and ECB = EVB − Eg. 
Where EVB is the potential of the valence band, ECB is the potential of the conduction band, and X is the 
electronegativity of the photocatalyst prepared. The Ee was the energy of free electrons on the hydrogen scale 
(4.5 eV), and Eg was the prepared photocatalyst’s bandgap energy. In the hydrogen production study,  Y2O3/Fe2O3 
showed maximum yield, and the band gap of  Y2O3/Fe2O3 is 1.7 eV. The  EVB and  ECB were calculated as 2.83 eV 
and 1.13 eV respectively. Based on the above, the mechanism of photocatalytic water splitting over  Y2O3/Fe2O3 is 
illustrated on the right side of Fig. 14. As soon as the  Y2O3/Fe2O3 is exposed to the direct irradiation in the pho-
tolytic solution containing wastewater and sacrificial agents, the electrons from the valance band  (EVB = 2.83 eV) 
jump to the conduction band  (ECB = 1.13 eV) leaving holes in the conduction band. Excited electrons from the 
valence band of the  Y2O3/Fe2O3 composite material move into CB, and these photogenerated electrons and holes 
close the interfacial contact between  Y2O3 and  Fe2O3. The photogenerated electrons reduce protons to hydrogen. 
The photogenerated holes in the VB produce protons from wastewater.

Similarly, for RhB degradation,  Fe2O3 shows maximum degradation efficiency. In the presence of a pho-
tocatalyst  (Fe2O3) under irradiation, oxidation–reduction reactions enhance the degradation of  RhB31–33. The 
band gap of  Fe2O3 is 1.5 eV. The EVB and ECB were calculated as 0.47 eV and 1.03 eV respectively. Based on 

Figure 11.  Reusability of  Y2O3/Fe2O3.
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Figure 12.  (a) Photocatalytic reactor used for RhB degradation studies, (b) photocatalytic degradation of 
RhB with various  Fe2O3 photocatalysts (RhB = 5 mg/L; catalyst dose = 200 mg/L; initial pH range  6.5 to 8.25; 
temperature = 25 ± 2 °C).

Figure 13.  Reusability studies of  Fe2O3 for RhB degradation.
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the above, the mechanism of RhB degradation over  Fe2O3 is illustrated on the left side of Fig. 14. Thus, both the 
direct conversion of RhB and the radical-based mechanism led to the high degradation efficiency of RhB by the 
prepared  Fe2O3  catalysts38.

Conclusions
In this study,  Fe2O3-based photocatalysts are evaluated for  H2 production from sulphide wastewater under natu-
ral sunlight. The highest  H2 production efficiency of 365 mL/h is observed using  Y2O3/  Fe2O3.  Y2O3/  Fe2O3 and 
photocatalytic reactors are effective in generating clean gas fuel  (H2) from sulphide wastewater under natural 
sunlight.  Fe2O3 shows a maximum degradation efficiency of 94% of RhB. The iron oxide-based photocatalysts 
are noteworthy under visible light irradiation with constant pseudo-first-order kinetic rates ranging from 0.0051 
to 0.0133  h−1. The studied photocatalyst is noted to be stable for up to 6 consecutive cycles. In summary, iron 
oxide-based photocatalysts prove effective in  H2 production and dye degradation.
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