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A B S T R A C T

In this study, SrTiO3 nanoparticles were synthesised in high yield using a simple and low-cost 
method, followed by calcination. The effect of the calcination temperature in the range from 
700 to 1100 ◦C on the morphology, phase structure, crystallite size, and photocatalytic activity of 
SrTiO3 nanoparticles was investigated. Analysis of the morphology and structure of the syn
thesised samples revealed an increase in the average particle size from 70.4 to 361.72 nm as well 
as crystallite growth with increasing calcination temperature (from 800 to 1100 ◦C), likely due to 
the fusion of smaller crystallites into larger ones. A possible pathway for the growth mechanism of 
strontium titanate grains was also proposed. The SrTiO3 sample calcined at 800 ◦C exhibited the 
highest methylene blue (MB) photodegradation efficiency, achieving 100 % degradation within 
30 min of irradiation. The pseudo-first-order reaction rate constant k for this sample was deter
mined to be 0.156 min− 1, which is almost 1.8 and 14.19 times higher compared to those of 
commercial P25 and SrTiO3, respectively. The analysis indicated that the high photoactivity of 
this sample was due to its high crystallinity, relatively small particle size, and optimal light ab
sorption, which enhanced the separation and transport of the photogenerated charges and 
increased the number of active sites, thereby positively affecting the photocatalytic properties. 
Additionally, the effects of the initial dye concentration and amount of photocatalyst loaded on 
the photodegradation efficiency were investigated.

1. Introduction

Since Domen’s pioneering work in 1980, which highlighted the promising use of strontium titanate (SrTiO3) as a photocatalyst, it 
has been extensively studied for its potential to decompose water into hydrogen (Kudo et al., 2023). Recently, the application of SrTiO3 
in a photocatalytic panel reaction system with a total area of 100 m2 was reported (Nishiyama et al., 2021). Notably, Al-doped SrTiO3 
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exhibited a quantum efficiency exceeding 90 % in the near-UV region when selectively loaded with hydrogen- and oxygen-evolution 
cocatalysts (Takata et al., 2020). Despite the significant potential of SrTiO3, its commercial application in photocatalysis has been 
hindered by the high recombination rate of photogenerated electron-hole pairs on its surface or within its lattice (Kuspanov et al., 
2023b). Nonetheless, enhancing the photocatalytic activity of SrTiO3 remains a critical challenge in heterogeneous photocatalysis. In 
recent years, various methods have been employed to address this issue, including defect engineering, morphology optimisation, 
co-catalyst deposition, and the creation of composite semiconductors (Daulbayev et al., 2021; Qin et al., 2021; Sultanov et al., 2020; 
Vijay and Vaidya, 2021; Wang et al., 2021). However, these studies mainly utilised commercial SrTiO3 powder, highlighting the need 
for a detailed investigation of synthetic methods and their parameters, as these critically affect the chemical and physical properties of 
SrTiO3. Typically, SrTiO3 nanoparticles are synthesised using hydrothermal/solvothermal (Kobayashi et al., 2018; Ramos-Sanchez 
et al., 2020), solid-state (Youssef et al., 2018), sol-gel (Deshmukh et al., 2021), and other methods (Aravinthkumar et al., 2022). 
Each method has its own advantages and limitations. Chemical synthesis methods generate more homogeneous and finely dispersed 
powders at low temperatures but require long reaction times, high equipment standards, and typically yield small quantities of product 
(Ma et al., 2019). The solid-state method is characterised by simplicity, low cost, and mass production capability; however, it requires 
high synthesis temperatures, which can lead to the presence of undesirable impurities and coarse grain textures (Youssef et al., 2018). 
Furthermore, it has been reported that the crystallite sizes vary with the calcination temperature, which directly correlates with the 
photocatalytic activity of the synthesised photocatalysts (Ma et al., 2019). Therefore, the development of a simple method for syn
thesising high-purity and homogeneous SrTiO3 nanoparticles that enables mass production at low temperatures is an urgent priority.

In this study, SrTiO3 nanoparticles were synthesised in high yield using a simple and cost-effective method followed by calcination. 
The effect of the calcination temperature on the morphology of the nanoparticles and their photocatalytic activity towards the 
degradation of methylene blue dye was investigated. The synthesised samples were characterised using X-ray diffraction (XRD), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-resolution X-ray photoelectron spectroscopy 
(XPS) to determine their morphologies and crystal structures.

2. Materials and methods

2.1. Materials

All reagents and chemicals, including titanium dioxide (TiO2, ＜25 nm, 99.7 %, Sigma–Aldrich, USA), strontium nitrate (Sr(NO3)2, 
≥ 98 %, Sigma–Aldrich, USA), oxalic acid ( (COOH)2⋅2 H2O, > 98 %, Laborpharma, Kazakhstan), strontium titanate (SrTiO3, Sig
ma–Aldrich, USA, ≥ 99 %), strontium titanate (SrTiO3, Amazon, USA, 99.95 %, 100 nm), methylene blue (C16H18ClN3S⋅xH2O, dye 
content ≥82 %, Sigma–Aldrich, США), and nitric acid (HNO3, < 90 %, Sigma–Aldrich, USA), were of analytical grade and used 
without any additional purification. Double-distilled deionised water was used for the synthesis of the photocatalysts and photo
catalytic degradation experiments.

2.2. Synthesis of SrTiO3

SrTiO3 nanoparticles were synthesised using a simple and economical chemical precipitation method (Kudaibergen et al., 2023; 
Serik et al., 2024). For this purpose, a 0.12 M aq. solution of Sr(NO3)2 and TiO2 with a 1:1 Sr/Ti molar ratio was mixed in distilled water 
and subjected to ultrasonic treatment for 30 min. As a reducing agent, a 0.4 M solution of (COOH)2⋅2 H2O was added dropwise to the 
previous suspension under vigorous stirring. The pH of the suspension was adjusted to 6–7 by adding 30 % ammonium solution. The 
resulting white precipitate was washed five times by centrifugation and dried for 16 h at 60 ºC. The product was then calcined at 700, 
800, 900, 1000, and 1100 ºC for 60 min in a muffle furnace under an air atmosphere. The obtained samples were designated as 
STO-700, STO-800, STO-900, STO-1000, and STO-1100. Commercial SrTiO3 purchased from Sigma-Aldrich (STO-com, Sigma) and 
Amazon (STO-com, Amazon) were used for comparison. After calcination, the synthesised samples were incubated for 30 min in a 1 M 
HNO3 solution to remove remaining impurities, such as SrCO3, then washed with distilled water several times and dried for 16 h at 60 
ºC.

2.3. Photocatalytic reaction

The photocatalytic activities of the synthesised SrTiO3 samples were evaluated based on the photodegradation of MB in an aqueous 
solution within a specialised photochemical reactor (Shanghai Leewen Scientific Instrument Co., Ltd., China) at room temperature. A 
10-watt high-pressure mercury lamp (λmax = 254 nm) served as a UV light source, and a cut-off filter (λ ≥ 400 nm) was utilised to 
obtain visible light. The experimental setup involved preparing a suspension by adding 20 mg of the photocatalyst to 50 mL of an MB 
solution at a concentration of 10 mg/L (ppm) positioned 10 cm away from the irradiation source. To ensure the establishment of an 
adsorption-desorption equilibrium on the catalyst surface, the solution was stirred for 30 min in the dark before irradiation. The 
experiments were conducted at a neutral pH of 7 for the MB solution. During irradiation, the suspension was continuously stirred for 
60 min using a magnetic stirrer. At 15-min intervals, 0.7 mL of the reaction mixture was sampled, and the photocatalyst was separated 
using a syringe filter with a pore size of 2.5 μm. Selected aliquots were analysed using a UV-Vis spectrophotometer (I5 Hanon Advanced 
Technology Group Co., Ltd.). Each measurement was performed in duplicate, and the mean values with standard deviations were 
considered. The photocatalytic degradation efficiency was calculated using the following Eq. (1): 
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Degradation efficiency(%) =
С0 − Сt

C0
× 100%, (1) 

where % is the photocatalytic degradation percentage, C0 is the initial absorbance of the MB solution, and Ct is the final absorbance 
after illumination.

2.4. Characterisation

To characterise the morphology and elemental composition of the obtained samples, a scanning electron microscope (SEM) (Zeiss 
Crossbeam 540, Germany) with an accelerating voltage of 5–20 kV, equipped with an energy-dispersive X-ray spectrometer (EDX) 
(INCA X-Sight, Oxford Instruments), was used. A high-resolution TEM (JEM-2100 LaB6 HRTEM, JEOL, Japan) operated at 80 kV was 
used to define the morphology of the samples. To investigate the structure of the synthesised samples, XRD patterns were obtained 
using a Drone-8 setup with detection unit rotation angles ranging from 5 to 70◦ in 0.01◦ steps, with an allowable deviation of ±0.015◦. 
The XPS spectra for analysing the valence states and elemental structure of SrTiO3 were obtained using a VG Microtech Multilab 3000 
instrument with Mg and Al as the X-ray sources. The binding energies were calibrated using the C1s peak (284.8 eV) as a reference. A 
Perkin Elmer Lambda 35 spectrophotometer in the 200–800 nm range was used to obtain ultraviolet reflectance spectra (UV-Vis DRS).

3. Results and discussion

3.1. Characterisation of the obtained samples

The morphological features of photocatalytic materials play a crucial role in photochemical processes, and controlling their grain 
size is an effective method for enhancing the photocatalytic properties. The morphology and elemental composition of the synthesised 
SrTiO3 were investigated using SEM, TEM, and EDX to determine their evolution with temperatures ranging from 800 to 1100 ◦C. As 
shown in Fig. 1a-d, the SEM micrographs reveal large agglomerations of cube-like particles. The particle size of each sample was 
analyzed using ImageJ software, and the particle size distribution histograms are shown in Fig. 2(a)-(d). A log-normal fit was applied to 
each histogram, from which the mean particle size and the distribution width δ were determined. Compared to the SrTiO3 particles 
calcined at 800 ◦C, those calcined at 1100 ◦C exhibited more sintering and increased size. The particle sizes of the STO-1100 sample 
ranged from 100 to 600 nm, with an average size of 361.72 nm. In contrast, the particles of the STO-800 sample were distributed 
between 25 and 150 nm, with an average size of 70.4 nm. High-resolution TEM images confirm that the average nanoparticle size of 
the STO-800 sample is 41 nm. Elemental analysis of the STO-800 sample using EDX (Fig. 3b) confirmed the presence of Sr (43.7 %), Ti 
(27.2 %), and O (29.1 %). Generally, an increase in particle size with increasing calcination temperatures may be attributed to 
crystallite growth and particle fusion. As the energy available to the atoms in the material increases at higher calcination temperatures, 
atomic diffusion and recrystallisation are promoted, leading to crystallite growth and an increase in particle size (Ma et al., 2019).

The XRD patterns of the obtained samples were studied in detail to analyse their crystal structures and crystallite sizes. Fig. 3(a) 
shows the XRD patterns of SrTiO3 synthesised at different temperatures. These XRD patterns are consistent with the ICDD database 
#860178 for SrTiO3, confirming the successful synthesis of the material. The peaks marked with (■) correspond to SrCO3 according to 
the JCPDS database #71–239. Despite the successful formation of the SrTiO3 phase, some SrCO3 impurities remained, indicating 
incomplete carbonate decomposition at these sintering temperatures. Other studies also indicated that the formation of the SrCO3 
impurity is inevitable during the preparation of SrTiO3 using various methods described in the literature (Aktaş and Ay, 2022; Ma 
et al., 2019; Rocha-Rangel et al., 2020; Roy and Bera, 2005). SrCO3 remains as an intermediate product during the synthesis of SrTiO3 

Fig. 1. (a-d) SEM and (e-h) TEM images of the obtained samples.
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and acts as a contaminant after its formation (Kiran et al., 2022).
The intensity of the SrTiO3 peaks increased at temperatures of 1000 and 1100 ◦C, indicating an increase in the crystallinity of the 

material and grain growth. The obtained X-ray diffraction patterns were in good agreement with the SrTiO3 data presented elsewhere 
(Jiang et al., 2020; Kiran et al., 2022).

To calculate the crystallite sizes, the reflections with the highest intensities along the (110), (111), and (200) directions were 
chosen. The average sizes of SrTiO3 crystallites were determined using the Debye-Scherrer formula (2): 

d =
kλ

β cosθ
, (2) 

where K is the crystallite shape factor, λ is the X-ray wavelength (1.5406 nm for Cu Kα), β is the width of the diffraction peak, and θ is 
the Bragg angle.

Calculations showed that the crystallite size increased from 26.89 to 32.25 nm with increasing sintering temperatures. In smaller 
particles, both surface electrons and holes, as well as those migrating from the interior, have a shorter diffusion distance to the active 
sites on the catalyst surface. This facilitates quicker participation in photocatalytic reactions, reducing the likelihood of recombination 
and enhancing relatively overall photocatalytic efficiency. Surface electrons and holes play a critical role by directly engaging in 
oxidation and reduction processes, contributing significantly to the reaction dynamics and overall performance of the photocatalyst 
(Agustina et al., 2023; Bakbolat et al., 2020).

The table illustrates the relationship among the calcination temperature, crystallite size, and FWHM of the synthesised SrTiO3. As 
the calcination temperature increases, FWHM values decrease, indicating crystallite growth and a reduction in crystal defects. For 
instance, the FWHM for the (110) plane decreases from 0.32567 for STO-800–0.26543 for STO-1000, with a slight increase to 0.28383 
for STO-1100. A similar trend is observed for the (111) and (200) planes. Grain size increases from 26.89 nm for STO-800–32.25 nm 
for STO-1100, suggesting particle sintering and crystal growth due to enhanced atomic mobility at higher temperatures. The most 
significant increase in grain size occurs between STO-1000 and STO-1100, corresponding to a sharp reduction in FWHM for the (111) 
plane, possibly due to particle agglomeration and larger grain formation.

Based on the morphological and structural analyses as well as a comprehensive review of the literature, we proposed a mechanism 
for the growth of strontium titanate grains (Roy and Bera, 2005), which can be outlined as follows.

Fig. 2. Histogram illustrating the particle size distribution corresponding to SEM images of STO after calcination at (a) 800 ◦C, (b) 900 ◦C, (c) 1000 
◦C, and (d) 1100 ◦C.
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Fig. 3. (a) XRD patterns of the obtained samples, (b) EDX, (c) UV-Vis DRS and (d-f) high-resolution XPS spectra for the STO-800 sample.
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1. Uniform Chemical Deposition: The synthesis of SrTiO₃ begins by dissolving strontium nitrate (Sr(NO₃)₂) in a solution, followed by 
the addition of titanium dioxide (TiO₂) to achieve a 1:1 molar ratio of strontium to titanium. Oxalic acid is then added dropwise while 
stirring vigorously, and the pH is adjusted to 6–7 using an ammonia solution. As the reaction proceeds, strontium oxalate forms and 
deposits uniformly on the surface of the TiO₂ particles through heterogeneous nucleation, where TiO₂ acts as a substrate for grain 
formation. This controlled deposition is crucial for the subsequent growth and crystallization of SrTiO₃ nanoparticles, leading to 
uniform particle formation.

2. Calcination and Interaction: During the calcination process, strontium oxalate (SrC₂O₄⋅6H₂O) on the surface interacts with the 
inner layer of TiO₂, leading to the formation of SrTiO₃. This process comprises three sequential reaction steps. 

• Dehydration of Strontium Oxalate: 
Strontium oxalate dihydrate is dehydrated to form strontium oxalate: 

SrC2O4 · xH2O+TiO2→SrC2O4 +TiO2 + xH2O. (3) 

This reaction occurs at temperatures ranging from 150 to 350 ◦C.
• Decomposition of Strontium Oxalate:

Strontium oxalate decomposes to form SrCO₃ at temperatures between 400 and 600 ◦C: 

SrC2O4 +TiO2→SrCO3 +CO+TiO2. (4) 

Carbon monoxide then reacts with oxygen to form carbon dioxide (CO₂): 

CO+O2→ CO2. (5) 

• Formation of SrTiO3:

At temperatures of 800–1100 ◦C, strontium carbonate decomposes and reacts with titanium dioxide to form SrTiO3: 

SrCO3 +TiO2→SrTiO3 + CO2 . (6) 

This scheme outlines in detail the steps involved in the formation and growth of strontium titanate grains during calcination.
Thus, at the calcination temperature of 800 ◦C, smaller strontium titanate nanoparticles began to form. Increasing the temperature 

further enhanced the agglomeration of these nanoparticles, leading to the gradual growth of larger SrTiO particles owing to the forces 
acting at the grain boundaries. This growth process was characterised by Ostwald ripening, wherein smaller grains dissolve and 
reprecipitate into larger grains, thereby contributing to their growth (Bera and Sarkar, 2003; Roy and Bera, 2005). As the particle size 
increased, the surface energy of the system decreased, resulting in particle dispersion (Youssef et al., 2018).

XPS was employed to investigate the valence states and chemical composition of SrTiO₃ calcined at 800 ◦C. The XPS spectra, as 
shown in Fig. 3(d-f), confirm the presence of the elements Sr, Ti, and O in the SrTiO₃ composition. Fig. 3(d) displays the high-resolution 
XPS spectrum of O 1 s. The Gaussian-fitted peaks at binding energies of 528.4 and 530.0 eV corresponded to the lattice oxygen and 
surface-adsorbed oxygen, respectively. This finding was consistent with those of previous studies (Li et al., 2023; Niu et al., 2022; Ruan 

Fig. 4. UV-Vis analysis of the photodegradation processes of MB facilitated by the STO-800 sample under UV light irradiation, with the inset 
showing the colour change over time.
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et al., 2023). The high-resolution XPS spectrum of Ti 2p, as shown in Fig. 3(e), reveals binding energies of 457.4 and 463.2 eV, which 
could be attributed to the Ti 2p₃/₂ and Ti 2p₁/₂ spin-orbitals, respectively (Ruan et al., 2023). These values are indicative of Ti⁴⁺ valence 
states (Li et al., 2023). Additionally, the presence of a peak at 462.4 eV suggested a minor amount of Ti3⁺ ions, typically formed during 
high-temperature processing (Zhao et al., 2019). The XPS spectra of Sr 3d, as shown in Fig. 3(f), exhibit binding energies of 132.3 and 
135.2 eV, corresponding to Sr 3d₅/₂ and Sr 3d₃/₂ bonds, respectively. These values were associated with Sr2⁺ valence states (Ruan et al., 
2023). Overall, the XPS results confirmed the successful synthesis of SrTiO₃ through calcination at 800 ◦C.

A key factor influencing the photocatalytic efficiency of photocatalysts is their light absorption capability. Fig. 3(c) presents the UV- 
Vis DRS for the SrTiO₃ sample calcined at 800 ◦C. The absorption edge of the STO-800 sample can be observed at approximately 
400 nm, which corresponds to a bandgap energy of 3.12 eV. This value is notably aligned with and higher to the band gap energies 
reported for both commercial and other synthesised SrTiO₃ materials (Ham et al., 2016; Xiao et al., 2020), respectively.

3.2. Photocatalytic performance

The photocatalytic performance of SrTiO₃ nanoparticles, calcined at various temperatures, was evaluated through the degradation 
of MB at a concentration of 10 ppm under UV and visible light irradiation at room temperature. For comparison, commercial samples 
of SrTiO₃ (from Sigma and Amazon) and TiO₂ (P25) were also tested. The results depicted in Fig. 4 are based on changes in the intensity 
of the MB absorption peak at 664 nm following irradiation. The reduction in the peak intensity and MB concentration, as shown in 
Fig. 4, signified the effective decomposition of MB.

Fig. 5(a and b) illustrate the percentages of MB degradation over time under UV and visible light irradiation, respectively. It is 
evident that the calcination temperature significantly influenced the photocatalytic activity of SrTiO₃ to promote MB dye degradation. 
Specifically, the adsorption efficiencies of SrTiO₃ calcined at 800, 900, 1000, and 1100 ◦C were approximately 21.9, 14.9, 9.2, and 
7.7 %, respectively. These findings correlated well with the results from electron microscopy and XRD analyses, which revealed a 
decrease in particle size and crystallite dimensions with decreasing calcination temperatures from 1100 to 800 ◦C. The reduction in 
particle size enhances the specific surface area of photocatalysts, positively affecting their adsorption capabilities (Ismael, 2021; Paul 
et al., 2019). Additionally, the increased surface area resulted in a higher number of active centres available for photocatalytic 
reactions.

Fig. 5. (a, b) Time-dependent photodegradation of MB and (c, d) ln(C0/Ct) in the presence of the studied photocatalysts under (a, c) UV and (b, d) 
visible light irradiation.
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The photocatalytic activity of SrTiO₃ was observed to increase with the calcination temperature increasing from 700 to 800 ◦C but 
declined when the temperature was further raised to 900, 1000, and 1100 ◦C. The sample calcined at 800 ◦C exhibited the highest 
efficiency for methylene blue (MB) photodegradation, achieving 100 % degradation within 30 min of UV light exposure. In com
parison, commercial P25 reached 100 % dye degradation in 45 min, while commercial SrTiO₃ samples (Sigma and Amazon) 
demonstrated lower efficiencies of 56.1 and 43.5 % after 60 min. Under visible light irradiation, the photocatalytic efficiency 
decreased in the following order: STO-800 (51.7 %) > STO-700 (30.2 %) > STO-900 (25.8 %) > P25 (22.4 %) > STO-com (Sigma) 
(17.5 %) > STO-com (Amazon) (18.7 %) > STO-1000 (14.1 %) > STO-1100 (13.5 %). The results indicated that the STO-800 sample 
exhibited the highest photocatalytic activity in both UV and visible light spectra. This suggests that optimising the calcination tem
perature significantly enhanced the photocatalytic performance, whereas excessively high temperatures led to decreased activity. This 
reduction in activity was attributed to an increased particle size and the formation of large agglomerates, which hindered efficient light 
absorption and the generation of electron-hole pairs. Moreover, larger particle sizes exacerbate the recombination of photogenerated 
charges because the charges fail to efficiently migrate to the photocatalyst surface, thereby reducing the overall photocatalytic effi
ciency (Ismael, 2021).

To determine the rate kinetics of methylene blue (MB) photocatalytic degradation, the pseudo-first-order rate model was employed, 
as expressed by Eq. (7): 

− ln
(

ct

c0

)

= kpt, (7) 

where C0 and Ct (mg/L) are the initial concentrations and at time t, respectively, and kp is the rate constant of the reaction.
Fig. 5(c,d) illustrates the relationships between − ln(Ct/C0) and time t for the photodegradation of MB under UV (Fig. 5(c)) and 

visible (Fig. 5(d)) light irradiation, along with the calculated pseudo-first-order rate constants for the respective photocatalysts. The 
highest reaction rate constant k for MB photocatalytic degradation under UV light irradiation was observed for the STO-800 sample, 
with a value of 0.156 min− 1. This rate was approximately 1.6, 1.8, 2.86, 13.9, 14.19, 36.3, and 37.1 times greater than those of STO- 
700, P25, STO-900, STO-com (Amazon), STO-com (Sigma), STO-1100, and STO-1000, respectively. Under visible light irradiation, the 
STO-800 sample also demonstrated the highest reaction rate constant k of 0.0092 min− 1, significantly surpassing the performance of 
all other photocatalysts examined (Fig. 5(d)).

In this study, the impact of the photocatalyst mass loading and initial dye concentration on the photocatalytic degradation effi
ciency of MB using the STO-800 sample was evaluated under UV irradiation. Fig. 5(e) shows the MB (10 ppm) degradation efficiency 
after 30 min of irradiation at photocatalyst loading of 10, 20, and 30 mg. The results indicated that the MB degradation efficiency 
increased with the photocatalyst mass, achieving a maximum efficiency at 30 mg, where complete dye removal occurred within 
20 min. This enhancement was attributed to the increased number of active sites on the photocatalyst surface, which facilitated the 
absorption of more photons, thereby improving the efficiency of the photocatalytic process (Singh et al., 2022).

Fig. 5(f) illustrates the effect of the initial dye concentration on the efficiency of the STO-800 sample (20 mg) for MB photo
degradation at initial concentrations of 5, 10, and 15 ppm under UV irradiation. The data show that the MB degradation efficiency 
improved as the dye concentration decreased. This could be attributed to the saturation of the photocatalyst surface with dye mol
ecules at high concentrations. When the initial dye concentration reached 15 ppm, an excessive number of molecules formed a dense 
reaction medium, which hampered photon penetration. Additionally, an increased dye concentration may lead to a shortage of hy
droxyl radicals necessary to decompose all dye molecules, further reducing process efficiency (Singh et al., 2022).

The SrTiO3 sample calcined at 800 ◦C underwent a stability test over five cycles. As depicted in Fig. 6(c), the photocatalyst 
maintained nearly consistent photodegradation activity against a 10 ppm MB dye solution across all five cycles. A minor reduction in 
degradation efficiency from 100 % to 95.6 % was observed, which was likely attributable to the accumulation of adsorbed dye in
termediates on the photocatalyst surface during repeated use. Cyclic stability tests confirmed that STO-800 exhibited high durability 
and remained effective for dye degradation across multiple cycles.

To define the efficiency of STO-800 as a photocatalyst for MB photodegradation, a comparison with the other photocatalysts is 
presented in Table 2. As indicated, the STO-800 sample demonstrated a significantly superior performance for MB degradation 
compared to other known photocatalysts. Notably, compared to Al-doped SrTiO3 and Al-SrTiO3 modified with cocatalysts, the pure 
STO-800 sample exhibited the highest photocatalytic activity under UV light, despite the lack of additional modifications. Further
more, the STO-800 sample benefitted from a straightforward and cost-effective fabrication process while achieving excellent photo
catalytic performance in the removal of organic dyes from aqueous solutions.

The fundamental mechanism underlying the photocatalytic degradation of organic dyes involves a sequence of surface redox re
actions and other processes (Kuspanov et al., 2023b, 2023a). When SrTiO3 is exposed to light with energy equal to or greater than its 
bandgap, electron-hole pairs are generated. Under ultraviolet irradiation, photoelectrons transition from the valence band to the 
conduction band of SrTiO3, creating holes in the valence band (Rafiq et al., 2021). The excited electrons can then interact with oxygen 
molecules to produce superoxide radicals (O₂⁻). Photogenerated holes react with water molecules to generate hydroxyl radicals (OH•). 
These highly reactive radicals (OH• and O₂⁻) subsequently react with methylene blue dye molecules, leading to the formation of in
termediate products that are eventually degraded into carbon dioxide and water. While our work provides valuable insights into the 
relationship between synthesis conditions and photocatalytic performance, we acknowledge that a comprehensive understanding of 
the degradation mechanism requires further investigation into the reactive species involved. Specifically, experiments using radical 
scavengers could help identify the predominant reactive radicals (e.g., OH* or O₂⁻) and elucidate the preferred reaction pathways. Such 
studies, as noted in relevant literature (da Silva et al., 2016; Grecu et al., 2024), typically involve trapping experiments that can 

Z. Kuspanov et al.                                                                                                                                                                                                     Environmental Technology & Innovation 36 (2024) 103852 

8 



Fig. 6. (a) Effect of different mass loading and (b) initial dye concentration on MB photodegradation over the STO-800 sample under UV light irradiation; (c) cycle stability experiment of the STO-800 
photocatalyst.
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pinpoint the role of different reactive species during photodegradation.The possible reactions can be summarised as follows: 

SrTiO3 + hν→e− + h+ (8) 

e− + O2→ ∗ O−
2 (9) 

h+ + H2O→OH∗ (10) 

OH ∗ +MB→intermediate products→CO2 +H2O (11) 

O−
2 +MB→intermediate products→CO2 +H2O. (12) 

These reactions illustrate the key steps in the photocatalytic process where SrTiO3 effectively utilises UV light to generate reactive 
species that drive the degradation of MB dye (Rafiq et al., 2021).

4. Conclusion

SrTiO₃ nanoparticles were successfully synthesised via a simple chemical precipitation method and calcined at various tempera
tures. The photocatalytic performance towards MB dye improved up to a calcination temperature of 800 ◦C, beyond which activity 
declined. The 800 ◦C sample achieved 100 % degradation of MB in 30 min under UV light and 51.7 % under visible light, out
performing commercial P25, which required 45 min for complete degradation. XRD, SEM, TEM, XPS, UV-Vis DRS analyses revealed 
that the enhanced photocatalytic activity of the 800◦C sample is due to its high crystallinity and average particle size at 70.4 nm, which 
facilitate effective charge carrier separation and increased light absorption. Furthermore, factors such as catalyst and dye concen
trations significantly impact the degradation process. These findings indicate that SrTiO₃ calcined at 800◦C has strong potential for MB 
dye degradation and future photocatalytic applications, though its current efficacy is limited to the UV spectrum, necessitating further 
research to broaden its applicability.
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Table 1 
Grain sizes of synthesised SrTiO3 as a function of calcination temperature and full width at half maximum (FWHM).

Sample FWHM Grain size

(110) (111) (200)

STO− 800 0.32567 0.28705 0.32346 26.89
STO− 900 0.28211 0.30257 0.32089 27.75

STO− 1000 0.26543 0.27318 0.31416 29.55
STO− 1100 0.28383 0.18082 0.39383 32.25

Table 2 
Comparison of the photocatalytic activity of the synthesised STO-800 photocatalyst with the results of recent studies conducted on other SrTiO3 
photocatalysts.

N◦ Photocatalyst Light 
source

MB dye conc./ 
ppm

Irradiation Time 
(min)

Performance/ 
%

k1/min− 1 Ref.

1 SrTiO3 UV light 10 (MB) 120 36 0.00565 (Aravinthkumar et al., 2022)
1 SrTiO3 UV light 10 (MB) 120 83.13 0.0170 (Vinod Kumar and Prakash Babu, 

2024)
3 SrTiO3 UV light 10 (MB) 150 78.9 3.713 × 10–3 (Kiran et al., 2022)
4 Al-doped SrTiO3 UV light 10 (MB) 300 54.91 0.16736 (Iriani et al., 2024)
5 PVA/SrTiO3/Ag2O UV light 20 (MB) 150 88 0.0159 (Chen et al., 2022)
6 RhCr2O3/Al-SrTiO3/ 

CoOOH
UV light 10 (Congo Red) 90 81 0.0183 (Abd Elkodous et al., 2023)

7 N-ZnO/CD UV-B light 10 (MB) 60 83.4 0.0299 (Ayu et al., 2023)
8 TiO2/rGO UV light 10 (MB) 60 91.48 0.0417 (Kusiak-Nejman et al., 2020)
9 SrTiO3 UV light 10 (MB) 30 100 0.156 This work
10 SrTiO3 Visible 

light
10 (MB) 60 51 9.2 × 10–3 This work
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A B S T R A C T

Background: Photocatalytic oxidation is a green method for water purification. However, the operation of 
traditional photocatalysts depends on exposure to UV radiation, which only forms a small portion of the spec
trum comprising sunlight. The expansion of photocatalyst absorption to the visible range of light could greatly 
improve the efficiency and economic viability of the process.
Methods: The photocatalyst was prepared by first synthesising SrTiO3 nanoparticles by chemical precipitation 
followed by calcination. Then, SrTiO3 was doped with aluminium using a flux method with Al2O3 and SrCl2 at 
1150 ◦C. Finally, the dual co-catalysts, Rh/Cr2O3 and CoOOH, were photodeposited onto SrTiO3@Al via 
sequential irradiation.
Significant findings: The Rh/Cr2O3/SrTiO3@Al/CoOOH nanocomposite degraded 87% of methylene blue (MB) 
(10 mg/L) under visible light in 1 h, a 3.3-fold improvement over pure SrTiO3 and 2.1-fold over a similar 
commercial composite. This enhancement is due to efficient charge separation resulting from Al doping and 
improved carrier transport as a result of the anisotropic deposition of the co-catalysts. Optimisation showed that 
20 mg of photocatalyst in 50 mL of MB solution (5 mg/L) degraded 100% thereof within 45 min. DFT calcu
lations showed uneven electron distribution in SrTiO3′s conduction band and structural changes with Al doping, 
further enhancing photocatalytic activity.

1. Introduction

The rapid development of textiles, pharmaceuticals, cosmetics, and 
other products has vastly increased the amount of industrial wastewater 
being discharged, and this has contributed to water resources becoming 
severely polluted. Dyes, even at low concentrations, can significantly 
degrade the water quality and negatively impact the environment. In 
addition, some dyes, such as methylene blue (MB), Congo red, and 
rhodamine B, are biodegradable and pose serious risks in terms of 
toxicity and carcinogenicity [1,2]. Moreover, the World Health Orga
nisation has predicted that, by 2025, a severe shortage of water re
sources would exist in regions that are home to half of the world’s 
population [3], thus highlighting the need to apply and improve 

technological processes, including adsorption [4], filtration [5] and 
photocatalysis [6], to enhance the effectiveness of water treatment 
procedures. Owing to its high efficiency and lack of producing secondary 
pollutants, photocatalysis is currently considered the most environ
mentally friendly and sustainable method for wastewater treatment. In 
general, the photocatalytic degradation of organic pollutants on semi
conductor photocatalysts usually involves three steps: (1) photon ab
sorption; (2) generation, separation, and electron–hole pair transfer by 
photoexcitation; (3) reactions in the presence of photoexcited electrons 
and holes and the formation of highly reactive radicals to degrade the 
organic pollutants [7]. Hence, the prevention of the rapid recombination 
of electrons and holes inside the photocatalyst particles, which would 
otherwise lower the photocatalytic activity of the semiconductor 
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catalysts, is important.
Among the various photocatalysts, the multifunctional perovskite 

strontium titanate (SrTiO3) stands out due to its high oxidative activity 
and favourable physicochemical properties, including its non-toxicity, 
stability, resistance to photocorrosion, and high carrier mobility [8]. 
However, its wide band gap, low quantum efficiency, and limited 
pollutant removal capacity restrict its large-scale use for wastewater 
treatment [9]. To enhance its effectiveness across a broader range of 
UV–visible wavelengths, modifications are necessary. Efforts to improve 
the performance of SrTiO3 include defect engineering [10], the devel
opment of structures with complex surface morphologies [11,12], the 
creation of composites [13], and the use of co-catalysts loaded onto 
these composites [14–16].

Recent research has shown that doping SrTiO3 with metals can 
significantly enhance its photocatalytic activity [17–19]. The introduc
tion of a dopant affects SrTiO3 primarily by (1) altering the energy levels 
and creating new energy states within the photocatalyst, or (2) modi
fying the perovskite structure to boost the formation of photoinduced 
charge carriers. Additionally, because the size of the active surface area 
of SrTiO3-based photocatalysts is affected by the particle size and shape, 
the photocatalytic performance in terms of surface reactions on the 
photocatalyst is impacted [20–23]. For example, substituting tetravalent 
Ti4+ with the lower-valence Al3+ in SrTiO3 shifts the Fermi level [22], 
which limits the upward bending of the energy-state band and decreases 
the size of the region that is depleted of electrons. In turn, this facilitates 
the introduction of electrons, lowers the number of protons, and in
creases the charge separation efficiency. Takata et al. [24] emphasised 
the possibility of controlling the particle size by adjusting the alloying 
ratio after flux treatment at high temperatures—a strategy that pro
moted the formation of particles with optimal diameters that enhanced 
the photocatalytic activity.

Another approach to enhance the photocatalytic efficiency entails 
loading dual co-catalysts onto the surface of the SrTiO3-based photo
catalyst. Oxidative and reductive co-catalysts play crucial roles by 
creating distinct oxidation and reduction centres on the photocatalyst 
surface [25]. These co-catalysts also ensure that the electrons and holes 
generated by the photocatalytic reaction are transported to different 
active centres on the photocatalyst surface [7,26]. According to Li et al., 
oxidation and reduction co-catalysts located on different facets of the 
BiVO4 photocatalyst perform their usual functions during the reaction 
and align the internal electric field vectors of the photocatalyst particles 
[27]; this phenomenon favours the maximum separation and transfer of 
photogenerated electron–hole pairs. Other studies reported that SrTiO3: 
Al, with the addition of RhCrOx as a co-catalyst by the impregnation 
method, achieved a quantum yield of 56% at 365 nm for the photo
catalytic decomposition of water [28]. In contrast, the simultaneous 
introduction of Rh/Cr2O3 and CoOOH as co-catalysts onto the Al-SrTiO3 
photocatalyst using the photodeposition method achieved a record 96% 
quantum yield in the range of 350–360 nm [24]. Based on these de
velopments, a pilot plant that included panel reactors with a total area of 
100 m2 was established for mass-producing solar hydrogen [29]. 
Consequently, many studies involving the use of dual co-catalysts have 
been conducted to selectively decompose water photocatalytically [22,
30,31], reduce CO2 [7,20,32] and decompose pharmaceutical pollutants 
[33–35]. However, to the best of our knowledge, few studies on the 
photocatalytic decomposition of organic pollutants in water using dual 
co-catalysts have been reported.

Thus, with this work, we aimed to synthesise and apply SrTiO3@Al- 
based photocatalysts loaded with Rh/Cr2O3 and CoOOH as dual co- 
catalysts for the highly efficient photocatalytic removal of organic pol
lutants from aqueous media. The photocatalytic activity of the newly 
fabricated photocatalysts was evaluated by assessing their ability to 
accomplish the photodegradation of MB, a precursor of organic dyes, 
under visible light (400 nm). The synthesised samples were charac
terised using X-ray diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and high-resolution X- 

ray photoelectron spectroscopy to clarify their morphology and crystal 
structure. In addition, the electronic structure and density of states of 
aluminium-doped SrTiO3 were described using density functional the
ory (DFT). The results obtained in this study provide new insights into 
the photodegradation of organic pollutants in aqueous media using Rh/ 
Cr2O3/SrTiO3@Al/CoOOH photocatalysts.

2. Materials and methods

2.1. Materials

Titanium(IV) oxide, anatase (TiO2, particle sizes<25 nm, 99.7%), 
strontium nitrate (Sr(NO3)2, ≥ 98%), nitric acid (HNO3, < 90%), 
strontium titanate (SrTiO3, particle sizes<100 nm, 99%), aluminium 
oxide (Al2O3, particle sizes<50 nm, 99.8%), rhodium(III) chloride hy
dride (RhCl3⋅6H20, Rh 38-40%), cobalt (II) nitrate hexahydrate (Co 
(NO3)3⋅6H2O, ≥98%), and methylene blue (C16H18ClN3S⋅xH2O, dye 
content, ≥82%) were purchased from Sigma–Aldrich (St. Louis, MO, 
USA). Oxalic acid ((COOH)2⋅2H2O, > 98%), strontium chloride hexa
hydrate (SrCl2 ⋅ 6H2O, 99.7%), potassium chromate (K2CrO4, 99.5%), 
were purchased from Laborpharma (Almaty, Kazakhstan). All the 
chemicals were used without any additional treatment.

2.2. Synthesis of SrTiO3

SrTiO3 nanoparticles were synthesised by chemical precipitation 
followed by calcination, according to previously published methods 
[36–38]. Briefly, the TiO2 powder was added to an aqueous solution of 
Sr(NO3)2 at a Ti:Sr molar ratio of 1:1 and incubated in an ultrasonic bath 
for 30 min. Then, an aqueous solution of (COOH)2⋅2H2O (0.4 M) was 
gradually added under vigorous stirring, while the pH was maintained 
between 6 and 7 using an ammonia solution. The precipitate was then 
centrifuged, washed five times with distilled water, and dried for 16 h. 
The resulting powder was calcined in air at 900 ◦C for 1 h. The calcined 
powder was treated with a 1 M HNO3 solution for 30 min to remove 
impurities of SrCO3, washed five times with distilled water, and dried for 
16 h.

2.3. Synthesis of SrTiO3@Al

The SrTiO3 powder was doped with aluminium using a flux pro
cessing method based on research reported elsewhere [23,39]. For this 
purpose, we used the SrTiO3 powder that had been prepared as 
described in Section 2.2, as well as Al2O3 and SrCl2 (as fluxing reagents), 
in a molar ratio of 1:0.02:10. These components were thoroughly mixed 
in an agate mortar and placed in an aluminium oxide crucible. The 
powders were then heated to 1150 ◦C (heating rate: 7.5 ◦C/min) and 
kept at this temperature for 10 h in an oven under atmospheric condi
tions. The samples were then removed, ultrasonicated to completely 
remove the salt residue, washed thoroughly five times with distilled 
water, and then dried for 20 h. The same procedure was performed using 
commercial SrTiO3 powder, with all steps repeated in the same order. As 
a result, two SrTiO3@Al samples were obtained: one from SrTiO3 ob
tained by chemical precipitation followed by calcination at 900 ◦C and 
the other from commercial SrTiO3 powder. These samples were labelled 
STO(900)@Al and STO(com)@Al.

2.4. Photodeposition of Rh/Cr2O3 and CoOOH on SrTiO3@Al

The dual co-catalysts Rh/Cr2O3 and CoOOH were deposited on the 
STO@Al photocatalyst using an in situ photodeposition method, as 
described in the literature [24]. Initially, 0.1 g of the STO@Al powder 
was dispersed in 50 mL of distilled water and subjected to ultra
sonication for 30 min. The resulting suspension was then placed in a 
photochemical reaction reactor and subjected to UV irradiation from a 
10 W mercury lamp with vigorous stirring. In parallel, 50 μL of freshly 

Z. Kuspanov et al.                                                                                                                                                                                                                              Journal of the Taiwan Institute of Chemical Engineers 165 (2024) 105806 

2 



prepared RhCl3⋅6H2O solution with a precursor concentration of 2 
mg/mL was added to the mixture and irradiated for 10 min under 
constant magnetic stirring. Then, 25 μL of K2CrO4 solution (2 mg 
(Cr)/mL) was added, whereupon irradiation was continued for another 
5 min. Next, 25 μL of freshly prepared Co(NO3)3 solution (2 mg(Co)/mL) 
was added to this suspension, followed by irradiation for 5 min. Notably, 
the photodeposition of the co-catalysts was conducted sequentially 
without changing the solvent. The obtained samples were washed 
several times and dried for 16 h at 60 ◦C. The amounts of the aqueous 
solutions of the co-catalysts that were added were calculated such that 
the mass concentrations of Rh, Cr, and Co were 0.1%, 0.05%, and 0.05%, 
respectively, eventually resulting in samples deposited by the photo
deposition of dual co-catalysts based on the synthesised and commercial 
SrTiO3. These co-catalysts were designated as Cocat/STO(900)@Al and 
Cocat/STO(com)@Al, respectively.

2.5. Photocatalytic reaction

The photocatalytic decomposition of MB in aqueous solution was 
conducted at room temperature (25◦C) using a photochemical reactor 
(Shanghai Leewen Scientific Instrument Co., Ltd., China), where the 
radiation source was a high-pressure mercury lamp (10 W; λmax=254 
nm) using a line cut-off filter (λ⋝400 nm). The distance between the 
quartz flask (50 mL) and the lamp was fixed at 10 cm. Next, 20 mg of 
photocatalyst was dispersed in 50 mL of an aqueous MB solution (10 mg 
L− 1) at the calculated pH value. Before photocatalytic irradiation, the 
mixtures were subjected to 30 min of magnetic stirring in the dark to 
achieve an adsorption–desorption equilibrium between MB and the 
photocatalyst. The duration of photocatalytic irradiation was 60 min for 
each sample, with aliquots (1 mL) collected every 15 min and filtered 
using a PVDF syringe filter. The obtained aliquots were then analysed by 
recording the UV–Vis spectra (I5 Hanon Advanced Technology Group 
Co., Ltd.) to quantify the extent to which the MB concentration had been 
lowered. All photocatalytic measurements were performed twice, with 
the mean values considered to account for deviations.

2.6. Characterisation

The synthesised samples were characterised using various tech
niques. XRD was performed on a Drone-8 with detection unit rotation 
angles ranging from 5− 70◦ in 0.01◦ steps, with an allowable deviation of 
±0.015◦. The morphology and elemental composition of the samples 
were examined using SEM (Zeiss Crossbeam 540, Germany) at an 
accelerating voltage of 5− 20 kV, equipped with an energy-dispersive X- 
ray spectrometer (EDX) (INCA X-Sight, Oxford Instruments). High- 
resolution TEM (JEM-2100 LaB6 HRTEM, JEOL, Japan), operated at 
80 kV, was used to study the morphology and distribution of co-catalysts 
on the surface of the photocatalysts. X-ray photoelectron spectroscopy 
(XPS) was conducted on a VG Microtech Multilab 3000 instrument with 
Mg and Al as the X-ray sources to analyse the valence states and 
elemental structure of the samples. The C1s peak at 284.8 eV was used as 
a reference for binding energy (BE) calibration. Ultraviolet reflectance 
spectra (UV-Vis DRS) were recorded on a Perkin Elmer Lambda 35 
spectrophotometer in the range of 200− 800 nm.

2.7. Theoretical analyses

The Quantum Espresso code [40] was used for the DFT calculations. 
Al-doped SrTiO3 was modelled using a supercell containing 3 × 3 × 3 
elementary cubic cells with a 3.94 Å lattice parameter; an ideal crystal 
supercell contains 135 cells. The supercell structure was optimised using 
the Perdew–Burke–Ernzerhof-generalised gradient approximation 
(PBE-GGA) functional, 40 Ry plane wave cut-off energy, and a uniform 3 
× 3 × 3 k-points grid in the first Brillouin zone. The structures were 
relaxed until atomic forces became less than 10− 4 Ry/Å. Because of the 
difficulties encountered by the standard DFT approach when processing 

d- and f-electron materials (mainly related to the self-interaction errors 
for localised electron states), we employed the GGA+U method 
(Dudarev’s formulation [41]) for electronic structure calculations of the 
SrTiO3 and Al-doped SrTiO3 structures. Owing to the hybridisation of 
the Ti 3d and O 2p electronic states [42–44], the on-site Coulomb 
correction U was applied to both Ti (5.9 eV) and O (4.2 eV) atoms, with 
the cut-off energy set to 60 Ry. The uniform k-grid contained 5 × 5 × 5 
points in the first Brillouin zone.

3. Results and discussion

3.1. Characterisation of the prepared samples

Fig. 1 shows SEM and TEM images that were acquired to study the 
surface morphology of the samples. Pure STO calcined at 900◦C suc
cessfully formed agglomerated nanocubes of regular shape with sizes 
ranging from 50 mm to 150 nm (Fig. 1a). The calcination temperature is 
known to be critical for determining the particle size [45]. In our work, 
even though smaller STO particles formed at calcination temperatures of 
750–900◦C, large amounts of impurities in the form of SrCO3 were 
observed to be present. In contrast, calcination at 1000–1100◦C favours 
the decomposition of more carbonate; however, the STO particle size 
increases to reach micrometre-scale dimensions, possibly resulting in an 
increased probability of the recombination of photogenerated charges 
[46,47]. Thus, calcination at 900◦C followed by treatment in an aqueous 
HNO3 solution to remove SrCO3 residues was selected as the optimal 
approach to synthesise STO nanocubes. Analysis of the elemental 
composition using energy-dispersive X-ray spectroscopy (EDX) (Sup
plementary Fig. S1) indicated the presence of Sr, Ti, and O in the 
structure without any impurities. Doping the STO with aluminium 
nanoparticles promoted the formation of truncated cubic particles with 
sizes ranging from 200 to 400 nm (Fig. 1e). Supplementary Fig. S2 
presents the EDX analysis of the synthesised SrTiO3@Al particles and 
confirms the presence of aluminium in the SrTiO3 structure. Elemental 
mapping further verifies the uniform distribution of Sr, Ti, O, and Al 
throughout the nanocomposite, as shown by the distinct colour-coded 
distribution maps for each of these elements. The formation of the 
truncated-cubic morphology for STO@Al by flux treatment followed by 
exposure to heat at 1150◦C leads to an expansion of the {111} and a 
reduction of the {100} planes [20,48,49]. Considering that photo
catalytic reactions occur on the catalyst surface, the presence of aniso
tropic crystal faces with different energies plays an important role in 
increasing the photocatalytic efficiency. The formation of anisotropic 
cubic STO improves the separation and transport efficiency of the 
photogenerated electrons and holes on the photocatalyst surface by 
inducing the subsequent formation of superoxide radicals (•O2− ) and 
hydroxyl free radicals (•OH) in the reaction medium [50]. Subsequent 
photodeposition of the co-catalysts (Rh/Cr2O3 and CoOOH) revealed the 
separation of photogenerated electrons and holes along the spatial 
anisotropic crystallographic facets of the doped STO (Fig. 1c, d, g, and 
h). This seemed to suggest that the Rh/Cr2O3 nanoparticles were mainly 
distributed on the {100} faces, whereas the CoOOH co-catalyst was 
deposited on the truncated {111} and {110} faces. This assumption is 
based on the results of similar studies [7,20,24,31], in which the growth 
of co-catalysts on the STO surface was examined.

Fig. 2a shows the XRD patterns of all the synthesised samples. 
Analysis of the XRD pattern of the synthesised STO revealed an ordered 
diffraction pattern consistent with the perovskite structure [36]. The 
characteristic peaks of STO(900) appear at 2θ values corresponding to 
32.40◦, 40.50◦, 46.50◦, 58.50◦ and 68.50◦, coincident with the lattice 
face positions of (110), (111), (200), (211), and (220) (JCPDS Card 
#35-0734) of the cubic STO phase. A comparison of the XRD patterns of 
the doped and undoped STO(900) revealed a marked increase in the 
peak intensity of the samples with STO@Al, indicating that the 
flux-doped Al doping process improved the crystallinity of STO(900). 
Furthermore, the presence of the Al dopant and co-catalysts did not 
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affect the crystal structure of STO(900), and their characteristic peaks do 
not appear on the XRD patterns, probably because they are only present 
in small amounts and also due to their high dispersibility and low 
crystallinity [23,51].

XPS was used to investigate the chemical states and surface com
positions of STO(900), STO(com), STO(900)@Al, and STO(com)@Al, 
with the results presented in Fig. 2(b–f). In particular, the Ti 2p spectrum 
of STO(900) in Fig. 2e consisted of two peaks—457.4 eV and 463.2 
eV—corresponding to the Ti 2p3/2 and Ti 2p1/2 states, which indicate the 
presence of Ti4+ ions, whereas the peak at 462.4 eV indicates the pres
ence of Ti3+ ions [11,51,52]. However, doping with Al completely 
suppresses the Ti3+ ions, and the Ti 2p spectrum of the STO(900):Al 

sample is characterised by only two peaks at 457.9 and 463.6 eV, which 
represent Ti4+ ions. Similar patterns were observed for STO(com) and 
STO(com)@Al (Fig. 2f). The O 1s spectrum of the STO(900) sample 
(Fig. 2b) has peaks at two binding energies, with the peak at 528.4 eV 
attributed to O2− ions in the crystal lattice and that at 530.0 eV to 
adsorbed oxygen (Oads) [31,53]. The peak ratios changed for the STO 
(900)@Al-doped (increased from 15.9% to 54.2%) and STO(com) 
@Al-doped (increased from 18.5 to 70.7%) samples, consistent with 
prior results [51], indicating that increasing the Oads content by doping 
with Al effectively prevents the recombination of photogenerated car
riers, thereby positively affecting the photocatalytic properties. In gen
eral, the XPS results obtained for the synthesised samples were 

Fig. 1. SEM (a, e) and TEM (b–d, f–h) images of the prepared photocatalyst samples before and after doping with Al and before and after co-catalyst loading.

Fig. 2. (a) XRD patterns of the different catalyst samples. Deconvoluted XPS results of O 1s (b, c), Al 2p (d), and Ti 2p (e, f) of the STO and STO@Al samples.
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consistent with those reported previously [11,21,31,51].
The optical properties of the prepared photocatalysts were examined 

by recording their UV–Vis diffuse reflectance spectra (DRS), and the 
energies corresponding to their energy-forbidden zones were obtained, 
as presented in Fig. 3. The energy-forbidden bands of the photocatalysts 
were estimated based on the analysis of the dependence of (αhν)2 on the 
photon energy [54]. The high absorbance of STO(com), STO(900), STO 
(com)@Al, STO(900)@Al, and Cocat/STO(com)@Al in the 380–400 nm 
range indicates the need for UV activation. The calculated energy range 
of the band gaps of these photocatalysts was 3.13–3.15 eV (Fig. 3b). The 
Cocat/STO(900)@Al sample exhibited significant sensitivity to visible 
light (430 nm) and is characterised by an energy band value of 3.07 eV. 
The improved light absorption ability of the Cocat/STO(900)@Al sam
ple compared to that of STO(900)@Al indicates the potential influence 
of the co-catalysts on the light-harvesting efficiency in the visible 
spectrum, which, in turn, contributes to an increase in the number of 
photogenerated electrons available for participation in photocatalytic 
reactions. Additionally, other studies have indicated the significant 
contribution of co-catalysts to the overall light absorption capacity 
compared to pure photocatalysts [55,56]. In addition, the Mott-Schottky 
plot allows for the determination of the semiconductor type and its flat 
band potential [57,58]. In similar studies involving SrTiO3-based pho
tocatalysts and Al-doped SrTiO3 synthesised via the flux method, the 
positive slope of the 1/C2 vs. potential plot indicated the n-type nature of 
these materials [22,59,60]. It was noted that the flat band potential of 
SrTiO3 shifts towards more negative values after doping with 
aluminium, which enhances the photocatalytic activity. Additionally, 
the deposition of co-catalysts such as RhCr2O3/CoOOH [60] and Pd [59] 
on the surface of STO@Al also results in a negative shift of the flat band 
potential.

The energy band diagrams of the studied samples, constructed on the 
basis of the UV-Vis DRS data and Mott-Schottky plots, show that the 
band gap becomes slightly narrower upon co-catalyst loading. This 
broadens the range of light absorption and is one of the reasons for the 
enhanced photocatalytic production of hydrogen. The experimental UV- 
Vis DRS data presented in this paper further confirm these findings.

3.2. Photocatalytic performance

3.2.1. Visible-light-driven photocatalytic degradation of MB
Photocatalytic degradation reactions were performed with the 

cationic dye MB in aqueous solution (pH 7) to evaluate the photo
catalytic activity of the synthesised photocatalysts. In all cases, the 
samples were irradiated with visible light using a light filter (400 nm) 
for 60 min. The photocatalytic efficiency of the prepared samples as a 
function of irradiation time is presented in Fig. 4a. The percentage of MB 
dye that was removed (initial concentration of 10 mg/L, 50 mL) reached 

21.8%, 37.2%, 16.7%, 19.3%, 41.7%, and 86.7% using the STO(com), 
STO(900), STO(com)@Al, STO(900)@Al, Cocat/STO(com)@Al, and 
Cocat/STO(900)@Al photocatalysts, respectively. The difference in the 
photodegradation efficiency between STO(900) and STO(900)@Al in
dicates the influence of the size of the crystallites and, consequently, the 
particle size during Al doping, as mentioned when discussing the 
morphology of the samples in Section 3.1. This increase in size increases 
the probability of the recombination of photogenerated charges, known 
to negatively affect the efficiency of photocatalytic reactions [46]. The 
Cocat/STO(900)@Al sample exhibited the highest photocatalytic ac
tivity in that its efficiency was 3.3, 4.5, and 2.1 times higher than that of 
STO(900), STO(900)@Al, and Cocat/STO(com)@Al, respectively. Effi
cient charge separation and charge transfer are significant advantages of 
dual co-catalysts that were separately photo-deposited in a 
co-catalyst/photocatalyst system. Furthermore, a prior study [51] 
revealed that Al doping successfully suppressed the Ti3+ recombination 
centres, which enabled the photogenerated electrons/holes to be 
spatially separated, transferred to different sites, and participate in 
subsequent photocatalytic pollutant decomposition reactions [51]. 
Thus, the Cocat/STO(900)@Al photocatalyst, which delivered the best 
photocatalytic degradation performance among all the samples, was 
used in subsequent experiments.

3.2.2. Effect of catalyst loading and MB concentration
Further experiments were conducted to investigate the effect of 

photocatalyst loading on MB decomposition of the synthesised Cocat/ 
STO(900)@Al sample (Fig. 4c). After photocatalytic irradiation for 60 
min at photocatalyst doses of 10, 20, and 30 mg, the MB (10 mg/L) 
removal rates were 57.9, 73.9, and 86.7%, respectively. The process of 
photocatalysis is known to have an optimal level of photocatalyst 
loading at which the maximum number of active centres for redox re
actions is reached and the maximum number of incident photons is 
absorbed [61]. The photodegradation efficiency increased as the loading 
amount increased from 10 mg to 20 mg; however, a further increase in 
the loading amount to 30 mg caused the photodegradation efficiency to 
decrease. This is likely the result of the excessive amount of catalyst, 
which led to strong turbidity in the solution that had the undesirable 
effect of light scattering. Thus, the optimum loading in the case of 
Cocat/STO(900)@Al for photocatalytic MB degradation was 20 mg per 
50 mL of the solution, with a further increase in the catalyst mass being 
unnecessary.

MB solutions with concentrations of 5, 10, and 15 mg/L were used to 
evaluate the effect of the initial concentration of the dye on the effi
ciency of the Cocat/STO(900)@Al photocatalyst (20 mg per 50 mL so
lution) under visible light (400 nm). Fig. 4b shows that the 
photocatalytic degradation rate decreased as the substrate concentra
tion increased, with complete removal achieved within 45 min at an 

Fig. 3. UV–Vis diffuse reflectance spectra of the examined samples (a), and the corresponding calculated band gap values (b).
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initial concentration of 5 mg/L. This decrease in efficiency can be 
attributed to the saturation of the photocatalyst surface by the dye 
molecules [62]. However, compared to 5 mg/L, a further increase in the 
dye concentration to 10 mg/L and 15 mg/L thickens the reaction me
dium, which makes it difficult for photons to penetrate the medium and 
activate the photocatalysts owing to the excessive number of ions. In 
addition, proportional amounts of oxidants and free radicals are 
required to form with increasing dye concentration to achieve a similar 
efficiency. However, the number of free radicals that formed in the re
action medium remained unchanged when the MB concentration was 
increased because the photocatalyst dosage remained unchanged (20 
mg per 50 mL vessel), further explaining the decrease in photocatalyst 
efficiency with the increase in the MB concentration.

3.2.3. Reusability and photostability
Assessing the reusability of photocatalysts for environmental treat

ment is important for long-term waste management. After each experi
ment, the powdered photocatalysts were collected, centrifuged, washed 
with ethanol, and dried overnight for regeneration. The parameters used 
to evaluate the stability of Cocat/STO(900)@Al were similar to those 
described in previous experiments. Fig. 4d shows that, after five cycles, 
the photocatalytic decomposition rate decreases moderately (from 
86.7% to 61.1%), and this was attributed to the deactivation process. 
This process is initiated by the accumulation of adsorbed reaction in
termediates from the reaction medium on the surface of the photo
catalyst, which can hinder the availability of the active centres of the 
photocatalyst, consequently decreasing its efficiency in subsequent cy
cles of use [63,64]. However, the involvement of gaseous reactants in 
the reaction would result in reaction products that may be less readily 
adsorbed onto the surface of the photocatalyst; hence, inhibitory layers 
are less likely to form on the surface, thus making it less susceptible to 

such deactivation. For example, in the case of photocatalytic hydrogen 
generation or CO2 reduction using similar photocatalysts, the products 
formed may be more readily desorbed from the photocatalyst surface, 
allowing it to regenerate and remain active for longer periods [39,48,
65].

3.2.4. Study of photocatalytic decomposition kinetics
Studying the kinetics provides information about the mechanism of 

the photocatalytic removal of dyes. In this study, the pseudo-first-order 
and pseudo-second-order kinetic models for the photocatalytic degra
dation of MB were determined using Equations (1) [66] and (2) [67]. 

− ln
(

ct

c0

)

= k1t (1) 

1
ct
−

1
c0

= k2t (2) 

where C0 and Ct are the dye concentrations before and after photo
catalytic reactions, respectively.

Fig. 5 (a–f) plots the linear dependence of (Ct/Co) and separately (1/ 
Ct -1/C0) on the reaction time. The values of the degradation rate con
stant (k) at different dye concentrations and catalyst mass loadings, 
together with their regression coefficients (R2), are presented in Table S1 
in the supplementary materials. The R2 values are well-correlated with 
the reaction kinetics of pseudo-first-order and pseudo-second-order re
actions (R2 = 0.976 and 0.968 for STO(900), R2 = 0.985 and 0.981 for 
STO(900)@Al, and R2 = 0.975 and 0.990 for Cocat/STO(900)@Al for 
pseudo-first- and pseudo-second-order, respectively). The calculations 
showed that the constants k1 and k2 for STO(900), STO(900)@Al, and 
Cocat/STO(900)@Al correspond to values of 0.0035, 0.0018, and 

Fig. 4. Photodegradation curves of MB by different STO catalysts (a). Effect of the initial concentration of MB (b), photocatalyst dosage (c), and cyclic degradation 
rate of MB over Cocat/STO(900)@Al (d).
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0.0293 min− 1, and 0.0005, 0.0002, and 0.0105 mol− 1L− 1 min− 1, 
respectively. The results further confirm that the Cocat/STO(900)@Al 
sample is the best photocatalyst for MB dye degradation, consistent with 
the above-described photodegradation results.

Table 1 summarises recent developments and research on the 
application of photocatalysts for degrading organic pollutants. The 
STO@Al photocatalyst photodeposited by dual split co-catalysts devel
oped in this study exhibited higher efficiency and a higher degradation 
rate of MB compared with potential analogues based on SrTiO3 [52,
68–71]. These results indicate the positive effect of separate photo
deposition of the co-catalysts on the STO@Al photocatalyst surface and 
charge separation during visible-light irradiation, which promotes faster 
photoinduced charge transfer. Moreover, the co-catalysts can influence 
the photoabsorption ability in the visible range to enhance the overall 
photocatalytic activity compared to the photodegradation of MB. 

Electrochemical impedance spectroscopy (EIS) measurements in a 
similar study showed that the sample with NiS and Rh/CrOx/CoOy co
catalysts loaded on Al-doped STO had the impedance semi-circle with 
the smallest radius, indicating more efficient photoelectron transfer 
[72]. This suggests that the deposition of co-catalysts such as NiS or 
RhCrCoOx on STO lowers the interfacial charge transfer resistance and 
improves charge transport, thereby ultimately enhancing the photo
catalytic activity of the material. A similar trend was observed in other 
studies of the photocatalytic hydrogen evolution reaction, in which EIS 
and photocurrent investigations were conducted on composite photo
catalysts with dual co-catalysts deposited on Al-doped STO [59,73–75].

3.3. Photocatalytic mechanism

The putative mechanism of the photocatalytic decomposition of the 

Fig. 5. Pseudo-first-order (a–c) and pseudo-second-order (d–f) kinetics models for the photodegradation of MB for different STO(900) photocatalysts (a, d), different 
initial concentrations (b, e), and photocatalyst dosages (c, f).

Table 1 
Comparison of the synthesised Cocat/STO(900)@Al photocatalyst with recent research results.

N◦ Photocatalyst Light source Catalyst dose/ 
Volume of 
solution

MB dye 
conc./ 
ppm

Irradiation time 
(min)

Performance/ 
%

k1/ 
min− 1

Refs.

1 SrTiO3/rGO@Ag Xenon lamp (150 W) - 10 180 94 0.01457 [68]
2 Ag@SrTiO3@CNT Visible light; 150 W OSRAM lamp (<

420 nm)
0.8g/L 10 120 63 0.02416 [69]

3 Ag@SrTiO3@CNT Visible light; 150 W OSRAM lamp (<
420 nm)

0.8 g/L 5 105 100 - [69]

4 GO-derived C-doped 
SrTiO3

Xenon lamp (ASB-XE-175-500 W) 0.25 g/ 8 180 95 0.017 [52]

5 SrTiO3/g-C3N4 Visible light; six fluorescent lamps 10 mg/ 
20 mL

10 420 40 0.00130 [70]

6 CdS–SnS Visible light; (150 W) (>420 nm) 70 mg/ 
70 mL

5 180 99 0.023 [76]

7 SrTiO3/CZTS/Ag Visible light; UV-filtered 150 W 
OSRAM lamp

1 g/L 10 90 90 0.0233 [71]

8 SrTiO3/CZTS/Ag Visible light; UV-filtered 150 W 
OSRAM lamp

1 g/L 5 90 100 0.0465 [71]

9 Rh/Cr2O3/SrTiO3/ 
CoOOH

Visible light; Mercury lamp (100W, 
≥400 nm)

20 mg/ 
50 mL

5 45 100 0.141 Our 
work

10 Rh/Cr2O3/SrTiO3/ 
CoOOH

Visible light; Mercury lamp (100W, 
≥400 nm)

20 mg/ 
50 mL

10 60 86.7 0.0293 Our 
work
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MB dye and the physicochemical reaction characteristics of Rh/Cr2O3/ 
SrTiO3@Al/CoOOH were studied. As mentioned above, different co- 
catalysts were separately photodeposited on the anisotropic faces of 
the SrTiO3@Al photocatalyst, where Rh3+ and Cr(VI)O4

2− were reduced 
and loaded on one face, whereas Co2+ was oxidised and loaded on the 
other face [24]. We assume that irradiation with visible light resulted in 
the photogenerated electrons being transferred from the conduction 
band of SrTiO3@Al to the reductive Rh/Cr2O3 co-catalyst, where they 
react with the adsorbed O2 and superoxide radicals •O2

2− and •O2
− [77]. 

Simultaneously, the photogenerated holes migrate from the valence 
band to the oxidative co-catalyst CoOOH, which promotes the oxidation 
of adsorbed MB or H2O molecules to form •OH− . This proposed mech
anism is consistent with that of previous studies involving SrTiO3-based 
photocatalysts with cocatalysts under similar experimental conditions 
[15,69,78,79]. Specifically, these studies suggest that photoirradiation 
produces both oxygen-centred radicals and hydroxyl radicals, with •O2

−

playing a significant role in the degradation process [69,78]. These 
active species were identified in other research using scavengers such as 
isopropyl alcohol, benzoquinone, and ethylene-diaminetetraacetic acid 
to selectively capture •OH, •O2

− , and h+, respectively. Therefore, 
although our study did not include additional experiments with scav
engers, the proposed mechanism is supported by analogous work and 
experimental data from the literature. Further, active radicals in the 
form of •O2− , •O2

2− , and •OH initiate a series of oxidation reactions of 
MB molecules with final mineralisation to CO2 and H2O [57,78]. 
Consequently, the high photocatalytic activity for MB degradation was 
attributed to the synergistic effect of the separately photodeposited 
Rh/Cr2O3 and CoOOH co-catalysts (reductive and oxidative), which 
promoted the efficient separation and transfer of photogenerated elec
trons and holes.

3.4. DFT calculations

DFT modelling was used to analyse the electronic structures of STO 
and STO@Al and study their differences in the context of their energy 
band structures and densities of states. The supercells of pure STO, STO 
with oxygen vacancies, and STO doped with aluminium + oxygen va
cancies (VO) are presented in Fig. 6. The results are consistent with those 
of previous studies [42,65,80]. The calculated value of the forbidden 
bandwidth using GGAs is 1.99 eV. This is narrower than the experi
mental value owing to the known underestimation of the GGA-DFT of 
the in situ Coulomb interaction for the d- and f-electrons. This problem is 
overcome by introducing the Hubbard parameter U (U = 5 and J = 4), 
which increases the value of the forbidden-zone width to 3.2 eV, which 
closely approximates the experimental value determined in this study. 
Fig. 7a shows the calculated zone structure of pure SrTiO3 using the 
proposed computational model. The calculated value of the indirect 
forbidden gap of 3.19 eV is comparable to the experimental value of 3.15 
eV. The anisotropy of the Ti 3d zones in the conduction band is clearly 
visible on the graph; as such, the almost dispersion-free characteristic of 

the zone in the GX direction can be observed. In the other directions, the 
quasiparticle energy increased rapidly. Thus, the excited electrons in the 
conduction zone are expected to preferentially occupy states in the GX 
direction and possess the lowest kinetic energy. This corresponds to the 
distribution of conduction electron impulses perpendicular to the cubic 
faces of the crystal, as observed in the experiment.

The total energies of the different supercell configurations with de
fects in the form of oxygen vacancies and the substitution of two Ti ions 
by Al ions were calculated. The configurations in which all three defects 
were unbound and uniformly distributed over the supercell exhibited 
the highest total energy. The location of one oxygen vacancy and one Al 
atom adjacent to each other lowered the system energy by 0.045 eV. The 
configuration in which an oxygen vacancy was located between two Al 
ions was the most stable (Fig. 6c). The formation energy of such a defect 
is 0.51 eV lower than that of the unbound configuration. The energy 
difference of 0.5 eV corresponds to the thermal energy kBT at temper
atures of the order of 5000 K. Thus, at lower temperatures, oxygen va
cancies and Al dopant ions tend to merge to form an Al-VO-Al structure. 
Fig. 7c, d shows the zone structure and density of electronic states, 
respectively, for a 3 × 3 × 3 STO supercell with oxygen vacancies. The 
defect level formed by the electrons occupying the Ti atoms around the 
vacancy is clearly visible in the upper half of the forbidden gap, 
approximately 2.5 eV above the valence band boundary and 0.5 eV 
below the bottom of the conduction band. The presence of oxygen va
cancies as defects in the crystallites explains the peculiarities of the 
photoabsorption measurements, exemplified by the peak at approxi
mately 2.5 eV on the photoabsorption plot (Fig. 3a). In addition, the 
optical absorption measurements reveal a peak in the region of 0.4–0.8 
eV [81,82]. This peak, which was observed for both pure STO and doped 
STO@Al, apparently corresponds to the excitation of electrons from the 
defect level to the conduction band, while the photoabsorption at 2.5 eV 
is associated with the excitation of valence band electrons to the defect 
level in the gap.

The addition of Al to STO as a dopant preferentially substitutes Ti 
ions, which would be expected based on the similar ionic radii of the 
Al3+ (54 pm) and Ti4+ (61 pm) ions in the SrTiO3 lattice. The substi
tution of a trivalent Ti3+ ion by a trivalent Al3+ ion contributes to p-type 
conductivity [82–86], along with the formation of impurity Al levels 
near the valence band ceiling. We considered the effect of Al doping on 
the electronic structure of SrTi1-xAlxO3 for x=0.04 and x=0.08, which 
correspond to one and two Al atoms in a 3 × 3 × 3 supercell; x=0.04 
corresponds to the doping level in the experiment (Supplementary 
Fig. S3). At such concentrations, the substitution had a limited effect on 
the electronic structure and left the size of the forbidden gap practically 
unchanged. In fact, the substitution mainly seems to have the effect of 
increasing the lifetime of excited electrons and holes owing to the sub
stitution of Ti3+ recombination centres, and is consistent with the results 
of the XPS study (Fig. 2). Accordingly, the charge-separation efficiency 
on the faces of the nanocrystals increased.

Fig. 6. Supercells of (a) undoped SrTiO3, (b) SrTiO3 with a single oxygen vacancy, and (c) Al-doped SrTiO3 with a single oxygen vacancy (VO: oxygen vacancy).
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4. Conclusion

We reported the synthesis of a new composite, Rh/Cr2O3/ 
SrTiO3@Al/CoOOH, with outstanding photocatalytic activity for the 
removal of MB under sunlight. Under the optimal synthesis conditions 
developed in this work, the composite proved highly efficient (over 
87%) for the photocatalytic degradation of MB in visible light (400 nm). 
The advantageous properties of these composites are attributable to 
their controlled synthesis. The use of the molten flux method allowed 
the preparation of SrTiO3@Al, wherein the Al3+ ions replaced the Ti3+

recombination centres, thus enabling more efficient photoinduced 
charge transfer. To further improve the charge separation and transfer 
and reduce the activation energy of the prepared photocatalyst, the co- 
catalysts Rh/Cr2O3 and CoOOH were deposited on the SrTiO3@Al sur
face by photodeposition. The performance of the Rh/Cr2O3/SrTiO3@Al/ 
CoOOH composite prepared in this way was 3.3 and 2.1 times higher 
than that of pure SrTiO3 and a similar composite based on commercial 
SrTiO3, respectively. The efficiency of this process was attributed to 
several factors, including the effective separation of photoinduced 
charges, reduction of recombination, and, as a result, an increase in 
photocatalytic activity—achieved using anisotropically deposited dual 
co-catalysts capable of conducting both reductive and oxidative re
actions during photocatalysis. DFT analysis revealed the inhomogeneity 
of the distribution of excited electrons in the conduction band and their 
preferred direction of motion in pure SrTiO3. The dynamics of the 
changes in the energy band and density of states of pure and aluminium- 
doped SrTiO3 were also analysed. The theoretical and experimental re
sults confirmed the potential use of the developed photocatalytic com
posite for the efficient purification of water that contains organic 
pollutants.
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Abstract

The growing reliance on fossil fuels is causing significant environmental issues, 
prompting the search for renewable energy sources. Hydrogen energy, which 
produces only water vapor, is a promising solution. This study focuses on 
developing an aluminum-doped SrTiO3 photocatalyst with dual cocatalysts 
(Rh/Cr2O3 and CoOOH) for efficient photocatalytic water splitting. Using a 
simple chemical deposition method, high-purity and crystalline SrTiO3 was 
synthesized and thoroughly characterized. The results show that the modified 
SrTiO3 achieved significantly higher photocatalytic activity, with Rh/Cr2O3/
SrTiO3@Al/CoOOH producing 11.04 mmol g–1 h–1 of H2 and 4.69 mmol g–1 h–1 
of O2. This work demonstrates the effectiveness of dual cocatalyst deposition 
and aluminum doping in enhancing photocatalytic performance by improving 
charge separation and reducing recombination.
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1. Introduction

With population growth and technological ad-
vances, dependence on fossil energy sources is in-
creasing, despite their limited reserves [1, 2]. The 
use of these fuels is accompanied by significant 
greenhouse gas emissions, leading to global envi-
ronmental problems [3, 4]. Therefore, the scientific 
community is directing its efforts towards the de-
velopment of renewable and clean energy sources 
[5, 6]. Hydrogen energy, of which water vapor is 
a by-product, is seen as one of the promising en-
ergy sources and requires innovative solutions to 
create cost-effective and environmentally friendly 
methods for mass production of hydrogen [7, 8, 
9, 10]. One such method is the conversion of so-
lar energy into green hydrogen through photocat-
alytic decomposition of water. In this context, the 

development of efficient photocatalysts becomes 
a key challenge. Oxide semiconductors such as Sr-
TiO3 with a 3.2 eV forbidden bandgap have proven 
to be efficient photocatalysts for water splitting 
under UV irradiation without applying an external 
voltage [11]. However, high-temperature synthe-
sis of SrTiO3 often produces defects that reduce 
the photocatalysis efficiency [12]. In particular, 
oxygen vacancies promote the reduction of Ti4+ 
to Ti3+, which serve as recombination centers for 
the photogenerated electron-hole pairs [12]. Nev-
ertheless, the ABO3-type perovskite structure has 
considerable flexibility, which allows improving the 
photocatalytic activity by controlling and minimiz-
ing defects through cation substitution in the A- 
and B-sites [13]. Sources emphasize that efficient 
separation of photogenerated electron-hole pairs 
can significantly enhance photocatalytic activity 
[14]. Fine-tuning the physicochemical properties of 
the photocatalyst at the atomic level, e.g., through 
crystal facet engineering, contributes to charge 
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selective separation and increased activity. Differ-
ent crystal faces can direct electrons and holes to 
separate regions for reduction and oxidation, as ob-
served in photocatalysts such as BiVO4, BiOBr, and 
SrTiO3 [15]. In addition, one approach to increase 
the efficiency of photocatalytic reactions is the use 
of dual co-catalysts deposited on the photocatalyst 
surface. Oxidation and reduction co-catalysts play 
an important role by helping to form active centers 
and facilitating the transfer of electrons and holes 
to different zones on the photocatalyst surface. 
Studies have shown that this promotes better sep-
aration of photogenerated pairs of electrons and 
holes, which increases the quantum yield of the re-
action [16]. While the quantum efficiency of exist-
ing photocatalysts for water splitting is usually less 
than 10% at UV light, T. Takata and his colleagues 
were able to achieve an external quantum efficiency 
of up to 96% at wavelengths from 350 to 360 nm 
[17] using a modified photocatalyst based on alumi-
num-doped strontium titanate. This allows the hy-
drogen and oxygen release reactions to be carried 
out separately on different crystal faces of semi-
conductor particles, achieving maximum quantum 
efficiency for water splitting and eliminating charge 
recombination losses. Nevertheless, studies on effi-
cient photocatalytic total water splitting using dual 
co-catalysts are currently insufficient, which opens 
the door for further research in this area.

Previous studies in our research [18, 19, 20] ex-
tensively explored the synthesis of SrTiO3 nanopar-
ticles using a simple and cost-effective chemical 
precipitation method followed by calcination. This 
approach enables the production of SrTiO3 nanopar-
ticles with relatively high purity while maintaining 
good photocatalytic activity. However, modifying 
pure SrTiO3 by aluminum doping to introduce defect 
engineering, followed by the photodeposition of 
dual co-catalysts, could further enhance the photo-
catalytic performance of this material, particularly 
for water splitting and hydrogen production.

The aim of this work is to develop and study a 
photocatalyst based on aluminum-doped SrTiO3 

with the addition of double separately photodepos-
ited co-catalysts for efficient water splitting. A sim-
ple chemical precipitation method was employed 
to synthesize SrTiO3 of high purity and crystallinity. 
The structure, morphology and photocatalytic ac-
tivity of the obtained materials were studied in de-
tail. The results demonstrate a new and simple ap-
proach to the controlled synthesis and modification 
of SrTiO3, providing high efficiency of photocatalytic 
water splitting.

2. Materials and methods 

2.1 Materials 

The main reagents and chemicals were pur-
chased from Kazakhstan and the USA. These in-
clude TiO2 (particle size less than 25 nm, purity 
99.7%, Sigma-Aldrich, USA), Sr(NO3)2 (purity ≥ 98%, 
Sigma-Aldrich, USA), (COOH)2-2H2O (purity greater 
than 98%, Sigma-Aldrich, USA), Al2O3 (particle size 
50 nm, Sigma-Aldrich, USA), SrCl2-6H2O (Laborphar-
ma, Kazakhstan), RhCl3-6H2O (Rh content 38–40%, 
Sigma-Aldrich, USA), Co(NO3)3-6H2O (purity ≥ 98%, 
Sigma-Aldrich, USA), and K2CrO4 (purity 99.5%, 
Laborpharma, Kazakhstan). All chemicals were of 
analytical grade and did not require additional puri-
fication. Double distilled water was used for synthe-
sis and photocatalytic experiments.

2.2 Synthesis of SrTiO3

SrTiO3 powder was synthesized using a simple 
chemical precipitation method [18, 19, 20]. First, 
0.12 M aqueous solution of Sr(NO3)2 was mixed 
with TiO2 in distilled water at a Sr/Ti molar ratio 
of 1:1 and subjected to ultrasonic treatment for 
30 minutes. A 0.4 M solution of (COOH)2-2H2O was 
used as a reducing agent, which was added to the 
suspension dropwise under active stirring using a 
magnetic stirrer. The pH value of the suspension 
was then adjusted to 6–7 using 10% aqueous am-
monia solution. After precipitation, the mixture 
was purified from excess ammonia by removing the 
surface liquid layer. The resulting precipitate was 
washed 5 times using centrifugation and dried at 
60 ᵒC for 16 hours. Finally, the product was calcined 
at 1100 ᵒC in a muffle furnace in air.

2.3 Synthesis of SrTiO3@Al

The alloying of SrTiO3 powder with aluminum 
is carried out by the fluxing method developed by 
the team of Domen [17]. To synthesize SrTiO3@
Al, powders of 1.835 g SrTiO3, 20.39 mg Al2O3, and 
15.85 g SrCl2 are mixed in an agate mortar for 15 
min, or longer, until homogeneous. After thorough 
mixing, the mixture is calcined at 1150 ᵒC for 10 h 
in a muffle furnace. The resulting powder is then 
ultrasonically treated to completely remove resid-
ual salt, after which it is washed 5 times with hot 
distilled water using centrifugation and dried for
20 h at 60 ᵒC.
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2.4 Photodeposition of Rh/Cr2O3/SrTiO3@Al/CoOOH

Selective deposition of Rh/Cr2O3 and CoOOH dou-
ble co-catalysts on the surface of SrTiO3-based pho-
tocatalyst was carried out by photodeposition meth-
od. First, 0.1 g of SrTiO3 or SrTiO3@Al powder was 
mixed with 50 ml of distilled water and subjected to 
ultrasonic treatment for 30 minutes. The resulting 
suspension was placed in a photochemical reactor 
and irradiated with ultraviolet light from a 10 W 
mercury lamp under vigorous stirring. After magnet-
ic stirring was started, 50 μl of RhCl3-6H2O solution 
(2 mg/ml concentration) was added to the mixture 
and irradiation was continued for 10 minutes. Then 
25 μl of K2CrO4 solution (2 mg(Cr)/ml) was added and 
irradiation was continued for another 5 minutes. Fi-
nally, 25 μl of Co(NO3)2 solution (2 mg(Co)/ml) was 
added and irradiated for 5 minutes. The resulting 
samples were washed several times and dried at 
70 ᵒC overnight. 

2.5 Characterization

X-ray diffraction (XRD) on a Drone-8 instrument, 
scanning electron microscopy (SEM) with energy 
dispersive X-ray spectrometer (EDX), high-resolu-
tion transmission electron microscopy (HRTEM), and 
X-ray photoelectron spectroscopy (XPS) were used 
to characterize the synthesized samples. XRD mea-
surements were performed over an angle range of 
5–70° with a step size of 0.01° and an accuracy of 
±0.015°. SEM and EDX were performed on a Zeiss 
Crossbeam 540 at an accelerating voltage of 5–20 
kV. TEM was used to analyze the structure and dis-
tribution of co-catalysts on the photocatalyst sur-
face using a JEM-2100 LaB6 at 80 kV. XPS was per-
formed on a Microtech Multilab 3000 VG with Mg 
and Al sources, and the C1s level at 284.8 eV was 
used for calibration. Diffuse reflectance spectra (UV-
Vis DRS) were recorded on a Perkin Elmer Lambda 
35 spectrophotometer in the range of 200–800 nm.

2.6 Photocatalytic reaction

To determine the photocatalytic activity of the ob-
tained samples, 25 mg of photocatalytic sample was 
suspended in 50 ml of distilled water and stirred for 
30 min without the addition of sacrificial agents. The 
photocatalytic activity was evaluated by decomposi-
tion of water followed by release of hydrogen and 
oxygen. A Chromos-1000 chromatograph with 3 mm 
columns filled with NaX and PORAPAK Q was used to 
analyze the released gases. The photocatalytic water 

decomposition process was carried out in a photo-
chemical reactor (Shanghai Leewen Scientific Instru-
ment Co., Ltd., China), where a 10 W high-pressure 
mercury lamp with wavelength λmax = 254 nm was 
used as a radiation source. The distance between a 
50 ml quartz flask and the lamp was fixed at 10 cm.

3. Results and discussion

3.1. Characterization of obtained samples

SEM and TEM techniques were used to investi-
gate the surface morphology of the samples. In the 
case of SrTiO3 calcined at 1100 ᵒC, the formation of 
agglomerated nanocubes with sizes ranging from 
150 to 250 nm was observed (Fig. 1a). The calcina-
tion temperature proved to be a critical factor in 
determining the particle size. For example, calcina-
tion in the range of 750–900 ᵒC forms smaller SrTiO3 

particles, but this process is accompanied by the 
appearance of SrCO3 impurities [21]. Calcination at 
1100 ᵒC promotes the decomposition of carbonates, 
which ensures high phase purity and improves crys-
tallinity, thereby enhancing the transfer efficiency 
of photogenerated charge carriers. Based on this, 
1100 ᵒC was selected as the optimum temperature 
for the synthesis of SrTiO3 nanocubes. EDX analysis 
showed the presence of Sr, Ti and O in the struc-
ture without any extraneous impurities (Fig. 2). 
The doping of SrTiO3 with aluminum nanoparticles 
resulted in the formation of truncated cubic par-
ticles with sizes ranging from 200 to 400 nm (Figs. 
1b and 3a). Flux treatment followed by aging at 
1150 ᵒC promoted the broadening of {111} facets 
and the reduction of {100} [22], which improved the 
separation and transport of photogenerated charge 
carriers. This increases the photocatalytic activity of 
SrTiO3 due to more efficient water reduction with 
hydrogen formation and oxidation with oxygen re-
lease. Figures 3b and 3c show SrTiO3@Al samples 
after separate photodeposition of co-catalysts (Rh/
Cr2O3 and CoOOH) on its surface. The images show 
that dark formations of 5–8 nm are concentrated on 
some faces, while less dispersed particles of 2–5 nm 
are localized on others. It is assumed that Rh/Cr2O3 
nanoparticles are preferentially deposited on faces 
{100}, while CoOOH is distributed on faces {111} and 
{110}. These data are in agreement with previous 
studies that have examined in detail the growth of 
co-catalysts on the surface of SrTiO3 [17, 22]. The 
unique distribution structure of the co-catalysts 
promotes efficient separation of photogenerated 
charges, which in turn facilitates the photocatalytic 
water splitting process.
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Fig. 1. SEM images of obtained (a) SrTiO3 and (b) SrTiO3@Al.
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Fig. 2. EDX spectrum of SrTiO3 particles.

Fig. 3. TEM images of obtained (a) SrTiO3@Al and (b,c) obtained cocatalyst loaded SrTiO3@Al samples.

XRD spectra were studied for a detailed analy-
sis of the crystal structure of the synthesized sam-
ples. Figure 4a shows the X-ray diffraction spectra 
for SrTiO3, SrTiO3@Al and SrTiO3@Al samples with 
deposited co-catalysts. Diagnosis of the diffraction 
data shows that pure SrTiO3 has a cubic perovskite 

structure [21]. The defined peaks for SrTiO3 are re-
corded at 2θ angles of 32.40°, 40.50°, 46.50°, 58.50° 
and 68.50°, which correspond to the lattice planes of 
the cubic phase of SrTiO3 ((110), (111), (200), (211) 
and (220) as reported in JCPDS Card #35-0734 [23]. 
Comparison of X-ray diffraction patterns for doped 
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and undoped SrTiO3 shows a significant enhance-
ment of peak intensities in the SrTiO3@Al samples, 
indicating that aluminum doping improves the crys-
talline quality of SrTiO3. Further, EDX mapping con-
firmed the presence of Ti, O, Sr and Al without any 
other impurities in the composition (Supplemen-
tary, Figs. S1, S2). At the same time, the presence 
of aluminum and co-catalysts does not change the 
crystal structure of SrTiO3, since their peaks are not 
observed in the X-ray spectra. This is probably due 
to their low concentration, high dispersibility and 
low crystallinity [22].

XPS was used to analyze the changes in the chem-
ical states and surface composition of SrTiO3 sam-
ples before and after aluminum doping. The results 
are presented in Fig. 4 (b-d). In particular, the Ti 2p 
spectra (Fig. 4b) show two peaks: at 457.5 and 463.3 
eV, corresponding to Ti 2p3/2 and Ti 2p1/2 states, re-
spectively, indicating the presence of Ti4+ ions. The 
peak at 462.4 eV indicates the presence of Ti3+ ions in 
the SrTiO3 sample [24]. After aluminum doping, Ti3+ 

ions completely disappear and the Ti 2p spectrum 

for SrTiO3@Al contains only two peaks: 457.9 and 
463.6 eV, which are associated exclusively with Ti4+ 
ions [24]. The energy level analysis for oxygen (O 1s) 
presented in Fig. 4 с shows two Gaussian peaks: one 
at 528.3 eV, corresponding to O2– ions in the crystal 
lattice, and the other at 529.9 eV, indicating oxygen 
defects associated with oxygen vacancies. Alumi-
num doping leads to an increase in the defective ox-
ygen ratio from 15.9 % to 54.2 %, which is consistent 
with data from other studies where the effect of 
aluminum on the photocatalytic properties of SrTiO3 
was investigated [25]. The optimal increase [12] in 
the number of oxygen defects upon aluminum dop-
ing contributes to the reduction of photogenerated 
carrier recombination and positively affects photo-
catalytic activity. The Sr 3d spectra show two peaks 
at 132.4 and 134.1 eV, corresponding to Sr 3d5/2 and 
Sr 3d3/2 states, respectively (Fig. 4d), confirming the 
presence of Sr2+ ions in SrTiO3, which remains stable 
after aluminum doping. Overall, the XPS results for 
the synthesized samples are in agreement with oth-
er studies [24, 25].

Fig. 4. (a) XRD patterns of prepared samples; XPS spectra of the SrTiO3 and SrTiO3@Al samples – (b) high-resolution 
Ti 2p, (c) O 1s and (d) Sr 3d.
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Figure 5 shows the UV-Vis absorption spectra 
for SrTiO3, SrTiO3@Al and SrTiO3@Al with separate-
ly deposited co-catalysts in diffuse reflectance. The 
synthesized SrTiO3 and SrTiO3@Al samples exhibit 
light absorption up to a wavelength of 400 nm. At 
the same time, SrTiO3@Al with co-catalysts shows a 
pronounced absorption peak around 425 nm shift-
ed to the visible spectrum. To estimate the forbid-
den band width of photocatalysts, the dependence 
of (αhν)² on photon energy was analyzed, where α 
is the absorption coefficient, h is Planck's constant, 
and ν is the photon frequency [26]. The forbidden 
band width was 3.13 eV for SrTiO3@Al and 3.07 eV 
for SrTiO3@Al with co-catalysts. These results show 
that aluminum doping has no significant effect on 
the light absorption properties compared to pure 
SrTiO3 (Fig. 5b). Similar results have been obtained 
in other studies on the doping of SrTiO3 with alumi-
num [12]. In particular, it is noted that doping with 
aluminum does not change the width of the for-
bidden band, but mainly reduces the undesirable 
defects Ti3+, which serve as recombination centers 
for photogenerated charge carriers. For SrTiO3@Al 
with co-catalysts, the bandgap width was slightly im-
proved compared to SrTiO3 and SrTiO3@Al, indicating 
enhanced light absorption in the visible spectrum, es-
pecially in the violet and blue regions. However, the 
main advantage of co-catalysts is to reduce the re-
combination of photogenerated electrons and holes 
by improving their transport and separation [12].

3.2 Photocatalytic overall water splitting perfor-
mance

Photocatalytic studies of total water splitting 
in the prepared samples were carried out and the 
results are presented in Fig. 6. The hydrogen and 

Fig. 5. (a) the UV-Vis DRS of the prepared samples and (b) the corresponding Tauc plots.

oxygen production rates per hour of the used pho-
tocatalysts are in the expected stoichiometric ratio 
for water splitting and are shown in Fig. 6. The bare 
SrTiO3 and SrTiO3@Al samples showed very low H2 
release rates of ~0.0036 and 0.0048 mmol h–1 g–1 

due to less efficient reaction sites. After loading the 
co-catalysts, the photocatalytic total water splitting 
activity of the samples increased significantly (Fig. 
6). In particular, the highest activity was achieved 
for the Rh/Cr2O3/SrTiO3@Al/CoOOH sample with 
gas release rates of 11.04 and 4.69 mmol h–1 g–1 for 
H2 and O2, respectively, which significantly exceed-
ed bare SrTiO3 and SrTiO3@Al by a factor of 3067 
and 2300, respectively. It should be considered that 
the nonaluminum-doped Rh/Cr2O3/SrTiO3/CoOOH 
photocatalyst showed a hydrogen evolution rate of 
8.01 mmol h–1 g–1 under identical conditions. This 
confirms the results of previous studies, accord-
ing to which the improved solar energy conversion 

 

Fig. 6. Line graphs of photocatalytic H2 and O2 produc-
tion performance of (1) bare SrTiO3, (2) SrTiO3@Al, (3) 
Rh/Cr2O3/SrTiO3/CoOOH and (4) Rh/Cr2O3/SrTiO3@Al/
CoOOH under UV light irradiation.
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ability of Al:SrTiO3 correlates with the Al content 
[17, 27]. As the reaction time increased, the rate 
of photocatalytic hydrogen formation increased 
linearly and reached 55.2 and 40.06 mmol g–1 after 
5 h in the case of Rh/Cr2O3/SrTiO3/CoOOH and Rh/
Cr2O3/SrTiO3@Al/CoOOH, respectively (Fig. 7). The 
linearity of the hydrogen production rate at differ-
ent time steps is almost the same, indicating that 
the catalyst performance is relatively stable during 
this hydrogen production process. The high photo-
catalytic activity of the photocatalysts with loaded 
co-catalysts is due to the synergistic effect of sep-
arately photodeposited Rh/Cr2O3 and CoOOH (re-
ducing and oxidizing) co-catalysts, which promotes 
efficient separation and transfer of photogenerated 
electrons and holes. Where the photodeposited Rh/
Cr2O3 co-catalyst is responsible for the collection of 

 

Fig. 7. Comparison of photocatalytic hydrogen production rates of (1) bare SrTiO3, (2) SrTiO3@Al, (3) Rh/Cr2O3/
SrTiO3/CoOOH and (4) Rh/Cr2O3/SrTiO3@Al/CoOOH.

electrons with subsequent hydrogen production, 
whereas CoOOH releases hydrogen due to the effi-
cient collection of holes [17, 27]. In this way, charge 
recombination is minimized by sequential charge 
transfers between the photocatalyst and co-cata-
lysts. In addition, the results of morphology and XPS 
analysis show that the use of flux method for alumi-
num doping resulted in the separation of reduction 
and oxidation zones by facet engineering, as well as 
the suppression of defects in the form of Ti3+, which 
can serve as recombination centers.

Table shows comparisons with recent composite 
photocatalysts, which have relatively high results in 
photocatalytic water splitting. However, the photo-
catalyst synthesized in our laboratory significantly 
outperforms analogs in both H2 and O2 production. 
In addition, the above works used UV lamps with 

Table. Comparison of the synthesized Cocat/STO@Al photocatalyst with the results of recent research

Year Photocatalyst Light source Sacrificial 
agent

H2 evolution rate 
(mmol h−1 g−1)

O2 evolution rate 
(mmol h−1 g−1)

Ref.

2021 C–SrTiO3/PAN/WS-FLG
120 W UV lamp, 

254 nm
15 vol. % 
methanol 5.375 - [9]

2022 Cr2O3@CoP/Al:STO
300 W Xe 
arc lamp None 3.558 1.002 [28]

2023
Rh/Cr2O3/SrTiO3@Al/

CoOOH (hydrothermal 
method)

300W Xe-lamp 20 vol.% 
methanol

4.100 1.900 [27]

2024 Pd-loaded Al: SrTiO3 300W Xe-lamp
20 vol.% 

methanol 1.430 - [29]

2024 Rh/Cr2O3/SrTiO3/CoOOH
10 W Mercury 

lamp None 8.01 3.04
This 
work

2024
Rh/Cr2O3/SrTiO3@Al/

CoOOH
10 W Mercury 

lamp None 11.04 4.69
This 
work
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120 and 300 W power and used sacrificial agents to 
reduce recombination, which are undesirable and 
may cause difficulties in scaling [9]. 

4. Conclusion 

This study successfully developed and investigat-
ed an aluminum-doped SrTiO3 photocatalyst with 
dual, separately photo-deposited cocatalysts (Rh/
Cr2O3 and CoOOH) for efficient water splitting. The 
results demonstrated a significant enhancement in 
photocatalytic activity, with the Rh/Cr2O3/SrTiO3@
Al/CoOOH sample achieving a hydrogen evolution 
rate of 11.04 mmol g–1 h–1, which is substantially 
higher than non-modified samples. The enhanced 
performance is attributed to the synergistic effect 
of the cocatalysts, which effectively separate and 
transfer photogenerated charge carriers, minimiz-
ing recombination. Additionally, aluminum doping 
through a flux method improved crystal facet engi-
neering and reduced defects like Ti3+, further con-
tributing to the catalyst's efficiency. These findings 
highlight the potential of aluminum-doped SrTiO3 

and dual cocatalysts in advancing photocatalytic wa-
ter splitting technologies and offer a promising ap-
proach for future research in this field.
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Abstract: Layers of TiO2 nanotubes formed by the anodization process represent an area of active
research in the context of innovative energy conversion and storage systems. Titanium nanotubes
(TNTs) have attracted attention because of their unique properties, especially their high surface-to-
volume ratio, which makes them a desirable material for various technological applications. The
anodization method is widely used to produce TNTs because of its simplicity and relative cheapness;
the method enables precise control over the thickness of TiO2 nanotubes. Anodization can also be used
to create decorative and colored coatings on titanium nanotubes. In this study, a combined structure
including anodic TiO2 nanotubes and SrTiO3 particles was fabricated using chemical synthesis
techniques. TiO2 nanotubes were prepared by anodizing them in ethylene glycol containing NH4F
and H2O while applying a voltage of 30 volts. An anode nanotube array heat-treated at 450 ◦C was
then placed in an autoclave filled with dilute SrTiO3 solution. Scanning electron microscopy (SEM)
analysis showed that the TNTs were characterized by clear and open tube ends, with an average outer
diameter of 1.01 µm and an inner diameter of 69 nm, and their length is 133 nm. The results confirm
the successful formation of a structure that can be potentially applied in a variety of applications,
including hydrogen production by the photocatalytic decomposition of water under sunlight.

Keywords: photocatalyst; TiO2; TNT; SrTiO3; anodizing

1. Introduction

Rapid growth in the world population has increased the demand for energy, the
bulk of which is provided by fossil fuels for power generation, industrial needs, and
transportation [1–4]. However, in addition to limited availability, the use of fossil fuels
has a negative impact on the environment, creating by-products such as carbon, nitrogen,
and sulfur oxides [5,6]. Therefore, there is an urgent need to develop cleaner alternative
energy sources that are sustainable and have a minimal impact on the environment [7,8].
Hydrogen stands out as a clean and efficient energy source, and its production is becoming
an important challenge in the field of sustainable energy sources.

Water is an abundant source of hydrogen, but given the need to introduce energy to
overcome the energy barrier associated with chemical stability, it is difficult to separate
water into stoichiometric hydrogen and oxygen on an industrial scale. Nevertheless, one
method of hydrogen production is the photocatalytic splitting of water. Photocatalysis can
efficiently utilize solar energy to split water into its individual elements [9–11]. This is a
unique and promising method of hydrogen production based on the use of solar energy
to convert water into hydrogen and oxygen [12]. This process could be an important
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step toward sustainable energy sources, as it combines the efficiency of solar panels with
the ability to produce clean hydrogen. In particular, photocatalysis has been shown to
be a more efficient form of wastewater treatment because of the impressive efficiency of
photocatalytic removal, rapid oxidation process, lower costs, and a lack of toxicity [13].
Photocatalytic water splitting involves the use of semiconductors as photocatalysts. The
most studied photocatalysts are TiO2, ZnO, CdS, and SrTiO3, which are used for various
photocatalytic applications including photocatalytic water splitting [14–16]. To achieve
efficient photocatalytic water splitting, a sophisticated photocatalyst is required that can
overcome problems in the water oxidation process.

Titanium dioxide (titanium, TiO2) is considered the most promising and versatile mate-
rial. Over the past decades, TiO2 has been extensively investigated in various fields because
of its unique properties such as outstanding corrosion resistance, high biocompatibility,
suitable bandgap for water splitting, and stable physicochemical characteristics [17,18].
The narrow– bandgap facilitates the more efficient collection of solar energy, making it an
ideal material for creating an electron–hole pair. This pair is actively involved in redox
reactions and finds applications in various fields, such as dyes, food, biomedicine, photo-
catalysis, photodegradation of water, photosensitive materials, dye-sensitized solar cells,
and gas-sensitive devices. In recent years, significant research efforts have been devoted
to the development of new nanomaterials, including nanostructured titanium obtained
via anodization, sol–gel, hydrothermal treatment, and vapor deposition techniques [19].
Nowadays, a wide range of materials are required to develop and research advanced
devices suitable for various commercial applications. Nanomaterials play a key role in
emerging technologies, enabling the creation of high-performance devices [20,21]. The
performance of such devices is largely determined by the geometry, shape, and morphology
of the nanostructures [7]. The exponential growth in the literature indicates that interest
in the nanoscale began in the 1990s. Interest in the nanoscale is driven by the commercial
availability of tools used to manipulate and measure nanoscale characteristics for several
reasons: (1) the anticipation of the novel physical, chemical, and biological properties of
nanostructures; (2) the assumption that nanostructures will provide new building blocks for
innovative materials with unique properties; (3) the miniaturization of the semiconductor
industry to the nanoscale; and (4) the recognition that molecular mechanisms in biological
cells function at the nanoscale [22].

2. Results and Discussion

The morphology of the obtained SrTiO3 samples was studied using scanning (SEM)
and transmission (TEM) electron microscopes at different resolutions. The scanning electron
microscopy results (Figure 1a–c) show that the SrTiO3 particles that calcined at 900 ◦C
possess cubic shapes and have sizes ranging from 150 nm to 300 nm. Calcination at 800 ◦C
leads to the formation of finer particles but with more significant numbers of impurities
such as SrCO3. Based on the literature and experimental data [23,24], the optimal calcination
temperature is 900 ◦C, which is followed by treatment in 1 m nitric acid solution to remove
residual SrCO3. However, it is worth noting that the particle sizes are highly heterogeneous.
Given studies in the literature, doping SrTiO3 with other elements, such as Al or Mn, can
contribute to the size reduction and distortion in SrTiO3‘s crystal shape.

In the case of TEM, clearly formed cubes of SrTiO3 with anisotropic structures with an
average size of about 200 nm are clearly visible, as shown in Figure 1d–f. An important
feature of these particles is the anisotropic structure, which creates a difference in energy at
different faces, leading to the formation of p–n junctions. This allows the charge within
each photocatalyst particle to be separated using an inter-domain electric field. Thus,
electrons are concentrated on some faces and holes on other faces, which provides for the
separation of photocatalytic reduction and oxidation processes on different faces. Given
the anisotropic crystal structure, the selective deposition of catalysts takes place, which
leads to the release of hydrogen and oxygen on the faces of the cubic photocatalyst.
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Figure 1. SEM (a–c) and TEM (d–f) images at different magnifications of cubic SrTiO3 obtained by a
chemical precipitation method.

Among various nanostructured oxide materials, TiO2 nanotubes have been empha-
sized because of their improved properties, economical design, and higher surface-to-
volume ratio [25]. TNTs with high specific surface areas, ion exchange abilities, and
photocatalytic properties have been considered for various potential applications and can
be excellent candidates as catalysts in photocatalysis [26]. Figure 2 shows images of the top
surfaces of the anodized TiO2 nanotube samples before and after the deposition of SrTiO3
on their surfaces. The top surfaces of the anodized and annealed TNTs at 450 ◦C shown
in Figure 2a show well-defined tubes with open ends that form a hexagonal order. This
is typical of anodization, as previously noted in [27]. After applying SrTiO3, pronounced
morphological changes are observed with the presence of interface regions between SrTiO3
and TNT, which indicates the success of the combination (Figure 2b). During 6 h of au-
toclave treatment, the surface showed a tendency to be coated with nanoparticles, and
uneven deposition was also found. Agglomerates are formed on the surface, and round
holes corresponding to TNT are still visible. Note that increasing the treatment time to 6 h
significantly affects the surface morphology, leading to the formation of larger agglomerates
and the blocking of the tube tops [28]. Figure 2c shows that the initial TNTs have an average
outer diameter of 1 µm, while Figure 2a shows an inner diameter of 69 nm. The length of
the tubes is 133 nm, as seen in the inset. A cross-sectional view of a freestanding titanium
dioxide membrane with an average thickness of more than 50 nm is shown in Figure 2d,
mechanically collapsed for visualization. In a related study [25], Paulose et al. obtained
nanotubes measuring 360 µm in length over a 96 h period, utilizing a voltage of 60 V. They
employed a titanium foil with a thickness of 0.25 mm, immersed in a solution comprising
0.3 wt% NH4F and 2% H2O in ethylene glycol. Our results—derived from anodization
in a solution comprising 0.7 wt% NH4F and 3.5 wt% distilled water at 30 V—revealed
the length of the TNT nanotubes to be 133 nm at the nanoscale. The SEM images also
demonstrate that the obtained nanotubes are ordered and have clear open ends. Despite
the low voltage (30 V), we compensated for this by increasing the concentrations of NH4F
and H2O in the anode solution. Given the higher mass percentage of NH4F, compensation
is accomplished by increasing the concentration of H2O, resulting in faster growth and,
hence, longer nanotube lengths.
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Figure 2. (a) SEM images showing the top surface of the TNT anode array; (b) the TNT@SrTiO3 array;
(c) the top view and (d) side view of samples with magnification of the surface of the anode array
prepared at 30 V.

XRD analysis of the TNT@SrTiO3 samples was performed on an X-ray diffractometer
with detection unit rotation angles ranging from 20◦ to 80◦ and a minimum detection unit
movement step of 0.01, as shown in Figure 3a. The characteristic peaks of the TNT samples
appear at 2θ 25.4◦, 37.9◦, and 53.4◦, 71.5◦, indicating the polycrystalline structure of the
anatase, in good agreement with the standard map for TNT (JCPDS map 1286) [20]. In
addition, the appearance of new peaks at 32.2◦, 46.9◦, and 57.8◦ in the X-ray diffraction
spectrum of the TNT@SrTiO3 samples indicates the combination of two components in the
composite, which additionally proves the successful connection and interaction between
the components. This confirmation is based on a comparison of the diffraction spectra
of the composite with TNT, which makes it possible to determine whether changes have
occurred in the crystal structure during their combination. It is particularly important to
note that the peak at 2θ, equal to 71.23◦, has a high intensity, indicating the high crystallinity
of the semiconductor. This is significant because the transport efficiency of charged carriers
generated during photogeneration can be strongly dependent on the crystallinity of the
material. Low crystallinity can lead to the inefficient migration of charged particles. In
addition, semi-quantitative elemental analysis of the particles confirmed the composition
of the obtained samples. The presence of the elements Ti and Sr was confirmed without
detecting other impurities. According to the atomic percentages in the index (Figure 3b), it
can be established that Ti/Sr is 81.10%/18.90%, respectively. These results confirm that the
designs contain the expected elements and have no significant impurities.

Low-temperature electron paramagnetic resonance (EPR) spectra were determined
on the SrTiO3/TiO2 samples to confirm the presence of Ti3+ and oxygen vacancies. The
initial SrTiO3/TiO2 (Figure 4c, marked in red), containing mainly Ti4+ 3d0 states, exhibits a
weak EPR signal, which may be due to the surface adsorption of O2 from air. For SrTiO3
and TiO2, a strong signal from Ti3+ spins (marked in blue and black) is also observed. It is
generally believed that photoelectrons can be captured by Ti4+ and lead to the reduction of
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Ti4+ cations to the Ti3+ state, which is usually accompanied by the loss of oxygen from the
surface of TiO2 and SrTiO3. Thus, these data clearly confirm that Ti3+ and oxygen vacancies
were formed in all SrTiO3/TiO2, TiO2, and SrTiO3 samples.
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TiO2 nanotubes can be produced in various ways [29], among which, the most widely
studied is the use of electrochemical anodization. The advantage of anodic TiO2 nanotubes
over TiO2 nanotubes produced by other methods is their availability and cost-effectiveness.
Also, one of the advantages of this method is that the anodic TiO2 nanotubes grow vertically
on the Ti substrate with nanotube holes on top and closed nanotube bottoms attached to the
Ti substrate. Thus, no further immobilization on the substrate is required. The TNT layers
are highly ordered, which favors a direct diffusion pathway. In addition, the nanotube
layers can be removed from the Ti substrate and used as powders if required. Another
advantage is that the nanotube layer thickness and nanotube diameter can be controlled by
adjusting the anodization electrolyte, potential, and time [30].
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3. Materials and Methods
3.1. Materials

Ti foil (99.9%; thickness, 0.1 mm; China), ethanol (45%), ethylene glycol (99.9%, Russia),
ammonium fluoride, and sodium nitrate (70%) were used without further purification.
Distilled water was used as a solvent in all experiments.

3.2. Synthesis of SrTiO3

SrTiO3 was obtained using a chemical precipitation method [24,31–33]. For this
purpose, 2.54 g of Sr (NO3)2 was mixed with 100 mL of distilled water; then, 0.958 g of TiO2
was added in a 1:1 ratio of Ti and SrTiO3 to this solution. The solution was then treated for
30 min in an ultrasonic bath. The solution was gradually added while maintaining vigorous
stirring, and the pH of the mixture was brought to 6–7 using 10% NH3OH solution. The
suspension was washed several times with distilled water. The resulting powder was dried
at 60 ◦C overnight and then calcined at 900 ◦C for 1 h.

3.3. Nanotube Synthesis

TiO2 was obtained using an anodization method. The 0.1 mm thick Ti foil was initially
cut into 1 cm × 6 cm samples and mechanically polished with P150 sandpaper. The sheets
were then ultrasonically treated in sodium nitrate, ethanol, and distilled water for final
cleaning. Electrochemical anodization experiments were carried out in a two-electrode
electrochemical cell, where titanium foil served as the working electrode and a sheet of
nickel foil as the counter electrode at constant potential and room temperature (≈22 ◦C).
Figure 1 shows a schematic of the titanium nanotube formation process. A constant current
power supply unit model, UNI-T UTP3315TPL from UNI-TREND Technology, China, was
used. This unit was used as a voltage source to control the anodization. The electrolyte
for anodizing consisted of ethylene glycol with 0.7 wt% NH4F and 3.5 wt% distilled water
added. The anodization process was carried out at 30 V for 96 h at room temperature. The
anodized titanium nanotube samples were then placed in ethylene glycol and subjected
to ultrasonic stirring until the nanotube film separated from the titanium substrate. The
suspension was filtered; the residue was washed several times with distilled water. The
resulting powder was dried at 60 ◦C for 3 h and then calcined at 450 ◦C for 1 h.

3.4. Synthesis of TNT@SrTiO3

To create the combined TNT@ SrTiO3 structure, powders of 0.2 g of TNT and 0.1 g
of SrTiO3 were taken, mixed with 40 mL of distilled water, and placed in a stainless
autoclave. The sealed autoclave was heated to 90 ◦C and incubated for 6 h. At the end of
the experiment, the autoclave was cooled to room temperature. The samples were then
washed with distilled water and dried in an oven for 5 h at 60 ◦C.

3.5. Material Characterization Techniques

The morphologies of the TNT and the combined TNT@SrTiO3 were analyzed using
a JSM-6490LA scanning electron microscope from JEOL, Tokyo, Japan. TESCAN MAIA3
XMU scanning transmission electron microscopy (STEM) was used to further investigate
the morphology at high resolution. The crystal structure of the samples was studied using
a Drone-8 X-ray diffractometer. An EPR spectrometer “JEOL” (JES-FA200, Japan) was also
used. Measurements were in ranges of ~9.4 GHz (X-Band) and ~35 GHz (Q-Band). Mi-
crowave frequency stability—~10− 6. Sensitivity—7 × 109/10− 4 Tl. Resolution—2.35 µT.
Output power—from 200 mW to 0.1 µW. Quality factor (Q-factor)—18,000.

4. Conclusions

In this paper, the synthesis of arrays of TiO2 nanotubes using an electrochemical
anodization method was successfully demonstrated. The obtained nanotubes have clear
and open ends and are 133.9 nm long, and their membranes are more than 1 µm thick. The
anodization process of 0.1 mm thick Ti foil at 450 ◦C can easily produce such nanotube
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arrays. SEM analysis showed that the TNTs are characterized by clear and open tube
ends, with an average outer diameter of 1 µm and an inner diameter of 69 nm, and their
length is 133 nm. In addition, a combined structure of TNT@SrTiO3 was fabricated in this
study using chemical autoclave synthesis techniques. X-ray phase analysis confirmed the
high crystallinity and orientation of crystallites along the preferential growth direction,
indicating the successful formation of the structure. The results obtained here have potential
significance for various fields including the sunlight-induced photocatalytic decomposition
of water and other applications in energy conversion and storage. Further research and
development in this area can contribute to the development of innovative technologies and
improve the efficiency of energy systems.
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Abstract 

SrTiO3-based photocatalysts have become widely used due to their excellent 
properties such as high thermal stability, photocorrosion resistance and stable 
structure that can be modified by doping and making composites. In this work, 
SrTiO3 powder was prepared from Sr(NO3)2 and TiO2 precursors by a simple 
chemical precipitation method followed by calcination. It was determined that 
calcination at 900 °C followed by treatment in nitric acid solution produced cubic 
SrTiO3 particles without the presence of any impurities. In addition, structural, 
morphology and energetic characterization using experimental and theoretical 
aspects are presented. Within the framework of density functional theory, the 
electronic properties of SrTiO3 have been investigated in the Quantum ESPRESSO 
software package using the PBE functional under the generalized gradient 
approximation (GGA). The band structure and density of states were obtained, 
and the width of the bandgap was determined.
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1. Introduction

The transition to renewable energy sources is 
becoming an essential step in solving modern envi-
ronmental problems and meeting the growing ener-
gy needs of society. Effective utilization of the most 
widespread and promising energy source – solar ra-
diation is one of the most critical problems, for the 
solution of which the search for new materials with 
improved optical properties is underway. Among 
them semiconductor photocatalysts are of the great-
est interest due to their good study and wide range 
of possible applications: water splitting for hydrogen 
production [1–3], CO2 reduction [4, 5], water purifi-
cation from pollutants [6–11], degradation of dyes 
[12, 13] and others. However, due to the presence 
of a wide bandgap, the optical spectrum of semicon-

ductor photocatalysts is limited to the ultraviolet 
zone [1], which is 3–5% of the total energy of solar 
radiation [14]. For example, titanium dioxide, which 
is a well-studied material among photocatalysts, has 
a bandgap of 3.2 eV [14, 15]. In addition to the band-
gap width, the critical parameters for photocatalysts 
are low recombination rate of charge carriers and 
resistance to photocorrosion [16, 17]. To obtain ma-
terials with the required properties, doping is most 
often used as a method of modifying the crystal lat-
tice of the photocatalyst by adding impurities.

The class of perovskites with the general formula 
ABO3 has more photocatalytic active centers on the 
surface compared to conventional metal oxides [18] 
due to their crystal structure in which A cations are 
located in the center of the BO3 octahedron. Among 
them, SrTiO3 is considered as one of the promising 



materials, whose attractiveness consists of its envi-
ronmental friendliness, low cost, high thermal and 
chemical stability, and excellent resistance to pho-
tocorrosion [17–19]. The cubic structure of SrTiO3 
perovskite makes it possible to vary the composition 
of A and B nodes, to control the charge balance and 
by using various impurities such as Cr, Al, Pt, Ag, Rh, 
Mo, Fe, etc., it is possible to achieve an improve-
ment in photocatalytic activity [16], since the doping 
or formation of heterostructure due to the replace-
ment of A cations by cations with a different ionic 
radius reduces the band structure of the material 
[18]. Goto et al. [20] in 2018 conducted a study of 
the photocatalytic water splitting activity of RhCrOx/
SrTiO3:Al, they achieved an efficiency of converting 
solar energy into hydrogen energy (STH) of 0.4% 
using a panel photocatalytic reactor with an area 
of 1 m2 in sunlight. This achievement demonstrates 
the prospects for using photocatalysts based on Sr-
TiO3 for large-scale photocatalytic water splitting. 
Recently, attention to the use of density function-
al theory (DFT) to calculate the electronic structure 
of many-particle systems in quantum physics and 
chemistry, in particular for modeling the properties 
of photocatalysts [14, 17, 18], has increased signifi-
cantly.

Density functional theory (DFT), developed 
by Hohenberg and Cohn, is a method for calculat-
ing the electronic structure of molecules and con-
densed matter that is widely used in computational 
chemistry and physics [21]. This theory’s essence 
is using electron density instead of the many-elec-
tron wave function in the Schrödinger equation to 
describe the electronic subsystem. The advantage of 
DFT over ab initio methods (e.g., the Hartree-Fock 
method) is higher accuracy and speed of calculations 
because, unlike the wave function, which depends 
on the three spatial coordinates of each of the N 
electrons (3N), the electron density is a function of 
only three spatial coordinates. However, DFT-based 
calculations cannot be applied in all cases because 
the exchange-correlation functionals responsible for 
approximating electron-electron interactions have 
limitations in accuracy due to the fact that no single 
functional can correctly describe all types of systems 
and interactions. Also, significant computational 
resources may be required to handle systems with 
a large number of atoms. Nevertheless, numerous 
studies show successful examples of the use of DFT 
computational methods [22–25]. Thus, it is obvious 
that the use of DFT calculations can help in finding 
and predicting the properties of new materials.

In this work, SrTiO3 was synthesized, X-ray diffrac-

tion analysis, and EDX analysis were performed, and 
surface morphology was investigated by scanning 
electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). To calculate the electronic 
properties of SrTiO3, a model simulation of the crystal 
structure of SrTiO3 was carried out using the Quan-
tum-Espresso software code and applying the GGA-
PBE exchange-correlation functional. The modeling 
results helped to evaluate the electronic properties 
of SrTiO3, such as energy structure and bandgap 
width. The obtained results made it possible to bet-
ter understand the behavior of the material and its 
potential applications as an efficient photocatalyst.

2. Experimental section

2.1. Photocatalyst preparation

To synthesize SrTiO3 of high purity, a chemical 
precipitation method based on previous works was 
used [26–30]. Sr(NO3)2 (> 98% purity, Sigma Aldrich), 
TiO2 (Sigma Aldrich, particle size: 0.27 μm, 0.35 μm, 
0.48 μm) and (COOH)2*2H2O (> 99.5%, Sigma Aldrich) 
were used as initial reagents. A concentrated 0.12 M 
solution of Sr(NO3)2 was prepared using distilled wa-
ter. TiO2 powder was then added in the ratio of Ti and 
Sr 1:1. The resulting suspension was treated for 30 
min in an ultrasonic bath. After that, 0.4 M solution 
of (COOH)2*2H2O was added dropwise with vigorous 
stirring. The pH of the resulting mixture was adjust-
ed to 6–7 with 10% NH3OH solution. The suspension 
was filtered, and the residue was washed several 
times with distilled water. The obtained powder was 
dried at 60 °C overnight and then calcined at 900 °C 
for 1 h. Figure 1 shows a schematic representation of 
the methodology for the synthesis of SrTiO3 powder.

2.2. Photocatalyst characterization technique 

The surface morphology of the samples was in-
vestigated using a scanning electron microscope 
(SEM) JEM-2100 (JEOL, Japan). Scanning transmis-
sion electron microscopy (STEM) TESCAN MAIA3 
XMU was used to further study morphology in high 
resolution. XRD analysis was performed on a Drone-8 
X-ray diffractometer with detection unit rotation an-
gles ranging from 5° to 70° and a minimum step of 
0.001°. The permissible deviation of the detection 
unit from the specified rotation angle was ±0.015°.

2.3. Computational study 

Based on the density functional theory, the 
electronic structure of SrTiO3 was investigated; the 



 

Fig. 1. Schematic illustration of the process of SrTiO3 synthesis by chemical precipitation method.

open-source Quantum ESPRESSO program package 
was used as a computer code. The cubic structure 
of SrTiO3 shown in Fig. 2 belongs to the space group 
Pm3m at room temperature, the lattice constants 
(a = b = c) were co-valued to 3.905 Å [24]. The Per-
dew-Burke-Ernzerhof (PBE) functional was adopted 
for the exchange-correlation potential (XC) in the 
generalized gradient approximation (GGA). The ul-
tra-soft pseudo potential (USPP) was applied to ap-
proximate the electron-nucleus interaction. A 6 × 6 
× 6 × 6 k-point Monkhorst-Pack grid was used to in-
tegrate the Brillouin zone for the calculation of the 
self-consistent field, and a 20 × 20 × 20 × 20 grid for 
the inconsistent field. The electronic structure was 
determined for relaxed cells along the Γ-X-M-Γ-R-X 
[17] symmetry points in the Brillouin zone.

3. Results and discussion

3.1. Photocatalyst characterization

The crystal structure of the semiconductor SrTiO3 
synthesized by chemical precipitation followed by 

 

Fig. 2. Elementary cell of perovskite SrTiO3.

calcination at 900 °C was studied by X-ray diffrac-
tion. Figure 3a shows typical diffraction peaks at 2θ 
equal to 32.23°, 39.98°, 46.50°, 57.83° and 67.64° 
corresponding to (110), (111), (200), (211), and 
(220) orientations of the SrTiO3 crystal lattice. These 
peaks indicate that the semiconductor sample ob-
tained via chemical precipitation is cubic SrTiO3 and 
is consistent with standard data for SrTiO3 (JCPDS 
Card No. 35-0734). It is particularly important to 
note that the peak at 2θ, equal to 32.23°, has a very 
high intensity, indicating that the semiconductor 
is highly crystalline. This is important because the 
transport efficiency of charged carriers arising from 
photogeneration can strongly depend on the crys-
tallinity of the material. If the crystallinity is low, this 
can lead to inefficient migration of charged particles.

The choice of strontium titanate precursors with 
different sizes is due to the fact that, according to 
experimental data [31], when using smaller particles 
of TiO2 precursors, the synthesis reaction is complet-
ed at lower temperatures and in less time, which 
indicates the dependence of the reaction rate on 
the surface area precursors. It was also established 
[31] that the initial particle size of the TiO2 precur-
sor strongly affects the particle size of the reaction 
product obtained as a result of hydrothermal syn-
thesis.

EDX analysis confirms the presence of O, Ti, and 
Sr in the obtained SrTiO3 samples without any oth-
er impurities. Considering the atomic percentages 
of the synthesized sample as shown in Fig. 3d it can 
be found that Sr/Ti/O are 17.30%/19.63%/63.07%, 
respectively. In addition, the FIB-SEM technique was 
used to determine the distribution of elements in the 
obtained sample. Figure 3(c-f) shows the elemental 
maps for Sr, Ti and O in the SrTiO3 sample. From the 



obtained maps, it can be seen that Sr, Ti, and O are 
uniformly distributed throughout the sample area.

The morphology of the obtained SrTiO3 samples 
was studied by scanning (SEM) and transmission 
(TEM) electron microscope at different resolutions. 
As the results of scanning electron microscopy (Fig. 
4) showed, we found that SrTiO3 particles calcined 
at 900 °C have cubic shapes and sizes from 150 to 
300 nm. Whereas increasing the calcination tem-
perature to 1000 °C and 1100 °C increases the size 
of SrTiO3 particles to the micrometer scale, which 
can negatively affect their photoactivity due to the 
increased distance that the photogenerated elec-
trons and holes need to travel to the surface where 
the reactions occur. This increases the probability 
of recombination (charge fusion) and can reduce 
the efficiency of the reactions [30, 32]. Calcination 
at 800 °C leads to the formation of smaller particles 
but with more impurities such as SrCO3 [33]. Based 
on literature and experimental data, the optimum 
calcination temperature is 900 °C followed by treat-
ment in 1M nitric acid solution to remove residual 
SrCO3. However, it should be noted that the particle 
sizes are very heterogeneous. From studies in the 
literature, it is clear that doping SrTiO3 with other 
elements such as Al or Mn can contribute to the size 
reduction and distortion of the shape of SrTiO3 crys-
tals [34, 35].

 

Fig. 3. X-ray spectra of synthesized SrTiO3 powder – (a); energy dispersive X-ray spectrum of SrTiO3 particles – (b); 
distributions of elements in the obtained sample by FIB-SEM method – (c-f).

In the case of TEM, one can see clearly formed 
cubes of SrTiO3 with anisotropic structure, the av-
erage size of which is about 200 nm as can be seen 
from Fig. 5. An important feature of these particles 
is the anisotropic structure, which creates a differ-
ence in energy on different faces, leading to the for-
mation of p-n junctions [36]. This allows the charge 
within each photocatalyst particle to be separated 
using an internal electric field. Thus, electrons are 
concentrated on some facets and holes on other fac-
ets, which helps to separate the photocatalytic re-
duction and oxidation processes on different facets 
[37]. Due to the anisotropic crystal structure, selec-
tive precipitation of co-catalysts occurs, which leads 
to the release of hydrogen and oxygen on the faces 
of the cubic photocatalyst [37].

The efficiency of solar energy conversion in semi-
conductor photocatalysts depends on the efficiency 
of charge separation. Without the presence of suit-
able active sites for photocatalytic reactions, photo-
generated electrons and holes can easily recombine. 
It was found [38] that semiconductors such as TiO2 
and BiVO4, which have characteristic anisotropic 
facets, can separate photogenerated electrons and 
holes into different facets. This separation provides 
selective reductive and oxidative reactivity on differ-
ent facets. Mu et al. [38, 39] achieved the transfor-
mation of an isotropic 6-facet SrTiO3 photocatalyst 



into an anisotropic 18-facet SrTiO3 crystal and there-
by significantly improved the separation of electrons 
and holes. They also found that the release of hydro-
gen and oxygen occurs at different crystal facets af-
ter the formation of an anisotropic SrTiO3 facet. This 
strategy is the most promising way to increase pho-
tocatalytic activity since it allows to reduce charge 
recombination and reduces the need to search for 
various semiconductors necessary for the formation 
of a heterojunction.

3.2. DFT calculations

To investigate the electronic structure, the band 
structure and total density of states (TDOS) calcu-
lations were performed. The band structure shown 
in Fig. 6 (the Fermi energy is set equal to 0 eV on 
the ordinate axis) shows that the conduction zone 
minima lie at the Γ symmetry point, while the va-
lence band maxima are at the R symmetry point. 
Thus, the indirect width of the bandgap (R-Γ) in the 
electronic structure for SrTiO3 is 1.83 eV. There is an 

   

Fig. 4. SEM images of obtained SrTiO3 at different magnifications.

underestimation of the bandgap width compared to 
the experimental value of 3.20 eV, which is a typical 
problem for DFT-based calculations using the GGA-
PBE method due to discontinuities present in the en-
ergy derivative of the number of electrons [17]. The 
value of the direct bandgap width (conduction band 
minima and valence band maxima at the Γ symme-
try point) was 2.197 eV. The obtained results are in 
agreement with the data from other studies [40–
43], but unlike them, in this work we did not carry 
out modeling of the SrTiO3 supercell to minimize the 
computational resources consumed and because we 
did not consider the doping of the crystal structure 
with impurity atoms.

It is well known that the band gap is a key factor 
that characterizes the electronic structure of mate-
rials and determines their application in electronics, 
so the accurate prediction of the band gap is a key 
issue in the development of new semiconductor 
materials. The PBE functional, which is very popular 
in DFT calculations due to its efficiency, due to the 
tendency to underestimate the band gap for semi-

   

Fig. 5. SEM images of obtained SrTiO3 at different magnifications.



conductor compounds and insulators, as has been 
demonstrated in many studies [17, 22, 43], as well 
as in this work, does not suitable for calculations of 
the electronic structure of semiconductor materials.

In order to achieve better accuracy in determin-
ing the width of the bandgap, some authors [24, 44] 
use hybrid functionals in calculations, such as PBE0, 
HSE, which provide better accuracy in calculating the 
lattice parameters of most solids and the bandgap 
width in semiconductors and insulators, give an ex-
cellent description of insulating antiferromagnetic 
oxides of rare-earth and transition metals [45]. For 
example, the paper [46] compares PBE, SCAN and 
HSE06 in DFT calculations for cesium antimonide 
and telluride and the authors conclude that SCAN is 
the best option for this type of materials, PBE is suit-
able for modeling structural parameters but should 
be avoided when quantitatively describing electron-
ic properties, and HSE06 is excellent for determining 
electronic and optical gaps because it was designed 
for this purpose, but requires significant compu-
tational resources. Another approach to improve 
computational results is to introduce semiempirical 
terms into the GGA functional, such as GGA+U, in 
which the fitted Hubbard parameter U, is fitted to 
reproduce the experimental forbidden band width, 
geometry, and other parameters [25, 40, 45]. There-
fore, it is worthwhile to further perform calculations 
relying on hybrid functionals to achieve the best fit 
to the experimental data. 

To study the influence of doping on the structur-
al and electronic properties of SrTiO3, it is necessary 
to synthesize complex composites and perform DFT 
calculations. For this purpose, it is necessary to con-
struct supercells with the introduction of impurity 
atoms, as was done in many works [1, 17, 24, 25, 

 

 

Fig. 6. Band structure and total density of states of SrTiO3.

41], as well as to calculate the optical properties of 
the materials.

4. Conclusion

SrTiO3 was synthesized by a simple chemical pre-
cipitation method. X-ray diffraction data reveal the 
cubic structure of the synthesized SrTiO3 and indi-
cate the high crystallinity of the semiconductor. El-
emental analysis was carried out using EDX analysis 
and FIB-SEM technique which showed the absence 
of impurities. Morphology study using SEM and TEM 
demonstrated the cubic structure of the formed 
particles of the obtained samples. The structural 
and electronic properties of SrTiO3 were also inves-
tigated. The results were obtained using density 
functional theory in the framework of the GGA-PBE 
approximation. The band structure and density of 
states of SrTiO3 demonstrate the presence of an in-
direct band gap, and the calculated parameters are 
suitable with the literature results.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The main strategies to overcome

the limitations of SrTiO3 based

photocatalysts in various applica-

tions are presented.

� The synthesis methods of com-

posites based on SrTiO3 for pho-

tocatalytic applications were

discussed.

� The potential applications of

SrTiO3-based composites in solv-

ing environmental and energy-

related problems are explored.
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a b s t r a c t

The detrimental impact of human activity on the global ecological situation has resulted in

the active exploration and development of alternative energy sources. Efficient solar en-

ergy utilization can significantly contribute to resolving the current energy crisis, because

approximately 1.36 kW m�2 of solar radiation reaches the Earth's surface, and this can be

used to satisfy the global energy requirements. Among various prevalent sunlight con-

version technologies, photocatalytic materials are potentially useful for hydrogen pro-

duction and other relevant applications. Existing technologies for the production and use

of photocatalysts do not sufficiently address the target characteristics owing to the low

solar conversion efficiency and service life in addition to high costs. However, recent ad-

vances in SrTiO3-based heterostructures indicate that photocatalysts can potentially

compete with modern solar energy technologies in terms of their practical application. In
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H2 evolution

N2 fixation

Pollutants degradation

this review, we systematically consider the advancement in the production and application

of SrTiO3-based photocatalysts in various fields. The methods for obtaining complex het-

erostructures with different classes of nanomaterials are comprehensively discussed. The

aim of this review is to highlight the advantages and limitations of using SrTiO3-based

photocatalytic systems. Finally, the future prospects of using SrTiO3-based photocatalysts

are considered from the perspective of their practical applications.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Studies aimed at identifying sustainable and environmentally

friendly energy sources are of considerable interest owing to

the negative impact of fossil fuels on the environment [1e5].

Therefore, several programs and strategies have been adopted

to develop and implement technologies for the use of alter-

native energy sources. The 2019e2025 Global Strategy for

Sustainable Energy is one such programadopted by theUnited

Nations and the Green Deal project (with an annual invest-

ment of V260 billion), which aims to reduce greenhouse gas

emissions in the European Union by up to 32% and shift to a

carbon-neutral society by 2030 [6]. Such strategic develop-

ment programs are also being adopted in the Central Asian

region. For example, Kazakhstan has adopted a concept for

the development of the fuel and energy sector until 2030, with

the aim of developing and expanding the role of alternative

and renewable energy sources and implementing a decar-

bonisation policy.

Efficient solar energy utilization can significantly

contribute to the successful implementation of these pro-

grams and development strategies. Although technologies are

available for the efficient conversion of sunlight into energy,

photocatalysts that can produce pure hydrogen and purify

water and air from various pollutants by converting light have

attracted considerable interest. The discovery of photo-

catalytic decomposition of water in 1972 [7] marked the

beginning of numerous studies, and this field has witnessed

significant progress thus far. Numerous types of photo-

catalysts, such as TiO2, SrTiO3, NaTaO3, ZnO, Co3O4, and

Fe2O3, have been discovered and investigated [8e12]. The

quantum efficiencies of solar light conversion for all photo-

catalysts are typically low and depend on the sensitivity of the

photocatalytic system to the visible spectrum. For example,

theoretical calculations indicate that solar energy can be

converted into hydrogen by at efficiencies up to 15% if a solar

spectrum below 600 nm is used [13,14]. The actual quantum

efficiency for the photocatalytic decomposition of water is

only 1% [15].

The quantum efficiency of a photocatalyst for converting

light into electrochemical energy depends on the following

parameters: 1) the band gap, which should be comparable to

the photon energy in the visible region of the spectrum

(2.0e2.4 eV); 2) a low number of recombination of photoin-

duced electronehole pairs, which have high mobility; 3)

resistance to the aquatic environment, temperature,

acidebase solutions, and sunlight; 4) free diffusion of water

molecules. A possible solution to improve the solar conver-

sion efficiency is the creation of hybrid composite structures,

which can reduce the band gap of the photocatalyst and

improve light absorption. In this regard, strontium titanate

(SrTiO3) is suitable for creating hybrid composite photo-

catalyst systems owing to several advantages. First, this

semiconductor material is a well-researched photocatalyst

with a band gap of 3.2 eV [16]; second, numerous studies have

indicated the formation of SrTiO3-based composite structures,

whereby the photocatalytic decomposition of water is

improved by 69% compared with the process using pure

SrTiO3 powder [17e20]. In addition, SrTiO3 has been

successfully used in the manufacture of panels with a total

area of 100 m2 for hydrogen production [21].

Over the past decade, numerous research articles con-

taining the keyword SrTiO3 have been published. The growing

interest in SrTiO3 is evidenced by fundamental research

[22e26] devoted to theoretical and practical aspects, which

allow us to consider the prospects and problems of using this

perovskite in various fields. These studies indicate that the

type of co-catalyst and the method of synthesising the het-

erostructure significantly affect the SrTiO3 structure; conse-

quently, the properties of the SrTiO3-based composite

structures aremodified. From this perspective, we believe that

the properties of SrTiO3-based heterostructures must be

comprehensively examined to elucidate the relationship be-

tween the synthesis parameters of SrTiO3-based composites

and the characteristics of their applications. In this review,

methods for obtaining SrTiO3-based composites and recent

advances in their practical application are considered. We

analyse the influence of themethod of obtaining SrTiO3-based

composites on themechanism and efficiency of their practical

application in various fields. Finally, the problems and future

prospects for the use of SrTiO3 and its composites in various

fields are discussed.

Methods for obtaining SrTiO3 and SrTiO3-based
composites

The use of pure SrTiO3 is not of particular interest owing to

several factors, such as extremely low efficiency, attributed to

the rapid recombination of photogenerated electrons and

holes, and a wide bandgap, which reduces the solar energy

absorption spectrum. Creating heterojunctions based on

SrTiO3 and various othermaterials addresses their limitations

and significantly contributes to the creation of new types of

photocatalysts. Conventional methods for synthesising

SrTiO3 include hydro/solvothermal [27e29], solid-phase [30],

solegel [31], co-precipitation [32], and hybrid methods. SrTiO3

nanoparticles with various shapes and sizes can be obtained

through the application of various methods and their combi-

nations. In particular, the solid-phase method results in

chemically pure cube-like SrTiO3 particles with an average

size of 75 nm [33]. The hybrid solegelesolid phase method is

environmentally friendly and enables the synthesis of SrTiO3

nanoparticles with a smaller size (34 nm) [34]. The advantages

of hydro/solvothermal methods include the ability to control

the morphology of the SrTiO3 nanoparticles by adjusting the

synthesis conditions. Graphic illustrations of different ap-

proaches for obtaining SrTiO3-based composites are shown in

Fig. 1.

When heterostructures are created by methods that affect

the photocatalytic properties, the main problems are: 1)

insufficiently close contact between two or more phases for

free exchange of charge carriers; 2) inability to control the size,

morphology, and crystallinity to obtain pure, homogeneous

heterostructures of the required shape; and 3) difficulty in

creating unique surfaces or mesoporous structures with a

high specific area to provide numerous reaction centres. In

this section, we discuss recent advances in the synthesis of

SrTiO3-based photocatalysts, because the production of
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highly efficient heterostructured photocatalysts at low cost

and without environmental harm is an urgent challenge.

Hydrothermal method

The conventional hydrothermal method can be used to effi-

ciently synthesise both crystalline SrTiO3 and related hetero-

structured composite materials. The primary advantage of

thismethod is the improvement in the crystallinity, crystallite

size, and morphology at moderate temperatures. The other

advantages of this method include simplicity, environmental

friendliness, and the ability to control the surface chemical

composition by controlling the type of solvent, sol composi-

tion, holding time, pressure, and reaction temperature.

Particularly, multilayer composites with desired shapes can

be created. Thus, a simple hydrothermal method can yield

hollow multi-shell homogeneous structures of SrTiO3 doped

with La and Rh (STOLa/Rh) [35] and SrTiO3eTiO2 [36]. In

addition to multi-shell structures, nanocomposites (CdSe/

SrTiO3) with quasi-spherical structures and rough surfaces

can be obtained through the hydrothermal method [37].

Simultaneously, the structure of such a heterojunction, which

is formed bymodifying quantum dots (CdSe) on the surface of

SrTiO3 nanoparticles, improves its photocatalytic character-

istics. Another promising hybrid photocatalytic system is the

ZnO/SrTiO3 nanocomposite, which is obtained through a low-

cost hydrothermal method and consists of ZnO nanosheets

modified with SrTiO3 nanospherical particles [38]. For this

system, analysing the chemical composition using X-ray

photoelectron spectroscopy and maps of the spatial distribu-

tion of atoms indicate that pure composites are producedwith

ZnOeSrTiO3 atomic interfacial contact; thus, successful hy-

drothermal synthesis is confirmed. Hybridisation and creation

of a heterogeneous ZnO semiconductor with a wide-band

SrTiO3 photocatalyst reduces the recombination of photoex-

cited excitons, thereby increasing the photocatalytic activity.

Obtaining sufficient close contact and a strong chemical

bond between the components is crucial for the successful

synthesis of highly efficient heterojunction photocatalysts.

For example, the composite photocatalyst rGO@SrTiO3 ob-

tained through the hydrothermal method demonstrates the

formation of a sufficiently strong chemical bond, which is

associated with a possible improvement in the photocatalytic

properties of the rGO@SrTiO3 nanocomposite, in contrast to

the separate use of pure SrTiO3 or rGO [39]. In addition, a

heterostructure composite consisting of Ag-doped STO/g-CN

was synthesised for the efficient photocatalytic production of

hydrogen and decomposition of the pesticide dicofol; the hy-

drothermal reaction was found to contribute to the close

contact between the g-CN nanosheets and STO and Ag

nanoparticles, thus increasing the efficiency for photo-

catalytic applications [40].

Fast recombination of electronehole pairs and a relatively

narrow absorption region of visible light are regarded as the

predominant problems that reduce the photocatalytic per-

formance. The construction of heterojunctions from two

suitable semiconductors, that is, in the form of a Z-scheme, is

of considerable interest because such a structure suppresses

the recombination of photoinduced charge carriers. For

example, the formation of such Z-scheme heterojunctions

with zero-dimensional carbon nanomaterials through a sim-

ple hydrothermal method can consequently expand the light

absorption range [41].

Solvothermal method

In contrast to the hydrothermal synthesis method, wherein

water is used, the solvothermal process involves heating the

initial solutions in organic or inorganic compounds in special

Teflon-coated autoclaves at temperatures exceeding the

boiling point of the solvent and under pressures exceeding

0.1 MPa. The desired crystal structure, morphology, and

Fig. 1 e Different methods for obtaining SrTiO3-based heterostructures.
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particle size can be achieved by adjusting the reaction con-

ditions. The solvothermal method also facilitates sufficiently

close contact between the photocatalyst heterojunctions of

SrTiO3-based nanocomposites. For example, the solvothermal

method can promote close contact between La-WO3 and

SrTiO3 in a nanostructured heterojunction composite, La-

WO3@SrTiO3 [42]. In addition, under certain reaction condi-

tions, ultrathin nanovilli with an average diameter of 50 nm

grow on the surface of the La-WO3 particles in the samples,

contributing to the high adsorption of reactive substances and

efficient absorption of visible light. In another study [43], BiOI-

decorated SrTiO3 nanofibres were obtained via rapid sol-

vothermal treatment using microwave radiation for methyl

orange (MO) photodegradation under visible-light irradiation.

The solvothermal method resulted in the formation of a pen

junction at the interface between SrTiO3 and BiOI, which

improved the electronehole transfer. Simultaneously, the

resulting nanocomposite has a spike-like structure with

mesopores (size ¼ 31 nm) providing a large contact area,

thereby increasing the photocatalytic efficiency during dye

decomposition, with a degradation rate of 0.015 min�1. In

addition, the solvothermal method has been used to synthe-

sise a porous graphene/SrTiO3 nanocomposite with a

morphology similar to that of a washcloth, wherein SrTiO3

nanospheres are wrapped in sheets of porous graphene. Such

a structure increases the contact area between porous gra-

phene and SrTiO3, thus improving the charge carrier transport

[44].

Solegel method

The advantages of the solegel method over various other

methods for synthesising nanocomposite heterostructured

SrTiO3-based photocatalysts include the high purity of the

synthesised homogeneous nanopowders and the possibility

of controlling their chemical properties. These advantages are

achieved by mixing liquid starting reagents at the molecular

level during synthesis. For example, a high-purity meso-

porous heterostructured TiO2@SrTiO3 nanocomposite was

obtained through the solegelmethod bymixing pre-dispersed

tetra-n-butyl orthotitanate (TBT) and Sr(NO3)2 precursors in

20 mL of ethanol and thoroughly stirring for 30 min until a

transparent sol and gel were formed. Using the solegel

method, a relatively small size (approximately 24.49 nm) of

the TiO2@SrTiO3 nanocomposite with a considerably high

porosity of 126.8 m2 g�1 could be obtained [45]. Owing to the

complete control of the reaction conditions in the solegel

method, a highly efficient CoAlMnO4@SrTiO3 heterojunction

with optimal morphology and particle size could be syn-

thesised; this heterojunction was subsequently used for pro-

ducing hydrogen by the photocatalytic decomposition of

water under both ultraviolet (UV) and visible radiation [46].

Furthermore, optimised synthesis conditions facilitated the

configuration of a type-I heterojunction with a coreeshell

structure, wherein CoAlMnO4 nanoparticles (10 nm) and

SrTiO3 (20 nm) served as the core and shell, respectively.

The solegel technology is distinguished by its simplicity;

moreover, high temperatures and pressures are not required

during synthesis. For example, a porous heterojunction

SrTiO3/SrSO4 nanocomposite was created using a one-pot

solegel method at a moderate temperature, followed by

annealing and photodeposition of Pt nanoparticles [47]. The

resulting data indicate the high crystallinity and porosity of

the SrTiO3@SrSO4 heterojunction with increased photo-

catalytic activity. The characteristics of multicomponent

nanocomposite photocatalysts are significantly superior to

those of photocatalysts with individual components; for

example, ternary systems improve the photogeneration of

electronehole pairs and enhance the light-absorbing ability of

the photocatalyst. The use of carbon nanotubes (CNTs), which

have excellent properties such as high conductivity and large

specific surface area in ternary systems, makes the photo-

catalyst promising for photocatalytic applications. Ternary

plasmon nanocomposites Ag@SrTiO3@CNT were successfully

synthesised using the solegel method for the efficient pho-

tocatalytic degradation of organic dyes [48]. The resulting

composite had a high efficiency in the photodecomposition of

dyes, while the CNT surface was densely covered and wrap-

ped with Ag and SrTiO3 nanoparticles.

Another distinctive advantage of the solegel method is the

possibility of combining it with other methods, which is

known as hybridisation. Various researchers have reported the

successful hybridisation of solegel with other synthesis

methods. Thus, a combination of solegel and hydrothermal

methods was used for the synthesis of SrTiO3 photocatalysts

doped with La and Cr for hydrogen production [49,50]. Conse-

quently, the composite obtained by the hybrid solegel hydro-

thermal method demonstrated excellent photocatalytic

performance for the release of H2 in the visible-light spectrum

compared to another hybrid polymerised complex method

[49]. Based on these studies, a highly porous Pt STO:C, N het-

erostructure was synthesised via a two-stage solegel method

using a polymer in addition to a solvothermal method [51]. A

distinctive feature of this technology is the production of

mesopores inside the volume of cubic nanoparticles, whereas

the specific surface area is attained owing to voids between

nanoparticles in the previously described methods.

Precipitation/co-precipitation

Precipitation and co-precipitation are conventional methods

for synthesising semiconductor heterostructures. Generally,

a heterojunction based on SrTiO3 is obtained through a re-

action in a liquid solution with SrTiO3, dropwise addition of

the second component to the solution, and pH adjustment,

followed by mixing and precipitate formation. Thus, a

SrTiO3@Ag@Ag3PO4 photocatalyst was obtained via precipi-

tation, wherein Ag3PO4 nanoparticles had a spherical shape

with an average diameter of 50e100 nm and were uniformly

grown on the acicular surface of SrTiO3 particles, which were

obtained using the hydrothermal method. Compared with

pure SrTiO3 and Ag3PO4, the synthesised sample demon-

strated excellent photocatalytic activity for tetracycline

photodegradation [52]. Similarly, an NeSrTiO3/BiOBr hetero-

structurewas obtainedwith a flake nanoparticlemorphology;

irregularly shaped NeSrTiO3 nanoparticles (size ¼ 20e30 nm)

formed a close interfacial contact with the BiOBr nanosheets,

which facilitated rapid separation and improved the trans-

port of photogenerated electrons and holes between

NeSrTiO3 and BiOBr [53].
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The photocatalytic efficiency of SrTiO3 and other types of

photocatalysts can be considerably improved by forming a

morphologywith a large specific surface area,which increases

the number of active centres. Thus, the formation of the

Ag3PO4/SrTiO3 composite by the deposition of homogeneous

Ag3PO4 nanoparticles on the surface of SrTiO3 nanofibres in-

creases the photocatalytic activity by 10 times compared with

that of pure SrTiO3 in the visible light range [54].

Other methods for obtaining heterostructured SrTiO3-based
photocatalysts

In addition to the above-mentioned methods, other methods

include the chemical reduction [55,56], impregnation [57],

polymer precursor [58,59], low-temperature process [60],

chemical vapour deposition [61], atomic layer deposition

(ALD) [62], sequential ion layer adsorption reaction (SILAR)

[63], and simple high-energy ultrasound [64] methods, which

can be used to synthesise heterostructured nanocomposites,

of which one component is SrTiO3; these nanocomposites are

used for various photocatalytic applications under the influ-

ence of visible light. However, all these methods have limi-

tations that hinder their widespread practical application for

the synthesis of SrTiO3-based heterojunctions. For example, a

composite with Ag nanoparticles decorated on the acicular

surface of SrTiO3 particles was obtained via the ALD method;

however, the complexity of mass production and prolonged

deposition time are disadvantages of this method [62]. The

SILAR method is a simple and cost-effective technology for

producing ternary semiconductors. Accordingly, it has been

used to obtain nanocomposite photocatalysts with a Z-

scheme and H-type SrTiO3/(BiFeO3@ZnS), wherein SrTiO3

nanoparticles (100 nm) are connected to elliptical BiFeO3

nanoparticles (50 nm) coated with a ZnS nanofilm

(thickness ¼ 22 nm). The synergistic effect of the Z-scheme

and heterojunction contributed to the high photocatalytic

activity with a 2,4-dichlorophenol photodecomposition rate

and Cr(VI) conversion of 91.32% and 97.87%, respectively.

However, the relatively long synthesis duration is the primary

disadvantage of this method [63]. Another promising pro-

duction technology is the high-energy ultrasonic treatment

method, which enables the synthesis of a heterostructured

rGO@SrTiO3 nanocomposite by dispersing graphene oxide and

SrTiO3 nanoparticles in a ternary solvent [64]. This method

can be used to significantly reduce the size of crystallites and

the band gap, enhance the optical properties of SrTiO3, and

improve the morphology of SrTiO3 and RGO/SrTiO3 samples

by increasing the specific surface area. The RGO/SrTiO3 het-

erostructure photocatalyst exhibited degradation rates of

94.5% and 90% within 100 min with reference to rhodamine B

(RhB) and Rose Bengal dyes, respectively.

The synthetic method used to prepare SrTiO3-based com-

posites can have a significant impact on their performance.

The choice of synthetic method can affect various character-

istics of the composites, such as their composition, structure,

morphology, surface area, and crystallinity. These factors, in

turn, influence the photocatalytic activity, stability, efficiency,

and selectivity of the composites. Different synthesismethods

may result in variations in the size and distribution of SrTiO3

particles, the presence of impurities or defects, or the

incorporation of dopants or additional components. These

factors can influence the charge transfer, light absorption, and

surface reactivity of the composites, ultimately affecting their

photocatalytic performance.

Table 1 presents the methods used to develop various

SrTiO3-based composites and the primary parameters of these

composites that affect their performance. However, although

the characteristics of the synthesised composites are suc-

cessfully improved using these methods, all synthesis pro-

cesses have been typically performed under laboratory

conditions; consequently, commercialisation can be achieved

only by introducing technology for the large-scale production

of hybrid composite SrTiO3-based photocatalysts.

Application of heterostructured SrTiO3-based
photocatalysts

Composites with SrTiO3-based heterojunctions are exten-

sively used in the hydrogen, solar energy, and energy storage

industries. In addition, the relatively high photocatalytic

characteristics of SrTiO3-based composites, compared with

those of pure components, are beneficial for producing bio-

diesel and environmentally friendly hydrogen, purifying

wastewater and the atmosphere from various pollutants

(dyes, antibiotics, CO2, and NO), and sterilisation under the

influence of electromagnetic radiation. The electrocatalytic

and dielectric properties of SrTiO3-based composites have

been used to fabricate high-performance solar cells [84,85],

biosensors [86], and supercapacitors [87]. Graphic illustrations

of different applications of SrTiO3-based composites are

shown in Fig. 2.

Photocatalytic water splitting with the release of hydrogen

Photocatalytic water splitting with the release of hydrogen

upon irradiation with sunlight is considered a promising

technology owing to its environmental friendliness and low

cost. This process primarily requires the photocatalyst, light

energy, and water; the process essentially involves the

decomposition of awatermolecule into hydrogen and oxygen.

Breaking the intermolecular bonds of water requires energy;

for example, electrolysis requires electrical energy. Generally,

upon irradiation, the photocatalyst absorbs a photon of en-

ergy to forman electronehole pair, provided that the energy of

the light is equal to or greater than the bandgap energy of the

semiconductor. Consequently, the excited negatively charged

electrons are transferred to the conduction band (CB), fol-

lowed by the reduction of water and release of gaseous

hydrogen. Simultaneously, a positively charged hole in the

valence band (VB) oxidises water to form oxygen gas. The two

conditions necessary for the photocatalytic decomposition of

water into H2 and O2 under the influence of light are as

follows.

1) The minimum photon energy for photoabsorption should

be 1.23 eV;

2) The energy position of the CB of the photocatalyst is more

negative than the redox potential Hþ/H2 (0 V versus normal

hydrogen electrode (NHE) at pH ¼ 0), and the energy
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Table 1 e Recent methods for the development of various SrTiO3-based composites and the main parameters of these composites that affect their performance.

Year Photocatalyst Synthetic Methods Heterojunction Structure Particle size, nm Band gap, eV SSA, m2/g Ref

2022 Ag(x)STO/g-CN Hydrothermal Type II nanoparticles 20e35 (SrTiO3) 2.72 298.12 [40]

2019 CdSe/SrTiO3 Hydrothermal e quasi-spherical 120.5 1.85 e [37]

2021 SrTiO3:La/RheBVO Hydrothermal Z-scheme hollow multishell 90 2.4 8.232 [36]

2022 C-dots/SrTiO3/NH4V4O10 Hydrothermal Z-scheme nanosheets 10.61 (C-dots) 2.54 29.6 [41]

2018 ZnO/SrTiO3 Hydrothermal e nanosheets/spherical e 2.99(SrTiO3) 18.18 [38]

2019 SrTiO3/TiO2 Hydrothermal e rod-like 80e120 3.04 e [65]

2020 SrTiO3/MnFe2O4 Hydrothermal Z-scheme quasi-spherical 16.7 (SrTiO3) 2.2 14.49 [55]

2019 FTO/TiO2/SrTiO3 Hydrothermal Type II nanoparticles 30e50 (SrTiO3) 3.24 e [66]

2019 Co0.7Zn0.3Fe2O4eSrTiO3 Hydrothermal Type II quasi-spherical 20 2.89 27.82 [67]

2021 rGO/SrTiO3 Hydrothermal e spherical 33.1 3,1 e [39]

2021 SrTiO3eTiO2 Hydrothermal Type II spherical 250 e 58 [68]

2018 Pt/NeTiO2/110TeSrTiO3 Hydrothermal e nanotube 66 e 298.3 [69]

2018 SrTiO3 �TiO2 Hydrothermal e hollow multi-shelled 45 3.3 (SrTiO3) e [35]

2019 SrTiO3eT/CdZnS Hydrothermal e nanoparticles 20 e e [70]

2019 Porous graphene/SrTiO3 Solvothermal e spherical 28.8 2.93 65.35 [44]

2019 SrTiO3/BiOI Solvothermal pen junction nanofibers 30.43 (SrTiO3) 2.3 6.1 [43]

2019 Ag modified STO Solvothermal e nanocubic 30 (SrTiO3) 3.28 27.51 [71]

2021 CSWT75 Solvothermal Zescheme nanoparticles 5e100 3.15 (SrTiO3) 3.367 [72]

2019 SrTiO3/NeGNS Solvothermal e cylindrical 50 e 171.3 [73]

2021 Ag@SrTiO3@CNT Solegel Schottky junction spherical 21 2.7 78 [48]

2018 TiO2eSrTiO3 Solegel e spherical 24.49 2.75 126.8 [45]

2022 SrTiO3/CoAlMnO4 Solegel Type I core-shell 20 2.4 e [46]

2021 SrTiO3/SrSO4/Pt Solegel e cubic 100 (SrTiO3) 3.2 e [47]

2018 SrTiO3/TiO2 Solegel e nanoparticles 680 3.03 21.4 [74]

2018 SrTiO3 (La,Cr) Solegelehydrothermal Z-scheme nanoparticles 10e50 2.52 20.6 [49]

2019 SrTiO3 (La,Cr)e6 Solegel-hydrothermal e spherical 30e80 e 17.9 [50]

2021 ZSTO, AZSTO Solegeleelectrospinning pen junction nanofibrous 210 2.49 30.4 [75]

2018 Pt/STO:C,N Polymereassisted solegel Schottky junction nanocuboid 90e100 2.97 176 [51]

2020 SrTiO3/Ag/Ag3PO4 Precipitation Z-scheme urchin-like several mm 3.12 (SrTiO3) e [52]

2020 NeSrTiO3/BiOBr Precipitation Type II spherical 20e30 2.71 8.05 [53]

2018 Ag3PO4/SrTiO3 Precipitation e nanowires 100e200 e e [54]

2021 CeSrTiO3/PAN/WSeFLG Electrospinning e microfibers 200e400 2.72 2760 [76]

2018 SrTiO3@Mo2C Electrospinning Type I core-shell nanofibers 120 3.23 (SrTiO3) e [77]

2018 AgeSrTiO3 Electrospinning e nanofibers z191 1.68 48.92 [78]

2020 TiO2/SrTiO3/gC3N4 Electrospinning and gas-solid reaction Z-scheme nanofibers z100 3.25 (SrTiO3) 46.7 [79]

2020 SrTiO3/Ag ALD e urchin-like 150 e 129.7 [62]

2018 RGO/SrTiO3 High energy ultrasonication e cubic 53 2.87 31 [64]

2020 SrTiO3/(BiFeO3@ZnS) SILAR Z-scheme and H-type cubic 100 (SrTiO3) 3.3(SrTiO3) e [63]

2019 gC3N4/SrTiO3 Mechanically milling and calcination Type II cubic z150e180 3.16 (SrTiO3) 32.4 [80]

2020 Pt/STO Chemical reduction Schottky junction coral-like z30e50 3.26 (SrTiO3) e [40]

2021 CuPd/SrTiO3eCuPdeBi2O3 Chemical reduction and high

temperature calcination

Z-scheme spherical 25 (SrTiO3) 3.2 (SrTiO3) e [17]

2018 pGCNeST Impregnation e cubic 25 2.76 83,3 [57]

2022 SrTiO3/Ag2OeNDC Polymeric precursor e cubic 20e30 (SrTiO3) 2.84 247.32 [58]

2020 SrTiO3/geC3N4 Polymeric precursor Type II nanoparticles 32e45 (SrTiO3) 2,7 37 [59]

2018 SrTiO3 Hydrothermal e nanoparticles 20e40 e 33.1 [29]
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position of the VB is more positive than the redox potential

O2/H2O (1.23 V versus NHE at pH ¼ 0).

The SrTiO3 semiconductor has a wide band gap of 3.2 eV,

which contributes to the photoinduction of electrons and

holes under UV light irradiation (l � 387.5 nm); the CB and VB

potentials are �0.61 and 2.59 eV, respectively. Therefore,

owing to its redox potential, SrTiO3 is a suitable material for

photocatalytic water decomposition [88]. However, owing to

its wide band gap and consequently low efficiency, pure

SrTiO3 requires modification with oxides of metals, non-

metals, and other semiconductors, thereby forming hetero-

junctions and composites. The photocatalytic characteristics

of SrTiO3-based heterojunctions for hydrogen production are

improved to increase the light absorption spectrum by

decreasing the recombination of photogenerated

electronehole pairs. The efficient separation and transfer of

charge carriers is crucial in SrTiO3-based heterojunctions.

Incorporating other materials like graphene into the SrTiO3

structure enhances the efficiency of charge separation. The

presence of a heterojunction between SrTiO3 and another

material provides additional pathways for charge transfer.

Photogenerated electrons canmove to the conduction band of

the co-catalyst material, while photogenerated holes can be

effectively captured by SrTiO3. This spatial separation reduces

recombination of the charges, leading to higher overall effi-

ciency in the photocatalytic process.

Currently, nanocomposite semiconductor photocatalysts

based on SrTiO3 are widely used for releasing H2 through the

photocatalytic decomposition of water upon visible-light

irradiation. The efficiency of heterostructured composite

photocatalysts can be improved by the synergistic effect of

several combined components. Particularly, this effect is

observed in the STO�TiO2NTs@Au composite, which dem-

onstrates excellent photocatalytic efficiency for water

decomposition, with a high hydrogen evolution rate under

artificial solar radiation (7200 mmol h�1g�1) [89]. This high ef-

ficiency is attributed to the possible synergistic effect of the

STOeTiO2NTs@Au structure itself, because the synthesised

composite facilitates the charge carrier separation and in-

creases the oxidation potential of Au nanoparticles. Further-

more, the SrTiO3eT/Cd0.5Zn0.5S nanocomposite demonstrates

the highest rate of photocatalysis with H2 release, that is,

25.01 mmol h�1g�1 in the visible light spectrum [70]. In this

case, the high efficiency is attributed to the high concentration

of oxygen vacancies on the SrTiO3 nanocrystal surface, which

results in the effective separation of photoinduced charge

carriers. A nanocomposite based on gC3N4/SrTiO3 resulted in

a considerably high efficiency of hydrogen production via

water decomposition under visible light (hydrogen formation

rate ¼ 966.8 mmol h�1g�1), owing to the effect of interfacial

coupling between g-C3N4 and SrTiO3 [80].

Doping SrTiO3 with metals subsequently increases the

light absorption capacity in the visible spectrum because the

band gap of the semiconductor is narrowed by the creation of

a d-level in the middle of the band gap. However, phase im-

purities formed during doping can serve as recombination

sites for photoinduced electrons and holes, thereby sup-

pressing the electrical conductivity and reducing the photo-

catalytic efficiency. Despite this, numerous studies have
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demonstrated the successful use of metals in hetero-

structured composites based on SrTiO3. For example, the

composite photocatalyst AueAl/SrTiO3 demonstrates a high

hydrogen evolution rate (347 mmol h�1g�1) under illumination

in the visible light range, and this is associated with the effect

of the AueAl pair on light absorption [90].

In contrast, doping SrTiO3with non-metals such as N and C

is more practical and beneficial for several reasons. First, N3�

ions, which partially replace (O2�) in the oxide lattice, do not

significantly contribute to the exciton recombination process.

Second, the band gap of the semiconductor is narrowed owing

to the overlap of the p-state with oxygen 2p-orbitals, which

ultimately improves the photocatalytic performance under

visible light. For example, the mesoporous Pt/SrTiO3:C,N

photocatalyst used for water splitting exhibited an excellent

hydrogen formation rate (3400 mmol h�1g�1) under UV/visible

light, with reliable stability during 15 h of irradiation [51].

The shape of the heterostructure is another important

factor that affects the increase in the photocatalytic activity.

For example, using a heterostructured nanocomposite in the

form of one-dimensional SrTiO3@2Mo2C nanofibres with a

core and shell, the hydrogen evolution rate was increased by

15 times compared with that of the initial SrTiO3, upon irra-

diationwith sunlight [77]. The closed heterostructure and high

electrical conductivity of Mo2C improve the light absorbing

capacity and phase conductivity and prevent the recombina-

tion of the generated charge carriers, facilitating the transfer

of photogenerated electrons and holes to active centres.

Tubular photocatalysts are also of considerable interest. The

nanotubular multijunction photocatalyst Pt/NeTiO2@SrTiO3

exhibited excellent efficiencywith a hydrogen production rate

of 3873 mmol h�1 g�1 under the influence of sunlight [69]. The

150T-SrTiO3 sample had a specific area of 298.3 m2 g�1 and an

average nanotube diameter of 66 nm, with well-dispersed

square SrTiO3 particles (diameter ¼ 52e66 nm) [120]. A

similar surface area (300 m2 g�1), but with a scaly shape, was

successfully obtained during synthesis of the triple hetero-

structure SrTiO3@TiO2/C by freeze-casting in a mixture with

colloidal silica as a solid template and combining hierar-

chically lined (micro-, meso-, and macro-) pores [91]. Under

UV irradiation, the synthesised SrTiO3/TiO2/C sample exhibi-

ted the optimal photocatalytic activity for H2 evolution at a

rate of 2.52 mmol h�1 g�1, which is 1.5 times higher than that

of the reference P25 photocatalyst.

Based on the above-mentioned studies, although pure

SrTiO3-based photocatalysts are considered inefficient, the

careful design and creation of SrTiO3-based composites can

increase the photocatalytic activity for hydrogen production

during the photocatalytic decomposition of water under solar

radiation. The photocatalytic efficiency of SrTiO3-based com-

posites can be increased because of a combination of several

factors, such as: 1) providing an improved specific surface area

to create numerous reaction centres; 2) narrowing the band

gap by synthesising wide-gap SrTiO3 and narrow-gap semi-

conductors or using metals to increase light absorption in the

UVevisible region; 3) doping with metals and non-metals,

inclusion of oxygen vacancies on the SrTiO3 nanoparticle

surface, and creation of a heterojunction to prevent recom-

bination of photogenerated electronehole pairs; 4) deposition

of the desired type of co-catalyst to provide a driving force

between the redox potential of H2O and H2.

Photocatalytic decomposition of organic pollutants and
antibiotics

The use of photocatalysts for organic pollutant decomposition

has attracted particular attention in recent years because it

involves solar energy, which is inexhaustible, environmen-

tally friendly, and affordable. Recent studies have demon-

strated the effect of using various types of photocatalysts for

decomposing hydrocarbons [92], dyes [44,93,94], pesticides

[40,58], carboxylic acids [95,96], antibiotics [41,97], and other

organic pollutants [98,99]. According to the principle of pho-

tocatalysis, as described previously, light irradiation with

energy equal to or greater than the band gap of the photo-

catalyst consequently forms holes (hþ) in the VB as electrons

Fig. 2 e Various applications of SrTiO3-based composites.
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are photoexcited into the CB. The photoexcited electrons

allow the O2 reduction reactions to proceed until highly

reactive radicals are formed. The holes, which are simulta-

neously excited in the VB, oxidise H2O into highly reactive

hydroxyl radicals. The induced active radicals and the

photoexcited holes accelerate the decomposition of the

adsorbed organic pollutant particles. However, active photo-

generated charge carriers also decompose the pollutant mol-

ecules. The main stages of the decomposition process upon

light irradiation are as follows [31]:

SrTiO3 þ hn/ е� þ hþ

О2 þ е� / О*2

ОH þ hþ / ОH*

ОH� þ О2
� þ Dyes / Decomposition products

Among the numerous photocatalysts, SrTiO3 is one of the

most suitable candidates for the photocatalytic decomposi-

tion of organic pollutants because of its high photoactivity,

thermal and chemical stability, low cost, non-toxicity, and

environmental friendliness [31]. As specified in the previous

section, pure SrTiO3 absorbs light only in the UV spectrum

owing to its wide bandgap (3.2 eV) and rapid recombination of

photogenerated carriers. The modification of SrTiO3 and

development of photocatalyst heterojunctions are effective

solutions for expanding the absorption region towards the

visible spectrum. In addition, the charge separation process in

SrTiO3-based heterojunctions is crucial for efficient photo-

catalytic degradation of organic pollutants and antibiotics. By

creating heterojunctions with other materials, such as gra-

phene ormetal oxides, the charge separation efficiency can be

enhanced. In these heterojunctions, the photogenerated

electrons in SrTiO3 can transfer to the conduction band of the

co-catalyst material. This facilitates the rapid separation of

charge carriers and minimizes their recombination, which

would otherwise reduce the overall photocatalytic activity.

For example, a complex composite photocatalytic system,

SrTiO3@Bi5O7I, can be used to decompose an RhB solution

upon irradiation with artificial sunlight [100]. Using 30 wt%

SrTiO3@Bi5O7I nanocomposite, dye degradation reaches 89.6%

within 150 min of photocatalysis. However, this result is not

the most efficient; the SrTiO3@Fe2TiO5 composite modified

with CNTs shows unique photocatalytic performance in the

complete decomposition of the methylene blue (MB) dye

within 71min, whereasMO and RhB dyes are degraded by 64%

and 89%, respectively, in the same duration [101]. This can be

explained by the improvement in the photocatalytic charac-

teristics of SrTiO3 owing to CNTs, thereby promoting the

efficient separation of electrons and holes andminimising the

recombination rate of photogenerated charge carriers. In

addition, increasing the specific surface area of the resulting

system improves the visible-light absorption. Furthermore,

including CNTs in the system can contribute to the photo-

sensitization of semiconductor particles, because

electronehole pairs are generated on their surface [102].

For water decomposition with hydrogen evolution,

comprehensively understanding the effect of the morphology

of photocatalysts on their activity can help to improve the

photocatalytic purification of water from organic pollutants.

One such example is the highly efficient Co0.7Zn0.3Fe2O4-

eSrTiO3 nanocomposite with an improved pore hierarchy and

coreeshell structure [67]. Additionally, studies have shown

that Co0.7Zn0.3Fe2O4eSrTiO3 has a high photodecomposition

rate for the Congo red dye (5.08 � 10�1 min�1) owing to the

coreeshell structure, chemical behaviour of the dye, and

increased hierarchy of photocatalyst pores. The generation of

charge carriers on the surface of a nanomaterial owing to the

piezoelectric effect can produce free radical groups for organic

pollutant degradation. Combining a piezoelectric material

with a photocatalytic semiconductor effectively improves the

photocatalytic characteristics of composites [97,103,104]. The

SrTiO3 photocatalyst is an effective material for obtaining

such nanocomposite structures. For example, heterogeneous

BaTiO3/SrTiO3 nanocomposites in the form of fibres demon-

strate highly efficient and rapid photodecomposition of RhB

(~97.4% in 30 min) under simultaneous exposure to ultra-

sound and UV. The high efficiency is attributed to the piezo-

electric effect, which decreases the bandgap and provides a

built-in polarisation field, thereby facilitating the separation

of photoinduced electrons and holes [105].

Antibiotics and pharmaceuticals (such as carbamazepine

(SMX) [106], aureomycin hydrochloride (CTC�HCl) [41], cipro-

floxacin (CIP) [107], and tetracyclines (TCs) [108,109], are other

pollutants in wastewater that severely affect human health,

owing to their toxicity and chemical stability. This problem

can potentially be solved through the photocatalytic degra-

dation of antibiotics under light irradiation. Despite the high

efficiency of several photocatalytic systems with reference to

antibiotic decomposition, most systems are based on UV

irradiation, which significantly limits their use in vivo [55].

However, heterostructured photocatalysts have recently been

synthesised and demonstrate high efficiency in wider radia-

tion spectra; examples include the heterojunction composite

CSWT75 based on the Z-scheme (100% decomposition of TC

rings B, C, and D in 60 min and 98% decomposition of the A

ring of TC in 90 min) [72], ZSTO nanofibre membranes modi-

fied with silver phosphate (85% decomposition of tetracycline

hydrochloride in 60 min) [75], and triple C-dots/Cu2O/SrTiO3

composites (92.6% decomposition of chlortetracycline hydro-

chloride in 90min) [110]. The above-mentioned photocatalysts

are suitable for only one type of antibiotic, whereas in another

study [41] a new Z-scheme heterojunction of SrTiO3/NH4V4O10

decorated with C-dots was developed for the simultaneous

decomposition of SMX, CTC�HCl, and CIP under artificial

sunlight irradiation; the photocatalyst demonstrated effi-

ciencies of 94.7, 88.3, and 86.05%, respectively, without sig-

nificant inactivation after four treatment cycles.

Creation of heterojunctions, doping, surface modification,

andmetal/non-metal deposition are employed to improve the

efficiency of composite SrTiO3-based photocatalysts for the

photocatalytic degradation of various organic pollutants and

antibiotics. Consequently, 1) the band gap width is reduced,

leading to photoabsorption in the visible radiation spectrum;
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2) VB and CB are optimally arranged, thereby suppressing the

recombination of photoinduced e�/hþ pairs; 3) unique, flex-

ible, and nanoscale surfaces are created to facilitate the

transfer of charge carriers to the photocatalyst surface; 4)

sufficiently hierarchical porosity is generated to allow the

substance to penetrate into the interior and provide multiple

reaction centres for the redox process; 5) the photocatalysts

can possibly be reused. Because environmental problems are a

cause for concern, and considering the above-mentioned

studies on the use of photocatalysts for the effective decom-

position of organic pollutants and antibiotics, modified

SrTiO3-based composites are promising photocatalysts for

environmental and health applications.

Photocatalytic decomposition of organic air pollutants

Global environmental problems associated with excessive

CO2 emissions are detrimental to the planet. In this regard,

researchers have investigated the reduction of CO2 and its

conversion into organic fuel in the presence of semiconductor

photocatalysts [111e113]. The mechanism for photocatalytic

reduction of air pollutants is similar to photocatalytic water

purification, but with a slight difference. In the case of pho-

tocatalytic reduction of CO2, the photogenerated electrons on

the surface of the photocatalyst interact with the adsorbed

CO2 molecules, resulting in their conversion into hydrocar-

bons or other valuable chemical compounds. This process

involves the transfer of electrons from the photocatalyst to

CO2, effectively transforming CO2 into a more useful form.

Recently published reports on the photoreduction of CO2 to CO

emphasise that the photocatalytic efficiency is affected by the

ability of the photocatalyst to adsorb CO and light, and the

rapid separation and transport of photogenerated charge

carriers [114,115]. The use of SrTiO3-based composites has

also attracted considerable interest for CO2 photorecovery and

organic pollutant decomposition. Thus, the SrCO3/SrTiO3

heterostructure demonstrates a sufficiently high rate of CO

formation ~23.82 mmol h�1g�1, which is ~11.34 and ~6.75

times higher than those of pure SrTiO3 and SrCO3, respectively

[116]. The SrTiO3 heterojunction photocatalyst decorated with

Ag nanoparticles can also be used to produce hydrogen [71].

This composite demonstrates high photoactivity, reducing

CO2 to CO (80.24 mmol g�1), and the rate of H2 release is

264.5 mmol h�1g�1. Such high rates are associated with the

influence of Ag nanoparticles, which contribute to the passage

of localised surface plasmon resonance (LSPR). Owing to the

synergistic effect of the photocatalytic activity and LSPR of the

resulting composite, it can be used both for CO2 reduction and

hydrogen production. Furthermore, heterostructured SrTiO3-

based photocatalysts have been used to remove NO, which is

harmful to the environment and human life [117,118]. The

SrTiO3 photocatalyst is promising for removing NO, and

decorating it with a co-catalyst composed of inexpensive

SrCO3 eco-material avoids disadvantages such as catalyst

poisoning and rapid recombination of photoinduced electrons

and holes. For example, the SrCO3/SrTiO3 composite with a

band gap of 2.9 eV exhibited optimal photoactivity when 47%

NO was removed after 12 min of artificial sunlight irradiation

[119]. In another similar study, a heterostructured Bi/SrTiO3

photocatalyst, synthesised via a simple solegel method, was

used to achieve a high photocatalytic activity, with 37% NO

removal efficiency during 10 min of visible light irradiation

[120].

Photocatalytic sterilisation

Semiconductor photocatalysts are promising materials for

sterilisation owing to their characteristics, such as high oxi-

disability, non-toxicity, photostability, and chemical resis-

tance [121]. Photocatalysts have the capability to generate

reactive oxygen species (ROS), like hydroxyl radicals (-OH),

which possess powerful oxidative properties when they

interact with photons. When microorganisms come into

contact with the surface of the photocatalyst, these ROS can

initiate attacks on their cell membranes, proteins, and DNA,

causing damage. This oxidative stress ultimately results in the

sterilisation or deactivation of the microorganisms. Nano-

composite semiconductor photocatalysts based on SrTiO3 can

be used as bactericidal or antimicrobial systems under suit-

able light irradiation. Typically, photocatalytic sterilisation

occurs because of the synthesis of antibacterial materials and

SrTiO3 and the creation of a composite with a heterojunction;

the photoabsorption area of SrTiO3 can be expanded to the

visible light spectrum. In SrTiO3-based heterojunctions, an

interface is created between SrTiO3 and anothermaterial. This

interface aids in the separation of electron-hole pairs gener-

ated by light. Electrons move towards the surface of the

photocatalyst, while holes either staywithin the bulkmaterial

or diffuse towards the surface of the other material. Such

hybrid composites are widely used for the inhibition and

sterilisation of Escherichia coli (E. coli) and Staphylococcus aureus

(S. aureus) [75,110,122e124]. For example, a nanocomposite

structure of polydopamine-functionalized (PDA) SrTiO3

gallium-doped nanotubes (PDAeSrTiO3NT) was synthesised

and studied for stability in vivo. The PDAeSrTiO3 NT sample

retained approximately 72% of its antibacterial activity for 14

days and could sterilize both E. coli and S. Aureus [122]. Another

composite photocatalyst CuxO/Ag/SrTiO3 designed in the

form of a Z-scheme, is highly effective in removing toluene

and E. coli because of the presence of Ag nanoparticles and Cuþ

[123].

However, compared with these heterostructured compos-

ites, triple C-dots/Cu2O/SrTiO3 exhibit the highest efficiency,

with a photocatalytic inactivation of 91.58% for 60 min with

reference to E. coli under sunlight; however, under the same

conditions, the results were extremely low for pure Cu2O and

SrTiO3. The photocatalytic characteristics were primarily

optimised by the synergy of the pen heterojunction and the

introduction of carbon quantum dots, which promoted the

separation and migration of charge carriers and improved the

absorption capacity in the longer-wavelength light spectrum

of the photocatalysts [110].

Other applications of heterostructured SrTiO3-based
photocatalysts

Photoanodes for dye-sensitized solar cells
In contrast to conventional semiconductor solar cells, dye-

sensitized solar cells (DSSC) convert solar energy into elec-

tricity at relatively low costs, demonstrating adequate
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efficiency. The primary components of traditional DSSC are

the photoanode, electrolyte, and anti-electrode [125]. Conse-

quently, most of the studies aimed at improving the efficiency

of DSSC have concentrated on modernising the photoanode.

The photoanode materials are mesoporous semiconductors,

such as SnO2, Nb2O5, WO3, and TiO2, deposited on a trans-

parent electrically conductive electrode, and light-sensitive

dye molecules adsorbed on the semiconductor surface.

When irradiated with light, the dye molecule, which absorbs

photons, generates an electron in the CB and is directed along

an external circuit. From the electrolyte, an electron from the

iodine ion (I�) regenerates the excited dye molecule, oxidising

it to the triiodide ion (I3�), which in turn is regenerated by an

electron from the counter electrode.

One reason for the decrease in the efficiency of DSSC is the

rapid recombination of charge carriers produced by the

photosensitive dye [125]. Because all the induced electrons do

not reach the photoanode, the magnitude of the photocurrent

is not proportional to the number of excited electrons. To

solve this problem, many studies have used a blocking layer

that suppresses the charge carrier recombination and conse-

quently increases the efficiency of DSSC. Perovskite SrTiO3 is a

promising material for blocking layers. Heterostructured

SrTiO3-based photocatalysts are promising materials for

creating highly efficient photoanodes for DSSC. For example,

the hetero-structured composite SrTiO3/TiO2 exhibits a pho-

tocatalytic conversion efficiency of 2.68%, which is 38% higher

than that of pure TiO2 (1.93%). Electrochemical impedance

spectroscopy results indicate that the improved efficiency of

DSSC is because of an increase in the charge lifetime and

resistance of electron transport in the photoanode owing to

the presence of SrTiO3 in the blocking layer [65]. In two-layer

DSSC photoanodes composed of 0.05% AC/TiO2 and SrTiO3

composites, the second layer of SrTiO3 improved the photo-

voltaic characteristics by reducing the recombination of

charge carriers at the interface, and a similar band structure

increased the electron lifetime, thereby increasing JSCs and

VOC. In addition, the efficiency of DSSC increased by ~57%

compared with that of a device consisting of TiO2 [126]. In

another study, SrTiO3 nanoparticles synthesised via co-

precipitation were used as photoanodes in quantum dot

solar cells (QDSCs). The QDSCs constructed from a hetero-

structured composite SrTiO3/CDs/Bi2S3/ZnS:Cu demonstrated

a maximum current of 2.38 mA cm�2 and a voltage (VOC) of

0.37 V [127].

Electrochemical sensors/biosensors
Currently, the manufacture of SrTiO3-based nanostructures

for use in electrochemical sensors and biosensors is an urgent

research area. SrTiO3-based composites improve the electro-

catalytic characteristics in terms of detecting necessary mol-

ecules. A hybrid SrTiO3/N-GNS nanocomposite has been used

for the simultaneous determination of diphenhydramine

(DPH) and bromhexine (BRO). The creation of a mesoporous

heterojunction with nitrogen-doped graphene (N-GNS), which

has excellent conductivity, subsequently generates numerous

reaction centres in SrTiO3 and improves its electrocatalytic

characteristics. An electrochemical sensor based on SrTiO3/N-

GNS demonstrates a wide dynamic range of 0.038e100.0 mm

for DPH and 0.030e90.0 mm for BRO in a phosphate-buffered
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Table 3 e The results of recent studies (2018e2022) on the use of SrTiO3-based heterostructured photocatalysts nanoparticles in the environmental remediation
application.

Year Photocatalyst Organic Pollutant Light Source Irradiation Time Efficiency Ref.

2018 SrTiO3/Bi5O7I Rhodamine B 300 W Xe lamp 150 min 89,60% [100]

2018 SrTiO3/graphene Rhodamine B 350 W Halogen lamp, 300e400 nm 70 min 97,60% [139]

2019 CaO/SrTiO3 Rhodamine B 11 W UV light, 254 nm 120 min 92,50% [140]

2021 BaTiO3/SrTiO3 Rhodamine B 30 W, LED UV lamp, 365 nm 30 min 97,40% [105]

2020 NeSrTiO3/BiOBr Rhodamine B 300 W Xe lamp, 400 nm 60 min 100% [53]

2020 SrTiO3/Ag Rhodamine B 300 W Xe lamp 90 min 92,50% [62]

2018 RGO/SrTiO3 Rhodamine B; Rose Bengal sunlight 100 min 94.5; 90% [64]

2018 AgeSrTiO3 Rhodamine B; Methylene blue visible light 60 min 93,5%; 94,7% [78]

2019 SrTiO3/TiO2 Methylene blue High-power LED, 365 nm 220 min 100% [66]

2018 PTheSrTiO3 Methylene blue 250 W visible lamp 210 min 90% [141]

2019 Porous graphene-SrTiO3 Methylene blue 250 W Hg, 410�700 nm 120 min 92% [44]

2021 CuPd/SrTiO3eCuPdeBi2O3 Methylene blue 300 W Xe lamp 4 h 93.87% [17]

2021 Ag@SrTiO3@CNT Methylene blue; Methyl orange; Rhodamine B 150 W OSRAM lamp, <420 nm 30 min 100%; 71%; 46% [48]

2022 SrTiO3/Fe2TiO5/CNT Methylene blue; Methyl orange; Rhodamine B 150 W visible light lamp 71 min 97%; 64%; 89% [101]

2020 SrTiO3/g-C3N4 Methylene blue; Drug amiloride visible light 420 min 1.3*10�3(min�1); 1,82*10�3 (min�1) [59]

2021 rGO/SrTiO3 Methylene blue; 2-nitrophenol 500 W Halogen lamp 150 min 91%; 81% [39]

2019 Co0.7Zn0.3Fe2O4@SrTiO3 Congo Red; Methylene blue Halogen lamp 12min; 60 min 94,9%; 91,8% [67]

2019 SrTiO3/BiOI Methyl orange 250 W metal ha lamp, >400 nm 3 h 94,60% [43]

2018 La-WO3/SrTiO3 Methyl orange 300 W Xe lamp, 420 nm 75 min 100% [142]

2020 Pt/gC3N4/SrTiO3 Acid red 1 500 W xenon lamp >420 nm 120 min 83% [60]

2018 pGCN-ST Reactive blue 198; Reactive black 5; Reactive yellow 145 500 W tungsten lamp, 420 nm 120 min 100% [57]

2022 SrTiO3/CoAlMnO4 Erio Chrom Black T; Methylene Viole 300 W Xe lamp, �420 nm 92.42%; 90.34% [46]

2020 SrTiO3/PbBiO2Br Crystal violet 500 W Xe lamp 120 min 94,2 [143]

2021 SrTiO3eTiO2 CrVI 300 W Xe lamp, AM 1.5 4 h 100% [68]

2020 SrTiO3/(BiFeO3@ZnS) 2,4-dichlorophenol 300 W Xe lamp 180 min 91.32%; 97.87% [63]

2019 AgeS-STO 4-chlorophenol Solar light 120 min 96% [144]

2022 SrTiO3/Ag2O-NDC Dichlorodiphenyltrichloroethane 350 W Xe lamp, l � 420 nm 180 min 94,20% [58]

2018 TiO2/SrTiO3 4-nitrophenol 125 W mercury lamp, UV light 150 min 99% [74]

2021 SrTiO3/MnFe2O4 Tetracycline 200 W Hg lamp, 253.7 nm 20 min 100% [55]

2019 SrTiO3 (La,Cr)-6 Tetracycline 300 W Xe lamp, �420 nm 90 min 83% [50]

2020 SrTiO3/Ag/Ag3PO4 Tetracycline 500 W Xe lamp >420 nm 15 min 72% [52]

2021 CSWT75 Tetracycline 350 W Xe lamp 90 min 98% [72]

2022 C-dots/SrTiO3/NH4V4O10 SMX; CTC$HCl; CIP 500 W Xe lamp, >420 nm 120 min 94,7%; 88,3%; 86,05% [41]

2022 SrCO3/SrTiO3 CO2 to CO 300 W Xe lamp, l � 420 nm e 23.82 mmol h�1g�1 [116]

2019 Ag modified SrTiO3 CO2 to CO 300 W Xe lamp, l � 420 nm e 6.69 mmol h�1g�1 [71]

2018 SrTiO3/SrCO3 NO 300 W Xe lamp, 420 nm 12 min 47% [119]

2020 Bi/SrTiO3 NO 300 W Xe lamp, 420 nm 10 min 37% [120]

2021 AZSTO Tetracycline hydrochloride; Gram bacteria 350 W Xe lamp, l � 400 nm 60 min; 24 h 85%; 99,99% [75]

2022 Ti6Al4V/TiO2/SrTiO3 E. coli UV lamp, 253.7 nm 24 h 3% (proliferation rate) [124]

2019 Ga:PDA-SrTiO3 E. coli and S. aureus in vivo 24 h 100% [122]

2022 CuxO/Ag/SrTiO3 E. coli; toluene visible light 24 h, 90 min 0.0989 min�1 [123]

2022 C-dots/Cu2O/SrTiO3 E. coli; CTC$HCl 500 W Xe lamp >420 nm 60 min; 90 min 91,58%; 92,6% [110]
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saline solution with a pH of 7.0, and the detection limit rea-

ches 2.1 and 1.9 nM for these preparations, respectively [73].

Energy storage
Energy can be stored in SrTiO3 owing to its excellent dielectric

properties. A recent study reported the construction of a

nanocomposite based on SrTiO3@SiO2 plates in the form of a

coreeshell and polyvinylidene fluoride as a polymer matrix

with excellent energy storage capacity. The design of the

plates oriented along the direction of the electric field and the

structural compatibility of the components are attributed to

the improved values of Eb and Ue (Eb ¼ 402 MV m�1, Ue-

¼ 14.4 J cm�3) compared with similar SrTiO3-based nano-

composites in the form of nanoparticles (NP), nanofibres (NF),

nanowires (NW), platelets (ST PS), ST@Al2O3 nanofibres

(ST@Al2O3 NF), ST@PVP nanofibres (ST@PVP NF), and ST@PDA

platelets (ST@PDA PS) [128e132,145].

In addition, effective MgFe2O4/SrTiO3 and MgFe2O4/SiO2

nanocomposites modified by the solegel method have been

manufactured as anodes for lithium-ion batteries. The man-

ufactured MgFe2O4/SrTiO3 sample (crystallite size ¼ 18 nm)

exhibits an increased Coulomb efficiency of 64.1%. The results

of electrochemical studies show that the MgFe2O4/SrTiO3

sample has a high velocity index with a capacity of 330 mAh

g�1 and 65% retention in the second cycle, which is higher

than that of MgFe2O4/SiO2 (with a capacity of 252mAh g�1 and

42% retention in the second cycle) after recovering current

densities to 100 mA g�1 [133].

Biodiesel production
Nanocomposites based on SrTiO3 can be used for biodiesel

production owing to the catalytic reduction of acidic waste

cooking oil. In a recent study [134], a heterogeneous SrTiO3

catalyst doped with graphene oxide iron nanoparticles

(IGO@SrTi) was used for producing fatty acid methyl esters

(FAME) of biodiesel by reforming triglycerides and free fatty

acids. The presence of SrTiO3 nanoparticles in the composite

facilitated the highly efficient production of FAME (96%within

180 min) owing to its potential properties such as high cata-

lytic ability, chemical and thermal stability, and large surface

area with abundant charge carriers.

Tables 2e4 list recent research results on the use of het-

erostructured photocatalysts based on SrTiO3 nanoparticles in

H2 production, environmental remediation, and other elec-

trochemical and dielectric applications, respectively. The

effectiveness of composites in photocatalytic applications

directly depends on the experimental conditions. These re-

sults confirm the considerable potential of composite SrTiO3-

based photocatalysts in photocatalytic, electrochemical, and

dielectric applications. However, most of the results were

obtained under laboratory conditions and require further

study under more natural conditions for commercial and in-

dustrial purposes.

Nevertheless, autonomous prototypes have been devel-

oped for large-scale hydrogen production by the photo-

catalytic separation of water exposed to sunlight under

natural conditions. In particular, photocatalytic panels with a

total size of 100 m2 have been developed using the composite

SrTiO3:Al, resulting in a solar-to-hydrogen (STH) efficiency of

0.76% and safe operation for several months under natural
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conditions [21]. However, despite the considerably low STH

efficiency compared with that of a potential competitor such

as a photovoltaic water electrolyser (30% STH), this photo-

catalytic reactor is in the initial stage of development and can

serve as the basis for highly efficient prototypes for large-scale

hydrogen production via photocatalytic water separation

under natural solar radiation [14].

Conclusions and future prospects

Cubic perovskite SrTiO3 is considered a promising material for

photocatalyticapplicationsbecauseof its excellentphysicaland

chemical characteristics such as high thermal stability, resis-

tance to photocorrosion, high surface hydrophilicity, and a

sufficiently stable structure to create heterogeneous compos-

ites. Moreover, SrTiO3 has a higher electrical mobility at room

temperature (5e8 cm2 V�1 s�1) than its potential competitor ti-

taniumdioxide (TiO2) (0.1�4 cm2 V�1 s�1) in addition to a higher

CB potential, which is favourable for photocatalytic applica-

tions.However, thewidebandgap,whichnarrows the spectrum

of light absorption to the UV region, and the rapid recombina-

tion of photogenerated electrons and holes are the primary

limitations of SrTiO3. Based on the above-mentioned problems,

we reviewed recent studies on the development of new het-

erogeneous SrTiO3-based photocatalysts with reduced charge

carrier recombination and operation in the visible radiation

spectrum. Initially, we presented the primary methods for the

synthesis of heterogeneous SrTiO3-based photocatalysts with

different morphologies and described the salient advantages

anddisadvantages of eachmethod.However, considering these

studies, highly effective SrTiO3-based composites were ob-

tained only in the laboratory, and further development is

required with industrial and commercial technologies. Subse-

quently, we discussed various applications of modified SrTiO3

particles that are obtained by alloying with metals and non-

metals, creation of heterojunctions with highly conductive

carbon modifications, deposition of co-catalysts, creation of

oxygenvacancies, andmodification of SrTiO3 surfaces and their

results were summarized. These strategies are aimed at

improving the photocatalytic, electrochemical, and dielectric

properties of SrTiO3-based composites, which are expected to

have wide practical applications. Numerous studies clearly

indicate that the limiting factors of thermally and chemically

stableSrTiO3 canbemodifiedbecauseof theadjustablebandgap

width, and the creation of a heterojunction increases the life-

time of photogenerated charge carriers, which makes this ma-

terial more promising than its competitors for future

applications. Although the synthesised SrTiO3-based compos-

ites yieldedhighly effective results in a laboratory environment,

they can be considerably different under natural conditions.

Thus, further efforts should be directed towards developing

modified SrTiO3-based photocatalysts that function effectively

over a wide UVevisible radiation spectrum in vivo for large-

scale applications. As described previously, owing to their

photocatalytic, electrochemical, and dielectric properties,

SrTiO3-based composites have broad prospects for practical

applications to address environmental pollution, energy

shortage, and storage of the generated energy. Therefore, to

improve the efficiency of large-scale operations, the key stra-

tegies for development over the next decade should focus on.

(1) Enhanced performance and efficiency. It is anticipated

that significant advancements will be made in opti-

mizing the performance of SrTiO3-based composites.

This could involve improving their photocatalytic effi-

ciency, stability, and selectivity. Strategies such as

novel synthesis techniques, bandgap engineering, and

surface modification may be explored to achieve supe-

rior performance.

(2) Tailored properties for specific applications. Future de-

velopments will focus on tailoring the properties of

SrTiO3-based composites to meet specific application

requirements. This may involve precise control over

composition, structure, morphology, and surface prop-

erties. By customizing these parameters, researchers

can optimize the photocatalytic activity and selectivity

of SrTiO3-based composites for targeted environmental

and energy applications.

(3) Integration with emerging technologies. Over the next

decade, there may be an increasing focus on integrating

SrTiO3-based composites with other technologies to

enhance their functionality and applicability. For

instance, coupling with energy storage systems, cata-

lysts, or electrochemical devices could enable more effi-

cient utilization of the generated energy or facilitate

multi-step reactions for complex photocatalytic

transformations.

(4) Sustainable and scalable production methods. As the

demand for efficient and environmentally friendly

materials grows, the development of sustainable and

scalable production methods for SrTiO3-based com-

posites will be crucial. This may involve the exploration

of green synthesis approaches, utilization of renewable

resources, and efficient recycling strategies to ensure

the eco-friendly production and utilization of SrTiO3-

based composites on a larger scale.

We expect that this review will provide new insights for

future research on synthesis technologies and consequently

improve the various applications of modified SrTiO3-based

photocatalysts to solve modern problems related to the

environment, health, and energy.
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• Photocatalytic systems for solving energy
and environmental problems.

• The main challenges in the development
of large-scale photocatalytic systems.

• Pilot applications of photocatalytic reac-
tors for large-scale water and air purifica-
tion and solar hydrogen production.
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The growing environmental and energy crises have prompted researchers to seek new solutions, including large-scale
photocatalytic environmental remediation and the production of solar hydrogen using photocatalytic materials. To
achieve this goal, scientists have developed numerous photocatalysts with high efficiency and stability. However,
the large-scale application of photocatalytic systems under real-world conditions is still limited. These limitations
arise at every step, including the large-scale synthesis and deposition of photocatalyst particles on a solid support,
and the development of an optimal design with high mass transfer and efficient photon absorption. The purpose of
this article is to provide a detailed description of the primary challenges and potential solutions encountered in scaling
up photocatalytic systems for use in large-scalewater and air purification and solar hydrogen production. Additionally,
based on a review of current pilot developments, we draw conclusions and make comparisons regarding the main op-
erating parameters that affect performance, as well as propose strategies for future research.
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1. Introduction

Although photocatalysis is a promising technology that could partially
solve the environmental and energy problems associated with excessive
use of fossil fuels, the production and application of photocatalysts capable
of operating in visible light on a large scale remains an unsolved problem (J.
Chen et al., 2022a; Ozin, 2022; Patowary and Kalita, 2022). At the same
time, basic research on the photocatalysis process shows its marketing at-
tractiveness forwidespread application in the near future (Khan, 2023). De-
spite significant advancements in developing photocatalysts with high
efficiency, thermal stability, purity, and environmental compatibility, low
efficiency in photocatalytic reactors remains a major hurdle in their large-
scale application. To enhance the efficiency of photocatalytic reactors, it

is imperative to address the fundamental challenges related to large-scale
synthesis and deposition of photocatalysts on solid substrates using simple
yet high-quality methods. Additionally, there is a need to develop optimal
designs and geometries to overcome the existing limitations (Low et al.,
2023). For example, the use of photocatalysts for water purification of dif-
ferent kinds of organic pollutants is a promising technology. However, due
to the mass transfer of nanoparticles, it is necessary to collect nanoparticles
later, which complicates the process of their repeated use. Mass transfer in
turnmay lead to incomplete oxidation of the pollutants on the surface of the
nanoparticles due to the lack of optimum time for the process. As a result,
the formation of byproducts becomes possible. When treating large vol-
umes of water, it becomes necessary to carry out an additional time-
consuming process of filtering water from nanoscale photocatalysts,
which calls into question the economic viability of nanoparticles. Such
technological disadvantages limit investment in the application of
photocatalysis for environmental problems. One solution is the creation
of special photocatalytic reactors capable of eliminating emissions of
pollutants into the environment at minimum costs in comparison with
similar methods. For example, the creation of photocatalysts in the
form of thin films on a special surface by different methods of deposition
capable of functioning in a stable mode was suggested for operation on
an industrial scale (Dolai et al., 2022; L. Wang et al., 2022c). In the case
of repeated use, it is important to pay attention to the mechanical stabil-
ity of such films, as they are prone to deformation at high flows (Y. Liu
et al., 2022d; D. R. Ramos et al., 2021b).

The development of alternative energy sources can free mankind from
its dependence on oil and gas resources. Today's global environmental
problems, such as the greenhouse effect, are forcing us to focus on renew-
able energy sources such as solar, hydrogen and wind power. In addition
to being environmentally friendly, cost-effective end products are also im-
portant for large-scale production. Unfortunately, there are some disadvan-
tages to the currently available technology that prevent a full transition to
renewable energy consumption. Intensive research has been carried out
on the conversion of solar energy into photovoltaic energy (solar panels)
and chemical reaction energy (reduction of CO2 into hydrocarbons and
formation of H2) (Photocatalytic Hydrogen Production: A Rift into the
Future Energy Supply - Christoforidis - 2017 - ChemCatChem - Wiley
Online Library, n.d.). The widespread introduction of hydrogen energy is
one possible solution to decarbonization in the world economy. The search
and development of innovative hydrogen technologies could lead to the
creation of a quite competitive industry of large-scale hydrogen production.
Currently, hydrogen is produced worldwide by the conversion of methane
from fossil energy resources, which requires high temperature and pressure
(Li Liu et al., 2022a; Liu et al., 2023). A developing method of hydrogen
production is the photocatalytic decomposition of water. Despite the ad-
vantages of photocatalysis in their ability to work in usual environmental
conditions, at the scale of hydrogen production, it is important to take

Nomenclature

PANI polyaniline
NF nickel foam
MIL Matériaux Institut Lavoisier
ALD atomic layer deposition
PE-ALD plasma-enhanced atomic layer deposition
ICP-PECVD inductively coupled radiofrequency plasmas - plasma

enhanced chemical vapour deposition
APP atmospheric pressure plasma
CFD combined Computational Fluid Dynamics
DOM discrete Ordinates Method
SFM six-flow model
STH solar-to‑hydrogen conversion
FTO fluorine-doped tin oxide
OWS overall water splitting
CPC compound parabolic collector
PMR photocatalytic membrane reactor
PVDF polyvinylidene fluoride
DCF diclofenac
LSC fluorescent solar concentrator
VOC volatile organic compound
TOC total organic carbon
COD chemical oxygen demand
BEN bentonite
VER vermiculite
ηRxn quantum efficiency
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into consideration some parameters that can influence production effi-
ciency. For example, an even distribution of radiation of suspension inside
the reactor increases the amount of absorbed photons and optimum speed
of agitation. Most scientific works characterize the photocatalyst efficiency
using artificial light sources (different lamps) in which only a certain part of
sunlight is presented. In the long term, it is necessary to use sunlight for
photocatalysis considering that solar radiation is an environmentally
friendly and renewable energy resource.

A number of studies on photocatalytic systems and their performances
in real environments have been reported in the last few years (Jimenéz-
Calvo et al., 2023). However, a few factors, such as high cost, low quality,
and difficulty in controlling the morphology and structure obtained in
large quantities of powders, cause difficulties in producing nanosized
photocatalyst particles in large volume and simultaneously with high pho-
tocatalytic activity. Consequently, the focus in the bulk production of nano-
scale photocatalysts should be on cost-effectiveness, the ability to control
morphology and size, high photoactivity and environmental friendli-
ness. To realize these goals, we hope to develop the shortest, most con-
vergent routes with reliable and sustainable methods for the synthesis of
photocatalysts functioning in a wide UV–visible range using readily
available and inexpensive reagents and cocatalysts without releasing
harmful byproducts and waste.

Significant advances in the production and application of photocatalytic
systems allow us to speak with confidence about their large-scale imple-
mentation in the promising future. This is indicated by numerous works
aimed at creating effective systems under laboratory conditions. From
this perspective, we believe that a comprehensive review of photocatalytic
systems with the potential for large-scale implementation in areas such as
water and air purification and hydrogen production is needed. This review
compiles research on photocatalytic systems with respect to their practical
applications. The main problems hindering the large-scale application of
the photocatalytic process for environmental cleaning and solar hydrogen
generation have been analyzed and discussed in detail to deeply understand
and explore the relationship between their synthesis parameters and appli-
cations. Finally, the problems, solutions, and prospects for the widespread
application of photocatalytic systems in areas such as water and air purifi-
cation and solar hydrogen generation are discussed in conclusion.

2. Challenges for scale-up

To achieve the full efficiency of the photocatalytic process, the main
problems hindering large-scale photocatalytic applications for environmen-
tal cleaning and solar hydrogen generation must be solved. The first impor-
tant obstacle to realizing this goal is the production of highly active
photocatalysts on a large scale through low-energy, economical and envi-
ronmentally friendly synthesismethods. The next hurdle is selecting the op-
timal substrate structure, material and immobilizationmethod. In addition,
difficulties arise in selecting the necessary geometry and design of photo-
catalytic reactors depending on the conditions and mode of operation. In
the following sections, the main obstacles and solutions encountered in
large-scale photocatalyst particle synthesis, substrate immobilization and
the selection of the optimal photocatalytic reactor design will be discussed
in detail.

2.1. Large-scale synthesis of photocatalysts

Fundamentally, all methods for producing nanomaterials, including
photocatalytic materials, can be divided into two types: top-down and
bottom-up. In the first case, the methods are characterized by their simplic-
ity and scalability and in many cases represent the delamination of
nanolayers from more massive materials but are limited by the low yield
and lack of control over the size, thickness, and morphology of nanomate-
rials (Burke et al., 2020; Xiudong Chen et al., 2019d; Li et al., 2016;
Yusran et al., 2020). Bottom-up methods, on the other hand, have broad
prospects for synthesizing pure, homogeneous, and controlled nanoparti-
cles with a complex structure with scalability (Cui et al., 2018; Liu et al.,

2019). However, among the various bottom-up methods, economical one-
pot (B. Tian et al., 2018a) and in situ growth methods (M. Liu et al.,
2021b) are best suited for large-scale production. In particular, the one-
pot methods are characterized by easy availability of starting reagents, a
small number of reaction steps and full use of precursors (J. Chen et al.,
2022a; Parthibavarman et al., 2018; L. Wang et al., 2020b), whereas the
in situ synthesis technique allows size and morphology control (G. Li
et al., 2019b; Xin et al., 2020).

Regarding the large-scale production of nanoscale photocatalysts, the
methods should not only be simple and stable but also allow the control
of size and morphology, which play a key role in improving charge carrier
mobility and enhancing light collection in various photocatalytic applica-
tions. For instance, various studies have indicated that mesoporous poly-
morphs (Xiong et al., 2019), nanosheets, nanotubes (Zhou et al., 2018),
three-dimensional hierarchical porous structures, flower-shaped structures
(Huang et al., 2018) or needle-shaped structures show better photocatalytic
activity than commercial samples (Mamaghani et al., 2020; H.-X. Wang
et al., 2020a). On the other hand, scaling up should also be considered to
increase the reaction yield and create complex heterostructures with
high efficiency, as simple photocatalysts such as TiO2, ZnS, gC3N4, and
CdS are ineffective due to their wide bandgap and small conductivity
(Kang et al., 2019; C. Liu et al., 2021a; Liu et al., 2019). For example,
a BP/CN photocatalyst with high efficiency with respect to H2 release
(at 786 μmol h−1 g−1) and relatively low cost (€0.235/g) has been re-
ported on a large scale (Min Wen et al., 2019b). The use of cocatalysts
allows composite photocatalysts with higher yields and higher photo-
catalytic activity for H2 release to be obtained; however, despite high re-
sults, precious metals such as Pt are often used as cocatalysts, which
considerably increase the cost of photocatalysts (Ma et al., 2018).

Under laboratory conditions, it is possible to obtain photocatalysts in
grams, but the subsequent increase in yields requires the introduction of
larger scale reaction apparatuses with high control of heating and mass
transfer (Yi et al., 2021). Transition to large-scale photocatalyst production
is also possible using a combination of several methods, including the
abovementioned single-step and in situ methods (Deng et al., 2023). In
addition, the ecological purity of solvents should be considered when ap-
plying the synthesis methods on a large scale, as there will be byproducts
and wastes from reagents on the way to making photocatalysts in large
quantities (Jahanshahi et al., 2020; G. Li et al., 2019b).

To date, several studies have been conducted to produce high-
performance photocatalysts, both in the laboratory and on a larger
scale, with the aim of achieving full-scale commercialization of photo-
catalytic applications. For a seamless transition from laboratory to in-
dustrial production, modern methods of large-scale synthesis should
prioritize high reaction yield, scalability, and reliability while also
allowing control of the morphological and structural characteristics of
nanomaterials. Furthermore, the synthesis methods should ensure the
rational use of the environment and maximum environmental safety to
facilitate sustainable production practices.

2.2. Immobilization of photocatalysts

Modern photocatalytic experiments for hydrogen extraction or environ-
mental purification are carried out to a large extent using a particle suspen-
sion in bespoke laboratory reactors. These are usually quartz reactors with a
total volume of 50 to 500 mL. Such systems have achieved considerable
photocatalytic success on the laboratory scale by using the entire active sur-
face of the photocatalyst, which in turn leads to high reaction rates.
However, particle-suspended reactors for large-scale use have a few limita-
tions, such as the energy cost of dispersing large amounts of liquid before
and during light irradiation so that particles do not settle to the bottom of
the reactor, separation, and collection of the photocatalyst from liquid for
maintenance purposes, as photocatalyst efficiency decreases with time.
Studies aimed at reducing the limitations (e.g., electromagnetic, mechani-
cal agitation) could not significantly reduce the limitations of suspended
photocatalysts due to the impracticality of their applications at the
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production scale. Thus, particle-immobilized photocatalysts on a solid sub-
strate are used to enable large-scale photocatalyst applications, the main
advantage of which is to ensure continuous operability and easy extraction
of the photocatalyst from the spent solution (Bui et al., 2020; Loeb et al.,
2019). Potential difficulties in the practical operation of immobilized pho-
tocatalytic systems are related to the mass transfer of reagents and products
to the catalyst, both in liquid and gaseous phases, as well as the reduced il-
luminated surface area and fast photon scattering rate (Phan et al., 2018).

Depending on the photocatalyst application, the substrate design can
vary, e.g., for hydrogen production, solid substrates are used, whereas for
water and air purification systems, emphasis is placed on porous mem-
branes and substrates because in addition to increasing the active centers,
the bandwidth for unimpeded transport of pollutants is improved
(Schwarze et al., 2022b). For large-scale photocatalytic hydrogen produc-
tion, thin film photocatalysts immobilized on various substrates, such as
2D glass (Cerrato et al., 2019), PANI/cotton (Yu et al., 2019), and nonwo-
ven fiber (Kacem et al., 2017; Schwarze et al., 2022a), are mainly used.
Compared to suspended photocatalysts, thin-film photocatalysts are the
most efficient in producing solar hydrogen due to the following advantages:
thin films absorb photons uniformly with low scattering, contributing to ef-
ficient generation of charge carriers in large amounts; good scalability com-
pared to suspended photocatalysts due to continuous H2 production and
minimal consumption of immobilized photocatalyst powder with high ac-
tivity (Gopinath andNalajala, 2021). In particular, a thinfilm photocatalyst
with immobilized CdS and Ni3S2 particles as cocatalysts on a flat foam sur-
face showed excellent results with a maximum hydrogen extraction rate of
100.5 mmol g−1 h−1, which corresponds to obtaining 132 L H2 using 1 m2

of CdS-Ni3S2/NF photocatalyst under irradiation with light in the visible
spectrum for 12 h (Chao et al., 2018). Unlike 2D photocatalytic purification
of water and air from various pollutants, 3D substrates are applied, which
are the most practical. The advantages of such 3D substrates are a large ac-
tive specific surface area and low surface resistance, which provides im-
proved mass transfer and photon absorption, which in turn increases the
photocatalytic properties of the immobilized photocatalyst and the possibil-
ity of multiple uses.

To date, the following three-dimensional photoreactors have been re-
ported: Duranit (Karavasilis et al., 2022), borosilicate glass (pros: continu-
ous flow, transparent, reuse without loss of efficiency) (Karavasilis and
Tsakiroglou, 2022), and ceramics with immobilized photocatalytic TiO2

and ZnO nanoparticles (Sraw et al., 2018). Such spherical substrates for
photocatalysts are mainly made of transparent materials and are notable
for their durability and reusability without losses in continuous-flow sys-
tems, but the rate of pollutant decomposition (70 % chemical oxygen de-
mand in 180 min) (Vaiano and Iervolino, 2018) is significantly lower in
comparison with their suspended particle counterparts (90–95 % chemical
oxygen demand in 120 min) (Kanakaraju et al., 2019). Other membrane-
like substrates have rather high prospects for both water and air purifica-
tion, such as graphene oxide (GO)/polysulfone (PSF) membranes (Cheng
et al., 2021), ceramic membranes/TiO2-P25 (Lumbaque et al., 2021),
poly(vinylidene fluoride)/TiO2-GO (Tran et al., 2020), porous stainless
steel/TiO2 (Rodríguez-Chueca et al., 2019), Al2O3/N-TiO2 (Horovitz
et al., 2018), and carbon nanofibers/TiO2 nanowires/MIL-100 (Zhang
et al., 2018).

Another important factor is the choice of photocatalyst deposition
method on the substrate surface, as the thickness of the immobilized layer
should be thin enough to reduce photon scattering. One of the simple, eco-
nomical and often used methods for both 2D (Rana et al., 2022; Schwarze
et al., 2022b) and 3D substrates (Allen et al., 2018; Levchuk et al., 2016;
D. Li et al., 2019a; Omerzu et al., 2021; Su et al., 2018) is the wet impreg-
nation method, which involves immersion of the support material in a
photocatalyst suspension or application of photocatalyst suspension drops
to the substrate surface followed by drying at moderate temperatures up
to 150 °C. Although this method is simple and cost-effective, it is not suit-
able for large-scale deposition, nor can it accurately control the growth of
thin films on the surface, and it is not suitable for thermal treatment of in-
organic substrates such as matrices and polymers (Rana et al., 2022).

Immobilization of low-size particles is also possible using other low-cost
and low-temperature chemical methods, such as sol-gel and hydrothermal
methods, but in the case of polymeric materials, organic residues promote
excessive crystallization and increase in grain size, which in turn reduce
photocatalyst activity (Allen et al., 2018). Recent work has been reported
on the use of gas-phase methods that can accurately control growth and
thickness. In particular, TiO2/Al2O3 and separate TiO2/ZnO layers have
been deposited on the surface of a polycarbonate membrane matrix by
the gas-phase atomic layer deposition method (Su et al., 2018). Similarly,
TiO2 powders have been deposited on porous aluminum foams (Levchuk
et al., 2016), which indicates the possibility of this method to deliver
photocatalyst particles to difficult-to-access complex surfaces; however,
the ALD method is limited by a low deposition rate and deposition temper-
ature range (120–180 °C), which does not allow for the use of heat-sensitive
substrates. To reduce the deposition temperature, optimization methods
have been proposed by using a low-temperature plasma process. Thus,
low-temperature PE-ALD (Omerzu et al., 2021), ICP-PECVD (D. Li
et al., 2019a), and APP (Banerjee et al., 2020) methods have been ap-
plied for photocatalyst deposition on polymer substrates. For instance,
using low-temperature plasma-controlled deposition, we managed to
deposit a thin layer of TiO2 on a complex three-dimensional porous
foam surface and obtain high photocatalytic activity in a special
recirculating reactor during dye decomposition with multiple use
(20 cycles) capability (Uricchio et al., 2021). In view of the abovemen-
tioned works, an ideal substrate for modern photocatalytic systems for
large-scale applications should meet criteria such as sufficiently strong
contact with photocatalysts, high specific surface area, high adsorption
to reaction products, chemical stability and structural strength. In addi-
tion, the choice of a suitable photocatalyst immobilization method is
based primarily on the material and shape of the substrate used, as the
quality of photocatalyst adhesion and the stability of photocatalytic ac-
tivity directly depend on this.

2.3. Design of photocatalytic reactors

Research into photocatalytic environmental cleaning and hydrogen pro-
duction has increased significantly in recent years. The main elements of
heterogeneous photocatalysis are the light source and the photocatalytic re-
actor. The main function of photoreactors is to bring the illuminated
photocatalyst and reaction product (contaminated water/air or product
for H2 generation) into contact. Consequently, the photoreactor for large-
scale applications must have such a geometry and configuration to ensure
the largest possible three-phase contact area.

The geometry of the photoreactor must be chosen according to the size
and shape of the radiation source to maximize the collection of irradiated
radiation. Reactor irradiation can take place outside or inside the reactor.
In internally illuminated reactors, photocatalysts are irradiated by an ultra-
violet or visible lamp located inside the reactor with cylindrical (Reilly
et al., 2018), spiral (Jo et al., 2015) or circular geometry (Rincón and La
Motta, 2019). Photocatalysts immobilized on glass spheres (Kamaei et al.,
2018; Vaiano and Iervolino, 2018), clay balls (Sraw et al., 2018) or powder
suspensions (Peralta Muniz Moreira and Li Puma, 2021; Rincón and La
Motta, 2019) are commonly used. Such photoreactors with internal illumi-
nation are distinguished by high mass transfer, as they possess a large pho-
tocatalytic surface area per unit volume of liquid or volatile gas (Bafaqeer
et al., 2018; Khan and Tahir, 2019). However, internally illuminated
photoreactors for commercial applications are limited by efficiency drop
due to scattering and reflection on immobilized photocatalyst layers
when using photoreactors with large diameters (Ramos et al., 2019), and
in suspension reactors in the case of nanoscale photocatalysts, these parti-
cles can adhere to the tube inner surface, thus also reducing light penetra-
tion efficiency (Khan and Tahir, 2019). In addition, there are cases of
optimizing such photoreactors by using intensely and uniformly distributed
light optical fibers (Harrisankar et al., 2021; O’Neal Tugaoen et al., 2018;
Zhong et al., 2019), economical LEDs (Khodadadian et al., 2018; O’Neal
Tugaoen et al., 2018) or designing reactors that are irradiated by LEDs
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from both inside and outside to minimize dead spots (Manassero et al.,
2023).

In contrast to photocatalytic reactors with internal illumination, exter-
nally illuminated photoreactors are irradiated by multiple external lamps,
which are situated perpendicularly (Claes et al., 2019), above (Fang et al.,
2019; Kassahun et al., 2020) or on the focal axis of a parabolic reflector
(Casado et al., 2019). Externally illuminated reactor designs are usually
transparent tubular and can be irradiated by direct sunlight rich in UV radi-
ation (Ochoa-Gutiérrez et al., 2018). Solar collector-based photocatalytic
reactor designs, namely, compound parabolic collectors (CPCs), have
broad applications for photocatalytic environmental cleaning (Gutiérrez-
Alfaro et al., 2018; Luna-Sanguino et al., 2020;Moreira et al., 2018) and hy-
drogen generation (Cao et al., 2018b;Ma et al., 2020; Ren et al., 2022). CPC
photoreactors are more suitable for large-scale applications because they
maximize the use of sunlight by redirecting direct and scattered rays by
reflectors to the tube reactor and perfectly cross-mix suspensions due to
low-cost turbulent flow (Cabral, 2022; Talwar et al., 2020). As a rule,
such reactors are hermetically sealed and made of economical materials
(Fendrich et al., 2019). This paper (M. Tian et al., 2018b) details the factors
to consider when selecting the most efficient CPC-based photoreactor de-
sign with 2D and 3D, asymmetric, seashell-shaped and convex geometry
for large-scale operation. However, externally illuminated photoreactors
are limited due to the incomplete irradiation of the photocatalyst slurry
through the reactor surface's depth. In addition, reactors of this type are dif-
ficult to scale in natural direct sunlight conditions.

Reactors with flat geometry in the form of fixed plates (Ahmed et al.,
2022; Devia-Orjuela et al., 2019; B. Ramos et al., 2021a) or rotating
disks/drums (Zelić et al., 2022a, 2022b) are more suitable for such pur-
poses. Themain advantages of planar photocatalytic reactors are as follows:
control of liquid flow rate; absence of possible dead zones and provision of
continuous liquid flow mode in case of contaminated water treatment; and
easy maintenance and operation (very important in production scale and
with the possibility of uniform irradiation by sunlight (Bahmani et al.,
2020a) and illumination by additional emitters (Zhou et al., 2023)). For ex-
ample, using these advantages, a thin film sludge reactor irradiated with
blue LEDs for urea degradation was designed. In addition, various operat-
ing parameters, such as light source, flux rate (Ahmed et al., 2022), catalyst
dosage, emitted surface area, and pH, on photocatalytic efficiency have
been investigated (Babić et al., 2021; Bahmani et al., 2020b). At present,
modern mathematical modeling techniques such as combined computa-
tional fluid dynamics (CFD) (Lira et al., 2022; Tong et al., 2020; Yusuf
et al., 2018, 2020), the discrete ordinates method (DOM) (Armaković
et al., 2020; Moreno et al., 2019), the six-flow model (SFM), and others
(Tolosana-Moranchel et al., 2019; van Walsem et al., 2018) can accurately
analyze internal kinetic processes to optimize photocatalytic reactors of any
given photoreactor configuration if the required parameters are correctly
considered. In particular, a real photoreactor simulated using CFD and
the discrete element method increased the photocatalytic reaction rate by
adjusting the size and shape (Tong et al., 2020). Methods such as CFD
and DOM have made great progress in estimating the radiation field and
contaminant removal by photoreactors with simple geometry and with lab-
oratory artificial light sources, but they are limited in scaling solar
photoreactors because they are time-consuming and require large comput-
ing resources, whereas the SFMmodel is more accurate in describing radi-
ation transport phenomena in real-life solar photoreactor operating
conditions. SFMhas been used to simulate different geometries of photocat-
alytic reactors, including solar flat films, tubular CPC, and mixed
multitubular photoreactors (Acosta-Herazo et al., 2020; Nchikou et al.,
2021; Ochoa-Gutiérrez et al., 2018; Otálvaro-Marín et al., 2019).

Thus, the design of the selected photocatalytic reactor plays a key role in
ensuring that the photocatalysts obtain the maximumbenefit from light en-
ergy and provide a platform with a large contact area between the irradi-
ated photocatalysts and the reaction products used. From the above data,
it can be concluded that the choice of optimum geometry and configuration
must first be based on the photocatalytic application method and the shape
and variety of the radiation source. Consequently, when designing modern

high-efficiency photocatalysts for large-scale applications, researchers
should focus on stable reactors operating in the visible region of radiation,
using artificial radiation sources (cost-effective LEDs and optical fibers) and
natural sunlight, with high reaction rates of both pollutant degradation and
water splitting and the possibility of easy photocatalytic reduction and in-
creased mass transfer. In addition, modern computer modeling techniques
have made progress in optimizing the geometry of photoreactors, which
will help to save time and money in designing the required large-scale
photoreactors.

3. Recent developments of photocatalytic reactors for a variety of
large-scale applications

3.1. Large-scale solar hydrogen generation

The rising global energy demand and depletion of fossil fuels are accel-
erating the transition to renewable energy sources, including green hydro-
gen. The direct conversion of solar energy into hydrogen through a
photocatalytic process is distinguished by its simplicity and economy com-
pared to competitive technologies such as photoelectrochemistry and
photovoltaic-electrochemistry, which require more complex designs than
a photocatalytic system. The photocatalytic process also has an ultra-
low energy consumption as the main source of energy is solar energy,
making it more cost-effective per kg of hydrogen compared to other pro-
cesses, costing around 3.12 $/kgH2 (Frowijn and van Sark, 2021) and
1.60–3.20 $/kgH2 (Chen et al., 2017). Meanwhile, in photoelectro-
chemical and photovoltaic-electrochemical processes, under optimal
conditions, the cost is expected to decrease to $6.05/kgH2 and $3.72/
kgH2, respectively (Frowijn and van Sark, 2021). Additionally, the in-
stallation of local photocatalytic systems in remote locations can further
reduce logistics costs. Green H2 is usually obtained by photocatalysis
using two processes: photocatalytic water splitting and biomass
photoreforming (Qian et al., 2022). While many high-performance ma-
terials have been developed in both systems (Lu et al., 2023; Xia et al.,
2023), the reactor design to improve photocatalytic reaction conditions
are often neglected. Most laboratory-scale photoreactors are not suit-
able for scaling up as they do not require complex engineering efforts
and are designed for testing the main photocatalyst. Therefore, the de-
velopment of an efficient and simple photoreactor for large-scale appli-
cations requires more engineering effort.

Suspension photocatalytic plants, due to their simplicity and economi-
cal manufacturing, have an advantage over panel photocatalytic and photo-
electrochemical plants (Hisatomi and Domen, 2019). Based on suspension
photocatalytic particles, not a few scale-up pilot programs have been pro-
posed since the 2000s (Cao et al., 2018b, 2018a; Chen et al., 2019a,
2019b, 2019c, 2019d; Jing et al., 2010; Maldonado et al., 2018; Priya
and Kanmani, 2013; Ruiz-Aguirre et al., 2022; Wei et al., 2017). Parabolic
photocatalytic concentrator reactor (CPC) types are popular because they
effectively capture and focus direct and scattered solar rays. There are
many CPCs based on different photocatalysts and different capacities
(Cao et al., 2018b, 2018a; Maldonado et al., 2018; Ruiz-Aguirre et al.,
2022; Toledo-Camacho et al., 2021; Wei et al., 2018, 2017). For example,
tubular CPC reactors with a total volume of 25 L based on TiO2-CuO with
the addition of glycerol as a sacrificial agent can produce hydrogen with a
maximum STH efficiency of 0.9 % (Ruiz-Aguirre et al., 2022), while a
system of 76 tubular CPC reactors with a total light area of 103.7 m2 can
produce 42.84 L of H2 a day (Wei et al., 2017). It should be noted that
when designing suspension photoreactors, such parameters as flow
rate, catalyst and sacrificial agent concentration, and tube radius,
which directly affect the productivity of the plant (Jing et al., 2010;
Wei et al., 2018), should be considered. However, despite the relatively
high achievements, suspension systems in large-scale applications have
a few major limitations, in particular:

(1) More water is needed, making photocatalytic systems bulky and
uneconomic;
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(2) Constant agitation is required because particles will settle to the
bottom and will not receive enough solar energy, and some sys-
tems require constant availability of sacrificial agents;

(3) Difficulties associated with the extraction of the photocatalyst
from the suspension.

Thus, for instance, tomaintain constantmixing of the photocatalyst and
sacrificial agent suspension in a unit with a total area of 2.1m2 containing a
water volume equal to 14.25 L, a pump with a flowrate of 20 L/min is nec-
essary (Toledo-Camacho et al., 2021). To solve these problems, photocata-
lytic reactors with immobilized photocatalytic particles on flat plates made
of a Au layer (Chen et al., 2019a, 2019b, 2019c, 2019d, 2021), carbon elec-
trically conductive layer (Wang et al., 2017), nickel mesh (Zhang et al.,
2023), nickel foam (Liu et al., 2020), 25 cm2 matte stele (Xiong et al.,
2014) and FTO (Zhu et al., 2022) were suggested. However, the hydrophi-
licity and porosity of the photocatalyst need to be controlled for the effec-
tive use of such panels, as these parameters significantly affect the safety
and efficiency of photocatalytic panels (Goto et al., 2018). Another advan-
tage of fixed-particle installations is that the pH value and gradient do not
affect the photocatalytic activity of the particles because the immobilized
particles are tightly fixed on the electroconductive layer and H2 and O2

are released in the immediate vicinity (Hisatomi and Domen, 2019).
To date, work is underway to improve the performance and efficiency of

photocatalytic installations with immobilized photocatalytic particles. In
2015, for example, the development of a large-scale panel-type reactor for
general water splitting under direct sunlight based on gC3N4 immobilized
on stainless steel plates by drip coating was reported for the first time
(Schröder et al., 2015). Despite 10 vol% triethanolamine aqueous content
and the use of an energy-consuming pump for solution circulation, the reac-
tor showed an insignificant STH equal to 0.12; however, it operated for
30 days and became a starting point for further large-scale development
of modern photocatalytic reactors functioning in natural conditions. As
the use of sacrificial agents and circulating pumps limited the large-scale
use of photocatalytic reactors in vivo in 2018, a 1 × 1 m2 panel reactor
filledwithwater without sacrificial agents with a thickness of 1mmand ca-
pable of operating without forced circulation was designed (Goto et al.,
2018). A flat reactor based on immobilized SrTiO3@Al particles demon-
strated hydrogen yield with an STH efficiency of 0.4 %. A water layer
depth of 1 mm did not affect the activity, and the hydrophilic surface of
the panel window improved the unobstructed escape of gases. In addition,
based on this work, a 100 m2 pilot scale plant was established (Nishiyama
et al., 2021), which operated for several months off-linewith negligible loss
of efficiency. It should be noted that the plant, which consisted of a system
of 1600 reactor units, operated for one year without obvious safety prob-
lems. However, although the efficiency of such plants was only STH
0.76%, this work proves the viability and prospects of large-scale hydrogen
production and the possibility of putting it into operation. To this end, pho-
tocatalytic stand-alone systemswith STH efficiencies>6% and low catalyst
concentrations (<0.2 g (catalyst)/L) (Hisatomi and Domen, 2019;
Schneidewind, 2022) under natural solar radiation should be developed
for economically viable photocatalytic hydrogen production on a produc-
tion scale. The authors (Toe et al., 2022) report that developing efficient
photocatalysts and engineering systems capable of increasing STH from
1 % to 5 % will reduce costs by 75 %. Moreover, reducing the cost of
photocatalysts (by using base materials), increasing their service life (to at
least 1 year), and introducing solar concentrators can further decrease
costs by 20–30 %.

All this led to the active development of this field, and recently, an
InGaN/GaN composite photocatalyst with Rh/Cr2O3 core/shell and
Co3O4 nanoparticles as cocatalysts and deposited on a siliconwafer was de-
veloped that achieved a high STH efficiency of 9.2% in pure water splitting
under the action of concentrated natural sunlight (Zhou et al., 2023). Such
high performance is due to the synergistic effect of InGaN/GaN-based high-
efficiency composites and cocatalysts (Chowdhury et al., 2018; Y. Wang
et al., 2019c) and the suppression of the recombination of separated hydro-
gen and oxygen gases at a moderate reaction temperature of approximately

70 °C, which helps to increase the reaction rate by enhancing mass transfer
and chemical bond breaking (Tembhurne et al., 2019; Zhang et al., 2017).
In addition, this composite photocatalyst showed an STH efficiency of
7 % in seawater splitting and 6.2 % in a large-scale photocatalytic
OWS test with 257 W natural sunlight power on a 4 × 4 cm2 plate unit.

Thus, despite the simplicity and efficiency of particle suspended
photocatalyst reactors, reactors based on immobilized photocatalyst parti-
cles are the most scalable for large-scale photocatalytic production of
solar hydrogen. Pilot studies of flat panels have proven the viability of
safe industrial production of solar H2 by photocatalysis. In addition, based
on the study mentioned above (Nishiyama et al., 2021), a large-scale
photocatalytic process has shown that hydrogen can be produced from
abundant solar energy without additional energy input and without
emitting by-products such as solid waste, polluted water, or harmful
volatile gases. This can significantly reduce the overall cost of hydrogen
production. These developments are currently the most feasible for
commercialization despite the low efficiency of STH and require further
upgrading of photoreactor design, operating conditions and the use of
composite high efficiency photocatalysts operating over a wide range
of light emissions, thereby improving overall efficiency.

Table 1 compares the above-described solar photoreactors for large-
scale solar H2 production. The overall efficiency of photocatalytic solar
H2 production directly depends on such parameters, as photoreactor geom-
etry, type and amount of photocatalysts, availability and concentration of
sacrificial agent and solar radiation intensity.

3.2. Large-scale water purification

The demand for very high purity water has posed new challenges for
scientists in the field of water purification. Traditional water treatment
technologies such as adsorption, biological treatment, chemical treat-
ment with chlorine, ozone, and hydrogen peroxide, thermal and cata-
lytic oxidation, and high-energy UV irradiation all have their own
drawbacks, such as problems with waste disposal or the emission of
harmful intermediate products. In contrast, the photocatalytic water pu-
rification process allows for the complete mineralization of water pol-
lutants, making it an effective and environmentally friendly option for
water treatment. In addition, the process is able to remove a wide
range of pollutants, including organic compounds, heavy metals, and
microorganisms. Overall, the use of photocatalytic water purification
can lead to a more sustainable and cost-effective solution for water
treatment compared to conventional technologies.

Photocatalytic pilot or prospective for implementation on a large-scale
installation for effective treatment of formaceous, textile and other polluted
water can be divided into two main groups, i.e., photoreactors either with
suspended photocatalysts (Janssens et al., 2021) or with immobilized
photocatalysts (Kane et al., 2022). Photocatalytic reactors with suspended
photocatalysts are characterized by simplicity and relatively high effi-
ciency: particles are effectively irradiated by light and interact smoothly
with pollutants in aqueous suspension (Manassero et al., 2017). To date,
numerous photoreactors with artificial illuminationmethods have been de-
veloped through pilot projects (Ahmadpour et al., 2022; Baaloudj et al.,
2022). Such reactors exhibit improved performance in water purification
compared to other types of reactors, but the high efficiency is limited by
the not insignificant energy consumption costs of lamps and mixers. Sus-
pension photoreactors operating under the action of free natural sunlight
are highly scalable and economical in this respect (Saran et al., 2019). In
particular, a slurry pilot plant based on a solar photocatalytic tube reactor
has been tested for wastewater treatment by reusing local materials
at low cost. In addition, there are many pilot developments of parabolic
solar concentrator photoreactors for wastewater treatment with total vol-
umes of 85 L (Rapti et al., 2022), 39 L (Davididou et al., 2019; Grilla
et al., 2019), 35 L (Luna-Sanguino et al., 2020), 16 L (Martínez-Costa
et al., 2020), 9 L (Esteban García et al., 2021), 7.7 L (Diaz-Angulo et al.,
2019) and 2 L (Martín-Sómer et al., 2021). However, it should be kept in
mind that such reactors, although having small pipe diameters, occupy a
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relatively large volume and require large areas for such systems to avoid
shading each other, and, in addition, nighttime or cloudy days reduce the
efficiency of such SRS reactors. Although authors have reported the separa-
tion of photocatalyst powder by filtration techniques, the potential separa-
tion of particles in the case of dispersed powders is hampered by its energy
intensity (Lee et al., 2018), which is another serious disadvantage of such
systems, as toxicity and adverse environmental and health effects are
not excluded (von Gunten, 2018). Alternatives to such photoreactors
are fluidized bed photoreactors modified with inexpensive and econom-
ical LEDs (Surenjan et al., 2019) that do not require photocatalyst
collection and a constant stirring stage (Aimeur et al., 2021). In such
systems, an immobilized photocatalyst on a retained substrate is
maintained inside the reactor by circulating water flow at a certain
rate, preventing it from settling to the bottom of the reactor. For exam-
ple, fluidized bed reactors with immobilized photocatalysts on sand
(Aimeur et al., 2021), silica (Rincón and La Motta, 2019), polymers
(Surenjan et al., 2019), and graphene macrostructures (Fang et al.,
2019) as substrates, without the need for separation and to increase
the active area of photon-irradiated catalysts, have been proposed for
large-scale continuous use. In addition, fluidized bed photoreactors
are well combined with ozone aeration and membrane filtration for
water purification (Wei et al., 2020). Guillermo J. Rincón and others
(Rincón and La Motta, 2019) reported that as the diameter of silica par-
ticles decreases, the photooxidation efficiency increases in a fluidized
bed unit, i.e., the carrier particle size directly affects the unit efficiency.
Consequently, increasing the carrier size to reduce high catalyst
dispersibility is not effective, limiting the scalability of such systems.

Another variety of photocatalytic reactors for water treatment are
immobilized catalyst photoreactors. Such photoreactors have been pro-
posed as the most suitable for conversion from laboratory scale to full
scale water/wastewater treatment due to the absence of photocatalyst col-
lection and provision of direct continuous flow (Alalm et al., 2021; Fouad
et al., 2021). The most popular are photoreactors with immobilized
particles on solid fixed membranes (Lotfi et al., 2022). Based on the photo-
catalytic membrane reactor (PMR) made of hollow fibers of PVDF, a pilot
project was implemented to treat diclofenac (DCF) from wastewater
(Plakas et al., 2016). The proposed PMR had a total volume of 25 L and
was fully automated to continuously produce 1.2 m3/day of treated
water. In such continuous flow devices, the flow rate plays an important
role, and the photocatalytic oxidation reaction occurs by passing a slurry
of pollutant through the pores irradiated by the loaded photocatalyst
(Pascariu et al., 2019). Recently, Chechia Hu (Hu et al., 2021) designed a
photocatalytic membrane reactor (PMR) and compared flat and hollow

substrates based on Al2O3 fibers, where the stable flux was 4250 ±
100 L m−2 h−1 bar−1 versus 80–100 L m−2 h−1 bar−1 for hollow and
flat substrates, respectively, and the phenol degradation efficiency reached
90%,whereas in a similar study (Hu et al., 2019)with the same hollow sub-
strates but with a different photocatalyst, phenol degradation was over
92 %. However, in PMR, the difficulty is related to the penetration of
light deep into the porous structure and the relatively weak mass transfer,
which can affect the efficiency of the whole system. In addition, such reac-
tors face the problem of membrane clogging by degradation products due
to photocatalysis (Sundar and Kanmani, 2020). An alternative is thin-film
photoreactors, which have a high degree of light absorption andmass trans-
fer regulation (Samy et al., 2020a). In such plants, water flows in a laminar
stream along an inclined plane coveredwith a thin layer of photocatalyst in
recirculationmode (Samy et al., 2020b). Mahmoud Samy et al. (Samy et al.,
2021) in a pilot scale purified real agrochemical and pharmaceutical aque-
ous pollutants using planar photoreactors based on immobilized CNT/
MOF-808 photocatalysts with 93 % and 76 % efficiency, respectively, and
reusability with no loss of efficiency after 5 cycles. A study of depreciation
and operating costs showed that such a large-scale plant costs $2.523/m3.
However, the use of sunlight, reuse of photocatalyst film and simplicity
can significantly reduce operating costs (Pava-Gómez et al., 2021).

The main problem with immobilized photoreactors is the large differ-
ence in photon-photocatalyst interaction time (∼1 μs) and reagent diffu-
sion inside the porous catalyst (∼1 s), which limits the interaction
between the illuminated catalyst and pollutant molecules (Kayahan et al.,
2020). Compacted bed reactors (Manassero et al., 2022) and macroporous
foam reactors (Goetz et al., n.d.) operating in continuous mode are of most
interest to improve mass transfer at large scales in immobilized particle
photoreactors. Such photoreactors are scaled by continuously pumping
contaminated water into the photoreactor and placing several units in par-
allel (Pestana et al., 2020; Sacco et al., 2018). The compacted structure im-
proves the mass transfer efficiency and light absorption by reducing the
light path and effective mass transfer caused by laminar flow perturbation
by properly selected photocatalyst carriers (Zhang et al., 2020), thus requir-
ing a short time for complete decomposition and making it possible to treat
large amounts of contaminated water in a continuous operation mode
(Sacco et al., 2019; Vaiano et al., 2020). Amongmany immobilized particle
photoreactors, this compacted bed photoreactor (Claes et al., 2019) proved
to bemuchmore productive, with a reactor rate constant of 0.82min−1 at a
flow rate of 216 mL per minute, which is 3–4 orders of magnitude higher
than other immobilized bed photoreactors, such as compacted flat
~10−5 s−1 (Vaiano et al., 2015) or immobilized foam ∼10−5 s−1

(Kouamé et al., 2013) continuous reactors. In addition, the authors

Table 1
Recent applications of different photocatalytic reactors for solar hydrogen production.

Photoreactor
type

Total working
volume (area)

Photocatalyst Photocatalyst
concentration

Average solar
intensity
(W·m−2)

Efficiency Sacrificial agent
(conc.)

Ref.

CPC 207 L (32.4 m2) Cd1-xZnxS 2.77 g·L−1 800 10.321 L·h−1 Na2S and Na2SO3

(0.1 mol·L−1)
(Cao et al., 2018a)

CPC 25 L (2.10 m2) Cu/TiO2 0.2 g·L−1 N/A STH 2.6 % Glycerol at pH = 9 (0.05 M) (Maldonado et al., 2018)
CPC 25 L (2.10 m2) TiO2–CuO 0.1 g·L−1 N/A STH 0.9 % Glycerol (0.075 M) (Ruiz-Aguirre et al., 2022)
CPC 720 L

(103.7 m2)
NiS/CdxZn1−xS 0.5 g·L−1 965.5 7.14 L·h−1

(η = 0.087 %)
Na2SO3 (0.25 mol·L−1),
Na2S (0.35 mol·L−1)

(Wei et al., 2017)

CPC 25 L (2.10 m2) Au/TiO2 0.2 g·L−1 67.4 1.3 mmol h−1·L−1

(η = 1.8 %)
Formic acid (0.05 M) (Arzate Salgado et al., 2016)

SUC 70 L NiS-CdxZn1-xS 0,5 g·L−1 876.7 2.148 L·h−1

(η = 0.475 %)
Na2SO3 (0.75 mol·L−1),
Na2S (1.05 mol·L−1)

(Wei et al., 2018)

CPC 25 L Pd/TiO2 0.2 g·L−1 N/A 0.618 L·h−1 ·g−1 Clycerol (5 vol%) (Toledo-Camacho et al.,
2021)

Flat panel 10 L (0.756 m2) Pt/g-C3N4 13 g·m−2 ∼ 800 STH 0,12 % Triethanolamine (10 vol%) (Schröder et al., 2015)
Flat panel 1 m2 RhCrOx/SrTiO3:Al 8 g·m−2 650–750 1.016 L·h−1

(STH 0.4 %)
None (Goto et al., 2018)

Flat panel 100 м2 SrTiO3:Al/(Rh,
Cr, Co)

8.9g·m−2 880 216–222 L·h−1

(STH 0,76 %)
None (Nishiyama et al., 2021)

Flat wafer+
Fresnel lens

0.0016 m2 +
1.21 m2 (lens)

InGaN/GaN@Rh/
Cr2O3/Co3O4

88.1 mmol·m−2 850 STH 6,2 % None (Zhou et al., 2023)
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analyzed 29 photoreactors and sorted them according to their perfor-
mance, where this photoreactor was the most efficient in terms of scal-
ing on par with suspension and microreactor systems. To reduce
energy costs, flow photochemistry is combined with fluorescent solar
concentrators (LSCs) (Cambié et al., 2017, 2019). LSCs are systems
where phosphors such as fluorescent dyes or quantum dots are
ground into a polymer or glass, with the ability to convert solar radia-
tion into light of a specific wavelength. Based on LSCs, an optimized
photomicroreactor with densely packed photocatalyst-coated glass
beads (850 μm) has been designed (Zhao et al., 2020) with high perfor-
mance. Such optimized photoreactors not only increase the efficiency
but also represent a new direction to simultaneously improve mass
and light transfer for enhanced photocatalysis.

In light of the research work described above, it can be concluded that
photocatalytic installations for large-scale photocatalytic treatment of
water, both with suspension and immobilized photocatalysts, are at the
stage of development. Each type of photoreactor has advantages and disad-
vantages, and the choice of one or another photoreactor depends on the op-
erating conditions. For example, in regions with a warm climate, solar
photocatalytic installation with the possibility of working year-round
would bemore effective, whereas in cold regions, themost suitable reactors
are economic with effective artificial light sources. In addition, hybrid pho-
tocatalytic reactors need to be developed to improve efficiency and reduce
operating costs by combining the optimal qualities of these devices.

Table 2 lists recent pilot-scale photocatalytic developments and com-
pares their operating parameters directly affecting the overall efficiency
in photocatalytic water purification.

3.3. Large-scale air purification

As air pollution is a serious concern in today's society, attempts are
beingmade to create technologies to clean the air of various kinds of pollut-
ants. Among air pollutant control methods such as adsorption with highly
porousmaterials, UV irradiation and nonthermal plasma causing unwanted
byproducts such as ozone and thermal oxidation requiring high costs of ad-
ditional energy supply, photocatalysis technology has the following advan-
tages: it can do without external additional energy or chemical supply as it
is powered by free sunlight; it can completely degrade volatile organic com-
pounds (VOCs); it is fully capable of treating air in a safe and environmen-
tally sound manner; and it has the ability to clean air at all times. As in the
case of water purification, large-scale photocatalytic air purification is at a
developmental stage and is limited by low purification rates, the possibility
of photocatalyst deactivation and the difficulty of scaling (Sharma et al.,
2022). However, on the way to scale, pilot developments have been pro-
posed to clean various air pollutants ranging from small rooms to huge
production facilities (Lekshmi et al., 2020; Muscetta and Russo, 2021),
which will be discussed in this section.

UV disinfection is mainly used to disinfect indoor air from bacteria,
viruses and other pathogens (C. Wang et al., 2019a). However, UV irra-
diation is not effective enough to fully inactivate bacteria with multiple
layers, such as Bacillus subtilis spores (Zacarías et al., 2019). In contrast
to UV sterilization, photocatalysis (Ahmadi et al., 2021) can fully disin-
fect airborne pathogens on a large scale. For example, antibacterial ex-
periments have been carried out using a pilot-scale flat photocatalytic
reactor on a continuous scale (Abou Saoud et al., 2021). Cu-Ag/TiO2

was used as the photocatalyst and showed good results in sterilizing
bacteria and removing volatile organic compounds (VOCs). Another
TiO2/MXene composite based on a dynamic photocatalytic reactor
was more effective in inactivating antibiotic-resistant bacteria com-
pared to conventional bacteria, providing a basis for industrial applica-
tion of this development (Liming Liu et al., 2022b).

In addition to sterilization, photocatalytic oxidation is one of the most
effective methods of degrading VOCs in indoor air (Mata et al., 2022;
Sharma et al., 2022; Shayegan et al., 2022). Highly toxic VOCs such as
formaldehyde (He et al., 2022), benzene (L. Chen et al., 2022b), toluene
(Zhang et al., 2022b), chlorobenzene (Zhang et al., 2022a) and others can

be safely removed by photocatalysis using both UV and UV–visible lamps
and energy-efficient UV-emitting diodes (Rouhani and Taghipour, 2022;
Wu et al., 2022). There are not a few large-scale technologies aimed at
cleaning premises from VOCs in natural conditions (Alkaabi et al., 2022;
Malayeri et al., 2021; F. Wang et al., 2022a; Xu et al., 2021). Nevertheless,
industrial application is very difficult due to scaling and real conditions in
contrast to laboratory applications (F. Wang et al., 2022a). The results of
studies on photoreactors of three scales (full scale, pilot scale and labora-
tory scale) for removal showed that the key operating parameters limit-
ing the efficiency of large-scale photocatalytic oxidation are a high flow
rate, high concentration and short residence time of VOCs at the inlet
(Shayegan et al., 2019).

Recently, solar photocatalysis technology has attracted much scientific
attention in the photocatalytic reduction of the greenhouse gas CO2 into re-
newable fuels (Dilla et al., 2019; Nguyen and Wu, 2018). Although there
are not few photocatalytic materials for converting CO2 into carbon fuel
(e.g., into methane (Kumar et al., 2020; Sun et al., 2022), ethane (G.
Wang et al., 2022b; Xie et al., 2022), CO (Dong et al., 2022; Liu et al.,
2019), HCOOH (X. Liu et al., 2022c; Zhou et al., 2022)), research has
been conducted on a laboratory scale, and there is a need for photoreactors
for industrial operation (Khan and Tahir, 2019). Advances in this field have
contributed to the development of a mesoscale photocatalytic reactor,
which can operate in continuous mode for photoconversion of CO2 (Nabil
et al., 2021, 2022). The advantages of the proposed plant for large-scale im-
plementation are the possibility of continuous operation; productivity in a
relatively large volume (several g/day); use of energy-saving LEDs; uniform
illumination; high area relative to volume for efficient mass and photon ex-
change; and additional integration of a chilled water bath to improve CO2

solubility. In addition, membrane photocatalytic reactors can also be oper-
ated in continuous mode and show high efficiency in the photoconversion
of CO2 to carbon fuel (Baniamer et al., 2021; Kandy et al., 2021). For exam-
ple, continuous membrane photoreactors using naphion as a photocatalyst
carrier are 10 times more efficient in the production of carbon fuel com-
pared to batch photoreactors (Pomilla et al., 2018).

Another important aspect in photocatalytic air purification is the reduc-
tion of photocatalyst activity due to deactivation during the photoreaction.
At the gas–solid interface, the reduction of activity is more noticeable in
comparison with the liquid–solid interface because in the latter case,
water by dissolution can clean the photocatalyst surface, whereas the sol-
vent capacity of the air medium is limited. Thus, undesirable components
such as decomposition intermediates can accumulate on the photocatalyst
surface, which not only limits light input but also blocks the diffusion of ox-
ygen and other products to the reaction centers, thereby seriously limiting
large-scale application under realistic conditions (Weon et al., 2019).
There are several methods to regenerate deactivated photocatalysts at the
expense of heteroatoms and carbonaceous deposits, including UV treat-
ment with deionizedwater (Pei et al., 2021; Pylnev andWong, 2019), ther-
mal treatment (Chen et al., 2020), andwashingwith aqueousH2O2 solution
(Serge-Correales et al., 2022). However, these regeneration methods, due
to their added complexity and cost, may limit their practical application
on a full scale; hence, preventing and minimizing photocatalyst deactiva-
tion by optimizing photocatalysts and photoreactors is a priority (Cha
et al., 2019; Kim et al., 2022; Ran et al., 2019; H. Wang et al., 2019b).

Another problem with photocatalytic air purification technology is
the low purification rate. To increase the process efficiency, photocata-
lytic treatment is combined with other methods of air purification,
e.g., thermal catalytic oxidation (Wei et al., 2021), nonthermal plasma
(Guo et al., 2022; Kvss et al., 2023), and adsorption (Meicheng Wen
et al., 2019a; Zou et al., 2019). This synergy can help to level out the dis-
advantages and take advantage of each of the methods; for example, the
photocatalysis process can be used as an end stage in VOC purification,
as it is more effective in purifying pollutants with low concentrations
(below ppm) (Weon et al., 2019), whereas other methods are more effec-
tive for air purification only with high concentrations (Krishnamurthy
et al., 2020). For example, in the plasma-photocatalytic method, plasma
splits high concentration air pollutants and their decomposition
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Table 2
Recent pilot-scale photocatalytic reactors for the efficient degradation of water pollutants.

Reactor type Reactor
design

Total volume,
(L)

Flow
rate,
(L·h−1)

Polutant Concentration
(mg·L−1)

Photocatalyst (conc.) Light source Efficiency Reusability Ref.

Slurry reactor CPC 85 N/A O-desmethyl
venlafaxine

6074.28 × 10−6 TiO2 (200 mg·L−1) Sunlight 90 % degradation at 240 min From 70 % to 63 % after
3 cycles.

(Rapti et al., 2022)

Slurry reactor CPC 35 N/A Pesticides 0.2 TiO2-rGO
(200 mg·L−1)

Sunlight,
30 W·m−2

100 % degradation at <25 min N/A (Luna-Sanguino et al., 2020)

Slurry reactor CPC 16 1584 Sulfamethoxazole,
diclofenac

0.1 BEN и VER
(200 mg·L−1)

Sunlight,
40 W·m−2

80 % degradation at 180 min N/A (Martínez-Costa et al., 2020)

Slurry membrane
reactor

Cylindrical 25 1200 Diclofenac, TOC 470 × 10−6 TiO2 (500 mg·L−1) UV-C, 2.08 W·L−1,
253.7 nm

90,5 % and 52,4 % degradation
at 180 min

N/A (Plakas et al., 2016)

Slurry reactor Cylindrical 2 N/A COD 0.030 TiO2 (990 mg·L−1) 8-W UV-C 8 lamps 77 % degradation at 90 min N/A (Ahmadpour et al., 2022)
Slurry reactor Cylindrical 1 0.06 Clofibric acid 20 TiO2 (500 mg·L−1) 150 W Ha-Hg lamp,

350–410 nm
ηRxn = 4,59 % N/A (Manassero et al., 2017)

Slurry reactor Cylindrical 280 60 Cefixime, cefaclor,
cefuroxime

10 Bi12TiO20

(1500 mg·L−1)
24 W UV,
200 W·m−2, 270 nm

94 %, 81 %, and
69.71 % degradation at 210 min

N/A (Baaloudj et al., 2022)

Slurry reactor Tubular 25 15 COD 1420 Ag-TiO2

(200 mg·L−1)
Sunlight,
10 W·m−2

99 % degradation at 120 min High stability after 5 cycles (Saran et al., 2019)

Fixed-film reactor Staircase 2 29 Flumequine 5 TiO2 (film
thickness ~ 1 mm)

UV + H2O2,
38 mW·m−2,
365 nm

97 % degradation at 150 min N/A (Kane et al., 2022)

Fixed-film reactor Cylindrical 1 0.06 Clofibric acid 20 TiO2 (film thickness -
2,7 μm)

150 W Ha-Hg lamp,
350–410 nm

ηRxn = 2,02 % N/A (Manassero et al., 2017)

Fixed-film reactor Inclined
plate

0.2 0.02 Carbamazepine,
diazinon

4.8,
34.2

CNTs/MOF-808 (film
thickness - 1 mm)

400 W metal-halide
lamps,
511 nm

91.6 % degradation at 90 min,
99,7 % degradation at 60 min

From 91.6 % to 83.1 % after
5 cycles.
From 99,7 % to 92,1 % after
5 cycles

(Samy et al., 2021)

Fixed-film reactor Annular 0.6 90 Clofibric acid 1.8 × 10−7

mol/cm3
TiO2 (film thickness -
3.2
μm)

40 UV-LEDs,
365 nm

70 % degradation at 360 min N/A (Manassero et al., 2022)

Fixed-film reactor Inclined
plate

5 1.20 Methylene blue N/A Cu:TiO2-glass, Cu:
TiO2-LDPE

Sunlight,
609.6 W·m−2

73,7 % degradation at 360 min
68,1 % degradation at 360 min

From 73,7 % to 51,2 % after
3 cycles. From 68,1 % to
66,3 % after 5 cycles

(Pava-Gómez et al., 2021)

Fluidized-bed reactor Cylindrical 4 0.60 Diclofenac 0.05 C-TiO2- polymer (500
mg·L−1)

8000 lx 27 vis-LEDs,
> 400 nm

100 % degradation at 120 min high stability after 6 cycles
(washed Di water)

(Surenjan et al., 2019)

Fluidized-bed reactor Cylindrical 0.1 0.06 Bisphenol A 5 TiO2-graphene (100
mg·L−1)

350 W Xe lamp 97 % degradation at 30 min From 97 % to 92 % after
5 cycles

(Fang et al., 2019)

Fluidized-bed reactor Tubular 0.8 31.8 Phenol 1.0 mmol L−1 TiO2-silica gel
(20 g·L−1)

UV-C lamp
1.2 W·m−2, 254 nm

100 % degradation at 240 min N/A (Rincón and La Motta, 2019)

Fluidized-bed reactor Cylindrical 37.8 44,961 Tebuconazole 0.02 Phenalenone-sand
(30 g·L−1)

5-W blue LED,
435–465 nm

73 % degradation at 480 min From 73 % to 49 % after
3 cycles

(Aimeur et al., 2021)

Packed-bed reactor Cylindrical 1 0.06 Clofibric acid 20 TiO2 (film
thickness ~ 0.44 μm)

150 W Ha-Hg lamp,
350–410 nm

ηRxn = 2,96 % N/A (Manassero et al., 2017)

Packed-bed reactor Cylindrical 0.007 0.07 Crystal violet 10 ZnO- zeolite (4 g) UV-LEDs 12 W·m−1

365 nm
93 % degradation at 4,7 min N/A (Sacco et al., 2018)

Packed-bed reactor Cylindrical 70.68 × 10−6 0.01 Methylene blue 4.6 TiO2-Glass beads (film
thickness ~ 200 μm)

300 W Xe-lamp,
∼1070 W·m−2

96 % degradation at 20 c From 93,73 % to 83 % after
25.5 h

(Zhang et al., 2020)

Packed-bed reactor Cylindrical 0.5 3 Methylene blue,
TOC

7,
5

N-TiO2/polystyrene
spheres

vis-LEDs,
780 W·m−2,
400–700 nm

100 % degradation at 120 min
80 % degradation at 180 min

High stability after 5 cycles (Sacco et al., 2019)

Packed-bed reactor Rectangular 0.05 12.96 Methylene blue 10 TiO2-Glass beads
(1.9 g·L−1)

3.264 W 192 LEDs,
191 W·m−2, 375 nm

kapp = 0.82 min−1 N/A (Claes et al., 2019)
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intermediates, preventing accumulation on the surface, thus regenerating
the photocatalyst and producing byproducts in the form of NOx and O3,
which are decomposed by photogenerated radicals (H−, HO). In particular,
scientists on a pilot scale using a photocatalysis/nonthermal plasma hybrid
have achieved improved efficiency in the removal of ammonia, oil alde-
hyde (Abou Saoud et al., 2018) and toluene (Mohammadi et al., 2020)
compared to using these methods alone. The combination of adsorbent
and photocatalyst promotes instant adsorption of target molecules and
gradual degradation by photogenerated active centers (Zou et al., 2019).
Such hybridization helps to overcome the mismatch in the timing of
rapid mass influx and slow photodegradation of airborne pollutants (Li
et al., 2020). On the other hand, thermal photocatalysis makes it possible
to utilize the full spectrum of sunlight by utilizing both solar and thermal
energy, whereas the potential of traditional high-performance photocata-
lytic materials is in the UV and visible region, which accounts for approxi-
mately 47 % of the entire solar spectrum (Xi Chen et al., 2019c). In
addition, thermocatalysis extends the lifetime of photocatalysts by addi-
tional high-temperature oxidation of undesirable intermediates accumulat-
ing on the catalyst surface (Krishnamurthy et al., 2020). In such systems,
catalysts made of noble materials (Pt/TiO2 (Vikrant et al., 2021), Pt/MO
(Yu et al., 2020) and MnO2-Au (da Silva et al., 2018)) show high catalytic
activity in air purification but have high cost and low thermal stability.
However, transition metal oxides have recently been used as an alterna-
tive to noble metals to improve efficiency (Xi Chen et al., 2019c). In par-
ticular, a CeO2@LaMnO3 composite with a wide light absorption band
(800–1800 nm) can be used as an efficient photothermal catalyst with
an efficiency of 15.3 % in toluene conversion (J.-J. Li et al., 2019c).
Based on this strategy, a pilot photothermocatalytic system was pro-
posed, with simultaneous space heating and air purification under the
influence of solar energy. The authors used a MnOx-CeO2/TiO2 compos-
ite as a catalytic material, and the air-cleaning rate of the developed sys-
temwas in the range of 5–23 m3/h with the possibility of application for
indoor air cleaning (Li et al., 2023).

A detailed analysis of works on photocatalytic air purification research
suggests that further research is still needed for large-scale photocatalytic
air purification under realistic conditions to bridge the gap between labora-
tory and production testing. Further strategies should be directed (1) to-
ward the cleaning of multicomponent mixtures, which is more feasible
under natural conditions, whereas only one component is mainly cleaned;
(2) to develop inexpensive and simple photocatalytic systems that will pre-
vent or regenerate the deactivation of photocatalysts; and (3) to introduce
hybrid technologies together with the photocatalytic process whose advan-
tages have been summarized above.

4. Conclusions and strategies for the future

The photocatalytic process is recognized as a promising technology for
solving environmental and energy problems as a clean and safemethod that
does not require additional energy-consuming systems. However, although
much effort has been directed to the study of photocatalysts, the practical
application of photocatalysis on an industrial scale is still limited. This arti-
cle details the main limiting obstacles and possible solutions for moving
from a laboratory to a large-scale process, including large-scale production
of high-performance photocatalysts in a simple and environmentally
friendly way, efficient immobilization of photocatalyst particles on the sur-
face of the desired material and support design, and criteria for choosing a
photocatalytic reactor with the required optimal geometry to provide an ef-
fective three-phase boundary with maximum area. In addition, a review
and comparison of operational parameters from recent pilot studies for
large-scale photocatalytic hydrogen production and water and air purifica-
tion was made. Based on the analysis of the above studies, future strategies
in developing the ideal photocatalytic system for practical full-scale use
should have the following directions:

1. The development of highly efficient photocatalysts with the possibility
of multiple reuses with minimal loss of photoactivity. The regeneration

of photocatalysts deactivated by contaminants or prevention of
photocatalyst deactivation to help increase the service life andmaximize
material savings. Numerous studies show that the immobilization of
photocatalyst particles on a solid base is the most suitable option for
reuse withminimal loss of efficiency. Despite this, more research should
be carried out aimed at measuring the service life and developing a
method to combat the deactivation of photocatalysts.

2. More efforts need to be directed toward the efficient use of free sunlight
for the large-scale photocatalytic process through the introduction of ad-
ditional systems capable of concentrating and focusing direct and diffuse
beams.

3. Modifications of optimal designs of photocatalytic reactors with in-
creasedmass transfer of reaction products andmaximum use of incident
photons to increase overall performance.

4. Consideration of the possibility of combining the photocatalytic process
with other methods for solving environmental and energy problems,
thereby serving to balance the disadvantages and optimize the advan-
tages of each.

5. To conduct a comprehensive cost estimate of a photocatalytic system for
commercialization and comparison with other technologies, it is neces-
sary to provide data on the prices of the materials used and the costs of
operation.

6. Finally, the photocatalytic process is a “green” technology, and scientists
need tomakemore effort to spread its benefits in order to address energy
and environmental problems by overcoming barriers to commercializa-
tion and improving economic efficiency.

It is expected that this comprehensive review will assist future research
in obtaining up-to-date insights and overcoming possible barriers to scaling
up and commercializing photocatalytic systems.
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Abstract: Electrospun fiber‑based photocatalysts demonstrate significant potential in addressing
global environmental and energy challenges, primarily due to their high specific surface areas and
unique properties. This review examines recent advances in the application of these materials in
photocatalytic processes, with a particular focus on water splitting and hydrogen production. The
principles of the electrospun method are described in detail, along with the operating parameters,
material characteristics, and environmental conditions that affect the fiber formation. Additionally,
the review discusses the challenges, advantages, and future prospects of photocatalysts incorporat‑
ing carbon materials, metals, semiconductors, and hybrid structures with improved performance.
Thesematerials have the potential to significantly improve the efficiency of hydrogen energy produc‑
tion, water purification, and CO2 recovery, highlighting their importance in engineering sciences.

Keywords: electrospinning; photocatalysis; nanofibers; hydrogen; semiconductors; wastewater treat‑
ment; CO2 utilization

1. Introduction
Global environmental and energy issues have increasingly attracted attention from

the scientific community due to the detrimental effects of fossil fuels on ecosystems [1].
The excessive use of oil, coal, and gas has led to a significant increase in greenhouse gas
emissions, resulting in global warming and associated challenges, such as extremeweather
events and rising sea levels [2,3]. For example, according to theWorldHealthOrganization
(WHO), approximately 99 percent of the global population breathes air that fails to meet
adequate quality standards, posing serious health risks. Each year, over 13 million people
die worldwide due to air pollution and environmental causes [4].

One solution to these problems is to reduce reliance on fossil fuels and partially tran‑
sition to clean renewable energy sources. A notable example of such a transition is the
European Union, which, for the first time in 2021, produced 10.3% of the world’s electric‑
ity from wind and solar energy, doubling its share since 2015, when the Paris Agreement
was signed [5]. In May 2022, the European Commission presented the REPowerEU plan
to phase out fossil fuels, proposing an investment of EUR 210 billion in renewable energy
and energy efficiency. According to this plan, the capacity of renewable energy in the EU
is expected to reach 1236 GW by 2030 [6]. Similar initiatives are being adopted in other
countries. For example, the United States passed legislation in 2022 aimed at reducing
greenhouse gas emissions by 1 Gt, including tax credits for the production of clean hydro‑
gen, the development of new clean technologies, air capture, and clean fuels [7].

Hydrogen, in particular, has garnered significant interest as an environmentally
friendly energy carrier that is expected to play a key role in the decarbonization and electri‑
fication ofmajor energy systems in the near future [8,9]. Its high energy density and unique
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propertiesmake it suitable for awide range of applications, including fuel cell vehicles, sta‑
tionary power generation, and industrial processes. However, the existing difficulties in
hydrogen production, storage, and transportation limit its widespread adoption [10,11].
Hydrogen production methods can be classified based on the hydrogen or energy source.
These methods are divided into renewable [12] (e.g., wind energy [13], solar energy [14],
geothermal energy [15,16]) and non‑renewable [17] (e.g., fossil resources [13], coal gasi‑
fication, catalytic reforming, partial oxidation) [18]. The use of solar energy to produce
hydrogen has several advantages over traditional methods, including lower costs and scal‑
ability [19,20].

Photocatalytic water decomposition, discovered in 1972 [21], is a promising, efficient,
and simplemethod for producing renewable hydrogen. However, despite numerous stud‑
ies, the large‑scale practical application of photocatalytic water decomposition to produce
pure hydrogen remains challenging [22]. Nevertheless, ongoing research allows us to con‑
fidently discuss the prospects and competitiveness of this method for effective hydrogen
production [23]. The primary issue limiting the practical application of current photo‑
catalysts is the low quantum efficiency of solar energy conversion. This challenge can
be addressed by creating hybrid composite structures based on photocatalysts, achieved
through doping with various elements or combining them with the plasmonic effect of
noble metals (Au, Ag, or Pt) or narrow‑bandwidth semiconductors [24]. From this per‑
spective, electrospinning is a versatile, simple, and cost‑effective technique for producing
composite structures with a high specific surface area‑to‑volume ratio and the ability to
regulate their composition and morphology. Given that this method is widely used in
various fields, such as water purification [25], tissue engineering [26,27], and the produc‑
tion and delivery of medicinal products [28,29], and its scalability, it has significant poten‑
tial for developing effective photocatalytic systems. Unlike conventional photocatalysts,
electrospun nanofiber photocatalysts have several advantages, such as significant specific
surface area, high porosity, and the possibility of surface modification to enhance photoac‑
tivity [30].

Over the past decade, there has been a notable increase in research articles featuring
the keywords “photocatalysis” and “electrospinning”. An analysis of publications indexed
in the Scopus database from 2014 to 2024 reveals that 60,851 publications include the key‑
word “electrospinning” and 36,138 publications feature “photocatalysis”. Figure 1 suggest
that research in this area will continue to increase. A quantitative analysis of the countries,
institutions, and journals most engaged in research on photocatalysis and electrospinning
shows that China is the most active, followed by India, the United States, South Korea,
Japan, Germany, and Iran. In terms of citation impact, the United States leads, followed
by Germany and Japan, indicating the wide use of the electrospinning method for devel‑
oping composite photocatalytic systems. This review discusses the latest achievements
in the formation of hybrid photocatalytic systems using electrospinning, specifically for
hydrogen production. A detailed analysis of the effect of the method on the mechanism
and efficiency of photocatalytic water decomposition is performed, along with the explo‑
ration of future prospects and challenges. Electrospinning is demonstrated as an efficient,
low‑cost approach to developing hybrid composite photocatalytic systems.
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2. Principle of Electrospinning Method
Electrospinning is a method used to fabricate one‑dimensional (1D) nanofibers from

organic, inorganic, and hybridmaterials [31,32]. The concept of electrospinning originated
in 1600 with William Gilbert, who observed the formation of a drop of water in an electric
field. In 1902, John Cooley and William Morton filed the first patents describing a pro‑
totype electrospinning rig. In 1934 and 1944, Anton Formhals filed several more patents,
improving equipment to commercialize the electrospinning process [33]. The foundation
of electrospinning research can be traced back to the pioneering work by Taylor from 1964
to 1969, whichmodelled the formation of spherical and conical shapes in polymer solutions
or melt droplets under the influence of an electric field [34]. These studies initiated the de‑
velopment of the electrospinning method. In the early 1980s, Donaldson Co. Inc. in the
United States began producing and marketing air filters fabricated using this method [33].
A new impetus for the development of electrospinning came with the introduction of elec‑
tronmicroscopes in the early 1990s, which enabled the examination of nanoscale structures.
Researchers, including Reneker and Rutledge, discovered that nanoscale fibers could be
drawn from solutions of various organic polymers [35,36].

Electrospinning operates based on an electrohydrodynamic process inwhich adroplet
of a liquid polymer is electrified to forma jet that is then stretched and elongated to produce
a fiber. The typical electrospinning setup is relatively simple (Figure 2), making it acces‑
sible to most laboratories. The main elements of an electrospinning apparatus include a
high‑voltage power source, a needle throughwhich the polymer solution is dispensed, and
a conductive collector to collect the incoming polymer. These elements are combined into
a single electrical circuit. During electrospinning, the liquid is squeezed out of the needle,
forming pendant droplets due to surface tension. As the electrical voltage at the tip of the
needle increases, the surface tension of the polymer solution is overcome, resulting in the
formation of a Taylor cone from which a charged jet is ejected. Once the voltage is suffi‑
cient, the polymer jet rushes from the top of the cone towards the collector. The diameter
of the resulting fibers depends on several factors. In air, part of the solvent evaporates,
and the jet splits, depositing pure polymer on the collector as randomly or directionally
aligned nanofibers with sizes ranging from nanometers or micrometers. The resulting ma‑
terial resembles a fibrous, porous soft fabric or a thin elastic coating. The fiber formation
process can be divided into four stages [33].
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Formation of a Taylor cone from which liquid is released.
Expansion of the charged jet along a straight line.

‑ Stretching of the jet due to the increased electric field voltage, leading to electrical
bending instability.

‑ Solidification of the jet in the form of solid fiber(s) on a grounded collector.

The process of fiber formation by electrospinning is influenced by various operating,
material, and environmental parameters.

First, the formation and deposition of fibers are affected by the electric field strength.
Thinner fibers are usually formed at higher voltages, while thicker fibers or no fibers are
formed at low voltages [38–40]. For example, increasing the voltage to 60 kV produced the
thinnest nanofibers with a diameter of 190.21 ± 36.65 nm [41].

Second, the diameter and morphology of the resulting fibers are affected by the flow
rate at which the polymer solution is fed into or ejected from the spinneret. To maintain
a stable Taylor cone, the liquid flow rate must be adjusted continuously to match the volt‑
age. A uniform Taylor cone results in the production of uniform nanofibers with narrow
dispersion [42–45].

Third, the distance between the needle tip and the collector impacts the diameter and
shape of the fibers. The minimum distance required ensures that the solvent has suffi‑
cient time to evaporate before the fiber reaches the collector. Increasing this distance re‑
sults in thinner fibers. However, if the distance is too large or small, bead formation may
occur [46,47].

Fourth, material properties, including the molecular weight of the polymer, viscosity
of the solution, and concentration, play a crucial role in determining fiber size and struc‑
ture. A higher polymer molecular weight or concentration increases fiber size. A study
on the effects of PVA concentration and molecular weight (low, medium, and high) on
the morphology of electrospun fibers showed that the formation of beads decreased with
higher polymer concentration andmolecular weight. However, at high molecular weights
and concentrations, uneven and thick fibers were observed due to the increased solution
viscosity [48]. High‑viscosity colloidal polymer solutions can lead to an unstable jet state,
resulting in fiberswith a banded structure [49]. If the viscosity is too high, the solutionmay
dry at the tip of the needle before electrospinning begins, complicating the process [47]. No‑
tably, the choice of polymer significantly affects the formation of fibers; higher‑viscosity
polymer solutions typically produce fibers with larger diameters [50]. For example, using
14 wt% and 16 wt% polyvinylidene fluoride (PVDF) solutions, the 16 wt% solution yielded
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fewer beads and formed amembrane‑like structure [51]. This is attributed to the formation
of long‑chain linkages in the polymer, which ensure the continuity of the jet [52].

Finally, environmental parameters such as temperature [53] and humidity signifi‑
cantly affect the electrospinning process and fiber morphology. Increasing the tempera‑
ture to 45 ◦C decreased fiber diameter from 600 nm to 213 nm due to decreased solution
viscosity and surface tension [54]. Similarly, increasing the relative humidity from 5.1% to
48.7% decreased fiber diameters from 253 nm to 144 nm. At humidity levels above 50%,
beads formed on the fibers due to capillary instability [55].

3. Application of Electrospun One‑Dimensional Photocatalysts
Electrospinning is a versatile, simple, and cost‑effective method for producing high‑

quality 1D nanomaterials. However, there are certain problems associated with photocat‑
alysts made from electrospun fibers. These problems include the recombination of charge
carriers: the rapid recombination of electrons and holes reduces the efficiency of photo‑
catalysis. Additionally, degradation ofmaterials under ultraviolet light can lead to a loss of
activity, and low quantum efficiency limits their application in visible light conditions [56].

To address these issues, the surfaces of thematerials can bemodified. Since the photo‑
catalytic properties of fibers primarily depend on the catalytic components, this opens up
opportunities for creating 1D fibrous materials with tunable chemical composition, mor‑
phology, high specific surface area, high porosity, and varying fiber diameters. Such 1D
photocatalysts are particularly promising for various applications, as they provide better
light harvesting and enhanced reaction efficiency. Additionally, doping and composite
formation are possible: incorporating metallic or non‑metallic dopants, as well as creat‑
ing composites with other semiconductors, can reduce electron–hole recombination and
extend the activity of photocatalysts (Figure 3) in the visible spectrum [57].
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This section discusses the unique properties of 1D nanofibers and their applications
in photocatalytic water decomposition, with a focus on various photocatalyst options in‑
corporating carbon materials, metals, and semiconductors.

3.1. Development of Various Electrospun Composite Nanofibers for Photocatalytic Applications
One of the most effective ways to improve the properties of 1D photocatalysts in‑

volves the incorporation of carbon materials, such as graphene, carbon nanotubes, and
carbon nanoparticles. Graphene, a 2D carbon material with a honeycomb lattice structure,
exhibits high electrical conductivity, sufficientmechanical strength, and good chemical sta‑
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bility, making it an ideal co‑catalyst. It can be easily incorporated into conductive fibers
by dispersing it in a polymer solution before electrospinning. The resulting fibers exhibit
high electrical conductivity and a large surface area, facilitating efficient light absorption
and charge separation on the catalyst surface [59–61]. In addition, graphene can be mod‑
ified with various surfactants to enhance its adsorption efficiency. For example, reduced
graphene oxide (rGO) and titanium dioxide (TiO2) composite fibers have shown signifi‑
cant improvements in the photocatalytic degradation of methyl orange compared to pure
TiO2 [62]. Similar studies demonstrated that C/TiO2 nanofibers carbonized at 400 ◦C ex‑
hibit superior photocatalytic activity for MB degradation. This increased efficiency is at‑
tributed to the transfer of photogenerated electrons from the conduction band of TiO2 to
the carbon during photocatalysis, leading to a more efficient separation of electrons and
holes [63].

However, the primary limitation of graphene and graphene oxide as photocatalysts
is their poor absorption of visible light. To address this, dye molecules that absorb visible
light have been used as effective photosensitizers [64]. Positively charged dye molecules
that absorb visible light are easily attracted to the negatively charged graphene oxide sys‑
tem due to the electrostatic forces of attraction. Studies [65] demonstrated that a photo‑
catalyst comprising graphene oxide and positively charged dye molecules, without the
inclusion of noble metals, exhibited activity two orders of magnitude higher than that of
conventional TiO2‑based catalysts.

There is also growing interest in carbon nitride, with approximately 10–12% of re‑
search on photocatalytic hydrogen production focusing on photocatalysts based on
graphite‑like carbon nitride (gC3N4) [66]. It is known for its stability, good light absorp‑
tion (up to 460 nm) [67], large surface area and cost‑effectiveness [68]. However, its pho‑
tocatalytic efficiency is limited due to the high rate of electron–hole recombination, which
prevents efficient reduction of H2 [69].

Semiconductor‑based photocatalysts, particularly in the form of nanofibers, such as
TiO2 [70], ZnO [71,72], and SrTiO3 [73–75], are known for their light‑absorbing properties,
high surface‑area‑to‑volume ratio, and mechanical strength. TiO2 [76,77] exhibits high
photocatalytic activity owing to its three main crystal structures with bandgap energies of
3.2, 3.0 and 3.1 eV. ZnO [78] has a higher light absorption capacity than TiO2; however, the
issue of photocorrosion under UV radiation remains [79].

While these materials are extensively studied, semiconductors face challenges related
to high bandgap energy and chemical stability. To improve their efficiency, many re‑
searchers have usedmetal or non‑metal doping or combined themwith other semiconduc‑
tors that operate effectively under visible‑light irradiation [80,81]. However, this approach
limits the ability of semiconductors to absorb visible light, which constitutes the majority
of the solar spectrum.

In this context, sulfide (CdS, MoS2) [82] and nitride (GaN, InN) [83] semiconductors
have attracted considerable interest due to their small bandgaps, which enable efficient
visible‑light absorption. Sulfide semiconductors possess bandgaps ranging from 2.0 to
2.4 eV, enhancing their performance in the visible spectrum. However, a significant chal‑
lenge with these materials is the high recombination rate of electron–hole pairs [84], which
reduces their photocatalytic efficiency. Various approaches have been used to address
this problem, including the addition of cocatalysts and the creation of heterojunctions [85],
which aim to increase the lifetime of the charge carriers and improve photocatalytic effi‑
ciency.

Noble metals such as platinum, gold and palladium are widely used as cocatalysts
for semiconductors [86–89]. These metals facilitate efficient electron transfer and reduce
the probability of recombination. Additionally, they act as “traps” for electrons, extending
their lifetime and increasing the number of photogenerated charge carriers.

Base metals such as iron, copper, nickel, and cobalt [90–92], are also used as cocata‑
lysts. Although they are less efficient than noble metals, they offer a more cost‑effective
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solution by creating additional active sites on the photocatalyst surface and enhancing
charge‑carrier dissociation.

3.2. Application of Electrospun Nanofibers for Hydrogen Production
Nanofibers obtained by electrospinning have recently been considered as promising

candidates for applications in the photocatalytic production of solar hydrogen [73,93]. The
process of photocatalytic water splitting to produce hydrogen involves three stages: light
absorption leading to the formation of electron–hole pairs, charge separation and trans‑
port, followed by oxidation–reduction reactions. To efficiently split water, the photocat‑
alyst must have a sufficient bandgap and suitable potentials for hydrogen and oxygen
generation [94–97]. Therefore, there is a demand for the development of new, more ef‑
ficient photocatalysts to harness solar energy effectively. A promising direction is the
use of nanofiber photocatalysts, which have unique properties such as high surface area,
improved charge transfer, and the ability to finely tune the morphology and structure of
the material.

Electrospinning is an effective approach for synthesizing nanofiber photocatalysts [98].
The composites obtained using this method demonstrated improved characteristics com‑
pared to traditional photocatalysts, making them promising candidates for practical appli‑
cations in hydrogen energy. In particular, sulfur‑doped g‑C3N4 nanofibers demonstrate
2.84 times higher activity in hydrogen evolution (632 µmol/h g) compared to bulk sulfur‑
doped g‑C3N4, under similar conditions [93].

In addition, powder photocatalysts tend to settle, complicating recovery and reuse.
In contrast, composite nanofiber membranes do not require mechanical stirring or ultra‑
sound, which improves reaction stability. In particular, the ZIS/PAN membrane showed
3.7 times higher hydrogen production than ZIS powder while also simplifying the recov‑
ery process and demonstrating good stability, making it a promising solution for practical
photocatalyst applications [99,100].

Carbon nanofibers obtained by electrospinning are highly effective at accumulating
and transporting charge [74,101]. However, their photocatalytic efficiency may be hin‑
dered by issues such as limited active sites, rapid charge recombination, and high over‑
potential during hydrogen generation [93]. Possible solutions include the decoration of
co‑catalysts, which can increase the absorption of visible light, create more active sites,
and influence charge carrier dynamics. For example, hydrogen evolution on electrospun
porous TiO2 nanofibers with NiS and Pt cocatalysts, deposited via wet‑chemical and self‑
assembly methods, increased 292 times compared to pure TiO2 nanofibers [102]. This sig‑
nificant increase in visible‑light photocatalytic activity of the TiO2/NiS/Pt nanofibers upon
deposition with cocatalysts can be attributed to enhanced absorption of visible light and
more efficient separation of photogenerated electrons and holes.

In cocatalyst‑electrospun nanofiber systems, selecting the optimal amount of cocata‑
lyst is crucial formaximizing hydrogen generation efficiency. For example, one study [103]
showed that as the content of the cocatalyst Cd0.5Co0.5S increased from 1.0 to 9.0 wt. %,
the rate of hydrogen production using solar energy initially increased and then decreased.
The highest efficiency of 4.55 mmol g−1 h−1 was achieved at 5.0 wt. % Cd0.5Co0.5S. The de‑
crease in efficiency at higher concentrations was attributed to excessive cocatalyst content,
which hinders charge separation, blocks active centers, and promotes the recombination
of charge carriers, thus inhibiting photocatalytic water splitting [104]. As demonstrated in
Table 1, the highest efficiency of photocatalytic hydrogen evolution was achieved with the
nanofibers decorated with nanoparticle cocatalysts.
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Table 1. Recent research results (2022–2024) on the use of electrospunnanofiber‑basedphotocatalysts
in H2 production.

Year Photocatalyst Light Source Sacrificial Agent
H2 Evolution Rate
(mmol h−1g−1)

and AQY
Ref.

2023 Sg‑C3N4 nanofiber
Metal halide 400 W,

full spectrum 20 vol.% methanol 0.632 [105]

2023 TiO2/NiS/Pt nanofiber
5 W blue LED light,
λmax = 420 nm 50 vol.% methanol 4.411 [102]

2024 NiGa2O4/ZnIn2S4
nanofiber

300 W Xe‑lamp, AM
1.5 filter, 41.7 mW/cm2 10 vol.% TEOA 9.292 [93]

2024 CoGa2O4/ZnIn2S4
nanofiber

300 W Xe‑lamp, AM
1.5 filter, 41.7 mW/cm2 10 vol.% TEOA 6.283 [93]

2022 Cd0.5Co0.5S/SN‑TiO2
nanofiber 300 W Xe‑lamp

2.4 g Na2S, and 1.26 g
Na2SO3 into 100 mL
deionized H2O

4.55 and AQY of
19.01% at 410 nm [103]

2024 ZnIn2S4/PAN nanofiber
membrane

Visible light (420 nm
≤ λ ≤ 700 nm) 10 vol.% TEOA 1.836 and AQY of

1.77% at 365 nm [99]

2023 S‑scheme BaTiO3/Ag2S
nanofiber 300 W Xe‑lamp Na2S (0.35 mol/L) and

Na2SO3 (0.25 mol/L) 0.597 [106]

2024 In2S3–In(OH)3–ZnS
nanofibers

5 W blue LED light
(λmax = 420 nm,
41.7 mW cm−2)

0.1 M Na2S solution 0.2236 [107]

2024 C–Ni2P/ZnCr2O4
nanofibers

Xe lamp intensity of
350 mW cm−2

0.2 g Na2S, and 0.2 g
Na2SO3 into 100 mL
deionized H2O

0.5759 and AQY of
15.25% at 420 nm [108]

2023 CdS NPs‑decorated
ZnO nanofibers

500 W Xe lamp with
425 nm band pass

filter

0.35 M Na2S and 0.25 M
Na2SO3

0.820 [109]

Photocatalytic hydrogen production based on electrospun nanofibers has great po‑
tential. However, several challenges remain for its practical implementation. These in‑
clude (1) increasing the mechanical strength of nanofibers after heat treatment and (2) us‑
ing safe and non‑toxic solvents during electrospinning [37]. To achieve high‑efficiency
hydrogen generation, the development of photocatalytic material that absorbs light over
a broad wavelength range and ensures efficient separation and migration of charged par‑
ticles is essential. A particularly promising research direction is the fabrication of elec‑
trospun nanofibers with controlled properties and the formation of heterostructures with
integrated nanoparticles, which could significantly increase their photocatalytic activity.

3.3. Application of Electrospun Nanofibers for Water Treatment
Composite photocatalysts synthesized by electrospinning are promisingmaterials for

purifying water from organic pollutants [87]. As previously noted, nanofibers obtained
using this method exhibit a high specific surface area and a developed porous structure,
enhancing their adsorption properties and access to active photocatalytic centers. This
facilitates the effective destruction of stable organic compounds, such as benzene rings
and carbonyl groups [110].

Themost widely used photocatalysts in nanofibers aremetal oxides, such as TiO2 and
ZnO, due to their high catalytic activity and environmental safety [111]. When exposed to
ultraviolet or visible light, these materials generate electrons and holes, which react with
oxygen to form active oxides and hydroxyl radicals. These highly reactive species break
the stable chemical bonds in pollutantmolecules, such as C=C andCNbonds, mineralizing
them into carbon dioxide andwater. However, the bandgaps of these materials, 3.2 eV (for
TiO2) and 3.37 eV (for ZnO), limit their absorption to ultraviolet radiation, which consti‑
tutes only 4–5% of the solar spectrum, reducing their effectiveness in the visible range [112].
In addition, the rapid recombination of photogenerated electron–hole pairs reduces the
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number of charge carriers involved in redox reactions, thereby diminishing the photocat‑
alytic efficiency [113].

To increase the photosensitivity and efficiency of TiO2, various modifications includ‑
ing doping with noble metals, transition metals, rare‑earth elements, and nonmetals have
been explored [30]. In particular, N,F‑doping of TiO2‑δ nanofibers, developed by
researchers [114], increased the degradation rate of RhB, MB and Cr(VI) dyes by 11.8, 3.2
and 2.8 times, respectively, compared to commercial TiO2. Doping narrows the bandgap,
enabling the photocatalyst to function under visible light. This effect is attributed to the
hybridization of the 2p orbitals of nitrogen with the 2p orbitals of oxygen in the valence
band of TiO2, enhancing the separation of electron–hole pairs and reducing recombina‑
tion [115,116]. Fluorine doping also improves light absorption at long wavelengths due
to the similarity in ionic radii between fluorine and oxygen. The researchers further sug‑
gested that multi‑element doping could provide even more improvements in photocat‑
alytic performance compared to single‑component doping.

Another promising approach to improving the photocatalytic properties of materials
involves the creation of binary and ternary composites based on various metal oxides. For
example, combining TiO2 with ZnO or Bi2WO6 leads to the formation of heterostructures
that promote more efficient charge separation and broaden the spectrum of photocatalytic
activity [117,118]. Ternary composites, such as NT@BMO andNT@BWO, exhibit high pho‑
tocatalytic efficiency due to the synergistic interaction between components, resulting in
improved adsorption of pollutants and more effective degradation of organic molecules.

Similarly, the composite NT@BWMO, a ternary heterostructure with controlled mor‑
phology and composition, was obtained by depositing BWMO on the surface of N‑TiO2
NF [114]. The NT@BWMO‑0.25, NT@BWMO‑0.5 and NT@BWMO‑0.75 samples synthe‑
sized at different W/Mo molar ratios (0.25, 0.75, 0.5, 0.5, and 0.75/0.25, respectively) exhib‑
ited > 99% tetracycline removal efficiency under visible‑light irradiation. Among them, the
NT@BWMO‑0.25 sample showed the highest tetracycline degradation rate (TC) of
0.0054 min−1, which is 9.0, 2.5 and 1.8 times higher than that of N‑TiO2, NT@BMO and
NT@BWO, respectively. The enhanced photocatalytic activity of NT@BWMO‑0.25 is at‑
tributed to the improved adsorption, optimal crystal size, a narrower bandgap, and en‑
hanced visible‑light absorption. Photoluminescence (PL) and photoelectrochemical perfor‑
mance (PEC) analyses confirmed that a lower tungsten ion content improved carrier mobil‑
ity and increased the carrier separation rate. Radical scavenging experiments and electron
paramagnetic resonance (EPR) results showed that �O2

− radicals and h+ holes played a
crucial role in the photocatalytic degradation process, while the influence of hydroxyl rad‑
icals was minimal. The photocatalytic activity of NT@BWMO‑0.25 slightly decreased from
99.4% to 91%, indicating that the material can be reused multiple times without significant
loss of efficiency.

Based on the data presented in Table 2, it can be concluded that the use of composites
with multicomponent heterostructures achieves 99–100% water purification from various
organic pollutants under the influence of visible light. However, the addition of g‑C3N4
to nanofibers does not result in equally high photocatalytic activity. This is attributed to
the limitations of the material, such as high charge recombination rates, low conductiv‑
ity, and a tendency to aggregate, which reduces surface area. However, graphite‑like car‑
bon nitride (g‑C3N4), consisting of tri‑s‑triazine structural units, is the most stable isomer,
providing nanofibers with high thermal and chemical stability, thereby increasing their
durability in photocatalytic applications [119].

Electrospinning allows the synthesis of materials with unique adsorption and photo‑
catalytic properties, ensuring the complete removal of organic pollutants [120]. Nanofiber
composites also exhibit highwear resistance, making them suitable for repeated use. How‑
ever, scaling this technology for industrial application remains a challenge. To integrate
this technology into mass production, new approaches that increase productivity without
compromising material quality must be developed. Promising areas include increasing
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the speed of nanofiber formation, introducing multijet electrospinning, and developing
cost‑effective raw materials.

Table 2. Recent advances in electrospun fiber photocatalysts.

Year Photocatalyst Light Source Pollutant Time Efficiency Ref.

2021 ZnFe2O4/Ag/AgBr UV light Rhodamine B 100 min 86% [121]
2020 Bimetal‑PANNM UV‑visible Reactive blue 60 min 99.99% [122]
2021 TiO2@Ag@Cu2O Visible light Methylene Blue 90 min 99% [123]
2020 ZnIn2S4/SnO2 Visible light Cr(VI) 80 min 100% [124]
2020 Co‑CdSe@ECNFs Visible light Methylene Blue 90 min 87% [125]
2021 ZnO UV light Methylene Blue 85 min 90% [87]
2021 Bi2O3/g‑C3N4 Visible light Tetracycline 180 min ~60% [126]
2020 Mn2+/ZnO Visible light Rhodamine B 260 min ~80% [127]
2021 Ag3PO4‑TiO2CNFs Visible light Methylene Blue 10 min 100% [128]
2021 Ag/BiVO4 Visible light Rhodamine B 20 min ~100% [129]
2020 ZnO‑TiO2CNFs Visible light Methylene Blue 120 min ~95% [130]

2023 g‑C3N4
(TiO2/g‑C3N4@LCNFs

UV light Rhodamine B 90 min 83.8% [131]

2022

Chitin‑modified and
graphene oxide (GO)
bridged TiO2/carbon

fibers (CGTC)

Visible light Rhodamine B 60 min 86.8% [132]

2022 PAN/Bi2MoO6/Ti3C2
(PAN/BT) UV‑visible Tetracycline 180 min 90.3% [133]

2023 CuBi2O4@WO3 Visible light
Tetracycline
hydrochloride

(TCH)
120 min 70.42% [134]

3.4. Application of Electrospun Nanofibers for CO2 Reduction
One of the most promising applications of composite photocatalysts produced via

electrospinning is the reduction of CO2 into high‑value‑added products [135]. This pro‑
cess not only mitigates carbon dioxide emissions but also generates clean energy sources,
playing a pivotal role in sustainable development and the fight against climate change. In
recent years, significant research efforts have been directed towards the development and
optimization of materials for photocatalytic CO2 reduction [136].

A particularly promising approach for enhancing photocatalytic CO2 reduction effi‑
ciency is the synthesis of graphene‑based nanostructured materials. Graphene, due to its
superior charge carrier mobility, large surface area, structural flexibility, and chemical sta‑
bility, has been widely investigated for improving the photocatalytic performance of semi‑
conductors. Specifically, the development of homogeneous ternary nanocomposites com‑
posed of graphene, noble metals, and semiconductors—without agglomeration or over‑
packing of grapheme—is emerging as a reliable approach for CO2 photoreduction [137].
Utilizing negative electric potential in the coaxial electrospinning technique enables the
production of core–shell nanofibers (NFs), where metal ions concentrate beneath the rGO
layer that uniformly wraps the entire fiber. These rGO monolayers, concentrated on the
surface of silver (Ag), efficiently transport and collect photogenerated electrons for CO2
reduction while enhancing light‑capturing abilities, allowing the utilization of a broader
light spectrum, from ultraviolet to visible. Under visible light, rGO/Ag/TiO2 NFs demon‑
strated 25 times higher CO2 photoreduction efficiency, producing 4301 µmol gNF−1 CH4
in 7 h, compared to conventional semiconductor nanofibers. Similarly, graphene’s effi‑
cacy is highlighted in a study combining graphene with PVDF (polyvinylidene fluoride)
and TiO2, which achieved a yield of 363 µmol g−1 in 1 h, significantly higher than the re‑
sult without graphene (28.3 µmol g−1 in 1 h) [138]. However, it is important to note that
an excessive amount of graphene may complicate the electrospinning process and reduce
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photocatalytic efficiency due to aggregation, which blocks incident light and hinders pho‑
tocatalysis.

In addition to graphene, doping semiconductors with single‑atom metal catalysts
has been recognized as an effective strategy for enhancing the efficiency of photocatalytic
CO2 reduction [139]. Titanium dioxide (TiO2), known for its high photocatalytic activ‑
ity, thermodynamic stability, non‑toxicity, and low cost, has been widely utilized in CO2
reduction processes [140]. Electrospun TiO2 nanoparticles serve as ideal substrates for
the growth of secondary nanostructures, facilitating the creation of heterojunction photo‑
catalysts. These hybrid heterojunctions improve electron–hole separation, enhance light
absorption, and promote reactant activation, resulting in superior photocatalytic perfor‑
mance. For instance, TiO2 nanofibers coated with graphitic carbon nitride (gC3N4)
achieved CO and CH4 yields of 5.19 and 1.65 µmol/g, respectively, representing a 1.8‑fold
increase in CO2 conversion performance compared to gC3N4 alone [141]. However, TiO2
faces limitations such as low surface active site density, a high recombination rate of pho‑
togenerated charge carriers, and limited CO2 capture efficiency. To overcome these chal‑
lenges, various modification strategies have been explored [142].

In parallel with TiO2, alternative semiconductor materials have been investigated for
photocatalytic CO2 reduction, including metal oxides (e.g., ZnO), metal chalcogenides
(e.g., ZnS, CdS), perovskite halides (e.g., CsPbBr3), MXenes (e.g., Ti3C2), layered double
hydroxides, and metal–organic frameworks [143–145]. However, these materials often ex‑
hibit lowpractical efficiency due to rapid electron–hole recombination and limited sunlight
utilization. Consequently, significant efforts have been made to develop more efficient
photocatalysts by manipulating their morphology, adjusting the bandgap, and introduc‑
ing metals to improve performance [146].

Recently, single‑atom catalysts (SACs) have gained considerable attention in various
catalytic reactions due to their unique physical and chemical properties [147]. Several SAC‑
based photocatalysts, including Cu/CN [148] and Pt@WS2 [149], have been synthesized. In
particular, doping TiO2 with noble metals significantly enhances catalytic activity through
three primary mechanisms: Fermi level alignment, efficient electron trapping, and the cre‑
ation of thermal catalytic sites for adsorbedmolecules and reaction intermediates [123]. For
instance, co‑deposition of Pt on TiO2 has demonstrated exceptional activity in CO2 conver‑
sion to CH4, outperforming pure TiO2 by a factor of 10 [150]. This enhanced performance
is attributed to Pt nanoparticles acting as electron traps, facilitating charge separation on
the TiO2 surface. On the other hand, Au/TiO2 nanofibers exhibit lower activity in CH4 pro‑
duction but demonstrate higher COproduction, highlighting newpossibilities for selective
control of photocatalytic reaction products.

The key parameters and results of recent studies on the photocatalytic reduction of
CO2 into value‑added products are summarized in Table 3. Based on a comparative anal‑
ysis, the Ni‑MoP@NCPF photocatalyst exhibits the highest efficiency in reducing CO2 to
CO [151] (953.33 µmol g−1h−1), while the Graphene@PVDF@TiO2 composite [138] shows
superior efficiency in CH4 formation (363 µmol g−1 h−1) under visible‑light irradiation.
When comparing photocatalysts, it is essential to consider the use of sacrificial agents, car‑
bon and hydrogen sources, and the type of radiation.
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Table 3. Recent research results (2020–2024) on the use of electrospunnanofiber‑basedphotocatalysts
for CO2 reduction into value‑added products.

Photocatalytic
Nanofibers Light Source Reagent Products Reaction Rate Ref.

g‑C3N4/black titania 300 W Xe‑arc lamp CO2 + H2O + TEOA CO and CH4 5.19 and 1.65 µmol/g [141]

(rGO)‑wrapped Ag/TiO2
500 W Xe lamp with a
400‑nm long pass filter CO2 + H2O vapor CH4 4.301 µmol g−1 [137]

Ni‑NiS/C/ZnO 350 W simulated solar Xe arc
lamp, 10,117 µW cm−2

CO2 + H2O +
NaHCO3

CO and CH4
5.86 and

1.14 µmol g−1 h−1 [152]

NiS@Ta2O5 Xe lamp, 920 mW cm−2 CO2 + H2O CO and CH4
43.27 and

6.56 µmol g−1 h−1 [153]

TiO2/MoSe2
300 W Xe‑arc lamp,

12 mW/cm2 CO2 + H2O + TEOA CH4 and CO
174.02 and

478.46 µmol/g [154]

Nb2O5 18 W mercury lamp, 254 nm CO2 + H2O vapor CO and CH4 8.5 and 0.55 µmol g−1 [155]

Ni‑MoP@NCPF 300 W Xe lamp with a
UVCUT 420‑nm filter

CO2 +
acetonitrile/H2O +

TEOA
CO 953.33 µmol g−1h−1 [151]

C doped TiO2 300 W Xe lamp, AM 1.5 filter CO2 + H2O +
NaHCO3 + H2SO4

CH4 55.17 µmol g−1 h−1 [156]

SrTi1‑xCuxO3‑H2
300 W Xe lamp,

(400 nm < λ < 780 nm) CO2 + H2O CH3OH 5.38 µmol g−1 h−1 [157]

Graphene@PVDF@TiO2
Two 300 W visible light
sources (UV < 5%) CO2 + H2O CH4 363 µmol g−1 h−1 [138]

TiO2/MoS2/g‑C3N
300 W Xe‑arc lamp,

12 mW/cm2 CO2 + H2O + TEOA CH4 21.78 µmol g−1 [158]

4. Conclusions
In conclusion, electrospun nanofiber photocatalysts demonstrate significant potential

for practical application in hydrogen energy, water purification and CO2 recovery. The
advantages and prospects of various photocatalyst modifications, including the addition
of carbon materials, metals, and semiconductors, as well as the development of hybrid
structures with improved characteristics, are discussed. Due to their unique physicochem‑
ical properties, such as large specific surface area and improved charge separation, these
materials can significantly improve photocatalytic efficiency. However, for widespread
implementation, several technical challenges must be addressed, including increasing the
mechanical strength of nanofibers post‑heat treatment and using safe, non‑toxic solvents
during synthesis. The prospects for further development of electrospun composite mate‑
rials offer broad opportunities to enhance their photocatalytic properties. Research in this
area can focus on optimizing the composition and structure of nanofibers, utilizing new co‑
catalysts, andmodifying the surface to improve the efficiency of light absorption and solar
energy conversion processes. A key challenge is addressing the issues related to electron–
hole recombination, as well as developing cost‑effective solutions to increase the lifespan
and stability of photocatalysts. These directions could significantly expand the applica‑
tion of electrospun materials in environmentally friendly technologies and energy‑saving
processes, including photocatalytic hydrogen production and water purification.
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A B S T R A C T   

Climate change, which is caused by increasing greenhouse gas (GHG) emissions, poses a serious threat to hu
manity, impacting economies, societies, and the environment. Carbon dioxide (CO2), which is a major 
contributor to the greenhouse effect, is responsible for climate change and thus must be reduced. Carbon capture, 
conversion, and storage (CCUS) technology, which involves catalytic, photocatalytic, and electrocatalytic con
versions, is a promising method for reducing CO2 emissions and converting CO2 into valuable products. Recent 
advances in catalytic, electrocatalytic, and photocatalytic reduction of CO2 have highlighted the potential 
environmental and economic benefits of these technologies. However, the practical application of these tech
niques is challenging and requires scientific research and engineering efforts to develop efficient materials 
capable of simultaneously capturing CO2 and converting it into valuable products. Therefore, this review pre
sents a comprehensive analysis of various catalytic systems for CO2 capture and conversion. This review aims to 
identify the advantages and limitations of catalytic systems for CO2 capture and conversion. In addition, the 
identified challenges and future prospects in the application of the proposed methods are outlined. Thus, this 
article covers the current trends and perspectives in the field of combating climate change through efficient CO2 
management.   

1. Introduction 

Global climate change is a serious threat to humanity, affecting 
economic, social, and environmental aspects of life. The main cause of 
climate change is an increase in greenhouse gases, including water 
vapour, methane, carbon dioxide, ozone, nitrogen oxides, and freons. 
The main driver of the process is carbon dioxide, which slowly and 
inevitably contributes to the greenhouse effect. For example, anthro
pogenic activities have caused 1.0 ◦C of global warming compared to 
pre-industrial levels. If CO2 emissions continue to rise at current levels, 
global warming will likely reach 1.5 ◦C by 2030 [1]. In 2016, the Paris 
Agreement marked a historic transformation of global climate change as 
world leaders from 195 countries agreed to combat climate change and 
its adverse impacts by limiting the increase in global warming below 
2 ◦C above pre-industrial levels by the end of this century [1]. To date, 

more than 130 countries have committed to zero-carbon emissions, as 
evidenced by recent governmental policies statements. More than 90% 
of these countries, including the US, the European Union, the UK, and 
Japan, have set targets to achieve carbon neutrality by 2050. However, 
according to the Climate Action Tracker, countries or regions that have 
adopted or are considering carbon-neutral targets account for more than 
70% of the global carbon dioxide emissions. 

CO2 emissions can be reduced by switching to cleaner fuels, 
improving CO2 capture methods, and altering the Earth’s radiation 
balance [2]. Moreover, carbon capture, conversion and storage (CCUS) 
technology based on catalytic, photocatalytic, and electrocatalytic 
conversion is a new and promising approach for effectively reducing 
CO2 emissions and concentration in ambient air [3]. CO2 capture tech
nologies can be divided into three types: pre-combustion, post-
combustion, and oxy-fuel combustion methods. Because pre-combustion 
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and oxy-fuel combustion capture technologies require appropriate ma
terials and certain conditions to meet high-temperature requirements, 
little research has been conducted on the application of these two 
technologies. Post-combustion capture is a widely used, mature tech
nology with good CO2 selectivity and efficiency [4]. 

Although climate policy-driven CCUS projects have great potential, 
the return on investment is still low because of the high capital invest
ment requirements for CO2 capture and infrastructure, uncertainty 
about the liability for CO2 storage and technical failures, the need for 
risk-sharing mechanisms across multiple sectors and stakeholders, 
incomplete insurance and financial markets, and low public willingness 
to store CO2 in some of the world’s most vulnerable countries [2]. These 
difficulties have prompted research into the theoretical and practical 
aspects of various methods to solve these problems, as evidenced by the 
growth dynamics of scientific publications on CCUS from 2000 to 2023 
[5–8]. These and many other studies have demonstrated that the ideal 
solution is to treat CO2 as a commodity by capturing and converting it 
into useful products using dual- function materials (DFMs). 

On the other hand, converting carbon dioxide into valuable products 
is a significant challenge that requires optimizing energy consumption, 
reducing greenhouse gas emissions and achieving economic competi
tiveness. Converting CO2 into other substances is hampered by its sta
bility, creating energy barriers, and many technologies suffer from 
limitations such as high costs, low efficiency, instability, and high fossil 
energy consumption when breaking C––O bonds. Catalysts are prom
ising tools for practical applications that can convert CO2 into value- 
added products and at the same time solve modern energy problems. 
In addition, combining technologies such as photocatalysis, electro
catalysis and thermal catalysis is seen as a new approach to improve the 
efficiency of converting CO2 into value-added products. This solution 
reduces the reaction temperature caused by the thermal catalyst and is 
capable of achieving sustainable energy conversion. However, the 
practical application of this technology still requires a significant 
amount of effort. 

Based on this perspective, we believe that a comprehensive analysis 
of recent advances in CO2 conversion via catalytic hydrogenation, as 
well as research into electrocatalytic and photocatalytic approaches to 
produce high-value chemical compounds, is required. This analysis aims 
to identify general guiding principles that facilitate the optimisation of 
these processes. This review presents an analysis of the recent literature 
on CO2 capture and its conversion to methane and synthesis gas in the 
presence of DFM in terms of CO2 adsorbents and catalysts for metha
nation and dry reforming of methane. Because the conversion of CO2 to 
methane and synthesis gas requires a specific temperature, a thorough 
understanding of the synergies between catalysts and adsorbents in 
DFMs is required. Finally, the conclusion summarizes a detailed review 
of the identified problems and discusses the future prospects of the 
proposed methods. 

2. CO2 utilization to methane and syngas in the presence of dual 
function materials (DFM) 

Tandem catalysts, or dual-function materials (DFMs), are named 
based on the structure and roles of the two active components [9]. The 
term "tandem catalysis" first appeared in synthetic chemistry at the end 
of the 20th century and has since been used in various reaction systems 
[10,11]. The first study on the application of DFMs for CO2 capture and 
conversion into value-added substances was reported in [12,13]. Tan
dem catalysis not only shifts the reaction via efficient binding between 
the active components but also eliminates the purification and isolation 
of intermediates and reduces the energy intensity of the reaction. In 
recent years, significant progress has been made in the use of tandem 
synthesis to produce value-added chemicals, liquid fuels from synthesis 
gases, and CO2 hydrogenation [14–17]. 

2.1. CO2 capture and methanation 

Under current environmental, legal, and economic conditions, the 
CO2 capture by adsorption and its subsequent hydrogenation to CH4 via 
catalytic methanation is a promising area of research and development. 
In recent years, progress has been made in both chemotechnological 
aspects and the development of innovative and efficient adsorbents and 
catalysts. The DFM for CO2 methanation consists of an alkaline adsor
bent and a catalytic metal, in some cases supported on the same high 
surface area support. Its functional mechanism involves the adsorption 
of CO2 to saturation (stage 1), followed by the addition of H2 (Eq. 1) fed 
separately into stage 2 to catalyse the methanation of the adsorbed CO2 
[10,11].  

CO2adsorbed + 4 H2 → СН4 + Н2О                                                     (1)  

2.1.1. Sorbents in DFM for CO2 methanation 
The most common sorbents in DFM for CO2 capture and methanation 

are alkali metal oxides such as Na2O, K2O, MgO, and CaO. Owing to its 
high theoretical adsorption capacity (17.8 mmol/g) and low cost, CaO is 
widely used as a CO2 adsorbent. However, the main problem with CaO- 
based sorbents is their high decay rate, which reduces their efficiency 
after 20–30 cycles because of abrasion and sintering. The stability of 
CaO is affected by its textural characteristics, which depend on the 
precursor from which it is derived. Highly dispersed CaO provides better 
stability than CaO derived from limestone. For example, Cao dispersion 
and deposition on porous g-Al2O3 increase methane yields owing to CO2 
diffusion to active centres within the DFM, i.e. from the CaO sites to the 
Ru sites [12]. Owing to the temperature limitations of CO2 hydrogena
tion to methane, Na2O and K2O are popular CO2 methanation sorbents in 
the DFM. The dispersions of Na2O, CaO, and K2O on g-Al2O3 also showed 
that Na2O and CaO exhibited the best adsorption capacities. The highest 
methanation rate was observed for Na2O-containing DFM (0.614 mmol 
CH4/g DFM) as the adsorbent. CaO (0.610 mmol CH4/g DFM) was also 
an acceptable candidate for sorbents in the DFM compared to K2O 
(0.466 mmol CH4/g DFM). The increase in the adsorption properties of 
the Na2O sorbent compared to those of CaO and K2O is because the 
addition of Na to g-Al2O3 promotes the formation of Al-O ionic centres, 
which allow access to more hydroxyl centres for CO2 adsorption to form 
reversible bidentate and polydentate carbonates [18]. 

Magnesium-based adsorbents are also widely used in DFM owing to 
their low cost and sintering stability compared to CaO. MgO adsorbents 
exhibit a higher theoretical CO2 absorption capacity of 24.8 mmol/g 
than CaO (17.8 mmol/g), making them more promising for CO2 capture 
and utilisation. MgCO3 regenerates 100% at 300 ◦C in a pure H2 stream, 
whereas CaCO3 regeneration requires a significantly higher temperature 
of 600 ◦C. Moreover, MgCO3 regeneration in a pure H2 stream can 
provide CH4 selectivity of > 95% at 300 ◦C [19]. Thus, a study of the 
cyclic stability of hydrotalcite-based DFM during CO2 capture and 
methanation showed that the decrease in the CO2 sorption capacity of 
DFM from 0.52 mmol/g to 0.32 mmol/g is attributed to the formation of 
irreversible bulk polydentate carbonate. To stabilize MgO during CO2 
capture, Li can be used as a promoter [20]. To promote MgO in DFM, 
various alkali metal precursors (Li, Na, and K) are used to increase the 
sorption capacity of DFM up to 4 mmolCO2/g DFM. DFM operates stably 
for 10 cycles at temperatures below 300 ◦C [21]. The cycling perfor
mance of DFM can be increased at lower temperatures (250 ◦C) using 
Ni/MgO-Al2O3 composites. However, the low Ni content in the DFM 
composition leads to the formation of difficult-to-recover particles such 
as Ni-O-Mg and/or Ni-O-Al, reducing DFM recoverability. 

The nature of the sorbent precursor also plays a role in the DFM 
preparation. For example, replacing the Na2CO3 precursor with NaNO3 
in DFM synthesis [22] showed that, unlike nitrate precursors, alkali 
metal carbonates do not completely decompose during the reductive 
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pretreatment in H2 at 400 ◦C; thus, some amorphous particles remain on 
the catalyst surface, requiring temperatures above 600 ◦C to decompose. 
In turn, these particles tend to obscure the active Ru centres, limiting the 
catalytic activity of the hydrogenation catalyst while reducing the pro
cess selectivity towards methane in favour of CO. However, this can be 
partially avoided if the carrier is pre-impregnated with a similar amount 
of Na2CO3 or K2CO3. 

Furthermore, the sorption capacity of the DFM is affected by the 
sorbent content [13]. A relationship was established between the con
tents of dispersed K2CO3, Na2CO3, and MgO adsorbents and the CO2 
sorption capacity of the DFM. The sorbent content in the DFM varied 
from 5 to 20 wt%. It has been shown that a high sorbent content does not 
always lead to a higher sorption capacity of the DFM. The optimum 
contents of Na2CO3 and MgO for increasing their capacity were 10 wt% 
[23]. 

The sorption characteristics of the sorbents in the DFM are influ
enced by both the temperature of the methanation process and the 
composition of the initial reaction feedstock. The performance of the 
CaO-based DFMs showed a significantly more positive correlation with 
increasing temperature than the Na2O-based DFMs [24]. Moreover, the 
performance of Na2O-based DFMs improved significantly when the 
ambient air was humidified. Adsorption under humid conditions was 
2.36 times greater than that under dry conditions because of the for
mation of dispersed NaHCO3, whereas DFM containing CaO performed 
poorly in the presence of moisture during the adsorption step [24]. 

Another factor affecting the sorption capacity of a sorbent is the 
nature of the carrier used to disperse it. An investigation into different 
carriers (such as CeO2, CeO2/ZrO2, CeC, SiO2, ZrO2-Y, and zeolites) have 
demonstrated that g-Al2O3 is the most effective carrier for DFM and can 
adsorb CO2 on Al2O2-OH groups. The authors [25] investigating the 
DFM surface using DRIFTS in situ at 320 ◦C proposed that the interaction 
of Na2O and Al2O3 produces Al-O-Na+ on which CO2 adsorption occurs 
with the formation of bidentate carbonates. Thus, developing DFMs with 
adsorbents capable of adsorbing and releasing CO2 in the temperature 
range effective for CO2 hydrogenation to methane is crucial for CO2 
capture and methanation. 

2.1.2. Catalysts in DFM for CO2 methanation 
CO2 methanation is a complex process involving kinetic constraints. 

Therefore, developing active and selective catalysts for CO2 methana
tion is important. For this purpose, Ni- [18,26,27], Ru- [12,13,18,21,22, 
28–31], and Li-based [32,33] catalysts have been investigated. As 
shown in Fig. 2, the temperature range of 290–330 oC is favourable for 

methanation in the presence of DFM. Ni-based catalysts are the most 
widely studied because of their high catalytic activity and low cost [28]. 

The high Ni content of DFMs favours CO2 capture and methanation 
because of the close contact between the adsorbent and metal phase 
[34]. In addition, a high Ni content favours carbonate decomposition at 
lower temperatures. Presumably, the recoverability of the Ni particles 
increased in the presence of the adsorbent because it prevented the 
interaction of Ni with the carrier (Al2O3), favouring the formation of 
easily recoverable NiO particles. The characteristics of the DFM depend 
upon the content of metallic Ni0, the concentration of oxygen vacancies, 
and the content of alkali element salts in the samples. Both the bulk 
diffusion kinetics of CO2 adsorption and methanation kinetics can be 
facilitated by increasing the metallic Ni0 and oxygen vacancy concen
trations [35]. 

The main disadvantage of Ni catalysts is the oxidation of metallic Ni 
in the presence of oxygen in the reaction mixture. Ni alone cannot 
methanate adsorbed CO2; small amounts of precious metal (≤1% Pt, Pd 
or Ru) are required for enhancing the Ni reduction and activation even 
after exposure to O2-containing flue gas. The addition of 1% wt. of 
precious metals enhanced the reduction of NiOx to metallic Ni (at 
320 ◦C), allowing methanation to proceed, with Ru outperforming Pt 
and Pd. The best results for CO2 capture (0.52 mmol CO2/g) and CH4 
formation (0.38 mmol CH4/g) were obtained using a composite of 1% 
Ru, 10% Ni, and 6.1% Na2O/Al2O3 with proven stability over 20 cycles, 
indicating the excellent long-term stability of Ru-promoted Ni-based 
DFM [26]. In addition, the reduction of NiOx to metallic Ni can be 
enhanced by rare earth elements. For example, lanthanum (La) in 
Ni-La/ZrO2 improved the Ni reduction ability without changing the 
reaction mechanism by forming active formate intermediates to yield 
CH4. In addition, La in Ni-La/ZrO2 allows a moderate increase in the CO2 
capture capacity and, importantly, a very fast conversion of captured 
CO2 to CH4 with a high H2 utilisation efficiency [36]. 

A study of the effect of alkali metals on the activity of 15 wt% NiO/ 
Al2O3 showed that methane productivity and cyclic stability strongly 
depend on the type of alkali metal and the temperature of cyclic tests 
[37]. DFM containing K and Na showed optimal performance in the 
highest temperature range (350–400 ◦C), while the Ba containing ma
terial showed optimal performance in the lowest temperature range 
(250–300 ◦C). CH4 productivity is decreased when the flue gas also 
contains O2 and H2O due to Ni oxidation, competitive adsorption of H2O 
and accumulation of unreactive carbonate species. Methane production 
is restored when capture is carried out under dry and anaerobic condi
tions. K-Ni/Al provided the highest performance and CH4 selectivity in 
simulated flue gas cyclic testing at 350 ◦C. This is due to the increased 
reducibility of nickel and the higher reactivity of carbonate particles 
formed during the capture stage, resulting in higher methane 
productivity. 

Modification of nickel-based DFM with cesium made it possible to 
increase its operating stability to 250 h in the cyclic process of CO2 
capture and methanation [38]. The authors of [39] associate the in
crease in the ability of DFM to capture CO2 and methanate with the 
introduction of cesium to an increase in the number of basic sites, mainly 
related to centers with medium and strong strength. However, modifi
cation with cesium slows down the rate of CH4 formation and also CH4 
selectivity decreases to 92% due to the parallel formation of CO. 

Noble metals can be used not only as modifiers of Ni-containing DFM 
but also as the main active metal to improve catalytic properties. The 
capture and hydrogenation processes were compared at 320 ◦C with Ni, 
Ru, and Rh as candidates for methanation [18]. The findings indicated 
that Rh is the second-best methanation catalyst after Ru; however, its 
higher cost requires a reduction in metal content, resulting in fewer 
catalytic centres and a lower reaction rate compared to Ru. Because of its 
high catalytic activity, Ru has proven to be the most promising catalyst 
among noble metals in the following ways: first, even a small Ru content 
(5% Ru, 10% CaO/Al2O3) can provide high methane yield (7.07 
mmolCH4/gcat) and CO2 conversion (89%); second, Ru-based DFMs Fig. 1. - Influence of the nature of DFM on CO2 conversion during methanation.  
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demonstrated good stable performance in CO2 capture and methanation 
[12]. For example, a composite of 5%Ru-6.1%Na2O/g-Al2O3 demon
strated stable performance for 80 h with a methane yield of 0.35 mmol 
CH4/gDFM. Moreover, its BET, chemisorption, and transmission elec
tron microscopy analysis confirmed its stable characteristics, indicating 
no significant changes in surface area and a slight increase in Ru 
dispersion. 

Additionally, Ru-based DFMs exhibit good performance in the 
presence of oxygen in the reaction mixture. Thus, Ru-based catalysts 
(5% Ru, 10% CaO/Al2O3) can be easily reduced to an active metallic 
state because of the high H2 flow rate required for methanation after 
exposure to O2-containing flue gas [29]. The high dispersibility of Ru 
also affects its activity in CO2 capture and methanation. For example, 
increasing the weight ratio of CaO to Ru promoted the spillover of CO2 
from the CaO sites to Ru and improved the methanation efficiency. The 
introduction of a CeO2 carrier also favoured Ru dispersion and improved 
methanation efficiency. Ru deposited on CeO2 in rod and particle forms, 
compared with cubic CeO2, possesses a larger surface area and better 
dispersion and carrier-metal interactions, resulting in improved process 
performance. In addition, the oxygen vacancies on CeO2 enhance the 
CO2 adsorption efficiency. Combined CeO2 materials in rod and particle 
forms (Ru/rod-CeO2-MgO and Ru/particle-CeO2-MgO) exhibit higher 
catalytic efficiencies than Ru/cube-CeO2-MgO [30]. 

Rizzetto et al. [40] investigated the influence of the nature of the 
support on the activity of 2%Ru+ 30%CeO2, showing that the deposi
tion of ruthenium-cerium on a support with a large surface area is 
critical for maintaining the methanating activity of this catalytic system 
under conditions of cyclic adsorption-hydrogenation of CO2. The 
ruthenium-cerium catalyst supported on Al2O3 adsorbed smaller 
amount of CO2 (about 200 µmol g-1 per cycle) compared to the sample 
supported on ZSM-5 (about 300 µmol g-1); however, 2%Ru+ 30% 
CeO2/Al2O3 showed better methanation performance due to the inter
mediate reaction of ruthenium and cerium, giving a maximum of 51% 
converted CO2 and producing up to 111 µmol g-1 CH4 at 250 oC. 

The catalytic efficiency of DFMs for CO2 capture and methanation 
can be enhanced by adding promoters. For example, Li-promoted 1% 
Ru/Al2O3 outperforms its Na- and K-promoted counterparts in terms of 
CO2 capacity and methanation of trapped CO2 [32]. 
Temperature-programmed reaction tests in H2 showed that the Li-Ru/Al 
catalyst can catalytically convert pre-adsorbed CO2 to methane with 
high selectivity at temperatures between 200 and 350 ◦C upon doping 
with LiNO3, which can react with Al2O3 to form a mixed spinel phase. 
Li-doped Ru/Al2O2 has been extensively tested in integrated CO2 

capture and methanation to evaluate the effects of basic particles (O2 
and H2O) and poisonous impurities (SO2) on real flue gases [33]. A study 
involving SO2 contents of up to 100 ppmv demonstrated remarkable 
resistance to sulphur poisoning and a delayed loss of CO2 capacity owing 
to long-term sulphur accumulation. 

The work [41] investigated the mechanisms of sulfur poisoning and 
the ability to self-regenerate the catalytic properties of Li-Ru DFM. The 
authors showed that Li-Ru/Al2O3 can achieve integrated capture and 
methanation of CO2 at low temperatures, demonstrating remarkable 
tolerance to SO2 impurities that are captured and stored as Li2SO4. 
Long-term accumulation of sulfates on DFM affects its ability to capture 
CO2, but only minorly affects the catalytic activity of methanation. The 
authors developed a Li-Ru/Al2O3 regeneration procedure that 
completely restored the DFM’s CO2 capture capacity and methanation 
catalytic activity. 

Thus, Ru appears to be the most active methanation catalyst; how
ever, its content should be as low as possible to reduce costs and limit the 
H2 consumption associated with its redox cycle. For the same reason, 
strongly reduced sorbent/promoter phases, such as CeO2, should be 
avoided. The possibility of replacing some Ru with Ni requires further 
investigation for additional cost reductions. Promoting Ru-containing 
DFM using Li outperforms its Na- and K-promoted counterparts in 
terms of CO2 capacity and methanation of sorbed CO2. 

For industrial applications of bifunctional materials, they should be 
tested in realistic feed streams to evaluate the effects of O2, water vapor, 
and other substances present in trace concentrations in real flue gas 
streams on DFM activity and stability. In addition, cycling operation at 
higher pressures and for longer periods of time should also be studied to 
test the stability of the DFM under more severe conditions. 

2.2. Capture and dry reforming of methane 

Dry reforming of methane (DRM) is an endothermic process that 
converts CO2 and CH4 in the presence of a catalyst into a mixture of CO 
and H2 (Eq. 2), a synthesis gas. Synthesis gas is a valuable building block 
for the production of liquid fuels and chemicals [42]. Owing to the large 
reserves of CH4 in the form of natural and shale gases, DRM has great 
potential for CO2 utilization.  

CO2 + СH4 → 2СО + 2Н2 ΔH0
298 K = 247 kJ mol− 1                           (2) 

Recently, the successful integration of CO2 capture with DRM has 
been reported [43]. This combination simultaneously realises the utili
zation of flue gas as a resource while increasing the amount of CH4. This 

Fig. 2. – Possible pathways for charge transfer and the reduction of CO2 by the 5 wt% Ni2P/CdS composite, along with the corresponding chemical equations (a); 
effect of increasing concentration of H2O2 from 0.2 to 1.6 ml on the conversion of CO2 to MeOH generation (b) [87]. 
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integrated process involves time-separated CO2 capture and conversion 
steps. CO2 is first captured using a sorbent (typically an alkaline oxide) 
and then calcined in a CH4 atmosphere to regenerate the sorbent and 
produce the synthesis gas. The CO2 capture and DRM processes can be 
realised in a single reactor, reducing operating and capital costs and 
energy consumption; however, the key to success is the use of a suitable 
bifunctional material consisting of two main active components: CO2 
sorbents and a catalyst to convert the sorbed CO2 into synthesis gas. 

2.2.1. Sorbents in DFM for dry reforming of methane 
The selection of CO2 adsorbents for developing DFMs for methane 

capture and DRM is challenging because they must adsorb and desorb 
CO2 in cycles at the higher temperatures at which DRM occurs [44]. 
Because sorbents for CO2 capture and DRM are intended to work with a 
reforming catalyst, a solid adsorbent should be selected [45]. CaO and 
MgO are the most available solid sorbents for CO2 capture owing to their 
significant theoretical CO2 capture capacity compared to other sorbents 
[46]. However, the most serious problem with CaO sorbents is their 
sintering, which decreases their ability to capture CO2 after 10 cycles 
and DRM [47]. To increase the sintering stability of CaO, 
high-temperature stabilisers such as Al2O3, ZrO2, or MgO are used [48, 
49]. In this case, decreasing the molar ratio of Ca2+ to Mg2+ resulted in 
materials with larger surface areas and pore volumes and improved the 
thermal stability of the CaO-containing material [49]. In addition to 
stabiliser incorporation, the presence of numerous mesopores and grains 
< 100 nm in the CaO composite enhances CO2 adsorption on CaO 
[50–52]. 

The efficiency of the adsorbents for CO2 capture and DRM is also 
affected by the presence of catalysts. The deposition of NiO on CaO 
accelerates the CaCO3 decomposition by almost three times [53]. In 
addition, the nature of the carbonates formed during CO2 adsorption on 
the sorbent is affected by the carrier, which is typically used to increase 
sorbent dispersibility. Thus, strongly bonded monoidal carbonates are 
formed on massive CaO at 300 ◦C, which partially rearrange at 450 ◦C to 
form bridging carbonates and evolve towards the crystalline phase. In 
contrast, dispersed CaO/Al2O3 adsorbs CO2 exclusively as weakly and 
reversibly bound carbonates, regardless of temperature or loading, and 
prevents the formation of strongly bound carbonates [54]. MgO is 
another widely used CO2 adsorbent; however, it is not suitable for DFM 
for CO2 capture and DRM. The lower adsorption capacity of MgO 
compared to CaO [55] is attributed to its narrower operating conditions 
(300–400 ◦C). 

Lithium silicate-based materials have been widely investigated for 
CO2 capture and DRM at high temperatures [56,57]. However, 
compared with CaO-based adsorbents, their adsorption capacities are 
limited. To improve the adsorption characteristics of lithium 
silicate-based materials at lower CO2 concentrations, additional alkaline 
treatment or metal alloying is necessary [57]. 

Thus, adsorbents for DFM must be stable at high temperatures and 
must not degrade over time during CO2 capture and DRM. Lithium 
silicate-based materials are suitable for the cyclic adsorption and 
desorption of CO2 at high temperatures. However, their adsorption ca
pacity is limited compared to high-capacity CaO-based adsorbents. 
Therefore, CaO is the most effective adsorbent for DFM for CO2 capture 
and DRM; however, its thermal stability must be improved by intro
ducing stabilisers. 

2.2.2. Catalysts in DFM for dry reforming of methane 
DRM involves high temperatures and energy costs [58]. Catalysts 

based on Ni, Rh, Mo, and Co can lower the thermodynamic barrier and 
reduce the temperature [59,60]. The most common catalysts for DRM 
are Ni-based catalysts. The conversion of methane and trapped CO2 was 
affected by the Ni dispersion in the bifunctional material. Thus, the 
hydrogen and carbon monoxide yields decreased during the reaction 
[58]; this was associated with the loss of active surface area caused by 
the gradual sintering of Ni particles, which increased Ni particle size 

from 11.0 to 27.2 nm. The interactions between the metal and adsorbent 
prevent Ni sintering [53]. Catalyst sintering can also be prevented by 
introducing stabilising additives. Because of the stabilising effect of the 
ZrO2 layer, both CaO and Ni particles were more resistant to sintering, 
ensuring isothermal CO2 capture and release at a temperature favour
able for DRM [61]. In addition to sintering, one reason for the decon
tamination of Ni-containing DFMs is the carbonisation of the catalyst 
surface caused by methane decomposition with increasing DRM tem
perature. The addition of cerium oxide to a CaO-Ni-based bifunctional 
material promotes carbon gasification during DRM, suppresses the 
accumulation of inactive carbon on Ni during a long reaction, and en
hances the activation of CO2 and CH4 because of its redox properties, 
thereby increasing the production of synthesis gas during CO2 capture 
and DRM [61,62]. 

Studies on CO2 capture and DRM have mainly focused on ideal CO2 
capture conditions. However, in real factory flue gases, many compo
nents, such as oxygen and water vapour, affect the DFM efficiency. The 
authors showed that CO2 capture and DRM under simulated flue gas 
conditions using Ni10-CaO (DFM) as the bifunctional material were 
sensitive to steam and oxygen [63]. The water in the flue gas aided the 
kinetics of CO2 capture, whereas oxygen oxidised Ni to NiO and pre
vented further CO2 conversion by methane during DRM. The reduction 
of NiO to metallic Ni resulted in instantaneous CO2 formation, making it 
difficult for methane to interact with Ni. In cyclic CO2 capture and DRM, 
the deposited carbon is gasified into CO via a reverse Boudoir reaction. 
However, after the DRM reaction, the steam gasification of carbon 
deposited on the bifunctional material enables carbon removal with the 
formation of synthesis gas byproduct and does not adversely affect the 
overall performance of the process. 

Additionally, iron-containing DFMs have exhibited good character
istics for CO2 capture and DRM [64]. DFMs based on Ca-Fe can restore 
their state and activity during flue gas oxidation and carbonation. A 
reaction occurs between methane, CaCO3, and Fe2O3, with the complete 
oxidation of methane to CO2 and H2O. During the reaction, all the Fe2O3 
was converted into Fe3O4, which was further transformed into FeO and 
FeAl2O4 with the formation of H2 and CO. In the last stage, CaCO3 
reappeared because FeAl2O4 was reduced by methane to form CO2, 
which was then sorbed by CaO [64]. 

Therefore, bifunctional CO2 capture and DRM materials must be 
stable at high temperatures and should not degrade over time. Lithium- 
silicate-based materials are suitable for the cyclic adsorption and 
desorption of CO2 at high temperatures. However, their adsorption ca
pacities are limited compared to CaO-based high-capacity adsorbents. 
Bifunctional materials based on CaO-Ni can capture and release CO2 at 
temperatures favourable for DRM. The carbonation of CaO during CO2 
capture is strongly influenced by the basicity of the material, and the 
conversion of methane and captured CO2 is influenced by Ni dispersion 
in the bifunctional material. The addition of cerium oxide to a CaO-Ni- 
based bifunctional material enhances the activation of CO2 and CH4 
because of its redox properties, thus lowering the required temperatures 
and activation energies of carbonation and decarbonisation stimulated 
by dry reforming. 

3. Photocatalytic disposal of СО2 

An alternative approach to solving environmental problems related 
to CO2 emissions and sustainable production of chemical fuels is pho
tocatalysis, which simulates typical photosynthesis [67]. Various 
methods, such as carbon capture and storage, electrochemical, ther
mochemical, and catalytic conversion, and biological fixation, are 
available for reducing CO2 emissions. However, these methods incur 
additional compression and transportation costs [68], high energy and 
heat consumption [69,70], and restrictions on enzyme production and 
regeneration [71]. In contrast, photocatalysis is environmentally 
friendly and economically efficient because it uses abundant solar en
ergy as the main source of energy and water as a reactive substance and 
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does not produce toxic products or waste. Typically, photocatalysis in
volves the conversion of CO2 and water into solar fuels such as methane 
(CH4), carbon monoxide (CO), methanol (CH3OH), formic acid 
(HCOOH), and formaldehyde (HCHO) when various semiconductor 
photocatalysts are irradiated with sunlight. In general, photocatalytic 
CO2 reduction involves three main stages: (1) the absorption of light by a 
semiconductor, resulting in the generation of electron-hole pairs; (2) the 
separation of photogenerated electrons and holes and their transport to 
the photocatalyst surface; (3) the occurrence of surface reactions when 
electrons reduce CO2 and holes oxidise H2O [72]. The formation of the 
final reduction product depends on multistage CO2 reduction and is 
determined by the number and speed of transferred electrons in the 
system and the mode of adsorption between CO2 and the photocatalyst 
surface [73]. The overall photocatalytic efficiency of CO2 reduction 
depends on the combined thermodynamic and kinetic aspects of the 
aforementioned processes [67]. 

Among the various CO2 reduction photocatalysts, the most widely 
used materials are TiO2 [74], ZnO [75], SrTiO3 [76,77], and ZnS [78]. 
Unfortunately, the efficiency of traditional photocatalysts does not meet 
modern requirements because of (1) sensitivity to light in a narrow 
range due to a wide band gap, (2) rapid recombination of photo
generated charge carriers due to the short lifetime of electrons, and (3) 
weak adsorption of CO2 and low diffusion of electrons to the reaction 
sites of photocatalysts. To overcome these disadvantages, many studies 
have proposed increasing the efficiency of photocatalysts by alloying 
them with various metals and non-metals, modifying structures into new 
forms, surface modification with noble metals, and fabricating hetero
junctions and nanocomposites with various semiconductors [79]. This 
also increases the photosensitivity range and the effective separation 
and transfer of photogenerated charges. The main techniques used to 
improve the efficiency of CO2 reduction photocatalysts are as follows: 

Defect engineering: One of the important strategies for improving the 
photocatalytic characteristics and selectivity of CO2 conversion into 
hydrocarbon fuel is to modify defects by alloying the photocatalyst with 
metals and nonmetals. In particular, Li et al. [80] engineered ultrathin 
(~4.1 nm) Bi2WO6 nanosheets by doping them with carbon heteroatoms 
using a hydrothermal method, followed by calcination. The modified 
photocatalyst C-Bi2WO6 with an ultrathin nanosheet structure demon
strated twice the photocatalytic reduction of CO2 as pure Bi2WO6 
nanosheets. Carbon doping successfully broadened the light absorption 
spectrum and improved charge separation, thereby reducing recombi
nation. In another study [81], the SnxNb1− xO2 photocatalyst obtained by 
strongly substituting Nb in SnO2 using hydrothermal treatment 
demonstrated significantly increased photocatalytic CO2 reduction ac
tivity with a generation rate of ~292.47 µmol/(g h), which is 19 times 
higher than that of pure SnO2 without using any sacrificial agent under 
artificial sunlight. The authors reported that the strong substitution of 
Sn4+ with a more valent Nb5+ resulted in the formation of a band 
structure with improved properties, including a more efficient photo
catalytic CO2 reduction and the formation of a preferred multi-carbon 
compound, C2H5OH. This demonstrated that strong doping of metal 
oxides with high-valent cations enables the enhancement and modula
tion of the photocatalytic CO2 reduction to obtain value-added products. 

Morphology improvement: The morphology of semiconductor photo
catalysts is important for the separation of charge carriers, effective 
capture of incident light, and surface area of contact with reagents (CO2, 
H2O, and sacrificial reagents) [82]. Recently, significant progress has 
been made in the development of highly efficient photocatalysts with 
complex architectures for photocatalytic CO2 reduction in a wide range 
of light wavelengths. For example, Wang et al. [83] synthesised hier
archical TiO2 @ZnIn2S4 CSHS heterojunctions with hollow spheres 
possessing a large surface area and abundant active sites, which 
contributed to effective charge separation and improved reflection and 
scattering of light. This hierarchical design and heterojunction signifi
cantly increased the rate of the multielectronic photocatalytic CO2 
reduction, with the total yields of CO, CH3OH, and CH4 being 2.75 and 

4.43 times higher than pure ZnIn2S4 and TiO2, respectively. Cheng et al. 
[84] successfully synthesized a three-dimensional hierarchical 
flower-like composite based on Cd0.8Zn0.2S (C8Z2S-F) with ultrathin 
petals via in situ self-assembly, using sodium citrate as a morphology 
regulator. Owing to the hierarchical flower-like structure, which makes 
excellent use of a wide range of light and possesses desirable properties 
of CO2 adsorption, effective CO production was 41.4 μmol g-1 during 
photocatalytic CO2 reduction under visible light for 3 h; this was 2 times 
more than that of Cd0.8Zn0.2S (C8Z2S-NP) (14.7 μmol g-1) without the 
addition of any sacrificial agent or cocatalyst. 

Composite formation. The formation of semiconductor composites in 
photocatalytic systems is gaining popularity because of their high ac
tivity, charge separation, and low recombination. The formation of 
heterojunctions between semiconductors allows individual photo
catalysts to improve their photostability, charge transfer, and light ab
sorption [79]. Nitrogen-doped graphene (NG) on TiO2 hollow spheres 
(HS) with a large area and close interfacial contact were synthesised via 
chemical vapour deposition [85]. The optimised TiO2/NG HS composite 
showed an increased CO2 conversion rate (total yield of CO, CH3OH, and 
CH4) of 18.11 μmol g-1 h-1, which is approximately 4.6 times higher than 
pure TiO2 HS. The significantly improved photocatalytic activity was 
attributed to the close interfacial contact and abundant pyridine N-sites, 
which contributed to the efficient separation of photogenerated 
electron-hole pairs and charge carrier transfer. Similarly, a new 
AgBr/BiOBr heterojunction with surface oxygen vacancies obtained 
using a simple chemical method has demonstrated significantly 
increased photocatalytic activity for the reduction of CO2 to CO and CH4 
[86]. The reaction rates were 212.6 and 5.7 μmol g-1 h-1, respectively, 
which were 9.2 and 5.2 times higher than those achieved by pure BiOBr. 
Experiments and DFT calculations confirmed that the AgBr/BiOBr het
erojunction bands possesses an S-scheme, which contributes to a more 
efficient sunlight usage, improved charge separation, increased redox 
properties, and CO2 activation. 

Cocatalyst loading: Cocatalyst loading onto the photocatalyst surface 
facilitates the separation and transport of photogenerated charge car
riers, thus increasing their photocatalytic activity and selectivity for CO2 
reduction. In particular, using Ni2P-containing CDs as a cocatalyst re
sults in a higher efficiency of methanol formation from CO2 under visible 
light compared to pure CDs [87]. Due to the more negative conduction 
band (CB) edge of CdS compared to Ni2P under visible light exposure, 
photo-generated electrons efficiently migrate from the CB of CdS to 
Ni2P. Electrons accumulated at the surface of Ni2P particles facilitate the 
reduction of CO2 to CO2− , while the valence band holes on CdS act as 
oxidants for H2O2 (serving as a sacrificial donor), resulting in the pro
duction of O2 and H+. Subsequently, the generated CO2− undergoes a 
reaction with H+ to yield methanol in the presence of triethylamine, 
functioning as the sacrificial electron donor (Fig. 2). The optimal cata
lyst ratio was 5% of the mass of Ni2P loaded onto the CDs, which led to 
the highest methanol yield (2843 μmol/g). In contrast, a Pt/TiO2 
reference photocatalyst containing noble metals demonstrated a meth
anol yield of 1424.8 μmol/g. In addition, the cocatalyst/photocatalyst 
system always has an optimal load of the cocatalysts at which the 
highest photoactivity is achieved. For example, Wang [88] reported that 
the amount of Ag loaded as a cocatalyst changes CO selectivity during 
CO2 photorecovery. Moreover, the maximum CO selectivity of 60.9% 
was found at 0.5 wt% Ag/HST, whereas CO selectivities at 0.3 wt% 
Ag/HST and 1 wt% Ag/HST were 54.8% and 52.6%, respectively. A 
decrease in selectivity at 1 wt% Ag/HST is because the excessive loading 
of the photocatalyst negatively affects the charge separation and hinders 
the absorption of photons of light, which ultimately reduces the pho
tocatalytic activity. In addition, increasing the loading may decrease 
photoactivity because an excess of photocatalyst blocks the 
surface-active centres of the photocatalyst and prevents its interaction 
with CO2, H2O, or sacrificial reagents [89]. 
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3.1. Synergy of photocatalysis and adsorption for CO2 reduction and 
conversion to carbon fuel 

Despite considerable efforts to develop effective visible-light- 
controlled photocatalysts for converting CO2 into chemical fuel, their 
effectiveness remains insufficient for practical use because of their small 
specific surface area and poor ability to adsorb and diffuse CO2. To 
achieve the desired efficiency of the CO2 photo-recovery process, an 
ideal photocatalytic system must possess high catalytic activity and a 
high ability to adsorb CO2. The integration of a material with high CO2 
capture ability into a photocatalytic system has great potential to in
crease CO2 conversion efficiency [90]. For example, the synergistic ef
fect of 1D highly crystalline polymer nitride (CNs) nanorods arranged in 
an orderly manner on 2D graphene with a high specific surface area 
provides more efficient light collection, CO2 capture, and electron 
diffusion at the interface compared to the nanorods alone or without any 
sacrificial agent [91]. The most attractive adsorbents are porous mate
rials, owing to their highly developed porous structures with increased 
specific surface areas. The CO2 conversion process occurs in two stages: 
CO2 and H2O capture and surface diffusion along the surface of the 
photocatalyst, occupying the active sites [92,93]. Porous materials for 
trapping possess numerous adsorption centers; however, compared to 
semiconductors or noble metals, they are less active in photocatalytic 
CO2 conversion [51]. Thus, to achieve higher photo-transformation of 
CO2, the porous material must possess abundant adsorption sites and a 
short diffusion length. In accordance with systematic studies on gas 
adsorption and separation, the development of photocatalysts for CO2 
conversion is based on porous materials such as porous carbon mate
rials, metal-organic polymers (MOP), metal-organic frameworks (MOF), 
and covalent organic frameworks (COFs). In particular, Wang et al. [90] 
have developed a composite based on porous hyperstitched 
polymer-structured TiO2-graphene with a large surface area of 988 m2 

g-1 and high CO2 absorption capacity, demonstrating a high photo
catalytic performance of CH4 equal to 27.62 μmol g-1h-1 without using 
any sacrificial reagents or noble metal co-catalysts. The authors claimed 
that combining microporous organic polymers with photocatalysts im
proves CO2 adsorption and diffusion, visible light absorption, and the 
effective separation of photoinduced electron-hole pairs. In addition, 
combining porous carbon materials with photocatalysts increases their 
photocatalytic activity for CO2 reduction by increasing the possibility of 
CO2 absorption and coexposure [51,52]. Sun et al. [94] reported the 
synthesis of a 0D/3D composite photocatalyst of Cu-NPs/g-C3N4 foam 
by originally loading Cu NPs onto g-C3N4 foam using combined template 
and microwave approaches. The optimised Cu-NPs/g-C3N4 composite 
demonstrated increased photocatalytic activity for CRR owing to its 
three-dimensional micron-scale pores, and the amount of CO2 adsorp
tion by Cu-NPs/g-C3N4 was 0.179 µmol g− 1 at 1.00 bar and 273.15 K, 
which was approximately 2.63 times higher than that of pure g- C3N4 
powder. Compared with other porous materials, MOFs with high 
porosity and stability in strongly acidic and basic media can act as a 
matrix for these active photocatalytic substances, preventing their 
damage and accumulation while maintaining high availability [95]. In 
this regard, the sequential deposition of affordable and inexpensive 
MAPbI3 perovskite quantum dots into the pores of Fe-porphyrin-based 
MOF PCN-221(Fex) facilitates record-high photocatalytic reduction 
performance of CO2 to CO (34%) and CH4 (66%), with a yield of 
1559 µmol g-1, which is 38 times higher than that obtained using 
PCN-221(Fe0.2) without perovskite QDs [96]. The significant improve
ment in the photocatalytic CO2 reduction is attributed to the sufficiently 
close contact between the QDs and the Fe catalytic site in the MOF, 
which facilitated the rapid transport of photoinduced charges in the QDs 
to the Fe photocatalytic sites. In addition to combining photocatalysts 
with porous materials, photocatalysts can also be modified by adding 
alkaline and alkaline earth metals or their oxides to improve their ability 
to absorb and effectively reduce CO2 [97,98]. Tang et al. [99] showed 
that the substitution of magnesium ions (Mg2+) in hydrogen titanate 

nanotubes (H-TNTs) significantly improved the chemisorption and 
activation of CO2 on photocatalysts. Compared with pure H-TNTs, 
0.1 M-Mg-H-TNTs exhibited the highest reaction performance among 
the Mg2+-modified samples, and their photocatalytic activity in 
reducing CO2 to CO and CH4 increased by 3.8 and 16.5 times, 
respectively. 

In addition to metal-organic polymers and metal-organic frame
works, covalent organic frameworks (COFs) represent porous materials 
without metallic components that exhibit significant potential in pho
tocatalytic systems and possess excellent carbon dioxide capture capa
bilities. COFs offer a high surface area and crystallinity, serving as 
excellent supports for anchoring photocatalytically active centers 
through coordinated interactions among their components and various 
types of catalysts [100,101]. In comparison to MOFs and MORs, COFs 
consist of organic elements, making them more accessible and 
cost-effective. Moreover, the majority of COFs demonstrate high 
chemical stability in various conditions, such as high temperatures and 
alkaline or acidic environments, thanks to robust covalent bonds. 
Meanwhile, in most MOFs, metal ions often lose control over organic 
ligands, becoming free ions in the bulk solution due to weak coordina
tion bonds [102]. 

Based on these findings, the development of universal photocatalytic 
systems possessing a high ability to capture CO2 and effective photo
catalytic activity is one of the most promising approaches for converting 
CO2 using solar energy. 

3.2. Photoreactors for CO2 recovery and future prospects 

Currently, the practical use of photocatalytic systems for CO2 
reduction is limited because of the low efficiency of photocatalysts, slow 
reaction rates and insufficient efficiency of the photocatalytic reactors. 
Photocatalysis requires a good light source and a photoreactor that en
sures maximum contact between light, CO2, and the photocatalyst sur
face with high mass transfer [103]. The development of commercially 
viable photoreactors requires serious engineering efforts in terms of 
configuration and design. Three types of reactors are commonly used in 
photocatalytic processes: suspension, fixed bed, and membrane reactors 
[104]. In addition, the design of photoreactors for CO2 reduction may 
vary depending on the operating mode (continuous or periodic), number 
of phases (three-phase or two-phase), and type of photocatalyst layer 
(stationary or fluidized) [105]. Suspension photoreactors are most 
commonly used because of their simplicity and low production costs. In 
such systems, a triple-phase (gas-liquid-solid) photocatalyst is used; it is 
combined in a fluidised form to ensure mass transfer between the 
catalyst and reagents and provide a large illuminated surface [106]. 
Based on a suspension reactor, Nabil et al. [107] developed a meso
machine photocatalytic reactor capable of converting CO2 into fuel in a 
continuous mode. This enables high productivity on a relatively large 
scale, producing several grammes of fuel per day. In addition, the 
introduction of energy-saving LEDs and uniform lighting with a high 
area-to-volume ratio ensures efficient exchange of mass and photons, 
and the additional presence of a cooled water bath promotes CO2 solu
bility. However, suspension systems have limitations for large-scale use, 
owing to the difficult extraction of the photocatalyst from the suspen
sion, the low active surface area of the photocatalyst because of the 
absorption of main light energy by the liquid, and additional costs for 
constant mixing and circulation, making them less economical [106, 
108]. Suspension photoreactors are typically used to evaluate the pho
toactivity of the main photocatalyst [109], whereas fixed-bed reactors 
are more suitable for scaling. In fixed-bed reactors, the photocatalyst is 
fixed to a supporting material such as monoliths, balls, or fibres placed 
inside the reactor [110]. In these photoreactors, the light source is 
usually located in the middle of the reactor or near its surface, providing 
uniform illumination over the entire surface of the photocatalyst layer 
[108,111]. The main advantages of fixed-layer photoreactors are the 
ability to operate continuously with high gas output and the ease of 
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extraction of the photocatalyst from the spent solution [112]. However, 
potential difficulties in the practical application of immobilised photo
catalytic systems are associated with the small area of the illuminated 
surface and the fast photon scattering rate [103]. Membrane photo
catalytic reactors operate in a continuous mode and efficiently convert 
CO2 into chemical fuel [113,114]. For example, a photocatalytic reactor 
with a C3N4-based photocatalyst loaded onto a Nafion membrane turned 
out to be 10 times more efficient than a conventional photoreactor 
operating with a periodic regime during reduction of CO2 to alcohol 
(MeOH + EtOH) [115]. In addition, membrane reactors prevent a 
reverse reaction and facilitate high selective control of the products 
because H2O oxidation and CO2 reduction occur in separate chambers 
[79]. However, these photoreactors have some limitations related to 
weak transfer of reagents to the photocatalyst surface and membrane 
contamination, which may reduce their effectiveness [104]. 

Based on the above research, it can be concluded that the photo
catalytic conversion of CO2 into carbon fuel is still in its development 
stage and requires further research and engineering efforts. The main 
obstacle to the practical application of this process is a lack of effective 
photocatalytic materials that can reduce CO2 using visible light. Despite 
continuous improvements in the performance of these photocatalysts via 
defect engineering, morphology improvement, composite formation, co- 
catalyst loading, and synergy with adsorbents, the efficiency of photo
catalytic systems lags significantly behind that of other CO2 reduction 
technologies (Table 2). Another problem affecting the commercialisa
tion of the photocatalytic process is the low efficiency of photocatalytic 
reactors. To date, various types of photoreactors have been developed 
depending on the operating conditions. However, aspects such as the 
design, reagent supply to the photocatalyst surface, effective surface 
illumination, and reliable application of the photocatalyst layer to the 
substrate require further research. Thus, future strategies for improving 
the photocatalytic reduction of CO2 into chemical fuels should aim at (1) 
developing effective photocatalysts with high photoactivity and the 
ability to recover CO2 using the visible radiation spectrum; (2) 
improving the design of photocatalytic reactors using light more effi
ciently with uniform illumination of the surface layer and increasing the 
mass transfer of reagents; (3) improving the reliability and stability of 
photocatalytic systems and preventing contamination of photocatalysts; 
(4) optimising operating conditions by controlling operating parame
ters; (5) combining the photocatalytic CO2 reduction with other tech
nologies such as CO2 capture, electrocatalysis, or thermocatalysis to 
increase the energy efficiency of photocatalysis and the cost- 
effectiveness of other technologies. 

4. Electrocatalytic reduction of CO2 

The use of a cost-effective method for industrial-scale CO2 conver
sion can mitigate the negative impact of large CO2 emissions on the 
environment [121,122]. An attractive method to solve this problem is 
the electrochemical CO2 reduction reaction (CO2 RR), which can be 
performed under mild conditions [123]. The electrochemical conversion 
of CO2 into high-energy products has attracted attention owing to fast 
reaction kinetics, configurable conversion efficiency, controlled selec
tivity, use of reaction systems with environmental operating parameters 
(pressure and temperature), and compatibility with electricity obtained 
from renewable sources (e.g. hydropower, solar, and wind) [124]. The 
characteristic products of the electrocatalytic CO2 RR are single-carbon 
(C1) (e.g. carbon monoxide, methane, and formic acid) and multi-carbon 
(C2+) products (e.g. ethylene, ethanol, n-propanol, and acetic acid) 
[125]. However, the practical application of this process remains 
problematic because of the lack of effective electrocatalysts with good 
stability and high product selectivity, which are desirable for simpli
fying product purification and improving conversion energy efficiency 
[123]. 

The electrocatalytic process involves two processes at the cathode 
and anode, which occur in separate compartments separated by a 

membrane to prevent the reaction products from mixing (Table 5). The 
electrocatalytic CO2 RR occurs at the interface between the catalyst and 
the electrolyte, with CO2 adsorbing at the cathode and electrons trans
ferring from the cathode to CO2, leading to the desorption of the reduced 
products from the cathode. Meanwhile, oxygen is generated at the anode 
and H+ is released, which moves to the cathode, resulting in CO2 
reduction. Because of the various reaction pathways available during 
CO2 RR, the final products depend on many factors, such as the type of 
catalyst, solvent, electrolyte, and operating conditions (such as applied 
potential, temperature, and pressure of CO2) [126,127]. A typical het
erogeneous CO2 RR involves four stages: 

Adsorption of CO2 onto the catalyst surface. 
Reduction of adsorbed CO2 to intermediately reduced CO2. 
Further reduction, protonation, or other chemical reactions neces

sary for the formation of the final products. 
Desorption of end products. 
The change in the number of electrons and protons transferred in 

Stages 2 and 3 depends significantly on the adsorption energy of the 
reaction intermediates, leading to the formation of various products 
[128]. 

- adsorption of CO2 on the surface of the catalyst;. 
- reduction of adsorbed CO2 to intermediate reduced CO2;. 
- further reduction and protonation or other chemical reactions 

necessary for the formation of final products;. 
- desorption of end products. The change in the number of electrons 

and protons transferred at stages 2 and 3 significantly depends on the 
adsorption energy of the reaction intermediates and leads to the for
mation of various products [128]. 

4.1. Catalysts for electrocatalytic reduction of CO2 

As a result of the electrochemical CO2 RR, various reduction products 
ranging from C1 to C2 are formed. Despite extensive studies on CO2 RR, 
there is an urgent need to develop highly efficient and selective elec
trocatalysts capable of meeting the demands of industrial applications 
for specific products [129,130]. Various catalytic systems, including 
metals and their alloys [123,131–133] metal compounds (oxides, ni
trides, and sulphides) [44,134], metal-nitrogen-carbon structures [135, 
136], heterogeneous molecular catalysts [137], and organometallic 
frameworks (MOF), have been used as electrocatalysts for CO2 RR [138, 
139]. In this review, we consider various types of electrocatalysts 
developed over the past five years for CO2 RR. 

4.1.1. Electrocatalysts for the conversion of CO2 into products with С1 
Noble metals, including Au, Ag, and Pd, have been used in the 

electrochemical CO2 RR and exhibit excellent characteristics. However, 
their high cost and scarcity limit their widespread use [140]. Various 
metals, such as zinc and copper, are used as alternatives to noble metal 
catalysts. For example, the CuO/SnO2 heterojunction catalyst obtained 
by the hydrothermal method demonstrates a yield with respect to C1 
products with a Faraday efficiency (FE) of more than 80% [141]. The 
authors found that the CuO and SnO2 heterojunction provides a large 
number of composite interfaces that facilitate electron transfer for CO2 
RR. 

Similar results were obtained for the Cu2O/Cu composite, which was 
fabricated using a two-stage method involving thermal oxidation and 
electro-reduction; the Faraday efficiency of the HCOOH and CO prod
ucts reached 84% at − 0.7 V [142]. In situ combinational analysis 
showed that Cu+ on the Cu2O/Cu electrode inhibited hydrogen forma
tion and promoted the CO2 RR by stabilising CO2 adsorption. 

In addition to Cu-containing catalysts, carbon-based materials have 
also been investigated as electrocatalysts for CO2 RR. A catalyst doped 
with nitrogen from carbon black demonstrated a CO selectivity of 97.8% 
at a current density of 9.1 mA⋅cm-2 [143]. The results showed that the 
nitrogen content effectively improves the CO selectivity in 
nitrogen-doped carbon materials; however, excessive oxygen content 
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Table 1 
Tandem catalysts, their activity and selectivity for CO2 hydrogenation to CH4.  

Year DFMs Pre-treatment of DFM CO2 capture conditions Methanation conditions Cycle of 
adsorption/ 
methanation 

CO2 

capacity 
* 

CO2 

conversion 
* 

CH4 

yield* 
Ref. 

2015 5% Ru 10% CaO/ 
Al2O3 

4% H2/N2 

V= 26 ml/min 
T = 320оC 

10% CO2/N2 

t = 30 min T = 320oC 
P = 1 atm 

5% H2/N2 

t = 20 min 
T = 320oC 
P = 1 atm 

20 0.4 82.7 0.3 [12] 

2016 5% Ru 10% 
Na2CO3/Al2O3 

4% H2/N2 

V= 26 ml/min 
T = 320оC 

5% CO2/N2 

t = 30 min T = 320oC 
P = 1 atm 

5% H2/N2 

t = 30 min 
T = 320oC 
P = 1 atm 

3 0.5 N/A 1.05 [13] 

2016 5% Ru 10% 
K2CO3/Al2O3, 

4% H2/N2 

V= 26 ml/min 
T = 320оC 

5% CO2/N2 

t = 30 min T = 320oC 
P = 1 atm 

5% H2/N2 

t = 30 min 
T = 320oC 
P = 1 atm 

N/A 0.1 N/A 0.91 [13] 

2017 5% Ru, 10% 
Na2CO3/Al2O3 

5% H2/N2 

T-320oC 
P-1 atm 

7.5% CO2 + 15% 
H2O+ 4.5%O2 /N2 

V= 300 ml/min 
T = 320oC 
P-1 atm 

5% H2/N2 

V= 300 ml/min 
t = 30 min 
T-320oC, 
P-1 atm, 

12 0.29 73.3 0.21 [28] 

2018 5% Ru, 6.1% 
Na2O/γ-Al2O3 

5% H2/N2 

t = 15 min 
T = 320 ◦C 

7.5% CO2 + 15% 
H2O+ 4.5%O2 /N2 

t = 15 min 
GHSV= 521 h-1 

T = 300oC 
P-1 atm 

15% H2/N2 GHSV 
= 1389 h− 1 

t = 15 min 
T = 300 ◦C 
P = 1 atm 

50 0.44 80 0.35 [65] 

2019 5%Ru-6.1%Na2O/ 
Al2O3 

10-15% H2/N2 

T = 320 ◦C 
7.5% CO2 + 15% 
H2O+ 4.5%O2 /N2 

t = 40 min 
V= 30 ml/min 
T = 320oC 
P-1 atm 

10% H2/N2 

V = 30 ml/min 
t = 60 min 
T = 320 ◦C 
P = 1 atm 

N/A 0.42 75 0.32 [18] 

2022 1% Ru + 10% 
CaO/Al2O3 

20% H2/N2 

V= 16.7 ml/min 
T = 300 ◦C 

400 ppm CO2/ air 
V= 400 ml/min 
T = 25 ◦C 

15% H2/N2 

V= 100 ml/ min 
t = 30 min 
T = 300 ◦C 

3 0.45 N/A 0.3 [24] 

2022 1% Ru+ 10% 
Na2O/Al2O3 

20% H2/N2 

V= 16.7 ml/min 
T = 300 ◦C 

400 ppm CO2/ air 
V= 400 ml/min 
T = 25 ◦C 

15% H2/N2 

V= 100 ml/ min 
t = 30 min 
T = 300 ◦C 

10 0.55 N/A 0.35 [24] 

2022 Li-Ru/Al 5% H2/Ar 
T = 400 ◦C 
t = 1 h 

10%CO2/Ar t = 30 min 
T = 263oC 
T = 293oC 
T = 318 oC 

10% H2/Ar 
t = 30 min T = 263oC 
T = 293oC 
T = 318 oC 

3 
3 
3 

0.03 
0.04 
0.06 

98 
97 
95 

0.32 
0.34 
0.29 

[32] 

2023 Li-Ru/Al  5% CO2/N2 

V= 20 Sl/h 
T = 300 oC 

15% H2/ N2 

V= 20 Sl/h 
T = 300 oC 

4 0.29 89.2 0.20 [33] 

2024 Li-Ru/Al 20% H2/N2 

T = 450 ◦C 
t = 2 h 

5% CO2/N2 

V= 20 Sdm3/h 
T = 300 oC 

CO2/H2/N2 = 1/4/5 
GHSV = 33000 h− 1 

N/A 0.29 94 0.19 [41] 

2023 K-Ni/Al N2 

T = 500 ◦C 
t = 1 h 
H2 

T = 500 ◦C 
t = 1 h 

5% CO2 + 11% 
H2O+ 4.5% O2/ Ar 
T = 350 oC 

5% H2/ Ar 
V= 60 ml/min 
T = 350 oC 

7 0.35 N/A 0.32 [37] 

2023 Na-Ni/Al N2 

T = 500 ◦C 
t = 1 h 
H2 

T = 500 ◦C 
t = 1 h 

5% CO2 + 11% 
H2O+ 4.5% O2/ Ar 
T = 350 oC 

5% H2/ Ar 
V= 60 ml/min 
T = 350 oC 

7 0.23 N/A 0.19 [37] 

2023 Ba-Ni/Al N2 

T = 500 ◦C 
t = 1 h 
H2 

T = 500 ◦C 
t = 1 h 

5% CO2 + 11% 
H2O+ 4.5% O2/ Ar 
T = 350 oC 

5% H2/ Ar 
V= 60 ml/min 
T = 350 oC 

7 0.14 N/A 0.10 [37] 

2019 10%Ni – 6.1% 
Na2O/Al2O3 

10-15% H2/N2 

T = 650 ◦C 
7.5% CO2 + 15% 
H2O+ 4.5%O2 /N2 

t = 40 min 
V= 30 ml/min 
T = 320oC 
P-1 atm 

10% H2/N2 

V = 30 ml/min 
t = 60 min 
T = 320 ◦C 
P = 1 atm 

3 0.43 71 0.61 [18] 

(continued on next page) 
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inhibits the activity of the CO2 RR. 

4.1.2. Electrocatalysts for the conversion of CO2 into С2 and С2+ products 
The synthesis of C2 and C2+ products by the electrochemical CO2 RR 

is more difficult than that of C1 because of the higher energy re
quirements and slower kinetics of C-C bond formation. The most effec
tive catalysts in the CO2 RR for the synthesis of carbon products are Cu- 
based electrocatalysts because of their high catalytic activity and low 
cost [144–146]. However, high overvoltage and poor stability limit the 
further development of Cu-based catalysts [147,148]. To overcome 
these disadvantages, bimetallic Cu-based electrocatalysts have been 
proposed. For example, a Cu-Al electrocatalyst with an FE greater than 
80% was used for ethylene formation at a current density of 
400 mA⋅cm-2. Excellent catalytic efficiency was achieved by several CO 
bonding centres and the surface orientation of Cu-Al alloys [144]. 
Another example is CuBi catalysts with a high Bi content and 85.4% FE 
obtained by electrodeposition at a partial current density of 
38.4 mA⋅cm-2 [149]. In addition, the CuBi catalyst was found to possess 
strongly acidic and basic Lewis centres that contribute to the formation 
of bidentate carbonates after CO2 adsorption. The strong interactions 
between Cu and Bi, the presence of reduced copper (Cu+) particles, and 
oxygen defects on the catalyst surface determine the high efficiency of 
CO2 RR for propane. 

Recently, the authors [150] investigated a catalyst by coating Cu-I 
with a hydrophobic polytetrafluoroethylene (PTFE) polymer, and the 
FE for C2H4 was 70.2% at − 1.4 V. Studies have shown that the hydro
phobic surface of the Cu-I/PTFE electrode increases the local concen
tration of CO2, and Cu+ particles are stabilised because of the continuous 
formation of OH radicals during CO2 RR. MOF structures are also used 
because of their excellent properties, high conductivities, and large 
surface areas. Thus, CuO nanoparticles deposited on Cu-MOF nano
sheets demonstrate 50% ethylene FE at − 1.10 V. 

4.2. CO2 RR electrocatalysts for synthesis gas production 

Obtaining a highly efficient electrocatalyst with excellent stability 
for the reduction of CO2 to synthesis gas is a challenging task. Currently, 
the most effective electrocatalysts are precious metals such as gold and 
silver, owing to their selectivity and energy efficiency. Thus, catalysts 
based on the nanoporous AuCu3 alloy demonstrated CO2 RR depending 
on the surface composition; the more Cu atoms formed on the surface, 
the more H2 was formed. This was attributed to an increase in ΔGCOOH* 
and a decrease in ΔGH*. Moreover, AuCu3 exhibited a positive correla
tion between the applied potential and FE of CO, realising a CO/H2 ratio 
range of 1:5–6:1 [151]. Surprisingly, using a highly efficient catalytic 
system (nano-Ag nickel-based for CO2 RR in an electrolyte with an ionic 

Table 1 (continued ) 

Year DFMs Pre-treatment of DFM CO2 capture conditions Methanation conditions Cycle of 
adsorption/ 
methanation 

CO2 

capacity 
* 

CO2 

conversion 
* 

CH4 

yield* 
Ref. 

2019 1% Ru, 10% Ni, 
6,1% "Na2O"/ 
Al2O3 

15% H2/N2 

t = 150 min 
T = 320 ◦C P = 1 atm 

10%CO2/ N2 

T = 320 ◦C 
P-1 atm 

10%H2/N2 

V= 30 ml/min, t = 1 h 
T = 320 ◦C 

20 0.56 77 0.38 [31] 

2024 2%Ru/30%CeO2/ 
Al2O3 

N2 

V= 150 ml/min 
T = 500 ◦C 
5% H2/N2 

V= 150 ml/min 
T = 500 ◦C 

8%CO2/ N2 

T = 250 ◦C 
t = 30 min 
V= 150 ml/min 

5%H2/N2 

V = 15 ml/min 
t = 63 min 
T = 250 ◦C 

N/A 0.2 55 0.11 [40] 

2024 2%Ru/30%CeO2/ 
ZSM-5 

N2 

V= 150 ml/min 
T = 500 ◦C 
5% H2/N2 

V= 150 ml/min 
T = 500 ◦C 

8%CO2/ N2 

T = 250 ◦C 
t = 30 min 
V= 150 ml/min 

5%H2/N2 

V = 15 ml/min 
t = 63 min 
T = 250 ◦C 

N/A 0.3 32 0.09 [40] 

2021 1% Ni/CeO2-CaO 5% H2/N2 

t = 30 min 
T = 350 ◦C P = 1 atm 

15%CO2/ N2 

V= 50 ml/min, t = 1 h 
T = 550 ◦C 
P-1 atm 

100%H2/N2 

V= 50 ml/min, t = 1 h 
T = 550 ◦C 
P-1 atm 

N/A 15.3 62 8.0 [27] 

2023 20% LaNiO3/CeO2 5% H2/N2 

t = 2 h 
T = 550 ◦C P = 1 atm 

5% CO2/He 
V= 50 ml/min 

100%H2 

V= 50 ml/min, 
t = 1 h 
T = 480 ◦C 
P-1 atm 

N/A 0.11 N/A 0.074 [66] 

2023 20% 
La0.5Ca0.5NiO3/ 
CeO2 

5% H2/N2 

t = 2 h 
T = 550 ◦C P = 1 atm 

5% CO2/He 
V= 50 ml/min 
T = 480 ◦C 

100%H2 

V= 50 ml/min, 
t = 1 h 
T = 480 ◦C 
P-1 atm 

30 0.17 N/A 0.139 [66] 

2022 Ru/cube -CeO2- 
MgO 

5% H2/N2 at 
V = 50 ml/min 
T = 3 h 
T = 300 ◦C 

35% CO2/ N2 

V = 100 ml/min 
t = 1 h 
T = 300 ◦C 

5% H2/N2 

V= 50 ml/min 
t = 30 min 
T = 300 ◦C 

N/A N/A 3 0.05 [30] 

2022 Ru/particle-CeO2- 
MgO 

5% H2/N2 at 
V = 50 ml/min 
T = 3 h 
T = 300 ◦C 

35% CO2/ N2 

V= 100 ml/min 
t = 1 h 
T = 300 ◦C 

5% H2/N2 

V = 50 ml/min 
T = 30 min 
T = 300 ◦C 

N/A N/A 59.8 0.29 [30] 

2022 Ru/rod-CeO2-MgO 5% H2/N2 at 
V = 50 ml/min 
T = 3 h 
T = 300 ◦C 

35% CO2/ N2 

V = 100 ml/min 
t = 1 h 
T = 300 ◦C 

5% H2/N2 

V = 50 ml/min 
t = 30 min 
T = 300 ◦C 

9 N/A 55.7 0.33 [30] 

2023 *AMS 
promoted Ni/MgO 

100%H2 

T = 450 oC, 
65%CO2/N2 t = 15 min 
T = 300 ◦C 

50%H2/N2 t = 10 min 
T = 300 ◦C 

5 6.46 82.0 0.85 [26]  

* CO2 capture capacity (mmol/gDFM); CO2 conversion (%); CH4 yield (mmol/gDFM) 
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liquid (IL)-acetonitrile) to convert CO2 into synthesis gas, the molar ratio 
of CO/H2 in synthesis gas can be adjusted in the range of 1:5–26:1, with 
the current densities of 363.6, 458.2, and 644.7 mA⋅cm-2 at molar 
CO/H2 ratios of 1:1, 1:2, and 1:3, respectively [152]. This is comparable 
to the best results reported thus far for the electrochemical conversion of 
CO2 into synthesis gas. The high efficiency of CO2 RR-to-synthesis gas 
can be explained by the synergistic stabilising effect of nano-Ag and 
cationic IL C4/5-H for the intermediate product *COO- to form CO, as 
well as the contribution of cationic C2-H to hydrogen evolution. Addi
tionally, Pd-based electrocatalysts have demonstrated increased activity 
for the CO2 RR because of the small crystallite size, correct particle 
distribution, and the formation of a solid solution, which modifies the 
lattice parameters, causing better adsorption for the CO2 RR. Pd nano
particles are known to absorb H2 in their lattice structure, which con
tributes the hydrogenation of the intermediate CO2 * to generate CO2 
reduction products. Thus, Pd-Cu2O/C and Pd-SnO2/C catalysts are 
suitable for the highly selective development of CO2 RR electrocatalysts 
for pollution control and the production of useful chemical products and 
fuels at room temperature [153]. In work [154], Pd catalysts on tran
sition metal nitride (TMN) substrates were studied. The authors found 
that Pd-modified niobium nitride (Pd/NbN) generates much higher CO 
and H2 partial current densities and greater CO FE than Pd-modified 
vanadium nitride (Pd/VN). This indicates that NbN is a promising sub
strate for Pd modification, resulting in increased electrochemical con
version of CO2 into synthetic gas with a potential reduction in precious 
metal content. However, the main disadvantage of noble metal-based 
catalysts is their high cost. Researchers have continued to explore 

unconventional combinations of electrocatalysts to open new avenues 
for electrocatalysis. One such exciting achievement is the integration of 
Cu with In as an electrocatalyst, demonstrating the versatility and po
tential of this field. Thus, the use of Cu-In hydroxides with a controlled 
composition (CuxIny-OH) showed that the selectivity of the CO2 reduc
tion products shifted from CO to formate with increasing the In content 
of the CuxIny-OH electrocatalysts. The high copper electrocatalyst 
mainly produced CO, reaching FE up to 75.8% at − 0.59 V[155]. 

Although zinc and nickel alloys have demonstrated their use as 
electrocatalysts, iron is another widely studied and versatile material in 
electrochemistry. In [156], the authors designed an electrocatalyst with 
Fe-containing double active centres on N-doped porous carbon 
(Fe/FeN4C) to stimulate the CO2 RR for controlled synthesis gas pro
duction. The Fe/FeN4C catalyst exhibits high (FE) CO and H2 equal to 
100%, high overall current density (>39.33 mA⋅cm-2) and wide H2/CO 
ratio (1.09–7.08). Density functional theory calculations indicate that 
individual Fe atoms dispersed in the N-doped carbon structure, along 
with the inclusion of Fe nanoparticles, can reduce the *CO adsorption 
energy, thereby synergistically enhancing the catalytic activity. 

Recently, N-doped porous carbon materials containing base metals 
(called "M-N-C") have formed a group of functional materials to replace 
precious metal-based catalysts for the electrochemical CO2 RR. Gas 
sorption tests revealed a typical mesoporous structure with sufficient 
open active centres and convenient mass transfer channels. M-Ni-N-C 
electrocatalysts exhibit high catalytic activity when using a wide range 
of raw materials and are easily scaled up in production, contributing to 
the further development of advanced, economical M-N-C 

Table 2 
Recent photocatalysts over the past five years, their productivity and selectivity in CO2 conversion.  

Photocatalyst Light source Reactant Products Reaction rate (µmol (g h)− 1) / 
Quantum efficiency 

Selectivity Ref. 

mCD/CN 300 W Xe lamp (420 nm) CO2 + H2O CH3OH 13.9 / 2.1% 99.6% [72] 
Cu2O-Pt/SiC/IrOx 300 W Xe lamp (λ ≥ 420 nm) CO2 + H2O HCOOH 896.7 - [79] 
C-Bi2WO6s 300 W Xe lamp NaHCO3 + H2SO4 + H2O CH3OH and C2H5OH 1.15 and 0.65 - [80] 
SnxNb1− xO2 300 W Xe lamp, 200 mW/cm2 - CH3OH, CH3CHO 

and C2H5OH 
5.25, 13.25 and 130.36 - [81] 

3D-ZnIn2S4 300 W Xe lamp (AM 1.5 G filter) CH3CN + TEOA CO 276.7 - [82] 
TiO2 @ZnIn2S4 CSHS 300 W Xe lamp NaHCO3 + H2SO4 + H2O CO, CH3OH and CH4 9.28, 4.78 and 4.26 - [83] 
3D-Cd0.8Zn0.2S 300 W Xe lamp CO2 + H2O CO 13.8 89.9% [84] 
TiO2/NG HS 300 W Xe lamp NaHCO3 + H2SO4 CO, CH3OH and CH4 18.11 (Total) - [85] 
AgBr/BiOBr 300 W Xe lamp CO2 + H2O CO and CH4 212.6 and 5.7 - [86] 
5 wt% Ni2P/CdS 300 W Xe lamp (420 nm), 

2.75 W/cm2 
CO2 + DMF + TEA CH3OH 2843 - [87] 

Ag/H2SrTa2O7 300 W Xe lamp (λ > 200 nm) CO2 + H2O CO 0.39 60.9% [88] 
HCP-TiO2-FG 300 W Xe lamp (420 nm), 

433 W/cm2 
NaHCO3 + H2SO4 CH4 27.62 83.7% [90] 

CNNA/rGO 350 W Xe arc lamp (AM1.5 filter) CO2 + H2O CO, CH4, CH3OH 
and C2H5OH 

6.65, 4.30, 0.53 and 1.15 87% [91] 

3Cs3Bi2Br9/Bi-MOF 300 W Xe lamp CO2 + H2O CO 572.24 - [50] 
A-PCN/CdSe–DETA 300 W Xe lamp (λ > 420 nm), 

5.56 mW/cm2 
NaHCO3 + H2SO4 CO 25.87 - [52] 

2D/2D Ti3C2/porous 
g-C3N4 

300 W Xe arc lamp (λ > 200 nm) CO2 + H2O CH4 0.99 - [51] 

0D/3D Cu-NPs/g- 
C3N4 

300 W Xe lamp 
(350 nm–780 nm) 

CO2 + H2O CO 10.247 97.9% [94] 

MAPbI3 @PCN-221 
(Fe0.2) 

300 W Xe lamp (420 nm), 
100 mW/cm2 

CH3CN + H2O CO and CH4 104 and 325 34% and 
66% 

[96] 

S-K0.475WO3 300 W Xe lamp Na2CO3 + H2SO4 CH4 5.27 87.6% [98] 
Ni(OH)2-10%GR 300 W Xe lamp (λ ≥ 420 nm), 

405 mW/cm2 
MeCN + TEOA + H2O CO 10725 96% [116] 

Pt@Zn-TPY-TTF CPG 300 W Xe lamp (400–750 nm) CH3CN + TEA + H2O CH4 292 97% [117] 
TiO2/rGO 300 W Xe lamp (400 nm), 

2.75 mW/cm2 
CO2 + TEOA + H2O CH4 49 / 3.17% - [118] 

Bi2MoO6- 
SOVs@In2S3 

300 W Xe lamp (λ ≥ 420 nm), 
21 mW/cm2 

CO2 + H2O CO 28.54 94.1% [119] 

NiPc–NiPOP white LED (400 nm ≤
λ ≤ 800 nm) 

MeCN + TEOA + H2O CO 1942.5 96% [120] 

MoS2 @COF 300 W Xe lamp, (420–780 nm), 
209 mW/cm2 

H2O+ CH3CN + [Ru(bpy)3] 
Cl2⋅6 H2O + TEOA 

C2H6 56.2 83.8% [100] 

CoNi–COF-3 300 W Xe lamp (400 nm) H2O+ CH3CN + [Ru(bpy)3] 
Cl2⋅6 H2O + TEOA 

CO 2567 92.2% [101]  
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Table 3 
CO2 RR electrocatalysts for C1 and C2 products.  

Year Reactor 
type 

Catalyst Electrolyte Current 
density 
(mA⋅cm-2) 

Potential 
(V) 

Stability 
(h) 

FE, % Products Ref. 

2020 H-type 
cell 

MFM-300 (In) 0.5 M EmimBF4 (1-ethyl-3- 
methylimidazolium 
tetrafluoroborate 

46,1 -2,15 2 99,1% HCOOH [164] 

2023 H-type 
cell 

Fe/Ni-NC - 4.5 - 0677 40 92,9 СО [159] 

2023 H-type 
cell 

ZnSn(OH)6 (MCs) 0,5 mol•L-1 KHCO3 7,31 -0,9 ~ 
− 1,3 

12 71,88% HCOOH and CO [165] 

2023 - Cu-I/PTFE - - -1,4 - 70,2% C2H4 [143] 
2023 H-type 

cell 
Cu2O/Cu 0,1 М KHCO3 12,212 -0,7 10 52%/22% HCOOH and CO [142] 

2022 flow cell Ni@NC - 220 -0,87 100 98% CO [166] 
2023 H-type 

cell 
Ni-Ag/PC-N 0,1 М KHCO3 12.6 -0,8 - 99.2 CO [158] 

2023 - CuZn-SAs/NC 0,1 М KCl 49.7 - 1,1 45 84,7% CH4 [160] 
2021 flow cell Cu/CeO2 1,0 М КОН - -0,7 - 78,3% C2H4 [167] 
2021 H-cell Cu-MOF 0,5 М KHCO3 - -1,17 - 50% C2H4 [168] 
2020 flow cell Cu-Al - 400 1,5 - 80% C2H4 [144] 
2023 H-type 

cell 
Cu2O/Ag 0,5 М KHCO3 17.8 -1,2 16 66.8% C2H4 [161] 

2021 H-type 
cell 

Cu-N-C 0,1 М KHCO3 CO = 0.4 
HCOOH 
= 1.4 

-0.6/− 0.9 - 38.1%/ 
40.8% 

HCOOH and CO [169] 

2021 flow cell 
(MEA) 

Cu-DS 0,1 М KHCO3 100 0,7 30 53%/18% C2H5ОН and 
C3H7OH 

[121] 

2021 H-type 
cell 

CuO-ZnOx without N- 
doped graphene support 

0,1 М KHCO3 3.74 -0,80 12 15%/ 
22,3%/ 
10.2%/20% 

CH3ОН C2H5ОН, 
n-C3H7ОН, 
HCOOH 

[170] 

2022 - CuO–ZnO–MoS2 - 121 -0.6 and 
− 0.9 

- 24,6% and 
11,1% 

CH3ОН and 
C2H5ОН 

[171] 

2022 - CuCo-MOF-74 - 19.28 -0.75 110 79.2% C2 products [162] 
2022 flow cell Ag@C@Cu 1,0 М КОН 126 -0.64 - 31.5% C2H5OH [17] 
2022 - CuO/Ni SAs - 1220,8 - - 54.1%/ 

28.8% 
C2H5OH, C2H4 [163]  

Table 4 
Characteristics of catalysts for electrocatalytic reduction of CO2 to synthesis gas over the past 5 years.  

Year Catalyst Electrolyte Current density (mA cm-2) 
Molar ratio (CO/H2) 

Adjustable range of molar CO/H2 ratio Stability 
(h) 

FE of CO Ref. 

2023 AuCu3 0,1 mol•L-1 KHCO3 < 100 0,20-6 10 95% [151] 
2023 nano-Ag@Ni [C4mim][PF6]/MeCN 363,6 (1:1) 

458,2 (1:2) 
644,7 (1:3) 

0,2-26 10 96.1% [152] 

2018 Ag2S 0.1 M KHCO3 70 - 40 87.4% [172] 
2018 CdS KHCO3 27.1 mA cm-2 0.25-4 10 81% [173] 
2021 MoS2 EMIM-BF4 42,2  30 91.5% [174] 
2020 Pd/C, Pd/NbN, Pd/VN 0,5 mol•L-1 NaHCO3 0,4 (3:4) 0,16-0,74 3 38,4 [154] 
2020 Pd-Cu 0,1 mol•L-1 Na2SO4 – 0-0,1 > 8 - [175] 
2021 Pd/C, Pd-Cu2O/C, Pd-SnO2/C 0.1 M KHCO3 ~3  10 - [153] 
2021 Cu-In 0.1 M KHCO3 ~10 - 10 75.8% [155] 
2020 SnO2/CuS 0,1 mol•L-1 KHCO3 ~5 (1:1) 

~3 (1:3) 
0,11-3,86 24 85% [176] 

2020 Zn-Ni 0,1 mol•L-1 KCl 8,4 (11:9) – 48 ~50% [177] 
2022 BiZn/NC 0,5 mol•L-1 KHCO3 < 13 0,20-2,92 10 74,5% [178] 
2019 ZnxCd1− xS-amine 0,5 mol•L-1 NaHCO3 ~6 (1:1) 0-19,7 10 60% [179] 
2020 Co@CoNC 0,5 mol•L-1 KHCO3 25 (2:1) 0,25-5 20 ~60% [180] 
2020 Co and Ni 0,5 mol•L-1 KHCO3 > 74 0,23-2,26 7 ~53% [181] 
2021 HPC-Co/CoPc (5:1) 1 mol•L-1 KHCO3 90 (1:1) 

130 (1:2) 
225 (1:3) 

0,33-1,21 30 91.5% [182] 

2019 γ-In 2 Se 3 30 wt% [Bmim][PF6] 
65 wt.% MeCN  
5 wt.% H2O 

90,1 (1:1) 0,33-24 25 96.5% [183] 

2022 Fe/FeN4C 0,5 mol•L-1 KHCO3 > 39,33 1.09-7.08 15 90% [156] 
2019 Fe3+-NC 0,5 mol•L-1 KHCO3 < 100 0,25-2,00 30 90% [184] 
2020 CNTA 0,5 mol•L-1 NaHCO3 < 40 0,55-3,03 10 75% [185] 
2022 Ni-N-C 0.5 M KHCO3 21.29  7 95.85% [186] 
2019 PCN 0,5 mol•L-1 NaHCO3 < 10 0,67 24 42% [187]  
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electrocatalysts. Electric CO2 reduction is a sustainable approach for 
producing synthesis gas with controlled ratios, which is required as a 
specific reagent to optimise various industrial processes. However, 
controlled synthesis gas production with a wide range of CO/H2 ratios 
while maintaining a high current density is difficult. 

Based on the aforementioned information, it is difficult to determine 
the "best" catalyst without additional context or specific criteria. How
ever, a Ni-based nano-Ag catalyst has been used to convert CO2 into 
synthesis gas. This catalytic system provided a high degree of control 
over the CO/H2 ratio during synthesis gas production while achieving a 
current density comparable to the previously published results. Its 
effectiveness is explained by the synergistic effect of nano-Ag and 
cationic IL, making it a promising candidate for CO2 conversion. Owing 
to the innovative combinations of materials and the strategic design of 
catalysts, the field of electrocatalysis for the CO2 and synthesis gas 
production continues to develop. Unconventional combinations, con
ventional materials, and catalysts alloyed with base metals contribute to 
expanding the possibilities of achieving high efficiency, a controlled 
product ratio, and cost-effective solutions for the sustainable synthesis 
gas production. These developments can revolutionise industrial pro
cesses and contribute to a greener and more sustainable future. Porous 
carbon materials doped with nitrogen and base metals, viz. "M-N-C", 
have emerged as a promising class of functional materials for replacing 
precious metal catalysts in the electrochemical CO2 RR. Similarly, Fe/ 
FeN4C catalyst took advantage of both the porous carbon structure and 
nitrogen-doped active centres. Despite the challenges in achieving 
controlled synthesis gas production with a wide range of CO/H2 ratios 
while maintaining a high current density, the development of the Fe/ 
FeN4C catalyst is a promising step forward. Its adjustable H2/CO ratio 
and improved catalytic activity provide potential solutions to these 
problems, paving the way for sustainable and optimised industrial 
processes. As researchers continue to explore the possibilities of Fe- 
based electrocatalysts and their integration into practical applications, 
the field of electrocatalysis is at the forefront of shaping a more sus
tainable future. 

4.3. Tandem materials for CO2 capture and electrochemical reduction 

Among various strategies for improving electrocatalytic systems, 
tandem materials are a way to achieve promising results. Currently, 
there is increasing interest in the development and use of tandem ma
terials that combine the capabilities of CO2 adsorption and electro
chemical reduction of CO2. Tandem materials involves the use of two or 
more electrocatalytic systems that operate in series or parallel to achieve 
better performance and efficiency. This eliminates the shortcomings of 
each individual system and improves overall performance. The oper
ating principle of tandem materials is to capture CO2 from the atmo
sphere or other sources and then electrochemically reduce it to produce 
multicarbon products. By combining multiple chemical reactions, tan
dem catalysts increase the kinetic rate of the overall reaction and 
improve the Faraday efficiency of the products [157]. Based on the 
composition of tandem process catalysts, CO2 RR can be divided into 
copper and copper-free tandem catalysts. In tandem catalysis, the 

combination of catalysts, the assembly of two active groups, the porous 
structure and the reaction conditions have a significant impact on the 
resulting product [14]. For example, Zeyu Guo et al. [158] studied a 
Ni-Ag/PC-N catalyst prepared by cascade pyrolysis method, which FECO 
reaches 99.2% at − 0.8 V. Experimental data confirm that the syner
gistic Ni-Ag diatomic sites in the Ni-Ag/PC-N catalyst promote the 
physical adsorption of CO2 molecules and stabilize the *CO2

– bicarbonate 
species. Calculations (DFT) show that the coordinated Ni atom reduces 
the energy barrier to the formation of *COOH intermediates on the 
Ni-Ag/PC-N surface, while the Ag atom reduces catalyst poisoning. 

On the other hand, recently, reducing the cost of the catalyst and 
increasing its performance through the use of catalysts based on alloyed 
carbon materials, including transition metals, has attracted much 
attention. Thus, the Fe/Ni-N-C composite using an H-type cell demon
strates an efficiency of 92.9% at 0.677 V [159]. At the same time, 
theoretical calculations carried out using DFT methods showed that 
carbon doped with bimetallic nitrogen Fe and Ni effectively reduces the 
energy barriers to the formation of intermediates *COOH and *CO for 
CO, and the synergistic effect of bimetals effectively increases the rate of 
charge transfer. The heterodoping method was used in the synthesis of 
bimetallic catalysts to eliminate the disadvantages associated with the 
low activity of monoatomic catalytic systems. An example is a 
copper-zinc bimetallic monatomic catalyst supported on microporous 
nitrogen-doped carbon substrates (CuZn-SAs/NC), which gives an FE for 
CH4 of 84.7% and at − 49.7 mA⋅cm-2, respectively. In addition, the 
catalyst showed stability for 45 h. The high efficiency of the catalyst is 
explained by the atomically dispersed Cu-Zn centers and the synergistic 
effect of the active centers of Cu and Zn, which significantly accelerated 
the formation of CH4 [160]. 

Several studies have reported that Ag-Cu catalysts improve C2H4 
selectivity. Thus, a Cu2O/Ag tandem catalyst is used to produce C2H4, 
while Cu2O/Ag exhibits electrochemical characteristics with a current 
density of 17.8 mA⋅cm-2 and an ethylene selectivity of 66.8% at − 1.2 V 
[161]. The authors claim that the high catalytic activity and selectivity 
for the C2H4 product is due to the synergistic effect of the crystal face 
control technology and tandem catalysis. Metal-organic frameworks 
(MOFs) have multiple active sites to capture CO2 and convert it into 
valuable products. He et al. [162] synthesized a CuCo-MOF-74 catalyst 
derived from MOF designed with Co3O4 and CuOx centers for efficient 
electroreduction of CO2 to C2 products. This catalyst showed good ac
tivity towards CO2 RR in C2 with Faraday efficiency (FE) up to 79.2% 
and current density of 19.28 mA⋅cm-2, when operating at − 0.75 V. 
Based on experimental and DFT results, they proposed that CO2 could be 
efficiently converted to CO at Co3O4 sites, forming a local CO-enriched 
environment around adjacent CuOx sites and further accelerating the C2 
formation process. 

In [17] the authors synthesized Ag@C@Cu nanoparticles (NPs), 
including a silver core and a copper shell, separated by a carbon inter
mediate layer, reaching FE C2H5OH 31.5% at − 0.64 V with an Ag/Cu 
ratio of 0.1. They demonstrated that the synergistic effect promotes the 
selectivity of ethanol over ethylene by increasing the *CO coverage on 
the copper surface. However, such a strategy remains a challenge for 
high-speed production of C2+ products due to the limitation of 
long-distance CO transport to the point of consumption. A tandem 
CuO/Ni SAs catalyst for C2+ products with a Faraday efficiency FE (C2+) 
of 81.4% was also obtained, including ethylene (FE 54.1%) and ethanol 
(FE 28.8%) at a high current density of 1220.8 mA⋅cm-2. The efficiency 
of the CuO/Ni SAs catalyst is attributed to its co-loading of nano
structures [163]. 

Thus, according to research, the importance of tandem materials lies 
in their ability to combine various properties such as strength and 
corrosion resistance to achieve optimal performance of electrocatalysts, 
however, disadvantages such as complexity of production and high cost 
require further research for more efficient development and availability 
of electrocatalysts. Further improvement of tandem catalysts may lead 
to the creation of more efficient catalysts, the search for new materials 

Table 5 
Standard electrode potentials (Eo) for selected CO2RR reactions [128].  

Electrode Hall Cell Reaction E0 (V vs. SHE) 

Cathode 
Anode 

CO2 + 2 H+ + 2e- → CO + H2O 
CO2 + 2 H+ + 2e- → HCOOH 
2CO2 + 2 H+ + 2e- → H2C2O4 

CO2 + 4 H+ + 4e- → HCOH + H2O 
CO2 + 6 H+ + 6e- → CH3OH + H2O 
CO2 + 8 H+ + 8e- → CH4 + 2 H2O 
CO2 + 12 H+ + 12e- → C2H4 + 4 H2O 
2 H+ + 2e- → H2 

2 H2O→ O2 + 4 H+ + 4e- 

-0.106 
-0.199 
-0.475 
-0.070 
0.030 
0.169 
0.064 
0.000 
1.230  
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and structures to improve the stability and selectivity of the process. 
Therefore, it is important to focus on developing and scaling such 
technologies for their successful commercialization. 

5. Conclusions and future perspectives 

Global climate change is one of the most serious threats to humanity, 
affecting economic, social, and environmental aspects of our lives. The 
main driver of these changes is an increase in greenhouse gas emissions, 
particularly carbon dioxide, which has the greenhouse effect. Modern 
global efforts aim to reduce CO2 emissions and achieve carbon 
neutrality. Numerous commitments and programs, notably, the Paris 
Agreement, have been undertaken by various countries and regions. 
However, obstacles such as high investment requirements, uncertainty 
in CO2 storage, technical difficulties, and low public support necessitate 
finding new and effective solutions. Carbon capture, conversion, and 
storage (CCUS) technologies involving various conversion methods are 
promising for reducing CO2 emissions. Notably, research into catalytic, 
electrocatalytic, and photocatalytic methods for capturing CO2 and its 
further transformation is promising from environmental and economic 
viewpoints. 

The CO2 capture and disposal in the presence of DFMs allows the 
extraction of CO2 from exhaust gas streams and converts it into value- 
added products. However, the practical application of this process re
quires comprehensive engineering efforts as well as economic and 
technical analyses. One solution is to develop inexpensive materials 
capable of capturing and converting CO2 at lower temperatures. In 
addition, a deeper understanding of the interactions between catalysts 
and adsorbents is required. During CO2 capture and methanation, DFMs 
exhibit the best catalytic activity and selectivity for CH4 at a temperature 
of 300 ◦C. At this temperature, DFMs based on precious metals exhibit 
good activity; however, their main drawback is their high cost. Ni-based 
DFMs can be an alternative to noble metals; however, they can be used 
only in the absence of oxygen in the reaction mixture. To develop a 
suitable DFM for CO2 capture and methanation, additional studies on 
the synergy between the adsorbent and catalyst are required, as the 
transfer of CO2 from the adsorbent to the catalytic centres is a key stage 
of methanation. In addition, more in-depth studies of the interactions 
within the DFM are required to understand the methanation process and 
design the catalyst effectively. The future development of CO2 capture 
and disposal in the presence of DFM will be determined by an economic 
assessment of the process. The CO2 capture and DRM require a high 
temperature (>500 ◦C). At this temperature, Ni- and CaO-based DFMs 
are highly applicable. However, the main reason for the decreased cat
alytic activity of the DFM is the sintering of CaO and the agglomeration 
of active metals at high temperatures. CO2 capture and in-situ catalytic 
conversion are still in their infancy. CO2 capture and catalytic conver
sion in the presence of DFM is a cost-effective CO2 utilisation strategy 
that combines extensive CO2 capture and conversion research while 
providing solutions to pressing environmental needs. 

In the long run, the conversion of CO2 into valuable fuels using solar 
energy has the potential to accumulate an infinite source of energy in the 
form of chemically rich substances. Although the photocatalytic con
version of CO2 into carbon fuel is under development, additional sci
entific and engineering research efforts are required. The main obstacle 
to the successful implementation of this process is the poor efficiency of 
photocatalysts capable of reducing CO2 under visible light. Despite 
constant improvements in photocatalyst performance, defect introduc
tion and their morphology optimisation, composite formation, cocata
lyst use, and collaboration with adsorbents, the actual efficiency of 
photocatalytic systems is still far from being on par with other methods 
for CO2 recovery. In addition, the poor performance of photocatalytic 
reactors hinders their commercialisation. Therefore, future studies 
should focus on the following approaches to improve the photocatalytic 
reduction of CO2 into chemical fuel: developing more efficient photo
catalytic materials capable of operating effectively in visible light, 

improving the design of photocatalytic reactors for more efficient re
agent transport and radiation, ensuring the stability of photocatalytic 
systems, and combining the photocatalytic process with other methods 
such as CO2 capture, thermocatalysis, and electrocatalysis to achieve 
higher efficiency and efficient resource use. 

Industrial-scale CO2 capture and its utilisation into methane and 
synthesis gas require either high temperatures (>500 oC) or high pres
sures (>20 bar). In addition, these processes require relatively expensive 
reducing agents (such as H2 and CH4) to convert CO2 into the target 
products. Therefore, it is important to develop materials that are active 
in the conversion of CO2 under mild conditions. Photocatalytic or 
electrocatalytic CO2 reduction is a promising approach for carbon di
oxide disposal. However, the main problem with the electrocatalytic 
reduction of CO2 is the multiplicity of proton and electron transfer 
processes, as well as the chemical inertia of the CO2 molecule. In addi
tion, high reagent purity is required to avoid the toxic effects of impu
rities on electrocatalysts and equipment. Recently, many 
electrocatalytic systems, along with various strategies for increasing the 
activity and selectivity of the catalysts, such as regulation, morpholog
ical structure, and surface/interface engineering, have been studied for 
the electrocatalytic reduction of CO2. The development of inexpensive 
and highly stable catalysts with improved activity and selectivity re
quires systematic research. Currently, some single-carbon (C1) products 
have achieved an FE up to 95%; however, overvoltage optimisation is 
still required. Owing to the competing hydrogen release reactions and 
multiple reduction pathways, the FE of the CO2 reduction products, 
particularly multicarbon C2+ products, requires improvement. The poor 
stability of electrocatalysts is another challenge for large-scale CO2 
reduction applications. 

By analysing modern achievements in this field, it can be concluded 
that the processes of CO2 capture and utilisation using catalytic methods 
represent a promising strategy for the transition to a more sustainable 
energy and industrial economy. Highlighting the prospects for the 
development of this area, we can draw the following conclusions: 

Economic Analysis: One of the key steps towards the practical use of 
CO2 capture and utilisation processes using the DFM is to conduct a 
comprehensive economic analysis. A comprehensive assessment of the 
production costs and benefits will help determine the practical feasi
bility of these methods. 

Development of low-cost materials: The development of more afford
able and stable DFM materials capable of capturing and converting CO2 
at low temperatures is a priority. This will help reduce production costs 
and expand the scope of their application. 

Research on the synergism of catalysts and adsorbents: A deep under
standing of the interactions between adsorbents and catalysts is 
important for improving the efficiency of CO2 capture and conversion 
processes. 

Photocatalytic and electrocatalytic conversion: Continued research in 
the field of the photocatalytic and electrocatalytic conversion of CO2 
will create more efficient methods for converting CO2 into valuable 
chemical compounds. 

Engineering and technological innovations: The development of new 
technologies and engineering solutions for scaling CO2 capture and 
disposal processes using the DFM will create efficient and sustainable 
production processes. 

Integration of methods: In the future, consideration should be given to 
integrating CO2 capture and disposal methods with DFM, along with 
other methods, such as thermocatalysis and electrocatalysis, to achieve 
higher efficiency and maximise the use of available resources. 
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АННОТАЦИЯ

Изучены фотоэлектрохимические свойства фотокатализаторов на основе композита SrTiO3/многослойный графен, 
синтезированного из биоотходов методом электроспиннинга, как перспективных и недорогих элементов и графен, 
полученный из рисовой шелухи и скорлупы грецкого ореха, как со-катализатор для производства водорода (Н2) 
путем разложения воды, которые впервые использованы в фотокаталитической системе. Результаты показали, 
что наличие нескольких слоев графена уменьшает ширину запрещенной зоны фотокаталитической системы 
и способствует эффективному разделению фотоиндуцированных зарядов. Материал – многослойный графен, 
синтезированный из биоотходов/SrTiO3, проявил более высокую скорость выделения водорода, чем чистый 
SrTiO3. Полученные результаты могут быть использованы для создания новых и эффективных фотокатализаторов 
на основе материалов, синтезированных из биоотходов, с улучшенными свойствами для расщепления воды.

Ключевые слова: фотокатализатор; расщепление воды; графен; получение водорода.

1. Введение

Использование фотокаталитических материа-
лов для преобразования энергии солнца в водо-
род является многообещающим методом полу-
чения экологически чистой энергии [1]. Однако 
большинство способов, применяемых в настоя-
щее время в водородной энергетике, имеют ряд 
ограничений, включая низкую эффективность 
разделения зарядов, слабое преобразование сол-
нечного облучения из-за широкой запрещенной 
зоны полупроводникого материала и поверхност-
ной морфологии, слабую подвижность фотоинду-
цированных носителей заряда, а также высокую 
стоимость [2]. Единственным способом реше-
ния этих проблем является синтез композитных 
фотокаталитализаторов на основе благородных 
[3], переходных металлов [4] и неметаллических 
элементов [5]. Синергия современных способов 
синтеза фотокатализаторов и нанотехнологий 
способствует получению новых эффективных си-
стем для получения водорода за счет эффектив-
ного разложения воды [5] и может открыть путь 

для крупномасштабного фотокаталитического 
применения [6, 7].

Применение графена в фотокаталитических 
системах может повысить их эффективность бла-
годаря уникальным оптическим и электрическим 
свойствам материала, а также его химической 
стабильности. В исследовании [5] авторы пока-
зывают, что графен может сам по себе обладать 
фотокаталитической активностью, например, в 
процессе выделения водорода. Графен также мо-
жет улучшить эффективное разделение фотогене-
рируемых зарядов путем быстрой передачи фото-
индуцированных зарядов, что приводит к высокой 
плотности тока при облучении солнечным светом. 
На сегодняшний день проведено множество иссле-
дований по созданию наноматериалов на основе 
графена, в том числе различных композитов [8, 9]. 
Для получения графена используют разные мето-
ды, в том числе механическое расслоение графита, 
парофазное химическое осаждение и карбониза-
ция биомассы и отходов [10-13]. Хотя эти методы 
позволяют получить графен хорошего качества, 
его широкое практическое использование ограни-
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чено высокой стоимостью. Использование биоло-
гических отходов для получения графена является 
активной исследовательской областью. Несмотря 
на то, что полученный материал может содержать 
дефекты, он все же обладает оптическими и элек-
трическими свойствами чистого графена.

Изучение скорости фотокаталитического по-
лучения Н2 при использовании композитной 
структуры на основе SrTiO3 и графена представ-
ляет большой интерес, поскольку SrTiO3 является 
наиболее эффективным фотокатализатором [14]. 
Добавление графена в композитную структуру 
способствует эффективному разделению и пере-
носу фотогенерированных носителей зарядов, а 
также позволяет повысить эффективность преоб-
разования энергии солнца благодаря своим уни-
кальным оптическим свойствам. 

В данной работе были изготовлены компо-
зитные структуры на основе синтезированного 
SrTiO3 с добавлением графена, полученного из 
рисовой шелухи. Выбор графена был обусловлен 
их фотоактивностью при разложении воды под 
воздействием солнечной энергии и ожидаемым 
повышением фотоэффективности по выделению 
Н2 за счет использования этого композита. Для 
создания композитных структур на основе син-
тезированного SrTiO3 с добавлением графена был 
использован метод электроспиннинга. Этот метод 
является простой и эффективной технологией по-
лучения одномерных нановолокон из полимеров, 
неорганических материалов и композитов. Нано-
волокна, синтезированные электроспиннингом, 
обладают более высокой удельной площадью по-
верхности, более высоким соотношением сторон 
и лучшей пористостью структуры по сравнению 
с материалами, полученными другими метода-
ми. Это, в свою очередь, благоприятно оказывает 
влияние на фотокаталитическую активность по 
выделению Н2 при солнечном облучении.

2. Материалы и методы

2.1. Синтез SrTiO3

Для синтеза SrTiO3 использовали исходные ма-
териалы, включая Sr(NO3)2 (чистотой > 98%, Sigma 
Aldrich), TiO2 (Sigma Aldrich, с размером частиц: 
0,27 мкм, 0,35 мкм, 0,48 мкм) и (COOH)2*2H2O 
(более 99,5%, Sigma Aldrich). Синтез осуществля-
ли методом химического осаждения из раствора 
TiO2 и Sr(NO3)2, а затем проводили кальцинацию 
при 1100 °C в течение 1 ч. Для получения одно-
родных частиц без примесей в растворе использо-
вали TiO2 и Sr(NO3)2 при соотношении 1:1.

2.2. Синтез графена

Для получения графена из биологических от-
ходов использовали рисовую шелуху (РШ) и скор-
лупу грецкого ореха (СГО) в качестве источника 
углерода, KOH как химический активатор и аргон 
для защиты от окисления. РШ и СГО измельчали 
и карбонизовали при температуре 500 °C в тече-
ние 100 мин с помощью аргона. Затем карбони-
зованные материалы активировали с помощью 
гидроксида калия при температуре 150 °C в тече-
ние 5 ч. Далее проводили термохимическую акти-
вацию при скорости подачи инертного газа ~250 
sccm, температуре 850 °C и времени активации 
60-90 мин. Образцы промывали дистиллирован-
ной водой и сушили в два этапа при температурах 
120 и 150 °C в вакуумной сушильной камере для 
удаления соединений калия и получения готовых 
образцов графена.

2.3. Электроспиннинг

Для синтеза фотокаталитического композита 
графен/SrTiO3 использовали метод электроспин-
нинга, позволяющий формировать волокна с раз-
личными диаметрами из раствора в зависимости 
от параметров процесса. Электроспиннинг прово-
дили при напряжении 16 кВ, комнатной темпера-
туре, при скорости шприцевого насоса 1,5 мл/ч. 
Коллектором служила алюминиевая фольга (ди-
аметр 20 см), находящаяся на расстоянии 15 см 
от иглы. Фольгу заменяли каждые 1,5 ч в период 
работы. Были использованы различные типы гра-
фена и синтезированный титанат стронция.  

Полимерный раствор готовили из полиакри-
лонитрила (ПАН) средней молекулярной массы 
1,300,000 (от Sigma Aldrich), который растворя-
ли в 99,5% этаноле. Затем к раствору полимера 
добавляли 0,01 г нанопорошка SrTiO3 и 0,015 г 
графена (R-FLGr, W-FLGr и C-Gr от «Cheap tubes 
inc», чистота 99%, толщина 0,7-1,2 нм, размер ча-
стиц менее 450 нм). Полученные волокна подвер-
гали термостабилизации при 180 °C в течение 15 
мин с последующей карбонизацией при 500 °C в 
кислородной атмосфере.

2.4. Определение фотокаталитической актив-
ности полученных образцов 

1 г смеси композитных фотокатализаторов 
графен/SrTiO3 растворяли в 20 мл раствора (во-
да-спирт), содержащего 15% метанола, и пере-
мешивали в течение 30 мин. Для оценки фото-
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каталитической активности образцов в процессе 
разложения смеси воды-метанола и выделения 
основных газов (водород, азот, кислород, оксид 
углерода и диоксид углерода) применяли хро-
матограф Chromos-1000 с использованием 3 мм 
колонок, заполненных NaX и PORAPAK Q. Фо-
токаталитическое разложение проводили с ис-
пользованием ультрафиолетовой лампы мощно-
стью 120 Вт.

2.5. Методы исследования 

Для анализа морфологии поверхности частиц 
и нановолокон SrTiO3 использовали сканирую-
щий электронный микроскоп QUANTA 3D 200i 
(FEI, США) с ускоряющим напряжением 15 кВ. 
XRD-анализ проводили на рентгеновском диф-
рактометре Drone-8 с углами поворота блока 
детектирования в диапазоне от 100° до 168° и 
минимальным шагом перемещения блока детек-
тирования 0,001°. Допустимое отклонение блока 
детектирования от заданного угла поворота со-
ставило ±0,015°.

Проводили измерение пропускания и отра-
жения света в волокнах, состоящих из SrTiO3 с 
добавлением графена, с помощью спектрофо-
тометра Shimadzu UV-3600, оснащенного тремя 
детекторами: фотоумножителем для работы в 
УФ и видимом диапазоне, полупроводниковым 
детектором InGaAs и охлаждаемым детектором 
PbS для эксплуатации в ближнем инфракрасном 
диапазоне. Указанный прибор обеспечивает ши-
рокий спектр спектрального анализа, включая 
ультрафиолетовое облучение с длиной волны 185 
нм и ближнее инфракрасное облучение с длиной 
волны до 3600 нм.

Исследования образцов проводили с помощью 
Раман-спектрометра NTEGRA Spectra Raman с 
использованием сигнала диаметром 80 нм при 
длине волны λ = 473 нм. Для оценки удельной 
поверхности углеродных материалов, полу-
ченных из РШ и СГО, использовали анализато-
ры удельной поверхности «СОРБТОМЕТР-М» 
и «Micromeritics Instrument Corp. ASAP 2400 
V3.07». Для исследования структуры образцов 
использовали просвечивающую электронную ми-
кроскопию JEM-2100 (JEOL, Япония).

3. Результаты и обсуждение

Графен/SrTiO3 фотокатализаторы изготавли-
вали в три этапа: сначала синтезировали SrTiO3, 
затем графен, далее методом электроспиннинга 

получали композитный фотокатализатор. Ранее 
опубликованная работа [14] подробно описывает 
методику получения SrTiO3 и исследования фи-
зико-химических параметров. Полученный поро-
шок SrTiO3 имел чистоту 97% и средние размеры 
частиц были около 100 нм.

Изучение влияния продолжительности карбо-
низации в диапазоне от 30 до 120 мин РШ и СГО 
проводили путем сопоставления времени карбо-
низации и потери массы образца. Основная поте-
ря массы фиксировалась в первые 70-90 мин, что 
свидетельствует о том, что оптимальным време-
нем карбонизации является 90 мин. Увеличение 
продолжительности карбонизации более 90 мин 
не имеет смысла из-за незначительного измене-
ния массы, что свидетельствует о завершении 
процесса. После карбонизации РШ и СГО мас-
совый выход материала составил 43,7% и 29,3% 
соответственно, при этом достигалась высокая 
удельная поверхность. В процессе карбонизации 
удалялись неуглеродные элементы (азот, кисло-
род и водород), которые содержались в исходной 
РШ и СГО в виде летучих газов. Используя метод 
БЭТ, определили, что удельная поверхность кар-
бонизованных РШ и СГО до активации составля-
ла соответственно 350 м2/г и 270 м2/г.

Процесс термохимической активации, осу-
ществляемый при получении графена из РШ и 
СГО [10, 15], способствует расширению суще-
ствующих пор путем сжигания стенок между 
ближайшими порами и удаления неупорядочен-
ного углерода, который может блокировать поры 
в карбонизованных РШ и СГО. Изначальный мас-
совый выход графена из РШ и СГО до карбони-
зации составлял соответственно 11 % и 20,6 % от 
массы начального продукта. Результаты анализа 
БЭТ показали, что удельная поверхность для гра-
фена из РШ составляет 3200 м2/г, средний диа-
метр пор – 1,7 нм, удельный объем пор – 1,8 см3/г; 
для графена из СГО – 2760 м2/г, удельный объем 
пор – 1,49 см3/г, средний диаметр пор – 2,30 нм. 

Раман-исследования указывают на присут-
ствие графена в структурах образцов, полученных 
из биоотходов (рис. 1). Образцы характеризуются 
неоднородностями, представляя собой двухком-
понентный материал, в основном состоящий из 
графена и аморфного углерода. Наличие графена 
в структуре образцов подтверждается тремя пи-
ками: пик D при 1357 см-1, пик G при 1573 см-1 
и пик 2D при 2712 см-1. Оба спектра демонстри-
руют относительно схожую графеноподобную 
структуру, характеризующуюся двумя основны-
ми полосами, обозначенными как G и 2D. Третья 
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D-полоса, появившаяся в обоих спектрах, свиде-
тельствует о наличии дефектов в решетке угле-
рода. Для определения количества слоев исполь-
зовали метод, основанный на анализе отношений 
интенсивностей 2D- и G-пиков в спектрах, со-
гласно которому эти отношения (I2D/IG) равны до 
0,49 и 0,54 соответственно, что свидетельствует 
о том, что сформированная структура в большей 
степени состоит из нескольких слоев графена [10, 
15]. На рис. 2 приведены ПЭМ снимки получен-
ного графена.

Полимер, выбранный для использования в 
данном исследовании, полиакрилонитрил (ПАН), 
поскольку этот материал хорошо подходит для 
создания прочных и термостойких волокон. ПАН 
также широко используется в качестве модифи-
катора для фиксации наночастиц на поверхности 
различных материалов. В результате проведен-
ных экспериментов были получены полимер-
ные волокна, в состав которых входили добавки 
SrTiO3 и различных типов графена. 

Полученные полимерные волокна на основе 
SrTiO3 и графена имеют бездефектную форму 
в виде непрерывного цилиндра и расположены 
хаотично в пространстве. Экспериментальные 
образцы, полученные методом электроспиннин-
га на основе SrTiO3 и графена, имеют типичную 
структуру волокон, взаимодействующих друг с 
другом и образующих трехмерную полимерную 
сеть. Для обеспечения равномерного распределе-
ния агломератов SrTiO3 и частиц графена вдоль 
всех волокон были оптимизированы

Полученные полимерные волокна на основе 
SrTiO3 и графена имеют бездефектную форму в 
виде непрерывного цилиндра и расположены хао-
тично в пространстве. Экспериментальные образ-
цы, полученные методом электроспиннинга на 
основе SrTiO3 и графена, имеют типичную струк-

Рис. 1. Раман-спектры образцов.

туру волокон, взаимодействующих друг с другом 
и образующих трехмерную полимерную сеть. 
Для обеспечения равномерного распределения 
агломератов SrTiO3 и частиц графена вдоль всех 
волокон были оптимизированы соотношения рас-
твора и добавок для электроспиннинга (рис. 3 (а), 
(б), (в), (г)). Полученные волокна имеют средний 
диаметр в диапазоне от 200 до 400 нм, который 
зависит от степени вязкости раствора и значения 
напряжения установки электроспиннинга. Добав-
ление графена не оказывает значительного вли-
яния на диаметр волокон. Повышение вязкости 
раствора за счет добавления частиц графена ком-
пенсируется увеличением электропроводности 
раствора, что приводит к образованию более тон-
ких волокон за счет увеличения плотности заряда 
на электроспиннинговой струе и, в свою очередь, 
удлинения струи вдоль ее оси.

Полученные композитные волокна на основе 
SrTiO3/графена после синтеза подвергали каль-
цинации. Этот процесс позволяет рекристалли-
зировать материал и способствует достижению 
оптимальной кристаллической структуры. Для 
ПАНа, используемого в этой работе, кальци-
нирование позволяет достичь высокой степени 

Рис. 2. ПЭM-снимки полученного графена.
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отверждения [14, 16]. Важно, чтобы термическая 
обработка, которая приводит к образованию угле-
родной структуры, происходила без плавления и 
с минимальным повреждением базовых волокон 
и его фибриллярной структуры, а также с мень-
шей усадкой. В отличие от других полимерных 
материалов, при термической обработке волокон 
из полиакрилонитрила легче происходит обра-
зование низкодефектной углеродной структуры. 
Это преимущество можно объяснить следующи-
ми факторами:

1. Для проведения кальцинации волокон из
полиакрилонитрила не требуется разрушения ос-
новной полимерной цепи;

2. Атомы водорода, расположенные вдоль
цепи макромолекул ПАНа, могут образовывать 
места с полисопряженной структурой во время 
дегидрирования, особенно при наличии О2, слу-
жат зародышами для углеродной структуры;

3. Наличие нитрильных групп в полимерной
цепи ПАНа позволяет полимеризироваться, об-
разуя шестичленные конденсированные гетеро-
циклы с гетероароматической полисопряженной 
структурой.

Процесс кальцинации композитных волокон 
на основе SrTiO3/графен состоит из двух этапов 
– термостабилизации и кальцинации. Этап тер-

мостабилизации включает термическую обра-
ботку при 180 °C в кислородной атмосфере, что 
приводит к объемным изменениям и формиро-
ванию начальной твердофазной структуры. На 
этапе кальцинации волокна нагревают до 500 °C 
в токе воздухе в течение 30 мин, что вызывает 
окислительное дегидрирование и образование 
хромофорных сопряженных связей – C=N –. Это 
приводит к интенсивному окрашиванию полиа-
крилонитрила в оранжевый и коричневый цвета, 
а затем в черный.

Спектры РФА для композитов графен/SrTiO3 

(рис. 4) показывают высокую интенсивность диф-
ракционных пиков при 31,62°, 39,22°, 45,69 °, 57°, 
67° и 76,33°, что подтверждает наличие кубиче-
ской перовскитной фазы SrTiO3 (JCPDS: 35-0734). 
В то же время ярко выраженные пики графена не 
наблюдаются для этих образцов из-за высокой 
интенсивности характерных полос перовскита. 
Результаты исследований показывают, что ком-
позитные фотокаталитические системы графен/
SrTiO3 эффективно поглощают свет в интервале 
длин волн от 200 до 700 нм. Включение графе-
на в состав системы приводит к повышению фо-
топоглощения в отличие от одномерных чистых 
SrTiO3, особенно в видимом спектре, доказывая, 
что оптические свойства графена влияют на спо-

 Рис. 3. СЭМ-снимки образцов: (а) – волокна с чистым SrTiO3; (б) – волокна с добавлением гарфена и SrTiO3; 
(в) – волокна с добавлением СГО-графена и SrTiO3; (г) – волокна с добавлением коммерческого графена и 
SrTiO3.
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собность всей композитной фотокаталитической 
системы поглощать свет.

Измерение ширины запрещенной зоны (Eg) и 
расчеты были выполнены с использованием ме-
тодики анализа спектров поглощения и пропуска-
ния света, описанной в работе [17]. Полученные 
значения ширины запрещенной зоны для компо-
зитов графена и чистого SrTiO3 были равны 2,89 
еВ, 2,72 еВ, 2,6 еВ; и 3,12 еВ, соответственно. 

Для оценки фотокаталитической активности 
образцов графен/SrTiO3 в процессе разложения 
воды на Н2 использовали метод, заключающий-
ся в размещении 1 г каждого образца в 20 мл 
водно-метанолового раствора (содержащего 15% 
метанола), а затем УФ облучении (мощность 
120 Вт) суспензии при предварительной прокач-
ке системы аргоном. Для более точного анализа 
полученных газов фотокаталитический реактор 
подсоединяли непосредственно к хроматографу 
Chromos 1000 с использованием 3 мм колонок, 
заполненных NaX и PORAPAK Q. На рис. 5 (a), 
(б) показаны графики скорости выделения Н2 в 
зависимости от времени облучения для каждого 
из синтезированных композитов – графен/SrTiO3 

и чистый SrTiO3. 
Изображенные на рис. 5 данные показывают, 

что усредненные значения максимальной скоро-
сти образования Н2 для образцов коммерческий 
графен/SrTiO3, РШ-графен/SrTiO3, СГО-графен/
SrTiO3 и SrTiO3/ПАН равны 5,35 ммоль/г·ч, 5,1 
ммоль/ г·ч, 7,08 ммоль/ г·ч и 0,87 ммоль/ г·ч, со-
ответственно. На рис. 5 (а) (кривая 1) снижение 
выделения водорода на чистом SrTiO3 при УФ-об-
лучении через 10 ч по сравнению с модифициро-
ванными аналогами (кривые 2, 3, 4) может быть 
объяснено пассивацией поверхности чистого 

Рис. 4. РФА полученных волокон после прокалива-
ния: РШ-графен/SrTiO3 (1); СГО-графен/SrTiO3 (2); 
коммерческий графен/SrTiO3 (3); SrTiO3/ПАН (4).

SrTiO3 со временем, что означает, что активные 
участки, ответственные за выделение водорода, 
покрываются или блокируются промежуточными 
продуктами реакции или побочными продукта-
ми. Этот пассивирующий слой может снизить до-
ступность реактивов к каталитическим участкам 
и затруднить реакцию выделения водорода. Мо-
дификация графеном может изменять свойства 
поверхности SrTiO3, например, увеличивать пло-
щадь поверхности или вводить дополнительные 
активные участки для каталитических реакций. 
Эти модификации повышают доступность реак-
тивов к каталитическим участкам и облегчают 
реакцию выделения водорода. 

Несмотря на то, что коммерческий графен об-
ладает более высокой фотоэффективностью по 
сравнению с графеном полученного из биологи-
ческих отходов (рисовая шелуха и скорлупа грец-
кого ореха) при выделении Н2 при УФ облучении 
в фотокаталитической системе, скорость образо-
вания Н2 для графена/SrTiO3 значительно соот-
ветствует многим другим эффективным фотока-
талитическим системам [20, 21, 23, 24]. 

Рис. 5. Скорость выделения (а) водорода и (b) 
кислорода для: РШ-графен/SrTiO3 (2); СГО-графен/
SrTiO3 (3); коммерческий графен/SrTiO3 (4); SrTiO3/
ПАН (1) при УФ облучении мощностью 120 Вт.
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Данные, полученные в настоящем исследова-
нии, находят подтверждение в ранее опублико-
ванных работах [20, 21], которые демонстрируют 
положительное влияние дефектов в микрострук-
туре графена на активность фоторазложения 
воды. Кроме того, другое экспериментальное ис-
следование [22] показывает, что использование 
композита графен/TiO2 увеличивает эффектив-
ность образования Н2 на 95% по сравнению с ис-
пользованием чистого TiO2.

Максимальные значения скоростей образова-
ния Н2, достигнутые при использовании дефек-
тного графена в фотокаталитических системах, 
превышают аналоги [23, 24] и демонстрируют 
положительный эффект разделения фотогенери-
рованных зарядов при облучении. Это связано с 
быстрой передачей фотоиндуцированных заря-
дов, что способствует высокой плотности тока 
при воздействии УФ облучения. Кроме того, од-
номерная структура фотокаталитического компо-
зита эффективно влияет на разделение носителей 
заряда, а благодаря высоким оптическим свой-
ствам графена может использоваться как эффек-
тивный сборщик света.  

Одномерные композитные фотокатализато-
ры на основе графен/SrTiO3 представляют собой 
перспективный вариант для эффективного выде-
ления Н2 из воды. В первую очередь, это связано 
с высокой удельной площадью поверхности воло-
кон и оптическими свойствами графена, которые 
значительно повышают эффективность поглоще-
ния света при многократном отражении и рас-
сеивании фотонов, взаимодействующих с фото-
катализатором. Во-вторых, фотокаталитические 
системы графен/SrTiO3 эффективно разделяют 
электронно-дырочные пары и значительно вли-
яют на поглощение ультрафиолета. В-третьих, 
современные проблемы, связанные с фоторас-
щеплением воды для производства Н2, включа-
ют низкую стабильность, недостаточную эффек-
тивность производства Н2 и высокую стоимость 
фотокаталитических материалов. Использование 
композитных фотокатализаторов на основе гра-
фен/SrTiO3 не только повышает активность фото-
выделения Н2, но и значительно снижает затраты 
за счет применения биологических отходов.

Данные, полученные в ходе исследований, 
подтверждают, что использование комбинации 
различных типов наноматериалов значительно 
изменяет свойства композитных фотокатализато-
ров, что положительно сказывается на эффектив-
ности процесса выделения Н2.

4. Заключение

В заключении следует отметить, что в ре-
зультате применения метода электроспиннинга 
с использованием синтезированного графена из 
биологических отходов, успешно получили высо-
коэффективные фотокаталитические системы на 
основе графен/SrTiO3. Измеренные значения ши-
рины запрещенных зон составили 2,89, 2,72 и 3,12 
эВ для образцов РШ-графен/SrTiO3, СГО-графен/
SrTiO3, коммерческий графен/SrTiO3 и SrTiO3/
ПАН, соответственно. Установлено, что усред-
ненные значения максимальной скорости обра-
зования водорода из смеси «вода – метанол» для 
композитных образцов: коммерческий графен/
SrTiO3, РШ-графен/SrTiO3, СГО-графен/SrTiO3, и 
SrTiO3/ПАН равны 5,35 ммоль/г·ч, 5,1 ммоль/г·ч, 
7,08 ммоль/г·ч и 0,87 ммоль/г·ч, соответственно. 
Хотя в синтезированном по отдельности из ри-
совой шелухи и скорлупы грецкого ореха мно-
гослойном графене были обнаружены дефекты, 
однако они демонстрируют превосходные опти-
ческие и электрические свойства, что повысило 
фотокаталитическую эффективность выделения 
Н2 по сравнению с чистым SrTiO3.

Результаты исследования указывают на по-
тенциально перспективное применение новой 
стратегии производства эффективных композит-
ных фотокатализаторов на основе графена, полу-
ченного из биомассы, для генерации водорода из 
воды.

Благодарность

Данное исследование финансируется Ко-
митетом науки Министерства науки и высше-
го образования Республики Казахстан (грант 
№BR18574073). 

Список литературы 

[1].	 Li Y., Tsang S.C.E. Recent progress and strategies 
for enhancing photocatalytic water splitting // 
Materials Today Sustainability. – 2020. – № 9. – 
P. 100032.

[2].	 Zhao Y., Zhang S., Shi R., Waterhouse G.I.N., 
Tang J., Zhang T. Two-dimensional photocatalyst 
design: A critical review of recent experimental 
and computational advances // Materials Today. – 
2020. – № 34. – P. 78–91.

[3].	 Kavitha R., Nithya P.M., Girish Kumar S. Noble 
metal deposited graphitic carbon nitride based 
heterojunction photocatalysts // Applied Surface 
Science. – 2020. – № 508. – P. 145142.



78 Ж. Куспанов / ГОРЕНИЕ И ПЛАЗМОХИМИЯ 21 (2023) 71−80

[4].	 Rosman N.N., Mohamad Yunus R., Jeffery 
Minggu L., Arifin K., Salehmin M.N.I., Mohamed 
M.A., Kassim M.B. Photocatalytic properties of 
two-dimensional graphene and layered transition-
metal dichalcogenides based photocatalyst for 
photoelectrochemical hydrogen generation: An 
overview // International Journal of Hydrogen 
Energy. – 2018. – № 43. – P. 18925–18945.

[5].	 Bellamkonda S., Thangavel N., Hafeez H.Y., 
Neppolian B., Ranga Rao G. Highly active and 
stable multi-walled carbon nanotubes-graphene-
TiO2 nanohybrid: An efficient non-noble metal 
photocatalyst for water splitting // Catalysis Today. 
– 2019. – № 321. – P. 120–127.

[6].	 Goto Y., Hisatomi T., Wang Q., Higashi T., 
Ishikiriyama K., Maeda T., Sakata Y., Okunaka 
S., Tokudome H., Katayama M., Akiyama S., 
Nishiyama H., Inoue Y., Takewaki T., Setoyama 
T., Minegishi T., Takata T., Yamada T., Domen 
K. A Particulate Photocatalyst Water-Splitting 
Panel for Large-Scale Solar Hydrogen Generation 
// Joule. – 2018. – № 2. – P. 509–520.

[7].	 Nishiyama H., Yamada T., Nakabayashi M., 
Maehara Y., Yamaguchi M., Kuromiya Y., 
Nagatsuma Y., Tokudome H., Akiyama S., 
Watanabe T., Narushima R., Okunaka S., 
Shibata N., Takata T., Hisatomi T., Domen K. 
Photocatalytic solar hydrogen production from 
water on a 100-m2 scale // Nature. – 2021. – № 
598. – P. 304–307.

[8].	 Torrisi F., Carey T. Graphene, related two-
dimensional crystals and hybrid systems for 
printed and wearable electronics // Nano Today. 
– 2018. – № 23. – P. 73–96.

[9].	 Iqbal A.A., Sakib N., Iqbal A.K.M.P., Nuruzzaman 
D.M. Graphene-based nanocomposites and their 
fabrication, mechanical properties and applications 
// Materialia. – 2020. – № 12. – P. 100815.

[10].	Mansurov Z.A., Atamanov M.K., Elemesova J., 
Lesbaev B.T., Chikradze M.N. New Nanocarbon 
High-Energy Materials // Physics of Combustion 
and Explosion. – 2019. – № 4. – P. 34-41. (In 
Russian).

[11].	Yeleuov M., Daulbayev C., Taurbekov A., 
Abdisattar A., Ebrahim R., Kumekov S., Prikhodko 
N., Lesbayev B., Batyrzhan K. Synthesis of 
graphene-like porous carbon from biomass for 
electrochemical energy storage applications // 
Diamond and Related Materials. – 2021. – № 119. 
– P. 108560.

[12].	Daulbayev C., Kaidar B., Sultanov F., Bakbolat B., 
Smagulova G., Mansurov Z. The recent progress in 
pitch derived carbon fibers applications. A Review 
// South African Journal of Chemical Engineering. 
– 2021. – № 38. – P. 9–20.

[13].	Nazhipkyzy M., Maltay A.B., Askaruly K., 
Assylkhanova D.D., Seitkazinova A.R., Mansurov 

Z.A. Biomass-Derived Porous Carbon Materials 
for Li-Ion Battery // Nanomaterials. – 2022. – № 
12. – P. 3710.

[14].	Sultanov F., Daulbayev C., Bakbolat B., 
Daulbayev O., Bigaj M., Mansurov Z., Kuterbekov 
K., Bekmyrza K. Aligned composite SrTiO3/
PAN fibers as 1D photocatalyst obtained by 
electrospinning method // Chemical Physics 
Letters. – 2019. – № 737. – P. 136821.

[15].	Мансуров З. Получение наноматериалов в про-
цессах горения // Горение и плазмохимия. – 
2019. – № 17. – C. 150–157.

[16].	Daulbayev C., Sultanov F., Korobeinyk A.V., 
Yeleuov M., Azat S., Bakbolat B., Umirzakov 
A., Mansurov Z. Bio-waste-derived few-layered 
graphene/SrTiO3/PAN as efficient photocatalytic 
system for water splitting // Applied Surface 
Science. – 2021. – № 549. – P. 149176.

[17].	Makuła P., Pacia M., Macyk W. How To Correctly 
Determine the Band Gap Energy of Modified 
Semiconductor Photocatalysts Based on UV–Vis 
Spectra // J. Phys. Chem. Lett. – 2018. – № 9. – P. 
6814–6817.

[18].	Zong H., Yu K., Zhu Z. Heterostructure nanohybrids 
of Ni-doped MoSe2 coupled with Ti2NTx toward 
efficient overall water splitting // Electrochimica 
Acta. – 2020. – № 353. – P. 136598.

[19].	Zheng D., Jing Z., Zhao Q., Kim Y., Li P., Xu 
H., Li Z., Lin J. Efficient Co-doped pyrrhotite 
Fe0.95S1.05 nanoplates for electrochemical water 
splitting // Chemical Engineering Journal. – 2020. 
– № 402. – P. 125069.

[20].	Mateo D., García-Mulero A., Albero J., García 
H. N-doped defective graphene decorated by 
strontium titanate as efficient photocatalyst for 
overall water splitting // Applied Catalysis B: 
Environmental. – 2019. – № 252. – P. 111–119.

[21].	Marlinda A.R., Yusoff N., Sagadevan S., Johan 
M.R. Recent developments in reduced graphene 
oxide nanocomposites for photoelectrochemical 
water-splitting applications // International Journal 
of Hydrogen Energy. – 2020. – № 45. – P. 11976–
11994.

[22].	Sajjadizadeh H.-S., Goharshadi E.K., Ahmadzadeh 
H.Photoelectrochemical water splitting by 
engineered multilayer TiO2/GQDs photoanode 
with cascade charge transfer structure // 
International Journal of Hydrogen Energy. – 2020. 
– № 45. – P. 123–134.

[23].	Oh I., Youn J.-S., Park Y.-K., Jeon K.-J. 
Heterostructure of 3D sea-grape-like MoS2/
graphene on carbon cloth for enhanced water 
splitting // Applied Surface Science. – 2020. – № 
529. – P. 147089.

[24].	Zhang S., Zhang X., Shi X., Zhou F., Wang 
R., Li X. Facile fabrication of ultrafine nickel-
iridium alloy nanoparticles/graphene hybrid with 



79Ж. Куспанов / ГОРЕНИЕ И ПЛАЗМОХИМИЯ 21 (2023) 71−80

enhanced mass activity and stability for overall 
water splitting // Journal of Energy Chemistry. – 
2020. – № 49. – P. 166–173. 

References

[1].	 Y. Li, S.C.E. Tsang, Materials Today Sustainability. 
9 (2020) 100032. https://doi.org/10.1016/j.mtsust. 
2020.100032

[2].	 Y. Zhao, S. Zhang, R. Shi, G.I.N. Waterhouse, J. 
Tang, T. Zhang, Materials Today. 34 (2020) 78–
91. https://doi.org/10.1016/j.mattod.2019.10.022

[3].	 R. Kavitha, P.M. Nithya, S. Girish Kumar, Applied 
Surface Science. 508 (2020) 145142. https://doi.
org/10.1016/j.apsusc.2019.145142

[4].	 N.N. Rosman, R. Mohamad Yunus, L. Jeffery 
Minggu, K. Arifin, M.N.I. Salehmin, M.A. 
Mohamed, M.B. Kassim, International Journal 
of Hydrogen Energy. 43 (2018) 18925–18945. 
https://doi.org/10.1016/j.ijhydene.2018.08.126

[5].	 S. Bellamkonda, N. Thangavel, H.Y. Hafeez, B. 
Neppolian, G. Ranga Rao, Catalysis Today. 321–
322 (2019) 120–127. https://doi.org/10.1016/j.
cattod.2017.10.023

[6].	 Y. Goto, T. Hisatomi, Q. Wang, T. Higashi, K. 
Ishikiriyama, T. Maeda, Y. Sakata, S. Okunaka, 
H. Tokudome, M. Katayama, S. Akiyama, H. 
Nishiyama, Y. Inoue, T. Takewaki, T. Setoyama, 
T. Minegishi, T. Takata, T. Yamada, K. Domen, 
A Particulate Photocatalyst Water-Splitting Panel 
for Large-Scale Solar Hydrogen Generation, 
Joule. 2 (2018) 509–520. https://doi.org/10.1016/j.
joule.2017.12.009

[7].	 H. Nishiyama, T. Yamada, M. Nakabayashi, 
Y. Maehara, M. Yamaguchi, Y. Kuromiya, 
Y. Nagatsuma, H. Tokudome, S. Akiyama, T. 
Watanabe, R. Narushima, S. Okunaka, N. Shibata, 
T. Takata, T. Hisatomi, K. Domen, Nature. 598 
(2021) 304–307. https://doi.org/10.1038/s41586-
021-03907-3

[8].	 F. Torrisi, T. Carey, Nano Today. 23 (2018) 73–
96. https://doi.org/10.1016/j.nantod.2018.10.009

[9].	 A.A. Iqbal, N. Sakib, A.K.M.P. Iqbal, D.M. 
Nuruzzaman, Materialia. 12 (2020) 100815. 
https://doi.org/10.1016/j.mtla.2020.100815

[10].	New Nanocarbon High-Energy Materials, FGV. 
(2019). https://doi.org/10.15372/FGV20190405

[11].	M. Yeleuov, C. Daulbayev, A. Taurbekov, 
A. Abdisattar, R. Ebrahim, S. Kumekov, N. 
Prikhodko, B. Lesbayev, K. Batyrzhan, Diamond 
and Related Materials. 119 (2021) 108560. https://
doi.org/10.1016/j.diamond.2021.108560

[12].	C. Daulbayev, B. Kaidar, F. Sultanov, B. 
Bakbolat, G. Smagulova, Z. Mansurov, A Review, 
South African Journal of Chemical Engineering. 
38 (2021) 9–20. https://doi.org/10.1016/j.
sajce.2021.07.001

[13].	M. Nazhipkyzy, A.B. Maltay, K. Askaruly, 
D.D. Assylkhanova, A.R. Seitkazinova, Z.A. 
Mansurov, Nanomaterials. 12 (2022) 3710. https://
doi.org/10.3390/nano12203710

[14].	F. Sultanov, C. Daulbayev, B. Bakbolat, O. 
Daulbayev, M. Bigaj, Z. Mansurov, K. Kuterbekov, 
K. Bekmyrza, Chemical Physics Letters. 737 
(2019) 136821. https://doi.org/10.1016/j.
cplett.2019.136821

[15].	Z. Mansurov, Горение и плазмохимия. 17 (2019) 
150–157. https://doi.org/10.18321/cpc318

[16].	C. Daulbayev, F. Sultanov, A.V. Korobeinyk, M. 
Yeleuov, S. Azat, B. Bakbolat, A. Umirzakov, 
Z. Mansurov, Applied Surface Science. 549 
(2021) 149176. https://doi.org/10.1016/j.
apsusc.2021.149176

[17].	P. Makuła, M. Pacia, W. Macyk, J. Phys. Chem. 
Lett. 9 (2018) 6814–6817. https://doi.org/10.1021/
acs.jpclett.8b02892

[18].	H. Zong, K. Yu, Z. Zhu, Electrochimica Acta. 
353 (2020) 136598. https://doi.org/10.1016/j.
electacta.2020.136598

[19].	D. Zheng, Z. Jing, Q. Zhao, Y. Kim, P. Li, H. 
Xu, Z. Li, J. Lin, Chemical Engineering Journal. 
402 (2020) 125069. https://doi.org/10.1016/j.
cej.2020.125069

[20].	D. Mateo, A. García-Mulero, J. Albero, H. 
García, Applied Catalysis B: Environmental. 
252 (2019) 111–119. https://doi.org/10.1016/j.
apcatb.2019.04.011

[21].	A.R. Marlinda, N. Yusoff, S. Sagadevan, M.R. 
Johan, International Journal of Hydrogen Energy. 
45 (2020) 11976–11994. https://doi.org/10.1016/j.
ijhydene.2020.02.096

[22].	H.-S. Sajjadizadeh, E.K. Goharshadi, H. 
Ahmadzadeh, International Journal of Hydrogen 
Energy. 45 (2020) 123–134. https://doi.
org/10.1016/j.ijhydene.2019.10.161

[23].	 I. Oh, J.-S. Youn, Y.-K. Park, K.-J. Jeon, Applied 
Surface Science. 529 (2020) 147089. https://doi.
org/10.1016/j.apsusc.2020.147089

[24].	S. Zhang, X. Zhang, X. Shi, F. Zhou, R. Wang, X. 
Li, Journal of Energy Chemistry. 49 (2020) 166–
173. https://doi.org/10.1016/j.jechem.2020.02.022



80 Ж. Куспанов / ГОРЕНИЕ И ПЛАЗМОХИМИЯ 21 (2023) 71−80

Multilayer Graphene Derived from Biowaste/
SrTiO3 as Effective Photocatalytic System

Zh. Kuspanov1,2*, Ch. Daulbaev2, M. Yeleuov1,2,  
Z. Mansurov3,4

1Satpayev University, Almaty, Kazakhstan
2Institute of Nuclear Physics, Almaty, Kazakhstan
3Al-Farabi Kazakh National University, Almaty, 
Kazakhstan
4Institute of Combustion Problems, Almaty, Kazakhstan

Abstract
The photoelectrochemical properties of 

photocatalysts including SrTiO3/multilayer graphene 
composite obtained using the electrospinning method 
were studied. Graphene obtained from rice husk and 
walnut shells was used as a co-catalyst for hydrogen 
(H2) production by water decomposition. This was 
the first time it was used in a photocatalytic system. 
The results of the study showed that the presence of 
multiple layers of graphene reduces the band gap 
width of the photocatalytic system and contributes 
to the effective separation of photoinduced charges. 
The material consisting of multilayer graphene 
synthesized from biowaste and SrTiO3 showed a 
higher rate of hydrogen release compared to pure 
SrTiO3. The results can be used to develop new and 
effective photocatalysts based on materials derived 
from biowaste with improved properties for the 
separation of water.

Тиімді Фотокаталитикалық Жүйе Ретінде 
Биоқалықтардан Өндірілген Көп Қабатты 
Графен/SrTiO3
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Аңдатпа
SrTiO3/Көп қабатты графен электроспининг 

әдісін қолдану арқылы алынған композитті фо-
токатализаторлардың фотоэлектрохимиялық қа-
сиеттері зерттелді. Суды ыдырату арқылы сутек-
ті (H2) өндіруге арналған сокатализатор ретінде 
күріш қабығы мен жаңғақ қабығынан алынған 
графен қолданылды. Бұл алғаш рет фотоката-
литикалық жүйеде қолданылды. Зерттеу нәти-
желері графеннің бірнеше қабаттарының болуы 
фотокаталитикалық жүйенің тыйым салынған 
аймағын азайтатынын және фотоиндукцияланған 
зарядтардың тиімді бөлінуіне ықпал ететінін 
көрсетті. Биоқалдықтардан синтезделген көп қа-
батты графен мен SrTiO3-тен тұратын материал 
таза SrTiO3-пен салыстырғанда сутектің жоғары 
бөліну жылдамдығын көрсетті. Алынған нәтиже-
лер суды бөлу үшін жақсартылған қасиеттері бар 
биоқалдықтардан алынған материалдарға негіз-
делген жаңа және тиімді фотокатализаторларды 
әзірлеу үшін пайдаланылуы мүмкін.
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