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Photoelectrochemical (PEC) water splitting is a promising technology for green hydrogen production by harnessing solar energy. Traditionally, this sustainable approach is studied under light intensity of 100 mW/cm2 mimicking the natural solar irradiation at the Earth’s surface. Sunlight can be easily concentrated using simple optical systems like Fresnel lens to enhance charge carrier generation and hydrogen production in PEC water splitting. Despite the great potentials, this strategy has not been extensively studied and faces challenges related to the stability of photoelectrodes. To prompt the investigations and applications, this work outlines the best practices and protocols for conducting PEC solar water splitting under concentrated sunlight illumination, incorporating our recent advancements and providing some experimental guidelines. The key factors such as light source calibration, photoelectrode preparation, PEC cell configuration, and long-term stability test are discussed to ensure reproducible and high performance. Additionally, the challenges of the expected photothermal effect and the heat energy utilization strategy are discussed.
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1 INTRODUCTION
Hydrogen (H2), produced from photocatalytic water splitting, is considered a clean energy and can offer a sustainable alternative to fossil fuels (Li Y. et al., 2024; Zhou et al., 2023; Li Z. et al., 2023). Since the 1970s, photoelectrochemical water splitting has garnered significant attention, owing to the ability to convert solar energy to hydrogen via utilizing photoanode||cathode, anode||photocathode, or photoanode||photocathode tandem configuration systems (Liu et al., 2023; Kim et al., 2016; Hisatomi et al., 2014a; Vanka et al., 2020; Wang S. et al., 2019). The photoelectrochemical process operates from the absorption of sunlight by semiconductor, generating electron-hole pairs to drive chemical reaction (Yao et al., 2018; Yang et al., 2013). The maximum photocurrent density achievable with these semiconductor photoelectrodes is limited by the generation of photogenerated electron-hole pairs, leading to the low hydrogen production rate and solar energy conversion efficiency (Luna et al., 2017; Bell et al., 2013).
Concentrated solar light irradiation offers a potential strategy to this limitation by increasing the number of photoexcited charge carriers, thereby improving photocurrent density and solar-to-chemicals conversion (e.g., H2 production and CO2 reduction). This approach has been demonstrated to be effective in various photovoltaic-electrocatalysis (PV-EC) devices (Yamaguchi et al., 2023; Calnan et al., 2022), providing the added benefits to reduce the costs of metal catalysts, semiconductor, and electricity. Nakamura et al. achieved a 24.4% solar-to-H2 (STH) conversion efficiency under concentrated sunlight irradiation (70 suns or 7 W/cm2) by integrating high-efficiency InGaP/GaAs/Ge three-junction PV cell and polymer-electrolyte EC cell (Nakamura et al., 2015). Bonke et al. reported a solar-to-chemical conversion efficiency of 22.4% under 100 suns illumination with the utilization of commercial InGaP/GaAs/Ge PV cell and earth-abundant Ni-based electrocatalysts, (Bonke et al., 2015), and the system could effectively operate in actual river water and various geographic locations. Besides, Jia and co-workers improved the STH efficiency in a similar PV-EC system to >30% with stability longer than 48 h under 42 suns light irradiation, through using two series-connected polymer electrolyte membrane electrolyzers (Figure 1A). (Jia et al., 2016) More importantly, Gentle et al. set up a kW-scale (concentrated solar light intensity) thermally integrated photo-electrochemical device for H2 production with rate of 0.8 g/min and STH efficiency of 20%, (Holmes-Gentle et al., 2023), which experimentally demonstrated an encouraging step towards the potential commercialization of PV-EC concept. However, the practical applications of the PV-EC solar water splitting technology face several shortcomings, such as system complexity, high investment cost, energy loss, and instability.
[image: Figure 1]FIGURE 1 | (a) PV-EC reaction system consisted of triple-junction InGaP/GaAs/Ge solar cell and two PEM electrolyzers. Reproduced with permission from Jia et al. (2016). (b) Photograph of the integrated PEC system for HER (top left) and OER (top right) and the schematic (bottom) illustration of the PEC testing setup. Reproduced with permission from Ziani et al. (2020).
The direct photoelectrochemistry with the use of monolithic photoelectrodes, especially photocathode, is a more promising approach for clean hydrogen production from water. Photoelectrochemical reactions can convert solar energy into chemical energy through catalytic processes, typically involving semiconductors and cocatalysts (Qureshi and Tahir, 2024). Compared to the PV-EC interconnected system, the PEC configuration system simplifies the overall design by integrating sunlight absorption and electrochemical reaction within a single device, reducing the need for additional wiring and power management components. Furthermore, the developed PEC electrodes enable direct charge transfer at the semiconductor-electrolyte interface, minimizing resistive losses and enhancing energy conversion efficiency (Wedege et al., 2018; Hisatomi et al., 2014b). This integration also allows for a more compact and potentially lower-cost system. Additionally, PEC systems can leverage tailored semiconductor architectures to optimize light harvesting, reaction kinetics, and catalytic performance, further improving solar-to-hydrogen conversion efficiency. In this context, significant progress has been made in photoelectrochemical solar water splitting through developing and optimizing GaN nanowires grown on p-n+ Si photocathodes (Wang et al., 2019b; Wang et al., 2019c; Fan et al., 2019; Chowdhury et al., 2018). To reduce the cost of configuration, increase H2 production, and prompt large-scale application of PEC water splitting, employing concentrated sunlight illumination would be an effective and promising strategy (Wang et al., 2022). However, at present, the photoelectrochemical energy conversion and system stability under concentrated solar light illumination is rarely explored. To date, Vilanova et al. studied the solar water splitting using 200 cm2 PEC cell under concentrated sunlight irradiation (1.28 W/cm2), where the experiments were conducted outdoor in flow-type operation mode, but the H2 yield rate only reached about 5.6 × 10−2 mg/h/cm2 (Vilanova et al., 2020). Ziani et al. developed a wireless integrated three-junction InGaP/GaAs/Ge-based photoelectrode, which was decorated with Pt nanoparticles and Ni foil on the front and back side, respectively (Figure 1B). (Ziani et al., 2020) Under 39 suns illumination, the stoichiometric amounts of H2 and O2 were produced and the STH efficiency was estimated to be ∼12%. Very recently, we have systematically investigated PEC solar water splitting in a custom-designed flow cell reactor using Pt/GaN/Si photocathode under concentrated solar light illumination (Dong et al., 2023; Dong et al., 2024). The results showed that the saturated photocurrent density, onset potential, and H2 yield rate could be dramatically increased with strengthening light irradiation intensity. Meanwhile, both the large photocurrent density and onset potential can maintain for over 1,500 h under 6.4 suns light illumination. However, while PEC water splitting has made notable progress in terms of long-term stability and scaling-up over the past decades (Bae et al., 2017; Vilanova et al., 2018; Hisatomi et al., 2024), PEC-based CO2 and N2 reduction remain at a lower technology readiness level. Moreover, investigations into PEC-driven solar water splitting, CO2 reduction, and N2 fixation under concentrated sunlight are still in their early stages, requiring further systematic studies to elucidate underlying mechanisms, address existing challenges, and accelerate practical applications.
However, the investigations on PEC solar water splitting, CO2 reduction, and N2 fixation under concentrated sunlight are in the infancy, which require further deep and systematical studies to understand the mechanisms, mitigate challenges, and prompt practical application.
It should be noted that, under concentrated solar light irradiation, the vigorous generation of hydrogen bubbles can induce surface tension to detach co-catalyst nanoparticles from semiconductor absorber (Du and Zheng, 2024; Kim et al., 2023). Additionally, the rapid consumption of protons near photocathode and hydroxyl anions near photoanode can significantly alter the local pH and reaction microenvironments (Monteiro et al., 2021; Zhu et al., 2024; Chen et al., 2024). These changes near photoelectrode/electrolyte interface can lead to unwanted photocorrosion, byproducts formation, and inhibitions on reaction kinetics. More importantly, the concentrated solar light illumination also can intensify temperatures near/on the photoelectrode surface, leading to severe adverse effects like photoelectrode structural evolution and degradation, side reactions, and membrane breakage, which will negatively influence photoelectrochemical performance. Therefore, understanding these material, chemical, and physical phenomena under concentrated solar light illumination during PEC operation process is essential and urgently needed.
In this work, we first analyze the advantages and limitations associated with various photoelectrode configurations, providing insights into how different designs impact performance and stability. Based on that, we propose that the effective flow cell designs are optimal for high gas evolution rates under concentrated solar light irradiation. Then, we detail the experimental procedures and methodologies necessary for implementing concentrated sunlight in photoelectrochemical system. Furthermore, the critical components, materials, measurement tools, and analytical equipment required for reliable and accurate results were discussed. For clarity, Pt/GaN/Si photocathode for photoelectrochemical hydrogen evolution under concentrated sunlight was presented as an example to show recent advancements and practical applications. Finally, the challenges and potentials associated with photothermal effects are explored, offering a detailed outlook on the future of concentrated sunlight in photoelectrochemical water splitting.
2 REACTION CELL AND CONFIGURATION SYSTEM DESIGN
2.1 Photocathode configuration
As illustrated in Figure 2, the photoelectrochemical cells for water splitting can be characterized by their division into two separate reaction compartments by an ion-exchange membrane. The implement of membrane is a simple and critical strategy to make the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) occur separately, preventing the recombination of H2 and O2 and ensuring the purity of hydrogen and safety of the reaction system (Minggu et al., 2010; Wang et al., 2016). In the following contents, we primarily focus on the configuration of photocathode for HER.
[image: Figure 2]FIGURE 2 | Classification of monolithic photoelectrochemical water splitting systems by photocathode configuration.
The photocathode can be immersed in electrolyte and is composed of a semiconductor light absorber overlaid with co-catalyst, and the light irradiation is from the front side (in other words, the light firstly reaches co-catalyst, as shown in Figure 2A). The role of photocathode is to absorb incident light for generating charge carriers to participate in catalytic reactions. The electrons produced at the conduction band of semiconductor migrate towards the co-catalyst layer and drive hydrogen evolution reaction, leading to the production of hydrogen. Simultaneously, the photogenerated holes in the valance band of semiconductor transport to anode situated in the anodic compartment, where they facilitate the oxygen evolution reaction (Yao et al., 2018; Peter et al., 2016). Therefore, the complete electrical circuit achieves overall solar water splitting in a continuous operational mode. To enable the effective function of photocathode, the substrate should be passivated using epoxy, except for the active surface area decorated by co-catalysts. The passivation is crucial as it prevents unwanted side reactions and protects the semiconductor from chemical corrosion by electrolyte. Electrical connection to the external circuitry is established at the back side of the substrate, often employing GaIn eutectic and Ag paste. However, a noticeable issue arises from the potential diffusion of these materials into the electrolyte over time, which may lead to contamination of the co-catalyst surface and membrane and impact the HER efficiency. Another critical issue pertains to the long-term chemical and physical stability of the passivation layer. Epoxy used to encapsulate photoelectrodes can degrade over extended periods, making electrolyte infiltration that may cause semiconductor corrosion or disruption of electrical connections. Additionally, the long-term exposure can result in carbonaceous impurities from epoxy accumulating on the photoelectrode surface, negatively affecting photoelectrochemical performances (Bae et al., 2019). Furthermore, the semi-transmitting nature of thin epoxy layers can lead to overestimated PEC performance due to unintended light absorption and scattering effects (Döscher et al., 2014). These influences highlight the potential limitations of using epoxy in PEC reaction system, necessitating further material selection and encapsulation strategies for long-term stability and accurate estimation on performance. Besides, because the incident light needs to pass through the co-catalyst layer, some of light may be absorbed or reflected, thereby reducing the number of photons that reach the semiconductor substrate. This effect may suppress the electron-hole pairs generation and thus leading to a decrease in photocurrent density and an inhibition in hydrogen production. Despite these shortcomings and challenges, the simple preparation process of this type of photoelectrode configuration makes it a widely adopted approach in laboratory studies. Researchers can easily test and optimize the performance of new semiconductor materials and co-catalysts for photoelectrochemical water splitting using this setup.
An alternative configuration is illustrated in Figure 2B, in which the incident light directly irradiates the semiconductor light absorber and the catalytic reactions occur on the opposite side of the substrate where co-catalyst is loaded (Vilanova et al., 2024; Fu et al., 2020). This type of photoelectrode configuration decouples the light absorption from the catalytic reaction, as the light irradiation does not need to pass through the co-catalyst layer. This configuration setup allows for the formation of co-catalysts with various thicknesses and nanostructures without being constrained by their optical properties such as transparency, reflectivity, and absorption. The advantage of this configuration is the ability to optimize both the semiconductor light absorber and the co-catalyst independently. Since the co-catalyst does not interfere with the light absorption, the efficient light harvesting can be achieved to increase the number of electron-hole pairs, thus improving the overall photocurrent density and hydrogen production rate. However, the semiconductor substrate must be thoroughly protected from corrosion in aqueous environment, not only on its sides but also on the surface where the light is incident. This requirement imposes the need for a transparent passivation material to avoid the inference on light transmission and absorption. In addition, the charge transport distance should also be considered in this type of PEC configuration system. The longer charge transport distances can lower charge collection efficiency, which becomes particularly critical for thick c-Si electrodes. Thinning c-Si to the micrometer scale (e.g., ∼5 µm) can help mitigate this issue by reducing transport losses, though it also introduces trade-offs in light absorption. This issue becomes even more significant when using light absorbers with lower charge carrier mobility. Thus, the balance between light absorption and charge transfer should be considered to improve the solar energy conversion efficiency under optimized conditions.
Moreover, as depicted in Figure 2C, the semiconductor substrate could be located outside of the aqueous solution, while the co-catalyst layer is in contact with the electrolyte (Peerakiatkhajohn et al., 2017). This configuration, though similar to the PV-EC system, differs in that it features a monolithic single-device structure rather than two separate devices connected via external electrical wiring. In this configuration, the light absorption and catalytic reactions are spatially separated and decouplable. Additionally, the semiconductor materials are not in contact with aqueous solution and there is no need for passivation of the substrate with epoxy. However, the possible leakage of liquid electrolyte from the reactor should be paid attention. To address this issue, rubber O-rings or corrosion-resistant gaskets can be employed. Although the initial design and fabrication of the reaction system can be somewhat challenging, the successful construction will allow for the convenient evaluation of the photoelectrode without concerns about the diffusion of unwanted materials from epoxy and contacts. The solar-to-fuel conversion efficiency of various photoelectrochemical systems has been well studied and reviewed (Peerakiatkhajohn et al., 2017; Yi et al., 2018; Jang and Lee, 2019; Yang and Moon, 2019), which can provide insightful guidance onto future research and the determination on system configuration.
2.2 Flow cell
The static H-type electrolysis cell is a traditional setup for photoelectrochemical water splitting study, comprising two separate compartments connected by an ion exchange membrane and external wires (Figure 3A). (Liu et al., 2019; Liu et al., 2020) This design effectively isolates the anodic and cathodic reactions, reduces cross-contamination, and allows precise control under various experimental conditions. However, under concentrated solar light illumination, the photocurrent density in the static electrolysis cell can easily surpass the mass transport limit, making it constrained by the transport of reactants and products rather than by light intensity, photogenerated charge carrier separation, and catalytic activity, thus leading to the decreased H2 evolution efficiency (Chen et al., 2021; Chen et al., 2023). Additionally, the accumulation of hydrogen gas bubbles on the photocathode can reduce the effective surface area, suggesting the efficient detachment of hydrogen bubbles is important, especially under concentrated solar light illumination. Furthermore, in the sealed reaction chamber, the rapid evolution of hydrogen, which occurs at twice the rate of oxygen evolution, could increase the gas pressure in cathodic compartments, which may induce a risk of physical damage to the ion exchange membrane.
[image: Figure 3]FIGURE 3 | (a) Static H-type cell, (b) H2O inlet and gas outlet, and (c) liquid flow cells.
Compared to the static cells that suffer from pressure accumulation and mass transfer limit, flow cell is a more advantageous option, particularly when gas production rates are extremely high under concentrated solar light. The first type of flow cell has a water inlet at the bottom of the chamber where the reaction solution is continuously supplied to the cell, and a gas outlet located at the top of the chamber that allows the generated hydrogen and oxygen to spontaneously exit from the chamber to maintain the pressure (Figure 3B). However, it is significant and difficult that the amount of water supplied should equal to the amount of consumed to maintain the optimal reaction conditions. Excessive water input can lead to overflow through the gas outlet, causing operational issues, while insufficient water input can lower the liquid level, potentially exposing the photoelectrode to ambient environment. In addition, the relatively slow rate of water input still limits the effectiveness of mass transport.
Another type of flow cell is illustrated in Figure 3C, which contains an inlet for fresh solution and an outlet for solution circulation, and the whole space of the chamber is filled with electrolyte (Minggu et al., 2010; Liu et al., 2022). This configuration enables continuous refreshment of electrolyte and the maintenance of optimal conditions. Through keeping the chamber filled with electrolyte, this setup solves problems related to gas accumulation, mass transport, and concentration gradients. The flexibility to adjust the flow rate of both incoming and outgoing electrolyte allows for precise control of reaction conditions during photoelectrochemical process. The high flow rate enhances mass transport and reaction efficiency and also could rapidly remove hydrogen bubbles adsorbed on photoelectrode surface. However, it also means that a substantial amount of unreacted electrolyte is expelled. Additional equipment should be used to recycle the electrolyte for further reaction.
3 EXPERIMENTAL PROCEDURES
The procedures for photoelectrochemical solar water splitting under concentrated sunlight irradiation can be divided into sequential steps that require specific actions and decisions (Figure 4), as described following:
[image: Figure 4]FIGURE 4 | Flowchart illustrating the steps for the concentrated solar light photoelectrochemical water splitting.
3.1 Fabrication of photoelectrode
The fabrication of photoelectrode involves several key processes, including semiconductor material growth, co-catalyst synthesis, and photoelectrode preparation. The semiconductor materials are grown or purchased, followed by the deposition of co-catalysts onto the semiconductor substrates using physical vapor deposition, photodeposition, or electrodeposition. The obtained photoelectrode is then carefully assembled by making electrical contacts and applying protective epoxy. These steps should ensure the optimal light absorption, efficient charge carrier transfer and separation, and chemical stability.
3.2 Setup the flow cell
Once the photoelectrode is prepared, it will be mounted onto the flow cell, which should ensure that all the components are gas-tight and liquid-tight to prevent leakage. The reaction cell is then subjected to a calibration process, where the light intensity is adjusted to meet the experimental requirements. This step involves aligning the photoelectrode within the flow cell to ensure the uniform exposure to concentrated solar light.
3.3 Measure LSV/CV curves
Linear sweep voltammetry (LSV) and/or cyclic voltammetry (CV) are performed to assess the photoelectrochemical performances. For the LSV test, the potential is varied linearly and the resulting photocurrent response is monitored, providing information on the optoelectronic and catalytic performance of photoelectrode. CV measurement sweeps in the range of two limited potentials and records the photocurrent response to understand the redox processes and stability of the photoelectrode. Additionally, the LSV and CV tests are also measured in dark to reveal any background current that occurs in electrolysis process, allowing for more accurate evaluation of the photoelectrocatalytic performance. Data from these measurements are saved for subsequent analyses.
3.4 Measurement of CA/CP and H2 production
Chronoamperometry (CA) and/or chronopotentiometry (CP) measurements are conducted under constant voltage or constant current conditions to evaluate the catalytic performance of photoelectrode and to explore the long-term stability. Gas chromatography (GC) is employed to analyze the composition and quantity of the gaseous products evolved during photoelectrochemical reaction. The data from CA, CP, and GC are systematically recorded and stored for the calculation of Faradaic efficiency and H2/O2 production rate.
3.5 Catalytic stability test
The photoelectrochemical stability of the photoelectrode could be assessed based on the data collected from LSV, CV, CA, and CP. If the performance is stable, consecutive measurements of LSV, CV, CA, and CP are carried out to monitor ongoing performance. If instability is observed, potential issues such as light intensity variations, flow rate discrepancies, gas and liquid leakage, and the structural change of photoelectrode should be checked and corrected.
3.6 Materials characterization
After completing the stability test, the photoelectrode could be subjected to detailed material characterizations to analyze any structural changes or degradation. Scanning electron microscopy (SEM) provides images of the surface morphology, transmission electron microscopy (TEM) offers insights into microstructure and compositions, and X-ray photoelectron spectroscopy (XPS) reveals information about surface composition and chemical states. These analyses are crucial for understanding the material’s behavior and identifying the degradation mechanisms.
3.7 Mechanism study and potential strategies
Based on the results obtained from performance tests and material characterizations, detailed analysis of the reaction mechanisms and experimental issues is conducted. The analyses aim to identify the reasons behind any observed performance degradation or instability. Potential strategies for improvements are proposed to optimize the catalytic system, which may include modifications on the photoelectrode, adjustments in experimental conditions, and optimizations on the flow cell design.
3.8 Next photoelectrode fabrication
Based on the above-mentioned analysis and proposed solutions, the process is iterated by fabricating a new photoelectrode incorporating the identified improvements or modifications.
4 EQUIPMENT AND SUPPLIES
4.1 Flow cell
The flow cell is a crucial component in photoelectrochemical experiments for continuous flow of electrolyte over photoelectrode. The flow cell typically includes inlet and outlet ports for electrolyte, ensuring the steady supply of reactants and the removal of products. The flow cell also integrates features for effective light irradiation and includes components to ensure the gas and liquid tightness.
4.2 Liquid circulation pump
The liquid circulation pump is used to maintain continuous flow of electrolyte throughout the flow cell. The electrolyte should be evenly distributed over the photoelectrode for prompting the removal of any reaction products. The flow rate can be adjusted to optimize the reaction conditions and improve mass transfer.
4.3 Light source
The light source, typically a lamp or laser, provides illumination for the photoelectrochemical reaction. In addition, optical lenses can be used to concentrate the light and increase irradiation intensity, and filters can be applied to adjust the wavelength to satisfy specific experiments.
4.4 Potentiostat
Potentiostat is an instrument used to control the voltage applied to the photoelectrode and record the resulting photocurrent, allowing for the assessment of various photoelectrochemical properties, such as LSV, CV, CP, and CA. Moreover, the electrochemical impedance, providing insights into the resistance and dynamic behavior of charge carriers, can be analyzed using potentiostat.
4.5 GC
The gas chromatograph (GC) is used for analyzing the composition and quantity of gases produced during photoelectrochemical reaction. The instrument separates and quantifies different gaseous components, such as hydrogen and oxygen, providing crucial data for determining the efficiency, productivity, and selectivity of the reaction system.
4.6 SEM
SEM could provide high-resolution images for analyzing the surface morphology of the photoelectrode. It uses a focused beam of electrons to scan the surface to reveal the structural features, particle size, and surface defects.
4.7 TEM
By transmitting electrons through samples, TEM provides detailed images of microstructural features and can reveal information about the crystallinity, phase distribution, and interface characteristics.
4.8 XPS
XPS analyzes the surface composition and chemical states of the photoelectrode through measuring the binding energies of photoelectrons emitted from the surface when irradiated with high-energy X-rays, which could provide detailed information on the elemental composition and chemical bonding.
5 EXAMPLE OF PT-DECORATED GAN/SI PHOTOCATHODE
To fabricate the Pt-decorated GaN/Si photocathode, n+-p Si wafer was prepared firstly through thermal diffusion process with phosphorus and boron as dopants, followed by growing GaN nanowires on the wafer using plasma-assisted molecular beam epitaxy. The GaN/Si samples were then subjected to Pt co-catalyst decoration by photodepostion method. In detail, the solution containing chloroplatinic acid, water, and methanol was illuminated to generate Pt nanoparticles on GaN nanowires. Afterwards, back contacts were prepared using GaIn eutectic alloy and Cu wire for preparing photoelectrode. Photoelectrochemical measurements under natural and concentrated solar light were conducted using simulated solar light to drive hydrogen evolution reaction and oxygen evolution reaction in H-type flow cell (Figure 5), with Pt wire as the counter electrode and Ag/AgCl as the reference electrode. The Nafion 117 membrane was used as proton exchange membrane and 0.5 M H2SO4 electrolyte was circulated at a flow rate of 10 mL/min. LSV curves were measured after each period of CA measurement. Redeposition of Pt co-catalyst was performed after each CA measurement to assess chemical stability and high performance. Characterizations including SEM, TEM, and XPS were performed to evaluate the material properties and microstructure.
[image: Figure 5]FIGURE 5 | Schematic illustration of H-type flow cell utilized for photoelectrochemical solar water splitting under concentrated solar light. Reproduced with permission from Dong et al. (2024).
The as-prepared Pt/GaN/Si photocathode was then loaded into a flow-cell chamber, and LSV curve was measured. Subsequently, the photocurrent density was recorded at 0 V vs reversible hydrogen electrode (VRHE) through CA for long term stability measurements, followed by another LSV measurement. The processes were repeated, and when noticeable degradation in performance was observed during CA measurement, the experiment was stopped and the Pt/GaN/Si photoelectrode was removed from the chamber for additional Pt co-catalyst photodeposition. The LSV and CA measurements were then repeated for many times. As shown in Figure 6A, the comparison of LSV curves between pristine (0 h) and 24 h reacted Pt/GaN/Si showed a clear degradation in performance. The performance degradation even after the redeposition of Pt is often attributed to the inability of contaminated photoelectrode surfaces to firmly anchor the Pt nanoparticles during resumed stability testing (Bae et al., 2019). In our study, notably, we found that the high performance was recovered after Pt redeposition. More interestingly, after the fifth redeposition of Pt co-catalysts, the stability significantly improved (Figure 6B). Furthermore, there was no noticeable degradation in photocurrent density after the seventh Pt redeposition and the excellent performance stability was achieved in consequence, with onset potential >0.5 VRHE, photocurrent density at 0 VRHE > 60 mA/cm2, and Faradaic efficiency of hydrogen >97%. Moreover, the photoelectrochemical stability was maintained over 1,500 h under concentrated solar light (640 mW/cm2). The improved stability on PEC water splitting via Pt redeposition was due to the epitaxial growth of Pt NPs on GaN NWs.
[image: Figure 6]FIGURE 6 | (a) LSV and (b) CA results of photoelectrochemical water splitting under concentrated solar light (640 mW/cm2). TEM and EDS elemental map of (c, d) pristine Pt/GaN/Si photocathode, (e) after 24 h reaction, and (f) after 288 h reaction with 5 times of Pt redeposition. Reproduced with permission from Dong et al. (2024).
The morphology of Pt/GaN/Si photoelectrode was characterized by using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Figures 6C, D showed that, before chemical reaction, Pt nanoparticles deposited on the top and sidewalls of GaN nanowires with homogeneous distribution. After 24 h of reaction under concentrated sunlight, some Pt nanoparticles were detached and smaller Pt nanoparticles sparsely distributed on the GaN nanowire (Figure 6E). Notably, after five times of Pt redeposition and 288-h test, a substantial number of Pt nanoparticles with larger size remained on GaN nanowires (Figure 6F), indicating the in-situ growth during redeposition process. In addition, the performance degradation was significantly faster under concentrated solar light compared to that under natural sunlight. Analysis implies that concentrated sunlight caused rapid detachment of Pt nanoparticles likely due to the vigorous hydrogen gas evolution. However, the redeposition of Pt can improve HER activity and stability. These results underscore that the stable bonding of Pt co-catalysts on GaN nanowires is beneficial to efficient and stable PEC water splitting under concentrated solar light irradiation.
Under very strong solar light irradiation (4,000 mW/cm2), the photocurrent density at 0 VRHE increased to over 240 mA/cm2 (Figure 7). However, the rubber O-rings in the flow cell were damaged by photothermal heating effect after 52 h. To enable stable operation for concentrated solar light water splitting, the reactor design and construction will need careful adjustments. Despite these stability issues, the photothermal effect caused by concentrated sunlight irradiation can significantly enhance reaction kinetics on the photoelectrode surface. Although the photothermal catalysis has been extensively investigated in various fields including photocatalytic water splitting, CO2 reduction, and N2 fixation, as well as in gas-phase reactions, (Zhou et al., 2023; Zhao et al., 2022; He et al., 2021; Li J. et al., 2023; Zhang et al., 2021; Li J. et al., 2024; Ghoussoub et al., 2019), the corresponding impact on photoelectrochemical water splitting is rarely explored. Understanding how the localized high temperatures affect the photoelectrode surface and the catalytic reactions will be critical, because developing promising strategies to combine the photo- and thermal-energies probably could improve hydrogen production efficiency compared to the conventional photoelectrochemical water splitting under mild temperature.
[image: Figure 7]FIGURE 7 | Photocurrent density decrease due to reactor chamber malfunction caused by damage to rubber O-rings from photothermal heating under highly concentrated light (∼4,000 mW/cm2). Reproduced with permission from Dong et al., (2024).
6 PERSPECTIVE AND CONCLUSION
This study suggests general protocols and guidelines on performing the photoelectrochemical solar water splitting under concentrated sunlight, including the aspects on photoelectrode preparation and characterization, reaction chamber design, light source calibration, photoelectrochemical measurement, and long-term stability test. Systematic framework and standard procedures for evaluating the catalytic performance and chemical/structural evolution were proposed, and the recent advancements based on Pt/GaN/Si photoelectrode were presented as an example to show how the protocols could be correctly conducted to measure the activity and stability and to understand the related challenges and mechanisms. The descriptions and discussions could pave an avenue for studying the photoelectrochemical solar energy conversion using concentrated sunlight to improve the solar chemicals production and to prompt the practical applications, through simultaneously achieving the ultra-high stability and excellent efficiency.
At present, the photoelectrochemical studies under concentrated sunlight have not garnered much attention and this technology still faces challenges like localized heating effect, bench-scale investigation, and high cost. On the other hand, the concentrated sunlight irradiation could rapidly increase the temperature around the photoelectrode, therefore, it is of great promise to improve the PEC reaction efficiency through properly utilizing the photothermal effect. Nevertheless, note that the potential high temperature may damage the reaction chamber and the photoelectrode and even may cause safety issue. To address these issues, the use of a water bath system to control the temperature and the use of heat resisting materials to construct the flow cell would be feasible approaches. On the other hand, the efficiency and stability of tandem photoelectrochemical cell under concentrated sunlight should be investigated. which could operate under bias-free conditions. This reaction system contains photoanode and photocathode, and the light irradiation first illuminates the semiconductor with narrower band gap. Notably, the substrate for semiconductor light absorber growth should be transparent and the co-catalyst layer should not be too thick to influence the light irradiation, and the reaction chamber should be designed to satisfy the experimental requirements. Further, there is a need to conduct the related measurements outdoor using the concentrated natural sunlight, although it may be more difficult than the indoor bench-scale test. This will build a platform to industrialize the photoelectrochemical solar energy conversion for the production of various valuable chemicals from water splitting, CO2 reduction, N2 fixation, and biomass upgrading.
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