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Numerous efficient semiconductors suffer from instability in aqueous electrolytes. Strategies utilizing protective coatings have thus been developed to protect these photoabsorbers against corrosion while synergistically improving charge separation and reaction kinetics. Recently, various photoelectrochemical (PEC) protective coatings have been reported with suitable electronic properties to ensure low charge transport loss and reveal the fundamental photoabsorber efficiency. However, protocols for studying the critical figures of merit for protective coatings have yet to be established. For this reason, we propose four criteria for evaluating the performance of a protective coating for PEC water-splitting: stability, conductivity, optical transparency, and energetic matching. We then propose a flow chart that summarizes the recommended testing protocols for quantifying these four performance metrics. In particular, we lay out the stepwise testing protocols to evaluate the energetics matching at a semiconductor/coating/(catalyst)/liquid interface. Finally, we provide an outlook for the future benchmarking needs for coatings.
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INTRODUCTION
Energy conversion materials such as semiconductor photoabsorbers likely undergoe chemical, electrochemical, or photochemical corrosion during photoelectrochemical reductive or oxidative reactions (Chen and Wang, 2012; Zheng et al., 2019). Thus, protective coatings were developed to protect those otherwise unstable semiconductor photoabsorbers against corrosion (Walter et al., 2010; Paracchino et al., 2012; Hu et al., 2015; Gu et al., 2017). As the field evolved, stabilization coatings alone or in conjunction with co-catalysts have been developed to promote charge separation (Gu et al., 2016; Pan et al., 2019; Zhao et al., 2021), to improve charge transport kinetics, to passivate surface states (Le Formal et al., 2011), to form rectifying heterojunction (Scheuermann et al., 2016), and to boost surface reaction rates (Chen et al., 2020; Kawde et al., 2020; Pastukhova et al., 2021). However, the addition of coatings and co-catalysts creates new interfaces and new electronic states: one fundamental requirement is the energetic compatibility with the underlying photoabsorbers to reveal the photoabsorber fundamental performance and maximize solar-to-chemical conversion efficiency. Furthermore, the employment of coating is not limited to PEC water splitting, but a wider fields such as dye sensitized PEC cells, perovskite solar cells, battery, and fuel cell devices, the materials and components of which have been reported with stability issues and require coating protection (Kay and Gratzel, 2002; Wang et al., 2008; Liu et al., 2015; Park and Zhu, 2020).
At the current stage, we recognize the challenges of comparing and evaluating the performance of coating strategies for different applications using a standardized approach. Protective coatings are often reported with various growth techniques and conditions and in combination with different underlying photoabsorbers and surface catalysts. The difficulty in deconvoluting the coating contribution from the overall performance of the coated device and interface (Hu et al., 2015). This results in a lack of data for the optical and electrical properties of the pure coating materials which hinder the progress of coating development. In addition, methods for evaluating device stability, coating stability, and optical properties are inconsistent among reports. In response to these inconsistencies, we present this work as an initiative to recommend comprehensive methodology for evaluating coating’s performance.
Herein, we identify four performance metrics: stability, optical transparency, electrical conductivity, and energetics compatibility (Figure 1A) as the primary descriptors of protective coatings. In this paper, the concept of “stability” is two-fold: the coating’s resistance to corrosion and its effectiveness at protecting the underlying photoabsorber. Resistance to corrosion includes both chemical and electrochemical resistances to corrosion, and it depends on the pH and local potentials. On the one hand, this photochemical stability criterion is firstly illustrated in a Pourbaix diagram (for electrochemical stability) for the thermodynamic corrosion potentials relative to the band edges (Chen and Wang, 2012; Hu et al., 2015). On the other hand, the stabilization efficiency (S), defined as the kinetic branching ratio of the local charge transfer current for desired reactions versus total light-induced current (Frese et al., 1981; Nandjou and Haussener, 2019), is often used to measure the coating’s effectiveness for protecting the photoabsorber. The optical transparency is a unique requirement of the protective layer for sunlight driven processes. Any parasitic absorption and reflection from the protective layer would result in overall device efficiency loss. Depending on the detailed construct of the PEC cell, for example, the number of photoabsorbers and the bandgaps of the photoabsorbers, the requirement for the optical transparency could be very different. The electrical conductivity of a coating depends on in-plane and through-plane conductivity or resistance. The through-plane resistance consists of the contact resistance at the coating-absorber and the coating-liquid interfaces plus the coating bulk resistance, all of which need to be minimized to reduce the potential loss. Energetic compatibility is another critical aspect of protective coatings. It is achieved when the energy levels of charge carriers on both the photoabsorber side and the liquid interface side of the coating align, as shown in Figure 1B. The matching minimizes the energy barrier and the energy loss for charge transfer across the interface. Even though the photoabsorber and the protective layer may have excellent properties by themselves, a mismatch in the charge-transport energetic levels between the two can result in very low conversion efficiency.
[image: Figure 1]FIGURE 1 | (A) Illustration of the four performance metrics for evaluating protective coatings for PEC water-splitting devices. The performance metrics for three representative coatings are also shown. They include: stability (primarily lifetime/hours), optical transparency (primarily transmittance/%), conductivity (primarily resistance/ohm) and energetics compatibility (primarily charge transfer efficiency across interface/%); (B) Schematics for showing the concept of energetics compatibility (here, the photoanode case is used as an example); (C) Flow chart that summarizes the recommended testing protocols for quantitatively evaluating the four performance metrics of a protective coating. Abbreviations: current-time (J-t), current-potential (J–E), electrochemical impedance spectroscopy (EIS), ultraviolet photoelectron spectroscopy (UPS), X-ray photoelectron spectroscopy (XPS), Mott-Schottky (M–S), and open-circuit potential (OCP). SC stands for semiconductor.
While ideal coatings are expected to excel in all four categories, there are often inherent trade-offs when optimizing their properties. For example, conductivity often comes at the expense of transparency and stability: wide-bandgap oxides are usually more optical transparent and stable than narrow bandgap materials but at the cost of being more electrically insulating. The reason is that the electronic states for transporting charges through the coating and achieving energetic matching are often missing or lower in the density of states than narrow bandgap materials (Frese et al., 1980; Sze and Ng, 2007). One strategy to improve the conductivity of wide-bandgap oxide materials without sacrificing stability and optical transparency is to introduce intermediate band (IB) or in-gap defect states (Hu et al., 2016). Recently, methods for engineering intermediate bands (IB) or defect states in wide bandgap coatings avoid these trade-offs and allow for good transparency without sacrificing charge transport performance (Campet et al., 1989; Hu et al., 2014; Bein et al., 2019; Li et al., 2021). These coatings modify the interfacial thermodynamics, carrier dynamics, and surface reaction pathways, which require special characterization techniques to elucidate (Dai et al., 2020). This paper summarizes these characterization techniques and their measurement approaches to illustrate these coating characterization protocols.
To illustrate the application of the protocol, we consider three representative coatings and their corresponding four performance metrics as examples (Figure 1). Tunneling TiO2 overlayers developed for metal-insulator-semiconductor (MIS) Si photoanode are illustrated as Figure 1A coating 1 (Chen et al., 2011; Scheuermann et al., 2013). This approach stabilized heavily p+-doped Si for 8 h under both acidic and basic conditions (Lin et al., 2013). Despite the optical transparency of few-nanometer TiO2, the energetic mismatch and low conductivity of this TiO2 coating resulted in ∼21 mV of added overpotentials at 1 mA cm−2 per nanometer of TiO2 for thicknesses greater than ∼2 nm. The primary mechanism of charge transport through this coating is by charge tunneling, as its energetics is incompatible with the photoabsorber and the water oxidation electrocatalyst. NiOx (Sun et al., 2015c), illustrated as Figure 1A coating 2, was shown to stabilize Si photoanodes in 1 M KOH(aq) for 5 h. The long-term stability of NiOx-protected Si photoanodes was inferior relative to other wide bandgap oxide coatings because the NiOx layer underwent microstructure changes after redox cycling, which made the NiOx layer ion-permeable (Lin and Boettcher, 2014). Despite that, NiOx has its own strength in high transparency, metal-like conductivity, and negligible energy loss for the various efficient photoabsorbers performing light-induced charge transfer (Sun et al., 2015a; Sun et al., 2015b; Sun et al., 2015c). “Leaky” TiO2 (Hu et al., 2014) (Figure 1A: coating 3) with Ni/NiOx electrocatalysts is stable in 1M KOH(aq) for over thousands of hours (Shaner et al., 2015) and has an average 80% transmission in the visible light range (Hu et al., 2014). In this coating/co-catalyst combination, the TiO2 has nearly thickness-independent hole-transport conductivity which is four orders of magnitude higher than the insulator TiO2 reported above (Scheuermann et al., 2013; Scheuermann et al., 2016), and is energetically compatible with photoabsorbers such as Si and CdTe (Hu et al., 2014; Chen et al., 2020). So far, a few protective layers including the “leaky” TiO2 achieve the stablility, transparency, conductivity, and the proper energetic matching for several technologically important photoabsorbers of <1.4 eV bandgaps. But further improvement is anticipated to further broaden coatings’ practice with photoabsorbers of >1.7 eV bandgaps and enhancing its corrosion resistance and protection effectiveness.
We recommend a standard procedure to evaluate these four metrics, as shown in the flow chart Figure 1C. Quantification of the stability (primarily lifetime/hours), optical transparency (primarily transmittance/%), conductivity (primarily resistance/ohm) and energetics compatibility (primarily charge transfer efficient accorss interface/%) under the control of other aspects such as thickness and substrate, help to evaluate protective coating comprehensively and highlights the current deficiencies and constraints. Such an evaluation can help create guidelines for designing and developing more efficient and multifunctional coating materials. We note that corrosion resistance is a prerequisite for a coating material. Therefore, it is the first aspect to be investigated, while the remaining four criteria can be studied based on a specific application.
Stability
Both the coating’s resistance to corrosion and its effectiveness at protecting the PEC device should be measured. However, in many articles, only the time-dependent current or potential behavior, which measures the effectiveness, is reported according to the PEC test protocol used in the last decade (Chen et al., 2013a). While stable device operation should imply coating’s resistance to corrosion, an explicit study is still valuable, because 1) it is a primary screening tool and a prerequisite for developing a new coating (Siddiqi et al., 2018); 2) it helps distinguish the pitting corrosion of the underlying protected photoabsorber from the dissolution of the coating (Shen et al., 2021); and 3) it helps better understand the corrosion or failure mechanism of the coating stabilized interface (Gerischer, 1977; 1991). For testing the coating’s resistance to corrosion, it is typical to grow coatings on conductive substrates initially and use electrochemistry methods. These methods include chronoamperometry to observe the current degradation and chronopotentiometry to test the potential deviation (Moehl et al., 2017; Siddiqi et al., 2018), in combination with various in-situation or ex-situ characterizations, such as XPS to compare the chemical change and electronic structure change after the test with those before (Moehl et al., 2017; Siddiqi et al., 2018).
For evaluating the effectiveness of protection, the porosity as part of the ion permeability test (Jung et al., 2018b) can be used for measuring how effectively the coating reduces the diffusion of reactive species from an electrolyte solution. Since the protection effectiveness directly reflects the operational stability, electrochemical methods are usually used to test the coated PEC device’s operational lifetime, sometimes even imitating the practical conditions (e.g., biased, AM 1.5 one Sun illumination, neutral pH, simulated diurnal cycles, etc.). Thus, they are powerful and indispensable tools for studying a coating’s stability as they consider realistic operating conditions for photoelectrochemistry applications.
The evaluation of device operational stability can be short term or long term. While short-term tests are primarily conducted under harsh conditions for examining the robustness of the coated photoabsorber and studying their corrosion mechanism, long-term tests are employed to demonstrate practical viability (Vanka et al., 2019). As the operational lifetime test alone cannot reveal the compositional or structural changes during operation, these tests are typically combined with a series of compositional, morphological, and topographical characterizations (both in-situ and ex-situ). Characterization techniques include morphological: AFM and ac mode AFM (for local metastable species) (Cheng et al., 2017; Ros et al., 2019; Vanka et al., 2019), Cross-section SEM (structural integrity) (Yu et al., 2018), TEM (nanoscale integrity) (Cheng et al., 2017); compositional: SEM-EDS (surface mapping of the composition) (Shen et al., 2021), XPS (surface atoms oxidation state change) (Pishgar et al., 2019; Cao et al., 2020), ICP-MS (Materials dissolution) (Pishgar et al., 2019).
Optical Properties
A comprehensive optical characterization of a protective coating includes the study of both the intrinsic properties, such as the dielectric constants [image: image] and the extrinsic properties, such as absorption, transmission, and reflection. Those optical characteristics depend on the coating’s thickness and morphology.
The dielectric properties [image: image] of thin films can be determined by Ellipsometry which measures the change in polarization as light reflects or transmits from the sample. The polarization change is represented as an amplitude ratio and the phase difference. The measured complex dielectric constants are the thickness-independent optical property of a coating. They are closely related to the dopant concentration and oxidation states, and thus also serve as an important input parameter for optical simulations (e.g., Finite-Difference Time-Domain modeling) (Mohsin et al., 2020). Ellipsometry is an indirect method, where the [image: image] values are obtained by fitting the measured light amplitude ratio and the phase difference with a dielectric function model. Therefore, selecting the appropriate model based on the material type and wavelength used for analysis is crucial for obtaining meaningful results. For anisotropic or inhomogeneous coating materials, the Mueller matrix formalism should be used to account for depolarization (Fujiwara, 2007).
The extrinsic optical properties are commonly characterized by ultraviolet-visible spectroscopy (UV-Vis). Initial screening for low optical loss involves measuring the transmission, reflection and absorption spectra of a substrate with/without coating for comparing the effect of coating (Sun et al., 2015c). The coating reflectance is recommended to be measured by either diffuse reflectance spectroscopy (DRS) using an integrating sphere (when the interference effect need to be rule out), or specular reflectance (when the interference effect need to be taken into account) (Chen et al., 2013b). While the UV-Vis solid film measurement is conducted in air, it is most relevant for reflectance measurements when the coated sample is immersed in liquids, so the measurement responds to the PEC operational environment. Lastly, the absorption spectra can also be used to construct a Tauc plot for measuring the optical bandgap, which is crucial information of the energy band diagram (Makula et al., 2018).
It should be noted that the thin-film interference effect may influence the reflectance, transmittance, and absorption of the coated photoelectrode. If the coating thickness is comparable to the incident light wavelength and the phase delay between the reflected light at two interfaces of the thin film module as a function of coating thickness, the reflected and transmitted light intensity will constructive and destructive interfere alternatively (Wolter, 1966). The use of Ellipsometry to measure dielectric (n,k) properties elucidates the interference issue. Coatings should be compared at the same thickness outside of the interference regime (Kats et al., 2014; Xu et al., 2018). This way avoids the inaccurate assessment caused by this effect and compares the coating extrinsic optical properties fairly. In some cases, the surface morphology (roughness or special surface patterns) can also contribute to the UV-Vis spectra, and therefore this factor should be considered when benchmarking the coating optics (Xu et al., 2018).
Electrical Conductivity
The methods for characterizing in-plane and through-plane conductivity of bulk coatings include: 1) Electrochemical Impedance Spectroscopy (EIS), which quantitatively measures the through-plane conductivity. The precision of the EIS technique depends on the selection and fitting of equivalent circuits. Besides the coating through-plane resistance, a typical equivalent circuit also consists of solution series resistance, charge-transfer resistance, and space-charge and surface state capacitances in series or parallel. Given the multiple fitting parameters in the equivalent circuits, it is important to ensure all parameters have physical meanings. The selection accuracy and model validation can be referred to by Spyker and coworkers (Jiya et al., 2018); 2) Electrochemical cyclic voltammetry at the low bias region for through-plane conductivity, in which the resistance can be derived from the extrapolation of the linear region at low bias (Nunez et al., 2019). It should be noted that this method only applies when the coating resistance dominates the through-layer resistance; 3) Sheet resistance for in-plane conductivity, which can be measured by the four-point probe method (Hu et al., 2014); 4) Hall measurement for in-plane conductivity, a technique that employs a magnetic field perpendicular to the in-plane current flow, can be used to measure charge carrier density, electrical resistance, and carrier mobility for the bands of the films from which the conductivity can be derived (Hu et al., 2014). The through-plane resistance can limit the coating thickness selection, and therefore indirectly affect the stability and optical transparency of the device. Here, one typically assumes that coating conductivity is isotropic, which can be validated by the comparison of in-plane and through-plane resistivity.
In addition to providing information about coating resistance, conductivity studies can also be useful for revealing charge conduction mechanisms for the coating by: 1) solid-state I-V measurement of coatings deposited on the substrates of varying work functions; 2) alternating current-conductance of the through-layer device as a function of frequency under a fixed temperature and fixed applied bias, where the response can be used to fit the model for band-mediated charge transport, or model for charge transport via hopping, therefore help determine the charge transport pathway; 3) temperature-dependent direct current conductance. This temperature-dependent conductance can be used to determine the activation energy, which reveals the mechanism of tunneling or hopping based on charge transfer barrier and conduction mechanism (Nunez et al., 2019); 4) space-charge-limited current spectroscopy, where the conductivity of the coating in contact with the solution is measured over a range of gate potentials (Nunez et al., 2019). The potential-dependent conductivity is done by interdigitated electrodes in a field-effect transistor configuration, where I-V conductivity is measured with the varying Fermi-energy level (applied gate voltages) (Roest et al., 2002; Plana et al., 2013). This technique is also commonly used for studying the conduction mechanism in combination with the frequency and temperature varied conductance measurement (Nunez et al., 2019). The above techniques mainly focus on the macroscopic electrical properties of the coating. Last but not the least, conductive atomic force microscopy (c-AFM) can be used for testing local conductivity on the film surface or the cross-section for revealing coating inhomogeneity or detecting metastable phases (Yu et al., 2018; Ros et al., 2019).
Energetics Compatibility
The interfaces between the protective coating and the photoabsorber, with or without surface-attached catalysts (Walter et al., 2010; Hu et al., 2015; Bae et al., 2017) are vital for thermodynamics, charge separation, charge transfer and reaction kinetics (Thorne et al., 2015; Vanka et al., 2019). The protective coating’s electrical properties should be tailored to the photoabsorber and the catalyst for minimizing energy conversion loss. In doing so, the band bending and defect band alignment across the SC/coating interface can be tailored towards efficient charge transfer, thus allowing for thicker protective coatings and eliminating manufacturing defects. Without proper energetics compatibility, charge transport through SC/coating interface would primarily rely on charge tunneling. Hence, the coating thickness is constrained to <3 nm (Scheuermann et al., 2016), which makes the protective coating prone to degradation.
Since energetics depends on interfacial chemistry, it is imperative to standardize surface treatment before the coating deposition to remove surface oxide and achieve reproducible substrate/coating interface conditions. Procedures for surface treatment requires the selection and standardization of photoabsorbers to ensure fair evaluation. For example, in the case of n+ Si/TiO2, the Si substrate has a well-established surface treatment protocol: an RCA SC-1 etch, followed by immersion in 5 M hydrofluoric (HF) acid, and an RCA SC-2 procedure (Hu et al., 2014). This series of surface treatments produce a SiO2 tunnel interface, which passivates surface states responsible for non-radiative carrier recombination and aligns the Ti3+ defect band to the Si valence band.
Determination of the complete band energetic diagram of the coated PEC device follows a protocol with three major steps, each requiring a series of characterizations as illustrated in Figure 2. The first step (Figures 2A,B) for mapping band energetics is to measure the coating bulk band diagram in vacuum. Tauc plot ([image: image]) by UV–Vis can be used to determine the optical band gap (Figure 2A). The film absorption coefficient α is measured as mentioned in the optical measurement section. Extrapolation of the linear region of the hv -(αhν)1/2 plot yields the energy of the optical bandgap of the amorphous material (Hu et al., 2014; Siddiqi et al., 2018). Alternatively, the electronic bandgap of some ultra wide bandgap oxides, such as SiOx can be obtained by high energy XPS using the difference in energy between the elastic peak (e.g., oxygen peak) and the onset of inelastic losses (Nichols et al., 2014; Iatsunskyi et al., 2015). Ultraviolet photoelectron spectroscopy (UPS) can provide information including the work function, i.e., the Fermi level position versus the vacuum potential, and the surface density of states (Hu et al., 2014; Hu et al., 2016; Richter et al., 2021).
[image: Figure 2]FIGURE 2 | The development of band-energy diagram of semiconductor photoabsorber/coating/(catalyst)/liquid electrolyte. (A) Band-energy diagram for bulk coating; (B) Valence XPS data with peak deconvolution results; (C) Band-energy diagram for semiconductor photoabsorber/coating integrace, which can be obtained from literature report, and the measured position of the peak from XPS at the interface (as indicated by the red arrow); (D) The characteristic XPS core level peak shifting for the semiconductor and the coating; (E) Band-energy diagram for semiconductor photo absorber/coating/(catalyst)/liquid; (F) Mott-Schottky plot, i.e., the reciprocal of the square of capacitance versus the potential between the bulk electrode and the bulk electrolyte.
Both UPS and valence XPS can be used for determining the band edge position relative to the Fermi level. However, while UPS only probes the film’s surface, valence XPS provides a more accurate means to analyze the bulk film’s valence band position because the greater penetration depth of the XPS probe beam reduces the effect of spurious surface states during the analysis of the valence band position (Lichterman et al., 2015; Hu et al., 2016; Richter et al., 2021). For the valence XPS measurement, the coating sample surface needs to be partially covered by a gold foil and grounded to the stage. The scan range typically starts from −5 to 20 eV vs. 0 eV binding energy, defined as the Fermi level. The conductivity of the film sample needs to be ensured to avoid the electron charging effect, with the valence spectra of gold or palladium measured as a reference for the binding-energy calibration (Sharpe et al., 2017).
Peak deconvolution of the raw valence spectra data can be achieved by software such as Casa XPS or Multipak. The assignment of the characteristic peaks should follow the previous report of the electronic study of the material or its component. The result of the valence XPS allows for the determination of the coating energy levels (including CB, VB, and IB) relative to the Fermi level of the material, while UPS determines the valence band position and the work function. This step completes the derivation of the energetics of bulk coating. The valence band edge (VBM) is determined by linear extrapolation of the characteristic peak. The intermediate band center position and width corresponds to the peak position of the intra gap electronic states, and its FWHM of measured XPS peaks. After the peak deconvolution analysis of valence XPS spectra and UPS (Figure 2B), a bulk energy diagram can be constructed (Figure 2A).
The second step (Figures 2C,D) for mapping band energetics is to derive the band edge offset between the SC photoabsorber and the coating. When a coating is applied to a semiconductor, the degree of band bending can be determined by comparing the shift of the core-level XPS peak positions for the samples with incremental increases of coating thickness (Klein et al., 2008; Hu et al., 2016; Richter et al., 2021). Usually, overlayer thicknesses of over 4 nm are not recommended because they block the substrate signal due to the limits of penetration depth or mean free path of the photoelectrons, unless using hard X-ray spectroscopy. The characteristic core-level XPS spectra can be measured for both the substrate and the coating. For example, in the case of Si/TiO2, Si-2p core-level spectra can be measured for deriving the Si band bending, while the Ti-2p spectra can be obtained for the band bending on the protective coating. The magnitude of band bending is determined by the shift of the characteristic positions of the core-level peak that belong to the semiconductor photoabsorber, as shown in Figure 2D. For the protective coating, the band bending can be derived in the same manner by the binding energy difference between the bulk (when coating thickness is > 2 nm) and interface (when the coating is only few cycles by atomic layer deposition) (as indicated by the red arrow) (Klein et al., 2008; Hu et al., 2016). Assuming that the Fermi level of semiconductor and coating align under equilibrium in the dark, the band offset can be determined in conjunction with the characterization of band edge positions relative to the Fermi level. Then, the band bending values for both the semiconductor photoabsorber and coating can be obtained. An alternative option to obtain the band bending (barrier height) of the semiconductor photoabsorber is by the solid-state variable temperature J-V measurements (Hu et al., 2016), or light-dependent open-circuit potential (OCP) measurements (Chen et al., 2013b; Dai et al., 2020), or by Mott-Schottky analysis (Hu et al., 2016). These techniques are often combined to provide a full picture of the band energetics and to validate one another.
The third step (Figures 2E,F) for mapping the band energetics is to determine the band edge positions of coatings in contact with the electrolyte solution of interest. We assume that the band offset at the semiconductor/coating solid-solid interface is independent of the contacting electrolyte (Tan et al., 1994; Walter et al., 2010). For the semiconductor/coating/liquid interface, Mott-Schottky (M-S) analysis can be used for obtaining the flat band potential and band edge positions (Figures 2E,F) (Gelderman et al., 2007; Hankin et al., 2019; Chen et al., 2020) By using the M-S analysis, the entire energy band diagram with respect to electrolyte potential can be mapped. Light-dependent OCP is an alternative option for determining the flat-band potential, where the Fermi level approaching the flat-band potential at high light intensity (Hankin et al., 2019).
The open-circuit photovoltage, measured from the difference between the dark and light OCP, in various redox electrolytes can also help to study the junction type (Hu et al., 2016). For PEC application, a buried junction with a fixed barrier height is often desired. In this case, the barrier height of the semiconductor junction depends on doping and built-in potential. This junction energetics have been fully exploited to achieve the desired performance independent of local pH environment and redox potentials (Dai et al., 2014; Chen et al., 2015; Hu et al., 2015).
These are cases that when semiconductor/coating get immersed in liquids, the band edge positions of coating and semiconductor with respect to liquid potential shift together with the applied bias and liquid potential. In this case, the band offset at the solid-solid interface remains constant with a fixed barrier height. When surface states dominate, the band edge of the solid will not be fixed under applied bias or light illumination (Jung et al., 2018a). This case occurs when surface states dominate. Inserting a coating between photoabsorbers and liquids can mitigate the Fermi level pinning, but for some porous and ion-permeable coatings, partial Fermi-level pinning can occur (Lin and Boettcher, 2014). A “dual-working-electrode” (DWE) technique can be employed to measure the local surface potential of the catalyst (Lin and Boettcher, 2014; Nellist et al., 2016), or a sophisticated electrochemical atomic force microscopy approach for electrochemical potential sensing can be employed (Nellist et al., 2018; Laskowski et al., 2020).
The aforementioned steps allow the construction of a complete band diagram of a coating protected semiconductor photoelectrode. The following characterizations are optional, used to validate the band energetics, providing energetics at operando conditions or for a local region. These techniques include in situ or operando XPS, which provide a band energy diagram at applied bias condition (Lichterman et al., 2015); Operando AFM which provides information including local site potential and carrier dynamics (Nellist et al., 2018; Connor et al., 2020; Kalanur et al., 2021); Resonant X-ray Photoelectron Spectroscopy (ResPES) and Resonant X-ray Spectroscopy (RiXS) can be used to quantify the energetics between the coating/catalyst interface that is immersed in liquids (Richter et al., 2021). Besides, ResPES and RiXS measurements were reported to be helpful for a thick catalyst layer since they can penetrate the relatively thick metal layer and examine the VB states using resonant excitation of a particular element.
In addition to the four metrics we mentioned in the former paragraph, we also acknowledge that the other aspect of coating should be taken into account for a comprehensive and fair evaluation. For example, as we mention in the introduction, coating can form a p-n hetero-junction with the underlying absorber to promote the charge separation, therefore a desired coating candidate should have the opposite dopant type with appropriate doping concentration to form favorable band bending toward the corresponding surface reactions (Yang et al., 2019). Lastly, doped coating materials such as Fe doped TiO2, can contains trap defects that quench the photo-generated carriers before they migrate to the coating surface. The non-radiative recombination through coating-absorber interfaces and charge-transport states should be minimized not to affect charge separation (Kautek et al., 1980; Singh et al., 2008).
CONCLUSION AND PERSPECTIVE
We recommended using the four metrics of stability, optical transparency, conductivity, energetics compatibility, and a series of protocols to evaluate protective coating materials systematically. These metrics can also serve as a helpful guide for the coating design and comparing performance across different coatings. We summarized the current methods reported in the literature for evaluating these four metrics, along with common pitfalls. Lastly, we discussed a stepwise procedure for deriving the complete band energy diagram for a complex SC photoabsorber/coating/liquid interface with or without catalysts.
We note that there are challenges that require further research, such as the inherent trade-off between the four metrics, as well as tailoring the intermediate-band states to specific needs. More advanced but less frequently utilized methods such as 1) comprehensive property observation under operando condition; 2) high throughput methods for screening and optimizing coating composition; 3) accelerated stress testing (AST) and corrosion mechanism study, which correlates the coating permeability with the coating protection effectiveness, can further be developed following the protocols stated in this paper.
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