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Abstract

:

Surface passivation engineering is an imperative way to improve photoelectrode performance for photoelectrochemical (PEC) water splitting. To the best of our knowledge, it has never been systematically reviewed in a feature article. In this review, we summarize various passivation materials and their preparation, characterizations by PEC measurements and some related spectral technologies. We highlight the features of the passivation effect that separate it from other modifications, such as cocatalyst decoration, and we demonstrate significant progress in combining surface passivation engineering with other interfacial modification strategies for the rational design of photoelectrodes. Ideas for future research on surface passivation modification for improving the performance of photoelectrodes are also proposed.
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1. Introduction


Since the commencement of the 21st century, human society has entered a rapid development period thanks to the fast advancements of high technologies. Then along came an unprecedented increase in energy consumption for human beings. At present, global energy consumption is almost 20 TW per year [1,2]. Fossil fuels, including coal, oil and natural gas, have long been the primary energy sources since the Industrial Revolution, which started almost three hundred years ago in Europe. In addition to the anxiety about the irreversible depletion of fossil resources, in recent years, humans have been confronted with more and more challenges from the greenhouse effect, extreme weather, environmental pollution and a deteriorated ecological system due to huge carbon emissions from the utilization of carbon fossil energy.



As a huge energy reservoir, the sun delivers carbon-free and renewable energy up to 10,000 TW to the Earth’s surface per year, which is quite sufficient to meet the energy requirements of human beings [2,3]. Therefore, developing solar utilization is very desirable in order to realize carbon neutrality and energy sustainability. Apart from natural photosynthesis by plants, human beings have explored various strategies to harvest, convert and/or store solar energy for use in electricity, chemicals (such as hydrogen) and heat, which can be used routinely in human society. Among these, photoelectrochemical (PEC, also referred to as photoelectrocatalytic) water splitting provides a very promising way to cost-effectively produce clean hydrogen via solar water splitting, which was pioneered by Fujishima and Honda in 1972 [4].



The PEC reaction is performed in a PEC cell that should at least comprise a photoelectrode, counter electrode and electrolyte, very similar to the structure of traditional electrochemical cells (Scheme 1 with photoanode is an example). Photoelectrodes are generally photocatalyst particulars/films deposited on a conductive substrate or semiconducting crystal, such as TiO2, with ohmic contact in some cases (more details are available in our previous book chapter [1]). Once illuminated, the photoelectrode is excited to generate charge carriers, which then move to the solid/solution interface for participation in the chemical reaction. As such, charge carriers in photoelectrodes suffer a three-step process, including generation, separation and transfer, and final consumption by a PEC half-reaction (Scheme 1).



The efficiencies for these three steps together determine the half-cell efficiency for the PEC process, which can be described as the following equation [5,6]:


   η  half − cell   =  η  abs   ×  η  sep − trans   ×  η  cat    



(1)







   η  half − cell     represents the solar conversion efficiency for the half-reaction in the PEC cell,    η  abs     is the light absorption efficiency, which decides the producing amount of charge carriers,    η  sep − trans     represents charge separation and transfer efficiency (against energy loss due to charge recombination), determining the fraction of surviving charge carriers, which can reach the interfacial active sites, and    η  cat       represents the interfacial catalytic efficiency, indicating those portions of the charge carriers able to overcome the barrier for irreversible reaction. Among these three steps and efficiencies, light absorption is relatively independent, while the other two steps are often coupled with each other. There are already some comprehensive review articles addressing photocatalyst materials (nitrides, oxynitrides, sulfides, etc.) with wide visible light absorption [7,8,9]. In addition, light absorbers with special morphologies, such as a nanorod, nanotube, nanoflower or elaborate surface antireflection layer, are very helpful for boosting light harvesting or improving the collecting of the minority carriers [10]. However, up until the present, those photoelectrodes with a single component light absorber have never achieved satisfying energy conversion efficiency despite a band edge absorption beyond 600 nm. An efficient photoelectrode is always multicomponent and integrated, which may be ascribed to the multi-step process of PEC reactions themselves, and the    η  cat     can often be remarkably improved by integrating the light absorber with the surface electrocatalyst, therefore, resulting in the enhanced    η  half − cell    . Several reviews and perspectives have addressed this topic, including our previous review article concerning transition-metal-based electrocatalysts as cocatalysts for photoelectrochemical water splitting [11,12,13,14,15]. There were also some reports demonstrating that the cocatalysts were able to indirectly facilitate the charge carriers’ transfer and separation in addition to providing active reaction sites [16]. Regardless, for a photoelectrode with the same light absorber and cocatalyst, we could evaluate and compare the charge separation and transfer ability, thus developing corresponding strategies to improve the    η  half − cell    . To a great extent, studying how to boost    η  sep − trans     (step 2 in Scheme 1) is very crucial, beyond all doubt, to tap into the potential of light absorption materials to achieve a high    η  − cell     approaching theoretical values.



Defect states are commonly present in the material bulk and surface, and they are inclined to trap carriers and act as charge recombination centers, which results in energy loss during the charge transfer process. Bulk defects generally can be eliminated by improving crystallinity or doping, while surface defects need to be removed by passivation. Therefore, surface passivation has been extensively accepted to be a pivotal interfacial engineering strategy to obtain highly efficient photoelectrodes, which is frequently mentioned or discussed in some review articles [17,18,19,20]. However, to the best of our knowledge, it has never been systematically reviewed in a feature article.



In this review, we summarize various passivation overlayers and their preparation, characterizations by PEC measurements and some related spectral technologies. The role of passivation that separates the cocatalyst and heterojunction is highlighted. We also demonstrate recent significant progress in combining surface passivation engineering with other interfacial modification strategies for the rational design of photoelectrodes. Suggestions for future research on surface passivation modification for improving the performance of photoelectrodes are proposed.




2. Surface Passivation Engineering for Photoelectrodes


2.1. Background and Fundamentals


The passivation strategy was adopted early in the PV industry to deal with dangling bonds in bulk amorphous silicon, as well as surface defects in single-crystal silicon due to interrupted surface lattice [14,18]. This method has been extended to dye-sensitized solar cells, invented by Gratzel et al., in which some insulator or semiconducting thin films, such as Al2O3, Ga2O3, MgO or ZrO2, were coated on a porous TiO2 substrate to increase the open circuit potential thanks to their significant reduction in electron recombination [21]. Then, in recent decades, it was further extended to modify photoelectrodes for improved PEC water splitting in view of a similar working principle and requirement in suppressing charge recombination between them.



Generally, in most cases, the semiconducting light absorbers on photoelectrodes are nanocrystalline materials with ultrahigh, true surface areas in order to boost light absorption, as well as offer more active sites for absorption and reaction. However, such materials have a double-edged sword effect with rich surface states (or surface defect states), which may act as carrier trapping centers and induce surface Fermi level pinning so as to restrict surface band bending [22,23,24,25] in thermodynamics, and dynamically, the photogenerated charges would firstly inject into the surface traps before they can transfer from the solid to the solution and participate chemical reactions, resulting in the production of additional overpotential other than a reaction kinetics barrier (Scheme 2). This point has been regarded as an important factor for the significant retardation of the photocurrent onset potential in comparison with the flat-band potential of the semiconductor light absorber, which causes an unreasonably low photovoltage [23,26]. With this in mind, efforts have been dedicated to eliminating surface traps through passivation engineering.



Hematite (α-Fe2O3) is a prototypical photoanode material for a surface passivation study due to its intrinsically abundant surface defect state originating from short-range structural disorders near the surface [20,27]. Bisquert and Hamann et al. used electrochemical impedance spectroscopy (EIS) to identify the roles of the surface state for a water oxidation reaction over a hematite photoanode [28]. They prepared a series of thin film hematite photoanodes by atomic layer deposition (ALD) and measured the IS during a PEC water oxidation process as a function of applied bias potential, incident light intensity and solution pH. After analysis by fitting via an equivalent circuit, it was found that when the surface trap capacitance was located at the peak position (i.e., maximum), the charge transfer resistance of holes to the donor species was almost right in the valley (i.e., minimum) under the same experimental conditions. This result suggests that photogenerated holes trapped and accumulated in the surface states rather than those directly from the valence band participate in the water oxidation reaction. In other words, the water oxidation reaction would not occur until a sufficient number of holes were collected by the surface states. This work reveals the surface state plays a crucial role in the hole-transfer step on the defect-rich photoelectrode surface. In this regard, the presence of the surface state is detrimental to the PEC performance, which clearly induces an energy loss mechanism.




2.2. Surface Self-Passivation


Aiming at eliminating redundant surface states, Wang et al. proposed the re-growth strategy (100 °C growth for 1 h, then 800 °C annealing for 5 min) to reconstruct the hematite surface [27]. It is seen from the morphology evolution observation (Figure 1a–h) that the original random surface structure (sdH sample) was improved to be orderly after the second re-growth post-treatment (rgH II sample), while the overgrowth sample (rgH III) demonstrated random surface again. The current-potential curves shown in Figure 1i indicate a negative shift beyond 380 mV in onset potential for the re-growth samples in comparison with those of the ALD-grown sample (denoted as aH). With the further decoration of NiFeOx cocatalyst, the turn-on voltage of the hematite shifts more negatively and generates a photovoltage high as 800 mV.



Fathabadi et al. employed electrochemical cyclic voltammetry to in situ grow a passivation layer over Ti-doped Fe2O3 photoanode, and the optimized bias potential was 0–1.2 V vs. Ag/AgCl [29]. This overcoating was identified to be an ultra-thin amorphous Ti/K co-doped defective α-Fe2O3-x, which led to about 60% enhancement in the PEC activity regardless of constant photocurrent onset potential. Additionally, this passivation layer made the photocurrent retention up to 99% and 95% after 10 and 96 hours of PEC tests, respectively. The long-term stability was ascribed to the successive in situ passivation during a PEC cycling test and the decreased leaching rate of Fe and Ti ions due to the physical isolation from the electrolyte.



Light exposure treatment has been reported to be another method to optimize PEC activity due to the suppression of surface energy losses [30,31,32]. Berlinguette et al. demonstrated the formation of a surface passivation layer over BiVO4 photoanode after suffering ultraviolet (UV) irradiation for an extended time period of 20 h [30]. Electrochemical measurements indicated that the charge carrier density was over ten-fold higher, together with a cathodic shift of 250 mV after photolysis treatments. XPS analysis suggested a diminishing number of surface defect states (possible dangling oxygen sites) for the photolyzed photoanodes. Consequently, such UV exposure treatment produces a cathodic shift of about 230 mV in onset potential and makes the photocurrent double at 1.23 V vs. reversible hydrogen electrode (RHE, same below without otherwise stated), which is nearly comparable to the effect of surface cocatalyst modification.




2.3. Inorganic Passivation Layers


In most cases, surface passivation engineering was put into effect with ultra-thin insulating or wide bandgap oxides, such as Al2O3, Ga2O3, TiO2, SiO2, ZrO2, MoO3 and some (oxy)sulfides, metal, etc. [26,33,34,35,36,37]. Sivula et al. investigated the effect of an Al2O3 overlayer deposited by the ALD method on the PEC performance of hematite photoelectrode [26]. The self-limited preparation method allowed for the conformal film on nanostructured hematite with an atomic level of 0.15–2 nm in thickness. PEC measurement results indicated a negative shift of 100 mV for the onset potential and increased the photocurrent by a factor of 3.5 (from 0.24 mA cm−2 to 0.85 mA cm−2 at 1.0 V in 1 M NaOH solution). The light-off cathodic transient peak was observed from the transient current–time curves at low biases of 0.9 and 1.1 V (Figure 2a), which could be assigned to electrons diffusing from the external circuit to recombine with the accumulated holes at the semiconductor–liquid junction (SCLJ). The peak area represents the accumulated charges at the SCLJ, which are estimated to be 71.2 μC cm−2 and 198 μC cm−2 at 1.1 V, respectively. This result indicates a decreasing hole accumulation at the SCLJ after passivation treatment. The EIS analysis suggested that the interfacial charge transfer for water oxidation begins when the capacitance drops abruptly, highly in accordance with the above-mentioned characteristic role for surface states. In addition, the induced photoluminescence (PL) for the Al2O3-modified hematite photoanode implied that a portion of the inter-bandgap surface states had been passivated (Figure 2b).



Subsequently, the same group compared Al2O3, Ga2O3 and In2O3 as passivation layers for a hematite thin film (27–30 nm thick) photoanode fabricated by spray pyrolysis [33]. The overlayers were deposited by a chemical bath based on urea hydrolysis, such as the above ALD Al2O3 overlayer. They demonstrated the passivating effect by negatively shifting the onset potential and increasing the photocurrent density as well. Among them, Ga2O3 achieves the best results. A larger negative shift of up to 200 mV in onset potential was achieved on a Ga2O3-coated film. Under the protection of the Ga2O3 passivation layer, the photoanode was able to keep sustainable water splitting in an alkaline solution for 30 h. Recently, the In2O3 thin layer with a thickness of a few nanometers was coated over a titanium-doped hematite photoanode [38]. The turn-on potential was almost constant before and after modification. However, the photocurrent density was largely improved from 1.2 mA cm−2 to 3.4 mA cm−2. The authors ascribed the high PEC activity to surface passivation in addition to the heterojunction formed between hematite and In2O3 overcoating.



Other than decoration on hematite photoanode, noncatalytic alumina layer had been extensively applied on BiVO4 [34], WO3 [39], Ta3N5 [40,41], TiO2 nanotube arrays [42], TiO2 nanorods [43,44], ZnFe2O4 [45] and InGaN/Si double-junction photocathodes [46] as a surface passivation layer to facilitate charge transfer for PEC reaction. All of these passivation modifications show a smaller effect with a cathodic shift of no more than 100 mV in Von and less than a 10% increase in Jph. Occasionally, a negative effect was reported. For example, the ALD Al2O3 overlayer decorated on BiVO4 photoanodes had been found to be very detrimental to the PEC activity with a significant decrease in Jph regardless of its thickness (ALD 1, 10 and 100 cycles) [34]. This adverse effect was ascribed to the poor conductivity of Al2O3 films by the authors. Then the authors removed the Al2O3 overlayer by soaking it in 1 M NaOH aqueous solution with stirring for 0.5 h, and the obtained sample was denoted as p-BiVO4. Unexpectedly, the three p-BiVO4 samples all delivered higher Jph than the BiVO4 with and without Al2O3 overlayers. The optimal Jph is up to 1.34 mA/cm2, which is 73% higher than that of the naked BiVO4. The authors proposed that the surface oxygen defects were passivated during the deposition and subsequent removal of the Al2O3 overlayer, which accounted for the enhanced PEC performance of the BiVO4 photoanode.



Passivation layer thickness is an important factor that often needs to be optimized for improving PEC performance. Choi et al. compared the effect of alumina overlayer by ALD 3 cycles (~0.5 nm), 30 cycles (~5 nm) and 300 cycles (~50 nm) on the PEC activity of WO3 photoanode [39]. The photocurrent density displayed a bit, three-fold increase and complete loss, respectively (Figure 3a). The thick overlayer may cause a surface reaction site blockage or high resistance to prevent charge transfer so as to lose the activity. On the other hand, it is seen that the onset potential stays constant despite the presence of the passivation layer in all cases. In view of this point, the authors thought that the Fermi pinning was yet fixed in spite of alumina deposition. Moreover, the authors compared the oxygen evolution Faradaic efficiencies and photocurrent in a test duration of 2 h. The Faradaic efficiency for Al2O3/WO3 was three times that of WO3 (54.1% vs. 17.7%), while the passing electrical quantity for the former was much less than three times of the latter. It was thus proposed that the increased photocurrent resulted not only from the alumina passivation but also from the inhibition of peroxo-species formation to a great degree (Figure 3b). The further characterization of the time-resolved absorption spectroscopy (TAS) indicated that the passivation decreased the electron trapping while it increased the population of trapped holes on WO3, thus generating a positive effect on PEC performance.



Silicon is also a typical light absorption material, which inherently has rich surface defects that needs to be treated. Since silicon itself is rather active in reacting with the surrounding trace amounts of oxygen gas, a silicon oxide overcoating is almost inevitably accompanied by a fresh silicon surface to be a natural passivation layer [14]. On account of large charge-transport resistance, the SiOx coating generally should be controlled within several nm of thickness [47,48,49]. Sometimes an additional passivation layer, such as a TiO2 thin-film layer, is required to combine with a self-oxidized SiO2 for better passivation and physical protection against electrolyte corrosion [47]. TiO2 and Ta2O5 thin films are able to act as passivation layers for silicon nanowires [50] and amorphous silicon [51], as well as InAs/p-Si composite photoelectrodes [52]. Several sulfides, such as CoS2 and MoOSx modification, also have been reported to enable the p-type silicon microwire arrays to be passivated, meanwhile, they play the role of cocatalyst [53,54].



Liu et al. reported a (NiFeCoCe)Ox multicomponent overlayer to modify BiVO4 photoanode in which the roles of each metal oxide were discussed and identified principally by comparing the PEC behavior with and without a sacrificial agent of H2O2 [55]. It was concluded that poor catalytic CeOx shows a passivation-only effect, FeOx shows a bifunction of moderate passivation and catalysis, and NiOx and CoOx show a catalysis-only effect. In addition, (NiFe)Ox acts as the surface catalytic component and (CoFeCe)Ox as the charge capture/collection component. Therefore, the roles of surface engineering films are actually complicated and ambiguous. In general, noncatalytic materials, such as Al2O3, Ga2O3, In2O3, CeOx, SiO2 and TiO2, would be less disputed for functioning as a passivation layer. The passivation effect of the catalytic materials, such as CoOx, CoPi, CoS2 and MoOSx, is a controversial problem since the cocatalyst function often dominates the modification effect.



To address the above dispute point, Wang et al. investigated the surface engineering effect of a well-known cocatalyst thin film of NiFeOx (~10 nm thick) over hematite photoanodes by three different preparation methods [56]. They principally used intensity-modulated photocurrent spectroscopy (IMPS) technology to determine the surface charge transfer rate constant (ktran) and surface charge recombination rate constant (krec), which reflected the effectivity of hole transfer from the semiconductor to the solution and surface charge recombination due to the presence of surface states, respectively. The decoration of the surface NiFeOx for all photoanodes did not induce an enhanced ktran as expected in the case of water oxidation cocatalyst modification. In contrast, the values for ktran were equal to or smaller than those naked samples. In Figure 4a, it is seen that the re-growth (rgH) photoanode with a NiFeOx overlayer shows a slower ktran and a much slower krec than the other two samples. In Figure 4b, the GaOx-coated hematite displays similar results in comparison with that without GaOx modification. This result may suggest that NiFeOx has the same passivation effect as GaOx. In Figure 4c, the authors listed and compared the ktran and krec for ALD hematite (aH) with and without deposition of NiFeOx thin film at a bias potential of 1.1 V. Clearly, the NiFeOx decoration doesn’t alter the ktran but largely decreases the krec. Therefore, it confirmed the passivation role of the NiFeOx overcoating. From this work, the authors argued that the traditional cocatalyst of NiFeOx thin film primarily serves as a passivation layer rather than a catalytic layer over hematite-based photoanodes. IMPS offers a quantitative measurement of the surface charge transfer kinetics, which is helpful for identifying the effect of surface modification.



Some metals, such as nickel, have been reported as a physical passivation layer for perovskite photoanode, which generates about a six-fold enhanced photocurrent [57]. However, taking account of the easy self-development of NiOx or NiOOH (known catalysts) on the top surface of metallic nickel during the PEC water oxidation reaction [58,59], it is hard to attribute the barely improved PEC activity to the passivation effect. The role of surface metal is difficult to define since it almost integrates with other properties, such as catalysis, charge transfer, junction, physical isolation, etc.




2.4. Metal-Organic Framework-Based Passivation Layers


Metal-organic frameworks (MOFs) comprising metal clusters and organic ligands are a class of porous materials that have great advantages in surface functionalization [60,61]. With this in mind, some MOFs have tentatively been applied to photoelectrodes for surface engineering [62,63,64,65,66].



Zeolitic imidazolate framework-8 (ZIF-8) was first applied as a surface passivation layer over ZnO photoanodes to boost PEC water splitting [62,63]. It was fabricated via the solvothermal method with the underlying ZnO nanorods as self-sacrificial templates and thus built a core-shell structure, as shown in Figure 5a,b [62]. The surface defect states were just removed during the growth of the ZIF-8 overlayer derived from the surface dissolution of the ZnO nanorods under solvothermal conditions. Accordingly, the ZIF-8 film is conformal with tunable thickness, which is usually required to generate a passivation effect. The decoration of the 3–5 nm thick ZIF-8 overcoating leads to a remarkable enhancement in photocurrent density and a negative shift in onset potential for a water oxidation reaction (current–potential curves are shown in Figure 5d). ZIF-8 is optically transparent in the UV–visible range, which does not block the incident light. Moreover, the chemically inert and conformal coating helps ZnO photoanode achieve an excellent PEC stability of 3 h in an alkaline solution of 0.1 M KOH. Integrating with Ni(OH)2 nanosheet cocatalyst results in further increasing PEC activity (Figure 5c,d). On the other hand, the authors employed time-resolved PL and Raman spectroscopy together with electron paramagnetic resonance (EPR) to offer evidence for the passivation effects of ZIF-8 thin film.



Ultrathin Fe MOF, Co MOF and FeCo biMOF have been used to passivate the surface defects of hematite, and all of them showed a positive effect on enhancing PEC activity [64,65,66]. However, in addition to passivation, all of them are recognized as cocatalysts for PEC water oxidation, and FeCo biMOF plays a role of heterojunction as well [66]. Therefore, the MOF often demonstrates multi-functional properties apart from the passivation effect. The MOF-modified photoelectrodes are still quite few, which needs more investigation.




2.5. Organic Passivation Layers


In contrast with inorganic materials, very limited organic compounds have been reported to be effective passivation layers for photoelectrodes, which may be due to photodegradation, hydrophobic and their poor conductivity nature. Organic sulfides, such as thioacetamide and octadecylthiol, were explored early to passivate the III-V semiconductors of InAs and InP, respectively, in dry environments [67,68]. Recently, surface modification with some organic materials was demonstrated to enable boosting of the PEC performances for GaN and Si photoelectrodes [25,69,70].



The organic sulfide 1,2-ethanedithiol (EDT) may be the first one that acts as an effective surface passivation layer to significantly improve the PEC performance of GaN nanowires (NWs) photocathodes [25]. It is seen in Figure 5a,b that the photocurrent density sharply increases from 1.85 mA/cm2 to 31 mA/cm2 at 0.2 V; meanwhile, the turn-on voltage shifts from −0.35 to 0.1 V after EDT modification. The passivation effect results from the decreasing number of chemisorbed -OH and -O bonds on the GaN surface via XPS analysis. The room-temperature PL spectra indicate a 24-times stronger band-edge emission intensity for the EDT-NWs than that for the untreated NWs (Figure 6c). The band edge recovery was ascribed to the eliminating nonradiative recombination centers by force of passivation. Another experimental evidence is proposed from the time-resolved photoluminescence (TRPL) results. The fast and slow decay time constants (τ1 and τ2), calculated from a double exponential decay fitting, are listed in Figure 6d. EDT-NWs display a slower decay (τ2) than the untreated-NWs, indicating an EDT passivation effect due to the removal of surface states. PEC stability is sharply prolonged from 4 h to 55 h upon EDT decoration. Apart from passivation, the other possible roles of the EDT, such as cocatalyst or heterojunction, were not discussed.



A well-known hole charge layer material of poly(3,4-ethylene dioxythiophene): polystyrene sulfonate (PEDOT:PSS) in organic photovoltaic cells has been used as surface decoration on n-type silicon photoanode in PEC conversion of I- into I3- ions, which generated a record-high photovoltage of 657 mV among Si-based photoanodes [69]. With a microwave photoconductance decay (μ-PCD) technique, the minority carrier lifetimes for the textured silicon before and after PEDOT:PSS decoration were estimated to be 23.8 μs and 37.7 μs. The remarkably extended carrier lifetime directly evidences the passivated silicon. On the other hand, PEDOT:PSS is considered to play another role in constructing heterojunctions with silicon light absorbers.



In view of the above examples, surface passivation with organic overlayers can be a very efficient way to improve the PEC performance (as summarized in Table 1). Moreover, unlike time-consuming, energy-intensive preparations for the inorganic passivation layer, the solution methods for the deposition of organic thin films are generally simple, facile and precise, which makes organic modification very promising for highly efficient solar-to-chemical conversion.





3. Rational Designs of Efficient Photoelectrodes Based on Passivation Layer


3.1. Superiorities and Limitations of Surface-Passivation-Only Modification


As indicated above, surface passivation engineering has been developed to be an effective method for boosting the PEC performance of photoelectrodes. However, it is not always effective in improving PEC performance. For example, Sivula et al. found that ultra-thin TiO2 overlayer modification moves neither the photocurrent density nor the onset potential, suggesting no influence on the Fe2O3 photoanode [26]. Even negatively, the Al2O3 overlayers prepared via 1–100 cycles ALD all result in decreased PEC activity of the BiVO4 photoanodes [34].



On the other hand, the effects on the PEC performance of photoelectrodes due to surface-passivation-only treatment are actually limited, which shifts the onset potential within 200 mV and makes it hard to generate photocurrent density with fold increases in most of the reported cases. Moreover, although onset potential shift is a representative effect yielded by passivation, it sometimes remains almost unchanged with bare enhancement in the photocurrent. The significantly improved PEC performances are frequently achieved when the passivation overlayer plays other roles, such as cocatalyst or heterojunctions [53,54,64,65,66,69]. Actually, in view of the complicated multi-step processes for the PEC process, it is unsubstantial to rely on single-function materials to obtain efficient photoelectrodes. As such, combing a passivation overlayer with a cocatalyst and/or other functional materials, such as a charge or transfer layer, to fabricate integrated photoelectrodes appears to be a well-accepted method for highly efficient and durable PEC conversion. Herein, some typical examples are briefly shown for the rational design of efficient photoelectrodes based on a passivation layer.




3.2. Integration of Surface Passivation and Cocatalyst


Integrating the passivation layer and cocatalyst is a favored and efficient way for high-performance photoelectrodes through an accelerated interfacial transfer of charge carriers preserved by surface passivation engineering. Like other ferrites, the ZnFe2O4 photoanode shows poor PEC activity for water oxidation reaction due to its inherently low charge mobility and abundant surface defects as charge recombination centers [2]. To address this issue, Jae Sung Lee et al. introduced a thin TiO2 passivation interlayer between the underlying ZnFe2O4 dendrite/SnO2 helix and overlying NiFeOx cocatalyst [71]. The presence of the TiO2 passivation layer gave rise to a cathodic shift of about 100 mV in onset potential and a two-fold increase in photocurrent at 1.23 V, and the integrated photoanode yielded a record-high photocurrent density of about 1 mA cm−2 at 1.23 V among the previous ZnFe2O4 based photoanodes.



Ji-Hyun Jang et al. found that the nanoporous hematite photoanode with a Ti-doped SiOx passivation overlayer delivered a photocurrent density of 2.44 mA cm−2 at 1.23 V. Once it was further decorated with a cobalt phosphate cocatalyst, a high photocurrent density reaching 3.19 mA cm−2 at 1.23 V with excellent PEC stability could be achieved [72]. In this respect, jointly using a passivation layer and cocatalyst modification shows great superiority over their sole application.




3.3. Integration of Surface Passivation and Hole-Storage Layer


Tandem nitride is a very attractive candidate for photoanode material due to its wide visible light absorption and suitable energy band levels [73,74,75,76,77,78,79]. Unfortunately, it shares the common inherent drawback of nitrides—a heavy reconstruction overcoating (~2 nm thick), which is composed of the incomplete nitrides and oxides of TaN and TaO, as indicated in Figure 7a [75]. To deal with these surface defects, Li et al. implemented a passivation treatment by cooling the as-prepared tandem nitrides under a mixture of Ar and O2 (O2/Ar = 0.2%), and the resulting sample was denoted as Ta3N5(P). This post-treatment passivates the surface states and constructs a shorter range of structural disorders (Figure 7b). The PEC measurements revealed a cathodic shift onset potential of 130 mV and three-fold increased photocurrent at 1.23 V after the passivation treatment (Figure 7c). Then the Ta3N5(P) suffers step-by-step layer modification with an amorphous TiOx, Ni(OH)x/Ferrihydrite and IrCo-complex molecular, which act as blocking layer, hole-storage layer and cocatalyst, respectively. The resulting complex 2/complex 1/Ni(OH)x/Fh/TiOx/Ta3N5(P) photoanode demonstrated a high fill factor and a photocurrent density of 12.1 mA/cm2 at 1.23 V, approaching the theoretical limit of 12.9 mA/cm2 for tandem nitride under sunlight (Figure 7d). Although the hole-storage layer is a very effective modification strategy for photoanodes [73,74,75,76,77,78] and photocathodes [80], the passivation treatment helps to preserve the photogenerated charges from loss in surface defect recombination and thus results in efficient extraction by the hole-storage layer for surface reaction. Namely, combing the surface passivation and hole-storage strategy is very promising for facilitating a lossless charge transfer during the PEC process.





4. Summary and Outlook


In summary, passivating the surface defects of photoelectrodes is very imperative for improved PEC performance. An effective passivation overlayer is generally required to (1) be an ultrathin film less than 10 nm in thickness; (2) have a conformal coating to ensure sufficient passivation; (3) introduce no new defects; (4) be chemically inert. The passivation effect is generally represented by an onset potential shift (negative shift for photoanode and positive shift for photocathode), enhanced photocurrent density and occasionally improved PEC stability. The onset potential shift benefits from the elevated photovoltage, while the higher photocurrent profits from suppressed charge recombination. Boosted stability is generally ascribed to the physical isolation of an underlying light absorber by the chemically stable passivation overlayer.



Although surface passivation engineering itself could not enable overwhelming promotion in PEC activity, it would prominently reduce and even circumvent energy loss due to charge recombination at the surface defect sites, thus paving the way towards a highly efficient collection of charge carriers for interfacial chemical reactions. Therefore, surface passivation is considered pivotal in the design and fabrication of highly efficient photoelectrodes, which merits further and systematic investigation. Meanwhile, surface passivation is also significant in the fields of photocatalysis and photovoltaic cell, which share the same key point with photoelectrocatalysis in the survival of photogenerated charge carriers as many as possible.



Until now, various materials, including inorganic, organic and organic-inorganic hybrid passivation layers, have been developed by ALD, spin-coating, drop-coating, hydrothermal, solvent-thermal, electrochemical deposition, etc. Regardless, conformal overcoating can only be successfully prepared through either ALD or self-growth (self-assembling) technologies in view of their fundamental working principles, and the passivation effect could be evaluated with surface states capacitance from EIS, surface charge transfer rate constant and surface charge recombination rate constant from IMPS, induced photoluminescence intensity as well as carrier lifetime from TAS. However, the detailed mechanism for surface defect passivation remains unclear. Therefore, more effective preparation methods and passivation overlayers are expected to be further developed. Likewise, more credible and reliable characterization methods for surface states, as well as the passivation mechanisms, needed to be further explored.
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Scheme 1. PEC cell and PEC process for solar water splitting (with photoanode as an example). 
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Scheme 2. Photoanode/electrolyte interface for PEC water oxidation reaction (a) in the presence of surface states (SS) and (b) in the presence of passivation layer to remove the surface states. 
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Figure 1. Morphology evolution of hematite as a result of the re-growth treatments. Scanning electron micrographs image of (a) sdH, (b) rgH I, (c) rgH II and (d) rgH III; scale bars, 100 nm. Magnified views of selected areas in the main frames are presented in the insets. Transmission electron micrographs of focused ion beam prepared cross-sectional samples of (e) sdH, (f) rgH I, (g) rgH II and (h) rgH III, scale bars, 500 nm. (i) Comparison of PEC performances of aH, sdH, rgH I, rgH II, rgH III and NiFeOx/rgH II samples. The photocurrents of sdH 500 (annealed at 500 °C) were less than 10 µA. Reproduced from [27] with permission. 
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Figure 2. (a) Transient photoresponse shown by light chopping current densities (light on/light off) as a function of time. The bias potentials were applied for 4 s (2 s with light on and 2 s with light off) at 0.9, 1.1 and 1.5 V, as indicated. Comparison of the transient behavior of iron oxide photoanodes with 3 ALD cycles of Al2O3 overlayer (red, thick line) and without (blue, thin line). (b) Photoluminescence emission spectra (excitation wavelength = 520 nm) of a hematite cauliflower-type nanostructure photoanode before (red circles) and after 3 ALD cycles of Al2O3 on its surface (blue squares). Reproduced from [26] with permission. 
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Figure 3. (a) Voltammetric response of transparent Al2O3/WO3 electrodes under simulated AM 1.5 G illumination (120 mW cm−2). The alumina overlayer was deposited by ALD for 0 cycles (black), 3 cycles (green), 30 cycles (red) and 300 cycles (blue). Electrolyte: Ar-purged 0.1 M HClO4 (pH 1.0). Scan rate: 20 mV s−1. The photocurrent (Iph) was obtained by correcting the capacitive contribution in the dark. Inset: normalized photocurrent values taken at 0.97 V (vs. Ag/AgCl) (thermodynamic potential of water oxidation at pH 1.0) as a function of ALD cycles. (b) Schematic illustration of hole- and electron-mediated charge transfer occurring on WO3 (left) and Al2O3/WO3 (right) illuminated electrodes biased at a potential around the thermodynamic water oxidation potential (0.97 V vs. Ag/AgCl). The purple rectangle on the right side represents the alumina overlayer. For the sake of clarity, electrons (red, full circles) and holes (blue, open circles) are represented as free on the conduction (CB) and valence (VB) bands, respectively. Likewise, blue and red arrows represent hole and electron-mediated processes, respectively. Green arrows represent the photogeneration of electron–hole pairs. Black arrows represent recombination losses. Relative arrow thicknesses represent the rate of the processes (the thicker the arrow, the faster and more effective the process). Reproduced from [39] with permission. 
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Figure 4. (a) Rate constants for hematite photoelectrodes with NiFeOx surface decorations. Top: recombination rate constants for photoelectrodes by three different preparation methods; bottom: surface charge transfer rate constants for the same photoelectrodes. The error bars are standard deviations between different samples. (b) Rate constants for hematite treated with GaOx passivation. Top: recombination; bottom: transfer. (c) Surface decorations on hematite improve the overall PEC performance by reducing surface recombination. Compared with bare hematite (top), NiFeOx does not change ktran (bottom). Instead, it reduces the recombination rate constant (krec) greatly. Reproduced from [56] with permission. 
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Figure 5. (a–c) Schematic illustration of the fabrication processes of Ni(OH)2/ZIF-8/ZnO/NF photoanode. The inset depicts the variation of surface chemistry. (d) LSV curves for typical photoanodes (Ni(OH)2/ZIF-8/ZnO/NF, ZIF-8/ZnO/NF, ZnO/NF, NF) in the dark and under AM 1.5 G irradiation in 0.1 M KOH electrolyte. Reproduced from [62] with permission. 
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Figure 6. (a) Linear sweep voltammetry of untreated NWs and EDT-NWs. (b) Chopped illumination J−V curve of EDT-NWs. (c) Room-temperature PL of untreated NWs and EDT-NWs. The inset in (c) shows the untreated NWs’ intensity multiplied by 24 to normalize it with the PL intensity of the EDT-NWs. (d) TRPL carrier lifetimes of the untreated-NWs and EDT-NWs. The fast and slow decay time constants (τ1 and τ2) are indicated in the figure. Reproduced from [25] with permission. 
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Figure 7. (a) The HRTEM image of the as-prepared Ta3N5 photoanode. (b) HRTEM image of the post-treated Ta3N5(P) photoanode. (c) Current–potential curves of pristine Ta3N5, Ta3N5(P) photoanodes and the Ta3N5(P) photoanode with H2O2 under AM 1.5 G simulated sunlight at 100 mW cm−2 in 1 M NaOH aqueous solution (pH = 13.6). (d) Current–potential curves of the complex 2/complex 1/Ni(OH)x/Fh/TiOx/Ta3N5(P) photoanode under AM 1.5 G simulated sunlight at 100 mW cm−2 in 1 M NaOH aqueous solution (pH = 13.6); the inset: the enlarged view of saturated photocurrent. Reproduced from [75] with permission. 
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Table 1. Optimized PEC performances of the representative photoelectrodes with surface passivation.
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Photoelectrode

	
Passivation Layer

	
Onset Potential Shift (mV)

	
Photocurrent Density

(mA cm−2)

	
Reference




	
Before

Passivating

	
After

Passivating






	
α-Fe2O3

	
FeOx

	
−380

	
0.6

	
1.2

	
[27]




	
α-Fe2O3

	
Al2O3

	
−100

	
# 0.24

	
# 0.85

	
[26]




	
WO3

	
Al2O3

	
0

	
0.6

	
1.8

	
[39]




	
ZnO

	
ZIF-8

	
−100

	
0.92

	
1.45

	
[62]




	
GaN

	
EDT

	
+450

	
* 1.85

	
* 31

	
[25]








# At bias potential of 1.0 V; * at bias potential of 0.2 V; others at bias potential of 1.23 V.
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