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Abstract:



This short review paper shows some misconceptions hidden in the discussion on the mechanism of heterogeneous photocatalysis, which may lead to fatal errors in conclusions. Topics described in this review are semiconductor photocatalysis, control experiments for proof of photocatalysis, and converse-proposition pitfalls in discussion.
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1. Introduction


As described in a critical review in this journal previously [1], the present author remains frustrated that the intrinsic mechanism of heterogeneous photocatalysis has not yet been clarified, despite the fact that the author has worked mainly in the field of heterogeneous photocatalysis for more than 30 years since starting research work for a Ph.D. degree in 1981 and has published more than 200 original and review papers on photocatalysis! Thus, what is the source of the author’s frustration? Possible reasons, mainly misunderstandings, misconceptions, and/or speculation in a scientific sense, have been pointed out in the present author’s recent review papers [2,3,4,5]. This short review presents new misconceptions often found in discussions of photocatalysis studies that have not yet been recognized by such papers’ authors.




2. “Semiconductor” Photocatalysis


Heterogeneous photocatalysis in which a particulate photocatalyst is suspended in a solution or placed in contact with a substrate (substrates) in a gas phase and irradiated has been one of the important topics in chemical, energy-related, and environmental sciences. This heterogeneous photocatalysis has often been called “semiconductor photocatalysis”. This might be because most known/used photocatalysts, e.g., titanium(IV) oxide (titania) and cadmium sulfide, are categorized as semiconductors among materials. In the history of photocatalysis studies, the discovery of photoassisted electrochemical splitting of water with a single-crystal titania electrode and a platinum counter electrode under electrochemical/chemical bias potential application [6] has accelerated research on heterogeneous photocatalysis using particulate metal oxides. In electrochemical cells, semiconductor single-crystal electrodes reduced to yield conductivity by introducing donor levels between the conduction band (CB) and the valence band have been used. When these electrodes of n-type semiconductors are in contact with electrolyte solutions, electrons in the donor levels flow out, due to their relatively high Fermi level, to the solution to produce “a depletion layer” of an electric field, where a photoexcited electron in the CB and a positive hole in the VB migrate in opposite directions: electrons to the surface and holes to the bulk (Figure 1).


Figure 1. (a) N-type semiconductor (n-SC) solution. (b) Schottky-type junction with a depletion layer in which electrons in donor levels flow out into the solution to lower the Fermi level (EF) and (c) n-SC–electrolyte interface under photoirradiation.
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This Schottky-type barrier is one of the most significant features of a semiconductor-electrolyte solution interface. It was believed, at least in the 1980s, that the depletion layer is the reason for the high efficiency of “semiconductor photocatalysis”. In this sense, it seemed reasonable to call heterogeneous photocatalysis “semiconductor photocatalysis.” However, it was pointed out in the 1990s that the density of impurities for donor levels in ordinary particulate photocatalysts is too low to establish an electric field gradient within the particles, i.e., the expected depth of the depletion layer is larger than the actual particle size. Thus, Schottky-type barrier formation in the photocatalyst-solution interface has not been assumed, and a simple mechanism, as shown in Figure 2, in which reduction and oxidation by photoexcited electrons and positive holes, respectively, proceed with surface-adsorbed substrates has been used for the interpretation of heterogeneous photocatalysis in almost all of the recent publications in this field. It should be noted that characteristics of (n-type) semiconductors disappeared in this simple model, i.e., the photocatalyst materials can be insulators having an electronic structure, similar to semiconductors, composed of a filled VB and vacant CB. Thus, how can we explain the very low or negligible photocatalytic activities of insulators such as aluminum oxide (alumina) and silicon oxide (silica)?


Figure 2. Commonly used interpretation of heterogeneous photocatalysis in recent years [1]. CB, conduction band; VB, valence band.
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As has been proposed in the author’s review in this very journal [1], it can be assumed that semiconducting properties, especially n-type ones, that produce electron traps (ETs) are essential for particulate photocatalysts. Although the density in the particulate photocatalysts described above might be very low, impurities (or surface structure) to provide donor levels may exist at least at a detectable level, and electrons in those levels may flow out, similar to those in semiconductor electrodes, to an electrolyte solution that is in contact with photocatalyst particles to result in the formation of electron-deficient vacant levels, i.e., ETs to accept photoexcited electrons. If the depth, i.e., the difference in energy between the CB bottom (CBB) and ETs, is smaller than the thermal energy of electrons (0.026 eV = 26 meV at 300 K), electrons in these shallow traps can be thermally excited to the CB and be trapped again in another ET, i.e., electrons can migrate through the CB and shallow ETs at a speed that might be faster than electron hopping between ETs [7]. On the other hand, if ETs are located deeply, electrons once trapped by these deep ETs cannot be excited thermally to the CB and simply recombine with a positive hole. Thus, as a working hypothesis, it can be assumed that shallow and deep ETs enhance and reduce photocatalytic activity of particles by migration of electrons through CB–ETs and electron-positive hole recombination, respectively. In this sense, photocatalysts should be of semiconductors but not insulators possessing no ETs, and the energy-resolved distribution of ETs (ERDT) in particulate photocatalysts may be one of the decisive factors governing their photocatalytic activities.



It has been reported in a recent paper from the present author’s group that ERDT as well as the CBB as a function of energy from the VB top can be measured by reversed double-beam photocatalytic spectroscopy (RDB-PAS), in which electrons in the VB are directly excited to ETs, and the accumulation of electrons filling ETs from the deep-energy side to shallow-energy side is recorded [8]. The ERDT/CBB patterns of more than 30 commercially or non-profitably available titania samples showed that all of the titania samples possess shallow ETs near the CBB and detectable/negligible deep ETs, and those ERDT/CBB patterns were different. Furthermore, several samples of metal oxides other than titania, e.g., tungsten(VI) oxide and cerium(IV) oxide, showed ERDT/CBB patterns, suggesting that metal oxides used as photocatalysts have ETs, presumably reflecting their n-type semiconductor properties.




3. Control Experiments as Proof of Photocatalysis


When the present author started working in the field of photocatalysis in 1981, it seemed to have already been believed by the scientists in the field that the photocatalysis, in the sense of the above-mentioned mechanism, can be concluded by showing the results of following “control experiments”, i.e., the reaction proceeds only when a solid material, a photocatalyst, in contact with a substrate is photoirradiated, i.e., no reaction is observed in the dark even in the presence of the solid material and substrate or in the absence of the solid material or substrate even under photoirradiation. After more than 30 years, it seems that this type of control experiment is still alive; the conclusion of “photocatalysis through excitation of a solid material (a photocatalyst)” using the results of this control experiment has been presented in many recent papers.



During the author’s study on action-spectrum analysis of photocatalytic reactions [9,10,11], it was found that the action spectrum, in the visible-light region, of decomposition (fading) of methylene blue (MB) with bare and sulfur-doped titania samples resembles the photoabsorption spectrum of MB adsorbed on titania surfaces [12]. This clearly indicates that decomposition of MB proceeds at least under visible-light irradiation through photoabsorption of MB but not of titania particles. It is plausible that the photoexcited MB adsorbed on the surface injects electrons to titania (with ETs) and that the resultant electron-deficient MB is self-decomposed and the injected electrons in titania reduces oxygen molecules on the titania surface. A significant point is that this “dye-sensitized mechanism” [13] requires a solid material for electron injection; therefore, such a reaction does not proceed in the absence of a solid material accepting electrons. In other words, the dye-sensitized reaction systems may satisfy the above-mentioned control experiment; negligible decomposition (fading) is observed in the absence of a solid material, an expected “photocatalyst”, i.e., the control experiment cannot exclude such a “non-photocatalytic” mechanism. A paper from the present author’s laboratory claimed that action-spectrum analysis is the only possible method of excluding a non-photocatalytic mechanism.



Thus, do we need to consider the exception(s) in the above-mentioned control experiment? Are there any other exceptions? The author found the answer for these questions very recently, i.e., after more than 30 years after the author learned of the control experiment. The answer is simple. There are possible exceptions to the control experiment, but we need not look for those exceptions because the proposition in the control experiment, that a reaction proceeding only under photoirradiation of a solid material with a substrate is a photocatalytic reaction through photoexcitation of the solid material, is logically “false.” The logic is shown in Figure 3. In logic, a proposition is “if (in the case of) A, then B (A → B).” The proposition that, if the reaction proceeds through photoexcitation of a solid material, photoirradiation, the solid material, and a substrate are all required (top right) is correct, i.e., this proposition is “true”, since this is the definition of “photocatalysis”. However, the converse proposition (top left), if photoirradiation, a solid material and a substrate are all required, the reaction proceeds through photoexcitation of the solid material, i.e., the logic of the control experiment, is uncertain. Thus, we cannot discuss the mechanism based on the control experiment in a logical sense!


Figure 3. Propositions relating to the control experiment for proof of semiconductor photocatalysis.
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Judgement of whether a given proposition is true or false is not straightforward, but it is well understood that a proposition is judged to be false when at least one inconsistent fact is found. For the proposition for the control experiment (top left), a contradiction “killer card” that shows the inconsistency of the proposition is the fact that a non-photocatalytic reaction proceeds only under the photoirradiation of a solid material with a substrate, and the above-mentioned action spectrum-analysis study has revealed the presence of the killer card to conclude that the control-experiment proposition is false. A question then arises. Did we need to wait for the appearance of this killer card? Logically speaking, the answer is, Of course. We need not wait but must discard the proposition, i.e., the control experiment, since the proposition of the control experiment must be uncertain without seeing the killer card. In other words, we should recognize the control experiment as one of the requirements for “photocatalysis”.




4. Converse-Proposition Pitfalls


As discussed in the preceding section, converse and inverse propositions are uncertain even when the original proposition is true; i.e., B → A cannot be true even if A → B is true. This logic might be well understood by scientists, not just those working in the field of photocatalysis. The following are examples for checking this converse-proposition logic (or “affirming-the-consequence fallacy” [14]).



It is reasonable to expect that when one photocatalyst particle absorbs a multiple number of photons to store four positive holes to be used in four-electron transfer to two water molecules, oxygen, but not hydrogen peroxide, is liberated.



	
A1: four-electron transfer in one photocatalyst particle



	
B1: oxygen, but not hydrogen peroxide, liberation






Many papers on photocatalysis have claimed that, if a photocatalyst has a smaller number of defective sites that induce electron positive-hole recombination, higher quantum efficiency is observed.



	
A2: fewer defective sites that induce electron-hole recombination



	
B2: higher quantum efficiency






It is probable that, if a photocatalyst has higher specific surface area for high-density substrate adsorption, higher photocatalytic activity can be expected due to the resultant higher surface density of reaction substrates [15].



	
A3: high specific surface area for high-density substrate adsorption



	
B3: higher photocatalytic activity






It has often been claimed, especially for anatase rutile-mixed Evonik (Degussa P25), that, if electron (hole) transfer between anatase and rutile particles occurs, higher photocatalytic activity of the anatase-rutile mixture is obtained.



	
A4: electron (hole) transfer between anatase and rutile particles



	
B4: higher photocatalytic activity of anatase-rutile mixture






In all of the cases, propositions A → B may be true, since they are of definition or expectation. One problem is that converse propositions B → A must be uncertain, even if the original propositions A → B are true: (1) oxygen can be liberated as a sole oxidation product via stepwise reaction including hydrogen peroxide as an intermediate; (2) higher quantum efficiency can be attributed to faster migration of electrons or positive holes [16,17]; (3) higher photocatalytic activity is attributable to fewer defective sites [16,17]; and (4) each of the crystallites of anatase and rutile show higher photocatalytic activity even without electron (hole) transfer between anatase and rutile particles [18]. In other words, other propositions C → B, D → B or others, may be true.




5. Conclusive Remarks


Again, despite extensive studies having been carried out for at least 40 years since the first-generation boom following the publication of a paper by Fujishima and Honda [6], we have not yet unraveled the fundamentals of photocatalysis, as pointed out in the author’s review [1]. One of the possible reasons pointed out in this review is that we have studied shared understandings and/or beliefs for so long and have assumed them to be common sense without checking them logically and scientifically. What surprised the author—indeed, one of the motivations of writing this review—was the converse-proposition pitfall for the control experiment; the author believed that he and collaborators had found the exception: non-photocatalytic reactions passing the control experiments. However, the presence of such a killer card had already been predicted. Although we scientists may believe that we can think and discuss logically (without any proof and guarantees), we need to be logical “intentionally”, since human beings cannot be mechanically/truly logical as “Wason’s four-card problem” suggests [19].
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