CHAPTER 7
Nanostructures for photo-electrochemical and
photo-catalytic water splitting

Carbon free energy sources at the same price will be a  preferred option. This means that one has to attain nearly 43.5% efficiency in solar energy conversion. Even if one were to attain this level of efficiency in harnessing solar energy there are yet some more hurdles to surmount namely storage of the fuel produced and its distribution in places.   The reaction of interest in this context is H 2O  ½ O2 (g) + H2 (g); ΔG = +237 kJ mol-1.   There are essentially two configurations of photo-electrochemical cells normally proposed to be employed for water decomposition reactions. They are pictorially shown in Figure 1 .  They can be described as Schottky-type consisting of a photoanode and a cathode while the second tandem type which consists of a photoanode and a photocathode  this can also termed as z type which are normally employed in photoelectrochemical water splitting. 
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Fig.1.  The two normal configurations of photo-electrochemical cells for water decomposition reaction.
Tandem cells consist of smaller band gap materials and these can be used to harness solar radiation effectively. The relative positions of the band edges in the two semiconductors favour facile transfer of charge across the interface.   However, sustaining these two semiconductors is a major issue.
One way is to coat conventional photovoltaic cells with cocatalysts for water splitting or with protecting layers to inhibit photo-corrosion. This has led to the champion water splitting devices.  It also produced to the artificial leaf, a triple junction amorphous silicon cell, capable of photo-electrolyzing water with a solar energy efficiency of up to 4.7%.

Another strategy involves the development of new metal oxide materials that combine suitable properties (visible light active bandgap, chemical stability, high carrier mobilities, long carrier lifetimes) for photoelectrochemical water splitting. Such materials can be made by directed synthesis, sometimes guided by theory, or they can be made by combinatorial approaches. 
The third strategy is to exploit scaling laws and specific effects at the nanoscale to enhance the efficiency of existing semiconductors and metal oxides.
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Fig.2.  A typical photo-electrochemical cell with hydrogen and oxygen evolving sites hooked on to the semiconductor to facilitate their evolution.

The parameter L depends on the carrier diffusion constant D and the carrier lifetime t (eqn (1)), and a dimensionality factor (q = 2,4,6 for one-, two-, or three-dimensional diffusion).
L 2   =  qDt (1)
For intrinsic semiconductors, usually Le> Lh because of the larger diffusion constant D of the electrons compared to holes. For example, Si has De = 49 cm 2 s -1 and Dh = 13 cm 2 s -1
(calculated from mobilities, mue = 1900 cm 2 V  -1 s -1 and muh = 500 cm 2 V -1 s -1 at 298 K using Einstein–Smoluchowski relation.
Assuming te = th = 10 -6 s, Le = 98 micro m and Lh = 51 microm for one dimensional diffusion (q = 2). Upon doping, the concentration of the majority carriers increases, and with it their t and L values. On the other hand, the lifetime and diffusion length of the minority carriers decrease. For optimum collection of both carrier types at the back contact, the semiconductor film thickness d has to be in the same range as Le and Lh .
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Charge Collection in flat and nanostructured films and in particle suspensions. d: film or particle thickness; Le: electron diffusion length; Lh: hole diffusion length. Suspended particles require both electrons and holes to be collected at the Sc–electrolyte interface.
Improved light distribution.: The ability of a material to absorb light is determined by the Lambert Beer law and the wavelength-dependent absorption coefficient a. The light penetration depth α -1 refers to the distance after which the light intensity is reduced to 1/e of the original value. For example, for Fe2O3, α  -1  = 118 nm at l = 550 nm, for CdTe, α  -1  = 106 nm (550 nm),55 and for Si, α  -1  = 680 nm (510 nm). To ensure >90% absorption of the incident light, the film thickness must be >2.3 times the value of α -1. Surface-structuring on the micro- or nanoscale can increase the degree of horizontal light distribution via light scattering. This ‘trapped’ light would otherwise
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Light distribution in flat and nanostructured films, and in particle
suspensions. d: film or particle thickness; α -1 optical penetration depth. Short
arrows signify scattered or reflected light
Quantum size confinement. The dependence of semiconductor energetics on particle size has been established in the mid 80’s.  The quantum size effect depends also on the material and the nanocrystal shape. With increasing the band gap, the conduction band edge shifts to more reducing and the valence band to more oxidizing potentials. From Marcus–Gerischer theory it is expected that this increase in thermodynamic driving force increases the rates for interfacial charge transfer and water electrolysis (Fig.3).    This can be experimentally observed for charge transfer across solid–solid interfaces. A logarithmic dependence of the photocatalytic proton reduction rate on the bandgap has also been verified with CdSe quantum dots. These effects will likely be used more often in advanced solar water splitting devices.
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Fig.3. Quantum size effect in nanocrystals
Potential determining ions (PDI). The effect of potential determining ions on the interfacial energetics is well known. For example, the flat band potential of TiO1 is a linear function of the solution pH.   Due to the small thickness of nanostructures, external electric fields can reach into the nanomaterial interior and modify the local energetic structure.    Thus, the band edge potentials of nanomaterials, and resulting functions, including interfacial charge transfer can be controlled with PDIs (Fig.4). Examples are the band shift caused by hydrosulfide on nano-Bi2S3 in TiO2 nanocrystal films, and the effect of pH on interfacial charge transfer.
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Fig.4. Effect of PDIs on nanocrystal energetics
surface area of nanomaterials promotes charge transfer across the material interfaces (solid–solid and solid–liquid), allowing water redox reactions to occur at relatively low current densities and, correspondingly, low overpotentials. In other words, the increase of surface area allows to better match the photocurrents with the slow kinetics of the water redox reactions. In particular water oxidation is known to require milliseconds to seconds to proceed at Fe2O3 and TiO2, according to recent transient absorption measurements. Thus, increases of surface area reduce the need for highly active, and often expensive cocatalysts, based on Ir, Rh or Pt.  
Multiple exciton generation. 
The altered electronic structure of strongly size-confined nanocrystals gives rise to multiple exciton generation (MEG), i.e. the formation of several (n) electron–hole pairs after absorption of one photon with an energy n times of the band gap of the dot. The MEG effect is responsible for the abnormally high efficiency of PbSe QD-sensitized TiO2 photoelectrochemical cells, and PbSe photovoltaic cells . The effect has not yet been applied to water photo-electrolysis. Future MEG-enhanced water splitting devices will likely be Tandem or multi-junction devices, because the individual quantum dots cannot produce a sufficient potential for overall water splitting. This is because for efficient solar energy conversion, the band gaps of the relevant dots need to be a fraction of the energy of visible light photons (E = 1.55–3.1 eV).
While nano-structuring can improve the light harvesting, charge transport, kinetic, and energetic parameters of photo-electro-synthetic Cells.   It also has significant disadvantages that can lead to reduced power conversion efficiency and lower durability of devices. Some disadvantages originate from the inherent properties of nanoparticles, e.g., decreased thermodynamic stability tied to increased surface energy. Others are specifically tied to photochemical energy conversion.
Increased surface recombination. 
Electron–hole recombination is the major loss mechanism in excitonic solar cells and in photocatalysts. Photogenerated charge carriers recombine through radiative or nonradiative processes in the bulk phase of the semiconductor, in the depletion region, or at defects at the surface. These processes diminish the steady state concentrations of usable charge carriers and reduce the rates of water electrolysis and carrier extraction (thick black arrows in the figure.5). In nanostructured semiconductors, surface and interfacial recombination rates are enhanced due to their larger specific interfacial areas. It might be possible to control these losses by reducing surface defects through surface treatments. For example, for macroscopic silicon films, treatment with HF can suppress surface recombination. Analogous treatments will have to be developed for nanomaterials.
Reduced space charge layer thickness. 
In nanomaterials, carrier separation (thick arrows in Fig.5.) is more difficult than in the bulk, because at average doping concentrations (n0 = 10 17 cm -3) space charge layers are not effective on the nanoscale. That is for spherical nanoparticles, the space charge layer thickness cannot exceed the radius of the particle (Fig.5), which restrains the possible barrier height at the interface. For example, for 16 nm TiO2 nanocrystals (ε = 160) with a charge carrier concentration of n0 = 10 17 cm-3, O’Regan calculated a barrier height of 0.3 meV under maximum depletion. This means that in the absence of a strong applied bias, the bands in a nanoparticle are essentially flat, as shown in Fig.5. 
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Fig.5. The interface of SC-liquid Junction
Recombination pathways for photoexcited carriers in a semiconductor PEC
The arrows signify bulk recombination (Jbr), depletion-region recombination (Jdr), and surface recombination (Jss). Additional loss mechanisms due to undesired charge transfer are also shown. Electron tunneling through and over the barrier produce the current densities (Jt) and (Jet). Electron collection by the back contact and hole collection by the redox couple (e.g., oxidation of water to O2) are desired processes shown by thick black arrows.
Lower absorbed photon flux. 
A second consequence of the increased junction area in nanostructured photoelectrochemical cells is lower absorbed flux (if light scattering is neglected). This is shown in Fig. for a flat semiconductor liquid junction and for a semiconductor wire array. The latter has a larger roughness, and thus receives a lower flux per unit area of exposed semiconductor. According to the Shockley diode equation, the open circuit voltage of a solar cell is a logarithmic function of the absorbed flux J Phot and of the reverse saturation current J0 of the diode. Since JPhot >> J0, the voltage decreases by 0.059 V for every decadic decrease of JPhot (i.e. decadic increase of surface roughness). This reduces the thermodynamic driving force available for water electrolysis.
VOC = (kT/e) ln {JPhot / J0) +1}
J0, reverse saturation current of diode; J Phot, photocurrent = photon flux times x irradiated area; VOC, open circuit voltage.
Slow interparticle charge transport. 
In nanocrystalline films, charge carriers move by diffusion instead of drift.  As a result, charge transport is slower than in the bulk, increasing the chances for recombination and back reactions. If the nanoparticles are not fused together, additional barriers arise from interparticle charge transport, which occurs by thermally activated hopping and by electron tunneling. It depends on the interparticle distance and the electrostatic charging energy of the donor acceptor nanocrystal couple. Since nanostructured films can be several hundred nanometers thick, the resistance losses from charge transport are a significant factor.
The last decade has seen an increase in research activity on nanostructured photoelectrochemical and photocatalytic systems for solar water splitting. The nano-scaling approach has been shown to particularly improve the performance of metal oxide photoanode materials with low carrier mobility and with short excited state lifetimes. For electrocatalysts, nano-scaling has increased the electroactive surface area and allowed for more efficient materials use. For selected metal chalcogenides, the quantum size effect has been useful for controlling interfacial charge transport, and in promoting photocatalytic proton reduction. These examples  show the benefits of nano-scaling and highlight its potential for the development of improved photoelectrode materials.
At the same time, it is apparent that the performance of a material is ultimately defined by the intrinsic materials parameters, i.e., by its chemical composition and structure. For many metal oxides, low electrical conductivity, high defect concentrations, and short excited state lifetimes are important problems that cannot be solved through nano-scaling alone.
New materials with ternary and quaternary compositions are required, to avoid these shortcomings. Even though inexpensive nanomaterials with low proton reduction overpotentials are now available (e.g., NiMo alloy), there is still a need for more active water oxidation catalysts, based on earth abundant elements. Nano-structuring can be a significant asset in increasing the electroactive area, or in preventing back reactions, as in the case of Cr2O3-coated Rh nanoparticles. Also, due to the corrosive nature of water electrolysis, material stability is a limiting issue that affects all non-oxide materials. Nanostructured coatings with inert materials have been shown to reduce corrosion, but not to eliminate it fully. Corrosion must be considered as an important parameter in devising new photocatalysts for water splitting.
Some drawbacks of these materials, e.g., low electrical conductivity, may be circumvented with suspended photocatalysts, which are nanoscale in all three dimensions, and combine photoanode and cathode materials in close proximity. Such integrated ‘photochemical diodes’ might have the additional advantage over photoelectrochemical cells, that they would be easier to manufacture on a large scale, and be less costly in their operation.  However, the key limitation of these systems is insufficient rectification. Since space charge layers are not effective at the nanoscale, new ways of separating charge are needed. One possibility is charge-selective interfaces that could support ‘kinetic rectification’ – a concept that was formulated by Helmut Tributsch in 2008, in analogy to natural photosynthesis. Alternatively, it might be feasible to increase the doping levels of nanocrystals, to improve the effectiveness of space charge layers on the nanoscale, although that again might come at the expense of increased recombination. These highly integrated systems would also require higher precision in their synthesis/assembly, especially if several components are involved. This includes better control of interfaces, so that the energy loss processes arising from the increased interfacial areas can be minimized.  The development of surface treatment techniques, e.g., the use of chemical modifiers (Ga, Zn, Al ions), to reduce defects and improve carrier lifetimes will be essential for this purpose.
Based on the desired function, it is unlikely that an efficient solar energy driven photocatalytic water splitting system will exceed the complexity of a microprocessor. It is just that the methods for making and integrating the microscale components at the necessary precision level are not available yet. To make them available in the near future should be one of the goals of scientists today. This will require not only more systematic efforts in materials preparation, but also in characterization and testing. For example, measurements of  photo-electrochemical/photocatalytic performance should follow established standards. This challenge is particularly significant for nanomaterials, which show large property variations based on their morphology, surface termination, and surface charge. Such factors must be considered in the analysis.
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Fig.6. Chemical potential (A) versus kinetic (B) rectification

Coupled semiconductor- where is the Fermi Levels or do they have different redox properties:

There has been anxiety to extend the light absorption to visible range, while employing mainly titanium dioxide-based semiconductors.   The motivation for this is to maximize the use of available solar radiation.   Though various experimental strategies have been adopted to sensitize the semiconductor to visible range, the concept of “coupled semiconductors” has been receiving increasing attention these days.   The principle of this concept is to couple another semiconductor which could absorb radiations in the visible range, but the energy levels, namely the top of valence band and the bottom of the conduction band are energetically at positions for easy transfer of both the electron and hole (exciton) or at least one of them namely the electron in a downhill fashion.   The relative energetic positions of the coupled semiconductors are shown in Fig.7
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Fig.7. The relative energy positions of VB and CB for both the semiconductors
The excited electron in the conduction band of the semiconductor is energetically at less negative value and hence takes more stable allowable energy state in TiO2 conduction band thus promoting the reduction reaction especially in hydrogen evolution reaction in water splitting.
This argument holds good only when the energetics of allowed states in semiconductors remain in-tact when they are brought together.   However, it is generally believed that when two conducting systems are brought together, the Fermi levels will be at the equal position.   This postulate holds good for semiconductor/electrolyte interface or for two metallic systems.   This may be true for systems where two semiconductors for a single solid solution.   This is clear from the optical spectrum of these materials which normally show a single value for the absorption indicating a single valued band gap.
Based on this observation, one may presume that in the so-called coupled semiconductors as well depending on the extent and strength of contact, there can be some kind of mixed phase at the interface and at least at this region the so called optical band gap can assume a unique and fixed value d in between the values of the two semiconductors involved.   Under these circumstances, it is possible to promote the reduction reactions by the excited electrons and the hole can still promote the oxidation with different redox levels.   The points that arise out of this argument are:
(i) How far it is true that the optical band gaps of the two coupled semiconductors remain intact as they were when the semiconductors are not coupled?
(ii) Do the Fermi levels in the two semiconductors remain as they were in the individual semiconductors?
(iii) The enhanced photo-catalytic activity normally observed with coupled semiconductors should be comparable to that observed on low band gap semiconductor.

It is possible that the arguments given in this short write up could be totally wrong and one should still consider as is done in most of the literature on this topic of coupled semiconductor operating in unison but still retain their individual character.
Definition of photocatalysis
· Photo-catalysis is a term that combines the basic notion of a catalyst as a material that enhances the rate as a reaction approaches equilibrium without being consumed with the notion that the reaction is accelerated by photons, which of course are consumed. Thus, it is a hybrid concept. As with other areas of catalysis, it has its heterogeneous and its homogeneous dimensions with the former dominating the research literature.
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