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1. Introduction  

The production of high energy density fuels and feedstocks, in particular hydrogen, using solar 

radiation remains an important scientific and technical goal. To place this in context, world 

production of hydrogen is currently running at around 70 million tonnes per annum. Since the 

majority of this hydrogen is produced by reforming methane, the corresponding level of carbon 

dioxide formation has considerable environmental impact, amounting to around 1% of global 

man-made carbon dioxide emissions. The development of sustainable routes to hydrogen is 

therefore essential, and light-driven electrolysis is one of the obvious ways forward.  

Although the concept of light-driven water splitting using semiconductor 

photoelectrodes has been with us for nearly 50 years,[1] progress towards viable systems has 

been hampered by the difficulty of identifying electrode materials that combine suitable 

optoelectronic properties with high chemical stability and acceptable catalytic performance. 

Stable photoelectrode materials such as transition metal oxides generally have rather poor 

optoelectronic and electronic transport properties due to high defect densities and, in many 

cases, polaron formation. Nevertheless, many studies continue to focus on materials that are 

unlikely to find practical application. For example, hematite (α-Fe2O3) has been studied 

extensively in spite of the fact that photogenerated holes are lost so rapidly by recombination 

that only small photovoltages can be generated by illumination, essentially ruling out the 

material for high-efficiency practical applications. Similarly, titanium dioxide, which was 

originally studied by Fujishima and Honda,[1] absorbs only the small ultraviolet part of the 

terrestrial solar spectrum, so that no useful water splitting devices can be based on the material. 

By contrast, semiconductors with excellent optoelectronic properties like silicon and III-V 

compounds (GaAs, GaP etc.) are generally unstable under illumination in aqueous solution, so 

that very high-quality protective layers are required to prevent photocorrosion.  

Photoelectrochemical water splitting devices will have to compete in the market with 

systems based on low-cost high-efficiency solar cells coupled to conventional electrolysers. 
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The solar to hydrogen (STH) efficiency of solar cell/electrolyser systems has reached 30% 

under concentrated sunlight,[2] setting a very high target for photoelectrochemical devices. 

The practical challenges facing attempts to develop photoelectrochemical devices for efficient 

water splitting are considerable,[3, 4] and this has led Jacobsson,[5] for example, to conclude 

that light-driven water splitting using integrated semiconductor/electrolyte devices may never 

be competitive, at least in cost terms, with solar cell/electrolyser approaches. An integrated 

multijunction water splitting device based on a state of the art III-V multijunction solar cell 

with ohmic contacts that drive the anodic and cathodic reactions semiconductors has achieved 

remarkable STH efficiencies approaching 20%.[6] However, the fabrication complexity of 

such buried multijunction[6, 7] structures makes it unlikely that they could be developed into 

durable low-cost devices able to compete with solar cell/electrolyser systems unless used with 

solar concentrators.   

So where does this leave the field? Are we wasting our time studying model systems 

that have no hope of being developed into efficient working devices? The answer to this has to 

be - not necessarily. The problems that are being tackled in connection with the 

photoelectrolysis of water at semiconductor electrodes and buried-junction devices have many 

features in common with those that lie at the heart of conventional electrolysers. In particular, 

the search for earth-abundant catalysts for oxygen evolution has implications that go beyond 

photoelectrochemistry. Similarly, considerations of the mechanisms and kinetics of the oxygen 

evolution reaction (OER) are of fundamental importance to electrolysis in general. This review 

will therefore focus mainly on fundamental aspects of water splitting [8]  whilst avoiding the 

question whether integrated light-driven water splitting systems have short-term potential for 

scale-up for high volume hydrogen generation.  

We begin by taking a critical look at current understanding in the theoretical treatment 

of water splitting processes before moving on to review some of the new kinds of mechanistic 

information being provided by in operando methods.  Due to space limitations, we do not 

consider devices based on organic systems [9] or dye-sensitized devices[10], but note in 

passing that this is an area worth watching. For example, impressive solar to hydrogen 

efficiencies approaching 10% have been reported for a highly sophisticated structure 

comprising a tandem organic solar cell driving photoelectrolysis at electrodes coated with 

carbon-stabilized Fe-Co phosphide and sulfide nanoparticles.[11]  A good starting point for an 

overview of light-driven water splitting at sensitized oxide electrodes are reviews by the 

Mallouk group [12, 13]. However, reliable solar to hydrogen efficiencies of complete devices 
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based on dye-sensitization are difficult to find, suggesting that the technology is far from 

mature. 

2. The role of computational approaches - thermodynamics, mechanisms and kinetics  

The increasing sophistication of computational techniques is opening up the prospect of 

achieving more realistic descriptions of processes occurring at semiconductor/electrolyte 

interfaces. Quantum mechanical simulations have been used to calculate the band alignment at 

semiconductor-water interfaces [4, 14-16], but a clear, unified description of the processes 

involved in photoelectrochemical water splitting is still work in progress. An excellent in-depth 

review that highlights the role of computational approaches in photoelectrochemical water 

splitting research has been published recently by the Carter group.[17] Given the 

comprehensive nature of the Carter review, we focus attention here on some of the fundamental 

difficulties that arise when comparing modelling and experiment. The problem here is that very 

few studies of photoelectrochemical processes give quantitative information about rate 

constants, reaction mechanisms, reaction orders and so on. As we shall see below, the paucity 

of information arises in part from the fact that the kinetics of photoelectrochemical processes 

are less easily defined in terms of the applied electrode potential (the concepts involved in 

discussing energy barriers in electrochemical reactions at metal electrodes have been reviewed 

very clearly by Chan and Norskov [18]). 

3. The Oxygen Evolution Reaction at metallic electrodes 

The starting point for computational approaches in the case of oxygen evolution reaction (OER) 

is a mechanistic scheme such as the one shown below (here* represents a surface site). 

   *  + H2O → *H2O       1) 

 *H2O → *OH + H+ + e-       2) 

*OH→ *O + H+ + e-        3) 

*O + H2O → *OOH + H+ + e-     4) 

*OOH → *O2 + H+ + e-      5) 

*O2 → * + O2         6) 

Scheme I. Reaction scheme for the OER at a metallic electrode. 

Of course, this scheme is not unique: Rajan and Carter [19] have outlined an optimization 

framework to discover all possible reactions leading to a given product. In terms of 

thermodynamics of the process, one objective of computational approaches is to calculate the 

standard electrode potentials corresponding to the single electron/proton transfer reactions 2, 

3, 4 and 5, which must satisfy the relationship 
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𝑈2
0 + 𝑈3

0 +𝑈4
0 +𝑈5

0 = 4𝑈02
0  

where 𝑈02
0 is the standard reduction potential of oxygen (1.23 V at room temperature – here we 

use U for potential to distinguish from E for energy)). The most positive of the standard 

electrode potentials is then assumed to correspond to the rate-determining step in the OER. The 

shifts in the relative alignment of these energy levels are then calculated by assuming that the 

relative energies of the initial and final states in the individual electrochemical steps are 

changed by an amount 𝑞(𝑈𝑎𝑝𝑝𝑙 −𝑈𝑂2) as the applied potential is increased beyond the 

equilibrium oxygen potential UO2 (1.23 V vs. RHE). A note of caution is appropriate here. DFT 

approaches to the OER on metallic oxides generally consider that the potential dependence of 

the electrocatalytic OER current arises from changes in the activation energy of the rate 

determining electrochemical step. However, a recent paper by Nong et al. [20] demonstrates 

convincingly that the key parameter in electrocatalysis at iridium oxide is not the potential per 

se but rather charge accumulation in the catalyst. These authors show that the activation energy 

decreases linearly with the amount of oxidative charge stored, as evaluated by measurement 

and computation. This interesting observation is likely to have implications for light-driven 

water splitting reactions involving so-called ‘co-catalysts’ based on oxides/hydroxides of Co, 

Fe and Ni, for example.[21-23] 

The Rossmeisl group has recently summarised a decade of atomic scale simulations on 

the OER[24], and Dickens et al. [25] have also reviewed ab initio calculations and micro-

kinetic modelling for the OER. The simulations based on Scheme I generally deal with 

reactions at metal or conducting metal oxide electrodes, where electron transfer involves 

energy levels close to the Fermi level in the electrode (see Figure 1). The electrons in steps 

2,3,4 and 5 are therefore transferred to a continuum of vacant states in the metal electrode. The 

situation at non-degeneratively doped (i.e., non-metallic) semiconductor electrodes is different 

because no vacant states are available close to the Fermi level, which is located in the band 

gap.  

4. The Oxygen Evolution Reaction at Photoanodes 

In the case of ideal semiconductor photoelectrodes, the Fermi level in the dark is located within 

the bandgap of the material, so no vacant states are available close to the Fermi level to accept 

electrons. The electron transfer steps 2-5 must therefore involve either electron injection into 

the continuum of states in the conduction band or to unfilled states (i.e. holes) in the valence  

band (see e.g. Gerischer [26, 27]). If surface states are present on a non-ideal semiconductor 

electrode, oxidative electron transfer may also involve vacant surface energy levels located 
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within the bandgap.[26] In most cases of interest, the concentration of vacant valence band 

states (holes) at the electrode surface depends on the rates at which they are generated by 

photon absorption in the bulk, transferred to the interface and removed, either by electron 

transfer from the electrolyte (or cocatalyst) or by recombination with electrons from the 

conduction band.  As a consequence, the rate of each of the 4 oxidation steps in the 

photoelectrochemical oxygen evolution reaction (POER) will depend on the surface 

concentration of holes. This situation therefore differs from the from the oxidation steps taking 

place at a metal electrode, where a high density of electron acceptor states is available close to 

the Fermi level. Calculation of the concentration profiles of majority and minority carriers 

under water splitting conditions requires numerical solution of the carrier generation/collection 

(drift/diffusion) problem using appropriate boundary conditions defined in terms of the rate 

constant for electron or hole transfer, as discussed recently by Iqbal et al.[28] 

Figure 1 contrasts electron transfer at metal and at illuminated ideal semiconductor 

electrodes.  

 

Figure 1. Single electron oxidation reaction at a metal electrode (left) and at an illuminated n-type semiconductor 

electrode (right). Here the Gaussian energy distributions represent the probability functions for the fluctuating 

energy levels of the oxidised O and reduced species R, which in the example shown have equal concentration 

(note that these probability function should not be confused with density of state functions like those used to 

describe energy levels in the solid electrode.) For a discussion of the redox Fermi level shown see, for example, 

the book by Memming [29]. At the metal electrode, electrons are transferred from the reduced species R to vacant 

states close to the Fermi level. At the semiconductor electrode, electrons are transferred to fill photogenerated 

holes in the valence band, so electron transfer occurs far away from the Fermi level. For simplicity, only the 

majority carrier (i.e., electron) Fermi level is shown for the semiconductor electrode. See Figure 2 for explanation 

of the quasi-Fermi level for holes (not shown here). 

In the case of n-type photoelectrodes like titanium dioxide and hematite, light-driven 

oxygen evolution involves holes in the valence band that have been generated by illumination 
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(we assume that none of the intermediates in the POER are not able to inject electrons into the 

conduction band, a process that leads to current multiplication). Electron transfer in the 

opposite direction can also take place from the conduction band (i.e., reduction of the 

intermediates). This means that scheme I needs to be modified as shown in scheme II, where 

the oxidation reactions involve holes, i.e., electrons are transferred to holes in the valence band 

and the reduction reactions involve transfer of conduction band electrons to the intermediate 

species. Reactions 8b, 9b, 10b and 11b represent loss mechanisms in the photoelectrochemical 

evolution of oxygen at a photoanode, since the end result is loss of the excitation energy by 

electron-hole recombination (note that the reduction of unbound molecular oxygen has not 

been included in Scheme II).  

*  + H2O → *H2O       7) 

 *H2O + h+ → *OH + H+       8a) 

*OH +H+ + e-→ *H2O      8b) 

*OH + h+ → *O + H+        9a) 

*O + H+ + e- → *OH       9b) 

 *O + H2O + h+→ *OOH + H+               10a)             

*OOH  + H+ + e-→ *O + H2O                                      10b) 

*OOH + h+ → *O2 + H+                                      11a) 

*O2 + H+ + e- → *OOH                                       11b) 

*O2 → * + O2         12) 

Scheme II. OER driven by capture of photogenerated holes at an n-type photoanode. Note the back reactions 

involving transfer of electrons from the conduction band to surface-bound species.  

 It is tempting to think of processes involving electron transfer from the conduction band 

to surface-bound oxidised species as surface recombination reactions, and indeed the 

intermediate species themselves are often referred to a surface-trapped holes or surface states.  

However, in the view of this author, all three nomenclatures are unhelpful and can lead to 

confusion, as discussed below. Wherever possible, it is preferable to distinguish between 

charge carriers and their reactions in the semiconductor on the one hand and (electro)chemical 

reactions involving distinct surface-bound molecular species on the other. 

The surface-bound species shown in scheme II have not been associated with specific 

surface sites. The molecular identity of species such as *O formed in reaction 9a can be 

confirmed by suitable in situ spectroscopic methods, as discussed later in this review, or 

suggested by DFT calculations.  In the case of hematite, for example, Snir et al. [30] have used 
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DFT + U to show that the *O intermediate corresponds to a Fe(IV)=O state located 0.4 eV 

above the valence band. 

5. Extension of the concept of overpotential to light-driven minority carrier reactions 

In the case of the metal electrode, the overpotential can be changed by application of an external 

voltage that moves the electrode potential away from its equilibrium value. This alters the 

potential difference that appears across the electrical double layer formed as a consequence of 

the surface charge on the metal. In concentrated electrolytes, it is usually assumed that the 

majority of the changes in potential difference between the metal and the electrolyte are 

concentrated in the Helmholtz layer within less than nanometre of the surface.  In the case of 

the equilibrated semiconductor electrode shown in Figure 1), we can also apply an 

overpotential. However. this mainly alters the potential difference across the space charge 

region rather than the Helmholtz layer. If surface states are absent and the semiconductor 

doping density is not too high, the potential drop across the Helmholtz region remains almost 

constant because the space charge capacitance is orders of magnitude small than the Helmholtz 

capacitance. 

It follows that at a metal electrode, the activation energies of the electrochemical steps 

in scheme I are functions of the applied potential, which controls the potential drop across the 

electrical double layer between the metal surface and the electrolyte. The potential dependence 

of the activation energies forms the basis of the well-known Butler Volmer equation, which 

expresses the current density at a metal electrode in terms of the overpotential, the difference 

between the applied potential and the equilibrium oxygen reduction potential (1.23 volts vs. 

RHE at room temperature). The experimental overpotential for the OER at different 

electrocatalysts is defined as the additional potential needed to drive a given current density, 

e.g., 10 mA cm-2. On the other hand, the theoretical “overpotential“ derived from density 

functional theory is a specific value that corresponds to the additional voltage above 1.23 V vs. 

RHE that needs to be applied in order to lower the highest of the Gibbs free energy steps in 

scheme I to zero. 

So, can we apply this concept to semiconductor photoelectrodes? The answer is no, 

because in the case of an ideal semiconductor electrode under depletion conditions, the 

majority of the potential difference is located in the space charge region of the semiconductor, 

unless the material is highly doped, or the surface is highly defective. Provided that there is no 

build-up of surface charge nor any changes in surface dipole under illumination, the effect of 

changing the electrode potential on the potential drop across the Helmholtz layer will be small. 
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Another way of expressing this is to say that the band edge energies at the surface of the 

semiconductor are ‘pinned’ relative to a reference redox level in the electrolyte (band-edge 

pinning). If this is the case, the activation energy of the electrochemical steps in the oxygen 

evolution reaction (Scheme II) at an ideal semiconductor photoanode will be almost 

independent of potential. We note in passing this conclusion contradicts the approach taken by 

Sinha et al. [31] in a multiscale modelling approach to the oxygen evolution reaction at hematite 

surfaces. These authors assume that the activation energies for the electrochemical oxidation 

steps change linearly with electrode potential, i.e., they assume a Butler Volmer relationship 

with the transfer coefficient of 1. The confusion here probably arises from the fact that the rate 

of majority carrier reactions in the dark ideally follows a Boltzmann dependence simply 

because the concentration of majority carriers (electrons for a n-type electrode) varies 

exponentially with potential under weak depletion (i.e., non-degenerative) conditions. 

However, the light-driven oxidation of water by photogenerated holes is a minority carrier 

reaction, so that the concentration of reacting holes at the surface is determined by the rates of 

their generation, collection and removal by recombination and transfer at the interface.  

If the activation energy for hole transfer does not vary significantly with applied 

potential, this raises two questions: a) why does the photocurrent change with applied voltage?  

b) what is the meaning of overpotential for the reaction of photogenerated holes?  The answer 

to the first question is that the applied potential influences the collection of photogenerated 

holes by changing the width of the space charge region and at the same time controls the rates 

of the reduction reactions shown in scheme II by altering the concentration of electrons at the 

surface. Both of these factors influence the surface concentration of holes that are able to accept 

electrons from the intermediate species in the oxidation steps in scheme II. The second question 

is more difficult. To answer it we need to consider the Gibbs free energy of holes in the valence 

band under non equilibrium conditions, which is described by the quasi-Fermi level (QFL). 

6. The Quasi-Fermi level for Minority carriers 

As we saw above, electronic equilibration of metal or semiconductor with a redox electrolyte 

leads to a situation in which the redox Fermi level and the electronic Fermi levels are equal. In 

the case of both metal and semiconductor electrodes, the application of an overpotential 

corresponds to shifting the relative positions of the solid and redox Fermi levels. An 

overpotential can be created by application of an external voltage that moves the electrode 

potential away from its equilibrium value. In the case of a metal electrode, this alters the 

potential difference that appears across the electrical double layer. Since the reacting redox 
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species are separated from the electrode by the Helmholtz layer, changing the overpotential 

shifts the free energy difference (and hence the activation energy) between the initial and final 

states in the electrode reaction.   In the case of the equilibrated semiconductor electrode, we 

can also apply an overpotential, as shown in Figure 2 below. However, if surface states are 

absent and the semiconductor doping density is not too high, application of an overpotential 

under potentiostatic control mainly alters the potential difference across the space charge 

region. The potential drop across the Helmholtz region remains almost constant because the 

space charge capacitance is orders of magnitude smaller than the Helmholtz capacitance. This 

means that the free energies of the initial and final states in electron transfer are not 

substantially changed, so that activation energy for interfacial electron transfer depends only 

weakly on potential, at least in this ‘ideal’ case.  

So, what happens when we illuminate a semiconductor electrode under depletion 

conditions? Here we need to introduce the concept of the quasi-Fermi level. Under 

illumination, the Gibbs free energy of holes can be described by assuming thermal equilibrium 

of holes with the lattice but not with electrons. The non-equilibrium photostationary 

concentration of holes at any position in the semiconductor is then given by  

𝑝 = 𝑁𝑉𝑒𝑥𝑝 − (
𝐸𝐹
𝑝
−𝐸𝑉

𝑘𝐵𝑇
)       1) 

where the quasi-Fermi level of holes, 𝐸𝐹
𝑝
 is the negative of the electrochemical potential of 

holes.[32] The usefulness of the quasi-Fermi level concept in semiconductor electrochemistry 

by demonstrated by Reineke and Memming.[33, 34]. 

For an n-type photocathode under modest reverse bias, the concentration of holes in the 

dark is very small. Under illumination, the concentration of holes increases substantially, so 

that the quasi-Fermi level for holes moves towards the valence band, while the quasi-Fermi 

level of electrons remains close to the dark value since electrons are in large excess. The 

resulting separation of the quasi-Fermi levels under illumination corresponds to a 

photovoltage.  

If the reaction of photogenerated holes with water at the interface is sluggish, the 

concentration of holes near the surface will build up sufficiently to drive the QFL for holes 

close to (or even into) the valence band. The Gibbs free energy of the reacting holes is therefore 

close to the valence band energy, and the effective “overpotential“ for the POER is the 

difference between the valence band energy and the equilibrium oxygen potential. In most 

cases of the POER, it will suffice to assume that the overpotential is simply 
1

𝑞
(𝐸𝑂2 − 𝐸𝑉). It is 
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important to realize that this overpotential for the reaction of holes is not an electrostatic 

potential difference, but a Gibbs free energy difference that varies with the concentration of 

holes in the valence band. In other words, it is the entropic contribution to the free energy that 

is changed by illumination, whereas changing the potential of a metal electrode changes the 

internal energy contribution to the free energy. Figure 2 contrasts these different meanings of 

the term overpotential for metallic and semiconductor electrodes. 

 

Figure 2. The concept of overpotential at metal and semiconductor electrodes illustrated for a single 

electron/proton transfer step oxidation reaction. In the case of the metal, application of an overpotential, which is 

equal to the difference between the applied potential and the equilibrium redox potential – in energy terms 

𝑞(𝑈𝑎𝑝𝑝𝑙 −𝑈𝑟𝑒𝑑𝑜𝑥), lowers the activation energy for transfer of electrons vacant energy levels in the electrode. 

For the n-type semiconductor, application of an overpotential increase the band bending but has very little effect 

on the activation energy for electron transfer to the conduction band. For the illuminated semiconductor, electron 

transfer to the valence band can occur, and the overpotential of interest is the one for holes, which is the difference 

between the hole QFL and the redox potential. In energy terms this is  𝐸𝑟𝑒𝑑𝑜𝑥 −𝐸𝐹
𝑝
. For oxygen evolution under 

typical solar intensities, the hole QFL will be very close to the valence band, so the overpotential becomes (in 

energy terms) 𝐸𝑟𝑒𝑑𝑜𝑥 −𝐸𝑉, where EV is the valence band energy. 

In some cases, first principles DFT treatments of the OER at semiconductor electrodes 

like hematite derive overpotentials in the same way as for metal electrodes. For example, 

Hellman at al. [35] have investigated the effects of surface termination on the OER on hematite. 

They compare the theoretical overpotential derived by DFT (VASP) with the “overpotential” 

derived from current voltage curves measured in the dark. However, this comparison is open 

to criticism since in the dark the OER involves holes generated by electron tunnelling through 

the space charge region under inversion conditions. The overpotential for a given current 
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density therefore depends on doping density: if the hematite were low doped, the dark current 

onset would be displaced to much more positive potentials.    

The assumption that the activation energies of the steps in the POER are essentially 

independent of applied potential needs to be challenged if holes build up at the surface as the 

result of sluggish reaction kinetics, because the corresponding build-up of positive charge will 

increase the potential drop across the Helmholtz layer, changing the activation energy of 

reactions involving either holes (minority carriers) or electrons (majority carriers).  At the same 

time, if the build-up of surface-bound intermediates alters the surface dipole potential or 

generation of protons alters the local pH and hence the surface ionic charge, this will change 

the potential drop across the Helmholtz layer leading to band-edge movement under 

illumination. Under these conditions, the band energies at the surface are no longer fixed 

relative to a reference redox level in the electrolyte. – this phenomenon is referred to as band-

edge unpinning. Band-edge unpinning effects make the description of the kinetics of the POER 

more complicated, and as we shall see below, this can lead to problems in terms of attempts to 

determine the reaction order of the POER with respect to the concentration of holes.  

7. The Hydrogen Evolution Reaction at Photocathodes 

The photoelectrochemical hydrogen evolution reaction (PHER) is in principle more susceptible 

to kinetic analysis than the POER since only two electron/proton steps are involved. For 

example, Bhati et al. [36] have carried out DFT modelling of the PHER on (3x2) 3C-SiC using 

VASP and VASPsol. The hydrogen evolution reaction in this case takes place at a surface 

covered with dissociated water, and the authors propose that the first step involves electron and 

proton transfer at a bound hydrogen atom leading to the formation of dihydrogen (Heyrovsky 

reaction). The second step then involves electron transfer to a proton to reform the bound 

hydrogen at the active site as shown in Figure 3.   This mechanism can be expressed as scheme 

III (the back reactions with majority holes analogous to those with electrons in Scheme II are 

not shown here) 

 

*H + H+ + e- → * + H2 

* + H+ + e- → *H 

Scheme III for hydrogen evolution of hydrogen-terminated surfaces. 
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 Figure 3. Proposed mechanism for the PHER at 3C-SiC. The first three steps correspond to the Heyrovsky 

mechanism where a surface bound hydrogen reacts with a proton and an electron to form molecular hydrogen, 

leaving the surface site vacant.  Subsequent reaction of the second proton with the second electron (Volmer 

mechanism) re-establishes the original hydrogen termination. Adapted with permission from Bharti et al. 

Journal of Physical Chemistry C 2020; 124: 26624-26639. 

This reaction scheme is very similar to the one proposed for the PHER on p-GaAs.[37] 

Bhati et al. recognize that the chemical potential of electrons is determined by the applied 

potential, the nature of the photoexcitation and band bending and go on to calculate the reaction 

energetics as a function of surface charge. The final energy diagram for the reaction scheme 

shows that the initial Heyrovsky step is rate-determining, with the following steps being 

energetically downhill. 

Peter [38] has also considered a generalized reaction scheme for the PHER that includes 

both the Heyrovksy and Tafel steps for the generation of molecular hydrogen from the surface-

bound hydrogen species and has shown how the rate constants for electron transfer and 

recombination derived by intensity-modulated photocurrent spectroscopy (IMPS) are expected 

vary with light intensity and applied potential in this case.  

8. Reaction Mechanisms and Reaction Orders 

Unravelling the mechanisms of the water splitting reactions represents a formidable challenge. 

The traditional approach for metal electrodes involves measurement of Tafel slopes, reaction 

orders and overpotentials, but in order to gain better mechanistic insights, additional methods 

are needed to determine the identity and surface coverage of the reaction intermediates.   

Much attention has focused on hematite electrodes where intermediates in the oxygen 

evolution reaction have been detected by UV/visible and infrared spectroscopy. Cummings et 

al. [39] used potential and light-modulated absorption spectroscopy (PMAS and LMAS) to 

show that a long lived intermediate with absorption in the visible region is formed during 

oxygen evolution on hematite. The time constant associated with the decay of this intermediate 
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was found to be identical with the time constant for the photocurrent decay under periodic 

illumination. Cummings et al. suggested at this intermediate was an Fe(IV)=O species, a 

conclusion  supported by more recent work by the Hamann group [40] and others[41]. The 

Hamann group also identified the Fe(IV)=O stretch measured by in operando infrared 

spectroscopy[42]. These results suggest that the slowest step in the POER on hematite is 

probably step 10a in scheme 2. As noted in section 4, Snir et al. [30] find that the DOS for the 

Fe (IV)=O state is located around 0.4 eV above the valence band of hematite, and they suggest 

that the observed absorption in the visible region is associated with excitation from this state 

to the conduction band. 

In terms of the photoelectrochemical oxidation of water in alkaline solutions, 

4 OH- + 4 h+  → O2 + 2 H2O 

the rate of the overall reaction, which determines the photocurrent density, can be expressed in 

terms of the concentrations of reactants at the interface. 

𝑑[𝑂2]

𝑑𝑡
= 𝑘[𝑂𝐻−]𝑎𝑝𝑏      2) 

Here k is a rate constant, p is the concentration of valence band holes at the interface, which is 

related to the quasi-Fermi level by equation 1, and a and b are reaction orders. In principle, 

theoretical reaction orders can be derived from a given kinetic scheme (e.g., scheme II) if 

assumptions are made about the rate determining step.  

Experimental determination of the reaction order with respect to holes is more 

complicated since it requires an independent measurement of the hole concentration at the 

surface. In the case of hematite photoelectrodes, Mesa et al. [23] have interpreted the long-

lived light-induced transient optical absorption in the visible region as arising from (trapped) 

holes. Based on this assumption they have interpreted the experimentally measured relationship 

between photocurrent and optical absorption in terms of the reaction order with respect to holes. 

Their analysis suggests that the reaction order with respect to hole concentration reaches 3 at 

high intensities. However the identification of the optical absorption as due to the Fe(IV)=O 

intermediate [41] [26] and not valence band holes casts doubt on the validity of their kinetic 

analysis. Zhang and Leng [43] have also questioned the validity of the analysis by Mesa et al., 

which depends critically upon the assumption that the rate constants for interfacial hole transfer 

are independent of light intensity. Peter [44] has shown recently that the apparent 3rd order 

reaction behaviour is likely to be the consequence of band-edge unpinning arising from the 

accumulation of positive charge at the interface, increasing the potential drop across the 

Helmholtz layer. The modelling showed that band-edge unpinning gives characteristically 
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asymmetric on/off photocurrent and optical absorption transients very similar to those observed 

experimentally.  Taking into account the fact that band-edge unpinning increases the potential 

drop across the Helmholtz layer, accelerating hole transfer, Peter was able to calculate 

‘reaction-order’ plots that are essentially identical to those reported originally by Le Formal et 

al.[45]. This controversy [46] highlights the dangers of assuming ideal behaviour for the 

semiconductor junction under water splitting conditions, where band-edge unpinning is very 

likely to occur at high intensities. 

The question of reaction order has also been addressed by Zhang et al. [47] using a 

combination of impedance spectroscopy and in operando FTIR. These authors derive the 

surface hole concentration by analysis of the high frequency semicircle seen in the impedance 

response of hematite electrodes under illumination. This analysis is based on an equivalent 

circuit that attributes the high frequency semicircle to hole trapping in a ‘surface state’. 

Alternative explanations of the appearance of two semicircles in the photoelectrochemical 

impedance response (PEIS) of semiconductor electrodes have been given in the literature,[48, 

49], and even if one accepts the model used by Zhang et al., the identity of the ‘trapped hole’ 

remains unclear. 

 The confusion arising from the term “trapped holes” suggests that it should be avoided 

since in each of the intermediates in Scheme II is generated by the capture of holes. However, 

this does not mean that the overall reaction order with respect to valence band holes (as opposed 

to “trapped holes” cannot be greater than 1. For example, if the first two hole transfer reactions 

are reversible (i.e., have significant rates of back reaction) it is easy to show that the overall 

reaction order with respect to holes will be 3 if the oxidation of the Fe(IV)=O intermediate is 

the rate-determining step. However, a reaction order of 3 with respect to the Fe(IV)=O 

intermediate (“trapped hole” ) as implicit in the work of Mesa et al. [23]  and Le Formal et 

al.[45] seems very unlikely. Clearly this is an area which requires more work before definitive 

conclusions can be reached concerning the mechanism and kinetics of the individual steps in 

the scheme II. 

9. In operando studies of light-driven water splitting 

Whilst in situ UV/ visible spectroscopy has shown that a long-lived intermediate can be 

detected during oxygen evolution on illuminated hematite electrodes, unambiguous 

identification of the molecular species requires vibrational spectroscopy. Zandi and Hamann 

[42] used in operando infrared spectroscopy in D2O to demonstrate that Fe(IV)=O is the 

species responsible for the UV visible absorption of illuminated thin film hematite electrodes 
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reported by Cummings et al. [39] and others.[40] Figure 4 shows the development of a peak 

at 898 cm-1 for illuminated hematite layer deposited on a ZnSe ATR prism. Isotope labelling 

experiments with D2
18O and D2

18O/ D2
16O mixtures were necessary in order to distinguish 

between Fe(IV)=O and FeOOD peroxo species. Peaks at 898 cm-1 and 857 cm-1 could be 

assigned with confidence to Fe=16O and Fe=18O respectively, ruling out the possibility that the 

intermediate is an Fe-O-O species (see Figure 4). 

 

Figure 4. Left: in operando FTIR spectra of hematite electrode under illumination at the potentials vs. RHE 

shown. Right: effect of oxygen isotopic variation during POER on a hematite electrode at 1.63 V vs RHE. The 

peaks at 898 and 857 are assigned to Fe=16O and Fe=18O respectively. Reproduced with permission from Zandi 

and Hamann, Nature Chemistry 2016; 8:778-782. 

So far in this review we have not paid much attention to cocatalysts. In many cases, it 

is assumed that the role of the cocatalyst is simply to speed up electron transfer reactions. 

However, many transition metal oxide/ hydroxide cocatalysts form ‘adaptive junctions’ in 

which the barrier height varies with the degree of oxidation of the catalyst.[50] The Boettcher 

group has developed a dual working electrode geometry that allows interrogation of the redox 

state of catalysts deposited on the surface of semiconductor photoelectrodes. In recent work, 

[51] they have extended measurements to study transient photocurrents at catalyst modified n-

Si electrodes. This approach allows them to distinguish between transient effects arising from 

surface recombination and band edge unpinning [44] and effects associated with oxidation and 

reduction of the cocatalyst. Their work indicates that a more complete description of light-

driven water splitting at cocatalyst modified electrodes needs to take into account the influence 

of the cocatalyst redox state on the energetics and dynamics of minority carrier transfer to the 

electrolyte. 

In operando Raman spectroscopy has also been used to study photoelectrochemical 

processes. Pasquini at al. [52] used the technique to study oxidation state changes in amorphous 
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cobalt oxide layers used for electrocatalysis of the OER. The authors were able to show that 

Raman spectroscopy allows the Co(II) to Co(III) oxidation to be distinguished from the Co(III) 

Co(IV) oxidation. 

Since the surface of practical photoelectrodes a generally inhomogeneous, it is useful 

to be able to obtain spatially resolved information. Yu et al. [53] have reviewed recent progress 

in the application of atomic force microscopy (AFM) in solar fuel research. In addition to the 

topographic information provided by contact mode or tapping mode, conductive AFM (C-

AFM) and Kelvin probe force microscopy (KPFM) provide information about the local 

electronic properties of the material in air. KPFM under illumination gives spatially-resolved 

information about the surface photovoltage (spatially resolved photovoltage spectroscopy: SR-

SPS).  Adapting these techniques for application in operando mode is very challenging. Of the 

techniques listed above, only conductive AFM can be carried out in operando by using an 

insulated nanoelectrode coated with an insulating layer of SiO2 with only the conducting tip 

exposed to the electrolyte. The method has been used by Eichhorn et al. [54] to examine the 

influence of grain boundaries on polycrystalline BiVO4 photoanodes. The layers were 

illuminated from the rear and the photogenerated holes were collected by the conductive tip of 

the C-AFM. 

Krumov et al.[55] have used scanning electrochemical microscopy (SECM) to quantify 

the coverage and reactivity of reaction intermediates formed during POER at Ti-doped 

hematite electrodes. They detected two distinct populations of surface species that react with 

different rate constants and propose that *OH is the slow-reacting species that decays by a 

second order dimerization process to form H2O2. 

Nellist et al. [56, 57] have shown that it is possible to use electrochemical AFM to 

measure the surface potential of bare and catalyst-coated semiconductor electrodes. The 

method allows access to the surface electrochemical potential, which as discussed earlier is 

related to the quasi-Fermi level of minority carriers.  In the case of catalyst-coated electrodes, 

the AFM tip can sense the redox Fermi level of the catalyst, i.e., its state of oxidation. The 

principle of this powerful technique is illustrated in Figure 5. It can be seen from the 

experimental results that the onset of the PER photocurrent coincides with oxidation of the 

cobalt catalyst by photogenerated holes. Further oxidation of the catalyst drives its redox 

potential to more positive values until a steady state is reached in which the rate of hole capture 

by the catalyst balances hole consumption by the POER.   
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Figure 5.  In operando AFM measurement of catalyst surface potential. Left - experimental set up with insulated 

AFM with exposed nanotip and band diagram showing hole QFL in semiconductor and Fermi (redox) level in 

catalyst. Right - measured potential of CoPi cocatalyst on planar hematite (green line). The black circles show 

the corresponding photocurrent. The cyclic voltammogram (black line was obtained after holding the potential 

at the anodic limit under illumination.  Reproduced with permission from M.R Nellist et al. Nature Energy 

2018; 3: 46-52. 

 

 

10. Summary and Outlook 

This brief review covers only a small fraction of the extensive literature on fundamental aspects 

of photoelectrochemical water splitting. The area continues to attract researchers because it 

holds out the promise of contributing to development of a low carbon energy economy, but 

understanding is still patchy, because the interfaces involved are generally much less well 

defined than in, say, photovoltaic devices.  There is clearly a need to adapt current concepts 

and methodologies to take into account the complex nature of the semiconductor/electrode 

interface under the demanding conditions encountered in light-driven water splitting (presence 

of intermediate species, cocatalysts, pH changes, decomposition products etc.). This means that 

models used for ideal semiconductor electrodes junctions in contact with simple outer sphere 

redox couples need to be examined critically and modified where necessary using information 

obtained by spectroscopic and other in operando techniques.  
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