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Abstract 

Photoelectrodes enable simultaneous light absorption and catalysis of water splitting reactions. 

Their performance is established using electrochemical characterisation methods. Besides basic 

characterisation techniques such as voltammetry and chronoamperometry, employed in the dark 

or under illumination, more advanced techniques including (photo-)electrochemical impedance 

spectroscopy, intensity-modulated impedance spectroscopy and transient absorption spectroscopy 

can be used to evaluate key parameters and processes. For some of these techniques, data is often 

interpreted using over-simplified models, leading to the calculation of unreliable parameters. The 

values of the flat band potential and charge transfer efficiency depend heavily on the methods used 

to determine them and it is recommended that the values are corroborated using multiple 

techniques. Lastly, certain ‘efficiencies’ defined in the literature for electrically biased systems 

should be revised.  
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1 Introduction 

Photoelectrodes are an integral part of photoelectrochemical systems and their properties directly 

impact the overall device performance. The purpose of a photoelectrode is to generate the 

necessary electrochemical potential through the absorption of photons and to either partially or 

fully support an oxidation and/or reduction process. The effectiveness of the overall process 

depends on the efficiencies of each step, sequentially: (i) light harvesting, (ii) electron-hole 

separation, (iii) charge transport and (iv) (photo-)catalysis. Losses in the space charge layer 

contribute to the so-called surface recombination losses, while bulk recombination occurs beyond 

the space charge layer. The effects of these recombination processes on the photocurrent are shown 

in Figure 1. 

Photoelectrodes are synthesized with specific reactions in mind and so in addition to the 

constituent semiconductor band gap(s), which determine the theoretical solar to electrical energy 

conversion efficiencies, the conduction/valence band edges need to align favourably with the 

reversible potentials of the reduction/oxidation reaction, respectively. Thus far, the suitability of a 

given semiconductor can be estimated theoretically [1,2] but, ultimately, the performance of a 

photoelectrode has to be evaluated experimentally using (photo-)electrochemical techniques. 

 

Figure 1. Schematic of anodic photocurrent densities as a function of applied potential: (a) predicted theoretically 

by the Gärtner-Butler equation (black), decreased by bulk recombination (red) and further by surface recombination 

(blue). 
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1.1 Basic characterisation 

The first tests on a photoelectrode are designed to answer the basic questions: (i) is the electrode 

photoactive, followed by: (ii) what is the photocurrent onset potential and (iii) what is the 

maximum photocurrent? These questions are answered by employing the photoelectrode as a 

working electrode in a three-electrode electrochemical cell, and comparing its performance as a 

function of applied potential in the dark and under illumination by white light (100 mW cm-2 with 

the spectral composition of the global AM 1.5 irradiance). An electric potential is applied to the 

photoelectrode against a reference electrode to simulate the realistic voltage range relevant to a 

complete photoelectrochemical device. 

1.1.1 Open circuit potential (OCP) 

OCP is the potential of the photoelectrode when it is in equilibrium with the electrolyte. The 

equilibration process usually entails surface charge redistribution, causing a degree of band 

bending in the semiconductors. Absorption of photons, and the consequent formation of electron–

hole pairs, compensates for this charge imbalance and causes the bands to unbend. Hence, an 

effective photoelectrode will exhibit different OCPs under dark and light conditions. If the OCP 

does not respond to light, the electrode is unlikely to display significant photoactivity under applied 

bias. OCP at high light intensities can also give an approximation of the position of fermi level at 

the flat band condition [3], though the measured potentials can be affected by fermi level pinning, 

as evidenced from Figure 2(a) and (b). 

1.1.2 Chopped photocurrent voltammetry 

This method determines photoelectrode performance under transient conditions. The 

measurements are conducted under potentiodynamic conditions and illumination is periodically 

switched on and off, or ‘chopped’. It provides quick evidence of photoactivity, as well as the degree 

of biasing required for the photocurrent to plateau, as shown in Figure 2(c). The duration of the 

dark and light periods can vary and may or may not capture steady-state behaviour in addition to 

initial transient responses.   
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1.1.3 Steady state photocurrent and IPCE 

Transient photocurrents are typically higher than steady state photocurrents and are not 

representative of the photoelectrode output. Steady state photocurrents can be evaluated from 

voltammograms recorded at a scan rate of ca. 1 mV s-1, which is usually low enough for a near 

steady state response, or measured under potentiostatic conditions. Steady state photocurrents 

measured under illumination by monochromatic light  are used to determine the incident photon 

to current conversion efficiencies (IPCE) according to Equation (1), over a set of applied 

potentials, as shown in Figure 2(d) [4]. The nomenclature can be found in Table 1. 

IPCE𝜆  =
𝑗ph,𝜆  ∙  ℎ ∙ 𝑐

𝑃0,λ  ∙  𝑒 ∙  𝜆
 (1) 

IPCE is also valuable when the same material might be exposed to different light sources, for 

example when migrating experiments from artificial to natural light, as the performance of the 

electrode can be estimated by integration of the IPCE over the desired spectra. For IPCE 

measurements it is necessary to have access to monochromators or a wide range of LEDs with 

different wavelengths. 

The addition of sacrificial reagents such as hydrogen peroxide [5], methanol [6] or hydrogen 

sulfide [7,8] to the electrolyte facilitates charge transfer, allowing the estimation of bulk and 

surface recombination losses even under steady state conditions. However, some photoelectrodes 

exhibit current doubling effects rendering this approach unsuitable [9]. 

1.1.4 Photoelectrode stability and long-term performance 

Stability of individual photoelectrodes is usually evaluated under potentiostatic conditions; decay 

in photocurrent over time signifies loss in performance. Factors that most often cause a decrease 

in current are (i) (photo-)corrosion, (ii) accumulation of by-products and (iii) increased coverage 

by bubbles, which can block the electroactive area and decrease the intensity of light reaching the 

surface [10–12]. The latter issue could be obviated by enhancing the convection (flow or stirring) 

near the electrode surface. Though some attempts for rigorous benchmarking have been proposed 

by the photoelectrochemical community, there is currently no concrete time period or experimental 
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conditions over which stability data has to be provided in publications, either for a photoelectrode 

or the complete photoelectrochemical reactor [12,13]. Poor material stabilities remain a bottleneck, 

ranging from minutes to weeks, but are also being reported in an unsystematic manner and often 

just described qualitatively. The lack of a standard protocol for stability tests needs to be addressed 

by the community. 

Ultimately, as sunlight is intermittent, the stability of the photoelectrodes and reactors under 

multiple cycles of dark/light conditions would need to be evaluated to demonstrate potential for 

industrial deployment.   

1.2 Advanced characterisation 

In-situ (photo-)electrochemical characterisation techniques can be used to extract valuable 

parameters that characterise the semiconductor and its interface with the electrolyte and are 

important for enabling comparisons of material performance and elucidating the effects of material 

composition, nanostructuring as well as the electrolyte chemistry on the IPCE.   

The typical parameters of interest are: the flat band potential, semiconductor dopant concentration 

and the potential-dependent interfacial charge transfer efficiency.  

1.2.1 Electrochemical impedance spectroscopy (EIS) 

EIS is an extremely useful and proven characterisation technique and, given its transient nature, it 

is possible to extract useful information about the kinetics and the positions of energy bands at the 

surface of the electrodes and evaluate all three parameters mentioned above. However, EIS can be 

highly sensitive to the conditions at the electrode | electrolyte interface such as doping levels, 

nanostructure, pH, concentrations of redox species, and the data can be all too easily processed 

using invalid assumptions [14].  

For example, the flat band potential is an important reference state relative to which photo-

electrochemical kinetics may be assessed, but the assumptions made during flat band potential 

determination from interfacial capacitance measurements have led to an implausibly wide range 

of values being reported for the same material, as shown in Figure 2(a). The use of the Mott-



7 

 

Schottky Equation (2), written here for an n-type material, requires three key assumptions to be 

valid: (i) the applied potential is dropped across the semiconductor only – this is not valid for 

heavily doped semiconductors, which demonstrate quasi-metallic behaviour, (ii) CSC is assumed 

to be the same as the interfacial capacitance - the contribution of the Helmholtz layer is neglected 

a priori, and (iii) the semiconductor surface is perfectly flat. When these assumptions are made 

erroneously, which is often, the consequences are an incorrect slope and intercept of the plot [2,16].  

 
1

𝐶SC
2  =  

2

𝜀0𝜀𝑟𝑒𝑛
(𝑉(RE) −  𝑉FB(RE) −  

𝑘𝐵𝑇

𝑒
) (2) 

An example of a Mott-Schottky plot is shown in Figure 2(e). Equation (2) can also be used to 

estimate 𝜀r and n but the catch is that to estimate one, the other must be known already. 

Impedance spectroscopy under illumination, or PEIS, has been used to estimate kinetic rates of 

charge recombination and transfer processes, which in turn can be used to estimate interfacial 

charge transfer efficiencies [7,8,15,16]. 

Several strategies have been proposed to analyse and interpret impedance spectra. Fitting to 

equivalent electrical circuits, as indicated in Figure 2(f), is the most used methodology where 

resistances and capacitances are used to calculate time constants of the processes involved. 

However, there is still some controversy surrounding the representation of charge flow pathways 

by the circuits and the physical meaning of some of these fitted parameters, especially when 

constant phase elements (CPE) are used as an alternative to pure capacitances [17]. 

Notwithstanding, the use of CPE is still a recommended practice coupled with the calculation of 

effective capacitances using appropriate mathematical formulations; the greater the deviation from 

ideal capacitance, the less reliable the calculated effective capacitances are [18,19]. Distribution 

of relaxation times (DRT) has also been proposed as an approach that does not require an a priori 

model to extract data from the impedance spectra and allows a direct estimation of time constants 

[20–22]. 
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1.2.2 Intensity modulated photocurrent spectroscopy (IMPS) 

IMPS can be used to extract kinetic rates and charge transfer efficiencies as a function of potential 

[23–25]. The use of this approach requires judicious analysis, accounting for non-linear behaviour 

between photocurrent and light intensity, incurring additional experimental procedures besides 

EIS [21]. However, IMPS is able to separate the recombination and charge transfer processes more 

effectively than PEIS. Fitting to equivalent electrical circuits and calculation of the distribution of 

relaxation times (DRT) can also be used to interpret IMPS data. Due to the atypical shape of the 

IMPS spectra, shown in Figure 2(g), the choice of electrical circuits are still a matter of debate 

[26]. Some researchers use circuits that yield better fittings regardless of the physical meaning of 

some of the fitted parameters, such as negative capacitances and the exponential term of CPEs, 

while others are in search of circuits that can imitate better the phenomenological processes shown 

in the IMPS spectra [24]. 

1.2.3 Chopped photocurrent or transient photocurrent 

Transient photocurrent is probably the most used and expeditious technique of all, when 

implemented under potentiostatic conditions. It can be used to estimate peak photocurrents (when 

charge recombination is not the limiting process) and ‘stable’ photocurrents when all processes are 

at equilibrium. From that, kinetic rates and charge transfer efficiencies can be easily estimated 

[27,28]. Mechanical choppers are discouraged for transient photocurrent experiments, while fast 

response LEDs are preferred [21]. LEDs can replace Xe arc lamps as fast response systems (< 100 

ns), making this approach a very reproducible and convenient technique. Transient photocurrents 

are typically measured in the millisecond to second timescale.  

More recently, chopped photocurrent, coupled to voltammetry at low scan rates (< 1 mV s-1), has 

been used to estimate flat band potentials as the point where there is a transition between n-type 

and p-type behaviour of the semiconductor [14]. These measurements yield more reproducible 

results than the Mott-Schottky approach and give a narrower window of flat band potential values, 

as shown in Figure 2(a). 
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1.2.4 Transient absorption spectroscopy (TAS) 

TAS, as a pump-probe technique helps track the transient changes in the optical absorbance by 

using a pulsed laser excitation (pump) and a second light beam as probe [29,30]. It has been used 

to measure the half-life of charge carries in photoelectrodes in the femtosecond to millisecond 

timescale [31,32]. Moreover, quasi steady-state pump-probe spectroscopy (i.e. longer illumination 

time) is a powerful technique for elucidating not only kinetics but also the multi-redox mechanisms 

at the electrode | electrolyte interface [6,33]. Special care must be taken regarding the chemical 

environment and wavelength used to excite the photoelectrode. TAS requires very specialised 

hardware and so it has not been implemented extensively for photoelectrode characterisation. 
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Figure 2. (a) Results map for flat band potentials determined using four experimental techniques: Mott-Schottky 

analysis of EIS data, OCP measurements, photocurrent squared and chopped photocurrent, on synthetic hematite 

in 1 M NaOH (with addition of 0.5 M H2O2 as hole scavenger for certain measurements) reported in [14] and 

tabulated values from an extensive literature review in [2]; (b) OCP for a hematite sample at different light 

intensities and electrolytes [14]; (c) Chopped photocurrent voltammetry for a typical photoanode; (d) IPCEs 
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determined for hematite photoanodes under potentiostatic conditions; (e) Mott-Schottky plot from semiconductor 

capacitance values determined by electrical circuit fitting to EIS data [34]; (f) schematic of typical photo-impedance 

spectra exhibiting two processes at high (HF) and low (LF) frequencies and their respective resistances (RHF and 

RLF); (h) schematic of a typical IMPS spectra with the same two processes at high and low frequencies.   

2 Device metrics 

2.1 Solar to hydrogen conversion efficiency (STH) 

The STH parameter is only appropriate if the device is capable of spontaneous water splitting 

without an external electrical power source and when the only energy output is the chemical 

product (H2). More complex efficiency definitions are required if these conditions are not met [35]. 

A ‘three-probe’ half-cell electrochemical characterisation of the photoelectrode cannot be used to 

directly calculate the device STH, but could be predicted with caution utilising detailed device 

modelling [36–40]. That is, a photoanode that is characterized at 1.23 V(RHE) does not represent 

the photocurrent of a complete reactor as this neglects the operating condition dependent 

activation, concentration and ohmic losses, as well as product cross-over.  

A 1st law of thermodynamics type energetic conversion efficiency is defined as ‘power converted’ 

divided by the ‘total input power’. The STH is commonly defined in Equation (3) in terms of the 

lower heating value (237 kJ mol-1 at 25°C, resulting in ∆V∅ = 1.23 V [41,42]) in contrast to typical 

electrolyser efficiency calculations, which use the thermo-neutral potential difference of 1.48 V 

[43,44]. It is equivalently calculated from the hydrogen production rate, which is superior as it 

implicitly includes the efficiency of gas collection as well as any losses due to product cross-over, 

or the electrical current flowing through the PEC device during spontaneous water splitting [45]. 

STH = [
𝐸H2

 ∙  𝑛̇H2

𝑃0  ∙  𝐴
]

AM 1.5G

= [
𝑗ph  ∙  ∆𝑉ø ∙  𝜀H2

𝑃0
]

AM 1.5G

 (3) 
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2.2 Solar to hydrogen conversion efficiency with externally applied bias 

The IUPAC-recommended modification to the STH calculation in the case of an externally applied 

bias is called the ‘applied bias photon-to-current efficiency’ (ABPE) and is shown in Equation (4) 

[45]. This parameter has been described as ‘a diagnostic measurement in materials development’ 

and cannot be considered a true energetic efficiency [45]. In addition to the pitfalls explained by 

multiple authors [35,45], the biggest drawback is that negative values for ΔVcell > 1.23 V are 

obtained, resulting in increasingly negative efficiencies for increasingly high photocurrents. This 

issue, illustrated in Figure 3(a), invalidates the equation for the very condition it is designed to 

represent. It is also noticeable that recent reviews and systematic studies of photoelectrode 

materials in biased systems do not use ABPE as an effective way to compare their performances 

[46–51] and it has been used sparsely and cautiously in recent studies [52–54]. A more rigorous 

formulation includes a sum of the power supplied by solar photons and via an applied bias in the 

denominator, giving a photo-assisted electrolysis system efficiency (𝜂PAE) in Equation (5); the 

results are shown in Figure 3(b) [35,38]. 

ABPE = [
𝑗ph  ∙  (∆𝑉ø − |Δ𝑉cell|) 

𝑃0
]

AM 1.5G

 (4) 

𝜂PAE = [
𝐸H2

 ∙  𝑛̇H2

𝑃0 ∙  𝐴photoabsorber  +  𝑗ph ∙  Δ𝑉cell ∙  𝐴electrode
]

AM 1.5G

 (5) 
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Figure 3. The dependence of the photocurrent density (jph) isolines on the externally applied cell bias (ΔVcell)  for (a) 

ABPE calculated using Equation (4) and (b) ηPAE calculated using Equation (5). P0 fixed at 100 mW cm-2. We note 

that this is for the purposes of investigating the behaviour of each equation and that for a typical device, the current 

density will change with applied bias. 

2.3 Outlook and perspectives 

We conclude that multiple methods should be employed to enable greatest confidence in 

experimentally determined parameters, such as the flat band potential and charge transfer 

efficiency. Apart from the newly developed techniques for locally resolved electrochemical 

characterisation, there is encouraging progress in complex models and postprocessing methods for 

impedance analysis, allowing researchers to circumvent traditional, although often controversial, 

a priori models. The practice of publishing open datasets from the aforementioned electrochemical 

characterisation of photo-electrodes (e.g. current density vs. voltage) should be mandated in order 

to permit the reproduction and comparison of experimental results and ensure the research 

integrity. There have been various attempts for unified benchmarking and characterisation 

protocols; unfortunately, the photoelectrochemical community still lacks coherent procedures 

analogous to those used in photovoltaic characterisation, especially when it comes to stability and 

efficiency measurements and reporting. Due to the complex nature and multiple degradation 

mechanisms, descriptive statements such as “no morphology change was observed” or single 

performance metrics such as “5 % decrease was measured after 24 hours” should always be 

accompanied by the supporting evidence, for example long-term chronoamperometry experiments 

or photographs/SEM images of electrodes before and after the test. If such raw data is absent, the 

validity of performance claims and replicability are severely negatively impacted. Comprehensive 

reporting guidelines and protocols should be the subject of a separate study.  

The electrochemical characterisation of photoelectrodes arguably remains the most important set 

of analytical tools for assessing photoelectrode performance, and therefore the migration towards 

more unified and well-documented approach will facilitate the scaling up of these promising 

technologies. 
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2.4 Nomenclature 

Table 1 Terms and definitions used in this manuscript 

Symbol or abbreviation Definition 

IPCE Incident-to-photocurrent efficiency 

RE Reference  

FB Flat band 

PEIS Photoelectrochemical impedance spectroscopy 

STH Solar-to-hydrogen efficiency 

ABPE Applied bias photon-to-current efficiency 

ηPAE Photo-assisted electrolysis system efficiency 

𝐴 Area 

CSC Semiconductor capacitance 

c, h, e Speed of light, Planck’s constant, electronic charge 

𝐸H2
 Energy per mole of hydrogen 

𝜀0, 𝜀r Permittivity of free space, relative permittivity 

𝜀H2
 Faradaic efficiency of H2 evolution 

𝑗ph Photocurrent density 

λ Photon wavelength 

kB Boltzmann constant 

n Dopant concentration (donor) 

𝑛̇H2
 Molar flow rate of H2 

𝑃0 Incident photon power density 

T Temperature 

ΔVø Water-splitting potential (typically 1.23 V) 

ΔVcell Applied cell bias 

V(RE) Electrode potential relative to a reference electrode (RE) 

VFB(RE) Flat band potential relative to a reference electrode (RE) 
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