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We report the development of a rapid method for the performance optimization of photoelectrodes. 

The method requires as an input incident photon-to-current efficiency (IPCE) measurements of a 

material at two or more wavelengths, an estimation of the complex refractive index, the 

permittivity, the doping concentration, the flatband potential, and the photoelectrode thickness, and 

estimates in return the diffusion length, the optical loss, the bulk and surface recombination losses, 

and the space charge region loss. The diffusion optical number, defined as the product of the 

absorption coefficient and the diffusion length at 500 nm, was used to quantify the performance of 

photoelectrodes. The method was validated using planar Cu2O water-splitting photoelectrodes. 

Subsequently, it was applied to planar water-splitting photoelectrodes made of Cu2O, Si, Fe2O3, 

BiVO4, Cu2V8O3, and CuFeO2, and to nanostructured photoelectrodes made of Fe2O3 and 

LaTiO2N. The projected diffusion optical number of Fe2O3 was improved by one order of 

magnitude when nanostructuring compared to the diffusion optical number of flat Fe2O3 

photoelectrodes. Thus, a modification of the synthesis or deposition method should be prioritized 

instead of developing nanostructuring techniques for any photoelectrode with a diffusion optical 

number two orders of magnitude below the one required to obtain an internal quantum efficiency 

of 95 %. Using this benchmark, the investigated Si photoelectrode performed well without the need 

of nanostructuring. Cu2O and LaTiO2N photoelectrodes were found to benefit from 

nanostructuring. In contrast, nanostructuring is not advised for Fe2O3, BiVO4, Cu2V8O3, and 

CuFeO2 photoelectrodes, rather their synthesis method should be modified. Approaches for 

performance improvements by nanostructuring, doping concentration optimization, surface 

passivation, or by changing the photoelectrode thickness were presented for all investigated 

photoelectrode materials and nanostructures. We predicted—consistent with previous reporting—

that nanostructuring improves the projected diffusion length but also increases the surface 

recombination losses, which partially counteract the performance improvement, exemplified by the 

investigated nanostructured Fe2O3. The validated tool is well suited to evaluate if nanostructuring 

can bring a photoelectrode to high performance and/or if the deposition or synthesis methods 

should be optimized. This tool can also be used for developing new approaches to passivate 

surfaces and bulk defects, modify doping concentration and investigate their impact on the 

photoelectrode performance and, more specifically, on the surface and bulk losses. This tool is not 

restricted to water-splitting reaction but can be applied to any photoelectrochemical reaction.  

1. Introduction 

Photoelectrochemical (PEC) water-splitting can provide an economically viable solution for large-

scale solar fuel production but the photoabsorbers are required to be inexpensive, efficient, and 

stable for many operating years1. Up to now, no photoelectrode can satisfactorily meet all these 
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requirements and therefore new synthesis methods, nanostructures, or materials need to be 

discovered2. The determination and quantification of a photoelectrode’s main limitations such as 

bulk and surface recombination often require investigations that are time consuming and involve 

multiple experiments, which are destructive and/or not under realistic operating conditions. Indeed, 

some photoelectrodes such as hematite photoelectrodes have been investigated for many decades 

before realizing that even with state-of-the-art nanostructuring methods they are not reaching 

satisfactory performance. Although the research on such candidates has significantly enhanced the 

knowledge in the field, we now urgently need rapid and non-destructive techniques to access 

objectively the performance of actual or emerging photoelectrodes. Such a method allows 

determining if the synthesis method of the material should be modified or if nanostructuring could 

be sufficient to reach high performance. The challenges to develop a fast method capable of 

determining the potential of nanostructuring are manifold. The approach must be capable to 

separate and quantify losses in the bulk, in the space charge region (SCR), and at the surface. The 

analysis must be able to extract the diffusion length and the surface recombination loss of the 

photoelectrodes. Moreover, a criterion that can objectively determine the performance of 

photoelectrode materials must be established. Finally, the method must be fast, robust and versatile 

to enable the investigation of various photoelectrode materials and nanostructures. Moreover, the 

method must be able to quantify the impact of the performance by varying the synthesis methods, 

by modifying the doping concentration, by passivating the surface, and by nanostructuring, 

potentially in pristine and at aged conditions. Such a method is currently missing. 

Most often, the experimental method to evaluate the potential performance of a 

photoelectrode is to suppress any surface recombination by using an artificial hole or an electron 

scavenger. This method is very practical but allows only for a qualitative estimation of the surface 

and bulk recombination losses. Segev et al.3 developed a combined experimental-numerical 

method that provides indications about main material limitations of photoelectrodes. Their method 

determines the spatial charge collection efficiency and recombination losses of photoelectrodes 

(exemplified with Cu2V8O3 photoanodes) based on optical modeling and incident photon-to-

current efficiency (IPCE) measurements3. Although their method allows for the determination of 

the collection length, which accounts for diffusion and drift transport mechanisms, it does not 

determine the diffusion length, a parameter particularly important for the characterization of 

photoelectrodes4 and for quantitative comparison between different photoelectrodes. The 

determination of the spatial collection efficiency in the work of Segev et al. was originally 

developed by Tuominen et al.5 for solar cells. Tuominen et al. used the spectral response of c-Si 

solar cells to determine the spatial collection efficiency along with the diffusion length and the 

surface recombination velocity by additionally using the solution of a simplified minority charge 

carrier conservation equation. More recently, Nakane et al.6 determined the optical and 

recombination losses for numerous thin-film photovoltaic devices by fitting the carrier 

conservation equation of Gärtner7 to the IPCE. The Gärtner model, initially developed for Schottky 

junctions, has often been used to determine the diffusion length of photoelectrode materials, i.e. 

for Fe2O3 (ref. 8), BiVO4 (ref. 9), and Cu2O (ref. 10). This model does neither account for 

recombination in the SCR nor at the semiconductor-electrolyte interface. Thus, the diffusion length 

for high permittivity or low doping concentration materials (i.e. conditions resulting in a thick SCR) 

cannot be determined with this model. Moreover, it cannot separate bulk recombination from 

surface recombination. We have recently reported on a numerical model solving charge transport 

and conservation equations by finite volume method (FVM), which has allowed to provided key 

performing parameters of particle-based (p.-b.) LaTiO2N photoelectrodes11. The use of a 2-

dimensional (2D) FVM allowed studying the impact of the morphology on p.-b. photoelectrodes’ 
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performance, which is not accessible with a 1-dimensional (1D) model. However, this model 

combined bulk and surface lifetimes by the use of a single effective lifetime, which prevented the 

separation of bulk and surface recombination losses. Moreover, this method required the 

knowledge of various material parameters (such as electron and hole mobilities and lifetimes) 

which are unknown for many recently investigated materials and are very challenging and time-

consuming to determine.  

So far, Fe2O3 has been one of the most investigated photoelectrode materials because it is 

extremely cheap, abundant, stable, and has a suitable bandgap for a well-performing water-splitting 

tandem device. However, Fe2O3 has a low diffusion length that leads to poor efficiency. Early on, 

optimized meso- and nano-structuring was proposed to reduce the hole path and to overcome the 

low diffusion length of Fe2O3 (ref. 8). Various other approaches to increase the diffusion length of 

Fe2O3 have been explored and included co-catalyst depositions and doping concentration 

optimization. None of these techniques succeeded in providing highly efficient photoelectrodes. 

Here, we introduce a simple and rapid method to calculate the different losses in 

photoelectrodes and to determine a dimensionless optical and transport parameter, the diffusion 

optical number. We apply the method to water-splitting photoelectrodes, given by the abundant 

data available. Our method uses an IPCE model that includes charge carrier conservation equation, 

continuous states surface recombination at the semiconductor-electrolyte interface12, SCR 

recombination, and finite photoelectrode thickness. The IPCE model allows for simple 

quantification of bulk, SCR, surface and optical losses. The IPCE model is validated by comparing 

our determined diffusion length of Cu2O water-splitting photoelectrodes to reported values. We 

establish a benchmark—based on the diffusion optical number of nanostructured hematite—that 

sets an objective criterion for the nanostructuring opportunity of a photoelectrode. Our screening 

method together with the definition of the benchmark is then used to assess nanostructuring 

opportunity and to suggest performance improvements of numerous photoelectrode materials and 

nanostructures: planar Cu2O, Si, Fe2O3, Fe2O3, BiVO4, Cu2V8O3, and CuFeO2, and nanostructured 

Fe2O3 and p.-b. LaTiO2N.   

2. Methodology 

2.1. Definition of Metrics 

The main limitations of a photoelectrode result from internal and surface losses. The internal losses 

account for bulk and SCR recombination losses. These losses can be described by the diffusion 

optical number, α500L, defined as the product of the absorption coefficient at 500 nm and the 

diffusion length 

 

 𝛼500𝐿 = 𝛼(𝜆 = 500 nm) ∙ 𝐿. 

 

(1) 

 

α500L is a simple parameter that describes the capability of the photoelectrode to convert light at 

500 nm—the wavelength of maximum irradiance of the standard solar spectrum irradiance 

(AM1.5G)—to exploitable photocurrent. This parameter accounts for the mobility of the charge 

carrier, the recombination rate of electron/hole pairs, and the absorption coefficient. The diffusion 

optical number is a practical parameter since it is derived from the approximation of the optimal 

thickness of a photoelectrode, d*, given by13: 𝑑∗ ≈ 𝛼500
−1 < 𝑊 + 𝐿, where W is the SCR thickness. 

Thus, a high performing photoelectrode must ensure 
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 𝛼500(𝑊 + 𝐿) > 1. 

 

(2) 

 

If this is not the case, the photoelectrode will not be able to bring enough photoexited charges to 

the semiconductor-electrolyte interface. Eqn (2) is dependent of the applied potential because W 

depends on the applied potential (see eqn (11)). When removing W from eqn (2), α500L remains, a 

factor independent of the applied potential and more convenient for comparison between 

photoelectrodes. α500L > 1 is required for a high performing photoelectrode. The surface losses 

account for the optical reflection loss and the surface recombination loss. The latter can be 

described through the ratio of water splitting current and the total current or through the ratio of 

the surface charge transfer velocity that contributes to the water-splitting reaction, ST, and the sum 

of the surface recombination velocity, 𝑆R, and ST, 

 

 𝑅S,𝑉IPCE
=

𝑆T

𝑆T+𝑆R
. 

 

(3) 

 

The ratio of currents is determined at a fixed potential at which the IPCE is measured, VIPCE. This 

parameter allows evaluating the ratio between surface recombination and charge transfer. 

𝑅S,𝑉IPCE
= 1 indicates no surface recombination at the semiconductor-electrolyte interface. 

𝑅S,𝑉IPCE
= 0 implies no photocurrent since charge carriers are fully recombining at the interface. 

The limiting performance of a photoelectrode can be determined if the diffusion optical 

number and the ratio of currents are identified. The diffusion optical number accounts for all 

internal losses and the ratio of currents accounts for the surface recombination loss. 

Fe2O3 is a good example of a well-studied photoelectrode material having a very low hole 

diffusion length, in the range of 2-10 nm (ref. 8). Thus, its diffusion optical number is much lower 

than one, α500L=0.03 (Table 2), which limits the efficiency of this material as a water-splitting 

photoanode. The nanostructuring of a thin film of the material can be used to overcome minority 

charge carrier transport limitations, i.e. the high surface area decreases the minority charge carrier 

transport length. Moreover, nanostructuring often increases the optical scattering providing 

additional opportunities for absorption to occur and can theoretically overcome a low α500L. 

Nevertheless, this approach has been intensively applied to hematite photoelectrodes over the last 

decades without leading to a breakthrough performing photoelectrode14. Hematite photoelectrodes, 

as an example, highlight the challenges to overcome the limitations of photoelectrodes with low 

diffusion optical number. On the other hand, surface recombination limitation such as low reaction 

kinetic or high surface recombination loss have been successfully overcome by the discovery and 

incorporation of co-catalysts15 and passivation layers16. Thus, the nanostructuring opportunity of a 

photoelectrode can be based on the diffusion optical number only.  

To objectively quantify the nanostructuring opportunity of photoelectrodes, we compared 

the diffusion optical number of the photoelectrode to a second parameter, the diffusion optical 

number at an internal quantum efficiency (IQE) above 95 %, α500L0.95. α500L0.95 is defined as the 

product of the absorption coefficient at 500 nm and the diffusion length, L0.95, that provides IQE ≥ 

95 % at 500 nm, while fixing the surface recombination to zero 

 

 𝛼500𝐿0.95 = 𝛼(𝜆 = 500 nm) ∙ 𝐿0.95. 

 

(4) 
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L0.95 is obtained by solving iteratively IQE(L) ≥ 95 % at 500 nm using eqn (6) with SR=0, for an 

infinite electrode thickness. The latter ensures that L0.95 is not overestimated because of photons 

that would be transmitted through thin photoelectrodes.  

When reviewing the literature, we observed that nanostructuring could only provide an 

improvement of the diffusion optical number of up to one order of magnitude (see Fe2O3 in Figure 

6). Thus, it will be very challenging for a photoelectrode with a diffusion optical number more than 

two orders of magnitude below α500L0.95 to perform well when  nanostructured. Accordingly, we 

defined the nanostructuring opportunity factor, fnano, based on the following conditions 

 

 

fnano = log10 (
𝛼500𝐿0.95

𝛼500𝐿
) {

> 2 → low performance even with nanostructuring
 ≤ 2 → high performance with nanostructuring          
< 0 → high performance without nanostructuring   

. 

(5) 

 

 

Figure 1 summarizes the method developed to extract the diffusion optical number and the 

ratio of currents of photoelectrodes. Firstly, we calculate the numerical IPCE, followed by 

optimizing the fitting of the numerical IPCE to the experimental IPCE through variation of the 

diffusion length and the surface recombination velocity. The optimization of the IPCE fitting 

allows for the determination of the diffusion length and the surface recombination velocity and, 

thus, the diffusion optical number that determines the nanostructuring opportunity of a 

photoelectrode.       

2.2. Numerical Determination of the IPCE 

The numerical IPCE of a photoelectrode is calculated by solving the minority charge carrier 

conservation equation, including i) continuous surface states recombination at the semiconductor-

electrolyte interface, ii) recombination in the SCR, and iii) finite photoelectrode thickness. The 

generation rate in the numerical IPCE model is based on Beer-Lambert law limiting the model to 

photoabsorption without considering wave interferences or resonant light trapping effects (section 

2.6). The full derivation of the following equations—partially based on the work of Wilson12—is 

presented in the supporting information. The IQE of a photoelectrode in function of the photon 

wavelength (indicated by the subscript λ) is given by 

 

 IQE𝜆 =
𝑆𝑇

𝑆𝑇+𝑆𝑅
[𝜂(1 − 𝑒−𝛼𝜆𝑊) + 𝜉 (𝑒−𝛼𝜆𝑊 𝐿

𝐿+𝐷/𝑆

𝛼𝜆𝐿

𝛼𝜆𝐿+1
)], (6) 

 

 

 

where 𝜂 is a correction term for the SCR recombination, 𝐷 is the diffusion coefficient, 𝜉 is a 

correction term accounting for the finite thickness of the photoelectrode, and 𝑆 is a surface 

parameter related to the minority charge carrier surface reactions determined by eqn (10). The term 

L/(L+D/S) can be removed from eqn (6) at a SCR potential larger than 0.23 V (see section 2.4). 

The diffusion coefficient is related to the mobility of a charge carrier, 𝜇, given by the Einstein 

relation. 𝜂 is the ratio between the photocurrent generated in the SCR reaching the semiconductor-

electrolyte interface and the recombination current in the SCR, given by 

 

 𝜂 =
𝑖SCR

𝑖rec+𝑖SCR
=

𝐿2𝜙SC

𝑊2𝑉th+𝐿2𝜙SC
,  

(7) 

SCR  bulk  surface 
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where Vth is the thermal potential given by Vth=kBT/q, 𝜙SC is the SCR potential given by 𝜙SC =
𝑉a − 𝑉FB. Va and VFB are the applied potential and the flatband potential, respectively. 𝜉, accounting 

for the finite photoelectrode thickness, d, is given by 

 

 
𝜉 = 1 − 𝑒−

(𝑑−𝑊)(𝛼𝜆𝐿+1)

𝐿 . 
(8) 

 

 

The surface recombination velocity for continuous surface states is given by integrating the surface 

states energy levels over the bandgap energy12 

 

 
𝑆R = ∫

𝑆R,0∙𝑒−𝛽𝐸

1+𝑒(𝜙SC/𝑞−𝐸) 𝑘B𝑇⁄

𝐸gap

0
𝑑𝐸, 

(9) 

 

 

where 𝑆R,0 is a surface recombination velocity factor and 𝛽 is a surface states distribution factor. 𝑆 

is given by 

   

𝑆 = [(𝑆𝑇 + 𝑆𝑅)𝑒
𝜙SC
𝑉th −

1−𝑒−𝛼𝜆𝑊

𝑒−𝛼𝜆𝑊[𝛼𝜆𝐿/(𝛼𝜆𝐿+1)]

𝐷

𝐿

𝜂

𝜉
] [1 +

1−𝑒−𝛼𝜆𝑊

𝑒−𝛼𝜆𝑊[𝛼𝜆𝐿/(𝛼𝜆𝐿+1)]

𝜂

𝜉
]

−1

. 
(10) 

 

 

The SCR thickness for a n-type material is given by13 

 

 
𝑊 = √

2𝜀0𝜀𝑟

𝑞𝑁D
+ (𝜙SC − 𝑉th), 

 

(11) 

 

where 𝜀0 and 𝜀𝑟 are the vacuum and the relative permittivity of the material, respectively. 𝑁D
+ is 

the fully ionized donor doping concentration. Finally, the IPCE or the external quantum efficiency 

(EQE), is given by adding the reflection loss at the semiconductor-electrolyte interface, 𝑅, to the 

IQE,  

 

 IPCE𝜆 = EQE𝜆 = IQE𝜆 ∙ (1 − R𝜆). (12) 

 

The reflection loss at the semiconductor-electrolyte interface in function of the wavelength—if not 

experimentally measured—is given by assuming the imaginary part of the refractive index of the 

electrolyte being equivalent to water (𝑘water ≪ 𝑘SC) and using the Fresnel equation for normally 

incident and unpolarized light17, 

 

 
R𝜆 =

[(𝑛(𝜆)−𝑛water(𝜆))
2

+𝑘(𝜆)2]

[(𝑛(𝜆)+𝑛water(𝜆))
2

+𝑘(𝜆)2]
, 

 

(13) 

 

where n and k are, respectively, the real and imaginary part of the complex refractive index, �̃�, of 

the semiconductor material.  
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2.3. Determination of the Diffusion Optical Number and the Ratio of Currents 

The diffusion optical number, α500L, and the ratio of currents, 𝑅S,𝑉IPCE
, are calculated from the 

diffusion length and the surface recombination velocity (eqns (1) and (3)), respectively. The 

diffusion length and the surface recombination velocity are determined by the IPCE analysis. The 

IPCE analysis consists of optimizing the fitting of the numerical IPCE given by eqn (12) to an 

experimental IPCE by varying the diffusion length and the surface recombination velocity (Figure 

1). Both parameters were varied with a resolution of 50 points per decade for all our investigated 

photoelectrodes. This procedure requires that the numerical and the experimental IPCEs are taken 

at the same applied potential, VIPCE. We investigated most of the photoelectrodes at a single applied 

potential. This restriction resulted from a lack of experimental IPCE data at different potentials. 

The numerical method can be applied at any potential without affecting the determination of the 

diffusion length. However, the surface recombination loss will vary depending on the applied 

potential (section 2.4). The optimal fitting is determined by maximizing the coefficient of 

determination, R2, between the numerical IPCE and the experimental IPCE, given by 

 

 
R2 = 1 −

∑ (IPCEexp,𝜆𝑖
−IPCEnum,𝜆𝑖

)
2

𝑖

∑ (IPCEexp,𝜆𝑖
−IPCEexp̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )

2

𝑖

, 
(14) 

 

where the subscript 𝑖 is the number of wavelengths, 𝜆𝑖, at which the experimental IPCE, IPCEexp,𝜆𝑖
, 

was measured. IPCEnum,𝜆𝑖
 is the numerical IPCE at the corresponding wavelength, 𝜆𝑖, and IPCEexp

̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

is the average experimental IPCE over all 𝜆𝑖 from the lowest measured wavelength up to the 

wavelength corresponding to the bandgap of the investigated photoelectrode. In minimum, two 

different wavelengths are needed and the smaller the smallest wavelength measured the better. If a 

photoabsorbing material is present on top of the photoelectrode material, the lowest wavelength 

must be large enough to ensure that the absorption of the top photoabsorbing material is negligible 

(higher than the bandgap of a semiconductor material). 

Since the diffusion length has a spectral effect on the IPCE and, by contrast, the surface 

recombination velocity is wavelength independent (following the assumtion by Tuominen et al.5), 

we have a unique solution to the IPCE curve fitting problem.  

 



8 

 

 

Figure 1. Flowchart of the numerical IPCE analysis used to determine the diffusion length and the surface 

recombination velocity from which reflection, bulk and surface recombination losses are determined. The ratio 

of currents, the diffusion optical numbers, the nanostructuring opportunity factor, and the doping 

concentration that maximize the IPCE are also determined. The inputs are the measured IPCE (at least at two 

wavelengths, for a given applied potential), the bandgap, 𝑬𝐠𝐚𝐩,  the spectral complex refractive index, �̃�, the 

flatband potential, 𝑽𝐅𝐁, the fully ionized acceptor/donor doping concentration, 𝑵𝐀/𝐃
−/+

, the permittivity, 𝜺𝐫, and 

the electrode thickness, 𝒅. The surface state distribution factor, 𝜷, the minority charge carrier mobility, 𝝁, and 

the surface charge transfer coefficient, 𝑺𝐓 were assumed (section 2.4). 

 

The impact of the diffusion length and the surface recombination velocity on the IQE is illustrated 

numerically in Figure 2 for a planar p-Si photoelectrode of 1 mm thickness at VIPCE = 1 VRHE. 

Figure 2.a depicts the spectral effect of the diffusion length on the IQE without surface 

recombination loss. Figure 2.b depicts the wavelength-independence of the surface recombination 

velocity factor (eqn (9)) on the IQE at an infinite diffusion length. The IPCE remains constant for 

varying wavelengths up to 1000 nm. The decrease of the absorption coefficient of Si close to 1000 

nm (bandgap of 1.12 eV=1107 nm) combined with a finite photoelectrode thickness of 1 mm results 

in an increase of transmitted photons (not absorbed by the photoelectrode), i.e. a decrease of the 

IQE above 1000 nm as depicted in Figure 2, even with an infinite diffusion length. 
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a)  

 

b) 

  

Figure 2. Numerical IQE of a planar p-Si photoelectrode of 1 mm thickness at 1 VRHE for varying a) diffusion 

lengths and b) ratios of currents. In a), the surface recombination velocity is fixed to zero and in b) the diffusion 

length is fixed to infinite and the surface charge transfer to 10-2 cm s-1. The ratios of currents at 1 VRHE in b) 

were obtained by varying SR,0 from 0, 10, 100, 1000, and 104 cm s-1. 
 

The internal and surface losses can be easily separated with the numerical IPCE model. The optical 

reflection loss is determined by eqn (13). The surface recombination loss is determined by the 

difference between the numerical IPCE with all losses (eqn (12)) and the numerical IPCE without 

surface recombination loss. The IPCE without surface recombination loss is determined by setting 

the surface recombination velocity, 𝑆R, in eqns (6) and (10) to zero. The internal loss (bulk and 

SCR losses) is the IPCE without surface losses (the optical reflection loss and the surface 

recombination loss). Furthermore, the optimal doping concentration, Nopt, can be extracted by 

finding the doping concentration that maximizes the IPCE at 500 nm (Figure 8).  

2.4. Required Material Parameters 

As depicted in Figure 1, numerous material parameters, namely the spectral complex refractive 

index, the bandgap, the flatband potential, the doping concentration, the permittivity, and the 

thickness of the photoelectrode must be known to determine the diffusion length and the ratio of 

currents. Even a rough estimate of these parameters still allows for the determination of the 

diffusion length within the right order of magnitude and thus allows estimating the diffusion optical 

number and the nanostructuring opportunity factor of the photoelectrode. The impact of the 

complex refractive index on the determination of the diffusion length was investigated with n-

Fe2O3 photoanodes18. Although the R2 of the IPCE fitting was greatly affected by using two 

different complex refractive indexes—R2=0.96 using the index of Longtin et al.19 and R2=0.57 with 

Querry20— the extracted diffusion length was similar with a value of 8.3 nm with the data of Querry 

and 9.1 nm with the data of Longtin et al. 𝑅S,𝑉IPCE
 also remained close with 𝑅S,𝑉IPCE

 = 0.17 using 

the index of Querry and 0.23 using the index of Longtin et al. (more details in S2.1). The flatband 

potential did not significantly impact the determination of the diffusion length of the p-Cu2O 

photocathode21. The diffusion length changed from 1 μm to 1.8 μm using, respectively, a flatband 

potential of 1.05 VRHE and 0.73 VRHE. The 𝑅S,𝑉IPCE
 showed larger sensitivity, i.e. 𝑅S,𝑉IPCE

 varied 

from 0.97 to 0.84 with respect to a flatband potential of 1.05 VRHE and 0.73 VRHE, respectively 

(more details in S2.2). The doping concentration showed less significance with respect to the 

diffusion length. A variation of the diffusion length from 1 μm to 5.5 μm was observed when 
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varying the doping concentration between 7.1×1013 cm-3 to 1018 cm-3, respectively. The 𝑅S,𝑉IPCE
 

varied from 0.99 to 0.89 with increasing doping concentration from 7.1×1013 cm-3 to 1018 cm-3 

(more details in S2.3). The impact of the permittivity on the determination of the diffusion length 

was investigated using the p-Cu2O photocathode21 at a doping concentration of 7.1×1013 cm-3. A 

variation in the diffusion length from 4.2 µm and 2.4 µm was obtained when the permittivity varied 

from 1 to 80. The surface recombination loss was reduced from 15 % at a permittivity of 1 to 0.5 

% at a permittivity of 80 (more detail in S2.4). The thickness of the photoelectrode did not impact 

the determination of the diffusion length nor 𝑅S,𝑉IPCE
, as long as the thickness of the photoelectrode 

was larger than the SCR width (more details in S2.5). The surface state distribution factor, the 

minority charge carrier mobility, and the surface charge transfer coefficient are inputs parameters 

with relatively small effect on the results (Figure 1). Indeed, the minority charge carrier mobility 

could vary between 10-3 cm2 V-1 s-1 to 103 cm2 V-1 s-1 without affecting the determination of the 

diffusion optical number or the ratio of currents as long as the IPCE was measured at a potential 

region where the SCR potential was above 0.23 V (more details in S2.6). That was the case for all 

the photoelectrodes investigated in this work and is generally the case since the SCR potential is 

the main driving force for water-splitting photoelectrodes. Thus, we could remove the term 

L/(L+D/S) from eqn (6) and ignore the diffusion coefficient and the surface parameter, S, given by 

eqn (10). The reference minority charge carrier mobility chosen for all photoelectrodes was μ=1 

cm2 V-1 s-1. The surface states distribution factor, β, (eqn (9)) influenced the shape of the I-V curves 

but did not influence the determination of the diffusion length. However, this factor affected the 

ratio of currents resulting in a surface recombination loss difference of 1 % at 500 nm for 20≤β≤1 

eV-1, using p-Cu2O photocathode as an example (more details in S2.7). β=7 eV-1 was selected for 

all the photoelectrodes since it best approximated the experimental I-V curve of p-Cu2O 

photocathode (Figure S3). We determined the value of the ratio of currents (eqn (3)) only and not 

the surface recombination velocity. The surface recombination velocity could only be obtained 

when assuming a surface charge transfer velocity of ST=10-2 cm s-1. This value provided SR,0 within 

1 to 100 cm s-1 for all the photoelectrodes investigated in this work, similar to the work of Wilson12. 

We observed that the determination of the diffusion length was not influenced by the choice of the 

applied potential, VIPCE. Indeed, the diffusion length of the Cu3V2O8 photoanode3 was found to be 

1.7 nm at the two different potentials, 1.21 VRHE and 1.71 VRHE. The surface recombination loss 

decreased from 9.4 % at 1.21 VRHE to 5.1 % at 1.71 VRHE, as expected (more details in S2.8).  

2.5. Investigated Photoelectrodes  

Numerous photoelectrode materials and nanostructures were investigated: a planar p-Cu2O 

photocathode covered by a Ga2O3/TiO2/RuOx layer21, a planar p-Si photocathode covered by a ~80 

nm mesoporous hematite layer22, a planar non-intentionally doped (nid) Fe2O3 and n-Fe2O3 

photoanode18, a planar n-BiVO4 photoanode23, a planar n-Cu3V2O8 photoanode3, a planar p-CuFeO2 

photocathode24, nanorods n-Fe2O3 photoelectrodes with and without deposited CoBi co-catalyst25, 

and a p.-b. n-LaTiO2N photoanode11. The p.-b. LaTiO2N photoanode was composed of TiO2 inter-

particle connections, NiOx/CoOx/Co(OH)2 co-catalysts, and a Ta2O5 passivation layer, as used in 

our previous work11. The generation rate under back illumination (illuminated from the side of the 

fluorine doped tin oxide glass substrate) followed an exponential decrease along the thickness of 

the photoelectrode. In contrast, the generation rate under front illumination (illuminated from the 

LaTiO2N’s side) shows a more uniform generation rate, given by the particle density, that follows 

the exponential absorption behavior11. Since our numerical model work for photoelectrodes having 

a generation rate that follows an exponential decay (as in a homogeneous film), only the IPCE of 
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LaTiO2N photoanodes under back illumination were used to determine the diffusion length and the 

surface recombination velocity.  

Our IPCE measurements of the p.-b. LaTiO2N photoanode is detailed in the supporting 

information, section S3.1. The IPCE of LaTiO2N at 1.23 VRHE is the average IPCE under back 

illumination of four fresh photoelectrodes (Figure S5). The complex refractive index of p.-b. 

LaTiO2N was taken from Gaudy et al.11  based on reflectance and transmittance measurements. 

Additionally, we used a complex refractive index calculated by density functional theory (DFT), 

detailed in the supporting information and Figure S6. The imaginary part of the complex refractive 

index was reduced according to the average electrode volume fraction of 0.28 within the first 1.42 

µm of the active photoelectrode’s thickness11. The required material parameters for all the 

photoelectrodes are summarized in Table 1. 

 

Table 1. Material parameters used for the IPCE analysis with references in bracket. n/p-type, is a material 

doped negatively or positively. λinvestigate is the investigated wavelength range, Rλ,m, indicates if the reflection loss 

are experimentally measured (‘yes’) or numerically calculated according to eqn (13) (‘no’). The first value of 

each parameter is the nominal value, the second or third values are estimated variations.  

Material n/p-

type 

Egap 

(eV) 

VFB 

(VRHE) 
𝑵𝐀/𝐃

−/+
 

(cm-3)* 

ɛr  

(-) 

VIPCE 

(VRHE) 

d 

(nm) 

ñ 

(ref.) 

λinvestigate  

(nm) 

Rλ,m 

(yes/no) 

Cu2O p 2.0(26) 1.05(21,27)** 

or 0.73(27) 

7.1×1013(21) 7.5(27) 0(21) 50 µm(21) (28) 500-700 no 

Si p 1.12(22) 0.20(29)† or  

0.13(22)** 

2.5×1017 

(22,30,31) 

11.7(32) -1(22) 500 µm‡ (33) 600-1000 yes 

Fe2O3 n (nid) 2.0(18) 0.34(18) 4.0×1018(18) 

 

32(34) 1.46(18) 25(18) (19) or 

(20) 

300-700 no 

Fe2O3 n 2.0(18) 0.54(18) 2.6×1018(18) 

 

32(34) 1.46(18) 25(18) (19) or 

(20) 

300-700 no 

BiVO4 n 2.5(35) 0.08(23) or 

0.1(36) 

5×1017(23) 

1018-1017 

68(37,38) 1(23)† ~200(23) (39) 320-575 no 

Cu2V8O3 n 2.0(40) ~0.5(3) 1019(3) 

1020-1018 

20(3)* 1.5(3) 283(3) (3) 320-575 no 

CuFeO2 p 1.55(41) 1.01(24)  1018(24) 

 

20(42)*  0.4(24) 290(24) (24) 350-850 yes 

nano-Fe2O3 n 2.0(18) 0.54(18) 2.5×1018(43) 

1019-1018 

32(34) 1.23(25) ~500 (19) 350-702 no 

nano-Fe2O3 

-CoBi 

n 2.0(18) 0.54(18) 2.5×1018(43) 

1019-1018 

32(34) 1.23(25) ~500 (19) 350-702 no 

LaTiO2N n 2.1(11) 0.1(11) 7.4×1017(11) 15(11) 1.23ψ 1420(11) (SI)ѳ and 

(11)ѳ  

420-710 yes 

 *The variations of the doping concentration were estimated based on the frequency dispersion of the Mott-Schottky plot present in the referenced 
publication. **The flatband potential was calculated using eqn S14 and the difference between the doping concentration of the investigated 

photoelectrode material and the one of the reference with the published flatband potential value. †The flatband potential was estimated using the 

method of the inversion of photocurrents44 to determine the flatband potential. ‡The thickness was assumed to make sure that photons are fully 

absorbed by the photoelectrode. ψThe IPCE of p.-b. LaTiO2N photoanode was measured in this work under back illumination (Figure S5). ѳThe 

absorption coefficient from Gaudy et al.11 and the one given in the supporting information (SI) were reduced according to the averaged particle 

density of 0.28 within the first 1.42 µm of the photoelectrode’s thickness. 

2.6. Model Limitations 

The IPCE model does not account for majority carrier charge transport or reaction and 

therefore any limitation due to the majority charge carriers was not considered. The model is 

limited to photoelectrodes having a thickness equal or larger than the SCR thickness. If this 

condition is not fulfilled, as for example for n-Fe2O3 photoelectrodes with a doping concentration 

of 2.6×1018 cm-3 (ref. 18) leading to a SCR thickness of 35 nm (eqn (11)), the photoelectrode 
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thickness was set to a value equal or larger than the SCR thickness. The diffusion length was 

assumed to be independent of the doping concentration. However, this assumption could be 

modified by using an empirical relation for the diffusion length as a function of the doping 

concentration as discussed in section 0. The IPCE must be measured at a potential region where 

the SCR potential is above 0.23 V so that the charge carrier mobility is not a required parameter 

(see section S2.6). The model assumes perfectly planar photoelectrodes. With this method, the 

actual diffusion length is not accessible for a structured photoelectrode and can only be extracted 

for flat photoelectrodes. However, a projected diffusion length and projected diffusion optical 

number can be determined for structured photoelectrodes. The projected diffusion length 

corresponds to the diffusion length obtained by assuming an equivalent perfectly flat 

photoelectrode providing the same IPCE as for the structured photoelectrode. Thus, the projected 

diffusion length has to be greater than the actual diffusion length for nanostructured 

photoelectrodes. If the photoelectrode is perfectly flat, the projected and the actual diffusion length 

are equivalent and we use the term diffusion length. The generation of electron/hole pairs follows 

the Beer-Lambert law, thus wave interferences, resonant light trapping, or plasmonic effect were 

not considered. If these optical effects are significant and induce a generation rate radically 

different from Beer-Lambert’s law, the applicability of the presented method is compromised. 

Plasmonic effects might be considered by using an effective absorption coefficient if plasmons are 

introduced homogeneously in the material. Low exitonic binding energy of materials was assumed. 

Thus, free photogenerated charge carriers are assumed to be related to the absorption coefficient 

by considering a quantum yield of one. The electric field present in the SCR is assumed to be 

unperturbed by the photon flux. The doping concentration is constant throughout the entire 

photoelectrode. The surface recombination velocity and the charge carrier dynamics are 

wavelength-independent as assumed by Tuominen et al.5. All the equations derived to determine 

the IPCE are at steady-state conditions.  

3. Results and Discussions 

3.1. Model Validation 

The numerical IPCE model was validated by comparing the diffusion length of p-Cu2O obtained 

by our IPCE analysis using the experimental IPCE of p-Cu2O photocathode from Niu et al.21 with 

the diffusion length reported by Dimitriadis et al10. The experimental IPCE of p-Cu2O below 500 

nm was not considered for the IPCE fitting because of discrepancies in the photoelectrodes with 

different Cu2O thicknesses of Niu et al.’s data below 500 nm and to reduce the impact of absorption 

from the Ga2O3/TiO2/RuOx layer deposited on Cu2O (section 2.5). The R2 of the IPCE fitting was 

above 0.99 for diffusion lengths varying from 0.9 µm to 2 µm and a ratio of currents of 0.79 to 1 

with a maximum R2 of 0.998 at a diffusion length of 1 µm and a ratio of currents of 0.99 (Figure 

3). The determined diffusion length is in agreement with the value of 1 µm found in the work of 

Dimitriadis et al. for a doping concentration of 9×1013 cm-3, close to the doping concentration of 

7.1×1013 cm-3 from Niu et al.  

For the maximum IPCE fitting of the p-Cu2O photocathode, an R2=0.998 was calculated, 

indicating a nearly perfect fit between our numerical IPCE and the experimental IPCE of Niu et al. 

(Figure 4). Hence, our numerical method can also precisely reproduce the experimental IPCE 

spectra. This is due to the accuracy of our numerical IPCE model but also to the quality of the 
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complex refractive index data from Malerba et al28. Indeed, low quality complex refractive index 

data can lead to poor IPCE fitting (R2=0.57) as shown for Fe2O3 photoanode (Figure S2).  

 

  

Figure 3. R2 of the numerical-experimental IPCE fitting at 0 VRHE depending on diffusion length and the ratio 

of currents for p-Cu2O photocathode covered by Ga2O3/TiO2/RuOx (ref. 21).  L and SR,0 were varied with 50 

points per decade from 10-0.5 to 101.5 µm for L and 10-2 to 103 cm s-1 for SR,0. 

 

The surface recombination loss represents only 1 % loss in the IPCE at 500 nm (Figure 4), 

indicating that the combination of a passivation layer and a co-catalyst layer made of 

Ga2O3/TiO2/RuOx reduces surface recombination loss (𝑅S,𝑉IPCE
 increases). Surface recombination 

loss are usually experimentally determined by comparing the photocurrent obtained in a standard 

electrolyte to the one in a charge scavenger electrolyte. A charge scavenger can increase the surface 

charge transfer velocity but does not necessarily completely suppress surface recombination. In 

contrast, our numerical model can fully separate surface recombination loss from the photocurrent 

and precisely predict the photocurrent without any surface recombination loss. 
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Figure 4. Numerical and experimental IPCE at 0 VRHE for a planar p-Cu2O photocathode covered by a 

Ga2O3/TiO2/RuOx layer with the internal losses (grey), the reflection loss (blue),  the surface recombination loss 

(red), and the numerical IPCE (green). The numerical IPCE was fitted to the experimental IPCE from Niu et 

al.21 (black dots).  

3.2. Diffusion Lengths and Optical Depths 

 The diffusion lengths of planar p-Cu2O, p-Si, nid- and n-Fe2O3, and BiVO4 photoelectrodes 

were determined using our IPCE analysis and were compared to reported values in the literature 

(Figure 5). All the determined diffusion lengths were within the range of reported values except 

the one of CuFeO2 with a mismatch of nearly two orders of magnitude. The diffusion length of a 

planar Cu3V2O8 photoelectrode for which, to our knowledge, no diffusion length is currently 

reported was also determined. The IPCE analysis was additionally applied to determine projected 

diffusion lengths of nanostructured Fe2O3 and p.-b. LaTiO2N photoanodes (Figure 5). Most of L0.95 

were within 1-6 µm, except for Si, BiVO4, and LaTiO2N with values of 15.8 µm, 112 µm, and 3-

42.6 μm, respectively (Table 2). Si is an indirect bandgap semiconductor and thus the probability 

to capture a photon to generate an electron-hole pair is reduced. This low probability results in a 

poor absorption coefficient and thus must be compensated by a large diffusion length to reach high 

efficiency. BiVO4 is also an indirect bandgap semiconductor35 but has a comparatively larger 

bandgap (2.5 eV or 496 nm compared to 1.12 eV or 1107 nm for Si) that is close to 500 nm at 

which L0.95  is calculated. Therefore, similarly as for Si, the absorption coefficient of BiVO4 at 500 

nm is very low and a large diffusion length is also required to reach high efficiency. L0.95 of 

LaTiO2N varies from 3 to 42.6 μm when using the DFT (section S3.2) or experimental11 complex 

refractive index data, respectively. The imaginary part of the experimental complex refractive 

index, k, of LaTiO2N was low, which induces a high L0.95. We think that the experimental k 

extracted from p.-b. LaTiO2N photoelectrodes with a highly complex morphology might be 

underestimated while the DFT-based k is for a monocrystalline planar LaTiO2N film, probably 

providing more realistic k values. 

As depicted in Figure 5, Si is the only photoelectrode for which L0.95 is smaller than the 

diffusion length. The diffusion length of Cu2O is 1-1.8 µm, slightly below the L0.95 of 2.4 µm. All 

the other photoelectrodes have a diffusion length two or three orders of magnitude lower than L0.95, 
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except the nanostructured Fe2O3-CoBi and p.-b. LaTiO2N photoelectrode with a projected diffusion 

length only one order of magnitude below L0.95.  

The relatively large variation in the determined diffusion length and L0.95 of LaTiO2N is a 

result of the different complex refractive index used for the IPCE analysis, one coming from Gaudy 

et al.11 and the other one determined by DFT calculations done in this work (Figure S6). The 

determined projected diffusion length of the p.-b. LaTiO2N photoelectrode and its variation 

straddles the determined diffusion length of Gaudy et al.11 of 280 nm (with a hole lifetime of 0.5 

ns and a hole mobility of 61 cm2 V-1 s-1).  

The diffusion length of CuFeO2 was found to be 6.3 nm, much below the value of 225 nm 

determined by time-resolved microwave conductivity measurement (TRMC)45. This discrepancy 

might be due to the fact that TRMC is a technique that cannot discriminate between the mobilities 

of majority or minority charge carriers while here only the minority charge carrier’s diffusion 

length is determined. Moreover, TRMC determines a local bulk diffusion length while here the 

diffusion length is not a bulk diffusion length but a projected diffusion length that includes the 

defects present in the entire photoelectrode. Thus, we believe that TRMC is a technique that 

potentially overestimates the actual diffusion length. However, a different synthesis technique of 

CuFeO2, such as physical vapor deposition or chemical vapor deposition, could reduce the defects 

present in the material and increase the diffusion length.     

The calculated projected diffusion length of the nanostructured Fe2O3 photoanode covered 

by CoBi from Xi et al.25 was 39.5-119.4 nm, one order of magnitude below L0.95 of 3.6 µm (Table 

2). The calculated diffusion length of planar Fe2O3 was 4.6-9.1 nm, i.e. three orders of magnitude 

below L0.95 (Figure 5).  

 

Figure 5. Actual and projected diffusion lengths of all water-splitting photoelectrode materials and 

nanostructures investigated in this work. The black error bars are the variation in the diffusion length due to 

variations in the input material parameters (see Table 1) and the black dots are the nominal values. The red 

error bars are the variation in the diffusion lengths reported in literature. The green lines indicate the diffusion 

lengths for which the IQE without surface recombination is above 95 % at 500 nm, L0.95 (eqn (4)). The diffusion 
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lengths of Cu2O reported from literature vary from 1 µm to 4 µm (ref. 10). The calculated diffusion length of Si 

varies from 7 µm to 467 µm (ref. 31) using a p-Si photoelectrode with a resistivity of 0.01-1 Ω cm (ref. 22) and 

a doping concentration of 8×1018-1.5×1016 cm-3 (ref. 30). The diffusion lengths of Fe2O3 reported from literature 

are 2, 3, 4, 10 nm (ref. 8), and 20 nm (ref. 46). The diffusion lengths of BiVO4 reported from literature are 20 

nm (ref. 9), 45 nm (ref. 47), 70 nm (ref. 48), and 100 nm (ref. 49). The reported diffusion length of CuFeO2 is 

225 nm (ref. 45). The diffusion length of p.-b. LaTiO2N photoelectrode is 280 nm (ref. 11).  

 

The Si photoelectrode was the only photoelectrode for which the diffusion optical number, 

α500L, was larger than α500L0.95, indicating high performance (Figure 6). The Cu2O photoelectrode 

is a photoelectrode with α500L=3-5 close to α500L0.95=7 (Table 2). Thus, Cu2O photoelectrode is a 

well performing photoelectrode21 but can currently not outperform an IQE of 95 % without surface 

recombination loss at 500 nm (below α500L0.95). α500L of Fe2O3 photoelectrodes is increased from 

0.02-0.04 to 0.187-0.564 by nanostructuring. Thus, nanostructuring improves the projected 

diffusion length by about two orders of magnitude but only by one order of magnitude for α500L, 

which is not enough to reach α500L0.95 (Figure 6). 

The diffusion length of p.-b. LaTiO2N photoanodes is about two orders of magnitude below 

α500L0.95. However, the nanostructure of the investigated p.-b. LaTiO2N photoanodes11 is not 

optimized and a more recent report from Akiyama et al.50 of p.-b. LaTiO2N photoanodes with 

significantly higher specific surface area at reduced electrode thickness shows a photocurrent 

density at 1.23 VRHE, 7.4 times higher than our photocurrent density, which translates in 

significantly larger projected diffusion length. Unfortunately, no IPCE data is available in the work 

of Akiyama et al. and therefore the corresponding diffusion length could not be quantified.   

 

 

Figure 6. Actual and projected diffusion optical number, α500L, of various photoelectrode materials and 

nanostructures. The green lines indicate the 𝜶𝑳𝟎.𝟗𝟓 for which the IQE without surface recombination is above 

95 % at 500 nm (eqn (4)). The red lines indicate the minimum α500L for which a photoelectrode can perform 

very well when nanostructured (eqn (5)), i.e. an α500L (black lines) below the red line indicates a photoelectrode 

with low performance even when nanostructured. The black dots are the determined nominal values, the error 

bars are due to the variations in the input parameters (according to Table 1). 
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3.3. Pathways to Photoelectrode Improvements 

Improvement by Nanostructuring - According to the nanostructuring criterion (eqn (5)), Fe2O3, 

BiVO4, Cu3V2O8, and CuFeO2 photoelectrodes are not expected to perform very well, even if 

nanostructured. Their diffusion optical number, α500L, was more than two orders of magnitude 

below α500L0.95 (Table 2). Accordingly, the projected diffusion length of these photoelectrodes 

should not be improved by nanostructuring but rather by modifying their synthesis method, by 

reducing the bulk defects and by optimizing the doping concentration. Si and Cu2O photoelectrodes 

showed to be good performing candidates since their α500L were in the same order of magnitude as 

α500L0.95. However, Cu2O photoelectrodes should be nanostructured to achieve an IQE above 95 % 

at 500 nm. LaTiO2N is considered potentially good performing since α500L was about two orders 

of magnitude below α500L0.95. Thus, if α500L of particle-based LaTiO2N photoelectrode could be 

further improved by nanostructuring, p.-b. LaTiO2N photoelectrode could become an interesting 

candidate for high performing water-splitting. Indeed, nanostructuring of p.-b. LaTiO2N 

photoelectrodes by increasing the internal nano-pores in contact to the electrolyte using an acidic 

treatment has been recently achieved and has shown higher performance with a photocurrent 

density of 8.9 mA cm-2 at 1.23 VRHE (ref. 50). We estimate that this increase in the current density 

translates in an increase of around 50 times the projected diffusion length, i.e. a diffusion length of 

694 nm (13.8 nm with our photoelectrodes) calculated with an estimated IPCE of 0.8 at 500 nm 

for ref. 50, the DFT complex refractive index (see section S3.2) and the material properties of 

LaTiO2N (Table 1). Thus, LaTiO2N photoelectrodes made of mesoscopic particles with optimized, 

internal nano-pores seem viable photoelectrodes. 

 

Reduction of Surface Losses – In addition to the assessment of the nanostructuring opportunity 

factor of a photoelectrode, our experimental-numerical method can provide guidance on 

performance improvements of the photoelectrode. We can calculate the potential improvement by 

reducing surface recombination and reflection losses. The internal, reflection and surface 

recombination losses for planar photoelectrodes of Cu2O, Si, Fe2O3, BiVO4, Cu3V2O8, and CuFeO2, 

nanostructured Fe2O3, and p.-b. LaTiO2N photoelectrodes are depicted in Figure 7 (Figure 4 for 

Cu2O).  

For example, the p-Cu2O photocathode covered by a Ga2O3/TiO2/RuOx layer showed only 

a surface recombination loss of 1 % at 500 nm but a relfection loss of 15 % (Figure 4). Thus, an 

improvement up to 15 % in the IPCE at 500 nm could be obtained by reducing the reflection loss 

with an antireflection coating51. Nanostructuring the p-Cu2O photocathode could further improve 

the performance to an IPCE over 95 % by increasing the projected diffusion length from 1 μm to 

up to 2.4 μm.  

The IPCE of p-Si photocathode covered by a layer of mesoporous hematite22 was very high, 

i.e. over 60 % at 600 nm. The reflection loss at the semiconductor-electrolyte interface was taken 

from the measured reflectance of Li et al.22 and was minor (1.4 % at 600 nm) according to Figure 

7.a. However, the IPCE can be increased up to 26 % at 600 nm by fully suppressing the surface 

recombination loss (Figure 7.a). The numerical IPCE for this photoelectrode was only investigated 

for the wavelength range from 600 nm to 1100 nm since the layer of hematite deposited on the Si 

layer absorbs light until 600 nm, and therefore greatly influences the IPCE below 600 nm.  

The IPCE of planar Fe2O3 photoanodes could be improved to nearly 30 % at 300 nm when 

completely suppressing surface recombination loss (Figure 7.c). Nevertheless, the internal losses 
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related to the short diffusion length of planar Fe2O3 1imited the performance to up to an IPCE of 

63 % at 300 nm and of 14 % at 500 nm.  

The best IPCE fitting of BiVO4 had an R2 =0.66 only. This poor fitting was observed in 

Figure 7.d, i.e. the numerical IPCE was 5 % below the experimental IPCE in the wavelength range 

from 325 nm to 390 nm and 5 % above it in the wavelength range from 400 nm to 470 nm. The 

poor fitting of the IPCE was a result of the poor refractive index data of BiVO4. Indeed, the complex 

refractive index giving the best IPCE fit was calculated by DFT of polycrystalline BiVO4 (ref. 39) 

and not by experimental measurements35. Nevertheless, the determined diffusion length of 16-29 

nm was within reported data in the literature9,47–49. BiVO4 appears to have only a potential IPCE 

improvement of ~5 % to up to an IPCE of 28 % at 320 nm when fully suppressing surface 

recombination and reflection losses.  

Cu2V3O8 and CuFeO2 were both poorly performing photoelectrodes with very limited 

potential for improvements as planar photoelectrodes, i.e. a maximum IPCE of 16 % at 320 nm for 

Cu2V3O8 and 35 % at 352 nm for CuFeO2 when fully suppressing surface recombination and 

reflection losses (Figure 7.e and f).  

The Fe2O3 nanorods photoanode showed greatly reduced internal losses (Figure 7.h) with 

a projected diffusion length of up to 131 nm. The actual diffusion length of Fe2O3 remains within 

4.6-9.1 nm (Table 2) while the projected diffusion length of 131 nm for Fe2O3 nanorods photoanode 

is nearly two orders of magnitude (14 times) higher than the actual diffusion length. As mentioned 

in section 2.6, our method only determines a projected diffusion length for structured 

photoelectrodes. However, Figure 7.g and Figure 7.h also highlight the challenge raised by 

nanostructured photoelectrodes, which is the increase of the active surface area and thus an 

increased surface recombination. Indeed, the surface recombination loss reached 53 % for a nano-

Fe2O3 photoanode at 350 nm (Figure 7.g) compared to 10 % for nid-Fe2O3 at 350 nm (Figure 7.b) 

or 30 % for n-Fe2O3 (Figure 7.c). Nano-Fe2O3-CoBi photoanodes could reach an IPCE of 94 % at 

350 nm if the surface recombination and the reflection losses could be fully suppressed. Thus, the 

deposition of a passivation layer, such as Ga2O3 (ref. 21) should be prioritized to increase the 

efficiency of these nanostructured Fe2O3 photoelectrodes. However, even by completely 

suppressing surface recombination and reflection loss, the IPCE at 500 nm could only reach 45 % 

because of the low diffusion optical number α500L=0.564 (Table 2).  

The numerical IPCE of p.-b LaTiO2N photoanodes did not fit well to the measured IPCE 

with R2=0.65 using the index determined in this work by DFT calculation and R2=0.55 using the 

complex refractive index of Gaudy et al.11
 (Figure 7.i and j). Reasons for the discrepancy between 

the numerical and experimental IPCE could lie in inaccurate complex refractive index data of 

LaTiO2N. As depicted in Figure 7.i and j, the surface recombination loss was independent of the 

complex refractive index data used (Figure S6 or Gaudy et al.11), i.e. there was no surface 

recombination loss in both cases. Thus, the main internal losses was due to the low projected 

diffusion length. This result differs from our former conclusion identifying the low surface charge 

transfer velocity as limiting11 (interfacial hole transfer velocity). This previous model resolved 

numerically the electromagnetic wave propagation and the charge transport and conservation in a 

2D computational domain representing a typical particle of the film, however neglecting 

continuous surface state recombination. Here, continuous surface states were considered but the 

2D nature of the porous film came into play through the effective properties only, with the minority 

charge path length limited by our 1D modeling domain. Consequently, the different modeling 

assumptions favor or punish certain transport mechanism. Most probably, the diffusion length as 

well as the surface losses are limiting and experiments support this conclusion: increasing the 

projected diffusion length using nanostructuring and improving the reaction kinetic through the 
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deposition of co-catalysts has shown to improve the performance of p.-b. LaTiO2N 

photoelectrodes50. 

 

 
a) p-Si photocathode at -1 VRHE, R2=0.978

 

b) nid-Fe2O3 photoanode at 1.46 VRHE, R2=0.843

 
 

c) n-Fe2O3 photoanode at 1.46 VRHE, R2=0.966 

 

 

d) n-BiVO4 photoanode at 1 VRHE, R2=0.758 

 
 

e) n-Cu3V2O8 photoanode at 1.5 VRHE, R2=0.901 

 

 

f) p-CuFeO2 photoanode at 0.4 VRHE, R2=0.892 
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g) nano-Fe2O3 photoanode at 1.23 VRHE, R2=0.991 

 

h) nano-Fe2O3-CoBi photoanode at 1.23 VRHE, R2=0.992 

 
 

i) p.-b. LaTiO2N photoanode with refractive index from 

this work (Figure S6) at 1.23 VRHE, R2=0.545 

 
 

 

j) p.-b. LaTiO2N photoanode with refractive index at 

1.23 VRHE, R2=0.619 from Gaudy et al.11 

 
 

Figure 7. Numerical and experimental IPCE for water splitting a) planar p-Si photocathode covered by a 

mesoporous layer of hematite22, b) planar nid-Fe2O3 photoanode18, c) planar n-Fe2O3 photoanode18, d) planar 

n-BiVO4 photoanode23, e) planar n-Cu3V2O8 photoanode3, f) planar n-CuFeO2 photoanode41, g) nanorods n-

Fe2O3 photoanode without co-catalyst, h) nanorods n-Fe2O3 photoanode with CoBi co-catalyst25, and p.-b. 

LaTiO2N photoanodes using  complex refractive index from i) DFT calculations (Figure S6) and from j) Gaudy 

et al.11and our experimental IPCE measurements (Figure S5). The applied potential of the IPCE, VIPCE, and the 

R2 of the IPCE fitting are also indicated. 

 

Optimization of The Photoelectrode’s Thickness - The photoelectrode thickness can be optimized 

for maximal performance. Niu et al.21 reported that the thickness of their photoelectrode was 

influencing the IPCE, with the thinnest photoelectrode of 50 µm having the highest efficiency. 

Since our IPCE model, based only on minority charges, was insensitive to changes in the 

photoelectrode thickness (down to the SCR width of 3.47 µm, see section S2.5), we can attribute 

this result to a limitation of the majority charge carrier diffusion length. Thus, our IPCE model can 

be used to find the minimum thickness for which the IPCE remains unchanged. This minimum 

thickness will automatically correspond to the smallest, and thus, the optimized thickness for 

limiting majority carrier diffusion length.  
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Optimization of The Doping Concentration - An optimal doping concentration—or an optimal 

SCR width according to eqn (11)—can be obtained by varying the doping concentration without 

changing the diffusion length nor the ratio of currents. A maximum IPCE at 500 nm and at 0 VRHE 

was found with a doping concentration of 1015 cm-3 for the p-Cu2O photocathode of Niu et al.21 

(Figure 8).  

The calculated IPCE does not tend to zero with increasing doping concentration (Figure 8) although 

in reality a semiconductor with high doping concentration becomes degenerated (degeneracy starts 

at ~1020 cm-3 for Si) and behaves like a metal, unable to generate any photocurrent and thus the 

IPCE drops to zero. The numerical IPCE model could account for an IPCE drop to zero for high 

doping concentration by including the decrease of the diffusion length with increasing doping 

concentration (see S4 with Si as an example). However, the empirical relation for the diffusion 

length as a function of the doping concentration is required and is only known for well-established 

semiconductor materials such as Si, GaN, InP, GaAs, Ge, etc.52 but not for most photoelectrode 

materials.  

 

Figure 8. Calculated IPCE at 500 nm as a function of the doping concentration for the p-Cu2O photocathode 

covered by Ga2O3/TiO2/RuOx (ref. 21) with a fixed diffusion length of 1 μm (Table 2). A maximum IPCE at 500 

nm of 0.78 is obtained at an acceptor doping concentration of 1.0×1015 cm-3. 

 

The optimal doping concentrations that maximized the IPCE for all investigated 

photoelectrodes are presented in Table 2. The predicted optimal doping concentrations are all 

within experimentally achievable values. However, the synthesis routes of metal oxides do often 

not offer a precise control of the doping concentration53. Table 2 summarizes also the R2 of the 

IPCE fitting, the diffusion length, L, the diffusion length that provides an IQE without surface 

losses higher than 95 %, L0.95, the ratio of currents, 𝑅S,𝑉IPCE
, the diffusion optical number, α500L, 

the nanostructuring opportunity factor, fnano, obtained for all the photoelectrodes investigated in 

this work. 

 

Table 2. Summary of the determined material parameters and factors for all the photoelectrodes investigated 

in this work. Only nominal values are depicted according to Table 1. 

Material R2 (-) L (nm) L0.95 (μm) 𝑹𝐒,𝑽𝐈𝐏𝐂𝐄
 (-) α500L (-) α500L0.95  (-) 𝐟𝐧𝐚𝐧𝐨 (-) Nopt (cm-3) 

p-Cu2O 0.998 1000 2.4 0.99 3.0 7.1 0.4 1.0×1015 
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p-Si 0.978 43.7×103 15.8 0.72 48.5 17.5 -0.4 6.3×1013 

nid-Fe2O3 0.843 4.6 3.6 0.18 0.022 17.0 2.9 5.0×1018 

n-Fe2O3 0.966 9.1 3.4 0.23 0.043 16.1 2.6 2.5×1018 

n-BiVO4 0.657 17.4 

 

112 0.96 

 

0.003 

 

18.6 

 

3.8 6.3×1017 

n-Cu3V8O3 0.901 1.9 5.2 0.36 0.007 18.1 3.4 1.6×1019 

p-CuFeO2 0.892 6.6 1.0 0.49 0.097 14.8 2.2 2.5×1018 

nano-Fe2O3 0.991 39.5 3.6 0.27 0.187 17.0 2 1.6×1017 

nano-Fe2O3-CoBi 0.992 119.4 3.6 0.38 0.564 17.0 1.5 4.0×1016 

LaTiO2N 0.545 497.9 3.0 1.00 0.217 18.6 1.9 1.3×1015 

4. Conclusion 

Decades of research dedicated to the discovery of novel photoelectrode materials have led to a 

large amount of semiconductor materials with suitable bandgaps for high-performing tandem 

water-splitting cells. However, none of these materials could provide solutions for efficient, cheap 

and stable water-splitting photoelectrodes highlighting that the bandgap is not the only criterion for 

the viability of a photoelectrode. Indeed, charge carrier transport (in the bulk, in the SCR, and 

across interfaces) has appeared to be as important as the bandgap. Unfortunately, transport 

properties are much more difficult to evaluate and density functional theory, which is efficient and 

reasonably accurate in predicting the bandgap of a material, has not yet reached the maturity to 

accurately predict transport properties. Thus, efforts have been made towards developing rapid 

techniques to determine the transport properties of photoelectrodes. However, these efforts remain 

mostly qualitative and have not defined any objective benchmark to evaluate the viability of 

photoelectrodes or of synthesis method. Here, we have developed a versatile method and coupled 

it to the nanostructuring opportunity factor in order to objectively investigate if nanostructuring 

provide a path to reach high performance for a photoelectrode. Furthermore, the method provides 

an evaluation of the photoelectrode viability by determining if the transport limitation of a 

photoelectrode can be overcome by nanostructuring and if not, an alternative synthesis method 

should be developed. Thus, our method could be coupled to experimental high-throughput efforts54 

in order to provide a rapid screening of the viability of novel photoelectrode materials and synthesis 

methods. The method requires wavelength-dependent IPCE measurements and estimation of the 

spectral complex refractive index, the bandgap, the flatband potential, the doping concentration, 

the permittivity and the photoelectrode thickness as inputs and determines in turn the actual or 

projected diffusion length, the actual or projected diffusion optical number, and the ratio of currents 

of a photoelectrode. The detailed knowledge of the surface state distribution factor, the minority 

charge carrier mobility, and the surface charge transfer coefficient is not required since these 

properties are neither affecting the determination of the diffusion optical number nor the 

nanostructuring opportunity factor of photoelectrodes. The method was validated with a p-Cu2O 

photocathode21 and then used with an objective benchmark to determine the nanostructuring 

opportunity of water-splitting photoelectrodes. Specifically, a photoelectrode was considered to 

have a good nanostructuring opportunity if its diffusion optical number was less than two orders 

of magnitude below the theoretical diffusion optical number (α500L0.95), which resulted in an IQE 

without surface recombination loss above 95 %. This benchmark was established based on the 
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observed increase in the diffusion optical number of one order of magnitude only of Fe2O3 

photoanode using state-of-the-art nanostructuring techniques.  

We investigated different materials and nanostructures to highlight the versatility of our 

method. Although only PEC water-splitting photoelectrodes were investigated in this work, there 

is no restriction to applying our method for any other PEC reactions, including CO2 reduction. The 

candidates investigated in this work include planar Cu2O, Si, Fe2O3, BiVO4, Cu3V2O8, and CuFeO2 

photoelectrodes, and nanostructured Fe2O3 and p.-b. LaTiO2N photoelectrodes. We also presented 

guidelines for improving the performance of these photoelectrodes by nanostructuring and by 

evaluating the surface recombination and reflection losses. Furthermore, the doping concentration 

that maximized the ICPE at 500 nm was calculated for all the photoelectrode materials and 

nanostructures investigated in this work.  

Our IPCE analysis predicted that Fe2O3, BiVO4, CuFeO2, and Cu3V2O8 have a low 

nanostructuring opportunity factor (fnano>2) due to their low diffusion optical number and thus are 

difficult to improve with nanostructuring since their internal losses are very high. The 

nanostructuring opportunity factor of Si was (as the only candidate of all the investigated 

photoelectrodes) below zero and, thus, could perform without nanostructuring. The use of better 

catalysts could further improve the performance and at the same time help addressing the stability 

challenge of Si, a problem still not solved. Since the nanostructuring opportunity factor of Cu2O 

was 0.4, we estimate that only a small effort in nanostructuring Cu2O photocathodes would be 

required to achieve highly performing photocathodes with an IQE above 95 % at 500 nm. 

Moreover, a small increase in the doping concentration of up to 1015 cm-3 could theoretically 

increase the IPCE at 500 nm by 15 % (from 62.3 % to 77.5 %). P.-b. LaTiO2N photoanodes could 

potentially have a high performance as the projected diffusion optical number of the nanostructured 

p.-b. LaTiO2N photoelectrode investigated here lied at the limit of our nanostructuring opportunity 

factor benchmark. Indeed, a report in literature50 indicates that improved nanostructures of p.-b. 

photoelectrode have the potential for further improvements in the diffusion length. A similar 

approach for nanostructured Fe2O3 photoelectrodes might be interesting to undertake as these 

photoelectrodes lied also at the limit of our nanostructuring opportunity factor benchmark. 

However, since we observed that nanostructuring also increased the surface recombination loss, 

the deposition of a surface passivation layer or a co-catalyst to suppress surface recombination 

should be conjointly considered.  

 The durability of photoelectrodes has not been considered in this work although it is a key 

factor for cost-effective and industrial scale hydrogen production55. Nevertheless, our method 

could be used in combination with IPCE measurements at different operating times (for example 

in-operando) to evaluate the chronological change (i.e. increase) in surface recombination, internal 

or reflection losses. The ability to capture the chronological increase of each loss could greatly 

enhance the understanding of degradation phenomena and their effects on photoelectrode 

properties. Moreover, the durability could be quantified and used as an additional criterion for the 

performance of photoelectrodes. 

Finally, the ability of our method to provide an estimation of the diffusion length in the 

right order of magnitude, even if some required material parameters are not precisely known or 

even unknown, gives an indication that our method can be used as a rapid and facile tool to quickly 

estimate the viability and the nanostructuring opportunity factor of new photoelectrodes. A user-

friendly executable of the developed method is available in the supporting files and on our 

laboratory webpage56, software POPe57.   
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