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Executive Summary 

This deliverable presents the results of FotoH2 task 3.1. Modelling was performed both at the electronic level 

and at the continuum level, according to the methodology description provided by the D3.1 MODA deliverable. 

The results of the quantum mechanical electronic modelling are described in section 2. Computational screen-

ing analysis over a wide range of low-cost metal-containing semiconductor compounds was performed, in 

search for a possibly even higher performing tandem couple than the already identified Fe2O3 + CuO couple. 

The screening was based on calculated values of band-gaps, band edges and effective carrier masses. The ap-

plied methodology is described in the initial part of section 2. The photoelectrochemical performance of some 

promising candidate materials was also experimentally verified. None of the simulated materials showed better 

performance than the Fe2O3 + CuO based tandem semiconductor couple, which is the baseline choice for the 

FotoH2 work. This result demonstrates that the FotoH2 baseline electrode material choice is the most appro-

priate one according to current scientific knowledge, and it shows the great difficulty in finding higher perform-

ing oxide semiconductor materials than the simple Fe2O3 and CuO oxides. Certain oxynitride compounds were 

identified as promising candidate materials, and their experimental performance will be compared with respect 

to Fe2O3 and CuO in the near future. 

A simple and novel analytical model for the photoelectrochemical processes was worked out in the context of 

the planned FotoH2 system architecture. The results of the analytical model, which is based on modified 

Gärtner equations for both photoelectrodes, are presented in section 3.They prove that the FotoH2 system 

architecture is theoretically capable, with reasonable values of the photoelectrodes and membrane material 

properties, of yielding an 11% solar-to-hydrogen energy conversion efficiency. It can this be concluded that the 

stated project objectives can be reached. 

This computational continuum model covers the physical (CFD, species and mass transport, charge transport) 

and electrochemical processes (electrode reactions) occurring under illumination through the corresponding 

transport and conservation equations. The corresponding computational simulations were performed using 

state-of-the-art numerical methods (COMSOL MULTIPHYSICS). The computational continuum model results are 

presented in section 4. The results of sections 3 and 4 shall be used for optimizing the photoelectrochemical 

cell design specifications of the project. 

Altogether, this document contains a comprehensive explanation of photoelectrochemical simulations, and 

teaches relevant computational methods. It may therefore be used as a study guide on this subject and as a 

methodology reference for future photoelectrode optimization studies.  
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1. Introduction 

This deliverable presents the results of FotoH2 task 3.1. Modelling was performed both at the electronic level 

and at the continuum level, according to the methodology description provided by the D3.1 MODA deliverable. 

Regarding the electronic model, computational screening analysis over a wide range of low-cost metal-

containing semiconductor compounds was performed, in search for a possibly even higher performing tandem 

couple than the already identified Fe2O3 + CuO couple. The screening was based on calculations of the electron-

ic structure including bandgaps, band edges and effective carrier masses and mobilities. The objective of the 

computational screening of ternary compounds of transition metals (mainly oxides, but also phosphates and 

oxynitrides)is to obtain the essential optoelectronic information (band gap, band edge, carrier mobility) about 

as many materials as possible, in order to make an educated selection of those appearing as more promising 

for their use as photoelectrode materials in a photoelectrochemical water splitting device as envi-

saged/proposed in the FotoH2 project. The photoelectrochemical performance of some promising candidate 

materials was also experimentally verified within WP4.  

The theoretical analysis of the electronic band structure of oxide semiconductors was carried out through ab 

initio quantum electronic models, using spin-polarized Density Functional Theory (DFT) calculations. Two types 

of tools were used: the plane-wave VASP code using the Projector-Augmented Wave method, and the GPAW 

code. Band structure, band gaps (direct/indirect), band edges and effective carrier masses were calculated for 

the bulk materials.The starting theory level for the calculations corresponds to the GGA-PBE functional. In or-

der to obtain accurate band bap values, the effect of localized d-electrons was treated by using methods such 

as the GGA+U model (that includes an effective correction as in the Hubbard model) and hybrid functionals 

(such as HSE06). The electronic model results are presented in section 2. 

Models were developed at the device level to demonstrate that the efficiency targets of the projects can be 

attained on theoretical grounds. A simple and novel analytical model was developed based on modified 

Gärtner equations for both photoelectrodesin the context of the planned FotoH2 system architecture. In a 

second stage a continuum model was developed covering the physical (CFD, species and mass transport, 

charge transport) and electrochemical processes (electrode reactions) occurring under illumination through the 

corresponding transport and conservation equations. The model also involves electrochemical thermodynamic 

and kinetic data and relations, as well polymer electrolyte membrane properties. Corresponding computer 

simulations were performed by implementing state-of-the-art numerical methods (finite volumes)by means of 

a commercially available software code (COMSOL MULTIPHYSICS). The analytical model and the computational 

continuum model and simulation results are presented in sections 3 and 4, respectively.  
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2. Electronic modelling 

2.1. General screening strategy and methodology 

As a previous step, a bibliographic search was carried out to know which materials were already well 

characterized (experimentally and theoretically) with consistent results from different research groups. The 

computational screening was applied to those materials with either no data or disagreeing data reported. 

The screening methodology has two main calculation phases. In Phase 1 we looked for the obtainment of 

reliable estimates of the band gaps. Those materials having either too low or too high band gap values were 

discarded. The remaining materials were then subjected to a second phase where their transport properties 

(carrier mobilities) were evaluated.  

As a prerequisite for the estimation of the properties of interest, the material crystalline and magnetic 

structures must be known (either from crystallography databases, such as www.crystallography.net, 

bibliographic sources, or by direct optimization of guess structures – more details below). Regardless of the 

initial knowledge about the materials structure, an optimization of the structure (this includes magnetic 

ordering if applicable) was carried out before performing the band structure calculations. 

Density Functional Theory based calculations 

We computationally screened ternary metaloxide type materials (together with some phosphates and 

oxynitrides) for the photoelectrochemical hydrogen production process. Density Functional Theory (DFT) was 

used for all the computations in Phase 1, as is known to yield reasonably good estimates of the properties of 

interest, at an affordable computational cost. The codes used were VASP, GPAW and FHI-aims. The VASP (both 

CPU- and GPU-based implementations, code versions 4.6 and 5.4, respectively) and GPAW periodic boundary 

computations used the Projector-Augmented Wave method (PAW) and have accounted for the main part of 

the computational screening effort (obtainment of optimized geometries, band structure, and band gap for all 

the materials considered). Phase 1 of screening consisted of the following steps: 

1)Selection ofthe candidate materials and their initial structures from two databases: the Open Quantum 

Materials   Database (OQMD): oqmd.org, andMaterials Projects:  materialsproject.org. If the experimental 

structures were available, they were used as the initial structure for the calculations; otherwise the lowest 

energy ones in the databases were chosen as initial structures. 

2)Optimization of the structures using the Perdew-Burke-Ernzerhof (PBE) functional and GPAW or VASP codes. 

Both the unit cells and the atomic coordinates have been optimized.A series of calculations (geometry, band 

gap from DOS) were carried out by using this PBE functional, which is known for significantly underestimating 

the bandgap value. 

3)Calculation of the band gap by the PBE+U functional with U values taken from two sources: Computational 

Materials Science 50, 2295 (2011) and Physical Review B 90,115105 (2014).These improved calculations were 

carried out using the PBE+U method in the version of Dudarev et al. [2] that introduces a correction that takes 

into account the localized character of the d-electrons. The estimated gap value depends on the particular 
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value of the U parameter used in the calculation. We have employed those summarized in Table 2.1, used by 

the groups of Ceder [3] and Wolverton[4]. 

 

Table 2.1. Selected values from the bibliography for the U parameter to be used in PBE+U calculations. 

 

No U parameter is needed for Mg, Ca and Zn. After testing against HSE06 calculations, the final U parameter 

values used for band structure calculation were those from the Ceder set, except for Cu. In this latter case, a 

value of 4.0 eV leads to insufficient gap separation. The final U value for Cu was 7.5 eV, from the fitting to the 

experimental gap of the CuAl2O4 spinel. 

 

4) Calculations using the hybrid functional (HSE06).Even better estimates of the band gap can be obtained from 

calculations using the HSE06 hybridfunctional, which introduces a fraction of exact Fock exchange (this 

implying a much higher computational cost). These HSE06 calculations (with a 15% of exact exchange) provide 

very good estimates of the bandgap values [5]. However, this method is computationally too costly for 

carrying out systematic geometry optimization (PBE geometries are used instead) and full band structure 

calculations. The FHI-aims code was used in this step for the materials studied in previous steps with GPAW, 

as the HSE-type hybrid functional is not implemented in the latter code. 

Electron/hole transport property calculations 

Candidate materials having appropriate values for bandgap were allowed to pass to Phase 2, where their 

transport properties were calculated using the Boltztrap2 code. Boltztrap2 is a software package for calculating 

a smoothed Fourier expression of periodic functions and the Onsager transport coefficients for extended sys-

tems using the linearized Boltzmann transport equation. From the band structure information produced in a 

VASP calculation, the effective masses of the carriers (electron/hole) are obtained from the band curvature and 

then the carrier mobilities are estimated using:  

   (1) 

Ueff (Ceder) /eV Ueff (Wolverton) /eV

Mg - -

Ca - -

Ti 0 4.35

V 3.1 4.86

Cr 3.5 3.04

Mn 3.9 4.54

Fe 4 4

Co 3.4 4.26

Ni 6 6.07

Cu 4 -

Zn - -
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where μ is the carrier mobility, e is the elementary charge, τ is the relaxation time and m* is the carrier effec-

tive mass. It should be noted that the mobility values given in this deliverable may be recalculated using a new 

version of Boltztrap2.In general, the updated software seems to reduce the values roughly by a factor of 3. 

Variations on the above described general computational screening strategy have been introduced in some 

cases in order to take into account the particularities as well as the problems posed by each series, always 

having in mind the time limitations for the screening task. These are indicated in the results section for each 

series whenever it applies. 

2.2. Computational screening results for photoelectrode materials 
 

For evaluating the potential interest of the different candidates, the electronic structure was compared to that 

of the initial couple of materials: hematite and CuO. Recent studies employing the DFT+U methodology have 

been used as a reference. Among them, one findsRSC Adv., 5,19353 (2015) and J. Phys. Chem. C120,2198 (2016) 

for hematite and CuO, respectively.  

MgR2O4 (R: Ti, V, Cr, Mn, Fe, Co) series 

For the MgR2O4spinels, the cases of Ni and Cu were initially discarded as they imply a +3 oxidation state, which 

is very rare for these metals. An initial search at databases and bibliographic sources was made, looking for 

reported experimental crystalline structures, magnetic orderings and band gap. In the cases (MgCo2O4,for ex-

ample) with no reported experimental structure, the initial structure guess was adapted from that correspond-

ing to the magnesium spinel of its neighbor metallic element in the periodic table. 

Geometry optimization was performed first at the PBE and then at the PBE+U level.  No geometry optimization 

was carried out at the HSE06 level. Two series of U parameter values, the Ceder series [3] and the Wolverton 

series [4], were used. Different values for the U parameter lead to different band gap values (estimated from 

the DOS plots). When both values were too high, the material is discarded, as it would beinadequate for the 

application purpose, and the screening work for that particular material is finished. When needed, and in order 

to deal with significant discrepancies, a bandgap calculation (from DOS) was made with the hybrid HSE06 func-

tional [5] using the PBE-optimized geometry. This allowed for the selection of the best U-value for carrying out 

the band structure calculation.   

With the optimum U value extracted from the previous step, a finer geometry optimization is performed and, 

from it, the density of states, the band structure and the carrier mobility (with Boltztrap2) were obtained. All 

these properties have been used as selection criteria for choosing the candidate materials to be synthesized 

and studied experimentally within WP4. 

Table 2.2 summarizes the calculated band gap values (and type of gap, either direct or indirect), as well as the 

electron and hole mobilities (in the directions of the crystalline axis a, b and c) obtained from Boltztrap2 calcu-

lations (for a relaxation time of 10-15 s). Unless otherwise stated, all band gap values are those obtained at the 

PBE+Uoptimal level. Figures 2.1 and2.2 are examples to illustrate the type of analysis carried out for all the mate-

rials studied. Figure 2.1 shows the total density of states (DOS) and the DOS projected on Cr, for the magne-
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sium-chromium spinel. The band gap

edges in the DOS vs energy plot, while

ly from the curvature at the minimum

2.2).  

From the results in Table 2.2, the spinels

but under the experimentalconditions

expected to undergo further oxidation

as it is also the case for the spinel of

decided to synthesize the rest of materials,

experimental tests within WP4. 

Table 2.2.Calculated properties for the 

Figure 2.1: Total and partial (for the transition

theory levels used (PBE, PBE+U1, PBE+U2,

τ=1·10
-15

 s

a direction b direction c direction

MgTi2O4 15.98 15.98 7.43

MgV2O4 14.61 14.61 10.67

MgCr2O4 16.73 16.73 17.92

MgMn2O4 25.22 25.22 24.66

MgFe2O4 1.87 1.87 4.43

MgCo2O4 16.67 16.67 16.67

electron μ /cm
2
·V

-1
·s

-1

 photoelectrochemical hydrogen production with tandem electrode architecture

gap was obtained from the separation of the valence

while the effective masses for electrons and holes 

minimum of the conduction band and the maximum 

spinels of Ti, V and Cr are discarded. The oxidation

conditions of synthesis (high temperature and O2-containing

oxidation to +4 (much more stable). In any case, it presents

of V. The spinel of Cr is discarded because it has 

materials, despite that none of them present high

 MgR2O4 spinel series. 

transition metal) density of states obtained for the 

PBE+U2, HSE06). 

c direction a direction b direction c direction Gap /eV Gap type

7.43 3.06 2.31 5.74 2.15 I

10.67 7.24 7.24 8.49 0.82 I

17.92 7.05 7.05 9.11 2.68 D

24.66 14.79 14.79 9.05 0.39 D

4.43 4.81 4.81 3.12 2.17 I

16.67 3.37 3.37 3.37 2.44 I

hole μ /cm
2
·V

-1
·s

-1

9 architecture 

valence and conduction band 

 were calculated respective-

 of the valence band (Figure 

oxidation state +3 for Ti is not rare, 

containing atmosphere), Ti is 

presents low carrier mobilities 

 a band gap too high. It was 

high mobilities, for carrying out 

 

 

 MgCr2O4 spinel with the four 

Gap type Observations

 OS rare and low mob.

low mob.

Gap too high

Gap too low

low mob.

low mob.
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Figure 2.2.Band structure for the MgTi2O4 spinel includingequation for estimating the carrier effective mass from the 

second derivative of the energy vs momentum curve. 

This case corresponds to an indirect gap, as the minimum of the conduction band and the maximum of the 

valence band appear at different k-values. 

CaR2O4 (R: Ti, V, Cr, Mn, Fe, Co) series 

In this series, the first three spinels are discarded. The Ti and Cr spinels are discarded because their band gap-

sare too large and the V spinel is discarded because it is not a semiconductor. The Mn, Fe and Co calcium-

spinels showed interesting gap values, but their carrier mobilities were relatively low, especially for the cobalt 

case. Despite this unfavorable property, the synthesis of these materials was attempted, but for none of the 

three cases was successful.  

 

Table 2.3.Calculated properties for the CaR2O4 spinel series. 

RAl2O4 (R: Mg, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) series 

In this series, most materials present rather strong handicaps, either a rare (unusual) metal oxidation state 

casting doubts about the thermodynamic stability of the material, or a too wide gap or avery low carrier mobili-

a direction b direction c direction a direction b direction c direction Gap /eV Observations

CaTi2O4 5.87 3.25 7.99 4.74 0.02 0.02 2.68 Gap too high, low mob. and OS rare

CaV2O4 0.44 2.87 0.50 0.12 3.31 0.31 0.00 No semiconductor

CaCr2O4 4.74 9.36 1.12 3.12 1.50 0.87 2.69 Gap too high and low mob.

CaMn2O4 1.19 17.17 3.25 12.36 0.31 3.37 1.84 Low mob.

CaFe2O4 22.91 1.69 0.25 9.43 1.12 0.25 1.73 Low mob.

CaCo2O4 4.24 4.43 4.24 3.93 4.18 3.50 1.74 Low mob.

electron μ /cm
2
·V

-1
·s

-1
hole μ /cm

2
·V

-1
·s

-1
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ty. The only interesting candidates resulting from this screening are the spinels of Ni and Cu. These two have 

very low electron mobility. However, their holemobility values are the highest obtained so far with theoretical 

calculations. In any case, for this series it was decided to synthesize all the materials in order to check the expe-

rimental data against the theoretical ones. 

 

Table 2.4.Calculated properties for the RAl2O4 spinel series. 

RBi2O4 (R: Mg, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) series 

This series was addressed because CuBi2O4 is a widely studied photoanode that shows good activity. However, 

this was the only material in this series with experimental studiesreported. In particular, no crystalline struc-

tures were found for any material in this series, except for Cu. The strategy for obtaining optimized structures 

was the following: the CuBi2O4 cell was used to build an initial guess structure for the NiBi2O4 cell, and carried 

out the structure optimization at the desired theory level. This optimized structure will serve as an initial guess 

for the CoBi2O4 structure optimization, and so on. The rest of methodology is the same as for the Mg series. 

 

Table 2.5.Calculated properties for the CuBi2O4 spinel. 

After some preliminary calculations with other materials in the series leading to unusual structures, it was de-

cided that before continuing with the computational work for this series it would be interesting to try to syn-

thesize the spinels of Ni and Co. 

RxTiyOz (R: V, Cr, Mn, Fe, Co, Ni, Cu, Zn) series 

The methodology used for the Mg series was also followed in this case. In this series, no hybrid calculations 

have been made and the materials discarded because of a too wide band gapwere not included in the next 

screening phase. Only part of the series was addressed. Table 2.6 summarizes the values estimated for carrier 

mobility and band gap. 

a direction b direction c direction a direction b direction c direction Gap /eV Gap type Observations

MgAl2O4 42.57 42.57 42.57 5.06 5.06 5.06 5.17 I Gap too high

TiAl2O4 43.01 43.01 43.01 4.00 4.00 4.00 1.23 I OS rare

VAl2O4 44.38 45.51 45.88 0.31 7.18 7.18 1.07 I OS rare

CrAl2O4 6.99 6.99 5.99 8.30 8.43 0.12 1.87 I OS rare and low mob.

MnAl2O4 44.32 44.32 44.32 4.87 4.87 4.87 3.21 D Gap too high

FeAl2O4 51.25 51.25 48.56 3.00 3.00 0.02 2.66 I Gap too high

CoAl2O4 3.25 3.25 3.25 4.24 4.24 4.24 3.22 I Gap too high and low mob.

NiAl2O4 3.62 3.62 2.00 16.23 16.23 4.93 2.28 I Low mob.

CuAl2O4 7.24 7.24 7.24 10.49 10.49 7.68 1.86 I Low mob.

ZnAl2O4 45.76 45.76 45.76 10.11 10.11 10.11 3.86 I Gap too high

electron μ /cm
2
·V

-1
·s

-1
hole μ /cm

2
·V

-1
·s

-1

τ=1·10
-15

 s

a direction b direction c direction a direction b direction c direction Gap /eV Gap type

CuBi2O4 29.20 29.20 45.30 23.60 23.60 45.20 1.87 I

electron μ /cm
2
·V

-1
·s

-1
hole μ /cm

2
·V

-1
·s

-1
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Table 2.6.Calculated properties for the RxTiyOz oxide series. 

RxPyOz (R: Mn, Fe, Co, Ni, Cu, Zn) series 

The study of a total of 20 different transition metal phosphates was included in the computational screening, 

as recent experimental observations at the University of Alicante indicated that the extensive doping with P, 

leading to the formation of phosporus-oxygen-transition metal compounds had a significant catalytic effect on 

the oxygen evolution reaction. On the other hand, electrocatalytic capacity of some transition metal phos-

phates for the oxidation of water has been widely reported [6,7].  

In this series, the only particularity is the existence of different types of structures depending on the stoichi-

ometry of the phosphates. From the structure types found in the crystallographic databases, the cells of mate-

rials with same stoichiometry were then generated. The rest of the methodology is that employed for the Mg 

spinel series. In general, the band gaps calculated for most phosphates are too high (Table 2.7). Among all the 

calculated phosphates, only three exhibit suitable band gap values (MnP3O9, Fe3PO7 and Cu3P2O8) as shown in 

Table 2.8.  

 

 

Table 2.7.Calculated band gap values for the discarded transitionmetal phosphates. 

a direction b direction c direction a direction b direction c direction Gap /eV Gap type Observations

CrTi2O5 102.40 24.00 0.60 74.50 0.70 0.00 1.24 I OS rare

Cr2TiO5 136.60 4.80 1.40 215.70 28.60 0.10 1.90 I

Fe2TiO5 103.20 284.80 368.20 40.80 14.20 17.20 2.16 I

FeTi2O5 - - - - - - 0.94 - Os rare

FeTiO3 27.90 11.86 31.02 9.30 11.42 11.86 2.08 I Low mob.

V2TiO5 30.65 3.25 33.52 65.79 3.75 8.24 1.46 I mov. Reg

VTi2O5 OS rare

VTiO3 8.80 21.10 19.91 37.58 7.74 12.73 1.33 I Low mob.

MnTiO3 2.75 Gap too high

CoTiO3 2.70 Gap too high

NiTiO3 2.86 Gap too high

CuTiO3 22.97 28.71 39.01 23.35 41.32 35.27 2.24 I

Mn2TiO5 241.89 22.16 6.24 60.47 122.28 - 0.12 I Gap too low

hole μ /cm
2
·V

-1
·s

-1
electron μ /cm

2
·V

-1
·s

-1

Mn2P2O7 MnP4O11-2 MnP4O11-14A MnP4O11-14B Fe3P2O8 FeP2O6 FeP4O11 NiP2O6 Co2P2O7

Gap /eV 3.95 3.6 4.2 4 3.05 3.6 3.2 3.6 3.1

CoP4O11 Cu2P2O7 ZnP2O7 Cu2P2O7 Cu2P8O22 CuP2O6 NiP4O11 ZnP4O11 Cu5P2O10

Gap /eV 3.26 2.5 5 2.5 3.4 2.9 4.3 5.02 2.8
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Table2.8.Calculated properties for the selected transition metal phosphates. 

Oxynitrideseries 

Single-metal oxynitrides (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and Mn) and oxynitrides of two metals with perovskite 

structure (ABO2N and ABN2O; A: Ca, Sr, Ba, Y and La. B: Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and Mn) have been stu-

died. 

For this series, the initial stage consisted in the generation of the structures to be evaluated for the selected 52 

stoichiometries. For each of the stoichiometries, the different possible combinations of crystal lattice, N-M-N 

ordering (cis or trans, M being a metal atom) and N-M-O ordering were evaluated. Regarding the different 

types of structures,the following was observed: 

- For the vanadium group oxynitrides there is only one structure (type TaON). 

- For the rest of oxynitrides with only one metal, there is 1 bixbyite structure, 4 ilmenite structures and 

16 perovskite structures. 

- For oxynitrides having 2 different metals, there are 4 ilmenite structures and 16 perovskite structures. 

The steps followed in the calculations were as follows: 

1. First screening step: Evaluation of the formation energy for each of the 52 oxynitrides at the PBE level. Figure 

3 summarizes the main results. 

2. Second screening step: Evaluation of the band gap at the PBE+U and HSE06 levels for the materials that 

passed the first step. The same parameters and criteria as in previous series were employed. 

3. Third screening step: For the materials that passed the previous steps, the DOS and band structure were 

calculated accurately at the PBE+U level with the best U parameter. These results will also serve as input for 

Boltztrap2 for the calculation of the effective masses of the carriers. Table 2.9 summarizes the results obtained 

for some of the materials that reached this step. 

The holemobility for the materials that are not d0 is lower than that for the materials with d0 electronic configu-

ration in the metal atom. Therefore, the change in the electronic contribution at the edges of the valence band 

has an effect on the mobility of the holes. As a general conclusion, it could be said that electronic conduction is 

more efficient through empty states of a transition metal, while the conduction of holes is more efficient 

through electronic states of the non-metal atoms, being better for nitrides than for oxides. The main effects of 

the substitution of N for O are an upward shift of the valence band edge (involving occupied levels mainly from 

N atoms), thus decreasing the gap, and large mobility of the holes. In this screening, focus has been on oxyni-

trides of d0 metals, as the presence of d-electrons greatly diminishes the electronic effects caused by the pres-

ence of nitrogen in the oxynitride lattice (see Figure 2.4). 

τ=1·10
-15

 s

a direction b direction c direction a direction b direction c direction Gap /eV Gap type Observations

MnP3O9 9.61 0.01 32.08 10.05 0.19 7.55 1.24 D Low mob.

Fe3PO7 0.62 0.62 0.06 0.94 0.94 8.3 2.12 I Low mob.

Cu3P2O8 3.31 1.87 4.81 8.43 3.43 1.94 2.3 I Low mob.

electron μ /cm
2
·V

-1
·s

-1
hole μ /cm

2
·V

-1
·s

-1
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Table 2.9.Band gap values and types and carrier mobilities for some of the materials that have passed all the screening 

steps and have been selected to be synthesized. 

 

τ=1·10
-15

 s

a b c

a 1.85 0.00 -

b 0.00 1.69 -

c - - 0.73

a 2.75 0.00 0.00

b 0.00 1.20 0.00

c 0.00 0.00 0.03

a 3.09 0.00 -

b 0.00 3.26 -

c - - 1.78

a 4.09 0.00 0.00

b 0.00 0.44 -

c 0.00 - 0.14

a 5.33 - 0.00

b - 4.75 -

c 0.00 - 1.78

a 6.06 - 0.00

b - 1.58 0.00

c 0.00 0.00 0.12

a 1.79 0.00 0.00

b 0.00 1.71 -

c 0.00 - 1.09

a 5.03 0.00 0.00

b 0.00 1.57 0.00

c 0.00 0.00 0.02

a 2.63 0.00 0.00

b 0.00 2.31 0.00

c 0.00 0.00 2.59

a 1.48 0.00 0.00

b 0.00 2.23 0.00

c 0.00 0.00 0.21

a 1.57 0.00 -

b 0.00 1.38 -

c - - 3.91

a 0.24 0.00 0.00

b 0.00 0.35 0.00

c 0.00 inf 1.91

a 1.56 - 0.00

b - 1.40 0.00

c 0.00 0.00 1.91

a 0.41 - 0.00

b - 1.14 0.00

c 0.00 0.00 1.02

a 1.66 - -

b - 1.27 2.24

c - 2.24 1.93

a 2.17 0.00 -

b 0.00 2.38 -

c - - 0.12

SrWN2O 0.9 1.5 - D

electron

hole

CaWN2O 1.3 1.92 - I

electron

hole

CaWO2N 0.81 0.2 - I

electron

hole

LaTaN2O 1.34 2.06 1.9-2.1 D

electron

hole

BaTaO2N 1.23 1.76 1.8-1.9 D

electron

hole

SrTaO2N 1.07 1.98 2.1-2.3 D

electron

hole

CaTaO2N 1.72 2.51 2.4-2.75 D

electron

hole

LaTiO2N 1.66 2.14 2.0-2.4 D

electron

hole

Gap (U) /eV Gap (HSE) /eV Gap exp /eV Gap type
carrier mobility /cm

2
·v

-1
·s

-1
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Figure 2.4.Typical DOS plots for representative

AMnO3series 

The structures and band gap of CoMnO

SrMnO3 have been investigated 

magnetism and different types of 

AMnO3 materials that have PBE band

were further studied by PBE+U and 

    Relaxed Unit Cell  

Ilmenite (CoMnO3,NiMnO3,ZnMnO

     CoMnO3:  5.44Å, 5.442Å, 5.446Å;

     NiMnO3:   5.487Å, 5.487Å, 5.488Å;

     ZnMnO3:  5.481Å, 5.480Å, 5.480Å;

     MgMnO3:  5.452Å, 5.455Å, 5.455Å;

 photoelectrochemical hydrogen production with tandem electrode architecture

representative d0 (Zr2N2O, upper figure) and non-d0 (Zr2N2O,

CoMnO3, NiMnO3, ZnMnO3, MgMnO3, CaMnO3,CuMnO

 using the PBE functional.  Both ferromagnetic

 crystal unit cells have been considered. The 

band gap around 1.0 eV - 2.0 eV are listed below.

 HSE06. 

,ZnMnO3, MgMnO3) 

5.446Å; 52.95°, 52.94°,52.95°     

5.488Å; 53.84°, 53.85°, 53.86°     

5.480Å; 53.76°, 53.75°, 53.75°     

5.455Å; 53.82°, 53.80°, 53.85°    
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O, lower figure) materials. 

,CuMnO3, FeMnO3, BaMnO3 and 
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 crystal structures of those 

below. Their electronic properties 
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Perovskite (CaMnO3, MgMnO3) 

     CaMnO3:  5.320Å, 7.469Å, 5.269Å, 90°, 90°, 90°  

MgMnO3: 4.946Å, 5.166Å, 7.239Å, 90°, 90°,90°   

Other type (BaMnO3, SrMnO3) 

     BaMnO3: 5.668Å, 5.668Å, 9.260Å, 90.0°, 90.0°, 120.05°  

     SrMnO3: 5.474Å, 5.474Å, 9.106Å, 90.0°, 90.0°, 59.98° 

TheAMnO3 band gaps calculated by PBE+U and HSE06functionalsare given in table 2.10.  

 Structure PBE U1 U2 HSE06 

MgMnO3 I, AFM 2.01 eV 2.69 eV 2.71 eV 3.07 eV 

MgMnO3 P, AFM 0.99 eV 1.28 eV  1.30 eV 1.72eV  

CoMnO3 I, AFM 0.00 eV 1.00 eV 1.22 eV 1.14 eV 

NiMnO3 I, AFM 0.89 eV 1.96 eV 1.86eV 2.07 eV 

ZnMnO3 I, AFM 2. 01eV 2.24 eV 2.28 eV 2.71 eV 

CaMnO3 P,AFM 0.83 eV 1.44 eV 1.45 eV 1.67 eV 

BaMnO3 O, AFM 1.82 eV 1.84 eV 1.90 eV 2.50 eV 

SrMnO3 O, AFM 1.82 eV 2.05 eV 2.10 eV 2.62 eV 

Table 2.10.Calculated band gap valuesfor ternary oxides in the AMnO3 series. 

 

Other ABO3 type ternary oxides 

Beyond AMnO3 materials, we have also investigated other ABO3 structures. The same methods were used as 

mentioned before. Among them, MnSnO3, CuVO3, CoTiO3, LaFeO3 and CuNbO3have calculated band gap values 

around 1.0 eV- 2.0 eV. Their relaxed unit cells, band gaps and energy position of CB and VB bands are listed 

below. 
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Relaxed Unit Cell  

    R-3 (CuVO3,MnSnO3,CoTiO3) 

CuVO3:  5.000Å, 4.998Å, 5.584Å; 63.23°, 116.80°, 120.18°     

      MnSnO3: 5.869Å, 5.869Å, 5.868Å; 54.31°, 54.31°, 54.31° 

CoTiO3: 5.512Å, 5.511Å, 5.512Å; 54.07°, 54.07°, 54.07° 

C2/m(CuNbO3) 

     CuNbO3:  6.378Å, 6.378Å, 6.752Å; 91.07°, 91.07°, 83.73°   

Perovskite(MnSnO3, LaFeO3) 

MnSnO3: 5.375Å, 5.497Å, 7.864Å; 90°,90°,90°   

LaFeO3: 5.613Å, 5.670Å, 7.956Å; 90°,90°,90°   

ABO3 Function Band Gap CB VB 

MnSnO3 (Pnma) PBE+U 1.36 eV 0.57 eV 1.93 eV 

MnSnO3(R-3) PBE+U 1.36 eV 0.57 eV 1.93 eV 

CuVO3 HSE06 1.49 eV 0.63 eV 2.12 eV 

CoTiO3 PBE+U 2.07 eV 0.22 eV 2.29 eV 

LaFeO3 PBE+U 1.77 eV 0.17 eV 1.94 eV 

CuNbO3 PBE+U 1.61 eV 0.63 eV 2.24 eV 

Table 2.11.The band gaps and the position of CB and VB in ABO3 (The H+/H2 potential are set to be 0 eV). 

2.3. Band edge potentials for selected candidates 
From the calculated bandgaps and carrier mobilities a number of candidate materials have been selected, in 

order to estimate, using the method described in [8], the position of their band edges (Figure 2.5 and Table 

2.12) with respect to the potentials of the H2O/H2and O2/H2O redox couples. The position of the band edges 

relative to those references gives indication on whether a given material could perform as a photoanode or as 

a photocathode for water splitting. In the former case, the potential corresponding to the VB edge should be 

more positive than that corresponding to the O2/H2O redox couple while in the latter, the potential for the CB 

edge should be more negative that that corresponding to the H2O/H2 redox couple. It is also remarkable that 

the CB edge potential gives an estimate of the photocurrent onset potential for the photoanodes while the VB 

edge potential roughly corresponds to the onset potential for the photocathodes. 
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Figure 2.5. Position of the valence (in orange)

tentials in the NHE scale, for a set of materials

Table 2.12. Valence and conduction band edge potentials 

materials selected from the computational screening

MgMn

 photoelectrochemical hydrogen production with tandem electrode architecture

orange) and conduction (in blue) band edges with respect

materials selected from the computational screening. 

 

. Valence and conduction band edge potentials in the standard hydrogen electrode scale (NHE), for a set of 

materials selected from the computational screening. 

 

 

Ec /V vs NHE Ev /V vs NHE

MgMn2O4 0.74 1.13

MgFe2O4 0.09 2.26

MgCo2O4 0.05 2.49

FeAl2O4 -0.43 2.23

NiAl2O4 -0.17 2.11

CuAl2O4 0.05 1.91

LaTiO2N -0.31 1.29

CaTaO2N -0.22 1.50

SrTaO2N 0.02 1.09

BaTaO2N -0.13 1.10

LaTaN2O -0.39 0.95

CaWO2N 0.34 1.15

CaWN2O -0.26 1.04

SrWN2O -0.14 0.76
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Experimental research on these materials

or photoanodes with relatively low 

The CB and VB of some AMnO3 materials

shown in Figures 2.6 and 2.7, which

Figure 2.6.Position of CB and VB edges

Figure 2.7.Position of CB and VB edges
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materials is ongoing as they could behave as narrow

 onset potential. 

materials were also calculated by the methods in 

which compare the values obtained with the PBE+U and

edges of AMnO3 materials, calculated by PBE+U. The H+/H

edges of AMnO3 materials, calculated by HSE06. The H+/H

20 architecture 

narrow band gap photocathodes 

 [9]and [11]. The results are 

and HSE06 methods. 

 

/H2 potential was set to 0 eV. 

 

/H2 potential was set to 0 eV. 
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3. Analytical model 

3.1. Space charge region model 
 

When a semiconductor electrode is brought in contact with an electrolyte, charge redistribution at the semi-

conductor interface occurs, creating a region known as space charge region. Such a phenomenon modifies the 

potential profile leading to band bending at the solid part of the interface. When electronsare transferred from 

the semiconductor to unoccupied states of the electrolyte, a depletion of electrons occurs near the semicon-

ductor surface and the bands bend upward. This is typical for n-type semiconductors. In p-type semiconductors 

the opposite behavior occurs and the bands bend downward [12]. Band bending provides the driving force for 

photogenerated minority carriers to be transported across the space charge region to the photoelectrode sur-

face.  

 

Figure 3.1. Band bending for an n-type semiconductor with the bands bending upwards near the surface. 

The width of the space charge region is a function of the potential and follows the expressions below for a p-

type electrode (cathode) and for an n-type one (anode), respectively: 

 

where Efb is the potential at which the bands become flat. 

3.2. General Gärtner model 
In 1959, Wolfgang W. Gärtner published a model that satisfactorily describes the photoelectrochemical reac-

tions on compact and monocrystalline n-type photoelectrodes [13] that can be easily adapted to p-type semi-

conductors. In the case of the n-type photoelectrodes, two current contributions were considered to add up to 

the total anodic photocurrent. The first contribution corresponds to the current generated by the photogene-

rated minority carriers (holes) in the bulk (Ib). The second is related with the holes photogenerated in the space 

charge region (Idl). Thus: 
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The two contributions to the photocurrent in expression (3) may be calculated through the following equa-

tions: 

 

The integration limits have been selected according to the configuration proposed by Gärtner, as shown in 

figure 3.2. In this case, the light impinges the electrode through the electrolyte/electrode interface. The thick-

ness of the electrode is denoted by d. First, the beam passes through the space charge region width (LSC) and all 

the carriers photogenerated in this region are considered to be transferred to the electrolyte, inducing chemi-

cal reactions. Only part of the charge carriers generated in the LSC + Li region (where Lirefers to the diffusion 

length of the minority charge carriers) will reach the electrode surface and will be transferred to the electro-

lyte. The charge carriers generated beyond the distance LSC + Li are considered to recombine. 

 

Figure 3.2. Space charge layer position with respect to the incident light beamwhen the electrode is illuminated from the 

front side. 

The diffusion length follows the expression: 

 

where Di is the diffusion coefficient and τiis the average lifetime of the charge carrier. In this context, the carri-

ers are either electrons (I = n) or holes (I = p). Ideally, the electrode material should have high values of diffu-

sion length (large diffusion coefficient and long lifetime). 

The final expression of the photocurrent according to the Gärtner model for a photoanode can be written as 

follows: 
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The symbol α corresponds to the absorption coefficient of the electrode material [14,15], A is the surface area 

of the electrode,  is the incident photon flux, q is the elementary charge. This equation can be used under 

certain conditions. Particularly, all charge carriers in the space charge region are considered to generate photo-

current. However, in real electrodes a considerable fraction of the charge carriers is lost in secondary reactions. 

It is advisable to introducesome relevant modifications to make the model more realistic. For example,  refers 

to the photon flux in m-2s-1nm-1 of a monochromatic beam, while a practical tandem cell device will be exposed 

to sunlight. Then, it is required to consider  as a function of the wavelength of the incident radiation. The 

absorption coefficient should also be considered as a function of the wavelength. 

Another issue that should be addressed is that of surface recombination. Usually, charge transfer from the 

semiconductor surface to the electrolyte is not fast enough to suppress the existence of parallel reactions, 

mainly recombination of carriers[13]. With these considerations, the expression of the photocurrent (7) would 

be changed to: 

 

In this equation λmin and λmax refer to the minimum and maximum wavelength of the solar spectrum used in 

this context. 

3.3. Gärtner model development for the Fe2O3 – CuO tandem cell 
Although the Gärtner model was initially developed only for a single photoelectrode, herein we have devel-

oped a novel approach in order to adapt it to a two-electrode tandem configuration.  More concretely, our 

model can address the tandem configuration proposed in this project. The main advantage of using tandem 

cells is that they only need roughly half the electrode area as compared with the parallel configuration (using 

two adjacent photoelectrodes). This is imperative in large-scale cell designs, as it could determine the suitabili-

ty of the project. Figure 3.3 depicts the tandem configuration of Fe2O3 and CuO with the alkaline polymeric 

membrane between them. 

 

Figure 3.3.Scheme of the tandem photoelectrochemical cell using Fe2O3 and CuO as a photoanode and a photocathode, 

respectively. 
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The simplest optical model for charge carrier generation within the photoelectrodes is based on the Lambert-

Beer law. The generation of charge carriers follows the expression: 

 

Figure 3.3 illustrates that photons reach the photoanode passing through the conductive substrate (in this case 

fluorine-doped tin oxide (FTO) is used) and part of them are absorbed generating electron-hole pairs. Holes will 

react with hydroxyls on the surface of the photoelectrode to produce oxygen and water, while electrons will be 

driven through the back contact to the external circuit. The photon flux that is not absorbed by the photoanode 

passes through it and impinges the photocathode as long as there is no light absorption or scattering at the 

polymer electrolyte membrane. The photon flux that reaches the photoanode, ', is defined by: 

 

In equation (10), α(λ) refers to the extinction coefficient of the photoanode as a function of the wavelength.  

3.4. Photoanode equations 
In the tandem cell model, the photoanode is illuminated from the back side(substrate/electrode) illumination. 

This configuration requires new equations that describe adequately the generated photocurrent. In this case, 

the situation is the opposite with respect to figure 3.2, as shown in figure 3.4. 

 

Figure 3.4. Scheme showing the space charge region position with respect to the incident light beam when the electrode is 

illuminated from the back side. 

Analogously to the front-side illumination case, the photocurrent is considered to be composed of two contri-

butions. Similarly to equation (4), changing the integral limits according to figure 3.4, the current associated 

with the space charge region can be written as: 
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For the current due to diffusion in the region beyond the space charge region it is required to solve the diffe-

rential equation[13]: 

D� ∂�p�x�∂x� 	 p�x� 	 p
τ� � α�λ�Φe������ � 0     �12� 

Dp is the diffusion coefficient of the holes, p(x) is the function that describes the concentration profile of holes 

along the photoanode, p0 is the intrinsic concentration of holes in the photoanode and τp is the half-life of 

holes in the photoanode. The solution for this equation is: 

p�x� � p
 � γD� e������ � C�e� ���  � C�e ���       �13� 

where: 

γ � α�λ�Φ�λ�L��
1 	 "α�λ�L�#�       �14� 

C1 and C2 can be obtained by considering the boundary conditions. In this case, a reflecting boundary condition 

is used in x =0 (15). Boundary condition (16) represents that holes are rapidly transported to the surface by 

migration in the space charge region. 

%∂p∂x&�'( � 0     �15�    ,      p�d 	 L,-� � 0     �16� 

 

C� �
	p( 	 /

0� 1e�����"2�34567# � αL�e89�4567
�� :

e89�4567
�� 	 e�89�4567

��
     �17� 

 

C� �   C� �  γD� αL�      �18� 

 

The contribution to the photocurrent in the bulk of the photoanode can be defined as: 

I> � 	AqD� %∂p∂x&�'2�345
     �19� 

A general equation can be obtained: 

I> � 	AqD� 1	α�λ� γD� e�����"2�34567# 	 C�L� e�"89�4567#
��  � C�L� e"89�4567#

�� :    �20� 
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The total anodic photocurrent results from the sum of equations (11) and (20). It can be assumed that the p0 

term is negligible as the charge carrier density of minority carriers in the dark is very low.  

The sum of equations (11) with (20) leads to the total photocurrent in the photoanode illuminated from the 

back side. When the thickness of the space charge region reaches values higher than the thickness of the elec-

trode, these equations are not valid. In such a case, there is only a contribution to the photocurrent from the 

space region given by: 

I�B,CD � E qg�x�dx � 	2
( Aq E Φ�λ�"e�����2 	 1#dλ�G6�

�GH7
�21� 

3.5. Photocathode equation 
Equation (9)gives the cathodic photocurrent in this case according to the general Gärtner model as the photo-

cathode is illuminated from the electrode surface, but I (λ) should be replaced by I ' (λ), because part of the 

beam I (λ)  is absorbed by the photoanode: 

I�B,JCK � � kMNkMN � kOMJ�qA E ΦP�λ�Q�1 	 e��R���345S6T
1 � αP�λ�LD

�G6�
�GH7

�Udλ     �22� 

In this case, the diffusion length of holes in the CuO must be used, and α’(λ) is the absorption coefficient of the 

photocathode. 

3.6. STH calculation and simulated curves 
The applied voltage in the cell can be calculated by the following expression: 

Vcell � ECD 	 EJCK � IR     �23� 

Where Ean is the anode potential, Ecat is the cathode potential and the term IR refers to the ohmic drop across 

the membrane. The resistance of the membrane is given by: 

R � 1σ LA\      �24� 

In equation (24), σ is the conductivity of the membrane in S·m-1, L is the thickness of the membrane, and Am its 

area. 

The STH (Solar-To-Hydrogen) efficiency is the ratio between the produced chemical energy and incident solar 

energy (which was also defined in deliverable D2.1): 

STH � jJJ a  Ebcd/dc a FE
Ph      �25� 
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In equation (25), jCC refers to the current density of the system. The STH efficiency only applies when the cell 

works at short circuit (without an applied bias). If an external voltage is applied, ABPE (Applied Bias Photon-to-

current Efficiency) should be used (also defined in deliverable D2.1): 

ABPE � jph a �Ebcd/dc 	 Vbias�Ph      �26� 

The term Vbias is the applied potential in V, the term jph is the current density in mA/cm2 by applying the Vbias 

voltage and Pw, the power of the light beam in mW/cm2. Note that if a potential of 1.23 V is applied against the 

standard hydrogen electrode, zero efficiency will be obtained, since the reaction would be carried out as in the 

dark if there are no kinetic limitations. 

The effect of the parameters most influential on the cell efficiency will be analyzed. Theparameters shown in 

table 3.1 may deliver an efficiency of more than 10%. In this case, acellwith an active surface projected area of 

50 cm2has for each electrode has been considered. To illustrate the maximum theoretical value based on the 

absorption spectra of the photoanode, the kinetic constant for recombination in both electrodes has been neg-

lected, that is kel /(kel+krec) =1. 

PHOTOANODE PHOTOCATHODE MEMBRANE 

Efb / V vs RHE 0.3 

Efb / V vs 

RHE 

1 

σσσσ / S cm-1 0.1 

εεεεhem 80 εεεεCuO 115 L / µµµµm 50 

Lp / nm 5 Ln / nm 50 A / cm2 50 

A / cm2 50 A / cm2 50   

ND / cm-3 1017 NA / cm-3 1017 R (ΩΩΩΩ) 0.001 

d / µµµµm 0.150 d / µµµµm 2   

Table 3.1.Parameters for the simulation of a high-efficient Fe2O3/CuO polymer electrolyte membrane photoelectrochemi-

cal cell. 

The solar spectrum used in the simulations is the standardized solar spectrum AM1.5G,shown in figure 3.5. In 

order to reach conservative estimates, only the spectral range between 300 and 800 nm has been considered. 

The calculated efficiency will be slightly higher if we considered the spectra beyond 800 nm as CuO can also 

absorb to some extent in this range. In figure 3.5, it is worth noting that all the photons from the incident beam 

are absorbed by the photocathode/photoanode tandem. 
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Figure 3.5. Total photon flux for AM1.5G light source, absorbed photon flux by the photoanode and absorbed photon 

flux by the cathode. 
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Figure 3.6. Simulated I vs E curves for the photocathode and photoanode under illumination. The intersection be-

tween both curves represents the current at short circuit in the tandem cell (without considering membrane ohmic 

drop). Parameters adopted from Table 3.1. 
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Figure 3.7. Simulated I vs cell voltage (Vcell) curve in the tandem cell. Parameters adopted from Table 3.1. 
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In Figure 3.6, the absolute values for the photocurrentsfor the photoanode and the photocathode vs potential 

are simultaneously plotted.The intersection between both curves corresponds to the short circuit current if   

both electrodes are short-circuited (without considering ohmic losses). The I vs Vcell plot (Vcell calculated by 

means of equation 23) is depicted in Figure 3.7 for the tandem cell using the parameters of table 3.1. The max-

imum efficiency value is obtained at short circuit, namely, ABPE values are lower than STH in all the applied 

potentials range, as the energy gained by the increase of the photocurrent is not balanced out by the energy 

invested in applying a potential. In this case, the current at Vcell = 0 is 0.45 A, and assuming that the Faradaic 

efficiency for water splitting is 100 %, the STH efficiency is: 

STH � jJJ a  Ebcd/dc a FE
PK
KCN a 100 �

(.pq
q(  A/rs� a  1.23V a 1

0,1 W/rs� a 100% � 11 % 

In our approach it is considered that the CuO electrode is thick enough as to absorb all the photons filtered by 

the hematite thin film (the wavelength range from 300 to 800 nm is considered), as they have rather comple-

mentary absorption spectra. In fact, CuO electrodes obtained from the synthesis procedure described in Deli-

verable D3.3 have a thickness of about 4 µm. As the diffusion length of holes is very short, ND must be low 

enough to produce a substantial space charge length with a relatively small applied potential with respect to 

the flat band potential. Under these conditions, a dramatic increase of the photocurrent is produced just below 

the flat band potential, favoring higher short circuit photocurrents. 

In the following, the way in which different parameters affect the I vs Vcell curve is illustrated. 
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Figure 3.8.Calculated I vs cell voltage (Vcell) curves in the tandem cell showing the effect of the different parameters: 

ND, and d for the photoanode, NA for the photocathode and the difference between the onset potentials (by varying 

that of the photoanode). 

In figure 3.8, the difference between the flat band values, the thickness of the photoanode and the charge car-

rier density in both photoelectrodes are observed to be parameters that significantly affect the photocurrent 

values. In reality, the presence of recombination and surface trapping processes shift the onset potential more 

negative (in the case of the photocathode) or more positive (in the case of the photocathode) than the flat 

band potentials.  

The curves in Fig. 3.8 provide a guide for the development of the materials constituting the tandem cell.  

• For achieving the maximum efficiency, it is imperative to improve the photoelectrodic materials to 

achieve onset potentials as positive as possible in the photocathode and as negative as possible in the 

photoanode.  To overcome this issue, loading co-catalysts on both photoelectrodes is a critical task. 

• The thickness of hematite must be high enough to harvest efficiently the incident light. The maximum 

current density in the photoanode is limited by the thickness of the electrode. These calculations point 

to the use of hematite nanocolumns instead of a compact electrode, as these nanostructures would al-

low for thicker electrodes that can absorb a larger amount of photons with distances travelled by the 

photogenerated holes limited to the radius of the columns (around 25-50 nm). The holes would reach 
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easily the interface, being potentially transferred to the electrolyte. Such an improved charge separa-

tion would allowfor more electrons to be collected at the back contact. 

• Low doping levels (ND and NA values not very high) are required for the generation of a space charge 

region as thick as possible for a low applied potential with the goal of achieving the limiting photocur-

rent with the minimum applied potential. We have established the threshold on a charge carrier densi-

ty of 1017 cm-3 (Deliverable D2.1) as lower values can lead to low bulk conductivity and consequently, 

hindered charge carrier collection at the back contact. Anyway, the actual threshold will depend on the 

mobility of the carriers, as the conductivity is proportional to both the mobility and the charge carrier 

density. 

In general, nanostructuring has some advantages: a larger interfacial area provides a higher density of reaction 

centers. In quasi-1D and 2D structures such as nanocolumns, nanowires, nanosheets, etc. the charge separa-

tion is facilitated because of a shorter minority carrier pathway to the electrolyte. CuO nanowire electrodes are 

fabricated as photocathodes in this stage of the project, they will provide a larger surface area compared to the 

compact ones, and reduced diffusion pathway for minority carriers, as in the case of hematite. 
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4. Computational continuum modelling 

Introduction 

This computational modeling activity applies a continuum approach to obtain relevant parameters of the pho-

toelectrochemical device (cell design, fluid dynamics, reaction rates, etc.). The use case demands a continuum 

model that comprises conservation of species and charge, transport phenomena, and electrochemical thermo-

dynamics and kinetics. For most of the macroscopic properties, materials relations and data are available.The 

model is aimed at the simulation of water splitting into H2 and O2 through a photoelectrolysis process. The sys-

tem is represented by a photoelectrolyser composed by four main components: the photo-electrodes, the wa-

ter channels, the segmented alkaline membrane, and a cathodic diffusion layer. The simulation scope includes 

the distribution in the model domains of the relevant fluid dynamic and electrochemical quantities, the polari-

zation curve (I-V) and their correlation with the cell design. The continuum modelling activity was approached 

by using two analytical formulations of the local current source, the Gartner analytical formulation as described 

in the previous section, eventually combined with analytical functions that enable fitting experimental results 

in cases where the functioning of the device is dominated by recombination. Importantly, the simulation com-

plements the data obtained in the analytical modelling and covers fluidodynamic and chemical aspects (con-

servation and transport) that are not covered in the simple 1D analytical model. 

The computationalsimulations should guide the design and construction of the photoelectrochemical cell. By 

providing theoretical photocurrent voltage curves, it should also allow assessing the conversion efficiency for 

various configurations based on different materials. 

Model Definition 

Figure 4.1a shows a 3D single PEC model according to the design involving a segmented membrane. It consists 

of a photo-anode layer, a segmented membrane that both acts as alkaline solid polymer electrolyte and pro-

vides flow channels for water feeding, a photocathode and a GDL for hydrogen collection. The geometric do-

main was parametrized according to Figure 4.1b. 

  

Figure4.1.a) Sketch of the 3D model domain (left side) b) Geometric parameters in the z-x plane (right side) 
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Table 4.1 reports the geometric and the reference physical properties of the numerical model. A structured 

mesh was adopted for the model discretization; several mesh parameter have been adopted to control the 

local refinement of the model. 

Table 4.1. Geometrical parameters adopted for the model 

 

In the modelled alkaline photo-electrolyzer, water is fed through both anode and cathode sides. Water enter-

ing into the PEC cell is split into H2 and O2 due to the energy provided by both sun illumination and the even-

tually applied bias E, with E< 1.23 V, according to the following redox semi-reactions: 

2 24OH  + 4h 2H O + O− + → ↑ (anodic) 

- -
2 22H O + 2e 2OH  + H→ ↑ (cathodic) 

The produced and consumed species are transported through the anodic and cathodic channels and both pho-

to-electrodes. Due to the columnar structure of the hematite photo-anode, this layer was treated as porous 

(even with a reduced permeability), the oxygen produced at the interface can diffuse through the photoanode 

and then it can exit the cell through the channels. 

 

Name Expression Value Description 

p_ref 101e3[Pa] 1.01E5 Pa Reference pressure 

T 35 + 273.15[K] 308.15 K Cell temperature 
U_in_anode 5.e-4[m/s] 5E−4 m/s Anode inlet flow velocity 
U_in_cathode 5.e-4[m/s] 5E−4 m/s Cathode inlet flow velocity 
mu_anode 1.19e-5[Pa*s] 1.19E−5 Pa·s Anode viscosity 

mu_cathode 2.46e-5[Pa*s] 2.46E−5 Pa·s Cathode viscosity 
mu_water 7.972e-4[Pa*s] 7.972E−4 Pa·s mixture viscosity 
rho_water 1000[kg/m^3] 1000 kg/m³ mixture density  

Table 4.2. Operating conditions of the model 

The implementation of the numerical simulations was made with Comsol Multiphysics. The inputs to the model 

were the inlet condition of the water flow that enters at the anode and cathode, the operating pressure at the 

channel outlet (set as ambient pressure), and the voltage applied at the cell leads, the latter is imposed as the 

difference between electrode potentials. The models calculate the ionic and electronic potential distributions, 

Name Expression Value Description 

L 10[mm] 0.01 m Cell length 
H_ch 50[um] 5E−5 m Channel height 

W_ch 0.5[mm] 5E−4 m Channel width 
W_rib 1.2[mm] 0.0012 m Rib width 

H_gdl 300[um] 3E−4 m GDL width 
H_membrane 100[um] 1E−4 m Membrane thickness 
H_pha 40[nm] 4E−8 m PhotoAnode thickness 

H_phc 4000[nm] 4E−6 m PhotoCathode thickness 
H_overl 5[um] 5E−6 m NafionOverlayer at photoelecrode inter-

face 
A_inlet H_ch*W_ch 2.5E−8 m² Inlet Area 
A_phele A_cell 1.7E−5 m² Photo Electrode Area 
A_cell (W_ch + W_rib)*L 1.7E−5 m² Cell Area 
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current density, the velocity and pressure field of the fluids and the species distribution within the volume do-

main. The operating conditions adopted in the base case as well as the model physical parameters are reported 

in Tables 4.2 and 4.3, respectively. 

 

Name Expression Value Description 
eps_gdl 0.4 0.4 GDL porosity 

kappa_gdl 1.18e-11[m^2] 1.18E−11 m² GDL permeability 
sigma_gdl 222[S/m] 222 S/m GDL electric conductivity 
wH2_in 0.743 0.743 Inlet H2 mass fraction (anode) 
wH2O_in 0.023 0.023 Inlet H2O mass fraction (cathode) 
wO2_in 0.228 0.228 Inlet oxygen mass fraction (cathode) 
MH2 0.002[kg/mol] 0.002 kg/mol Hydrogen molar mass 
MN2 0.028[kg/mol] 0.028 kg/mol Nitrogen molar mass 

MH2O 0.018[kg/mol] 0.018 kg/mol Water molar mass 
MO2 0.032[kg/mol] 0.032 kg/mol Oxygen molar mass 
cO2_ref 40.88[mol/m^3] 40.88 mol/m³ Oxygen reference concentration 
cH2_ref 40.88[mol/m^3] 40.88 mol/m³ Hydrogen reference concentration 

D_H2_H2O 9.15e-5*(T/307.1[K])^1.75[m^2/s] 9.2048E−5 m²/s H2-H2O Binary diffusion coefficient 
D_O2_H2O 2.82e-5*(T/308.1[K])^1.75[m^2/s] 2.8208E−5 m²/s O2-H2O binary diffusion coefficient 
V_cell 1.6 1.6 Cell voltage 
eps_l 0.3 0.3 Electrolyte phase volume fraction 
eps_cl 1 - eps_l - eps_gdl 0.3 Open volume fraction for gas diffusion in 

porous electrodes 
kappa_cl kappa_gdl/5 2.36E−12 m² Permeability (porous electrode) 

sigma_m 9.825[S/m] 9.825 S/m Membrane conductivity 
i0_a 1.6e-9[A/cm^2] 1.6E−5 A/m² Anode Exchange current density 

i0_c 0.03[A/cm^2] 300 A/m² Cathode Exchange current Density 
V_chan L*(H_ch*W_ch) 2.5E−10 m³ Channel Volume 

Eeq_a 1.185[V] 1.185 V Anode Equilibrium potential 
L_in 1.5[mm] 0.0015 m Channel Inlet Lenght 

alfa_a 1 1 Anode Transfer Coefficient 
alfa_c 0.5 0.5 Cathode Transfer Coeffient 
q 1.61e-19[A*s] 1.61E−19 C elemental charge 

E_bp_an -0.7[V] −0.7 V hematite Flat band potential 
E_bp_cat 0 0 Cu O Flat band potential 

Phi 1.2e21 [s^ - 1*m^ - 2] 1.2E21 1/(m²·s) incident photon flux 
lambda 550 [nm] 5.5E−7 m wavenumber length 

Lp 5.e-9[m] 5E−9 m Space charge length 
eps0 8.854e-12 [F/m] 8.854E−12 F/m vacuum permittivity 
eps_hema 80 80 hematite dielectric constant 
eps_CuO 115 115 CuO permittivity 
N_hema 10e24[m^ - 3] 1E25 1/m³ donor concentration 

N_CuO 10e24[m^ - 3] 1E25 1/m³ Acceptor concentration 
L_p 5.e-9[m] 5E−9 m Diffusion length hematite 

L_n 5.e-9[m] 5E−9 m Diffusion length CuO 
alfa_lambda 5.879e6 5.879E6 hematite extinction coefficient at 550nm 
alfa1_lambda 2.26e6 2.26E6 membrane extinction coefficient 
kappa_a 1 1 kinetic constant ph_anode 

kappa_c 1 1 kinetic constant ph_cat 

Table 4.3. Model physical parameters 
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Species Transport and Conservation 

Conservation equations of mass, chemical species, momentum and charge are solved in the computational 

domains. The species transport occurring in the channels, i.e. in the anodic and cathodic photoeletrodes as well 

as  in the GDL, is driven by diffusion and convection. Produced hydrogen and oxygen are treated as diluted 

species in the liquid water streams. The species transport is implemented by the molar balance equation: 

v · �	x\ vr\� � yz{ · vr\ � 0 (27) 

The first term of equation (27) describes the diffusion transport according to the Fick’s law; the second term is 

related to the convective transport promoted by the water flow. Anode and cathode streams are mixtures 

composed by two species (H2O-O2, H2O-H2); thus, the x\ represents the binary diffusion coefficient of the mix-

ture. This term is modified with the Bruggeman’s condition in the porous electrode domain to take into ac-

count for the effective volume available for species diffusion into porous media. 

Flow channels and porous electrodes 

The fluid transport is modeled by the Navier-Stoker equation for describing the in the flow channels (at both 

anode and cathode): 

|�uuuu · vuuuu� � v · Q	~IIII � ��vuuuu � �vuuuu���U  (28) 

and the Darcy Brinkman’s equations for the flow in the porous domains (both photo-electrodes and GDL): 

�
� �����uuuu · v� �

�� � v · �	~IIII � �
� �vuuuu � �vuuuu��� 	 �

�
�
� �v · uuuu�I I I I � 	 ��

� � �
�c�uuuu (29) 

The momentum Eqs. (28) and (29) are solved together with the continuity equation: 

|v · u u u u ����� (30) 

 

Charge Transport and conservation 

Charge transport and conservation are defined in photo-electrodes and electrolyte interface by imposing 

Ohm’s law in combination with the charge balance for the electrons ad the ions: 

v · � �� � � � 0 (31) 

� � �  	��v�� (32) 

v · � �� � � � 0 (33) 

� � �  	��v�� (34) 

where i �, i N are the electronic and ionic current densities respectively, �� and �� are the electronic and ionic 

potentials. In this approach we are assuming that the flow of charged species is dominated by the electric po-

tential gradient rather than by concentration gradients. Considering the presence of liquid water in the chan-

nels, the membrane can be considered fully humidified and this is independent from the external water flow 
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within certain conditions. At the interface of photo-electrode and membrane, the electronic and ionic currents 

have locally the same order of magnitude being the number of electrons and ions exchanged in the redox semi-

reactions the same. 

Photo electrode kinetics 

The local current densities generated due to the sun illumination were modeled by using an analytical ap-

proach. In particular, a simplified equation based on the Gartner model was employed for the photoanode 

while:  

�� 	 �� 	 ���  �  � ���·�·�����·� � �¡¢£¤,�¥¦§  ��
 (35) 

 

In the case of the photocathode, a parametric equation was employed with a form akin to that of the diffusion-

limited Butler-Volmer equation was employed.   

 

Results 

Figure 4.2 shows the I-V curves obtained from the model described in section 3 and from the simplified ap-

proach implemented in the continuum model. Both curves are qualitatively similar, and the magnitude of to 

the curve obtained from the continuum model is proportionally lower in current density. This is due to the fact 

that the continuum model solves the equations specifically for a monochromatic light thus the energy content 

considered is limited to just one wavelength number (550 nm). In this case, the incident flux corresponds to Φ � 3.77 · 10�¨ Qs��©��ªs��U. By increasing the incident photon flux up to Φ � 5 · 10��Qs��©��ªs��U the 

current density magnitude increases accordingly. Deviations with respect to the analytical model imposed by 

kinetic limitations at the cathode are now apparent.  
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As a consequence of the above current density distribution, oxygen and hydrogen are generated at the inter-

face between photo-electrodes and water channels, as reported in Figure 4.4 (left). In a complementary way, 

water is consumed at both the anode and cathode side, as can be seen in Figure 4.4 (right). 

Figure 4.4. Mass fraction distributions of oxygen/hydrogen consumed (left) and water consumed (right) at both anode and 
cathode side @ 1 V potential. 

 

Next steps 

Further improvements of the continuum model are planned to be carried out while the project is running, in 

order to take into account next developments of the photo-electrolysis cell prototype and semiconductor inter-

face chemistry. In particular, attention will be paid to the explicit consideration of the losses caused by recom-

bination. In fact, although the Gartner model provides a good description of the photoelectrode-electrolyte 

interface in photoelectrochemical cells, its limitations are well known and these are further exacerbated in 

photo-electrolysis cells where the sluggishness of the redox processes at the interface e.g. oxygen evolution, 

may become the rate determining step. Under these conditions, the polarization profile of the photo-

electrolysis device can vary significantly. A simple way for dealing with these deviations is based on proposing 

explicit functions depending on potential for the kinetic constants appearing on equation (9). 

The simulation results will be very useful in the on-going refinement of the cell design as they will allow us to 

identify inhomogeneity in the distribution of species, potentials and currents that normally lead to losses in 

performance.   
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5. Conclusions 

The photoelectrochemical modelling of numerous cost-effective candidate photoelectrode materials was pre-

sented in section 2. None of the calculated materials showed better performance than the Fe2O3 + CuO based 

tandem semiconductor couple, which is the baseline choice for the FotoH2 work. This result demonstrates that 

the FotoH2 baseline electrode material choice is the most appropriate one according to current scientific 

knowledge.  

A novelanalytical model including relevant physical and chemical processes was worked out in the context of 

the planned FotoH2 system architecture. It is based on modified forms of the Gärtner equation that include 

back-side illumination and the existence of surface recombination together with ohmic drop in the electrolyte. 

The results of section 3.6 demonstrate that the FotoH2 system architecture is theoretically capable of 11% 

solar-to-hydrogen energy conversion efficiency, and therefore the stated FotoH2 project objectives can be 

reached. 

Finally continuum modelling was addressed, covering the physical (CFD, species and mass transport, heat 

transport, charge transport) and electrochemical processes (electrode reactions) occurring under illumination 

through the corresponding conservation equations. The results of computational continuum modeling shall be 

used for optimizing the photoelectrochemical cell design specifications of the project. 
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6. Nomenclature 

 

Am Membrane area 

A Electrode area 

α Absorptivity coefficient of the photoanode 

α’ Absorptivity coefficient of the photocathode 

cm Concentration 

Di Diffusion coefficient of i 

x\ Binary diffusion coefficient of the mixture 

εi Dielectric constant of the material 

ε0 Permittivity in vacuum 

E  Potential 

Efb Flat band potential 

Ean Anode potential 

Ecat Cathode potential 

EH2O/O2 Potential of the water/oxygen pair versus the standard hydrogen electrode 

εF Fermi level of the semiconductor 

Eredox Energy of the redox couple in the electrolyte 

jCC Current density at short circuit 

FE  Faradaic efficiency 

I Total photon flux  

I’ Photon flux that reaches the photocathode 

�� Electronic potential 

�� Ionic potential 

i�,  Electronic current density 

iN Ionic current density 
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jph Photocurrent density 

L  Thickness of the membrane 

LSC Length of the space charge region 

Li Diffusion length of the charge carriers 

µ Viscosity 

NA Acceptor species concentrations 

ND  Donor species concentrations 

p0 Intrinsic concentration of holes in the photoanode  

Pw Power of the incident light beam 

q  Elementary charge 

R  Resistance of the membrane 

ρ Density 

σ Conductivity of the membrane 

τi Average lifetime  

τp Half-life of holes  

u  Velocity 

Vbias Applied bias potential 
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