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FOTOH2 CONCEPT 

FotoH2 shall develop a highly efficient tandem photoelectrolysis cell 

for solar H2 production, based on durable and cost-effective advanced 

materials and interfaces. The following specific breakthroughs are 

targeted: 

 Developing cost-effective advanced photoelectrode materials  

 Achieving long-lasting cells for solar H2 production 

 Simple flow-cell design 

 Production of pure H2 in the output stream 

 High Solar-to-Hydrogen conversion efficiency 



Cell architecture 
One photoelectrode 
 

Two photoelectrodes 
 

Simple cell design 
Flexibiity in materials selection 
Higher efficiencies (TANDEM) 
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PHOTOELECTRODE REQUERIMENTS 

 Narrow band gap (efficient light absorption). 

 Adequate band edge locations for water reduction and oxidation 
reactions. 

 High chemical stability in the dark and under illumination. 

 Good charge transport across the semiconductor bulk. 

 Low overpotentials for water oxidation and reduction reactions. 

For the viability of a practical device: 

 Low cost reagents for electrode synthesis. 

 Low cost and scalable synthesis route. 

 Materials composed of Earth abundant elements. 

 Non-toxic and environmental friendly materials. 

ELECTRODE MATERIALS 
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High photocurrents 

Narrow band gap 

Low stability 
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ELECTRODE MATERIALS 



GROUPS 

SPINELS: AB2O4 

CaFe2O4 

CuBi2O4 

ZnRh2O4 

DELAFOSSITES: 

ABO2 

CuFeO2 

CuCrO2 

CuRhO2 

PEROVSKITES: 

ABO3 

LaFeO3 

CuNbO3 

OTHERS 

CuNb3O8 

Cu3Ta7O19 

Fe0.84CrAl0.16O3 

La2CuO4 

TERNARY METAL OXIDES AS PHOTOCATHODES 
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1. ELECTRONIC MODELLING – 
COMPUTATIONAL SCREENING 

METHODOLOGY: 

 

1. Bibliographic search: 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. 

Density Functional 
Theory (DFT) based 
calculations 

 

2.Screening methodology: 

 

Phase 1: Obtainment of reliable estimates of the band 

gaps. Those materials having either too low or too high 

band gap values were discarded. 

 

Phase 2: Evaluation of transport properties (carrier 

mobilities).  



roberto.gomez@ua.es 9 

MgR2O4  
R: Ti, V, Cr, Mn, Fe, Co 

CaR2O4  
R: Ti, V, Cr, Mn, Fe, Co 

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

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

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

Ca-spinels 

Al-spinels 

Bi-spinels 

Titanates 

Mg-spinels 

COMPUTATIONAL (DFT) 

SCREENED MATERIALS 

1. ELECTRONIC MODELLING – 
COMPUTATIONAL SCREENING 
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Phase 1: band gap determination Phase 2: carrier mobility determination 

τ=1·10-15 s

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

MgTi2O4 15.98 15.98 7.43 3.06 2.31 5.74 2.15 I  OS rare and low mob.

MgV2O4 14.61 14.61 10.67 7.24 7.24 8.49 0.82 I low mob.

MgCr2O4 16.73 16.73 17.92 7.05 7.05 9.11 2.68 D Gap too high

MgMn2O4 25.22 25.22 24.66 14.79 14.79 9.05 0.39 D Gap too low

MgFe2O4 1.87 1.87 4.43 4.81 4.81 3.12 2.17 I low mob.

MgCo2O4 16.67 16.67 16.67 3.37 3.37 3.37 2.44 I low mob.

electron μ /cm2·V-1·s-1 hole μ /cm2·V-1·s-1

Not 

reported 

synthesis 

* 

* 

* 

An example of computational screening: Mg spinels 

1. ELECTRONIC MODELLING – 
COMPUTATIONAL SCREENING 



w

Aqueous: 
La(NO3)3, Fe(NO3)3, 

Additives 

Spin- 
coating 

640 ºC 

Zn(NO3)2 

Mg(NO3)2 

 Electrode fabrication 

w 
FTO 

LaFeO3 film 
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Benchmarking  Laboratory testing 

 X-ray difractogram 

 UV-visible spectra: 400 500 600 700 800
0.0

0.5

1.0

1.5

1 2 3
0

1

2

3

1 2 3
0

1

2

 MgMn
2
O

4

 MgFe
2
O

4

 MgCo
2
O

4

 

 

A
b
s
o
rb

a
n

c
e

 / nm

2.8 eV2.2 eV

C.

A.

(A
h


)2

 /
 e

V
2
 

h / eV

2.4 eV

B.

1.4 eV

1.8 eV

2.0 eV

(A
h


)1

/2
 /

 e
V

1
/2
 

h / eV

TAUC PLOTS 

 Photoelectrochemical characterization 

-0.4 0.0 0.4 0.8

-0.8 -0.6 -0.4 -0.2 0.0
-0.15

-0.10

-0.05

0.00

0.05

E (vs Ag/AgCl) / V

0.1 mA cm-2

j 
/ 

m
A

 c
m

-2

E (vs Ag/AgCl) / V

MgMn2O4

 

-0.4 0.0 0.4

-0.6 -0.4 -0.2 0.0 0.2 0.4

-0.05

0.00

0.05

E (vs Ag/AgCl) / V

0.1 mA cm-2

j 
/ 

m
A

 c
m

-2

E (vs Ag/AgCl) / V

MgCo2O4

 

-0.8 -0.4 0.0 0.4

-0.4 -0.2 0.0 0.2 0.4 0.6

0.00

0.05

0.10

0.15

E (vs Ag/AgCl) / V

0.05 mA cm-2

j 
/ 

m
A

 c
m

-2

E (vs Ag/AgCl) / V

MgFe2O4

 

1. ELECTRONIC MODELLING – 
COMPUTATIONAL SCREENING 
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FTO
Fe2O3

Wet polymeric
alkaline membrane
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2. ANALYTICAL MODEL 

Analytical model based on FOTOH2 concept 
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MODEL FOR FRONT 

ILLUMINATION (PHOTOCATHODE) 

IMPROVEMENTS RESPECT TO THE 
ORIGINAL MODEL: 
 
a) Polychromatic light: AM 1.5G (instead 

of monochromatic light) 
b) Kinetic model (recombination and 

charge transfer rate constants) 
c) Absorption coefficients as a function of 

the wavelength (Tauc relationships) 
 

2. ANALYTICAL MODEL 
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MODEL FOR BACK ILLUMINATION 

(PHOTOCATHODE) 
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O2H2
e−

Toward Tandem Solar Cells for Water Splitting  
using polymer electrolyte membranes 

PEM TANDEM CELL 
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 Among all the potential candidates, which to choose?  
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CaFe2O4 

p-type semiconductors 

H+/H2 

O2/H2

O 

CuO 

Efficient light harvesting 
 
Low cost 
 
Low toxicity 

α-Fe2O3 

Efficient light harvesting 
 
Low cost 
 
High stability 

High recombination 
rate 

Unstable 

MAY 2018 
Roberto Gómez 

KRAKOW 
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Fe:CuO 

Sy
n

th
e

si
s Based on the 

work of Young 
Soo Kang2 and 

Yan-Gu3 

Electrodeposition 
at -0.3V for 1h 

Chemical 
oxidation by 
immersion 

Heat treatment in 
air at 450⁰C for 1h 

Coating with Fe by 
drop-casting. 

Annealing at 550 ⁰C 
for 10h 

2 Electrochim. Acta 69, 340-344 (2012); 3 J. Electroanal. Chem 704, 19-23 (2013) 
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PEM TANDEM CELL 
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PEM TANDEM CELL 



Introduction CuFe2O4 CaFe2O4 LaFeO3 YFeO3 NiTiO3 Conclusions 
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CuO 
Fe:CuO CuO 

Fe:CuO 
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A. Cots, P. Bonete, R.Gómez, ACS Appl. Mater. Inter., 2018 

Hydrogen faradaic efficiency 45% 

Hydrogen faradaic efficiency ca. 100% 

PEM TANDEM CELL 



P:α-Fe2O3 

1 J. Electrochem. Soc. 147, 2456-2461 (2000)  

Synthesis 
and 

modification 
with P 

Based on the 
work of 

Vayssieres1 
and co-
workers 

CBD in a regular 
oven at 100°C for 

6h. 

Heat treatment 
in air at 600°C for 

1h. 

Addition of P by 
spray. Thermal 

sintering at 450°C 
for 30min 

100 
nm 
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PEM TANDEM CELL 



 Polymer Electrolyte Membranes for Water Splitting, why? 

 Gas separator 
 Decreases the corrosion of the 

electrodes  
 
 
 
 

 Ionomer dispersions extend 
the interface with the 
electrolyte 
 
 

 Lower ionic conductivity 
 Cross Over 
 Potential problems of 

transparency 

Increase the stability of the 
device 
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Interface  

electrode-membrane 

 optimization 

KOH  as 
electrolyte 

Ionomer FAA-3 
as electrolyte 

 Experimental device 
Membrane 
FAA-3-20 
hydrated 

FTO 

Ionomer  
or KOH 

(Vdrop=15μL) 

P:α-Fe2O3 

(Photoanode) 

Pt 
(Cathode) 

0.01
M 

0.1M 

1M 

1 

1:
2 

1:
3 

1:
4 

1:
5 
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 Experimental devices 
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1 0.1M KOH 0.1M KOH 

2 ¼ FAA-3 0.1M KOH 

3 0.1M KOH FAA-3 

4 ¼ FAA-3 FAA-3 

P:α-Fe2O3 Fe:CuO FTO FAA-3-20 0.1 M KOH Ionomer FAA-3 
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BIAS-FREE 
CONCEPT  

DEMONSTRATED 
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 Stability test and EIS 
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1 0.1M KOH 0.1M KOH 

2 ¼ FAA-3 0.1M KOH 

3 0.1M KOH FAA-3 

4 ¼ FAA-3 FAA-3 

A. Cots et al, ACS Appl. Mater. Inter., 2018 
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Ternary oxides offer new opportunities in the development of efficient 
photoelectrodes. 
 

 Several strategies of modification will be needed for attaining relevant results. 
 

The photoelectrochemical (PEC) performance of a tandem cell based on a P:α-Fe2O3 

photoanode and a Fe:CuO photocatode for water photosplitting, with employment 
of a polymeric electrolyte membrane (FAA-3-20) is demonstrated with and without 
applied bias.  
 

The employment of a polymer membrane instead of the typical acidic or basic 
aqueous electrolytes diminishes the corrosion of the photoelectrodes and thus 
increases the stability of the device.   
 

The interface photoelectrode/PEM needs to be designed for minimizing charge 
transfer resistance. 
 

Problems with dehydration need to be addressed. 
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