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V Oxidation semireaction:

V Severalpossible
reductionsemireactions:

2 H2O Ą 4 H+ + 4 e- + O2

at the (photo)anode

at the (photo)cathode

V Value-addedproducts

V Closingthe CO2 cycle

Artificial photosynthesisvia photoelectrochemicalcells

In a photoelectrosynthetic cell: either hydrogen or 
carbon dioxide reduction product could be obtained. 
Hydrogen is «easy», selective reduction of CO2 is also 
feasible but more challenging due to several reaction 
pathways   

Photoanode

H2O

O2

Photocathode

H+ orCO2 

H2 or 
CO2 red. 
products

CO2



OER as a key  step to solar fuels  

ȹV = 1.23 V 





Typical n-type PEC Current/Voltage characteristic: voltage saving with respect to 

conventional electrolysis  

Thermodynamic value for the water oxidation

(or oxygen evolving reaction, OER) at pH 0.5, vs SCE
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J (x) = carrier flux 

n(x)= carrier concentration 
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Mobility (velocity/field)

Electric  potential gradient (electric field) 

(drift/migration )

Chemical potential gradient (diffusion)

Either or just one of these fields give rise to the flow of carriers which trigger 

photoelectrochemical reactions at the interfaces of the PEC  

Photocurrent Generation 



A more complete view of energy levels in real solids 
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Poisson equation under strong field conditions 
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Formation of Semiconductor/electrolyte Junction (Schottky model)



Semiconductor/Electrolyte interface 



J-V characteristic under illumination: n-type SC
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Photovoltage and quasi-Fermi levels







ñWater splitters fabricated using triple-junction amorphous 

silicon1,2 or IIIïV3 semiconductors have demonstrated 

reasonable efficiencies, but at high cost and high device 

complexityò  

Some tandem PEC configurations 



More on STH

Red Violet



Nanostructured Materials 

ÅActive Surface 

Ålow T, wet routes available    

ÅDiffusion Length 

Drawbacks

ÅDefects/SS

ÅTraps

Sol-gel TiO2

GOOD PROPERTIES 
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ü Catalytic layers as SCs overcoatings

HEC = Hydrogen Evolving Catalyst

Composite 
photoanodes

n-SC/WOC

Composite 
photocathodes

p-SC/HEC

p-type SC



HEMATITE

fast electron/hole recombination

low hole mobility (LD 2-4 nm)

low electronic conductivity

high number of traps

nanostructuring

doping

slow hole/interfacial transfer kinetics 
(0.001 - 1 ms timescale) surface modification

Pourbaix 



Amorphous Fe(III) oxide as a water oxidation catalyst 





Photoelectrochemical behavior of Fe-OEC modified interface 



ç é.the interfacial behavior is dominated by hole trapping in surface states, which are 

believed to be the intermediates responsible for the OER. The considerable increase in 

the surface trap capacitance in the presence of FeOEC indicates a favorable transfer of

holes to the catalyst, which, being an amorphous hydrated oxide, easily undergoes 

PCET allowing the long lived storage of oxidizing equialvents in reactive states exposed 

to the electrolyte » 



Ti(IV) modified hematite interfaces 

Energy Environ. Sci., 2015,8, 3242-3254

FeTiO3Fe2O3
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TransientOptical Absorptionin semiconductors: a simplifiedview



Transient Spectroscopy of Ti-modified hematite  

before laser OCP 

before laser + anodic bias after laser + anodic bias 
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Ilmenite overlayer eliminates electron traps 

and unpins hematite Fermi level from traps, 

allowing for a stronger depletion layer to form. 

FeOEC improves Interfacial charge transfer   



Capitalizing Hematite Photoanodes for Biomass Oxidation 

Deng et al.hydrothermal synthesis to produce nanostructured 

thin films of hematite

J. Deng et al., J. Appl. Phys., 112, 084312, 2012

╕Variation of time, temperature and pressure

╕Additives in the autoclave solution

╕Seedlayers/underlayers

Can affect the thicknessand the 

morphological growth of 

hematite film 

1st step : 

Fe-oleate 

seedlayer

2nd step : 

Hydrothermal synthesis 

of FeOOH

3rd step : 

TiCl4 doping and 

final annealing

D.K. Bora, Materials Science in Semiconductor Processing, 31, 2015, 728ς738 



TEMPO

Hematite photoanodes for Biomass oxidation:

from HMF to FDCA

DFF

TEMPO+ HMF

FFC

A

FDCA

x2 

h+
2h+

+

2h+

Kawde, A. et al., Catalysts2021, 11, 969
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V vs SCE

Å Decreased cathodic recombination spikes in 

the presence of TEMPO

Å Onset shifted to lower potentials

J-V curves with and without TEMPO



J-V curves of hematite before and after CoPi electrodeposition

Å Significant shift of photocurrent 

onset and decrease of cathodic 

spikes in the presence of 

TEMPO

Å CoPi is a cobalt(III) oxide 

catalyst with coordinated 

phosphate, known as a catalyst 

for water oxidation
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Additional meshto accountfor chargetransferthrough

theCoPilayer.

Holes trappedin Hema'sSSaretransferredto the CoPi

layer, which subsequently transfers them to the

electrolyte

Rrec,cat= recombinationresistancethroughCoPi

Ccat= capacitanceassociatedto CoPi

Rtot = Rs + Rct + Rrec +Rrec,cat 

Rs = Rseries

Rct = Rcharge transfer

Rrec = Rrecombination

Rrec,cat= Rrecombination from cat

Csc = Cspace charge

Css= Csurface-states

Ccat = Ccatalyst

Electrochemical Impedance Spectroscopy of Hematite with CoPi catalyst
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Hema with CoPi: Borate buffer vs borate buffer+TEMPO

Electrolytes:

Borate buffer 0,5 M pH 9 + 

TEMPO 6,5 mM

V = Vapplïi Rs

Rtot = Rs + Rct + Rrec +Rrec,cat 

Rs = Rseries

Rct = Rcharge transfer

Rrec = Rrecombination

Rrec,cat= Rrecombination from cat

Csc = Cspace charge

Css= Csurface-states

Ccat = Ccatalyst



Conversion of HMF into FDCA

Becauseof the competition

with OER, a full conversion

of HMF to FDCA is not

reached.

Thepresenceof CoPiontothe

hematite surface seems to

increase the selectivity

towardsFDCA.

Electrode                       

Time 

of the 

exp (h)

Total charge 

passed (C)

HMF 

consumed

(%)

Conv HMF 

exp in DFF 

(%) 

Conv HMF 

exp in FFCA 

(%) 

Conv HMF 

exp in FDCA 

(%) 

Faradaic 

efficiency for 

FFCA+FDCA

(FE%) 

Hema+CoPi 18 117 100 0 31 73 70

Hema+CoFeO

x
18 110 100 0 51 56 75

Hematite 19 83 100 0 57 43 89



Na2WO4 + 2 HCl ­ H2WO4 + 2 NaCl

H2WO4 ­WO3 + H2O

Sol-Gel Routes to transparent WO3 electrodes

C. Santato, M. Odziemkowski, M. Ulmann and J. Augustynski, JACS 2001, 123, 10639-10640
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I. Grigioni et al.  J. Phys. Chem. C2015, 119, 36, 20792ҭ20800

Park, Y.; McDonald, K. J.; Choi, K.-S. Progress in Bismuth Vanadate Photoanodesfor Use in Solar Water 
Oxidation Chem. Soc. Rev.2013, 42, 2321ς2337



Performances of n-n WO3ςBiVO4 heterojunctions

Pt



CoFe-PB


