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Ager et al. Energy Environ. Sci. (2015); Jaramillo et al. Nat. Commun. (2016); Turner, TG Deutsch Nat. Energy. (2017) 
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Honda and Fujishima (Nature 1972)
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If we want to use one single light absorber

H2/H2O

O2/H2O

e-

h+

hn

Ideal semiconductors to convert photons into highly reducing electrons and 
highly oxidative holes:

§ Band gap (1.7-2eV)

§ Efficient charge generation and separation

§ Band edge position

§ Photocorrosion

9.0. Introduction and motivation
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Pinaud et al. Energy Environ. Sci. 2013, 6, 1983

Two is better than one!

For a single light absorber In a tandem configuration

9.0. Introduction and motivation
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Solar-to-hydrogen (STH) refers to how many of the incident illumination power
density is converted into hydrogen



What about matching with the catalyst?

Figure 2 | STH efficiency contour plots as a
function of bandgaps and electrocatalytic
overpotentials for the top and bottom
absorbers of a dual (stacked) absorber PEC
water splitting device. a, Calculated STH
efficiencies are modelled using some of the
most active catalysts for the HER (Pt) and the
OER (NiFeOx), and free energy losses equalling
approximately 15–30% of the total bandgap of
each semiconductor absorber. b, Dependence
of the maximum achievable STH efficiency as a
function of overpotential for the hydrogen
evolution reaction (ηHER) and the oxygen
evolution reaction (ηOER), based on published
catalyst activities using geometric area
normalized current densities, with data points
showing potential devices for acid only,
alkaline only, or mixed systems29–39.

Montoya et al. Nature Mater Review (2016)
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The stability issue in light absorbers
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The stability issue in light absorbers

9.0. Introduction and motivation



Calculated oxidation potential ϕox (red bars) and reduction potential ϕre (black bars)
relative to the NHE and vacuum level for a series of semiconductors in solution at pH =
0, the ambient temperature 298.15 K, and pressure 1 bar.

How to think about photocorrosion

9.0. Introduction and motivation
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9.1. Panel-type CELLS

Record efficiency of solar-hydrogen production: 16.2 %

Turner, Deutsch, Nature Energy (2017) 13
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Which light absorbers are used?

H2

H2O

photocathode

photoanode

_

H2 catalyst
H2O

O2

+

O2 catalyst

PHOTOANODES: WO3, a-Fe2O3, BiVO4

PHOTOCATHODES: Si, InP

Here it is the big problem and where nanostructuring can help!

9.1. Panel-type CELLS
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Challenges with metal oxides

(3.2 eV for anatase TiO2 ;  3.3 eV for ZnO; 2.6eV- for WO3)

1. Absorption of earth-abundant MO photoanodes is limited 
to the uv and blue-tail of the spectrum

2.                    Short hole diffusion length
(from few nanometers to tens of nanometers for a-Fe2O3 )

3.                          Indirect band gap
(anatase TiO2 ,WO3, a-Fe2O3)

9.1. Panel-type CELLS
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Why nanostructuring can be helpful?

hn

+ _D=d D

d

D

d
hn

• Shorter carrier transport pathways
• Surface area-enhanced charge transfer
• Light trapping through random scattering

9.1. Panel-type CELLS
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Nanostructuring in hematite

Sivula et al. Chem. Sus. Chem. (2011)
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Bismuth Vanadate

VB

CB

BiVO4

Eg=2.4eV

van de Krol et al. J. Phys. Chem. C (2011)
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Abdi, Berglund, J. Appl. Phys. D (2017) 20



9.1. Panel-type CELLS

Abdi, Berglund, J. Appl. Phys. D (2017)

Various schematic structures of solar water splitting devices based on (a) BiVO4 photoanode and thin
film amorphous silicon solar cell (b) BiVO4/WO3 nanorods photoanode and GaAs/InGaAsP solar cell, (c)
BiVO4–Fe2O3 dual photoanode and crystalline silicon solar cell and (d) mesoporous BiVO4/WO3
photoanode, dye-sensitized solar cell (DSSC) and distributed Bragg reflector.
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Record device with BiVO4

9.1. Panel-type CELLS

Kitamori et al. Sci. Rep. (2015) 22
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BEYOND BiVO4
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9.1. Panel-type CELLS

BEYOND BiVO4: other metal 
vanadates with Eg < 𝟐 𝒆𝑽

FeV2O4 , Fe2VO4 , Fe2V4O13

β-Mn2V2O7

CuO– V2O5 system:

α-Cu2V2O7, β-Cu2V2O7,
γ-Cu3V2 O8, Cu11V6O26

Abdi, Berglund, J. Appl. Phys. D (2017) 24



Nanocrystals to discover new materials

VB

CB

BiVO4

Eg=2.4eV

VB

CB

Eg< 2eV

Bi1-xMxVO4

9.1. Panel-type CELLS
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Nanocrystals to discover new materials

NC-seeded growth approach

VO(acac)2 450ºC

Bi V1-xSbxO4 Bi1-xSbx NCs

Loiudice et al.  Adv. Mater. (2015)
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Composition measured 
by ICP-AES

Representative TEM of Bi1-xSbx NCs XRD of Bi1-xSbx NCs with variable composition

Zhang et al.  ACS Nano (2013)
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XRD of Sb-BiVO4 films From Rietveld refinement

70% SbVO4 + 30% Sb2VO5

55% SbVO4 + 45% BiVO4

100% monoclinic BiVO4

100% monoclinic BiVO4

100% monoclinic BiVO4

100% monoclinic BiVO4

100% monoclinic BiVO4

The monoclinic structure 
is preserved up to 20% Sb

Loiudice et al.  Adv. Mater. (2015)

Nanocrystals to discover new materials
Sb-BVO films with up to 20% of Sb were obtained

9.1. Panel-type CELLS
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The optical band gap decreases monotonically 
with the increase in Sb
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Photocatalytic performance improve 
with the increase of the Sb content
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Panel-based or particle-based 
water splitting devices?

Jaramillo et al. Energy Environ Sci (2013)

9.0. Introduction and motivation
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9.2. Particle-based reactors

Domen et al. Nature Materials (2017) 34
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Domen et al. Nature Materials (2017) 35



9.2. Particle-based reactors

METRICS IN PARTICULATE PHOTOCATALYSIS:

External Quantum Efficiency (EQE) or Apparent Quantum Yield (AQE) is
defined as two times the rate of collection of H2 to the incident photon
flux.

The solar-to-hydrogen (STH) energy conversion efficiency indicates the
conversion of the energy in the incident solar irradiation to chemical
bonds as H2 through oxidation of water to O2

36
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Domen et al. Nature Materials (2017) 37
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Domen et al. Nature Materials (2017) 38



9.2. Particle-based Reactors

Domen et al. Nature Materials (2016)

ONE EXAMPLE

HEP (Hydrogen evolving particle)OEP (Hydrogen evolving particle)
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Domen et al. Nature Materials (2016)

ONE EXAMPLE

The HEP and OEP need to be in close
proximity but not necessarily in contact.
This is because, unlike in
photoelectrochemical systems, a
continuous conductive network is not
needed, owing to the absence of an
external electric circuit.

9.2. Particle-based Reactors
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Domen et al. Nature Materials (2016)

ONE EXAMPLE

In conclusion, the authors demonstrate an efficient system based on nanoparticulate
photocatalysts with AQE of 33%, STH of 1.1% in pure water

9.2. Particle-based Reactors
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9.2. Particle-based Reactors

42



Hybrid colloidal nanocrystals for HER: model systems to understand
structure/property relationships

Amirav et al. Nano Lett. (2018)

Is the size of the co-catalyst important to maximize HER?

Step I Step II

Step I (charge separation by diffusion)

Step II (interface crossing)

9.2. Particle-based Reactors
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9.2. Particle-based photoelectrochemical reactors
Hybrid colloidal nanocrystals for HER

Amirav et al. Nano Lett. (2018)

CdSe@CdS/Ni hybrids
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Amirav et al. Nano Lett. (2018)

Step I Step II

Step I (charge separation by diffusion) is not affected by the size of the co-catalyst

Step II (interface crossing) is affected by the size of the co-catalyst: the Coulomb blockade 
prevails at smaller sizes, the Schottky barrier at bigger sizes; the best is in the middle.

9.2. Particle-based Reactors
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Hybrid colloidal nanocrystals for HER: model systems to understand
structure/property relationships
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9.2. Particle-based Reactors

Schottky junction Coulomb Blockade Effect:

The charging effect which blocks the
injection of a single charge into or from a
nanoparticles. This effect increases as the
size becomes smaller



5 nm40 nm

A B C

D

E F
from Gadiyar et al. J. Appl. Phys. D (2017)

9.2. Particle-based Reactors
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Hybrid colloidal nanocrystals for HER: model systems to understand
structure/property relationships

e-

More light is absorbed and best band alignment



• Photocatalyst: CdS
• Catalyst: Enzime
• Donor acceptor: Ascorbic acid

Dukovic et al. JACS (2014)

Coupling of semiconductor nanocrystals with enzymes

9.2. Particle-based Reactors
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Plasmon-enabled photochemistry:
coupling of photonic and thermal stimuli to drive chemical transformation

9.3. New concepts using nanomaterials
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Halas Nano Lett. (2012); Linic Nature Chem (2011) and Nature Mater (2012)

Plasmon-enabled photochemistry:
coupling of thermal and photonic stimuli to drive chemical transformation

9.3. New concepts using nanomaterials
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Nature Materials 2011,10, 911

Hot electron transfer to semiconductors to enhance activity

9.3. New concepts using nanomaterials
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9.4. Beyond water splitting 
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FINAL remarks:
Daniel Nocera
“The Sustainocene: era of personalized energy”

https://www.youtube.com/watch?v=zXBQjhXCydg

