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Overview

• Total project funding
– DOE share $ 894k 
– Contractor share $ 223k

• No Funding Received in 2006, 
then Restarted 2007 $200 k

• Funding for FY08  $221k

• Start date September 1, 2004
• End date May 31, 2009
• 75% Complete

Timeline

Budget

Barriers
Technical Barriers Addressed

• (Y) Materials Efficiency
• (Z) Materials Durability
• (AA) PEC Device
• (AB) Bulk Material Synthesis

Technical Targets
2013 DOE PEC

• Solar-to-Hydrogen Conversion 
Efficiency  >8%
– Bandgap ~  1.7-2.2 eV

• Lifetime > 1000 hours 

Technical Targets
UCSB

• Scalable to produce hydrogen at 
a cost less than PV-electrolysis



Objectives
The overall project objective is to discover and optimize an efficient, practical, 
and economically sustainable material system for photoelectrochemical 
production of bulk hydrogen using solar light energy as the primary energy 
input making use of novel syntheses and high throughput experimentation 
methods.

•Task #1. Identify improved materials for solar photon absorption using high throughput methods 
and  exploratory design and synthesis of new mixed metal-oxides.

•Task #2. High-throughput screening of selected properties, and photoelectrochemical 
characterization of new host materials.

•Task #3. Optimize the morphology of the PEC material system for maximum efficiency; i) minimize 
charge carrier path lengths, ii)  maximize surface area.

• Task #4. Explore processing and synthesis parameters to optimize the conductivity and minimize 
charge trapping and surface recombination of selected materials.

•Task #5. Identify and minimize electrokinetic limits by synthesis of appropriate  electrocatalysts 
compatible with the host, electrolyte, and reactant/product properties. 

•Task #6. Develop a complete, “photoelectrochemical unit”, combining material absorption, charge 
transport, stability, and electrokinetic design features.  

•Tasks #7, #8, and #9:  Evaluate conceptual model reactor systems, theoretical and practical 
economic potential of alternative redox reactions, estimate hydrogen production costs.



New Candidate Material 
Discovery: High Throughput 

Synthesis and Screening
Absorption Edge

< 2.2 eV ?

Synthesis of
Optimal Compositions

and Structures
Solar Photon-electron Current

Conversion Efficiency
> 10%

Solar/Hydrogen
Efficiency

> 8% @ 10000 hours

Processing, Surface, Electrolyte, 
and 

Electrokinetic Optimization

Optimized Large Scale Reactor 
System Techno-economics

Hydrogen 
Cost Estimate 

< $5/Kg
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High Throughput Electrochemical Synthesis

• 23 different dopant species 
have been tested (MxFe2-xO3)

• XPS only detected  Fe3+ for 
all samples (Pt, Cr, Mo)

• No (catalytic) Pt0 observed 
near the surface

• Pt4+ , Mo6+, Cr4+ enhance the 
photo-electrochemical 
performance 

• No phase segregation was 
observed by XRD

Doped Fe2O3

Technical Accomplishments/Progress/Results:
Task #1. Identify improved materials for solar photon absorption using high throughput 

methods and  exploratory design and synthesis of new mixed metal-oxides.

A. Kleiman
Y-S. Hu
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Doped α-Fe2O3 electrodeposited films
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• Pt, Cr, Mo, Ti and Zn have been 
identified as promising dopants

• Detailed studies have shown 
the best performing samples 
are 15% Mo, 5% Pt, 5%Cr and 
5% Ti 

• The IPCE at 400 nm can be 
increased up to 400% by 
doping α-Fe2O3

• Ternary systems MxNyFe2-x-yO3
are currently being investigated

Technical Accomplishments/Progress/Results: 
Task #2. High-throughput screening of selected properties, and photoelectrochemical 

characterization of new host materials.

A. Kleiman Y-S. Hu
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Technical Accomplishments/Progress/Results:
Task #3. Optimize the morphology of the PEC material system for maximum efficiency; 

i) minimize charge carrier path lengths, ii)  maximize surface area.

• Hydrothermal synthesis  β-FeOOH
• Thermal Dehydration, crystalline 
hematite. 

• Substitutional doping, unsuccessful.
• Post synthesis diffusion (Ti), improved 
PEC performance.

Semiconductor 
Particle

• Lower absorption coefficient materials
• Short carrier diffusion lengths 

• rparticle ~ Ld
• High SA = low current densities
• indirect direct (surface provides k)

A. Kleiman

Quartz
substrate

Ti/Pt nanorods



Technical Accomplishments/Progress/Results:
Task #3. Optimize the morphology of the PEC material system for maximum 
efficiency; i) minimize charge carrier path lengths, ii)  maximize surface area.

Synthesis of Iron Oxide Nanorods

a) D= 35 ± 3 nm

200 nm

b) D=20 ± 3 nm 

200 nm

• The morphology of iron oxide 
nanorods can be changed by 
modification of the growth 
conditions

• Nanorods from 11 to 50 nm in 
diameter can be synthesized, as well 
other nanostructured hematite.

200 nm

c)

100 nm

d)
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Characterization
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 21 ± 2 nm
 15 ± 2 nm 

100 mM NaOH 100 mW/cm2

• Large variation in 
properties of nanorods.

• Performance is 
dependant on nanorod, 
size, shape and 
thickness

• Further studies are 
underway to 
understand the 
synthesis parameters 
on the performance of 
α-Fe2O3 nanorods A. Kleiman



Technical Accomplishments/Progress/Results: 
Task #3. Optimize the morphology of the PEC material system for maximum efficiency; 

i) minimize charge carrier path lengths, ii)  maximize surface area.
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• High surface area: reduced overpotential for the same photon 
flux

• Short charge transport length 

• Large internal fields: separation of holes and electrons

• High pore volume: capability of heterogeneous nanoparticles, 
e.g. Pt, Au NPs

• Both nanoparticles and mesoporous nanoparticles have high 
surface area and short transport length

Ordered mesoporous
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Electrochemical Synthesis: 
Effect of Precursor

Surface Diffusion of Ti in NR’s

Control              Ti-diffusion sample

• The thermal treatment 
conditions (Green vs. 
Red) are important for 
performance 
enhancement. 

• Titanium diffusion has 
the ability of greatly 
improving the 
nanorod performance.

• Recent studies have shown that the Iron 
precursor used for electrochemical deposition 
has a great impact on the performance of the 
sample.

• Prior work with doping has been made with 
the FeCl3 precursor and  currently the effect 
of different precursors and the impact on 
structure and electronic properties are under 
investigation.

Technical Accomplishments/Progress/Results 
Task #4. Explore processing and synthesis parameters to optimize the conductivity and minimize 

charge trapping and surface recombination of selected materials

A. Kleiman
Y-S. Hu
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Technical Accomplishments/Progress/Results:
Task #4. Explore processing and synthesis parameters to optimize the conductivity and 

minimize charge trapping and surface recombination of selected materials
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Technical Accomplishments/Progress/Results:
Task #4. Explore processing and synthesis parameters to optimize the conductivity and 

minimize charge trapping and surface recombination of selected materials

Electronegative surface species shifts conduction band
electron energy relative to H2/H+ redox level

Y-S. Hu

F-, and not Co,
is responsible 
for the change.
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ZERO BIAS
2-electrode

Technical Accomplishments/Progress/Results
Task #4. Explore processing and synthesis parameters to optimize the conductivity and 

minimize charge trapping and surface recombination of selected materials

Improved IPCE for water splitting with Zero Bias
in 1M NaOH on Ti doped Fe2O3 with F- surface treatment 

• Improve hematite 
conduction by 
doping with Ti

• Shift conduction 
band edge with 
electronegative 
surface 
preparation

Y-S. Hu
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Technical Accomplishments/ Progress/Results:
Task #5. Identify and minimize electrokinetic limits by synthesis of appropriate  

electrocatalysts compatible with the host, electrolyte, and reactant/product properties.

Electrodeposition of Pt
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• Improve OER limited 
electrokinetics by use of 
oxidation catalysts.

• High activity 
nanoparticles

• Deposition by      
electro/photo deposition

• Library exploration of 
specific materials 
underway.

20 nm20 nm

RuO2 nanoparticles

20 nm
50 nm

Pt nanoparticles

A. Kleiman
Y-S. Hu

A. Forman 



Encapsulant coatings
• Protect against corrosion
• Kinetic enhancement
• Stabilize co-catalyst particles
• Heterostructures
• etc…

Hybrid PEC “Nanoreactors”

porous oxide
shell

electrophillic nanoparticle
(Au, Pt) cathodes

nucleophillic nanoparticle
(Mo, V) anodes

SC particle

Technical Accomplishments/ Progress/Results
Task #6. Develop a complete, “photoelectrochemical unit”, combining material absorption, charge 

transport, stability, and electrokinetic design features. 

An Ideal 
“PEC Unit”?

Identify suitable host absorber

Optimize synthesis conditions

Optimize morphology

Optimize electrokinetics

Stabilize structure

A. Forman



Hybrid PEC “Nanoreactors” - semiconductor/metal/oxide heterostructures
Low cost, scalable, solution phase synthesis of: co-catalyst/SC@encapsulant

Broadly applicable
synthesis route

Co-catalyst
• Pt,  Au, Ag, Pd, etc.
• Virtually any nanoparticle

Support
• Fe2O3, TiO2, ZnO, SiO2, 

Al2O3, CeO2
• Any metal oxide

Encapsulant
• SiO2, ZrO2, TiO2, Al2O3

Au
SiO2

Fe2O3

30 nm SiO2 10 nm SiO2 6 nm SiO2

Electrocatalyst
protrusion

Au/α-Fe2O3@SiO2

Technical Accomplishments/ Progress/Results:
Task #6. Develop a complete, “photoelectrochemical unit”, combining material 

absorption, charge transport, stability, and electrokinetic design features. 

A. Forman



Technical Accomplishments/ Progress/Results:
Tasks #7, #8, and #9:  Evaluate conceptual model reactor systems, theoretical 

and practical economic potential of alternative redox reactions, estimate 
hydrogen production costs.
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Slurry Reactors with 
Bulk Particulates

• Requires high absorbance material to 
minimize thickness.

• Direct gap materials
• Requires solid electrical continuity.
• Fabrication methods limited.
• No large scale similar processes ever 

built.
• Separates H2/O2
• Entire system must be replaced after 

corrosion.
• Known Economics: Electrodes could 

always be metalized to make electricity 
as a PV – why bother, e- are more 
valuable than H2.  Costs known ~ $5/W

• Requires a membrane and extremely 
clean water.

• Absorbance not critical, depth of unit 
scales linearly.

• Nanoparticulates allow both direct and 
indirect gap materials.

• Maximal surface/volume lowest 
current density and overpotential.

• Requires no direct electrical contact to 
the photoreceptor.

• Large number of synthetic possibilities.
• Large scale slurry phase photoreactors

have been built.
• May require separation of H2/oxidation 

products
• May replace corroding particulates 

without disassembly.

Technical Accomplishments/ Progress/Results:
Tasks #7, #8, and #9:  Evaluate conceptual model reactor systems, theoretical and practical 

economic potential of alternative redox reactions, estimate hydrogen production costs.

Structural 
Photoelectrode Reactors



Project Summary
• A systematic methodology for improving PEC performance has been 

demonstrated:
– Improving conductivity by high throughput exploration of dopants.
– Optimization of synthesis route and morphology.
– Shifting relative positions of bands relative to hydrogen redox level.
– Highest, zero-bias, water splitting photocurrent for Fe2O3 demonstrated, IPCE 

~2% at 425nm.

• General synthetic methodologies have been developed to produce 
ultrahigh surface area nanostructured PEC materials in bulk quantities 
to minimize carrier path lengths.  

– Need to balance surface area and path length, recombination and separation.

• Methods and processes generally applicable to any PEC host, 
however, at present, of the oxides, Fe2O3, shows a promise as a cost 
effective single gap PEC material.  

– Hematite performance to date, not high enough, however, we believe there 
is significant room for improvement.

• Must demonstrate, IQE of individual PEC unit >90%. In progress.
– Further work on New Hosts in progress.

• Established New 2008 Technology Transfer/Collaborations:
– NREL Theory Group (Y.Yan, M.Huda, A.Walsh, M.Al-Jassim)
– Physical Optics Corporation
– Materials Modification, Inc. 



Future Work

•Tasks #1 and #2:  New materials still needed – HT-synthesis of other hosts (sulfides, 
Cu based mixed oxides).  Continued optimization of hematite: theory guided, multi-
atom (cation) substitutions of α-Fe2O3 .

•Task #3. Detailed characterization of nanostructured PEC materials; i) direct 
measurement of IQE, ii) carrier lifetimes (femtosecond spectroscopy).   Improve carrier 
separation by heterostructure fabrication.  Fabricate mesostructures from materials 
identified in Tasks 1+2.

•Task #4. Broad exploration of post-processing modification for band-position tuning. 
Combine with task 3 to identify factors maximizing lifetime.  Surface passivation and 
surface state quenching with selective, ultra-thin silica coatings; ultra-thin surface 
coating with additional oxides (e.g. TiO2, ZrO2, MnO2).

•Task #5. High throughput synthesis of appropriate electrocatalysts on planar Fe2O3 
substrates compatible with electrolyte, and reactant/product properties. 

•Task #6. Develop a complete, “photoelectrochemical unit”, combining material 
absorption, charge transport, stability, and electrokinetic design features.  

•Tasks #7, #8, and #9:  Construct conceptual model reactor systems for the theoretical 
and practical economic evaluation of photoelectrode vs. slurry-colloidal reactor 
systems and the potential of alternative redox reactions, estimate hydrogen production 
costs in each.
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