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Terawatt ChallengeTerawatt Challenge

• In 2008, total worldwide power 
consumption was 15 terawatts with 80 to 90 
percent derived from the combustion of 

fossil fuels. 

•Currently low percentage of renewable 
energy in world‐wide energy portfolio

• Global warming and CO2 emission



Terawatt Challenge: SolarTerawatt Challenge: Solar

• Total Solar Energy: 165,000 TW of sunlight 
hit the earth.

•Renewable & Sustainable.



“I’d put my money on the sun and solar energy. 
What a source of power!

I hope we don’t have to wait until oil and coal run 
out before we tackle that”

Thomas Edison (1931) in conversation with Henry Ford and Harvey 
Firestone





Energy Density & StorageEnergy Density & Storage



Harvesting Solar Energy: Solar to fuelHarvesting Solar Energy: Solar to fuel

CarbonCarbon--Neutral Neutral 
SolutionSolution

Artificial PhotosynthesisArtificial Photosynthesis

Hydrogen
Methanol, Ethanol

Gasoline
CO2, H2O



Some Some EndergonicEndergonic Fuel Generation ReactionsFuel Generation Reactions

 
Reaction 

  ΔGo 
(kJ mol-1)

 
 n  

ΔEo 
 (eV) 

λmax
(nm)

_______________________________________________________________________________________________

H2O → H2 + ½ O2 237 2 1.23 611 

CO2 + H2O → HCOOH + ½ O2 270 2 1.40 564 

CO2 + H2O → HCHO + O2 519 4 1.34 579 

CO2 + 2H2O → CH3OH + 3/2 O2 702 6 1.21 617 

CO2 + 2H2O → CH4 + 2O2 818 8 1.06 667 

CO2 + H2O → 1/6 C6H12O6(s) + O2 480 4 1.24 608 

N2 + 3H2O → 2NH3 + 3/2 O2 679 6 1.17 629 

 



DOE Energy Innovation Hub: Solar to Fuels
•10-year JCAP Goal, 2010: To demonstrate a manufacturably scalable solar fuel 
generator, using earth-abundant elements, that, with no wires, robustly produces 
fuel from the sun, 10 times more efficiently than (current) crops

“…they're developing a way to turn sunlight and water into fuel for our cars. …”
President Obama's State of the Union remarks

Jan. 2011

Photosynthesis Artificial Photosynthesis

DOE $120 Million
Energy Hub

PI: Nate Lewis (Caltech)
Peidong Yang (LBNL)



•Melvin Calvin: It is time to build an 
actual artificial photosynthetic system, to 
learn what works and what doesn’t work, 
and thereby set the stage for making it 
work better.

1961, Nobel prize in chemistry

A Nobel ChallengeA Nobel Challenge



Hydrogen; Methanol…

+

Require the invention of new photoactive materials that 
accomplish the combined tasks of light harvesting, light harvesting, 
charge separation, and compartmentalized chemical charge separation, and compartmentalized chemical 
transformationstransformations.

Sustainable and Renewable: Solar Fuel

H2O
CO2

So, why is this so difficult?So, why is this so difficult?



Grand challenges for solar water splitting

Required Photocatalyst Parameters:
1. Bandgap in the visible
2. Correct CBM and VBM
3. Fast charge transfer across 

interface 
4. Resistance to photocorrosion
5. Low‐cost, abundant elementsK. Domen



A. Fujishiam, K. Honda, Nature, 1972, 238, 38

First work on TiOFirst work on TiO2 2 water splittingwater splitting



> 11% efficient water splitting

Using multiUsing multi--junctionsjunctions



Q.Y 2.5% at 430 nm

Single bandgap semiconductor particles for overall water splitting with visible light
K. Domen, Nature 440, 295 (2006); Angew. Chem. Int. Ed. 45, 7806 (2006)

Single Single BandgapBandgap semiconductor for water splittingsemiconductor for water splitting

GaNZnOGaNZnO AlloyAlloy



 



Semiconductor Electrolyte InterfaceSemiconductor Electrolyte Interface

n‐type semiconductor



Solar Water Splitting with single bandgap light absorber
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Transparent 
ohmic 
contact Arthur J. Nozik, Photochemical Diodes, 

Applied Physics Letters 30, 567-569 (1977).

Photoelectrochemical diodes: Dual Photoelectrochemical diodes: Dual BandgapBandgap ConceptConcept

Cathode

Anode



Designing dual‐bandgap light absorber

Spectrally splitting two‐photon systems, 
Voltage & Current density needs

e‐/s.nm2
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900

600

300



Solar-Fuels Generators



Photocathode: Silicon Nanowire Array



Si wire array as photocathodeSi wire array as photocathode

H. Jeong et al. 2009



Photocathode: Silicon nanowire array
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Voltage (vs Ag/AgCl)

 pSiNW05_AgCl_Dark
 pSiNW05_AgCl_am4
 pSi_3ohmcm_planar_AgCl_dark
 pSi_3ohmcm_planar_AgCl_am10
 pSiNW 06_AgCl_dark
 pSiNW06_AgCl_am12
 epip  Si(111)_planar_AgCl_dark
 epip Si(111)_planar AgCl_Am15

Y. Hwang et al. 2010



N/AUV onlyKTaO3 5

N/ARespond up to 450‐500 nm(Ga1‐xZnx) (N1‐xOx) 4

2.3 mA/cm2Simulated AM 1.5

100 mW/cm2
Si‐doped Fe2O3 

3

0.85 mA/cm2Simulated AM 1.5

100 mW/cm2
doped‐ TiO2  

2

N/AUV onlyTiO2  
1

IIcurrentcurrent(mA/cm(mA/cm22))Light Light IIinputinput

1). Fujishima A, Honda K. Nature 1972;238:37–8.; 2) J. K. Park, S. Kim, A. J. Bard. Nano. Lett. 2006, 6, 24. 
3) A. Kay, I. Cesar, M. Grätzel, J. Am. Chem. Soc. 2006, 128, 15717; 4) K. Maeda et al, Nature. 2006, 440, 

295; 5). Kato H, Asakura K, Kudo A. J Am Chem Soc 2003;125:3082–9.

Photocurrent from the Anode MaterialsPhotocurrent from the Anode Materials



Si NW

Challenges in semiconductor design: the anode Challenges in semiconductor design: the anode 
materialsmaterials



Single crystalline InGaN Nanowires for solar water splittingSingle crystalline InGaN Nanowires for solar water splitting

T. Kuykendall et al. Nature Mater, 3, 528, 2004; Nature Materials, 6, 951, 2007
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Alloyed Nanowires: Full Color SpectrumAlloyed Nanowires: Full Color Spectrum
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InInxxGaGa11‐‐xxN Photocurrent Measurements pH3N Photocurrent Measurements pH3
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C. Hahn, unpublished results



InxGa1‐xN Photocorrosion Test 

24 Hr, 4.5 Suns Illumination, pH 3 0.5 M Na2SO4 Solution, Pt Clusters

InGaN is a promising InGaN is a promising photoanodephotoanode material.material.



Si/InGaN Core/Shell Wire

1 x 1 cm1 x 1 cm2  2  

‐ InxGa1‐xN nanorod shell grows on the patterned Si wire arrays, which 
provide high surface area as well as light trapping.
-Spectrally splitting light absorption, tunable bandgap, and bandedge

Si

InGaN



Artificial Leaf: Nanowire Bilayer Paper 
Solar-Fuels Generators





Photoanode Nanowire Mesh/Oxidation Catalysts

Photocathode Nanowire Mesh/Reduction Catalysts

Proton conductive 
Polymer Membrane

H2O
OO22

Proton

HH22



Light harvesting, anode/cathode 
Charge separation

Vectorial charge transport 
Compartmentalized chemical transformations: Catalysts

Polymer Membrane

• Solution synthesis/processing, Large scale
• Casting and printing
• Fully integrated photoanodes and photocathodes
• Porous network for asymmetric decoration of 
oxidation/reduction catalysts







1 µm 1 µm 

C. Chan; J. Sun
unpublished results, 2010

Bilayer Nanowire Mesh



LBNL patent, 2010



C. Chan; J. Sun
unpublished results

Bilayer Nanowire Mesh: Light Absorption



Solar‐to‐Fuel Conversion

Solar Charge Fuel

Photovoltaics

Catalysis

ηPV

ηCat

ηct

The overall efficiency for the conversion of 
available sunlight to fuel:

ηPV (photovoltaic efficiency)

• ηCT (charge transfer efficiency)

• ηcat (catalysis efficiency)

ηoverall =



Candidate Energy‐Storing Reactions

2 H2 + O2

Dual oxidation/reduction components needed for overall catalytic cycles 

light/catalyst
2 H2O

CO + 1/2 O2

light/catalyst
CO2

2 H2OOxidation O2  +  4 H+ +  4 e–

CO2 + 2 H+ + 2 e– CO + H2OReduction

2 H2OOxidation O2  +  4 H+ +  4 e–

2 H+ +  2 e– H2Reduction

• Water Splitting

• Carbon Dioxide Fixation



ηcat ∝

• Γcat (catalyst coverage)
• TOF (turnover frequency)

• E0 (potential for water splitting)

CatalysisCatalysis



Matching solar flux with catalytic activity
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Molecular catalysts for water oxidation

Meyer 
1982

Molecular catalysts are structurally and 
mechanistically well understood.

Turnover rates (10-3 to 100 s-1) are 
generally too slow to compete with 
back ET in non-sacrificial systems.

Brudwig, Crabtree
2001

Hill, 2008

Thummel
2005

Bernhard
2008



Oxide TOF Overvoltage, η pH T Quantum Reference
(sec-1) (mV) (oC) yield

Co3O4 0.035 325 5 RT 58% Harriman (1988) [1]

Co3O4 > 0.0025 350 14 30 -- Tamura (1981) [2]

Co3O4 > 0.020 295 14 120 -- Wendt (1994) [3]

Co3O4 > 0.0008 414 14.7 25 -- Tseung (1983) [4]

Co3O4 > 0.006 235 14 25 -- Singh (2007) [5]

Co,P film > 0.0007 410 7 25 -- Nocera (2008) [6]

MnO2 > 0.013 440 7 30 -- Tamura (1977) [7]

Mn2O3 0.055 325 5 RT 35% Harriman (1988) [1]

[1]    Harriman, A.; Pickering, I.J.; Thomas, J.M.; Christensen, P.A. J. Chem. Soc., Farad. Trans. 1 1988, 84, 2795-2806.
[2]    Iwakura, C.; Honji, A.; Tamura, H. Electrochim. Acta 1981, 26, 1319-1326. 
[3]    Schmidt, T.; Wendt, H. Electrochim. Acta 1994, 39, 1763-1767. 
[4]    Rasiyah, P.; Tseung, A.C.C. J. Electrochem. Soc. 1983, 130, 365-368. 
[5]    Singh, R.N.; Mishra, D.; Anindita; Sinha, A.S.K.; Singh, A. Electrochem. Commun. 2007, 9, 1369-1373. 
[6]    Kanan, M.W.; Nocera, D.G. Science 2008, 321, 1072-1075. 
[7]    Morita, M.; Iwakura, C.; Tamura, H. Electrochim. Acta 1977, 22, 325-328. 

Activity Metrics/Goals:

~x 102 for H2; ~x 104 for O2

>x 105 for CO2

Turnover frequencies (TOF) 
for oxygen evolution at Co 
and Mn oxide materials



p-Si Nanowire Photocathode
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AP: AP: Challenges & OpportunitiesChallenges & Opportunities

Photoanode materials critical part of 
the solar Fuels Technology. 

Dual bandgap Configuration‐Integrated 
Photocanode/cathode, mimicking 

photosynthesis in Nature

Catalysts with much higher TOF, and 
Lower overpotential.



To supply 15 TW from renewable hydrogen, 
E
Ptm =

Total mass of water used to power the world each second:  1.25 x106 kg
Total mass of water on the whole planet: 1.36 x1021 kg

* Disclaimer: Water is recycled through artificial photosynthesis & combustion! Same with CO2.

World Resources Institute. 2006



Nanoscale to Macroscale

km-scale
System/design/process level

Device/physics level mm-scale

cm-scale

m-scale

Flow channel 
building blocks

nm-scale

A Nanomanufacturing Challenge



Gas Station of the Future



Thank You!




