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Targets of Artificial Photosynthesis

H,, CO,

HCOOH,
or Fuels

Artificial
Photosynthetic
System

Chemical Conversion & Storage of Solar Energy



Chemical & Physical Processes in Photosynthesis
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Basic Requirements
for Artificial Photosynthesis

Antenna Function

Efficient Harvesting of Visible-to-Near IR Light Quanta
Fast & Efficient Energy Transfer to Reaction Center

Charge Separation

Fast and Efficient Charge Separation: D + A+ hv — D"+ A*
Minimization of Charge Recombination: D"+ A* —//—= D + A

Catalysis Function

Catalysis of One-Electron-to-Multi-Electron Conversion Chemistry
«2H"+2¢— H,; 4H,0 — O, +4H" + 4¢-
*CO, +2H"+2¢~— CO + H,0 or HCOOH



Energetic Requirements for le—to-2e- Conversion

V vs. NHE at pH="7 Proton-Coupled
H'+e — He (-2.61V) Multi-Electron Processes

CO, +e — CO," (~1.90 V)

CO, + 2H* + 2¢ — HCO,H (-0.61 V)
CO, + 2H" + 2¢ — CO + H,0 (-0.53 V)
CO, + 4H* + 4¢ — H,C=0 (-0.48 V)
0.0 |— 2H* +2¢ — H, (-0.41 V)

0, + 4H* + 4¢- — 2H,0 (0.82 V)

H,0, + 2H* + 2¢~ — 2H,0 (1.35 V)

20Hs + 2H* + 2 — 2H,0 (2.31 V)



Solar Radiance (W/m?)

Solar-Radiance Spectrum & Energy

160 —
Solar Radiance at Sea Level
140 |- AM1.5: 100 mW/cm?
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300 400 500 600 700 800 900 1000 1200 1400 (A/nm)

Energy/299 239 199 171 150 133 120 100 (kJ/mol)
71.5 57 47.6 41 36 32 28.7 24 (kcal/mol)
3.1 248 2.07 1.77 1.55 1.38 1.24 1.03 (eV)



Time Scales of Essential Processes
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How About Detalls of Catalysis Process?

Pt is a metal with a very small overvoltage for H, evolution (AG?).
H" H" H H” H H diffusion HH

— _| — | |

Pt/2¢ Pt/e- RUay Pt

*H,

What happens for molecular catalyst? How much 1s the overvoltage?
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Classical Examples of Molecular Catalysis

Typical 1e-to-2e-Conversion Molecular Catalysts
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A Typical Visible-Light Absorbing Photosensitizer

~ ~ 1012 1 Stable Behavior
IV Pisc ¥ 1.0 & lgse ~ 107 of 1e- Redox Species
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Many photosensitizers developed so far do not exceed Ru(bpy),**.

Can we develop new robust light-harvesting photosensitizers?




The Beginning of Artificial Photosynthesis

Photoelectrochemical Cell (PEC) Conduction
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A. Fujishima and K. Honda, Nature, 1972, 238, 37.



First-Generation Artificial Photosynthesis by TiO,

‘T 10, : Chemically Stable Charge Reservoir and Transporter \

TiO, Particulate Dispersion —) Loading of Co-catalysts

=  Conduction Band o Pt Catalyst
a oy R 2
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<|O|> inefficient RuQ, or IrO,
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(A <415 nm)

Requiring Antenna Function for Visible-Light Utilization



Potential Materials for Artificial Photosynthesis

Molecular Materials:
Organic Dyes as Antenna & as Electron-Transfer Component
Transition-Metal Complexes as Antenna & as Catalyst
* Availability of Versatile Functional Molecules
* Easy Tuning of Electronic States, .., HOMO-LUMO Levels

Semiconductor Materials:

Chemically Stable Charge Transporter and Charge Reservoir
One-Electron-to-Multi-Electron Conversion Function

~~

Molecule-Semiconductor-Catalyst Hybrids:
Excellent Antenna Function + Efficient Electron Transfer +
Charge Transport & Accumulation for 1e™-to-2ne~ Conversion




Typical Hybrid Systems for H, Generation Based on TiO,

CoHs

Merocyanine

Coumarin Eosin'Y

little information on stability and structure-activity relationships




Visible-Light Water Splitting into H, & O,
Using Inorganic Semiconductors

SCl Mediator  SC2 H, t,
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H,0 (K. Domen)

BiVO, Fe?*3*  StTiO;:Rh (A. Kudo)

Pt/WO,; [7/10;,- TaON/ZrO,/Pt (K. Domen)

WO, [-/10;- Dye/K,NbO,-/Pt (R. Abe)

Little information on kinetics of essential processes &

on possible participation of electron transfer between
M, & e 1n SC2, between M, ., & h™ in SC1 etc.
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Which Dominates the Electronics of
Semiconductor Particles, Bands or Trap States?

Pure Single-Crystal TiO, —=) TiO, Nanoparticles
V vs. NHE Trap States & Surface Defects are dominant

_Cooggliitzgrg?gl% L 1.0 and broadly distributed below conduction
' ' 0.5 band & above valence bands.
MLESSTELTE] 0.0 In DSSC, 90% injected ¢’s reside in traps.
ff o5
— 1.0 Low Charge Mobility
— 1.5 due to hopping from trap to trap &
TR e 2.0 due to the presence of grain boundaries
- 2.5
2?%?}22.]733 I;(\l]) — 3.0 Significant Participation of

Charge Recombination

What about other semiconductor particles?
Details of kinetics and energetics of semiconductor particles are not known.




Visible-Light Water Splitting into H, & O,
Using Dye-Semiconductor Hybrid PEC
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(T. E. Mallouk, 2009)



Visible-Light Water Splitting into H, & O,
Using Dye-Semiconductor Hybrid PEC
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(T. J. Meyer, 2010)




Visible-Light O,-Evolving Systems
Using Cobalt Catalysts

Electrode-Type Water-Soluble
0,-Evolving System Using CoPi ~ O,-Evolving Catalyst
photoresist ITO [CO4(H20)2(PW9034)2] 0=
metal CoPi catalyst
front contact\.\
Ru(bpy);> 120
? \ /' _|_22H2+
Cat
: 2H:0 . \
: £ 2Ru(bpy);>* H,0
- \ o
+ 4H Ru(bpy) 2+
- sJ i p\:_Si __________________________________________________________________________________
e (optional) O, Yield/S,04% = 45%, ®(0,) =0.3
aqueous electrolyte TON =224

(D. G. Nocera, 2011) (C. L. Hill, 2011)



What New Materials and Systems Are Available
for Artificial Photosynthesis?

1. Persistent Antenna/Photosensitizer: (a) A, <700 nm & €, > 104,

(b) HOMO/LUMO levels relevant to fast charge generation, & (c) stability
=> Organic Dyes vs. Transition-Metal Complexes or Others?

2. Robust Catalysts Working with High TON/TOF at pH 7:

(a) H, generation with minimum overvoltage, (b) selective CO, reduction
with low overvoltage vs. no H, formation by high overvoltage,

(c) efficient water oxidation based on mechanistic verification.

(d) no degradation of components involving antenna and catalyst

> Molecular vs. Inorganic Catalysts or Homogeneous vs. Solid States?

3. Construction of Suitable Reaction Systems:

(a) homogeneous system; incapable of controlling the movement of charges

(b) semiconductor system; difficult in preparing high quality of nanoparticles
with red-light absorption dispersible in water without agglomeration,

(¢) dye-semiconductor hybrid; difficult in persistent anchoring of dye

—> Homogeneous or Dispersion System Vvs. Electrochemical Cell System?



What and How Shall We Do
for Artificial Photosynthesis?

We have still no exact answer but many things to do.
The target is clear: Development of New Systems for
Artificial Photosynthetic Fuel Generation

H,O0 + 2e¢ + hv > H, - CH,;0H
H,0 +2¢ +hv+CO,—> CO ' C, _H, etc




