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CO2 Conversion to C1 Industrial Chemicals 
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1 Global Formic Acid Market: 0.5 M Ton ($750 M) 
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Project Structure 
• Photocatalytic Systems 

– Heterostructured Photocatalysts for CO2 Reduction 
– Symmetry Breaking and High Throughput Computational Screening of 

Delafossites for the Photocatalytic Reduction of CO2 

– Scanning Tunneling Microscopy and Dispersion-corrected Density 
Functional Theory Studies of TiO2 Surfaces 

 
• Electrocatalytic Systems 

– Electronic Structure and Catalytic Activity of Au25 Clusters 
 

• Thermal Catalytic Systems 
– Atomic Structure and Catalytic Activity of Cu/ZnO-Based Materials 



‹#› 

Technical Barriers for CO2 Utilization Photocatalysts 

• Poor optical activity in visible & infrared 
• Rapid recombination of e- & h+ pairs 

prevents useful redox photochemistry 
• Slow CO2 conversion kinetics 
• Difficulty controlling product selectivity 

from R. Asashi et. al., Science, 293, 269 (2001) 

Wavelength (nm) 

No activity 
above ~ 
400 nm 

UV 

hν h+ 

Red Ox 

TiO2 

Red Ox 

e- 

TiO2 

–0.5 V (pH 7) 
B

and gap = 3.2 eV 

CO2/CO −0.11 V  

O2/H2O 1.23 V  

H+/H2 0 V  

CO2/(HOOC)2 −0.43 V  

CO2/CH4 −0.244 V  
CO2/CH3OH −0.32 V  

EF, SWNT ~ 0.5 V  En
er

gy
 

 



2013 Merit Review 

Plasmonic Heating in Heterostructures for Catalytic CO2 Reduction 

Light converted to Thermal energy 
(ohmic/joule heating) 

S. Link, M. A. El-Sayed, J. Phys. Chem. B 103, 4212 (1999); A. O. Govorov, H. H. Richardson, Nano Today 2, 30 (2007), 
G. Park, D. Seo, H. Song, Langmuir 28, 9003-9009 (2012) 
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Synthesis and Characterization of Plasmonic Au/ZnO 
Heterostructured Catalysts 

+ HAuCl4·xH2O 

ZnO Au/ZnO 

300 °C 

1-3 Au particles/µm2  

C. Wang, et al., submitted 
(2013). 



ZnO 

25 °C  

450 °C  
E2(high) 

2013 Merit Review 

Raman Spectroscopy  to Estimate Localized Plasmonic Heating 

R. Cuscó, et al., Phys. Rev. B 75, 165202 (2007); H. K. Yadav, et al., Appl. Phys. Lett. 100, 051906 (2012); K. Samanta, 
et al., Phys. Rev. B 75, 035208 (2007); J. Serrano, et al., Phys. Rev. Lett. 90, 055510 (2003); J. Menendez, et al., Phys. 
Rev. B 29, 2051 (1984). 

Temp dependent ZnO phonon peaks used to monitor temperature 

ZnO 

ZnO 
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How Hot? How Localized? 
20 nm Au on ZnO Support 

•Surface of ZnO Support is Heated 
•Sample Cell Still Cool to Touch 
•Heating on/off in microseconds (or less) 

Au 

ZnO 

Light 

∞

=∆
k

rKIT
4

0abs0



2013 Merit Review 

 
 

Gas sampling port for 
GC analysis 

IR 
source 

IR 
detector 

300 Watt   Xe 
arc lamp 

Or  

Laser 

CO2 + H2O 

Cutoff filter 

top view 

side view 

 catalyst 

catalyst 

I0 

I0 

IT 

IT 

Photocatalysis Experiments for Activity Evaluation 



2013 Merit Review 

Visible Light CO2 Reduction with Plasmonic 
Heating 

CO2 + H2  Products  
 

(See next few slides for product distributions) 

Green Light Green Light 



Determining Reaction Pathways 

2013 Merit Review 

Rxn Products 

CO 

CH4 

Thermodynamic 
Prediction 

Experiment 

Selectivities 

Reaction scheme 1:  
CO2 + H2  CO + H2O 
(Reverse water-gas shift 
(RWGS)) 
 
Reaction scheme 2:  
CO2 + H2  CO + H2O 
(RWGS) 
CO2 + 3H2  CH3OH + H2O 
(Methanol synthesis) 
 
Reaction scheme 3:  
CO2 + H2  CO + H2O 
(RWGS) 
CO + 3H2  CH4 + H2O 
(CO-methanation) 
 
Reaction scheme 4:  
CO2 + H2  CO + H2O 
(RWGS) 
CO2 + 3H2  CH3OH + H2O 
(Methanol synthesis) 
CO + 3H2  CH4 + H2O 
(CO-methanation) 

Pathways 
CO2 + H2  Products 
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Demonstrating Scalability 
One Simple Plasmonic Reactor Run in Two Different Modes 
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Project Structure 
• Photocatalytic Systems 

– Heterostructured Photocatalysts for CO2 Reduction 
– Symmetry Breaking and High Throughput Computational Screening of 

Delafossites for the Photocatalytic Reduction of CO2 

– Scanning Tunneling Microscopy and Dispersion-corrected Density 
Functional Theory Studies of TiO2 Surfaces 

 
• Electrocatalytic Systems 

– Electronic Structure and Catalytic Activity of Au25 Clusters 
 

• Thermal Catalytic Systems 
– Atomic Structure and Catalytic Activity of Cu/ZnO-Based Materials 



Technical Barriers for CO2 Electrocatalysis 

• Large overpotentials required 
• Low Efficiency 
• Poor product selectivity 
• Parasitic H2 evolution 

En
er

gy
 

Reaction Coordinate 

Possible Electrode Processes 

J. Electroanal. Chem. 2006, 594, 1 

Challenge 
Identify  a high efficiency catalyst 
with low overpotential and good 
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Atomically Precise Aun clusters (n < ~200) 

18  SR-ligand groups 
* From R. Jin, Nanoscale, 2010, 2, 343–362 

Spans sizes between molecules & “traditional” nanomaterials 

Au3 – Au13 Au23 – Au28 
Larger Au 

NPs 

Unique quantized electronic structure 

No plasmons 

Molecular like orbitals 

High fraction of surface atoms for catalysis  
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Au25 (SR)18 Crystal Structure 

Zhu et, al. J. Am. Chem. Soc.  2008, 130, 5883-5885. 

12  “Shell”  (ligand) Au atoms. 
18  SR-ligand groups 

Au25 carries a ground state negative charge  

Au13 “core” 

Au 
S 

(−S−Au−S−Au−S−)6   “shell” Au25 cluster 

1 nm 

TOA counterion balances charge in crystal structure 
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Reversible Optical Bleaching in Presence of CO2 
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Reversible bleaching due to charge redistribution 

Experimental 

Kauffman, et, al. J. Am. Chem. Soc.  2012, 134, 10237−10243. 
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Electronic Structure 

Energy level diagram reproduced from  
Schatz & Jin et. al. JACS 2008, 130 (18),  
pp 5883–5885 
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CO2 Physisorption Reversibly Perturbs Electronic Structure 
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~ 80 – 140 meV 

Kauffman, etl, al. J. Am. Chem. Soc.  2008, 130, 5883-5885. 

Optical Bleaching Results from Reversible Charge Redistribution 
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CO2 + 2H+ 2e− → CO + H2O           E0 = −0.103 V (RHE) 
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Kauffman, etl, al. J. Am. Chem. Soc.  2008, 130, 5883-5885. 

No appreciable Ea , ~ 100 % Selectivity 
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Comparison to other Au Materials 
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Demonstrating Scalability 
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Summary 
• Visible light plasmonic heating can be used to 

convert CO2 into CH4, CO, and other products 
 
• Catalytic mechanism is “photothermal” 

 
• Au25 exhibits spontaneous electronic coupling to 

CO2 
 

• Au25 shows unprecendented catalytic efficiency 
towards CO2 conversion 
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Charge Redistribution Impacts Electron 
Transfer to CO2 
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Small but statistically significant anoidic shift to + oxidizing potentials  
Consistent with e- depletion of HOMO donating levels 

∆ = 21 ± 2 mV 
> 99% CL 

Kauffman, etl, al. J. Am. Chem. Soc.  2008, 130, 5883-5885. 
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General Catalytic Approaches For CO2 Conversion 

Photochemical Catalytic  
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Investigating “Quantum Alloys” with Computational & Experimental Screening 
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•DFT Screens ~176 alloy compositions 
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