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CO, Conversion to C1 Industrial Chemicals
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Project Structure

 Photocatalytic Systems
— Heterostructured Photocatalysts for CO, Reduction

— Symmetry Breaking and High Throughput Computational Screening of
Delafossites for the Photocatalytic Reduction of CO,

— Scanning Tunneling Microscopy and Dispersion-corrected Density
Functional Theory Studies of TiO, Surfaces

 Electrocatalytic Systems
— Electronic Structure and Catalytic Activity of Au,; Clusters

« Thermal Catalytic Systems
— Atomic Structure and Catalytic Activity of Cu/ZnO-Based Materials
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Electroreduction of CO,: An Uphill Run!
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Atomically Precise Au,, clusters (n <~200) for CO,
Conversion

10 nm

A b
b v
i Transitions of atomic T
Molecular packing structure, Nanocrystal
chemistry electronic, & optical chemistry
properties occur.
s -1
|
" .y el
T
Ligand-stabilized e SN
igand-
nanoclusters {fon crysialing)
—S—-AUu-S-Au-S-
( . N e Au,c cluster
shell

Au,; “core”

-ground state anion,
\/

-molecule like
electronic structure

-nearly all atoms
are “surface”

NATIONAL ENSRGY TECHNOLOGY LASORATORY

* Figures From R. Jin, Nanoscale, 2010, 2, 343-362 & JACS 2008



Unprecented Catalytic Efficiency
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Optical Spectra of Isolated Au,:49 charge
states
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»  Crystal structure analysis and XPS show absence of oxides on Au,.? and Au,*
e  Cluster’s structure and charge state retained on CB support and during reactions
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Charge State-Dependent CO, Reduction
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Charge State-Dependent CO Oxidation
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CO + 20H — €O, + H,0 + 2¢

Positive clusters enhance CO oxidation

Hydroxl adsorption is enhanced on positive
clusters

TOF (exp) correlates with ab initio (DFT) binding
energies
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Charge State Dependent O, Reduction
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Charged Reactants, Intermediates, & Products are Ubiquitous in

Chemistry

e OH-, H* and M are UBIQUITOUS in
electrochemical and photochemical
reactions

 Potential Applications:

« PEM Fuel Cells
« Energy Storage & Battery Chemistry
 General Catalysis
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Reaction Potential, V
2H" + 2e2H; 0.0000
2H50 + 2e 22 Hy + 20H™ —0.528
Ho0, + 2H' + 2¢ =2 2H;0 1.763
2Hg?* + 2¢ = Hgi" 0.9110
Hgl" +2e=22Hg 0.7960
Hg,Cl, + 2¢ = 2Hg + 2C1~ 0.26816
Hg,Cl, + 2e = 2Hg + 2C1~ (sat’d. KCI) 0.2415
HgO + H,0+ 2¢ = Hg + 20H" 0.0977
Hg,S0;, + 2e = 2Hg + SOF~ 0.613
L +2e=221" 0.5355
I+ 2ew31" 0.536
Kt+e=2K —-2.925
Li* +e=Li —3.045
Mg?* + 2e= Mg —2.356
Mn®* + Ze == Mn —1.18
Mn** + e = Mn** 1.5
MnO; + 4H* + 2e 22 Mn** + 2H,0 1.23
MnO; + 8H" + Se =2 Mn?* +4H,0 _ 1.51
Nat + ez2Na —2.714
Ni?* + 2¢ = Ni -0.257
Ni(OH), + 2e = Ni + 20H™ -0.72
0; +2HY + 2e 2 H;0, 0.695
0, + 4H™ + 4e = 2H,0 1.229
0y + 2H,0 + de =2 4OH™ {1401
03 + 2H" + 2¢e =20, + H;0 2.075
Pb%* +2e2Pp - T —0.1251
Po’* + 2¢ 2 Pb(Hg) -0.1205
PbO, + 4H* + 2e = P**" + 2H;0 1.468
PbO;, + SO2™ + 4HT + 2e = PbSO, + 2H,0 1.698
PbSO; + 2e w2 Pb + SOZ~ -0.3505
Pd** + 2e =2 Pd 0915
P +2¢ =Pt 1.188
PtCI3~ + 2e = Pt + 4C17 0.758
PICZ™ + 2¢ = PtCI3~ + 2CI™ '0.726
Ru(NH;)2* + e = Ru(NH,)7* - 010

S+ 2es28% ‘ _—0.447
Sn?* + 2e = Sn —0.1375
Sn*t + 2e = Sn?t 0.15
Tt 4 o2 Tl —0.3363
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Bigger Is Better!
o Catalyst, Reactor, & Electrode Scaled by Over 100 Xin 3

months
e COyields of ~15,000 L g1 h-t
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Electrode Optimization

 Lower reaction rates at high catalyst loading ... Eliminate “catalyst
crowding”
 H, evolution from catalyst support at extremely low catalyst loading
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* Must optimize catalyst loading for high product formation rates and good selectivity
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Initial Long-Term Testing

Connected to potentiostat and tested over two days at -1V
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563 + 44 L CO/g,,/hr with 89 * 3% selectivity

* 1.1 kg CO, converted per gram catalyst per hour *
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Carbon Negative CO, mitigation technology

Cheap Consumer/Hobby Grade Solar Panel Runs Au,; E-chem Reactor
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(Solar) rechargeable batteries can also power
reactor during night time hours or cloudy days

6V
battery
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Summary

Au,: IS one of the most efficient CO, catalysts
ever reported

Charged clusters (Au,s, Au,:?, Au,:") have been
Isolated & shown to enhance catalytic activity

Scalable electrochemical reactor with Au,c has
been developed

Carbon negative E-chem reactor demonstrated
to run off cheap consumer/hobby grade solar
panels & small solar-charged batteries
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Reversible Optical Bleaching in Presence of CO,

Experimental Electronic Structure
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Reversible bleaching due to charge redistribution  gnergy level diagram from Schatz & Jin et. al. JACS
2008, 130 (18), pp 5883-5885

Kauffman, et, al. J. Am. Chem. Soc. 2012, 134, 10237-10243.
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CO, Physisorption Reversibly Perturbs Electronic Structure

Optical Bleaching Results from Reversible Charge Redistribution
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Carbon Negative CO, mitigation technology
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(Solar) rechargeable batteries can also power
reactor during night time hours or cloudy days

6V
battery
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