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Routes to CO,, utilization
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CO, photocatalytic reduction
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Brief background & Motivation

 Background
— First study : Inoue, Fujishima et al. (1979)
— Notable recent advances:

« Tion various supports (Anpo and coworkers)
 Binuclear (Zr**-Sn?*) redox catalysts (Frei and coworkers)

— How does heterogeneous CO,, photocatalytic production of CH, vs H,
from solar water photo(electro%lysis ?

e ~ 1mmol/h of CH, (Anpo et al., (1998)) vs 400-700 nmol/h of H,
(Aroutiounian et al.,(2005))

— Lanthanide doping
* Reduced band gap
» Increased charge carrier lifetimes (Xu et al. (2002))

« Motivation
— Understand initial steps of CO, photoreduction on TiO, surfaces
— Study effect of lanthanide doping on CO, photoreduction



Objectives

|dentify the intermediate species formed during CO, photoreduction
by modeling the excited-state chemistry of CO, species adsorbed on
various low index surface planes of TiO, .

Test the hypothesis of dopant-induced charge carrier trapping
affecting photoactivity by performing photoreactions with various
concentrations of La, Sm and Gd-doped TiO, as photocatalysts.

Study the intermediates of this photoreduction through
spectroscopic characterizations and use computational methods to
corroborate/complement spectroscopic data.



Computational Methods

Software ?
— Gaussian 03, Rev. D.01

What surface plane?
— (010), (001), (101)

What calculation method/basis set?
— B3LYP/6-31+G(d)
— CASSCF /SAC-CI for excited states

Typical modeling procedure:
— Prepare 2 atom Ti cluster from appropriate face
— Model CO, adsorption on ground state rigid cluster
— Relax cluster and optimize, compare n s to experiment
— Model lowest triplet state, compare g, n and spin r



Optimized Ti,O,H,,CO, (010)

singlet
B3LYP/6-31+G(d), C, symmetry
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Comparison of experimental
(bi)carbonate IR frequencies with ground
state B3LYP/6-31G(d) calculations
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Lowest excited Ti,0,H,,CO,
(010) triplet saLvpss-31+G(d)

123.35

Atomic spin density
onTi: 1.04

CO, species (triplet-singletdq) =-0.29 e
Bond lengths in A, angles in degrees
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Excited triplet (010) C-O IR

frequencies
(Scaled)
Vibrational
Experimental | frequencies from
vibrational B3LYP
Reference frequencies calculation Comment
Matrix isolation
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Milligan,1974) 1494, 1307 radical
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Molecular orbitals of (010)

TizOng()COZ B3LYI|3/§3-31+G(d) (ground state
singlet

Also MO # 73
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Fate of CO, &

Chandrasekharan and Thomas,1983

— CO; " radicals, flash photolysis of Na,CO, + anatase
slurry

- CO; CO+0,

Scheerer and Graetzel,1976

- CO; CO,+%0,

Getoff,1994

— Coupling reactions forming reduced products
Emeline et al.,2005

— CO;™ reacts with H, to yield reduced products
No experimental verification for CO, CO + O,

13



Conclusions and Future Work :
Computations

e Conclusions

— First study to model CO, “-like radicals on
anatase (010) surfaces

« O-Ti charge transfer vs. reaction of CO5;% with OH
radicals

— Relevant intermediate?

e Future Work

— DFT results : guide to post-HF methods for
excited state geometry optimizations

— Addition of water
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Experimental Methods

e La-, Gd-, Sm- doped TIO,
— Sol-gel synthesis
— T10, coating
— Photoreactions
« EPR experiments on promising catalysts
— CW and FT-EPR

— ldentify electron/hole trapping sites, CO,,
CO;..

15



Photocatalysts tested

Conditions:

600 ml/min, 100 C (inlet), 0.11 bar o/l pressure.

0.5 LaTiO, UV A, C — H,O addition

1 LaTiO, UV C, lower flow rate

2.5 LaTio, UV C, H,0O addn., lower flow rate
P25 UV A,C, H,0O addn.

0 LaTiO,

Uv C
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Photoreactor Setup
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Typical CO, photoreduction

results
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Pulsed EPR spectra of sol-gel TiO,

X-band pulsed EPR spectraof sol-gel TIO  ,at 20K
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Conclusions and Future Work:
Experiments

e Conclusions:
—La doped TiO, : CO, CH,

— Color change of irradiated TiO, can be
tracked with pulsed EPR

e Future Work
— Quantitatively estimate CH,
— Test Sm- and Gd-doped TiO,

— Pulsed EPR work at higher temperatures
(77 K)
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