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Quantum chemical calculations of the 
photoreduction of CO2 on defective and 

stoichiometric TiO2 surfaces
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• Single point SAC-CI • DFT (triplet, homo-lumo
analyses)

Post-HF calculations, small clusters DFT calculations, large clusters

1. Can CO2 be photoreduced at defect-free anatase surfaces?

2. Do surface oxygen vacancies on anatase TiO2 promote 
CO2 (photo) reduction?

“Bridging oxygen” vacancies on (101) surface

Questions addressed
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CHEMICALS FUELS
CH3OH, CH4,  CO

Urea, cyclic carbonates,
polycarbonates, 

polyurethane intermediates etc.

Catalytic hydrogenation Electrochemical reduction

Photochemical reduction

HOMOGENEOUS SYSTEMS HETEROGENEOUS SYSTEMS

Routes to CO2 utilization
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CO2 photocatalytic reduction

e- CONDUCTION BAND

h+ VALENCE BAND

hu CO2/CH4

H2O/O2

2e-

8e-

H2O 1/2 O2 + 2H+ + 2e-

CO2 + 8H+ + 8e- CH4 + 2H2O Eo = -0.24 V vs NHE @ pH=7

CO2 + 2H2O CH4 + 2O2
hu
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Brief background & Motivation

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

• Ti on various supports (Anpo and coworkers)
• Binuclear Zr4+-Sn2+ redox catalysts (Frei and coworkers)

– CH4 production from CO2
• ~ 1mmol/h of CH4 (Anpo et al., (1998))

– H2 evolution from solar water photolyses:
• ~ 400-700 mmol/h of H2 (Aroutiounian et al.,(2005))

• Motivation
– Understand initial steps of CO2 photoreduction on TiO2 surfaces

1. Inoue, T.; Fujishima, A.; Konishi, S.; Honda, K., Nature (London, United Kingdom) 1979, 277, (5698), 637-8.

2. Anpo, M.; Yamashita, H.; Ikeue, K.; Fujii, Y.; Zhang, S. G.; Ichihashi, Y.; Park, D. R.; Suzuki, Y.; Koyano, K.; Tatsumi, T., 
Catalysis Today 1998, 44, (1-4), 327-332.

3. Aroutiounian, V. M.; Arakelyan, V. M.; Shahnazaryan, G. E., Solar Energy 2005, 78, (5), 581-592.



6

Objectives and Methods

• Objectives
– Identify the intermediate species (such as CO2

•-) formed during 
CO2 photoreduction by modeling the excited-state chemistry of 
CO2 species adsorbed on various TiO2 surfaces

• Computational Methods
– Software ?

• Gaussian 03, Rev. D.01
• Turbomole v5.9
• http://gears.aset.psu.edu/hpc/systems

– What surface plane? 
• (010), (001), (101)

– What calculation method/basis set?
• B3LYP/6-31+G(d) , SAC-CI 
• B3LYP/def2-SV(P)
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Ground state Ti2O9H10CO2 clusters optimized at 
B3LYP/6-31+G(d) level of theory bond distances in Å, angles in 

degrees 

(101) cluster 
C1 symmetry

(010) cluster 
C2 symmetry

(001) cluster 
C2 symmetry

Indrakanti et al., accepted for 
publication in Energy and Fuels, 
2008
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(010) carbonate-like species: TD-DFT vs SAC-CI 
excitation energies and Mulliken population 

analysis of SAC-CI singlet excited states
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Fate of CO3 species

[ C O 2-O surf ] *

(carbonate radical-like species)
hu

C O
2

T iO
2

sur f ace
C O

2
-O

surf
(surface carbonate)

C O surf + O 2

• No significant charge transfer to/from the surface in the 
first 6 excited states
• Frei: CO formation  2e-, 1 photon process
• CO3

•� - decomposition to CO is probably unlikely.
• Similar calculations done for (001) and (010) 
Ti(OH)4H2O-CO2 clusters

x
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(Turbomole) RI-DFT calculations on larger TiO2-CO2
clusters: Triplet (stoichiometric) Ti6O21H18 (001) and (101) clusters + CO2

(101-010) cluster, 
B3LYP/def2-SV(P)

Bond lengths in Å, angles in degrees

B3LYP/def2-SV(P)

(001) cluster, 
BP86/def2-SV(P)
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Positions of the LUMO & HOMO of Ti 
clusters compared with those of CO2(g) , 

Gaussian 03, B3LYP/6-31+G(d) level
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Discussion: Stoichiometric TiO2 clusters

• Methods: 
– High levels of electron correlation, small clusters

• Not enough CT to CO2

– DFT with large clusters
• CO2

•� - not formed in the triplet state

• LUMO of CO2 higher in energy compared to 
LUMO of TiO2

– Coordination usually results in carbonate-like species
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Do surface oxygen vacancies (SOVs) 
promote CO2 (photo) reduction?

Bridging oxygen vacancy, (101) Ti6O20H18-CO2 cluster 
RI-B3LYP/def2-SV(P)

Closed shell zero charge singlet Open shell zero charge triplet

2 2

singlet SOV triplet SOV

singlet SOV+CO triplet SOV+CO

E  E ~ 0.68eV

E  E ~ 0.71eV

- = +

- = -

<OCO=146�<OCO= 130�

q CO2 = -0.64

q CO2 = -0.38
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Excited state calculations on smaller clusters: 
singlet Ti2O8H10-CO2 , B3LYP/def2-SV(P)

•Smaller clusters : O-C-O geometry similar to Ti6 – clusters

•Visible/near-IR light may initiate photodesorption of CO2
•� - from the TiO2 

surface

•Is this photocatalytic ?

<OCO= 133� <OCO= 142�

S0 : ground 
state

S1 : first excited 
singlet (1084 nm)
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Possible effects of Ln3+ doping
• La-, Gd-, Sm- doped 

TiO2

• La3+ substituting for 
Ti4+

– 2 La3+ : 1 SOV

• La interstitials in 
TiO2

– Ti4+ vacancies
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Previous CO2 photoreduction results

2.5LaTiO2: Sp.peak areas (pA.s/mg TiO2)
UVC, RH0,100C, 2*30,100C, 0.11 bar
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Photoreactor designed
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Conclusions and Future Work

– Conclusions
• Stoichiometric TiO2 surfaces 

– LUMO CO2 << LUMO TiO2

• CO2
- is  metastable w.r.t. CO2 on TiO2

• Bridging oxygen vacancies on (101) surface
– CO2

•� - formed

• Lanthanide doping may create SOVs and influence reactivity
– ( La3+ � Ti4+)

– Future Work
• (001) SOVs
• Desorption/further reaction of CO2

•� - on TiO2-x clusters
• Periodic calculations on Ln3+-doped TiO2

• Experiments on Ln3+doped  TiO2
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Comparison of the HOMO,LUMO energies 
of defective and stoichiometric Ti6-clusters

RI-B3LYP/def2-SV(P) 

MO Spin multiplicity Energy, eV
SOV HOMO 1 -3.47

Stoichiometric, HOMO 1 -6.79
Stoichiometric, LUMO 1 -2.00
Stoichiometric, HOMO 3 -4.29

CO2(g), HOMO 1 -10.07
CO2(g), LUMO 1 0.91

Uncorrected (electronic) “interaction” energy for singlet SOV + CO2 :  -1.274 eV
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4-c Ti at (110) surface plane, end-on adsorbed CO2

% charge transferred to CO2 from O atoms of cluster
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% charge transferred to CO2 from O atoms of 
Ti(OH)4 (110) - CO2 cluster from excited state 

relaxed density population analyses
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Similar calculations done for (001) and (010) Ti(OH)4H2O-CO2 clusters
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Comparison of experimental and calculated C-O IR 
frequencies of ground stateTi2O9H10CO2 clusters

(B3LYP/6-31+G(d) calculations)
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One Ti-atom clusters, B3LYP/6-31+G(d)

(110) Ti(OH)4

(001) Ti(OH)4H2O(010) Ti(OH)4H2O

(001) Ti15O41H22
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Is CO2 reduction on anatase SOVs
photocatalytic ?

• [SOV-O2] can trap photo-generated electrons
– Bonapasta A.A. and Filippone F. (2005)
– Is the same true for [SOV-CO2] ?

• Se vacancies in CdSe:
– CO2

•- desorbs only after photoexcitation
– Can this be modeled in anatase TiO2 ?
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(Selected) MOs of singlet Ti6O20H18-CO2 cluster 
B3LYP/def2-SV(P)

HOMO-1 HOMO

LUMO LUMO+1
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Comparisons of E� for different 
photosynthetic reactions

H2O H2 +1/2 O2

CO2 + 2 H2O CH3OH+ 3/2 O2

CO2 + 2 H2O CH4 +2 O2

N2 + 3 H2O 2 NH3 +3/2 O2

CO2 + 2 H2O 1/6 C6H12O6 + O2

DGo/transferred electron, eV

1.23

1.21

1.06

1.17

1.25

Reaction


