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High-turnover visible-light photoreduction of CO2 by a 

Re(I) complex stabilized on dye-sensitized TiO2 
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Hybrid systems prepared by fixing a Re(I) complex and a dye 

on three types of TiO2 nanoparticles in two different ways 

commonly revealed persistent photocatalysis of the CO2 

reduction to CO with no levelling-off tendency under visible-

light irradiation in DMF, giving a turnover number of ≥ 435. 

The visible-light photoreduction of CO2 has been receiving 

increasingly considerable interest not only from environmental 

and long term energy-security viewpoints,1 but also as a crucial 

scientific issue in “artificial photosynthesis”.2,3 An essential 

requirement for CO2 reduction in artificial photosynthesis is to 

couple the visible-light-driven flow of electrons with multiple-

electron chemical processes that can make C–H and C–C bonds 

and can cleave C–O bonds. Such processes require suitable 

catalysts, among which transition-metal complexes have been 

regarded as a potential candidate in artificial photosynthesis4 as 

well as in electrochemistry,5 due to the easy tuning of redox 

potentials, the trapping of CO2 by its coordination to the metal 

centre, and the valence jump of the metal oxidation state in 

response to the multiple-electron reduction processes. 

 Among a variety of metal complexes investigated,2–5 the 

(bpy)ReI(CO)3Cl (bpy = 2,2’-bipyridine) complex reported by 

Lehn and his coworkers in 1983 is of particular interest because 

of the highly selective photoreduction of CO2 to CO in a 

relatively high quantum yield.6 Since then, related Re(I) 

complexes have been extensively applied to photochemical7 

and electrochemical8 reductions of CO2. However, a serious 

drawback of the Re(I) complexes in the homogeneous-solution 

photocatalysis is their short durability, as revealed by leveling-

off tendencies in the CO formation at a relatively early stage7,9 

due to degradations of the Re(I) complexes.10 However, the 

degradation might not arise from the inherent properties of the 

Re(I) complexes, since high turnover numbers were reported 

for particular systems using sensitizer-bridged Re(I) supra-

molecules11 or a sensitizer of cyclic Re(I) trimer and a Re(I) 

catalyst.12 In homogeneous solutions, various intermediates9,13 

involving long-lived reactive species are unintentionally 

distributed to undergo intermolecular interactions associated 

with the degradation of the starting complex. It can therefore be 

expected that the fixing of a Re(I) complex on dye-sensitized 

semiconductors might allow each Re(I) molecule to work as an 

intrinsic catalyst under visible-light sensitization by the dye. An 

additional benefit in utilizing such semiconductor-based hybrid 

systems would derive from the potential capability of 

semiconductor materials in multiple-electron deposition and 

transfer to a catalyst site.3,13 This communication reports that 

hybrid systems prepared by immobilizing the Re(I) complex 

ReC on dye-loaded TiO2 nanoparticles reveal persistent 

behaviour in the photoreduction of CO2 to CO under visible-

light irradiation in the presence of an electron donor (SD) (Fig. 

1), and some interesting findings from this work are presented. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Conceptual representation for the reaction system (top) and the 

compounds used in this work (bottom). 

 The organic dye (Dye), Re(I) catalysts (ReC and ReE) and 

electron donor (SD) shown in Fig. 1 were prepared according to 

known methods (see ESI†). The TiO2 materials used include 

synthetic nanosheets with exposed [001] facets (S-TiO2) and 

two commercially available nanosize powders, Hombikat UV-

100 (H-TiO2) and Degussa P-25 (D-TiO2), onto which ReC and 

Dye were covalently fixed through the phosphonic or 

carboxylic acid anchoring group. The hybrid materials are 

denoted as ReC/TiO2/Dye when prepared by the initial loading 

of ReC followed by fixing of the Dye and as Dye/TiO2/ReC, 
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which was obtained by the reverse sequence of loading. The 

successful anchoring of ReC and Dye on the TiO2 surface was 

confirmed by IR and diffuse-reflectance absorption 

spectroscopy (Fig. S1†). Suspensions of the hybrid materials in 

CO2-saturated N,N-dimethylformamide (DMF) containing SD 

(0.1 M) were irradiated at > 420 nm using a Xenon lamp 

combined with a glass light filter. 

 

 

 

 

 

 

 

Fig. 2 (A) Plots of CO formation versus time in the absence (-■-) and presence of 

1.5 M 2,2,2-trifluoroethanol (-●-), 3%(v/v) H2O (-▲-), and 10%(v/v) H2O (-▼-) for 

10 mg ReC (0.1 µmol)/H-TiO2/Dye (1.5 µmol) in 3 mL DMF containing 0.1 M SD; 

irradiation at > 420 nm. (B) IR spectra of ReC/H-TiO2/Dye in KBr discs (sample: 

KBr ≈ 1:100) before (a) and after irradiation for 100 min (b) and for 20 h (c). 

 
Table. 1 Turnover number of CO formation (TN(CO))

a 

                            ReC/TiO2/Dye                                 Dye/TiO2/ReC
 

               S-TiO2        H-TiO2        D-TiO2                  S-TiO2        H-TiO2        D-TiO2 

              70 (85)      53 (113)     51 (84)               111 (118)    55 (116)       93(n.d.
b
) 

a 
Average values after 10 h irradiation. In parenthesis are the values for the 

reactions in the presence of 10%(v/v) H2O. 
b
 Not determined. 

 As shown in Fig. 2(A) and Fig. S2† for the plots of TN(CO) 

(= molar ratio of CO formed/ReC used) versus irradiation time, 

CO was steadily formed with no levelling-off tendency; H2 

evolution was only < 5% that of CO. Table 1 lists TN(CO) after 

10 h irradiation. In the case of ReC/H-TiO2/Dye, the steady CO 

formation continued by 20 h with TN(CO) of 160 (Fig. S3†), 

and no substantial loss in the IR absorption bands of the CO 

ligands of ReC was observed (Fig. 2(B)). Formic acid and 

oxalic acid as the other possible reduction products were not 

detected by HPLC analysis of the liquid phase. 

 For comparison, the photoreduction of CO2 in homogeneous 

DMF solution using a combination of ReE/triethanolamine 

(TEOA), ReE/SD or Ru(bpy)3
2+/ReE/SD was undertaken; the 

CO formation leveled off within 5 h with TN(CO) of < 50 (Fig. 

S4†). These results clearly demonstrate that ReC has been 

remarkably stabilized by its fixation on the Dye-loaded TiO2 

nanoparticles. Presumably, two-electron transfers to the ReC 

site would be effectively mediated through TiO2 to complete 

the catalytic cycle without significant degradations of ReC. On 

the other hand, in homogeneous solutions, the second electron 

transfer to a key intermediate following the first one-electron 

reduction event should proceed under direct interactions with 

the second electron source(s), typically the one-electron 

reduced species of the Re(I) catalyst9 and oxidized donor 

radicals, so that unfavourable competitive reactions might occur 

even to a minor extent. 

 While the electron flow in the CO2 reduction should follow 

the scheme shown in Fig. 1, the relative energy levels of the 

components need to be referred to. The flat-band potential of a 

fused-particle TiO2 electrode in DMF was reported to lie at 

−2.04 V versus SCE (–2.42 V versus Fc+/0),15 which is 0.42 eV 

more negative than the oxidation potential of excited-singlet 

Dye (1Dye*).16 If this were the case, the electron injection from 
1Dye* into the conduction band of TiO2 would hardly compete 

with the decay of 1Dye* (τ ≈ 1 ns).16 Furthermore, the electron 

transfer to ReC through TiO2 should be exergonic enough to 

compete with fast charge recombination.17 Therefore, the 

conduction-band minimum of our TiO2 materials in DMF might 

be located between the oxidation potential of 1Dye* ( ≈ –2 V 

versus Fc+/0)17 and the reduction potential of ReC (–1.67 V). 

The oxidation potential of SD (–0.185 V) is much more 

negative than that of Dye (0.50 V) so that the Dye radical 

cation left after electron injection from 1Dye* into TiO2 might 

be efficiently reduced by SD. 

 Some interesting features from the present observations 

should be noted. (1) The photocatalytic efficiencies 

significantly depend on the TiO2 sources (Table 1), probably 

related, at least in part, to the different morphologies and crystal 

phases of the nanoparticles (Fig. S5 and S6†). S-TiO2 has an 

anatase nanosheet morphology (20 nm length × 5 nm thickness) 

with ≈ 90% [001] facets, whereas H-TiO2 (pure anatase) and D-

TiO2 (75% anatase and 25% rutile) are spherical nanoparticles 

of 5 nm and 18 nm diameter, respectively. The agglomerates of 

the different nanoparticles should have different distributions of 

surface states/trap sites and grain boundaries associated with 

the catalytic properties. (2) In the cases of S- and D-TiO2, the 

initial loading of Dye resulted in considerably higher catalytic 

activity than the initial loading of ReC, whereas such a loading-

sequence effect was not clear in the case of H-TiO2 (Table 1 

and Fig. S1†). A possible assumption is that the surfaces of 

larger-size S- and D-TiO2 would have local distributions with 

different activities in the electron injection from 1Dye* and/or 

electron transfer to ReC, while the surface of smaller-size pure 

anatase H-TiO2 would be relatively homogeneous. (3) The 

reaction efficiencies were considerably enhanced on addition of 

1.5 M 2,2,2-trifluoroethanol or 3–10%(v/v) H2O, particularly in 

the cases of the hybrids based on H-TiO2 and D-TiO2 (Table 1). 

This observation is reminiscent of the Brønsted acid effect on 

electrochemical CO2 reduction.18 Such an effect was minor, but 

appreciable, for the S-TiO2 hybrids. (4) The CO2 reduction was 

almost completely retarded by 1.2 M TEOA, unlike 

homogeneous-solution CO2 reduction which is more or less 

assisted by TEOA coexisting with a real electron donor.11,12 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Formation of CO in 4-cycle repetition of irradiation at > 420 nm for 400 min 

after CO2 bubbling for 30 min in the dark; 10 mg Dye/S-TiO2/ReC with 0.1 µmol 

ReC and 1.5 µmol Dye in the presence of 0.1 M SD and 10%(v/v) H2O. 
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 In order to confirm the catalytic persistency of the hybrids, 

we carried out repetitive irradiation experiments. As shown in 

Fig. 3 for Dye/H-TiO2/ReC, no leveling-off tendency was 

observed in each cycle and the efficiency of CO formation 

increased with the increase of the cycle from TN(CO) of 84 in 

the 1st run to TN(CO) of 121 in the 4th run. The total TN(CO) 

reached 435. The other hybrids also revealed similar behaviour 

as well (Fig. S8†). This unique phenomenon appears to be in 

line with the appearance of induction periods in Figs. 2, S2–S4, 

S7, and S8†. While investigations are now being performed on 

the mechanistic origin, we tentatively assume that the electron 

transfer to ReC would progressively prevail over electron 

trapping as various electron-trapping sites distributed in 

TiO2
17,19 have been sequentially filled with trapped electrons. 

 The present investigation has demonstrated that the ReC 

catalyst immobilized on Dye-sensitized TiO2 particles works as 

a persistent catalyst for the reduction of CO2 to CO with high 

TN(CO) under visible-light irradiation. It is implied that the 

convenient methodology reported here might provide a possible 

way for manifesting the “inherent” catalytic ability of particular 

transition-metal complexes that would be masked in 

homogeneous-solution catalysis. A further attempt is currently 

being made to find stable hybrid systems that can efficiently 

work in water, directing to couple the CO2 reduction hybrid 

with a water-oxidation system. 
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