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Abstract: This work shows a novel artificial donor–catalyst–
acceptor triad photosystem based on a mononuclear C5H5-
RuH complex oxo-bridged TiO2 hybrid for efficient CO2

photoreduction. An impressive quantum efficiency of 0.56%
for CH4 under visible-light irradiation was achieved over the
triad photocatalyst, in which TiO2 and C5H5-RuH serve as the
electron collector and CO2-reduction site and the photon-
harvester and water-oxidation site, respectively. The fast
electron injection from the excited Ru2+ cation to TiO2 in ca.
0.5 ps and the slow backward charge recombination in half-life
of ca. 9.8 ms result in a long-lived D+–C–A¢ charge-separated
state responsible for the solar-fuel production.

Chemical conversion of carbon dioxide (CO2) into low-
carbon fuels, such as methane (CH4) and methanol (CH3OH),
at high efficiency and high product selectivity is an ideal
solution to global warming and shortages of fossil fuels and
carbon resources.[1] One way to accomplish the conversion is
through applying artificial photosystems including solar
photovoltaic (PV) devices, photoelectrochemical (PEC)
cells, and photocatalysis (PC) with electrons and protons
derived from water.[2] State-of-the-art PV and PEC systems
for the conversion generally yield an efficiency as low as 0.1%
under visible-light irradiation but are believed to be a promis-
ing means of addressing the CO2 conversion issues.[3] Photo-
catalysis, which involves light-irradiated catalysts including
solid catalysts and molecular catalysts, is the simplest CO2

conversion approach, more amenable to cheap, large-scale
applications of low-carbon fuel production.[4] Unluckily,
despite intense effort over the last decade, the solar-fuel
production by the photocatalyzed conversion of CO2 and
water still faces several challenging issues: 1) The majority of
semiconductor photocatalysts, such as TiO2, ZnO, Zn2GaO4,

Zn2GeO4, ZnS, ZrO2, BaTiO3, SrTiO3, Ga2O3, Zn2SnO4, only
utilize the UV light region of solar electromagnetic spectrum;
2) currently reported photocatalysts that can work for the
conversion in the visible-light region give a low quantum
efficiency (QE) of less than 0.1%;[3, 4] 3) the overall eight-
electron reduction of CO2 to low-carbon fuels encounters the
competing backward reactions, leading to a heterogeneous
product distribution from CO and HCOOH to CH3OH and
CH4, finally to C2-hydrocarbons; and 4) understanding of the
photocatalyzed CO2 conversion mechanism still is in its
infancy owing to both the complex multielectron-transfer
processes and the multi-avenues to final products.

It was well established that the overall conversion of CO2

and H2O into CH4 is made of two electrochemical half-
reactions [Eq. (1),(2)].[3]

2 H2O! O2 þ 4 Hþ þ 4 e¢, E� ¼ þ0:82 V at pH 7:0 ð1Þ
CO2 þ 8 Hþ þ 8 e¢ ! CH4 þ 2 H2O, E� ¼ ¢0:24 V at pH 7:0 ð2Þ

It requires a high Gibbs free energy at room temperature
and standard pressure, but the concerted eight-electron
reduction process for CH4 evolution is kinetically more
favorable than the two, four, or six-electron processes
corresponding for the production of CO, HCOOH, HCHO,
and CH3OH, which need a more negative electrochemical
potential (¢0.38 V for CH3OH, ¢0.48 V for HCHO, ¢0.53 V
for CO, and ¢0.61 V for HCOOH).[3] The kinetic consider-
ations mean that the challenge lies mainly in the congregation
of eight electrons and reactive substrates at an active center,
which performs the eventual formation of C¢H bonds.

Inspired by natural photosystems composed of donor–
photosensitizer–acceptor (DPA) triads, herein, an artificial
donor–catalyst–acceptor (DCA) triad photosystem based on
a novel C5H5-RuH complex bound to anatase (C5H5-RuH-O-
TiO2) hybrid was proposed to perform the CO2 reduction.
Such a molecular hybrid material with the feature of the
mononuclear C5H5-RuH complex coordinated to three Ti-O
sites can function as a visible-light photocatalyst fulfilling the
above electrochemical requirements. Ruthenocene was used
because it has an oxidation potential (+ 1.14 V vs. normal
hydrogen electrode (NHE)) higher than the water oxidation
potential (+ 0.82 V) and high reactivity to surface acidic
hydroxyls of metallic oxides and zeolites.[5] Anatase TiO2

nanoparticles with rich surface active sites were chosen as
the electron collector to carry out the CO2 reduction. The
resultant hybrid just spans the range of the reduction and
oxidation potentials relevant to the photocatalyzed reaction,
and should move in principle the two half-reactions (Equa-
tions (1) and (2)) towards the right, driven by visible light.
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Surprisingly, an unexpected quantum efficiency (QE) of
0.56% is achieved over the optimal hybrid photocatalyst
C5H5Ru0.6/TiO2 for the CO2-to-CH4 conversion under 420 nm
light irradiation. The surface CpRuH-O-Ti (Cp = h-C5H5)
complex is locally excited by visible light to fast inject
electrons into the TiO2 host in approximately 0.5 ps, forming
a long-lived D+–C–A+ charge-separated state with a
half-lifetime up to 9.8 ms to implement the multiple-
electron reduction of CO2 to CH4 by H2O at almost 100%
selectivity.

The preparation of the surface C5H5-RuH complex
proceeds by the chemical grafting of ruthenocene
((C5H5)2Ru) on dehydrated anatase TiO2 surface, that is,
Cp2Ru physically adsorbed on anatase TiO2 reacts with the
isolated hydroxyls to remove a Cp group in a CpH way at
423 K. The remnant C5H5-Ru fragment is chemically bonded
to surface hydroxyl sites of TiO2 nanoparticles via the Ti-O-
Ru linkage. FTIR spectra (Figure 1A) clearly display several
characteristic IR bands at 1524, 1445, and 1412 cm¢1 corre-
sponding to the C5H5 ligand of the surface Ru complex,
indicating that the chemical grafting of Cp2Ru to anatase TiO2

nanoparticles is basically in coincidence with those of Cp2Ni
and Cp2Fe reported in our previous work.[5b,c] The different

point is the occurrence of two weak IR bands at 2071 and
2002 cm¢1 belonging to the stretching vibration of Ru¢H
bonds.[6] The exposure to air leads to a blue shift from 2002 to
1954 cm¢1 (D = 48 cm¢1) and almost disappearance of the
2071 cm¢1 band due to the coverage of adsorbed H2O
molecules with a characteristic IR band at 1626 cm¢1.[7]

Importantly, no any changes are discernible on the IR spectra
obtained after the exposure for 1 h and 6 months (Supporting
Information, Figure S1), indicating that the surface Ru
complex is chemically stable for oxygen and wetness, even
under an inert atmosphere below 423 K as shown in TPD
patterns (Figure S2). All of structural characterizations
including XRD, TEM, HRTEM, EDS, and elemental map-
ping analysis (Figure S4–6) results clearly indicate that the
grafted Ru complex is homogeneously dispersed on TiO2

surface. It does not alter the crystal structure and morphologic
characteristics of the parent TiO2, but modulates its electronic
structure and surface properties, as shown by the XPS spectra
(Figure S3B,C). The Ru3d XPS peak at approximately
280.4 eV (Figure S3A) demonstrates that the grafted Ru
species is still present in + 2 oxidation state,[8] whereas the 1s
binding energy of the oxygen atoms in CpRux/TiO2 shifts from
529.8 to 529.9 eV, and the Ti 2p3/2 binding energy shifts by

0.2 eV towards low energy. It indicates the electron-
donating effect of the grafted Ru complex.

The Ru K-edge k2-weighted EXAFS spectrum of
CpRu0.6/TiO2 (Figure 1B) gives only a strong oscil-
lation peak, like the reference Cp2Ru. No Ru–Ru
back-scatterings are discernible, indicating that the
grafted Ru species are atomically isolated on the TiO2

surface. The fit results (Table S1, Figure S8) show that
each Ru atom in the grafted sample is coordinated on
average to three oxygen atoms of TiO2 lattice with
a Ru–O distance of 2.05 è, to five C atoms with a Ru–
C distance of 2.21 è, and to one H atom with a Ru–H
distance of 1.59 è. The XAFS result thus strongly
evidences the formation of a well-defined mononu-
clear (�Ti-O-)3 RuH-C5H5 surface complex by a path-
way proposed in Figure 1 C. The tripodal surface Ru
complex is oxo-bridged to the {101} and {001} facets of
TiO2 nanoparticles. Interestingly, the grafted Ru
complex results in a wide visible absorption from
400 to 800 nm (Figure S9A), compared to the bare
TiO2 that gives the band-edge absorption at about
380 nm. It can be seen from their difference spectra
(Figure S9B) that a main absorption centered at
around 414 nm with a long tail occurs in the whole
visible region, which was also discerned in the
previous work on the Ti-O-M molecular linkages
(M = Ni, Mn, Ce).[5b, 9] The absorption at 414 nm is
attributed to the metal-to-metal charge transfer
(MMCT) of a new molecule bonding, Ti-O-Ru. It
has nothing to do with the C5H5 ligand, as indicated by
the uniform UV/Vis DRS spectrum of the Ru0.6/TiO2/
H2 sample prepared by removing the C5H5 group of
CpRu0.6/TiO2 with H2 at 573 K for 24 h. These results
conclusively indicate that the surface C5H5-RuH
complex can harvest visible photons by the local
surface excitation of TiIV-O-RuII!TiIII-O-RuIII.

Figure 1. A) IR spectra of TiO2 before and after grafting reaction with Cp2Ru:
a) TiO2 dehydrated in vacuum at 673 K for 2 h, where four IR bands belonging
to surface hydroxy groups situated at {101} and {001} facets occur at 3738,
3715, 3670, and 3640 cm¢1.[5b] b) after reaction at 423 K for 24 h and elimination
of the physically adsorbed species at room temperature in vacuum for 2 h;
c) after exposure to air, the band at 1524 cm¢1 has decreased in intensity owing
to the adsorption of H2O molecules on the TiO2 surface, as illuminated by
occurrence of the 1626 cm¢1 band in (A). B) EXAFS spectra of Cp2Ru and
CpRu0.6/TiO2. C) The chemically grafting of Cp2Ru on {101} and {001} facets of
anatase TiO2 nanoparticles. (b) and (i) indicate different of oxygen atoms of
TiO2.
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The CO2-to-CH4 conversion is used to evaluate the
photocatalytic properties of as-synthesized CpRux/TiO2

hybrids. No CH4 is detected when put the CpRux/TiO2

catalysts in a mixture steam of CO2 and H2O in dark for
4 h, while visible light (l> 420 nm) irradiation of the CpRux/
TiO2 powders leads to the evolution of CH4 at room
temperature (Figure 2 and Table S3). Its yield steadily

increases with irradiation time (Figure 2 A). Bare TiO2 does
not show CH4 evolution under visible light irradiation due to
no visible light absorption. These results indicate that the
conversion is driven by visible light absorption. Moreover, no
CH4 is produced in this photoreaction system without adding
CO2 or/and H2O, proving that the product CH4 is really
derived from two reactive substrates, CO2 and H2O, instead of
the C5H5 ligand of the grafted surface species. The two
isotope-labeling experiment (18O and 13C) results provide the
most solid evidence for the electrons of CO2 photoreduction
coming from the water oxidation (Figure S10). The CH4

evolution rate increases with the Ru grafting and reaches
a maximum (44.0 mL g¢1 h¢1) at 0.6 wt% Ru content, followed
by a considerable decrease (Figure 2B). The maximal rate of
CH4 evolution is far larger than that (6.0 mLg¢1 h¢1) of the
reference counterpart prepared by covalent bonding of
ligands of Ru(phen)2(PIBH) (phen = phenanthroline,
PIBH = pyridyl benzimidazole hybrid) to surface of anatase
TiO2, and the optimal rate of CH4 evolution can be enhanced
to ca. 80 mL g¢1 h¢1 under solar irradiation. The 7-fold
enhanced efficiency of CH4 production originates from the

formation of interfacial TiIV-O-RuII bonding, which facilities
the transfer of photo-generated electrons from the Ru
moieties to TiO2.

Removal of the C5H5 organic ligand deactivates the
catalyst. The control sample, Ru0.6/TiO2/H2, gives a low CH4

production of approximately 240 mL g¢1 without visible-light
excitation (Figure 2C), but subjects to quick deactivation,
implying that it is a catalytic process, more likely a chemical
reaction. Also, another control sample, Ru0.6/TiO2/O2 pre-
pared by removing the C5H5 group of CpRu0.6/TiO2 with O2 at
673 K for 12 h, is catalytically and photocatalytically inert for
the conversion (Table S3). XPS and EXAFS characterizations
(Figure S11 and S12) illuminate that the RuII species are
oxidized to + 4 oxidation state and present as RuO2 nano-
clusters.[10] These results conclusively indicate that the C5H5

organic group bonded to RuII cation is indispensable for the
photocatalyzed CO2 conversion. Figure 2D presents the
wavelength dependence of CH4 evolution on the catalyst.
The CH4 production matches well with the diffuse reflectance
spectrum of surface Ru complex, confirming that the reaction
is indeed induced by light absorption.

Femtosecond time-resolved IR absorption spectroscopy
was first used to trace the dynamics of metal-to-metal charge
transfer (MMCT) into the surface C5H5-RuH-O-Ti complex
under 800 nm light irradiation. These structureless broadband
spectra in the range of 5000–9000 nm are characteristic of free
electrons, and thus this absorbance can be assigned to the
intra-band transition from the bottom of conduction band to
the upper levels.[11] For the bare TiO2, it has a band gap energy
of around 3.2 eV and no photo-response for visible and near
IR light, whereas two-photon absorption occurs with 800 nm
excitation,[12] leading to the generation of mobile holes and
electrons. As shown in Figure 3 A, it presents the transient
absorption with the signal intensity of 0.0035 OD at delay
time 1 ps. The absorption unambiguously originates from the
photogenerated electrons trapped in conduction band or mid-
gap states.[11b,13] The absorption intensity exponentially
decreases to approximately 0.0001 OD at delay time 100 ps.
For the CpRu0.6/TiO2 (Figure 3B), the identical absorption as
bare TiO2 means that the trapped electrons are placed in the
same environment. No any vibration peaks appear in the
observed transient IR spectra except for the interference
from those of water molecule. A four-fold enhanced absorb-
ance appears, compared to the bare TiO2. The transient
absorption intensity reaches 0.016 OD at delay time 1 ps and
yet decays to 0.004 OD at delay time 100 ps. It implies that the
concentration of photo-generated carriers on the excited
CpRu0.6/TiO2 sample is four times than that of the bare TiO2.
The increased carrier population can be originated from the
MMCT of surface C5H5-RuH-O-Ti complex.

Figure 3C displays the electron decay kinetics of CpRu0.6/
TiO2 and bare TiO2 at 8500 nm. The rising phases of both the
kinetics were fitted by convolution of an instrumental
response function (0.2 ps in full width at half maximum
(FWHM)) with an exponential rising equation corresponding
to the electron injection time. The electron injection time for
bare TiO2 by two-photon excitation is 0.3 ps, while the
electron injection from C5H5 complex to the conduction
band of TiO2 is 0.5 ps (Figure S13). Meanwhile, both of the

Figure 2. A) CH4 production of per gram of CpRu0.6/TiO2 under dark
and visible-light irradiation. B) The CH4 revolution rate functions as
the grafted amount of Ru. C) The CH4 production over per gram
CpRu0.6/TiO2 and Ru0.6/TiO2/H2 under visible-light and the Ru0.6/TiO2/
H2 under dark as functions of time. D) Wavelength-dependence of CH4

production over the CpRu0.6/TiO2 catalyst.
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decay kinetics can be fitted by a biexponential decay process.
The fit results of bare TiO2 (Table S4) shows that the lifetime
of fast component, attributable to trapping of electrons at
shallow mid-gap states of TiO2 nanoparticles, is 9.3� 3.1 ps,
and the lifetime of slow component, belonging to bulk
trapping process and charge recombination of electrons in
TiO2, is 142.0� 20.9 ps.[14] For the CpRu0.6/TiO2, the lifetime
of the fast decay component is 7.0� 1.0 ps, which is basically
the same as that of the bare TiO2 when error is considered.
Therefore, this fast component is assigned to the same process
as that in bare TiO2. Accordingly, the slow component with
a lifetime of 186.0� 14.5 ps can be assigned to relaxation into
deep bulk trapping sites and the back electron transfer into
the surface C5H5-Ru complex. The relaxation time of photo-
generated electrons is increased by ca. 43.5 ps in magnitude. It
is thus expected that a long-lived charge-separated state of
surface Ru complex can be formed after excitation with
visible light, which is favorable for the interfacial transfer of
electrons to reactive substrates.

To further explore the nature of the solar-fuel production,
we applied nanosecond transient absorption (NTA) spectros-
copy to follow the carrier dynamics in bare TiO2 and CpRu0.6/
TiO2 films under 355 nm light excitation. Figure 3D,E display
the decay kinetics of bare TiO2 and CpRu0.6/TiO2 at different
wavelength absorptions. For the bare TiO2 (Figure 3D), The
kinetic traces exhibit a significant photo-bleaching or excited-
state quenching on several nanosecond delay time scale,
following by the formation and decay of charge-separated
states at microsecond delay time. They could be fitted by a tri-
exponential function. The fit results display that the NTA
signatures at 420, 450, 520, 650, and 800 nm, respectively,
representing holes trapped on surface, subsurface, and bulk
centers as well as electrons trapped surface and subsurface

centers, include one exciton formation process on the nano-
second time scale, one charge separation process and one
charge recombination process on the microsecond time scale.
Analysis of the quenching kinetics reveals that the exciton
formation time is relatively constant, varying between 2.0 and
5.0 ns (Table S5). The charge-trapped species at 800 nm
exhibits an electron transit time of 145.0� 2.0 ns and a recom-
bination lifetime of 25.9� 4.0 ms. However, the kinetic traces
of CpRu0.6/TiO2 become complex (Figure 3E). Analysis of the
kinetic traces by a bi-exponential function reveals clearly that
the charge-separated state at 800 nm has a slight slower
charge-separation lifetime of 185.9� 25.7 ns, and a charge-
recombination lifetime of 9.8� 0.80 ms nearly three-fold
faster than that of bare TiO2 (Table S6). Therefore, we can
sure that the NTA spectra are mainly contributed from the
grafted C5H5-RuH complex. It is reasonable to propose that
the charge transfer mechanism depicted in Figure 3F occurs
on the surface C5H5-RuH complex. The formation of the
long-lived D+–C–A¢ charge-separated state, C5H5

+-RuH-O-
TiO2

¢ , is the key to the efficiently photocatalyzed fuel
production in the artificial photosystem.

In summary, a new “push–pull” DCA triad as a photo-
catalyst has been successfully designed to mimic natural
photosystems for CO2 reduction based on both of the local
surface excitation and the well-matched redox potentials.
Such a hybrid material features the mononuclear C5H5-RuH
surface complex binding to three Ti-O sites, in which the C5H5

ligand, the Ru2+ cation, and the TiO2 moiety serve, respec-
tively, as electron donor, light-harvester, and water-oxidation
center, as well as electron acceptor and CO2-reduction site.
On irradiation, the hybrid forms a long-lived charge-sepa-
rated state to carry out the CO2-to-CH4 conversion, showing
an excellent photoactivity. A quantum efficiency of 0.56%

Figure 3. 800 nm laser excitation femtosecond time-resolved IR absorption spectra of TiO2 (A) and CpRu0.6/TiO2 (B). C) Electron decay kinetics at
8500 nm. Fit curves are shown by solid line. The 355 nm laser excitation nanosecond absorption kinetics traces at different wavelengths of
TiO2 (D) and CpRu0.6/TiO2 (E). F) The proposed mechanism of photo-induced charge transfer in C5H5-RuH-TiO2.
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can be achieved under visible light irradiation. This work
provides visible opportunities for exploring at a molecular
level the CO2 photoreduction mechanism by design of
a structurally well-defined photoactive center.
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