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In this article we study the anchoring of cis-[Ru(bpyC4pyr)(CO)2(CH3CN)2]2+, cis-[Ru(bpy)2(CO)2]2+ and
cis-[Ru(bpyac)(CO)2Cl2], onto nanoporous TiO2 employing electropolymerization, electrostatic interac-
tion and chemical bonding. Also, the [Re(bpyac)(CO)3Cl] rhenium(I) complex for chemical anchorage
was analyzed. The characterization of TiO2/Ru(II) and TiO2/Re(I) nanocomposite films was performed
by field emission scanning electron microscopy (FESEM), electron dispersive X-ray spectroscopy (EDS)
and Raman spectroscopy. In addition, for the more stable nanocomposites obtained, the catalytic proper-
ties (solar energy conversion and CO2 reduction) were evaluated. The efficiency improvement in redox
process derived from the (photo)electrochemical evidence indicates that modified nanoporous TiO2

structures enhance the rate of charge transfer reactions.
� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The photovoltaic cells based on titanium dioxide are well-
known for its high-efficiency in dye-sensitized solar cells since
Grätzel and co-workers incorporated dinitrogenated ruthenium
(II) complexes onto the TiO2 surface [1–3]. TiO2 surfaces as rutile
or anatase-like forms have a skeleton of titanium and oxygen
atoms spatially distributed [4,5] providing a high number of
Ti–OH groups on the solid surface [6,7], which allows linking of
organometallic compounds and organic chains for the preparation
of hybrid materials [8–10]. On the other hand, the controlled man-
ufacture of dye-sensitized TiO2 structures at the nanometric scale
allows either promote or suppress the recombination of electron
and hole pairs upon UV–visible light excitation, conferring to
TiO2-based materials an increasing interest within renewable
energy and environment fields as well as in nanotechnology
[1–5,8,9].
In the last decades, numerous studies have been conducted
involving auto-organized nanostructures of different metal oxides
and semiconductors, which have received considerable attention
due to the potential technological uses of these materials [11,12].
In this way, in order to increase the versatility of the physicochem-
ical properties for different applications, novel modification strate-
gies of nanostructured TiO2 films have been investigated [13–15].

On the other hand, several reports on the general, flexible
and modular ruthenium(II) complexes synthesis of type
cis-Ru(N,N)2X2 (where N,N is a dinitrogenated ligand and X is an
halide such as chloride) conclude that the electronic effects
produced by the ligands nature and coordination position are
fundamental to control their electrochemical properties [16–19].
In addition, numerous studies on electron transfer and transport
processes in solar cells based on TiO2 with ruthenium (II) com-
plexes have demonstrated successful results in energy conversion
[16,20]. These findings encourage the development of new meth-
ods to immobilize ruthenium-based catalysts onto semiconducting
or conducting supports with the purpose of obtaining heteroge-
neous catalysts. Furthermore, other transition metal complexes
such as rhenium compounds have been studied for their photo-
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Scheme 1. Schematic representation of [Ru(bpyC4pyr)(CO)2(CH3CN)2]2+ (1), [Ru(bpy)2(CO)2]2+ (2), [Ru(bpyac)(CO)2Cl2] (3) and Re(bpyac)(CO)3Cl] (4) complexes, respectively.
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and electrocatalytic properties for the reduction of CO2 [21–23].
Among several reported compounds, the ruthenium (II) and
rhenium (I) complexes harboring carbonyl ligands have promising
catalytic properties with the choice of suitable bidentate ligands
[24–27]. This type of catalysts could have important applications
in new devices for the conversion of CO2 to value added molecules
such as CO, which represent an important technological and
environmental challenge [16,21,26,27].

Based on these findings, we carried out the study of nanocom-
posites based on nanoporous TiO2 films modified with ruthenium
(II) and rhenium (I) complexes (see Scheme 1) by electropolymer-
ization, electrostatic interaction and chemical bonding. The mor-
phologic and chemical characterization of the nanocomposite
films obtained for the different anchorage methods is performed
by field emission scanning microscopy (FESEM), electron disper-
sive X-ray spectroscopy (EDS) and Raman spectroscopy. In addi-
tion, for the more stable and homogeneous nanocomposite
materials obtained, the potential applications in the electroreduc-
tion of CO2 and its applicability as a solar to electrical energy con-
verter by photoelectrochemical methods are evaluated.
2. Experimental

All the starting materials were purchased from Merck and
Aldrich and used without further purification. The cis-[Ru
(bpyC4pyr)(CO)2(CH3CN)2]2+, cis-[Ru(bpy)2(CO)2]2+, cis-[Ru(bpyac)
(CO)2Cl2] and [Re(bpyac)(CO)3Cl] complexes used in this study
were prepared according to literature procedures [28–31]. The
anodization of titanium was performed as previously reported
[32]. TiO2/[Ru(bpyC4pyr)(CO)2(CH3CN)2]n polymetallic (Ru-Ru)
films were grown by continuously cycling the potential between
�0.90 and �1.70 V on a TiO2 nanoporous electrode in a 1 mM
solution of [Ru(bpyC4Pyr)(CO)2(CH3CN)2]2+. For the TiO2/[Ru
(bpy)2(CO)2]2+ modified surface, a previous reduction of the TiO2

nanoporous electrode by application of a potential pulse at
�1.50 V in a solution of CH3CN + 0.1 M TBAP for 5 min was per-
formed. After that, the ruthenium complex was anchored to the
TiO2 nanoporous film by dipping in a 5 mM of [Ru(bpy)2(CO)2]2+

in acetonitrile solution for 80 h. Otherwise, prior to the nanoporous
TiO2 surface modification with the [Ru(bpyac)(CO)2Cl2] or [Re
(bpyac)(CO)3Cl] complexes, the TiO2 films was soaked for 1 h in a
NaOH aqueous solution (pH 13), copiously washed with water,
rinsed with 5 mL of acetonitrile and dried with argon. After that,
the catalysts were anchored to the TiO2 nanoporous films by dip-
ping in a 5 mM of [Ru(bpyac)(CO)2Cl2] or [Re(bpyac)(CO)3Cl] ace-
tonitrile solution for 20, 40, and 80 h.

Electrochemical measurements were made using an EG&G
Princeton Applied Research model 273 or 173 potentiostat/
galvanostat equipped with a Sefram TGM 164 X–Y recorder. All
cyclic voltammograms were obtained in a conventional three-
electrode cell under argon or carbon dioxide atmosphere. All
potentials reported in organic media are relative to Ag/AgNO3

10 mM in CH3CN + 0.1 M TBAP. Supporting electrolyte was
n-Bu4NClO4 (TBAP) from Fluka. Acetonitrile from Rathburn (HPLC
grade) was used as received.

The surface morphology of the modified TiO2 electrodes was
characterized using a Carl Zeiss

P
igma model FESEM microscope.

The chemical identification and mapping of the atomic elements in
the modified nanoporous TiO2 films were performed using an EDS
spectrometer coupled to the FESEM microscope. Raman experi-
ments were performed ex situ (in air) using a Horiba LabRAM HR
spectrometer employing an Ar laser (514.5 nm wavelength). Pho-
toelectrochemical measurements were carried out under solar
simulation conditions, employing an UV enhanced Xe lamp of
150 W (Newport Oriel Instruments 6254) mounted in a lamp
holder (Oriel 67,005), a water filter (Oriel 61,945) and connected
to the cell with a 1 m length optical fiber (Oriel 77,578). A power
supply of 40–200 W (Oriel 68,907) was used to generate the arc
in the lamp. The illumination power was quantified inside the cell
by means of an energy radiant meter (Oriel 70,260). The samples
were illuminated at a constant light intensity of 4.0 mW cm�2.
3. Results and discussion

3.1. Preparation and characterization of TiO2/[M complex]
nanocomposites

In order to obtain stable TiO2/[M complex] nanocomposites for
(photo)electrocatalytic investigations, three different ruthenium
(1–3, Scheme 1) and one rhenium (4, Scheme 1) coordination com-
plexes were employed. Additionally, according to the chemical nat-
ure of the ligands present in the complex molecules, the
modification of the nanoporous TiO2 film was performed by differ-
ent methods. Furthermore, for the more stable and homogeneous
nanocomposites obtained, the chemical characterization by elec-
tron dispersive X-ray spectroscopy (EDS) and Raman spectroscopy
as well as the photoelectrochemical and electrocatalytic perfor-
mance are studied.
3.1.1. Electropolymerization
Anodic electropolymerization of the N-functionalized pyrrole

(pyr) side of [Ru(bpyC4pyr)(CO)2(CH3CN)2]2+ complex (1), is one
of the possible ways to modify conductive surfaces [33]. However,
for semiconductor materials like TiO2 nanoporous electrodes, is not
possible to carry out the anodic pyr electropolymerization of the
complex because of the nanoporous TiO2 surface does not present
enough electronic conductivity in the anodic potential region. For
this reason, the anchorage on TiO2 nanoporous electrodes was



Fig. 1. (a) Potentiodynamic j/E response at 50 mV s�1 for electrochemical gener-
ation of the organometallic polymer on TiO2 nanoporous electrode in 1 mM
[Ru(bpyC4pyr)(CO)2(CH3CN)2]2+ in CH3CN + 0.1 M TBAP solution. Arrows indicate
increasing cycle’s number from the 1st cycle (black dashed line) to the 16th cycle
(blue continuous line). (b) FESEM image for the TiO2/[Ru(bpyC4pyr)(CO)2]n
nanocomposite obtained. (c) Potentiodynamic j/E response at 50 mV s�1 for
nanoporous TiO2 (continuous line) and TiO2/[Ru(bpyC4pyr)(CO)2(CH3CN)2]n mod-
ified electrodes (red dashed line) in a 0.1 M TBAP in CH3CN solution. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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performed by a two-electron irreversible reduction of species (1)
generating the insoluble [Ru(bpyC4pyr)(CO)2]n organometallic
polymer, which is adsorbed on the conductive TiO2 surface
(Eq. (1)) [34].

½RuIIðbpyC4pyrÞðCOÞ2ðCH3CNÞ2�
2þ þ 2e�

! ½Ru0ðbpyC4pyrÞðCOÞ2�n þ 2CH3CN ð1Þ
Fig. 1a shows the potentiodynamic j/E response at 50 mV s�1 for

successive cycles of a nanoporous TiO2 film in a 1 mM of (1) in
CH3CN + 0.1 M TBAP solution. As the number of cycles increases,
an enhancement of the anodic and cathodic current is observed in
the –1.40 to –1.10 V region indicating that the electropolymeriza-
tion takes place, which leads to the deposition of an electroactive
polymetallic species onto the TiO2 surface [34]. Fig. 1b shows the
FESEM image of the nanoporous TiO2 film obtained after the elec-
tropolymerization process. A cloudy and non-homogeneous mor-
phology of the deposit at the nanoporous TiO2 film surface is
observed. The cathodic electropolymerization of the organometallic
complex is very disordered and the polymetallic deposit covers
completely the surface of TiO2 nanoporous electrode diminishing
the original large surface area of the substrate. In addition, the
poly-Ru polymer proved to be very unstable and, in contact with
air, the Ru0 metal centers are oxidized leading to soluble RuII

monomer species (Eq. (2)) [31].

½Ru0ðbpyC4pyrÞðCOÞ2�n ! n½RuIIðbpyC4pyrÞðCOÞ2X2�2þ þ 2ne�

ð2Þ
Fig. 1c shows comparatively the CV response at 50 mV s�1 for a

transferred TiO2/[Ru(bpyC4pyr)(CO)2(CH3CN)2]n nanocomposite
and the as-prepared TiO2 nanoporous film to a 0.1 M TBAP in
CH3CN solution. An increase of the reduction current at around
�1.50 V for the nanocomposite material is obtained, which is
attributed to the redox properties of the ruthenium metal centers
that were spontaneously obtained by oxidation in contact with
air in the proximity of the electrode surface prior to the
electrochemical measurement. Therefore, because of the loss of
electroactive Ru polymetallic compound by oxidation in air, it
can be concluded that this composite is not suitable for possible
further applications.

3.1.2. Electrostatic anchorage
As the TiO2/[Ru] nanocomposite preparation by cathodic elec-

tropolymerization of the pyrrole functionalized ruthenium com-
plex (1 in Scheme 1) leads to an unstable modified surface,
another anchorage method, i.e. dipping of the substrate in ruthe-
nium complex solutions has been tested. For this purpose,
[Ru(bpy)2(CO)2]2+ complex (2 in Scheme 1) was investigated. As 2
is a positively charged species, the electrostatic interaction with a
negative surface may be used as anchorage method. In order to
obtain negatively charged substrates, the nanotubular TiO2 surfaces
were electroreduced by application of a potential pulse at �1.50 V
for 5 min in a 0.1 M TBAP in CH3CN solution prior to the dipping.
It is well-known that this procedure generates TiO2 (e�) species at
the base of the pores and the resultant blue-black-colored substrate
is stable in the absence of O2 or other electron acceptors [35].

Fig. 2a shows the potentiodynamic j/E response for a TiO2/
[Ru(bpy)2(CO)2]2+ nanocomposite obtained after 80 h of dipping
as compared with the response of the as-prepared nanoporous
TiO2 film. The FESEM image of the nanocomposite obtained is also
shown in Fig. 2b. Even for long dipping times (80 h), no noticeable
modification in the current profile or in the surface morphology
was obtained. In conclusion, neither the ruthenium complex 2
nor the procedure employed for the nanocomposite preparation,
are appropriate for electrocatalytic applications.



Fig. 2. (a) Potentiodynamic j/E response at 50 mV s�1 in CH3CN + 0.1 M TBAP for
nanoporous TiO2 film (continuous line) and a TiO2/[Ru(bpy)2(CO)2]2+ modified
electrode (red dashed line) obtained after 80 h dipping in a 2.5 mM solution of
complex 2. (b) FESEM image of the modified electrode surface. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

ig. 3. (a) Potentiodynamic j/E response at 50 mV s�1 for nanoporous TiO2 film
ontinuous line) and TiO2/[Ru(bpyac)(CO)2Cl2] modified electrodes obtained for
ifferent dipping times in CH3CN + 0.1 M TBAP: 20 h ( ), 40 h ( ) and 80 h

). (b–d) FESEM images for a nanoporous TiO2 film (b), TiO2/[Ru(bpyac)(CO)2Cl2]
) and TiO2/[Re(bpyac)(CO)3Cl] (d) modified surfaces for 40 h dipping time.
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3.1.3. Chemical anchorage
As an alternative for nanocomposites preparation by the dip-

ping method, both ruthenium complex 3 and rhenium complex 4
were employed. Prior to dipping, the nanoporous TiO2 films were
pretreated with an 0.1 M NaOH aqueous solution (pH 13) in order
to promote the formation of terminal hydroxyl groups on the TiO2

surface (>Ti-OH) and thus favoring the chemical anchorage of the
complex via an esterification reaction between the surface hydro-
xyl groups and the carboxylic acid groups of the ligands [36,37].

Fig. 3a shows the CVs response of TiO2/[Ru(bpyac)(CO)2Cl2]
nanocomposite electrodes in CH3CN + 0.1 M TBAP, prepared for
different dipping times up to 80 h in a 5 mM of 3 in acetonitrile
solution compared with those obtained for net nanoporous TiO2

film in a CH3CN + 0.1 M TBAP solution. This response exposes
two quasi-reversible systems. The first system, at ca. �1.0 V, corre-
sponds to the reduction/oxidation of the metal in the film, while
the second one, at �1.5 V, is attributed to the reduction of the
ligand bpy to bpy�– [38]. As the dipping time is increased up to
40 h, an enhancement of the anodic and cathodic currents is
observed. For higher dipping times, nearly the same current profile
is obtained indicating that maximum coverage of the nanoporous
TiO2 films with the ruthenium complex has been reached. Because
of the high aspect ratio of the TiO2 nanopores (8.74 lm length/
around 120 nm diameter [39]), the complex species would need
a time higher than 20 h in order to penetrate into the pores and
then saturate the nanocomposite structure.
F
(c
d
(
(c



Fig. 4. (a) EDS spectrum taken to an energy of 20 keV (shown up to 8 keV) for TiO2/[Ru(bpyac)(CO)2Cl2] (I) and TiO2/[Re(bpyac)(CO)3Cl] (II) modified surfaces. (b) 1.00 � 0.75
lm2 EDS mapping image for the Ru La line (2.558 keV) on TiO2 nanoporous film (dark magenta pixels). (c) RAMAN spectra of solid [Ru(bpyac)(CO)2Cl2] (I), solid [Re(bpyac)
(CO)3Cl] (II), TiO2 nanoporous surface (III), TiO2/[Ru(bpyac)(CO)2Cl2] modified surface (IV) and TiO2/[Re(bpyac)(CO)3Cl] modified surface (V). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3b–d show FESEM images of a nanoporous TiO2 film
(Fig. 3b) and TiO2/[Ru(bpyac)(CO)2Cl2] (Fig. 3c) or TiO2/[Re
(bpyac)(CO)3Cl] (Fig. 3d) nanocomposites obtained after 40 h dip-
ping in a 5 mM of 3 or 4 in acetonitrile solution. After the dipping,
different contrast and outward appearance are observed in the
images due to the surface modification.

In order to determine the presence of the ruthenium (3) and
rhenium (4) complexes in the TiO2/[M] nanocomposites as well
as the molecular interactions taking place, a qualitative EDS chem-
ical analysis and Raman measurements were performed. Fig. 4a
shows the 20 keV EDS spectrum for TiO2/[Ru(bpyac)(CO)2Cl2] and
TiO2/[Re(bpyac)(CO)3Cl] nanocomposites in the 0–8 keV energy
range. For both nanocomposites, well-defined and intense signals
for Ti Ka (4.508 keV), Ti Kb (4.931 keV) as well as O Ka (0.525
keV) due to the titanium substrate and the TiO2 film, are obtained.
Additionally, as the nanoporous TiO2 films were prepared in
fluoride-containing electrolytes, the F Ka (0.677 keV) line obtained
indicates the incorporation of fluoride ions in the films during the
synthesis, as previously reported [32]. Furthermore, the weak sig-
nals appearing at 2.558 keV (Ru La line) and 1.842 keV (Re M line),
indicate the presence of ruthenium and rhenium complexes on
both modified TiO2 surfaces. Other minority signals superimposed
upon the background of continuum X-rays that correspond to trace
contaminants (Na, K, S), are also obtained. Complementarily, an
EDS mapping collecting the Ru La line counts for the TiO2/[Ru
(bpyac)(CO)2Cl2] was performed. Fig. 4b shows a 1.00 � 0.75 lm2

EDS mapping image overlapped to the corresponding secondary-
electron image. A homogeneous distribution of the ruthenium
signal at the surface is obtained, which indicates a high coverage
of the [Ru(bpyac)(CO)2Cl2] complex at the nanoporous TiO2 film.

Fig. 4c shows the Raman spectra obtained for the solid
[Ru(bpyac)(CO)2Cl2] (I) and [Re(bpyac)(CO)3Cl] (II) complexes, the
TiO2 unmodified nanoporous surface (III) and the TiO2/[Ru(bpyac)
(CO)2Cl2] (IV) or TiO2/[Re(bpyac)(CO)3Cl] (V) modified surfaces.
For the solid dyes (Fig. 4c-I and c-II), mainly the 2,20-bipyridine-4,
40-dicarboxylic acid ligand (bpyac) characteristic vibrations are
obtained, namely the ring breathing at 1021.1 cm�1; the C–C–H
in-plane bend at 1265 cm�1; the C–C inter-ring stretching at 1318
cm�1; and those corresponding to C–C, C–N and C–O stretchings
at 1472, 1541.4 and 1606.1 cm�1, respectively [40]. For nanoporous
TiO2 films (Fig. 4c-III), the presence of broad bands at 187; 464 and
606 cm-1 and the absence of well-defined signals corresponding to
anatase (144; 399; 515 and 640 cm-1) or rutile (240; 447 and 612
cm-1) crystalline phases, indicate that the anodic films obtained
are amorphous [41]. On the other hand, for the modified TiO2 sur-
faces (Fig. 4c-IV and c-V), the overlapping of the porous TiO2 [41]
(Fig. 4c-III) and the ruthenium (Fig. 4c-I) or rhenium (Fig. 4c-II) com-
plexes Raman signals is obtained. For energies higher than 700
cm�1, the bands in the spectra are similar in position and relative
intensity to those obtained for the solid dyes (Fig. 4c-I and II) indi-
cating the presence of either [Ru(bpyac)(CO)2Cl2] or [Re(bpyac)
(CO)3Cl] complexes. Additionally, in comparison to the spectrum
of the solid dyes, the presence of a new peak at around 700 cm�1

indicates that the complexmolecules are linked to the hydroxylated
TiO2 surface by the esterification of the carboxylate groups at the
position 4 in the pyridine rings of the bipyridile ligands [42].

3.2. Photocatalytic study

In order to analyze the photoelectrochemical behavior of
the nanocomposites for further applications, potentiostatic
photocurrent measurements in aqueous solution were performed.
Fig. 5 shows the photocurrent transients recorded at different con-
stant potentials for the nanoporous TiO2 substrate (Fig. 5a) and
TiO2/[Re(bpyac)(CO)3Cl] (Fig. 5b) or TiO2/[Ru(bpyac)(CO)2Cl2]
(Fig. 5c) nanocomposites. For all the substrates, the squared-



Fig. 5. Potentiostatic j/t photocurrent transients obtained at different potentials for
nanoporous TiO2 films (a), and TiO2/[Re(bpyac)(CO)3Cl] (b), TiO2/[Ru(bpyac)(CO)2-
Cl2] (c) modified electrodes.
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shape of the transients obtained indicates that the recombination
process may not occur at a significant rate. In addition, after illumi-
nation starts, the photocurrent reaches the steady value (jPh,st)
indicating that all the photogenerated charges are being used in
a process of faradaic nature [32]. For the nanoporous TiO2/elec-
trolyte system (Fig. 5a), insignificant differences between pho-
tocurrent values (�25 lA cm�2) obtained for the different
potentials applied indicate that an increase in the curvature of
the bands does not improve the separation of the charge carriers
for the faradaic process. Additionally, only a slight increase in the
photocurrent response for the TiO2/[Re(bpyac)(CO)3Cl] nanocom-
posite (Fig. 5b) is obtained. Contrarily, for the TiO2 nanoporous
electrode modified with [Ru(bpyac)(CO)2Cl2] (Fig. 5c; please note
the �10 increase in the current scale), the stationary photocurrent
jPh,st increases about 10-times for all potential values applied,
indicating that this nanocomposite system has a much better
performance for the oxidation process in comparison with the
non-modified or rhenium modified TiO2 nanoporous films. This
behavior can be attributed to the higher visible adsorption cross-
section of the ruthenium complexes and a better accumulation of
the photogenerated charge carriers in the space charge region into
the TiO2 film, which are later separated by the applied electric
field.
Fig. 6. Potentiodynamic j/E response at 50 mV s�1 for TiO2/[Ru(bpyac)(CO)2Cl2] (a)
and TiO2/[Re(bpyac)(CO)3Cl] (b) electrodes in CH3CN + 0.1 M TBAP recorded under
argon atmosphere (continuous lines) or under CO2 atmosphere (dashed lines).
3.3. Electrocatalytic reduction of CO2

It is well-known that the electrochemical reduction of CO2

under appropriate conditions can lead to the synthesis of organic
compounds, i.e. alcohols, alkanes. Bare or modified gold, copper
or platinum surfaces have shown to be attractive electrode
materials for synthetic production of carbon-based chemicals
[30,43,44], although the main drawback of these metallic catalysts
is the low selectivity and efficiency. In this context, the
electroreduction of CO2 using TiO2/[Ru(bpyac)(CO)2Cl2] and
TiO2/[Re(bpyac)(CO)3Cl] nanocomposites as electrode was studied.

Fig. 6 shows the potentiodynamic j/E response in either Ar- or
CO2-saturated acetonitrile solutions at atmospheric pressure for
TiO2/[Ru(bpyac)(CO)2Cl2] (Fig. 6a) and TiO2/[Re(bpyac)(CO)3Cl]
(Fig. 6b) nanocomposites obtained after 40 h of dipping. For both
complexes, in the presence of CO2 the j/E curves show an increase
in the cathodic current over the entire potential range covered,
which may be associated with CO2 reduction. However, it is
important to note that higher cathodic current values for the
TiO2/[Ru(bpyac)(CO)2Cl2] nanocomposite are obtained, which is
associated with the catalytic reduction of CO2. Additionally, for this
composite electrode the reduction processes are observed at
potentials much lower than that obtained for the rhenium
complex, being a clear indication that TiO2/[Ru(bpyac)(CO)2Cl2] is
a better electrocatalyst for CO2 reduction. Nevertheless, further
studies are needed both in the preparation and in the analysis of



Fig. 7. Potentiodynamic j/E response at 50 mV s�1 for TiO2/[Ru(bpyac)(CO)2Cl2] modified electrodes under Ar (a) or CO2 (b) atmosphere in CH3CN + 0.1 M TBAP with different
water content: 0% (——); 1% ( ) and 5% ( ).
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properties in order to improve the performance of the
nanocomposites.

It is also known that for classical modified electrodes, addition
of water produces an increase in the reduction rate since partici-
pates, through protonation steps, in the mechanism suggested for
electrocatalytic reduction of CO2 [34]. Fig. 7 shows the potentiody-
namic j/E response recorded for TiO2/[Ru(bpyac)(CO)2Cl2]
nanocomposites obtained after 40 h of dipping in either Ar- or
CO2- saturated acetonitrile solutions with the addition of different
quantities of water. For experiments under Ar atmosphere (Fig. 7a),
as the water content increases no evident changes in the current
profiles are observed indicating that no additional charge transfer
reaction takes place, while in the presence of CO2, the progressive
addition of water to the electrolyte produces a marked increase in
the CO2 reduction current (Fig. 7b), that may be associated to cat-
alytic reduction of CO2. For the present experimental conditions,
the maximum effect on the reduction current is reached for an
amount of 1% water (Fig. 7b). These findings are in full agreement
with previously reported catalytic cycles [34].
4. Conclusions

In the present work, cis-[Ru(bpyC4pyr)(CO)2(CH3CN)2]2+, cis-
[Ru(bpy)2(CO)2]2+, cis-[Ru(bpyac)(CO)2Cl2] and [Re(bpyac)(CO)3Cl]
complexes harboring carbonyl ligands were anchored onto nano-
porous TiO2 films. The TiO2/[M] nanocomposites showed to be
chemically stable when they are chemically linked to the TiO2

nanoporous film, producing homogeneous layers with large sur-
face area. The more efficient anchorage for nanocomposites based
on ruthenium (II) or rhenium (I) complexes in our study were
those complex species that present carboxylate groups as sub-
stituent in the dinitrogenated ligand. The TiO2 surface modification
takes place by chemical bonding (Fisher esterification) between
carboxylate groups with surface -OH groups on the TiO2 matrix.
Long dipping times are needed (>40 h) in order to obtain the max-
imum coverage of the surface due to the high aspect ratio or the
nanoporous TiO2 films. The findings indicate that the TiO2/[Ru]
nanocomposites generated present interesting performance in
terms of the photocurrent obtained for the oxidation process
observed, which can be attributed to the charge carriers that were
photogenerated and accumulated in the space charge region. Later,
the photogenerated electron–hole pairs are separated by the elec-
tric field applied in the space charge layer. The shifting of the
applied potential to less negative values does not improve signifi-
cantly the photocurrent performance.

The electrocatalytical activity of TiO2/[Ru(bpyac)(CO)2Cl2] as
well as TiO2/[Re(bpyac)(CO)3Cl] nanocomposites for the reduction
of CO2 was evaluated. The evidence shows that the modified TiO2

nanoporous films improve the reduction charge transfer reactions
because of the high surface area improving the electrocatalytic
properties of the semiconductor substrate. These findings indicate
that the nanocomposites generated are suitable candidates in the
design of new materials for (photo)electrocatalytical applications.
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