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Abstract

Optical and photoelectrochemical (PEC) properties of a TiO, thin film electrode doped with a new variation of ruthenium—
(4,4'dimethyl-2,2’-bipyridine)—-isothiocyanato—tungsten[bis-(phenyl-1,2-ethilenodithiolenic)] bimetallic complex (BM) were investigated.
Physical adsorption process was used to immobilise the BM on the TiO, thin film. Crystalline structure and surface morphology of the
thin films were examined using scanning electron microscopy (SEM), X-ray diffraction (XRD) and energy-dispersive X-ray (EDX)
techniques. N3 commercial dye was also used as a dopant to the TiO, films for comparison. Light absorption spectra and bandgap
energy of the thin films were determined using UV-vis spectroscopy. Light absorption of the TiO, thin film doped with BM was better
than the TiO, doped with the N3 commercial dye. Band edges of the TiO, thin film and the BM were determined via cyclic voltammetry
(CV) measurements. Top-edge of the BM valence band (VB) was more positive than the bottom edge of the conduction band (CB) of
the TiO; film (vs. NHE). PEC analysis indicated that photocurrent of TiO, doped with the BM electrode was higher than TiO, doped
with the N3 in the beginning of illumination process, but the performance was defeated after a while. Based on the optical properties and
the PEC analyses, BM has potential to be used as dye sensitisers for a PEC cell.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction separation of the VB and CB in a material, which

determines photon absorption and charge migration.

Hydrogen has been considered as an alternative fuel
source to replace fossil fuels for many years [1,2], and has
been used in fuel cells to generate electricity where the only
by-product is water [3]. A green method for producing
hydrogen is through the photoelectrolysis of water using a
semiconductor photoelectrode. In 1972, Fujishima and
Honda demonstrated the photoelectrolysis of water mole-
cules using the n-type TiO, semiconductor and platinum
(Pt) electrodes [4,5]. However, the efficiency of this process
was low because TiO; has a large bandgap that prevents it
from adsorbing visible light, which accounts for 50% of
solar radiation, thereby limiting its application to the UV
region of the solar spectrum [6]. The bandgap measures the
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When the photon energy from irradiation is greater than
the bandgap energy, some electrons are excited from the
VB to CB and leave holes in the VB (Eq. (1)). Photo-
generated electrons and holes travel to the semiconductor
surface where oxidation (O,) (Eq. (2)) and reduction (H»)
(Eq. (3)) reactions occur [7].

2hv—2e” +2h (1)
20 + HzO(]) — 1/202(g) +2H™* 2)
Ht +2e” —>H2(g) (3)

For the water-splitting reaction to occur, the top-edge
position of the semiconductor’s VB should be more
positive than the oxidation potential of H,O to O,
(Eo,m,0=1.23eV vs. NHE at pH=0), and the bottom
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Table 1
Main PEC water-splitting requirements [8].
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Fig. 1. Concept of dye-sensitised PEC water-splitting cell [16].

edge of the CB should be more negative than the reduction
potential of H" to H, (Ey+ Ho=0¢eV vs. NHE at pH=0)
[7,8]. Several requirements that should be fulfilled for the
PEC water splitting to occur are shown in Table 1 [§].
Intensive research has been conducted to reduce the
semiconductor’s bandgap to expand the adsorption spec-
trum to wider wavelengths, including the use of a dye-
sensitised PEC cell [9]. In this paper, the optical and PEC
properties of a TiO, thin film doped with a new variation
of bimetallic complex are presented. The bimetallic com-
plex, called ruthenium—(4,4'dimethyl-2,2’-bipyridine)—iso-
thiocyanato—tungsten[bis-(phenyl-1,2-ethilenodithiolenic)],
abbreviated as BM, has unique properties including multi-
centred redox activity, and has a higher molar extinction
coefficient for electronic absorption compared to the cis—
bis(iso-thiocyanato) bis(2,2'-bipyridyl-4,4’-di-carboxylato)
ruthenium(IT) commercial dye, abbreviated as N3 [17].
The dye-sensitised PEC cell for water-splitting mimics
photosystem II of natural photosynthesis, where the complex
molecule acts as dye-sensitiser for light harnessing, as shown
in Fig. 1 [10]. The ruthenium bipyridyl monometallic transi-
tion metal complex is commonly used as a dye-sensitiser, and
its use has been shown to increase the efficiency of solar cells
up to 11.4% [11,12]. However, the monometallic complex
sensitiser has limitations for the transfer of electrons, which
limits the performance of the dye-sensitised PEC cell. One
strategy to increase the efficiency is to use a bimetallic
complex as a dye sensitiser. The intramolecular energy
transfer in a bimetallic complex is expected to provide more
electrons to the photoelectrode, which inhibits charge

recombination in the UV-excited TiO, thin film and extends
the lifetime and light absorption range of the PEC water-
splitting cell [13-16]. Investigating the optical properties is a
simple method for determining the effect of intramolecular
energy transfer in a bimetallic complex on the donation of
electrons to the photoelectrode.

2. Materials and methods

The TiO, electrodes were prepared using commercial
colloidal TiO, powder (Degussa P25, average size of 10—
50 nm) by doctor-blading onto fluorine-doped tin oxide
(FTO) glass plates. The FTO slides were sequentially
sonicated for 15 min in water, ethanol, acetone, and then
analytical grade ethanol. The TiO, powder (0.5g) was
ground in water (1 ml) containing acetylacetone (0.1 ml) to
produce a viscous paste. The paste was then formed
through a very slow addition of water (1.7 ml) and one
drop of Triton X-100 [18]. Afterwards, the paste was
smeared onto a clean FTO slide that was immobilised by
an adhesive strip tape, which was also used to determine
the film thickness. The film was dried at room temperature
for 60 min followed by heating at 150 °C for 15 min, and it
was then annealed at 450 °C for 30 min. Field Emission
Scanning Electron Microscopy (FESEM) analysis using a
Carl Zeiss SUPRA 55VP was performed to determine the
film thickness and surface morphology, and a Bruker DS§-
Advance diffractometer (XRD) was used to determine the
crystallinity and structure of the TiO, thin film.

BM was synthesised following the synthetic scheme
shown in Fig. 2 and was used as a dye sensitiser onto a
TiO, thin film [17]. BM (IV) was synthesised from a
condensation reaction of a tungsten dithiolene carbonyl
complex, [W(S,C,Ph,),(CO),] (II), with ruthenium—
[bis(4,4’-dimethyl-2,2'-bipyridyl)-isothiocyanato], abbre-
viated as [Ru(dmtbpy),NCS,] complex (III). The starting
ruthenium bipyridyl complex [Ru(dmtbpy),NCS,] was
prepared from the reaction of 4,4'-dimetyl-2,2’-bipyridine
with dichloro(p-cymene)ruthenium(Il) dimer and NH4NCS.
Meanwhile, the [W(S,C,Ph,),(CO),] complex was prepared
via the reaction of the photo-generated W(CO)sTHF inter-
mediate with a thioester. The products were characterised
using FTIR, 'H and '*C NMR and UV-vis spectroscopies
using a Thermo Nicolet 6700 FTIR spectrometer, Bruker
Avance 400 MHz spectrometer and a Lambda 35 UV/Vis
spectrophotometer, respectively. Additionally, a micro-
elemental analysis was performed using an Elemental Micro
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Fig. 2. Reagents and synthesis scheme for BM.

Cube CHNS analyser. The BM is a dark brown solid that is
soluble in polar aprotic solvents, such as DMF and DMSO,
but is not soluble in non-polar solvents, including THF and
dichloromethane.

The dye adsorption process involved immersing a TiO,
electrode in 1 M of BM in DMF solvent for 24 h at room
temperature in a dark room. The same procedure was used
to adsorb Ru(dcbpy),(NCS), (N3 dye, Solaronix). The
electrodes were then dried in a desiccator cabinet at room
temperature for 48 h. EDX analyses were performed using
an Oxford electron microprobe, which was attached to the
SEM to confirm the presence of ruthenium and tungsten
metals in the BM molecule on the TiO, film. A Perkin—
Elmer Lambda 35 UV/Vis spectrophotometer was used to
measure the optical transmission spectra of the electrodes
in the wavelength range from 200 nm to 1000 nm.

The optical bandgap energy of the TiO, thin film was
calculated using the following equations:

[ B(hv—E,)"

ho @)

o é In Gﬂ 5)

where o, B, d and T are the absorption coefficient, a
constant, the thickness of the film (cm) and a normalised
transmittance, respectively. The bandgap (E,) of a thin film
can be determined by plotting the photon energy (hv) vs.
ohv at various wavelengths [19].

The energy of the ground and excited states of the BM
were determined using CV analysis, which was performed
using an electrochemical cell with three electrode systems:
a platinum disk, a platinum wire, and a Ag/AgCl were
used as the working, auxiliary, and reference electrodes,
respectively. The redox potentials of the BM (0.1 mM)
were determined in DMF that contained 0.1 M of tetra-
butylammonium hexaflorophosphate (TBAPFg) electrolyte
in a nitrogen atmosphere at room temperature. The redox
potentials of the TiO, thin film were determined by
constructing the TiO, film working electrode.

A similar setup was used for the PEC analysis. The TiO,
thin film was used as the working photoelectrode. There
were three photoelectrodes used in this study, which
consisted of an undoped TiO, film and TiO, doped with
BM and N3. The current density measurement was con-
ducted in triple-distilled water that contained 5% sodium
sulphate (0.5 M) as the electrolyte. Current density on the
surface of the TiO, electrodes was measured in the dark
and under illumination using a 400-watt xenon lamp at a
distance of 1 m from the PEC cell as a light source [20].
The changes in the current during irradiation were mon-
itored and recorded.

3. Results and discussion
3.1. Characterisation of the photoelectrode

The performance of a PEC cell is affected by several
aspects of the TiO, thin films, including the crystalline
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phase, particle size, pore size and thickness of the films
[21-25]. Generally, TiO, has three crystal phases, anatase,
rutile and brookite, with bandgaps of 3.2, 3.0 and 3.4 ¢V,
respectively. The XRD patterns of the TiO, thin films
produced in this study indicate the presence of the anatase
and rutile phases, with compositions of 69.27% and
14.91%, respectively (Fig. 3). The qualitative crystal size
of the TiO, anatase and rutile phases determined from the
FESEM images ranges from 26.8 to 41.3 nm, while the
pore sizes of the thin films ranged from 44.0-130.3 nm.
The film thickness was approximately 2 um (Fig. 4). A
previous study by Park et al. [27] demonstrated that the
most efficient thickness of a photoelectrode is approxi-
mately 2-3 um [26-28]. After preparation and character-
isation, the thin films were then immersed in solution
containing 1 M of each BM and N3 respectively with the
same methods and solvents.
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EDX was used to determine the presence of the dopant
element in the photoelectrode. Fig.5 shows the EDX
analysis of the TiO, thin film electrode doped with BM
and N3, where all elements of BM and N3 are present in
each photoelectrode. The amount of tungsten and ruthe-
nium on the TiO, films doped with BM were approxi-
mately (wt%) 0.12% and 0.10%, respectively, while the
amount of ruthenium on the TiO, films doped with N3 was
about 0.25%. Total amount of metal elements from dope
material on both electrodes were comparable.

3.2. Optical properties
Fig. 6 shows the light absorption spectrum of the three
kinds of TiO, electrodes, in which the light absorption

spectrum of electrode doped with BM was the highest
compared to the undoped and the TiO, photoelectrode
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Fig. 3. XRD pattern of the TiO, on FTO (A) and a FTO blank (B).
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Fig. 4. Surface morphology of the TiO, thin film electrode from SEM analysis.
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Fig. 5. EDX elemental analysis of the TiO; thin film electrode: (A) The elemental spectrum of the TiO, thin films doped with BM and (B) the elemental

spectrum of the TiO, thin films doped with N3.

doped with the N3 dye. The TiO, electrode doped with
BM also exhibits a sharp peak at approximately 450 nm,
and the origin of this absorption peak is uncertain but may
be related to the dopant. The N3-doped TiO, also exhibits
a similar behaviour, although it occurs with a lower
intensity. The UV-vis adsorption data were used to
determine the bandgaps of the photoelectrodes. Using
Eq. (4) and (5), where the film thickness was 2 um (SEM
analysis), the bandgap was determined by plotting ahv and
the photon energy (hv) at various wavelengths (Fig. 7). The
plot indicates that the bandgap of the undoped TiO, was
3.12 ¢V, which is highly proper for an electrode with a
mixture of the anatase and rutile phases. Furthermore, the
bandgap energy for the TiO, sensitised with N3 and BM
were 3.02 eV and 2.97 eV, respectively. Doping reduces the
TiO, electrode bandgap, and it was shown that BM
produced a better photo-absorption range compared to
the N3 dye.

3.3. Calculation of the band edges

For a dye molecule to inject an electron into the
photoelectrode semiconductor, the bottom edge of the
CB of the dye molecule should be more negative than
the bottom edge of the CB of the semiconductor (vs. NHE)
[29]. The energy levels were determined using Eqgs. (6) and

N:

E%+/D* = E%+/D + E, (6)
and

E; (eV) = 1240/, (nm) )
where EY) . spe and E). /p are the energy in the excited and

the ground states, respectively. The ground state energy,
E%+ /D> is calculated based on the cyclic voltammetry
analysis in dark conditions. E, and A, are the bandgap
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Fig. 7. Bandgap determination for the TiO, film and the TiO, films doped with the N3 dye and BM.

energy and the absorption wavelength threshold of the
doping material, respectively.

Based on the cyclic voltammetry analysis of the BM in
Fig. 8, the redox equilibrium point was observed at 0.0 V
(vs. Ag/AgCl), which was equivalent to 0.004 eV (vs. SCE)
and —4.75eV (vs. vacuum). The absorption wavelength
threshold of the BM was 700 nm (Fig. 6). Using Eq. (7),
the Eg for the BM was determined to be 1.77 eV, thus the
excited state energy was —2.98 eV (vs. vacuum). The same
method was also used to determine the energy of the
excited state of the TiO, electrode, where the TiO,
undoped equilibrium point was observed at 0.06 V (vs.
Ag/AgCl), which was equivalent to 2.94 eV (vs. NHE) and

—7.47 ¢V (vs. vacuum). Furthermore, the excited state of
TiO, was observed at —4.35 eV (vs. vacuum). Fig. 9 shows
the position of the band edges, in which the BM had a
more negative CB bottom edge than the TiO, electrode.

3.4. Photoelectrochemical analysis

PEC analyses were performed by measuring current
density of the electrode under various incident photo-
energy. The photocurrent values were obtained from the
difference in currents measured in the dark and under
irradiation. Current density of the TiO, electrode with and
without doping against a bias voltage is shown in Fig. 10.
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Fig. 10. Light and dark current density of the TiO, photoelectrode doped with the photosensitiser molecule.

Current of the three types of TiO, photoelectrodes under
light was higher than the dark current. At the lowest
applied voltage stage, the current density generated by the
TiO, electrode doped with BM was higher than the TiO,
electrode sensitised by the N3 molecule and the TiO,
electrode without doping. However, at the highest applied
voltage, the current density of the TiO, electrode doped
with the BM did not increase, whereas the current density
of the TiO, electrode sensitised by the N3 dye increased
linearly. This observation relates to the availability of
anchoring groups on the doping material. The N3 dye
was chemically adsorbed due to the availability of —-COOH
functional groups that facilitate chemical bonding, whereas
the BM was physically adsorbed. Charge transfer from the
physically adsorbed component was less effective than
charge transfer from the chemically bonded N3 commer-
cial dye [30]. Furthermore, there was an indication that the
BM was leaching upon prolonged exposure to irradiation.

Although the photocurrent performance of the complex
was lower compared to the N3 dye, the complex could still
serve as a source of electrons that could be transferred to
the TiO, electrode. Therefore, more research should be
performed on BM, such as introducing an anchoring
group (e.g., -COOH) to facilitate chemical bonding for
more efficient charge transfer process from dye molecule to
photoelectrode.

4. Conclusions

A new variation of heterobimetallic BM based on ruthe-
nium and tungsten metals has been investigated for use as a
dye sensitiser in wide-bandgap TiO, photoelectrodes.

Analyses of the optical properties and the PEC analysis reveal
that the BM is able to inject more electrons into the TiO,
electrode. The bimetallic complex was immobilised on the
TiO, film by physical absorption due to the absence of an
anchoring group. Consequently, the PEC performance of
TiO, doped with BM was still less than TiO, doped with the
N3 dye. However, the performance of the TiO, doped with
BM photoelectrode can still be increased by introducing
anchoring groups to the bimetallic complex by converting
the methyl group to a carboxyl group.
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