
First Study on Phosphonite-Coordinated Ruthenium Sensitizers
for Efficient Photocatalytic Hydrogen Evolution
T. Swetha,†,‡,# Indranil Mondal,‡,§,# K. Bhanuprakash,†,‡ Ujjwal Pal,*,‡,§ and Surya Prakash Singh*,†,‡

†Inorganic and Physical Chemistry Division, CSIR-Indian Institute of Chemical Technology, Uppal road, Tarnaka,
Hyderabad-500007, India
‡Network Institute of Solar Energy, (CSIR-NISE) and Academy of Scientific and Innovative Research (AcSIR), New Delhi-110001,
India
§Department of Chemistry and Biomimetics, CSIR-Central Mechanical Engineering Research Institute, M.G Avenue,
Durgapur-713209, West Bengal India

*S Supporting Information

ABSTRACT: For the first time we report the design and syntheses
of phosphonite coordinated ruthenium(II) sensitizers bearing ĈN̂N
ligand and/or terpyridine derivatives carboxylate anchor (GS11, GS12.
and GS13) and its application for hydrogen production over Pt−TiO2
system. These heteroleptic complexes exhibit broad metal-to-ligand
charge transfer transition band over the whole visible regime extending
up to 900 nm. DFT calculations of these complexes show that the
HOMO is distributed over the Ru and Cl atom whereas; LUMO
is localized on the polypyridile ligand, which are anchored on TiO2
surface. Among the sensitizers tested for photocatalytic hydrogen
evolution, GS12 exhibited a maximum turnover number (TON) 8605
(for 8h), which is very high compared to the reference sensitizer (N719)
with TON 163 under similar evaluation condition. The dependence of
the hydrogen evolution rate at different pH using GS11, GS12, GS13, and DX-1-sensitized Pt−TiO2 has been studied and the
maximum H2 production yield was obtained at pH 7 for all sensitizers.

KEYWORDS: phosphonite-coordinated ruthenium(II) sensitizers, carboxylate anchor, hydrogen evolution, DFT studies, high TON

1. INTRODUCTION

The establishment of the low-carbon society for green
globalization requires an effective conversion of renewable energy
to clean fuel source and hydrogen production using solar energy
can be the quintessential choice to serve this purpose.1 Among
all the methods discovered so far, photocatalytic hydrogen
production using semiconductor is considered as one of the
promising approach for conversion of solar to chemical energy.
Since the water splitting effect using TiO2 and a Pt black system
was reported in 1972 by Honda−Fujishima,2 photocatalytic
hydrogen evolution from water sacrificial electron donor (SED)
mixture has been widely investigated with TiO2

3 and other semi-
conductors.4 However, the wide band gap of these semiconductor
is the main drawback as visible-light-driven photocatalyst
requires a band gap of less than 3.0 eV (λ > 415 nm). To date,
dye sensitization of the semiconductors has been chosen as an
alternative approach to achieve hydrogen production under
visible light. Although there has been some remarkable progress in
the design and development of dyes, yet there should definitely be
more extensive studies and clear understanding about sensitizers
for fabricating more active systems.
As of now, Ru,5 Pt,6 and Ni complexes,7 metalloporphyrins,5

and phthalocyanines8 have been successfully employed as the

inorganic sensitizers for visible-light induced hydrogen produc-
tion from water. In particular, as visible light sensitizers on TiO2,
ruthenium-based dyes have been extensively studied toward
photocatalytic H2 evolution for their typically long electronic
excited state lifetime. In contrast, a dimer of ruthenium complex
Ru2(bpy)4(BL) (ClO4)2 (bpy = bipyridyl, BL = bridging ligand)
showed unique “antenna effect” to capture more visible light for
remarkable hydrogen production over Pt/dye/TiO2 system.9

However, tuning of the spectral properties to improve the light
harvesting capability of these complexes is still an utterly
challenging topic for the researchers.
In recent years, panchromatic sensitization by heteroleptic Ru

complexes is under intensive research focus in the application of
dye-sensitized solar cell.10 Especially thiocyanate based ruthe-
nium complexes are well-known for showing panchromatic light
harvesting nature.10 with this regards, Meyer et al. has established
a good correlation between the enhanced light harvesting
capability and ligand characteristics.11 Introduction of a ligand
with low lying π* molecular orbital and strong donor ability
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extends the absorption toward more visible region which turned
into a basic principle for panchromatic light harvesting nature of
sensitizers. It is noteworthy that, Kinoshita et al. has developed
first time a phosphonite-coordinated Ru complex for wide-
band dye sensitized solar cells.12 However, as far as we aware, the
application of phosphonite coordinated Ru complex and its
panchromatic sensitization in photocatalytic H2 evolution has
not been done before.
We herein report highly efficient, visible-light-induced photo-

catalytic hydrogen production over newly synthesized phos-
phonite coordinated ruthenium sensitizers (GS11, GS12, and
GS13, Figure 1) and state-of-art dye DX-1-sensitized Pt−TiO2
system under solar simulated light intensity of ∼2 sun. We found
that these heteroleptic complexes containing a tridentate ligand
together with chloride and phosphonite based ligand showing
interesting panchromatic sensitization for solar assisted proton
reduction form water SEDmixture. It can also be envisioned that
employing different ancillary has a significant effect on the tuning
of sensitizer’s LUMO level, which turn out to be a controlling
factor for the electron injection from dye to conduction band
(CB) of TiO2. Density functional theory (DFT) calculations were
carried out for GS11 to GS13 to understand their structural,
electronic, and photophysical properties.

2. RESULTS AND DISCUSSION
2.1. Synthesis of GS11, GS12, and GS13. The stepwise

synthesis protocol of the ligands and sensitizers has been
illustrated in the Scheme 1, experimental approaches and the
characterization details (Figure S1 and Figure S2) have been
discussed in Supporting Information. Dimethyl-6-chloro-2,2′-
bipyridine-4,4′-dicarboxylate 3 was prepared by the oxidation
reaction of 4,4′- bis(methoxycarbonyl)-2,2′-bipyridine with
meta-chloroperbenzoic acid (MCPBA), followed by chlorination
of 2 with POCl3. The Suzuki coupling reaction of 3 with
2,4-difluorophenylboronic acid yielded 4. The hydrolysis
reaction of 4 with aqueous KOH was converted to the ĈN̂N
ligand L1.13 Similarly, L2 was synthesized using Suzuki coupl-
ing reaction14−16 of 2-(4-chloro-6-(pyridin-2-yl) pyridin-2-yl)

pyridine 5 with aryl boronic acid followed by the hydrolysis
in the presence of aqueous KOH. The L3 was prepared by
the hydrolysis of commercially available diethyl [2,2′,6′,
2″-terpyridine]-4,4′-dicarboxylate (8) under basic conditions.17
Each terpyridine based ligand was obtained in moderate yield
(54−62%). The final step was performed by the addition of
ancillary ligands L1, L2, and L3 to RuCl3·3H2O (ruthenium
trichloride trihydrate) and refluxed for 4 h in CH3OH. Thereafter
one chloro ligand was substituted by phosphonite ligand using
Et3N in DMF medium at 70 °C, followed by the addition of
CF3COOH to afford corresponding sensitizers in good yields.

2.2. Optical Properties. Absorption spectra of these
sensitizers were recorded in DMF solution (Figure 2a) and
corresponding details were appended in Table 1. The UV−vis
spectra in of region 250−900 nm was recorded where different
characteristic absorption pattern was observed for DX-1, GS11,
GS12, and GS13 sensitizers with varying molar extinction
coefficient. These sensitizers exhibited absorption in higher
energy region at around 320 nm, which can be attributed to the
π−π* transition of ancillary ligand. The low energy absorption
band in the 500−900 nm region are assigned to MLCT bands
transitions, which are characteristic of ruthenium polypyridyl
sensitizers.18 The MLCT band of GS11 and GS13 at around
600 nm is higher in intensity than the MLCT band of DX-1. In
particular, this band for DX-1 showed a bathochromic shift in
comparison to GS12 and GS13, which may attributes to the
increasing order of the stabilization of LUMO level due to
increase in the number of electron withdrawing carboxylic
groups.19 In addition,GS13 exhibited higher-intensity and broad
electronic absorption peak at longer wavelength (800 nm) in
comparison to DX-1, may attributed to near-infrared, spin-
forbidden singlet-to-triplet direct transitions in a phosphonite-
coordinated Ru(II) sensitizer. The molar extinction coefficients
of GS11, GS12, GS13, and DX-1 are 6872, 528, 2469, and
2104 M−1

cm−1

at 583, 533, 797, and 791 nm, respectively. The
sensitizer GS12 showed lower molar extinction coefficient
compared toGS11,GS13, and DX-1. This may be attributed due
to the twisted nature of phenyl moiety on central pyridine ring of

Figure 1.Molecular structures of DX-1 (Reproduced with permission from ref 12. Copyright 2013, Nature Publishing Group),GS11,GS12, andGS13
sensitizers.
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terpyridine ligand.20 Electronic absorption and emission intersec-
tion spectra ofGS11,GS12, andGS13 are depicted in (Figure S3,
Supporting Information).
Prominent visible to NIR emission was observed for GS

sensitizers, as GS11 and GS12 showed emission maxima at
638 and 652 nm, respectively, whereas emission maxima ofGS13
appeared at 842 nm. In this approach, sensitizer’s concentration
is of less than 10−5 M was utilized to avoid intermolecular
H-bonding through carboxylic groups and/or π−π* stacking
between ancillary fragments.
To enquire the optical properties of metal complex sensitizers

after being surface attached onto TiO2, diffuse reflectance

spectroscopy (DRS) was carried out for all dye/TiO2 composites,
where the spectra have been recorded in the reflectance mode.
As shown in the Figure 2b, optical properties of the dye/TiO2
composites fully complement the optical features of individual
sensitizers. The extended long tail toward far-visible region for
GS11 is prominent in the spectra ofGS11/TiO2 composite. After
being sensitized on TiO2 surface, the characteristic absorption
bands for GS11, GS13, and DX-1 appeared at lower wavelength
in comparison to solution phase spectra of pure sensitizers. This
could be assigned as aggregation of dyes on to TiO2. Whereas,
there is no such shifting of band was observed for GS12, could
be ascribed to proper formation of esteric linkage and low

Figure 2. (a) Absorption spectra of GS11, GS12, GS13, and DX-1 in MeOH. (b) DRS of different Dye/TiO2 composites.

Scheme 1. Synthesis of GS11, GS12, and GS13 SensitizersA

AReagents and conditions: (i) MCPBA, CH2Cl2; (ii) POCl3; (iii) 2,4 difluorophenylboronic acid, Pd(PPh3)4, Na2CO3, THF, 80 °C, 6 h; (iv) KOH,
MeOH, H2O,70 °C, 6 h; (v) Pd(PPh3)4, Na2CO3, THF, 80 °C, 16 h; (vi) RuCl3·3H2O, dehydrated ethanol,70 °C, 6 h, phenyl dimethoxyphosphine,
NEt3, TFA, 70 °C.
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aggregation of dye on TiO2 surface which is also found to
be common for N719 dye.21 It is also worth mentioning that all
dye/TiO2 composite and TiO2 shows characteristic absorption
band around 380 nm because of its fundamental absorption of
Ti−O bond in ultraviolet light range.
2.3. Electrochemical Studies. To investigate the electro-

chemical properties of the Ru sensitizers and to evaluate the
possibility of electron injection from excited sensitizer to the
conduction band (CB) of TiO2, Differential Pulse Voltammetry
(DPV) were performed with 0.1 M tetrabutylammonium
hexafluorophosphate as supporting electrolyte in DMF solution
(Figure 3a). All potentials were internally referenced to the
ferrocene/ferrocenium (Fc/Fc+) couple which has the redox
potential of (EFc/Fc+) 0.510 V vs Ag/AgCl. The first oxidation
potential of the dyes have also been determined form their
corresponding peak potential and incorporated in the Table 1.
The LUMO energy values of GS11, GS12, GS13, and DX-1 are
1.815, −1.850, −1.373, and −1.382 V vs (Fc+/Fc) respectively.
The ancillary ligand (ĈN̂N ligand) inGS11 is little different from
other three dyes. Hence, in all cases the oxidation potentials of
the LUMO level is sufficiently negative for energetically favor-
able solar illuminated excited state electron injection, while
considering the conduction band alignment of the TiO2.

22 The
schematic energy levels of GS11, GS12, GS13, and DX-1 based
on absorption and electrochemical data shown in Figure 3b.
2.4. Absorption Kinetics Studies.We have investigated the

adsorption kinetics of phosphine coordinated Ru-sensitizers on

TiO2 surface using 8 × 10−2 mM dye solutions and 10 mg of
TiO2, and the results were depicted in Figure 4. Typically, in
photocatalytic proton reduction from water using dye loaded
powder photocatalyst, amount of dye adsorbed on to the surface
of TiO2 semiconductor particle is estimated spectrophotometri-
cally by measuring the difference in absorbance of free dye in
aqueous solution with that of the supernatant liquid obtained
after filtration/centrifugation. Here, the amount of adsorbed dye
(equilibrium dye loading) on powder TiO2 surface was measured
as a function of suspension (adsorption) time. We can get a
closer idea on the rate of the absorption of each dye onto TiO2
surface by fitting the data on a first order exponential decay
equation as mentioned below.

= + −t AeAbs( ) Abs(eq) kt( )

Here, Abs(t) is the absorbance of the unabsorbed dye at
particular time t, Abs(eq) is absorbance of the unabsorbed dye
at equilibrium loading condition, A is fitting constan,t and
k (min−1) is rate constant for binding kinetics in terms of
unabsorbed dye that remain in the solution. The greater k value
signifies the slower rate of dye absorption and vice verse. As
shown in Figure 4, the calculated k values are in good accordance
with the anchoring group present in dye molecule. The lowest
k value of 25.62 min−1 is attributable to the slow absorption of
GS12 which has one anchoring group. Thus, we speculate that,
little bulky ancillary in GS12 may block the recombination
between the photoinjected electrons in the titanium and the
oxidized SED species. The similar phenomena have been reported
byDurant and co-workers in dye sensitized solar cell application.23

Furthermore, we have also estimated the equilibrium loading of
the sensitizers for 10 mg of TiO2 which were 0.57, 0.37, 0.12, and
0.3 μmol for GS11, GS12, GS13, and DX-1, respectively. The
low equilibrium loading of GS13 could be the reason for lower
hydrogen production activity.

2.4. Photocatalytic Hydrogen Generation. To assess the
performance of these dyes for photocatalytic proton reduction
from water SED mixture, the photocatalytic experiment of
dye/Pt−TiO2 systems containing dyes (GS11−GS13 and DX-1)
was investigated in 20 mL of 10 vol % aqueous triethanolamine
(TEOA). All Dye/Pt-TiO2 catalysts were fabricated on com-
mercially available TiO2 anatase particles by Pt photodeposition
in methanol using a Xe lamp (450 W).24 After this photo-
deposition, the dye was loaded onto the Pt-TiO2 particles by
solution processing in the presence of dye solution in methanol at

Figure 3. (a) Differential pulse voltammograms of GS11, GS12, GS13, and DX-1. (b) The schematic energy levels of GS11, GS12, GS13, and DX-1
based on absorption and electrochemical data.

Table 1. Optical Parameters of Sensitizer GS11, GS12, GS13,
and DX-1

dye
λmax (ε) (M

−1 cm−1)
[nm]a

λem
b

(nm)
Eoxd
[V]c

E0−0
[eV]d

LUMO
[V]c

GS11 583 (6872) 748 0.147 1.962 −1.815
GS12 533 (528) 733 0.216 2.066 −1.850
GS13 797 (2469) 831 0.212 1.585 −1.373
DX-1 791 (2014) ∼950 0.228 1.610 −1.382

aAbsorption spectra was recorded in DMF solutions at 298 K.
bEmission spectra was recorded in DMF solutions at 298 K. cRedox
potentials were measured by DPV in DMF vs ferrocene/ferrocenium
(Fc/Fc+) with 0.1 M n-Bu4NPF6 as supporting electrolyte (scanning
rate = 100 mV s, working electrode and counter electrode = Pt rod and
Pt wire, and reference electrode = Ag/Agcl). The HOMO and LUMO
were calculated with the following formulas: HOMO = Eoxi − EFc/Fc+ V;
LUMO = HOMO − E0−0.

dThe band gap, E0−0, was derived from the
intersection of the absorption and emission spectra.
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room temperature for 12 h. The reflectance absorption spectra
of the TiO2 particles showed peaks at the same wavelengths as
for dye/TiO2 composite, confirming the appropriate loading of
the dyes.
The obvious effect of the sensitizers for photocatalytic H2

production is shown in Figure S4 (Supporting Information) as
GS12 dye sensitized photocatalyst showed high H2 production
yield in comparison to bare and platinized TiO2 under similar
experimental condition. Figure 5a shows temporal plots for the
H2 generation using the catalysts of 0.25 μmol dye/10 mg Pt−
TiO2. One wt % Pt was used as the cocatalyst in all photocatalyst

composites as presumably excess Pt loading would lead to more
extensive quenching of excited state dye molecules. Moreover,
larger Pt particles may be responsible for the band gap narrowing
of semiconductor which increases the electron hole recombina-
tion.25,26 As shown in Figure 5b, GS12 exhibits the greater
efficiency with H2 generation yield ∼1.1 mmol though it has
only one electron withdrawing carboxylic anchoring group. This
result may due to the more negative energy of the LUMO level in
GS12, promotes easy electron transfer from dye to CB of TiO2.
Moreover, as confirmed by the DRS analysis, low dye aggregation
ofGS12 on TiO2 surface may also facilitate the effective electron

Figure 5. (a) Time courses of photocatalytic H2 evolution over different dye/Pt−TiO2 composite and (b) apparent quantum yield (AQY %) of H2
generation at different pH. Reaction condition: 10% v/v TEOA, 400 W medium pressure Hg vapor lamp as light source, room temperature, dye
concentration is 0.25 μmol/10 mg catalyst.

Figure 4. Absorption measured for different Ru-sensitizers at concentration 8 × 10−2 mM in the presence of 10 mg TiO2 at room temperature.
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injection form dye to TiO2. On the other hand, the H2
production yield of DX-1 reached up to TON 7711 which is
2700more in comparison toGS13 after 8 h irradiation, (Table 2)
which might be attributable to the greater number of carboxylic
group in DX-1, accelerates the electron transfer at the dye/TiO2
interface more prominently. Thus, it is worth mentioning here
that besides the energy of LUMO level, electron injection from
dye to TiO2 is also depends on the carboxylic group, which is
beneficial for both dye absorption and formation of electron
transfer path.27−30

Notably, GS11 exhibited better photoactivity with 4.96 AQY
in comparison to GS13 and DX-1, which may ascribed to
stabilization of LUMO level by two fluorine atoms.
The pH value often has a significant effect on photocatalytic

reaction, especially for dye-sensitized photocatalysts in the
presence of a sacrificial agent. This is because it will influence the
existing state of the dye, electron donor reagent and esteric bond
that forms in between dye and TiO2.

31,32 The effect of pH has
been screened with all dye/Pt−TiO2 in aqueous TEOA medium
where the pHwas adjusted by addition of 1(M)HCl (Figure 5b).
The rate of H2 production was decreased immensely at pH 4 for
all photocatalysts. This is because in acidic medium protonation
of the surface titanol groups inhibited the formation of, esteric
linkage effectively.33 The effect of pH on H2 production has
followed quite similar trend for all catalysts as at neutral medium
the photocatalysts are giving the maximum efficiency which
immediately fall down when pH was maintained at 10. At higher
pH, the carboxyl groups of sensitizers were deprotonated, so the
dye could not adsorb on TiO2 surface effectively because of
electrostatic repulsion force. Moreover, the pH values can also
regulate the existing state of the sacrificial agent. TEOA was
protonated in acidic solution, so its ability of donating electrons
would weaken, whichmight influence the regeneration of oxidized
dyemolecules It is well-known that in aqueous solutions, the band
edges of TiO2 display a Nernstian dependence with the solution
pH, moving ∼60 mV per pH unit due to surface protonation/
deprotonation.34 This could be a reason for change in the
thermodynamic driving force for charge injection from dye to
TiO2 conduction band. In a dye-sensitized system, dye desorption
under long-term stirring under aqueous conditions is inevitable.9

Moreover, during the irradiation process, many photogenerated
species may be produced along with the decomposition of TEOA,
may play a detrimental role in hydrogen production.9

Stability of the sensitizers was examined over 24 h. All the
sensitizers exhibited good stability for hydrogen production
under prolongs irradiation, as reduced catalytic activity was
observed at third cycle (Figure 6). The lowering of photoactivity
may due to partial dissolution of dye and consumption of
sacrificial electron donor.

3. THEORETICAL STUDIES (DFT CALCULATION)
The location of the HOMO−LUMO and the electronic
properties of theGS11,GS12, andGS13 dyes were theoretically
investigated by using DFT in gas phase (Figures S5−S7) shows
the isodensity surface contours of HOMO, HOMO−1,
HOMO−2, HOMO−3, LUMO, LUMO+1, LUMO+2 and
LUMO+3 for the sensitizers. The percentage of the frontier
molecular orbitals contribution is shown in the Supporting
Information. The HOMO of the GS11, GS12, and GS13 are
mainly populated over the ruthenium metal with significant
contribution from Cl atom. On the contrary, LUMO of dyes are
predominantly localized over polypyridyl. HOMO, HOMO−1,
and HOMO−2 orbital sensitizers have predominant ruthenium
t2g character. On the other hand, the orbital contributions
toward the LUMO of the as-prepared sensitizers are quite similar
to each other because the LUMO results mainly from the orbital
delocalization of the polypyridyl moieties of the ancillary ligands.
On photoexcitation, electron density moves from Ru−Cl unit to
the polypyridyl moiety. Accordingly, the photoinduced electron
transfer from dye to TiO2 nanoparticle can efficiently occur at the
HOMO−LUMO excitation. The HOMO and LUMO energies
of the sensitizers evaluated theoretically are incorporated in
Table S1 (Supporting Information).
On the basis of the optical, electrochemical and theoretical

characterization, the conceptual mechanism for photocatalytic
hydrogen evolution has been diagrammatically represented in
Figure 7. The major electron density of HOMO is mainly

Table 2. Solar Driven H2 Production over Different
Dye/Pt−TiO2

dye TONa %AQYb

GS11 8277 4.96
GS12 8605 5.16
GS13 5010 3
DX-1 7711 4.62
N719 163 0.95

aTurn over number was calculated after 8 h using, TON = (2 ×
amount of H2)/amount of sensitizer}. bApparent quantum yield
(AQY%) = {(2 × number of evolved H2 molecule)/number of
incident photon}.

Figure 6.Histogram for reproducibility of photocatalytic H2 production
over different dye/Pt−TiO2 composites. After each run, the reaction
vessel was evacuated in the dark condition. Reaction condition: 10% v/v
TEOA, 400 W medium pressure Hg vapor lamp as light source, room
temperature, dye concentration is 0.25 μmol/10 mg catalyst.

Figure 7. Graphical representation of dye sensitized photocatalytic
hydrogen production.
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delocalized on Ru−Cl units, which upon photoirradiation, rapidly
inject electron into LUMO (majorly located on the ancillary
ligand) of the dye. It is indeed the esteric linkage between dye and
TiO2, which acts as the electron transfer path. Subsequently,
electrons reduce the water molecule at the Pt center. It can be
speculated that these sensitizers may possesses a same order of
emission lifetime with that of reported DX-1.12 Eventually, it is still
sufficient for electron injection into the conduction band (CB)
of the TiO2 nanoparticle because, injection from the3MLCT
state to the TiO2 conduction band occurs on a time scale of
∼10−100 ps.12 The regeneration of the oxidized dye species takes
place in a consecutive manner when SED donates electron into
the HOMO level of the oxidized dye species (HOMO−1).

4. CONCLUSION
For the first time, we have successfully demonstrated the highly
efficient panchromatic dye-sensitized photocatalytic hydrogen
production over dye/Pt−TiO2 composite in aqueous triethanol-
amine medium under visible light irradiation. The newly designed
and synthesized phosphonite coordinated ruthenium sensitizers
show pronounced light harvesting capability up to near IR region.
The calculated LUMO energy values for sensitizers ensure the
favorable electron injection from dye to TiO2 nanoparticle. A very
remarkable hydrogen production yield was obtained with TON8605
for GS12 after 8 h, which was almost 52 times higher than the
reference dye N719 in our experimental condition. These encourag-
ing finding insist us to synthesize more derivatives of phosphonite
coordinated ruthenium complexes to get more high photoactivity.

5. EXPERIMENTAL SECTION
5.1. Photocatalytic Experiment. The photocatalytic hydrogen

generation experiments were carried out in a 100 mL Pyrex glass reactor
with flat optical entry window and external cooling jacket. Twenty
milliliters of aqueous suspension containing 10 mg of photocatalysts and
10 vol % of SED was taken as the reaction mixture. The reactor was sealed
with silicon septum and kept under ultrasonic treatment for 2 min to
suspend the catalyst completely in the water/SED system. Before light
irradiation dissolved oxygenwas removed by 20min evacuation followed by
bubbling of argon gas for 30min. As an external light source, 400Wmercury
(Hg) vapor lamp was used for the illumination on the suspended photo-
catalyst of the aqueous reaction mixture kept under constant stirring
condition. The distance between the lamp and the photoreactor containing
reaction solutionwasfixed at 8 in. The resulting evolved gaseswere analyzed
by PerkinElmer Clarus 580 GC equipped with 5 Åmolecular sieve column,
a thermal conductivity detector (TCD) and Argon as the carrier gas. The
number of the incident photon was counted using intensity of the incident
light, which has been measured using Newport energy meter (model
842-PE). Intensity of the light was measured to be 0.195 W/cm2 (∼2 sun).
5.2. Binding Kinetics Experiment. Binding kinetics of the

phosphine coordinated sensitizers on TiO2 surface was studied by
recording the absorption spectra of dye solution at a regular time
interval. First, the measured amount of dye was added into 40 mL of
MeOH and then it was stirred to make a clear solution. Into the resulting
solution, 10 mg of TiO2 was added and subsequently it was kept under
stirring condition at room temperature in dark condition. Eventually,
at a particular time interval, 3 mL of aliquot was collected, centrifuged at
3500 rpm and then the absorption spectra was recorded.
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