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a b s t r a c t

In this paper, charge separation of Au–TiO2 nanocomposites under visible light irradiation is investigated
by transient absorption spectroscopy (TAS), as well as steady-state absorbance studies. The effects of
electron donors on the performance of plasmon-induced photovoltaic cell are studied by employing three
kinds of donors: [Fe(CN)6]4−, Fe2+, and ferrocenecarboxylic acid, since the apparent formal potential of
vailable online 21 June 2008
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[Fe(CN)6]4− and ferrocenecarboxylic acid is more negative and more positive than that of Fe2+, respectively,
providing the opportunity to determine the influence of donors on the open-circuit photovoltage and
short-circuit photocurrent. The experimental results indicate that both the open-circuit photovoltage and
the short-circuit photocurrent are not simply dependent on the apparent formal potential of the donors.
In addition, transient absorbance measurements show that the regeneration rates of the oxidized gold
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. Introduction

Recently, noble metal nanoparticles, such as gold and silver, have
een attracting more and more research attentions, because of their
nique physical and chemical properties different from bulk metals
nd the potential applications, such as electronic, optical, thermal,
atalytic, and magnetic devices [1–8]. Surface plasmon resonance
s just one of the most striking characteristics of gold and silver in
anometer scales, and has been widely recognized in the field of
urface science since the pioneering work of Ritchie [9]. The unique
lasmon absorbance features of noble metal nanoparticles have
een exploited for wide applications, including chemical sensors
nd biosensors, to produce silver nanoprisms and gold nanorods,
nd so on [6–8,10–18].

In the previous work [19–21], plasmon-induced photoeletro-
hemistry at gold and silver nanoparticles incorporated in
anoporous TiO2 have been reported. Charge separation is realized
t noble metal nanoparticles-TiO2 nanocomposites and is currently

eing exploited for a wide of applications, such as photovoltaic
ells, visible light-responsive photocatalysis, and surface pattern-
ng. The mechanism of charge separation is proposed as: the visible
ight generates the photoexcited state of the gold nanoparticles
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E-mail address: yangtian@mail.tongji.edu.cn (Y. Tian).
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ased on the surface plasmon resonance. Then the photoexcited
lectrons are injected into the TiO2 bulk. Simultaneously, the oxi-
ized gold nanoparticles take electrons from a donor in the solution.
urube et al. directly observed plasmon-induced electron transfer
rom 10 nm gold nanodots to TiO2 nanoparticles by using fem-
osecond transient absorption spectroscopy (TAS) with an IR probe
22].

For the sake of confirming the mechanism of charge separa-
ion at Au–TiO2 nanocomposites under visible light-irradiation, and
urther understanding the effects of electron donors on the per-
ormance of this plasmon-induced photovoltaic cell, subsequently
chieving the total energy efficiency of the photovoltaic cell, TAS
s employed in the present work. TAS is a powerful tool for prob-
ng charge separation and electron transfer, since electron transfer
s always in sub-microsecond, nanosecond, even in picosecond
rade. Here, transient absorbance measurements, as well as steady-
tate spectroscopic studies are evident of that charge separation
s accomplished at mixture suspension of gold nanoparticles and
iO2 under visible light illumination. In addition, we investigate two
ypical kinds of donors, [Fe(CN)6]4− and ferrocenecarboxylic acid,
ompared to Fe2+ since the apparent formal potential of [Fe(CN)6]4−
nd ferrocenecarboxylic acid is more negative and more positive
han that of Fe2+, respectively. The electron donor influences on the
lasmon-induced photovoltaic cell performance is also determined
sing transient absorption spectroscopic and photoelectrochemical
easurements.

http://www.sciencedirect.com/science/journal/10106030
mailto:yangtian@mail.tongji.edu.cn
dx.doi.org/10.1016/j.jphotochem.2008.05.025
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Fig. 1. Schematic diagram of the apparatus f

. Experimental

Acetonitrile (analytical grade), ethylene glycol (analytical
rade), lithium nitrate, iron(II) chloride, potassium ferrocyanide,
thanol (99.5%), and methanol (99.5%) were purchased from
inopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used
s supplied. Hydrogen tetrachloroaurate(III) (HAuCl4) trihydrate
nd ferrocenecarboxylic acid was obtained from Aldrich Chem-
cal Company, Inc. (USA) and used without further purification.
he solution used in this work was freshly prepared and deoxy-
enated for bubbling nitrogen gas for at least 30 min prior to
se.

A TiO2 film was prepared as follows: an ITO-coated glass plate
as coated with a nanoporous TiO2 film prepared from an anatase

iO2 sol (Ishihara Sangyo Kaisha, STS-21, 20 nm particle diameter)
y spin-coating (sintered at 723 K for 1 h). For the preparation of a
u–TiO2 film: a TiO2 film was soaked in a 5 mM aqueous HAuCl4

or about 30 min and rinsed with water. Then, the film was irradi-
ted with ultraviolet light (1 mW cm−2) for at least 1 h to reduce
he adsorbed Au3+ to Au by TiO2 photocatalysis at the expense of
ater oxidation. Gold nanoparticles suspended in solution was pre-
ared by the method previously reported [23]. The substrate was

mmersed in the suspension for 12–15 h and was rinsed thoroughly
ith ethanol.

A CHI 660 electrochemical work station (CH instruments, USA)
as employed in all electrochemical measurements. To test the per-

ormance of each electron donor, a platinum wire was employed as
he counter electrode in a two-compartment two-electrode cell.
n the other hand, open-circuit photovoltage, short-circuit pho-

ocurrent, the total energy conversion efficiency were obtained in
two-electrode sandwich cell (thickness of the electrolyte, 5 mm).
he counter electrode was a platinum plate. The Au–TiO2 substrate
as irradiated with a white light (� > 420 nm) using a xenon lamp
ith an ultraviolet-cut filter from the back.

The steady-state UV absorption spectra were measured using
n Agilent 8453 UV–vis–NIR spectrophotometer (Agilent Instru-

ents, USA). Transient absorbance spectroscopic measurements
ere performed as shown in Fig. 1. A pulse of approximately 6 ns at
32 nm from a Nd:YAG Q-switched laser was used as the excitation
ource. A white light source was the probe beam (300 W Xe) and
as positioned normal to the excitation beam.

l
n
i
w
t

osecond transient absorption spectroscopy.

. Results and discussion

Fig. 2 shows the TEM images of (A) TiO2 and (B) gold colloids
mployed in the present work. The commercial TiO2 and the pre-
ared gold colloids are suspended into the solutions very well, and
re in the diameter of 20–50 nm and 20–30 nm, respectively. The
lasmon resonance absorption peak of gold nanoparticles is located
ear 535 nm, as depicted in curve a of Fig. 3(A).

Fig. 3(A) shows UV–vis spectra of (a) gold nanoparticles, (b–d)
he mixture suspension of TiO2 and gold nanoparticles follow-
ng the visible white light irradiation; Fig. 3(B) demonstrates
he changes in the absorption spectra following the illumina-
ion of visible light at the mixture suspension of TiO2 and gold
anoparticles in the deaerated solution. Before subjecting to white

ight-irradiation, the plasmon absorption peak of gold nanoparti-
les is observed at 535 nm (Fig. 3(A)a). As gold nanoparticles were
rradiated under white light for 10 min with the addition of TiO2
olloids, the plasmon absorption peak of gold nanoparticles located
t around 535 nm decreased with the increasing broad absorption
f 600–800 nm (Fig. 3(A)b and (B)a). After the mixture suspen-
ion of TiO2 and gold nanoparticles were irradiated with visible
hite light for ∼20 min (Fig. 3(A)c and (B)b), and for ∼30 min

Fig. 3(A)d and (B)c), the absorption peak at around 535 nm con-
inuously decreased, combined with the consecutive increase of
he broad absorption peak from 600 to 800 nm. It is well-known
hat the TiO2 colloids exhibit broad absorption in the 400–800 nm
egions, corresponding to the trapping of electrons at Ti4+ sites.
he Ti3+ centers formed as a result of electron trapping have been
haracteristic in earlier studies [24–27]. The mixture suspension of
iO2 and gold nanoparticles shows strong bleaching in the plas-
on absorption region in addition to the absorption in the red. The

ontrol experiments in the absence of TiO2 were also carried out.
ig. 3(C) depicts UV–vis spectra of gold nanoparticles solution after
rradiated by white light for 0 min (a), 10 min (b), 20 min (c), and
0 min (d). Fig. 3(D) demonstrates the changes in the absorption
pectra of gold nanoparticles following the illumination of white

ight in the absence of TiO2 colloid. The absorption peaks of gold
anoparticles at around 535 nm had a little decrease following the

rradiation of white light, compared with Fig. 3(A) and (B), and
ithout obvious increase of the broad absorption peak from 600

o 800 nm, corresponding to the trapping of electrons at Ti4+ sites.
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Fig. 2. Transmission electron microgra

t demonstrated that gold nanoparticles are excited under visible
ight irradiation and undergo charge separation due to the surface
lasmon resonance, even in the absence of TiO2. However, recom-
ination of electron transfer may be very rapidly, and as a result the

hanges in spectra of gold nanoparticles under white light irradia-
ion were very small, suggesting that TiO2 is essential for the spectra
hanges, and the photogenerated electrons are transferred to TiO2
onduction band. This conclusion is also confirmed by transient
bsorption spectroscopy, as demonstrated later.

a
m
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d
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ig. 3. (A) UV–vis absorption spectra of (a) gold nanoparticles, (b) gold nanoparticles after
or ∼20 min, and (d) after irradiated for ∼30 min. (B) UV–vis absorption spectra changes of
olloids, (b) Au–TiO2 nanocomposites irradiated for ∼20 min, and (c) Au–TiO2 nanocomp
pectra of (a) gold nanoparticles, (b) gold nanoparticles after 10 min white light-irradiatio
bsorption spectra changes of (a) gold nanoparticles after 10 min white light-irradiation, (
ere carried out in a deaerated solution.
EMs) of (A) TiO2 and (B) gold colloids.

Fig. 4(A) depicts the time evolution of the transient absorp-
ion spectra observed in TiO2 and gold nanocomposites suspended
n the deaerated solution. A negative feature is observed around
30 nm, which is ascribed to the bleaching of gold nanoparticles

bsorption upon electronic excitation resulted from surface plas-
on resonance and electron injection into the TiO2 conduction

and. Meanwhile, a positive broad peak is obtained in the red region
ue to the electron storage in TiO2 particles produced by the charge

njection process. In the absence of redox couples, the only mech-

10 min white light-irradiation with the addition of TiO2 colloids, (c) after irradiated
(a) gold nanoparticles after 10 min visible light-irradiation with the addition of TiO2

osites irradiated for ∼30 min. Data were obtained from (A). (C) UV–vis absorption
n, (c) after irradiated for ∼20 min, and (d) after irradiated for ∼30 min. (D) UV–vis

b) after irradiated for ∼20 min, and (c) after irradiated for ∼30 min. All experiments
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Fig. 4. Transient absorption spectra obtained upon nanosecond pulsed laser excita-
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cells were also summarized in Table 1. The open-circuit voltage is
highest for the ferrocenecarboxylic acid and lowest for [Fe(CN)6]4−,
indicating that the open-circuit photovoltage increased as the
apparent formal potential shifted positively. The increase is usu-
ion of gold nanoparticles in TiO2 suspended solution in the absence (A) and in the
resence (B) of redox couple Fe2+. Absorbance changes are recorded 50 (–©–), 200
–�–), and 500 (–�–) ns after the laser excitation (� = 532 nm, 5 ns pulse duration)
as applied. The experiments were carried out in a deaerated solution.

nism for gold nanoparticles regeneration is back electron transfer
rom the conduction band of TiO2 to the oxidized gold nanoparti-
les. From Fig. 4(A), we can see that this recombination process is
elatively slow, and only a minor portion of excited gold nanopar-
icles is recovered in the sub-microsecond time scale. On the other
and, in the presence of redox couple (Fig. 4(B)), such as Fe2+/Fe3+,
egeneration of the gold nanoparticles absorption following charge
njection is clearly faster, indicating the photoexcited gold nanopar-
icles due to surface plasmon resonance takes electrons rapidly
rom the electron transfer donor (Fe2+) in the solution.

Therefore, not only steady-state photolysis data but also tran-
ient absorption studies using laser flash photolysis gave the strong
vidence that charge was separated at Au–TiO2 nanocomposites
nder visible light irradiation. And the mechanism of charge sep-
ration is that gold nanoparticles are photoexcited under visible
ight illumination due to surface plasmon resonance, and the gen-
rated electrons are injected into the TiO2 conduction band. In the
resence of redox couples, the oxidized gold nanoparticles take
lectrons from the donor and regenerate rapidly.

As demonstrated above, charge was completely separated at
u–TiO2 nanocomposites under visible light illumination. This
ives the strong basis for constructing the photovoltaic cell by
mploying gold nanoparticles as a sensitizer. As our previously
eported [20], the total energy conversion efficiency of the pho-
ovoltaic cell was achieved to be about 1.27% in the presence
f Fe2+/Fe3+ redox couple. To further understand the effects of

he donors on the open-circuit photovoltage and short-circuit
hotocurrent, consequently to improve the energy conversion effi-
iency of photovoltaic cell more, here we investigated the other two
ypical kinds of donors, [Fe(CN)6]4− and ferrocenecarboxylic acid,
ompared to Fe2+ since the apparent formal potential of [Fe(CN)6]4−

F
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nd ferrocenecarboxylic acid is more negative and more positive
han that of Fe2+, respectively.

Fig. 5 shows cyclic voltammograms (CVs) for three kinds
f redox couples: [Fe(CN) 6]4−/[Fe(CN) 6]3−, Fe2+/Fe3+, and
cCOOH/FcCOOH+, obtained at platinum electrode in acetonitrile
nd ethylene glycol (v/v: 60/40) containing 0.1 M LiNO3. Apparent
ormal potentials E0′

app of each donor was calculated as the average
f anodic and cathodic peak potentials [E0′

app = (Ep,a + Ep,c)/2].
Photocurrent–voltage curves for cells with the three kinds of

edox couples were monitored under the same monochromatic
ight intensity (Fig. 6), and the characteristics of the photovoltaic
ig. 5. Cyclic voltammograms (CVs) obtained at Pt electrode in acetoni-
rile and ethylene glycol (v/v: 60/40) containing 0.1 M LiNO3 in the pres-
nce of 0.1 M [Fe(CN)6]4−/[Fe(CN)6]3− (A), 0.1 M Fe2+/Fe3+ (B), and 0.1 M
10H9FeCOO−/C10H9FeCOOH (C). Potential scan rates: 10, 20, 30, and 50 mV s−1 (from

nner to outer).
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the counter electrode. The potential of Fe2+/Fe3+ redox couple may
locate at the most proper position among that of the three kinds of
redox couples, and consequently in the presence of Fe2+, the oxi-
dized gold nanoparticles obtained electrons from the donor more
ig. 6. Photocurrent–voltage characteristic of the cell with the Au–TiO2 film pho-
oanode, a Pt cathode, and the acetonitrile–ethylene glycol solution containing 0.1 M
iNO3 in the presence of 0.1 M Fe2+ (–�–), C10H9FeCOOH (–�–), and [Fe(CN)6]4−

–�–), under white light illumination (>420 nm, 10 mW cm−2).

lly explained in terms of a simple positive shift in the platinum
ounter electrode potential with the apparent formal potential.
ctually, under open-circuit condition, the potential of the Au–TiO2
hotoanodic electrode is shifted with the redox potential of donor,
uggesting that the open-circuit photovoltage of the present cell is
imply independent of the redox potential. As a consequence, the
ossible gain in Voc by selecting redox couples with more positive
otentials could not be realized.

On the other hand, the short-circuit current intensity increases
o 0.24 mA cm−2 for Fe2+, but only 0.12 and 0.04 mA cm−2 for fer-
ocenecarboxylic acid and [Fe(CN)6]4−, respectively. For probing the
inetics of gold nanoparticles regeneration by recombination of the
njected electrons in TiO2 with the oxidized gold nanoparticles or
eduction by the acceptors (reducing agents) in solution, transient
bsorbance measurements were performed on Au–TiO2 nanocom-
osites in the absence and in the presence of the three kinds of
onors.

Fig. 7 shows the absorbance change after 532 nm laser pulse
or Au–TiO2 nanocomposites versus time at 530 nm in the absence
curve a) and in the presence (curve b) of [Fe(CN)6]4− (Fig. 7(A)),
e2+ (Fig. 7(B)), and ferrocenecarboxylic acid (Fig. 7(C)). The laser
ulse generates the excited state of gold nanoparticles due to
urface plasmon resonance, and then electrons are injected into
he TiO2 conduction band within 10 ns instrument response time.
herefore, the oxidized gold nanoparticles are immediately formed
fter the laser pulse, resulting in an obvious decrease of the
bsorbance at 530 nm. The magnitude of the initial absorption
hange is directly proportional to the quantum yield for electron
njection. In the absence of an electron donor (curve a), all the
njected electrons recombine with oxidized gold nanoparticles, and
omplete recombination requires milliseconds (data not shown). In
he presence of the donor (curve b), the initial absorption changes
s the intrinsic same as in the absence of the electron donor in solu-
ion, within experimental error. Following electron transfer into
iO2, oxidized gold nanoparticles can be regenerated by the back

lectron in TiO2 or competitively by the electron donor. As shown
n Fig. 7(A), in the presence of [Fe(CN)6]4−, the regeneration of gold
anoparticles is relatively slow, and can hardly be distinguished

rom the transient spectrum obtained in the absence of [Fe(CN)6]4−.
owever, in the Fe2+ solution (Fig. 7(B)), the oxidized gold nanopar-
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icles is rapidly regenerated within 500 ns, subsequently inhibiting
ignificant recombination from electrons in TiO2. This result is in
good agreement with that demonstrated in Fig. 4(B). With fer-

ocenecarboxylic acid (Fig. 7(C)), only a fraction of the oxidized gold
anoparticles remains about 4.5 �s after the laser pulse, suggesting
hat ferrocenecarboxylic acid can also regenerate the oxidized gold
anoparticles, although the regeneration rate is much slower than
hat in the Fe2+ solution. These results indicate that electron trans-
er from the donor to the oxidized gold nanoparticles may play a
ominant role for Fe2+, while that back electron transfer from the
iO2 to the oxidized gold nanoparticles may play an important role
n the presence of [Fe(CN)6]4−. It is obvious that there is an opti-

um potential for the donor/acceptor redox couple. The potential
hould be more negative than that of the hole on the gold nanoparti-
les; otherwise the gold nanoparticles cannot obtain electrons from
he donor. On the other hand, the potential should be more posi-
ive than that of the TiO2 conduction band; otherwise the acceptor
annot receive electrons from the gold nanoparticles via TiO2 and
ig. 7. Transient absorbance changes at 530 nm for the mixture suspension of TiO2

nd gold nanoparticles in acetonitrile and ethylene glycol (v/v: 60/40) containing
.1 M LiNO3 in the absence (a) and in the presence (b) of 0.1 M [Fe(CN)6]4− (A), 0.1 M
e2+ (B), and 0.1 M C10H9FeCOOH (C).
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apidly than in the presence of the other kinds of donors. This is
he key point that short-circuit current is greatest for Fe2+ among
he three kinds of electron donors. These investigations provide a

ethodology to select a redox couple: only the redox couple with
apid generation ability of electron transfer from the donor to the
xidized gold nanoparticles yields the great short-circuit photocur-
ent, therefore generates efficient energy efficiency.

. Conclusions

Three kinds of electron donors were evaluated for determining
he effects of the formal potential of donor on the energetics and
inetics of Au-sensitized photoelectrochemical cells. The experi-
ental data revealed that selecting a donor with more positive

ormal potential could not lead to an increase of the open-circuit
hotovoltage. Transient absorbance studies indicated that the

ower short-circuit photocurrent and the efficiency were related
o a slower regeneration rate of oxidized gold nanoparticles when
Fe(CN)6]4− or ferrocenecarboxylic acid were used in place of Fe2+.
onsequently, a greater fraction of the injected electrons may
ecombine with the oxidized gold nanoparticles, or with electron
cceptors in solution. This study provided a methodology to further
nderstand the effects of the donors on the open-circuit photovolt-
ge and short-circuit photocurrent, and to improve the total energy
onversion efficiency of the present and the other photovoltaic cells
ore.
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