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Abstract

Four sample types of nanostructured titanium dioxide ¢Ji€lectrodes were studied, variously prepared with,Ti@nocrystalline
particles of different sizes (15 and 27 nm in diameter) and with the addition of polyethylene glycol (PEG) binders having two different
molecular weights (MW) (20,000 and 500,000). CdSe nanoparticles (CdSe quantum dots: CdSe QDs) were adsorbed on to each of the four
types of TiQ electrode using a chemical deposition technique. Photoacoustic (PA) and photoelectrochemical (PEC) current spectra were
measured, together with the incident photon to current conversion efficiency (IPCE). The photosensitization by the CdSe QDs was confirmed.
It was found that the PEC current and IPCE are strongly dependent on th@diparticle size and the MW of PEG in the }i@ater
paste. The correlation of the PEC and IPCE with the microstructure and the electron diffusion coefficient for eagmahdgdructured
electrode type are discussed, providing information which could lead to the optimization of dye-sensitized solar cells (DSSC).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tages in solar cell applications. Firstly, the band gap of the
nanocrystals can be tuned by controlling their size so that
Nanocrystalline titanium dioxide (Ti§) has received con-  the absorption spectrum can be tuned to match the spectral
siderable attention in numerous fields of application such distribution of sunlight and a full-spectrum solar cell can be
as in photoelectrochemical (PEC) solar cells, photocatal- fabricated more easily. Secondly, nanocrystals have a large
ysis and in gas sensors. In particular, significant progressextinction coefficient due to quantum confinement and in-
has been made by Gratzel and co-workers since the 1990grinsic dipole moments, leading to rapid charge separation.
[1,2]in solar cell fabrication using nanostructured Fi€ec- Thirdly, semiconductor nanocrystals have a robust inorganic
trodes coated with organic dyes, resulting in the so-called nature[11].
dye-sensitized solar cell (DSSC) or Gréatzel cell. The Gratzel  To optimize the DSSC for high efficiency, it is important
cell exhibits a high solar energy conversion efficiency, ex- to study the optical absorption, charge injection, carrier
ceeding 10%, and good long-term stability. Along with the transport and recombination of TiClectrodes, as well as
research on the electrolyte and adsorption dyes, interest inthe correlation between these attributes and morphologies.
the preparation and characterization of nanostructured TiO Hence, control of morphology and interfacial properties is
electrodes has grown rapidly in recent years, following the essential for DSSC fabrication. In a previous pafit],
discovery that the efficiency of the DSSC was significantly we reported the experimental results of photoacoustic (PA)
dependent on the properties of the nanostructured 3D [13-15] and photoelectrochemical (PEC) currdfht—18]
These electrodes can be made from a solution or a pastgneasurements obtained from four samples of nanocrys-
containing TiQ nanoparticles of the desired sig&5]. In talline TiO, electrode prepared from Tilwater pastes,
addition to organic dyes, narrow-band-gap semiconductor containing different nanometer-size i@owders (15 and
nanocrystals, such as CdS and PbS, have attracted signifi27 nm in diameter) and with the addition of polyethylene
cant interest as light harvesters in DS$6s10]. The use of  glycol (PEG) binders having different molecular weights
semiconductor nanocrystals as sensitizer has some advandMW) (20,000 and 500,000). The PA method is a pho-
tothermal detection technique, which has been proven to be

* Corresponding author. Tek:81-424-43-5464; fax+-81-424-43-5501.  Powerful for the investigation of the optical absorption and
E-mail address: toyoda@pc.uec.ac.jp (T. Toyoda). thermal properties of various materials by measurement of

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2003.12.027



76 Q. Shen et al./Journal of Photochemistry and Photobiology A: Chemistry 164 (2004) 75-80

nonradiative de-excitation processes. It is useful for mea- technique. A gas-microphone PA method was ufig].
surements in optically opaque or scattering solid materials, A 300 W xenon arc lamp was used as a light source. A
which are difficult or impossible to investigate using con- monochromatic light beam was obtained by passing the
ventional optical absorption measurements. In the previouslight through a monochromator. This beam was modulated
work [12], we also presented qualitative experimental re- with a mechanical chopper and focused on to the surface
sults of the electron transport in the nanostructured,TiO of a sample placed inside a sealed PA cell. Measurements
electrodes, using photocurrent transient (P{1B)20] mea- of the PA spectra were carried out in the wavelength range
surements. In order to investigate the optimum combination of 250-800 nm with a modulation frequency of 33Hz at
of TiO2 nanoparticle size and PEG molecular weight, we room temperature. The PA signal was monitored by first
adsorbed CdSe nanoparticles (CdSe quantum dots: CdSeassing the microphone output through a preamplifier and
QDs) onto the nanostructured Ti@lectrode samples and then into a lock-in amplifier. PA spectra were normalized
measured PA, PEC current spectra and incident photon tousing PA signals from a carbon black shikt].

current conversion efficiency (IPCE). We also investigated The PEC current setup consisted of a quartz cell equipped
the electron transport in the TiCelectrodes in some detail with a working-electrode (Tig) and a Pt counter electrode

in order to interpret the experimental results. In this paper, in 1M KCI + 0.1M NaS electrolyte[6]. PEC current

we report on the effects of microstructure and electron measurements were carried out under short circuit cur-
transport in TiQ substrates on the photosensitization of rent conditions using the same apparatus and conditions
nanostructured Ti©@by CdSe QDs. as those used for the PA measurements. The spectra were
normalized using PA signals from a carbon black sheet.
The nanostructured TiDelectrode was illuminated both
from the electrolyte/TiQ (front-side illumination) and
electrolyte/ITO (back-side illumination) interface sides.
The measurement of incident photon to current conversion
efficiency was also carried out using the same setup by

2. Experimental

The method of preparation of TiCelectrodes has been
reported in a previous pap¢t2]. Four samples of Ti@
paste were prepared with different sized Ti@anocrys- measuring the short circuit current.
talline particles (Super Titania: Showa Denko; anatase The electron transport in the nanostructured sT&ec-
structure) (15 and 27 nm in diameter) and different polyethy- trodes without CdSe deposition was studied using PCT mea-
lene glycol molecular weights (20,000 and 500,000) (de- surements. The setup consisted of a Nd:YAP (yttrium alu-
fined as A-(a) (15nm with PEG20000), A-(b) (15nm with minum perovskite) pulsed laser with a pulse duration of
PEG500000), B-(a) (27 nm with PEG20000) and B-(b) 10ns and an electrochemical system similar to that used in
(27 nm with PEG500000). The resulting pastes were appliedthe PEC measurement. The light of third harmonic genera-
onto indium tin oxide (ITO) coated glass substrates with tion (THG) from the YAP laser with a wavelength of 359 nm
a Scotch tape as a frame and spacer, raking off the excessvas incident on the Ti@ electrode and the short circuit
solution with a glass rod. The TiOfilm thickness could current transient was monitored by a digital oscilloscope.
be increased by several repetitions of this process. TheThe intensity of the THG was 0.5 mJ/pulse. The nanostruc-
TiO, electrodes were dried in air at room temperature for tured TiQ electrode was illuminated from the front-side.
10 min, followed by treatment at a temperature of 100 The electrolyte was 1 M KG} 0.1 M NagS, as used in PEC
for 10 min. This was followed by ramping to 48Q for measurements.

40 min, with a dwell at 450C for 30 min before cooling

to room temperature. Four sample types with almost the
same thickness (8—10m) were used for CdSe deposition.
The CdSe QDs were prepared using a chemical solution
deposition technique, following the procedure published by 3.1. PA, PEC and IPCE spectra for CdSe adsorbed TiO»
Gorer and Hodef1]. Firstly, as the Se source, an 80mM electrodes

sodium selenosulphate (DBeSQ) solution was prepared
by dissolving elemental Se powder in a 200 MMo8&3
solution. Secondly, 80 mM CdSQand 120 mM trisodium
salt of nitrilotriacetic acid (N(CRHCOONa}) were mixed

3. Results and discussion

The formation of CdSe QDs on the Ti@lectrodes has
been confirmed by X-ray diffraction (XRD). Diffraction
peaks at 2 = 25,5, 42.4, and 50:0were observed, corre-

in a volume ratio 1:1. Finally, both solutions were mixed in
a volume ratio 1:2. TiQ electrodes were placed in darkness
in a glass container filled with the final solution for a various
deposition times (1-120 h). All four types of electrode were

sponding to the (111), (220), and (311) reflections of cu-
bic cadmium selenide. The peaks were very broad in fact,
implying that the sizes of CdSe QDs were very small. We
estimated the average size of CdSe QDs to be ca. 6 nm from

deposited using the same solutions. We observed differentthe full width at half maximum of diffraction peaks accord-

sizes for dot structure of CdSe by SEM measurements.
The optical absorption of the TiOelectrodes with and

ing to the Scherrer equatid@2,23] In this study, we only
present the experimental results of the samples with deposi-

without CdSe QD deposition was studied using the PA tion time of 19 h.Fig. 1shows PA intensity spectra of CdSe



Fig. 1. Photoacoustic spectra of the }i@lectrodes (A-(b), (15nm with
PEG500000)) with and without CdSe quantum dots deposition for 19h
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deposited TiQ electrode and that without deposition (the
TiO, substrates: A-(b)), where the PA intensity amplitudes
were normalized at a wavelength of 310 nm (photon energy,
4.0eV). The red shift of the spectra by CdSe QDs can be
clearly observed for the deposited sample. The PA spectrum
from commercial bulk CdSe powders with sizes of a few
micrometers is also shown ifig. 1, in which a absorption
shoulder appeared at 1.73 eV. This is in good agreement with
the band-gap energliy of bulk CdSe reported elsewhere
[21]. Relative toEg of the bulk CdSe, the optical absorp-
tion shoulder in the PA spectra of CdSe deposited sample
shows blue shift. It means that the quantum confinement ef-
fect occurred in the CdSe deposited sample, implying that
the radius of the CdSe QDs are smaller than the Bohr radius
of the exciton in bulk CdSe, i.e., 5.6 nf24]

Fig. 2a and 2kdepict PEC current of CdSe19h deposi-
tions on the four variations of TiPsample, as measured
from back-side and front-side illuminations, respectively.
The photosensitization of the Tilectrodes in the visible

Wavelength (nm)

640 560 480 400 320
30 T T T T T
1 (a) back-side illumination
Ple—a T
1—=—A-(b)
~ 207 —o—B-(@ —
S ] i
< 15 A o9 *
(m_) | /o/o\o/o/ ;l/ \ |
= oY ®
f;i =
T T T T T T .
2.5 3.0 3.5 4.0
Photon Energy (eV)
Wavelength (nm)
640 560 480 400 320
T T T T T T T T
254 (b) front-side illumination
D——D\
10— A-(a) b o .
204" A~(b) o—o )
_ |o—B-@ 5 \
S
[Sa} o o2
O 5 0—0~p—0 o /
& 104 o —® 1
/ -8~ _e—* —u—n ]
4 O o o o "~ —® —N u
%S L
y |
0 T . T .

2.0 2.5 3.0 3.5 4.0
Photon Energy (eV)

Fig. 3. Incident photon to current conversion efficiency of the four,TiO

Fig. 2. Photoelectrochemical current spectra of the four formulations of electrodes deposited with CdSe quantum dots with a deposition time
TiO> electrode deposited with CdSe quantum dots for 19 h. The measure-of 19h. The electrolyte was 1M KGF 0.1 M Na$S solution and the

ments were carried out at (a) back-side illumination and (b) front-side measurements were carried out at (a) back-side illumination and (b)
illumination, respectively.

front-side illumination, respectively.
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region resulting from the CdSe QDs deposition can be Highly porous nanostructures in the H@ilms were ap-
clearly observed. The PEC currents in the visible re- parent from the SEM observations. The average size of
gion increased in order of sample A-(a) (15nm with the TiOG, nanocrystals in the electrodes was found to be
PEG20000), A-(b) (15 nm with PEG500000), B-(b) (27 nm 50-60nm for A-(a) (15nm with PEG20000), 20-30nm
with PEG500000) and B-(a) (27 nm with PEG20000) when for A-(b) (15nm with PEG500000) and from a few tens
illuminated from either side. The difference in spectra nm to 100 nm for B-(a) (27 nm with PEG20000) and B-(b)
measured at the back-side and front-side illuminations for (27 nm with PEG500000). The porosity and pore sizes of
each sample can be also observedrig. 2. The reduction B-(a) and B-(b) were larger than those of A-(a) and A-(b).
in the PEC current for front-side illumination compared These results indicate that the microstructures of the, TIO
to back-side illumination, especially in the higher photon electrodes depend on the TiGanoparticle size and the
energy region where the optical absorption coefficient is MW of PEG in the TiQ/water paste. Since samples B-(a)
increased, can be explained by recombination losses duringand B-(b) have larger porosity and pore size in the ;TiO
the transport of electrons from surface of the electrode to microstructures than those of A-(a) and A-(b), we can sup-
the back contactFig. 3 shows the IPCE measured from pose that more CdSe QDs may be deposited on the surfaces
back-side (a) and front-side (b) illumination. As in the case of the TiQ, nanoparticles. Thus, the larger PEC current in
of the PEC current, IPCE of the electrode B-(a) (27 nm with the visible region which occurred in B-(a) and B-(b) could
PEG20000) is largest in the four sample variations. In order be predicted. As seen froffig. 2, PEC current of B-(a) is
to explain these results, we need to study the microstructurelarger than that of B-(b). Since their microstructures appear
and electron transport of each of the four electrode samples.to be similar, we need also to consider the difference of
electron transport processes in the samples.
3.2. Microstructure and electron transport of the TiO; In a previous worK12], we reported qualitative results of
electrodes PCT for the four TiQ electrode preparations. We found that
the photoelectrochemical current peak intensities of samples
Fig. 4 shows the micrographs of scanning electron mi- A-(a) and A-(b) were a few tens of times greater that those
croscopy (SEM) of each of the four electrode samples. of samples B-(a) and B-(b) and that the electron diffusion

Fig. 4. Micrographs of scanning electron microscopy of Ji€ectrode samples A-(a) (15nm with PEG20000), A-(b) (15nm with PEG500000), B-(a)
(27 nm with PEG20000) and B-(b) (27 nm with PEG500000).
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Fig. 5. Photoelectrochemical current transients of A-(b) (15nm with Fig. 7. Dependence of the square of the thickness, on the peak

PEG500000) for different electrode thicknesses. position of the photocurrent transieriggak for sample A-(b) (15 nm with
PEGS500000).

coefficient in the former is larger than the latter by about
almost one order. In this paper we present more detailed 500 T T T T T
results. 27nm with PEG500000

Figs. 5 and edepict examples of PCT for A-(b) (15nm 400 .
with PEG500000) and B-(b) (27 nm with PEG500000) with —~
different film thicknesses, respectively. A single current peak Ng 300 1
is clearly visible in all transients. The position of the peak =
(tpeak is shifted to a longer time and the peak current am- = 2001 1
plitude decreases with increasing film thickness, i.e., with 1004 i
the increased distance of electron travel. Using a diffusion
model[19,20], electron diffusion coefficient, in the TiG; 0 . . . . .
nanostructured electrodes can be determined from the fol- 0 20 40 60 80 100 120
lowing relation betweetpeak and the film thicknesh: b ocak (ms)

h? Fig. 8. Dependence of the square of the thickr#ssn the peak position of

Ipeak = 6D ) the photoelectrochemical current transietatsy for sample B-(b) (27 nm

with PEG500000).
Figs. 7 and 8how the dependence of the square of the

thicknessh? on the peak position of the photocurrent tran- .

sientstpeaxfor samples A-(b) (15 nm with PEG500000) and  fOf Samples A-(@) (15nm W'tEPEGZOOOO) apg B-(a) (27 nm
B-(b) (27 nm with PEG500000), respectively. The electron With PEG20000) are. x 10~ and 096 x 10 .cm'zls, re-
diffusion coefficients are calculated from the slopes of the spectively. These results are s_hov_vﬁ'able 1 indicating that
lines as 15x 10~5 cm?/s for A-(b) (15 nm with PEG500000) the electron transpo_rt propertle_s in the el_ectrode§ are largely
and 066 x 10-5 cr/s for B-(b) (27 nm with PEG500000). dependent on the TiOnanoparticle sizes in the Tilwater

Using the same method, the electron diffusion coefficients Paste and also on the MW of the PEG, in the case of larger
TiO2 nanoparticles.

With samples A-(a) and A-(b), the PEC currents in the
27'nm with PEIGSOOOOO visible region were smaller, although they have larger elec-

20T T

< tron diffusion coefficients. This is because the porosity and
2 pore size in their microstructure are so small that few CdSe
% QDs can be adsorbed. Samples B-(a) and B-(b) each have a
E similar porosity and pore size. Thus, the fact that the largest
O PEC current in visible region occurred in B-(a) (27 nm with
|5
z Tablei. oo S
s Electron diffusion coefficient of four formulations of TiGsubstrate
= 01+ : : : TiO, substrate D (x10-3cn#/s)
0 0o~ 200 300 400 A-(a) (15nm, PEG20000) 15
Time (ms) A-(b) (15nm, PEG500000) 1.5
B-(a) (27 nm, PEG20000) 0.96
Fig. 6. Photoelectrochemical transients of B-(b) (27 nm with PEG500000) B.(p) (27 nm, PEG500000) 0.66

for different electrode thicknesses.
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PEG20000) may be due to a larger electron diffusion coef- carried out under the 21st Century COE program on “Co-

ficient than that in B-(b) (27 nm with PEG500000). herent Optical Science.”
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