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We have investigated the sensitization of nanoporous titanium dioxide by previously synthesized CdSe quantum
dots (QDs) protected with trioctylphosphine. Covering the nanoporous TiO2 films with QDs has been achieved
using two strategies: (i) direct adsorption from dichoromethane dispersions and (ii) anchoring the QDs through
a molecular linker, concretely, mercaptopropionic acid (MPA). In contrast with MPA-mediated adsorption,
direct adsorption leads to a high degree of QD aggregation, as revealed by atomic force microscopy (AFM)
images obtained with both TiO2 nanoporous films and monocrystalline surfaces. Importantly, at saturation,
only 14% of the real surface area of a 5-µm thick P25 TiO2 layer is covered for both attachment modes. For
MPA attachment, the incident photon-to-current efficiency (IPCE) increases with the loading, whereas a
maximum (close to 40% at the QD excitonic peak) is defined for intermediate coverages in the case of QD
direct adsorption. In addition, for equivalent QD loading, IPCE values are larger in the case of direct adsorption.

Introduction

Dye-sensitized solar cells based on mesoscopic wide band
gap semiconductors have the potential advantages of lower cost
production and versatility in comparison to the conventional
solid-state cells.1 The photoanode in such cells is constituted
by a nanoporous TiO2 layer sensitized to the visible radiation
by an adsorbed dye. Instead of using dyes, the sensitization of
TiO2 nanoporous electrodes can be achieved through modifica-
tion of the oxide with quantum dots (QDs) of low band gap
semiconducting materials. The use of QDs enables band gap
tuning through control of the QD size, which allows one to
adjust both light absorption and the energetics at the interfaces
of the QD with the surrounding media (hole and electron
transporting materials). In addition, QD solar cells could benefit
from both large QD extinction coefficients and the multiple
exciton generation phenomenon, which should lead to an
enhancement of the conversion efficiency in solar cells.2,3 QDs
thus have the potential to overcome the energy loss of highly
energetic photons caused by carrier thermalization in conven-
tional solar cells.

The initial works utilized different quantum-sized sulfides to
sensitize TiO2 nanoporous electrodes.4,5 Many systems have been
studied since then, like those based on the following QD
sensitizers, in which cadmium chalcogenides play a central role:
CdS,4-10 PbS,5,11-13 InP,14 InAs,15 CdSe,16-25 and CdTe.26 In
the case of CdSe QDs, several aspects have been analyzed, such
as cosensitization with a dye,17 TiO2 particle size and shape21,23,24

and the influence of surface modification of the QDs with either
fluoride or ZnS.23,27 Very recently, the effect of the QD diameter
has also been examined.20 On the other hand, combining both
CdSe QD sensitization and nitrogen doping of the TiO2 matrix

has been proposed as an effective and promising way to enhance
the response of the photoanode.28

One of the subjects investigated recently is the type of
attachment of the QDs to the oxide matrix. In fact, one of the
reasons leading to the poor efficiency of QD-sensitized solar
cells is the difficulty of linking the QDs to the mesoporous TiO2

matrix to obtain a full monolayer on the TiO2 surface. In most
of the reported works, QDs were grown directly onto the
nanoporous matrix by chemical bath deposition. Although a
direct contact between the oxide and the QDs is achieved in
this way, there is no separate control of QD coverage and size.
In addition, the deposits could be far from stoichiometric
because of, for instance, the possible formation of elemental
layers in addition to the sought compound particles.

These drawbacks can be avoided if the QDs are synthesized
previously, and, later, the oxide layer is modified with
them.14-16,20,25,26,28 In most cases, the attachment of the QDs to
the oxide is achieved by using a linker, which is a bifunctional
molecule that anchors the QD to the oxide particle, acting as a
molecular cable. Different molecular linkers have been inves-
tigated, and it has been recognized that the chemical nature of
the linker plays a decisive role in determining the efficiency of
electron injection into the matrix. Kamat and co-workers
reported that mercaptopropionic acid (MPA) is a better linker
than thiolacetic or mercaptohexadecanoic acid.20 In a similar
way, we very recently showed that using cysteine as a linker
gives rise to more efficient photoanodes than using thioglycolic
acid or MPAs.24 In this paper we compare the behavior of CdSe
QD-sensitized TiO2 electrodes in which the QDs are attached
to the oxide either through the use of a linker, such as MPA, or
by direct adsorption of the capped QDs. In each case, the
dependence of the IPCE on the QD loading is analyzed. The
deleterious effect of QD aggregation is evidenced.

Experimental Section

CdSe QDs, capped with trioctylphosphine (TOP), were
prepared by a solvothermal route that permits size control.29
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Briefly, selenium (99.5%, Alfa Aesar) reacts with cadmium
myristate in toluene (99.5+%, Sigma Aldrich) in the presence
of oleic acid (∼99%, Sigma Aldrich) and TOP (90%, Aldrich).
The reaction takes place at 180 °C in a sealed autoclave. The
reaction time allows to control the QD size and, consequently,
the QD band gap. All the electrodes studied in the present work
have been prepared with QDs of very similar size using a
reaction time of 15 h. The as-prepared CdSe QDs were purified
prior to their utilization by precipitation in ethanol, isolation
by centrifugation, and decantation at least three times.

Nanoparticulate electrodes were prepared by spreading an
aqueous slurry of Degussa P25 TiO2 nanoparticles over 1.4 cm2

of F:SnO2-coated glass substrates. The suspension was prepared
by grinding 1 g of TiO2 powder with 1.8 mL of H2O, 30 µL of
acetylacetone (99+%, Aldrich) and 30 µL of Triton X100
(Aldrich). Typically 10 µL of this suspension was applied per
substrate. Afterward, the films were annealed and sintered for
1 h at 450 °C in air. The resulting film thickness was ∼5 µm as
determined by scanning electron microscopy.

Two types of sensitized TiO2 samples were prepared. In the
case of direct QD adsorption, a CH2Cl2 (99.6%, Sigma Aldrich)
CdSe QD dipersion was obtained by centrifugation of the
toluene colloidal dispersion in the presence of ethanol, and
redissolution. The TiO2 electrodes were immersed in such a
dispersion for times ranging between 15 s and 48 h. In the case
of adsorption through a linker, nanoparticulate TiO2 electrodes
were modified with 3-MPA (99%, Aldrich) by inmersion in a
1:10 acetonitrile (99.5%, Sigma Aldrich) solution for 24 h. The
electrodes were rinsed thoroughly with acetonitrile and im-
mersed in toluene for 1/2 h, before being transferred to the
toluene CdSe QD solution. The electrodes were left in such a
solution for times ranging from 40 min to 42 h.

The absorption spectra were obtained with a Shimadzu UV-
2401 PC. In the case of the diffuse reflectance spectra of
sensitized TiO2 electrodes, an integrating sphere was employed,
using BaSO4 (Wako) as background.

Photoelectrochemical measurements were performed at room
temperature in a three-electrode cell equipped with a fused silica
window using a computer-controlled Autolab PGSTAT30

potentiostat. All potentials were measured against and are
referred to a Ag/AgCl/KCl(sat) reference electrode, whereas a
Pt wire was used as a counter electrode. In all the experiments,
a N2-purged 0.5 M solution of Na2SO3 (98.0% min, Alfa Aesar)
in ultrapure water (Millipore Elix 3) was used as the working
electrolyte. A 150 W Xe arc lamp (Oriel) equipped with a
monochromator (Oriel model 74000) was used for electrode
illumination from the substrate side. The light intensity was
measured with an optical power meter (Oriel model 70310)
equipped with a photodetector (Thermo Oriel 71608).

The amount of deposited CdSe QDs was determined by
inductively coupled plasma atomic emission spectrometry
(Perkin-Elmer Optima 3000), by the dissolution of CdSe QDs
in a 4% H2O2 (30%, Merck) solution containing 3% of HNO3

(65%, p.a., Merck).
Atomic force microscopy (AFM) was performed using a

Nanoscope III (Digital Instruments) operated at room temper-
ature in air. Images were obtained in tapping mode using silicon
tips at a driving frequency of ∼270 kHz. n-Type rutile TiO2(110)
single crystals, doped with 0.075 wt % Nb2O5 were purchased
from Commercial Crystal Laboratories, Inc. In order to define
an atomically smooth surface, the single crystal was treated as
described previously.30 Once washed with acetone, it was
immersed in 24% HF (48%, p.a., Merck) for 10 min and
annealed at 550 °C for 3 h in air. The adsorption of QDs on the
rutile single crystal samples was performed following the same
experimental procedure as that for the nanoporous TiO2

electrodes.

Results and Discussion

Figure 1A,B shows the absorption spectra corresponding to
the CdSe QD dispersions used for direct and linker-mediated
adsorption. It should be noted that, apparently, the sizes of the
QDs in both dispersions are slightly different in spite of the
fact that they were synthesized in the same way. These small
differences are attributed to variations inherent to the synthetic
method. In any case, both dispersions are characterized by a
well-defined peak at 560-570 nm (1st excitonic peak), which
reveals a narrow size (diameter) distribution around 3.4 ( 0.1

Figure 1. Absorption spectra of CdSe QD colloidal dispersions used for (A) direct and (B) MPA-mediated adsorption. Corresponding reflectance
spectra of TiO2 nanoporous films sensitized with CdSe QDs by direct adsorption (C) and using MPA as a linker (D) after different immersion
periods in the corresponding solution. The arrow indicates increasing times.
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nm.31 The modification of the TiO2 nanoporous layer, for both
direct and linker-mediated attachment, results in the development
of a deep reddish coloration, which attests to a high degree of
QD attachment to the TiO2 nanoporous layer. In Figure 1C,D,
series of diffuse reflectance spectra obtained for different
immersion times of the nanoporous thin film in the correspond-
ing QD dispersion are shown. Diffuse reflectance instead of
absorbance is presented because of light scattering. In order to
make their comparison with the absorbance spectra of the QD
dispersions more straightforward, the reflectance spectra were
subjected to the Kubelka-Munk transformation and are shown
in Figure S1 (see Supporting Information). The uppermost
spectra in Figure 1C,D correspond to the unmodified TiO2 film
and are characterized by a sharp drop of the reflectance at 400
nm, that is, at the wavelength corresponding to the TiO2 band
gap. Upon the introduction of the QDs, there is an important
decrease in the reflectance in the visible region below 600 nm,
due to QD absorption. It is remarkable that all the spectra show
either a shoulder or a minimum for the wavelengths corre-
sponding to the CdSe QD excitonic peak.

Close inspection of both series reveals a difference between
them. Whereas the excitonic peak in the case of MPA-mediated
adsorption is located at a constant wavelegth, it seems to slightly
shift (by as much as 20 nm) toward longer wavelengths as the
QD coverage increases in the case of direct adsorption (see also
Figure S1). Interestingly, this points to a certain degree of QD
aggregation in the latter case. The magnitude of the shift
observed in Figure 1C (and also in Figure S1C) as the QD
coverage increases is similar to that found for films of CdSe
QDs of similar size upon strong aggregation after drying.32 In
addition, incorporation of the QDs (at low coverage) into the
TiO2 matrix causes a blueshift of the corresponding spectra as
large as 20 nm. A similar effect has been observed in the case
of cyanide adsorption on nanoparticulate CdSe films,32 being
attributed to the electrostatic compression of the localized
excited electron by the negatively charged, strongly adsorbed
cyanide. We believe that, in our case, the observed behavior is
related to important structural and environmental changes
occurring upon QD adsorption at the TiO2 surface. On the one
hand, adsorption triggers a change in the effective dielectric
constant external to the QD. On the other, it is likely that by
direct QD adsorption there is a partial removal of the TOP layer.
In fact, the effect on the QD absorption spectra of the dielectric
constant of the medium surrounding the QDs has been analyzed
in detail both theoretically and experimentally.33 In addition,
small shifts of the excitonic peak as a result of ligand exchange
have also been described.34

Achieving an effective coverage of the oxide with the QDs
is a major issue for the improvement of this type of QD solar
cell.24 To obtain a quantitative assessment of the amount of
adsorbed QDs, they were dissolved in an acidic oxidant solution
containing nitric acid and hydrogen peroxide, and the total
amount of cadmium was determined by atomic emission
spectrometry. As expected, this amount correlates well with 100-
R% (see Supporting Information, Figure S2). The saturation
amount of Cd after 48 h corresponds to 60 µg/cm2 of projected
(geometric) electrode area for both anchoring methods. This
cadmium mass corresponds to a particle concentration equal to
8.5 × 1014 cm-2, if we consider them as spherical and
monodispersed with a diameter of 3.4 nm. On the basis of a
closed packed QD monolayer, the total surface area covered
by the particles would be of 85 cm2. On the other hand, the
Degussa P25 powder used for making the thin film electrodes
has a Brunauer-Emmett-Teller (BET) surface area of 51

m2 ·g-1.35 We determined gravimetrically the weight of the 5
µm-thick film, obtaining a value of 1.15 mg · cm-2, which means
that 45% of the thin film volume corresponds to pores.
Therefore, the total inner surface area of the film is as large as
590 cm2/cm2 of projected area. Finally, by dividing the surface
area that may be covered by the CdSe QDs by the total surface
area of the oxide, we find a value for the QD fractional coverage
equal to 0.14. This result highlights the fact that only a small
fraction of the pores is accessible to the QDs. In this connection,
it should be mentioned that direct adsorption is initially much
faster than MPA-mediated adsorption (compare the adsorption
times in Figures 1C,D), suggesting QD accumulation on top of
the TiO2 layer.

It should be stressed that direct adsorption does not occur
when the TOP-capped QDs are dispersed in toluene. This result
points to the fact that the adsorption behavior of QDs at porous
TiO2 films is rather sensitive to experimental conditions,
particularly to the solvent used for the QD dispersions.
Understandably, the driving force for direct QD adsorption on
TiO2 is small, being important to tune the interactions among
colloids, solvent, and surface. In a very recent report, Lee at
al36 also found that direct adsorption of TOPO-capped CdSe
QDs on TiO2 nanoporous films barely occurs when dispersed
in toluene.

Figure 2 shows dark voltammetric profiles obtained in
aqueous 0.5 M Na2SO3 for TiO2 electrodes modified with CdSe
QDs through direct adsorption. As observed, the profiles are
dominated in all cases by the chemical capacitance typical of
nanoporous TiO2 films for potentials lower than -0.5 VAg/AgCl.
Such voltammetric responses (in the negative-going scan) are
usually interpreted as the filling, with electrons coming from
the substrate, of an exponential distribution of trap states below
the conduction band.37,38 In addition, some of us have recently
suggested on the basis of experimental results that these
capacitive currents are proportional to the interfacial (electro-
chemically active) area.39 The negative charge accumulated in
the nanocrystalline layer during the cathodic scan needs to be
compensated with species coming from the electrolyte, protons,
or sodium cations, mainly through adsorption, although hydro-
gen insertion into the TiO2 nanoparticles cannot be discarded.
When the CdSe adsorption times are in the range of minutes
(Figure 2A), the capacitive current of the nanoporous matrix

Figure 2. Cyclic voltammograms for TiO2 nanoporous electrodes
before and after sensitization through direct adsorption of CdSe QDs
after (A) several minutes and (B) after 48 h, in N2 purged aqueous 0.5
M Na2SO3. Scan rate, 20 mV · s-1. (C) Comparison between the
voltammetric profiles before and after direct adsorption of CdSe QDs
for 48 h. The current for the sensitized electrode has been multiplied
by a factor of 4.
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remains practically unaltered. However, for adsorption times
in the range of hours (Figure 2B), the presence of QDs leads to
a drastic decrease of the capacitance, which can be interpreted
as resulting from the impeded access of the cations to the oxide
surface. Part of the interfacial area would be blocked due to
QD accumulation in the outer part of the TiO2 film leading to
a decreased capacity. Alternatively, one could argue that there
is a shift of the conduction band edge toward more negative
electrode potentials (higher potential energies) due to an
equilibration process between the QD and TiO2 bands. Never-
theless, when the negative-going scan is multiplied by a factor
of 4, the resulting curve is rather similar to that corresponding
to the bare TiO2 electrode (Figure 2C). This is a good indication
of the same energetic location for the surface/conduction band
states, although with a remarkable lower apparent density of
states when the QDs are present, which we interpret as a
decrease of the effective TiO2 volume contributing to the
capacitance.

In the case of the MPA-mediated adsorption, the situation is
rather different. Figure 3 shows the cyclic voltammograms
resulting from the modification of the TiO2 nanocrystalline layer
with MPA and from the subsequent attachment of the QDs via
the MPA linker. As observed, in both cases, minor changes in
the profile are observed, but the overall capacitance of the
electrode is not altered in an important way regardless of the
amount of QDs attached to the oxide matrix. This behavior
suggests that the oxide surface can be easily accessed by the
ions of the electrolyte, the capacitance not varying in a
significant way. In addition, the adsorption of MPA gives rise
to the appearance of a small peak at -0.62 V, probably linked
to the filling of traps or surface states caused by the adsorption
of MPA.40 A minor shift (around 30 mV) of the capacity curve
toward more positive potentials is often observed. This fact
points to a shift of the TiO2 conduction band edge toward lower
energies. The ability of some adsorbents to move the conduction
band of nanoporous TiO2 films has been described in the context
of dye-sensitized solar cell research.41-43 A downward shift of
the TiO2 bands can result from a partial removal of the negative
charge density typical of the TiO2 surface at the pH of the
electrolyte or to an alteration in the solvent structure in the
interphase caused by the presence of the adsorbate. Importantly,

such a behavior is observed prior to QD attachment, indicating
that the possible band edge shift is not related to interactions
between TiO2 and CdSe particles.

The different voltammetric behavior shown by the CdSe/TiO2

electrodes prepared either by direct adsorption or with the MPA
linker is probably related to a different distribution of the QDs
in the nanoporous layer. In the case of direct adsorption, the
affinity of the dispersed QDs for already adsorbed ones may be
similar to their affinity for the bare oxide surface. This would
favor the aggregation of the QDs, particularly in the outer part
of the TiO2 film, at the entrance of the nanochannels, which
probably underlies a faster initial QD adsorption. The bottle-
necks formed because of aggregation would hinder the access
of the electrolyte deep into the pores, leading to a decrease of
the effective electrochemical active area of the substrate,
particularly taking into account the hydrophobic character of
the TOP chains. Conversely, in the case of a TiO2 surface
modified with MPA, anchoring the QDs to the oxide surface is
favored because of the very strong interaction between the thiol
group and the CdSe surface. Probably, each QD would be linked
to the oxide surface by means of several MPA molecular cables.
This would render the interaction of QDs with the modified
oxide surface more favorable than that with previously adsorbed
QDs, preventing in such a way the tendency to aggregation.
As mentioned above, direct adsorption from a toluene QD
dispersion scarcely occurs on a bare TiO2 porous film. However,
we cannot entirely rule out the possibility of aggregation in the
case of MPA-mediated adsorption.

To study the eventual aggregation process occurring during
TiO2 modification with QDs, tapping-mode AFM images were
obtained for different samples. Figure 4A shows the character-
istic morphology of a P25 TiO2 porous film. After anchoring
CdSe QDs via MPA, a similar morphology is observed, that is,
a nanostructure composed of well-defined particles (figure 4B).
In the case of the direct CdSe QD adsorption the AFM image
is blurry, less well-defined (figure 4C). In addition, very different
particle sizes can be observed, the smallest being about 6-7
nm (Figure 4D). These particles can be identified as the CdSe
QDs. It should be remarked that the average diameter estimated
from the excitonic peak is smaller (3.4 ( 0.1 nm) than the one
estimated from the AFM images. The different particle size

Figure 3. Cyclic voltammogram for TiO2 nanoporous electrodes before and after anchoring CdSe QDs through MPA after (A) 40 min and (B)
after 42 h, in N2 purged aqueous 0.5 M Na2SO3. Scan rate 20 mV · s-1.
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obtained from both methods is probably caused by the capping
agent (TOP), which is supposed to give a larger particle size of
CdSe when observed by tapping-mode AFM. However, it should
also be noted that, in AFM images, the size of small particles
tends to be overestimated.

Because of the difficulties in imaging the QD distribution
when adsorbed at the nanoporous TiO2 film, (110) niobium-
doped TiO2 single crystals were used as substrates to incorporate
the QDs using both assembling methods. In Figure 5A, the
smooth surface morphology of the TiO2 single crystal is
evidenced with terraces and monatomic steps (together with
some large clusters). The crystal was then modified with MPA
and immersed in the QD dispersion. Times were chosen as to
allow for saturation. The corresponding AFM images are shown
in Figure 5B,D. A nearly close packed layer of QDs can be
observed on top of the single crystal surface. Most of these
nanoparticles are in the range of 6 to 7 nm (Figure 5D),
corresponding to the apparent size of CdSe QDs capped with

TOP. However, a few larger clusters can also be observed, which
indicates a small tendency to aggregation and/or formation of
a bilayer.

After 48 h of CdSe QD direct adsorption from a CH2Cl2

dispersion, the AFM images shown in Figure 5C,E were
obtained. The surface appears now as highly roughened and is
composed, for the most part, of clusters larger than the size of
a single QD, indicating a high degree of QD aggregation.
However, in some areas, individual CdSe QDs can also be
observed (Figure 5E). The AFM images obtained for niobium-
doped (110) rutile are thus consistent with previous results
obtained for P25 nanoporous electrodes.

The effectiveness of the CdSe/TiO2 electrodes as photoanodes
in photoelectrochemical QD-sensitized solar cells has been
assessed by incident photon-to-current efficiency (IPCE) mea-
surements in a standard three electrode electrochemical cell.
The sulfite solution used for the electrochemical characterization
in the dark was also employed for the IPCE measurements

Figure 4. Tapping-mode AFM images for (A) a bare TiO2 P25 nanoporous thin film, (B) a nanoporous TiO2 film with CdSe QDs anchored
through MPA and (C,D) a nanoporous TiO2 film with directly adsorbed CdSe QDs.

Figure 5. Tapping-mode AFM images of (A) a bare Nb-doped (110) rutile single crystal, (B,D) a single crystal with CdSe QDs anchored through
MPA and (C,E) a single crystal with directly adsorbed CdSe QDs.
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because it is an efficient hole scavenger.7 It is important to
mention that no apparent photocurrent instability or electrolyte
diffusion limitations were observed during the experimental
measurements. Figure 6A shows the IPCE vs incident wave-
length curves for different QD coverages in the case of direct
adsorption. As observed, the IPCE spectra adhere well to the
shape of the absorption spectrum of the QDs dispersed in toluene
(Figure 1A) being also distinguishable the first excitonic peak.
As the QD coverage increases, the IPCE first increases and then
decreases, attaining a very low value for an adsorption time of
two days (Figure 6B). This means that, in the latter case, most
of the photogenerated carriers recombine. Probably, such an
enhanced recombination is connected to the fact that aggregation
of the QDs leads to the generation of excitons in QDs not in
direct contact with the oxide. Since the extraction of electrons
to the adjacent medium does not occur, recombination is
enhanced. This loss has been suggested to be caused when
electrons have to cross semiconductor/semiconductor grain
boundaries before being injected into the oxide. In addition, as
commented in the case of the dark voltammetry experiment,
the aggregation of QDs in the external part of the channels
forming part of the mesoporous structure blocks the access of
sulfite to the interior of the channels, leading to full recombina-
tion. A similar behavior has been observed for TiO2 electrodes
sensitized with CdS4,8 QDs prepared by successive ionic layer
reaction and, in the case of CdSe,27,44 prepared by chemical bath
deposition. In such cases, the IPCE only increases for the first
coatings, while, for the electrodes with a larger amount of
semiconductor sensitizer, a strong decrease of the IPCE is
observed. However, in these methods, both an increase in the
number of QDs and an increase in the nanoparticle size
simultaneously take place. As observed in Figure 6B, the
maximum IPCE value at the excitonic peak wavelength is nearly
40%, evidencing efficient transfer of both electrons from CdSe
toward TiO2 and holes from CdSe toward sulfite.

When the IPCE measurements are repeated for the MPA-
attached QDs, a different behavior is observed. In this case, an
increase in adsorption time leads to an increase in the IPCE
except for very large adsorption times. This can be simply
explained by the fact that more light is harvested as the amount
of QDs attached to the MPA linker increases. Seemingly, the
expected lack of QD aggregation avoids now the drastic decrease
of the IPCE observed in the case of direct adsorption. Probably,
some degree of aggregation could exist for the longer adsorption

time employed in the experiments. Figure 7A presents a plot
of the IPCE versus the wavelength for the QD attachment via
the molecular linker for different adsorption times, while Figure
7B corresponds to the IPCE vs 100-R/% both evaluated at the
excitonic peak.

It is worth noting that for equivalent reflectance values (and
roughly similar QD loading), the IPCE is much larger in the
case of direct adsorption. For instance, for a 100-R/% value of
70%, the IPCE in the case of direct adsorption equals 35%,
while a value lower than 2% was obtained when the MPA linker
was employed. This clearly suggests that, when the QDs are
directly attached to the surface, the electronic injection is
favored. Probably, this mode of attachment involves a partial
removal of the TOP layer at the points of contact with the oxide
particles and, therefore, a minimization of the distance between
the QD (electron donor) and the TiO2 particle (electron
acceptor). If the transfer occurs through tunneling, such a
minimization is desirable and could explain the high IPCE as
compared to that obtained with the MPA-mediated attachment.
In such a case, the MPA linker would lead to a decrease of the
IPCE. However, it should be mentioned that the molecular linker
could also play a specific role in the electron transfer process
as demonstrated by the 4-fold improvement in the IPCE
observed when cysteine instead of MPA is used as a molecular
linker.25

Conclusions

TiO2 thin layer electrodes have been sensitized to the visible
by incorporating 3.4 nm TOP-capped CdSe QDs in two different
ways: by direct adsorption or via a molecular linker such as
MPA. The results obtained in both cases and their comparison
provide some ideas about the strategy to follow in order to
improve the behavior of QD-sensitized photoanodes. A way to
achieving the direct incorporation of the QDs in the TiO2

nanoporous layer relies on a change in the solvent used to
disperse the QDs. A favorable interaction of the QDs with both
the solvent where they are dispersed and with the oxide surface
would lead to a high degree of coverage with a low degree of
aggregation. In our case, dispersing the TOP-capped CdSe QDs
in CH2Cl2 leads to their fast attachment to the TiO2 layer.
However, it should be indicated that direct adsorption, as
evidenced by AFM, leads to an important degree of QD
aggregation, especially in the outermost part of the TiO2

nanoporous layer.

Figure 6. (A) IPCE spectra of TiO2 nanoporous electrodes sensitized
through direct adsorption of CdSe QDs with different coverage values.
(B) IPCE at the excitonic peak vs 100-R % at the excitonic peak.

Figure 7. (A) IPCE spectra of TiO2 nanoporous electrodes sensitized
with MPA-attached CdSe QDs at different coverage values. (B) IPCE
at the excitonic peak vs 100-R % at the excitonic peak.
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Interestingly, by direct chemical analysis of the Cd contained
in the TiO2 film, a fractional coverage of only 0.14 is obtained
at saturation (for both attachment modes), which is evidence
that a major issue when using QD sensitizers is making most
of the inner surface of the oxide nanostructure accessible to the
QDs. An option is the use of films composed of adequately
spaced oxide nanocolumns or nanorods, even when their inner
surface is smaller than that of typical nanoparticulate films.

Detailed studies have been done on the dependence of the
IPCE on QD coverage. In spite of the low fractional coverage
attained, a value as high as 36% is obtained for the IPCE at the
excitonic peak wavelength in the case of direct adsorption, much
higher than in the case of MPA-mediated adsorption. This
suggests that a direct contact (or close proximity) between the
QDs and the oxide nanoparticle is beneficial for the efficiency
of the photoanode. However, QD aggregation leads, for high
QD coverages, to a severe drop in the IPCE, probably linked
to the existence of QD-QD contacts, but also to a blockage of
the TiO2 film nanochannels by accumulation of QD aggregates.
In contrast, for QDs attached via MPA, the IPCE monotonously
increases with coverage. Further work is in progress to apply
other methods for direct CdSe QD adsorption and to change
the oxide nanostructure, making it more open.
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