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ABSTRACT: Cadmium selenide quantum dots covalently attached to
and photosensitizing single-crystal TiO2 surfaces are observed to corrode
under illumination in aqueous electrolyte containing iodide as a
regenerator. Comparison of photocurrent spectra before and after
long-term monochromatic illumination indicated that the CdSe QD
sensitizers photocorroded and decreased in size until their band gap
energy exceeded the excitation energy. This wavelength-dependent
photoelectrochemical etching mechanism can be used to tune the size
distribution of surface adsorbed QDs and may account for the instability of QD sensitized solar cells that do not employ sulfide-
based electrolytes.
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It has been proposed that semiconductor nanocrystals or
quantum dots (QDs) may be superior sensitizers to

molecular dyes because they potentially offer increased
visible-light absorption, enhanced stability due to their
inorganic nature, low-temperature solution processing, and
the possibility to exceed the Shockley−Queisser limit.1−3

However, the power conversion efficiency of QD sensitized
solar cells (QDSSCs) is not yet competitive with that of dye
sensitized solar cells (DSSCs). One strategy to improve the
power conversion efficiency of QDSSCs is to tune the redox
potential of the electrolyte in order to increase the open circuit
potential of the device.4 However, for metal chalcogenide QD
sensitizers, the electrolyte composition has a significant impact
on long-term chemical stability under illumination.5 For
example, it is often observed that the most efficient I−/I3

−

redox electrolyte employed for DSSCs leads to a rapid
photocurrent decay when employed in metal chalcogenide
QDSSCs.6 This observation is consistent with the well-
established anodic corrosion process observed for bulk metal
chalcogenide electrodes that occurs in the absence of a
chemically stabilizing redox electrolyte, such as a basic solution
containing S2−/Sn

2−.7−9 Studies that exclusively focus on the
stability of devices are rarely reported and details of the
photochemical degradation process have not been elucidated.
Alternatively, photocorrosion of colloidal semiconductor

nanoparticles has been studied in great detail. Henglein first
demonstrated photoetching of small CdS particles under band
gap illumination in aqueous solution.10 Later studies demon-
strated that, by varying the excitation wavelength, the average
particle size of a semiconductor colloid suspension could be
precisely tuned by photochemical etching.11,12 Photochemical
etching exploits the acute relationship between particle size and
optical band gap of small semiconductor particles.13 So-called

“size-selective” photoetching has been demonstrated using a
variety of colloidal semiconductor nanoparticles including
CdS,11,12,14 CdSe,15,16 CdTe,17,18 InP,19 PbS,20 ZnS,12

ZnTe,17 and ZnO.12 The mechanism of particle decomposition
seemed to follow the same anodic corrosion process observed
for bulk electrode materials.11,12 For example, Memming and
co-workers identified Cd2+ and SO4

2− as corrosion products of
photoelectrochemically etched n-type CdS single-crystal
electrodes in aqueous electrolyte21 and Matsumoto et al.
observed the production of SO4

2− during the photocorrosion of
CdS nanocrystals in aerated aqueous solutions.11

Although photocorrosion has an undesirable effect for energy
conversion applications, the technique can be used to prepare
near monodisperse particle distributions for the study of
quantum size effects. Photochemical size-selective etching has
the potential to decrease the average particle size as much as 30
Å and narrow the size distribution by 30%.12 Furthermore,
Khon et al. demonstrated that photochemical etching could be
used to selectively etch domains of a multicomponent CdSe/
CdS nanorod/nanoparticle dimer to improve the photocalaytic
activity.22 In this letter, we report a size-selective etching
mechanism to describe the photodegradation process of CdSe
QD sensitizers in aerated aqueous iodide electrolytes.
MPA-capped CdSe QDs (MPA-CdSe QDs) adsorbed on

bulk single crystal TiO2 substrates were investigated as model
QDSSCs. The (100) face of an undoped rutile single crystal
and the (001) face of a naturally occurring anatase crystal
(doping density = 1018 cm−3 by Mott−Schottky analysis) were
sensitized from the same solution of purified MPA-CdSe QDs
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according to previously published procedures.23,24 Atomic force
microscopy (AFM) was used to characterize the QD surface
coverage and morphology (e.g., single layer or multilayer QDs)
of the undoped rutile substrate and the anatase crystal was
mounted as a working electrode for photoelectrochemical
measurements according to previously published procedures.23

Figure 1A shows a tapping mode AFM image of the bare rutile
(100) TiO2 surface. The height profile (bottom Figure 1A) of
the substrate exhibited 50−100 nm wide terraces that are nearly
atomically flat. The AFM image in Figure 1B shows the same
rutile (100) surface covered with MPA-CdSe QDs. The height
profile (bottom Figure 1B) measured across low and high
contrast features of the QD-coated substrate indicated two
height transitions (indicated by black arrows in the height
profile). To quantitatively determine the height and relative
populations of QDs that contribute to the two height
transitions, we analyzed the distribution of heights of every
pixel of Figure 1B. Figure 1C shows the histogram of the
distribution of height data from every pixel (red dots). Two
distinct height populations were observed, consistent with the
line profile data in Figure 1B. We fit the major and minor
fractional populations with Gaussian functions and determined
average heights of 3.3 ± 0.7 nm and 6.0 ± 0.8 nm, respectively.
The average 3.3 ± 0.7 nm height of the major population
agrees well with the expected 3.8 nm QD diameter inferred
from optical absorbance data of the sample.25 We therefore
attribute the major fractional population to a single layer of
CdSe QDs. Since the minor population was nearly double in
height to the single layer of QDs, we attribute this surface
feature to QD clusters that are two QDs high. Due to tip effects
and the high surface coverage of QDs, it is difficult to quantify
the cluster diameter from x−y measurements. Nonetheless, we
determined the relative surface coverage of QD clusters by
integrating the individual Gaussians and dividing the total QD
cluster coverage from the total single layer QD coverage to
yield the relative surface coverage of QD clusters (θclusters = 7%
for the image in Figure 1B). We repeated this procedure for 5
different AFM images and determined an average θclusters = 6 ±
2%. In summary, the sensitization procedure results in a >90%
single-layer QD coverage with some clusters consisting of two
QDs in height.

Independent measurements of unmounted anatase crystals
showed that the surface coverage of QDs was similar to that of
Figure 1B and did not strongly depend on the specific crystal
face or polymorph of TiO2.

23 Using the mounted anatase (001)
electrode, we initially studied the stability of the sensitized
photocurrent under constant monochromatic illumination in an
aerated 0.25 M KI electrolyte. Figure 2A shows the incident

photon to current efficiency (IPCE) spectra of the CdSe QD
sensitized electrode before (black circles) and after (green
triangles) 20 h of continuous 532 nm laser illumination (47.7
mW cm−2). The initial photocurrent spectrum exhibited a first
exciton peak at 574 nm that closely matched the peak position
observed in the optical absorbance spectrum of the colloidal
QD sample (average diameter equal to 3.8 nm).24 After long-
term illumination at 532 nm, the IPCE values decreased

Figure 1. AFM images of the (A) bare rutile (100) substrate and (B) MPA-capped CdSe QDs adsorbed on the same substrate. The height profiles
below each image were measured from the solid red line in A and B. (C) Red dots indicate the histogram of the distribution of heights from all pixels
in B, plotted as a fractional population where the sum of all bins is 100%. The solid pink and blue lines represent Gaussian fits to the data (red dots).
The pink square and blue triangle represents the average height from each Gaussian fit. The solid black line represents the sum of the two Gaussian
fits. The relative surface coverage of QD clusters θclusters was determined by comparing the relative contribution of the 6.0 nm height population
(minor fractional component) to the 3.3 nm height population (see main text for details).

Figure 2. (A) IPCE spectra of MPA-capped CdSe QDs adsorbed on
an anatase (001) electrode surface measured before (black circles) and
after (green triangles) 20 h of 47.7 mW cm−2 illumination at 532 nm
in an aqueous iodide (0.25 M KI) electrolyte at short circuit versus a
Pt wire. The inset shows the short circuit photocurrent versus time
data (red dots) for the first 2 h of illumination. The solid black line
represents a double exponential fit to the data (see main text) and the
individual components are represented as pink and blue lines. (B)
IPCE spectra normalized to the values at the maxima of the excitonic
features measured on the anatase (001) electrode before (black
circles) and after 12 h of continuous 30 μW cm−2 600 nm illumination
(red squares) and after an additional 3 h of continuous 30 μW cm−2

580 nm illumination (blue triangles).
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significantly over the entire wavelength range. Specifically, only
2 and 4% of the initial IPCE value remained at the first exciton
peak (574 nm) and the incident illumination wavelength (532
nm), respectively. In addition, a 94 nm blue shift in the first
exciton peak was observed in the photocurrent spectrum after
long-term illumination. The exciton peak shift to higher photon
energy indicated an increase in the QD band gap that could be
attributed to a 1.8 nm decrease in particle diameter.25

Moreover, the onset of photocurrent occurred at approximately
530 nm, coinciding with the incident photon energy used
during long-term illumination.
We fit the first exciton peaks in Figure 2A with Gaussian

functions and determined that the full width at half-maximum
increased by 45% after long-term illumination; the same trend
can be observed in Figure 2B. The increased peak width after
photoetching indicated that the heterogeneity in particle size
distribution had increased. This trend is opposite to reports of
narrowing size distributions from photochemical etching of
noninteracting QDs in colloidal suspensions12 and may be due
to varying degrees of surface passivation of surface adsorbed
QDs, either from QD-QD or QD-TiO2 interactions, that leads
to a wide distribution of particle sizes after photoetching.
To further understand the decay process, we analyzed the

sensitized photocurrent decay versus illumination time for the
first 2.4 h of 532 nm laser illumination (inset Figure 2A). We
observed that the sensitized photocurrent at 532 nm after 2.4 h
illumination was 4% of the initial photocurrent (J0) and was
equal to the ratio of IPCE values at 532 nm after 20 h
illumination (4%, as discussed previously). Thus, under these
experimental conditions, the sensitized photocurrent decayed
rapidly to a small, stable photocurrent equal to 0.04J0. Thus, we
fit the photocurrent−time data with a double exponential
function with a constant photocurrent offset, A1 exp(−(x/τ1))
+ A2 exp(−(x/τ2)) + y0, to yield A1 = 1736 ± 2 μA cm−2, τ1 =
2.68 ± 0.01 min, A2 = 383 ± 1 μA cm−2, τ2 = 21.71 ± 0.07 min,
and y0 = 65.8 ± 0.1 μA cm−2 (R2 = 0.998, error bars are 95%
confidence intervals). The fit parameters indicated that the
majority of the photocurrent decays in approximately 3 min
and a minor component of the photocurrent signal decays on
an approximately 10× longer time scale.
Photocurrent spectroscopy was used to further elucidate the

photoelectrochemical corrosion mechanism of CdSe QD
sensitizers on TiO2 in aqueous iodide electrolytes. Figure 2B
shows the normalized IPCE spectra of CdSe QDs before and
after monochromatic illumination at different photon energies.
The exciton peak at 576 nm, corresponding to the initial core
CdSe QD photocurrent spectrum (black circles), was not
altered after prolonged exposure to the aqueous iodide
electrolyte in the dark. After 12 h of 600 nm illumination (30
μW cm−2), the exciton peak is blue-shifted to 558 nm (red
circles). After further illumination of the same electrode with
580 nm wavelength photons (blue triangles), the exciton peak
is further shifted to shorter wavelengths (546 nm). Thus,
photocurrent spectroscopy revealed a decrease in the CdSe QD
particle size upon illumination with photon energies larger than
the nanocrystal band gap. The photoelectrochemical corrosion
process ceased when the incident photon energy was less than
the nanocrystal band gap, thus defining the size of the
nanocrystal. It is notable that we and others have previously
observed that CdSe QDs sensitizers are stable under band gap
illumination for extended periods (>30 h) in sulfide/polysulfide
electrolytes.6,23

This size-selective etching phenomenon was previously
observed in colloidal QD samples and the mechanism agreed
with earlier work using bulk polycrystalline or single crystal
electrodes. For bulk CdSe photoanodes, early work by
Gerisher,7 Hodes,9 and Wrighton8 established that the
photocorrosion products in aqueous electrolyte were soluble
Cd2+ ions and a surface layer of Se. Elemental Se has been
identified as a corrosion product in CdSe QDSSCs.5 Although
we did not identify the potentially small amount of corrosion
products leached from or deposited onto the surfaces of the
CdSe QD sensitizers, we propose a photocorrosion mechanism
(described in eqs 1-3) based on these previous studies to
explain the degradation of CdSe QD sensitizers operating in
iodide electrolytes. Equation 1 represents the formation of
electron−hole pairs in CdSe QDs upon supra band gap
monochromatic illumination. The exciton is separated at the
TiO2/QD/electrolyte interface via electron injection into the
TiO2 conduction band and hole transfer to the I− acceptor (eq
2). However, the sensitized system is not chemically stable to
reduction by I− and thus anodic oxidation of CdSe from
photoexcited holes causes dissolution of Cd and deposition of
elemental Se or CdI2 on the nanocrystal surface (eq 3).

ν+ → +− +h hCdSe CdSe(e ) (1)

+ + + → +− + − − −hCdSe(e ) TiO I I TiO (e )2
3

2 (2)

+ → ++ +hCdSe 2 Cd Se2 0 (3)

We further propose that the QD surface morphology affects
the photoelectrochemical etching rate according to Scheme 1.

The top row of Scheme 1 shows a cartoon illustration of the
CdSe QD/TiO2 interface whereby ∼95% of the surface consists
of a single layer of QDs and ∼5% of the surface consists of QD
clusters (based on analysis described in Figure 1C). Upon
exposure to monochromatic illumination, the QDs inject
electrons into the TiO2 electrode. The sensitized photocurrent
decays until the majority of QDs decrease in size until their
band gap exceeds the excitation energy (middle row, Scheme

Scheme 1. Proposed Morphology-Dependent Size-Selective
Photoetching Mechanism of CdSe QDs on Single-Crystal
TiO2
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1). We observed that 4% of the initial photocurrent is retained
at the excitation wavelength after long-term illumination (inset
Figure 2A). Since the sensitized photocurrent is proportional to
the QD surface coverage, we propose that the ∼5% residual
sensitized photocurrent at the excitation wavelength can be
attributed QD clusters whose surface coverage is ∼5%. The
QDs underneath clusters may be partially passivated by
surrounding QDs of the cluster and remain intact, which
accounts for the small, persistent photocurrent at long
illumination times (middle and bottom rows of Scheme 1).
Based on the relative amplitudes of A1 and A2 obtained from
fitting the photocurrent−time data, we assign the smaller
amplitude component A2 to the QD clusters. Thus, the
majority of single layer QDs etch at a rate k1 and partially
passivated QDs within clusters etch at a slower rate k2, where k1
≈ 10 × k2. In this scenario, the pathway of charge carriers from
QDs beneath clusters involves electron injection into TiO2 and
the holes are transported across a neighboring QD and through
a CdI2 or Se corrosion layer. This transport mechanism is
plausible because (i) holes can be transported through multiple
QDs26 and (ii) we observed sensitized photocurrent from
corroded QDs when higher energy photons are used; hole
transport across the corrosion layer is possible.
In summary, we report an excitation wavelength-dependent,

size-selective photoelectrochemical etching process for CdSe
QDs covalently attached to TiO2 electrodes. We propose that
the CdSe core decreases in size due to photoanodic corrosion,
resulting in deposition of elemental Se or CdI2 on the
nanocrystal surface. The etching process ceases when the
nanocrystal decreases in size and its light absorption threshold
is higher in energy than the incident illumination. If the sample
is further excited by supra band gap illumination, the etching
process continues and the QDs further decrease in size.
Quantitative comparison of the QD surface coverage and the
residual sensitized photocurrent at the excitation wavelength
suggested that the QD surface morphology affects the
photoetching rate. We propose that partially passivated QDs
beneath clusters etch ∼10× slower than the majority of single
layer QDs. The results have potential implications for the
stability of QDSSC devices and QD solar cells where the
possibility of QD stacking interactions is increased by the three-
dimensional architecture QDs on the TiO2 electrode.
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