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The generation of H2 via photocatalytic water splitting has
received considerable attention in recent years as efforts to

optimize solar energy devices have accelerated.1�3 Although
visible photons are sufficiently energetic to split H2O and
generate high-energy H2 fuel (requiring a 1.23 eV difference of
its coupled half-reactions),4 materials that demonstrate this in
any great yield are still not developed. This is due in part to
significant overpotentials, rapid recombination of photogener-
ated charge carriers, poor absorption of the solar spectrum, and
undesired photocorrosion reactions.5,6 The recent advent of
semiconductor nanoparticle technology has provided research-
ers with the powerful flexibility to design novel materials to
address these limitations. For example, band gaps can be tuned
relative to their bulk state by quantum confining photogenerated
excitons to nanometer dimensions;5,7 this increases the free
energy (reduction potential) of charge carriers8 and can exceed
the H2 reduction overpotentials necessary for photocatalysis.5,9

By engineering stable materials that exhibit long-living excitons at
elevated free energies, efficient water splitting photocatalysis
should be achievable.

Metal chalcogenides are promising materials for photocataly-
tic H2O reduction because their absorption spectra strongly
overlap the visible region of the solar spectrum, which eliminates
the need to design complicated multicomponent sensitizer/
catalyst systems.10�14 While bulk CdSe is not catalytically active,
the activity of CdSe nanoparticles has been theorized15�17 and
proven altogether with other semiconductor-based nanoparticles
including ZnSe nanoribbons.18 Hodes and co-workers also de-
monstrated that nanostructured CdSe films performed as photo-
anodes in a cell employing a regenerative Na2SeSO3 electrolyte.

19

Recently, we demonstrated that colloidal two-dimensional CdSe
nanoribbons (NR) also exhibit photocatalytic H2 evolution in the
presence of hole-scavenging HS�, which was attributed to an
increase of the band gap in quantum-confinedCdSeNRs (2.7 eV)
over bulk CdSe (1.74 eV).5,9,20

High-efficiency photocatalytic materials require the genera-
tion and preservation of high-energy electrons with suitable
solvent access to initiate redox chemistry. This further requires
the inhibition of competing mechanisms (i.e., electron/hole
recombination, charge trapping, photocorrosion) that decrease
catalytic activity. One approach of reducing the influence of these
competing mechanisms is to design new multicomponent sys-
tems consisting of two (ormore) semiconductormaterials.3 Such
systems introduce new possibilities of manipulating electron flow
from one material to the other, depending on the energy level
differences of the conduction bands (for electrons) and the
valence bands (for holes). For example, excitation of a semi-
conductor material that is in electrical contact with a second
semiconductor material with a lower-energy conduction band will
result in electron transport into the second material. Further-
more, if the valence band of the second material were higher in
energy, then hole transport to the first material would occur. For
either of these cases, the composite material is referred to as “type
II” and are of significant interest in photovoltaic and electro-
optical developments.21
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ABSTRACT:The photocatalytic H2O splitting activities of CdSe andCdSe/CdS core/shell
quantum dots are contrasted. CdSe/CdS core/shell quantum dots constructed from 4.0 nm
CdSe quantumdots are shown to be strongly active for visible-light-driven photocatalyticH2

evolution in 0.1 MNa2S/Na2SO3 solution with a turnover number of 9.94 after 5 h at 103.9
μmol/h. CdSe quantum dots themselves are only marginally active in 0.1 M Na2S/Na2SO3

solution with a turnover number of 1.10 after 5 h at 11.53 μmol/h, while CdSe quantum dots
in pure H2O are found to be completely inactive. Broad-band transient absorption
spectroscopy is used to elucidate the mechanisms that facilitate the enhancement in the
CdSe core/shell quantum dots, which is attributed to passivation of surface-deep trap states
with energies lying below the reduction potential necessary for H2O reduction. Thus,
surface trapping dynamics and energetics can be manipulated to dictate the photocatalytic
activities of novel CdSe quantum dot based photocatalytic materials.
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The isotropic CdSe/CdS core/shell nanoparticle is an im-
portant multicomponent material, but in contrast to the type-II
systems described above, these QDs are type-I systems22�25 with
a higher-energy conduction band of the CdS shell and a low-
energy valence band relative to the CdSe core. Hence, excitation
of CdSe induces neither hole nor electron transport to the CdS
shell, and excitation of the CdS shell (at higher energies) will
rapidly transfer both holes and electrons into the inner CdSe
core. Consequentially, excitation of either material results in the
electrons and holes being physically removed from the surface of
the QD and away from the surrounding solvent. In this Letter, we
explore the photocatalytic activity of water-soluble citrate-
capped CdSe quantum dots (QDs) and compare it against that
of CdSe/CdS core/shell QDs synthesized from the same CdSe
QD cores. The CdSe QDs (band gap of 2.01 eV) exhibit no
photoactivity for H2 evolution in pure H2O under visible light (λ
> 400 nm) and weak activity when HS� is added. However, the
activity of CdSe/CdS core/shell QDs (band gap of 1.91 eV) is
10-fold greater than that for CdSe QDs alone, despite the
electrons being sequestered in the CdSe core. Thus, the primary
question is how do CdSe/CdS core/shell QDs produce more H2

than CdSe QDs when the electrons must overcome a physical
barrier to initiate H2O reduction at theQD/solvent interface? To
deduce this, time-dependent and excitation-intensity-dependent
ultrafast transient absorption signals are used to resolve the
primary dynamics that modulate the observed photoactivity.

Water-soluble citrate-capped CdSe QDs (3.80 nm) were
synthesized via the protocol established by Kotov and co-
workers26 with aqueous cadmium perchlorate and selenourea
in the presence of sodium citrate as the capping agent. The
CdSe/CdS core/shell QDs were generated by mixing a stirred
dispersion of CdSe QDs with 0.1 M HS� in a 20:1 ratio (full
details in Supporting Information). The formation of the CdS

shell was verified by the increase of the hydrodynamic diameter
of the dots from 3.80 to 4.92 nm via dynamic light scattering
(DLS) measurements (Figures 1B) and by powder X-ray diffrac-
tion (Figure SI1, Supporting Information), which revealed the
characteristic CdS peak observed at 29o (2θ). TEM images
confirm the generation of isolated CdSe QDs (Figure SI1C,
Supporting Information), in agreement with the DLS data.

The absorption spectra of CdSe and CdSe/CdS dots are
compared in Figure 1A with band edges at 2.01 and 1.91 eV,
respectively, as estimated via Tauc plots27 (Figure 1A inset).
Because the CdSe/CdS system is a type-I core/shell QD,23,25 the
CdS shell acts as a barrier that confines electrons (and holes)
within the CdSe core, isolating them from the surface, which
must be tunneled through before reacting with protons.28,29 The
small spectral red shift (70 meV) between the absorption spectra
in CdSe/CdS and CdSe results from a slightly greater exciton
delocalization into the CdS shell, which reduces the quantum
confinement.25,29,30 The QD band edge photoluminescence
(PL) spectra peak at 585 and 608 nm for CdSe and CdSe/CdS
QDs, respectively (Figure 1A). For the CdSe QD system, an
additional red-shifted (by 0.350 eV) emission peak at 700 nm is
observed that results from recombination with deeply trapped
charge carriers.31�33 In contrast, the PL from the CdSe/CdS QDs
exhibits no deep trap emission, indicating that the CdS shell
passivates the surface trap sites and, specifically, the deep traps.31,33

The photochemical H2 evolution yields under visible (λ >
400 nm) illumination were measured and compared for (1)
CdSe QDs in pure H2O, (2) CdSe QDs in 0.1 M HS�, and (3)
CdSe/CdS QDs in 0.1 M HS� solution (Figure 2). As expected,
the CdSe QDs (blue line) produced no H2 in pure H2O because
of the rapid photocorrosion of cadmium chalcogenide materials
caused by a buildup of high-energy holes in the absence of hole-
scavenging species (e.g., HS�).5,9 Upon introduction of HS�, the
CdSe QDs (green line) exhibit significant photoactivity, producing
11.53 μmol H2/h over a 5 h experiment. This was enabled by the
hole scavenging of the added HS�,34 which removes high-energy
holes prior to photocorrosion and hinders competing electron/
hole recombination kinetics that reduce the reactive photogener-
ated electron population. Surprisingly, the CdSe/CdS system in
HS�, with its CdS shell physically hindering electrons from reach-
ing the surface, exhibits a 10-fold increase in photocatalytic activity
(103.9 μmol H2/h) compared to the CdSe QDs measured under
identical experimental conditions (Figure 2, red curve).

Femtosecond transient absorption measurements were used
to resolve the primary photoinitiated charge separation, trapping,

Figure 1. (A) Static absorption (solid lines) and photoluminescence
(dashed lines) spectra of CdSe (blue lines) and CdSe/CdS core/shell
QDs (red lines); (inset) Tauc plots, where the dashed lines (the x-
intercepts) indicate the optical band gap for each material. (B) DLS
measurements of CdSe and CdSe/CdS core/shell QDs, showing
average particle sizes of 3.80 nm in H2O and 4.92 nm in 0.1 M HS�.
This corresponds to the growth of a 2�3 monolayer CdS shell.

Figure 2. Photocatalytic hydrogen evolution for CdSe and CdSe/CdS
QDs in pure H2O and 0.1 M HS� solution under visible light
illumination from a 300 W Xe lamp equipped with a 400 -nm long-
pass filter. Note the change in scale of the y-axis after the break.
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and recombination dynamics for the CdSe core and CdSe/CdS
core/shell QD systems (Figure 3).9,35 Immediately after 400 nm
excitation, the transient spectra for both CdSe and CdSe/CdS
QD systems exhibit two strong negative exciton bleaches at 475
and 560 nm that are assigned to the loss of absorption of the
1S(e)-3S1/2(h) and 1S(e)-1S3/2(h) transitions, respectively.

36�38

At lower probe energies (λ > 600 nm), a weak positive photo-
induced absorption (PA) is resolved, which is ascribed to surface-
trapped carriers.39,40 DialyzingCdSeQDcores suspended inH2O
or H2O/HS

� increases the magnitude of the PA (Figure SI2,
Supporting Information), presumably due to the removal of
passivating citrate ligands that would normally be coordinated
with surface Cd ions. Similar red-shifted PA features were
observed by El-Sayed and co-workers in the transient spectrum
of CdSe QDs upon excitation with high carrier densities
(120�320 μJ/pulse 3mm2), which were attributed to surface
trapping; although biexciton contributions could not be
excluded.39 Klimov and co-workers also reported a PA in this
spectral region for CdS nanocrystals, which was ascribed to
promoting holes into deep surface traps via three-particle Auger
recombination.41

We ascribe the red absorbing PA to the intraband absorption
of trapped electrons below the conduction band edge into
higher-lying states within the conduction band via interaction
with the probe pulse. For the CdSe QD signals, the PA exhibits a
well-resolved blue-shifting spectral evolution (Figure 3C). The
blue shifting of the PA in the CdSe QDs then is the result of
electrons migrating from shallow traps, or from the band edge,
into deeper trap sites in the QD on a sub-100 ps time scale.
Because no such blue shifting is observed in the CdSe/CdS core/
shell QDs (Figure 3D), this process does not occur when the
CdSe core QDs are passivated with a CdS shell. These inter-
pretations complement the PL spectra in Figure 1A, whereby
only deep trap emission is observed in the CdSe QD sample. The
amplitude of the PA in both samples decays nonexponentially
due to hole recombination including both Auger and single-
electron/hole kinetics (Figure 4).16,33,35,42,43

Interestingly, the presence of the CdS shell only slightly
accelerates the kinetics of the transient signals (Figure SI6,
Supporting Information), which indicates that the recombina-
tion kinetics is only weakly affected by the CdS shell (other than
the deep trapping kinetics discussed above); Zhang and co-
workers identified similar results.44 Since both trapping kinetics
and recombination kinetics occur simultaneously (observed
as the loss of bleach signal and PA in Figure 3A and C), a
multiwavelength global analysis of the data sets is used to
separate the kinetics of the two phenomena. This is accom-
plished within a sequential formulism that decomposes the data
into time-dependent spectra (Figures 4, SI7, and SI8, Support-
ing Information) by fitting the data to numerical solutions of
linear first-order differential equations (equation SI1, Support-
ing Information).45,46 This approach generates difference spec-
tra called evolutionary associated difference spectra (EADS)
with time-dependent concentration profiles and provides a
method to separate the trapping kinetics from recombination
kinetics by evaluating their spectral properties.45,46

The extracted spectra from the global analysis resolves a fast
component (300 fs) that exhibits the characteristic derivative
features ascribed to a DC Stark shift resulting from multiple
charge carriers (e.g., biexcitons).37 Four additional populations
with increasing time constants are extracted in both samples
(Figure 4, legends). For the CdSe core QDs, the estimated
time constants (2.6, 25, and 290 ps and 10 ns) are similar to
those extracted by Weiss and co-workers on CdSe QDs via
global regression analysis (1.6, 19.4, and 274 ps and 5.4 ns).47

The bleach decay kinetics exhibit a narrowing on the blue side
of the spectrum (Figure 4A and B), which likely involves decay
of overlapping transitions between the 1S(e)-3S1/2(h) and
1S(e)-1S3/2(h) states,

37 which are not cleanly resolved. Com-
paring the extracted normalized EADS for the CdSe and
CdSe/CdS QDs shows that this global analysis separates the
deep trapping kinetics in the CdSe cores (Figure 4A) occur-
ring on a 25 ps time scale from the recombination kinetics on
other time scales.

Figure 3. (A, B) Transient absorption spectral evolution of CdSe cores in pure H2O and CdSe/CdS core/shells in 0.1 M HS� excited with 400 nm
pulsed light at a flux of 14.3 μJ/pulse 3mm2. (C, D) Magnified depiction of the PA observed in panels A and B for λ > 600 nm.
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To further explore the nature of the red PA and its blue-
shifting kinetics, the excitation power dependence of the tran-
sient spectra at select time points was measured (Figures 5, SI3,
SI4, and SI5, Supporting Information). When normalized, the
transient spectra for both CdSe and CdSe/CdS systems exhibit no
spectral changes with increasing excitation intensity (Figures 5A
and B and SI3, Supporting Information) across the spectral region
of the PA. These intensity-independent spectra indicate that at
these probe times, the measured spectra consist of either a
homogeneous population or mixtures of populations that share
an identical dependence on excitation intensity and, consequently,
on the number of excitons generated by the applied excitation
pulse.48 Thus, the blue-shifting PA kinetics ascribed to deep
electron trapping in the CdSe QD signals (Figure 5B) is not the
result of a nonlinear Auger recombination mechanism similar to
that observed by Klimov and co-workers in CdS nanocrystals,
which would exhibit a nonlinear power dependence.41

Although spectrally homogeneous, the dependence of the
amplitude of the transient spectra on the excitation intensity does
address Auger recombination kinetics occurring in the samples.
In both CdSe and CdSe/CdS QDs, the amplitude of the transient
spectra increases monotonically with increasing excitation inten-
sity (Figure 5C and D). This increase is linear with the increasing
excitation intensity in the CdSe QDs at all three measured probe
times (1.6, 15, and 100 ps). For the Cdse/CdS core/shell QDs,
only the 1.6 ps spectrum exhibits a linear dependence and is
nonlinear in the 15 and 100 ps transient spectra. This deviation

from linearity is observed at higher excitation intensities and is
more pronounced at 100 ps than at 15 ps (Figure 5D). This is a
characteristic signature of nonlinear Auger recombination kinetics
whereby increased exciton density results in increased recombina-
tion kinetics, resulting in nonlinear excitation-dependent signals.41

A linear excitation dependence indicates that the photogenerated
excitons have only undergone linear (or single-exciton) dynamics
(e.g., trapping or single electron�hole recombination) up to the
specified probe time, thus excluding the possibility of nonlinear
processes requiring multiple exciton interactions like Auger re-
combination. For CdSe QDs, this occurs at all probe times
(Figure 5C), even at elevated excitation intensities, indicating that
Auger recombination is inhibited in this system, presumably by the
400 meV deep traps that obstruct exciton mobility, which is
necessary for Auger recombination. In contrast, the nonlinear
dependence of the CdSe/CdS system demonstrates that passiva-
tion of these traps by the CdS shell facilitates the migration of
electrons (that would otherwise be trapped) and Auger recombi-
nation on a >2 ps time scale.43

The 400 nm excitation light is resonant with both the CdSe
core and the CdS shell, as demonstrated by El-Sayed and co-
workers,49 who also confirmed that electron-transfer kinetics
from CdS to CdSe occurs on a 1�2 ps time scale. This implies
that not only do both electrons and holes become sequestered in
the CdSe core away from the solvent, but they also do so must
faster than the time required for H2 generation.

34 Hence, the
excitation of either the CdS shell or the CdSe core has near-
identical effects on both kinetics and charge localization after the
first few picoseconds.

Figure 5. Normalized excitation-power-dependent spectra (700 nJ/
pulse�2.8 μJ/pulse) collected at 1.6 (dashed lines) and 100 ps (solid
lines) for (A) CdSe QDs in pure H2O and (B) CdSe/CdS core/shell
QDs in 0.1MHS�. Black arrows in panels A and B indicate the direction
of spectral evolution at 1.6 ps as the pump pulse energy is increased.
Horizontal black lines in panels A and B are situated at 1 ΔOD to
indicate the wavelengths at which each data set has been normalized.
Core = 660 nm at 1.6 ps and 630 nm at 100 ps; core/shell = 670 nm for
both 1.6 and 100 ps spectra. (C) The power dependence associated with
the PA for CdSe cores exhibits a linear trend at all measured probe times.
(D) CdSe/CdS core/shells exhibiting a trend characteristic of Auger
recombination and scaled at the initial slope. For both CdSe and CdSe/
CdS systems, the power dependence across the spectral region of the PA
is independent of wavelength; red lines are linear fits through data;
panels A and B and C and D use the same legend designations.

Figure 4. (A, B) EADS of CdSe cores in H2O and CdSe/CdS core/
shells in 0.1 M HS� normalized at the lower-energy bleach. (C)
Concentration profiles of CdSe cores (solid curves) and CdSe/CdS
core/shells (dashed curves) after 400 nm pulsed excitation. Flux = 14.3
μJ/pulse 3mm

2. The 300 fs components (light-gray lines) have been
scaled by 0.25 for viewing clarity of the PA at 600 nm.
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Theoretically, CdSe/CdS core/shell QDs should not be better
photocatalysts than CdSe QDs for three primary reasons: (1)
passivation via the CdS shell decreases the band gap relative to
CdSe by∼100 meV, (2) photogenerated charge carriers migrate
and become isolated in the CdSe core due to its type-I nature,
and (3) the CdS shell acts as a physical barrier that hinders access
of photogenerated electrons to the surface and solvent.28,29

Despite these limitations, CdSe/CdS core/shells are 10-fold
better at producing H2 than pure CdSe QDs under identical
conditions (Figure 2). The interplay of deep trapping, passiva-
tion, and photoactivity is illustrated in Scheme 1, in which
approximate energy levels related to CdSe core and CdSe/CdS
QDs are compared relative to the equilibrium potential scale
(y-axis, Nernst hydrogen electrode) and the reduction potential
of H2 (gold line). The 100 meV reduction in the CdSe core band
gap via formation of the CdS shell affects both conduction
and valence band levels25 and was applied equally to both lev
els (50 meV each) as an approximation. Both PL (Figure 2A)
and transient absorption spectra (Figure 4A and C) indicate a
decreased occupation of electron deep trap sites that lie below
the reduction potential of H2; upon passivation with a CdS shell,
these traps are removed, forcing electrons to reside at higher-
energy sites. Hence, electrons that populate deep electron trap
states below the reduction potential of H2 (�0.41 V at pH = 7;
�0.55 V at pH = 9.3) do not contribute to the observed H2O
reduction photoactivity. For CdSe/CdS QDs, these traps are
passivated by the CdS shell, which confines electrons to the band
edge or shallow traps in the CdSe core at a potential sufficient for
H2O reduction.

Although the 400 nm (ultrafast data) and visible (photocat-
alytic activity) excitation light used in our study excites both the
CdSe core and CdS shell, the type-I nature of the combined
core/shell system forces the localization of the electrons and hole
into the core. This sequesters the redox-active charges away from
the surface, but they are not completely insulated against accessing
the solvent. Recently, Wachtveitl and co-workers demonstrated
that electron tunneling in CdSe/CdS core/shell QDs exists by
systematically varying the CdS shell thickness and showed that
electron transfer occurs from the CdSe cores to organic methyl-
viologen ligands bound at the CdS/solvent interface; tunneling

was hindered, but not fully prevented, as the CdS shell thickness
was increased.28 Lian and co-workers have observed a similar
tunneling dependence in CdSe/ZnS core/shell QDs.29 On the
basis of our measurements and these previous studies, we argue
that passivation of deep CdSe trap sites via the CdS shell plays a
pivotal role inH2 generation and that isolation of charge carriers to
the CdSe core is not detrimental to the photoproduction of H2

because the tunneling rate of electrons is 3 orders of magnitude
quicker than that required for solvent reduction.28,34

To conclude, we have demonstrated a 10-fold increase in
visible-light-driven photocatalytic H2 evolution activity for CdSe/
CdS core/shell QDs over CdSe core QDs alone. The photocata-
lytic activity enhancement is attributed to the passivation of
surface-deep traps via the outer CdS shell, which maintains the
photogenerated electrons at a sufficient reduction potential to
reduce water. The electrons must tunnel through the CdS shell to
reach the surface and initiate redox chemistry, which does not
adversely hinder photoactivity because the redox time scale is
significantly longer than the tunneling time scale. This work shows
that surface quality is an important factor in dictating the photo-
catalytic activities of novel materials involving CdSe QDs.
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