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Colloidal semiconductor quantum dots (QDs) have attracted a great attention for their potential applications in
optoelectronic devices, such as water splitting, luminescent solar concentrators, and solar cells, because of their
size/shape/composition-dependent optoelectronic properties. However, the fast electron-hole (e-h) re-
combination and slow charge separation of QDs limit their applications as light absorbers in high-efficiency
optoelectronic devices. Here, we synthesized thick-shell CdSe/CdSe,S;./CdS QDs with pyramidal shape, which
exhibit a quantum yield of ~ 15%, with a long radiative lifetime up to ~ 100 ns due to the spatial separation of
the e/h wavefunction and significantly broadened light absorption toward the 500-700 nm range, compared to
CdSe/CdS unalloyed QDs. As a proof-of-concept, the pyramidal QDs are applied as light absorbers in a photo-
electrochemical (PEC) system, leading to a saturated photocurrent density of ~ 12 mA/cm? (with a H, gen-
eration rate of 90 mL cm ™2 day '), which is a record for thick-shell QD-based photoelectrodes in PEC hydrogen
generation. Core/thick-shell QDs hold great potential for breakthrough developments in the field of QD-based

optoelectronic devices.

1. Introduction

The conversion of solar energy into electrical/chemical energy is
one of the most efficient ways to solve the current challenges in the
growing global demand for clean energy and the decreasing carbon
dioxide emission [1,2]. The photoelectrochemical (PEC) water splitting
is a promising solution to address these challenges because PEC devices
can directly convert water into hydrogen (H,) using solar energy as the
primary energy source [3-6]. Usually, an ideal PEC cell is composed of
safe and cost-effective semiconductor materials with suitable electronic
band structure for efficient water reduction, wide sunlight absorption
spectrum and high photochemical stability. Due to the wide band gap
energy of the conventional metal oxide semiconductors (e.g. TiO,, ZnO,
Sn0.,), these semiconductors can only absorb solar energy in the ul-
traviolet (UV) range [3-5,7]. Recent research is still focusing on the
improvement of solar absorption by H-doping of metal oxides, the
growth of metal oxides by atomic layer deposition, tailoring the surface
states of metal oxides by post-surface treatments, etc [8-12]. Due to the
limited light absorption of metal oxides, it is still very challenging to
fabricate PEC devices with large H, production rate.

* Corresponding authors.

Recently colloidal semiconductor quantum dots (QDs) have at-
tracted great attention for their potential applications as building blocks
in optoelectronic devices, such as PEC water splitting, luminescent solar
concentrators, light emitting devices, and solar cells, because of their
size/shape/composition-tuneable wide absorption spectrum (ranging
from UV to near infrared region), high absorption coefficient and cost-
effective synthetic approaches [7,13-20]. Moreover, the bandgap
structure of QDs can be easily tuned by controlling their structure and
surface capping ligands, [18,19,21-27] which allows us to improve
their charge dynamics, and thus solar-to-H, conversion efficiency in
optoelectronic devices. Colloidal QDs have been applied to sensitize
large band gap TiO, in PEC cells in order to improve the light ab-
sorption [7,13,28,29]. For examples, various types of QDs, including
plain QDs (e.g. CdSe, PbS), alloyed QDs (CulnSeS), core/thin-shell QDs
(e.g. PbS/CdS, CulnSeS/ZnS), and core/thick-shell QDs (e.g. CdSe/CdS,
CulnSe/CulnS) have been shown to be effective sensitizers in PEC cells
with saturated photocurrent densities in the range of 2-15mA/cm?
(Table S1) [7,13,28,29]. However, the solar-to-H, conversion efficiency
obtained so far in PEC cells based on colloidal QDs is still low because
of the limited absorption of QDs, inefficient electron-hole (e-h) pair

E-mail addresses: Vidal@emt.inrs.ca (F. Vidal), yqwang@qdu.edu.cn (Y. Wang), alberto.vomiero@ltu.se (A. Vomiero).

https://doi.org/10.1016/j.nanoen.2018.08.042

Received 29 May 2018; Received in revised form 7 August 2018; Accepted 19 August 2018

Available online 22 August 2018
2211-2855/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2018.08.042
https://doi.org/10.1016/j.nanoen.2018.08.042
mailto:Vidal@emt.inrs.ca
mailto:yqwang@qdu.edu.cn
mailto:alberto.vomiero@ltu.se
https://doi.org/10.1016/j.nanoen.2018.08.042
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2018.08.042&domain=pdf

H. Zhao et al.

Nano Energy 53 (2018) 116-124

(c)

(f)

Fig. 1. Morphological and structural characterizations of core/thick-shell QDs. TEM and HRTEM images of CdSe/6CdS QDs with the shell growth at 240 °C (a,
b) and 200 °C (d, e). (g, h) TEM and HRTEM images of CdSe/5CdSeq 5S0.5/CdS QDs with the shell growth at 200 °C. The insets in b, e and h are the corresponding
HRTEM images of a single QD. (c, f and i) The 3D geometric models, 2D geometric projections and atomic models in a certain viewing direction of spherical CdSe/
6CdS QDs, truncated pyramidal CdSe/6CdS QDs and CdSe/5CdSe 5So.5/CdS QDs.

generation/separation, and slow charge transport rate in presence of
charge scavengers. Compared with the fast exciton recombination in
spherical shape QDs, [20,23,30] recently, core/shell QDs (e.g. pyr-
amidal, bipyramidal, tetrapoidal, dot-in-plate and dot-in-rod) [31-36]
have been shown to exhibit not only efficient e-h pair separation due to
the spatial distribution of the e-h pair, but also efficient charge transfer
for both electrons and holes in presence of e/h scavengers. The electron
transfer rate of the thick-shell CdSe/CdS QDs in mesoporous TiO, (shell
thickness over 2 nm) can be largely improved compared with plain or
core/thin-shell QDs due to the formation of quasi-type II band structure
(in which electrons partially leak into the thick shell, but the holes are
still confined in the core region [7]. In the thick-shell QDs systems (also
called “giant” QDs), [21,27,34,37] the thick-shell slows down the hole
transfer, leading to strong hole accumulation [7,13,28,29]. Usually, the
hole accumulation leads to the strong surface oxidation of QDs, in-
creasing the number of surface recombination centers or the degrada-
tion of QDs under illumination [7,13]. As a result, the thick-shell leads
to the decrease in solar-to-H, conversion efficiency in QD-based PEC
cells because of the self-oxidation, even the electron still can efficiently
transfer to the electron acceptors (such as metal oxide) [7,13]. In the
dot-in-rod CdSe/CdS system, [36] the CdS shell around CdSe core is less
than 1 nm, which still allows efficient hole transfer. Meanwhile, the

electron can leak into the rod, forming a quasi-type II band structure to
enhance the electron transfer rate. Unfortunately, these dot-in-rod QDs
generally have a long length (> 20nm), [36] making it technically
difficult for their deposition into mesoporous TiO, thin films, which are
typically used as QD scaffolds and electron acceptors in PEC cells [5].
To the best of our knowledge, there is only one report using pyramidal
core/thin-shell CulnSSe/ZnS QDs for high-efficient PEC hydrogen
generation with the highest saturated photocurrent density (J) of
~5.3mA/cm? [29]. Current research efforts are still focusing on the
improvement of the efficiency of PEC devices by i) enhancing the light
harvesting range of QDs; ii) improving the charge separation/transfer
efficiency by designing heterostructure QDs; iii) enhancing the long-
term chemical-/photo- stability of PEC devices by using core/thick-shell
QDs as light absorbers.

Here, we synthesized pyramidal thick-shell CdSe/CdSe,S;.x/CdS
QDs by controlling the reaction temperature and the molar ratio of Se/S
precursors. The as-obtained CdSe/CdSe,S; x/CdS QDs have an absorp-
tion spectrum from 300 to 670 nm, covering the UV and almost whole
visible range, which is much wider than that of CdSe/CdS QDs with
pyramidal or spherical shape (< 500 nm). Lifetime measurement and
theoretical simulations of the e/h wave function as a function of geo-
metry and chemical composition show that pyramidal thick-shell QDs
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exhibit efficient e/h leakage to the shell range, but slightly increase the
overlap of e/h wave function compared with spherical CdSe/CdS QDs
with similar shell thickness. As a proof-of-concept, we used the thick-
shell pyramidal QDs as photosensitizers for PEC H, generation. We
obtained a saturated J as high as ~12mA/cm? nearly 1.7 and 1.3
times higher than the values obtained from spherical CdSe/CdS and
pyramidal CdSe/CdS QDs, respectively, under identical preparation and
measurement conditions. This value is a record for PEC devices based
on thick-shell “giant” QDs. Our results indicate that pyramidal thick-
shell heterostructured CdSe/CdSe,S;./CdS QDs can serve as efficient
photosensitizer for optoelectronic devices, such as PEC H, generation or
QDs sensitized solar cells.

2. Results and discussion
2.1. Synthesis of pyramidal core/thick-shell QDs

We first synthesized CdSe QDs via a hot injection approach [7,38].
Then the as-obtained CdSe QDs with a core diameter of 3.3 nm were
used as seed for the synthesis of core/shell QDs via a successive ionic
layer adsorption reaction (SILAR) (Fig. S1) [7,38]. Similar to reported
results in the literature, [7,21,35,37-39] at the reaction temperature of
240°C, a typical spherical shape of core/thick-shell QDs (CdSe/CdS)
was obtained (Fig. 1a,b) and the diameter of the as-synthesized QDs is
(7.2 £ 0.5) nm with a shell thickness of around 2 nm after the growth
of 6-monolayer CdS. As reported in the literature, typical core/shell
structures have been proved as the overall size of QDs gradually in-
crease with the increase of the growth cycles of the shell. However, due
to the small lattice mismatch of CdSe core and CdS shell (< 4.2%), it is
still very challenging to directly observe the core/shell structure in
CdSe/CdS QDs [19,21,35,37,40,41]. From the x-ray diffraction (XRD)
patterns (Fig. S2), it can be seen that the structure of the CdSe core QDs
is zinc blende (ZB), while the CdSe/CdS QDs synthesized at 240 °C
shows the wurtzite (WZ) crystal structure which can be further con-
firmed by the selected-area electron diffraction (SAED) patterns in Fig.
S3(a). Based on the high-resolution transmission electron microscopy
(HRTEM) image (inset in Fig. 1b), the calculated lattice spacing of the
spherical-shape CdSe/6CdS QD is 3.31 A corresponding to the (002)
plane of WZ crystal structure of CdS. In a big contrast, the QDs with
quasi-pyramidal shapes were obtained by setting the reaction tem-
perature at 200°C during the growth of 6-monolayer CdS shell
(Fig. 1d,e and Fig. S4a), and the structure of the QDs maintains the ZB
phase of the core QDs (Figs. S2, S3b). All other reaction parameters
(such as the concentration of seed QDs, the molar ratio of QDs to pre-
cursors, reaction time and concentration of precursors) are identical:
the different shapes of QDs are mainly due to the different growth
temperatures of the CdS shell during the SILAR process. Similar tem-
perature-dependent morphologies of core/shell QDs were reported in
PbSe/CdSe/CdS QDs, [27,32] in which QDs with spherical, pyramidal
and tetragonal shapes were obtained by setting the CdS shell growth
temperature at 240 °C, 200 °C, and 170 °C, respectively. Usually, the
shell growth temperature-dependent morphologies of core/shell QDs
are attributed to the kinetics of Cd and S atom deposition, where re-
duced temperatures were believed to induce delayed growth and,
subsequently, higher precursor supersaturation followed by fast growth
of certain facets [27,32]. Other factors (e.g. core crystalline structure
and the influence of ligands) [22,31,34,35] were also found to affect
the geometry of the core/shell QDs. As the surfactant and core seed
used in this study are the same for spherical and pyramidal QDs, their
role in determining the different morphologies in CdSe/CdS QDs can be
ruled out. The CdSe QDs have a typical ZB crystal structure as reported
in the literature using the same synthetic approach and recipe [7,38].
When the core CdSe QDs are covered with a CdS shell under 200 °C, the
structure of the shell layer tends to maintain the crystal structure of the
core QDs, which was demonstrated by the XRD patterns in Fig. S2. The
SAED patterns of pyramidal- shape CdSe/CdS QDs (Fig. S3b) further
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confirmed the ZB phase of CdS. From the XRD patterns of CdSe/CdS
QDs (red line) in Fig. S2, it can be seen that the CdS shell and CdSe core
have a certain epitaxially relationship, demonstrating that the CdS shell
layer is epitaxial grown on planes of the CdSe core. With reaction time
was prolonged, the morphologies of the QD were gradually transformed
into a triangular pyramid consisting of 4 equivalent {111} planes.
Transmission electron microscopy (TEM) measurements display the
existence of different two-dimensional (2D) particle outlines under
different projections. The majority of the QDs display a truncated-tri-
angular outline. Considering the different 2D outlines from different
projections of the QDs and the epitaxial growth of CdS shell, the 3D
particle shape of a truncated triangular pyramid was proposed, as
shown in Fig. 1f. The typical truncated-triangular and polygon outlines
and their corresponding geometric model projections and atomic model
projections are shown in Fig. le,f and Fig. S5. For the truncated-tri-
angular (inset in Fig. 1e and Fig. S5a), the lattice spacing of the fringes
was measured to be ~ 3.39 A, corresponding to that of the {111} planes
of ZB CdS. When viewed along the [011] zone axis (Fig. S5b), the lattice
spacings of 3.36 A and 3.08 A were measured, which are associated
with the (1111) and (200) planes, respectively. These results are con-
sistent with the proposed geometric and atomic models, proving that
the proposed models are correct.

We further synthesized core/alloyed shell QDs with the growth of 5
interfacial layers of CdSe,S; (x = 0.5) and 1 monolayer of CdS at
200 °C (denoted as CdSe/5CdSe( 5So.5/CdS) (details in the Section 4).
As shown in Fig. 1g, most of the as-obtained CdSe/5CdSe 5S0.5/CdS
QDs have a pyramidal shape, which is very different from the spherical
shape of the CdSe/5CdSeq 5S0.5/CdS QDs synthesized at 240 °C using
the SILAR approach. [41] Similar to Fig. 1d, most of the QDs seen in the
TEM images show a partially-truncated triangle. The model was gen-
erated by cutting the ZB CdS crystal into a truncated pyramid shape
with 7 equivalent {111} planes merging into one apex (Fig. 1i). The
shape, lattice fringes, as well as the measured lattice spacing, can all be
matched to the geometric and atomic models. Based on the TEM
measurement, the CdSe/5CdSe 5S¢ 5/CdS QDs have a final diameter of
(8.1 £ 0.7) nm (the size of these QDs is defined as the height of the
projected triangles), very similar to that of truncated-pyramidal CdSe/
CdS QDs (Fig. S4a and Fig. 1d). From the projection, the thickness was
estimated to be 2.65nm and 5.35nm from the center of CdSe QDs to
the face center and corner of core/shell QDs, respectively. HRTEM
analysis confirms the lattice parameters of the ZB structure in CdSe/
5CdSeq.5S0.5/CdS QDs (Fig. 1h), consistent with the SAED patterns (Fig.
S3c). The lattice spacing of pyramidal-shape CdSe/5CdSeq 5S0.5/CdS
QDs is measured to be 3.48 A which corresponds to the {111} planes of
the ZB crystal structure of the studied QDs (inset in Fig. 1h). X-ray
energy dispersive spectroscopy (EDS) and x-ray photoelectron spec-
troscopy (XPS) spectra of CdSe/CdS and CdSe/5CdSe( Sy 5/CdS QDs
confirm the presence of Cd, Se and S in the QDs with Se/S molar ratio of
around 1 (Figs. S6-7).

As the obtained CdS or CdSeS shell thickness is between 2.65nm
and 5.35, i.e. thicker than 2 nm, and the optical properties of the core/
shell QDs still exhibit strong quantum confinement, we named the
currently obtained core/shell QDs as “giant” QDs, according to the
literature [2,21,42]. In addition, our giant pyramidal core/shell QDs
are different from the previously reported pyramidal bare CdSe QDs
with a WZ structure [43].

2.2. Optical properties of the QDs

The first-excitonic absorption and emission peaks of pure CdSe QDs
are around 550 nm and 560 nm, respectively (Fig. 2a,b). Further CdS
coating via a SILAR method leads to strong absorption in the visible
range (less than 500 nm) due to the large CdS shell volume content
(92%) in the spherical and pyramidal shape CdSe/CdS QDs (Fig. 2a).
Again, due to the large CdS shell volume, in the core/shell CdSe/CdS
QDs (spherical or pyramidal), the absorption of CdSe core in the range
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Fig. 2. Optical properties of QDs. Absorption (a) and PL (b) spectra of CdSe QDs before and after shell coating at different temperatures. (c) Typical PL decay curves
(dots) and fitting curves (solid lines) for CdSe, CdSe/CdS and CdSe/CdSeS QDs with different reaction temperatures measured at the emission peak in toluene, shown

on a semi-logarithmic scale. The excitation wavelength was set at 450 nm.

Table 1

Structure and optical properties of the colloidal QDs with different morphologies.
QDs Morphology Core radius (nm) Overall diameter (nm) QY (%) Tmeas (11S) Trad (DS) Keaa (ns™1) ke (ns™h)
CdSe spherical 1.65 3.3 20 £ 2 10 £ 1 50 0.02 0.08
CdSe/6CdS spherical 1.65 7.2 = 0.5 50 = 4 25 1 50 0.02 0.02
CdSe/6CdS pyramidal 1.65 8 + 0.6 40 = 4 30 =1 75 0.013 0.02
CdSe/5CdSeq 5S0.5/CdS pyramidal 1.65 8.1 = 0.7 15 £ 2 15 £1 100 0.01 0.06

of 500-600 nm is very weak (Fig. 2a) [22,37,44,45]. Compared with
spherical shape CdSe/CdS QDs (240 °C), the pyramidal CdSe/CdS QDs
(200 °C) exhibit a red-shift of ~ 20 nm for both first-excitonic absorp-
tion and emission peak due to the electron leakage (Fig. 2a,b and Fig.
$8). With further addition of Se in the CdS shell, the alloyed CdSe, sSo 5
shell expands the absorption of pyramidal QDs from 500 nm to 670 nm,
matching very well with the Sun’s spectrum in the visible range, in-
dicating that the alloyed thick-shell QDs could be an excellent candi-
date as light absorbers for optoelectronic devices (Fig. 2a,b). Similar
alloyed core/shell system has been reported previously for spherical
CdSe/Cd,Pb; S QDs [38] and CdSe/CdSe,S; /CdS QDs [14,41]. The
typical quantum yields (QYs) of CdSe, spherical CdSe/CdS, pyramidal
CdSe/CdS and CdSe/CdSe( 5So.5/CdS in toluene are 20%, 50%, 40%
and 15%, respectively (Table 1). Usually, higher QY in QDs indicates
that the QDs have a better surface passivation with less surface re-
combination centers [35,46]. In order to understand the nature of QY in
different morphologies of QDs, we measured the photoluminescence
(PL) lifetime of QDs (Table 1). The radiative decay rate (k.,q) and the
non-radiative decay rate (k) in QDs were estimated according to the
following equations: [47]

Timeas __ kmd

Tineas QY = —
Trad knr + krad

Trad

A @
where Teqs Tneas, and TraqTreq are the measured PL lifetime and the ra-
diative lifetimes respectively. The calculated k.4 and k,, are shown in
Table 1.

For the CdSe QDs, ky, is ~0.08 ns™ !, while for the spherical or
pyramidal CdSe/6CdS QDs, k,, decreases to ~ 0.02 ns~ ' In the pyr-
amidal alloyed-shell CdSe/5CdSeq 5So.5/CdS QDs, ky, is ~ 0.06 ns 1. As
the non-radiative decay rate (k,,) is mainly induced by the surface
chemical states (e.g. surface defects and traps, quenchers), [25,46,47]
the higher k;,, in CdSe or CdSe/5CdSe( 5S¢.5/CdS QDs proves that these
QDs are more sensitive to the surrounding surface chemical states and
there may be more surface defects/traps on bare CdSe QDs and alloyed-
shell QDs compared with core/thick-shell CdSe/CdS QDs. Generally, k,
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is depending on the size, shape, and heterostructure of QDs [15,16,27].
As reported in the literature, in the core/shell system, the spherical
PbSe/CdSe/CdS QDs have a much longer radiative lifetime compared
with PbSe/CdSe QDs [27]. Similarly, the radiative lifetime in pyramidal
CdSe/CdS (or CdSe/CdSe( 5S¢.5) core/thick-shell QDs is more than 1.5
times (or 2 times) longer than that in spherical CdSe/CdS QDs
(Table 1), indicating the strong electron leakage in the pyramidal core/
shell QDs [27,34]. In the plain QDs, the e/h wavefunction can spread
over the entire QDs and easily reaches the surface of QDs, being
quenched by the surrounding ligands/solvent, or suffering recombina-
tion due to the surface defects/traps [19,48]. These effects lead to the
low QY in bare QDs. In the core/shell QDs, depending on the electronic
band structure of the core/shell materials, the e/h can be either con-
fined in the core or partially leaking into the shell, leading to a high QY
in these systems (type I or quasi-type II) [19,21,27,34-37,48]. Typi-
cally, in the type II structure (both electron and hole can still spread
into the entire shell region) the e/h still can spread at the surface of
QDs, which is sensitive to the surface defects/traps and surrounding
chemical conditions, leading to the low QY, similar to the bare QDs
system [48]. This may explain the low QY in the bare CdSe and CdSe/
5CdSe.5Sp.5/CdS and high QY in CdSe/CdS QDs. To prove our hy-
pothesis, we produced the sample CdSe/5CdSe 5S¢ 5, in which we did
not cap the QD with a protective CdS shell. Under these conditions, we
expect a strong contribution to surface defects/trap states in lowering
the QY of the sample. The as-synthesized CdSe/5CdSesSos QDs
without a CdS shell have the QY of only 10%. With a further one-
monolayer CdS coating, the QY increases to 15% due to the possible
isolation between the alloyed shell and surrounding chemical condi-
tions. In this study, we only focus on the thick-shell QDs with five
monolayers of CdSeq S 5 and one monolayer of CdS.

As the efficient charge transfer of QDs to e/h scavengers not only
depends on surface recombination number but also largely relays on
radiative lifetime [7,13]. To further understand the expected exciton
dynamics in pyramidal core/shell QDs, the electron [y.] and hole [y;]
wavefunctions of spherical and pyramidal QDs were calculated by
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Fig. 3. Theoretical modeling of the CdSe/CdS and CdSe/CdSeS/CdS QDs. (a) Geometrical model of a pyramidal core/shell QD. The spherical CdSe core is in the
center of the pyramidal QD. (b-f) Wavefunctions of 1S electrons and holes in the spherical CdSe QD along an axis passing through the center of the core (b), pyramidal
CdSe/CdS QD (c), and pyramidal CdSe/CdSeS/CdS QDs with different CdS thicknesses (d-f). The arc length is defined as the distance from one corner of the pyramid
to the opposite face (O—A in (a), passing through the center of the core. The CdSe core radius is 1.65 nm. The CdS shell thickness in (c) from the surface of the core to
A is 0.66 nm while the corresponding thickness of the CdSeS layer is 0.33nm in (d-f). The CdS shell thicknesses are 0.33, 0.66 and 1.00 nm in (d), (e) and (f),
respectively. The eigenvalues for the electron and hole wave functions are given as E. and Ej, respectively, while AE = E.— E;,. The general trend in AE is consistent

with Fig. 2b.

solving the stationary Schrodinger wave equation in spherical or pyr-
amidal geometry (Fig. 3). Compared to the symmetric distribution of e/
h wavefunction of the spherical QDs, the e/h wavefunction of pyr-
amidal core/shell QDs have an asymmetric e/h distribution. As shown
in Fig. 3c-f, both the electron and hole wavefunctions leak more to the
corner of pyramidal QDs (center of QD to O direction) than to the face
center of pyramidal QDs (center of QD to A direction), presenting an

enhanced spatial separation of e/h in the QDs. The pyramidal QDs with
an alloyed layer (Fig. 3d-f) have more e/h leakage with respect to that
in pure-shell pyramidal QDs (Fig. 3c) due to the smoother transition
from the core to the alloyed layer. In the alloyed pyramidal CdSe/
CdSeS/CdS QDs with the constant thickness of CdSeS layer, the electron
wavefunction does not exhibit strong changes with the increase of CdS
thickness (from 0.33 nm to 1 nm) (Fig. 3d-f). The e/h wavefunctions are
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still confined mainly in the core and interfacial shell region. These re-
sults are consistent with the long radiative lifetime in pyramidal QDs
compared with spherical CdSe/6CdS QDs, even the QY in these QDs is
not so high compared to the spherical CdSe/CdS QDs. The shape-de-
pendent e/h wavefunction indicates that the pyramidal QDs can be
good candidates for optoelectronic devices benefiting from their effi-
cient charge separation.

2.3. PEC devices for H, production

Compared with the spherical shape CdSe/CdS QDs, the e/h wave
functions of the asymmetric QDs have a larger spatial extension due to
spreading toward the corners of QDs. This feature is associated with
very promising properties as light absorbers for optoelectronic devices
because the long lifetime can improve the charge transfer rate with
respect to the fast e/h recombination, such as PEC water splitting and
QDs sensitized solar cells. As a proof-of-concept, the as-prepared CdSe/
6CdS and CdSe/5CdSeq 5S¢ 5/CdS core/shell QDs were deposited into a
mesoporous TiO- film to prepare the QDs-TiO, hybrid photoanodes for
PEC H, generation. The thickness of the photoanodes (TiO5/QDs/ZnS)
is estimated to be around 14.3 um based on the cross-sectional SEM
image (Fig. S9). We evaluated the performance of PEC devices using a
standard three-electrode configuration, [7] consisting of a QDs-TiO,
working electrode, a Pt counter electrode, and a KCl saturated Ag/AgCl
reference electrode, which is most used PEC configuration so far for
QDs based PEC devices. [7,49,50] Hole scavengers (SO3>/S*) were
used as the electrolyte in order to improve the hole transfer rate. [7,13]
The calculated band energy levels of QDs are presented in Fig. 4, which
is favorable for not only charge transfer from QDs to TiO,, but also for
the reduction and oxidation energy levels of water. Generally, after
sunlight illumination, the photogenerated electrons injected from QDs
into the TiO, and then transferred to the front electrode, finally flew to
the Pt counter electrode to participate in the reduction reaction of water
for H, generation (Fig. 4). On the other side, the photogenerated holes
react with SO3%/S%, instead of the water due to the higher energy level
of SO5%/S* compared with the oxidation potential of water. In fact, in
this configuration with the presence of hole scavengers, only H; can be
produced, other than H, and O, through water splitting. [7]

In order to fairly compare the properties of QDs with different
morphologies, we fabricated all PEC devices using different types of
QDs under identical sample preparation and measurement conditions.
The performance of PEC cells based on QDs/TiO, anode is shown in
Fig. 5a. The J (0.6 V vs RHE) is obtained as ~ 7.0 mA/cm? for the
spherical CdSe/6CdS QDs, which is much higher than the value
(~ 5.0mA/cm?) of the bare CdSe QDs. As the J is only 0.3 mA/cm? for
the photoanode based on bare TiO, (Fig. S10), the higher J of the QD-
based anode is mainly attributed to the contribution of QDs. The J
further increases to 8.3 mA/cm? for the pyramidal CdSe/6CdS QDs. The

E vs RHE (pH=13) To »
i0, CdSe/CdS 7
1.5F Y
1.0+ / ¥ H,H,0
0.5 FTO :
o > $0,2/S02
B o~
0.5 » / 0,/H,0
1.0 +
AN
1.5
2.0

Fig. 4. Schematic electronic band structure of QDs. Schematic diagram and
approximate band alignment of CdSe/CdS QDs-sensitized TiO, photoanodes.
The bandgap of pyramidal CdSe/6CdS QDs was calculated based on their first-
excitonic absorption peak.
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18% enhancement in J of pyramidal CdSe/CdS QDs compared to
spherical CdSe/CdS QDs is mainly due to the efficient e/h separation
and transport as in both cases, the absorption spectrum of spherical or
pyramidal CdSe/CdS QDs is similar (300-500 nm). In the case of PEC
cell using pyramidal alloyed-thick-shell QDs/TiO, as the photoanode,
the obtained J reaches 11.4 mA/cm? (0.6 V vs RHE), which is 1.4 times
higher than that of the photoanode based on pyramidal CdSe/CdS QDs.
This increase is mainly attributed to the wider absorption range in the
core/alloyed-shell QDs as confirmed by the J-V measurement using an
optical filter (Fig. S11). The saturated current density is as high as
12mA/cm? at 0.9 V vs. RHE. The reported highest current density re-
fers to the pristine electrode. This value is higher than the reported J of
PEC devices based on semiconductors, such as 10 mA/cm? (thick-shell
CdSe/13CdS QDs-TiO,) [7], ~3mA/cm? (thick-shell CuInSe/CulnS
QDs-TiO5), [51] NiOOH/FeOOH/carbon dots/BiVO, (5 mA/cm?) [52].
To the best of our knowledge, this is the highest value obtained so far
for thick-shell colloidal QDs (or “giant” QDs) based PEC devices (Table
S1). It is worth to mention, the PEC device based on TiO, sensitized
with CdS/CdSe QDs or PbS/Mn-doped CdS QDs prepared via in-situ
deposition exhibit J of 14.9 mA/cm? and 22.1 mA/cm?, respectively.
However, compared with the photoanode based on colloidal QDs, the
in-situ deposition approach is time-consuming and the stability of the
PEC device is not good [50,53]. For example, after only 5 min illumi-
nating, the J decreases ~ 45% of its initial value [50].

The stability of the photoanodes was investigated under one sun
illumination (100 mW/cm? AM 1.5G) in 0.25M Na,S and 0.35M
Na,SO;3 (pH 13) aqueous solution. The J vs. time evolution of the PEC
system at 0.6 V vs. RHE is shown in Fig. 5d. One can see a 33% drop of
the original current density after 3600 s in the PEC device based on
CdSe/5CdSeq 5S¢.5/CdS QDs (Table 2), which is comparable to that of
the best previously reported photoanodes [7,13,28,51]. It is still very
challenging to obtain highly stable photoanodes based on QDs, due to
the photocorrosion and accumulated hole-induced photooxidation
[7,13,28,51]. Further research direction may focus on the improvement
of the long-term stability by understanding the photo-induced de-
gradation of QDs and the engineering of QDs architecture. Based on
Fig. 5d, we calculated the H, generation rate (details in Supporting
information, Fig. S12) using CdSe/CdS QDs as a reference [7]. The Hy
generation rate is ~ 40, 54, 60 and 90 mL cm ™2 day ! for the photo-
anode based on bare CdSe, spherical CdSe/CdS, truncated-pyramidal
CdSe/CdS, and truncated-pyramidal CdSe/5CdSeq s5So.5/CdS QDs, re-
spectively (Table 2). The H, generation rate of pyramidal thick-alloy-
shell QDs is higher than the other types of QDs and among the best of
the previously reported H, generation rates. [7,28,51]

3. Conclusions and perspectives

In summary, we prepared pyramidal thick-shell CdSe/CdS and
CdSe/CdSe,S; x QDs by the combination of hot injection and SILAR
approaches. The morphology of QDs can be controlled by simply
changing the reaction temperature. The core/alloyed-shell QDs with
pyramidal shape exhibit the QY of ~ 15%, with a radiative lifetime of
100 ns, which is much longer than that of spherical QDs, due to the
efficient spatial separation of e/h wave function as confirmed by both
lifetime measurements and theoretical simulations. The pyramidal
thick-alloy-shell QDs/TiO,-based photoanode exhibits a saturated
photocurrent density of ~12mA/cm? (90 mLcm ™2 day ™ '), which is a
record for thick-shell QD-based photoelectrodes in PEC H, generation.
This result can be ascribed to both the enhanced light absorption in the
region of 500-700 nm, induced by the presence of the CdSe in the thick
shell, and by the effective e/h separation, owing to the delocalized e/h
electronic states inside the pyramid structure. Thick-shell pyramidal
QDs present a promising efficient light absorption for QD-based op-
toelectronic devices. Further research direction may focus on the de-
velopment of other types of asymmetric thick-shell QDs, such as InP/
CdSe,S;.x/CdS, Cu(Zn)InS/CdSe,S; /CdS, PbS/CdSe,S;,/CdS and
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Fig. 5. Photogenerated current density. J-V dependence (versus RHE) of QDs-TiO,-sensitized photoelectrodes in the dark (black curve), under continuous (red
curve) and chopped (green curve) illumination (AM 1.5G, 100 mW/cm?) of different kinds of QDs: (a) CdSe/6CdS synthesized at 240 °C; (b) pyramidal CdSe/6CdS
QDs synthesized at 200 °C; (c) pyramidal alloyed CdSe/5CdSeS/CdS QDs synthesized at 200 °C. (d) Measured photocurrent density of QDs, with different QD
mophologies, as a function of time at 0.6 V vs. RHE under simulated one sun illumination (100 mW/cm?).

Table 2
Performance of the PEC devices based on colloidal QDs.

QDs Morphology J (mAcm™2) J after one hour H, generation
illumination rate
(mAcm~?) (mLcm ™2
day ™ D)
CdSe spherical 5.3 3.6 40
CdSe/6CdS spherical 7.0 4.8 54
CdSe/6Cds pyramidal 8.3 5.3 60
CdSe/ pyramidal 11.4 7.6 90
5CdSeg s-
So.5/CdS

PbSe/CdSe/CdS QDs.

4. Experimental section
4.1. Synthesis of thick-shell QDs
CdSe QDs were synthesized by using a hot injection method as de-

scribed elsewhere [38]. Details were included in the Supporting in-
formation. The SILAR approach was used to grow spherical core/shell
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QDs [21,27,38]. Similar with the procedure for the synthesis of sphe-
rical core/shell QDs (details in Supporting information), the SILAR
approach was used to synthesize pyramidal core/shell QDs. In details,
oleylamine (5mL), octadecene (ODE) (5mL) and CdSe QDs
(~ 2 x 1077 mol in hexane) were degassed at 100 °C for 1h. The re-
action flask was re-stored with N, and the temperature was raised to
200 °C. The Cd(OA), dispersed in ODE (0.25mL, 0.2M) was added
dropwise and the mixture allowed to react for 1.5h, followed by
dropwise addition of 0.2 M S/ODE with 0.25 mL. The shell was further
annealed for 10 min at 200 °C. All subsequent shells were annealed at
200 °C for ~ 10 min following the injection of S and ~ 1.5 h following
addition of the Cd(OA), in ODE. In the synthesis of thick-shell pyr-
amidal CdSe/5CdSe,S,./CdS QDs, the reaction was conducted at
200 °C with the addition of five-monolayer S/Se and Cd(OA), pre-
cursors and one-monolayer S and Cd(OA), precursor. The reaction was
cooled to 25 °C using ice water. Ethanol was added, then the suspension
was centrifuged and the supernatant was removed. This purification
procedure was repeated twice. The QDs were then dispersed in a sol-
vent (e.g. toluene, hexane).
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4.2. Preparation of QDs/TiO, photoanode

The hybrid anode was prepared by deposition of QDs into meso-
porous TiO, film by electrophoretic deposition (EPD). In detail, a thin
and compact TiO, layer was spin-coated on cleaned FTO glass substrate
at 5000 r.p.m. for 30s by using the solution Ti-Nanoxide BL/SC, fol-
lowed by annealing in air at 500 °C for 30 min, then cooled down to
room temperature. Subsequently, a commercial TiO, paste made of a
blend of small anatase particles (~20nm in diameter) and larger
anatase particles (up to 450 nm in diameter) paste was deposited on top
of the compact TiO, layer by tape casting and dried in air for 15 min.
The photoanodes were then fired on a hot plate at 120 °C for 6 min. The
photoanodes were finally sintered at 500 °C for 30 min. Two as pre-
pared TiO, films on FTO substrate were vertically immersed in the QDs
toluene solution. The distance between them was adjusted at 1 cm and a
direct current bias of 200 V was applied for 120 min. To wash off un-
bound QDs after the EPD process, the samples were rinsed three times
with toluene and dried with N, at room temperature. Subsequently, for
the ligand exchange, QDs/TiO, film is dipped in 20 mL CTAB/methanol
solution (10 mg/mL) for 1 min. Then the photoanode is rinsed with
methanol for 1 min. Then the ZnS capping layer was formed by the
SILAR process. Two SILAR cycles were applied to form the capping ZnS
layer.

4.3. Theoretical calculation of e/h wave functions

We solved the stationary Schrodinger equation in spherical and
pyramidal geometry by following the methodology reported in re-
ference [14]. Detailed parameters are included in the Supporting in-
formation.

4.4. Characterizations

TEM was carried out using a JEOL 2100F TEM equipped with a
SAED and an EDS. XPS was performed on a VG Escalab 220i-XL
equipped with hemispherical analyzer recorded for a Twin Anode X-
Ray Source. Absorption spectra were acquired with a UV-2600 UV-vis
spectrophotometer (Shimadzu). Fluorescence spectra were acquired
with a FLS980 (Edinburgh). The PL lifetimes of core/shell QDs were
measured using a pulsed laser diode of 440 nm and time-correlated
single photon counting (TCSPC) mode in the FLS980 system.
Photoluminescence QYs of QDs was measured by using Rhodamine 6G
as a reference.

4.5. PEC measurements

PEC performance of the photoelectrodes fabricated using spherical
and pyramidal shaped QDs were measured in a three-electrode con-
figuration. [28] Details were included in the Supporting information.
Briefly, the Pt was used as the counter electrode, QDs/TiO5/FTO hybrid
was used as photoanode and Ag/AgCl was used as reference electrode.
Na,S/Na,SO3 was used as (pH = 13, 0.25M Na,S and 0.35 M Na,SO3).
The photoresponse was measured using an Oriel LCS-100 solar simu-
lator (AM1.5G) with or without long-pass optical filter (600 nm and
500 nm) with the light impinging on the QDs/TiO; side of the substrate.
The light intensity measured by power meter was ~ 100 mW/cm?. The
working area of the photoanode was ~0.1-0.2 cm?. Current density as a
function of time was measured at 0.6 V vs. RHE under continues AM
1.5G illumination. H, evolution was measured during the PEC experi-
ment. The produced H, gas was detected using a Shimadzu GC-8A gas
chromatograph (GC) equipped with a thermal conductivity detector.
[7] Argon was used as the carrier gas for GC analysis. Based on the
reference curve (Fig. S12), we integrate the current density (Fig. 5d),
and the calculated hydrogen generation rate is illuminated in Table 2.
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