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ABSTRACT

Colloidal quantum dots (QDs) have attracted considerable attention owing to their outstanding
optical properties including broad light absorption, size/composition-tunable optical emission,
high photoluminescence quantum yield (PLQY) and multiple exciton generation. In this regard,
QDs have been extensively used as building blocks in various solar technologies including
luminescent solar concentrators (LSCs), solar cells and solar-driven photoelectrochemical
(PEC) hydrogen generation. Specifically, QDs with near-infrared (NIR) optical properties
exhibit great potential for various applications because their broadband NIR light absorption is
favorable to improve the efficiency of photovoltaic devices and their tunable NIR
photoluminescence (PL) emission matches well with the wavelength region of biomedical
window (~750-1350 nm) and optical communication (~1350-1600 nm). As a result, NIR QDs
have been employed to fabricate high performance optoelectronic devices such as solar cells,
light-emitting diodes (LEDs) and photodetectors, and are used for biological imaging/detection

and optical fibers as well.

However, to date, a majority of NIR QDs contain highly toxic chemical elements (e.g. Pb and
Hg), which are harmful to human health and the natural environment and are not favorable for
their future commercialization towards real-life applications. NIR, environmentally friendly
QDs (e.g. CulnS/Se QDs) have been developed in recent years, while their multicomponent
nature leads to the easily formation of surface trap states and defects. These surface traps/
defects can deteriorate the PLQY and photo/chemical-stability of QDs, which leads to the non-
radiative recombination of QDs, thus hindering the development of high-efficiency and long-
term stable QDs-based optoelectronic devices. To address these problems, one approach is to
develop heavy metal-free and NIR core/shell structured QDs with optimized optical properties
and enhanced photo/chemical-stability, focusing on the comprehensively investigation of their
growth mechanism, band structure engineering, photoexcited electron-hole dynamic to realize

high performance solar energy conversion applications (e.g. solar-drive PEC cells).

In the first part, we synthesized NIR, environmentally friendly CulnSeS,y (CISeS, C

represents Copper instead of Carbon)/ZnS core/shell QDs by employing cation exchange



method. Morphological investigation of these QDs suggests that such cation exchange approach
leads to the formation of a thin ZnS shell on the surface of CISeS core QDs. Optical
characterizations show the NIR optical absorption (up to 1000 nm) and PL spectrum (emission
center at~960 nm). By comparing the PL intensity and PL lifetime of bare CISeS QDs and
CISeS/ZnS core/shell QDs, it is demonstrated that the ZnS shell enables the effective
passivation of the surface defects/traps on the CISeS QDs. These NIR, heavy metal-free QDs
were then used as photosensitizers to fabricate QDs-sensitized photoanode by using
electrophoretic deposition (EPD) technique. As-fabricated CISeS/ZnS core/shell QDs-
sensitized photoanode was applied as a working electrode in a PEC cell for solar-driven
hydrogen generation. Under standard one sun illumination (AM 1.5G, 100 mW/cm?), the QDs-
based PEC cell exhibits a saturated photocurrent density of ~5.3 mA/cm?, which is higher than
the saturated photocurrent density (~2.57 mA/cm?) of bare CISeS QDs-based PEC cell,
indicating the effective surface passivation of CISeS QDs by the ZnS thin shell for suppressed
non-radiative recombination, thus enhancing the device performance. Moreover, CISeS/ZnS
core-shell QDs-based PEC cell exhibited improved device stability as compared to bare CISeS

QDs-based devices.

In the second part, we synthesized NIR, heavy metal-free CulnSe,/CulnS; (CISe/CIS) “giant”
core/shell QDs (g-QDs) via sequential cation exchange technique. Morphological investigation
demonstrates the formation of a CulnS; thick shell with wurtzite (WZ) phase. Optical
characterization of these NIR, heavy metal-free g-QDs exhibit tunable NIR absorption and PL
spectra (up to 1100 nm). These NIR, environment-friendly g-QDs show a red-shift of PL peaks
and prolonged lifetime with increasing shell thickness, demonstrating their “quasi-type II”” band
structure, wherein the electrons can delocalize into the shell region while the holes are well
confined in the core region. By choosing appropriate physical parameters and solving the
Schrodinger equation of these g-QDs, the electron-hole wavefunction distribution as a function
of shell thickness is presented. The simulation results further verify the “quasi-type 1I”” band
structure of as-synthesized g-QDs, which is in accordance with their optical characterization.
As a proof of concept, a PEC cell based on such NIR and “green” g-QDs was fabricated,

showing a saturated photocurrent density of ~3 mA/cm? under standard one sun illumination



(AM 1.5G, 100 mW/cm?). By comparing the stability of PEC device based on g-QDs with
various shell thickness, it is demonstrated that g-QDs with thicker shell exhibit higher

photo/chemical stability in solar-driven PEC hydrogen production.

Apart from the heavy metal-free NIR core/shell QDs, heterostructured semiconductor
nanocrystals with non-spherical shapes such as dot-in-rod, tetrapod and pyramid have emerged
as potential candidates in solar technologies, which exhibit particularly small spatial electron-
hole wavefunction overlap for ultralong PL lifetime that are beneficial to the photogenerated
charge carrier separation/transfer in boosting the efficiency of QDs-based photovoltaic
applications. In the third part, we developed a new type of NIR-emitting, pyramid-shaped
CISeS/CdSeS/CdS g-QDs, which were synthesized by using a facile two-step method. As-
synthesized g-QDs exhibit a pyramidal shape and the CdSeS/CdS shell was demonstrated to
possess a zinc blende (ZB) phase. Optical properties of g-QDs exhibit NIR PL emission (~830
nm) with considerable PLQY of 17%. This type of pyramidal-shaped g-QDs show
unprecedentedly prolonged PL lifetime up to ~2 ps with increasing shell thickness, indicating
that the pyramidal shape of these g-QDs can induce efficient electron-hole separation and form
a “quasi-type II” band structure. Theoretical simulation was used to calculate the spatial
electron-hole wave function distribution of as-synthesized g-QDs with various shell thickness,
demonstrating the direction-dependent electron-hole wave function distribution and "quasi
type-II" band structure of such pyramidal g-QDs. We subsequently used these g-QDs to
fabricate PEC cells, showing a high saturated photocurrent of ~5.5 mA/cm? and outstanding
device stability under one sun illumination (AM 1.5 G, 100 mW/cm?). These results indicate
that this type of pyramid-shaped g-QDs show efficient electron-hole separation and are

promising to achieve high performance photovoltaic devices.
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state and hole states (1S hole and impurity hole) in CISe/CIS core/shell QDs as a function of
shell layer thickness.

Figure 3.13 (a) TEM image of TiO»/Zn-CISe/6CIS g-QDs heterostructure with uniform
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and relevant (b) EDS spectra of all chemical composition with relative mass concentration, (c)
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and corresponding (b) EDS spectra. EDS mapping analysis of (c) Ti, (d) O, (e) Zn (f) Cu (g) In
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Figure 3.16 (a) Approximate band alignment and schematic diagram of Zn-CISe/CIS g-QDs-
sensitized photoanodes. Photocurrent density-bias potential dependence (versus RHE) of (b)
Zn-CISe/13CIS g-QDs and (¢) Zn-CISe/6CIS g-QDs-sensitized photoanodes in the dark (black
curve), under continuous (red curve) and chopped (blue curve) illumination (AM 1.5G, 100
mW/cm?). (d) Photocurrent density as a function of time (stability measurements) of
TiO,/CISe/ZnS (black curve), TiO»/Zn-CISe/6CIS/ZnS (red curve) and TiO»/Zn-
CISe/13CIS/ZnS (blue curve) photoelectrodes at 0.8 V versus RHE under AM 1.5G irradiation
(100 mW/cm?).

Figure 3.17 Photocurrent density versus bias potential (versus RHE) for TiO,/CISe/ZnS
photoanode in the dark (black curve), under continuous (red curve) and chopped (blue curve)
illumination (AM 1.5 G, 100 mW/cm?).

Figure 3.18 Current density versus bias potential (vs RHE) for FTO/TiO, photoanode with
photocurrent density of ~0.25 mA/cm? under illumination of one sun (AM 1.5G, 100 mW/cm?).
Figure 3.19 IPCE spectra of TiO./CISe/ZnS, TiO2/Zn-CISe/6CIS and TiO»/Zn-CISe/13CIS

QDs-sensitized photoelectrodes at 0.8 V versus RHE.
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Figure 3.20 Photocurrent density versus bias potential (versus RHE) for (a) the
TiO»/CuzSe/ZnS, (b) TiO2/Cu,Se/6Cu,S/ZnS and (¢) TiO»/CuxSe/13Cu,2S/ZnS photoanodes in
the dark (black curve), under continuous (red curve) and chopped (blue curve) illumination
(AM 1.5 G, 100 mW/cm?).

Figure 3.21 Photocurrent density versus bias potential (vs RHE) for (a) the TiO,/CdSe/ZnS, (b)
TiO,/CdSe/6CdS/ZnS and (c¢) TiO»/CdSe/13CdS/ZnS photoanodes in the dark (black curve),
under continuous (red curve) and chopped (blue curve) under illumination of one sun (AM
1.5G, 100 mW/cm?).

Figure 3.22 H: evolution of CdSe/CdS g-QDs, as a function of time under 100 mW/cm?
illumination with AM 1.5 G filter. The evolution of H, exhibits a nearly linear increase over
time ¢’

Figure 4.1 TEM images of (a) CISeS with inset HRTEM images displaying (112) plane of
chalcopyrite phase. TEM images of (b) CdS#3 and (c) CdS#6 QDs with inset HRTEM images
exhibiting (111) plane of ZB phase CdSeS. (d) TEM images of CdS#9 QDs with inset HRTEM
images showing (111) plane of ZB phase CdS. (e) XRD patterns of CdS#3, CdS#6 and CdS#9
QDs. (f) Schematic diagram of growth processes and structure of heterostructured
CISeS/CdSeS/CdS g-QDs.

Figure 4.2 Size distribution of (a) CISeS, (b) CdS#3, (¢) CdS#6 and (d) CdS#9 QDs, showing
sizes of 5.5+£0.7 nm, 4.0+0.3 nm, 7.4+0.6 nm and 12.7+0.9 nm, respectively. Sizes are measured
as the height of projected triangles (distance from a vertex to the middle of the opposite side)
in TEM images for at least 100 QDs.

Figure 4.3 (a) XRD pattern of CISeS QDs films prepared by drying the dropped CISeS QDs
solution on the top of silicon substrate. (b) SAED pattern of CISeS QDs. All of the diffraction
peaks lie between (112), (204/220) and (312) facets of pure chalcopyrite CulnS, (JCPDS card
no. 03-065-1572) and pure chalcopyrite CulnSe, (JCPDS card no. 00-040-1487), indicating the
chalcopyrite phase and alloyed nature of as-prepared CISeS core QDs.

Figure 4.4 TEM of CdS#3 QDs, showing possible quasi-octahedral shape.

Figure 4.5 SAED patterns of (a) CdS#3, (b) CdS#6 and (c) CdS#9 QDs, which are consistent
with the XRD patterns in Figure 4.1e.

Figure 4.6 Representative TEM images of (a) CdS#1, (b) CdS#2, (c) CdS#4, (d) CdS#5, (e)
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CdS#7 and (f) CdS#8 QDs.

Figure 4.7 HRTEM image of CdS#9 g-QDs, showing two (111) facets and the angle of 70.5
degree observed from [110] direction, which is consistent with the three-dimensional pyramids
geometry.

Figure 4.8 Size distribution of (a) CdS#1, (b) CdS#2, (c) CdS#4, (d) CdS#3, (e) CdS#7 and (f)
CdS#8 QDs. Sizes were measured as the height of projected triangles (distance from a vertex
to the middle of the opposite side) in TEM images for at least 100 QDs.

Figure 4.9 (a) UV-Vis absorption and (b) PL spectra of heterostructured CISeS/CdSeS/CdS g-
QDs at different growth stages in toluene. (c) PL lifetime of CdS#3, CdS#6 and CdS#9 g-QDs
in toluene.

Figure 4.10 Tauc plot derived from absorption spectra of all QDs.

Figure 4.11 (a) PLQY of CISeS QDs (sample No. 0) and corresponding core/shell QDs (CdS#1
to CdS#9 QDs). (b) Transient PL spectrum of CISeS QDs with fitted average lifetime of ~165+4
ns.

Figure 4.12 PL decay curves of (a) CdS#2, (b) CdS#4, (c) CdS#5 and (d) CdS#8 QDs,
displaying fitted average lifetime of ~1.01 ps, 1.46 ps, 1.53 ps and 1.91 ps, respectively.
Figure 4.13 Theoretical modeling of the CISeS/CdSeS/CdS g-QDs. (a) Geometrical models of
the series of g-QDs (CdS#0-9). Each edge of each component of the QDs is rounded by a radius
of 0.3 nm. (b) Electronic band structure with energy levels and wave functions of 1§ electrons,
impurity holes and 1.5 holes in a g-QD (CdS#9). (¢)-(e) Normalized radial distribution function
of 15 electrons in the series of g-QDs along Line 1, Line 2 and Line 3, respectively. The Lines
1-3 are vectors pointing from the origin to the vertex, face center and edge center of the
tetrahedron QD, respectively, as demonstrated in (b). The vertical lines show the positions of
the surfaces of CISeS (dashed), CdSeS (dotted) and CdS (dash-dotted) of each g-QD. (f) Inverse
squared OI of the 1S electrons and impurity holes in the series of g-QDs with two different
crystal structures, ZB and WZ, for the CdSeS shell and CdS shell. The inverse squared overlap
of pyramidal QDs is much higher than that of the spherical QDs (ZB). The experimental
lifetime is plotted for comparison (right axis).

Figure 4.14 Band structure for the CISeS/CdSeS/CdS heterostructure. (a) The crystal structure

of the shells (CdSeS and CdS) is ZB phase, which applies to the samples in the experiments.
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(b) The crystal structure of the shells (CdSeS and CdS) is WZ phase, which are used for
comparison purpose in theoretical models.

Figure 4.15 (a) Radial distributions of 1S electrons in the g-QDs (CdS#3, CdS#6, CdS#9) along
three different directions. The Lines 1-3 are vectors pointing from the origin to the vertex, face
center and edge center of the tetrahedron QD, respectively, as demonstrated in Figure 1b of the
main text. (b) Maps of wave functions, logio(| ¥]?), at the QD surfaces for the g-QDs with two
shells, CdS#6-9. The optical tunneling path of 1S electrons in the QDs is shown by the red
arrow, which is along Line 2.

Figure 4.16 Normalized radial distribution function of holes in the series of g-QDs along Line
1, Line 2 and Line 3, respectively. The Lines 1-3 are vectors pointing from the origin to the
vertex, face center and edge center of the tetrahedron QD, respectively.

Figure 4.17 UV-visible absorption and PL spectra of optimized CdS#6 g-QDs for fabrication
of PEC and solar cells.

Figure 4.18 (a) TEM image of CdS#6 g-QDs-sensitized photoelectrode with homogeneous
distribution of QDs (white dashed circle indicates the QDs on the surface of TiO, nanoparticles).
(b) EDS spectra of CdS#6 g-QDs-sensitized photoelectrode.

Figure 4.19 (a) Cross-sectional SEM image of CdS#6 g-QDs-sensitized photoanode and
corresponding (b) EDS spectra. EDS mapping analysis of (¢) Cd, (d) S, (e) Se, (f) Ti, (g) O and
(h) Si.

Figure 4.20 (a) Scheme and predictable band alignment and of heterostructured
CISeS/CdSeS/CdS g-QDs-based photoelectrodes. Linear sweep voltammetry of (b)
TiO,/CdS#6 g-QDs/ZnS and (¢) TiO»/CdS#9 g-QDs/ZnS systems in the dark and under AM 1.5
G irradiation at 100 mW/cm?. (d) Normalized steady state current density-time (J-t) curves of
CISeS QDs (black curve), CdS#6 g-QDs and CdS#9 g-QDs-decorated photoanodes at 0.6 V
versus RHE under standard one sun illumination.

Figure 4.21 Linear sweep voltammetry of TiO,/CISeS/ZnS photoanode in the dark (black
curve), under continuous (red curve) and chopped (blue curve) under standard one sun
illumination (AM 1.5 G, 100 mW/cm?).

Figure 4.22 (a) Current density versus voltage curve of CdS#6 g-QDs based solar cells under

one sun irradiation (AM 1.5 G, 100 mW cm?). (b) Open circuit voltage (Vo) decay as the
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function of time. (¢) Electron lifetime (t) as a function of V. calculated from V., decay
measurements. (d) Photovoltaic parameters calculated from -V measurements of QDSCs

based on CdS#6 g-QDs as light harvesters.
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CHAPTER 1 INTRODUCTION

1.1 Colloidal semiconductor quantum dots

Colloidal semiconductor nanocrystals, often referred to colloidal quantum dots (QDs), have
attracted numerous research interests over the past decades 6. Colloidal QDs are nanometer-
scale semiconductor crystals (with diameter less than ~20 nm) capped with surfactant
molecules (ligands) and dispersed in solution, showing discrete energy levels between those of
molecule and bulk semiconductor (Figure 1.1) 7. Generally, the bulk semiconductor has a
band gap energy (£,), when the semiconductor absorbs a photon with energy more than E,, the
electrons in the valence band (VB) are excited to the conduction band (CB) and leave a hole in
the VB, producing an electron-hole pair (i.e. exciton). The size of exciton is defined by the
exciton Bohr radius (Rp) of semiconductor materials. Once the size of a semiconductor QD is
comparable or less than the size of R, the charge carriers turn into spatially confined, resulting

in quantum confinement effect that gives rise to the size-dependent optical properties of QDs *
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Figure 1.1 Schematic diagram of electronic energy levels in molecule, QDs and bulk semiconductor '°.

For example, as shown in Figure 1.2, the PbSe QDs with various sizes exhibit different optical
absorption spectra, as expressed by the red-shift of excitonic peaks with increasing QD size
(from 2.5 to 4.8 nm), in which the broadening of the excitonic peaks is attributed to the loss of
quantum confinement ' !2, In addition, the optical properties of QDs can be tuned by their
structure and composition. Figure 1.3 displays the photoluminescence (PL) spectra of QDs

with diverse chemical compositions, covering range of wavelengths from ultraviolet (UV)-
1



visible to near-infrared (NIR) region '*. This unique quantum confinement effect of QDs allows
for the design and synthesis of QDs with well-controlled size/shape/composition to achieve
fine-control of the optoelectronic properties 314, In the last few decades, a variety of high-
quality colloidal QDs with broad light absorption, size-dependent PL emission, high PL
quantum yield (PLQY), and decent chemical-/photo-stability have been realized via using
various types of synthetic techniques '>'”. Due to these excellent optoelectronic properties, QDs
have been widely employed as building blocks in solar technologies including light-emitting
diodes (LEDs), luminescent solar concentrators (LSCs), QDs-sensitized solar cells (QDSCs),
as well as solar-driven photoelectrochemical (PEC) hydrogen evolution etc., providing a

powerful platform for the development of numerous classes of optoelectronic devices > 1821,

-
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Figure 1.2 Absorption spectra of PbSe QDs with various sizes (from 2.5 to 4.8 nm) !

400 «— visible — 700 1000 A (nm)
CdS CdSe/Te alloys PbSe/Te
ZnSe CdTe
CdSe CdZnSelalloys PbS
InP
InAs
CulnS2 | AginS2
CulnSe2
CdaP2 CdsAs2

Figure 1.3 PL spectra of QDs with various chemical compositions '3,



1.2 Synthesis, toxicity and optoelectronic properties of quantum dots

1.2.1 Synthesis of bare quantum dots

To achieve high performance colloidal QDs-based optoelectronic and/or biomedical devices, a
crucial aspect is to synthesize highly monodisperse QDs with uniform size distribution. In 1993,
Bawendi ef al. used a high temperature, solution-based technique to prepare CdS, CdSe and
CdTe QDs with very good monodispersity, opening the investigations of Cd-based QDs and
their various applications ?2. Monodispersity is significant for understanding the fundamental
optoelectronic properties of QDs as it allows for the exhibition of uniform optical and electrical
properties -2, Therefore, it is very important to study the synthesis and growth mechanism of

QDs to achieve highly monodispersed QDs with narrow size distribution.

Cost-effective and high-quality thermal decomposition methods are commonly used to
synthesize colloidal QDs with controllable size and shape 2> 2°3!, In these methods, the hot-
injection or heat-up technique can be utilized to separate the nucleation and growth stages of
QDs. As shown in Figure 1.4a, the hot-injection method refers to the approach which rapidly
injects the precursors into a high-temperature flask with reaction solvents. The temperature to
inject the precursor is a key factor that determines the decomposition of precursors. Once the
precursors are injected, the supersaturation of the precursors leads to the nucleation of QDs.
Due to that the precursors are injected at low temperature, the overall temperature of the
reaction is lowered and the nucleation stage is terminated. With the consumption of the
precursor monomers in the nucleation process, the decreased supersaturation then induces the
subsequent growth of QDs 2% 32, While in the heat-up method (Figure 1.4b), these two stages
are realized by steadily heating the mixture of the precursors and the organic solvents. With
continuous supply of external thermal energy, the precursors can reach the necessary

supersaturation and initiate uniform nucleation and growth of QDs **.

The purification process after the synthesis of the QDs is also a very critical step which enables
the elimination of unreacted precursors and excess ligands. These long organic ligands can limit
the charge transport of the QDs, thereby lowering the performance of QDs-based optoelectronic

devices (e.g. QDSCs) * 3. A typical purification process is based on the centrifugation



technique of colloidal QDs dispersed in organic solvent. In this purification process, by adding
excess polar nonsolvent (e.g. methanol, ethanol, etc.) and using the centrifugation technique,
the QDs are precipitated at the bottom of the centrifuge tube and leave the unreacted precursors
and ligands in the supernatant. The purification process of QDs is completed by re-dissolving

the QDs in organic solvent such as toluene.
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Figure 1.4 Schematic diagrams of (a) hot-injection and (b) heat-up techniques 733,

1.2.2 Synthesis of core/shell quantum dots

With merely capping of organic ligands, bare QDs exhibit high surface sensitivity to their
surrounding chemical environment. This surface sensitivity typically induces surface-related
defects/trap states, which serve as nonradiative recombination centers of photoexcited charge
carriers to reduce the QD’s PLQY and long-term stability *>~*7. The formation of core/shell
structure has demonstrated an efficient approach to passivate the surface of QDs. In these
core/shell systems, the formed robust inorganic shell leads to the effective protection of the core
QDs that results in suppressed surface defects/traps, enhanced PLQY and stability & 8, In
addition, by appropriately choosing the core and shell materials, it is feasible to modulate the
band structure of the core/shell QDs and optimize the separation and transfer of photoexcited
charge carriers (electron-hole), which is promising for various photovoltaic applications such

as QDSCs and QDs-based PEC cells -3-41,

According to the relative position of CB and VB edges of core and shell materials, the band
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structure of core/shell QDs are generally classified as type-1, type-1I and quasi-type II 38 4243,

As shown in Figure 1.5, type I core/shell QDs exhibit a band alignment that both band edges
of the core material are within that of the shell materials, confining both electrons and holes
into the core for improved PLQY and chemical-/photo-stability * 3% 4. Type-II core/shell QDs
possess a staggered CB and VB edge of core and shell materials, giving rise to an efficient
spatial charge separation (electrons and holes) ** 44, Quasi-type I core/shell QDs have either
small CB and VB offsets, in which one type of the charge carriers are delocalized into shell

region while the other type of charge carrier is still confined in the core region 47 5,

A A) ®) ©
Type-I Quasi-type I Type-11

CB==—

VB

Figure 1.5 Various band alignment of core/shell QDs .

Core-shell QDs are mostly synthesized via two-step synthetic approaches including a cation
exchange method and/or a successive ion layer adsorption reaction (SILAR) technique ' .
For SILAR technique, the core QDs are first synthesized and then the cationic and anionic
precursors are sequentially injected into the pre-synthesized core QDs. The quantity of anion
and cation precursors for each monolayer of shell materials can be calculated according to the
volume increment of each monolayer shell in core/shell QDs. The reaction temperature of
shelling is normally lower than that employed for the core QD synthesis, which effectively
prevent the nucleation of the shell material and ripening of the core QDs !> 16-31:38 For instance,
SILAR method was employed to synthesize CdSe/CdS core/shell QDs, the CdSe core QDs
were first prepared through a hot-injection technique and dispersed in 1-octadecene (ODE) and
oleylamine (OLA). This reaction mixture containing CdSe cores was subsequently heated to
240 °C in inert gas and then the Cd/S (1:1) precursors were injected into the mixture to grow
the CdS shell ¥°. Moreover, core-shell QDs including CdSe/ZnS, PbSe/PbS and InP/ZnS QDs

have been similarly synthesized as well #2305,
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Lower temperature (less than 150 °C) can be used to grow the shell materials by cation
exchange technique as compared to the high-temperature shelling through SILAR method. In
the shell formation process of cation exchange method, the cationic precursor of the shell
material is introduced and the shell growth was achieved with the gradual substitution of cations
of core materials through newly incorporated cationic precursors. In particular, the overall sizes
of QDs have no significant variation. The core size and structure of the QDs can be controlled
via changing the reaction parameters including starting core sizes, the molar ratio of
QD/precursors, reaction time and temperature '* %8, Cation exchange has been generally used
to coat a wider-band gap shell material onto lead chalcogenide core QDs to form, for example,
the PbS/CdS, PbSe/CdSe and PbTe/CdTe core/shell QDs 3* 4> 33, In addition, CulnS,/ZnS and

54,55

CISeS/Zn(Cd)S core/shell QDs can be also synthesized by a cation exchange technique

Moreover, room-temperature colloidal atomic layer deposition (c-ALD) has been recently
proposed to synthesize PbS/CdS core/shell QDs 6. The ¢c-ALD technique is able to achieve
accurate control (one CdS monolayer) of the shell thickness and prepare PbS/CdS core-shell

QDs with considerable optoelectronic properties *°.

1.2.3 “Giant” core/shell quantum dots

A special case in diverse kinds of core/shell QDs is “giant” core/shell QDs (g-QDs), which possess
a very thick shell (typically, from 1.5 nm up to tens of nm) and a core with quantum confinement
behavior *’. The g-QDs exhibit outstanding chemical- and photo-stability with respect to bare and
core/thin shell QDs. This is attributed to the thick shell that efficiently insulates the core QDs from
their surface chemistry and ambient chemical circumstance ** %% %, In g-QDs systems, by
appropriately tailoring the electronic band structures and chemical compositions, the electrons can
be delocalized into the shell region, leaving the confined holes within the core region. The efficient
delocalization of electrons into the shell region results in a significantly prolonged lifetime of
excitons and the formation of a quasi or full-type II band alignment in g-QDs, which are favorable
for the photovoltaic applications requiring efficient separation/transfer of photogenerated charge

carriers and reduced charge recombination "¢,

For instance, as shown in Figure 1.6a, with increasing shell thickness of CdS in the CdSe/CdS g-
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QDs, electrons are delocalized into the shell region and holes are still confined within the core,
forming a quasi-type II band structure . Figure 1.6b and ¢ exhibit the electron-hole wave
functions in PbSe/CdSe g-QDs with various sizes of PbSe core and thickness of the CdSe shell,

indicating the tunable “quasi-type II” and “Type I”” band structure °'.

The g-QDs were generally synthesized via the SILAR and/or cation exchange techniques 7%,

For example, Chen ef al. synthesized CdSe/CdS g-QDs by using SILAR method: CdSe core QDs
with specified size were first prepared and then used for CdS shell growth, in which the elemental
S dissolved in ODE and Cd-oleate in ODE were used as precursors. The CdS shell was grown
monolayer-by-monolayer via sequentially adding monolayer equivalents of cation (Cd) and anion
(S) precursors to CdSe core QDs. The amount of S and Cd precursors for each monolayer of CdS
shell was determined according to the volume increment of each CdS monolayer shell in

CdSe/CdS g-QDs.

It was found that the thick CdS shell could isolate the wavefunction of core QDs from g-QDs
surface, leading to enhanced photo-stability and suppressed PL blinking *°. Notably, in CdSe/CdS
g-QDs, the CdSe and CdS normally form a Type I band alignment (Figure 1.6a). However,
compared to the large band offset of VB and heavy effective mass of holes between CdSe and CdS,
with increasing CdS shell thickness, the smaller band offset of CB and the lighter effective mass
of electrons could still result in the electron delocalization into the shell region to form the quasi-

type II band structure in CdSe/CdS g-QDs ¢,

The optical properties of ensemble and individual CdSe/(CdSeS)/CdS g-QDs were investigated
by Klimov’s group and these g-QDs with alloyed shell were found to possess very long biexciton
lifetimes, showing efficient suppression of nonradiative Auger recombination. This suppression is
attributed to spatial separation of electron-hole wave functions for reduced electron-hole overlap
and/or the interfacial potential smoothing originated from the gradient alloyed layer at the

core/shell interface in CdSe/CdS g-QDs .

The g-QDs have large Stokes shift (defined as the difference between peaks of absorption and
emission spectra), in which the overlap of QDs’ absorption spectra and PL spectra is very small.
For example, in CdSe/CdS g-QDs, the light absorption is dominated by the thick CdS shell, while

the PL emission is originated from the CdSe core, which result in large Stokes shift with negligible
7



re-absorption for application of large-scale, high efficiency and stable LSCs %6,
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Figure 1.6 Theoretical calculation of electron-hole wave functions in CdSe/CdS g-QDs and PbSe/CdSe g-QDs. (a)
Band alignment of CdSe and CdS in bulk (left). Spatial probability distribution, p(r), of the hole and electron.
Here the p(r) is proportional to the r¥|yen|?, wherein the |yen| are the electron and the hole wave functions. (b)
Electron—hole overlap integral and optical bandgap energy of PbSe/CdSe g-QDs. (¢) Band alignment of
PbSe/CdSe QDs representing two core/shell structure with different core and shell sizes, which all exhibit a quasi-

type II band structure ¢!,

The g-QDs have shown excellent photo-and chemical-stability as compared to core and core/thin-
shell QDs. Their tunable optoelectronic properties result in large Stokes-shift, efficient light
absorption and charge separation/transfer, which are favorable for solar techniques such as LSCs,

QDSCs and solar-driven PEC hydrogen generation 636668,

Although numerous g-QDs are developed, the current hurdles in this field are:



1). Most of the g-QDs contain highly toxic heavy metals of Cd and Pb. For example, the widely
synthesized and studied CdSe/CdS, PbS/CdS, CdSe/ZnSe and InP/CdS g-QDs all suffer from the
heavy metal issues that are harmful to environmental and human health (See section 1.3 for more

details), further hindering their future commercialized applications.

i1) The light absorption of g-QDs is mainly limited in the UV-visible region. With relatively large
volume of thick shell (in comparison to the core) in g-QDs, the absorption spectrum of g-QDs is
almost determined by the shell materials. However, the available shell materials in g-QDs
including CdS, ZnS and ZnSe all possess relatively large bandgap (normally larger than 2.5 eV),
leading to the dominant UV-visible light absorption of g-QDs, which is not favorable for most of
the solar technologies requiring the broad light absorption extended to NIR region for maximum

incident photons and photogenerated charge carriers.

iii) The lack of NIR-emitted g-QDs. Most of the g-QDs synthesized to date exhibit optical emission
less than the NIR wavelength range (typically, 700 nm), which restrict the NIR applications of the

g-QDs including NIR LEDs and deep-issue bioimaging etc.

iv) Most of the g-QDs show a typical spherical shape which indeed can exhibit efficient
electron/hole separation in the case of quasi-type Il band structure, but still shows considerable
wave functions overlap for fast exciton recombination. The non-spherical shape of g-QDs could
lead to smaller electron—hole wave function overlap and is beneficial to the improved charge

separation/transfer of g-QDs in photovoltaic applications (e.g. QDSCs and QD-based PEC cells).

In this perspective, future developments should focus on the synthesis of environment-friendly,
NIR g-QDs with non-spherical morphologies (such as pyramids) and investigation of their optical
properties and electron-hole dynamic for applications in various optoelectronic and biomedical

devices.

1.3 Toxicity of heavy metal-based quantum dots

Although various core and core/shell QDs have been developed and shown outstanding and
tunable optoelectronic properties that are favorable for their practical applications, it is noted that
most of these QDs contain the heavy metals of Cadmium and Lead. In this case, one of the most

crucial aspects should be considered for real-life usage of these heavy metals-based QDs: Toxicity
9



%, The toxicity of heavy metals has been demonstrated to be a main threat to the environment and
cause serious human health problems. While these metals have no biological role, their toxicity
still does harm to the human body as well as its characteristic functioning. They may disturb the
metabolic processes by playing the role as a pseudo element in the human body and exhibit a

chronic feature that are accumulated in the food chain 7°.

The toxicity of these heavy metals is determined by several factors such as the dosage of elements
and route of exposure, and the biological status (e.g. age and genetics etc.) of exposed individuals.
Specifically, Cadmium, Lead, Mercury and Arsenic possess high degree of toxicity and rank
among the metals that are significant to the public health 7'. Such toxicity can result in numerous
disorders and other excessive damages and these above-mentioned heavy metals are classified as
certain or possible human carcinogens, as certified by the US Environmental Protection Agency
and the International Agency for Research on Cancer . Here, we will briefly introduce the

commonly used heavy metals in the synthesis of colloidal QDs: Cadmium and Lead.

Cadmium is one of the most toxic heavy metals that are deteriorated to the environment and our
health. It is widely employed in lots of industrial activities, for instance, the production of pigments
3, However, with increasing usage of cadmium in batteries, their commercialization is blocked in
developed countries due to considerable environmental concerns. Once this metal is absorbed, it
can get accumulated in our body during the whole life, as a result, Cd has been classified as human
carcinogens ", It is proposed by the US National Toxicology Program that there is enough evidence
to define cadmium as a human carcinogen, on account of the reproducible findings of the lung
cancer associated with cadmium exposure . In addition, the environmental cadmium exposure

has demonstrated the cancers related to the liver and stomach etc. 7

Lead is another highly toxic and widely-used metal which has resulted in extensive and world-
wide environmental/health issues ”’. Lead exposure comes from various aspects including
industrial activities, mining and vehicle exhausts etc., it can be absorbed by plants with fixation to
soil and water systems. Therefore, the contamination of food or drinking water could result in the
human exposure of lead 7. Lead could interfere the physiological processes of plants without any
biological functions, such as causing highly instability of ion uptake by plants for further metabolic

changes. Human exposure to lead is still a very serious health concern as it can influences various
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organs in the body such as the kidneys and liver, as well as the human body systems including
central nervous and reproductive system 7%, It is indicated by various experimental studies that
lead is a probable human carcinogen as it could induce renal tumors in animals and gene

diseases/chromatid exchanges in living cells 8! %2,

Overall, the highly toxicity of heavy metals (i.e. Cd and Pb) remains challenging for the real-life
applications of QDs. It is significant to develop more QDs without highly toxic heavy metals so as
to alleviate their environmental and human health concerns and facilitate the practical applications

of QDs-based optoelectronic and biomedical devices.

1.4 Near-infrared, heavy metal-free core/shell quantum dots

Over the past few decades, the investigations of colloidal QDs are mainly focused on the
improvement of their optical properties such as the PLQY and stability * % !3:3% For example,
the synthesis of II-VI group Cd-based QDs (CdS, CdSe, CdTe, etc.) with high PLQY and their
various high performance QDs-based optoelectronic devices have been reported 2> #. These
Cd-based QDs mainly possess absorption and PL spectra in the visible range, since the band
gap of these materials lies between 1.7 eV and 3.5 eV ®. In addition, there are some other QDs
such as InP, PbSe, PbS, Ag,S, Ag,Se, CulnS, and CulnSe; QDs showing PL emission in the
NIR region over ~700 nm. As compared with the visible QDs, these NIR QDs exhibit following
advantages: (1) Despite the NIR PL emission, these QDs show potential absorption of NIR
photons (more than 40% of the solar spectrum), which is favorable to improve the efficiency
of photovoltaic devices (e.g. solar cells); (2) The NIR emission of QDs can be tuned to the
wavelength range (~1500 to 1600 nm) for optical communication; (3) These NIR QDs with
NIR emission over 700 nm show potential biomedical applications such as biomedical imaging;

(4) With high PLQY, these NIR QDs can be used for NIR LEDs 35-%%;

Holding these advantages, NIR QDs have been widely applied to achieve high performance
optoelectronic devices including QDSCs, photodetectors, LEDs and PEC cells etc. % 3% %
However, there are still several limitations in these NIR QDs. For example, as illustrated in

section 1.3, NIR QDs such as PbSe, PbS and PbTe have highly toxic heavy metal of Pb, which

may cause very serious environmental pollution and is harmful to human health. These heavy
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metals in QDs further hinder the future commercialization of QDs in optoelectronic devices.
Therefore, it is significant to investigate the synthesis of environmentally friendly NIR QDs

and their applications in optoelectronic and biomedical devices.

In the last few years, eco-friendly NIR QDs such as AgInS,, CulnS,, CulnSe;, and CulnSexS>-«
QDs have drawn considerable attention and are extensively investigated for optoelectronic and
biomedical devices '* °!. Nevertheless, these NIR, “green” QDs are very sensitive to the
ambient environment due to their multicomponent nature, which are prone to induce the surface
defects/traps states that act as non-radiative recombination centers for reduced PLQY and
chemical/photo-stability °***. In this perspective, building a core/shell architecture is an

effective approach to improve the optoelectronic properties and stability of these QDs.

For instance, Li ef al. have synthesized NIR, environmentally friendly CulnS,/ZnS core/shell
QDs for fabrication of QD-LED. Since the ZnS shell efficiently suppress the surface
defects/traps of CulnS, QDs, the CulnS,/ZnS core/shell QDs exhibit a PLQY as high as 60%.
As-fabricated QD-LED exhibits a maximum external quantum efficiency of 3.36% at 2.8V and
highest luminance of 113.83 cd/m? at 7.6V *°. Meinardi and co-workers synthesized NIR, heavy
metal-free CulnSexS,.x (CISeS)/ZnS core/shell QDs and used them to fabricate LSCs. The
optical properties of such core/shell QDs exhibit large Stoke shift for reduced re-absorption.
The stability of this type of NIR environment-friendly core/shell QDs is improved by the
growth of the ZnS shell. The optical properties of the QDs are well maintained in the subsequent
device fabrication processes. The resulting QDs-based LSCs showed an optical efficiency of

3.27% %

NIR, eco-friendly core/shell QDs show optical absorption in the NIR region that matches the
solar spectrum well, which is favorable for QDs-based photovoltaic devices. Therefore, these
QDs have also been employed to achieve high performance QDSCs. For example, Pan et al.
prepared NIR CulnS,/ZnS core/shell QDs and used them to fabricate QDSCs *°. As shown in
the left figure of Figure 1.7, the growth of a ZnS layer on the surface of CulnS, QDs leads to
the suppression of their surface defect/trap states and formation of a Type-I band structure, thus
enhancing the PLQY and stability of QDs. The core/shell QDs/TiO- heterostructure can largely

reduce the carrier recombination at the interface of the electrolyte due to the presence of the
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ZnS shell, thereby improving the power conversion efficiency (PCE) of the QDSCs. Figure 1.7
(right figure) displays the current-voltage (J-V) curve of as-fabricated NIR, heavy metal-free

QDSCs, showing a maximum PCE up to 7.04% *°.

McDaniel et al. also employed NIR, environmentally friendly CISeS/ZnS core/shell QDs for
fabrication of QDSCs. Similarly, the ZnS shell can largely reduce the surface defects/traps on
CISeS core QDs for suppressed non-radiative recombination, thereby improving the PCE of
QDSCs. These QDSCs using NIR and heavy metal-free core/shell QDs are very stable even
after exposure in the air for several months, indicating that the core/shell QDs are capable to
enhance the stability of QDs-based optoelectronic devices °’. These results demonstrate that
NIR environment-friendly core/shell QDs are promising building blocks in optoelectronic

devices.
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Figure 1.7 Working principle of NIR, heavy metal-free CulnS2/ZnS core/shell QDs based-QDSCs (left) and
their J-V curves (right) *°.

1.5 Quantum dots-based photoelectrochemical cells for solar-driven hydrogen
generation

The efficient conversion of solar energy to sustainable and clean fuels is an attractive technique to
address future global energy needs. Solar-driven PEC cell is a solar-to-fuel conversion system that
can harvest the solar energy to split water and produce hydrogen energy, which represents a major
opportunity to resolve the energy crisis *. A typical three-electrode PEC cell are composed of a
semiconductor working electrode, a counter electrode, a reference electrode and the electrolyte *°.
The water splitting processes in PEC cells are generally divided into three steps: (1) The

semiconductor working electrode (photoanode) absorbs solar energy and generates electron-hole
13



pairs at the interface of semiconductor/electrolyte; (2) Effective separation and transport of
photogenerated electron-hole pairs: electrons migrate from the photoanode to the counter electrode,
while the holes are generally consumed by the sacrificial agent (e.g. Na,S/Na,SO3) in the

electrolyte. (3) The electrons on counter electrode reduce water to generate hydrogen %

In order to achieve efficient solar-driven hydrogen generation, the semiconductor working
electrode used in the PEC cell should have the following properties: (1) The band gap of
semiconductor materials is suitable to provide required solar energy for water splitting; (2) The
band alignment of semiconductor material and the water redox energy level is appropriate to
facilitate the separation and transport of photogenerated charge carriers; (3) The lifetime and
mobility of photogenerated carriers are supposed to be large enough to suppress the charge
recombination; (4) The electrical resistance of the semiconductor materials should be low enough
for efficient transport of carriers in the system °-1%; In addition, in order to achieve a robust PEC
system, the semiconductor material used as photoanode should be stable under light illumination.
However, to date, there is no semiconductor photoelectrode that satisfy all the above-mentioned
properties in all investigations of PEC cells. Currently, most of the research groups are focused on
developing various approaches to optimize the optoelectronic properties of the semiconductor

materials, thus improving the performance of PEC cells ' 1%,
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Figure 1.8 Schematic diagram of QDs-based PEC cell for hydrogen generation %

In the last few years, using colloidal QDs to sensitize the semiconductor materials has been
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demonstrated as an efficient method to boost the performance of PEC cells %1%, Specifically, Cd-
based (e.g. CdS, CdSe, CdTe etc.) QDs have been used to sensitize wide-bandgap semiconductors
(TiO», ZnO, etc.) with various morphologies (e.g. nanotubes, nanowires, etc.) for improved PEC
performance !% 67197 1%8 This enhancement is attributed to special properties of QDs such as size-
dependent tunable band gaps, large optical absorption coefficient, large intrinsic dipole moment
for effective separation of photoexcited charge carriers and multiple exciton generation effect for
large number of photogenerated carriers'® ', Therefore, the QDs-modified semiconductor
materials are able to facilitate the separation, transport and generation of charge carriers, thus

enhancing the performance of PEC cell.

To further understand the basic principle of QDs-based PEC cells, Figure 1.8 shows the schematic
diagram of a PEC cell using a CdSe QDs-sensitized TiO, photoelectrode as a working electrode.
Upon exposure to light illumination, the CdSe QDs absorb UV-visible light and generate electron-
hole pairs, which are separated at the interface of QDs/TiO,. Due to a suitable band alignment of
CdSe QDs and TiO,, the photogenerated electrons from the CdSe QDs spontaneously transfer to
the CB of the TiO,, which are subsequently collected by the conductive substrate and migrate to
the counter electrode to reduce water and produce hydrogen. Meanwhile, the photogenerated holes
are consumed by the sacrificial agent in the electrolyte '%. It can be seen that the band alignment
of QDs/semiconductor and the water redox energy level is crucial for the performance of the QDs-

based PEC cells.

CdS, CdSe and CdTe QDs have been used to sensitize the metal oxide semiconductor working
electrode in PEC cells to enhance the solar-to-hydrogen conversion efficiency. For example, Fan’s
group used the CdS QDs to modify the TiO, photoelectrode and obtained a photocurrent density
of 4.84 mA/cm? under simulated solar irradiation ', Sun et al. also fabricated a TiO, nanotube-
array photoelectrode sensitized by CdS QDs, showing a significantly increased photocurrent from
0.22 to 7.82 mA/cm? 2, Xie et al. designed a TiO, nanorod arrays/CdS QDs/ALD-TiO; structure,
in which the CdS QDs largely enhance the visible light absorption and leads to an improved solar
energy conversion efficiency !'*. Similarly, the CdSe and CdTe QDs-sensitized photoelectrodes are
fabricated, showing saturated photocurrent density of ~3 mA/cm? and ~6 mA/cm? under
illumination (AM 1.5G, 100 mW/cm?), respectively ''* 15, Moreover, the CdS and CdSe QDs are
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both employed to co-sensitize the ZnO nanowire arrays and as-sensitized photoelectrode showed
nearly entire visible absorption (up to 650 nm) with a high incident photon to current efficiency
(IPCE) of ~45%. This structure acted as a tandem cell and a photocurrent density as high as ~12
mA/cm? is achieved at 0.4 V (Ag/AgCl) '°!. These studies indicate that Cd-based QDs with
outstanding visible absorption are promising building blocks for high efficiency solar-driven PEC

hydrogen generation.

Despite the widely used QDs with visible absorption, the development of QDs with NIR absorption,
such as PbS(Se), AgInS(Se), CulnS(Se) etc., is promising to maximum the light absorption of QDs
and may leads to further improved performance of QDs-based PEC cells. For instance, a PbS/TiO,
photoanode-based PEC cell is achieved to exhibit a hydrogen generation rate of 5.2 mL-h™! with
overall conversion efficiency of 1.15 %, indicating that the NIR PbS QDs are promising for solar-
to-hydrogen conversion !¢, PbS QDs/CdS/TiO, heterostructure has been fabricated and shows a
photocurrent density of ~6 mA/cm? with hydrogen generation rate of 60 mL-cm?-day, wherein the

IPCE spectra confirmed the infrared contribution from the NIR PbS QDs '’

More importantly, the heavy metal-free NIR QDs are favorable photosensitizers in PEC cells in
view of environmental and human health concerns and their future commercialization. Yu’s group
developed the Cu-based ternary chalcogenides QDs including CulnS,, CulnSe; and CulnSeS
alloyed QDs and used them to fabricate PEC cells, showing photocurrent density of 0.29 mA/cm?,
0.21 mA/cm? and 0.19 mA/cm?, respectively. It is found the Se decomposition in the QDs leads to

the drop of photocurrent !''*

. Li et al. synthesized CulnS, QDs with different sizes as
photosensitizers to prepare the QDs/TiO. photoelectrode, the maximum photocurrent of ~2
mA/cm? is obtained in these QDs-based PEC cells '"°. CulnSe> QDs with hollow structures were
also employed to fabricate the PEC cell for hydrogen production, while the attained photocurrent
is as low as ~1 mA/cm? ', It can be concluded that the heavy metal-free NIR QDs (typically, I-
1I-VI; QDs) do not perform very well in the QDs-based PEC systems, which is mainly attributed

to their multicomponent feature for easily induced surface defects/traps, leading to non-radiative

recombination which lower the charge separation/transfer in PEC cells *.

Using core/shell structured QDs is an efficient approach to suppress the surface defects/traps of

QQDs and enhance their photostability, thus achieving efficient and stable QDs-based PEC system
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for hydrogen production. By appropriately tuning the core/shell structure of QDs, it is possible to
facilitate the separation and transport of photogenerated carriers in the QDs. For example, the
“quasi-type II” band alignment is conducive to efficient transfer/separation of photogenerated

charge carriers, thereby improving the performance of QDs-based PEC devices.

Recently, g-QDs have also attracted significant attention for solar-driven PEC H, generation due
to their excellent photo/chemical stability and tunable band structure as compared to bare QDs ¥’.
For instance, CdSe/CdS g-QDs have been applied to sensitize mesoporous TiO; film for solar-
driven PEC H» production, showing a saturated photocurrent density reaching up to 10 mA/cm?
under standard one sun illumination. The “quasi-type II” band structure allows the efficient
electron-hole separation in g-QDs, resulting in the enhanced PEC performance and device stability
(thick CdS shell) with respect to the bare CdSe QDs . Wang et al. further optimized the CdSe/CdS
g-QDs by introducing the CdSeS interfacial layer, which effectively enabled the gradient band
alignment for optimized charge carriers transfer and extended absorption spectra, leading to a
record photocurrent density of ~17.5 mA/cm? among all the colloidal QDs-based PEC cells 2!,
However, these g-QDs are still composed of heavy metal (Cd), limiting the real-life usage of these

high efficiency QDs-based PEC cells. The heavy metal-free, NIR g-QDs are thus desirable to

develop to realize high performance “green” QDs-based PEC H; production.

1.6 Characterization

Here we briefly introduce various characterization techniques used for all the objectives in this

thesis including the characterization of nanostructure, optical properties and device performance:

Transmission electron microscopy (TEM) images and selected area electron diffraction (SAED)
patterns of QDs and TiO»/QDs were acquired by using a JEOL 2100F TEM. The X-ray diffraction
(XRD) pattern was obtained by utilizing a Panalytical X-Pert PRO MRD with Cu Ka radiation.
The morphology of cross-sectional FTO/TiO»/QDs was observed by using a JSM-7401F scanning
electron microscope and the chemical composition mapping was obtained by Energy-dispersive
X-ray spectroscopy (EDS) analysis. Inductively coupled plasma atomic emission spectroscopy
(ICP-OES) was measured via an Agilent 5100 ICP-OES system. X-ray photoelectron spectroscopy

(XPS) data were obtained using a VG Escalab 220i XL equipped with a twin Al source and
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subsequently analyzed by Casa XPS software.

UV-visible-NIR absorption spectra were measured by using a Cary 5000 UV—visible-NIR
spectrophotometer (Varian) with a scan speed of 600 nm-min"!. PL spectra and PL lifetime of the
QDs in solution were acquired via a Fluorolog-3 system (Horiba JobinYvon). The PLQY of QDs
with emission peaks ranging from 800 to 1000 nm and 1100 to 1200 nm was measured via using
IR 125 dye (dissolved in dimethyl sulfoxide) and IR 26 dye (dissolved in 1,2-dichloroethane) as
references, respectively. Ultraviolet photoelectron spectroscopy (UPS) measurements were

performed on a VG ESCALAB 3 Mark II high vacuum system.

A three-electrode system consisting of an Ag/AgCl reference electrode (saturated with KCl), a Pt
counter electrode, and an as-fabricated working electrode was used to evaluate the PEC
performance of the QD-sensitized photoanode. Subsequently, the photoanode was fully dipped
into the electrolyte containing 0.25 m Na,S and 0.35 m Na,SO; (pH = 12.5), which served as
sacrificial hole scavenger to prevent QD photocorrosion. Electrochemical measurements were
acquired using a CHI-760D electrochemical workstation (with sweep rate of 20 mV-s™!) and the
following formula Vrug = Vagagct + 0.1976 + pH X (0.059) was used to convert the measured
potentials (vs Ag/AgCl) to the potentials with respect to the reversible hydrogen electrode (RHE).
Photocurrent density—voltage (J-V) curves were measured under simulated sunlight (1 Sun = AM
1.5G, 100 mW-cm ) using a (Sciencetech SLB-300A) Compact Solar Simulator Class AAA. To
verify the standard 1 Sun illumination (100 mW-cm ) on the as-fabricated photoanode (working
electrode) in the three-electrode system, a Si reference diode (Sciencetech) was used to adjust the
distance between photoanode and solar simulator before each measurement. The distance from sun

simulator to PEC cell was 30 cm.

The IPCE was derived from current-voltage measurements using different band-pass optical filters
19 H, evolution was measured during the PEC experiment. The produced H, gas was detected
using a gas chromatography (GC) device equipped with a thermal conductivity detector. Argon
was used as the carrier gas for GC analysis. An airtight syringe was used for sampling from the

vacuum sealed chamber ¢’.
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1.7 Thesis objectives and organization

1.7.1 Research objectives

This thesis consists of three parts with three relevant objectives:

Part I: Heavy metal-free, NIR colloidal QDs for PEC hydrogen production

NIR QDs such as PbS, PbSe and their core/shell structures have become attractive
nanomaterials for optoelectronic devices mainly due to their NIR light absorption. However,
most of the NIR QDs contain toxic elements such as Pb and Cd. Although these NIR QDs-
based optoelectronic devices have shown excellent performance, the toxic elements in
processes of QD’s synthesis and device fabrication are harmful to human health and the
environment, thus hindering the future commercialization and practical application of QDs-
based optoelectronic devices. I-III-VI, QDs such as CulnS,, CulnSe, and CISeS etc. are
emerging as promising alternatives to heavy metals-based QDs due to their less toxicity, size-
tunable PL emission and broad NIR light absorption etc. However, the easily induced surface
defects/traps could lead to non-radiative recombination to lower the efficiency of photovoltaic
devices. The growth of core/shell QDs can effectively passivate the QDs’ surface for optimized

optical properties and enhanced stability.

Therefore, the objectives for part I are:

1. Investigating the synthesis, morphologies and optical properties of NIR, heavy-metal-free
CISeS/ZnS core/shell QDs.

2. Studying the morphology, elements distribution and band alignment of NIR, eco-friendly
CISeS/ZnS core/shell QDs-based photoanode.

3. Comparing the PEC performance and stability of bare CISeS and CISeS/ZnS core/shell QDs-

based PEC devices and analyzing the function of ZnS shell on CISeS QDs.

Part II: Synthesis and application of NIR, environment-friendly g-QDs

In recent years, g-QDs have been widely studied and shown outstanding optoelectronic
properties and stability, which are ideal candidates for nanodevices. The optical properties (e.g.

Stokes-shift) and band structure of g-QDs are feasible to tune and meet the requirement of
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various optoelectronic devices such as LSCs, LEDs, QDSCs and PEC cells. However, most of
the current g-QDs contain heavy metals such as Cd that are harmful to human’s health and
natural environment. The highly toxic feature of these g-QDs is not favorable for their future
commercialization and real-life applications. In addition, the majority of g-QDs possess visible
optical absorption and PL emission, hampering their optoelectronic and biomedical applications

in the NIR region.

Therefore, the objectives for Part I are:

1. Synthesizing NIR, heavy-metal-free CulnSe,/CulnS, (CISe/CIS) g-QDs with various shell
thickness and studying their morphology and crystal structure.

2. Investigating the optical properties of as-synthesized NIR, heavy metal-free CISe/CIS g-QDs
including absorption and PL spectra, as well as PL lifetime.

3. Choosing appropriate physical parameters and theoretical models to calculate the electron-
hole wave functions in these NIR, eco-friendly CISe/CIS g-QDs.

4. Measuring the PEC performance and stability of these g-QDs-based PEC cells and probing

the influence of shell thickness on device performance.

Part I1I: Optoelectronic properties in NIR-emitting g-QDs with pyramidal shape

Heterostructured non-spherical QDs have been demonstrated to exhibit excellent optoelectronic
properties such as ultralong lifetime, which is favorable for photovoltaic devices. Nevertheless,
these heterostructured non-spherical QDs still have several limitations including stability. The
g-QDs with thick shell have presented superior photo/chemical stability and are regarded as
promising building blocks for solar technologies. Since most of the g-QDs are spherical, it is
interesting to synthesize non-spherical g-QDs and investigate their optoelectronic properties.
In addition, as most of the g-QDs are optically active in UV-visible region, extending the optical

emission of g-QDs in NIR region should be a promising research direction in this field.

Therefore, the objectives for Part I1I are:
1. Preparing heterostructured CISeS/CdSeS/CdS g-QDs with pyramidal shape.
2. Studying the optoelectronic properties of as-prepared pyramidal-shaped g-QDs.

3. Using suitable theoretical models to simulate the spatial electron-hole wave functions in such
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pyramidal-shaped g-QDs.

4. Fabricating and measuring the pyramidal-shaped g-QDs-based PEC cells and QDSCs.

1.7.2 Thesis organization

This thesis consists of six chapters which are organized as follows:

Chapter 1 briefly introduces the background and basic concepts of colloidal semiconductor
QDs, core/shell QDs and QDs-based PEC cells, as well as the motivation and research

objectives of this thesis.

Chapter 2 presents the synthesis and characterization of heavy metal-free, NIR colloidal
core/shell QDs for high-efficiency and stable PEC hydrogen generation. The relevant

publication is:

Xin Tong, Yufeng Zhou, Lei Jin, Kaustubh Basu, Rajesh Adhikari, Gurpreet Singh Selopal, Xin
Tong, Haiguang Zhao, Shuhui Sun, Alberto Vomiero, Zhiming M. Wang, and Federico Rosei.

Nano Energy, 2017, 31, 441-449.

Chapter 3 presents the synthesis and characterization of a new type of NIR, eco-friendly g-
QDs with tunable NIR optical properties for application in solar-driven PEC hydrogen

production. The relevant publication is:

Xin Tong, Xiang-Tian Kong, Yufeng Zhou, Fabiola Navarro-Pardo, Gurpreet Singh Selopal,
Shuhui Sun, Alexander O. Govorov, Haiguang Zhao, Zhiming M. Wang, and Federico Rosei.

Advanced Energy Materials, 2018, 8, 2, 1701432.

Chapter 4 presents the synthesis, optoelectronic properties and PEC application of a NIR-

emitting g-QDs with unique pyramidal shape. The relevant publication is:

Xin Tong, Xiang-Tian Kong, Chao Wang, Yufeng Zhou, Fabiola Navarro-Pardo, David Barba,
Dongling Ma, Shuhui Sun, Alexander O. Govorov, Haiguang Zhao, Zhiming M. Wang, and

Federico Rosei. Advanced Science, 2018, 5, 8, 1800656.

Chapter 5 provides a conclusion of all the research objectives in this thesis and the discussion

of prospective research direction in future work.
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According to the policy of INRS, an appendix providing a summary of this thesis is included

after the end of the main body.
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CHAPTER 2 SYNTHESIS AND CHARACTERIZATION OF
HEAVY METAL-FREE, NEAR-INFRARED COLLOIDAL
CORE/SHELL QUANTUM DOTS FOR EFFICIENT

PHOTOELECTROCHEMICAL HYDROGEN GENERATION

In this section, the fabrication of a PEC device by using NIR, environmentally friendly colloidal
CISeS/ZnS (Zn-CISeS) core/shell QDs is presented. The morphology and optical properties of
CISeS/ZnS core/shell QDs and relevant QDs-decorated photoanode are studied as well. The
PEC performance of NIR, heavy metal-free QDs-based PEC system is measured under standard
AM 1.5G solar irradiation (100 mW/cm?). It was demonstrated that the CISeS QDs with ZnS
thin shell effectively suppress the surface defects/traps for optimized optical properties
including enhanced PL intensity and elongated lifetime. The resulting optimized PEC cell based
on core/shell Zn-CISeS QDs exhibited largely improved saturated photocurrent density up to
~5.3 mA/cm? with respect to bare CISeS QDs. Moreover, the Zn-CISeS QDs-based PEC device

exhibits very good stability.

Most of the experimental work were completed by me and I also wrote the draft of this
manuscript. Dr. Haiguang Zhao helped me for optical characterizations. Dr. Yufeng Zhou and

Dr. Lei Jin gave assistance for the fabrication of the QDs-based photoanode.

2.1 Synthesis of heavy metal-free, near-infrared quantum dots and fabrication of
quantum dots-based photoelectrochemical cells

QDs-based PEC cells are very promising because of their high solar energy to fuel conversion
efficiency and low fabrication costs !0% 108 111. 122124 "However, its commercial development is
hindered by various challenges, including the widespread use of toxic heavy metal-based QDs
as sensitizers '% 67 101 114117 "Beo_friendly QDs such as CulnS,Se QDs have been explored for
energy applications due to their facile synthesis, high absorption coefficients and
size/composition-dependent optoelectronic properties, presenting a promising candidate for

efficient PEC cells 25129,
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2.1.1 Synthesis of heavy metal-free, near-infrared CulnSe,S;.x core and core/shell
quantum dots

Before the synthesis of CISeS core and core/shell QDs, we first consider the suitable sizes of
QDs for mesoporous film sensitization to be ~4-5 nm and we followed the synthetic parameters
of CISeS QDs from the literature by Hunter McDaniel ef al. with slight modifications >*. We
also consider the synthetic parameters of Zn and Cd-treatment for growth of core/shell QDs to
suppress the non-radiative recombination of CISeS core QDs and enhance the photovoltaic
performance of QD-sensitized photoanode. As a reference, we followed the certain parameters
of CISeS/ZnS and CISeS/CdS core/shell QDs for high performance QDSCs developed by

Klimov group *’.

Synthesis of CISeS core QDs **: Typically, Cul (I mmol) and In(Ac); (1 mmol) were mixed
with 5 mL of 1-dodecanethiol (DDT) and 1 mL of OLA in a 50 mL flask and degassed under
vacuum at 90 °C for 30 min. The temperature was then raised to 140 °C and maintained for 15
min to fully dissolve the precursors. Meanwhile, OLA /DDT-Se solution (2 M) was prepared
by mixing Se (2 mmol) powder with OLA (1.5 mL) and DDT (0.5 mL) at room temperature
under N, flow. Subsequently, the reaction mixture was heated to 210 °C and OLA /DDT-Se
solution (2 M) was injected dropwise via syringe. The temperature was maintained at 210 °C
for 10 min to conduct QD nucleation, and then the flask was heated quickly to a growth
temperature of 235 °C, maintained for 20 min. The reaction was then quenched with cold water.
The as-synthesized QDs were precipitated with ethanol, centrifuged to eliminate unreacted

precursors, and re-dispersed in toluene.

Zn-CISeS and CISeS/CdS (Cd-CISeS) core/shell QDs were synthesized following a modified
cation exchange procedure 7. Typically, for CISeS QDs treated with Zn**, 0.25 M Zn-oleate
solution was first prepared by dissolving 3 mmol of oleic acid (OA) and 1 mmol of Zn(Ac): in
4 mL of ODE. Five milliliters of the QDs re-dispersed in ODE were then added to 4 mL of 0.25
M Zn-oleate solution and the reaction mixture was heated to 50 (100 or 150 °C) and maintained
for 10 min. For cation exchange with Cd**, 0.25 M Cd-oleate was prepared by dissolving 3
mmol of OA and 1 mmol of CdO in 4 mL of ODE. Five milliliters of the QDs in ODE were

then added to 4 mL of 0.25 M Cd-oleate solution and the reaction mixture was heated to 65 °C
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for 5 min. The reaction was then quenched with cold water and the as-synthesized QDs were
precipitated with ethanol, centrifuged to eliminate unreacted precursors, and re-dispersed in

toluene.

2.1.2 Fabrication of quantum dots-based photoelectrochemical cells

Mesoporous TiO- films were first prepared with following procedures: Using ultrasonication to
clean Fluorine doped tin oxide (FTO) glass substrates (Pilkington TEC 8, sheet resistance 6-9
Q/square) for 15 min in Triton™ X-100, acetone and ethanol, respectively, followed by
deionized (DI) water rinse and dried in N> gaseous flow. The cleaned FTO glass substrates were
then treated in a UV-ozone cleaner for 10 min to further eliminate surface organic
contaminations. Subsequently, a blocking layer of TiO, was deposited on FTO substrates by
spin coating at 6000 r.p.m. for 30 s utilizing the commercial solution Ti-Nanoxide BL/SC. After
the drying process was completed, the as-deposited TiO, films were annealed at 500 °C on a
hot plate for 30 min and cooled down to room temperature. Titania paste containing ~20 nm
nanoparticles in diameter (18 NR-T, paste 1) was then tape-casted on FTO substrates and kept
in air for 12 min to completely spread out. The electrodes were subsequently dried at 120 °C
for 6 min. A mixture of active anatase particles (~20 nm) and larger anatase scatter particles
(~450 nm) paste (18 NR-AQ, paste 2) was then deposited on the top of paste 1 by using identical
tape-casting technique and following procedures of spreading and drying. The photoanodes

were later sintered at 500 °C for 30 min in a furnace and cooled down to obtain the TiO; films.

Electrophoretic deposition (EPD) was employed to deposit CISeS or Zn(Cd)-CISeS QDs on
TiO; film. A blank FTO (negative electrode) and TiO, FTO (positive electrode) glasses were
vertically immersed in QDs solution. An applied voltage of 200 V was added between these
two electrodes with a distance of ~1 cm, and the deposition time varied with concentration and
species of CISeS QDs, typically, 60 min, 20 min and 15 min for pure CISeS QDs, Zn-CISeS
QDs (treated by ZnS with different temperatures of 50, 100 and 150 °C) and Cd-CISeS QDs,
respectively. To remove the absorbed QDs on the surface of the TiO; film, the as-deposited
TiO2/FTO slides were rinsed with toluene at half the deposition time and in the end of the EPD

procedure. Subsequently, the SILAR method was used to deposit a ZnS layer on the as-
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deposited TiO,/QDs electrode. For typical ZnS deposition, the TiO»/QDs electrode was
immersed into a 0.1 M solution of Zn(Ac), for 1 min and then into 0.1 M solution of Na,S for
1 min. During each immersion, the electrode was rinsed with corresponding solvents of
methanol and methanol/DI water (1:1 V/V), respectively, and then dried in N, flow. After
SILAR procedure, silver paste was painted on the photoanode for enhanced conductivity
regarding PEC measurement, and the photoanode’s surface (excluding the active area) was

covered with epoxy resin to complete device fabrication.

2.1.3 Structure and optical properties of quantum dots and quantum dots-sensitized
photoanodes

TEM was used to characterize sizes and morphologies of as-synthesized QDs (Figure 2.1). As
shown in Figure 2.1a, with specific reaction parameters (solvent, temperature and time etc.),
as-synthesized CISeS QDs exhibit a triangular projected shape in TEM images, suggesting a
pyramidal shape with average size of 5.64 nm (+ 0.77 nm) (Figure 2.2), where the size is
defined as the height of the projected triangles, consistent with the reported structure in similar

reaction conditions **.

As Zn surface treatments are effective to passivate the bare CISeS QDs to reduce surface defects
7 we used a cation exchange approach to form a thin inorganic ZnS protecting shell on CISeS
QDs. In parallel, for comparison, we also synthesized CdS capped CISeS QDs via a cation
exchange approach. The core/shell Zn-CISeS (with Zn treatment at 100 °C) and Cd-CISeS core
/shell QDs displayed similar pyramidal structure and size distribution, indicating that the Zn
and Cd surface treatment does not change the overall size/structure 7. A high-resolution TEM
(HRTEM) image of a single Zn-CISeS QD is shown in Figure 2.1d. The measured lattice
spacing of 0.327 nm lies between 0.319 nm (indexed to the (112) plane of pure CulnS;) and
0.335 nm (indexed to the (112) plane of pure CulnSe;) that is consistent with the (112) plane of
alloyed CISeS QDs, demonstrating the alloy nature of CISeS. This conclusion is also consistent
with X-ray diffraction (XRD) patterns (Figure 2.3a). HRTEM investigations do not allow to
identify a clear interface between the CISeS core and ZnS shell, possibly due to the ultra-thin

layer of ZnS (<0.1 nm) ¥’.
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Figure 2.1 TEM images of (a) CISeS QDs; (b) Cd-CISeS and (¢) Zn-CISeS QDs showing analogous pyramidal
structure and nearly same sizes. Inset images of (a), (b) and (c) display schematic diagrams of QDs structures
of CISeS, Cd-CISeS and Zn-CISeS, respectively. (d) HRTEM image of an individual Zn-CISeS QD with lattice
spacing of 0.327 nm. (¢) TEM image of TiO2/Zn-CISeS heterostructure with uniform dispersion of Zn-CISeS
QDs (white dashed circle presents a single QD on the surface of TiO2). (f) HRTEM of TiO2/single Zn-CISeS

QD heterostructure (higher magnification image of the white line circle in (e)).
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Figure 2.2 Size distribution of CISeS QDs. Sizes are measured as the height of projected triangles (distance
from a vertex to the middle of the opposite) in TEM image for 100 QDs. The average sizes were 5.64 = 0.77

nm.
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Figure 2.3 (a) XRD pattern of CISeS QDs films formed by drying of dropped CISeS QDs solution on the top
of FTO glass substrate, diffraction peaks at 26.9, 45.1 and 53.1° matching well between diffraction peaks of
(112), (204/220) and (312) facets in pure CulnS: (%, JCPDS card no. 03-065-1572) and CulnSe: (A, JCPDS
card no. 00-040-1487) with tetragonal phase. (b) EDS spectra of TiO2/Zn-CISeS heterostructure (in Figure
1e), confirming the presence of the elements including Ti, O, Zn, Cu, In, Se and S.

Generally, to effectively connect QDs and TiO,, the QDs are deposited into the TiO film by
various techniques, such as bi-linker technique or EPD approach '*°. For bi-linker technique,
various types of bifunctional molecule can efficiently link the QD to the surface of TiO», and
the electron transfer rate at the QD/TiO: interface has been demonstrated to be mainly
associated with the linker length, showing an exponential decay of electron transfer rate as a
function of increasing length due to tunneling of electrons through the linker molecule ** 3!, In
this work, the surface capping ligands of QDs are DDT and OLA or OA with length of ~2 nm
132 Compared to linker approach, EPD is an efficient method that leads to shrink or removal of
the surface capping ligands, which results in close contact of QDs and TiO; for enhanced
electron transfer rate, enhancing the performance of relevant QDs-based PEC devices % 130,

Therefore, to realize high performance PEC devices, we further deposited the as-synthesized

CISeS or Zn(Cd)-CISeS QDs into the mesoporous TiO; film by EPD.

The heterostructure of TiO»/Zn-CISeS is displayed in Figure 2.1e, which shows that the QDs
are uniformly attached onto the surface of TiO. nanoparticles without any noticeable
agglomeration. The HRTEM image of QDs/TiO; (Figure 2.1f) demonstrates the highly intimate
connection between QDs and TiO, nanoparticles, suggesting the possibility of a fast electron
transfer rate from QDs to TiO,, thereby improving the performance of QDs-sensitized PEC

device due to the decrease of exciton recombination. In addition, there is no visible structural
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and/or lattice change during EPD (Figure 2.1f, Figure 2.3b) with respect to the colloidal Zn-
CISeS QDs before EPD (Figure 2.1d). Similar hybrid structures were also found for the QDs
of CISeS and Cd-CISeS in the TiO, film. These results indicate that EPD is an efficient

approach to directly deposit QDs onto the TiO, film with good connection ',

The presence and distribution of QDs inside the film were further confirmed by energy-
dispersive X-ray spectroscopy (EDS). Cross-section scanning electron microscope (SEM)
imaging and relevant EDS mapping of the Zn-CISeS QDs-sensitized photoanode are reported
in Figure 2.4. The thickness of the mesoporous TiO; film with transparent and scattering layer
is estimated to be ~13.2 um. The Zn-CISeS QDs were found to be uniformly dispersed in the
TiO; film. The relative mass concentration of Zn-CISeS QDs with respect to TiO> is reported

in Figure 2.5 and Table 2.1.

X-ray photoelectron spectroscopy (XPS) analysis (Figure 2.6 and Table 2.2) was used to study
the surface chemical bonding in the TiO»/Zn(Cd)-CISeS anode. A high resolution XPS (HRXPS)
spectrum of Zn 2p and Cd 3d confirms the presence of Zn and Cd elements with proportion of
23% and 14% (atomic concentration) when calculated with cationic Cu and In components.
Using this Zn (or Cd) concentration and the diameter of core/shell QD from TEM images, the
thickness of the shell was calculated by assuming a homogeneous shell/core coverage. The
estimated shell thickness is around 0.12 nm, consistent with HRTEM results and the designed

thickness of ~0.1 nm 33,

Figure 2.4 (a) Cross-sectional SEM image of Zn-CISeS QDs-sensitized photoanode. EDS mapping analysis of
all the elements in relevant TiO2/Zn-CISeS/ZnS electrode including (b) Ti, (c) O, (d) Zn, (e) Cu, (f) In, (g) Se
and (h) S.
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Figure 2.5 (a) Cross-sectional SEM image of TiO2/Zn-CISeS/ZnS and corresponding (b) EDS spectra of

specified region (white solid line) in (a).
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Figure 2.6. XPS spectra of Zn and Cd-CISeS QDs-TiO: photoanodes. (a) Full spectrum of Zn-CISeS QDs-
TiO2 photoanode; (b) High resolution Zn 2p core-level spectra; (¢) Full spectrum of Cd-CISeS QDs-TiO:
photoanode; (d) High resolution Cd 3d core-level spectra.
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Table 2.1 EDS analysis of composition (Mass concentration) of TiO,/Zn-CISeS /ZnS photoanode. Ratio of elements/Ti
(defined as 1) is listed, and Zn and S are much higher owing to the ZnS SILAR coating.

Ti (Wt%) In/Ti (Wt%) Zn/Ti (Wit%)
100 4.1 7.8
Cu/Ti (Wt%)  Se/Ti (Wt%) SITi (Wt%)
2.9 37 38

In addition, in the HRXPS spectra (Figure 2.6b and d), there is no obvious peak (Zn or Cd
dangling bonds) located at low binding energies, which is usually an indication of surface
defects/traps during the anode preparation, indicating that the EPD process does not introduce

significant traps/defects '*°.

The as-prepared QDs show the typical absorption spectrum of the CISeS material, covering the
broad wavelength range from ~400 nm up to 1000 nm (Figure 2.7a) >*. No significant change
in the absorption spectra was recorded after cation exchange (Figure 2.7a), consistent with the
thin shell thickness. The bandgap of Zn-CISeS, Cd-CISeS and CISeS QDs was calculated to be
~1.49, 1.48 and 1.51 eV, according to Tauc plots (inset in Figure 2.7a), respectively. These
values are in good agreement with the bandgap derived from the PL peak, taking into account
the Stokes shift between the first excitonic absorption peak and the emission peak (Figure 2.9)

133

Table 2.2. XPS analysis of cationic composition (atomic concentration) of Zn-CISeS (treated at 100 °C) and

Cd-CISeS QDs deposited on TiO: films. S and Se components are excluded due to their complex peak overlaps.

Elements Cu (mol%) In (mol%) Zn (mol%)
TiO2/Zn-ClSeS 27 50 23
TiO,/Cd-ClSeS 34 52 14

As the heavy metal of Cd in Cd-CISeS QDs could lead to possible health and environment
issues, we further investigated and highlighted the environment-friendly Zn-CISeS QDs. The
thickness of ZnS shell on core CISeS QDs was tuned by controlling the Zn-treatment
temperatures (i.e. 50, 100 and 150 °C) based on identical reaction time (10 min). The ZnS shell
thickness was estimated based on the overall size of QDs measured by TEM and the molar ratio
of Zn/(Cu+In) calculated by EDS (Figure 2.10) or XPS analysis (Figure 2.6), by assuming a
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uniform coverage of the shell on the QD core. Shell thicknesses of ~0.04, 0.12 and 0.2 nm were
obtained at 50, 100 and 150 °C, respectively. As shown in Figure 2.7¢c, the CISeS QDs before
and after Zn treatment (with increasing temperatures) exhibit similar absorption spectra with

slight blue-shift, consistent with the QD’s growth mechanism of cation exchange: increasing

thickness of ZnS and decreasing core radius of CISeS QDs 2.
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Figure 2.7 (a) Absorption spectra of CISeS in toluene before and after Zn (Cd) treatment. The inset image
exhibits the extrapolation of Tauc plots [(a¢hv)? versus photon energy (hv)]. (b) Band alignment and schematic
diagram of Zn-CISeS QDs-sensitized photoanode. Absorption and PL spectra (c) and lifetime (d) of CISeS
QDs with Zn treatment at different temperatures.

The PL spectra of CISeS QDs after Zn surface treatment at various temperatures show no
significant change of PL peak positions, but largely improved PL intensity as compared to bare
CISeS QDs due to improved surface passivation. Consistently, CISeS QDs with Zn treatment
exhibit prolonged lifetime compared to bare QDs (Figure 2.7d). The detailed information of

PL spectra and lifetime of these CISeS QDs with different Zn treatment temperatures were

summarized in Table 2.3, confirming that the Zn-CISeS treated at 100 °C show the highest PL
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intensity and the longest PL lifetime. This demonstrates that surface traps/defects on CISeS

QDs were successfully suppressed by growing a very thin ZnS shell at 100 °C 7.
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Figure 2.8 (a) UPS full spectrum of the Zn-CISeS QDs deposited on mesoporous TiO2. Corresponding high-

resolution UPS spectrum of (b) high binding energy cut-off (determining Fermi level) and (c) low binding

energy cut-off (determining VB maximum).
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Figure 2.9 UV-visible-NIR absorption (blue line) and PL (red line) spectra of as-synthesized CISeS QDs

dispersed in toluene.
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Figure 2.10 EDS spectra of Zn-CISeS QDs treated at 50 and 150 degree, showing molar ratio of [Zn/(Cu+In)]
of 7.5% and 31.8%, respectively.

Table 2.3 CISeS QDs with Zn treatment under various temperatures and corresponding molar ratio of
[Zn/(Cu+In)], QDs core radius, shell thickness, PL peak position and lifetime.

Sample Molar ratio Core Shell PL peak Lifetime (ns)
[Zn/(Cu+In)] Radius thickness position (nm)
(nm) (nm)

Pure CISeS 0 5.64 0 949 165+4
Zn-50 °C 8.12% 5.56 0.04 952 425+7
Zn-100 °C 29.79% 5.4 0.12 956 480+20
Zn-150 °C 46.54% 5.24 0.2 959 405+10

Ultraviolet photoelectron spectroscopy (UPS) with He I radiation (21.21 eV) was further used
to estimate the Femi level and maximum valance band energy level of various QDs and TiO-
134.135 The UPS analysis of the Zn-CISeS QDs/TiO, sample is illustrated in Figure 2.8. Figure

2.8a reports the UPS full spectrum of TiO»/Zn-CISeS and Figure 2.8b shows a high binding
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energy cut-off of 16.9 eV, which determines the Fermi level of Zn-CISeS QDs on TiO; located
at -4.31 eV with respect to the vacuum level. The high resolution UPS spectrum of low binding
energy cut-off from 0 to 4 eV is displayed in Figure 2.8¢, suggesting that the VB maximum is
at-5.71 eV with respect to vacuum. According to the optical band gap of Zn-CISeS QDs derived
from their absorption spectra (Figure 2.7a), the calculated CB minimum is -4.22 eV. The band
alignment and schematic diagram of Zn-CISeS QDs-sensitized photoanode for PEC cell is
illustrated in Figure 2.7b. The Zn-CISeS QDs is able to form a type II band alignment with
TiO; that is favorable for the dissociation of photoexcited carriers at the QDs/TiO; interface,
where photogenerated holes oxide the sacrificial agent (Na,S and Na>SO3) in the electrolyte
and electrons are injected into TiO, and are subsequently collected by the FTO electrode.
Finally, they migrate to the Pt counter electrode for water reduction '®. The band alignment and
schematic investigations of CISeS and Cd-CISeS QDs-modified TiO; are shown in Figure 2.11,

both presenting favorable band energy levels for water reduction.
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Figure 2.11 UPS spectra of (a) CISeS QDs, (c) Cd-CISeS QDs deposited on TiOz and corresponding band
alignment as well as schematic diagram of (b) CISeS QDs and (d) Cd-CISeS QDs-sensitized photoanodes.
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2.2 Measurement and performance of quantum dots-based photoelectrochemical
cells

2.2.1 Measurement of quantum dots-sensitized photoanodes

A three-electrode system consisting of a Pt counter electrode, an Ag/AgCl reference electrode
(saturated with KCl) and an as-fabricated working electrode was used to assess the PEC
performance of the QDs-sensitized photoanode. The photoanode was then fully dipped into the
electrolyte containing 0.25 M NaxS and 0.35 M Na,SOs (pH=12.5), which served as sacrificial
hole scavenger to prevent QDs photocorrosion. The following formula Vrue = Vagageci + 0.1976
+ pH % (0.059) was used to convert the measured potentials (versus Ag/AgCl) to the potentials
versus the reversible hydrogen electrode (RHE) in electrochemical measurements by an
electrochemical workstation (CHI-760D with 20 mV/s sweep rate). Photocurrent density-
voltage (J-V) curves were measured under simulated sunlight (1 sun=AM 1.5 G, 100 mW/cm?)
employing a Compact Solar Simulator Class AAA (Sciencetech SLB-300A). To guarantee the
standard 1 Sun illumination (100 mW/cm?) on the photoanode in our three-electrode system,
before each measurement, a Si reference diode (Sciencetech) was used to adjust the distance
(typically, the distance between the reactor and the lamp is around 20 cm) between photoanode
and solar simulator before each measurement. The distance from sun simulator to PEC cell is

around 30 cm.

2.2.2 Photoelectrochemical performance of quantum dots-based photoanodes

Figure 2.12 displays the PEC performance of CISeS, Zn-CISeS and Cd-CISeS QDs-sensitized
photoanodes in dark, under continuous and chopped illumination using a typical three electrode
configuration with working electrode (as-fabricated photoanodes), Ag/AgCl (saturated with
KCl) reference electrode and Pt counter electrode. Prior to PEC measurements, an additional
inorganic ZnS layer is deposited on the TiO»/QDs by SILAR following the EPD process, to
prevent photocorrosion of the electrodes . As shown in Figure 2.12a, under dark conditions
(without any illumination), no significant current density is produced (> 0.4 V); while a
saturated photocurrent density of ~2.57 mA/cm? is obtained at a potential of 0.6 V versus the

RHE under standard AM 1.5G illumination (100 mW/cm?, ~30 c¢cm from the sun simulator to
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PEC cell) for the TiO»/CISeS/ZnS system.
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Figure 2.12 Photocurrent density versus bias potential (versus RHE) for (a) the TiO2/CISeS/ZnS, (b) TiO2/Zn-
CISeS/ZnS and (c) TiO2/Cd-CISeS/ZnS photoanodes in the dark (black curve), under continuous (red curve)
and chopped (blue curve) illumination (AM 1.5G, 100 mW/cm?) (d) Stability measurements (photocurrent
density as a function of time) of TiO2/CISeS/ZnS and TiO2/Zn-CISeS/ZnS photoanodes at 0.6 V versus RHE
under AM 1.5G illumination (100 mW/cm?) and optical images of TiO2/Zn-CISeS/ZnS photoanode before
(left) and after (right) stability measurement (9h, AM 1.5G, 100 mW/cm?).

This value is comparable with a NIR PbS QDs/TiO, based anode and 8-fold higher than the
similar CISeS QDs based cathode for hydrogen generation ' ''®. To choose the proper number
of SILAR cycles, various ZnS layer cycles (1, 2, 4 and 6) were performed on the same
TiO,/CISeS anode prepared with identical QDs solution and EPD time (15 min). The relevant

J-V curves are shown in Figure 2.13, indicating that the 2-cycle ZnS SILAR deposition is prone

to inhibit photocorrosion and maximize PEC performance.
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Figure 2.13 J-V curves of the TiO2/CISeS/ZnS photoanode formed by 15min EPD and various cycles of ZnS
via SILAR. One (a), two (b), four (c), and six (d) ZnS cycles are studied, presenting that the 2-cycle ZnS is the
most favorable for achieving higher photocurrent density due to the more efficient photocorrosion inhibition
compared to other cycles of ZnS coating.

However, the stability of this bare QDs based PEC cell is still limited. After 2 h of continuous
illumination under standard one sun, the photocurrent density dropped to 38% of'its initial value.
Generally, QDs are sensitive to the surface defects created during device operation that act as
charge traps, leading to a low photoconversion efficiency and limited long-term stability '3¢ 137,
A promising solution to address this challenge consists in using core/shell structured QDs,
which have shown significantly enhanced photocurrent and stability in a QDs based PEC
system, such as CdTe/CdS or PbS/CdS core/shell QDs based PEC system '* 18, Recently, core-
shell CISeS/ZnS(CdS) QDs have been explored as potential light absorbers in QDs based solar
cells, due to their excellent properties such as reduced surface traps, suppressed charge
recombination and enhanced photo- and chemical- stability °”- 13, The efficiency of a solar cell
is largely improved by using core/shell QDs even with a very thin shell layer (in general, less

than 0.1 nm) of ZnS or CdS °” '3, Herein, we further use the core/shell structured

CISeS/Zn(Cd)S QDs as photosensitizers to fabricate the PEC cell (detailed information for
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fabrication of core/shell QDs is shown in section 2.1.2). In the following, all the anodes were
fabricated using the TiO; film containing one transparent layer and one scattering layer and the
anodes after QDs deposition were further capped with 2 cycles of ZnS. The as-prepared
TiOy/Zn-CISeS/ZnS (Figure 2.12b) and TiO,/Cd-CISeS/ZnS (Figure 2.12¢) photoanodes
exhibit a large enhancement of saturated photocurrent density of ~4.27 mA/cm? and ~4.62
mA/cm? respectively compared to bare QDs, elucidating the effective passivation of surface
traps on CISeS QDs and suppression of charge recombination in Zn-CISeS and Cd-CISeS QDs-

sensitized photoelectrodes.

In the following, we focus on using Zn-CISeS QDs because they are green NIR QDs with a
comparable photocurrent density to that of toxic Cd-CISeS QDs. In addition to the TiO,/Zn-
CISeS (100 °C Zn treatment)/ZnS photoanode with photocurrent density of ~4.27 mA/cm?, the
TiO,/Zn-CISeS (50 °C)/ZnS photoelectrode shows a saturated photocurrent of ~3.03 mA/cm?
(Figure 2.14a), which is higher than pure CISeS QDs (~2.57 mA/cm?). This indicates that the
ZnS thin shell of CISeS QDs with Zn treatment at 50 °C suppresses the surface defects/traps
on CISeS QDs. In contrast, the TiO»/Zn-CISeS (150 °C)/ZnS photoanode has a very low
saturated photocurrent density of ~1.75 mA/cm? (Figure 2.14b), suggesting that the CISeS QDs
with Zn treatment at 150 °C created a relatively thick ZnS shell on CISeS QDs that hinders
electron/hole transfer due to the wide band gap of ZnS '8, Detailed information on the PEC
performance of core CISeS QDs with different ZnS shell thicknesses are summarized in Table
2.4. It is concluded that the optimal ZnS shell on CISeS QDs can efficiently suppress the surface
defects/traps and leads to improved device performance, while relatively thick ZnS shell results
in a large tunneling barrier due to its wide band gap and electronic band positioning, inhibiting

electron/hole transfer '8,

Further optimization of Zn-CISeS (100 °C) based PEC cell including the improved TiO, film
uniformity and QDs concentration in film lead to a maximum photocurrent density of ~5.3
mA/cm? (Figure 2.15). In previous work using heavy metal free, NIR colloidal QDs-sensitized
photoelectrodes for hydrogen generation, photocurrent densities of ~0.3 mA/cm?, ~0.6 mA/cm?
and ~2 mA/cm? were achieved, based on CISeS QDs, Ag>S QDs and CulnS, QDs !!8 119139,
respectively. Other work using CulnS; and CulnSe, QDs based anodes (before the toxic CdS
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treatment) reported photocurrent densities of ~3.7 mA/cm? or 0.6 mA/cm? '°7: 120, Our optimized
core/shell structure presents a promising approach for further using CISeS green QDs for water
reduction as we obtained an unprecedented value of the photocurrent density (~5.3 mA/cm?),

which is much higher than previously reported values for NIR colloidal green QDs based PEC

devices 107 118-120, 139
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Figure 2.14 J-V curves of the TiO2/Zn-CISeS/ZnS photoanode with Zn-CISeS QDs treated at different
temperature of (a) 50 °C and (b) 100 °C, showing saturated photocurrent density of ~3.03 and 1.75 mA/cm?.

Figure 2.12d displays the photocurrent density as a function of time for TiO,/CISeS/ZnS (blue
curve) and TiO,/Zn-CISeS/ZnS (red curve) photoanodes measured at 0.6 V versus RHE under
AM 1.5G solar illumination (100 mW/cm?). To better compare the decay trend, we divide the
maximum photocurrent density of the photoanodes with or without Zn treatment, which makes
the two curves decay from the same value (i.e. 1). Compared to the untreated anode, after Sh
illumination, the Zn-CISeS QDs photoanode based PEC cell shows only a ~23% drop of initial
photocurrent density, which is ~3-fold lower than that of CISeS QDs-sensitized photoanode
(~62% drop of original performance only after 2h) due to the presence of a thin shell of ZnS.
There is no noticeable color change of active area for the Zn-CISeS based anode before and
after a 9h PEC test (inset of Figure 2.12d), showing no significant morphology change of Zn-
CISeS QDs-based photoanode and demonstrating a good stability of the anode during the
measurement that is consistent with lower current density loss. The stability of this system is
comparable with the best reported anode based on QDs (30% drop after 20 min for TiO-
nanorod/CdS/NiO/CdSe structures and 28% drop after 2h for TiO» nanowire/CdS/Co-Pi

structures) 4% 141, After 45-min illumination, there is no significant change (up to 9h) for the
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current density, suggesting the long-term stability in the PEC system using TiO»/Zn-CISeS/ZnS
as anode.

Table 2.4 Composition and size information of CISeS QDs and Zn-CISeS QDs (treated at 50, 100 and 150 °C)

and relevant PEC performance of QDs-sensitized photoanodes.

Saml Molar ratio Core Radius Shell thickness ~ Photocurrent density
ample
[Zn/(Cu+In)] (nm) (nm) (mA/cm’)
Pure CISeS 0 5.64 0 2.57
Zn-50 °C 8.12% 5.56 0.04 3.03
Zn-100 °C 29.79% 5.4 0.12 531
Zn-150 °C 46.54% 5.24 0.2 1.75
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Figure 2.15 Photocurrent density versus bias potential (vs RHE) for optimized TiO:/Zn-CISeS/ZnS

photoanode with champion photocurrent density of ~5.3 mA/cm? under illumination of one sun (AM 1.5G 100

mW/cm?).

2.3 Summary

In summary, we fabricated and characterized photoanodes which use heavy metal-free, NIR
colloidal bare CISeS and core/shell Zn-CISeS QDs as sensitizers. The CISeS QDs-sensitized
photoanode led to a saturated photocurrent density of ~2.57 mA/cm? upon exposure to standard
AM 1.5G solar illumination (100 mW/cm?, ~30 cm from sun simulator to PEC cell). To reduce
surface traps of core CISeS QDs, we added an inorganic ZnS surface passivation by cation
exchange. The QDs were effectively deposited into the mesoporous TiO> film by EPD, showing

intimate connection between QDs and TiO; nanoparticles. UPS spectra show appropriate band
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alignment of the QDs and TiO; and the as-fabricated core/shell Zn-CISeS QDs-sensitized
photoanode demonstrates efficient charge separation and transport, leading to a saturated
photocurrent density of ~5.3 mA/cm? (the highest value to date for environment-friendly, NIR
colloidal QDs for hydrogen generation). The stability of the TiO2/Zn-CISeS/ZnS system is
comparable to the best reported anode based on QDs 4% 4! Overall the Zn-CISeS QDs are a
promising system for environment-friendly, cost-effective, robust and highly efficient solar
driven hydrogen production, paving the way for broader and deeper investigations of green

QDs for high performance PEC systems.
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CHAPTER 3SYNTHESIS AND CHARACTERIZATION OF NEAR-
INFRARED, HEAVY METAL-FREE COLLOIDAL “GIANT”
CORE/SHELL QUANTUM DOTS FOR SOLAR-DRIVEN

PHOTOELECTROCHEMICAL CELLS

In this section, a new type of NIR and heavy metal-free g-QDs, i.e. CISe/CIS g-QDs, is
synthesized by using a sequential cation exchange. The morphology and crystal structure of as-
prepared CISe/CIS g-QDs demonstrate the formation of a thick CulnS, shell with wurtzite (WZ)
phase. The optical properties of these g-QDs exhibit tunable NIR absorption and PL spectra (up
to ~1100 nm). The PL lifetime of these heavy metal-free, NIR g-QDs is prolonged with
increasing shell thickness, indicating the formation of quasi-type II band structure, which is
consistent with the theoretical simulation. Finally, these NIR, heavy metal-free g-QDs are used
as light harvesters for fabrication of QDs-based PEC cells, showing a saturated photocurrent

density up to ~3 mA/cm? as well as excellent stability.

I did most of the experimental work and wrote the draft of this manuscript. Dr. Xiang-Tian
Kong helped me with the theoretical simulation. Dr. Haiguang Zhao and Dr. Yufeng Zhou

helped me to measure the optical properties of QDs.

3.1 Synthesis and characterization of near-infrared, heavy metal-free colloidal
“giant” core/shell quantum dots

QDs-based optoelectronic devices has developed dramatically in recent years 7 °% 42, However,
the performance of QDs-based optoelectronic devices is still hindered by several aspects

including stability + 3

. The g-QDs with a robust and inorganic thick shell present an alternative
strategy to enhance the stability of QDs and tune the optical properties > "> 143, Although g-
QDs have been widely used in both biomedical and optoelectronic devices, there are still several
significant limitations including limited optical absorption and emission in visible region as

well as their toxic compositions (e.g. Cd and Pb), hindering their NIR applications and future

commercial purpose 6! 626568144145 'NIR and heavy metal-free g-QDs are therefore significant

43



for further developments of QDs-based optoelectronic devices and biomedical applications.

3.1.1 Synthesis of near-infrared, heavy metal-free CulnSe,/CulnS; “giant” core/shell
quantum dots

In this work, we employed a self-limited cation exchange approach via using CdSe/CdS g-QDs
as templates. To balance the introduction of In*" and the extraction of Cu®, the TOP-InCl;
complex and relatively mild condition (temperature of 100 °C for 4 hours) is used, acting as
both the In source and Cu-extracting precursor. In this case, the Cu+ is extracted by the TOP
ligands while the more stable In*" can directly replace the extracted Cu” at identical surface site,
leading to the nearly unchanged morphology and crystal structure in the as-synthesized

CISe/CIS g-QDs 46,

“Giant” CdSe/CdS QDs were first synthesized following the method reported by Dabbousi et
al.>: Typically, 1g of TOPO (trioctylphosphine oxide) was mixed with Cd-oleate (0.38 mmol,
1 mL) and ODE (8 mL) in a flask and purged by N, at room temperature for 30 min. The
reaction system was degassed for 30 min at 100 °C, then heated to 300 °C. The mixture of
trioctylphosphine (TOP)-Se (4 mmol, 4 mL), OLA (3 mL), and ODE (1 mL) at room
temperature was quickly injected into the flask under vigorous stirring. The reaction was then
quenched with cold water after injection. The as-synthesized QDs were precipitated with

ethanol, centrifuged to eliminate unreacted precursors and re-dispersed in toluene.

CdS layers were deposited on CdSe QDs via SILAR approach reported by Ghosh et al. '’
“Giant” CdSe/CdS QDs were synthesized by growing CdS monolayers over the CdSe cores.
Typically, OLA (5 mL), ODE (5 mL) and CdSe QDs (~2x1077 mol in toluene) were mixed in a
100 mL flask and degassed for 30 min at 110 °C. The reaction flask was then heated to 240 °C
under N,. Subsequently, the Cd-oleate dispersed in ODE (0.25 mL, 0.2 M) was injected
dropwise via syringe and the reaction proceeded for 2.5 h, followed by dropwise injection of
0.2 M sulfur in ODE with same volume. The shell was then annealed for 10 min. All subsequent
shells were annealed at 240 °C for 10 min following the injection of sulfur and ~2.5 h following
dropwise injection of the Cd-oleate in ODE. Sulfur/Cd-oleate injection volumes for shell

deposition cycles 1-13 were as follows: 0.25, 0.36, 0.49, 0.63, 0.8, 0.98, 1.18, 1.41, 1.66, 1.92,
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2.2,2.51 and 2.8 mL, respectively. The reaction was then quenched with cold water and the as-
synthesized QDs were precipitated with ethanol, centrifuged to eliminate unreacted precursors,

and re-dispersed in toluene.

Zn-CISe/CIS g-QDs were then synthesized by sequential cation exchange, similar to the
procedure described by Stam et al. '*¢ Typically, for Cu® cation exchange, [Cu(CH3CN)4]PFs
(0.4 mmol) mixed with methanol (4 mL) and toluene (4 mL) were added to 3 mL of CdSe/CdS
g-QDs in a flask and 0.5 mL OA was then added to the mixture. The reaction proceeded for 10
min at room temperature with vigorous stirring. Subsequently, 3 mL of DDT was added and the
as-synthesized Cu,Se/CusS g-QDs were centrifuged and re-dispersed in 5 mL of toluene. For
In* cation exchange, 2 M TOP-InCl; solution was first prepared by dissolving 1 mmol of InCl;
in 0.5 mL of TOP and diluted with 3 mL of ODE. 3.5 mL of 2 M TOP- InCl; solution in ODE
was then added to 5 mL of Cu,Se/Cu,S g-QDs in toluene at 100 °C and the mixture was allowed
to react for 4 h with stirring. Finally, 5 mL DDT was added and the as-synthesized CISe/CIS g-
QDs were precipitated with ethanol, centrifuged to eliminate unreacted precursors, and re-

dispersed in toluene.

For CISe/CIS g-QDs treated with Zn**, 5 mL of CISe/CIS g-QDs re-dispersed in ODE were
added to 0.2 M Zn-oleate solution (3 mmol of OA and 1 mmol of Zn(Ac); dissolved in 4 mL of

ODE), and the reaction mixture was heated to 100 °C and maintained for 2 min.

3.1.2 Structure and optical properties

In this work, CdSe/CdS g-QDs were served as template to synthesize Zn-CISe/CIS g-QDs by
sequential cation exchange procedures 46, As shown in Figure 3.1a, Cd** in CdSe/CdS g-QDs
was exchanged by Cu* and as-synthesized Cu,Se/Cu,S g-QDs were partially exchanged by In**
to form CulnSe,/CulnS; g-QDs. We further grew a very thin ZnS protective shell by cation
exchange to suppress the surface defects on the QDs and enhance the colloidal stability of as-

synthesized g-QDs ?’.

Figure 3.1b and c display the TEM images of CdSe/CdS g-QDs with 13 and 6 monolayers of
CdS shell (CdSe/13CdS and CdSe/6CdS). The CdSe/CdS g-QDs exhibit a spherical shape with

radius of ~1.65 nm for CdSe and shell thickness of ~4.2 nm and ~2 nm for CdSe/13CdS and
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CdSe/6CdS g-QDs, respectively. The corresponding EDS spectrum of CdSe/6CdS g-QDs
(Figure 3.2a) confirms the presence of elemental Cd, S and Se, while Se is absent in the EDS
spectrum of CdSe/13CdS g-QDs (Figure 3.2b). This is attributed to a less concentrated sample
in the grid during EDS measurements by TEM. Further characterization of the EDS spectrum
(Figure 3.3a) in a SEM and the Inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis (Table 3.1) both confirm the presence of elemental Se in CdSe/13CdS g-

QDs.

HRTEM images (Inset images in Figure 3.1b and c) of these two kinds of QDs both display a
lattice spacing of ~0.335 nm that is well indexed to the (002) plane of WZ phase CdS,
demonstrating the dominance of the WZ crystal structure of CdS in the CdSe/CdS g-QDs due

to the larger volume of the CdS shell with respect to the CdSe core, consistently with previous

reports 49, 143, 148'
a
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Figure 3.1 (a) Schematic diagram of sequential cation exchange procedures for synthesis and structure of Zn-
CISe/CIS g-QDs. TEM images of (b) CdSe/13CdS and (c) CdSe/6CdS g-QDs with inset HR-TEM images
showing (002) plane of WZ CdS. (d) SAED pattern of CdSe/13CdSg-QDs. (e) EDS spectra of Zn-CISe/13CIS
2-QDs (e) and Zn-CISe/6CIS g-QDs (i). (f) TEM images of Zn-CISe/13CIS and (g) Zn-CISe/6CIS g-QDs with
inset HR-TEM images exhibiting (100) plane of WZ CulnS:. (h) SAED pattern of Zn-CISe/13CIS g-QDs.
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Figure 3.2 EDS spectra of (a) CdSe/6CdS and (b) CdSe/13CdS g-QDs before sequential cation exchange. And
the spectra of CdSe/6CdS g-QDs confirms all the elements including Cd, S and Se. The element of Se is absent

in (b) due to the thicker CdS shell of CdSe/13CdS g-QDs.
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Figure 3.3 EDS spectra of (a) CdSe/13CdS and (b) CISe/13CIS g-QDs. The spectra confirm the presence of
all the elements in CdSe/13CdS (Cd, S and Se) and CISe/13CIS (Cu, In, S and Se) g-QDs. The atomic
concentration of Se is 1.2% and 1.23% in CdSe/13CdS and CISe/13CIS g-QDs, respectively, indicating very

small volume of core QDs in such core/shell g-QDs.
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Table 3.1 ICP-OES analysis results of CdSe/13CdS g-QDs, showing Cu and Se solution concentration of 23.43
and 0.16 ppm and molar ratio of ~1:0.01.

Element (Wavelength)  Correlation coefficient Concentration (ppm) Molar ratio (Cd: Se)
Cd (214.439 nm) 0.99985 23.43 1:0.01
Se (203.985 nm) 0.99990 0.16 o

After sequential cation exchange, the TEM images of as-synthesized Zn-CISe/13CIS (Figure
3.1f) and Zn-CISe/6CIS (Figure 3.1g) g-QDs show no noticeable change of shapes and sizes
compared to the CdSe/13CdS and CdSe/6CdS g-QDs, indicating an effective preservation of
QD morphology using the cation exchange method, consistently with the literature '*6. The
latter approach is effective to control the morphologies of QDs by varying the shape/size of the
initial QD templates. Unlike the directly synthesized irregular shaped CulnSe(S) QDs, the
spherical shape of CISe/CIS g-QDs can be obtained by using the cation exchange approach.
The TEM images of CISe/13CIS (Figure 3.4a) and Zn-CISe/13CIS g-QDs (Figure 3.4b) also
possess similar shape and size because the Zn surface treatment only forms a very thin ZnS
protective shell (<0.1 nm) and has already been demonstrated to have a negligible effect on QD

morphology in previous work 7> 149,

Intensity (a.u.)

Energy (keV)

Figure 3.4 TEM images of (a) CISe/13CIS and (b) Zn-CISe/13CIS g-QDs, exhibiting no significant change of
QD’s sizes and shapes before and after Zn treatment. (c) SAED pattern of CISe/13CIS g-QDs, which is well
indexed to (100), (002), (101), (110), (103) and (112) plane of WZ phase CulnSz. (d) EDS spectra CISe/13CIS
g-QDs, confirming the presence of all the elements including Cu, In, Se and S.
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To further support this conclusion, size histograms of CISe/13CIS and Zn-CISe/13CIS are
displayed in Figure 3.5, showing sizes 0of 9.2 = 0.6 nm and 9.2 + 0.7 nm, respectively, indicating
no significant size variation before and after Zn surface treatment. The HRTEM images (Inset
images in Figure 3.1f and g) reveal a lattice distance of ~0.338 nm, which is indexed to the
(100) plane of WZ phase CulnS,. The lattice distances measured in selected area electron
diffraction (SAED) patterns of CdSe/13CdS (Figure 3.1d) and Zn-CISe/13CIS g-QDs (Figure
3.1h) are well indexed to the (002), (100), (101), (110), (103) and (112) planes of WZ phase
CdS and CulnS;, respectively, which are typical planes with relatively high diffraction intensity

in WZ CdS (JCPS No. 00-041-1049) and CulnS, (JCPS No. 01-077-9459).

For CISe/13CIS g-QDs, the planes of WZ phase CulnS; in the SAED pattern (Figure 3.4¢) are
consistent with the diffraction peaks in the XRD pattern (Figure 3.6), indicating the formation
of a very thick WZ phase CulnS; shell. Similarly, the lattice spacing in SAED patterns of
CdSe/6CdS (Figure 3.7a) and Zn-CISe/6CIS (Figure 3.7b) g-QDs are also well indexed to the
(002), (100), (101), (110), (103) and (112) planes of the WZ phase CdS and CulnS,, further

demonstrating the WZ crystal structure of as-synthesized Zn-CISe/CIS g-QDs.
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Figure 3.5 Size distribution of (a) CISe/13CIS and (b) Zn-CISe/13CIS g-QDs. Sizes are measured as the
diameter of the spheres in TEM image for 100 QDs. The average sizes were 9.2+0.6 nm and 9.2+0.7 nm for
CISe/13CIS and Zn-CISe/13CIS g-QDs, respectively. The results indicate the Zn surface treatment has
negligible effect for the size of QDs and only forms an ultrathin ZnS layer on the g-QDs.
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Figure 3.6 XRD pattern of CISe/13CIS g-QDs films formed by drying of dropped CISe/13CIS g-QDs solution
on the top of silicon substrate. The diffraction peaks match well with the (100), (002), (101), (102), (110), (103),
(112) and (201) planes of WZ phase CulnS: (JCPDS card no. 01-077-9459).
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Figure 3.7 SAED pattern of (a) CdSe/6CdS and (b) Zn-CISe/6CIS g-QDs that are indexed to (100), (002),
(101), (110), (103) and (112) plane of WZ phase of CdS (JCPS No. 00-041-1049) and CulInS: (JCPS No. 01-
077-9459), respectively.

In addition, the EDS spectra of Zn-CISe/13CIS (Figure 3.1¢) and Zn-CISe/6CIS (Figure 3.1i)
2-QDs both confirm the presence of all the elements including Cu, In, Se, S and Zn. The residual
Cd after first cation exchange of CdSe/13CdS to CuxSe/13CusS g-QDs is measured by using
ICP-OES. As shown in Table 3.2, the ICP-OES analysis indicates that 99.7% (molar ratio) of
Cd** has been exchanged by Cu” in Cu,Se/13Cu,S core/shell g-QDs even with a thick shell of
13 layers of CIS. This can be considered as full exchange of Cd by Cu cations. In addition, the

CuzSe/13CusS g-QDs were used for In** cation exchange to form CISe/13CIS g-QDs and no
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Cd** was introduced in the this synthesis process, thus the Cd** in CuxSe/13CusS g-QDs was
almost identical as confirmed by ICP-OES measurements, demonstrating that the as-
synthesized Zn-CISe/CIS g-QDs are free of heavy metals, consistent with the literature '*6. The
molar ratio of Cu/In is ~1:1.2 in the CISe/CIS g-QDs as measured by ICP-OES (Table 3.3).
The morphology of as-prepared CISe/CIS g-QDs shows nearly identical sizes and shapes of
CdSe/CdS template, indicating that the CIS shell thickness of CISe/CIS g-QDs can be
controlled by tuning the CdS shell thickness of the CdSe/CdS template. Using this sequential
cation exchange technique leads to a full exchange of Cd*" by Cu® and In**. The as-synthesized
CISe/CIS g-QDs do not contain toxic heavy metals and are environmentally friendly.

Table 3.2 ICP-OES analysis results of CuzSe/13Cu:S nanocrystals.

Element Correlation . .
. Concentration (ppm) Molar ratio (Cd: Cu)
(Wavelength) coefficient
Cd (214.439 nm) 0.99 0.24
0.3%
Cu (324.754 nm) 0.99 45.87

Table 3.3 ICP-OES analysis results of CISe/13CIS g-QDs, showing Cu and In solution concentration of 2.86
and 6.04 ppm and molar ratio of ~1:1.17.

Element (Wavelength)  Correlation coefficient Concentration (ppm) Molar ratio (Cu: In)
Cu (324.754 nm) 0.99790 2.86 1117
In (303.936 nm) 0.99987 6.04 o

The optical properties of CISe, Zn-CISe/6CIS and Zn-CISe/13CIS g-QDs in solution are
reported in Figure 3.8a-c. Before the sequential cation exchange, CdSe, CdSe/6CdS and
CdSe/13CdS g-QDs show absorption spectra covering the UV to visible region with first-
excitonic peaks near ~550, 590 and 610 nm, respectively. After sequential cation exchange, the
absorption spectra of CISe, Zn-CISe/6CIS and Zn-CISe/13CIS g-QDs have shifted to the NIR
region up to 1100 nm without apparent first-excitonic peaks, which is the typical absorption
spectra of CulnS(Se) QDs >* 12%12 The PL spectra of CISe, Zn-CISe/6CIS and Zn-CISe/13CIS
g-QDs before and after sequential cation exchange further demonstrate the red shift of the g-

QD’s PL peaks from ~565, 605 and 625 nm to ~765, 1075 and 1100 nm, respectively.
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Figure 3.8 Absorption and PL spectra of (a) CISe, (b) Zn-CISe/6CIS and (c) Zn-CISe/13CIS g-QDs in toluene

before and after sequential cation exchange. (d) Transient PL spectra of Zn-CISe/CIS g-QDs in toluene.

In addition, as the ICP-OES measurements already demonstrated the full exchange of Cd by

Cu cations, after the first step of Cu® for Cd** cation exchange, the peak originating from

CdSe/13CdS g-QDs disappears in the PL spectrum of the as-synthesized Cu,Se/13Cu,S g-QDs

(Figure 3.9a). With constant CulnSe; core radius, by increasing the shell thickness, the PL peak

positions of the Zn-CISe/CIS g-QDs gradually red-shift from ~765 to ~1100 nm.
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Figure 3.9 (a) PL and (b) absorption spectra of intermediate Cu>Se/13CuzS g-QDs dispersed in toluene. No
PL peak of CdSe/13CdS g-QDs is observed in (a), indicating full conversion of Cd?* to Cu* by cation exchange.
Compared to CISe QDs, a large red-shift of the PL peak positions was found in CISe/CIS g-
QDs. In general, in a core/shell system, the electron leakage from the core into the shell region
leads to a red-shift of the PL peak. Such phenomenon has been observed and verified in many
core/shell structured g-QDs (such as quasi-type IT CdSe/CdS or type II InP/CdS) . To further
understand the exciton dynamics of as-synthesized CISe/CIS g-QDs with different shell
thickness, transient fluorescence spectroscopy was used to measure the lifetime of QDs in
solution before and after sequential cation exchange, as shown in Figure 3.10 and Figure 3.8d.
By increasing the shell thickness, the templates of CdSe, CdSe/6CdS and CdSe/13CdS QDs
exhibit a prolonged lifetime of ~19, 29 and 43 ns, respectively. This extension of lifetime with
increasing shell thickness in CdSe/CdS g-QDs indicates an efficient spatial separation of holes

and electrons derived from the quasi-type II band structure in these g-QDs systems % 143,
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Figure 3.10 Transient PL spectra of CdSe, CdSe/6CdS and CdSe/13CdSg-QDs, showing fitted lifetime of ~19
ns, 29 ns and 43 ns, respectively.
After sequential cation exchange, the bare CISe QDs and the Zn-CISe/CIS g-QDs with different
shell thickness were fitted by a tri-exponential or bi-exponential decay with standard deviation

less than 10%, respectively. The fitting parameters and PLQY of CISe, Zn-CISe/6CIS and Zn-

CISe/13CIS g-QDs were listed in Table 3.4.

Table 3.4 Optical parameters of CISe, Zn-CISe/6CdS and Zn-CISe/13CdS g-QDs including parameters of
fitted lifetime and the measured PLQY.

s | PL peak T1 T2 T3 Bl B2 B3 Taverage PLQY
ample
P (nm) (ns) (ns) (ns) (%) (%) (%) (ns) (%)
10+2%
ClSe 765 211 46 5 64.1 3049 5.38 200+10
Zn-
1075 236 23 -- 82 1794 -—-- 23045 2+0.1%
ClISe/6CdS
Zn-
1100 309 23 -- 91 8.97 ---- 300+10 1+0.1%
CISe/13CdS

In the tri-exponential lifetime fitting, 1, is associated with the donor-acceptor transition, T, is
allocated to surface states and 13 represents the recombination of initially populated core states.
In the bi-exponential lifetime fitting, the longer lifetime of t; and shorter lifetime of t, are

attributed to the donor—acceptor recombination of carriers and donor-acceptor recombination
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86, 150, 151

The bare CISe QDs exhibit an average lifetime of 200+10 ns. In contrast, the Zn-CISe/6CIS
and Zn-CISe/13CIS g-QDs exhibit longer average lifetimes of 230+5 ns and 300+10 ns,
respectively. The longer average lifetime with increasing shell thickness in Zn-CISe/CIS g-QDs
may be attributed to the efficient decrease in spatial overlap between electron and hole wave
functions, leading to leakage of the electrons from the core to the shell region, resulting in
suppressed recombination and leading to a prolonged lifetime. In conclusion, both the red shift
of the PL peak and increasing lifetime with thicker shell of QDs demonstrate the formation of
quasi-type II band alignment of the core and shell in the Zn-CISe/CIS g-QDs after sequential

cation exchange 4% 143, 147, 148

3.2 Theoretical investigation of near-infrared, heavy metal-free colloidal “giant”
core/shell quantum dots

3.2.1 Theoretical calculation method

To theoretically describe the quasi type-II characteristics and understand the prolonged lifetime
of the CISe/CIS g-QDs, we solved the stationary Schrodinger equation for the 1S states of

electron and hole in COMSOL (a commercial software for finite element simulation). We used

the bulk values for the effective masses of electrons (m.) and holes (m;), namely, m, = 0.09m,

and m,=0.73m, for CulnSe,, and m, =0.16m, and m, =0.85m, for CulnS,, where my is the

electron mass at rest in vacuum 3% 133, The potentials for electrons and holes as a function of
position were approximated as the lowest unoccupied molecular orbital and highest occupied
molecular orbital levels, respectively, for the bulk materials. For CulnSe, these levels are -4.60
eV and -5.64 eV respectively; while for CulnS,, these levels are -4.39 eV and -5.92 eV
respectively '3 155, The band gaps for CulnSe> and CulnS, were 1.04 eV and 1.53 eV,
respectively '3 13 The barriers between the CulnSe, and CulnS; regions were taken as 0.21
eV and 0.28 eV for the CB and VB. The value of -9.8 eV represents the ionization energy for
the lowest-energy electronic values in the system, which is used to obtain the potential barrier
between the holes and the environment. The exact value doesn't really matter much in the

context of the model as it is far from the band edges. Figure 3.11 shows the band diagrams.
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The parameters are summarized in the Table 3.5.

Table 3.5. Physical parameters of bulk CISe and CIS.

Material Ev (eV) Ec (eV) Eg (eV) me / Mo mp / Mo
Shell CulnSs; -5.92 -4.39 1.53 0.16 0.85
Core CulnSe; -5.64 -4.60 1.04 0.09 0.73
0 Air CulnS, CulnSe, Culns, Air
A
4.39eV
-439eV ______ 0.21eV
460V s |

1.04 eV 1.53 eV

3.88eV

-9.8 eV v

Figure 3.11 Band diagram of a CulnSe2/CulnS: core/shell QD surrounded by air.

The interaction between electrons and holes was neglected in the calculations. The wave

functions were computed from the effective-mass Schrédinger equation:

~ [
B A v/ =
V[ 2 () wj+V(r)l// Ey (3.1)

In solving this equation, the appropriate boundary conditions at the interfaces were applied.

Finally, the wave functions were normalized such that “/Iebctmn or hole |2 dv =1.

The wave function of an impurity hole state (a general hole state in CulnSe/S QDs ') is

described by a Gaussian function:
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(r - rimpurity )2

Whote (T Vinpuity ) = AEXP | (for impurity hole states)  (3.2)
h

Here T

impuriy 18 the position of impurity in the CISe core; the coefficient 4 is determined by

I |‘//ho|e|2dV =1; and the scale of hole L, is far less than the QD radius (here we assume

L, =0.3 nm). Considering the spherical symmetry of the wave function of 1S electrons, the

squared overlap integral (OI) of Eq. (2) in the main text can be simplified as:

3 RCD[E
Ol(hshell) = Nimpurity RT-[O OI0 (rimpurity) ) r-irznpurity ’ drimpurity' (3~3)

core
where I 18 the distance of the impurity site from the center of the core. In the experiment,

the Cu and In atoms in the core are off-stoichiometry (Cu:In = 1:1.2). Then the numbers of Cu

atoms and In atoms in the core can be estimated using the mass density and molar mass of CISe

as N, =176 and N, =212. The number of In atoms that occupy the Cu sites is given by

N =18.

impurity =N Incy

3.2.2 Wave function in CulnSe;/CulnS; “giant” core/shell quantum dots

As shown in Figure 3.12a, the light emission process in the CISe/CIS g-QDs is attributed to
either the recombination of the 1S electrons and the 1S holes or the recombination of the 1S
electrons to the impurity holes in the core, or both '3¢. Our calculations show that the Eigen-
energy of the 1S electron exceeds the energy barrier of the shell layer with thickness of 1-6 nm.
As a consequence, electrons have a great probability of being found outside the CISe core,
compared to a bare CISe QD. By increasing the thickness of the CIS shell, more electrons are
likely to leak into the shell region. In contrast, the 1S VB holes are still well confined in the
core for both a bare CISe QD and a CISe/CIS g-QD. And the probability profile of the 1S hole
remains nearly unchanged with increasing shell layer thickness (from 1 to 6 nm). To
qualitatively demonstrate the PL lifetime of the core/shell QDs, we calculated the squared
overlap integral (OI) of the 1S electron and 1S hole as a function of shell thickness. The squared

Ol is given by:
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U W etectron? hote AV ‘2

Ol(hye)= 2 2. (3.4)
J-|'//electron| dvj|y/hole| dV
for 1S electron and 1S hole, and
1
Ol (hshell ) = Nimpurity ) V_ J-core OIO (rimpurity )dVimpurity ) (3.5
with
U lr//electron (r)lr//hole (r’ r-impurity)dv ‘2
Olo(rimpurity) = (36)

J.|lr//electron (r)|2dVJ. lr//hole (r’ r-impurity)‘zdv |

for 1S electron and impurity hole. Here weieciron and yiole are wave functions of 1S electron state

and hole state, respectively, and N,

impurity

=18 is the number of impurities in the CISe core. We

assume a weak interaction between the impurity hole states. The lifetime of fluorescence
emission should be proportional to the inverse of the squared overlap function. Figure 3.12¢
shows that the squared OI decreases with increasing shell layer thickness, proving that the
lifetime should increase with increasing shell thickness. This trend is in qualitative agreement

with the experimental measurements (PL and lifetime).

The as-prepared CISe/CIS g-QDs exhibit a broad absorption spectrum up to 1100 nm, PL
spectrum in the second biological window of 1100-1400 nm and longer lifetime as high as ~300
ns compared to generic biomolecules with lifetime of around several ns, which makes them a
great candidate for NIR deep-tissue imaging/sensors compared to toxic CdSe/CdS g-QDs as
they are made of heavy metal-free elements, also the long PL lifetime of CISe/CIS g-QDs is

favorable to obtain the fluorescence signals without background interference !%.

In addition, the quasi-type Il nature of CISe/CIS g-QDs makes them superior candidates in solar
technologies such as photovoltaics and hydrogen production as the electrons can efficiently
transfer to the electron acceptors. The wide absorption spectrum (up to NIR region) of CISe/CIS
g-QDs has a significant overlap with the solar spectrum, presenting great potential to boost the

PCE in such g-QDs based devices.
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Figure 3.12 (a) Band structure of a CISe/CIS core/shell QD (3.3 nm-diameter core, 2 nm-thick shell) with
energy levels and wave functions of 1S electron, 1S hole and impurity hole. (b) Normalized radial distribution
functions for 1S electron and 1S hole of CISe/CIS core/shell QDs. The core diameter is 3.3 nm. The shell
thickness varies from 0 (bare CISe QD) to 6 nm. Dashed vertical lines show the core/shell boundaries; dotted
vertical lines show the shell/'vacuum boundaries for each value of shell thickness. (¢) Squared OI of the 1S
electron state and hole states (1S hole and impurity hole) in CISe/CIS core/shell QDs as a function of shell

layer thickness.

3.3 Fabrication and measurement of CulnSe2/CulnS: “giant” core/shell quantum
dots-based photoanode for solar-driven photoelectrochemical hydrogen
production

3.3.1 Fabrication of CulnSe;/CulnS; “giant” core/shell quantum dots-sensitized
photoanode

TiO; films were first prepared: FTO glass substrates were cleaned ultrasonically for 15 min in
Triton™ X-100, acetone, ethanol, respectively, followed by rinsing in DI water and drying in
N gaseous flow. The cleaned FTO glass substrates were further treated in a UV-0zone cleaner
for 10 min to eliminate surface organic contamination. A blocking layer of TiO, was then

deposited on FTO substrates by spin coating at 6000 r.p.m. for 30 s using the commercial
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solution Ti-Nanoxide BL/SC. Subsequently, as-prepared TiO- films were annealed at 500 °C in
an oven for 30 min and cooled down to room temperature. Titania paste containing a mixture
of nanoparticles ~20 nm and 450 nm in diameter (18 NR-AO) was used and tape-casted on
FTO substrates and kept in air for 12 min, to obtain a homogeneous distribution. The films were
dried at 120 °C for 6 min. The same titania paste (18 NR-AQO) was then deposited again on top
of FTO substrates by using the tape-casting technique and following procedures of spreading
and drying (as-casted TiO, films were kept in air for 12 min and dried at 120 °C for 6 min). The
electrodes were finally sintered at 500 °C for 30 min in an oven and cooled down to achieve

the TiO; films.

To fabricate QDs-sensitized photoanode, EPD was used to deposit QDs on TiO, films. A pair
of TiO, FTO glasses were vertically immersed in QDs solution and the distance between them
was adjusted at 1 cm. A direct current (DC) bias of 50 V was applied for 60 min. To remove the
absorbed QDs from the surface of the TiO, film, the as-deposited TiO,/QDs electrode was
rinsed with toluene at half the deposition time and at the end of the EPD procedure. For ligand
exchange, the sample was then immersed in a hexadecyltrimethylammonium bromide (CTAB)
solution (10 mg/ml in methanol) for 60 s and washed with methanol. To obtain an improved
crystallization of QDs, the TiO»/QDs film was placed in a vacuum container and post-annealed
at 180 °C for 40 min. Subsequently, the SILAR method was used to deposit a ZnS capping layer
on as-prepared TiO2/QDs electrodes to prevent photocorrosion. In a typical ZnS deposition
cycle, the TiO»/QDs electrode was immersed into a 0.1 M solution of Zn(Ac), for 1 min and
then into 0.1 M solution of Na,S for 1 min. After each immersion, the electrode was rinsed with
corresponding solvents of methanol and methanol/DI water (1:1 V/V), respectively, and then
dried in N; flow. After the SILAR procedure, the surface (excluding the active area) of the

photoanode was covered with epoxy resin to complete device fabrication.

3.3.2 Incident photo to current efficiency measurement and theoretical calculation of
hydrogen generation rate

The Incident photon to current efficiency (IPCE) describes the ratio of photogenerated electrons
collected by the electrodes over the number of incident monochromatic photons. To derive the

IPCE values, we performed current—voltage measurements using different band-pass optical
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filters. IPCE can be calculated by using the following equation:

xh J(A/cm?)

c
[PCE% = TW x 100 (3.7)

Where ] is the photocurrent density, P is the incident radiation intensity at a given
wavelength, 4 is the wavelength of the incident photon, ¢, h, and e are the speed of light,
Planck’s constant, and the elementary electric charge, respectively. To confirm the contribution
of infrared photons to the photocurrent, we applied band-pass filters with wavelength center at
405 nm, 460 nm, 505 nm, 694 nm, 785 nm, 855 nm, 940 nm. For each filter, the incident

radiation intensity at the position of the sample was measured by Newport power-meter.
The theoretical number of moles of hydrogen was obtained according to Faraday’s law %:

q =nF (3.8)
With the definitions of electrolysis based on the following equations:

_m _ (bt
n=— and q= ftl Idt (3.9)

e

Where 7 is the number of equivalents, m is the mass of the substance liberated at an electrode
in grams (g), m. is the molar mass of the substance in grams per mol (g/mol), i.e. n equals to
the number of moles. A common assumption on the current being constant over time, allow us

to use the mathematical equivalent that can be simplified as %

1q 1Ixt
=—-==-— (3.10)
zZF z F
Where z is the number of transferred electrons per mole of water (i.e. z=2), ¢ is the electric

charge in coulombs (C), F is the Faraday constant (i.e. 96484.34 C/mole), / is the photocurrent

in amperes (A) and ¢ is time in seconds (s).

3.3.3 Photoelectrochemical performance of CulnSe,/CulnS; “giant” core/shell quantum
dots-sensitized photoanode

TEM image and corresponding EDS spectra of TiO»/Zn-CISe/6CIS g-QDs heterostructure is
shown in Figure 3.13, demonstrating that the QDs (denoted by white dashed circles) are
homogeneously dispersed on the surface of TiO, nanoparticles without any noticeable

aggregation.
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Figure 3.13 (a) TEM image of TiO2/Zn-CISe/6CIS g-QDs heterostructure with uniform distribution of QDs
(white dash circle represents QDs on the surface of TiOz). (b) EDS spectra of TiO2/Zn-CISe/6CIS g-QDs
heterostructure. Elements of Zn and Se are not detected, due to their relatively small amount in the QDs.

Cross-section SEM imaging and corresponding EDS analysis of the Zn-CISe/6CIS g-QDs-
sensitized photoelectrode are displayed in Figure 3.14. The thickness of the mesoporous TiO-
film is estimated to be ~20.5 um (Figure 3.14a). EDS spectra (Figure 3.14b) and two-
dimensional (2D) EDS mapping (Figure 3.14¢-i) exhibit the presence of Cu, In, Se, S, Zn, Ti
and O, consistent with the chemical composition in the Zn-CISe/6CIS g-QDs-sensitized
photoanode. The element of In has overlap EDS signal with Sn, leading to the richer EDS signal
of In at the surface. Similarly, due to the relatively low molar concentration of Se in the g-QDs,
the EDS signal of Se is weaker in the TiO> film compared to other elements, such as In and Cu.
The observed stronger Se signal in the substrate with respect to that in the TiO> film is due to
the additional contribution from the O signal because of elemental Se overlapping with O
(Figure 3.14d). The relative mass concentration of Zn-CISe/6CIS g-QDs with respect to TiO»

is reported in Figure 3.14b (the content of Zn is much higher as we deposited 2 ZnS layer on
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the QDs-based photoanode to protect photocorrosion), whereas semi-quantified QD loading
amounts in the TiO; film are presented in the EDS line scan (Figure 3.14j, measured along the
yellow line in Figure 3.14a). In parallel, cross-sectional SEM imaging and relevant EDS
analysis of Zn-CISe/13CIS g-QDs-sensitized photoanode are reported in Figure 3.15. All the

EDS analyses demonstrate the uniform dispersion of g-QDs in the TiO; film.
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Figure 3.14 (a) Cross-sectional SEM image of Zn-CISe/6CIS g-QDs-sensitized photoelectrode and relevant (b)
EDS spectra of all chemical composition with relative mass concentration, (c) EDS 2D mapping of all the
elements including (c) Ti, (d) O, (e) Zn, (f) Cu, (g) In, (h) S and (i) Se, and (j) EDS line scan illustrating the

semi-quantified variation of elements along the yellow line (highlighted in the SEM image).
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Figure 3.15 (a) Cross-sectional SEM image of Zn-CISe/13CIS g-QDs-sensitized photoanode and
corresponding (b) EDS spectra. EDS mapping analysis of (c) Ti, (d) O, (¢) Zn (f) Cu (g) In (h) S (i) Se and (j)
EDS line scan illustrating the semi-quantified variation of elements along the yellow line (highlighted in SEM
image).
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The approximate band alignment and schematic diagram of Zn-CISe/CIS g-QDs-sensitized
photoanode for PEC cells is illustrated in Figure 3.16a. The Zn-CISe/CIS g-QDs can form a
favorable band alignment with TiO, for efficient charge dissociation of photogenerated carriers
at the QDs/TiO; interface, where photoexcited holes oxidize the sacrificial agent (Na,S and
Na»S03) in the electrolyte and the electrons are injected into TiO,, collected by the FTO

electrode and transferred to the Pt counter electrode for water reduction to produce hydrogen
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Figure 3.16 (a) Approximate band alignment and schematic diagram of Zn-CISe/CIS g-QDs-sensitized
photoanodes. Photocurrent density-bias potential dependence (versus RHE) of (b) Zn-CISe/13CIS g-QDs and
(¢) Zn-CISe/6CIS g-QDs-sensitized photoanodes in the dark (black curve), under continuous (red curve) and
chopped (blue curve) illumination (AM 1.5G, 100 mW/cm?). (d) Photocurrent density as a function of time
(stability measurements) of TiO2/CISe/ZnS (black curve), TiO2/Zn-CISe/6CIS/ZnS (red curve) and TiO2/Zn-
CISe/13CIS/ZnS (blue curve) photoelectrodes at 0.8 V versus RHE under AM 1.5G irradiation (100 mW/cm?).

Figure 3.16b and c displays the photocurrent density as a function of applied potential for Zn-
CISe/13CIS and Zn-CISe/6CIS g-QDs-sensitized photoanodes in the dark (black curve), under
continuous (red curve) and chopped (blue curve) illumination (AM 1.5 G, 100 mW/cm?, 30 cm

from the sun simulator to PEC cell), which exhibits a saturated photocurrent density of ~3 and
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3.1 mA/cm? obtained at ~0.8 V versus the RHE, respectively. For comparison, the CISe QDs-
sensitized photoanode only shows a saturated photocurrent density of ~1.5 mA/cm? (Figure
3.17). The Zn-CISe/13CIS and Zn-CISe/6CIS g-QDs-sensitized photoanodes exhibit higher
photocurrent density than bare CISe QDs-sensitized photoanode, which we attribute to both
their enhanced light absorption and quasi-type II band alignment. The PEC cell based on the
bare TiO, photoanode (Figure 3.18) exhibits a saturated photocurrent density of ~0.25 mA/cm?,
which is much lower compared to the QDs-sensitized photoanodes (~1.5, 3 and 3.1 mA/cm?),

indicating the QDs loading in the TiO, mesoporous film is the dominant contribution to the

enhancement of saturated photocurrent density.
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Figure 3.17 Photocurrent density versus bias potential (versus RHE) for TiO2/CISe/ZnS photoanode in the

dark (black curve), under continuous (red curve) and chopped (blue curve) illumination (AM 1.5 G, 100

mW/cm?).
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Figure 3.18 Current density versus bias potential (vs RHE) for FTO/TiO: photoanode with photocurrent
density of ~0.25 mA/cm? under illumination of one sun (AM 1.5G, 100 mW/cm?).
65



The saturated photocurrent density of Zn-CISe/13CIS and Zn-CISe/6CIS g-QDs-sensitized
photoanodes are higher than previous reports of green NIR QDs (CulnSeS, Ag,S and CulnS,
QDs with photocurrent density of ~0.3, 0.6 and 2 mA/cm? respectively) sensitized
photoelectrodes for hydrogen generation '3 12% 13 The incident photo to current efficiency
(IPCE) was derived from current-voltage measurements (Figure 3.19). The results show the
contribution of NIR photons, even largely decreased compare to the UV-visible photons, which
are consistent with the broad UV-visible-NIR absorption of the Zn-CISe/CIS g-QDs, with

contribution to IPCE originating from the UV-vis and NIR region, up to 1000 nm.
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Figure 3.19 IPCE spectra of TiO2/CISe/ZnS, TiO2/Zn-CISe/6CIS and TiO2/Zn-CISe/13CIS QDs-sensitized
photoelectrodes at 0.8 V versus RHE.

We further measured the PEC performance of photoanodes sensitized by intermediate products
of CuzSe, CuzSe/6Cus,S and Cu,Se/13CuzS QDs (Figure 3.20), showing saturated photocurrent
of ~0.8, 0.85 and 0.55 mA/cm? respectively, which are much lower than the Zn-CISe/CIS g-
QDs. While the PEC cells using CdSe, CdSe/6CdS and CdSe/13CdS QDs-sensitized
photoanodes exhibit much higher photocurrent of ~4.5, 6 and 7 mA/cm? (Figure 3.21) than that
of the Zn-CISe/CIS g-QDs. However, the highly toxic heavy metal of Cd hinders their potential

applications due to environmental and health concerns.
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Figure 3.20 Photocurrent density versus bias potential (versus RHE) for (a) the TiO2/Cu2Se/ZnS, (b)

TiO2/Cu2Se/6Cu2S/ZnS and (¢) TiO2/Cuz2Se/13Cu2S/ZnS photoanodes in the dark (black curve), under

continuous (red curve) and chopped (blue curve) illumination (AM 1.5 G, 100 mW/cm?).
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Figure 3.21 Photocurrent density versus bias potential (vs RHE) for (a) the TiO2/CdSe/ZnS, (b)
TiO2/CdSe/6CdS/ZnS and (c¢) TiO2/CdSe/13CdS/ZnS photoanodes in the dark (black curve), under

continuous (red curve) and chopped (blue curve) under illumination of one sun (AM 1.5G, 100 mW/cm?).
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Figure 3.16d displays the photocurrent density as a function of time for TiO./Zn-CISe/ZnS
(black curve), TiO,/Zn-CISe/6CIS/ZnS (red curve) and TiO»/Zn-CISe/13CIS/ZnS (blue curve)
photoanodes measured at 0.8 V versus RHE under standard AM 1.5G solar illumination (100
mW/cm?). To better understand the percentage of decay trend, we divide the maximum
photocurrent density of the photoanodes to make the curves decay from the value of 1. The bare
CISe QDs based PEC cell shows a rapid decay of photocurrent density, ~30% drop from the
initial photocurrent density only after ~0.2 h illumination, while the Zn-CISe/6CIS and Zn-
CISe/13CIS g-QDs based PEC cells show only ~31% and ~20% drop from the initial
photocurrent density even after 2h illumination. This improvement is due to the formation of a
very thick CulnS; shell on the CulnSe; core for enhanced chemical- and photo- stability in this
type of NIR, heavy metal-free g-QDs during the anode preparation by EPD and further cell
operation in corrosive electrolyte (pH of 12.5~13). The photostability of the PEC system based
on Zn-CISe/6CIS and Zn-CISe/13CIS QDs-sensitized photoanodes is comparable with the best
reported photoanode made of QDs (for instance, ~30% drop after 2 h for TiO;
nanowire/CdS/Co-Pi structures and 30% drop after 20 min for TiO, nanorod/CdS/NiO/CdSe
structures due to the photocorrosion of QDs-sensitized electrode) % 4! indicating good
stability in these PEC systems. H; evolution was further estimated based on the CdSe/CdS g-
QDs in our previous work ¢, which serves as a reference to calculate the H, evolution of PEC

cells based on Zn-CISe/6CIS and Zn-CISe/13CIS g-QDs-sensitized photoanodes (Figure 3.22).
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Figure 3.22 H; evolution of CdSe/CdS g-QDs, as a function of time under 100 mW/cm? illumination with AM

1.5 G filter. The evolution of H: exhibits a nearly linear increase over time ¢’.
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This approach is quite reliable, because the only difference in our g-QDs based PEC system is
the type of g-QDs, and all other components including electrolyte, counter electrode and
reference electrode (Ag/AgCl) are the same. The evolution of H, shows a nearly linear increase
over time and is in good agreement with the theoretical curve (Figure 3.22). We use the
saturated photocurrent density (Figure 3.16b and ¢) and integrated the current density (Figure
3.16d), and the theoretical hydrogen generation rate of Zn-CISe/6CIS and Zn-CISe/13CIS g-

QDs-sensitized photoanode is ~24.3 mL-cm2-day ! and ~26.5 mL-cm2-day !, respectively.
y y y

3.3 Summary

We demonstrated the synthesis of Zn-CISe/CIS g-QDs made of heavy metal-free elements
using the sequential cation exchange approach. Morphology investigations confirmed the thick
shell of CulnS, and WZ crystal structure of as-synthesized g-QDs. The spherical shape of
CISe/CIS g-QDs can be accurately preserved and the shell thickness can be controlled by tuning
the width of the CdSe/CdS g-QDs template. ICP-OES measurements demonstrate the nearly
full exchange of heavy metal of Cd from an initial CdSe/CdS g-QDs template to a final product
consisting of heavy metal-free Zn-CISe/CIS g-QDs. The optical properties of such g-QDs are
characterized by tunable absorption, PL peak and lifetime in the NIR region by varying the
shell thickness, demonstrating the quasi-type Il band alignment and paving the way towards
potential applications in QDs-based photovoltaic devices. The PEC performance of
photoanodes sensitized with Zn-CISe/CIS g-QDs shows an outstanding saturated photocurrent
density as high as ~3.1 mA/cm?. The stability of the as-fabricated QDs-sensitized photoanode

is comparable to the best reported QD-based anodes 2 140- 141,
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CHAPTER 4 SYNTHESIS AND CHARACTERIZATION OF NEAR-
INFRARED COLLOIDAL HETEROSTRUCTURED PYRAMIDAL
“GIANT” CORE/SHELL QUANTUM DOTS FOR HIGH

PERFORMANCE PHOTOELECTROCHEMICAL CELLS

In this section, NIR-emitting CISeS/CdSeS/CdS heterostructured g-QDs with pyramidal-shape
are prepared by using a facile two-step approach. The crystalline structure of CdSeS/CdS shell
is demonstrated to be zinc blende (ZB) phase. The optical properties of these pyramidal-shaped
g-QDs show a NIR emission (~830 nm) with high PLQY. The elongated PL lifetime with
increasing shell thickness manifests the efficient spatial separation of electron/hole in these
pyramidal-shaped heterostructured g-QDs, which is also proved by the theoretical calculations.
QDSCs and QDs-based PEC devices fabricated by these pyramidal-shaped g-QDs exhibit

outstanding performance as a result of their efficient spatial electron-hole separation/transport.

I conducted most of the experimental work, and the theoretical part was done by Dr. Xiang-
Tian Kong. Dr. Haiguang Zhao assisted me a lot for the optical characterization, I wrote the

draft of the manuscript.

4.1 Synthesis and characterization of near-infrared colloidal heterostructured
pyramidal “giant” core/shell quantum dots

Tailoring the shape/chemical composition of heterostructured QDs (e.g. dot-in-rod and tetrapod
structure) has been demonstrated as an effective method to control their charge carrier/exciton
dynamics '*- 10 However, for optimization of these heterostructured QDs-based optoelectronic
devices, it is still challenging to address some limitations of these heterostructures (e.g.
stability). The g-QDs have shown outstanding photo-chemical/physical stability and optimized
optical properties such as prolonged PL lifetime. Most of g-QDs possess spherical shape and
are able to efficiently separate electrons and holes in all directions, while the electron-hole wave
functions still have some overlap for fast recombination #3763 65 143. 147 'Ip recent years, non-

spherical heterostructured QDs have shown efficient electron-hole separation, as exhibited by
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their very long PL lifetime '*, holding great potential for high performance photovoltaic

applications .

4.1.1 Synthesis of near-infrared colloidal heterostructured pyramidal CulnSe,S,
/CdSeS/CdS “giant” core/shell quantum dots

To synthesize heterostructured pyramidal “giant” CISeS/CdSeS/CdS QDs, pyramidal CISeS
QDs were first synthesized by the method described elsewhere **. Afterwards, “giant”
CISeS/CdSeS/CdS core/shell QDs were synthesized via the modified approaches reported by
Klimov’s group, which were normally employed in the synthesis of CulnS,/Zn(Cd)S core/shell
QDs > . For growth of the shell on CISeS QDs, 1 mL of 0.2 M Cd-oleate prepared by
dissolving the CdO in OA and ODE was first injected into the reaction solution (~1x1077 mol
of CISeS QDs in 5 mL of ODE) at 160 °C, then a mixture of 0.2 M Cd-oleate (10 mL), S (2
mmol) powder dissolved in 2 mL of TOP (97%) and 8 mL of ODE is added dropwise into the

reaction solution heated to 215 °C at the rate of 4 mL/h for 5 h.

During the injection of Cd/S precursors, i.e. the growth of g-QDs, for convenience, intermediate
products formed at different growth stages were extracted and labeled as CdS#1 to CdS#9
according to the injection volumes of Cd and S precursors, as listed in Table 4.1.

Table 4.1 Detailed information for injection volumes of mixed Cd and S precursors and corresponding sample

labels during shell growth of heterostructured CISeS/CdSeS/CdS g-QDs.

Injection 1.4 2.5
0.5 mL 32mL 4 mL 6mL 10mL 15mL 20mL
Volumes mL mL
Sample

Label CdS#1  CdS#2 CdS#3 CdS#4  CdS#5 CdS#6  CdS#7 CdS#8  CdS#9
abels

CdS#6 g-QDs with optimized alloyed shell thickness were synthesized by introducing a CdSeS
interfacial layer with additional Se precursor: 1 mL of 0.2 M Cd-oleate was first injected into
the reaction solution (~ 1x107 mol of CISeS QDs in 5 mL of ODE and 5 mL of OLA) at 160
°C, then a mixture of 0.2 M Cd-oleate (1.5 mL), 0.4 M Se in TOP (0.75 mL), and 0.4 M S in
ODE (0.75 mL) is added dropwise into the reaction solution heated to 215 °C at the rate of 4
mL/h, followed by injection of a mixture of 0.2 M Cd-oleate (1.5 mL) and 0.2 M S in ODE (1.5

mL) under 215 °C with a rate of 4 mL/h.
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4.1.2 Structure and optical properties

Figure 4.1a shows representative TEM images of initial CISeS core QDs, which exhibit a

typical pyramidal shape with average size of 5.5+0.7 nm (the sizes of these QDs are defined as

the height of the projected triangles ** and summarized in Figure 4.2). The inset HRTEM image

displays a lattice spacing of 0.328 nm that is well indexed to the (112) plane of alloyed CISeS

QDs with chalcopyrite phase 4% ¢!, which is consistent with XRD and SAED patterns (Figure

4.3) of as-synthesized CISeS QDs.
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Figure 4.1 TEM images of (a) CISeS with inset HRTEM images displaying (112) plane of chalcopyrite phase.
TEM images of (b) CdS#3 and (c) CdS#6 QDs with inset HRTEM images exhibiting (111) plane of ZB phase
CdSeS. (d) TEM images of CdS#9 QDs with inset HRTEM images showing (111) plane of ZB phase CdS. (e)
XRD patterns of CdS#3, CdS#6 and CdS#9 QDs. (f) Schematic diagram of growth processes and structure of

heterostructured CISeS/CdSeS/CdS g-QDs.
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Figure 4.2 Size distribution of (a) CISeS, (b) CdS#3, (¢) CdS#6 and (d) CdS#9 QDs, showing sizes of 5.5+0.7
nm, 4.0+£0.3 nm, 7.4+£0.6 nm and 12.7+0.9 nm, respectively. Sizes are measured as the height of projected

triangles (distance from a vertex to the middle of the opposite side) in TEM images for at least 100 QDs.
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Figure 4.3 (a) XRD pattern of CISeS QDs films prepared by drying the dropped CISeS QDs solution on the
top of silicon substrate. (b) SAED pattern of CISeS QDs. All of the diffraction peaks lie between (112), (204/220)
and (312) facets of pure chalcopyrite CulnS: (JCPDS card no. 03-065-1572) and pure chalcopyrite CulnSe:
(JCPDS card no. 00-040-1487), indicating the chalcopyrite phase and alloyed nature of as-prepared CISeS
core QDs.
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Compared with CISeS QDs, TEM images of CdS#3 (with 2.5 mL of injected Cd/S precursors)
QDs (Figure 4.1b) present a decreasing average size of 4.0+0.3 nm and different shapes. The
decreasing size of QDs is attributed to the cation exchange process following the injection of
precursors at an early stage, which is consistent with previous work on similar QD systems (i.e.
CulnS,/CdS and CulnS,/ZnS QDs) 3% %4, The cation exchange process in the synthesis of QDs
usually leads to the formation of core/shell structures 3* °2, Unlike the pyramidal CISeS QDs,
the four corners of pyramids are not observed in CdS#3 sample (Figure 4.1b and Figure 4.4).
We assume that these CdS#3 QDs possess a possibly quasi-octahedral shape that is formed by

etching away the four corners of CISeS pyramids during the cation exchange process 3 %4,

Figure 4.4 TEM of CdS#3 QDs, showing possible quasi-octahedral shape.

The HRTEM image of CdS#3 QDs (Inset image in Figure 4.1b) shows a lattice spacing of
0.343 nm, which lies between 0.335 nm [indexed to the (111) plane of ZB phase CdS] and 0.351
nm [indexed to the (111) plane of ZB phase CdSe] that is well indexed to the (111) plane of the
alloyed ZB phase CdSeS. The diffraction peaks of CdS#3 QDs in the XRD pattern (Figure 4.1e)
are found in between the diffraction peaks of pure ZB phase CdS and CdSe, indicating that
CdSesS crystallizes in an alloyed ZB phase, which is consistent with its SAED patterns (Figure

4.5a).

74



e (1)

Figure 4.5 SAED patterns of (a) CdS#3, (b) CdS#6 and (c) CdS#9 QDs, which are consistent with the XRD
patterns in Figure 4.1e.

There are no diffraction peaks of CISeS core in the XRD patterns of CdS#3 QDs, which is
attributed to the simultaneously decreasing size of the CISeS core and the increasing CdSeS
shell thickness during the cation exchange process. As a result, the signal of the XRD pattern
is dominated by the CdSeS shell materials in CdS#3 QDs and the contribution from the CISeS
core is below the detection limit of XRD. These results show that the CdS#3 QDs are
CISeS/CdSeS core/shell QDs with ZB phase CdSeS shell. In particular, there was a core-
etching effect at an early growth stage of g-QDs **>**: the pyramidal-shaped CISeS core QDs
were etched during the cation exchange process, resulting in CISeS/CdSeS core/shell QDs with

the quasi-octahedral shape.

Figure 4.1c displays TEM images of CdS#6 (with 6 mL of injected Cd/S precursors) QDs with

an average size of 7.4+0.6 nm and pyramidal shape. When increasing the injection volume of
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Cd/S precursors, the CdS#3 QDs with quasi-octahedral shape was observed to grow at a faster
rate at the four corners of the pyramids, leading to the larger size and restored pyramidal shape
of CdS#6 QDs. This conclusion can also be drawn from the TEM images (Figure 4.6¢ and d)

of QDs at growth stages between CdS#3 and CdS#6 QDs.

Figure 4.6 Representative TEM images of (a) CdS#1, (b) CdS#2, (c) CdS#4, (d) CdS#S, (¢) CdS#7 and (f)
CdS#8 QDs.

The HRTEM image (Inset image in Figure 4.1¢), XRD (Figure 4.1e) and SAED (Figure 4.5b)
patterns of CdS#6 QDs demonstrated that their shell materials consisted of alloyed ZB phase
CdSeS. Nonetheless, the lattice spacing and diffraction peaks are very close to those of the pure
7B phase CdS, indicating a higher S/Se ratio in the CdS#6 QDs as compared with CdS#3 QDs.
The higher S/Se ratio in CdS#6 QDs is attributed to the fact that the composition of Se is
constant (from CISeS QDs) during the entire reaction while the injection of S precursor leads
to a decreasing ratio of Se and S in the resulting g-QDs. TEM images of CdS#9 (with 20 mL of
injected Cd/S precursors) QDs are shown in Figure 4.1d, exhibiting heterostructured g-QDs
with pyramidal shape and average size of 12.7+0.9 nm. The HRTEM image (Inset image in
Figure 4.1d), XRD (Figure 4.1e) and SAED (Figure 4.5¢) patterns are well indexed to the ZB
phase CdS, demonstrating the formation of the outer CdS shell in the subsequent growth stages
of CdS#9 CdS. Moreover, the HRTEM image of CdS#9 g-QDs (Figure 4.7) clearly exhibits

two (111) facets of the CdS shell, and the as-measured angle (observed from [110] direction)
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of the projected triangle is 70.5 °. This value is consistent with the three dimensional geometry

of the pyramids, demonstrating that the CdS#9 QDs possess a pyramidal shape.

® [110]

70.5°

Figure 4.7 HRTEM image of CdS#9 g-QDs, showing two (111) facets and the angle of 70.5 degree observed
from [110] direction, which is consistent with the three-dimensional pyramid’s geometry.

TEM images and the corresponding size distribution of other growth stages of g-QDs are shown
in Figure 4.6 and Figure 4.8. Based on these results, we briefly summarize the growth
dynamics of this type of heterostructured g-QDs, as illustrated in Figure 4.1f: the initial CISeS
core QDs with pyramidal shape were first etched so as to decrease the size and obtain a quasi-

octahedral shape.

This is caused by an early cation exchange process (i.e. a common phenomenon in the growth
of core/shell CulnSe(S)/Cd(Zn)S QDs > °*), which leads to the formation of CISeS/CdSeS
core/shell QDs with ZB phase CdSeS. The subsequent growth of the shell results in
CISeS/CdSeS core/shell g-QDs with higher S/Se ratio and increasing size of QDs, and the
morphology of the QDs is restored to a pyramidal shape. With continued growth of QDs, an
outer CdS shell with ZB phase is then formed on CISeS/CdSeS core/shell g-QDs and leads to

the growth completion of heterostructured pyramidal-shaped CISeS/CdSeS/CdS g-QDs.
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Figure 4.8 Size distribution of (a) CdS#1, (b) CdS#2, (¢) CdS#4, (d) CdS#5, (e) CdS#7 and (f) CdS#8 QDs.
Sizes were measured as the height of projected triangles (distance from a vertex to the middle of the opposite
side) in TEM images for at least 100 QDs.

The pyramidal heterostructured CISeS/CdSeS/CdS g-QDs were successfully synthesized by
using pyramidal-shaped CISeS QDs as initial core materials. The crystal structure of their shell
materials could be easily controlled and was demonstrated to be ZB phase CdSeS and CdS.
Usually, the CdS shell have a WZ phase or mixed WZ and ZB phase, due to the high reaction
temperature (240 to 300 °C) *- %197 In our case, due to the alloyed interfacial CdSeS layer
that has the ZB crystalline structure, the subsequent growth of CdS (at 215 °C) conveniently
crystallizes in the ZB phase. Generally, g-QDs such as CdSe/CdS and PbSe/CdSe/CdSe with
7B phase shell materials possess less structural defects as compared to their WZ counterparts,
leading to superior optical properties such as high PLQY and suppressed photoblinking ©'- 16>
163 which are promising candidates for optoelectronic devices, for instance, high performance

QDs-based LEDs %4,

Figure 4.9a-c displayed the optical properties of heterostructured CISeS/CdSeS/CdS g-QDs
dispersed in solution. Figure 4.9a shows the absorption spectra of QDs at various growth stages.

The initial CISeS QDs exhibit a typical absorption spectrum covering UV-visible-NIR region

54

without apparent excitonic peaks °*. In contrast, with subsequent growth of the shell, the

core/shell QDs exhibit a strong absorption feature in the UV-visible region, which is consistent
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with the typical absorption spectra of shell materials (i.e. CdSeS or CdS) 6.
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Figure 4.9 (a) UV-Vis absorption and (b) PL spectra of heterostructured CISeS/CdSeS/CdS g-QDs at different
growth stages in toluene. (c) PL lifetime of CdS#3, CdS#6 and CdS#9 g-QDs in toluene.

There is a quantum-confined feature in the absorption spectra of the QDs, which is expressed

by the absorption peaks from absorption spectra of CdS#3 to CdS#6 QDs. The absorption peak

positions of QDs are listed in Table 4.2. We attribute these absorption peaks to the

CISeS/CdSeS core/shell QDs as there is a red shift and broadening of the peaks from CdS#3

(~541 nm) to CdS#6 (~567 nm) QDs with the gradual growth of the shell, and the peaks finally

diminish in CdS#9 g-QDs.

Table 4.2 Absorption peak positions of heterostructured CISeS/CdSeS/CdS QDs (CdS#2 to CdS#7).

Sample
CdS#2  CdS#3
Labels
Absorpti
SOTPHOT 506 541
Peak (nm)

CdS#4  CdS#5  CdS#o  CdS#7

548 556 568 576

All these results are consistent with the quantum-confined effect of increasing sizes of QDs.

The redshift and broadening of the absorption peaks is also consistent with the formation of

CISeS/alloyed CdSeS core/shell QDs, as confirmed by the XRD (Figure 4.1e) and SAED
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patterns (Figure 4.5a and b) of CdS#3 and CdS#6 QDs. The absorption spectrum of the final
CdS#9 QDs exhibits no obvious absorption peak, since their absorption is dominated by the

thick CdS shell.

PL spectra of CISeS/CdSeS/CdS g-QDs at different growth stages in solution are also shown
in Figure 4.9b and the detailed PL peak positions are listed in Table 4.3. All the QDs exhibit
PL emission in the NIR region (over 700 nm), indicating that the origin of PL emission in these
QDs originates from the core materials of CISeS, which exhibits typical emission in the 800 to
1000 nm range **. It is noted that the PL peaks are relatively broad, which has been illustrated
by Klimov’s group that the PL from CISeS QDs generally originates from radiative
recombination of the delocalized electrons and localized holes (located at the Cu-correlated
defects), leading to the random positioning of the emitting center in the QD with large variation
of PL peak positions for consequent PL broadening **. Moreover, the large size distribution of

as-synthesized CISeS/CdSeS/CdS g-QDs may contribute to the PL broadening as well 6,

We observe a continuous blue shift of PL peaks from CISeS to CdS#3 QDs, which is attributed
to the decreasing size of the QDs caused by the core-etching effect in the early growth stages
55.94 This is also consistent with the decreasing size from CISeS QDs to CdS#3 QDs observed
in TEM images (Figure 4.1a, b and Figure 4.6).

Table 4.3 PL peak positions of CISeS core QDs and corresponding core/shell QDs (CdS#1 to CdS#9).

Sample
Labels

CISeS CdS#1 CdS#2 CdS#3 CdS#4 CdS#5 CdS#o CdS#7 CdS#8 CdS#9

PL
Peak ~957 ~954 ~919 ~830 ~837 ~842  ~838 ~830 ~830  ~830

(nm)

In contrast, a red shift of PL peaks is displayed in the PL spectra of CdS#3 to CdS#5 (with 4
mL of injected Cd/S precursors). We infer that there is electron delocalization corresponding to
the increasing thickness of CdSeS shell *- 144, After growing the outer thick CdS shell, the PL
peaks of CdS#7 (with 10 mL of injected Cd/S precursors) to CdS#9 QDs further blue shifted to

~830 nm that is identical to the CdS#3 QDs.

We attribute this blue shift to the outmost CdS shell that possesses wider band gap than alloyed
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CdSeS. The wider band gap is favorable to confine the electrons and results in less possibility
of electrons delocalization. We further estimated the band gap of all the QDs based on the Tauc
plot (Figure 4.10) of the QD’s absorption spectra (This method is quite reliable while may still
show some uncertainties 67 %) and then used the band gap and PL peaks to determine the

Stokes shift of the QDs, as listed in Table 4.4.
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Figure 4.10 Tauc plot derived from absorption spectra of all QDs.
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Table 4.4 Stokes shift of CISeS QDs to CdS#9 g-QDs.

Sample E, (eV) Abs peak(nm) PL peak(nm) Stokes Shift (nm)
CISeS 1.58 784 957 173
Cds#1 1.60 774 954 180
Cds#2 1.70 729 919 190
CdS#3 1.95 635 830 195
Cds#4 1.95 635 837 202
CdS#5 1.95 635 842 207
Cds#o6 2.00 620 838 218
Cds#7 2.05 604 830 226
CdS#8 2.05 604 830 226
Cds#9 2.05 604 830 226

With the growth of the shell, the Stokes shift gradually increases from ~173 nm (CISeS QDs)
to ~226 nm (CdS#7 QDs) and then remains constant for CdS#8 and CdS#9 QDs. The enhanced
Stokes shift of g-QDs with the increase of shell thickness is likely due to the strong

delocalization of electrons into the shell region, which is consistent with other g-QDs systems

59, 66

The PLQY of QDs was measured and shown in Figure 4.11 and Table 4.5. The PLQY of
core/shell QDs is much higher than that of the initial CISeS QDs, which have a very low PLQY
of ~0.1%. For the PLQY of core/shell QDs, there is an increasing trend from CdS#1 (with 0.5
mL of injected Cd/S precursors) to CdS#6 QDs (maximal PLQY of ~17%), and further growth
of thicker shells leads to the decrease of PLQY from CdS#7 to CdS#9 QDs. The increasing
PLQY with growth stages from CdS#1 to CdS#6 QDs is ascribed to the effective surface
defects/traps passivation by inorganic shell growth, and the maximum PLQY of ~17% was
obtained from CdS#6 QDs, since most of the nonradiative recombination sites were passivated

at this optimized growth stage *.

Generally, the PLQY is determined by both the radiative decay rate and non-radiative decay
rate ', From CdS#1 to CdS#6 QDs, the radiative decay rate decreases due to the electron
delocalization and may cause the PLQY to decrease. Simultaneously, the formation of the
inorganic shell can effectively passivate the surface defects/traps of QDs, leading to largely
reduced number of surface recombination centers. This surface passivation results in lower non-

radiative decay rate, which is the dominant process from CdS#1 to CdS#6 QDs and leads to
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enhanced PLQY. This maximal PLQY is also comparable to that of the recently reported
PbSe/CdSe/CdSe g-QDs (~18%) °'. For other CISeS QDs, they generally show PLQY around
5% to 10% %> 7%, which is less than our champion samples (17%). On the other hand, in the g-
QDs system, the formation of a very thick shell can create defects/dislocations etc. at the
interface or within the shell, which act as recombination centers and thus lead to the decreasing
PLQY * %, In our case, as the thickness of the CdS shell increases, the strain due to the lattice
mismatch between CdSeS and CdS could result in the formation of defects/dislocations at the
interface of CdSeS/CdS shell or within the CdS shell, which could serve as nonradiative

recombination centers, causing the reduced PLQY *% .
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Figure 4.11 (a) PLQY of CISeS QDs (sample No. 0) and corresponding core/shell QDs (CdS#1 to CdS#9 QDs).
(b) Transient PL spectrum of CISeS QDs with fitted average lifetime of ~165+4 ns.

Table 4.5 PLQY of bare CISeS QDs and relevant core/shell QDs (CdS#1 to CdS#9).

Sample

Label CISeS CdS#1 CdS#2 CdS#3 CdS#4 CdS#5 CdS#o CdS#7 CdS#8 CdS#9
abels

QY

0.1 0.5 32 8 105 141 17 107 75 7.3
(%)

Figure 4.9c displays the transient PL decay of CdS#3, CdS#6 and CdS#9 g-QDs, a
triexponential decay is used to fit these curves, showing fitted average lifetimes of 1.28 ps, 1.69
us and 1.94 us, respectively. Herein, 1, is assigned to the donor-acceptor transition, 1> is

associated with the surface states and 73 is the recombination of initially populated core states

86, 150

Compared to CISeS core QDs with fitted average lifetime of ~0.165 ps, there is an obvious
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prolonged lifetime for heterostructured CISeS/CdSeS/CdS g-QDs with increasing shell
thickness (PL lifetime of CdS#2, CdS#4, CdS#5 and CdS#8 QDs were shown in Figure 4.12),

as summarized in Table 4.6.

Table 4.6. Average lifetime of the CISeS core QDs and corresponding core/shell QDs (CdS#2 to CdS#6, CdS#8
and CdS#9).

Sample Labels CISeS CdS#2 CdS#3  CdS#4  CdS#5 CdS#o  CdS#8 Cds#9
Lifetime(tmeasure)  165+4ns 1.0l pus 128 us 146 pus 1.53us 1.69pus 191 ps 1.94 us
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Figure 4.12 PL decay curves of (a) CdS#2, (b) CdS#4, (¢c) CdS#5 and (d) CdS#8 QDs, displaying fitted average
lifetime of ~1.01 ps, 1.46 ps, 1.53 ps and 1.91 ps, respectively.

The prolonged lifetime with increasing shell thickness of as-synthesized g-QDs is consistent
with previous work on g-QDs systems, which attributed this phenomenon to the delocalization
of electrons in the shell region, while the holes are still confined in the core region * ', In our
case, we also suggested that the hole is still confined to the CISeS core while the electron is
delocalized over the entire shell region, leading to a largely reduced electron-hole overlap and
prolonged lifetime. The large difference (more than one order of magnitude) of average lifetime

before and after shell growth is attributed to the designed pyramidal geometry for more efficient
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spatial separation of electrons and holes in as-synthesized g-QDs than conventional spherical
shaped g-QDs 3% 7! As the lifetime of g-QDs can be directly correlated with their electron/hole
wavefunctions, we compared our pyramidal-shaped g-QDs with other spherical giant core/shell
QDs, as summarized in Table 4.7. As-synthesized pyramidal-shaped CISeS/CdSeS/CdS g-QDs
exhibit a very long lifetime of ~ 2 ps. This value is much higher than the corresponding value
found for spherical CdSe/CdS g-QDs (PL lifetime: ~ 40 ns), spherical CISe/CIS g-QDs (PL
lifetime: ~ 300 ns) and spherical PbS/CdS g-QDs (PL lifetime: ~ 1 us) 145 All these results
demonstrate the pyramidal g-QDs may have particular optical properties compared to spherical
2-QDs.

Table 4.7 PL lifetime of spherical g-QDs with respect to as-synthesized pyramidal-shaped g-QDs.

QDs type PL lifetime (ns) Reference
Spherical CdSe/CdS ~ 40 o8
Spherical CulnSe,/CulnS; ~300 63
Spherical PbS/CdS ~ 1000 145
Pyramidal-shaped CISeS/CdSeS/CdS ~2000 This work

4.2 Theoretical study of near-infrared colloidal heterostructured pyramidal “giant”
core/shell quantum dots

4.2.1 Theoretical calculation method

A commercial software of COMSOL is employed to solve the stationary Schrédinger equation
for the 1S electrons and holes in pyramidal CISeS/CdSeS/CdS g-QDs. The electron and hole-
potentials as a function of position were approximated as the lowest unoccupied molecular
orbital and the highest occupied molecular orbital levels of their bulk materials. The bulk values
for the effective masses of electrons and holes were used. We neglect the interaction between
electrons and holes for simulations. The wave functions were computed from the effective-
mass Schrodinger equation. The appropriate boundary conditions at the interfaces were used to
solve this equation and the wave functions were normalized as below: [|y2dV = 1. The wave

function of an impurity hole state can be expressed by the equation:

M= Finpui ?
Yhole (r' rimpurity) = Aexp - ( p2 ty) (4 1)
212
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In this equation, rimpuity represents the position of the impurity in the CISeS core; the coefficient
A can be derived from the equation: [|yno/?dV = 1; We set the scale of hole Li to be 0.3 nm (L
is generally much less than QD size). From the experimental data, the molar ratio of Cu:In in
CISeS is 1:1.2. Based on this point, the molar mass and mass density of CISeS are employed

to calculate the numbers of Cu atoms and In atoms.

4.2.2 Wave function in pyramidal CulnSe,S;../CdSeS/CdS “giant” core/shell quantum
dots
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Figure 4.13 Theoretical modeling of the CISeS/CdSeS/CdS g-QDs. (a) Geometrical models of the series of g-
QDs (CdS#0-9). Each edge of each component of the QDs is rounded by a radius of 0.3 nm. (b) Electronic
band structure with energy levels and wave functions of 15 electrons, impurity holes and 1S holes in a g-QD
(CdS#9). (c)-(e) Normalized radial distribution function of 15 electrons in the series of g-QDs along Line 1,
Line 2 and Line 3, respectively. The Lines 1-3 are vectors pointing from the origin to the vertex, face center
and edge center of the tetrahedron QD, respectively, as demonstrated in (b). The vertical lines show the
positions of the surfaces of CISeS (dashed), CdSeS (dotted) and CdS (dash-dotted) of each g-QD. (f) Inverse
squared OI of the 15 electrons and impurity holes in the series of g-QDs with two different crystal structures,
7B and WZ, for the CdSeS shell and CdS shell. The inverse squared overlap of pyramidal QDs is much higher
than that of the spherical QDs (ZB). The experimental lifetime is plotted for comparison (right axis).

We estimated the shape and size of each component in g-QDs at different growth stages

according to the growth dynamics of the series of g-QDs. In our models (Figure 4.13a), we
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further assume that (1) the etching process of the CISeS core size stopped when the injection
volume of the mixed Cd and S precursors exceeded 2.5 mL (as for the cases of CdS#3 to 9
QDs), (2) the growth process of the CdSeS shell stopped when the injection volume became
greater than 4 mL and (3) the outermost CdS shell was grown only if the injection volume was
greater than 4 mL (as for the cases of CdS#5 to 9 QDs). (4) The interfacial strain in core/shell

structure is ignored in this model.

The wave functions of the 1.5 electrons were calculated by solving the stationary Schrodinger
equation with the bulk band alignment (Figure 4.13b and Figure 4.14 for more details). The

details of the geometrical and physical parameters are listed in Table 4.8 and 4.9, respectively.

a Crystal structure of CdS, CdSeS: Zincblende b Crystal structure of CdS, CdSeS: Wurtzite
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Figure 4.14 Band structure for the CISeS/CdSeS/CdS heterostructure. (a) The crystal structure of the shells
(CdSeS and CdS) is ZB phase, which applies to the samples in the experiments. (b) The crystal structure of
the shells (CdSeS and CdS) is WZ phase, which are used for comparison purpose in theoretical models.

Table 4.8 Physical parameters used in modeling.

E, (eV) E; (eV) Eg (CV) me/ mo  mun/ mo

CISeS 578 450 128 0.3 0.79
CdSeS (ZB) -6.19  -406 213  0.17 057
CdS (ZB) 6.4 39 2.5 0.21 0.68

CdSeS (WZ) -6.17 -4.03 2.14 0.17 0.57

CdS (W2) -6.37 -3.83 2.54 0.21 0.68

CdSe -5.97 -4.22 1.75 0.13 0.45
Vacuum -9.8 0 -- 1
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Table 4.8 Geometrical parameters used in modeling.

Sample

CdS#0 CdS#1 CdS#2 CdS#3 CdS#4 CdS#5 CdS#6 CdS#7 CdS#8 CdS#9
name
Size (nm) 5.5 5.4 4.7 4.0 5.2 6.4 7.2 8.8 10.7 12.7
Overall
Tetra Octahedron Tetrahedron
shape
CISeS size
4.9 3.0 2.5 2.5 2.5 2.5 2.5 2.5 2.5
(nm)
CdSeS size
-- 0.5 1.7 1.5 2.7 3.9 3.9 3.9 3.9 3.9
(nm)
CdS size
-- -- -- -- - 0.0 0.8 2.4 4.3 6.3
(nm)
a-~ 010 . Anisotropic distribution Iof‘1S electrons ‘
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Figure 4.15 (a) Radial distributions of 1S electrons in the g-QDs (CdS#3, CdS#6, CdS#9) along three different

directions. The Lines 1-3 are vectors pointing from the origin to the vertex, face center and edge center of the

tetrahedron QD, respectively, as demonstrated in Figure 1b of the main text. (b) Maps of wave functions,

logio(| ¥]2), at the QD surfaces for the g-QDs with two shells, CdS#6-9. The optical tunneling path of 1§

electrons in the QDs is shown by the red arrow, which is along Line 2.

Our calculations show that the Eigen energies of the 1S electrons exceed the CdSeS energy

barrier for the CdS#1-9 QDs. Thus, the electrons have a higher probability of being found in

the shell layers than holes. The radial probability distributions of the 1S electrons along three

different lines are shown in Figure 4.13c-e. The delocalization effect of the 1S electrons
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becomes prominent for QDs with thick CdS shell layers, e.g., CdS#6 to 9 QDs. Moreover, the
wave functions of 1§ electrons in the g-QDs are spatially anisotropic because of the non-
spherical shapes of the QDs, yielding the direction-dependent localization degree of the 1.

electrons (Figure 4.15a).

Unlike isotropic spherical QDs, the electron wave functions spread considerably out of the
CISeS core along Line 1 (from the origin to the vertex of the tetrahedron-shaped QDs); whereas
the electrons are better confined in the direction of Line 2 (from the origin to the face center of
the QDs). Along Line 3 (from the origin to the edge center), the electron wave functions have
slightly better confinement than those along Line 1. In contrast, the holes wave functions are
almost confined in the core region (Figure 4.16), indicating the quasi-type Il band structure of

as-synthesized g-QDs.
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Figure 4.16 Normalized radial distribution function of holes in the series of g-QDs along Line 1, Line 2 and
Line 3, respectively. The Lines 1-3 are vectors pointing from the origin to the vertex, face center and edge
center of the tetrahedron QD, respectively.

As a consequence of the geometrical anisotropy and asymmetric electron-hole distribution,
Line 2 is the most efficient path for electron tunneling from the CISeS core to the QD surface
(Figure 4.15b). The electrons tunneling to the QD surface can be used in many optoelectronic
applications such as PEC cells and QDSCs ** %145 where the tunneling rate depends on both
the probability density of the electrons at the QD’s surface and the lifetime of the photoexcited

electrons.

To qualitatively evaluate the lifetime of the photoexcited carriers in the g-QDs, we calculated

the squared OI of the photoexcited carriers in the series of g-QDs, CISeS to CdS#9 QDs. Upon
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photoexcitation, the 1.5 holes nonradiatively moved from the VB to the impurity in the core %,
The luminescence of the g-QDs is attributed to the radiative recombination of the CB 1S
electrons with the impurity holes '*°. The squared OI between 1S electrons and impurity holes
can be written as
1
Ol = Nimpurity V_ LmeOlo(rimpurity)dvimpurity 4.2)

core

with

U. Y electron (r)lr//ho|e (r, rimPUrity)dV ‘2
_”y/electron (r)|2dVJ. Yhole (I"; r-impurity)‘zdv

OIO(rimpurity) = (43)

Here ciecron and nole are wave functions of the 1S electron state and impurity hole state,
respectively, and Nimpurity 1S the number of impurities in the CISeS core (see section 4.2.1 for
description of impurity holes). The PL lifetime should be proportional to the inverse squared
OL. Figure 4.13f shows that the inverse squared OI continuously increases from core CISeS
QDs to core/shell CdS#9 g-QDs. This trend qualitatively agrees with the measured lifetime,
indicating that the prolonged lifetime in the experiments resulted from the reduced overlap
between 1§ electrons and impurity holes. To show the beneficial role of the geometrical
anisotropy, we compare the lifetime of pyramidal QDs with that of spherical QDs. The gray
square dots in Figure 4.13f show the calculated lifetime of spherical QDs. The spherical QDs
have similar configurations of the shells to the corresponding pyramidal QDs (see Table 4.10

for geometrical parameters).

The length of the most efficient path of electron tunneling for each spherical QD is set as the
same as the corresponding pyramidal QD. As shown, the inverse square OI of pyramidal QDs
is greater than that of the spherical QDs for the two series of QDs, indicating that anisotropic
shapes of QDs can prolong the lifetime of the electrons in them. Moreover, we show that g-
QDs with the ZB crystal structure of CdSeS and CdS have longer lifetime than those with WZ
crystal structure of the shell layers, confirming that the ZB phase of CdSeS and CdS in our

experiments played a beneficial role in creating the good optical properties (long PL lifetime
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with high PLQY). These simulation results indicate the quasi-type II band structure of these g-
QDs, which is consistent with the experimental data.
Table 4.10 Geometry parameters of spherical QDs calculated in Figure 4.13f.

CdS # 0 1 2 3 4 5 6 7 8 9

Core radius  1.91 1.82 1.49 1.26 1.26 1.26 1.26 1.26 1.26 1.26

CdSeS - 0.035 0.105 0.210 0.316 038 0.386 0.386 0.386 0.386
shell 16 47 93 4 71 71 71 71 71
thickness

CdS shell - - - - - - 0.175 0492 0.878 1.300
thickness 79 19 91 79

Core radius = Effective radius of CISeS (nm); CdSeS shell thickness = Thickness along best tunneling

path of CdSeS (nm); CdS shell thickness = Thickness along best tunneling path of CdS (nm).

4.3 Fabrication and measurement of pyramidal CulnSexS2x/CdSeS/CdS “giant”
core/shell quantum dots-based optoelectronic devices

4.3.1 Fabrication of pyramidal CulnSe,S;../CdSeS/CdS “giant” core/shell quantum dots-
sensitized photoanode and solar cells

To fabricate the QDs-sensitized photoelectrode, colloidal QDs in toluene were deposited into
double layer TiO, mesoporous films (prepared by doctor-blading technique ®’) by using EPD
approach '°. An applied bias of 50 V was added on the two electrodes for 30 min. Subsequently,
the as-deposited QDs-sensitized electrodes were rinsed with toluene to remove the unbound
QDs on the surface of the TiO, film. The positions of two QDs-sensitized electrodes were then

exchanged and an applied bias of 75 V was added for another 90 min.

These electrodes were then dipped into a CTAB solution (10 mg/ml in methanol) for 1 min and
rinsed with methanol for 1 min; these procedures were repeated twice. Next, two-layer of ZnS
is deposited on QDs-sensitized photoanodes by using the SILAR method so as to avoid
photocorrosion. Finally, an insulating glue was employed to cover the photoanode’s surface

excluding the active area (with size of ~0.15 cm?) to finalize device fabrication.

For fabrication of QDSCs, the as-prepared anode was further coated with silica (the anode was
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immersed in 0.01 M tetraethylorthosilicate/ethanolic solution for 2 h at 35 °C). The electrolyte
was prepared by mixing polysulfide in H,O/methanol (1/1, v/v) (1 M Na,S, 1 M S, and 0.1 M
NaOH). The Cu,S counter electrode was deposited by soaking the brass in hydrochloric acid

(HCI, 30%) at 70 °C for 10 min.

Then, as-treated brasses were dipped in a polysulfide electrolyte (2 M S, 2 M Na,S and 0.2 M
NaOH) solution for 10 min to produce Cu,S. In the end, QDSCs were constructed by
sandwiching the Cu,S counter electrode and the QDs-modified photoanode via using a plastic

spacer (thickness of ~25 um).

4.3.2 Device performance of pyramidal CulnSe.S;/CdSeS/CdS “giant” core/shell
quantum dots-sensitized photoanode and solar cells

We used heterostructured pyramidal-shaped CISeS/CdSeS/CdS g-QDs to fabricate a
photoanode for PEC hydrogen production. Before fabricating QDs-based optoelectronic
devices, we further optimized the shell thickness of an interfacial CdSeS layer of CdS#6 g-QDs

(the optimized synthesis process is described in SI and the optical characterization is shown in

Figure 4.17).
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Figure 4.17 UV-visible absorption and PL spectra of optimized CdS#6 g-QDs for fabrication of PEC and solar
cells.
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A TEM image and relevant EDS spectra of TiO,/CdS#6 g-QDs/ZnS heterostructure are shown
in Figure 4.18, indicating that g-QDs (denoted by white dashed circles) are uniformly dispersed

in the TiO; films.

b Spectrum 5

Figure 4.18 (a) TEM image of CdS#6 g-QDs-sensitized photoelectrode with homogeneous distribution of QDs
(white dashed circle indicates the QDs on the surface of TiO2 nanoparticles). (b) EDS spectra of CdS#6 g-
QDs-sensitized photoelectrode.

To further verify this conclusion, cross-sectional SEM imaging and relevant EDS
measurements (Figure 4.19) of the CdS#6 g-QDs-sensitized photoelectrode were carried out.
The mesoporous TiO; films show an approximate thickness of ~20.1 um (Figure 4.19a). The
relative mass concentration of CdS#6 g-QDs/TiO; heterostructure is reported in Figure 4.19b,
confirming the existence of the main chemical composition (Cd, Se, S, Si, Ti and O) in the

CdS#6 g-QDs-sensitized photoanode.

The element of Cu and In in CISeS core QDs are not detected due to the relatively large volume
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of CdSeS/CdS shell materials in these g-QDs, while the elements of Cd, S and Se are main
elements in the g-QDs and show very homogeneous distribution in the 2D EDS mapping

(Figure 4.19c-e) imaging.

J b Element Wt.% n
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Se S In In Sn Sn
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Figure 4.19 (a) Cross-sectional SEM image of CdS#6 g-QDs-sensitized photoanode and corresponding (b)
EDS spectra. EDS mapping analysis of (¢c) Cd, (d) S, (e) Se, (f) Ti, (g) O and (h) Si.

Figure 4.20a shows the scheme and predictable band alignment of pyramidal-shaped
CISeS/CdS/CdS g-QDs-sensitized photoanode. The CISeS/CdS/CdS g-QDs form a staggered
band alignment with TiO, that allows for efficient charge separation, in which situation the
photogenerated electrons are injected into TiO, and move to the counter electrode (Pt) to

conduct water reduction and enable hydrogen generation 2% 138,

The hole scavengers (i.e. Na,S and Na>SO3) in the electrolyte are consumed by photogenerated
holes. A typical three-electrode electrochemical cell was employed to estimate the PEC
performance of these g-QDs-sensitized photoanodes. Before PEC measurements, an extra
inorganic ZnS capping layer is deposited on the QDs-sensitized photoanode by SILAR method
to avoid photocorrosion of the electrodes. The PEC measurements are all conducted under

standard one sun illumination (AM 1.5 G, 100 mW/cm?).
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Figure 4.20 (a) Scheme and predictable band alignment and of heterostructured CISeS/CdSeS/CdS g-QDs-
based photoelectrodes. Linear sweep voltammetry of (b) TiO2/CdS#6 g-QDs/ZnS and (c¢) TiO2/CdS#9 g-
QDs/ZnS systems in the dark and under AM 1.5 G irradiation at 100 mW/cm?. (d) Normalized steady state
current density-time (J-t) curves of CISeS QDs (black curve), CdS#6 g-QDs and CdS#9 g-QDs-decorated

photoanodes at 0.6 V versus RHE under standard one sun illumination.
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Figure 4.21 Linear sweep voltammetry of TiO2/CISeS/ZnS photoanode in the dark (black curve), under

continuous (red curve) and chopped (blue curve) under standard one sun illumination (AM 1.5 G, 100
mW/cm?).

As shown in Figure 4.20b and c, the CdS#6 and CdS#9 g-QDs-sensitized photoanodes yield a
saturated photocurrent density of ~5.5 and ~3 mA/cm? at ~0.6 V versus the RHE. The
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performance of our g-QDs based PEC cells is comparable to PbS/CdS g-QDs based PEC system
45 In contrast, the bare CISeS QDs-sensitized photoanode shows a lower saturated

photocurrent density of ~2.1 mA/cm? (Figure 4.21).

Although the CdS#6 and CdS#9 g-QDs possess less light absorption in visible-NIR region than
bare CISeS QDs, the prolonged lifetime for efficient electron-hole separation and largely
enhanced PLQY for suppressed surface charge carrier recombination are very favorable in
general PEC systems *°, leading to higher saturated photocurrent density in CdS#6 and CdS#9

g-QDs-sensitized photoanodes than the CISeS QDs-sensitized photoanode.

Steady state current density-time (J-f) curves of CISeS QDs (black curve), CdS#6 g-QDs and
CdS#9 g-QDs-modified photoanodes measured at 0.6 V versus RHE is exhibited in Figure
4.20d. The curves are normalized by dividing the maximum photocurrent density (decay from
the value of 1), allowing us to visualize the decay trend. The photocurrent density of TiO»/bare
CISeS QDs/ZnS-based PEC cell exhibit a rapid decay of photocurrent density, maintaining

only 40% of its initial value after 2 h illumination.

In contrast, the CdS#6 and CdS#9 g-QDs based PEC cells present a lower percentage decay,
maintaining ~60% and ~70% of its initial value after 2h illumination. This enhanced stability
of g-QDs based PEC cells is ascribed to the construction of CdSeS/CdS thick shell on the CISeS
core QDs for improved photo- and chemical- stability, which is comparable with the best
reported CdS QDs-based PEC systems - 140 141. 172174 " demonstrating the long-term stability of

these pyramidal g-QDs based PEC system.

In addition, CdS#6 g-QDs were used as light harvesters to fabricate QDSCs. As shown in
Figure 4.22, the preliminary device based on CdS#6 g-QDs shows promising performance
(PCE=1.5%, Jio=5mAcm 2, V,.=0.527 V and FF = 57%) under one-sun simulated sunlight
(AM 1.5G, 100 mW cm™2), suggesting the versatility of CISeS/CdSeS/CdS g-QDs for

applications in optoelectronic devices.
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Figure 4.22 (a) Current density versus voltage curve of CdS#6 g-QDs based solar cells under one sun
irradiation (AM 1.5 G, 100 mW c¢cm™2). (b) Open circuit voltage (Voc) decay as the function of time. (c) Electron
lifetime (1) as a function of V,. calculated from V.. decay measurements. (d) Photovoltaic parameters

calculated from I-V measurements of QDSCs based on CdS#6 g-QDs as light harvesters.

4.4 Summary

In summary, we synthesized heterostructured CISeS/CdSeS/CdS g-QDs with pyramidal-shape
and NIR emission via using a facile two-step approach. The morphology and crystal structure
characterizations demonstrated the growth dynamics of as-synthesized heterostructured g-QDs
with shell materials of ZB phase CdSeS and CdS. The shell thickness of as-synthesized g-QDs
can be tuned by varying the injection volume of precursors. The as-obtained g-QDs have high
PLQY, long lifetime and NIR active absorption and emission spectra. In addition, the prolonged
PL lifetime with increasing shell thickness indicates the reduced spatial electron-hole overlap
benefiting from core/shell/shell pyramidal structure and their quasi-type II band structure. This
conclusion of quasi-type II band structure in these g-QDs is consistent with simulation results,
showing their potential applications in QDs-based optoelectronic devices. The PEC cells and
QDSCs based on heterostructured CISeS/CdSeS/CdS g-QDs exhibits excellent optoelectronic
performance in terms of efficient charge carrier separation and transfer in such pyramidal-

shaped g-QDs.
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CHAPTER 5 CONCLUSIONS AND PERSPECTIVES

5.1 Conclusions

In Chapter 3, we fabricated a high efficiency and stable QDs-based PEC cells for hydrogen
generation, in which the photosensitizers are NIR, heavy metal-free core/shell QDs. We first
synthesized a new type of NIR, environmentally friendly core/shell CISeS/ZnS QDs by using
a cation exchange method. EPD is then used to deposit these NIR, “green” core/shell QDs in
the mesoporous TiO; film to form the TiO»/Zn-CISeS heterostructure. TEM images show that
both the CISeS QDs and CISeS/ZnS (Zn-CISeS) core/shell QDs have a pyramidal shape and
analogous sizes, indicating that the as-grown ZnS shell is very thin (~0.1 nm). The morphology
of TiO»/Zn-CISeS heterostructure shows the intimate contact of QDs on TiO, nanoparticles,
which is beneficial to accelerate the electron transfer between QDs and TiO,. The optical
characterizations of core/shell Zn-CISeS QDs exhibit a typical NIR absorption and PL spectra.
The core/shell Zn-CISeS QDs show enhanced PL intensity and prolonged lifetime with respect
to bare CISeS QDs, demonstrating that the ZnS shell is effective to passivate the surface
defects/traps of CISeS QDs. The EDS mapping of TiO2/Zn-CISeS heterostructure proves that
these NIR, heavy metal-free Zn-CISeS core/shell QDs were uniformly distributed in the TiO,
mesoporous film. Moreover, the VB position of Zn-CISeS QDs is studied by UPS and used to
precisely determine the band alignment of QDs/TiO, anode, showing favorable alignment for
efficient separation and transfer of photogenerated electron-hole pairs. The NIR, heavy metal-
free Zn-CISeS core/shell QDs-sensitized photoanodes were used to fabricate solar-driven PEC
devices. Upon exposure to standard one sun illumination (AM 1.5G, 100 mW/cm?), the CISeS
QDs-based PEC cell exhibited a saturated photocurrent density of ~ 2.57 mA/cm?, while the
Zn-CISeS core/shell QDs-based PEC cell shows a higher saturated photocurrent density of ~5.3
mA/cm?, indicating that the ZnS shell can effectively passivate the surface defects/traps of
CISeS QDs for reduced charge recombination, thereby improving the performance of QDs-
sensitized PEC cell. Moreover, the Zn-CISeS core/shell QDs-based PEC cell shows better
device stability than the bare CISeS QDs-based PEC device, indicating that the NIR, “green”
Zn-CISeS QDs are promising to achieve high efficiency and robust PEC cells for hydrogen
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generation. However, such core/shell QDs still present limitation of the composition and
structure of the shell, which can be further tuned, for instance, by Zn alloying to further increase
the driving force for electron injection from QDs into TiO, and improve the performance of

PEC cells.

In Chapter 4, we developed a novel environment-friendly Zn-treated CISe/CIS g-QDs by using
sequential cation exchange method. As-synthesized g-QDs possess a thick CulnS; shell with
WZ structure, and this sequential cation exchange technique does not significantly change the
morphology and structure of initial CdSe/CdS g-QDs template. This indicates that the shell
thickness of as-synthesized Zn-CISe/CIS g-QDs can be tuned by controlling the shell thickness
of the g-QDs template. The optical properties of as-prepared g-QDs show tunable NIR
absorption and PL spectra with various shell thicknesses. It is found that the PL lifetime can be
prolonged by increasing the thickness of Zn-CISe/CIS g-QDs, demonstrating that this type of
NIR and heavy metal-free g-QDs possess a "quasi-type II" band structure, in which the electron
can delocalize to the shell region with increasing shell thickness while holes are still confined
within the core region. By choosing appropriate physical parameters, we calculated the wave
functions of the electrons and holes as a function of shell thickness in as-synthesized NIR,
“green” g-QDs. The spatial distribution of electron-hole wave shows that the electrons
gradually delocalize into the shell region with increasing shell thickness, while the holes are
still confined within the core region, which is an indicative of "quasi-type 11" band structure
and consistent with the optical measurements. As a proof of concept, these NIR, heavy metal-
free g-QDs were used as photosensitizers for fabrication of PEC cells for hydrogen production.
As-fabricated QDs-based PEC cell exhibits a saturated photocurrent density of ~3 mA/cm? with
good device stability under standard one sun illumination (AM 1.5G, 100 mW/cm?). These
results indicate that these NIR heavy metal-free g-QDs are very promising components of
future optoelectronic technologies. The limitations of these g-QDs is the hole accumulation
induced by the “quasi-type II” band structure, which can be optimized by introducing the

CulnSesS alloyed shell for gradient band energy level to accelerate the hole transfer.

In Chapter 5, we synthesized pyramidal-shaped CISeS/CdSeS/CdS g-QDs through a facile two-
step approach. As synthesized pyramidal-shaped g-QDs possess a thick CdSeS/CdS shell with
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ZB phase. The optical properties of these g-QDs exhibit NIR PL emission (emission peak at
~830 nm), high PLQY (~17%), and very long PL lifetime (in the magnitude of us). The PL
lifetime is prolonged with the increasing shell thickness of as-synthesized NIR, pyramidal-
shaped g-QDs, demonstrating their "quasi-type II" band structure for efficiently spatial
electron-hole separation. According to the morphology and optical properties of the pyramidal-
shaped g-QDs at different growth stages, we choose appropriate physical parameters and solve
the Schrodinger equation to simulate the electron-hole wave functions in these g-QDs, which
exhibit a direction-dependent electron-hole wave function distribution. With the increasing
shell thickness, the electrons can delocalize into the shell region while the holes are almost
confined within the core region, confirming "quasi-type II" band structure. Due to the efficient
electron-hole separation in such g-QDs, these g-QDs were used to fabricate QDs-based PEC
cell, showing saturated photocurrent density up to ~5.5 mA/cm? and outstanding device
stability under standard one sun irradiation. These results imply that pyramidal-shaped g-QDs
can effectively improve the electron-hole separation and can be used to fabricate high
performance and stable optoelectronic devices, while the major limitation for their practical
applications is still the heavy metal (Cd) in these g-QDs, the next step may focus on

investigating heavy metal-free shell materials in these non-spherical g-QDs.

5.2 Perspectives

Although we synthesized a wvariety of NIR core/shell QDs and studied the
morphology/composition, optical properties and their application in solar-driven PEC hydrogen
production, there are still several issues to be optimized for further improvements. Future

developments of these NIR core/shell QDs can focus on the following aspects:

(i) In addition to the NIR, environmentally friendly CulnSe(S) and its core/shell structured QDs
we reported, more other types of heavy metal-free QDs such as AgInS,, AgInTe, and Ag,S/ZnS
etc. with absorption and/or PL spectrum covering the UV-visible-NIR region are promising
candidates for solar energy applications, which may be employed to fabricate QDs-sensitized
photoelectrodes for high-efficiency solar-driven PEC hydrogen production. Moreover, the

composition and structure of the shell in these core/shell QDs can be tuned in order to further
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optimize the optoelectronic properties of these NIR core/shell QDs, for example, Zn alloyed
CISeS QDs exhibit a higher CB edge, leading to larger driving force for electron injection from
QDs into TiO, compared to bare CISeS QDs, thereby improving the performance and stability

of corresponding QDs-based optoelectronic devices.

(i1) Improving the optoelectronic properties of NIR, environmentally friendly Zn-CISe/CIS g-
QDs by tuning their shell thickness and composition, for instance, introducing the alloyed
CulnSeS layer between the CISe and CIS layer to enhance the hole transfer rate of the QDs,
thus optimizing the performance of these NIR environment-friendly g-QDs-based
optoelectronic devices. Another promising direction is to use these QDs for the biomedical

applications, such as biosensors and bioimaging, etc.

(iii) Synthesizing NIR, heavy metal-free and non-spherical g-QDs, such as pyramid
SnSe/SnSexS1.x/SnS g-QDs with well-controlled crystal structure, ultralong PL lifetime for
highly efficient electron-hole separation and transport. In addition, it is also possible to further
enhance the light absorption by tuning the shell composition of these non-spherical g-QDs,

such as using AgInS(Se) shell to expand its absorption spectrum to the NIR region.

(iv) Tuning the core sizes instead of the shell thickness in these g-QDs to comprehensively
investigate their corresponding optoelectronic properties. Optimize the PEC measurement such
as using gas chromatography (GC) to measure the authentic volume of generated hydrogen

from QDs-based PEC cells.

(v) Changing the current corrosive electrolyte (i.e. Na>S/Na,SOs) to be neutral solution (e.g.
Na,SO4) and measure relevant performance of QDs-based PEC cells. Applying the CISeS/ZnS,
Zn-CISe/CIS and CISeS/CdSeS/CdS core/shell QDs in other optoelectronic devices such as

photodetectors, LEDs and LSCs etc.
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RESUME

L’ introduction

Les nanocristaux semi-conducteurs colloidaux, souvent nous utiliserons le terme « quantum
dots » (QD’s) colloidaux, ont attiré de nombreux intéréts de chercheurs au cours des derniéres
décennies . Les QD’s colloidales sont des cristaux semi-conducteurs nanométriques (inférieur
a ~ 20 nm de diametre) couché de molécules tensioactives (ligands) et dispersés en solution,
montrant des niveaux d'énergie discrets entre ceux de la molécule et ceux des semi-conducteurs
en masse . De fagn géé&ale, le semi-conducteur en masse a une énergie de bande interdite
(Eg), lorsque le semi-conducteur absorbe un photon avec une énergie supérieure a Eg, les
¢lectrons dans la bande de valence peuvent étre excités a la bande de conduction et laisser un
trou dans la bande de valence, qui on parlra alore de cette paire d'électrons-trous comme
« exciton ». La taille de 1'exciton est définie par le rayon de Bohr (Rg) des matériaux semi-
conducteurs. Une fois que la taille d'un semi-conducteur est comparable ou inférieure a Rg, les
porteurs de charge deviennent spatialement confinés, il en résulte que le effet de « confinement

quantique » qui conduit aux propriétés optoélectroniques dépendant de la taille des QD’s *1°,

Cet effet de confinement quantique unique des QD’s permet la conception et la synthése de
QD’s avec une taille, une forme et une composition chimique contrélables pour obtenir un
contrdle précis des propriétés optoélectroniques > . Au cours des derniéres décennies, une
variété de QD’s colloidales de haute qualité avec une large absorption de lumiére, une émission
de PL dépendant de Ia taille, un rendement quantique photoluminescent élevé (PLQY) et une
bonne stabilité chimique / photo ont été obtenues en utilisant divers types de techniques 57
En raison de ces excellentes propriétés optoélectroniques, les QD’s ont été largement utilisés
comme blocs de construction dans les technologies solaires, y compris les diodes
¢lectroluminescentes (LED), les concentrateurs solaires luminescents (LSC), les cellules
solaires QD’s-sensibilisées (QDSC), et le photoélectrochimie (PEC) génération d'hydrogeéne
etc., fournissant une plate-forme puissante pour le développement de nombreuses classes de

dispositifs optoélectroniques - 182!,
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Des méthodes de décomposition thermique rentables et de haute qualité sont couramment
utilisées pour synthétiser des QD’s colloidales de taille et de forme controlables >*2-3!, Dans
ces méthodes, la séparation des étapes de nucléation et de croissance peut étre réalisée par une
technique d'injection a haute température ou de la méthode de mise en température La méthode
d'injection a haute température se référer a l'approche qui injecte rapidement les précurseurs
dans un ballon a haute température avec des solvants réactionnels. La température pour injecter
le précurseur est un facteur clé qui détermine la décomposition des précurseurs. Apres
l'injection de précurseurs, la sursaturation des précurseurs conduit a la nucléation des QD’s. En
raison de cela, les précurseurs sont injectés a basse température, la température globale de la
réaction est abaissée et I'é¢tape de nucléation est terminée. Avec la consommation des
monomeres précurseurs dans le processus de nucléation, la sursaturation diminuée induit alors
la croissance subséquente des QD’s 2% 32, Tandis que dans la méthode de mise en température,
ces deux étapes sont réalisées en chauffant régulierement le mélange des précurseurs et des
ligands organiques. Avec I'apport continu d'énergie thermique externe, les précurseurs peuvent

atteindre la sursaturation nécessaire et la nucléation uniforme initiale et la croissance des QD’s

33

Les QD’s nus couchés de ligands organiques sont tres sensibles a leur environnement chimique
de surface et présentent typiquement des états de piéges liés a la surface, qui servent de centre
de recombinaison non radiative pour les porteurs de charge photoexcités, réduisant ainsi la
PLQY et la stabilité a long terme 33", La formation de la structure cceur-coquille s'est révélée
étre une approche efficace pour améliorer la passivation de surface des QD’s. Dans ces systémes
cceur-coquille, la coquille inorganique robuste peut protéger les QD’s du cceur et supprimer la
création de défauts/piéges de surface pour améliorer la PLQY et la stabilité ' 3%, De Plus, il est
possible de moduler la structure de bande des QD’s coeur-coquille pour améliorer la séparation
et le transfert des porteurs de photoexcitée porteurs de charge (¢électrons-trous) en choisissant
de manicre appropriée les matériaux de coeur et de coquille, ce qui est prometteur pour diverses

19, 39-41

applications photovoltaiques telles que QDSC et PEC cellules QD’s basées

Un cas particulier dans les différents types de QD’s coeur-coquille est le coeur-coquille QD’s
« géant » (g-QD’s), qui posséde une coquille trés épaisse (de 1,5 nm a dizaines de nm) et un

11



coeur avec un comportement de confinement quantique *’. Les g-QD’s présentaient une stabilité
chimique et photo exceptionnelle par rapport aux QD’s nus et aux QD’s a coeur-coquille mince,
ceci €tant attribué a la coquille épaisse qui isolait efficacement le matériau de base de la chimie
de surface et de I'environnement ambiant chimique de QD’s 3% 3°, Dans les systémes des g-
QD’s, en adaptant de manicre appropriée les structures de bande électroniques et les
compositions chimiques, les électrons peuvent étre délocalisés dans la région de la coquille
alors que les trous sont encore confinés dans la région centrale. La délocalisation efficace des
¢lectrons dans la région de la coquille entraine une durée de vie des excitons significativement
prolongée et la formation d'un alignement de bande quasi ou complet type II dans les g-QD’s
5760 Les g-QD’s montrent généralement une stabilité photo et chimique supérieure, et leurs
propriétés optoélectroniques accordables se traduisent par un grand Stokes-shift, une absorption

efficace de la lumiére et une séparation/transfert de charge favorables aux techniques solaires

63, 66-68

Au cours des derniéres décennies, les recherches sur les QD’s colloidales sont principalement
axées sur l'amélioration de leurs propriétés optoélectroniques telles que le PLQY et la stabilité
4.6.13.38 Par exemple, la synthése de QD’s a base de Cd du groupe 1I-VI (CdS, CdSe, CdTe,
etc.) avec un PLQY élevé et leurs divers dispositifs optoélectroniques a base de QD’s a haute
performance ont été rapportés 2> . Ces QD’s a base de Cd possédent principalement une
absorption et un spectre PL dans le visible, puisque la bande interdite de ces matériaux est
comprise entre 1,7 eV et 3,5 eV 3. En outre, il existe d'autres QD’s tels que InP, PbSe, PbS,
AgS, Ag:Se, CulnS; et CulnSe; QD’s montrant I'émission de PL dans la région proche
infrarouge allant de ca. 700 nm a 5000 nm. Comparés aux QD’s visibles, ces QD’s proche
infrarouge (NIR) présentent les avantages suivants: (1) Malgré I'émission de NIR PL, ces QD’s
montrent également une absorption de lumiére NIR, ce qui est favorable pour améliorer
I'efficacité des dispositifs photovoltaiques tels que les cellules solaires; (2) L'émission NIR des
QD’s peut étre accordée a la longueur d'onde (~ 1500 a 1600 nm) pour la communication
optique; (3) Ces points quantiques NIR avec une émission proche infrarouge de plus de 700 nm
montrent des applications biomédicales potentielles telles que I'imagerie biomédicale; (4) Avec

un PLQY élevé, ces NIR QD’s peuvent étre utilisés pour les NIR LED #5-%;
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Tenant ces avantages, les QD’s NIR ont été largement utilisés pour réaliser des dispositifs
optoélectroniques en haute performance tels que les QDSCs, les photodétecteurs, les LED et
les cellules PEC, etc. 3%, Cependant, il existe encore plusieurs limites dans ces QD’s NIR.
Par exemple, les QD’s NIR tels que le PbSe, le PbS et le PbTe qui contiennent du métal lourd
hautement toxique de Pb, ce qui peut causer une pollution environnementale trés grave et nuire
a la sant¢ humaine. Ces métaux lourds de QD’s dans les dispositifs optoélectroniques
correspondants entravent davantage leur commercialisation future. Par conséquent, il est
important d'étudier la syntheése de NIR, les QD’s respectueux de l'environnement et leurs
applications dans les dispositifs optoélectroniques et biomédicaux. Au cours des derniéres
années, NIR, QD’s respectueux de I'environnement tels que AgInS,, CulnS,, CulnSe; et CISeS
QD’s ont attiré beaucoup d'attention et sont largement étudiés pour les dispositifs
optoélectroniques et biomédicaux '* °!. Néanmoins, ces QD’s vertes NIR sont trés sensibles a
I'environnement ambiant en raison de leurs compositions multiniveaux, qui sont susceptibles
d'induire les états de défauts de surface / piéges. Ces défauts de surface agissent comme des
centres de recombinaison non radiatifs et se traduisent par une tres faible PLQY et une stabilité
chimique/photostatique °***. Dans cette perspective, la construction d'une structure coeur-
coquille est une approche efficace pour améliorer les propriétés optoélectroniques et la stabilité

de ces QD’s.

La cellule PEC a énergie solaire est un systéme photovoltaique capable de capter 1'énergie
solaire pour séparer l'eau et produire 1'énergie hydrogéne °%. Au cours des derniéres années,
I'utilisation de QD colloidales pour sensibiliser les matériaux semi-conducteurs a été démontrée
comme une méthode efficace pour améliorer la performance des cellules PEC %5 1% Plys
précisément, des QD a base de Cd (e.g. CdS, CdSe, CdTe etc.) ont été utilisés pour sensibiliser
les semi-conducteurs a large bande interdite (TiO2, ZnO, efc.) avec différentes morphologies
(par exemple nanotubes, nanofils, efc.) pour améliorer les performances PEC. '% 67107108 Cette
amélioration est attribuée aux propriétés suivantes des QD’s: (1) Bande interdite réglable en
fonction de la taille pour correspondre au spectre solaire et obtenir une absorption efficace de
la lumiére; (2) L’effet de confinement quantique pour un grand coefficient d'absorption optique;

(3) Grand moment dipolaire intrins€que pour la séparation efficace des porteurs de charge
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photoexcités; (4) L’effet de génération d'excitons multiples pour un grand nombre de porteurs
photogénérés 1% 1 Par conséquent, les matériaux semi-conducteurs modifiés QD’s sont
capables de faciliter la séparation, le transport et la génération de porteurs de charge, améliorant

ainsi les performances de la cellule PEC.
Objectifs de recherche de la these

Cette thése se compose de trois parties avec trois objectifs pertinents:
Partie I: Diodes colloidales NIR sans métaux lourds pour une production d'hydrogéne PEC

efficace

Avec les développements rapides des techniques synthétiques des QD’s colloidales et leurs
applications dans les dispositifs optoélectroniques tels que les dispositifs PEC a base de QD’s
et QDSC’s, les QD’s NIR tels que PbS, PbSe et leurs structures coeur/coquille sont devenus des
nanomatériaux attractifs pour les dispositifs optoélectroniques. leur absorption de lumiére NIR
qui correspond au spectre solaire. Cependant, la plupart des QD’s NIR contiennent des éléments
toxiques tels que Pb et Cd. Bien que ces dispositifs optoélectroniques a base de QD’s NIR aient
montré d'excellentes performances, les éléments toxiques dans les processus de syntheése QD’s
et de fabrication de dispositifs sont nocifs pour la santé humaine et 1'environnement, entravant

ainsi la commercialisation et l'application pratique des dispositifs optoélectroniques QD’s.

Par conséquent, les objectifs de la partie I sont:

1. Investigation de la synthése, de la morphologie et des propriétés optiques des CIS
QD’s/CS/ZnS exemptes de métaux lourds.

2. Etudier la morphologie, la distribution des éléments et I'alignement de la bande de la
photoanode a base de QD’s basée sur CISeS/ZnS écologique/NIR.

3. Comparaison des performances PEC et de la stabilit¢ des dispositifs CEP CISES et
CISeS/ZnS a base de QD’s de cceur-coquille et analyse de la fonction du coquille ZnS sur les

CISeS QD’s.

Dans la partie I, nous rapportons la fabrication d'un dispositif PEC a 1’aide de NIR colloidal
CISeS QD’s sensibilisés la couche TiO, mésoporeux comme photoanode. Illustraté sur la

Figure R1a, les CISeS QD’s présentent une forme triangulaire projetée dans les images TEM,
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suggérant une forme pyramidale avec une taille moyenne de 5,64 nm (£ 0,77 nm), ou la taille
est définie comme la hauteur des triangles projetés. Nous avons utilisé une approche d'échange
de cations pour former une coquille protectrice inorganique mince de ZnS surles CISeS QD’s.
Parallélement, pour la comparaison, nous avons également synthétisé des CISeS QD’s couché
par CdS via une approche d'échange de cations. Les CISeS QD’s/ZnS et CISeS/CdS ont montré
une structure pyramidale et une distribution de taille similaires, ce qui indique que le traitement

de surface Zn et Cd ne modifie pas la taille/structure globale.

,» ZnCiSes " .
n A A.sdﬁ2= 0327nm e

TiO; &

i

dyor= 0.355\0{6

2nm

Figure R1. Images TEM de (a) CISeS QD’s; (b) Cd-CISeS QD’s (¢) Zn-CISeS présentant une structure
pyramidale analogue et des tailles presque identiques. Les images en encart de (a), (b) et (c) affichent des
diagrammes schématiques des structures CISeS, Cd-CISeS et Zn-CISeS QD’s, respectivement. (d) Image
HRTEM de Zn-CISeS QD’s individuel avec un espacement réticulaire de 0,327 nm. (e¢) Image TEM de
hétérostructure TiO2/Zn-CISeS avec une dispersion uniforme Zn-CISeS QD’s (un cercle en pointillés blancs
présente une seule QD’s sur la surface de TiO2). (f) Image HRTEM de TiO2 / hétérostructure simple Zn-CISeS

QD’s (Image de grossissement supérieur du cercle blanche en (e)).

Un image de microscopie électronique a transmission a haute résolution (HRTEM) d'un seul
Zn-CISeS QD’s est présentée sur la figure R1(d). L'espacement mesuré du réseau de 0,327 nm
se situe entre 0,319 nm (indexé sur le plan (112) du CulnS, pur) et 0,335 nm (indexé au plan
(112) du CulnSe; pur) qui est cohérent avec le plan (112) du CISeS QD’s,alliédémontrant la

nature de l'alliage de CISeS. Les QD ont été déposés dans un film de TiO, mésoporeux par

dépot électrophorétique (EPD) pour obtenir un contact intime entre les QD’s et les
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nanoparticules de TiO; (Figure Rle et f). Par la suite, deux couches de ZnS préparées par un
procédé successif d'adsorption et de réaction de la couche ionique (SILAR) ont été recouvertes

sur I'anode TiO,/CISeS pour empécher la photocorrosion.

Comme montré sur la Figure R2, le systtme PEC fabriqué basé sur la photoanode
TiO,/CISeS/ZnS présentait une densité de photocourant saturée de ~ 2,57 mA/cm? sous une
irradiation solaire standard de 1,5 G AM (100 mW/cm?). Pour supprimer les piéges de surface
des QD’s CISeS nus, une coquille ultramince de ZnS a été cultivée sur des QD’s CISeS de coeur
par échange de cations a trois températures de réaction (50, 100 et 150 °C). Il a été démontré
que les QD’s CISeS avec traitement Zn a 100 °C présentaient des propriétés optiques optimales
en termes d'intensité de photoluminescence (PL) et de durée de la vie prolongée, résultant en
une forte réduction des défauts/pieges de surface. La cellule PEC optimisée utilisant ces CISeS
/ ZnS cceur-coquille QD’s (avec traitement Zn a 100 °C, dénommé ZD-CISeS QD’s) a montré
une recombinaison de charge réduite, conduisant a une stabilité largement améliorée et une
densité de photocourant saturée atteignant environ 4,3 mA/cm? comparé aux CISeS QD’s nus.
C'est la plus haute densité de photocourant rapportée jusqu’a ce jour pour un dispositif PEC a
base de QD’s colloidalesNIR sans métal lourd pour la production d'’hydrogeéne. De plus, la
photoanode a base de Zn-CISeS QD’s présente également une trés bonne stabilité (figure
R2d). Apres 9h d'illumination, la cellule PEC basée sur la photoanode Zn-CISeS QD’s montre
seulement une seulement de ~ 23% de la densité photoélectrique initiale, qui est environ 3 fois
inférieure a celle de la photoanode CISsS QD’s sensibilisée (~ 62% 2h) en raison de la présence
d'une mince couche de ZnS. Il n'y a pas de changement de couleur notable de la zone active
pour I'anode a base de Zn-CISeS avant et aprés un test PEC de 9h (encadré sur la figure R2d),
ne montrant aucun changement morphologique significatif de photoanode a base de Zn-CISeS
QD’s et démontrant une bonne stabilité du anode pendant la mesure qui est compatible avec

une perte de densité de courant inférieure.
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Figure R2. La dépendance densité-potentiel du courant des photoanodes sur TiO2/CISeS/ZnS, (b) TiO2/Zn-
CISeS/ZnS et (c) TiO2/Cd-CISeS/ZnS dans I'obscurité (en noire), continu (en rouge) et coupé (en bleue) (d)
Mesures de stabilité (densité de photocourant en fonction du temps) de TiO2/CISeS/ZnS et TiO2/Zn-
CISeS/ZnS Photoanodes 2 0.6 V versus RHE sous illumination AM 1.5G (100 mW/cm?) et images optiques de
photoanode TiO2 / Zn-CISeS / ZnS avant (gauche) et aprés (droite) mesure de stabilité (9h, AM 1.5G, 100
mW/cm?).

La publication pertinente est:

Xin Tong, Yufeng Zhou, Lei Jin, Kaustubh Basu, Rajesh Adhikari, Gurpreet Singh Selopal, Xin
Tong, Haiguang Zhao, Shuhui Sun, Alberto Vomiero, Zhiming M. Wang, and Federico Rosei.

Nano Energy, 2017, 31, 441-449.

Partie II: Synthése et application de NIR, g-QD’s respectueux de I'environnement

Ces dernieres années, les g-QD’s ont été largement étudiés et ont montré des propriétés
optoélectroniques et une stabilité exceptionnelles, qui sont des candidats idéaux pour les
nanodispositifs. Les propriétés optiques (e.g. Stokes-shift) et la structure de bande des g-QD’s
sont réalisables pour syntoniser et satisfaire les exigences de divers dispositifs

optoélectroniques tels que les LSCs, les LEDs, les QDSCs et les cellules PEC. Cependant, la
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plupart des g-QD’s actuels contiennent des métaux lourds tels que le Cd qui sont nocifs pour la
santé humaine et I'environnement naturel. La caractéristique toxique de ces g-QD’s n'est pas
favorable a leur commercialisation et a leurs applications réelles en future. De plus, la majorité
des g-QD’s possédent une absorption optique visible et une émission de PL, ce qui entrave leurs

applications optoélectroniques et biomédicales dans la région NIR.

Par conséquent, les objectifs de la partie II sont les suivants:

1. Synthétiser des NIR g-QD’s CISe/CIS sans métaux lourds, avec une épaisseur de coquille
différente et étudier leur morphologie et leur structure cristalline.

2. Etudier les propriétés optiques des g-QD’s CISe/CIS non-synthétisés non-synthétisés,
incluant les spectres d'absorption et de PL, ainsi que la durée de vie du PL.

3. Choisir des paramétres physiques appropriés et des modeles théoriques pour calculer les
fonctions d'onde électron-trou dans ces g-QD’s CISe/CIS respectueux de l'environnement.

4. Le mesure de la performance et de la stabilité¢ de ces cellules PEC basées sur g-QD’s et

I’analyse de l'influence de I'épaisseur de la coquille sur les performances du dispositif.

Dans la partie 11, nous avons suivi une procédure similaire pour synthétiser des NIR g-QD’s de
cceur-coquille sans métaux lourds, (CISe/CIS g-QD’s) par une approche d'échange de cations
séquentielle utilisant CdSe/CdS-QD’s comme modéeles initiaux. La morphologie des g-QD’s de
CISe/CIS tels que synthétisés confirme la formation d'une coquille épaisse de CulnS; sur les
QD’s de CulnSe;. Contrairement a la forme irréguliére des QD’s CulnS (Se) typiques
synthétisés directement, nous avons contrdlé avec précision la forme sphérique par la méthode
d'échange de cations. Diffraction par diffraction d'é¢lectrons (SAED) et diffraction des rayons X
sur poudre (XRD) indiquent que la structure cristalline des g-QD’s synthétisés est la phase WZ,
qui est dominée par le matériau de I'enveloppe (i.e. CulnS;). Les mesures par spectrométrie
d'émission optique de plasma couplé par induction (ICP-OES) indiquent I'échange complet du
métal lourd du Cd de la matrice initiale CdSe/CdS g-QD’s aux g-QD’s CISe/CIS exempts de

métaux lourds avec une épaisseur jusqu'a 5 nm.

La Figure R3 presente les propriétés optiques et les spectres d'absorption et de PL accordables
de QD’s dans la région NIR (jusqu'a ~ 1100 nm). La durée de vie PL des g-QD’s avec diverses

épaisseurs de coquille a été mesurée par spectroscopie de fluorescence transitoire et prolongée
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avec des coquilles plus épaisses, démontrant l'alignement de la bande quasi-type II dans les g-

QD’s synthétisés, ce qui est cohérent avec les résultats de simulation.

1.0 —ClSe 1,, d
~ n —cCdSe | =~ Zn-ClSe/13CIS
> =S .
S S — Fit
s 084 F0.8 > — 5000+
2 G 3
= S 2
Q
g 0.6 06 =
c
g B g
N 04 L04 =
®© N o
£ T
2 02 loo E
Q
bz
0.04 r 0.0 T T T T
200 500 200 1000 0 200 400. 600 800 1000
Wavelength (nm) Time (ns)
b
—~ 1.0+ ——CdSe/6CdS ~ _'E:—CISeISCIS
3 H Zn-CISel6CIS 3 !
S & —
£ 081 z 5 500
2 2 8
e g =
3 06 £ 2
< G g
hel = =
8 041 3 _
3 3 .
(0]
€ 02 \\ £
o
z z
0.0+ . . — . . . . . .
600 800 1000 1200 0 200 400 600 800 1000
Wavelength (nm) Time (ns)
C
1.0 = CdSe/13CdS F1.0 —~ 10004 ClSe
= W H —— 7n-ClSe/13CIS 3 —Fit
© s L
z 0.8 F0.8 > = H
8 @ @ .
a N g < 1004 -
S 0.6 106 E 2
2 7 8 '
E 0.4 +0.4 § f ‘
= 5 o 1078
E 02 02 E =
o <)
z zZ -—
0.0 0.0 1

600 800 1000 1200
Wavelength (nm)

1000 2000 3000 4000 5000
Time (ns)

o

Figure R3. L’absorption et le spectres PL de (a) CISe, (b) Zn-CISe/6CIS et (¢) Zn-CISe/13CIS g-QD’s dans le
toluéne avant et aprés échange cationique séquentiel. (d) Spectres PL transitoires des Zn-CISe/CIS g-QD’s
dans le toluéne.

Comme la preuve de concept, nous avons fabriqué des photoanodes basées sur ces g-QD’s sans
métaux lourds et NIR pour la production d'hydrogéne PEC. Les g-QD’s CISe/CIS apreés
traitement de surface Zn (Zn-CISe/CIS) ont été déposés dans un film de TiO, par dépot
¢lectrophorétique (EPD). Comme le montre la Figure R4, les photoanodes telles que Zn-
CISe/6CIS et Zn-CISe/13CIS g-QD’s comme sensibilisateurs présentent une densité de

photocourant saturée aussi élevée que ~ 3,1 mA/cm? et ~ 3 mA/cm? avec de trés bonnes stabilité,
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comparable aux meilleurs dispositifs PEC basés sur les QD’s. Ces résultats indiquent que les g-
QD’s Zn-CISe/CIS exempts de métaux lourds sont des matériaux prometteurs pour diverses
applications d'énergie solaire rentables et respectueuses de l'environnement, telles que la

génération d'hydrogéne PEC.
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Figure R4. (a) Alignement approximatif des bandes et schémas des photoanodes sensibilisées au Zn-CISe/CIS
g-QD’s. Dépendance du potentiel de polarisation photocourant (par rapport a RHE) des Zn-CISe/13CIS g-
QD’s et (c) des photoanodes sensibilisées Zn-CISe/6CIS g-QD’s dans l'obscurité (en noire), sous une courbe
continue (en rouge) ) et I'éclairage haché (en bleue) (AM 1,5G, 100 mW/cm?). (d) Densité photocourant en
fonction du temps (mesures de stabilité) de TiO2/CISe/ZnS (en noire), TiO2/Zn-CISe/6CIS/ZnS (en rouge) et
TiO2/Zn-CISe/13CIS/ZnS (en bleue) photoélectrodes a 0,8 V par rapport a RHE sous irradiation AM 1,5G
(100 mW/cm?).

La publication pertinente est:
Xin Tong, Xiang-Tian Kong, Yufeng Zhou, Fabiola Navarro-Pardo, Gurpreet Singh Selopal,
Shuhui Sun, Alexander O. Govorov, Haiguang Zhao, Zhiming M. Wang, and Federico Rosei.

Advanced Energy Materials, 2018, 8, 2, 1701432.

Partie I11: Propriétés optoélectroniques dans les g-QD’s émettant dans le proche infrarouge et
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de forme pyramidale

Il a été démontré que les QD’s non sphériques hétérostructurées présentent d'excellentes
propriétés optoélectroniques telles qu'une durée de vie ultra-longue, favorable aux dispositifs
photovoltaiques. Néanmoins, ces QD’s non sphériques hétérostructurées ont encore plusieurs
limitations dont la stabilité. Les g-QD’s avec une coquille épaisse ont présenté une stabilité
photo/chimique supérieure et sont considérés comme des ¢léments de construction prometteurs
pour les technologies solaires. Puisque la plupart des g-QD’s sont sphériques, il est intéressant
de synthétiser des g-QD’s non-sphériques et d'étudier leurs propriétés optoélectroniques. De
plus, comme la plupart des g-QD’s sont optiquement actifs dans la région ultraviolette visible,
'extension de 1'émission optique des g-QD’s dans la région NIR devrait constituer une

orientation de recherche prometteuse dans ce domaine.

Par conséquent, les objectifs de la partie I1I sont les suivants:

1. Préparation de g-QD’s CISeS/CdSeS/CdS hétérostructurés de forme pyramidale.

2. Etude des propriétés optoélectroniques des g-QD’s pyramidaux tels que préparés.

3. Utilisation de modeles théoriques appropriés pour simuler les fonctions spatiales d'onde
¢lectron-trou dans de telles g-QD’s pyramidales.

4. Fabrication et mesure de cellules PEC et de QDSC a base de g-QD’s de forme pyramidale.

Dans la partie III, nous décrivons la synthése des g-QD’s hétérogénes hétérogénes
CISeS/CdSeS/CdS avec une forme pyramidale et une émission NIR en utilisant une méthode
facile en deux étapes. Comme le montre la figure RS, les images obtenues par microscopie
¢lectronique en transmission (TEM) confirment la forme pyramidale avec une grande taille
(jusqu'a environ 13 nm) et la dynamique de croissance des g-QD’s synthétisés. Des diagrammes
de diffraction d'¢lectrons dans une zone sélectionnée (SAED) et de XRD démontrent que les
matériaux de coquille de la couche de CdSeS/CdS cristallisent dans la structure de zincblende

(ZB).

Les propriétés optiques (Figure R6) montrent un décalage vers le rouge des pics excitoniques
dans les spectres d'absorption de ce type de g-QD’s, ce qui indique la croissance subséquente
des coquille de CdSeS et CdS alliées sur les QD’s du cceur CISeS. Les spectres PL des g-QD’s

montrent une émission NIR (~ 830 nm) et un décalage bleu des pics PL dans ces g-QD’s montre
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la diminution de la taille des QD’s, qui est induite par I'effet de gravure du noyau. Cet effet est
causé par un processus d'échange de cations dans les premiers stades de croissance, ce qui est
¢galement compatible avec les images TEM. La durée de vie PL prolongée avec une épaisseur
de coquille croissante indique la structure de bande quasi-type Il pour une séparation spatiale
efficace des électrons et des trous dans de telles g-QD’s hétérostructurées de forme pyramidale,

conformément aux calculs théoriques.
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Figure RS. Images TEM (a) CISeS avec des images HRTEM incrustées montrant le plan (112) de la phase
chalcopyrite. Images TEM de (b) CdS#3 et (c) CdS#6 QD’s avec des images HRTEM insérées présentant le
plan (111) de la phase ZB CdSeS. (d) des images TEM de QD’s CdS#9 avec des images HRTEM incrustées
montrant le plan (111) de la phase ZB CdS. (e) Diffractogrammes des QD’s CdS#3, CdS#6 et CdS#9. (f)

Schéma des croissance et de la structure des g-QD’s CISeS/CdSeS/CdS hétérostructurés.
122



0.2+

Normalized Absorption (a.u.) Q)

0.0-

600 800
Wavelength (nm)

—ClISeS
——CdS#1
—Cds#2
— CdS#3
—— CdS#4
——Cds#5
—— CdS#6
—CdS#7
—— CdS#9

1000

Intensity (a.u.)

—C|SeS
—CAS#1
—CdS#2
—CdS#3
—CdS#4
— CASHS
— CdSHE
—CdSH#7
—CdSHE
= CdS#9

600 700 800 900 1000
Wavelength (nm)

1100 1200

Normalized Intensity (a.u.)
o
|

0.01

CdS#3

T
2000

T
4000

T
6000

Time (ns)

T
8000 10000

Figure R6. L’absorption UV-Vis et les spectres PL de g-QD’s hétérostructurés CISeS/CdSeS/CdS a différents
stades de croissance dans le toluéne. (c) les durées de vie PL des g-QD’s CdS#3, CdS#6 et CdS#9 dans le

toluene.

Ces g-QD’s ont ensuite été utilisés comme cueilleuses 1égéres pour fabriquer des QDSC et des

photoanodes sensibilisées aux QD’s pour la production d'hydrogéne PEC. Comme le montre la

Figure R7, la photoanode sensibilisée QD’s telle que fabriquée présente une densité de

photocourant saturée aussi élevée que ~ 5,5 mA/cm? avec une trés bonne stabilité, comparable

aux meilleurs systémes PEC basés sur les QD’s. De plus, les QDSC basés sur ces g-QD’s

présentent également de bonnes performances. Ces résultats suggerent que les g-QD’s

hétérostructurés et hétérostructurés CISeS/CdSeS/CdS sont des matériaux prometteurs pour

toutes sortes de technologies photovoltaiques a haut rendement, a faible coft et durables, y

compris la production d'hydrogéne a base de PEC solaire.
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Figure R7. (a) Le schéma avec alignement de bande prévisible et de photoélectrodes a base de g-QD’s
CISeS/CdSeS/CdS hétérostructurées. Voltammétrie a balayage linéaire de (b) les systémes TiO2 / CdS#6 g-
QD’s/ZnS et (c) TiO2/CdS#9 g-QD’s/ZnS dans l'obscurité et sous irradiation AM 1,5 G 2 100 mW/cm?. (d) Les
courbes normalisées de densité de courant a 1'état stationnaire (J-t) de CISeS QD’s (en noire), CdS#6 g-QD’s

et CdS#9 g-QDs-photoanodes décorées a 0,6 V par rapport a8 RHE sous un éclairage solaire standard.
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