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This research project demonstrates the ﬁrospects of utilizing assemblies of
colloidal quantum dot (QD) materials as the building blocks of high-performance supercapacitor
devices. Through precise assembly engineering of the colloidal QDs, the formation of hierarchical
nanoporous thin film can be established and scrutinized. The use of these QD hierarchical nanopores
as micro-supercapacitor electrodes demonstrates high performance energy storage capabilities
comparable to the current state-of-the-art supercapacitor materials. Within this project,
comprehensive investigations of the charge carrier transport in various kinds of colloidal QD
assemblies were performed, providing clues to further enhance the performance of supercapacitor
devices based on this class of this materials. Furthermore, the search of new,

environmental ly-friendly, abundant, and lighter colloidal QD compounds is also pioneered by
computational studies and the synthesis of the other metal-chalcogenide nanocrystals.

colloidal quantum dots supercag@citors nanopores energy devices electric double layer na
nocrystals hierarchical assemblies electronic transport



# X C—-19, F—19—-1, Z—19 (@)

1. WFERBUFIOER

High energy density, high power density, long cycling life, cost-effectiveness, and environmental safety are
pivotal parameters in developing advanced energy storage devices. These characteristics are crucial to ad-
dressing various applications' growing energy demands and sustainability concerns. Electrochemical-based
energy storage devices, particularly electrochemical supercapacitors, are at the forefront of scientific and
technological development. These devices occupy a unique position between conventional capacitors and
batteries, offering higher energy density than traditional capacitors, greater power density than batteries
(exceeding 1 W/kg), and an extended lifecycle. Their promise as energy storage devices is especially sig-
nificant for electronic systems requiring high power density, high energy density, durability, and rapid
charging and discharging capabilities, such as electric vehicles, memory backup systems, and wearable
electronics. Moreover, electrochemical supercapacitors can efficiently store electrical energy harvested
from intermittent renewable sources like wind and solar power, delivering it quickly when needed. Enhanc-
ing the energy density of supercapacitors beyond the current state-of-the-art is a critical research goal to
maximize their potential.

The research motivation for advancing supercapacitor technology heavily emphasizes nanostructuring
electrode materials and their functionalization and optimizing the combination of electrodes and electro-
lytes. Historically, efforts to develop supercapacitor electrodes using nanostructured materials have focused
primarily on increasing the surface area, as capacitance is directly proportional. However, this approach
faces limitations concerning the minimum size of nanostructures and the effective penetration of electrolyte
molecules to access the surface of these nanostructures. Consequently, EDLCs have generally exhibited
lower energy density than pseudo-capacitors due to limited specific surface area and compatibility between
the electrode and electrolyte. Common electrode materials for EDLCs include porous carbon and various
carbon allotropes, such as nanotubes and graphene, which possess large specific surface areas.

As nanomaterials, colloidal QD (CQD) solids offer flexibility and low cost through solution processing
and unique zero-dimensional (0-D) size-dependent properties. The small size of individual QDs gives rise
to the quantum confinement effect of the carrier wavefunction, which is the size dependency of electronic
band gaps and the formation of discrete energy levels. This quantum confinement effect becomes significant
when nanoparticles (NPs) are smaller than their electron Bohr radius, typically much smaller than 10 nm.
For instance, the Bohr radius for lead sulfide (PbS), used as a model material in this context, is approxi-
mately 20 nm. The smaller the size relative to this parameter, the stronger the quantum confinement effect.
Thus far, supercapacitor electrodes utilizing NPs and their assemblies generally consist of NPs with sizes
ranging from tens to hundreds of nanometers. This size range does not permit the full exploitation of quan-
tum capacitance in supercapacitors.

The research motivation behind this project focuses on overcoming the limitations of current nanostruc-
turing techniques to increase specific surface areas and achieve better compatibility between electrodes and
electrolytes. Emphasizing the development and integration of advanced nanomaterials, such as CQD solids,
can significantly leverage their quantum confinement properties to improve energy density and overall per-
formance. Such advancements are critical for meeting the growing demands for high-performance energy
storage solutions in various applications. The successful realization of these goals will contribute to the
broader effort to create sustainable, efficient, and high-capacity energy storage systems.

2. HEOHRY

The project aims to develop a high-performance supercapacitor (Fig.1) based on hierarchical assemblies of
solution-processable CQDs to demonstrate high energy and high-power density values. The large surface-
area-to-volume ratio of QD assemblies enables us to obtain significantly large capacitance in EDLCs. This
research will lay the groundwork for further exploitation of CQDs and nanocrystal (NC) materials as the
building block of supercapacitor devices in which the quantum capacitance effect of the QDs can enhance
the capacity of the much-needed energy storage devices. This pro- Fu! S““’“*’;;“‘" Assembly

ject focuses on utilizing CQDs with diameters less than their elec- m .
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use QDs with 4 ~ 12 nm diameters. Y YEVS‘\

3. EDOFHE Ly

A. Assembly control Fig. 1. Schematic of an electric double layer su-

The first step of this research project is to control the formation percapacitor device utilizing CQD assemblies
of colloidal quantum dot (CQD) assemblies to create well-ordered superlattices and hierarchical porous
structures for supercapacitor electrodes. Two primary methods are utilized: assembly at the liquid/air inter-
face and the layer-by-layer (LbL) dip-coating process. The liquid/air interface assembly forms well-ordered
superlattices by combining this technique with precise ligand stripping processes targeting specific crystal-
line facets of rock-salt PbS QDs. Proper ligand-stripping agents are essential for this method, and multiple
ligand-stripping and exchange steps can be applied (Nanoscale, 11, 20467, 2019).

The LbL dip-coating process is used to form hierarchical nanoporous structures with CQDs. Each layer
undergoes a ligand exchange process to reduce interdot distance and enhance electronic couplings among
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structure on metallic substrates. Different short lig- -t A
and variations are optimized to couple the CQDs
while forming the porous assemblies electronically.
Also, halide ions like iodide passivate the remaining
dangling bonds on the CQDs' surface, reducing
electron traps that could affect the performance of
the charge accumulation device. Different sources
of iodide with various counterions are tested to find X NI
the optimal trap passivation recipe. Comprehensive Fig. 2. ||Iustrat|on of the LbL dip coating
morphological characterizations of the assemblies Process and the FE-SEM images of the
are performed using electron microscopy (TEM and PbS QD hierarchical nanopores.
SEM), synchrotron-based x-ray scattering (GISAXS/GIWAXS), and atomic force microscopy (AFM).

B. Electronic properties investigation

To perform electronic properties investigations, the main focus was to elucidate the electron transport prop-
erties of the CQD assemblies using EDL transistors (EDLT). To form the EDLT of the QD solids, the PbS
CQDs were deposited using the abovementioned process on SiO»/Si substrates with pre-patterned elec-
trodes for measurements. In the case of the QDSLs prepared using the liquid/air interface method, Lang-
muir-Schaffer film transfers onto the pre-patterned substrate were performed. To make the hierarchical na-
nopores assemblies, the QDs were directly deposited by LbL dip coating onto the pre-patterned substrates.

All the EDLT transistor measurements were performed inside the N> glovebox to ensure that the behav-
ior of the devices is intrinsic. It has been known that oxygen and moisture exposure to PbS QD can signif-
icantly alter their electron transport properties. Low-temperature transport measurements were performed
using a 4K close-loop GM cryostat directly connected to the N, glovebox. Through EDLT measurements
and the complementary FET measurements, the charge carrier mobility information in the QD superlattices
can be obtained. Furthermore, the close similarity in terms of working principles between EDLT and EDLC
allowed the determination of the charge accumulation capability prospects of the QD assemblies. This sim-
ilarity also includes the possibility of filling the discrete energy levels of the QDs. To confirm electronic
states band filling, spectroelectrochemistry measurements were also performed by combining a UV-Vis-
NIR spectrophotometer and an electronic unit. Field-induced doping would occur in the QD assemblies by
applying voltage on the EDL gate. Upon filling the discrete energy levels, the bleaching of the excitonic
peak in the absorption spectra should be observed. From this measurement, we should be able to quantify
the number of accumulated electrons in the discrete energy levels of the QDs.

C. Fabrication and measurements of QDHN Supercapacitor Electrodes and Devices

In order to prepare the electrodes for the supercapacitor devices, the hierarchical nanoporous assembly
of the colloidal QDs was deposited using LbL dip coating on Au-coated SiO,/Si substrates that act as the
current collector. The numbers of deposited QD layers varied. Furthermore, the QDHN variations were
only crosslinked by 1,2-ethanedithiol, and those were also treated with iodide.

Three-electrodes electrochemistry measurements were performed to validate the functionality of the
QDHN-based electrodes as capacitive electrodes. A complete suite of cyclic voltammetry and galvanostatic
charge-discharge measurements were performed. Varying of ionic liquids to find the best combination was
performed at this stage. If handled properly, PbS CQDs are ambipolar materials, enabling charge transport
of holes and electrons and accumulating those two. Therefore, to build the full supercapacitor devices, two
nearly identical QDHN electrodes were used to form symmetric geometry, sandwiching an ionic liquid
layer. These full supercapacitor devices were subjected to cyclic voltammetry measurement and multiple
cycles of galvanostatic charge-discharge (GCD) measurements. Besides obtaining the precise power den-
sity and energy density stored in the supercapacitor devices, multiple-cycle GCD measurements were also
essential to test the performance stability of the devices over thousands of charging and discharging cycles.
At the end of the project, a plan to mix the QDHN with carbon nanotubes as a medium with higher electronic
conductivity was raised. Preliminarily, EDLC devices utilizing networks of polymer-wrapped carbon nano-
tubes were developed to anticipate the possibility of this mixing.

D. Computational study for material design

Although the investigation of the electronic properties and the supercapacitor devices of PbS CQDs are this
study's main objects, prospecting other possible CQD compounds that can replace PbS compounds is also
the goal of this project through computational studies and (in the next step) synthetic process.

Other metal-sulfide compounds were prospected as the alternative to PbS. One of them is iron-sulfide
families. Iron, having many variations of oxidation numbers, may lead to many variations of sulfide com-
pounds. While pyrite (FeS>) is well-known, many other compounds have been investigated less, including
the h-FeS (Fe;Sg) phase. DFT-based computational studies were performed to predict the electronic prop-
erties of these compounds by collaborating with an international partner. It is not only the band structure of




the compounds that was calculated but also the formation energy that may provide clues for the synthesis
efforts, as well as several other relevant points that are essential to be investigated for supercapacitor ma-
terial designs. The influence of the defect formations and the subsequent metal doping into these com-
pounds were also simulated. Significantly, their influence on the change in the electronic density of states
and the subsequent implications for exploiting the formed associated quantum capacitance for supercapac-
itor device applications were thoroughly simulated.

E. Synthesis of new Colloidal QD compounds

Two new metal chalcogenide CQD compound classes were pioneered: Tin-based (Sn-based) and Iron-
based (Fe-based). The initial approach involved the well-established hot-injection method, commonly used
for Pb-, Hg-, and Cd-chalcogenides. However, this method proved challenging for Sn-based and Fe-based
CQDs, prompting the exploration of alternative methods. Sensitive to synthesis conditions, the CQDs were
synthesized inside an inert N, glovebox, including precursor preparations. Variations of molecular ligands
were used to facilitate easier complexation and solubilization of the metal precursors, along with optimized
sulfur precursors. Controlling the size and dispersity of the produced nanocrystals (NCs) is critical,
achieved by precisely tuning the synthesis-temperature, -duration, and abruptly stopping the reaction by
reducing the reactor temperature. Introducing a cold solvent to immediately decrease the temperature was
promoted over external cooling methods. This abrupt cooling strongly affects the size distribution of the
NCs, determining their optical and electronic properties. The cold solvent and its amount were optimized
to achieve a balance in reaction kinetics and thermodynamics, obtaining the desired NCs.

The NCs were characterized using X-ray diffraction to determine crystallography and transmission elec-
tron microscopy. UV-Vis-NIR spectrophotometry and diffuse reflectance measurements identified the op-
tical bandgap of the NCs. Simple photoconductivity measurements and initial attempts to fabricate super-
capacitor electrodes were performed to demonstrate the potential of these new NCs. These efforts resulted
in protocols to synthesize Sn-based and Fe-based CQDs with controlled properties, showing promise for
supercapacitor applications through enhanced electronic and op-
tical characteristics.

4. WRFERRR
A. QD Assembly Control and Electronic Properties
We demonstrated significant findings for the fundamental elec-
tronic properties of CQD superlattices, revealing their potential
for energy storage devices. The electronic transport and charge
accumulation in PbS QD assemblies were examined, focusing on
structural arrangements and doping mechanisms. We discovered &
the importance of QD superstructures in enhancing electronic
properties through controlled assembly and precise field-induced R ETIETEET R
doping techniques. Field-induced doping in different PbS QD as- . 1—'"§ Gate voltage (V)
semblies by an EDL gating was investigated using spectroelec- Fig. 3. (a) TEM of QD superlattice containing
trochemistry measurements. Monolayers of PbS QD assemblies, 8.1 nm PbS QDs. (b) HR-TEM showing the epi-
. . . taxial connection of this superlattice. (c) The
prepared as square superlattices or ligand-exchanged assemblies, comparison of gate voltage dependent capaci-
were deposited on pre-patterned transparent substrates. These as- tance values of the EDLTs of epiQDSL and EDT-
semblies exhibited an excitonic peak in their near-IR absorption Pridged QD assembly, and the corresponding
. . . . . accumulated sheet electron density.
spectra without gating. The electric-double layer gating shifts the
Fermi level energy, allowing access to the discrete energy levels of the QDs. The excitonic peak was
bleached upon filling, quantifying the number of electrons filling the discrete energy levels. [ Nanoscale 13
14001 (2021)].

We explored the formation of epitaxially connected PbS QD superlattices (QD-SLs) (Fig. 3a) and their
transition from insulating to metallic states upon high carrier density doping. We used an EDL transistor
(EDLT) to achieve high carrier densities, surpassing the critical doping concentration needed for the insu-
lator-to-metal transition (IMT). The epitaxially-connected QD-SLs exhibited temperature-independent con-
ductivity at high carrier densities, indicating metallic behavior. This study underscores the importance of
epitaxial connections and orientational order in achieving delocalized electron transport in QD assemblies
[Nature Comm. 14, 2670 (2023)]. These results demonstrated the potential of highly ordered superlattices
and provided valuable insights for different QD assemblies. The EDLT method allows for high carrier den-
sity accumulation, essential for observing band-filling, crucial for enhancing supercapacitor devices of na-
nomaterials. Charge carrier accumulation in these studies is achieved through ionic gating, providing con-
tinuous and reversible doping (Fig. 3b). This method is effective in both PbS square assembly and epi
QDSLs, enabling the exploration of electronic transport mechanisms at high carrier densities.

B. High-Performance Supercapacitor Devices
We demonstrated the advantageous properties of QDs, particularly their high surface-to-volume ratio,
which is critical for enhancing supercapacitor performance. Addressing the challenge of achieving a struc-
ture that maintains high electrical conductivity and efficient ion diffusion, we constructed additive-free
ultrahigh energy density EDLCs using PbS QDs assembled into hierarchical nanoporous structures, leading
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and charge mobility, both critical for high-perfor- Elapsed Time (s) NumberofCycle
mance supercapacitors. The olctrochemicl perfor. £, B13chematc fthe lpercapctor deve, uiling
mance of the QDHN electrodes is thoroughly exam- metry plots showing the stable operational potential window
ined, highlighting their superior capacitance and rate of the complete supercapacitor. (c) Galvanostatic charge dis-
capability compared 1o other supercapacitor mater- 18 (£C0) atereisof e sapercaactor,wih ey
als. Iodide-treated QDHN electrodes show enhanced cycling performance of the QDHN-based supercapacitor de-
ion diffusion and Charge transport’ Significanﬂy con- vices with di_fferent number§ of iodidt_e-treated Iayers of elec-
tributing to their high performance (Fig. 4c). These trodes showing stable capacity retention.
electrodes achieve a volumetric capacitance of 366 F cm ™, among the highest for state-of-the-art superca-
pacitor materials, without additional conductive agents [ACS Appl. Mater. & Interfaces 16, 24889 (2024)].

Further investigation into the charge storage mechanism reveals a mix of diffusion-controlled and sur-
face-capacitive-controlled processes in the QDHN electrodes. The iodide treatment enhances the porosity
and conductivity of the QDHN structures and supports consistent performance across different thicknesses
of the electrode layers. The developed supercapacitor devices were stable over 1000 cycles with good ca-
pacitance retention (Fig. 4d). This finding demonstrates the potential for scalable production of QDHN-
based supercapacitors, maintaining high-performance metrics even as the electrode thickness increases.
The innovative QDHN architecture offers significant advantages for rapid ionic transport and charge accu-
mulation, paving the way for further advancements in high-performance energy storage devices. Future
research directions include exploring superior electrolytes, more robust QD compounds, and scaling pro-
duction processes to accelerate the development of these promising supercapacitors._

C. Towards New QD Material Discovery for Future Supercapacitor Devices

We embarked on both computational studies and synthesis experiments to find alternative QD com-
pounds to potentially replace PbS QDs. Although carbon dots as potential alternatives [RSC Adv., 11,39917
(2021)], challenges related to their quantum confinement properties and end-of-life issues led us to focus
on alternative metal chalcogenides.

The computational studies focused on hexagonal iron sulfide (h-FeS, or Fe;Ss). It is known for its non-
centrosymmetric structure and antiferromagnetic configuration. Through DFT calculations, we investigated
the role of intrinsic point defects on this compound's electronic structure [J. Phys. Chem. Lett. 12, 10777
(2021)]. Starting from defect considerations, which are likely in a QD system characterized by many surface
defects, we found that iron vacancies can induce midgap states significantly affecting the electronic prop-
erties, such as bandgap narrowing and enhanced conductivity. The formation of these defects under differ-
ent synthesis conditions (S-rich vs S-poor) and their impact on the electronic structure were thoroughly
analyzed. By delving into defect engineering, we identified key strategies to develop this material for su-
percapacitor [ Electrochim. Acta, 449, 142235 (2023)]. We predicted that p-type defects would be important
in the h-FeS structure to enhance capacitance through quantum capacitance mechanisms. DFT calculations
of Cr-doped h-FeS anodes showed much higher quantum capacitance, than pristine h-FeS.

Experimentally, a new method for synthesizing CQDs
was developed, allowing for synthesizing new, challenging
compounds. This method led to the discovery of colloidal
NCs of n-SnS (tin sulfide) [J. Phys. Chem. C 126, 5323
(2022)] (Fig. 5a). Tin, being more environmentally friendly,
abundant, and lighter than lead, offers significant ad-
vantages. The new QD NC compound was comprehensively
characterized, and size-dependent bandgap values con-
firmed that these NCs act as QDs (Fig. Sb-c). Photodetector
devices developed with these QDs demonstrated conduction
channel paths performing on par with early PbS QDs. The — o o—1od e
use of this new compound for supercapacitor electrodes is _. bk G )

. . . . Fig. 5. (a) Schematic, structure, and TEM electron mi-
still being pioneered beyond the scope of this current pro- croscopy images of m-SnS colloidal NCs. (b) Optical
ject. On the other hand, a similar synthesis method is now absorption spectra of the inert one-pot synthesized
being exploited as a virtue to synthesize the other tin-chal- 7-5nS NC solutions with variations of NC diameters.

cogenide NCs and the iron-sulfide NCs. (c) Plot of_the_ sizc_a-dependent optic_al bandgaps of the
1-SnS NC indicating quantum confinement effect.
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