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PREFACE

THE CHEMISTRY OF M0S,; AND RELATED COMPOUNDS
AND THEIR APPLICATIONS IN ELECTROCATALYSIS AND

PHOTOELECTROCHEMISTRY

QI DING, PH. D.
UNIVERSITY OF WISCONSIN-MADISON

2016

The increasing energy demand in our society has stimulated intensive research in the
development of sustainable and renewable energy sources to lessen our strong dependence on
fossil fuels. Hydrogen is a clean, storable, and high-energy density energy carrier, and is a
promising sustainable solution to achieve an environmentally friendly fuel economy.
Electrochemical and solar-driven photoelectrochemical water splitting is regarded as one of the
most promising approaches to utilize renewable energy to product hydrogen fuel, yet Pt and other
noble metals remain the best electrocatalysts for hydrogen evolution reaction (HER), the high cost

of which ultimately limit the scalability of such technologies.

Layered transition metal dichalcogenides (TMDCs) is a family of compounds that has
attracted widespread attention due to their broad range of applications in electronic devices,
optoelectronics, sensing, energy storage, and catalysis. Owing to its relatively low cost, earth

abundance, and high catalytic activity and good stability towards HER, TMDCs are now being



regarded as promising potential alternatives to Pt for HER catalysis. My research has primarily
focused on understanding the chemistry of MoS: and related compounds, and developing rational
approaches to enable these materials for efficient electrocatalytic and photoelectrochemical (PEC)

hydrogen evolution.

Chapter 1 serves as a general introduction to the basic concepts of the electrocatalytic and
photoelectrochemical hydrogen evolution reactions. I discuss various approaches to improve the
catalytic activity of MoS, and related compounds for HER, and highlight the state-of-the-art
experimental discoveries. | also review the development of integrated photoelectrochemical (PEC)
systems where MoS; is combined with semiconductors to enable direct solar-to-fuel conversion,
and offer perspective on how to design efficient integrated photoelectrochemical (PEC) systems,
in hopes of lighting a path toward achieving performance competitive with their noble metal-

containing analogues.

Chapter 2 follows up on the groundwork laid in Chapter 1 and demonstrates highly efficient
and robust photocathodes based on heterostructures of chemically exfoliated metallic 1T-MoS;
and planar p-type Si for solar-driven hydrogen production. Photocurrents up to 17.6 mA/cm? at 0
V vs reversible hydrogen electrode (RHE) were achieved under simulated 1 sun irradiation, and
excellent stability was demonstrated over long-term operation. Electrochemical impedance
spectroscopy revealed low charge transfer resistances at the semiconductor/catalyst and
catalyst/electrolyte interfaces, and surface photoresponse measurements also demonstrated slow
carrier recombination dynamics and consequently efficient charge carrier separation, providing
further evidences for the superior performance. The results suggest that chemically exfoliated 1T-
MoS,/Si heterostructures are promising earth-abundant alternatives to photocathodes based on

noble metal catalysts for solar-driven hydrogen production.



i

Building upon the 1T-MoS> groundwork, | seek to further enhance the PEC performance

by understanding and improving the critical components in photocathode systems. In chapter 3, |
replace p-type planar Si with n*pp" Si micropyramids (MPs), which largely enhanced the
photovoltage and the light harvesting ability. On the catalyst side, MoQxCly (Q = S, Se) catalysts
are developed to be comparable catalysts to 1T-MoS,, and the preparation of MoQxCly does not
require chemical exfoliation and high temperature synthesis. Moreover, MoSxCly is a catalyst that
has little light absorption in the visible and near infrared range. This rather unusual characteristic,
combined with its high electrocatalytic activity, make it a unique and highly competitive catalyst
material for PEC-HER. By integrating MoQxCly catalysts with n*pp* Si MPs, | successfully
fabricated efficient photocathodes with significantly enhanced onset potential and fill factor, and

most importantly, the highest current density ever reported for Si-based photocathodes.

After demonstrating the great potential of utilizing MoS, and related compounds for
hydrogen evolution reaction, | seek to fully harness the potentials of MoS, and utilize it for a
broader range of applications. Functionalization is an essential approach to further alter the
electronic, optical and catalytic properties of MoS». Despite the general belief that the basal plane
of 2H-MoS2 monolayer is too inert for functionalization, in chapter 5, | demonstrate the basal plane
can be covalently functionalized via thiol conjugation. Sulfur vacancies on MoS; ML basal plane
are demonstrated to play a key role in the thiol conjugation. By controlling the amount of sulfur
vacancies, the degree of MoS; functionalization can be effectively adjusted. This thiol conjugation
also partially repairs or passivates sulfur vacancies, leading to enhanced photoluminescence
response and decreased active sites for hydrogen evolution reaction catalysis. Moreover, such
functionalization also offered possibilities for the formation of MoS»-based heterostructures, an

example of which used a dithiol molecule to link MoS, ML and PbSe quantum dots



heterostructures, opening up opportunities for broader applications in solar and optoelectronic

devices.

Lastly, I report a facile approach to synthesize epitaxial PbSe—TiO> quantum dot nanoscale
heterostructures (QDH) for solar energy conversion. Quantum dot nanoscale heterostructures
(QDHs) are a class of materials that are useful for both fundamental investigation of charge transfer
and potentially useful for integration into solar energy conversion devices. | synthesized the
heterostructure using a hot injection approach with a home-designed setup, yielding PbSe QDs
with excellent coverage and narrow size distribution. High resolution transmission electron
microscopy (HRTEM) confirmed the direct lattice connection between PbSe QDs and TiO:
nanomaterials, and a supercell was designed to calculate the lattice mismatch across the interface.
Moreover, | demonstrated this approach could be readily extended to TiO. with different
morphologies (hanoparticles, nanosheets, nanorods), on different substrates (FTO, titanium foil,
glass), and even on other metal oxide semiconductors, such as SnO,. Enhanced absorption
spectrum was observed due to the light absorption of PbSe QDs, and fast charge transfer Kinetics
from the donor to the acceptor materials is expected because of the direct lattice connection in the

epitaxial heterostructure.

The body of work presented here represents substantial progress toward the understanding
of MoS; chemistry and the development of utilizing it for renewable energy applications. By
engineering the phase and developing ternary compounds, efficient electrocatalytic and
photoelectrochemical HER systems have been successfully demonstrated, offering simple
strategies for improving the performance of a wide variety of earth-abundant inorganic

electrocatalyst materials. Additionally, I have shown successful covalent functionalization on



MoS: basal plane, opening up more opportunities in the development of electronic, optoelectronic

and solar applications.
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Chapter 1
Efficient Electrocatalytic and Photoelectrochemical Hydrogen

Generation Using Molybdenum Sulfide and Related Compounds

1.1 Introduction

The increasing energy demand in our society has stimulated intensive research in the
development of sustainable and renewable energy sources to lessen our strong dependence on
fossil fuels.! Hydrogen is a clean energy carrier that can be stored, distributed, and used on
demand.?® In comparison with carbon-based fossil fuels that produce greenhouse gases, the
combustion of hydrogen produces water as the only byproduct. Today, hydrogen is mainly
produced via steam methane reforming of natural gas, during which process, CO> is produced. In
the pursuit of a secure and clean future of hydrogen economy, sustainable hydrogen production
must be developed. Electrochemical and solar-driven photoelectrochemical water splitting is
regarded as one of the most promising approaches to utilize renewable energy to product hydrogen

fuel +®

To maximize the efficiency of such transformations, catalysts are commonly employed to
facilitate both charge transfer and subsequent chemical reaction, accelerating their respective rates.
However, Pt and other noble metals are still the best electrocatalysts for hydrogen evolution
reaction (HER).” Their high cost and scarcity greatly limit their large scale deployment. Therefore,

developing low-cost and earth-abundant catalysts that could demonstrate comparable performance



with that of Pt group metals is highly desired. In the past decade, significant progress has been
made in the exploration of new earth-abundant, inexpensive, and nontoxic catalysts for HER,
including metal alloys, chalcogenides, nitrides, phosphides, borides, and carbides.®* Among these
materials, two-dimensional (2D) layered transition metal dichalcogenide materials have received
great attention due to their unique crystal structures, unusual properties, and great promise in HER
catalysis. Even though by now this family might not have the best HER performance than some
other families of materials, such as metal phosphide and phosphosulphide,** this is perhaps the
first earth-abundant compound studied for HER catalyst, and its mechanism is well understood

and offers valuable insights for the development of new catalysts.

In this review, we will focus our attention on two-dimensional molybdenum disulfide and
related compounds as potential replacements of Pt for HER catalysis and photoelectrochemical
(PEC) water splitting. After introducing the background, we discuss several important approaches
that have been demonstrated to improve the catalytic activity of MoS; for HER, and highlight the
state-of-the-art experimental discoveries. We also review the development of combining MoS:
with semiconductors for integrated PEC systems for direct solar-to-fuel conversion, and provide
insights regarding how to design the most efficient PEC-HER system. Because of the rapid
development in this emerging field, we cannot ensure that this review encompasses the full body
of related work; instead, we seek to highlight the key discoveries that have improved the

fundamental understanding and influenced the research direction of the field.

1.2 Electrocatalytic Hydrogen Evolution

1.2.1 Hydrogen evolution mechanism


http://www.nature.com/nmat/journal/vaop/ncurrent/full/nmat4410.html

The water splitting reaction can be divided into two half-reactions: the water oxidation
reaction (or oxygen evolution reaction, OER) and the water reduction reaction (or hydrogen
evolution reaction, HER).

H0 > H, +-0, 1)

Depending on the reaction condition, the reaction can be expressed in different ways.

a) In acidic solution:
Cathode
2H* + 2e” -» H, )
Anode
H,0 — 2H* + -0, + 2¢” ©)
b) In neutral and alkaline solutions:
Cathode
2H,0 + 2e~ - H, + 20H™ 4
Anode
20H™ - H,0 + 50, + 2€” (5)

At standard conditions, an energy input of AG = 237.1 kJ/mol is required to achieve
electrochemical water splitting, which corresponds to a thermodynamic electrochemical potential
of 1.23 V. Ideally, an external potential of 1.23 V is sufficient to split water in an electrochemical
cell. However, overpotentials are present because of the large kinetic barriers originated from the
high activation energies required for the formation of reaction intermediates on electrode surface.

Thus, in practice, potential much larger than 1.23 V is required for sufficient water splitting.

The voltage (Eop) for water splitting can be described as:*°



Eop = 1.23V 415 + N + Nother (6)

Where 1.23 V is the thermodynamic potential value for water splitting, na and nc represent
the total overpotentials (the potential difference between thermodynamically determined potential
and the experimental potential) at the anode and cathode side, respectively, and nother IS the voltage
drop from other resistances in the electrochemical cell, including solution resistance, membrane
resistance, and contact resistance, etc. In order to reduce the cell voltage, the overpotential at the
electrodes and in the electrochemical cell should be reduced. The voltage drop in nother Can be
reduced by carefully designing the electrochemical cell to reduce the solution and contact
resistance. And the overpotential at the electrodes could be minimized by choosing efficient

catalysts for hydrogen evolution and oxygen evolution.

The mechanism of hydrogen evolution reaction (HER)'® in acidic environment is illustrated
in Figure 1.1a. HER typically involves three steps shown in the arrows. The first one is called
Volmer or discharge reaction step.

H*(aq) + e™ + * - H} 4, @)
This is the reaction of a transferred electron reacting with a proton, generating an adsorbed
hydrogen atom (H34,) on the electrode surface. Then, the reaction could either proceed via the
Tafel reaction or the Heyrovsky reaction. In the Tafel reaction, two absorbed hydrogen atoms
combine to generate H> gas.

2Hq, > Hy (8) + 2 * (8)
Whereas in the Heyrovsky reaction, another electron would react with adsorbed hydrogen atom
and another proton from the solution to yield Ho.

Hiqs + H"(aq) + e~ — H, (g) +* 9)



1.2.2 Important parameters in HER catalysis

Regardless of the reaction mechanism, adsorbed hydrogen intermediate is always
generated in the first Volmer reaction and is often the rate limiting step for many non-precious
metal catalysts. Thus, the Gibbs free energy for hydrogen adsorption (AGhx=) in VVolmer reaction
has been regarded as a good descriptor for HER catalytic activity.'’1® Density functional theory
(DFT) can be used to calculate the free energy of hydrogen binding in theoretical prediction, and
provide insight about the catalytic activity of a material. Sabatier plot (so-called volcano plot)
summarizes the relationship between the exchange current density and hydrogen adsorption energy
(AGH=) for most metals. As shown in Figure 1.1b, the most active catalysts for HER are at the
summit of the volcano plot, with a nearly zero AGn~ and the highest exchange current density. Pt
group metals have an AGn+ close to zero, therefore are the best hydrogen evolution catalysts.
Metals on the left bind too strongly, making the initial Volmer step easy. But they also hold onto
the adsorbed proton too strongly and affect the subsequent Tafel or Heyrovsky steps. Metals on
the right bind too weakly, requiring a large driving force to initiate the Volmer reaction and limit
the overall turnover rate. Therefore, a nearly zero AGn= is desired for choosing non-Pt HER

catalysts.
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Figure 1.1. (a) The mechanism of hydrogen evolution on the surface of an electrode in acidic
solutions. (b) The Sabatier plot for HER catalysts showing the exchange current densities plotted
against the free energy of hydrogen adsorption. Materials near the top of the volcano curve are

expected to be most active in HER.?



Tafel slope is another parameter that is characteristic of the HER catalytic activity. It
reveals the relationship between the current density (j) and the overpotential (n). Exchange current
density (jo) is a parameter that is correlated to the electron transfer rate of the catalyst under
reversible conditions, with a larger jo reflecting faster kinetics toward the redox reaction. As shown
in equation (10), j is the current density, jo is the exchange current density, R is the ideal gas
constant, T is the absolute temperature, a is the electrochemical transfer coefficient, n is the number

of electrons involved in the electrode reaction, and F is the Faraday constant. Tafel slope is defined

using b = %, in the unit of mV decade™.

_23RT, ]
=— log " (10)

]

The linear part of the Tafel plot is fit to the equation, where both the Tafel slope (b) and
the exchange current density (jo) can be derived. Both values are important parameters in
electrocatalysis. The value of b indicates the catalytic mechanism of the electrode reaction, and
exchange current density jo reflects the intrinsic catalytic activity of the electrode material under
equilibrium conditions. In order to minimize the value of overpotential, ideal catalysts should have
a high exchange current densities (jo) and a small Tafel slope (b). Other parameters that are
commonly used to compare between different catalysts include onset potential, the potential at

which HER activity begins, and the potential required to reach 10mA/cm?.

1.3 Utilizing MoS; and Related Compounds as HER Catalysts

Layered transition metal dichalcogenides (TMDCs) is a family of compounds that has
attracted widespread attention due to their broad range of applications in electronic devices,

optoelectronics, sensing, energy storage, and catalysis.?*?* They are traditionally used as industrial



hydrodesulfurization catalysts,® and recently have been explored as exciting HER catalysts that
exhibit excellent catalytic activity. Due to their relatively low cost, earth abundance, high catalytic
activity and good stability, they are regarded as promising potential alternatives to Pt for HER

catalysis.

1.3.1 Crystal structures of MX, materials

The layered transition metal dichalcogenides have the general formula of MXz, where M
is a transition metal (Ti, Zr, Hf, V, Nb, Ta, Mo, W, Re, etc.), and X is a chalcogen (S, Se, Te).
Individual sandwiched X-M-X layers are held together by weak van der Waals interactions to form
hexagonal structures. MoS; has been one of the most well studied TMDCs and acts as an excellent
model system to explore the chemistry of 2D TMDCs. It exhibits three polymorphs, 2H, 3R and
1T (Figure 1.2), and subtle structural changes can dramatically affect electrical properties. Natural
MoS: is found to be the thermodynamically favored 2H phase with S-Mo-S layers built from edge-
sharing MoSs trigonal prisms. It has two layers per unit cell stacked in the hexagonal symmetry.
3R-MoS:; shares the same crystal structure with 2H in each single layer, but has three layers per
cell stacked in the rhombohedral symmetry. 1T is not naturally found in bulk, and could be
obtained by chemical exfoliation from 2H via n-Butyl lithium treatment. It has one layer per unit
cell, in which the coordination of Mo atoms becomes octahedral instead of the trigonal prisms
shown in 2H and 3R. Unlike the semiconducting nature of 2H, 1T-MoS; is found to be metallic.
Because of the metastable nature of 1T-MoS, it could readily transform back to 2H phase under

high-temperature annealing.
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Figure 1.2. Crystal structure of the 2H, 3R, and 1T polytypes of Mo0S,.1°
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Semiconducting MoS; also has unique layer-dependent properties. Generally, each layer
has a thickness of ~0.65 nm. Unusual optical and electronic properties emerge when bulk MoS: is
thinned to a single layer, making MoS; monolayers (MLs) particularly attractive.
Photoluminescence (PL) is observed in MoS, monolayers due to the transition from indirect band
gap (1.3 eV) to direct band gap (1.8 eV),?® which generates possibilities for many optoelectronic
applications such as light-emitting diodes and photodetectors.??° Field effect transistors (FETS)
based on MoS; monolayers were demonstrated to have high mobilities and on—off current ratios

upto 1 x 108%

1.3.2 Approaches to enhance MoS; catalytic activity and performance

Early work on bulk MoS> suggested that this material is not a particularly active HER
catalyst.3' Nevertheless, since the early theoretical work,'® various approaches have been
developed in recent years to significantly enhance its HER catalytic activity, making it a promising
HER catalyst. Here we will describe the approaches that have been demonstrated to be effective
in improving the catalytic activity and overall HER performance of MoS;: (1) increase active sites,
(2) phase engineering, (3) coupling with conductive scaffolds, (4) amorphous molybdenum sulfide,

and (5) amorphous ternary compounds.

1.3.2.1 Increase active sites

a) Increase edge sites

Both experimental®® and computational®® studies have demonstrated that the edge sites of
MoS; possess very different chemical reactivity with the basal plane. DFT calculations showed
the theoretical free energy of adsorption of hydrogen on the edge sites of MoS: is close to that of

Pt, raising the possibility of MoS; as a promising HER electrocatalyst.'® Direct measurement using
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scanning tunneling microscopy (STM) also showed the edges of MoS; nanoplatelets appear as
bright rims, suggesting their more catalytically active nature (Figure 1.3). Moreover,
electrocatalytic activity measurements showed that the catalytic performance of MoS>
nanoparticles is proportional to the edge state length, rather than the area coverage, directly

establishing the relationship between MoS; edges and the catalytic active sites.?°
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Figure 1.3. (a) Atomically-resolved scanning tunneling microscopy (STM) image of a MoS>
nanoplates on Au [111] showing the bright rim around the edges, corresponding to the catalytically
active edge sites.?’ (b) TEM image of a MoS; film produced by rapid sulfurization. (c) ldealized
structure of edge-terminated molybdenum chalcogenide films with the layers aligned
perpendicular to the substrate, maximally exposing the edges of the layers.*? (d) Abbreviated
scheme for the synthesis of double-gyroid mesoporous MoS; engineered to preferentially expose

edge sites for enhanced HER activity.*®
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Motivated by the higher catalytic activity along the edge sites of MoS», nanostructured
MoS: has been actively pursued to maximally expose energetic active sites, such as nanoparticles,
vertical nanoflakes, nanowires, defect-rich films, and mesoporous films. Kong et al. presented a
synthesis process to grow MoS; and MoSe; thin films with vertically aligned layers, maximally
exposing the edges on the film surface, and correlated the HER catalytic activity directly with the
density of exposed edge sites (Figure 1.3b, ¢).3? Similarly, single-crystal MoS, nanobelts with
basal plane vertical to the substrate and edge sites covering the top surface were synthesized,
exhibiting high electrocatalytic hydrogen evolution efficiency.* Kibsgaard et al used an elaborate
scheme to engineer the surface structure of MoS; to preferentially expose edge sites to improve its
activity.®® They synthesized contiguous large-area thin films of a highly ordered double-gyroid
MoS: bicontinuous network with nanoscaled pores (Figure 1.3d). This high surface area material
preferentially exposed a large fraction of edge sites, leading to improved HER catalytic
performance. However, in the meantime, increased electron transport resistance was also observed
at thicker films due to the semiconducting nature of MoS», limiting the overall electrochemical
performance at higher current densities. Xie et al reported synthesizing ultrathin MoS2 nanosheets
with rich defects, which resulted in partial cracking of the catalytically inert basal planes, exposing
additional active edge sites and leading to largely improved catalytic activity.® In another study,
Chung et al. prepared edge-exposed MoS, nanosheet-assembled structures and revealed the linear
relationship between exchange current density and the number of sulfur edges, demonstrating that
the active site for HER was the sulfur edge of MoS, nanosheets.®® Saadi et al. also demonstrated
an operando synthesis of MoSe: thin films for HER catalysis. During voltammetric cycling,

catalytically inactive components of a MoSes/MoO3 film were reductively converted to MoSey,
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generating an amorphous, macroporous MoSe> framework that exhibits enhanced HER catalytic
activity.®’

b) Increase defects on basal plane

The basal plane of 2H-MoS: is generally believed to be inert towards HER, but its
coordination is not perfect. Both experimental and computational studies have shown that a wide
range of defect types are present and high densities of sulfur vacancies are observed on the basal
plane of CVD grown or exfoliated 2H-M0S.*3° While many research has been focused on
maximizing and optimizing the active edge sites, there are also reports exploring the activation
and optimization of MoS; basal plane. First principles calculations were used to investigate the
basal plane of defected two-dimensional materials MoX. (X = O, S, Se) for HER, and showed that
the defected MoX: can adsorb hydrogen atoms at defect sites, with appropriate adsorption energies
for hydrogen evolution. Adatoms (several first-row transition metals, B, C, N, O) were further
used to tune the reaction and it was found that C and O adatoms can make defected MoX: ideal

for HER at higher defect levels.*

Li et al. reported activating the basal plane of monolayer 2H-MoS; by introducing sulfur
vacancies and strain (Figure 1.4).%? Their theoretical and experimental results show that the S-
vacancies are catalytic sites in the basal plane, where gap states around the Fermi level allow
hydrogen to bind directly to exposed Mo atoms. By manipulating the combination of S-vacancy
and strain, the hydrogen adsorption free energy and catalytic activity of MoS> could be effectively
fine-tuned. To understand the HER kinetics of those S vacancies and the additional effects from
elastic tensile strain, scanning electrochemical microscopy was used to compare between
unstrained S vacancies and strained S vacancies on the basal plane of MoS, monolayers. As a

result, 4 times enhancement in the electron-transfer rate was revealed for strained S vacancies.*®
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Along the same line, Xie et al. reported using controllable disorder engineering and
simultaneous oxygen incorporation in MoS; catalysts to enhance HER activity.** The disordered
structure can offer abundant unsaturated sulfur atoms as active sites for HER, while the oxygen
incorporation can effectively regulate the electronic structure and further improve the intrinsic
conductivity. As a result, an optimized MoS; catalyst with an onset overpotential of 120 mV and

good stability was demonstrated.
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Figure 1.4. (a) Schematic of the top (upper panel) and side (lower panel) views of MoS; with
strained S-vacancies on the basal plane, where S-vacancies serve as the active sites for hydrogen
evolution and applied strain further tunes the HER activity. (b) LSV curves for the Au substrate,

Pt electrode, and MoS» with different amount of strain and S-vacancies.*?
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1.3.2.2 Phase engineering

Besides increasing the number of active sites in MoSz, enhanced HER catalytic activity
could also be achieved via phase engineering. The as-grown 2H-MoS> could be converted to 1T-
MoS: via chemical exfoliation using n-Butyl lithium, with lithium intercalated to form LixMoS>
first and then exfoliated through hydration to form 1T-MoS». Lukowski et al. reported dramatically
enhanced HER catalysis from metallic nanosheets of 1T-MoS, chemically exfoliated from
semiconducting 2H-MoS, nanostructures grown directly on graphite (Figure 1.5a, b).** An
electrocatalytic current density of 10 mA/cm? was achieved at an overpotential of —187 mV vs.
RHE with a small Tafel slope of 43 mV/decade. Structural characterization and electrochemical
studies confirmed that the metallic 1T-MoS; nanosheets exhibit facile electrode kinetics, low-loss
electrical transport, and possess a proliferated density of catalytic active sites, which result in such
dramatic enhancement in performance.*® Voiry et al. further showed that the active sites of 1T-
MoS; are no longer limited to the edges like in 2H phase, but mainly located in the basal plane.*®
By utilizing different organolithium compounds for intercalation, Ambrosi et al also demonstrated
the degrees of exfoliation and HER catalytic activity are also affected by the intercalator, with n-
butyllithium and tert-butyllithium providing higher degrees of exfoliation and better HER catalytic
properties than methyllithium.*” Moreover, Wang et al demonstrated the continuous tuning of
vertically aligned MoS; nanofilms through electrochemical intercalation of Li* ions, which
enabled continuous tuning of the oxidation state of Mo, the transition of semiconducting 2H to
metallic 1T phase, and also demonstrated significantly improved HER catalytic activity (Figure
1.5¢).® These distinct and previously unexploited features of 1T-MoS, make these metallic

nanosheets a highly competitive earth-abundant HER catalyst.
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Similar to 1T-MoS», 1T-WS; nanosheets have also been reported to display excellent
catalytic activity for hydrogen evolution reaction (HER). Metallic 1T-WS; nanosheets can be
prepared from CVD grown 2H-WS; using microwave-assisted n-butyl lithium intercalation
method. Structural and electrochemical studies confirm that the simultaneous conversion and
exfoliation of semiconducting 2H-WS; into nanosheets of its metallic 1T polymorph result in facile
electrode kinetics, excellent electrical transport, and proliferation of catalytically active sites.*°
Pumera’s group further examined the inherent electroactivities of other chemically exfoliated
MoSe2, WS,, WSe, and their catalytic activity towards hydrogen evolution and oxygen reduction
reactions, and demonstrated strong dependence of catalytic activity on the chemical exfoliation

route and metal-to-chalcogen composition.>%>!

Density functional theory (DFT) has been utilized to provide deeper understanding of the
catalytic activity of 1T- and 2H-Mo0S.°>** Gao et al. reported that the negative charges on 1T-
MoS: helped to reduce the kinetic energy barrier for the transition from 2H to 1T, and the 1T phase
would transform into the distorted structure (1T’ phase) spontaneously. The catalytic activity for
1T'-MoS; is comparable to that of 2H, but the faster charge transfer kinetics helped to provide the

superior performance.>?
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Figure 1.5. (a) Phase conversion from semiconducting 2H-MoS; to 1T-MoS; after lithium
intercalation. (b) Polarization curves showing enhancement of the electrocatalytic activity toward
HER through chemical exfoliation and phase transitions.*® (c) Galvanostatic discharge curve
representing the lithiation process. Li intercalates into the van der Waals gaps of MoS; to donate
electrons to the slabs and expand the layer spacing. The voltage monotonically drops to 1.2 V vs.
Li+/Li to reach a Li content of 0.28, after which the system undergoes a 2H to 1T MoS; first-order
phase transition. The atomic structure is changed from trigonal prismatic to octahedral, along with

the electronic semiconducting to metallic transition.*®
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1.3.2.3 Coupling with conductive scaffolds

Coupling MoS: with conductive scaffolds is an effective method to improve its electronic
conductibility and increase the effective surface area, thereby enhancing the overall HER catalytic
performance. Li et al. developed a selective solvothermal synthesis of MoS, nanoparticles on
reduced graphene oxide (RGO) sheets suspended in solution (Figure 1.6a, b).>> Superior
electrocatalytic activity of the MoS2/RGO hybrid was demonstrated with a Tafel slope of ~41
mV/decade, which is significantly improved relative to other MoS; catalysts. The improved
performance is attributed to the abundance of catalytic edge sites on the MoS> nanoparticles and
the excellent electrical coupling to the underlying graphene network. The conducting graphene
network provided the internal electron transport channels from the less-conducting MoS>
nanosheets to the electrodes, and also prevented MoS: from aggregating. Similarly, a graphene
deposited 3D Ni foam was also utilized as a solid support to load MoSy catalysts for HER. Besides
serving as conductive support, the graphene sheets grown on Ni foams also provide robust
protection and efficiently increase its stability in acid (Figure 1.6c).%® Mesoporous graphene foam
(MGF), carbon nanotube, and carbon nanofiber were also employed to synthesize MoS>—based
nanocomposites that exhibit enhanced catalytic activity due to the electrical coupling to the
conductive substrate network.>”*® Usually, the increase of the surface area leads to increasing
overall catalytic performance which could be accounted for by normalizing these electrochemical

surface area, but not the enhancement of “intrinsic” catalytic activity of the catalyst.
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Figure 1.6. (a, b) Solvothermal synthesis of a MoS,—graphene nanocomposite.>® (c) The
polarization curves of the as-obtained Ni foam electrode (dotted line), the graphene-protected Ni

foam electrode (solid line), and the graphene-protected Ni foam electrode with MoSx grown at 120

°C (dotted line).%®
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1.3.2.4 Amorphous MoSx

Different from crystalline MoS,, amorphous MoSx has short-range ordered atomic
arrangements and significant structural disorder, thus may possess more catalytic active sites for
HER (Figure 1.7a). The amorphous catalysts can be synthesized using electrodeposition or wet
chemical reactions with no thermal sulfidization treatment, and have demonstrated excellent

catalytic activity.

Kibsgaard et al. reported utilizing supported thiomolybdate [M03S13]* nanoclusters as a
molecular HER catalyst (Figure 1.7b, c). The clusters can be viewed as molybdenum sulfide with
a significant fraction of active sites, as most sulfur atoms in the structure exhibit a structural motif
similar to that observed at MoS; edges, demonstrating high HER activity and stability in acid.*
Vrubel et al showed that amorphous molybdenum sulfide catalyst could deliver a current density
of 10 mA/cm? at an overpotential of 160 mV at a loading of 0.2 mg/cm?2.%% While the initial
compositions produced from different electrochemical deposition methods might be different, the
active catalysts are the same and are identified as a “MoS2+x” species.?’ The activity of the film
catalysts can be further promoted when suitably doped with heteroatoms. Merki et al. investigated
the promotion effect of first-row transition metal ions (Mn, Fe, Ni, Co, Cu and Zn) on the HER
activity of MoSy, and showed Fe, Co, and Ni ions were effective promoters to enhance its catalytic
performance.®? A Mo'V-disulfide complex, which is a well-defined molecular analog of the
proposed MoS; edge structure, was synthesized and structurally characterized by Karunadasa et
al. After electrochemical reduction, hydrogen can be catalytically generated from acidic organic

media as well as from acidic water.%?


http://www.nature.com/nchem/journal/v6/n3/full/nchem.1853.html#auth-1

23

Due to the uncertain structure and atomic-scale heterogeneity, it is difficult to identify the
catalytic active sites on amorphous MoSx and reveal the precise catalytic mechanism. Several
studies are conducted to provide a better understanding of the reaction mechanism.963-6" The
unsaturated S atoms in amorphous molybdenum sulfide have been shown to be similar to the edges
of crystalline MoS; in terms of the catalytic function, and thus have been suspected to be the
catalytically active sites for HER.1%53%5 Tran et al. showed that the amorphous MoSyx is a
molecular-based coordination polymer consisting of discrete [Mo3S13]* building blocks. Two of
the three terminal disulfide (S,?) ligands within the cluster are shared to form the polymer chain,
leaving the third one free and generates molybdenum hydride moieties as the active site under H
evolution conditions (Figure 1.7 b and ¢).%” In situ X-ray absorption spectroscopy has also been
utilized to provide insight into the reaction mechanism of amorphous molybdenum sulfide (MoSy)
under functional conditions. Structural model for the catalyst film as prepared and under functional
conditions were proposed, and terminal disulfide units were shown to be present and involved in

the HER catalytic cycle.®®
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Actual catalyst under turnover conditions

Figure 1.7. (a) Hydrogen evolution on amorphous MoSx.*? (b) Structures of a-MoSx catalyst under
catalytic H evolution turnover conditions. (¢) HAADF-STEM analysis revealing the arrangement

of [Mos] cluster units in a one-dimensional unfolding chain.®’
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1.3.2.5 Amorphous ternary compounds

Besides amorphous MoSy, ternary amorphous compounds have also been investigated and
demonstrated to be superior HER catalysis. Jin’s group developed novel high performance
amorphous MoSxCly and MoSexCly HER electrocatalysts synthesized using low temperature
chemical vapor deposition syntheses (Figure 1.8).%7% The obtained MoSxCly exhibited stable and
high catalytic activity toward the hydrogen evolution reaction, as evidenced by the large cathodic
current densities at low overpotentials and low Tafel slopes (ca. 50 mV decade™). It is
hypothesized that CI further tunes the electronic structure of the amorphous samples to improve
the catalytic activity. Furthermore, directly depositing MoSxCly electrocatalyst on conducting
vertical graphene further enhanced the highly competitive HER performance as compared to other
state-of-the-art amorphous MoSx or exfoliated metallic MoS: electrocatalysts, due to the

synergistic effects of high intrinsic activity and large electrochemically active surface area.

Compared to MoSy, CoSx materials are more active but less stable. Staszak-Jirkovsky et al
designed a catalyst by combining the higher activity of CoSy building blocks with the higher
stability of MoSy units into a compact and robust CoMoSy chalcogel structure, and demonstrated

it could effectively catalyze HER in both alkaline and acidic environments.’*


http://www.nature.com/nmat/journal/v15/n2/abs/nmat4481.html#auth-1
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Figure 1.8. (a) Electron microscopy characterization of an amorphous MoSxCly—vertical graphene
(VG) sample grown at 275 °C. STEM-EDS mapping of a piece of graphene sheet partially covered
by MoSxCly. The orange box indicates the region where EDS elemental mapping (b) was
performed for C, Cl, S, and Mo.% Electrochemical characterization of amorphous MoSxCly (solid
circles) and MoSexCly (solid squares) thin films deposited on graphite substrates in comparison

with crystalline MoS2 (open circles) and MoSez (open squares): (c) Polarization curves, (d) Tafel

analysis.”
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1.4 Photoelectrochemical Hydrogen Generation

Solar-driven photoelectrochemical water splitting combines solar light conversion with
water splitting, and is regarded as one of the most promising approaches to store solar energy
directly in the form of hydrogen fuel.?® The solar-to-fuel conversion can be achieved by using
either a photovoltaics-electrolyzer system or an integrated photoelectrochemical (PEC) system that
couples the light harvesting system with the water splitting system in a single device.*® It is much
more economical and attractive to utilize integrated PEC systems to directly split water at the

semiconductor interface.
1.4.1 Components in PEC

Two essential components are required in a PEC system, a light absorber/semiconductor
that generates electron—hole pairs upon illumination, and an electrocatalyst that facilitates charge
transfer and reduces the overpotential for fuel production. Solar-driven water splitting could be
achieved either using one single semiconductor with a large bandgap (> 1.7 eV), or combining two
or more semiconductors in a tandem PEC cell that consists of an integrated oxygen-evolving
photoanode and a hydrogen-evolving photocathode. Compared with using a single semiconductor,
the tandem configuration allows the utilization of semiconductors with much smaller bandgaps
and enabled access to a larger part of the solar spectrum. As illustrated in Figure 1.9, the blue part
of the solar spectrum is absorbed by a photoanode, where water is oxidized to release oxygen and
protons. The red part of the spectrum, passes through to be absorbed by the photocathode, where
protons are reduced to evolve hydrogen.!® Here, we will focus on developing efficient
photocathodes based on MoS; and related HER electrocatalysts for photoelectrochemical

hydrogen evolution reaction (PEC-HER).
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Figure 1.9. Schematic of the tandem ‘chemical solar cell’. Left, the entire system. Pillars are
embedded in a proton-conducting membrane. The solar light is incident from above and the blue
part of the spectrum is absorbed by the anode used for oxidizing water into molecular oxygen and
protons. The protons migrate through the membrane and are reduced at the cathode side, which
are excited by the red part of the spectrum. Right, hydrogen evolution on the Si pillars modified

by the adsorbed MosSs clusters.”
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1.4.2 Important parameters in PEC systems

The performance of photoelectrodes towards PEC-HER can be calculated from current-
voltage data obtained using a potentiostat in an illuminated three-electrode cell. The important
parameters for describing and comparing the PEC performance include open-circuit voltage (Voc),

short-circuit current density (Js¢), fill factor (FF), and the saturation current density.

Open-circuit voltage (Vo) represents the electrical potential when the photoelectrode
passed zero current during the experiments. This Vo is the photovoltage that would be produced
in a regenerative two-electrode cell in which the counter electrode was performing the oxidation
of Hz to H*. Short-circuit current density (Jsc) is the current density measured at 0 V vs. RHE. The
fill factor (FF) can be calculated from the open-circuit potential Voc and short circuit current
density Jsc using equation (11), where Jmp is the current density at the maximum power point and
Vmp IS the voltage at the maximum power point. Saturation current density is the maximum current
density achieved in a photoelectrode system, and usually reflects the light harvesting ability of the

semiconductor.

FF = mwime (11)

IscVoc
To develop efficient PEC-HER system, catalyst needs to be integrated with the
semiconductor to effectively convert solar light to hydrogen fuel. Despite significant progress in
the development of new earth-abundant, inexpensive, and nontoxic catalysts for HER, most of
these new materials have only been investigated as stand-alone electrocatalysts, and only some of
them have been integrated into photocathodes. Partially because MoS; is one of the early
developed HER earth-abundant catalysts, the study of MoS: in integrated PEC is perhaps the most

developed. Many challenges remain present in the development of efficient photocathodes,
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including the difficulty in effectively integrating the electrocatalysts with the light absorbers due
to the semiconductor/catalyst chemical incompatibility and stability issues, induced interfacial
defect states and recombination sites, synthetic difficulties, suitable band alignment requirement,
and ensuring efficient charge transfer across multiple interface, etc. In 1998, Khaselev et al
demonstrated a photoelectrochemical cell biased with an integrated photovoltaic device could split
water directly upon illumination utilizing an integrated, monolithic photoelectrochemical-
photovoltaic design. The solid-state tandem cell consists of a GaAs bottom cell and a GalnP> top
cell. Utilizing Pt as the HER catalyst, a hydrogen production efficiency of 12.4 percent was
demonstrated.” Recently, several photocathodes based on non-noble metal catalysts for solar-
driven HER have been reported;* but there is still room for their chemical stability and PEC
performance to be improved. Herein, we highlight some of the well-developed photocathode
systems based on MoS; and related compounds for solar-driven HER, and offer our perspectives
on how to design the most efficient PEC-HER photocathode in hopes of lighting a path toward

achieving performance competitive with their noble metal-containing analogues.

1.5 Incorporating MoS; HER Catalysts in Photoelectrochemical Water

Splitting

To design efficient photocathodes, three major aspects need to be considered: (1) the

semiconductor; (2) the catalyst and (3) the interface.
1.5.1 Design silicon semiconductor

The study of utilizing silicon as the photocathode material is the most developed. P-type

silicon (p-Si) is an earth-abundant and inexpensive semiconductor with a suitable band gap (1.1
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eV) and is excellent for capturing photons in the red part of the solar spectrum.’*" It has been
widely utilized as a light absorber in photocathodes and demonstrated high efficiency.
Chorkendorff’s group utilized p-Si as the semiconductor material and integrated it with incomplete
cubane-like clusters (Mo03S4).”™ Under illumination, the integrated photocathode could successfully
catalyze HER, yielding a Voc 0f 0.15 V and a Jsc of 8 mA/cm?2. However, one challenge of utilizing
p-type silicon for PEC-HER s its intrinsic low photovoltage, which is limited by the Si/liquid
junction. Depositing an n* layer on top of p-Si can effectively replace the Si/liquid junction with a
built-in p-n junction, therefore significantly boosts the photovoltage of the PEC system, as shown
in the band bending scheme in Figure 1.10. In cases where the band alignment is influenced by the
catalyst, the built-in p-n junction also remove the constraints placed on the catalysts used in this
system. Using Pt film as the catalyst layer, Boettcher et al. have demonstrated both Si wire array
photoelectrodes and planar Si photoelectrodes exhibited significant enhancement in Voc, Jsc, and
fill factor when utilizing n*p Si.”® In the case of Ni-Mo catalyzed photocathodes, the Vo also

improved from 0.14 V in Ni-Mo/p-Si MW to 0.46 V in Ni-Mo/n*p Si MW.">7®
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Figure 1.10. Band bending in (a) p-Si and (b) n*p-Si photocathodes in contact with the H*/H>

redox couple in solution. The top diagrams show the interfaces in the dark, whereas the bottom

diagrams show the interfaces under illumination. Ec is the conduction band edge, Evs the valence

band edge, and Er the Fermi level. Erp and Ern are the hole and electron quasi-Fermi levels,

respectively, under illumination. The photovoltage (Vo) is larger for n*p-Si samples due to

increased band bending at the n*/p interface relative to the aqueous solution/p-Si interface.”
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Besides large photovoltage, high photocurrent is another prerequisite for highly efficient
PEC devices. The light harvesting and carrier collection of the semiconductor plays the most
important role in the achievable photocurrent. To further improve the light trapping ability of
planar Si, nano- and microstructuring of Si have been investigated.” Si wire arrays exhibited
enhanced absorption due to its large surface area and reduced light scattering.”” In addition, in the
nanowire or microwire geometry, the length scales for light absorption and carrier separation are
decoupled into two orthogonal direction, leading to enhanced carrier collection. Besides those
examples using Pt catalyst, Hou et al. showed an enhancement in the achieved photocurrent for Si
pillars based photocathodes compared to Si planar based photocathodes.”® Nevertheless, higher
density of surface states and faster recombination rates were simultaneously observed with
increased surface area in Si nano- and microwire-based photocathodes, limiting the potential gains
in efficiency.”>"8787 Alternatively, Si micropyramids (MPs)-based solar cells have been shown
to exhibit high efficiency because of the omnidirectional broadband light-trapping ability.® Since
MP structured Si surface is etched along the (111) direction with the least dangling bonds, it has
the lowest surface state density as compared to structures such as silicon nanowires, cones or tubes,
making them uniquely suited for PEC-HER light absorbers. Ding et al. have incorporated MoQxCly
(Q=S, Se) catalysts on these Si MPs for photocathodes, and achieved the highest current density
reported for Si based photocathode systems owing to its dramatically increased light harvesting

ability of Si MPs.

1.5.2 Enhance the catalytic activity

The choice of catalysts also plays a key role in the PEC-HER performance. Two criteria
need to be considered when choosing a PEC-HER catalyst: high HER catalytic activity, and good

optical transparency. More active HER catalysts usually lead to better overall PEC performance
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especially with better onset potential. Seger et al. electrodeposited MoSx on Ti-protected n*p-
silicon electrode, and demonstrated largely enhanced PEC performance compared to bare Si
electrode with good Vo and FF.8 The thin layer of Ti on Si acts as a conductive protection layer
on Si, drastically enhancing the stability of the photocathode. While Ti layer can help to protect Si
from oxidation, it also blocks Si from absorbing light. The Ti thickness must be thick enough so
that pinholes in the surface do not lead to oxidation, but thin enough to allow light to pass through.
As a result, a decrease in the saturation current density was observed from the Ti-coated samples.
In another case, Benck et al. showed that a conformal layer of MoSz on the Si photoelectrode
surface can serve as both catalytic material and protection layer,? showing no loss in performance
after 100 h operation. But the lack of active sites for the flat MoS: layer required the addition of
[Mo3S13]% clusters to further enhance its PEC-HER catalytic performance. Because of the light
absorption in the MoS> layers blocks the light from passing through, the photocurrent density
achieved in the system is limited. Amorphous CoMoSy catalyst has been reported as a HER catalyst
and has also been deposited on Si via a photoassisted electrodeposition process and utilized as
PEC-HER photocathode. In pH 4.25 phosphate solution, an onset potential of 0.25 V vs RHE and

photocurrent jsc of 17.5 mA/cm? at 0 V vs RHE were achieved under simulated 1 sun irradiation.

Compared to 2H-MoS>, 1T-MoS; has been shown to exhibit significantly enhanced HER
catalytic activity.*> When incorporating into PEC systems using planar p-type Si as the
semiconductor, Ding et al. demonstrated 1T-MoS./Si heterostructure serves as efficient and robust
photocathodes for PEC hydrogen generation (Figure 1.11). For as-grown 2H-MoS,/Si
photocathode, the onset potential and Jsc were measured to be 0.23 V vs RHE and 4.2 mA/cm?,
respectively. After phase conversion to 1T-MoS>/Si, both the onset potential and Jsc improved

significantly, reaching 0.25 V vs RHE and 17.6 mA/cm?, respectively. Electrochemical impedance
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spectroscopy revealed low charge-transfer resistances at the semiconductor/catalyst and
catalyst/electrolyte interfaces, confirming the facile electrode kinetics of 1T-MoS»/Si and further
proving that the 1T-MoS; is indeed much more catalytically active toward HER than 2H. Although
1T-MoS: is the thermodynamically metastable phase, these 1T-MoS2/Si photocathodes remain

stable and catalytically active over long-term operation.
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1.5.3 Optimize the optical transparency

Currently, catalysts are primarily evaluated based on their electrocatalytic activity.
However, as discussed before, optical transparency of catalysts also plays a crucial role in the
overall PEC performance. Despite good electrocatalytic activity, most reported HER catalysts
suffer from strong light absorption or high reflection, which consequently reduces the light
reaching the absorbers and decreases the generated photocurrent. Hence, in those cases, balancing
high catalyst loading and good optical transparency becomes one of the major challenges.®

Therefore, catalysts with good optical transparency would present particular advantages.

MoSxCly is an efficient catalyst for HER, exhibiting catalytic activity comparable to that
of 1T-MoS; (Figure 1.7).% Simply depositing a thin film of amorphous MoSxCly on p-type Si led
to a competitive Vo and Js, even slightly better than that achieved by 1T-MoSz on p-Si (Figure
1.12b). Moreover, unlike 1T-MoS> and most other HER catalysts, MoSxCly is a semi-transparent
catalyst with little light absorption in visible and near-infrared (IR) range due to its large band-gap.
By integrating MoSxCly catalyst with n*pp*Si micropyramids (MPs), Ding et al. report the highest
photocurrent density reported for Si-based PEC-HER photocathodes using non-noble metal
catalysts (Figure 1.12). A Jsc of 43 mA/cm? was achieved for MoSxCly/Si MP photocathode, which
even surpasses the current density achieved by Pt/n"pp* Si MPs, due to the synergistic effects of
the high-transparency of the catalyst and the efficient light-trapping property of the Si
micropyramid structure. The further increased Vo is because of the p-n junction in n*pp* Si MPs,

similar to the enhancement seen for the previous examples.
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Figure 1.12. (a) Schematic of MoQxCly catalysts coated on n*pp* Si MPs. (b) J-E curves for

amorphous MoSxCly/planar p-Si (purple stars), MoSxCly/Si MPs (red circles), MoSexCly/Si MPs

(black squares) and Pt/Si MPs (blue triangles) photocathodes measured under simulated 1 sun

irradiation in 0.5 M H2S04.5%72
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1.5.4 Improve the catalyst/semiconductor junction/interface

The efficiency of electrochemical water splitting is determined not only by the
semiconductor and catalyst themselves, but also their compatibility and interface. The junction
between the semiconductor and catalyst significantly affects the Vo achievable in the system. A
large junction barrier is desirable in order to maximize the Vo, but in cases where the two materials
forming an ohmic junction, a built-in junction (such as n*p Si) could be utilized to decouple the
semiconductor/liquid junction and replace it with the built-in junction. Moreover, the quality of
the interface also needs to be improved in order to design the most efficient PEC system. Ding et
al. compared two types of 1T-MoS>/Si heterostructures prepared using different approaches, one
via simple dropcasting experiment, the other via CVD. As shown in Figure 1.11, the CVD grown
1T-MoS,/Si demonstrate higher Voc, higher Jsc, as well as higher saturation current density. The
direct CVD grown 1T-MoS>/Si heterostructure exhibits a much lower charge-transfer resistance
across Si/MoS; interface than the dropcasted 1T-MoS2/Si as revealed in the electrochemical
impedance spectroscopy, which confirms that the CVD grown MoS>/Si heterostructure indeed has
a higher quality interface between the light absorber and catalyst. This is in good agreement with
the observed superior performance of the CVD 1T-MoS>/Si and highlights the benefits of direct

CVD growth of catalysts on photocathodes for effective PEC system integration.

1.5.5 PEC-HER using other semiconductor photocathodes

Previous discussion has been focused on Si based photoelectrodes, but the photocathode in
the tandem system is not limited to Si. Other p-type semiconductors potentially have large
bandgaps and more favorable band positions that could theoretically allow higher Vo than silicon,

even though for larger band gap semiconductors, the theoretically maximum Jsc could be limited.
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Morales-Guio et al. demonstrated PEC-HER by integrating amorphous MoS+x
electrocatalysts onto copper(l) oxide (Figure 1.13a).2% Copper(l) oxide is a low-cost solar materials
with a band gap suitable for capturing a large portion of the visible spectrum. Ultrathin layers of
aluminum-doped zinc oxide (AZO, 20 nm) were deposited to form a buried CuO/AZO
photovoltaic junction to enable the photovoltage, and titanium dioxide (TiO2: 100 nm) film were
deposited by atomic layer deposition (ALD) to protect the buried junction from the aqueous
environment and transports the photogenerated electrons to the electrolyte where water reduction
takes place. This TiO protection layer is an important and necessary step since Cu20 is not stable
in either acid or base. An onset potential of 0.45 V vs RHE and photocurrents up to 5.7 mA/cm?
at 0 V vs RHE (pH 1.0) were achieved under simulated AM 1.5 solar illumination. Moreover,
compared using platinum nanoparticles as catalysts, the MoSz+x based photocathode exhibits
enhanced stability under acidic environments. In another study, amorphous MoSx and a Ni-Mo
catalyst are integrated on TiO> protected Cu.O photocathodes, and active and stable hydrogen

evolution is being demonstrated in alkaline solutions.®*

Gao et al also reported using vertically aligned p-type InP nanowire arrays coated with
MoS3z nanoparticles as the photocathode for photoelectrochemical hydrogen production (Figure
1.13b).8% The p-type indium phosphide (p-InP) is an attractive photocathode for HER due to its
small band gap, appropriate band-edge potential, and low surface-recombination velocity. A Vo
of 0.60 V and FF of 0.44 were achieved under Air Mass 1.5G illumination, generating a
photocathode efficiency of 6.4%. However, the large-scale application of InP-based photocathodes
might be limited by the scarcity of indium element. P-type wurtzite gallium phosphide nanowires
were also utilized as photocathode materials. Standing et al. deposited MoSx on an

electrochemically produced oxide (EPO) passivated GaP photocathode, and achieved a Voc of
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0.71V (versus RHE) and a Jsc of 6.4mA/cm?2.8 Gallium indium phosphide (GalnP.) is another
semiconductor with promising optical and electronic properties for solar water splitting. Thin layer
of molybdenum disulfide (MoS2) nanomaterials were coated on GalnP photocathodes, leading to

significantly improved activity and stability, with no loss in performance after 60 h of operation.®’
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Figure 1.13. (a) Cross-sectional SEM image of the protective layers (20nm AZO and 100nm TiO>)
on Cu20 and (right) a ca. 100nm of MoS.« film on top of the TiO, protected Cu-O electrode.®
Scale bars, 200 nm. (b) Current—potential curves (black solid line) and photocathode conversion

efficiencies (blue squares) of as-grown InP nanowire arrays with MoSz in 1 M HCIO4 under

chopped AM1.5G illumination.®
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1.6 Summary and Outlooks

We have discussed various approaches to enable MoS> and related compounds as efficient
electrocatalysts for HER, and highlighted the current state-of-the-art discoveries. We also
reviewed the development of combining MoS> with semiconductors for integrated
photoelectrochemical (PEC) systems to enable direct solar-driven hydrogen generation, and

offered perspectives on how to design efficient integrated PEC systems.

Although HER catalytic activity by molybdenum sulfide and related compounds has been
significantly improved, the efficiency remains lower than Pt. In order to make further progress,
several aspects need to be considered in future research, besides the exploratory investigation

necessary.

a) Mechanism investigation

Despite the rapid expansion of new materials being utilized for HER catalysis, many of
them lack in-depth understanding of the catalytic mechanism on an atomic level. Investigation of
origin or fundamental nature of their activity not only can provide scientific guidance regarding
how to optimize the materials’ performances, but could also provide guideline for the development

of future related materials.

b) Better coupling between theoretical with experimental studies

Theoretical and computational studies should be better integrated with experimental work
in order to enable more targeted and rational material development. Theoretical calculations have
been shown to be successful in predicting some of the promising HER catalysts'*!820 and the

knowledge learnt from these studies should be more widely utilized to guide the experimental
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design. MoS; family has been perhaps the most systematically studied and understood family.
Experimental discoveries have stimulated additional theoretical works. The successful feedback

loop between theory and experiments would accelerate the understanding and new discoveries.

c) Development of PEC-HER systems

The development of catalysts towards electrochemical hydrogen evolution has been
undergoing rapid expansion, whereas the advance in PEC-HER has been relatively slow. In order
to realize direct solar-to-fuel conversion using earth-abundant materials, more effort is needed to
overcome the many challenges in this area. Efficient and inexpensive semiconductor materials
should be developed, either via exploring new materials, or via improving on currently available
materials. Despite some progress,21®2 the stability of photoelectrode continues to be a major
challenge and should be further improved to maintain high efficiency under long-time operation.
With the large number of efficient catalysts that have been developed, more effort should be spent
on incorporating them into PEC systems to design appropriate junctions and interfaces.
Photocathodes also need to be incorporated with photoanode materials to complete the tandem
configuration for solar fuel production. Partially because MoS; is one of the earliest earth-abundant
catalysts investigated for HER, its development for electrochemical and photoelectrochemical
HER can serve as a model for other newly developed HER catalysts. With further progress in
MoS; catalysts and other new catalysts, some of which, have surpass MoS; in terms of
electrocatalytic activity, there are significant promises in realizing highly efficient

photoelectrochemical hydrogen generation using all earth-abundant systems.
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Chapter 2

Efficient Photoelectrochemical Hydrogen Generation Using

Heterostructures of Si and Chemically Exfoliated Metallic MoSz*

2.1 Abstract

We report the preparation and characterization of highly efficient and robust photocathodes
based on heterostructures of chemically exfoliated metallic 1T-MoS; and planar p-type Si for
solar-driven hydrogen production. Photocurrents up to 17.6 mA/cm? at 0 V vs reversible hydrogen
electrode were achieved under simulated 1 sun irradiation, and excellent stability was
demonstrated over long-term operation. Electrochemical impedance spectroscopy revealed low
charge transfer resistances at the semiconductor/catalyst and catalyst/electrolyte interfaces, and
surface photoresponse measurements also demonstrated slow carrier recombination dynamics and
consequently efficient charge carrier separation, providing further evidences for the superior
performance. Our results suggest that chemically exfoliated 1T-MoS2/Si heterostructures are
promising earth-abundant alternatives to photocathodes based on noble metal catalysts for solar-

driven hydrogen production.

* This chapter was originally published in . Am. Chem. Soc. 2014, 136, 8504. It was prepared in
collaboration with Fei Meng, Caroline R. English, Miguel Cabdn-Acevedo, Melinda J. Shearer, Dong
Liang, Andrew S. Daniel, Robert J. Hamers, and Song Jin* before being adapted here.
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2.2 Introduction

Hydrogen, a clean, storable, and high energy density energy carrier, is a promising
sustainable alternative for meeting the global energy demand and achieving an environmentally-
friendly fuel economy.! In the pursuit of utilizing renewable energy to produce hydrogen fuel,
solar-driven water-splitting is one of the most promising approaches.? This can be achieved by
using either a photovoltaics-electrolyzer system or an integrated photoelectrochemical (PEC)
system that couples the light harvesting and solar fuel production and enables direct solar-to-
hydrogen production.? A PEC system has two essential components: a light absorber that generates
electron-hole pairs upon illumination and an electrocatalyst that facilitates charge transfer and
reduces the overpotential for fuel production. P-type silicon (p-Si) is an earth-abundant and
inexpensive semiconductor with a suitable band gap (1.1 eV) and has been widely utilized as a
light absorber in photocathodes.® Even though platinum and other noble metals remain the best
electrocatalysts for hydrogen evolution reaction (HER),* the high cost and scarcity greatly limit
their large scale deployment.'? The intensive search for earth-abundant, inexpensive and non-toxic
catalysts with comparable performance in HER has led to significant progress in the development
of new catalysts recently, such as metal alloys,® chalcogenides,® nitrides,” phosphides,® borides,’
carbides.!® Despite significant progress, most of these new materials have only been investigated
as standalone electrocatalysts, and only a few have been integrated into photocathodes. The
effective integration of electrocatalysts with light absorbers could potentially be quite challenging
because of the semiconductor/catalyst chemical incompatibility and stability issues, induced
interfacial defects states and recombination sites, or synthetic difficulties such as control over
morphology, coverage and thickness when growing the catalyst directly on the light absorber.?

One must also consider suitable band alignment and ensure efficient charge transfer across
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multiple interfaces. Several photocathodes based on non-noble metal catalysts for solar-driven
HER have been recently reported;> 1! however, their chemical stability and PEC performance still
need to be improved. Developing low-cost photocathodes that could provide high efficiency as

well as long-term stability for practical applications remains a significant challenge.

Among the earth-abundant HER catalysts, MoS> with a layered crystal structure has shown
great promise.®J Recent report showed that chemically exfoliated metallic 1T-MoS; nanosheets
display dramatically enhanced catalytic activity compared to as-grown 2H-Mo0S2.% A simple n-
butyl lithium (n-BuLi) treatment results in the phase conversion from semiconducting 2H-MoS;
to metallic 1T-MoS», which has more facile electrode kinetics, proliferated active edge sites, and
metallic transport.®® Built on these advantages, here we demonstrate integrated heterostructures of
chemically exfoliated 1T-MoS> and planar p-Si as efficient and robust photocathodes for PEC
hydrogen generation. A high current density of 17.6 mA/cm? at 0 V vs reversible hydrogen
electrode (RHE) and an excellent onset of photocurrent are achieved together with good stability.
Electrochemical impedance spectroscopy (EIS) and surface photoresponse (SPR) measurements
further explain the superior performance of these 1T-MoS2/Si photocathodes, making them

promising earth-abundant alternatives to noble metal-based systems for solar-driven HER.

2.3 Materials and Methods

2.3.1 Direct CVD growth of MoS; nanostructures onto Si wafers.

Si wafers with resistivity of 1-2.5 Q-cm (p-type, B doped, (100) orientation, prime grade,

525 um thickness, 100 mm diameter, native silicon oxide) were obtained from Silicon Inc. The Si
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wafers were cut into 7x7 mm? pieces for photocathode fabrication and MoS; growth. All chemical
vapor deposition (CVD) syntheses of MoS, were conducted in a home-built CVD setup that
consists of a quartz tube (1 inch O.D.) connected to an Ar gas inlet and a vacuum pump with
pressure and gas flow controllers, and placed in a tube furnace (Thermal Fisher, Linderberg Blue).
In a typical CVD synthesis, alumina combustion boats containing 15 mg molybdenum (V) chloride
(MoCls, 95%) and 60 mg elemental sulfur (99.5 %) were used as reaction precursors and placed
outside of the tube furnace, with the MoCls boat at more upstream location. Si substrates were first
etched with aqueous buffered HF solution (Buffer HF Improved, Transene Inc.) for 30 s to remove
the native oxide layer and subsequently rinsed with deionized water and dried with a stream of Np,
and then placed at the center of the tube furnace. The reactor was immediately evacuated and
flushed with Ar carrier gas (99.999%) several times. After flushing, the pressure was set to 770
Torr under a steady flow of Ar gas at 125 sccm and the tube furnace was heated to 475 °C. The
precursor boats were then pushed into the mouth of the furnace (1.5 cm for MoCls boat, 4.5 cm
for sulfur boat from the edge of the furnace) using a magnet, and the reaction was kept for 3 min

before the tube furnace was opened to allow natural cooling of samples under Ar flow.

2.3.2 Synthesis of MoS; nanostructures for dropcasting.

The CVD synthesis of MoS. nanostructures for dropcasting followed a procedure
previously reported by our group.5! Slightly different from the aforementioned direct growth of
MoS: on Si wafers, larger amount of precursors, higher temperature, and longer reaction time were
used. In a typical synthesis, 50 mg molybdenum (V) chloride (MoCls, 95%) and 200 mg elemental
sulfur (99.5 %) were used as the precursors, which were then heated to 525 °C for 20 min in the
same CVD setup to deposit directly on molybdenum foil substrates with other reaction conditions

kept the same.



S7

2.3.3 n-Butyl lithium exfoliation treatment.

The Si or Mo foil substrates covered with MoS; nanostructures were soaked in 2 mL n-
butyl lithium (2.7 M in heptane) inside 10 mL vials in the glovebox filled with inert gas, which
were then sealed and brought out of the glovebox and heated in an oven to 60 °C for 12 h. Dry
heptane was used to rinse excess n-butyl lithium off the substrates, and the substrates were then
soaked in 5 mL deionized water for 10 min for exfoliation. During exfoliation, the MoS;
nanostructures grown on Mo foil substrates readily delaminated from the substrates into deionized
water, and the delaminated materials could then be readily harvested into a water suspension for
later use in the dropcasting experiment. For MoS: nanostructures grown on Si substrate, in order
to prevent delamination and use the integrated MoS>-Si heterostructures directly for
photoelectrode fabrication, the substrates were instead soaked in 5 mL isopropanol with drops of
deionized water gradually added to allow mild and controlled exfoliation for 10 min. Finally, the
substrates were gently rinsed with deionized water to ensure complete exfoliation. In this way, the
MoS: film could be well preserved on the Si substrate while successful 2H to 1T phase conversion
was still achieved, as confirmed by Raman and X-ray photoelectron spectroscopy (XPS) discussed

in the main text (Figure 2.2).

2.3.4 Preparation of MoS; suspensions.

The as-grown 2H-MoS; nanostructures were first lithiated and exfoliated using the n-butyl
lithium treatment as discussed above. Then the exfoliated MoS; nanosheets water suspension was
centrifuged in a tabletop centrifuge (Eppendorf 5415D) at 13,200 rpm for 5 min. After removing
the supernatant, the product was resuspended in 2 mL of a mixed solution of isopropanol and

deionized water (1:1 volume ratio), and this washing procedure was repeated twice before the
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exfoliated MoS> nanosheets were suspended in 1 mL of isopropanol. The final concentration of
MoS; in these suspensions harvested from a ~0.2 cm? Mo foil substrate was determined by

inductively coupled plasma atomic emission spectroscopy (ICP-AES) to be around 1.48x10* M.

2.3.5 Structural characterization.

Scanning electron microscopy (SEM) was performed using a LEO Supra55 VP microscope
operating at 3 kV. Raman spectra were taken using a Thermo Scientific DXR confocal Raman
microscope using a 532 nm excitation laser. ICP-AES was measured on Optima 2000 DV
(PerkinElmer Inc.) to estimate the loading density of MoS, deposited or grown on silicon
substrates. A calibration curve of emission intensity as a function of the concentration of the Mo
standard solutions was first prepared (Figure Al.3), which was then used for calculating
concentration of unknown samples. The samples for ICP-AES analysis were prepared by stripping
off the MoS; from substrates and sonicating for 30 min. X-ray photoelectron spectroscopy (XPS)
was taken on a custom-built XPS system (Phi Electronics, Eden Prairie, MN), that included a
model 10-610 Al K, x-ray source (1486.6 eV photon energy) and a model 10-420 toroidal
monochromator. A model 10-360 hemispherical analyzer with a 16-channel detector array was
used, which under effective operating conditions had an analyzer resolution of 0.4 eV. Electrons
were collected at an emission angle of 45° from the surface normal of the sample. High resolution
data was collected for Mo3d, S2p, O1s, and C1s. All X-ray photoelectron spectra are shifted so
that the adventitious carbon C1s peak is at 284.8 eV to make sure the data across samples are
aligned and that the samples are not experiencing differential charging effects that may convolute

the data.

2.3.6 Electrochemical and photoelectrochemical characterization.
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The photoelectrochemical characteristics of various Si and MoS»/Si photocathodes were
measured in a three-electrode configuration under simulated 1 sun irradiation (100 mW/cm?)
supplied by 1 kW Xe short arc lamp solar simulator (Newport Corp., Model 91191; AM1.5G filter)
using a Bio-Logic SP-200 potentiostat. The light intensity was calibrated with a Si photodiode
(Thorlabs) to generate a photocurrent equal to that at 100 mW/cm? light intensity. All
measurements were performed in 0.5 M H2SO4 electrolyte, using a graphite rod (National Carbon
Co., AGKSP Spectroscopic Electrode) as the counter electrode, and Ag/AgCl/1 M KCI (Basi) as
the reference electrode, which was calibrated against the reversible hydrogen electrode (RHE) in
hydrogen saturated electrolyte with a platinum wire (Kurt J. Lesker, 99.99%; 0.50 mm diameter)
as the working electrode. The electrolyte was rapidly stirred to minimize mass transport limitations
and remove accumulated hydrogen gas bubbles on the electrode surface, and constantly purged
with research-grade H» gas (99.999%) to maintain a constant Nernst potential for H*/H, redox

couple.

The current density vs potential (J-E) data were measured with a scan rate of 10 mV/s
unless otherwise noted, and were not corrected for any uncompensated resistance losses or any
other extrinsic losses. Electrochemical impedance spectroscopy (EIS) was performed when the
working electrode was biased at a constant potential of +0.235 V vs RHE while sweeping the
frequency from 350 kHz to 1 Hz with a 10 mV AC dither. In order to reduce possible complexities
at applied bias and large passing currents, we performed the EIS measurements at a bias close to
the open circuit voltage. We chose 0.235 V for the Nyquist impedance plots as a bias close to the
open circuit voltage for the three photocathodes (taking into account small variation between
different photocathodes). We also measured Nyquist impedance plots at several more negative

potentials, from which we obtained the same qualitative results. The impedance data were modeled
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using an equivalent circuit shown in the inset of Figure 2.3B of the main text to yield the fitting
parameters shown in Table 2.2. Note that a constant phase element (CPE) was used in the EIS
fittings to account for non-ideal behavior in the space charge region. Such non-ideal behavior is
likely to be caused by the presence of surface states/interfacial states which results in heterogeneity
in time response (i.e. frequency dispersion). This effect could manifest as a surface state
capacitance (Css) or shunting resistance (Rss) which will result in a depression of the semicircle
related to silicon. In our study we focus on the analysis of the charge transfer resistances across
interfaces, thus we utilized a CPE as a simplification of the complex capacitive response

introduced by surface states/interfacial states. The impedance of a CPE element has the form:

Z(w)=1/(Q (wi)a), where 0 <a <1

When o = 0 the impedance is that of a pure resistor, while when a = 1 the impedance is that of a
pure capacitor. Thus, this element can account for the observed frequency dispersion caused by
the convoluted effect of competing elements. Surface states/interfacial states on the silicon
photocathodes could originate from the presence of silicon oxides before catalyst coating or after
exposure to the acidic electrolyte. Silicon is well known to have surface oxides in acidic
electrolytes, thus is not uncommon to see reports with circuit fittings containing Csc, Rsc, Css and
Rss, or simplified models using a CPE instead. The study of the space charge and surface state

capacitance will require more extensive work which is outside of the scope of this manuscript.

2.4 Results and Discussion

The simplest approach to assess the viability of 1T-MoS,/Si heterostructures for PEC
hydrogen generation is directly dropcasting 1T-MoS; nanosheets suspensions onto Si. We

prepared 1T-MoS; suspensions by chemically exfoliating MoS2 nanoflakes synthesized following



61

the chemical vapor deposition (CVD) method we previously reported® and harvesting the
delaminated 1T-MoS> nanosheets, then dropcasting them onto pre-assembled planar p-Si
photocathodes (resistivity 1-2.5 Q-cm) that were freshly etched in buffered HF (see Figure Al.1
and Al.2 for SEM and Raman characterization). The photocurrent density-potential (J-E) data
were collected using a three-electrode configuration in 0.5 M HSOs under simulated 1 sun
irradiation (100 mW/cm?) on Si photocathodes with increasing amount of 1T-MoS; suspension.
Figure 2.1A shows that application of as little as 2 uL of 1T-MoS; suspension could already
significantly improve both the onset of photocurrent as well as the current density from those of
bare p-Si. Gradually increasing the amount of the 1T-MoS> suspensions further shifted the onset
of photocurrent to an even more positive value of +0.23 V vs RHE (compared to —0.14 V vs RHE
for bare Si), and improved the current density at 0 V vs RHE to 8.5 mA/cm?, before it reached a
plateau and started to slightly decrease (Figure 2.1B, blue trace). While the catalytic activity
improves with increasing catalyst loading, the overall performance can be reduced due to more
light being blocked by MoSy, as reflected in the decreasing limiting current density (red curve in
Figure 2.1B). The optimal volume of MoS> suspension was shown to be 14 uL, corresponding to
a loading density of ~2.76 pg/cm? estimated by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Figure Al1.3 and Table A2.1). As a comparison, the best current density
at 0 V vs RHE obtained for Si photocathodes dropcasted with 2H-MoS; suspension was only 2.3
mA/cm?, much lower than that of 1T-MoS; (the highest observed was 9.2 mA/cm?). Nevertheless,

the same trend of peaking performance was observed as well (Figure Al.4).
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Figure 2.1. (A) J-E curve of p-Si photocathodes with different volume of dropcasted 1T-MoS;
suspensions measured under simulated 1 sun irradiation. (B) Current density at 0 V vs RHE and

limiting current density as a function of 1T-MoS; suspensions volume.
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With the promising result obtained from the simple dropcasting approach, we expect to
further improve the PEC performance by directly growing MoS; onto Si to form a higher-quality
interface between MoS; and Si. We developed a modified CVD synthesis, in which less precursors,
lower temperature and shorter reaction time (see Sl for details) were employed than our previous
protocol.®? This yielded a thin film of MoS, (40-80 nm thick) uniformly covering the Si substrate
with sparse MoS: flakes standing out of the film (Figure 2.2A and inset). The amount of MoS>
grown on Si was estimated to be ~2.64 pg/cm? by ICP-AES (Table 2.1). The as-grown 2H-MoS;
was then converted to metallic 1T-MoS> by n-BuL.i treatment, and the phase change was confirmed
by Raman and X-ray photoelectron spectroscopy (XPS). Characteristic Raman shifts at 387, 412,
and 456 cm™! were observed for as-grown 2H-MoS, samples, which correspond to in-plane E'zg,
out-of plane Aig and longitudinal acoustic phonon modes, respectively.'?> After the n-BuLi
treatment, three new shifts at 150, 219, and 327 cm™! associated with the new vibration modes J,
J2 and Jz of 1T-MoS; were observed.® P2 The significantly reduced intensity of 387 and 412 cm™!
shifts indicates that the content of 2H polymorph has been largely reduced (Figure 2.2C). We will
simply use 1T-MoS; to refer to these chemically exfoliated samples thereafter. High-resolution
XPS further revealed the lower binding energy of the Mo3d (Figure 2.2D) and S2p (Figure 2.2E)
edges for the 1T-MoS;. The Mo3ds2 and Mo3ds2 peaks shifted from ~229.5 eV and ~232.2 eV
for the 2H-MoS; to ~228.1 eV and ~231.1 eV for the 1T-MoS;, consistent with previous reports.®
Scanning electron microscopy (SEM) images of 1T-MoS2/Si (Figure 2.2B) revealed that the MoS>
thin film maintained after the n-BuLi treatment became much more disordered and compressed
compared to the as-grown 2H-MoS,. The n-BuL.i treatment was also performed on bare Si as a
control experiment, and no noticeable change was detected either by SEM or in its PEC

performance (Figure AL.5).
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Figure 2.2. Comparison of top-down and cross-sectional (insets) SEM images of (A) 2H- and (B)
1T-MoS,/Si, Raman spectra (C), high resolution XPS of Mo3d (D) and S2p (E) regions for 2H-

(black) and 1T- (red) MoS> on Si substrates.
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Table A2.1. The amount of MoS; loading on representative CVD 2H-MoS,/Si, CVD 1T-

MoS,/Si, and dropcasted 1T-MoS>/Si photocathodes determined by ICP-AES.

Photoelectrode Dropcast 1T CVvD 1T CvD 2H

Concentration
2.76 (for 14 uL) 2.18 2.64

(Hg/cm?)
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The PEC performance of as-grown 2H-Mo0S2/Si and exfoliated 1T-MoS2/Si
heterostructures measured in 0.5 M H2SO4 under simulated 1 sun irradiation were compared in
Figure 2.3A. Compared with bare Si photocathode which has an onset of photocurrent at -0.14 V
vs RHE, the as-grown 2H-MoS,/Si photocathode showed a shift in the onset of photocurrent to
around +0.23 V vs RHE with a current density of 4.2 mA/cm? at 0 V vs RHE. The band bending
of Si caused by 2H-MoS: is also shown by a solid-state diode measurement (Figure 2.4). A further
substantial enhancement was observed for the 1T-MoS2/Si. The onset of photocurrent shifted to
+0.25 V vs RHE and the current density at 0 V vs RHE increased to 17.6 mA/cm?, which is to our
knowledge the highest reported photocurrent density for non-noble metal catalysts on planar p-Si
photocathodes. Recently reported amorphous MoSx on n*p Si**® and Cu,O® photocathodes
showed higher onset of photocurrent because of the buried junction and high built-in potential.
However, the onset of photocurrent achieved here is already comparable to that of previously
reported Pt on p-Si photocathode,**' and the current density achieved in the 1T-MoS;
heterostructures is also higher than the amorphous MoSx heterostructures. The observed fill factor
is likely still hindered by non-optimal MoS>/Si interface, but comparable to other reported p-Si
photocathodes with non-noble metal catalysts.5 112> 11f Gas chromatography was used to measure
generated hydrogen and a Faradaic efficiency close to 100% was obtained, confirming that the
generated photocurrent is indeed due to hydrogen evolution (Figure 2.5). Compared with
dropcasted 1T-MoS2/Si, the direct CVD grown 1T-MoS2/Si photocathode had a more positive
onset of photocurrent (0.25 V vs 0.23 V, both relative to RHE), a higher current density at 0 V vs.
RHE (17.6 mA/cm? vs 9.2 mA/cm?), and a higher limiting current density (26.7 mA/cm? vs 14.3

mA/cm?).
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Figure 2.3. (A) J-E curves, (B, C) Nyquist impedance plots and (D) the fitted charge-transfer
resistance values of a CVD grown 2H-MoS>/Si photocathode (CVD 2H), a CVD grown 1T-
MoS,/Si photocathode (CVD 1T), and a dropcasted 1T-MoS,/Si photocathode (dropcast 1T)
measured in 0.5 M H2SO; under simulated 1 sun irradiation. The J-E curve of a bare Si
photocathode is also shown in A as a comparison. The dashed box in panel B is magnified in C.

The solid line traces correspond to the fitting using the equivalent circuit in the inset of panel B.
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Figure 2.4. Characterization of the solid-state diode made from CVD grown MoS,/Si
heterostructure. I-V curves between two front Ni contacts and between two back Ag contacts both
show a linear relationship, indicating the formation of ohmic contacts in both cases. We observed
a diode behavior with a junction barrier of ~0.26 V from the I-V curve measured in dark, and a
Voc Of the similar voltage when illuminated under weak bulb light. Note that no HF etching was
performed when measuring the diode, therefore there might still be native silicon oxide layer
formed at the interface between Si and MoS., making the measured junction barrier smaller than
the actual value. On the other hand, for the solid state diode there is no overpotential associated
with evolution of hydrogen, therefore the observed Vo here appears to be similar to the onset of

photocurrent in photoelectrochemical measurements.
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Figure 2.5. Theoretical (black curve) and experimental (red data points) amount of generated Ho,
showing a Faradaic efficiency close to 100%. The initial induction time is attributed to the initially

produced H: dissolving in the air-saturated electrolyte.
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To better understand the PEC performance, we performed EIS to elucidate the charge
transfer resistances in different photocathodes. Nyquist impedance plots for these photocathodes
measured under illumination at 0.235 V vs RHE all display two distinguishable semicircles (Figure
2.3B, 2.3C). Following a reported example of catalyst-semiconductor system, the data can be
fitted to an equivalent circuit (Figure 2.3B inset) consisting of constant phase elements (CPE)
associated with the semiconductor Si (CPEs;) and the catalyst MoS, (CPEwmosz), and charge transfer
resistances from Si to MoS2 (Rctsi) and from MoS: to the redox couple in electrolyte (Ret, mos2).
The first semicircle on the left in the Nyquist plot yields Retsi, which is a good indicator of the
coupling between the light absorber (Si) and the catalyst (MoSz); whereas the second semicircle

on the right leads to Ret, mos2, Which usually reflects the catalytic activity of the material.

The charge transfer resistances obtained from the fittings are summarized in Figure 2.3D
with other parameters shown in Table A2.2. The charge transfer resistance from MoS; to
electrolyte (Retmos2) of the CVD 1T-MoS,/Si (49.2 Q cm?) is dramatically lower than that of the
CVD 2H-Mo0S./Si (992.6 Q cm?), confirming the facile electrode kinetics of 1T-MoS,/Si and
further proving that the 1T phase is indeed much more catalytically active towards HER. The
charge transfer resistance from Si to MoS; (Rctsi) of the CVD 1T-MoS,/Si (24.1 Q cm?) is also
smaller than that of the CVD 2H-Mo0S./Si (71.6 Q cm?), likely due to more available electronic

states in the metallic 1T phase relative to the semiconducting 2H phase.



Table A2.2. Fitted values of all elements in the equivalent circuit for the Nyquist impedance

plots of CVD 2H-MoS,/Si, CVD 1T-MoS2/Si, and dropcasted 1T-MoS>/Si photoelectrodes.

Photoelectrode Rs (Q Q1 (F S*Y) al
cm?)
CVD 1T/Si 3.2 2.8x10°® 0.74
Dropcast 1T/Si 5.2 3.4x10°® 0.72
CVD 2H/Si 6.3 2.2x107 0.85

Q2 (F s*Y) a2
8.8x10° 0.70
3.2x10" 0.56
1.3x10° 0.70

71
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Furthermore, the direct CVD grown 1T-MoS>/Si heterostructure exhibits a much lower
charge transfer resistance from Si to MoS; (24.1 Q cm?) than the dropcasted 1T-MoS2/Si (80.5 Q
cm?), which confirms that the CVD grown MoS,/Si heterostructure has a higher quality interface
between the light absorber and catalyst. This is in good agreement with the observed superior
performance of the CVD 1T-MoS>/Si and highlights the benefits of direct CVD growth of catalysts
on photocathodes for effective PEC system integration. Additionally, the impeded charge transfer
from Si to MoS: as well as unoptimized MoS> morphology in the dropcasted 1T-MoS>/Si result in
larger Ret, mosz2 (212.4 Q cm?) than that of the CVD 1T-MoS2/Si (49.2 Q cm?). Overall, the CVD
1T-MoS>/Si has the smallest Rct, mos2, followed by dropcasted 1T-MoS2/Si and then CVD 2H-

MoS>/Si, which agrees with the trend of their J-E performance.
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Figure 2.6. (A) lllustration of 1T-MoS; on p-Si. Schematic band energy diagram of p-Si, 1T-MoS>
and H*/H redox couple at 0 VV vs RHE in the dark before (B) and after (C) equilibrium. (D)
Integrated TR-SPR spectra and corresponding biexponential fittings of 1T-MoS>/Si (red and blue)

and Si (black and gray).



74

We further used time-resolved SPR spectroscopy to investigate the dynamics of the photo-
generated charge carriers at the surface of the best performing CVD grown 1T-MoS»/Si
heterostructure. SPR can reveal information about the number of generated charges, charge
separation at the interface as well as carrier lifetime.!* Both bare p-Si and 1T-MoS/Si were
measured in 0.5 M H2SO4 in a capacitor-like arrangement after illuminated with a brief laser pulse.
The recorded transient photocurrents (Figure 2.7) as well as integrated charges (Figure 2.6D) both
show a rise of signal followed by a decay that can be fit to a multiple exponential function. For
bare Si, negative signal was observed, indicating electrons accumulating at the surface, which is
typical for a p-type material with downward band bending.’® A biexponential fitting for the Si
sample measured at 750 nm revealed time constants of 11 and 12> to be 9.53 ps and 43.7 ps,
respectively, consistent with the reported value for p-Si at this doping level.’® The 1T-MoS,/Si
heterostructure also exhibited negative signal implying similar downward band bending with p-Si,
which is consistent with the band position'” and band alignment between p-Si and 1T-MoS;
(Figure 2.6B, 2.6C). A similar biexponential fitting yielded time constants of 35.9 ps and 909 ps,
which shows that the 1T-MoS> layer dramatically increases the charge carrier lifetime of Si. This
is likely due to the fast and irreversible electron transfer from Si to 1T-MoS, leaving holes behind
in Si. This fast charge separation and slow charge recombination across the MoS»/Si interface
likely contribute to the efficient utilization of electrons for hydrogen evolution, and enable the
superior PEC performance. Moreover, time-resolved microwave conductivity was also used to

provide further insight to the carrier dynamics (Figure 2.8).
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Figure 2.7. Transient photocurrent spectra of a CVD 1T-MoS2/Si (red) and a Si (black)

photocathodes measured in 0.5 M sulfuric acid at 750 nm.
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Figure 2.8. Time-resolved microwave conductivity measurements of Si (black and gray) and CVD
grown 1T-MoS,/Si heterostructure (red and blue) and the fittings to determine the carrier lifetime.
The TRMC and TR-SPR results can be understood based on the nature of these methods and the
samples probed. Microwave conductivity measurements probe the change in the conductivity of
the sample by measuring the change of reflected microwave power. TRMC effectively measures
the dynamics of the bulk carriers. In contrast, SPR measures the transient change in potential at
the outermost surface of the sample. The SPR measurements show that the 1T-MoS; sample traps
electrons. The electron transfer from Si to MoS: leads to accumulation of electrons in 1T-MoSz,
and because of the electron-hole separation, the charge recombination across the MoS2/Si interface
is slowed down, and therefore the decay of electrons is much slower compared to that of bare Si
surface. These data from both measurements are consistent with a model in which photo-excitation
of Si induces excess electrons and holes, with some of the electrons transferring to the 1T-MoS>

catalyst and being trapped at the surface.
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Although 1T-MoS: is the thermodynamically metastable phase, these 1T-MoS2/Si
photocathodes remain stable and catalytically active over long-term operation. A
chronoamperometry test of one CVD 1T-MoS,/Si photocathode was performed at 0 V vs RHE
over 3 h (Figure 2.9), and a 23% decrease in current density was observed, which is attributed to
p-Si being oxidized during measurement as the current density could be readily recovered to its
initial value after a buffered HF etch. Compared to a bare Si photocathode measured at the same
condition,**f the degradation here has already been largely suppressed, suggesting that the MoS;
coating might help to alleviate Si oxidation. Repeated scans of a CVD 1T-MoS2/Si photocathode
(Figure 2.10) and a dropcasted 1T-MoS2/Si photocathode (Figure 2.11) also showed negligible
decrease in performance. Furthermore, the current density at 0 VV vs RHE of a CVD 1T-MoS>/Si
photocathode was monitored periodically over 70 days and no noticeable decrease in performance

was observed (Figure 2.12).
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Figure 2.9. Chronoamperometry measurement of a CVD 1T-MoS>/Si photocathode measured at

0 V vs RHE under illumination over 7200 s.
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Figure 2.10. Thirty repeated J-E scans of a CVD grown 1T-MoS,/Si photocathode measured with

a scan rate of 50 mV/s under simulated 1 sun irradiation in 0.5 M sulfuric acid.
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Figure 2.11. Twenty repeated scans of a dropcasted 1T-MoS2/Si photocathode measured with a

scan rate of 50 mV/s under simulated 1 sun irradiation in 0.5 M sulfuric acid.
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Figure 2.12. The current density at 0 V vs RHE for a representative CVD grown 1T-MoS>/Si

photocathode periodically monitored over seventy days.
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2.5 Conclusions

In summary, we have demonstrated that heterostructures of chemically exfoliated 1T-MoS>
on planar p-Si behave as efficient and robust photocathodes for solar-driven HER, exhibiting an
excellent onset of photocurrent, and the highest current density at 0 V vs RHE for planar p-Si
photocathodes with non-noble metal catalysts. EIS measurements demonstrated that the excellent
performance of the CVD grown 1T-MoS2/p-Si photocathodes can be attributed to small charge
transfer resistances across the semiconductor/catalyst and catalyst/electrolyte interfaces. SPR
measurement also showed slow carrier recombination dynamics and efficient charge carrier
separation. The excellent performance and stability make 1T-MoS2/Si heterostructures promising
alternatives to noble metal catalyst-based photocathodes for solar-driven hydrogen production, and
will stimulate further explorations of analogous metallic 1T polymorphs of layered metal

chalcogenides for PEC solar energy conversion.
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Chapter 3

Designing Efficient Solar-Driven Hydrogen Evolution
Photocathodes Using Semi-Transparent MoQxCly (Q=S, Se)

Catalysts on Si Micropyramids*

3.1 Abstract

Silicon micropyramids with n*pp* junctions are demonstrated as efficient absorbers for
integrated solar-driven photoelectrochemical hydrogen production systems, enabling significant
improvements in both photocurrent and onset potential. When conformally coated with MoSxCly
— a catalyst that has excellent catalytic activity toward hydrogen evolution reaction and high optical
transparency — the highest photocurrent density for Si-based photocathodes with earth-abundant

catalysts is achieved.

* This chapter was originally published in Advanced Materials 2018, 27, 6511. It was prepared in
collaboration with Jianyuan Zhai, Miguel Cabén-Acevedo, Melinda J. Shearer, Linsen Li, Hung-Chih
Chang, Meng-Lin Tsai, Dewei Ma, Xingwang Zhang, Robert J. Hamers, Jr-Hau He, Song Jin* before being
adapted here.
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3.2 Introduction

To meet the growing global demand for renewable energy, water splitting using
photoelectrochemical (PEC) devices is a promising approach to store solar energy in the form of
a sustainable energy carrier such as hydrogen.!**! Two components are essential in a water splitting
PEC device to achieve efficient solar-to-chemical fuel production:* % a semiconductor (light
absorber) that absorbs solar light and a catayst that enhances the reaction kinetics.®! P-type Si has
been widely employed in tandem PEC systems as the photocathode for hydrogen evolution
reaction (HER) because of its earth abundance and suitable bandgap.’®l However, one challenge
of utilizing p-type silicon for PEC-HER is its intrinsic low photovoltage, which is limited by the
Si/liquid junction.[*®) N*p Si can boost the photovoltage by replacing the Si/liquid junction with a
built-in p-n junction.® 1% In cases where the band alignment is influenced by the catalyst, the built-
in p-n junction could also remove the constraints placed on the catalysts used in this system."
Studies have further shown that adding an additional p* layer on the back of n*p Si could facilitate

majority carrier collection and lead to improved fill factor and device performance.*!l

Besides large photovoltage, high photocurrent is another prerequisite for highly efficient
PEC devices. Both the light harvesting properties of absorber and the optical transparency of
catalysts deposited on absorber have significant impacts on the photocurrent.’> 2 31 To improve
the insufficient light trapping ability of planar Si, nano- and microstructuring of Si have been
investigated.[® 4161 However, higher density of surface states and faster recombination rates
simultaneously observed with increased surface area in Si nano- and microwire-based
photocathodes prevented significant gains in efficiency so far.[® 1 7. 181 Alternatively, Si
micropyramid (MP)-based solar cells have been shown to exhibit high efficiency because of the

omnidirectional broad band light-trapping ability with little recombination loss,*® which makes
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them uniquely suited for PEC-HER light absorbers. Herein we specifically design Si MPs with a
favorable built-in n*pp* junction as novel light absorbers for PEC-HER photocathodes, combining
both improved light-harvesting ability and favorable band bending to maximize the overall solar

conversion efficiency.

Another important factor for designing efficient PEC-HER photocathodes is the
optimization of the HER electrocatalysts. Despite the wide variety of earth-abundant HER
catalysts that have recently been investigated to replace noble metals,[® 203! only a few of them
have been integrated into PEC systems.['> 17 18 32-3%] Many problems need to be addressed in
integrated PEC systems, such as the semiconductor/catalyst chemical incompatibility and stability
issues, synthesis and controllability difficulties, induced interfacial defect states and recombination
sites, and inefficient charge transfer across interfaces. Currently, catalysts are primarily evaluated
based on their electrocatalytic activity. However, optical transparency of catalysts also plays a
crucial role in the overall PEC performance. Despite good electrocatalytic activity, most reported
HER catalysts suffer from strong light absorption or high reflection, which consequently reduces
the light reaching the absorbers and decreases the generated photocurrent.[® 12 331 Hence, in those
cases, balancing high catalyst loading and good optical transparency becomes one of the most
challenging tasks. In this regard, catalysts with good optical transparency would present particular
advantages. Nevertheless, the optical properties of HER electrocatalysts have rarely been
systematically investigated to demonstrate the significance of good transparency in enabling high

current density and high efficiency.

3.3 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise noted.
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3.3.1 Fabrication of n*pp* Si micropyramids (MPs).

Micropyramid arrays were fabricated on both sides of 150 um-thick p-type (100) Si wafers (dopant
concentration of 5 x 10'° cm) by chemical etching in a solution of potassium hydroxide (KOH,
45 vol%) and isopropyl alcohol (IPA). 300 nm of n* emitter layer (dopant concentration of 9x10%°
cm3) was formed by thermal diffusion of POCI, at 1000 °C. 300 nm of p* back surface field layer
(dopant concentration of 3x10%° cm) was fabricated by screen printing Al and annealing at 500

°C.

3.3.2 Direct CVD growth of MoQxCly onto graphite, fused silica, and Si substrates.

Graphite disk substrates (6.0 mm diameter; < 1 mm thick) were prepared by cutting and
mechanically thinning slices of graphite rods (Ultra Carbon Corp., Ultra “F” Purity), followed by
sequential sonication in acetone, isopropanol, ethanol and deionized water, and drying in an oven
at 120 °C. Planar p-type Si wafers (B doped, resistivity of 1-2.5 Q2-cm, (100) orientation, prime
grade, 525 um thickness, 100 mm diameter, native silicon oxide) were obtained from Silicon Inc.
Graphite disk substrates were used for electrocatalytic activity measurement, and planar or
micropyramid Si wafers were cut into small pieces for photocathode fabrication. Prior to growth
on Si substrates, the native oxide layer on Si was removed via etching in aqueous buffered HF
solution (Buffer HF Improved, Transene Inc.) for 15 s. The home-built CVD consists of a quartz
tube (1 inch O.D.) connected with an Ar gas inlet and a vacuum pump, and equipped with pressure
and gas flow controllers placed in a tube furnace (Lindberg/Blue M). The graphite disks and Si
substrates were placed at the center of the tube furnace. Two alumina combustion boats containing
30-40 mg molybdenum (V) chloride (MoCls, 95%) and 500-700 mg elemental sulfur or selenium

powders (99.5 %), respectively, were initially placed outside of the tube furnace. Note MoCls must
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be stored and weighed in a glovebox filled with inert gas, and when taken out of the glovebox must
be sealed properly and quickly transferred into the CVD tube to avoid hydrolysis in air. The tube
was evacuated to a base pressure of 10 mTorr and flushed three times with Ar carrier gas
(99.999%) before the pressure was set to 780 Torr with Ar gas flowing at a rate of 125 sccm. For
the synthesis of MoSxCly, the furnace was heated to 225-375 °C with no H> gas flow, whereas for
MoSexCly, the furnace was heated to 275-425 °C with 0-3 sccm Hz flow. For making the best
electrocatalysts and the best photocathodes, the optimal growth temperature for depositing
MoSxCly was 275 °C, and the optimal condition for depositing MoSexCly was 400 °C with a 0.75
sccm Ha gas flow. Once the temperature was stabilized, the two precursor boats were pushed into
the mouth of the furnace (1.5 cm for MoCls boat and 4.5 cm for S or Se boat) to initiate the reaction.
The reaction was kept at the designated temperature for 10 min before the tube furnace was opened

to allow natural cooling to room temperature under Ar flow.

3.3.3 Structural characterization.

Scanning electron microscopy (SEM) was performed using a LEO Supra55 VP microscope
operating at 3 kV. Raman spectra were taken using a Thermo Scientific DXR confocal Raman
microscope using a 532 nm excitation laser. X-ray photoelectron spectroscopy (XPS) was taken
on a custom-built XPS system (Phi Electronics, Eden Prairie, MN), that included a model 10-610
Al K, x-ray source (1486.6 eV photon energy) and a model 10-420 toroidal monochromator. A
model 10-360 hemispherical analyzer with a 16-channel detector array was used, which under
effective operating conditions had an analyzer resolution of 0.4 eV. Electrons were collected at an
emission angle of 45° from the surface normal of the sample. High resolution data was collected
for Mo3d, S2p, Se3d, O1s and C1s. All XPS are shifted so that the adventitious carbon C1s peak

is at 284.8 eV to make sure the data across samples are aligned and that the samples are not
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experiencing differential charging effects that may convolute the data. The same setup with a UV
light source of a He I discharge lamp (21.2 eV photon energy) was utilized for ultraviolet
photoelectron spectroscopy (UPS). Electrons were collected at a 0° take-off angle from the surface
normal with analyzer resolution of 0.09 eV. The location of the Fermi level was determined using
platinum by setting the valence band maximum of platinum to zero. All data reported contain a

Fermi level that has been set to 0 eV.

3.3.4 Electrochemical Characterization of Catalytic Activity Toward Hydrogen Evolution

Reaction (HER).

All electrochemical measurements were performed in a three-electrode configuration using a
rotating disk electrode (RDE) setup (Bioanalytical Systems, Inc.; RDE-2) with a Bio-Logic SP-
200 potentiostat. 0.5 M H2SO4 (aq) was used as the electrolyte and continuously purged with Ha2(g)
(99.999%). A saturated calomel reference electrode (SCE) (CH Instruments) was used as the
reference electrode and a graphite rod (National Carbon Co., AGKSP Spectroscopic Electrode)
was used as the counter electrode. The graphite disks covered with catalysts were affixed to a
glassy carbon RDE tip using silver paint (Ted Pella, PELCO Colloidal Silver). The SCE was
calibrated against the reversible hydrogen potential (RHE) using a platinum wire (Kurt J. Lesker,
99.99%; 0.50 mm diameter) as both the working and counter electrodes to allow potentials to be
referenced against RHE. Linear sweep or cyclic voltammograms were measured from +0.25 V to
—0.45 V vs. RHE at a scan rate of 3 mV s ! in both the forward and reverse directions at a rotating
speed of 2000 RPM. After voltammetric characterization, electrochemical impedance
spectroscopy (EIS) was performed at —0.24 V vs. RHE, applying a sinusoidal voltage with an
amplitude of 10 mV and scanning frequency from 200 kHz to 50 mHz. The EIS spectra were

modeled using a simplified Randles equivalent circuit (Figure A2.2), which consists of a resistor
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(Rs) in series with a parallel arrangement of a resistor (Rct) and a constant phase element (CPE).

3.3.5 Photoelectrochemical characterization.

The photoelectrochemical characteristics of MoQxCly/Si photocathodes were measured in a three-
electrode configuration using a Bio-Logic SP-200 potentiostat under simulated 1 Sun irradiation
(100 mW/cm?) provided by a 1 kW Xe short arc lamp solar simulator (Newport Corp., Model
91191; AM1.5G filter). A Si photodiode (Thorlabs) was utilized to calibrate the light intensity by
generating a photocurrent equal to that at 100 mW/cm? light intensity. 0.5 M H2SO4 was used as
the electrolyte, a graphite rod was used as the counter electrode, and a SCE was used as the
reference electrode. The electrolyte was vigorously stirred to minimize mass transport limitations
and remove accumulated hydrogen gas bubbles on the electrode surface, and constantly purged
with research-grade H» gas (99.999%) to maintain a constant Nernst potential for H*/H, redox
couple. The current density versus potential (J-E) data were measured with a scan rate of 10 mV/s,
and were not corrected for any uncompensated resistance losses or any other extrinsic losses. EIS
was performed at a constant potential of +0.40 V vs RHE while sweeping the frequency from 350
kHz to 1 Hz with a 10 mV AC dither and modeled using the equivalent circuit shown in Figure

A2.2.

3.4 Results and Discussion

In this work, we fabricate highly efficient PEC-HER photocathodes by integrating
amorphous MoQxCly (Q = S, Se) catalysts with n*pp* Si MP absorber. We have previously reported

MoSxCly, synthesized via a low temperature chemical vapor deposition (CVD) reaction, as a stand-
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alone HER electrocatalyst,*8 exhibiting catalytic performance similar to 1T-MoS2.1?21 Here, we
successfully extend this CVD synthesis method to amorphous MoSexCly and demonstrate its
significant HER catalytic activity. Moreover, we systematically evaluate the catalytic activity and
the optical properties of MoSxCly and MoSexCly, integrate them with planar p-Si and n*pp* Si MP
absorbers to fabricate photocathodes, and elucidate how the PEC performance is impacted by the
choice of catalysts and light absorbers. We find that MoSxCly is not only a highly active
electrocatalyst for HER, but also a wide bandgap semiconductor with very low light absorption in
the visible and near IR range. By integrating the MoSxCly catalyst with n"pp* Si MPs, we achieve
the highest photocurrent density and highest solar-to-hydrogen conversion efficiency (6.2 %) ever
reported for Si-based PEC-HER photocathodes using non-noble metal catalysts due to a concurrent

improvement in electrocatalytic activity, optical transparency, and light-harvesting capability.

We first used a low temperature CVD method to synthesize amorphous ternary compounds
MoSxCly and MoSexCly on graphite, fused silica and Si substrates to evaluate their catalytic and
optical properties (see experimental section for details). Molybdenum chloride (MoCls) was used
as the precursor to incorporate Cl into the synthesized amorphous catalyst films. The employed
low reaction temperatures led to the formation of amorphous materials with high degree of
structural disorder and more active sites. At low temperatures, we expect the reaction rate to be
limited by Kkinetics, which allow CI anions to remain in the final product due to the homogenous
but partial conversion of MoCls precursor. The structural characterization of amorphous MoSxCly
has been described previously, here we focus the discussion on MoSexCly. Raman spectroscopy
and X-ray diffraction (XRD) measurements confirmed that the as-synthesized MoSexCly films are
amorphous (Figure 3.1a inset and Figure A2.1). Energy-dispersive X-ray spectroscopy (EDS)

confirmed the presence of Cl in the MoSexCly film (Figure 3.1a) and showed the stoichiometry of
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Mo:Se:Cl to be around 1:2.0:1.2. Scanning electron microscopy (SEM) images of amorphous
MoQxCly in comparison with crystalline MoQ2 samples grown on graphite substrates are shown
in Figure 3.2. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy
(UPS) were utilized to understand the chemical and structural differences between amorphous
MoQxCly and crystalline MoQ2. No Cl was present in crystalline MoQ-, while a significant amount
of Cl was observed in amorphous MoQxCly (Figure 3.3). The work functions of MoSxCly and
MoSexCly were determined to be 5.2 eV and 4.8 eV, respectively (Figure 3.3a), which are
significantly higher than those of the crystalline MoS; (4.4 eV)®® and MoSe; (4.4 eV)1, further

highlighting the difference in properties between MoQxCly and MoQo.
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Figure 3.1. (a) EDS and Raman (inset) of amorphous MoSexCly deposited on Si substrate.
Electrochemical characterization of amorphous MoSxCly (red solid dots), MoSexCly (black solid
squares) in comparison with crystalline MoS> (magenta open dots) and MoSe; (blue open squares):
(b) Polarization curves, (c) Tafel analysis, (d) Nyquist impedance plots. The high frequency region

of Nyquist impedance plots in 1d is magnified in 3.1d inset.
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Figure 3.2. Top-down SEM images of amorphous MoSxCly (a) and MoSexCly (b), in comparison

with crystalline MoS: (c) and MoSe; (d) grown on graphite substrates.
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Figure 3.3. (a) Comparison of ultraviolet photoelectron spectra (UPS) of MoSxCly and MoSexCly.

(b-d) High resolution XPS of MoSexCly for Mo3d (b), Se3d (c) and CI2p (d).



96

The electrocatalytic activities of these amorphous MoQxCly compounds on graphite disks
toward HER were then compared via standard rotating disk electrode (RDE) measurements in a
three-electrode configuration in 0.5 M H2SO4 electrolyte (see experimental section for details).
Different CVD growth conditions were systematically investigated to optimize the new MoSexCly
electrocatalyst (Figure 3.4). In general, lower reaction temperatures led to higher degree of
structural disorders and higher concentration of active sites.l* However, when the temperature
was below 300 °C, the evaporation of precursors and deposition became limited, resulting in poor
HER performance. The H> flow rate affected the catalytic performance of MoSexCly (Figure 3.4);
therefore a small amount of H> flow was chosen for optimal MoSexCly growth, but it did not affect
the synthesis or performance of MoSxCly. Figure 3.1b summarizes the polarization curves for the
best performing MoSxCly (grown at 275 °C) and MoSexCly (grown at 400 °C) in comparison with
crystalline MoS; and MoSe,. As summarized in Table 3.1, amorphous MoSxCly and MoSexCly
exhibit catalytic onsets and significant Hz evolution (Jeathodsic = —10 mA cm™2) at much lower
overpotentials than crystalline MoQ-, demonstrating a dramatic improvement in catalytic activity.
We also observed significant differences in the Tafel slopes for MoQxCly and MQz, which reflects
the differences in hydrogen adsorption energy and HER reaction mechanisms, which can be
ultimately attributed to their electronic and structural differences. As shown in Figure 3.1c,
MoSxCly, showed a Tafel slope of 48 mV decade, suggesting a Volmer—Heyrovsky HER
mechanism, in contrast to crystalline MoS., which showed VVolmer—Tafel HER mechanism with a
Tafel slope of 122 mV decade 1. From MoSe; to MoSexCly, the Tafel slope changed from 60 to 82
mV decade?, suggesting a transition of the rate-determining step from electrochemical desorption
to discharge. We also carried out electrochemical impedance spectroscopy (EIS) and fitted them

using a simplified Randles equivalent circuit (Figure A2.2) to investigate the electrode kinetics
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(Figure 3.1d). Amorphous MoSxCly showed a smaller charge transfer resistance (Rct = 2.7 Q) than
MoSexCly (8.6 Q), and both amorphous MoQxCly compounds exhibited an Rt that was orders of

magnitude smaller than crystalline MoS> (181 Q) and MoSe> (101 Q).
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Figure 3.4. Electrochemical characterization of MoSexCly electrocatalysts synthesized under
different conditions on graphite substrates. Polarization curves (a) and Tafel analysis (b) of
MoSexCly synthesized at different CVD temperatures with 0.75 sccm Hz flow rate. Polarization

curves (c) and Tafel analysis (d) of MoSexCly synthesized at different H> flow rates at 400 °C.
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Table 3.1. Summary of the electrocatalytic properties of MoSxCly and MoSexCly electrodes in

comparison with crystalline MoSz and MoSe;.

Samples Onset potential 1 forJ=-10mA cm?  Tafel slope Ret Jo
[mV vs RHE] [mV/decade]
[mV vs RHE] [Q] [mA cm™?]
MoS,Cly -60 -150 48 2.7 2.14
MoSexCly -85 -183 82 8.6 58.7
MoS; -251 -344 122 180.8 145

MoSe; -246 -300 60 100.8 0.095
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In addition to high electrocatalytic activity, high transparency with low optical losses is
also highly desirable for an ideal catalyst in an integrated PEC system. To examine the optical
properties with minimum interference from substrates, we purposely grew MoQxCly films on
transparent fused silica substrates. The UV-Vis absorbance spectra of MoSxCly and MoSexCly
(Figure 3.5a) clearly show that MoSxCly has little absorption in the 500-1200 nm wavelength
region, where Si most strongly absorbs solar light; whereas MoSexCly shows much stronger
absorption in this range. In fact, the difference between the two samples can be directly compared
in their photographs (Figure 3.5a inset): MoSxCly is highly transparent and hardly different from
bare fused silica, whereas MoSexCly exhibits a much darker color and less transparency. To better
understand the origin of such difference, we used Tauc plots (Figure 3.5b) to estimate the optical
bandgaps of MoSxCly and MoSexCly to be 2.8 eV and 2.2 eV, respectively. Both values are much
larger than those of crystalline MoS; (1.3 eV) and MoSe; (1.1 eV).*!! The large optical gap of
MoSxCly is in agreement with its onset in the absorbance spectrum and well explains its low
absorption in the visible and near-IR range. This suggests that MoQxCly, especially MoSxCly,
unlike most other electrocatalysts, will transmit the majority of the visible light important for solar
energy harvesting. This rather unusual characteristic, combined with its high electrocatalytic

activity, make MoSxCly a unique and highly competitive catalyst material for PEC-HER.
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Figure 3.5. Optical characteristics of MoQxCly catalysts. (a) Absorbance spectra of MoSxCly (red
dots) and MoSexCly (black squares) grown on fused silica. Inset shows the digital images of bare
fused silica (left), MoSxCly on fused silica (middle) and MoSexCly on fused silica (right). (b) Tauc

plots that allow the extraction of the optical gaps of MoSxCly (red dots) and MoSexCly (black

squares) to be 2.8 eV and 2.2 eV, respectively.
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Effective catalyst-semiconductor coupling is another key consideration for superior PEC
performance. As demonstrated in our previous work,¥ direct CVD growth of a catalyst on Si
provides higher quality interfaces with smaller charge transfer resistances, leading to much better
PEC performance than samples made by dropcasting. Therefore, here we utilized low temperature
CVD growth to directly integrate MoQxCly with Si to achieve high performance PEC devices.
Simple p-type planar Si was first employed as the light absorber for a control experiment. A three-
electrode configuration was used to measure the photocurrent density—potential (J—E) data in 0.5
M H2SO4 under simulated 1 Sun irradiation (see experimental section for details). As shown in the
J-E curves in Figure 3.6, the onset potential (defined as the potential required to reach a
photocurrent density of 0.5 mA/cm?) shifted from —0.14 V vs. RHE for bare planar p-Si to +0.27
V vs. RHE for MoSxCly/Si planar, and the photocurrent density at 0 V vs. RHE increased from 0
to 20.6 mA/cm?, which is comparable to a Pt/p-Si photocathode measured in the same condition. %!
The PEC performance of MoSexCly on planar p-Si was also significantly improved compared to
that of bare p-Si, but the improvement was not as much as with MoSxCly. This difference could be
attributed to multiple factors, including inferior HER catalytic activity, unfavorable band bending,
not optimal growth conditions for MoSexCly, and potential presence of native silicon oxide at the

interface.
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Figure 3.6. J-E curves of MoSxCly/planar p-Si (red dots), MoSexCly/planar p-Si (black squares)
and bare planar p-Si (blue diamonds) photocathodes measured under 1 Sun illumination in 0.5 M

H2S0a.
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The promising results achieved using simple planar p-Si photocathodes demonstrate the
great potential of MoQxCly catalysts in PEC-HER. To further boost the performance and design
more efficient PEC-HER systems, we utilized Si MPs with an n*pp* junction as a more effective
light absorber. The multiple scattering effect of MP structures allows more photons to enter the
device hence significantly improves the omnidirectional light-harvesting ability™® (Figure 3.7a).
Moreover, the Si MPs could generate a much larger photovoltage owing to its built-in p-n junction.
With the additional p* layer on the back of n*p Si, the majority carrier collection could be further
facilitated, reducing overall series resistance and improving the fill factor and device
performance.*! Figure 3.7b inset and Figure 3.7d show the top-down and cross-sectional SEM
images of the bare n*pp* Si MP substrate. Prior to MoQxCly growth, a complete solid-state
photovoltaic cell was fabricated to verify the solar performance of bare Si MPs. As shown in Figure
3.7b, a solar to electricity conversion efficiency of 17.6% was achieved with an open circuit
voltage (Voc) of 0.56 V, a short circuit current (Jsc) of 42.0 mA/cm? and a fill factor (FF) of 0.75.
Notably, the Jsc achieved here is much higher than what has been previously reported for planar Si
solar cells, due to the improved light-harvesting ability of Si MPs. High Vo and FF were also
achieved, reflecting the large band bending and low charge recombination in the n*pp* junction.
After CVD growth, a conformal thin film of MoQxCly catalyst completely covers the Si MPs
surface as illustrated in Figure 3.7a. MoSxCly forms a smooth film with a thickness between 40-
60 nm (Figure 3.7e and Figure A2.3) and MoSexCly also yields a film around 40-60 nm but
composed of dense nanoflakes and nanoparticles (Figure 3.7f and Figure A2.3). UV-Vis spectra
were measured to compare the reflectance between planar Si, Si MPs, and MoQxCly covered Si
MPs. Much lower reflectance and higher absorption were recorded for Si MPs relative to planar

p-Si (Figure 3.7c), which demonstrates the improved light-harvesting properties of Si MPs.
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Moreover, comparing MoSxCly/Si MPs with bare Si MPs, we do not see significant change in their
reflectance spectra, especially in the 500-1200 nm region where Si strongly absorbs solar light.
This is attributed to the large bandgap and semi-transparent nature of MoSxCly catalyst film, and
Is consistent with the absorbance spectrum collected on MoSxCly on fused silica (Figure 3.5a). In
comparison, because of the larger absorbance of MoSexCly, a much darker color is seen in the
photograph of MoSexCly coated Si MPs (Figure 3.7c inset), which is also confirmed in the

suppressed reflectance of MoSexCly/Si (Figure 3.7¢).
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Figure 3.7. (a) Schematic of MoQxCly catalysts coated on n*pp* Si MPs for PEC hydrogen
generation. (b) J-V characteristics of a solar photovoltaic cell based on bare n*pp* Si MPs. Inset
shows a top-down SEM image of a bare Si MP substrate. (c) Reflectance spectra of bare planar Si
(1), Si MPs (1), MoSxCly on Si MPs (I11), and MoSexCly on Si MPs (IV). Inset shows the
corresponding photographs. Cross-sectional SEM images of (d) bare Si MPs substrate, (e)

MoSxCly/Si MPs and (f) MoSexCly/Si MPs. Insets in (e, f) show the corresponding top-down SEM

images of MoQxCly/Si.
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To examine the advantage of n*pp* Si MPs over planar p-Si and the influence of other parameters
in PEC-HER systems, we fabricated different MoQxCly coated photocathodes and compared their
PEC performance under simulated 1 Sun irradiation. The use of n*pp* Si MPs results in a dramatic
improvement in both the onset potential and photocurrent of the photocathodes. Specifically, as
shown in Figure 3.8a and summarized in Table 3.2, the onset potential increased from 0.27 V vs.
RHE for MoSxCly on planar p-Si to 0.41 V vs. RHE for MoSxCly on n*pp* Si MPs, owing to the
favorable band bending in the n*pp™ design. Similarly, the onset of MoSexCly coated
photocathodes also improved significantly from 0.18 V vs. RHE to 0.35 V vs. RHE. Moreover,
the photocurrent density at 0 V' vs. RHE increased dramatically from 10-20 mA/cm? for planar Si
photocathodes to 35-43 mA/cm? for Si MPs photocathodes, further demonstrating the effect of
improved light harvesting by Si MPs. For comparison, Pt, the benchmark catalyst for HER, was
also e-beam evaporated (5 nm) on Si MPs. Figure 3.8a highlights the difference among various
catalysts and clearly shows the trend of decreasing onset potential with increasing HER
overpotential. Pt/Si MP photocathode still exhibits the smallest catalytic overpotential and the
highest onset potential at 0.53 V, closest to the V¢ of the Si MP solar cell. MoSxCly shows better
catalytic activity and smaller catalytic overpotential than MoSexCly, which results in the more
positive onset potential for MoSxCly on Si MPs in the PEC test. The difference in photocurrent
density, on the other hand, is mostly caused by the difference in the optical transparency of the
various catalysts. Even though Pt is the most active electrocatalyst, compared to MoSxCly, Pt has
less optical transparency, resulting in a smaller photocurrent density. Due to the large optical gap
and minimum light absorption of MoSxCly, the MoSxCly/Si MP photocathode achieves a
photocurrent density as high as 43 mA/cm? at 0 V vs. RHE, which is the highest current density

ever reported for Si based photocathodes and even surpasses that achieved by Pt/n*pp™ Si MPs. In
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addition, this high current density is close to the Jsc achieved for Si MP solar cells, suggesting
minimal optical loss due to the catalyst coating, and is because of the synergistic effects of the
efficient light-trapping property of the Si micropyramid structure and the high-transparency of the
catalyst. To confirm the high photocurrent is indeed due to hydrogen generation, we used gas
chromatography-mass spectrometer (GCMS) to measure the amount of generated H: in
comparison with the theoretical H> amount calculated from the measured photocurrent of the
device integrated over time (Figure 3.9). The Faradaic efficiency, which is defined as the
experimental detected H2 amount divided by the theoretical H> amount, is close to 100% for both
MoSxCly/Si MP and MoSexCly/Si MP photocathodes. As a result of the high current density and
good photovoltage, excellent overall performance is achieved for all MoQxCly/n*pp*Si MP
photocathode systems (Table 3.2), with MoSxCly/n"pp*Si MPs representing one of the most

efficient Si photocathode systems with non-noble metal catalysts.
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Table 3.2 Summary of J at 0 V vs. RHE, onset potential, and fill factor for various photocathodes:
MoSxCly on planar p-Si, MoSxCly, MoSexCly, and Pt on n*pp* Si MPs,

Photocathodes Jat0V vs. RHE Onset Potential Fill Factor
[mA cm?] [V]
MoS,Cl,/Si planar 20.6 0.27 0.23
MoSxCl,/Si MPs 43.0 0.41 0.35
MoSexCly/Si MPs 38.8 0.35 0.34

Pt/Si MPs 36.7 0.53 0.47
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Besides the high PEC performance, excellent stability is also demonstrated for these
MoQxCly/Si MP photocathodes. Both MoSxCly/Si MPs and MoSexCly/Si MP photocathodes were
tested under illumination at 0 VV vs. RHE for more than 2 hours with negligible decreases in current
density and PEC performance (Figure 3.8b). Compared with the 20% decrease in 1T-MoS>/p-Si
over the course of 2 h,* the stability of these MoQxCly/Si MPs has been greatly enhanced. This
is due to the effective protection by the compact MoQxCly films conformally coated on the Si
surface (Figure A2.3). While other protective layers for Si have been reported, they could
potentially block light absorption and lead to decreased photocurrent.l'* 32 Therefore, the
utilization of semi-transparent catalysts like MoSxCly to serve as both the catalytic and protective

layer could enable high current density while maintaining good stability at the same time.
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Figure 3.8. (a) J-E curves for MoSxCly/Si MPs (red dots), MoSexCly/Si MPs (black squares) and
Pt/Si MPs (blue triangles) photocathodes measured in 0.5 M H>SOs under simulated 1 Sun
irradiation. (b) Chronoamperometry measurement of MoQxCly/Si MPs photocathodes measured at
0 V vs RHE under illumination over 2 h. (c) Nyquist impedance plots of MoSxCly/Si MP (red dots)
and MoSexCly/Si MP (black squares) measured under illumination. The dashed box in panel c is
magnified in d. The solid line traces correspond to the fitting using the equivalent circuit in the

inset of panel c.
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Figure 3.9. Theoretical (black curve) and experimental (red data points) amount of generated H»
for MoSxCly/Si MP photocathode (a) and MoSexCly/Si MP photocathode (b), showing Faradaic

efficiencies close to 100%. Faradaic efficiency is defined as the experimental detected H> amount
(measured using GC-MS) divided by the theoretical H> amount (calculated from the measured
photocurrent of the device integrated over time). The total amount of H detected by GC-MS after
continuous illumination at 0 V vs. RHE for 1 h is close for the MoSxCly, and MoSexCly
photocathodes, despite the fact that higher photocurrent density and efficiency was shown for the
MoSxCly photocathode in Figure 3.8a. The reason for this is that the specific MoSxCly
photoelectrode we used was an old photoelectrode that has already gone through a 2 h stability
test, so the generated photocurrent was decreasing over the 1 h measurement period. This could
also be revealed from the decreasing slope of H> generation in Figure 3.9a, indicating the
decreasing H> generation rate due to the gradual decreasing photocurrent. In contrast, the
photocurrent of the MoSexCly photoelectrode kept constant during the 1 h measurement period,
which is confirmed by the constant slope of H2 generation in Figure 3.9b. Therefore, although the
MoSxCly photoelectrode has better performance and higher current density than the MoSexCly
photoelectrode in general, due to the inferior stability of the specific MoSxCly photoelectrode, the

overall amount of hydrogen generated over the 1 h time period observed in Figure 3.9 is close for
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the two photoelectrodes. If we compare the generated Ha for the first 20 or 30 min instead of 1 h,
the MoSxCly photoelectrode produced more H> than the MoSexCly photoelectrode, consistent with

its higher performance.
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To provide more insights into the PEC performance, we conducted electrochemical
impedance spectroscopy (EIS) measurements under illumination to elucidate the charge transfer
resistances (Rct) in MoQxCly/Si MP photocathodes. Two semicircles were observed in the Nyquist
impedance plots for both photocathodes (Figure 3.8c and 3.8d), which were fitted using an
equivalent circuit (Figure 3.8c inset) following reported examples of catalyst-semiconductor
systems.[3® 421 The charge transfer resistance across the absorber-catalyst interface (Ret si) is a good
indicator of the coupling between the light absorber and the catalyst. As reflected in the first
semicircle, the Ret si is quite small for both MoS,Cly (18.6 Q cm?) and MoSexCly (3.1 Q cm?),
suggesting the benefits of the direct CVD growth in achieving high-quality interfaces between the
absorber and catalyst. This fast charge transfer also lays the foundation for efficient utilization of
electrons for hydrogen evolution, enabling better PEC performance. Moreover, the charge transfer
resistance from the catalyst to the electrolyte (Rctmooxcly), as depicted by the second semicircle,
reflects the catalytic activity of the catalysts. MoSxCly showed a smaller Retmogxcly (155 Q cm?)
compared to MoSexCly (333 Q cm?), consistent with their electrocatalytic and

photoelectrochemical performance shown in Figure 3.1 and 3.8a.

3.5 Conclusions

In summary, we have demonstrated that utilizing Si micropyramids with a designed n*pp*
junction significantly improves both the photocurrent and photovoltage of photocathodes. More
importantly, when such a semiconductor is integrated with a direct CVD grown MoSxCly thin film
— a catalyst that possesses both excellent HER catalytic activity and high optical transparency —

we achieve the highest photocurrent density for Si-based PEC systems with non-noble metal
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catalysts. Various design and optimization strategies regarding catalysts, absorbers and coupling
between the two have been systematically investigated to provide helpful guidelines on how to

rationally design efficient photocathodes with optimal PEC performance.
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Chapter 4

Basal Plane Ligand Functionalization on Semiconducting 2H-MoS>

Monolayers*

4.1 Abstract

Molybdenum disulfide (MoS) is a two-dimensional material promising for its electronic,
optical and catalytic applications. To fully harness its potential, functionalization is essential to
control its properties. However, most MoS; functionalization has been limited to the edges of 2H-
phase MoS; or 1T-phase MoS,, and the potential covalent functionalization on the basal plane of
2H-MoS:; is poorly understood. Here we report a facile approach to covalently functionalize
chemical vapor deposition (CVD) grown 2H-MoS; monolayers (MLs), as well as mechanically
exfoliated MoS,, via thiol conjugation at sulfur vacancies on the basal plane. Thorough
characterization was conducted to confirm the functionalization by thiol molecules on MoS; MLs
and it was demonstrated that sulfur vacancies in MoS> MLs play a key role in the functionalization
of basal planes. By controlling the amount of sulfur vacancies via sulfur annealing, the degree of

MoS; functionalization was effectively adjusted. Because thiol conjugation partially repairs or

* This chapter was prepared for publication in collaboration with Kyle J. Czech, Jianyuan Zhai, Yuzhou
Zhao, Robert J. Hamers, John C. Wright and Song Jin* before being adapted here.
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passivates sulfur vacancies, enhanced photoluminescence response and decreased active sites for
hydrogen evolution catalysis were observed for functionalized MoS,. Moreover, such
functionalization can be utilized for making MoS»-based heterostructures, an example of which
was demonstrated using a dithiol molecule to link MoS; and PbSe quantum dots. These results
provide new insights on the surface chemistry of MoS: and open up opportunities for MoS> MLs

with well-controlled properties and applications.

4.2 Introduction

Two-dimensional (2D) layered transition metal dichalcogenides (TMDCs) are a family of
compounds that have attracted widespread attention due to their potential applications in
electronics, optoelectronics, sensing, energy storage, and catalysis.1 MoS; has been one of the
most studied TMDCs and acts as an excellent model system to explore the chemistry of 2D
TMDC:s. It consists of individual sandwiched S—Mo—S layers held together by weak van der Waals
interactions and exhibits three common polymorphs, 2H, 3R and 1T.% Unique optical and
electronic properties emerge when bulk MoS; is thinned to a single layer, making MoS;
monolayers (MLs) particularly attractive. Photoluminescence (PL) is observed in MoS, MLs due
to quantum confinement and the associated change from indirect band gap (1.3 eV) to direct band
gap (1.8 eV),” which generates possibilities for many optoelectronic applications such as light-
emitting diodes and photodetectors.®!! Field effect transistors (FETs) based on MoS, monolayers

were also demonstrated to have high mobilities and on—off current ratios.*?

Despite these promising material properties, the lack of understanding and control over
MoS; surface functionalization poses limitations on its properties and applications, because

surface functionalization can offer convenient platform to tailor the electronic, optical and catalytic
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properties and fully harness the capabilities of M0S,.131® Functionalization of 2D MoS, materials
would also facilitate their biological applications!’® and integration into nanocomposites.'*
MoS: is traditionally considered rather chemically inert, especially along the basal plane that form
the van der Waals gaps in the 2D layered structure.!3!* Intuitively, the broken bonds at the edges
of the MoS; layers increase the reactivity. Indeed, the edge sites of 2H-MoS; have been shown to
display different catalytic and physical properties than those of the basal plane.!® Edge
functionalization of 2H-MoS; (bulk or layers) has been studied since the 1980s in order to
understand and control the high density of defects and high reactivity.2>> However, no reports
have explicitly demonstrated covalent functionalization on the basal planes of 2H-MoS.. Moreover,
the few studies of 2H-MoS: functionalization were focused on liquid exfoliated few-layer MoS>
nanosheets.?"? The complex morphology and the high defect density often seen in such colloidal
nanostructures prevents definitive characterization and differentiation between the edges and the
basal plane. Furthermore, the chemistry of liquid exfoliated colloidal MoS2 nanosheets can be very
different from the MoS, monolayers made via chemical vapor deposition (CVD) or mechanical
exfoliation that are of interest for typical device applications. In contrast to 2H-MoS», 1T-MoS;
possesses a very different electronic structure and surface chemistry.* It is a metastable phase of
MoS; that can be obtained by converting from the thermodynamically stable 2H-MoS; via
chemical exfoliation. Covalent functionalization on the basal planes of chemically exfoliated 1T-
MoS, nanosheets have been demonstrated by reacting them with organohalide and other
molecules,?®?” which led to changes in the optoelectronic properties of the materials. Alternatively,
chemically exfoliated 1T-MoS, nanosheets could also be functionalized via thiol conjugation at
the edges as well as on the basal planes, as many defects are generated during the harsh chemical

exfoliation treatment required for the 1T-MoS: preparation, which are believed to form covalent
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bonds with thiol-containing molecules.'6-18:28-31 |n contrast to these studies, the basal plane surface
chemistry of semiconducting 2H-MoS> monolayers has not yet been carefully explored and it is
important to develop a fundamental understanding of the mechanisms and be able to control the

surface functionalization.

Even though the basal plane of 2H-MoS; is generally believed to be too inert for
functionalization, it is not perfectly coordinated. Both experimental and computational studies
have shown that a wide range of defect types are present and high densities of sulfur vacancies are
observed on the basal plane of 2H-MoS, monolayers.1®323" These sulfur vacancies could be
reactive centers that enable basal plane ligand conjugation on semiconducting 2H-MoS;
monolayers, providing a useful means by which to tune the electronic, optical and catalytic
properties of MoS.. In this work, we investigate the surface chemistry of CVD grown 2H-MoS>
monolayers, and demonstrate successful covalent functionalization of 4-fluorobenzyl mercaptan
and other thiol-containing molecules on the basal plane of MoS2 MLs via thiol conjugation (Figure
1). Using the F-containing ligand as a marker, we clearly characterized the modified products using
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), and
correlated the degree of functionalization to the amount of sulfur vacancies present on MoS; ML
basal plane. An enhanced photoluminescence (PL) response and significant reduction in catalytic
activity are observed for functionalized MoS, MLs, consistent with partial repair and/or
passivation of sulfur vacancies by thiol ligand conjugation. The generality of this functionalization
also permits expansion to other thiol-containing ligands with different functional groups.
Additionally, heterostructures of MoS, and PbSe quantum dots are successfully prepared using
1,5-pentanedithiol as a linker molecule. These functionalization methods open new pathways for

facile synthesis of MoS2-based heterostructures.
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Figure 4.1. Schematic of ligand conjugation on sulfur vacancies on basal plane of 2H-MoS>

monolayers.
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4.3 Materials and Methods

All chemicals and reagents were purchased from Sigma-Aldrich and used as received unless noted

otherwise.

4.3.1 Synthesis of MoS, monolayers via chemical vapor deposition (CVD)

MoS2 monolayers were synthesized via a MoOsz film sulfidation reaction similar to
methods reported by Lou et al.® The synthesis was conducted in a home-built CVD system that
consists of a quartz tube (1 inch O.D.) connected to a vacuum pump with pressure and gas flow
controllers, and a tube furnace (Thermal Fisher, Lindberg Blue M). In a typical reaction, 1 nm of
Mo metal (Kurt J. Lesker, 99.95%) was deposited via electron-beam evaporation onto a Si/SiO>
or sapphire substrates at a rate of 0.05 A/s. The Mo thin film was oxidized for 60 minutes at 400
°C under a pressure of 300 Torr with flow rates of 25 sccm Ar and O2. Then the flow of O2 was
discontinued, the pressure was increased to 760 Torr and the temperature of the MoO3z substrates
increased to 750 °C. Upon reaching 750 °C, 200 mg of sulfur placed in an alumina boat was pushed
to 18 cm upstream from the center of the furnace, and the reaction was allowed to proceed for 10
minutes, before the furnace was subsequently allowed to cool down naturally to room temperature.

Then MoS: samples were collected and used without any further preparation.

4.3.2 Preparation of single- and multilayer MoS; via mechanical exfoliation

Single- and multilayer MoS; films were isolated from bulk MoS; (429MS-AB, small
molybdenum disulfide crystal, SPI Supplies) using the scotch tape-based mechanical exfoliation
method and then transferred onto the freshly cleaned Si substrates covered by a 100 nm thick SiO»

layer.
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4.3.3 Synthesis of MoS; nanoflowers on graphite substrates

The CVD synthesis of MoS, nanoflowers followed a reported procedure.* In a typical
reaction, 50 mg of molybdenum (V) chloride (MoCls, 95%) and 200 mg elemental sulfur (99.5%)
were put in alumina combustion boats and used as reaction precursors. The pressure was set to 770
Torr under a steady flow of Ar gas at 125 sccm, and the tube furnace was heated to 525 °C at 780

Torr for 20 min to grow MoS: nanoflowers directly on graphite substrates.

4.3.4 Functionalization of MoS2 monolayers

The CVD MoS,; ML sample on Si/SiO> substrate (or the mechanically exfoliated MoS, or CVD
grown MoS; nanoflower samples) is soaked in neat 4-fluorobenzyl mercaptan liquid (or neat 1,5-
pentanedithol liquid or 5-(trifluoromethyl) pyridine-2-thiol aqueous suspension) for 48 hours.
Afterwards, the substrate is soaked in ethanol, acetone, isopropanol and water for 10 min each,

and rinsed harshly with these solvents to wash off physisorbed molecules.

4.3.5 Preparation of MoS2-PbSe quantum dot heterostructures

PbSe quantum dots were synthesized via a hot-injection approach modified from an established
procedure.>® Mechanically exfoliated single- and multilayer MoS; sample was first functionalized
with 1,5-pentanedithiol. Then the functionalized MoS> sample was soaked in a suspension of PbSe
quantum dots (QDs) in toluene. After 48 h, the MoS, sample was washed with toluene, ethanol,

acetone and isopropanol to remove physisorbed PbSe QDs.

4.3.6 Structural characterizations



126

The optical images of all nanostructures were obtained on an Olympus BX51M optical microscope.
Fourier transform infrared spectroscopy (FTIR) was conducted on Bruker Tensor 27 system which
is equipped with a room temperature DTGS detector, mid-IR source (4000 to 400 cm™), and a KBr
beamsplitter. High-resolution X-ray photoelectron spectroscopy (XPS) measurements were taken
using a Thermo Al Ka XPS with a 180° double focusing hemispherical analyzer and 128-channel
detector (60° angular acceptance). All X-ray photoelectron spectra are shifted so that the
adventitious carbon C1s peak is at 284.8 eV to make sure the data across samples are aligned and
that the samples are not experiencing differential charging effects that may complicate the data.
Photoluminescence (PL) spectra were taken using a Thermo Scientific DXR confocal Raman
microscope using a 532 nm excitation laser. The sample for TEM analysis was prepared by dry
transfer of MoS,-PbSe QD heterostructures onto a TEM grid (Ted Pella, lacey carbon type-A
support film, 300 mesh, copper, no. 01890F). The TEM images were acquired on a FEI Titan
scanning TEM at an accelerating voltage of 200 kV. Energy-dispersive X-ray spectroscopy (EDS)

was performed using the same TEM equipped with an EDX detector.

4.3.7 Electron paramagnetic resonance spectroscopy measurement (EPR)

Electron paramagnetic resonance measurements were performed on a Bruker ELEXSYS E500
EPR Spectrometer at room temperature. The MoS2 monolayers on a Si/SiO» substrate were loaded

in a quartz tube and measured at a microwave power of 2 mW.

4.3.8 Electrochemical characterizations

All electrochemical measurements were performed in a three-electrode configuration using a
rotating disk electrode (RDE) system (Bioanalytical Systems, Inc.; RDE-2) with a Bio-Logic SP-

200 potentiostat. The electrolyte was 0.5 M H2S0O4 (aq), which was continuously purged with Hz(g)


https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy
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127

(99.999%). A saturated calomel reference electrode (SCE) (CH Instruments) was used as the
reference electrode and a graphite rod (National Carbon Co., AGKSP Spectroscopic Electrode)
was used as the counter electrode. Silver paint (Ted Pella, PELCO Colloidal Silver) was used to
affix the graphite disks covered with MoS; catalysts to a RDE glassy carbon tip. The SCE was
calibrated against the reversible hydrogen potential (RHE) using a platinum wire (Kurt J. Lesker,
99.99%; 0.50 mm diameter) as the working and counter electrodes to allow potentials to be
referenced against a RHE. Cyclic voltammograms were measured from +0.15 V to —0.45 V vs.
RHE at a scan rate of 3 mV s ! at a rotating speed of 2000 RPM. The electrochemical impedance
spectroscopy (EIS) was performed at —0.32 V vs RHE, applying a sinusoidal voltage with an
amplitude of 10 mV and scanning frequency from 200 kHz to 50 mHz. The EIS spectra were
modeled using a simplified Randles equivalent circuit to extract the series resistance (R), which

was then subtracted from the polarization curves to correct for iR losses.

4.4 Results and Discussion

We synthesized MoS2 monolayers on Si/SiO or sapphire substrates using a CVD reaction
by reacting molybdenum oxide films with sulfur precursor vapor at 750 °C (see Experimental
Section for details).>® As shown in Figure 2a, 7-15 pm, single-layer MoS; flakes were formed on
the substrate after the reaction. We chose 4-fluorobenzyl mercaptan (Figure 1) as a representative
organic molecule with a primary thiol functional group as well as a distinctive F element as a
marker for MoS, ML functionalization detection. The MoS; MLs on Si/SiO> substrate was soaked
in neat 4-fluorobenzyl mercaptan liquid for 48 hours and then soaked in ethanol, acetone,

isopropanol and water for 10 min each, and rinsed harshly with these solvents to wash off any
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physisorbed ligands. To examine if there is any 4-fluorobenzyl mercaptan left on the MoS,; MLs
surface after the washing procedure, we first conducted FTIR on the treated MoS, ML sample
(Figure 1b red curve) in comparison with the free 4-fluorobenzyl mercaptan ligand (Figure 1b
black curve). Peaks corresponding to C-H, C=C and C-F stretches were clearly observed on the
treated MoS, MLs sample. They match the peaks from 4-fluorobenzyl mercaptan, confirming the
successful functionalization of the MoS2 ML surface by 4-fluorobenzyl mercaptan. Notably, as
highlighted in the box of Figure 2b, the S-H stretch peak at 2550 cm™ that appears in the 4-
fluorobenzyl mercaptan spectrum (black curve) was no longer observed in the functionalized MoS;
ML sample. The disappearance of S-H peak has also been observed in other thiol conjugated
systems, and is commonly attributed to thiol functional group successfully conjugating to MoS;
surface with the S-H bond cleaved,!"?% providing more evidence that 4-fluorobenzyl mercaptan
IS conjugating with the MoS; surface, not physisorbed on the surface. Slight changes in the FTIR
spectra were observed on the functionalized MoS,; ML sample compared to free 4-fluorobenzyl
mercaptan ligand, which could be caused by the difference in measurement method (ATR vs. KBr
pellet), the decreased signal-to-noise ratio, or potential changes in the ligand chemical environment.

Such changes have also been observed in other thiol conjugated systems.*"?
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Figure 4.2. (a) A typical optical microscopy image of CVD grown MoS; monolayers on sapphire
substrate. (b) FTIR spectra of 4-fluorobenzyl mercaptan functionalized MoS, MLs (red) in
comparison to the free 4-fluorobenzyl mercaptan ligand (black). (c) High-resolution XPS of F1s
region for 4-fluorobenzyl mercaptan functionalized MoS, ML (red), fluorobenzene treated MoS;
ML (blue) and non-functionalized MoS; ML (black). (d) Fitted high-resolution XPS of S2p regions

for 4-fluorobenzyl mercaptan functionalized MoS, MLs (red) and non-functionalized MoS, MLs

(black).



130

To gain more insights into the functionalization, XPS was conducted to reveal potential
changes in the chemical environment of MoS, MLs before and after functionalization. As shown
in the high-resolution F1s spectra (Figure 2c), as-grown MoS; MLs do not show any F peak (black
curve), indicating there is no F contamination on MoS; MLs substrate. After 4-fluorobenzyl
mercaptan functionalization, a distinct F peak was clearly observed (red curve), confirming MoS;
MLs surface has been successfully functionalized. A control experiment using fluorobenzene, a
molecule with similar chemical structure with 4-fluorobenzyl mercaptan but without the thiol
functional group, was also used for functionalization. However, as shown in the blue curve in
Figure 2c, no F peak was observed in XPS, indicating the functionalization using fluorobenzene
was not successful. This difference between 4-fluorobenzyl mercaptan and fluorobenzene strongly
suggests that functionalization on MoS, MLs relies on thiol functional group, without which,

ligands could only be physisorbed on the surface and thus can be easily washed off.

In addition to the appearance of the F peak in XPS, the S XPS peak was broadened and
slightly shifted to lower binding energy after 4-fluorobenzyl mercaptan functionalization (Figure
2d). The peak deconvolution of as-synthesized MoS, MLs reveals the presence of two S doublets,
indicating two chemical environments: a major doublet with a S2p3/» peak at 162.7 eV and a minor
doublet with a S2ps/» peak at 162.1 eV. After functionalization, the intensity of the minor doublet
(S2p32 peak at 162.1 eV) was significantly enhanced, changing the ratio between the two S
doublets. Accordingly, the overall S spectra also broadened and shifted to a lower binding energy.
It is suspected that the enhancement of the minor doublet (S2ps2 peak at 162.1 eV) is due to the
thiol-containing ligand conjugating to MoS; surface. It is important to note that the S2pz/, peak of
free 4-fluorobenzyl mercaptan appears at 162.7 eV while the enhanced peak of functionalized

MoS, MLs appears at 162.0 eV. A similar difference has been reported for thiol-containing
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molecules self-assembling on gold surface.®® In that case, both physisorbed and chemisorbed thiol
molecules are resolved in XPS, with physisorbed molecules covering the top of the first
chemisorbed layer. The S2ps» peaks near 163 eV are attributed to unbound physisorbed thiol
molecules, whereas the S2ps. peaks near 162 eV are assigned to chemisorbed thiol molecules
forming a covalently bound film to the gold substrate. For the MoS; functionalization herein,
because the S2pz/, peak in thiol molecules overlaps with S2ps2 peak in MoS; (both near 162.7 eV),
it is hard to differentiate whether there are physisorbed molecules on MoS; surface. Nevertheless,
the clear emergence of S component (S2ps. peak) at 162.0 eV in the functionalized MoS,; ML
sample suggests there is a layer of 4-fluorobenzyl mercaptan molecules covalently bonding to

MoS: surface via thiol conjugation.

With FTIR and XPS results both indicating thiol functional group conjugating to MoS>
monolayer surface, we aim to provide a more thorough investigation regarding what enables and
controls the functionalization. Theoretical calculations have suggested that sulfur vacancies could
be the key to thiol conjugation.’®® Therefore, we designed experiments to characterize and
purposely tune the amount of S vacancies in 2H-MoS; MLs, and examine if different amounts of
S vacancies would lead to different degrees of functionalization. Annealing MoS; in a sulfur
environment has been reported to partially compensate S vacancies.*® We annealed the MoS, ML
sample with sulfur vapor at 550 °C for 2 h in a CVD chamber, and compared the amount of S
vacancies before and after annealing for the same MoS, MLs sample using electron paramagnetic
resonance (EPR), a technique that is sensitive to unpaired electrons and has been used to reveal
the concentration of MoS; S vacancies.** According to literature, the signal at g = 2.00 originates
from S vacancies in MoS,, with an enhanced signal suggesting increased S vacancy

concentration.** As shown in Figure 3a, after S annealing experiment, the EPR peak at g = 2.00
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decreased dramatically from the black curve to the red curve, demonstrating we have successfully

reduced the amount of S vacancies.
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Figure 4.3. (a) EPR spectra for the same MoS; ML sample measured before (black) and after (red)
sulfur annealing. The figure shows sulfur annealing caused a dramatic decrease in intensity. (b)
High-resolution XPS of the F1s region for functionalized as-grown MoS, ML (black) and

functionalized annealed MoS> ML (red) after normalizing to the same Mo peak.
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To investigate how the decreased S vacancy concentration affects the degree of MoS;
functionalization, we conducted the same 4-fluorobenzyl mercaptan functionalization experiment
on annealed MoS> ML. Figure 3b compares the high-resolution F1s XPS spectra for functionalized
MoS. ML (black) and functionalized annealed MoS, ML (red) after normalizing to the same Mo
peak intensities. Thus, the area of integrated F peak reflects the degree of 4-fluorobenzyl mercaptan
functionalization. The sulfur annealed MoS, ML indeed displays a much smaller F peak after
functionalization than as-synthesized MoS, ML, indicating fewer ligands and a smaller degree of
functionalization for annealed MoS». This comparison confirms our hypothesis that the degree of
thiol conjugation is dependent on the S vacancies present on the basal plane of MoS: layers, and

can be tuned effectively by adjusting the amount of S vacancies via S annealing.

We also demonstrated this functionalization approach could be readily applied to other
thiol-containing molecules besides 4-fluorobenzyl mercaptan. For example, 5-(trifluoromethyl)
pyridine-2-thiol contains a thiol functional group as well as characteristic F and N elements (see
Figure S1). XPS spectra of MoS2 ML functionalized with this molecule clearly reveal the presence
of F peak (Figure S1), confirming the functionalization could be successfully extended to other
thiol-containing molecules. For ligands like 1,5-pentanedithol (see Figure S2) that do not contain
characteristic marker elements like F and N, MoS, ML functionalized with such molecules
displayed an additional enhancement of the second S component (the S2ps/» peak positioned near
162 eV) in the XPS S spectra (Figure S2). It is attributed to the thiol functional group conjugating
to MoS; surface, consistent with what was observed in 4-fluorobenzyl mercaptan functionalized
MoS, ML (Figure 2d). Moreover, this functionalization approach can be applied to other types of
MoS,, such as monolayer or few-layer MoS, mechanically exfoliated from single crystals, and

CVD grown MoS; nanoflowers.* Single- and multilayer MoS, were mechanically exfoliated onto
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Si/SiO2 substrate, where the same 4-fluorobenzyl mercaptan molecule was used for
functionalization. Figure S3 displays the distinct F1s peak that confirmed the successful ligand
functionalization on mechanically exfoliated MoSa, similar to what was observed on CVD grown
MoS; MLs. We also performed the same functionalization on MoS> nanoflower samples grown
on graphite substrates synthesized via CVD.* As shown in the FTIR spectrum (Figure S4), peaks
corresponding to 4-fluorobenzyl mercaptan ligand were clearly resolved, confirming the

successful functionalization of MoS> nanoflowers.

After structural characterization and functionalization mechanism investigation, we then
systematically examined the effect of ligand functionalization on the physical and chemical
properties of MoS, MLs. Photoluminescence (PL) experiments were conducted to compare the
same MoS; ML sample at the same spot before and after functionalization. Figure 4a reveals a
significantly enhanced PL response for CVD MoS; ML after 4-fluorobenzyl mercaptan
functionalization. Previous work has reported using thiol chemistry to repair sulfur vacancies and
improve MoS; charge transport properties.®® Thus, it is suspected the conjugated thiol molecules
that bind to the basal plane at S vacancies can repair or passivate sulfur vacancies of MoS,; ML,
eliminating defect-mediated nonradiative recombination, thus resulting in enhanced PL
response.*>*3 Importantly, this enhancement is not only seen in 4-fluorobenzyl mercaptan
functionalized MoS, MLs, but has been consistently observed in other types of functionalized
MoS. samples. Figure 3b compares the PL responses of 1,5-pentanedithol functionalized MoS>
MLs before and after functionalization, and Figure 3c shows 4-fluorobenzyl mercaptan
functionalized mechanically exfoliated (ME) MoS;. In all cases, a significant PL enhancement was
observed, suggesting the generality of such functionalization to improve photoluminescence

response of MoSo.
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Figure 4.4. Photoluminescence spectra of as-prepared MoS; (black) and ligand functionalized

MoS: (red), with functionalized MoS> showing a consistent enhancement in PL response.
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Besides optical and electronic applications, MoS; is also a promising earth-abundant
electrocatalyst for hydrogen evolution reaction (HER).*>#445 We synthesized MoS;, nanoflowers
on graphite electrodes using CVD,* then measured the electrocatalytic performance of the same
electrode before and after ligand functionalization (see Experimental Section for details). Figure
5a compares the polarization curves for MoS; measured before (black) and after (red) 4-
fluorobenzyl mercaptan functionalization. A dramatic decrease in catalytic activity was observed
for functionalized MoS; nanoflowers sample, with the voltage required to reach 10 mA/cm?
increased significantly from 0.33 V to 0.44 V vs. reversible hydrogen electrode (RHE). The
decreased HER catalytic activity is further illustrated by comparing the Tafel slopes, a parameter
that provides insights into the intrinsic activity and catalytic mechanisms of the catalyst. The Tafel
slope increased from 136 mV/decade (black curve) before functionalization to 187 mV/decade
(red curve) after functionalization (Figure 5b). Experimental and computational studies have
shown that both the edge sites and the sulfur vacancies on MoS; basal plane contribute to HER
catalytic activity.%*® Therefore, this decrease in HER performance serves as additional evidence
demonstrating thiol conjugation on the edge sites and/or sulfur vacancies on MoS; basal plane,

which results in a significant reduction in available active sites for HER catalysis.
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Figure 4.5. Electrochemical characterization of MoS, nanoflowers for HER electrocatalysis

before and after functionalization. (a) Polarization curves and (b) Tafel analysis of the same MoS>

sample measured before (black) and after (red) 4-fluorobenzyl mercaptan functionalization.
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Ligand functionalization with different thiol-containing bi-functional linkers also provides
new opportunities for introducing different functional groups onto the basal plane of MoS, MLs
and enables a wider range of applications. In particular, MoS functionalization provides a
promising, facile approach for preparing molecularly linked MoS2-based heterostructures that can
extend the applicability of MoS2 MLs. Utilizing a dithiol organic molecule, we demonstrate the
creation of MoSz-quantum dots (QDs) heterostructures. QDs are a class of zero-dimensional,
quantum-confined materials with intriguing optical and physical properties.*”*® The QD band gap
and properties can be effectively controlled by changing the size of QDs. QD heterostructures are
both promising solar energy conversion materials and interesting model systems for fundamental
charge transfer investigation. MoS,-QD heterostructures are particularly appealing because they
couple 2D and OD materials that may lead to unique optical and physical properties, and new

applications in optoelectronic devices.

Here, we chose 1,5-pentanedithiol as the ligand to functionalize MoS; surface and link to
PbSe QDs. This organic molecule has two thiol groups, one conjugates to MoS; surface, while the
other binds to QDs due to the high affinity of QDs toward thiol moieties.*”*® The 4 nm diameter
PbSe QDs were synthesized using a hot-injection approach.®® We immersed 1,5-pentanedithol
functionalized mechanically exfoliated single- and multilayer MoS> sample on silicon substrates
in a suspension of PbSe QDs dispersed in toluene. After 48 h, the MoS> substrate was washed off
in toluene, ethanol, acetone and isopropanol to remove physisorbed QDs. Transmission electron
microscopy (TEM) was then used to examine the MoS; surface (see Experimental Section for
details). Selected-area electron diffraction (Figure 6a inset) confirmed the observed surface is the
basal plane of single crystal 2H-MoS,. As shown in Figure 6a, b, the entire MoS; basal plane has

been completely covered with PbSe QDs. Note the MoS: sheets in Figure 6b were rolled up at the
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edge. From that edge, a high-resolution TEM image containing both lattice resolved MoS; and
PbSe QDs can be acquired and the corresponding FFT pattern is shown in Figure 6b inset. The
lattice spacings are determined to be 0.615 nm and 0.31 nm that match well with the MoS; (002)
and PbSe (002) spacings, respectively. Energy-dispersive X-ray spectroscopy (EDS) also revealed
the presence of Mo, S, Pb and Se elements (Figure 6c), further confirming the MoS.-PbSe
heterostructures. To prove PbSe QDs are indeed linked to MoS; surface through 1,5-pentanedithiol
rather than physisorbed, we conducted FTIR on the MoS,-PbSe heterostructures, and observed
clear peaks that correspond very well with the peaks from the 1,5-pentanedithol molecule (Figure
6d). A control experiment that attached PbSe QDs onto a non-functionalized MoS; surface showed
a much lower QD coverage, confirming that the functionalization plays a key role in creating
MoS,-PbSe QD heterostructures. Moreover, the high coverage of QDs everywhere on the MoS>
sheets further demonstrates that the thiol-containing molecules are conjugating not only to the

edges but also to the basal plane of MoS..
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Figure 4.6. (a-b) TEM images of MoS>-PbSe QD heterostructures at different magnifications with
selected-area electron diffraction shown in Figure 6a inset. A fast Fourier transform (FFT)-filtered
high-resolution TEM image and its corresponding FFT pattern are shown in Figure 6b inset. (c)
EDS spectrum of the MoS.-PbSe QD heterostructures. (d) FTIR spectra of 1,5-pentanedithiol
linked MoS»2-PbSe QD heterostructure (black) in comparison with free 1,5-pentanedithiol ligand

(red).
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4.5 Conclusions

In conclusion, we have demonstrated a facile and effective approach to functionalize the
basal plane of 2H-MoS> using thiol conjugation to the numerous S vacancies commonly found in
MoS. materials. Thorough characterization using FTIR and XPS has confirmed the successful
functionalization and revealed various changes in MoSz chemical environments. We demonstrated
that S vacancies in MoS; play the key role in thiol conjugation on the basal plane of MoS», and
that controlling S vacancies on MoS; basal plane can effectively tune the degree of thiol
conjugation. Enhanced photoluminescence response and decreased catalytic activity toward HER
were further observed and attributed to the passivation of sulfur vacancies. Furthermore, the
successful creation of a high surface coverage of PbSe QDs on a functionalized MoS; basal plane
surface using dithiol linker molecules serves as a proof-of-concept for creating new MoS»-based
heterostructures. This work provides new insights into the surface chemistry of MoS; and 2D
TMDC materials, lays the foundation for further studies of MoS; surface chemistry on the basal
plane, and facilitates the creation of MoS2 monolayers with well controlled properties for different

applications.
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Chapter 5
Synthesis and Properties of Epitaxial PbSe QD-TiO. Nanoscale

Heterostructures for Solar Energy Conversion

5.1 Abstract

In this work, we have developed a facile approach to synthesize epitaxial PbSe—TiO>
guantum dot nanoscale heterostructures (QDH) via hot injection. High resolution Tramsmission
electron microscopy (HRTEM) confirmed the direct lattice connection between PbSe QDs and
TiO2 nanomatrials. This approach could be readily extended to TiO with different morphologies
(nanoparticles, nanosheets, nanorods), on different substrates (FTO, titanium foil, glass), and on
other metal oxide semiconductors, such as SnO. and Fe20s. In all caes, excellent quantum dot
coverage with narrow size distribution have been achieved. The growth mechanism has been
investigated with approaches to effectively tune the size of grown PbSe quantum dots. Significant
enhancement in TiO> absorption spectra was observed due to the light absorption of PbSe QDs,
and faster charge transfer kinetics from the donor and acceptor materials is expected because of

the direct lattice connection in the epitaxial heterostructure.
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5.2 Introduction

With the rapidly increasing global energy consumption, the need for materials with high
solar energy conversion efficiencies and low costs grows. In particular, quantum dot nanoscale
heterostructures (QDHSs) are a class of materials that are useful for both fundamental investigation
of charge transfer and potentially useful for integration into solar energy conversion devices.
Unlike other heterostructures, nanoscale heterostructures containing QDs have their unique
advantages. First, due to the small dimensions of QDs, electrons and holes are largely quantum
confined.! Therefore, the band gap of QDs and the band alignment of nanoscale heterostructures
can be tuned by simply adjusting the relative size of the donor-acceptor materials.?® Second, small
dimensions allow the formation of epitaxial junctions between dissimilar materials because the
effects of lattice-mismatch strains are minimized. The size scale of nanomaterials is usually far
below the critical material thickness for coherent heteroepitaxy so nanoscale heterojunctions can
tolerate large lattice mismatches before defects are observed.*® As a result, epitaxial single
crystalline nanoscale heterostructures can be synthesized using combinations of materials that
would be impossible as bulk or thin film junctions. Third, multiple exciton generation (MEG)
effect has been demonstrate in several QD based solar cells.®® The possibility of utilizing excess
photon energy rather than being lost as heat can potentially exceed the Shockley—Queisser
efficiency limit. Among all kinds of quantum dots, PbS and PbSe QDs are attracting a lot of
attention because of their large Bohr radius,%*® large ground state cross section of absorption (10—

15 cm2) and long excitonic lifetime (200800 ns).141°

Given the many advantages of QDHs, they have been intensively investigated over the last

few years. There are mainly three primary types of QDHSs: junctions formed by proximal contact,
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junctions formed by molecular linkers, and linker-free epitaxial attachment. Figure 5.1%° illustrates
these different types of QDHSs in comparison with a conventional epitaxial planar heterojunction
(Figure 5.1a). Materials in proximally contacted heterostructures are physisorbed to each other,
sometimes referred to as “direct attachment” or “direct adsorption” heterostructures, the acceptor
and donor materials are synthesized separately, but are not chemically linked together (Figure

5.1b). Figure 5.2 is an example of proximally contacted QDH where PbS QDs are mixed with TiO>

nanobelts.
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Figure 5.1. Planar heterostructure (a) and quantum dot nanoscale heterostructures (QDHSs) where
the donor material is shown in blue and the acceptor in red. Using a QD donor and a NW acceptor
as an example structure, the QDH can be (b) proximally contacted, (c) chemically-linked, or (d)

epitaxial.®

Figure 5.2. An example of PbS QDs physisorbed to TiO2 nanobelts via proximal contact.’
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Materials in linked heterostructures are directly connected via organic or inorganic linking
molecules, but do not have direct lattice connection (Figure 5.1c). Charge transfer between
acceptor and donor materials can be facilitated through an organic or inorganic molecular linker
(see schematic Fig. 5a). As with proximal heterostructures, the acceptor and donor materials for
these QDHs are synthesized separately. However, for chemically-linked or tethered junctions, the
donor material is added to the acceptor in the presence of a bifunctional molecule exhibiting
preferential binding of the different groups to the acceptor and donor materials, respectively. The
thiol (-SH) group is a good ligand to bind to the surface of metal chacolgenide QDs and the
carboxylic acid group (-COOH) is a good ligand to most metal oxide surface; therefore, the
common choice of the bifunctional linker for QDHs are molecules that contain these two
functional groups.t® One commonly used linker is 3-mercaptopropionic acid (MPA), a bifunctional
linker bearing carboxylate and thiol functional groups.®2! Several commonly used linker

molecules are shown in the scheme below (Figure 5.3).
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Figure 5.3. (a) Schematics of QDHs connected by chemical linkers. (b) Some common examples

of the chemical linkers.1®
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Materials in linker-free heterostructures are epitaxially connected, therefore sharing a
crystalline interface (Figure 5.1d). It is the most efficient configuration for charge-transfer across
heterojunctions is through high-quality epitaxial interfaces. Unlike proximal or chemically linked
QDHes, epitaxy promotes direct electronic communication between the donor and acceptor, and
are the most technically challenging to synthesize among the heterostructures discussed. The
synthesis and charge transfer properties of directly attached and linked QDHSs have been widely
investigated. However, although epitaxial QDHs have interface with best quality, there are still
much fewer reports on the synthesis of definitive epitaxial QDHs,??%>* and their charge transfer
properties have not been investigated systematically. The purpose of my research is to synthesize
QDHs with high-quality, epitaxial interfaces via a simple colloidal solution method, extend this
approach to integrate QDs with a broad range of acceptor nanomaterials made by diverse synthesis
routes, and investigate the fundamental coherent charge transfer dynamics in these systems using

spectroscopy.
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5.3 Materials and Methods

Materials. Trioctylphosphine (TOP, 90%), 90% oleic acid (OA), > 99 % diphenyl ether (DiPE),
> 99 % lead (II) acetate Pb(Ac)2, and 99.99 % selenium powder were purchased from Sigma
Aldrich and used without further purification. The 1 M trioctylphosphine—selenium complex

(TOP-Se) was prepared by following an established synthesis.?

5.3.1 Synthesis of PbSe QDs

In a typical synthesis,? 0.325 g lead acetate, 6 mL diphenyl ether, 4 mL trioctylphosphine
are mixed together in a three-neck flask and heated to 85 °C under vacuum. After 30 min, the
mixture is heated up to 125 °C under nitrogen flow, when 0.85 mL of 1 M trioctylphosphine
selenide (TOP-Se) is rapidly injected into the flask. After 4 min, 12 mL ethanol is added to quench

the QD growth.

5.3.2 Synthesis of PbSe-TiO, heterostructure

The setup of reaction follows our previous report of PbSe—Fe Oz heterostructure
synthesis.?* Briefly, FTO substrate is placed into a home-built glass holder with FTO and TiO
nanorod (NR) side facing down. This holder is then placed in a three-necked cylindrical flask on
a Schlenk line. In a typical synthesis,?® 0.325 g lead acetate, 6 mL diphenyl ether, 4 mL
trioctylphosphine are mixed together in another flask and heated to 85 °C under vacuum. After 30
min, the mixture is allowed to cool to room temperature and then transferred via a canular to the
flask containing the dehydrated TiO2 NR substrate. The reactant mixture in the presence of the NR
substrate is then heated up to 125 °C under nitrogen, when 0.85 mL of 1 M trioctylphosphine

selenide (TOP-Se) is rapidly injected into the flask. After 4 min, 12 mL ethanol is added to quench
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the QD growth. The substrate is then removed from the glassware and aggressively rinsed with
toluene, ethanol, and acetone to remove excess reactants and any unbound PbSe QDs from the

surface of the TiO2 NRs.

5.4 Results and Discussion

5.4.1 Synthesis of PbSe-TiO- heterostructure

As the nature of the TiO, surface has a strong influence on heterostructure growth, some
additional treatments of TiO. surface are required to enable the direct nucleation of QDs on it.
Doctor-bladed TiO2 nanoparticle films are mostly ready as-prepared; post-annealing in air at 500
°C for 1 h is adequate to remove any binders or other organics left on surface.?® For TiO2 nanorods
grown on FTO, chemical etching using a solution containing NH3-H20:H20,:H-0 at a molar ratio
of 1:1:5 for 30 minutes prior to heterostructure growth is shown to be critical for the direct
nucleation of QDs on TiO; surface. Long time etching following this recipe can etch away TiO,%
yet 30 minutes is just sufficient to roughen the surface, making the surface more favorable for QDs
to nucleate and grow. Moreover, dehydration of substrate has also been shown to play a significant
role on the nucleation of QDs and the formation of high-quality, epitaxial heterointerfaces.?* As
demonstrated in our previous results,?* longer dehydration time increases the density of QDs on
the surface and decreases the QD diameter distributions. Therefore, heating the substrate-
glassware setup to 350 °C in a sand bath under dynamic vacuum (< 20 mTorr) on a Schlenk line
for 3-5 hours is always conducted prior to the heterostructure growth. Furthermore, treating as-
synthesized TiO2 NRs with UV light and etching them with O, plasma are also shown to help
remove surface contamination, improve wetting by suspensions in polar solvents, improve the

quality of epitaxial interface, and increase surface coverage of QDs significantly.?"%8
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The setup of reaction follows our previous-reported PbSe—Fe.Os heterostructure
synthesis,?* with one representative glassware illustration shown in Figure 5.4. Briefly, FTO
substrate is placed into a home-built glass holder with FTO and TiO2 NR side facing down. This
holder is then placed in a three-necked cylindrical flask on a Schlenk line, and heated to 350 °C in
a sand bath under dynamic vacuum (< 20 mTorr) for up to 5 h. In another flask, 0.325 g lead oleate
acetate, 6 mL diphenyl ether, 4 mL trioctylphosphine are mixed together and heated to 85 °C under
vacuum. After 30 min, the mixture is allowed to cool to room temperature and then transferred via
a canular to the flask containing the dehydrated TiO2> NR substrate. The reactant mixture in the
presence of the NR substrate is then heated up to 125 °C under nitrogen, when 0.85 mL 1 M
trioctylphosphine selenide (TOP-Se) is rapidly injected into the flask. After 4 min, 12 mL ethanol
is used to quench QD growth. The substrate is then removed from the glassware and aggressively
rinsed with toluene, ethanol, and acetone to remove excess reactants and any unbound PbSe QDs

from the surface of the TiO2 NRs.
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Figure 5.4. The glassware designed and utilized for this heterostructure synthesis.?*
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5.4.2 Structural Characterization

Typical transmission electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) images of PbSe QD-TiO2 NR heterostructure are shown in Figure 5.5, clearly
indicating the formation of PbSe QDs on TiO> NRs surface. Likewise, growth of PbSe QDs on
other substrates (TiO2 NPs on glass and TiO2 NWs on titanium foil) has resulted in similar uniform
QD coverage, as shown in STEM images in Figure 5.5¢c and 5.5d. The diameter of most PbSe QDs
was in the range of 2.5 to 3 nm. All of them show a well-defined hemispherical shape, confirming
these QDs are nucleated and grown directly on TiO> surface rather than attached onto TiO- after
grown in solution. Figure 5.5e shows one representative EDX spectrum of one PbSe QD-TiO2 NR
heterostructure sample prepared on a TEM copper grid, further confirming the presence of both
PbSe and TiO2 component. The excess Pb to Se ratio is attributed to Se element gradually being

melted in the strong electron beam during TEM focusing.?®
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Figure 5.5. TEM and STEM images of PbSe—TiO> heterostructures: (a, b) PbSe QD-TiO2 NR,

(c) PbSe QD-TiO2 NP, (d) PbSe QD-TiO> NW. (e) A representative EDX spectrum of PbSe

QD-TiO2 NR heterostructure.
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HRTEM was carefully performed to examine the crystalline interface between the PbSe QDs
and TiO2 NRs. One representative image is shown in Figure 5.6. In the corresponding full fast
Fourier transform (FFT) (Figure 5.6b), two sets of diffraction spots from PbSe and TiO> were
revealed, respectively. FFTs of selected nonoverlapping regions of the PbSe QD and TiO2 NR
were also performed to deconvolute the individual contributions to FFT of the full image (Figure
5.6¢ and 5.6d), from which we can index the PbSe QD to be on the [110] zone axis, and the TiO-
NR on the [110] zone axis. The simultaneous observation of the two zone axes for PbSe and TiO>
crystal lattices means that these two crystallographic directions, [110] for PbSe and [110] for TiO,
are aligned at the heterostructure interface. From the FFT of the full image, we also note that the
PbSe (111) and TiO, (110) diffraction spots are aligned collinearly from the origin, indicating
these sets of lattice planes are nearly parallel and the heterointerface is formed by joining the PbSe

(111)and TiO2 (110) planes.
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Figure 5.6. HRTEM image of PbSe QDs on the edge of a TiO2 NR (a) with its corresponding
indexed FFT (b) and FFTs for individual PbSe QD (c) and TiO2 NR (d). (e) A schematic diagram
illustrating this heteroepitaxial relationship between PbSe and TiO with PbSe (220) planes shown

in green, TiO2 (110) planes in red, and TiO2 (001) planes in black.
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Table 5.1. A table summarizing the epitaxial lattice match parameters for the specific PbSe—TiO2

heterojunction.

Lattice Planes Lattice  Spacing | Supercell (nm) Percent Mismatch
(nm)

TiO2{110} 0.325 0.325x2=0.650 0.1%

PbSe{110} 0.217 0.217x3=0.651

TiO2{001} 0.296 0.296x5=1.480 1.3%

PbSe{110} 0.250 0.250x5=1.500
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In order to calculate the mismatch between PbSe and TiO., a large supercell that satisfies
the translational symmetry for both materials needs to be defined. The supercell at the epitaxial
interface is shown in Figure 5.6d with the PbSe (220) planes shown in green, TiO. (110) planes in
red and TiO2 (001) planes in black. In the vertical direction, two (110) lattice spacings of TiO>
only have a mismatch of 0.1% with three (110) lattice spacings of PbSe, forming the a direction
of the supercell. In the horizontal direction, five (001) lattice spacings of TiOzand six (110) lattice
spacings of PbSe have a mismatch of 1.3%. This will be the b direction of the supercell. The total
supercell area is 0.962 nm? for PbSe and 0.976 nm? for TiO, with only a 1.5% mismatch. The
supercell at the epitaxial interface is shown in Figure 5.6d with PbSe (220) planes shown in green,

TiO2 (110) planes in red, and TiO2 (001) planes in black.

Interestingly, despite some other HRTEM images showing the same epitaxy, this is not the
only heteroepitaxial relationship we found on this heterostructure sample. Two other possible
epitaxial relationships have been confirmed with their HRTEM images and corresponding FFTs
shown in Figure 5.7, demonstrating the ease of forming high-quality, epitaxial interfaces in these

heterostructures prepared using this approach.
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Figure 5.7. HRTEM images of PbSe QD-TiO2 NR heterostructure.
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5.4.3 Applicability on TiO2 nanosheets

As demonstrated above, we have already synthesized epitaxial QDHs on TiOz rutile nanorods
and TiO; anatase nanoparticles. With this ground work laid, we want to further improve the QDH
system by replacing TiO2 nanorod and nanoparticle with TiO2 nanosheet. Based on theoretical
studies, the {001} facets of anatase TiO2 is much more reactive than the {101} facets, which is the
thermodynamically more stable surface and the dominant surface in most synthetic and natural
anatase crystals. There have been many reports recently synthesizing TiO> nanosheet with high
percentage of (001) facets using a simple hydrothermal reaction.t®>%-3* They have shown such TiO;
nanosheets demonstrate superior photocatalytic efficiency, far exceeding that of Degussa P25.
Also, based on one Brunauer—-Emmett—Teller (BET) measurement,’® 30-nm sized nanosheets
showed a surface area of 122 m? g1, substantially higher than the 75 m? g~! of 18-nm TiO, NPs.
It is anticipated that higher surface area will leave more room for the grown of QDs, and the
absorption of such QDHs will increase significantly as a result of the more QDs loading.
Furthermore, the exposed (001) facets have higher ionic charge compared to the (101) facets,*®
which can help strengthen the attachment of QD, improve the quality of interface, and screen the
electrons injected in the conduction band of the oxide,* all of which have led to better photovoltaic

performance in solar energy conversion on several demonstrated heterostructure systems. >34

We synthesized the TiO. anatase nanosheets using a simple hydrothermal reaction reported
previously.®® In a typical synthesis, 10 mL Ti(OBu)s (98%) and 0.8 mL hydrofluoric acid (47%)
were mixed in a 150 mL Teflon autoclave, which was then kept at 180 °C for 24 h. The white
powder obtained after reaction was separated by high-speed centrifugation and washed with
ethanol and distilled water afterwards. TEM images showed these TiO2 nanosheets have side

length of 30—80 nm, and thickness of 6-8 nm, depending on specific reaction parameters (Figure
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5.8). These as-prepared TiO2 nanosheets can be deposited by spin coating (4000 rpm for 10 s)
from a dilute aqueous solution to form a nanosheet TiO> layer on FTO or glass substrates, resulting
in a nanosheet titania film with 300 = 50 nm thickness?®, which can be further used for device
fabrication or spectroscopy studies. While PbS quantum dot heterojunction solar cell has been
fabricated using TiO2 nanosheet,® to date there has been no work reporting epitaxial QD-TiO

nanosheet heterostructures.
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Figure 5.8. (A) High-magnification TEM image of an individual TiO2 nanosheet synthesized at
180 °C using 5 mL of Ti(OBu)s and 0.6 mL of HF; the inset shows the corresponding SAED

pattern (B) low-magnification TEM image of TiO, nanosheets.
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Following the same dehydration pretreatment and synthesis procedure, we successfully extended
this colloidal approach to TiO. nanosheets. The TiO> surface has been completely covered with
epitaxial PbSe QDs. The high surface area, well-defined lattice planes, superior photocatalytic and
photovoltaic performances of such materials should make them promising candidates for both

spectroscopy characterization and device fabrication.

5.4.4 Investigation of growth mechanism

It is of great significance to tune PbSe QD sizes and their band gaps correspondingly in
order to form a desired type Il heterojunction and produce efficient charge transfer from PbSe QDs
to TiO2 materials. Thus, it is critical to understand how reaction parameters affect the size of PbSe

QDs, and investigate the mechanism for the nucleation and growth of these heterostructures.

In the formation of heterogeneous systems, the total change in Gibbs free interface energy

of adding a second material to a first material follows equation 1.3

AGs =y, — Y2+ V12

v1 and y2 are the surface energies of material 1 and 2, and y12 is the interfacial energy of the two
materials. The sign of Gibbs free energy change will dictate the tendency of the system to adopt a
certain growth mode.*®*%’ For PbSe-TiO; system, due to the large lattice-mismatch and significant
strain between the two materials, it is expected it will follow a VVollmer-Weber growth mechanism,
in which PbSe adopt the habit of a discontinuous islandlike domain as a means of minimizing of
the overall interfacial area shared with TiO,,2% forming discrete quantum dots as shown in previous

TEM and SEM images.

Based on this mechanism, we suspect the sizes of QD islands formed on surface should
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also be limited by the total change in Gibbs free energy, thus careful control of surface energy is
critical in controlling the sizes of QDs. This can be verified in two aspects. First, the presence of
organic ligands is known to be able to alter the surface energy of corresponding materials, thus we
anticipate ligands play a significant role in controlling QD sizes.?® Efforts are underway to verify
this effect of ligands by utilizing different surfactants for QD synthesis, using ligands at different
concentration and varying the ratio between different ligands. On the contrary, factors like
precursor concentration, injection temperature, growth time do not have a big effect on surface
energy.?® Our results of varying these factors using PbSe QD-TiO, NR as an example have
confirmed these parameters indeed do not have a great influence on the sizes of QDs. Based on
our experiment, secondary injection also shows a dramatic increase on QD sizes and can
effectively tune the size of QDs from 2.5 nm to 7 nm. Two representative SEM images before and

after secondary injection were shown in Figure 5.9.
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Figure 5.9. SEM images of PbSe QD-TiO2 NR heterostructure prepared from single injection (left)

and secondary injection (right).
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Interestingly, when we try to extend our approach to cadmium chalcogenide, the synthesis
did not work as well and easy as PbSe and PbS. Instead of growing QDs on TiO> surface, CdX
precursors tend to homonucleate in solution to form CdX QDs. Additionally, despite several
articles reporting epitaxial PbX-TiO, heterostructures,2?22® there have been no reports on
definitive epitaxial CdX-TiO; heterostructures to date. This difference between CdX and PbX has
lead us to further investigate the mechanism controlling the competition between homonucleation
of QDs in solution and heteronucleation of QDs onto TiO2 surface. It is noted that heteronucleation
requires less energy to initiate and thus lower injection temperature, while homonucleation usually
takes place at higher temperature.3” For CdX, the homonucleation process is very fast. Thus, at
high injection temperature, the nucleation is suspected to be kinetically driven. Hence, the
kinetically preferred homonucleation is dominant and few precursor monomers have the chance
to diffuse onto substrate and nucleate on surface. In this case, it is anticipated that a lower injection
temperature that suppresses homonucleation but sufficient for heteronuelcation is preferred for
heterogeneous growth of QDs onto substrate. Whereas for PbX, the homonucleation process is not
as fast, therefore the growth is more under thermodynamic control. Thus, even at high injection
temperature, some precursors still have time to diffuse onto substrate and choose the
thermodynamically favorable heteronucleation. Therefore, in this situation, we see a large quantity

of PbX QDs nucleated on surface as well as PbX QDs nucleated in solution.

Two factors can be adjusted in future experiments to verify this hypothesis: injection
temperature and growth rate of QDs. When adjusting injection temperature, it is expected that
homonucleation dominates at high injection temperature, both heteronucleation and
homonucleation contribute at medium temperature, and homonucleation is suppressed while

heteronucleation is preferred at low temperature (temperature needs to be sufficient for
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heteronucleation). The preference of either heteronuelcation or homonucleation can be determined
by checking the coverage of QDs on substrate surface. On the other side, we can also change the
growth rate of QDs by using different synthetic approaches, as a means to control the competition
between Kinetically driven process and thermodynamically driven process. Based on our
assumption, systems with fast growth rate of QDs will lead to more homonucleation at the same
injection temperature compared to systems with slow growth rate. Assuming our hypothesis is
correct, then careful adjustment and control of injection temperature and growth rate should make

the synthesis of definitive epitaxial CdX-TiO> heterostructure possible.

5.4.5 Investigation of the charge transfer dynamics

With the successful synthesis of epitaxial quantum dot heterostructures on various
substrates already demonstrated, we then focus on characterizing such heterostructures to study

their charge transfer properties.

There are three primary types of charge-transfer mechanisms: quantum mechanical
tunneling, where phase coherence is preserved during the transfer; tunneling between multiple
potential wells, where coherence is lost in each well (when the charge resides in the potential well);

and thermally activated incoherent hopping without phase coherence.16:38:3°

Many factors could affect the mechanism and rate of charge transfer. Band energy
alignment determines the driving force of transfer. Quality of interface and distance between the
donor and acceptor materials also have a significant effect. It is worth noting that for coherent
tunneling, charge transfer rate is exponentially dependent on separation distance. Therefore, it is
expected that heterostructures with proper band energy alignment and high-quality, epitaxial

interfaces have best charge separation.3740-42
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Optical properties of these epitaxial QDHs have been analyzed using PbSe QDs on TiOz
NPs on glass substrate as an example (Figure 5.10). Due to the scattering of TiO2 NPs, there is an
inhomogeneous offset of the absorption curve in visible region as shown in the red curve in Figure
3. The increase in absorption (Figure 5.10a) for QDH compared to bare TiO> in the 400-800 nm
region is attributed to the absorption of PbSe QDs (3 nm diameter). Interestingly, the 1S(e)—1S(h)
excitonic peak could not be distinguished in the absorption spectra as commonly seen in the spectra
of heterostructures containing QDs. Since our QDs have relatively narrow size distribution, this
should be attributed to the ultrafast charge transfer from PbSe QDs to TiO», which has also been
observed for some other QDH systems.?**® In order to compare epitaxial QDHs with QDHs made
using other techniques, PbSe QD-TiO2 QDHs prepared using mercaptopropionic acid (MPA) as
a linker molecule and via direct QD adsorption were also fabricated on glass substrate. The STEM
images revealed these linked and direct attached QDHs have slightly higher QD coverage.
However, more QD clusters were observed in these QDHs in contrast to the uniformly distributed
QDs in epitaxial QDHs. Because of the higher overall QD loading, these linked and direct adsorbed
samples showed darker color and hence higher absorption (Figure 5.10b). Interestingly, excitonic
peaks were clearly seen in these samples (Figure 5.10b, inset). Assuming the QD size distributions
for linked, directly attached and epitaxial QDHSs are all similar, this difference in excitonic peak
suggests that difference in charge transfer rates for different QDHs: epitaxial QDHs have fastest
charge transfer and hence suppressed excitonic peak. However, more conclusive evidence is
needed, and the investigation using ultrafast transient spectroscopy and coherent multidimensional
spectroscopy are underway to confirm epitaxial QDHs’ advantage in charge separation and charge

transfer properties.
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Figure 5.10. Absorption spectra of epitaxial and linked PbSe QD-TiO> quantum dot

heterostructures.
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5.5 Conclusion

In conclusion, epitaxial PbSe quantum dots—TiO> nanoscale heterostructures have been
synthesized via a hot injection approach. QDHs synthesized using this approach showed good QD
coverage and narrow QD size distribution. The heteroepitaxial interface has been characterized by
HRTEM. The increase in absorption spectra is attributed to the absorption of QDs, and the direct
lattice connection between the donor and acceptor materials is expected to allow faster charge

transfer compared to QDHSs connected via linker molecules.
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Appendix 1
Supporting Information for

Chapter 2

Efficient Photoelectrochemical Hydrogen Generation Using

Heterostructures of Si and Chemically Exfoliated Metallic MoS>*

Al.1 Fabrication of photoelectrodes.

Photoelectrodes of both bare and MoSz-covered Si were fabricated following procedures
reported. Briefly, the back side of the Si substrates with a resistivity of 1-2.5 Q-cm (p-type, B
doped, (100) orientation, prime grade, 525 um thickness) was first scratched with a diamond
scribe, then an ohmic back contact was formed by embedding a coiled Cu wire in a Ga/ln eutectic
mixture (Aldrich) onto the scratched Si surface. Silver paint (Ted Pella) was then used to affix the
Cu wire. After drying, the Cu lead was passed into a glass tube (diameter 2 mm), and the Si
electrode and Cu wire were encased in Hysol 9460 epoxy. The final exposed electrode area was
defined by the epoxy and the geometrical area was determined using a calibrated digital image and
ImagelJ. All photoelectrodes were etched in aqueous buffered HF solution (Buffer HF Improved,
Transene Inc.) for 30 seconds to remove the native silicon oxide on the surface prior to

measurement.

* This chapter was originally published as the supporting information in J. Am. Chem. Soc. 2014, 136, 8504.
It was prepared in collaboration with Fei Meng, Caroline R. English, Miguel Caban-Acevedo, Melinda J.
Shearer, Dong Liang, Andrew S. Daniel, Robert J. Hamers, and Song Jin* before being adapted here.
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Al.2 Fabrication of MoS,/Si solid-state diode.

A solid-state diode was fabricated on the CVD grown MoS,/Si heterostructure. Two front
contacts on MoS; were made using e-beam-evaporated 100 nm Ni, and then annealed at 400 °C in
100 sccm Ar, 10 sccm H for 1 h. Two back contacts on Si were made using silver paste. 1-V
measurements were made with a home-built transport setup on a Cascade probe station. I-V curves
were taken between the two front Ni contacts, between the two back Ag contacts, and then between
the front and back contact with or without illumination (using the light from the microscope light

source).

Al1.3 Hydrogen measurements.

To determine the Faradaic efficiency of the photoelectrochemical cell, we measured the
amount of generated H> using gas chromatography (GC). A chronoampometry test was conducted
on a CVD grown 1T-MoS2/Si photocathode at —0.1 V vs RHE under simulated 1 sun irradiation
for 1 h with no H2 bubbling. In the sealed cell, a syringe was used to transfer 500 uL gas from the
headspace to a gas chromatography instrument (SRI Instruments) every 20 minutes. The detected
H2 concentration was then used to calculate the total amount of H2 generated in the cell. The total
amount of charge Q(C) passed through the cell was calculated by integrating the measured current
over time. Faradaic efficiency was then calculated by comparing the theoretical H2 amount with

GC-detected H2 amount.

Al.4 Time resolved surface photoresponse measurements (TR-SPR).

The TR-SPR measurements was conducted in 0.5 M sulfuric acid using a capacitor-like

setup, in which the sample and a platinum mesh sense electrode separated using Teflon spacers
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(127 pm thick) were assembled into a home-made cell holder. In this apparatus, the transient
charge separation resulting for pulsed optical excitation induces a capacitive displacement current
that is dropped across the 50 ohm input impedance of an amplifier. Optical excitation was achieve
using 3 ns pulses with 0.1 mJ/pulse generated by a tunable laser (NT340, EKSPLA, Inc., Vilnius,
Lithuania), which illuminated the samples through the sense electrode. A preamplifier (Model
TA2000B-1, FAST ComTec GmbH, Oberhaching/Minchen, Germany) with 50-Q input and
output impedances, 1.5 GHz bandwidth, and 10x voltage gain was used to amplify the response,
which was then recorded using a digital oscilloscope (Model DSO9404A, Agilent, Inc., Santa
Clara, CA). A photocurrent is produced from this capacitive measurement, and the photocurrent is

then integrated over time to calculate the total charge. In the biexponential fitting

1 1
equation SPR(t) = y, + Are 1 + Aye 2"), yo = y offset, A; = amplitude 1, Az = amplitude 2,

11 = decay constant 1 for the carrier lifetime, 12 = decay constant 2 for the carrier lifetime.
A1.5 Time resolved microwave conductivity measurements (TRMC).

The TRMC measurements were conducted by illuminating the samples at 340 nm using a
3 ns pulse tunable laser (NT340, EKSPLA, Inc., Vilnius, Lithuania) at < 1 mW power while
microwaves were passed through the back of the sample located at the open end of a waveguide
via a gunn diode (Ducommun Inc., Carson, CA) at +5.5 V bias and 24 GHz frequency. The
reflected signal is directed onto an HP K422C microwave detector and measured after passing
through an 80x operational amplifier (TA2000B-3, ComTec GmbH, Oberhaching/Munchen,
Germany) by a digital oscilloscope (Model DSO9404A, Agilent, Inc., Santa Clara, CA).
Microwaves are reflected proportionally based on the number of charge carriers produced within

the sample, and thus a simple exponential fit is applied to determine carrier lifetime. The fit
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equation is TRMC (t) = y0 + Ae-1/txt, where yo =y offset, A = amplitude, and T = decay constant

for carrier lifetime.
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Figure Al.1. Top-down SEM images of (A) as-grown 2H-MoS; and (B) chemically exfoliated

1T-MoS; nanostructures used for dropcasting experiments.
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Figure Al.2. Raman spectra of as-grown 2H-MoS; (black curve) and chemically exfoliated 1T-
MoS; (red curve) used for dropcasting experiments. The Raman shifts agree well with our

previous observation.
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Figure A1.3. Calibration curve of emission intensity as a function of the concentration of Mo

standard solutions measured by ICP-AES.
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Figure Al.4. Photoelectrochemical characterization of p-Si photocathodes with dropcasted 2H-
MoS; suspensions. (A) J-E curve of a Si photocathode with different volume of 2H-MoS>
suspensions measured under simulated 1 sun irradiation in 0.5 M sulfuric acid. (B) The relationship
of the current density at 0 V vs RHE and the limiting current density as a function of different

volume of 2H-MoS; suspensions applied.
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Figure Al.5. J-E curve of a Si photocathode before (red) and after (black) n-butyl lithium
treatment showing that this treatment causes no effect to the photoelectrochemical properties of

silicon. SEM image of a silicon piece after n-butyl lithium treatment is shown in the inset.
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Appendix 2
Supporting Information for
Chapter 3
Designing Efficient Solar-Driven Hydrogen Evolution
Photocathodes Using Semi-Transparent MoQxCly (Q=S, Se)

Catalysts on Si Micropyramids®

A2.1 Fabrication of photocathodes.

Si photocathodes were fabricated following reported procedures. Briefly, the back side of
the Si substrates was first scratched with a diamond scribe, and then a coiled Cu wire was
embedded in a Ga/ln eutectic mixture (Aldrich) onto the scratched Si surface, forming an ohmic
back contact. Silver paint (Ted Pella) was then used to affix the Cu wire. After drying, the Cu lead
was passed into a 2 mm diameter glass tube, and the Si electrode and Cu wire were then encased
in Hysol 9460 epoxy. Calibrated digital images and ImageJ were used to determine the geometrical
area of the exposed electrode surface defined by epoxy. Planar p-type Si photocathodes were
etched in aqueous buffered HF solution (Buffer HF Improved, Transene Inc.) for 30 seconds and

n*pp* Si MPs photocathodes were etched for 1-5 seconds to remove the native silicon oxide on the

* This chapter was originally published as the supporting information in Advanced Materials 2018, 27,
6511. It was prepared in collaboration with Jianyuan Zhai, Miguel Cabdn-Acevedo, Melinda J. Shearer,
Linsen Li, Hung-Chih Chang, Meng-Lin Tsai, Dewei Ma, Xingwang Zhang, Robert J. Hamers, Jr-Hau He,
Song Jin* before being adapted here.
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surface prior to measurements.

A2.2 Hydrogen Measurement.

The amount of generated H> was detected using gas chromatography-mass spectrometer
(GC-MS). Both MoSxCly/Si MP and MoSexCly/Si MP photocathodes were illuminated at 0 V
versus RHE under simulated 1 Sun irradiation for more than 1 h with no Hz bubbling. A syringe
was used to periodically remove 500 pL from the headspace of a sealed cell, and then injected into
a gas chromatography-mass spectrometer (GCMS-QP2010 Ultra, Shimadzu Scientific
Instruments). The total amount of H, generated in the cell was then calculated based on the
detected H, amount in the GCMS measurement. The total amount of charge Q(C) passed through

the cell was calculated by integrating the measured current over time.
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Figure A2.1. X-ray diffraction pattern of MoSexCly film on graphite substrate, in comparison with
the reference diffraction pattern for graphite. Only diffraction peaks from graphite were observed,

showing the deposited MoSexCly is amorphous.
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Figure A2.2. The simplified Randles equivalent circuit used to fit the arc in EIS spectra (Figure
1d in the main text), which consists of a resistor (Rs) in series with a parallel arrangement of a

resistor (Rct) and a constant phase element (CPE).
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Figure A2.3. Cross-sectional SEM images of MoSxCly (a) and MoSexCly (b) deposited on planar

p-type Si substrates.
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Appendix 3
Supporting Information for
Chapter 4
Basal Plane Ligand Functionalization on Semiconducting 2H-MoS;

Monolayers*

A3.1 Synthesis of PbSe quantum dots

The synthesis of PbSe quantum dots is modified from an established synthesis.
Trioctylphosphine (TOP, 90%), 90 % oleic acid (OA), > 99 % diphenyl ether (DiPE), > 99 % lead
(11) acetate PbOAcC, and 99.99 % selenium powder were purchased from Sigma Aldrich and used
without further purification. The 1 M trioctylphosphine-selenium complex (TOP-Se) was prepared

in advance.

In a three-necked flask equipped with a septa and a thermocouple, 0.325 g PbOAc, 0.85
mL OA, 6 mL DiPE, and 4 mL TOP were heated to 85 °C under vacuum for 30 min to form the
lead oleate precursor solution. This solution was heated to the desired injection temperature (125-
130 °C) under nitrogen. When the solution reaches the desired temperature, 0.85 mL of 1 M TOP-
Se solution (prepared in a glove box under nitrogen) was rapidly injected into the reaction mixture
and the temperature was maintained for 2 min. Approximately 20 mL of anhydrous ethanol was

then injected to rapidly cool the reaction. The PbSe QD solution was purified four times by

* This appendix was prepared as the supporting information for publication in collaboration with Kyle J. Czech, Jianyuan Zhai,
Yuzhou Zhao, Robert J. Hamers, John C. Wright and Song Jin* before being adapted here.
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precipitation and centrifugation with ethanol, and then kept in carbon tetrachloride in glove box

till further use.
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Figure A3.1. High-resolution XPS of F1s region for 5-(trifluoromethyl)pyridine-2-thiol

functionalized CVD grown MoS; monolayer.
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Figure A3.2. High-resolution XPS of S2p region for 1,5-pentanedithiol functionalized CVD

grown MoS; monolayer.
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Figure A3.3. High-resolution XPS of F1s region for 4-fluorobenzyl mercaptan functionalized

mechanically exfoliated single- and multilayer MoSo.
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Figure A3.4. High-resolution XPS of Mo3d region for 4-fluorobenzyl mercaptan, 5-

(trifluoromethyl)pyridine-2-thiol and fluorobenzene functionalized CVVD grown MoS; monolayer,

in comparison with non-functionalized MoS, monolayer.
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Figure A3.5. FTIR spectra of (a) 4-fluorobenzyl mercaptan and (b) 5-(trifluoromethyl)pyridine-
2-thiol functionalized CVD grown MoS; nanoflowers grown on graphite substrate (black). The
free 4-fluorobenzyl mercaptan and 5-(trifluoromethyl)pyridine-2-thiol ligands are shown in the red

curves.
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