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Preface

Solar Photoelectrochemical Energy Conversion using Earth-

Abundant Nanomaterials

Mark A. Lukowski, Ph.D.

University of Wisconsin-Madison 2013

Using functional nanomaterials to make a meaningful impact in the real world requires an
understanding of the structure-property relationships which directly influence the material’s
performance in its final application. My research has focused on the rational approach to
synthesizing earth-abundant nanomaterials with applications in the generation of clean
alternative fuels. Using analytical characterization tools and physical property investigations to
complete the feedback-loop, we approach the optimization of these functional nanomaterials by
aiming to understand their fundamental behavior while maximizing performance. Specifically,
this work has revealed a particularly interesting concept where catalytic performance can be
enhanced by controlling the phase behavior of the material. The following chapters describe the
development of low-cost, earth-abundant layered metal chalcogenides as efficient catalysts for
hydrogen evolution, and metal oxides having applications in the photoelectrochemical evolution
of oxygen.

Chapter 1 serves as brief introduction to the basic concepts of the hydrogen and oxygen
evolution reactions discussed in the general framework of electrocatalysis and
photoelectrochemical (PEC) solar cells. A brief review of the pertinent literature lays the
foundation of my unique approach to overcome the fundamental challenges limiting the

performance of layered metal chalcogenides and hematite for clean fuel generation. Layered
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metal chalcogenides are a particularly interesting family of materials that are structurally similar
to layers of graphene in graphite. In their bulk forms, two-dimensional sheets are stacked
together to form hexagonal structures held together by only weak van der Waals forces.

After developing a unique and highly tunable chemical vapor deposition method for the
synthesis of molybdenum disulfide (MoS,) nanostructures, I used simple intercalation chemistry
to induce subtle structural changes which have dramatic effects on the material properties
(Chapter 2). In this example, the MoS, nanostructures undergo a semiconductor-to-metallic
phase transition. Using intercalation chemistry to influence phase behavior afforded the added
advantage of chemically exfoliating the material into single sheets of the targeted metallic phase.
Various analytical characterization techniques including diffraction, spectroscopy, and physical
properties measurements confirmed the targeted phase transformation. By manipulating the
polymorph behavior of MoS,, I was able to significantly enhance the catalytic activity for the
hydrogen evolution reaction, as reflected by 43 mV/decade Tafel slope.

The dramatic enhancement in catalytic activity exhibited by these chemically exfoliated
MoS; nanosheets is attributed to their modified electronic structure caused by the structural
phase change. Moreover, the proliferation of catalytically active sites, simple loss-loss electrical
integration of the catalyst, and more facile electrode kinetics further improves the performance.
Additionally, I show the enhanced catalytic performance to be stable under extended operation
conditions, even though the metallic phase is thermodynamically metastable. These previously
unexploited features enable MoS, as a highly competitive hydrogen evolution catalyst that could
potentially replace platinum or other rare, expensive metals traditionally used in non-sustainable

configurations.
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Building upon the MoS, groundwork, I further extend my method for enhancing catalytic
activity to other layered metal chalcogenides. Chapter 3 focuses on the catalytic performance
from chemically exfoliated tungsten disulfide (WS;) nanosheets. Despite its structural
similarties to MoS,, the behavior of WS, is surprisingly unique. Although WS, nanostructures
could still be synthesized directly on conductive substrates like graphite, the violent chemical
exfoliation reaction caused the material to delaminate from the substrates. To overcome these
new challenges, I optimized our flexible methods to harvest the exfoliated nanosheets.
Additionally, I sought to eliminate the cumbersome 48 h intercalation reactions used in the
traditional preparation of the metallic nanosheets. This was accomplished using microwave
chemistry. Amazingly, electrochemical tests show nearly equivalent catalytic performance for
samples prepared in only 20 min using the microwave. More importantly, however, is the
unprecedented performance exhibited by the chemically exfoliated WS; nanosheets. In a
practical sense, the efficiency of a hydrogen evolution catalyst measured by the overpotential
required to reach an electrocatalytic current density of 10 mA/cm”. Chemically exfoliated
metallic WS, nanosheets achieve this benchmark at the low overpotential of -147 mV vs. RHE.
To the best of our knowledge, this is the lowest reported potential required to reach 10 mA/cm?
for any non-precious metal electrocatalyst.

Chapter 4 is an all-encompassing account of the detailed development of layered metal
chalcogenides. Therein, I show the adaptability and generality of my modular synthetic method
which is also used to grow molybdenum diselenide (MoSe,), tungsten diselenide (WSe;), and
rhenium disulfide (ReS,). Though not shown here, the general applicability of my designed
method has already been exploited by other members within the Jin group who are currently

exploring MX, materials for novel heterostructures. Additionally, I explore various intercalation
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methods used to target the metallic nanosheets of MX, materials. I review the empirically
determined strengths and weaknesses of (i) using n-butyllithium intercalation via conventional
heating and microwave methods and (ii) employing electrochemically driven reactions within a
battery coin cell using LiPFs as a source of lithium. Additionally, I show electrocatalytic
performance of the as-grown and chemically exfoliated nanosheets (produced from the different
intercalation methods) for MoS,, WS,, MoSe,, WSe,, and ReS,, while emphasizing the most
fruitful future directions where our materials can make an immediate impact. In a related
appendix (Appendix 3), I show the preliminary electrocatalytic hydrogen evolution performance
from cobalt disulfide (CoS,). CoS; is a structurally distinct (pyrite structure-type) compound
that has been previously used for polysulfide reduction, but not much is known about its
hydrogen evolution properties. This represents another new direction within the group where we
are exploring the overlap in enhanced catalytic activity across different chemistries.

Lastly, I report an improved synthesis for high aspect-ratio hematite nanowires (NWs)
and develop a unique post-grown doping method to significantly improve their electrical
transport properties (Chapter 5). Hematite, also known as a-Fe,Oj3 or rust, is a particularly
attractive material with applications as a photoanode in a photoelectrochemical cell. By using
shot-peening to increase the density of defects within metal foil growth substrates, my simple
and rational thermal oxidation method improves the density and uniformity of hematite NWs
while significantly reducing required reaction times (60 min vs. 2 days). Though as-synthesized
hematite is a notoriously poor semiconductor, I also developed a simple post-growth method for
doping these iron oxide NWs with silicon. Using lithographically defined single NW devices, |
confirm the doping method results in a dramatic improvement in electrical conductivity (4 orders

of magnitude). Although other practical considerations limit their application as a photoanode,



these general methods and findings have been important in helping to optimize the PEC
performance of solution synthesized hematite NWs within the Jin group.

The body of work presented here directly addresses the growing interest in developing
alternative energies for clean power generation. By developing a simple but unique method, I
have shown that earth-abundant M X, nanosheets are highly competitive catalysts for hydrogen
evolution. Additionally, I have also explored the development of cost-effective hematite
photoanodes for the photoelectrochemical generation of oxygen. This work represents a strong
foundation and provides a flexible approach for the continued research on MX, (and other)
materials with broad-ranging properties and applications. Throughout my graduate career, I have
strived to develop new and optimized synthetic methods to enable the high-performance of earth-
abundant materials by taking an interdisciplinary approach without forsaking the fundamentals

governing their behavior.
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Chapter 1
Concepts of Water Splitting: The Electrocatalytic Hydrogen
Evolution Reaction and the Photoelectrochemical Generation of

Oxygen using Earth-Abundant Nanomaterials

1.1 Abstract

Although the vast majority of energy consumed worldwide is derived from fossil fuels, the
growing interest in making cleaner alternative energies more economically viable has motivated
recent research efforts aimed to make significant advances in solar, wind, and biomass power
generation. Clean power generation also requires clean burning fuels, such as H, and O, so that
energy can still be provided on demand at night or in calm wind conditions. Herein we introduce
the basic concepts of water splitting broken down into the hydrogen evolution and oxygen
evolution reactions, and discuss the required materials properties needed to operate these
reactions efficiently. We discuss the advantages of using earth-abundant, non-toxic
nanomaterials as the platform for cost-effective and sustainable clean fuel production.
Specifically, we introduce the layered metal chalcogenide family of materials for electrocatalytic

hydrogen evolution and hematite photoanodes for photoelectrochemical oxygen evolution.



1.2 Introduction

Global environmental and economic factors drive the contemporary research toward
harnessing alternative energy and fuels.'” Solar conversion is a particularly appealing energy
source,” although wind farms and biomass also play a significant role in clean power generation.
Regardless of the approach to generate clean electricity, we also require the ability to store this
energy to meet demands of continuous supply. Storing this energy in the form of “green” fuels,
like H, and O, is an attractive solution to this problem.4 The splitting of water can be broken
down into the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).
Although high-performance photoelectrochemical (PEC) systems based on single-crystalline I11-
V semiconductors have been demonstrated at the laboratory scale,™ their practical applications
are limited due to their use of rare, expensive elements or their chemical instability. Alternative
research efforts directed at shifting commercial electrolysis units to run in acidic electrolytes are
currently limited in part by the reliance on platinum (or other expensive, precious metals) as the
cathode catalyst. Replacing these rare and expensive materials with stable, earth-abundant
compounds would represent a significant step toward making hydrogen a competitive alternative
energy source and facilitate the transition to the hydrogen economy.>” Herein we introduce the
basic concepts of the electrocatalytic HER and photoelectrochemical generation of oxygen with
an emphasis on using earth-abundant materials such as layered metal chalcogenides and a-Fe;Os

(hematite).

1.3 The Hydrogen Evolution Reaction

The hydrogen evolution reaction (HER) is perhaps the most studied electrochemical reaction

and is often used as the textbook example for relating the kinetics and surface properties of



electrodes.® With applications in electrodeposition, corrosion, and fuel production, the HER is
both scientifically and commercially interesting. The HER is a simple reaction where two

protons and to electrons combine to form H,.

2H++2e_——>H2 (EQ 1.1)

The mechanism of hydrogen evolution is broken down into elementary steps that define the
catalytic operation of the electrode. Here we present the pertinent reactions for hydrogen
evolution in acidic media. The initial reaction, named the Volmer reaction, involves the
adsorption of a free proton to an active site (denoted by an asterisk) with the transfer of an

electron.
H++e‘+*—>H:d (EQ 1.2)

The subsequent step where hydrogen is evolved can proceed via the Tafel or Heyrovsky reaction.

The Tafel reaction involves two adjacently adsorbed H atoms reacting associatively to form Ho.

H:d+H:d—>H2+2* (EQ 1.3)

The Heyrovsky reaction involves the direct reaction of an adsorbed proton with another free
proton and electron.

% N B "
Had+H +e —>H2+ (EQ1.4)

The Volmer reaction, where a proton is adsorbed to an active site, is the often the rate limiting
step for non-precious metal catalysts.” To this end, one method of predicting the catalytic
activity of a material is to calculate the free energy of hydrogen binding using density functional
theory. Ideally, the change in free energy for the hydrogen adsorption should be close to

equilibrium (AG = 0) since the catalyst should neither hold onto the adsorbed proton too strongly



nor require a large driving force to initiate the reaction. The exchange current density (), which
is explained in detail elsewhere,” is another important parameter governing the overall catalytic
performance that may be simply viewed as the electron-transfer rate of the catalyst. Plotting the
exchange current density against the free energy of proton adsorption results in the Sabatier
plot' (Figure 1.1), where the most active catalysts for the HER lie at the top of the “volcano”
curve. Unfortunately these catalysts, such as platinum (which is known to be best catalyst for
hydrogen evolution in acidic media), are also among the most expensive and rarest of materials

found on Earth.
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Figure 1.1. 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 the HER.'’



Determining the exact reaction pathway followed by a given catalyst is not always
simple; in fact, both the Volmer-Tafel and Volmer-Heyrovsky mechanisms can operate at the
same time. Further analysis of electrocatalytic behavior using Tafel plots can sometimes shed
light onto the predominating mechanism. Starting from first principles and electrochemical
definitions, it can be shown that the observed current for a reaction may be expressed by the

Butler-Volmer equation, which takes into account both the cathodic and anodic processes.

i=i, {e_ anfy _ [1-a)nf 77} (EQ 1.5)

Here, 1y is the exchange current density, a is the transfer coefficient (which reflects the symmetry
of the energy barrier), fis Faraday’s constant divided by product of the universal gas constant
and absolute temperature (F/RT), n is the number of electrons transferred, and n is the
overpotential applied. For sufficiently large negative potentials (n > 118 mV), the anodic term

becomes negligible, and the relationship can be simplified.®
i=i ¢ AN (EQ 1.6)

Rearranging this simplified equation to reflect the linear relationship between the overpotential

and the current, we obtain the cathodic Tafel equation.

RT RT
= ln(' )— In(Z EQ 1.7
1 onkF ZO onk (l) (EQ )

However, the Tafel equation is often written in a more simple empirical form.
1 =a+blog(i) (EQ 1.8)
Here, we recognize the empirical constants are identified from theory as

_ 23RT
onF

~ 2.3RT
onF

a log(io) and b= (EQ 1.9)



The transfer coefficient, which generally takes values between 0 and 1, is generally estimated to
be oo =0.5."" Using this assumption, it can be shown that theoretical Tafel slopes of
approximately 118 mV/decade, 30 mV/decade, or 40 mV/decade should be expected if the
Volmer, Tafel, or Heyrovsky reaction, respectively, is the limiting step in the HER. It is
important to note, however, that exact interpretations of the Tafel slope require the correct value
of o, which may differ by up to 20% from the normal estimated value of 0.5."> To avoid any
ambiguity or errors associated with the extrapoloation of exchange current densities, practical
comparisons of HER catalysts are generally made using Tafel slopes and the electrocatalytic

current drawn at a given overpotential.”

1.4 Layered Metal Chalacogenides as HER catalysts

1.4.1 Background and early studies
Layered metal chalcogenides are an exciting family of compounds with a broad range of

L1315 These materials are composed of two dimensional

traditional and envisioned applications.
(2D) layers stacked to form hexagonal structures held together by only weak van der Waals
interactions. Having the general MX, formula, where M is a metal (Mo, W, etc.) and X is a
chalcogen (S, Se, etc.), most of these compounds are found in their semiconducting and
thermodynamically favored 2H polymorph, which is built from edge-sharing trigonally prismatic
MXG, units. Perhaps best represented by MoS,, these materials have been well characterized for
their high activity in hydrodesulfurization (HDS) catalysis.'® However, natural single crystals of
MoS; were also shown to be active for electrochemical hydrogen evolution in the 1970s.'” DFT

calculations predicted the edges of the 2D sheets to responsible for the catalytic activity.'®

Specifically, the (1010) Mo edges with 50% sulfur adsorption were predicted to be the most



catalytically active since the free energy of hydrogen adsorption was predicted to be most similar
to platinum (AG Hag4s = ~0 eV). This was later confirmed by direct measurement using scanning
tunneling microscopy (STM) where the edges of nanoplatelets appear as bright rims, suggesting
their more catalytically active nature (Figure 1.2)."° Furthermore, the catalytic activity was
shown to conclusively depend directly on the edge length but exhibited no clear relationship with

the area coverage.



[1110] S-edge

[H LAt

Figure 1.2. (a) STM of MoS; nanoplates on Au [111] showing the bright rim around the edges,
corresponding to the catalytically active edge sites. (b) Molecular representations of a MoS;

nanoplate where both Mo and S edges are exposed. '°
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1.4.2 Recent developments in MoS; and WS; nanomaterials for hydrogen evolution
With the understanding that catalytic activity is directly related to the number of active
edge sites, the application of MoS, and other MX, materials for hydrogen evolution has become

a popular research interest.'"""

Nanostructuring MX?2 materials to increase the density of active
edge sites have been the most popular approach to improving its catalytic activity for the HER.
While the poor catalytic activity of bulk single cystals is reflected by its ~690 mV/decade Tafel
slope, Jaramillo and co-workers reported Tafel slopes of 55-60 mV/decade for their MoS,
nanoplates.'’ Bonde et al. reported the HER activity of MoS, and WS, nanoparticulates on a
carbon support, where Tafel slopes of 120 and 135 mV/decade were observed for MoS, and
WS, respectively.”” Bonde also showed an improvement in catalytic activity after “cobalt
promotion,” which is expected to further reduce the AG of hydrogen adsorption. Chen and co-
workers reported core-shell nanowires with conductive substoichiometric MoO; cores and
conformal MoS; shells exhibiting Tafel slopes of 50-60 mV/decade after iR corrections.”’ Later,
the same group reported the complex template-directed synthesis of MoS; in a double gyroid
phase with Tafel slopes reaching 50 mV/decade after correction for significant Ohmic losses.’
Li and co-workers reported the growth of MoS; nanoclusters with a high density of edges
synthesized directly on reduced graphene oxide (rGO) nanosheets.”> The direct connection to the
conductive rGO substrate likely improves the charge-transfer kinetics from the MoS; catalysts,
resulting in an impressive 41 mV/decade Tafel slope. Electrochemically deposited MoSy
catalysts also show excellent catalytic activity for the HER, although the materials are less
understood. Merki ef al. saw onsets of catalytic activity at —0.1 V vs. RHE and a 40 mV/decade

Tafel slope,” while Benck et al. observed ~60 mV/decade Tafel slopes.”* Moreover, high

catalytic activity from MoSy nanoparticles grown on graphene coated Ni foams was recently
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reported by Chang and co-workers where they observed a 43 mV/decade Tafel slope.”> The
interesting chemistry of hydrogen evolution from MX, materials has even inspired the design of
molecular mimics. Karunadasa ef al. recently reported the synthesis of a well-defined Mo' " -
disulfide inorganic compound where disulfide terminated edges mimic the edge sites of
traditional MoS, catalysts.”® Jaramillo and co-workers have also designed incomplete cubane-
type [Mo3S4]*" molecules for hydrogen evolution.”” While these systems still require further
study, their strength lies in the modular nature of their chemistry that can be exploited in the

rational approach to design powerful molecular catalysts.

1.4.3 Outlook and future directions for MX, electrocatalysts

Although these briefly reviewed publications reflect the significant advances aimed to
improve the electrocatalytic activity of MX, for the HER, many of these general approaches fall
victim to the intrinsic limitations of 2H-MX, materials which exhibit anisotropic conductivity
and potentially limiting reactivity of the active sites present.'' In order to make MX, materials
truly competitive HER catalysts, these issues must be solved. We overcome these challenges by
controlling their nanostructured synthesis and structural polymorphs using simple intercalation
chernistry.28 Electron transfer from intercalated alkali metals, such as lithium, destabilize the
more thermodynamically favored trigonally prismatic phases (2H- and 3R) and facilitate the

29,30

structural transition to the 1T phase,”””" which is built from edge-sharing MXs octahedra (Figure

1.3).
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Figure 1.3. Crystal structure models illustrating the differences between the 1T-,2H-, and 3R-
MX; polymorphs, highlighting the octahedral and trigonal prismatic coordination and of the
metal atoms. Projection along the c-axis reveals further contrast between the polymorphs. The

1 T-MX,; structure model was drawn using the crystallographic coordinates for the 1T-TiS,.
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Removal of the intercalated lithium by forced hydration causes the chemical exfoliation
of the material into single nanosheets, which are still predominantly comprised of the metastable
IT polymorph. These subtle structural changes have a dramatic affect on the physical properties,
as the 1T polymorph is known to metallic. Our recent work shows that this 1T phase exhibits
significantly enhanced catalytic activity for the HER due to its proliferated density of active
sites, metallic conductivity, and facile electrode kinetics.”® A recent report from the Chhowalla
group using a similar approach further corroborates our conclusions.®’ These unique
characteristics, which have not been previously exploited until our MoS, work, are attributed to
the electronic structure modification that accompanies the structural transition, and results in the
AG for hydrogen adsorption moving even closer to zero. We have explored multiple
intercalation chemistries, including electrochemically driven reactions and microwave heating)
to refine and optimize our approach to controlling the polymorph behavior of MX, compounds.
Our more recent work focusing on MoSe; and WS, confirm the enhanced catalytic activity of the
1T phase is a general phenomenon and not limited to the specific case of MoS,.

These more catalytically active materials, which we have shown to be stable at ambient

conditions during extended operation, can also be used in photocatalysis.’*>*

Moving forward,
the direct utilization of sunlight to drive the electrocatalytic evolution of hydrogen is especially
attractive to further reduce waste and cost. We believe our chemically exfoliated, metallic 1T-
MX; nanosheets will further improve the already promising photocatalytic activity reported
using less active MoS, materials.”> To this end, we are currently exploring this research

direction, with the ultimate goal of incorporating highly active 1T-MX; nanosheets in a tandem

cell configuration (Figure 1.4).



(a) High-gap photoanode
Red light passes

Sunlight

Membrane

Low-gap photocathode
Absorbs red and infrared light

Figure 1.4. Cartoon representation of the idealized tandem device for water splitting where Si

microwires decorated with catalyst efficiently perform the photoelectrocatalytic HER and

OER.!
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1.5 Oxygen Evolution from Photoanodes in PEC Solar Cells

1.5.1 Background and general PEC concepts

With our development of 1T-MX, nanosheets as highly active catalysts for the HER, we
turn our attention to the other half reaction for water splitting. The oxygen evolution reaction
(OER) is another elementary reaction that has received a great deal of attention in recent years,
as it also partly limits the economic viability of generating clean chemical fuels.*®

H,0+2h" ——%02 +2H" (EQ 1.10)

Although the OER can also be approached using electro- and photocatalysts, here we focus on
the production of O, from photoelectrochemical systems using photoactive materials as the
electrode. In these photoelectrodes, photocarriers generated by solar light irradiation are
separated by the space-charge field created at the semiconductor-electrolyte interface. The
minority carriers (holes for n-type photoanodes and electrons for a p-type photocathode) diffuse
to the semiconductor-electrolyte junction to perform one half of the water splitting reaction

(Figure 1.5).
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Figure 1.5. Energy diagram for photoelectrochemical water splitting using a single electrode

where one material is responsible for both half reactions.*
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The ideal material used for PEC water splitting should exhibit efficient broadband solar
absorption, good semiconducting properties, and proper conduction and valence band alignments
to reduce and oxidize water. Moreover, these materials should be photoelectrochemically stable
in aqueous environments, non-toxic, and low cost. Not surprisingly, no single material has been
identified which meets all of these criteria. Though wide band-gap semiconductors, such as
TiO,, are stable and have appropriate band-edge alignments, its large bandgap (E, = 3.2 eV for
anatase) limits its absorption in the visible spectrum. Smaller bandgap materials such as InP (E,
= 1.3 eV) are limited by their stability and use of rare and expensive elements.”’

We can circumvent some of these materials requirements by using two different
photoelectrodes in a tandem-cell design,*® thereby decoupling the hydrogen and oxygen
evolution reactions (Figure 1.6). Record solar-to-hydrogen (STH) conversion efficiencies over
12% have been reported using III-V semiconductor materials, but scalability and economic
factors preclude its commercial use.” Stable and earth-abundant materials with intermediate
bandgaps, such as a-Fe,O; (hematite)’** and WO3, **** have been intensively investigated as
alternative photoanode materials with the hope of enabling cost-effective PEC devices with
reasonable efficiency. Though significant advances have been reported using WOs as a
photoanode, its larger bandgap and kinetic losses limit its maximum STH conversion efficiency
to 8%.* To this end, we focus our efforts on hematite, which has the potential to achieve up to

16.8 % STH conversion,*® though reported efficiencies are still well below this theoretical limit.
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Figure 1.6. Tandem-cell designs where the water splitting half reactions are carried out by a
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specialized photoelectrodes. Possible tandem designs can pair photoanodes with (a) photovoltaic

devices or (b) photocathodes.”
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1.5.2 Hematite photoanodes in PEC solar cells
Colloquially known as “rust,” hematite has a favorable bandgap of 2.2 eV, allowing it to
absorb approximately 40% of the solar spectrum, which is significantly more than other wide

bandgap semiconductors like TiO,.*"*

Its electrochemical stability, low toxicity, widespread
abundance, and low-cost make hematite a particularly attractive photoanode material with
applications in PEC solar cells. However, bulk hematite is also a notoriously poor
semiconductor, suffering from short minority carrier lifetime (~10 ps) and diffusion length (~2-4
nm)," low absorptivity near the band edge (o' ~ 0.12 um at A = 550 nm),”® and low carrier
mobility (< 1 em® V' s).* Additionally, complicated surface chemistry and sluggish kinetics
for oxygen evolution have limited its PEC performance. Nanostructuring is a commonly used
approach to help alleviate many of the traditional problems associated with hematite. Benefitting
from orthogonalized light absorption and carrier separation,’ nanostructured hematite
photoanodes have exhibited enhanced PEC performance. Specifically, nanostructuring seems to

improve the overall PEC performance by enhancing photocurrent, but improvements in

overpotentials required for the onset of current remain limited.>!

1.5.3 Strategies to overcome limitations of hematite photoanodes

Further improvements in the PEC performance of hematite photoanodes have been
reported using impurity doping and catalyst integration. Dopants including Si,* Ti,”* Sn,*">*
Pt,* and Zr”> (among others) have been investigated for hematite thin films or nanostructures.
Surprisingly, the controlled and conclusive doping of high aspect-ratio hematite nanowires
(NWs) is not well studied. We employ an improved thermal oxidation synthesis of hematite

NWs as a convenient platform to understand their electrical transport properties as a function of
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impurity dopants (Figure 1.6a).”° Though most dopants only marginally improve PEC
performance of hematite, Si, Ti, and Sn have been shown to significantly increase the

405233 Typical incorporation of dopants has been

photocurrent and yield lower onset voltages.
accomplished during the growth of hematite photoanodes. While this co-growth method
generally allows for a certain degree of control over the doping level, post-growth doping
strategies have the added advantage of being generally applicable to any arbitrary nanostructured
hematite synthesis. We report a simple post-synthetic chemical vapor deposition method to
produce highly conductive Si-doped hematite NWs, as measured by a statistical analysis of the
transport properties of single NW devices (Figure 1.6b).”® Building upon this initial report, our
group has also developed a similar post-growth doping method to produce Ti- and Zr- doped a-
Fe,0; NWs grown from a more cost-effective solution synthesis (Figure 1.6¢).>" These doped
hematite NWs photoanodes exhibit enhanced PEC performance and could be used as the

building blocks for further optimization where the incorporation of other high activity OER

catalysts can be explored (Figure 1.7d).
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Figure 1.7. (a) Improved thermal oxidation synthesis of high aspect-ratio hematite nanowires
that can be doped with Si to (b) greatly enhance their electrical transport properties.** (c)
Synthetic scheme of solution-grown FeF3; - 3H,0 nanowires converted hematite by simple
thermal oxidation which can be doped using simple dropcast and annealing methods.* (d) Two
part strategy to improving the PEC performance of hematite photoanodes through the use of
nanostructured morphology control (to enhance photocurrent) and surface chemistry to improve

the overpotentials required for the onset of oxygen evolution.**>'~¢
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1.6 Conclusions

The environmental and economic factors driving contemporary research toward using
alternative energies requires a clean burning fuel that can be stored for power generation on
demand. Clean burning fuels, like H, and O, are ideal candidates, but practical obstacles to the
efficient operation of the water splitting reaction requires further advances in materials designed
for the HER and OER. Here, we have introduced the basic concepts of hydrogen and oxygen
evolution with the emphasis on developing cost-effective and earth-abundant materials as
efficient catalysts and photoelectrodes. Specifically, we have briefly introduced and reviewed
layered metal chalcogenides as catalysts for the HER and hematite photoanodes for PEC oxygen
evolution. Expanding on these fields in the subsequent chapters, we will introduce our advances
in developing superior HER catalysts and our more fundamental understanding of how doping

affects electronic transport properties in hematite photoanodes.
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Chapter 2
Enhanced Hydrogen Evolution Catalysis from Chemically

Exfoliated Metallic MoS, Nanosheets

2.1 Abstract

Promising catalytic activity from molybdenum disulfide (MoS,) in the hydrogen
evolution reaction (HER) is attributed to active sites located along the edges of its two-
dimensional layered crystal structure, but its performance is currently limited by the density and
reactivity of active sites, poor electrical transport, and inefficient electrical contact to the catalyst.
Here we report dramatically enhanced HER catalysis (an electrocatalytic current density of 10
mA/cm? at a low overpotential of —187 mV vs. RHE and a Tafel slope of 43 mV/decade) from
metallic nanosheets of 1T-MoS, chemically exfoliated via lithium intercalation from
semiconducting 2H-MoS, nanostructures grown directly on graphite. Structural characterization
and electrochemical studies confirm that the nanosheets of the metallic MoS, polymorph exhibit
facile electrode kinetics, low-loss electrical transport, and possess a proliferated density of
catalytic active sites. These distinct and previously unexploited features of 1T-MoS, make these

metallic nanosheets a highly competitive earth-abundant HER catalyst.

* This chapter was originally published in J. Am. Chem. Soc. 2013, 135, 10274. It was prepared in collaboration with
A.S. Daniel, F. Meng, A. Foricaux, L. Li, and S. Jin before being adapted here.
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2.2 Introduction

The vision of utilizing hydrogen as a future energy carrier requires cost-effective,
sustainable, and efficient hydrogen production.’ While platinum and other precious metals are
the best catalysts for the hydrogen evolution reaction (HER) in acidic media, replacing rare and
expensive electrocatalysts with earth-abundant materials would represent a significant step
toward making hydrogen a competitive alternative energy source and facilitate the transition to
the hydrogen economy.lb’2 Although traditionally used as an industrial hydrodesulfurization
catalyst,” molybdenum disulfide (MoS;) is an exciting HER catalyst* that exhibits promising
hydrogen evolution activity in crystalline’ or amorphous materials,’ and molecular mimics.’
However, the catalytic HER performance of MoS; is currently limited by the density and
reactivity of active sites, poor electrical transport, and inefficient electrical contact to the
catalyst.*®*

MoS; belongs to a large family of two-dimensional (2D) layered metal chalcogenide
materials that have the general MX, formula, where M is a metal and X is a chalcogen (sulfur,
selenium, or tellurium). Similar to graphene in graphite, individual sandwiched S-Mo-S layers
are held together by weak van der Waals interactions in hexagonally packed structures.
Experimental® and computational® studies conclude that catalytic activity arises from the active
sites located along the edges of 2D MoS, layers while basal surfaces are catalytically inert. The
edges of MX; are under coordinated and thermodynamically unfavorable, which explains the
general propensity of MX; to form closed-shell inorganic fullerene structures when synthesized
on the nanoscale.® Recent studies sought to control MoS; nanostructure growth and engineer
their surface to maximize the density of active edge sites for catalysis.” Although the number of

edge sites is unquestionably important for catalytic performance, as-synthesized MoS, is a
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semiconductor where poor bulk conduction and anisotropic electrical transport can limit overall
catalytic efficiency.”**

However, MoS; and other 2D metal chalcogenides can exist in various polymorphs
(Figure 2.1) where subtle structural changes dramatically affect electrical properties.'’ Natural
MoS; is found as the semiconducting and thermodynamically favored 2H phase which is
described by two S-Mo-S layers built from edge-sharing MoSe trigonal prisms. In contrast, the
metallic 1T polymorph is described by a single S-Mo-S layer composed of edge-sharing MoSg
octahedra, and is not naturally found in bulk. Interesting optical and semiconducting properties''
drive the contemporary research on single layers of semiconducting MX; isolated by
mechanical'? or chemical'® exfoliation for applications in high performance devices. Although
the 1T-MX, structure was characterized during the early exploration of 2D materials,'* the
catalytic hydrogen evolution properties of exfoliated 1T-MoS, nanosheets remain unexplored.''
Herein we overcome the challenges limiting the catalytic performance of MoS; by controlling
the synthesis of its nanostructures and structural polymorphs using simple intercalation

chemistry to make MoS; nanostructures a highly competitive earth-abundant catalyst for the

HER.
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Figure 2.1. Crystal structure models illustrating the differences between the (a) 2H- and (b) 1T-
MoS, polymorphs, highlighting the (¢) trigonal prismatic and (d) octahedral coordination of the
metal atoms. Projection along the c-axis reveals further contrast between the (e) 2H and (f) 1T
polymorphs. The 1T-MoS, structure model was drawn using the crystallographic coordinates for

the 1T-TiS, compound for illustration purposes since bulk 1T-MoS, does not exist.
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2.3 Experimental Section

2.3.1 Synthesis of MoS; nanostructures

Spectroscopically pure graphite rods (99.9995%, Ultra F purity, Ultra Carbon
Corporation) cut into thin discs (6 mm diameter; ~0.4 mm thick) were polished to a near-mirror
finish using abrasive cloths. They are sonicated subsequently in 18 MQ deionized water for 10
min, then in aqua regia (3:1 concentrated HCl: concentrated HNO; for 10 min (to remove
remnant metal impurities), and then in 18 MQ deionized water for 10 min again, before they
were dried in an oven at 120 °C for 20 min. In a home-built CVD reactor consisting of a 1 inch
fused silica tube equipped with pressure and gas flow controls placed in a single-zone tube
furnace, alumina combustion boats charged with 50 mg molybdenum chloride (MoCls, 95 %)
and 200 mg elemental sulfur (99.5 %) were placed outside of the tube furnace upstream of the
prepared graphite substrates. The reactor was evacuated and flushed three times with argon
before it was back filled to the set-point pressure of 770 Torr under an argon flow of 125 sccm
and heated to 525 °C. The MoCls and sulfur boats were pushed into the mouth of the furnace
(1.5 cm for MoCls boat; 4.5 cm for sulfur boat) using a magnet to initiate the reaction which lasts

20 min, then the furnace was cooled naturally under argon flow.

2.3.2 n-Butyl lithium exfoliation treatment

Inside an argon-filled glove box, the purplish-blue substrates covered with as-synthesized
MoS; nanostructures were soaked in 3 mL #-butyl lithium (2.7 M in heptane or 1.6 M in
hexanes) inside sealed vials for 648 h. The sealed vials could also be brought out of the glove

box and heated to 60 °C. Excess n-butyl lithium was removed by rinsing the treated substrates
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with dry heptane, then the substrates were reacted with excess 18 M(Q deionized water and

gently rinsed with water.

2.3.3 Structural characterization

SEM was performed using a LEO Supra55 VP microscope operating at 3 kV. PXRD
data were collected on harvested nanostructures dispersed on glass substrates using a Bruker D8
advanced powder diffractometer with Cu Ka radiation and the background from glass substrate
was subtracted. TEM samples were prepared by gentle sonication and dropcasting onto lacey
carbon supported TEM grids. HRTEM of the MoS, nanostructures and nanosheets was
performed using an aberration-corrected FEI Titan scanning transmission electron microscope
operated at an accelerating voltage of 200 kV in TEM mode. Electron diffraction of the
exfoliated MoS; nanosheets was collected using a FEI T12 microscope operated at an
accelerating voltage of 120 kV. Raman spectra were taken using a Thermo Scientific DXR
confocal Raman microscope using a 532 nm excitation laser. AFM measurements were taken on
samples grown on HOPG substrates using an Agilent 5500 AFM equipped with current-sensing
capabilities using a symmetric Pt coated tip (30 nm, miikroMasch) with a force constant of 2.7
N/m. All of the data were collected in the trace, with no significant hysteresis in the retrace, as

current-sensing requires the AFM to be operated in contact mode.

2.3.4 Electrochemical characterization
Electrochemical measurements were performed using a rotating disc electrode (BASi,
RDE-2) in a three-electrode electrochemical cell using a Bio-Logic SP-200 potentiostat. All

measurements were performed in 50 mL of 0.5 M H,SO4q) electrolyte (pH = 0.16) prepared
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using 18 MQ deionized water purged with H, gas (99.999%), using MoS, on graphite discs as
the working electrode, a graphite rod as a counter electrode, and a saturated calomel (SCE)
reference electrode (CH Instruments). The MoS; on graphite discs were mounted on top of the
embedded glassy carbon RDE electrodes using colloidal silver paint (Ted Pella). Asa
comparison, a standard Pt disc (4 mm diameter, Ted Pella) was mounted to the glassy carbon
RDE electrode using the same method. The reversible hydrogen electrode (RHE) was calibrated
using platinum as both working and counter electrodes to +0.260 V vs. the SCE reference. The
performance of the hydrogen evolution catalyst is measured using linear sweep voltammetry
beginning at +0.30 V and ending at —0.45 V vs. RHE with a scan rate of 3 mV/s when the
working electrode is rotated at 2000 rpm. Electrochemical impedance spectroscopy was
performed when the working electrode was biased at a constant —0.250 V vs. RHE while
sweeping the frequency from 5 MHz to 10 mHz with a 10 mV AC dither. The impedance data
were fit to a simplified Randles circuit to extract the series and charge transfer resistances. The
electrochemical stability of the catalyst was evaluated by cycling the electrode 1000 times; each
cycle started at +0.10 V and ended at —0.45 V vs. RHE with a scan rate of 50 mV/s while
rotating the working electrode at 2000 rpm. Cyclic voltammograms taken with various scan
rates (20, 40, 60 mV/s, etc.) were used to estimate the double-layer capacitance were collected in

the 0.1-0.2 V vs. RHE region.

2.4 Results and Discussion

2.4.1 Synthesis and characterization of as-grown MoS, Nanostructures
We first synthesize flower-like MoS, nanostructures with a high density of exposed edges

directly on graphite substrates via a simple chemical vapor deposition (CVD) method starting
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from molybdenum(V) chloride and elemental sulfur precursors. The relatively mild reaction
conditions at 525 °C allow for high density deposition of MoS, nanostructures on a variety of
substrates, including silicon/silicon oxide, glass, fluorine-doped tin oxide on glass, molybdenum
foils, carbon paper, and graphite (Figure 2.2). This highly tunable synthesis'> offers two
advantages: 1) the dense MoS; flakes are dominated by edges (Figure 2.3a), thus increasing the
density of active sites, and ii) the direct growth on conductive graphite substrates results in high-
quality, low electrical-loss contact to the three-dimensional nanostructured electrocatalyst
(Figure 2.3b). Lower resolution transmission electron microscopy (TEM) confirms the as-grown
nanostructures are multilayered open structures (not inorganic fullerenes) hundreds of
nanometers wide (Figure 2.3c). The lattice-resolved high-resolution TEM (HRTEM) (Figure
2.3d) and the corresponding fast Fourier transform (FFT) (Figure 2.3¢) show highly crystalline

structures that are indexed unequivocally to 2H-MoS,.
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Figure 2.2. Representative SEM micrographs showing high-density deposition of MoS, flower-

like nanostructures on: (a) Si (100)/Si0,, (b) glass, (¢) FTO, (d) Mo foil, (e) carbon paper, and

(f) graphite.
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Figure 2.3. Electron microscopy characterization of as-grown 2H-MoS; nanostructures. (a)
Top-down and (b) cross-section SEM images. (c¢) Low and (d) high-resolution TEM images

with corresponding (e) indexed FFT.
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We further confirmed the phase identity of the as-synthesized MoS, nanostructures using
powder X-ray diffraction (PXRD) (Figure 2.4a) and Raman spectroscopy (Figure 2.4b).
Strong (00/) reflections in the PXRD pattern illustrate the crystallinity and ordered stacking of
2D layers in the as-grown MoS; nanostructures. Furthermore, Scherrer analysis of the peak
broadening in the (002) reflection yields an estimated average of 12 MoS,; layers per flake.
Characteristic Raman shifts (387, 412, and 456 cm'l) expected for the Elzg, Ay, and

longitudinal acoustic phonon modes for 2H-MoS; '® respectively, are clearly observed.
g p ,
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Figure 2.4. Comparison of as-grown and exfoliated MoS; nanosheets. (a) PXRD and (b) Raman
spectra illustrating that the as-grown sample is pure 2H-MoS, and the exfoliated MoS;
nanosheets contain a mixture of 1T- and 2H-MoS,. (c-f) Current-sensing AFM micrographs and
conductivity maps for as-grown (c, d) and chemically exfoliated (e, f) MoS, nanosheets. All

images are 3 um by 3 um and the conductivity maps were taken with a bias at 50 mV.
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2.4.2 Lithium Intercalation and Exfoliated Nanosheet Characterization

We then convert the as-grown multilayered semiconducting MoS; nanostructures to the
metallic 1T-MoS, polymorph by simply soaking them in n-butyl lithium solution at room
temperature or 60 °C for 648 h and exfoliate the nanostructures by reacting the intercalated
lithium with excess water, which generates H, gas and separates the 2D nanosheets. The
absence of the (00/) peaks in the PXRD pattern of an exfoliated sample (Figure 2.4a top trace)
clearly shows that the long-range stacking order of the nanosheets along the c-axis is destroyed,
i.e. the MoS; nanostructures are efficiently exfoliated into essentially single layers of MoS,.
These structures are referred to as the MoS; nanosheets. Note that lithium intercalation into
graphite is not favorable under these conditions.'” The transition to the 1T phase is caused by
electron transfer from intercalated Li, which destabilizes the original trigonal prismatic 2H-MoS;
structure and favors octahedrally coordinated Mo atoms.'® The emergence of new Raman shifts
(150, 219, and 327 cm™) (Figure 2.4b bottom trace) associated with the phonon modes of 1T-
MoSzloc’16 clearly confirms the formation of 1T-MoS, in exfoliated nanosheets. Raman shifts
associated with the 2H phase are significantly suppressed but still observed. Although this

10a,13 .
®19% recent studies show the

exfoliation method was known to primarily yield 1T-MoS,,
coexistence of coherent nanometer-sized domains of 1T and 2H polymorphs in exfoliated single-
layer MoS,."® The semiconducting to metallic phase transition is also confirmed by current-
sensing atomic force microscopy (CSAFM). Contact-mode topography (Figure 2.4c&e),
friction, and deflection images (Appendix 1 Figure A1.1) clearly show the presence of material
on a highly ordered pyrolytic graphite (HOPG) substrate. The corresponding conductivity maps

taken at +50 mV sample bias illustrate the uniformly metallic conduction in exfoliated MoS,

(Figure 2.4f) and the inhomogeneous conductivity in semiconducting 2H-MoS, sample (Figure
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2.4d). Individual I-V sweeps on specific nanostructures (Figure 2.4f inset) contrast the relatively
poor conductivity of the as-grown 2H-MoS, with the metallic conduction observed in the
exfoliated MoS,. The small size (1-10 nm?) expected for the remnant nanodomains of 2H
polymorph present in the chemically exfoliated nanohseets'® are below the resolution limit of the
CSAFM due to the diameter of the tip (30 nm).

The MoS; nanostructure morphology is preserved after exfoliation (Figure 2.5a), though
the exfoliated nanosheets are more disordered and compressed onto the substrate surface than the
as-grown 3D MoS, nanoflowers (Figure 2.3a). Cross-section SEM (Figure 2.5b) suggests that
electrical contact between the electrocatalyst and graphite substrate is maintained after
exfoliation. HRTEM clearly shows regions of MoS; sheets with resolved crystal lattice, but the
exfoliated nanosheets quickly become amorphous under the typical 200 kV TEM imaging
conditions (Figure 2.5¢ arrows). The nanosheets are stable under a lower accelerating voltage of
120 kV (Figure 2.5d), which enables electron diffraction study even though high-resolution TEM
imaging is not possible. The indexed [001] zone axis diffraction pattern (Figure 2.5¢) confirms

10b

the expected crystal symmetry and expansion of the lattice constant for I'T-MoS, ™ (see

Appendix 1 and Figure A1.2 for detail).
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Figure 2.5. Electron microscopy characterization of the chemically exfoliated MoS; nanosheets.
(a) Top-down and (b) cross-section SEM images. (c) Unstable HRTEM image taken at 200 kV.

(d) Stable TEM images taken at 120 kV with corresponding (e) indexed electron diffraction.
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2.4.3 Electrocatalytic Performance of as-grown and chemically exfoliated MoS, nanosheets
We have found this simple chemical exfoliation dramatically enhances the catalytic HER
performance of MoS, nanosheets compared to the as-grown nanostructures. The direct growth
and exfoliation of MoS; nanosheets on conducting graphite substrates enables convenient
evaluation of their catalytic activity by attaching the substrate to a standard rotating disc
electrode (RDE) apparatus in a three-electrode electrochemical measurement using 0.5 M
H,SO4q) €lectrolyte continuously purged with H, gas. Polarization curves of the current density
plotted against overpotential vs. reversible hydrogen electrode (RHE) show the HER activity of
the as-grown MoS; and chemically exfoliated MoS; nanosheets on graphite compared to Pt
(Figure 2.6a&b). As-grown 2H-MoS; exhibits onset of HER activity at approximately —200 mV

vs. RHE, consistent with previously reports, ¢

and significant hydrogen evolution (10
mA/cmz) is not achieved until =320 mV vs. RHE. 1T-MoS, nanosheets that have been
exfoliated after lithium intercalation at 60 °C for 48 h show dramatically improved HER activity,
with electrocatalytic current densities reaching 200 mA/cm® at —400 mV vs. RHE (Figure 2.6a).
Moreover, the onset of catalytic activity is shifted to a much lower overpotential so that
significant hydrogen evolution (10 mA/cm?) is observed at overpotential as low as —195 mV
(Figure 2.6b). Correcting the raw data for iR losses (see Appendix 1 and Figure A1.3 for detail)
reveals even more impressive performance; an electrocatalytic current density of 10 mA/cm?” can
be achieved at a low overpotential of —187 mV vs. RHE (filled squares in Figure 2.6b). The
dramatic enhancement in catalytic activity is even more apparent when comparing the Tafel
slopes (Figure 2.6¢) of the exfoliated MoS; nanosheets (54 mV/decade raw; 43 mV/decade after

iR correction) and as-grown nanostructures (117 mV/decade; 110 mV/decade after iR

correction). The earlier onset of catalytic activity and lower Tafel slope suggest the free energy
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of hydrogen adsorption is closer to equilibrium. The 43 mV/decade Tafel slope and the early
onset of significant hydrogen evolution confirms 1T-MoS, is among the most catalytic materials

for any MoS, catalysts.*
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Figure 2.6. Electrocatalytic performance of the chemically exfoliated and as-grown MoS,
nanosheets. Polarization curves at (a) higher and (b) lower overpotentials with corresponding
(c) Tafel plots. Filled symbols show data after the iR correction. (d) EIS shows the facile
electrode kinetics of 1T-MoS,. (e) Polarization curves and (f) EIS show 1T-MoS, nanosheets

still exhibit excellent catalytic activity after 1000 cycles of continuous operation.
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We explored various lithium intercalation conditions to optimize the catalytic activity of
exfoliated MoS; nanosheets. The catalytic performance of the MoS; nanosheets was examined as
a function of the duration of intercalation, temperature, and concentration of the n-butyl lithium
solution (Figure 2.7). The as-synthesized MoS; nanostructures on graphite substrates from the
same CVD synthesis were soaked in 1.6 M n-butyl lithium in hexanes at room temperature (23
°C) for 6, 12, and 48 h, or in 2.7 M n-butyl lithium in heptane at 60 °C for 12, 24, 36, and 48 h
before chemically exfoliating the MoS, nanosheets. Significant improvement in catalytic
performance compared to the as-grown MoS; nanostructures are observed for samples from all
intercalation conditions, even at room temperature after only a few hours of soaking in n-butyl
lithium. Control experiments show no appreciable HER activity from graphite substrates even
after exposure to the same lithium intercalation conditions. In addition, we do not expect
residual lithium to have any affect on the observed hydrogen evolution catalysis in this acidic
solution, especially for the cycling and long term stability studies. The most important factors
contributing to enhanced catalytic activity are the duration of intercalation and temperature. The
data also indicate that a more concentrated n-butyl lithium solution (2.7 M in heptane) also helps
to accelerate the intercalation process. As-synthesized MoS; nanostructures require shorter
diffusion distance than bulk MoS, crystals, but the faster intercalation kinetics at 60 °C allow for
more complete lithiation of MoS, within a shorter time. This results in a more thorough
exfoliation of the MoS, nanosheets and a more complete 2H to 1T phase transformation, which

explains the enhanced HER activity.
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Figure 2.7. Polarization curves showing the (a) overall catalytic activity and (b) performance at

lower overpotentials as a function of intercalation duration at room temperature in 1.6 M n-butyl

lithium in hexanes. Increasing the intercalation temperature to 60 °C and using a more

concentrated 2.7 M n-butyl lithium solution in heptane results in more enhancement of (c)

overall HER activity and (d) requires lower overpotentials to achieve significant H, evolution.

These data have not been corrected for iR losses.
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Although the efficient exfoliation of MoS; nanoflowers (Figure 2.4a) results in the
proliferation of active edge sites, we believe the phase transition into the metallic 1T polymorph
is even more important to enhancing catalytic activity. The increase in the density of active sites
due to exfoliation can be revealed by the > 10 fold increase in the double-layer capacitance (Cy))
and, thus, relative electrochemical surface area as estimated using a simple cyclic voltammetry
method'® (see Appendix 1 and Figure A1.4 for detail). However, exfoliated semiconducting 2H-
MoS; nanosheets recently investigated for hydrogen evolution only showed marginally improved
catalytic performance,20 suggesting that the density of edge sites is not the most important factor
behind the dramatically enhanced performance of our 1T-MoS; nanosheets. Interestingly, the
edges of the 2H-MoS; have been observed to be more conductive and posited to be inherently
more catalytically active.*> However, practical implementation of metallic 1T-MoS, has not
been pursued. Although exfoliated MoS, has been investigated for hydrodesulfurization
catalysis,”' the high temperature conditions would cause their quick conversion back to the 2H

oc.IOb

phase, since 1T-MoS; is only metastable below 95 Here, the phase identity and metallic

conduction of 1T-MoS, are confirmed by Raman spectroscopy (Figure 2.4b), electron diffraction
(Figure 2.5e), and CSAFM (Figure 2.4f).

The advantage of the 1T-MoS; nanosheets becomes more apparent when we use
electrochemical impedance spectroscopy (EIS) to investigate electrode kinetics under HER
operating conditions. Nyquist plots (Figure 2.6d) and data fittings reveal dramatically decreased
charge transfer resistances for the exfoliated MoS, nanosheets on graphite (4 Q) in contrast to
the as-grown MoS; nanostructures on graphite (232 Q). Furthermore, the small series
resistances observed in all samples (~4 Q) illustrates the importance of the direct synthesis on

conductive substrates, which enables simple and effective electrical integration which minimizes
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parasitic Ohmic losses.”> The evidence afforded by structural characterization and impedance
spectroscopy demonstrate exfoliated metallic 1T-MoS; nanosheets exhibit more facile electrode
kinetics particularly useful in enhancing catalytic activity, representing unique features not

previously demonstrated in other efforts aimed at improving MoS, for HER catalysis.*>*"*

2.4.4 Electrocatalytic Stability of chemically exfoliated MoS, nanosheets

We demonstrate that the catalytic performance of 1T-MoS; nanosheets is stable, even
though the 1T-phase is thermodynamically metastable. After 1000 cycles of continuous
operation, exfoliated MoS, nanosheets show less than 15 % decay in the electrocatalytic current
density (Figure 2.6e). Further EIS studies (Figure 2.6f) show that the slight loss in catalytic
activity is accompanied by a slight increase in charge transfer resistance. Additional stability test
shows the required overpotential to sustain a constant 10 mA/cm® increases by only 10 mV after

9 h of continuous service (Figure 2.8).
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Figure 2.8 The required overpotential (without iR correction) to achieve a constant

electrocatalytic current of 10 mA/cm® increases by only 10 mV after 9 h of continuous catalytic

operation, which further demonstrates the electrocatalytic stability of 1T-MoS; nanosheets.
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The minimal loss in catalytic activity suggests the metallic 1T polymorph is slowly
reconverting to the semiconducting 2H phase. This hypothesis is further supported by longer
phase stability studies where we monitored HER activity in exfoliated MoS, nanosheets aged
over 3 weeks in ambient conditions with corresponding impedance and Raman spectroscopy
measurements on the same samples (Figure 2.9). No decay in catalytic activity is observed
within the first few days. Only after 7 days of aging is a noticeable decline in catalytic activity
seen. Even after 21 days, the sample still retains more than 50 % of the initial maximum current
density at —400 mV vs RHE, which is still a dramatic improvement over the as-grown
nanostructures. EIS shows a slight increase in charge transfer resistance that suggests the slow
reconversion back to 2H polymorph may be responsible for the decline in catalytic performance.
Raman spectroscopy shows a gradual suppression of the characteristic 1T peaks and resurgence
of the 2H peaks, which corroborates the conversion hypothesis. Furthermore, we intentionally
annealed the exfoliated 1T-MoS, nanosheets at 300 °C in argon for 5 min after aging the sample
at room temperature for 21 days. PXRD shows re-emergence of the (002) diffraction peak after
annealing (Figure 2.99d) and Raman spectroscopy shows enhanced signal intensity
corresponding to the characteristic 2H peaks (Figure 2.9¢). The expected drop in catalytic
performance and accompanied large charge transfer resistance is observed in the respective
polarization (purple diamond symbols in Figure 2.9a, c¢) and EIS measurements (Figure 2.9b,
largest semi-circle). These data suggest that annealing at 300 °C not only results in the ordered
restacking of the exfoliated MoS, nanosheets, but also transforms MoS, nanostructures from the
1T polymorph back to the 2H polymorph. Interestingly, this annealed sample still exhibits
slightly enhanced HER activity compared to the original MoS, nanostructures (Figure 2.9a),

which is likely due to residual 1T polymorph.
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electrocatalytic stability and (¢)

performance at lower overpotential for 1T-MoS, nanosheets that have been aged in ambient

conditions for various times over the course of 21 days.

(b) Nyquist plots from EIS

measurements show the corresponding slight increase in charge transfer resistance as the 1T-

MoS, nanosheets are aged over the course of 21 days and then finally, annealed in argon at 300

°C. (d) PXRD results confirm the product has converted back to the restacked 2H polymorph

after the MoS; nanosheets are intentionally annealed in argon at 300 °C for 5 min. (e) Raman

spectroscopy showing the disappearance of the 1T peak shifts and resurgence of 2H peak shifts

further supports the reconversion hypothesis as the samples are aged and intentionally annealed.
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2.5 Conclusion

In conclusion, we demonstrate a simple and rational method to significantly enhance the
electrocatalytic performance of MoS, by controlling its nanostructures and structural polymorphs
using chemical exfoliation. This completely different approach to enhancing catalysis leads to
favorable kinetics, metallic conductivity, and active site proliferation in the exfoliated 1T-MoS,
nanosheets, which enable the superior yet stable catalytic activity and make MoS, nanostructures
a highly competitive earth-abundant catalyst for HER and potentially other reactions.
Furthermore, this represents the first application of the metallic 1T polymorph of layered metal
chalcogenides in catalysis and this general approach to controlling nanostructures and
polymorphism can be useful in modifying many 2D layered materials to enhance their

applications in heterogeneous catalysis, solar energy, and high-performance electronics.
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Chapter 3
High-Performance Catalytic Hydrogen Evolution from Metallic

WS, Nanosheets”

3.1 Abstract

Building upon our recent discovery of enhanced hydrogen evolution catalysis from
chemically exfoliated molybdenum disulfide (MoS;) nanosheets, here we develop metallic
tungsten disulfide (WS;) nanosheets as extraordinarily active catalysts for the hydrogen
evolution reaction (HER). By overcoming the challenges that have traditionally limited the
catalytic performance of WS2, our 1T-WS, nanosheets achieve an electrocatalytic current
density of 10 mA/cm? at the remarkably low potential of 142 mV vs. RHE. We believe this
unprecedented performance represents a new benchmark for non-precious metal hydrogen
evolution catalysts. Additionally, we develop a simple microwave method that allows us to
avoid the time-consuming and cumbersome intercalation reactions while still producing 1T-WS,

nanosheets exhibiting equivalently impressive catalytic activity.

" This chapter was prepared for publication in collaboration with A.S. Daniel, C. R. English, F. Meng, A. Foricaux,
R.J. Hamers, and S. Jin before being adapted here.



56

3.2 Introduction

Replacing rare and expensive catalysts, such as platinum, with earth-abundant materials
continues to be a strong driving force behind contemporary research.! Layered metal
chalcogenides (MX;) are an exciting family of compounds which consist of individual two-
dimensional (2D) layers stacked to form hexagonal structures held together by only weak van der
Waals interactions. Although the molybdenum disulfide (MoS;) analog is more well known,
tungsten disulfide (WS;) also exhibits promising activity for the hydrogen evolution reaction
(HER).2 Experimental3 and computational4 studies show catalytically active sites are located
along the edges of the 2D MX, layers while the basal surfaces are catalytically inert. Not
surprisingly, WS, falls victim to many of the same issues that have traditionally limited the
performance of MoS; in the HER including the density and reactivity of active sites and poor
electrical contact to the electrocatalyst.”>> Building upon our recent report of enhanced
hydrogen evolution from chemically exfoliated MoS, nanosheets,® here we develop metallic 1T-
WS, nanosheets as an extraordiarily active catalyst for the HER capable of achieving 10 mA/cm’
electrocatalytic current density at the extremely low potential of —142 mV vs. RHE. Moreover,
we also demonstrate that required intercalation times can be significantly reduced using a simple

microwave-assisted reaction method.
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3.3 Experimental Section

3.3.1 Synthesis of WS, nanostructures

Tungsten foils (0.05 mm thick, ~ 1 cm?) were cleaned by sonication in acetone, isopropyl
alcohol, and 18 MQ deionized water for 10 min each before they were dried using nitrogen flow.
Recycled tungsten substrates were first subjected to an aqua regia etch (3:1 concentrated HCI:
concentrated HNO;) for 10 min to remove remnant materials and ensure a consistent reaction
substrate. In a home-built CVD reactor consisting of a 1 inch fused silica tube equipped with
pressure and gas flow controls placed in a single-zone tube furnace, an alumina combustion boat
charged with 50 mg tungsten chloride (WCls, 99.9 %) and 200 mg elemental sulfur (99.5 %) was
placed outside of the tube furnace upstream of the prepared tungsten substrates. The reactor was
evacuated and flushed three times with argon before it was back filled to the set-point pressure of
770 Torr under an argon flow of 125 sccm and heated to 550 °C. The combustion boat were
pushed into the mouth of the furnace (1.5 cm) using a magnet and hydrogen flow was started at
0.75 sccm to initiate the reaction which lasts 20 min, then the furnace was cooled naturally under

argon flow.

3.3.2 n-Butyl lithium exfoliation treatment

Inside an argon-filled glove box, the substrates covered with as-synthesized WS,
nanostructures were soaked in 3 mL zn-butyllithium (2.7 M in heptane) inside sealed vials for 48
h which could be brought out of the glove box and heated to 80 °C inside an oven. Bulk WS,
powder (99 %, 2 um particle size) was used as received from Sigma-Aldrich. Microwave-
assisted intercalation reactions were carried out using a CEM microwave (Discover and

Explorer) equipped with temperature probe and control used to maintain the reaction at 80 °C for
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10-60 min using approximately 200 W power. Excess n-butyllithium was removed by rinsing
the treated samples with dry heptane, then the samples were reacted with excess 18 MQ
deionized water. After reaction, the WS, nanosheets in water were centrifuged in an Eppendorf
5415D tabletop centrifuge at 13,200 rpm for 15 min. The supernatant was removed, and this
washing procedure was repeated twice more with 18 MQ deionized water to ensure complete
reaction of intercalation Itithium before the nanosheets were suspendended in 1 mL of isopropyl

alcohol.

3.3.3 Structural characterization

SEM was performed using a LEO Supra55 VP microscope operating at 3 kV. PXRD
data were collected on harvested nanostructures dispersed on glass substrates using a Bruker D8
advanced powder diffractometer with Cu Ka radiation and the background from glass substrate
was subtracted. TEM samples were prepared by gentle sonication and drop-casting onto lacey
carbon supported TEM grids. HRTEM of the WS, nanostructures and nanosheets was
performed using an aberration-corrected FEI Titan scanning transmission electron microscope
operated at an accelerating voltage of 200 kV in TEM mode. Raman spectra were taken using a
Thermo Scientific DXR confocal Raman microscope using a 532 nm excitation laser. AFM
measurements were taken on samples cast onto evaporated gold (50 nm) on Si(100)/S10,
substrates using an Agilent 5500 AFM equipped with current-sensing capabilities using a
symmetric Pt coated tip (30 nm, miikroMasch) with a force constant of 2.7 N/m. All of the data
is collected in the trace, with no significant hysteresis in the retrace, as current-sensing requires
the AFM to be operated in contact mode. X-ray photoelectron spectroscopy (XPS) was

performed on a custom-built XPS system (Phi Electronics, Eden Prairie, MN), that included a
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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 that 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 W (4f), S (2p), O (Is) and C (/s). The high resolution data were
fit to Voigt functions in order to determine binding energies after being shifted so that the Au
4f7, peak was at 84.0 eV. Ultraviolet photoelectron spectroscopy (UPS) was performed on the
same custom-built system as was used to perform XPS. The analyzer resolution for UPS
measurements was 0.09 eV. Negative biases (—7 V) were applied to the samples to overcome
the work function of the analyzer. A linear background correction was applied to the UPS data
before doing any data workup. Platinium foil was used to determine the Fermi level for the
system by fitting the valence band maximum edge to the Fermi function. The UPS spectra were
then shifted to account for the negative bias applied as well as to place Er equal to 0 eV. The
valence band maximum edge for the WS, samples were fit to lines and the x-axis intercept was

used to determine the valence band maximum for each sample.

3.3.4 Electrochemical characterization

Electrochemical measurements were performed using a rotating disk electrode (BASi,
RDE-2) in a three-electrode electrochemical cell using a Bio-Logic SP-200 potentiostat. All
measurements were performed in 50 mL of 0.5 M H,SO4q) electrolyte (pH = 0.16) prepared
using 18 MQ deionized water purged with H, gas (99.999%), using WS, depositied graphite
disks as the working electrode, a graphite rod as a counter electrode, and a saturated calomel

(SCE) reference electrode (CH Instruments). As-grown 2H-WS, nanostructures grown directly
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on graphite disks and harvested 2H-WS, nanostructures drop-cast onto graphite disks exibited
similar catalytic activities. Spectroscopically pure graphite rods (99.9995%, Ultra F purity, Ultra
Carbon Corporation) cut into thin disks (6 mm diameter; ~0.4 mm thick) were polished to a near-
mirror finish using abrasive cloths. They are sonicated subsequently in 18 MQ deionized water
for 10 min, then in aqua regia (3:1 concentrated HCI: concentrated HNOs3) for 10 min (to remove
remnant metal impurities), and then in 18 MQ deionized water for 10 min again, before they
were dried in an oven at 120 °C for 20 min. The WS, cast onto graphite disks (2 x 3 uL drops)
were mounted on top of the embedded glassy carbon RDE electrodes using colloidal silver paint
(Ted Pella). As a comparison, a standard Pt disc (4 mm diameter, Ted Pella) was mounted to the
glassy carbon RDE electrode using the same method. The reversible hydrogen electrode (RHE)
was calibrated using platinum as both working and counter electrodes to +0.260 V vs. the SCE
reference. The performance of the hydrogen evolution catalyst is measured using linear sweep
voltammetry beginning at +0.30 V and ending at —0.45 V vs. RHE with a scan rate of 3 mV/s
when the working electrode is rotated at 2000 rpm. Electrochemical impedance spectroscopy
was performed when the working electrode was biased at a constant —0.250 V vs. RHE while
sweeping the frequency from 5 MHz to 10 mHz with a 10 mV AC dither. The impedance data
were fit to a simplified Randles circuit to extract the series and charge transfer resistances. The
electrochemical stability of the catalyst was evaluated by cycling the electrode 500 times; each
cycle started at +0.10 V and ended at —0.45 V vs. RHE with a scan rate of 50 mV/s while
rotating the working electrode at 2000 rpm. Cyclic voltammograms taken with various scan
rates (20, 40, 60 mV/s, etc.) were used to estimate the double-layer capacitance were collected in

the 0.1-0.2 V vs. RHE region.
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3.4 Results and Discussion

3.4.1 Synthesis and characterization of as-grown WS, Nanostructures

Our strategy begins with the simple chemical vapour deposition (CVD) of flower-like
WS, nanostructures with a high density of exposed edges. Similar to our unique CVD method
for producing 3D nanostructured MoS,,” the mild synthesis conditions make the deposition of
WS, possible on many different substrates including fluorine-doped tin oxide on glass, graphite,
and tungsten foils. Our tuneable synthetic method offers an important advantage in that our WS,
nanostructures are dominated by edges, thus increasing the density of active sites (Figure 3.1b).
Lattice resolved high-resolution transmission electron microscopy (HRTEM) show highly
crystalline multilayered nanostructures (Figure 3.1c) which are not inorganic fullerenes (Figure
3.1d). The corresponding selected-area electron diffraction (SAED) pattern is unequivocally
indexed to 2H-WS,; (Figure 3.1e). The phase identity and purity of the as-synthesized WS,
nanostructures is further confirmed using Raman spectroscopy (Figure 3.1j) and powder X-ray

diffraction (Figure 3.1k).
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Figure 3.1. (a) Simple intercalation chemistry is used to facilitate the phase transformation to the
1T-WS, polymorph. Top-down SEM images of the (b) as-grown nanostructures on W foil and
() chemically exfoliated nanosheets cast on graphite. Insets illustrate the high density of exposed
edges. HRTEM of the (¢) as-grown nanostructures and (g) chemically exfoliated nanosheets.
Lower resolution images (d, h) confirm they are open structures (not inorganic fullerenes) and
electron diffraction patterns the confirm phase identity for the (¢) 2H-WS; nanostructures and (i)

1T-WS; nanosheets. (j) Raman spectroscopy and (k) PXRD also confirm phase and purity.
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3.4.2 Lithium Intercalation and Exfoliated Nanosheet Characterization

We then use simple intercalation chemistry to control the polymorph behavior in MX,
materials.” Electron transfer from intercalated lithium destabilizes the semiconducting and
thermodynamically favored trigonally prismatic 2H structure, causing a transition to the
octahedrally coordinated 1T polymorph (Figure 3.1a). The layered material is chemically
exfoliated upon reaction with excess water, which generates H,, and produces individual 1T-WS,
nanosheets. Lithium intercalation of MX, materials can be accomplished through either
chemical (using n-butyllithium)®® or electrochemical methods.’ It is important to note that other
exfoliation methods, such as mechanical cleavage'’ or liquid-phase sonication,'' are limited to
isolating single layers of the semiconducting 2H phase. Here, we convert our as-grown WS,
nanostructures to the metallic 1T-WS; polymorph by reacting the substrates with n-butyllithium
for 48 h in vials sealed under a protective atmosphere at slightly elevated temperatures (80 °C) to
help facilitate the intercalation process, which is known to be more difficult for WS, than
MoS,."* Additionally, we develop a new microwave-assisted method to dramatically expedite
the intercalation process and avoid the cumbersome 48 h reaction.”> Remarkably, we find
chemically exfoliated 1T-WS, nanosheets produced after only 20 min of microwave-assisted
intercalation are nearly equivalent to those produced after 48 h of traditional oven intercalation.

Despite its strong similarities to MoS,, we observed surprisingly unique behaviour in the
exfoliation of WS, nanosheets. Specifically, the violent generation of H, caused the exfoliated
nanosheets to delaminate from graphite (and other) substrates. We were able to overcome this
obstacle by using tungsten foils as substrates for especially dense WS, nanostructure growth,
thereby significantly improving the yield of exfoliated nanosheets. After harvest, the chemically

exfoliated nanosheets can be drop-cast onto any substrate. This approach also allows us to
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minimize waste, as the tungsten foils can be cleaned and re-used in subsequent reactions. SEM
shows a uniform film composed of many smaller sheets and particles still dominated by edges
covering a graphite disk (Figure 3.1f). HRTEM shows the strained lattice of the exfoliated
nanosheets (Figure 3.1g) and confirms they are still open structures (Figure 3.1h). The
superlattice structure observed in the SAED pattern (Figure 3.11 red circles) is consistent with

past reports of chemically exfoliated 1T-WS,*"'*

and suggests the product may be a mixture of
1T- and 2H-WS,. Raman spectroscopy is less sensitive to the structural transition, but the
characteristic peaks for the 2H phase are much less intense and significantly broadened, which is
in agreement with previous reports and similar to our own study of 1T-MoS, (Figure 3.1j).'°
Given the more difficult intercalation reaction and the propensity of chemically exfoliated

nanosheets to restack into their thermodynamically favoured 2H phase,'**'*

it is likely that both
the 1T and 2H polymorphs coexist in our chemically exfoliated samples. PXRD further supports
this hypothesis, showing weakened reflections corresponding to the 2H polymorph (Figure 3.1k).
We further characterized the 1T-WS; nanosheets and highlight their differences from the
2H-WS; phase using X-ray photoelectron spectroscopy (XPS), Ultraviolet photoelectron
spectroscopy (UPS), and current-sensing atomic force microscopy (CSAFM). X-ray
photoelectron spectra of the W 4f (Figure 3.2a) and S2p (Figure 3.2b) edges shows the presence
of new chemical species clearly shifted toward lower binding energies after chemical exfoliation.
These results are consistent with the known metallic nature of 1T-WS; and similar to past XPS

studies on 1T-MX, materials. 581

The small shoulder at ~35 eV corresponding to the W 417,
species (Figure 3.2a) confirms that the exfoliated 1T-WS; nanosheets are more susceptible to

oxidation.'? All XPS spectra are aligned with respect to the Au 4f peak at 84.0 eV and the C s

peak is used to insure charging effects are not present (Figure A2.1). The more metallic
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character of the chemically exfoliated nanosheets is also reflected in the UPS spectra (Figure
3.2¢, 3.2d) for the 1T- and 2H-WS; nanosheets. The 1T-WS; nanosheets exhibit a valence band
maximum (VBM) at 0.3 eV, which is much closer to the Fermi level (defined here as 0 eV) than
the 0.9 eV VBM observed for the 2H-WS; nanostructures. We also use CSAFM to confirm the
semiconducting-to-metallic phase transition. Contact mode topography (Figure 3.2g, 3.2h),
friction, and deflection images (Figure A2.2) show the presence of material cast onto an
evaporated gold on silicon substrate. Conductivity maps taken at +20 mV sample bias show the
2H-WS; nanostructures are much more resistive (Figure 3.2¢) than the more uniformly
conducting 1T-WS; nanosheets (Figure 3.2f). Individual current—voltage sweeps on specific
nanostructures further contrast the clear differences in conductivity observed for the 1T- and 2H-

WS, samples (Figure 3.21).
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Figure 3.2. XPS spectra of the (a) W4f and (b) S2p edges, showing a new chemical species at
lower binding energies after chemical exfoliation. (c-d) UPS spectra showing the valence band
maxima with respect to the Fermi Level. (e-h) CSAFM micrographs and corresponding
conductivity maps for the as-grown (e, g) and chemically exfoliated (f,h) WS, nanosheets. All

images are 2 um by 2 um and the conductivity maps were taken at a +20 mV bias. (1)

Current—voltage curves on individual nanostructures.
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3.4.3 Electrocatalytic Performance of as-grown and chemically exfoliated WS, nanosheets

We demonstrate that our chemical exfoliation produces 1T-WS; nanosheets that exhibit
extraordinary catalytic activity for the HER. We drop-cast the exfoliated 1T-WS; nanosheets
onto graphite disks and evaluate their catalytic activity using a standard rotating disk electrode
apparatus in a three-electrode electrochemical measurement. Polarization curves (Figure 3.3a) of
the electrocatalytic current density (f) plotted against potential vs. the reversible hydrogen
electrode (RHE) show the HER activity of 1T-WS, nanosheets obtained from both oven and
microwave-assisted intercalation methods compared to the as-grown WS; nanostructures. The
advantages of our harvesting method become obvious after comparing these data with the poor
catalytic activity exhibited by samples where growth and exfoliation were carried out on a single
graphite substrate (Figure A2.3). As-grown WS, exhibits an onset of HER activity at
approximately —200 mV vs. RHE and significant hydrogen evolution (j = 10 mA/cm?) is not
reached until =330 mV vs. RHE. 1T-WS; nanosheets that have been exfoliated after lithium
intercalation at 80 °C for 48 h show dramatically improved HER activity where the onset of
catalytic activity has been shifted to significantly lower voltages. After correcting for iR losses,
our 1T-WS, nanosheets achieve 10 mA/cm® electrocatalytic current density at an unprecedented
—142 mV vs. RHE. To the best of our knowledge, this is the smallest requisite potential to
achieve j = 10 mA/cm? for any non-platinum (or other precious metal) catalyst. Remarkably,
chemically exfoliated 1T-WS, nanosheets produced after only 20 min of microwave-assisted
intercalation exhibit nearly equivalent performance, where j = 10 mA/cm? is reached at —151 mV
vs. RHE. We further highlight the exceptional catalytic activity by comparing the 1T-WS,

nanosheets against other high performing HER catalysts (Figure 3.3a).



68

Pt
-e-as-grown WS,
—-48 h oven
exfoliated WS,
-=-20 min microwave
exfoliated WS,
-+—exfoliated WS,
(Voiry et. al)
-+ 1T- MoS, (Lukowski et. al)

B304 -=MoS, (Merki et. al)
-———7 T
-0.30 -0.20 -0.10 0.0
Potential (V vs RHE)
b -e-as-grown WS, C 4.0 N
o 0.3 (85 mV/decade) 3.5 Lo e
T \\
o N 3.0+ .
& -=-20 min microwave WS, E E (40 .
>, 0.2 (70 mV/decade) O 2.5 i
> 48 h oven WS, < oo o
T (70 mV/decade) T_E’ 2.0  Re(2)/Ohm
S 0.1- " 1.5+ ST,
o
i —Pt (30 mV/decade _
OO T T T (I T T ) 05 T T T T T T T T
0.0 0.2 04 06 02.8 1.0 4 6 8 10
log ([il/mAcm™) Re(Z)/Ohm
d 10 as-grown WS, e 10720 min microwave WS, f 20 min microwave W83
_ 051 . NE Cq =48 uF
NE 1 NE é)
S 0.0 o
: :
=-0.57 1/ = as-grown WS,
104 é Cy=27uF
' T T T T T T 0- T T T T
0.10 0.15 0.20 0.10 0.15 0.20 40 80 120 160
Potential (V vs RHE) Potential (V vs RHE) Scan Rate (mV/s)

Figure 3.3. Electrocatalytic performance of the as-grown and chemically exfoliated WS,.
Polarization curves comparing the high-performance HER catalysis from 1T-WS2 nanosheets
with other non-precious metal catalysts. (b) Corresponding Tafel plots further reflect the
dramatic improvement in catalytic activity after exfoliation. The filled points show the data after
iR correction. (d) EIS Nyquist plots show the facile electrode kinetics of the 1T-WS; nanosheets.
Voltammograms of the (e) as-grown and (f) chemically exfoliated WS, nanosheets at various

scan rates used to estimate the Cg and relative surface area.
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The enhanced HER activity is further illustrated by comparing the Tafel slopes (Figure
3.3b) of the 1T-WS; nanosheets (70 mV/decade after iR correction for both oven and microwave
intercalation) with the as-grown WS, nanostructures (85 mV after iR correction). The earlier
onset of catalytic activity and lower Tafel slope suggests the free energy of hydrogen adsorption
for 1T-WS, is closer to equilibrium. Additionally, we use electrochemical impedance
spectroscopy (EIS) to investigate the electrode kinetics under the catalytic HER operating
condtions. Nyquist plots and data fittings (Figure 3.3c) reveal dramatically reduced charge-
transfer resistances (R.) for the chemically exfoliated WS, nanosheets (6 Q for the oven
intercalation; 5 € for the microwave intercalation) in contrast to the as-grown WS,
nanostructures (200 Q). Moreover, the small series resistances observed for all samples
illustrates that our simple method enables high-quality electrical integration of the catalyst which
minimizes Ohmic losses.!” The polarization and EIS data confirm that 1T-WS; nanosheets are a
highly active catalyst which exhibit facile electrode kinetics particularly useful for enhancing
catalytic hydrogen evolution.®

We also estimate the relative differences in electrochemically active surface area before
and after chemical exfoliation using a simple cyclic voltammetry method.'® Current response in
the potential window used for the cyclic voltammograms (0.1-0.2 V vs. RHE) at different scan
rates should be due only to the charging of the double-layer (Figure 3.3d, 3.3¢). The double-
layer capacitances (Cqj) for the chemically exfoliated and as-grown samples, which should be
directly proportional to the surface area, are extracted by plotting the AJ (J, — J¢) at a given
potential (0.15 V vs. RHE) against the cyclic voltammograms scan rates (Figure 3.3f). The slope
of this linear relationship is twice the Cq for each sample, respectively. The proliferation of

active sites due to chemical exfoliation is illustrated by the more than an order-of-magnitude
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increase in Cy for the 1T-WS; nanosheets (48 pF) as compared to the as-grown 2H-WS,
nanostructures (2.7 uF). While this increase in surface area certainly contributes to the improved
performance, we believe the transition to the metallic polymoph is more important to enhancing
the catalytic activity. This is consistent with recent results showing exfoliated semiconducting
2H-MoS$, nanosheets exhibited only marginally improved activity,"” suggesting that the number
of active edge sites is not the most important factor behind improving the catalytic performance
of related MX, materials.

The catalytic performance of the WS, nanosheets was examined as a function of the
duration of microwave-assisted intercalation (Figure 3.4). The as-synthesized WS,
nanostructures on tungsten foils from the same CVD synthesis were mircrowaved in 2.7 M n-
butyl lithium in heptane at 80 °C for 10, 20, 30, and 60 min before rinsing away the excess n-
butyl lithium with dry hexane/heptane, and subsequently reacting them with excess 18 MQ
deionized water, thus removing the intercalated lithium and exfoliating the WS, nanosheets,
which causes their full delamination from the W foils that they can be harvested and isolated by
centrifugation. Significant improvement in catalytic performance compared to the as-grown
WS, nanostructures are observed for samples from all intercalation conditions. Prolonged
microwave-assisted reactions (60 min) produced less catalytically active materials, possible due
to the oxidation of the 1T-WS, nanosheets. We chose 20 min as the standard microwave-

assisted intercalation time at 80°C for the balance of performance and reaction efficiency (Figure

3.4).
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Figure 3.4. Polarization curves showing the (a) overall catalytic activity and (b) performance at
lower potentials as a function of microwave intercalation duration at 80 °C in 2.7 M n-butyl

lithium in heptane. (c) Nyquist plots show the corresponding trends in electrode kinetics.
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3.4.4 Comparison of chemically exfoliated nanostructures and bulk powder

The importance of choosing to chemically exfoliated our well controlled CVD
synthesized WS, nanostructures reflected by their superior catalytic performance for the HER as
compared to commercially available bulk WS, powder subjected to the same intercalation
conditions (20 min microwave-assisted reaction at 80 °C) (Figure 3.5a, 3.5b). This claim is also
supported by comparing the catalytic activity of the CVD grown nanostructures with the as-
received bulk powder. EIS shows the attempt to exfoliate the bulk powder results in behavior
most similar to our CVD synthesized WS, nanostructures (Figure 3.5¢). Data fittings reveal
charge transfer resistances (R.) of 192 Q for the "exfoliated” bulk powder and 1919 Q for the as-
received powder (c.f. 200 Q for the CVD synthesized WS,). In comparison, the exfoliated 1T-
WS, nanosheets from the CVD synthesized nanostructures exhibit much more facilie kinetics
(Ret =5 Q). The dramatic difference in catalytic activity can likely be explained by the
incomplete lithiation, conversion, and exfoliation of larger particle (~ 2 um) in the bulk powder.
SEM images of the as-received (Figure 3.5d) and the "exfoliated" bulk powder (Figure 3.5¢)
further support this hypothesis. Lastly, PXRD (Figure 3.5f) and Raman spectroscopy (Figure
3.5g) also show minimal differences in the "exfoliated" material as compared to the as-received
bulk powder, thereby confirming that most of the powder has not been transformed to the more
catalytically active 1T polymorph. These results emphasize the CVD synthesized nanomaterials
require much shorter intercalation times in order to achieve efficient conversion and subsequent

exfoliation.
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Figure 3.5. Polarization curves showing the superiour (a) overall catalytic activity and (b)
performance at lower potentials for chemically exfoliated nanosheets produced from CVD
synthesized WS, nanostructures compared to a commercial bulk WS, powder exposed to the
same intercalation and exfoliation conditions. (c) Nyquist plots show the corresponding trends in
electrode kinetics. SEM images of the (d) as-received and (e) "exfoliated" bulk WS, powder
show the much larger particles sizes as comared to the CVD synthesized nanostructures. (f)
PXRD and (g) Raman spectroscopy confirm the "exfoliated" bulk powder remains mostly in its

2H phase.
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3.4.5 Electrocatalytic Stability of chemically exfoliated WS, nanosheets

We show the catalytic activity of 1T-WS, nanosheets is relatively stable although the 1T
phase is metastable. We continously cycle the 1T-WS, nanosheets over 500 times under the
normal operating conditions and monitor the electrocatalytic performance (Figure 3.6a, 3.6b). In
addition to monitoring the catalytic activity after continuous cycling, alternative stability test
shows that the required potential to sustain a constant electrocatalytic current of 10 mA/cm’
increases by ~80 mV after 4 h of continuous catalytic hydrogen evolution reaction in 0.5 M
H,SOy4 (Figure 3.6¢). The slight loss in catalytic activity is accompanied by an increase in charge
transfer resistance, as revealed by EIS experiments (Figure 3.6d). This suggests a slow
reconversion to the thermodynamically favored 2H polymorph is responsible for the loss in

catalytic activity, similar to our recent report on 1T-MoS, nanosheets.
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3.5 Conclusion

In conclusion, we have significantly enhanced the electrocatalytic activity of WS, for the
HER by controlling its nanostructures and structural polymorphs. Moreover, we demonstrate
that microwave intercalation chemistry can be used to avoid long cumbersome reaction times in
excess of 48 h while still achieving equivalent performance. Additionally, this confirms our
method is generally applicable to enhancing the applications of other materials within the MX;
family. This approach leads to favourable kinetics, metallic conductivity, and active site
proliferation in the chemically exfoliated 1T-WS; nanosheets, which enable its superior catalytic

activity in the HER.
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Chapter 4
The Synthetic Development of Metal Chalcogenides and Exploration

of Various Methods to Control their Phase Behavior

4.1 Abstract

The search for earth-abundant, efficient, and cost-effective catalysts for hydrogen
evolution has lead us to the exciting layered chalcogenide MX; family of materials where
catalytically active sites are located along the edges of their 2D layers. Here we develop a
unique chemical vapor deposition method for the synthesis of nanostructured MoS,, WS,
MoSe,, WSe,, and ReS, materials dominated by edges on a variety of substrates. Additionally,
we use simple intercalation chemistry to control the phase behavior of these MX, materials and
isolate the 1T phase which we show to be significantly more catalytically active for the hydrogen
evolution reaction. Various intercalation methods are explored, including simply soaking the as-
grown materials in n-butylltihium with gentle heating using either a tradititonal oven, or using a
microwave-assisted method. Additionally, we also explore electrochemically driven
intercalation within battery coin cells. Finally, we layout the fundamentals for further stabilizing

the 1T phase using electron-donating impurity atoms.
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4.2 Introduction

Layered metal chalcogenides are an exciting family of materials with the general MX,
formula, where M is a metal (Mo, W, etc.) and X is a chalcogen (S, Se, Te). Similar to graphene
in graphite, these materials consist of individual two-dimensional (2D) layers stacked to form
hexagonal structures held together by only weak van der Waals interactions. The strong interest
in these 2D materials continues to be driven by the plethora of interesting physical phenomena
exhibited when charge and heat transport is confined to a single plane.'> Although much of the
significant development in 2D materials has focused on graphene, many of these same
approaches and paradigms can be applied to the MX, family of compounds. In fact, the MX,
materials can be envisioned for many more applications due their more complex crystal
structures and better intrinsic properties including, their band-gap which falls within the visible
spectrum. These more diverse properties motivate much of the contemporary research on 2D
MX; materials aimed to integrate these unique materials into high-performance electronic,
photonic, spintronic, thermal, and energy applications.*” Herein we show the utility of MoS,,
MoSe,, WS,, and WSe; as catalysts for the hydrogen evolution reaction and significant
enhancement in their catalytic activity after controlling their nanostructures and polymorph
behavior using simple intercalation chemistry.

MX, materials can exist in various polymorphs where subtle structural changes
dramatically affect electrical properties (Figure 4.1).°® MoS,, WSe,, and their related analogs
are found naturally in their semiconducting and thermodynamically favored 2H phase which is
described by two X-M-X layers stacked in a repeating “ABAB” unit built from edge-sharing
MXG trigonal prisms. Other polymorphs, such as the 3R phase, are still semiconducting and

trigonally prismatic structures, but differ slightly in the how the layers are stacked to form the
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bulk structure. Single layers of the semiconducting material have been isolated using mechanical
and chemical exfoliation methods. In contrast, the metallic 1T polymorph is described by a
single X-M-X layer composed of edge-sharing MX¢ octahedra, and is not naturally found in
bulk. Intercalation of alkali metals, such as lithium, into the van der Waals gaps induces the
phase change for MX, materials such as MoS; and WS,. Electron transfer from the intercalated
lithium s orbital into the d orbital of the transition metal destabilizes the trigonally prismatic 2H
phase and favors the octahedrally coordinated 1T phase. The 1T polymorph is known to be
metastable, even after removal of the intercalated lithium by reaction with excess water, which
generates H», causing the exfoliation of the material into single layer nanosheets. Annealing or
aging can expedite their transformation back into the thermodynamically favored 2H phase. It is
important and interesting to note that for certain MX2 materials (TaS; and NbS,), the 2H
structure type is actually metallic. The structural parameters and pertinent physical properties for

a variety of MX, materials are presented in Table 4.1.
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Figure 4.1. Crystal structure models illustrating the differences between the 1T-, 2H-, and 3R-
MX; polymorphs, highlighting the octahedral and trigonal prismatic coordination and of the
metal atoms. Projection along the c-axis reveals further contrast between the polymorphs. The

1 T-MX,; structure model was drawn using the crystallographic coordinates for the 1T-TiS,.
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Compound MoS, WS, MoSe, | WSe; ZrS, HfS, TaS; NbS, TiS, SnS, SnSe;
Crystal
System 2H 1T 2H 1T 2H 2H 1T 1T 2H 2H 1T 2T 2T
Lattice
Constant a
(A) 3.161 3.27 3.154 3.32 3.287 3.286 3.662 3.635 3.313 3.31 3.407 3.648 3.81
Lattice
Constant
c/2 (A) 6.149 n/a 6.181 n/a 6.463 6.492 5.813 5.837 6.034 5.945 5.6953 5.899 6.14
Bandgap 1.2 1.4 1.1 1.2 Semi-metal
(eV) (1.8) Metallic (1.9 Metallic (1.5) (1.7) 1.7 1.13 Metallic Metallic (1.0) 2.1 1.1

Table 4.1. Structural parameters and physical properties of a representative group of MX,

materials. Band gaps listed in parenthesis correspond to the confinement effects observed for

single layers.
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Although MX, materials have been traditionally used as hydrodesulfurization

9,10

catalysts, many exciting potential applications are envisioned for the future. More recently,

especially with the focus on nanomaterials, MX, materials have found applications as photo- and

116 Experimental'' and

electrocatalysts for the hydrogen evolution reaction (HER).
computational'” studies conclude the catalytically active sites are located along the edges of the
2D MX; layers where atoms are undercoordinated and present dangling bonds for the chemi- and
physiadsorption of species to be catalytically converted. In contrast, the basal surfaces are
catalytically inert because the M-X bonds are completely satisfied. Although these edges are
catalytically active, they are also thermodynamically unfavorable, which explains the propensity
of MX, to form closed-shell inorganic fullerene and nanotube structures when synthesized on the
nanoscale.'® While many other recent studies have focused on engineering the surface to

1921 this does not address the important

maximize the density of active edge sites for catalysis,
issues of poor bulk conduction and anisotropic electrical transport which can limit the overall
catalytic performance of MX,. To overcome these challenges, we have taken the approach of
controlling the synthesis of MX; nanostructures dominated by edges and manipulating their

polymorphs using simple intercalation chemistries to make MX; nanosheets highly competitive

earth-abundant catalysts for the HER.

4.3 Methods

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

4.3.1 Growth substrate preparation
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Spectroscopically pure graphite rods (99.9995%, Ultra F purity, Ultra Carbon
Corporation) cut into thin discs (6 mm diameter; ~0.4 mm thick) were polished to a near-mirror
finish using abrasive cloths. They are sonicated subsequently in 18 MQ deionized water for 10
min, then in aqua regia (3:1 concentrated HCI: concentrated HNO; for 10 min (to remove
remnant metal impurities), and then in 18 MQ deionized water for 10 min again, before they
were dried in an oven at 120 °C for 20 min. Molybdenum foils (0.1 mm thick, ~ 1 cm?),
fluorine-doped tin oxide on glass, Si(100)/Si0,, glass, and carbon paper were all cleaned by
sonication in acetone, isopropyl alcohol, and 18 MQ deionized water for 10 min each before they
were dried using nitrogen flow. Recycled substrates were first subjected to an aqua regia etch
(3:1 concentrated HCI: concentrated HNOs3) for 10 min to remove remnant materials and insure a

consistent reaction substrate.

4.3.2 Synthesis of MoS; nanostructures

In a home-built CVD reactor consisting of a 1 inch fused silica tube equipped with
pressure and gas flow controls placed in a single-zone tube furnace, alumina combustion boats
charged with 50 mg molybdenum chloride (MoCls, 95 %) and 200 mg elemental sulfur (99.5 %)
were placed outside of the tube furnace upstream of the prepared graphite substrates. The reactor
was evacuated and flushed three times with argon before it was back filled to the set-point
pressure of 770 Torr under an argon flow of 125 sccm and heated to 525 °C. The MoCls and
sulfur boats were pushed into the mouth of the furnace (1.5 cm for MoCls boat; 4.5 cm for sulfur
boat) using a magnet to initiate the reaction which lasts 20 min, then the furnace was cooled

naturally under argon flow.
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4.3.3 Synthesis of WS nanostructures

In a home-built CVD reactor consisting of a 1 inch fused silica tube equipped with
pressure and gas flow controls placed in a single-zone tube furnace, an alumina combustion boat
charged with 50 mg tungsten chloride (WCls, 99.9 %) and 200 mg elemental sulfur (99.5 %) was
placed outside of the tube furnace upstream of the prepared tungsten substrates. The reactor was
evacuated and flushed three times with argon before it was back filled to the set-point pressure of
770 Torr under an argon flow of 125 sccm and heated to 550 °C. The combustion boat were
pushed into the mouth of the furnace (1.5 cm) using a magnet to initiate the reaction which lasts

20 min, then the furnace was cooled naturally under argon flow.

4.3.4 Synthesis of MoSe; nanostructures (Kyle Czech)

In a home-built CVD reactor consisting of a 1 inch fused silica tube equipped with
pressure and gas flow controls placed in a single-zone tube furnace, alumina combustion boats
charged with 50 mg molybdenum chloride (MoCls, 95 %) and 200 mg elemental selenium (99.5
%) were placed outside of the tube furnace upstream of the prepared graphite or molybdenum
foil substrates. The reactor was evacuated and flushed three times with argon before it was back
filled to the set-point pressure of 770 Torr under an argon flow of 125 sccm and heated to 600
°C. The MoCls and sulfur boats were pushed into the mouth of the furnace (1.5 cm for MoCl;s
boat; 4.5 cm for sulfur boat) using a magnet and hydrogen flow was started at 0.75 sccm to
initiate the reaction which lasts 20 min, and then the furnace was cooled naturally under argon

flow.

4.3.5 Synthesis of WSe; nanostructures
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In a home-built CVD reactor consisting of a 1 inch fused silica tube equipped with
pressure and gas flow controls placed in a single-zone tube furnace, an alumina combustion boat
charged with 50 mg tungsten chloride (WCls, 99.9 %) and 200 mg elemental selenium (99.5 %)
was placed outside of the tube furnace upstream of the prepared tungsten substrates. The reactor
was evacuated and flushed three times with argon before it was back filled to the set-point
pressure of 770 Torr under an argon flow of 125 sccm and heated to 550 °C. The combustion
boat were pushed into the mouth of the furnace (1.5 cm) using a magnet to initiate the reaction

which lasts 20 min, then the furnace was cooled naturally under argon flow.

4.3.6 Synthesis of ReS; nanostructures

In a home-built CVD reactor consisting of a 1 inch fused silica tube equipped with
pressure and gas flow controls placed in a single-zone tube furnace, alumina combustion boats
charged with 50 mg rhenium chloride (ReCls, 95 %) and 200 mg elemental sulfur (99.5 %) were
placed outside of the tube furnace upstream of the prepared graphite substrates. The reactor was
evacuated and flushed three times with argon before it was back filled to the set-point pressure of
770 Torr under an argon flow of 125 sccm and heated to 525 °C. The ReCls and sulfur boats
were pushed into the mouth of the furnace (1.5 cm for ReCls boat; 4.5 cm for sulfur boat) using a
magnet to initiate the reaction which lasts 20 min, and then the furnace was cooled naturally

under argon flow.

4.3.7 n-Butyllithium intercalation and exfoliation
Inside an argon-filled glove box, the substrates covered with as-synthesized MX,

nanostructures were soaked in 3 mL n-butyl lithium (2.7 M in heptane or 1.6 M in hexanes)
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inside sealed vials for 6-48 h brought out of the glove box and could be heated to 60-80 °C. Bulk
MX, powder (99 %, 2 um) was used as received from Sigma-Aldrich. Microwave reactions
were carried out using a CEM microwave (Discover and Explorer) equipped with temperature
control maintained automatically at 80 °C for 10-60 min using approximately 200 W power.
Excess n-butyllithium was removed by rinsing the treated substrates with dry heptane, and then
the substrates were reacted with excess 18 MQ) deionized water. For the MoS, nanosheets on
graphite, these substrates were used directly after a gentle rinse with water. Exfoliated WS,
nanosheets were harvested from nanostructures originally grown on W foils which efficiently
delaminate from their substrates upon reaction with water after intercalation. To isolate
nanosheets from metal foils, the MX, nanosheets reacted in water were centrifuged in an
Eppendorf 5415D tabletop centrifuge at 13,200 rpm for 15 min. The supernatant was removed,
and the product was washed twice more with 18 MQ deionized water to ensure complete

reaction of intercalation lithium before being suspended in 1 mL of isopropyl alcohol.

4.3.8 Battery coin cell lithiation and exfoliation

As-grown MX; nanostructures synthesized directly on spectroscopically pure graphite
planchets (Ted Pella; 15 mm diameter x 1.6 mm thick) or carbon paper (Fuel Cell Earth, LLC;
15 mm diameter x 0.19 mm thick) were packed into a 2032-type coin cell using 1 M LiPF¢
dissolved in 1:1 (v:v) ethyl carbonate(EC)/dimethyl carbondate (DMC) as the electrolyte, a
polyethylene membrane, a lithium foil (>99%, 15.6 mm diameter; 0.45 mm thick) as the anode, a
stainless steel spacer, and spring. After aging the cells overnight to ensure system equilibrium,
typical open-circuit voltages of ~2.9 V were observed. Discharge and cycling tests were done on

a multi-channel battery analyzer (MTI BST8-WA) operated using Neware software at room
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temperature in a voltage window of 3.0-1.0 V vs. Li"/Li under a constant current of 100 mA g’
relative to the mass of MX, as measured by an analytical microbalance. Discharged or cycled
substrates were recovered by carefully opening the coin cells using pliers and gently rinsing the
substrate with propylene carbonate to remove any adsorbed electrolyte. Substrates were then
reacted gently using isopropyl alcohol, ethanol, methanol, and 18 MQ water sequentially to
minimize the loss of material due to violent H, evolution while still ensuring all of the

intercalated lithium was reacted.

4.3.9 Structural characterization

SEM was performed using a LEO Supra55 VP microscope operating at 3 kV. PXRD
data were collected using a Bruker D8 advanced powder diffractometer (Cu Ka radiation) on as-
synthesized nanostructures still on their growth substrates (graphite, metal foil, etc.) or harvested
nanostructures dispersed on glass substrates. Background from the glass substrate was
subtracted where appropriate. TEM samples were prepared by gentle sonication and dropcasting
onto lacey carbon supported TEM grids. HRTEM of the MX, nanostructures and nanosheets
was performed using an aberration-corrected FEI Titan scanning transmission electron
microscope operated at an accelerating voltage of 200 kV in TEM mode. Electron diffraction of
the exfoliated MoS; nanosheets was collected using a FEI T12 microscope operated at an
accelerating voltage of 120 kV. Raman spectra were taken using a Thermo Scientific DXR

confocal Raman microscope using a 532 nm excitation laser.

4.3.10 Electrochemical characterization
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Electrochemical measurements were performed using a rotating disk electrode (BASi,
RDE-2) in a three-electrode electrochemical cell using a Bio-Logic SP-200 potentiostat. All
measurements were performed in 50 mL of 0.5 M H,SOuq) electrolyte (pH = 0.16) prepared
using 18 MQ deionized water purged with H, gas (99.999%), using MX, on graphite disks as the
working electrode, a graphite rod as a counter electrode, and a saturated calomel (SCE) reference
electrode (CH Instruments). The MX, grown directly or cast (2 x 3 uL drops) onto graphite
disks prepared as described for growth substrates were mounted on top of the embedded glassy
carbon RDE electrodes using colloidal silver paint (Ted Pella). As a comparison, a standard Pt
disc (4 mm diameter, Ted Pella) was mounted to the glassy carbon RDE electrode using the
same method. The reversible hydrogen electrode (RHE) was calibrated using platinum as both
working and counter electrodes to +0.260 V vs. the SCE reference. The performance of the
hydrogen evolution catalyst is measured using linear sweep voltammetry beginning at +0.30 V
and ending at —0.45 V vs. RHE with a scan rate of 3 mV/s when the working electrode is rotated
at 2000 rpm. Electrochemical impedance spectroscopy was performed when the working
electrode was biased at a constant —0.250 V vs. RHE while sweeping the frequency from 5 MHz
to 10 mHz with a 10 mV AC dither. The impedance data were fit to a simplified Randles circuit
to extract the series and charge transfer resistances. The electrochemical stability of the catalyst
was evaluated by cycling the electrode at least 500 times; each cycle started at +0.10 V and
ended at —0.45 V vs. RHE with a scan rate of 50 mV/s while rotating the working electrode at
2000 rpm. Cyclic voltammograms taken with various scan rates (20, 40, 60 mV/s, etc.) were

used to estimate the double-layer capacitance were collected in the 0.1-0.2 V vs. RHE region.

4.4 Results and Discussion
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4.4.1 Synthesis of MX, nanostructures

The chemical vapor deposition synthesis of MX, nanostructures takes advantage of the
rich chemistry of volatile metal halides and elemental chalcogen precursors. Drawing on our
previous experience for synthesizing complex, hierarchical nanostructures of other metal
chalcogenides (PbS, PbSe, etc),”>** our optimized growth conditions enabled high-density
deposition of MX, nanostructures on a variety of substrates. This highly tunable synthesis offers
the distinct advantages of (1) the dense M X, flakes are dominated by edges (Figure 4.2), thus
increasing the density of active sites, and (ii) the direct growth on conductive substrates
(graphite, carbon paper, FTO, etc.) results in high-quality, low-electrical-loss contact to the 3D

nanostructured catalyst.



Figure 4.2. SEM images of as-grown (a) MoS;, (b) WS,, (c) MoSe,, (d) WSe,, and (e) ReS,

nanostructures
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4.4.2 TEM characterization of MX, nanostructures

TEM reveals the as-grown MX, nanostructures are highly crystalline and multilayered
open structures (not inorganic fullerenes) which can be indexed unequivocally to their expected
stable and thermodynamically favored 2H polymorphs. Not surprisingly, the nanostructures are
often found along their [001] zone axis, but they can also be found along other stereographically
similar axes. The HRTEM images show the nanoplates are well ordered with many edges
making them especially appropriate for HER catalysis. MoS, (Figure 4.3a-c), WS, (Figure 4.3d-
f), and WSe; (Figure 4.3g-1) nanostructures index to their [-111], [001], and [201] zone axes,

respectively.



[201] Z:EVVSeZ
Figure 4.3. TEM images of as-grown (a-c) MoS,, (d-f) WS,, and (g-1) WSe; nanostructures

with corresponding indexed electron diffraction or fast Fourier transform patterns.
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4.4.3 SEM and TEM characterization of exfoliated MX, nanosheets

Electron microscopy shows a clear difference in the materials after chemical exfoliation.
SEM imaging reveals the overall nanosheet morphology is preserved and the nanostructures are
still dominated by edges, although the chemically exfoliated MX, nanosheets are more
disordered and compressed to their substrates (Figure 4.4a, €). The lack of contrast is also
indicative of a change in their physical properties: they are now much more conductive, and
therefore, do not differentially charge with respect to their underlying conductive substrates.
TEM images confirm the nanosheets are still open structures, and have not changed into
inorganic fullerenes (Figure 4.4c, g). In the case of MoS,, the exofoliated sheets are unstable
under 200 kV imaging conditions (Figure 4.4b), making a HRTEM study impossible. The WS,
nanosheets seem to be more stable during high-resolution imaging (Figure 4.4f). Careful
electron diffraction study at lower accelerating voltages shows the expected symmetry and
corresponding increase in lattice constant for both MoS, and WS, (Figure 4.4d, h).”>*® The 1T-
MoS; nanosheets are observed to be mostly phase pure. The electron diffraction from WS,
nanosheets are more suggestive of a mixed phase product consisting of both 1T and 2H material.
The supperlattice reflections corresponding to the 1T phase in WS, are highlighted with red

circles.
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Figure 4.4. SEM and TEM images of exfoliated 1T nanosheets for (a-d) MoS, and (e-h) WS,.
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4.4.4 PXRD characterization of as-grown MX, nanomaterials and their exfoliated
nanosheets

As-grown MX, materials on a variety of substrates (metal foils, graphite, harvested and
dispersed on glass, etc.) were characterized using PXRD (Figure 4.5). For MoS; and WS,, sharp
peaks corresponding to the graphite substrate (graphitic planchets or carbon papers) are also
present. For MoSe,, the sharp peak near 58° corresponds to the Mo foil substrate. Strong
reflections (i.e. (002), (004), etc) illustrate the long-range order of the as-grown nanostructures
along the c-axis. From these results, it is clear that the as-grown nanostructures are phase-pure
2H-MX,. Interestingly, these reflections are completely destroyed after chemical exfoliation
for MoS,, and severely diminished for WS,. This reflects the efficient exfoliation of the
nanostructures into single sheets of the 1T polymorph which does not have a lattice constant
along the c-axis since it is a 2D structure. In the case of WS,, the propensity of the 1T material

to restack into its thermodynamically favored polymorph is confirmed by the presence of the

(002) reflection.
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4.4.5 Raman characterization of as-grown MX, nanomaterials and their exfoliated
nanosheets

As-grown MX, materials on a variety of substrates (metal foils, graphite, etc.) were
characterized using Raman spectroscopy (Figure 4.8). Substrate choice does not influence the
Raman signal as long as there are more than a few (1-4) layers of the MX, material. Strong
characteristic peaks (e.g. 384 and 410 cm™ for MoS;) are seen for each material. After
exfoliation, some materials show new peaks corresponding to the 1T phase and weakened peaks
corresponding to the 2H polymorph. In all cases, the 2H peaks are broadened. For the case of
MoS;, a phase pure 1T sample would be devoid of any peak at 383 cm™, but new peaks arising at

156, 236, and 330 cm™' should be more prominent.”’28

This near phase pure characteristic is
seen for the MoS; grown on carbon paper and cycled in the coin cell (Figure 4.8a pink trace).
This was never repeated, even for material grown on carbon planchets and cycled in the same
manner. The Raman data also illustrate the utility of the microwave-assisted intercalation

method, showing the same efficient conversion and exfoliation can be obtained in only a fraction

of the time (20 min vs. 48 h) required for the oven heated intercalation.
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4.4.6  Electrocatalytic performance of chemically exfoliated MoS; nanosheets intercalated
with n-butyllithium and LiPFg

1T-MoS; nanosheets exfoliated by different means are compared for their electrocatalytic
HER performance. Although our recent report on exfoliated MoS; nanosheets focuses solely on
the intercalation reaction using n-butyllithium solution heated in an oven® here we also explore
using microwave chemistry to expedite the intercalation (Figure 4.7)% Although the harvested
MoS, exfoliated nanosheets still perform very well, the low-loss electrical address provided by
the direct synthesis and exfoliation on graphite substrates is clearly the optimized method (Figure
4.7a,b). The harvesting method also introduces potential variability in the cast films, which may
cause help explain its slightly decreased performance. Microwave intercalation for harvested
nanosheets produces very competitive HER performance in just a fraction of the time (20 min vs.
48 h). Interestingly, the microwave intercalation for nanosheets synthesized directly on graphite
does not perform as well. This likely reflects the need to further optimize the microwave
conditions for the future. These trends in HER activity observed in the polarization curves are
further reflected by the Nyquist plots (Figure 4.7¢c) showing the series (all ~4 Q) and charge
transfer resistances (as-grown: 232 Q; oven harvest: 11 Q; microwave harvest: 7 QQ; microwave
graphite: 43 Q; oven graphite: 4 Q). Additionally, we also present the catalytic properties of
nanosheets produced from electrochemically controlled Li intercalation reactions carried out in a
battery coin cell using LiPFg as the lithium source (Figure 4.8). Using a battery analyzer, which
applies a constant current density to drive the lithium intercalation, we can more quantitatively
control the extent of lithiation, and even electrochemically remove some of the intercalated
lithium. Practically, we can never electrochemically remove all of the lithium since the 1T phase

is metallic and generally causes the coin cell to short-circuit. The choice of substrate used for the
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coin cell intercalation is also important (Figure 4.8a, b). The substrates used for the
electrochemical lithiation must conform to the size (15.6 mm diameter) of the 2032 coin cell.

The graphite planchet is a larger, commercially available versions of the graphite disks normally
used in the n-BuLi intercalation while the carbon paper is a very porous (>70%) substrate
comprised of graphitic carbon fibers. Although the extent of lithiation may be more complete for
the carbon paper thanks to its enhanced solid-electrolyte surface contact, the ultimate
performance is likely limited by the large pores of the substrate which present other practical

challenges when silver colloid is used to electrically address the electrodes to the RDE tips.
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Figure 4.7. Polarization curves showing the electrocatalytic performance of 1T-MoS,
nanosheets produced from different modes of lithium intercalation using n-butylltihium at (a)

higher and (b) lower potentials. (c) Nyquist plots from EIS further contrast the differences in the

1T-MoS, nanosheets.
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Figure 4.8. Polarization curves showing the electrocatalytic performance of 1T-MoS,
nanosheets produced from coin cell intercaltation using LiPFg at (a) higher and (b) lower

potentials. (c) Nyquist plots from EIS further contrast the differences in the 1T-MoS; nanosheets.
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4.4.7 Electrocatalytic performance of chemically exfoliated WS> nanosheets intercalated
with n-butyllithium and LiPFg

1T-WS; nanosheets exfoliated by different means are compared for their electrocatalytic
HER performance. Although MoS, and WS, are very similar compounds, their intercalation
chemistry and behavior of exfoliated nanosheets are surprisingly different. The lithium
intercalation reaction is much more difficult for WS,.>° To mitigate these issues, we heat the
reaction to higher temperatures (80 °C vs. 60 °C for MoS,). The most important difference in the
behavior of the exfoliated WS, nanosheets manifests itself during the reaction with water. The
violent generation of H; causes the delamination of WS, nanostructres from the substrate
(graphite, W foil, etc.). Not surprisingly, this results in very poor HER performance (Figure.
4.9a,b). We also encounter the same issues after electrochemical intercalation in the battery
coin cell using LiPF¢. Although the delamination of active WS, material can be alleviated to
some degree by electrochemically removing some lithium and the more gentle reaction of the
remaining lithium with alkyl alcohols, the performance is ultimately limited by the unavoidable
loss of active material (Figure. 4.10a, b). To overcome this issue, we change the procedure
completely and we take advantage of such delamination behavior by more easily harvesting the
exfoliated nanosheets from the tungsten foils used as the original growth substrate.

We then drop-cast these harvested nanosheets onto graphite disks for electrochemical
measurements. Here it is important to note 1T-WS; nanosheets achieve 10 mA/cm? current
densities at the extremely low overpotential of —142 mV vs. RHE (Figure 4.9b). We believe this
is the new overpotential benchmark for any non-precious metal HER catalyst. Moreover, we
further extend our microwave methodology and show equivalent HER performance can be

obtained from nanosheets produced from both microwave-assisted and traditional oven
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intercalation methods. These trends in HER activity observed in the polarization curves are
further reflected by the Nyquist plots (Figure 4.9¢ and 4.10c) showing the series (all ~4 QQ) and
charge transfer resistances (as-grown: 200 ; oven harvest: 6 Q; microwave harvest: 5 Q;
microwave graphite: >1000 Q; full-cycle battery coin cell: 410 €; discharge-only battery coin

cell: 422 Q).
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4.4.8 Electrocatalytic performance of chemically exfoliated MoSe, nanosheets intercalated
with n-butyllithium

MoSe; nanostructures were grown on molybdenum foils using the synthetic method
described above. Interestingly, these nanostructures could not be successfully grown directly on
graphite. It is likely that some initial selenization reaction of the Mo foil helps with the
subsequent nucleation and growth of the MoSe, nanostructures. As-grown MoSe;
nanostructures harvested from Mo foils and drop-cast onto graphite disks for electrochemical
measurements exhibit similar HER activity as compared to 2H-MoS, and 2H-WS; either grown
directly on or drop-cast onto graphite disks. Similar to WS, nanostructures, MoSe;
nanostructures can be easily lithiated using a microwave-assisted intercalation method (80 °C for
20 min) and subsequently reacted with water, thus causing their delamination from the Mo foil
growth substrate. The harvested nanosheets are then cast onto graphite disks for catalytic
measurements. The exfoliated MoSe; nanosheets show significantly enhanced HER activity
(Figure 4.11a, b), where significant electrocatalytic current densities (j = 10 mA/cm?) is achieved
at only —203 mV vs. RHE after correction for iR losses (c.f. 1T-MoS; requires —187 mV vs.
RHE). This also exceeds the performance of other recently published accounts of carefully
engineered MoSe, for the HER.*' The corresponding Nyquist plots (Figure 4.11c) confirm the
more facile electrode kinetics exhibited by the 1T-MoSe, nanosheets (Rs =3 Q; R = 6 Q) make
it a particularly useful HER catalyst with dramatic improvements over the as-grown MoSe2
nanostructures (R =5 Q; R =23 Q). Tafel analysis of the catalytic behavior (Figure 4.11d)
further illustrates the dramatic improvement in HER activity exhibited by the exfoliated MoSe;

nanosheets (63 mV/decade) as compared to the as-grown MoSe; nanostructures (87 mV/decade).
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Figure 4.11. Polarization curves showing the electrocatalytic performance of exfoliated MoSe,
nanosheets produced from microwave intercalation using n-butyllithium at (a) higher and (b)
lower potentials. (¢) Nyquist plots from EIS further confirm the facile electrode kinetics
exhibited by the exfoliated MoSe, nanosheets. (d) Tafel analysis further illustrates the dramatic

improvement in HER activity exhibited by the exfoliated MoSe, nanosheets.
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4.4.9 Electrocatalytic performance of chemically exfoliated WSe; nanosheets intercalated
with n-butyllithium and LiPFg

WSe; nanostructures were grown on both graphite substrates and tungsten foils using the
synthetic method described above. As-grown WSe, nanostructures exhibit similar catalytic HER
activity compared to other as-grown MX, materials. However, chemical exfoliation of WSe,
substantially differs from its similar analogs. Although lithium intercalation can be
accomplished using oven or microwave-assisted heating methods, the exfoliated WSe; is very
prone to oxidation. Even during isolation of the exfoliated WSe, nanosheets, the initially black
product is observed to change color to a red hue. Electrochemical measurements show very poor
activity for the HER (Figure 4.12a, b). Battery coin cell intercalation seems to improve the
catalytic activity slightly, although these substrates also exhibited visual signs of oxidation. The
corresponding Nyquist plots (Figure 4.12¢) confirm the WSe, nanosheets do not show the facile
electrode kinetics exhibited by other exfoliated MX, nanosheets (as-grown: 445 Q; n-BuLi oven
graphite: > 1000 Q; n-BuLi oven harvest: >1000 Q; battery coin-cell discharge: 817 Q). It is
important to note that some of these EIS data fittings are not consistent with the polarization data
(e.g. the best polarization curve is the battery coin cell discharge, but EIS data taken after the
LSV data show larger R than the as-grown WSe,). This can be attributed to product
decomposition during measurement. Though chemical exfoliation can significantly increase the
catalytic activity of MX, materials, there is no question that certain materials are still more
appropriate for hydrogen evolution than others. WSe; is still interesting for many other

applications, but HER catalysis is probably not utilizing its properties to the fullest capabilities.



112

— -20 %so-grown WSe, L 9 8o
c —48 h g0 "C oven t o B
O _30-J i WSe, on graphite , g 0
E ~—48h 60 °C oven ; L°
= -40+ BuLi harvest WSe, s 48 h 60 "C oveh
TgBuLi harvest WSe,

% as-grown WSe,
#1 o WSe,on gsaphite planchet
4 i discharge only coin cell

T T T T T T T T T T T T T T T
-0.4 -0.2 0.0 0.2 -0.30 -0.20 -0.10 0.0 200 400 600 800
Potential (V vs RHE) Potential (V vs RHE) Re(Z)/Ohm

Figure 4.12. Polarization curves showing the electrocatalytic performance of exfoliated WSe;
nanosheets produced from microwave and coin cell intercalation at (a) higher and (b) lower
potentials. (c) Nyquist plots from EIS further confirm exfoliated WSe, nanosheets are not as

catalytically active as other MX, compounds.
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4.4.10 Electrocatalytic performance of as-grown ReS, nanostructures

Although rhenium is not an earth-abundant element, ReS; is another interesting material
from the MX, family. The growth of pure ReS, nanostructures is actually just a precursor to the
eventually goal of doping other earth-abundant MX, materials with Re. Doping exfoliated group
6 MX; nanosheets with electron-rich impurities atoms (like Re) chould further stabilize the
metastable 1T phase,” even after the lithium atoms are removed by reaction with water. Past
studies have shown solubility of Re in MX is only on the order of 0.1 %.** Quantification or
even qualitiative confirmation of nanostructured doping can be very challenging, but since this
doping strategy is envisioned to stabilize the 1T phase, the success of our approach will be first
judged by this operation criterion. Incorporation of the Re dopant is likely to be most
homogeneous if accomplished during the CVD growth. For this reason, the growth of ReS;
nanostructures was carried out at the typical reaction conditions for MoS; and WS,.
Electrochemical tests on the as-grown ReS; nanostructures on graphite show relatively
promising HER activity as compared to other as-grown group 6 MX, materials (Figure 4.13).
Since we intend on using this as a starting point for doping experiments, no further exfoliation

experiments were done for ReS,.
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4.5 Conclusions

We have shown the utility of our synthetic method to grow a wide variety of MX,
materials having a broad range of potential applications. Moreover, the significant enhancement
in catalytic activity exhibited by the chemically exfoliated nanosheets is a general phenomena
and not only applicable to MoS,. We use a variety of physical characterization tools including
SEM, TEM, Raman, PXRD, CSAFM, XPS, and UPS to show the fundamental differences
between the as-grown and chemically exfoliated nanosheets. The 1T-MX, materials not only
have a higher density of active edge sites, but their catalytic properties have actually been
optimized in that the free energy of hydrogen adsorption is likely to be closer to equilibrium.
This explains the better performance, especially at lower overpotentials. Beyond these
previously unexploited features, we have also laid the fundamental groundwork for the next
phase of the project where we target the stabilization of the metastable 1T polymorph by doping
with electron-rich impurity atoms. Clearly, a bright future lies ahead for these fundamentally

interesting and high-performing earth-abundant MX, materials.
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Chapter 5
Improved Synthesis and Electrical Properties of Si-Doped a-Fe,0;

Nanowires”

5.1 Abstract

We report an improved method to synthesize a-Fe,Os (hematite) nanowires (NWs) via
thermal oxidation that significantly reduces reaction time while improving NW density and
uniformity. Stress introduced by shot-peening the starting steel foils and the relief of such stress
seems to play an important role in promoting uniform one-dimensional growth. Water vapor is
also shown to strongly influence both density and morphology of the grown nanostructures.
Furthermore, while the as-grown NWs exhibit the high average resistivity (4x 10% £ 4x 10> Q-m)
associated with undoped hematite, chemical vapor deposition of silane coating these NWs,
followed by an annealing step, produces silicon doped a-Fe,O3 NWs that exhibit a significantly
improved average resistivity of 4x10” + 6 x 10~ Q-m. High resolution electron microscopy,
elemental mapping by EDS, and further study of their electrical properties attribute the increased
conductivity to lattice doping. These doped hematite NW arrays are promising candidates for

potential application as photoanodes in photoelectrochemical solar cells.

* This chapter was originally published in J. Phys. Chem. C 115, 12388. It was prepared in collaboration with S. Jin.
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5.2 Introduction

Hematite (a-Fe,03) is an intrinsic n-type semiconductor with an indirect bandgap of 2.1
eV." This theoretically allows the utilization of approximately 40% of the solar spectrum, which
is significantly more than other wide band gap semiconductors, such as TiO,.>” Combined with
its electrochemical stability, low toxicity, wide abundance, and low-cost, hematite is a
particularly attractive material for use in photoelectrochemical (PEC) cells.”” Additionally,
hematite has also found applications in gas sensing, '’ field emission,'' heterogeneous catalysis, '
and as lithium-ion battery electrodes."

However, pure a-Fe,Os is a notoriously poor semiconductor, with very high electrical
resistivity, sluggish surface kinetics,” low mobility, and rapid electron-hole recombination

15,16 :
? Furthermore, while a-Fe,O;

rates,'* consequently resulting in short carrier diffusion lengths.
is actually one of the few semiconductors with a valence band edge position suitable for oxygen
evolution, the conduction band edge of hematite is slightly below the H'/H; redox potential, thus
requiring an applied electrical bias to generate hydrogen.* One potential solution to the
traditional problems associated with bulk a-Fe,Os is to use high aspect ratio nanowires (NWs) as

the photoelectrode.”! "%

In this configuration, light absorption is allowed to occur along the
longer axial dimension of the NW, while carrier separation occurs by diffusion across the much
shorter orthogonal radial dimension.'” This mitigates the problems associated with poor carrier
transport in hematite, and this advantage is becoming increasingly clear in recent reports of
improved performance in various forms of hematite nanomaterials for PEC application.”*' Tt
is important to note that even for NW photoelectrodes, precise control over morphology and

dopant concentration is still essential to optimizing efficiencies.”® Furthermore, quantum

confinement effects could be used to tune the band edge positions>” and may allow for the direct
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reduction of water without an applied bias. Regardless of the ability to reduce water, hematite
remains an interesting material with potential application as a photo-anode in a tandem-cell
. 28
configuration.
While nanostructures and thin films of hematite doped with a variety of impurity

8,9,22,24.25.29.30
””” there are much

elements have been extensively explored as potential photoanodes,
fewer reports using high aspect ratio a-Fe,O3 NWs for their potential applications in PECs. It
was first reported by Takagi in the late 1950s that simply heating pure iron in an oxygen
atmosphere resulted in the formation of a-Fe,O3 whiskers.*! Although there have been a number
of recently published reports on the traditional thermal oxidation of iron foils,**** the NWs are
often not uniform or not observed in high yields. Those procedures resulting in denser growth
require extremely long oxidation times (tens of hours) and/or harsh oxidizing environments.
Recently, there have been interesting new reports using oxidation-related techniques such as
resistive heating”” and combustion-flame synthesis*® methods that yielded high density, uniform
NWs in short reaction times. Furthermore, the as-grown NWs resulting from any of these simple
oxidation reactions are not doped, and are therefore expected to be poorly conductive. It has
been noted that improved performances in a-Fe,Os are observed when the structures are properly
doped by subjecting them to a high temperature anneal to encourage dopant incorporation.”**
However, very little is known about the electrical properties of a-Fe,Os NWs, or their doped

37,38
counterparts. 7

Herein, we report the improved thermal oxidation synthesis of a-Fe,O3; NWs
accomplished by shot-peening the steel foils before oxidation and controlling the water vapor

content during the reaction. Moreover, we show a significant increase in observed electrical

conductivity after successfully doping the a-Fe,O; NWs with silicon. Our doping method is not
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limited to a-Fe,O3; NWs grown by thermal oxidation. In principle, this strategy can be applied to

a-Fe,03 NWs grown by other routes,’” and potentially other materials as well.

5.3 Experimental Section

5.3.1 Preparation of Steel Growth Substrate

0.005” thick sheets of 1008/1010 low carbon steel shim stock obtained from McMaster-
Carr are first homogenously work hardened by shot peening their surface with ~500 um diameter
stainless steel beads at ~0.3 MPa for approximately 5 sec, or until the surface appears uniform.
These shot peened sheets are cut into approximately 1 cm x 1 cm foils that are subsequently
sanded by hand and etched in concentrated HCl solution for 1 min to remove any native oxide
layers. These etched foils are then cleaned by ultrasonication in acetone for 10 minutes, rinsed,
and blown dry with N,. The resultant foil does not appear polished, but rather dull, and

characteristic of freshly exposed metal.

5.3.2 Thermal Oxidation Nanowire Synthesis

The a-Fe,O3 NWs were synthesized in a home-built reactor consisting of a 1” fused
silica tube placed in a single-zone tube furnace (Lingberg\ Blue M) equipped with pressure and
multiple-gas flow controls. Although the procedure is fairly robust to various reaction
parameters, the optimal conditions to form a-Fe,O3; nanowires are outlined below. The pre-
treated foil is placed at the center of the furnace, and the tube is evacuated and flushed three
times with argon gas. The tube is heated under vacuum to a temperature of 600 °C. Once the
set-point temperature is reached, oxygen gas is flowed at a rate of 150 sccm at a pressure of 760

torr. Once the pressure is stable, hydrogen gas is co-flowed at a rate of 10 sccm; this generates
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trace amounts of water vapor in situ, which is observed to accelerate the reaction. (Safety
warning: heating certain mixtures of H, and O, can result in an explosion. Consult a combustion
reference for the explosion limits of the system.40) While NWs are observed to grow within
minutes, the reactions are generally terminated after 60 mins by stopping the flow of oxygen and
hydrogen, and allowing the tube to cool to room temperature. By tuning reaction parameters
such as temperature and the amount of water vapor, a variety of different morphologies can be

reproducibly grown.

5.3.3 Silicon Doping of a-Fe;03; Nanowires

As-grown a-Fe;O; NWs on the steel substrates are placed at the center of a tube furnace
in a chemical vapor deposition (CVD) setup. The tube is evacuated and flushed three times with
helium gas, and is then heated to 500 °C under a constant inert He flow of 100 sccm with an
overall system pressure of 760 torr. Once the set-point temperature is reached, 1 sccm of silane
(10% SiH4 diluted in He) is first introduced and decomposed over the NWs for 30 sec to result in
the coating of silicon on the a-Fe;O3 NWs. Then the reactor is evacuated and flushed with 100
scem He flow at 760 torr and further annealed at 800 °C for 30 mins to encourage homogeneous

lattice doping of silicon.

5.3.4 Nanowire Characterization

The morphology and density of the as-grown products was examined using scanning
electron microscopy (SEM) with a LEO SUPRA 1530 operating at 3 kV. Powder X-ray
diffraction (PXRD) on the as-grown substrates was collected using a Siemens STOE

diffractometer with Cu Ka radiation. High resolution transmission electron microscopy
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(HRTEM) and electron diffraction analysis (ED) was done using a Phillips CM200, operating at
200 kV. Elemental maps of the Si-doped a-Fe,O; NWs were collected using energy dispersive
X-ray spectroscopy (EDS) inside a FEI TITAN aberration corrected scanning transmission
electron microscope (STEM) operating at 200 kV. Samples for STEM/EDS analysis were
prepared by subjecting the Si-doped a-Fe,O3; NWs to an additional annealing step in air at 150
°C for 10 mins. These twice annealed NWs are then exposed to a buffered HF solution (Buffered
HF Improved, Transene Inc.) for 3 sec before deposition onto a lacey carbon TEM grid for

analysis.

5.3.5 Electrical Device Fabrication and Measurements.

Two-terminal and four-terminal NW devices were fabricated using standard
photolithography and electron-beam lithography methods, respectively, to define the electrodes
on degenerately doped silicon substrates with a 100 nm thermal oxide. A simple developer
solution (1:3 methyl-isobutyl ketone: isopropyl alcohol) is used to dissolve the degraded
polymer, and an oxygen plasma descum step (100 W for 30 sec) is employed to remove any
residual organics that may otherwise impede ohmic electrical contact. Iron electrodes (150 nm
thick) were deposited using electron beam metal evaporation. Prior to electrode deposition, no
HF etch step is employed, unless otherwise noted for the specific purpose of determining the
origin of the increased electrical conductivity. For the HF etched NW devices, the entire NW is
exposed to a buffered HF solution (Buffered HF Improved, Transene Inc.) for 5 sec before the
devices are fabricated. Room temperature transport measurements were performed on a probe

station with a custom -V transport setup.
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5.4 Results and Discussion

5.4.1 Nanowire Growth and Morphology
Our initial thermal oxidation experiments following the general procedures outlined by

333441 showed that while NW growth was always observed, results were inconsistent

past reports
and the density over the whole substrate was neither sufficient nor uniform (Figure 1A). These
experiments were done using steel foils that had not been shot-peened, or intentionally cold-
worked in any way. We further noticed that denser NW growth was always seen near the cut
edges of the foil (Figure 1A inset), or areas where the foil had been inadvertently scratched.
These areas share the common characteristics of having freshly exposed iron and high local
concentrations of stress due to the mechanical deformations introduced by cutting or scratching.
These observations prompted us to homogenously cold-work the starting steel foils by shot-
peening, which involves shooting small stainless steel balls (shot) at a target (the steel foils).
Shot-peening is a common procedure used in engineering to work-harden metal alloys used in
mechanically abrasive applications. It has been shown that shot-peening dramatically increases
the dislocation density in the target substrates.*> Along with the brief acid etch and subsequent
cleaning steps outlined in the experimental section, these treatments should act to not only ensure
consistent surfaces for each reaction, but it may also further expose dislocations and other
defects that might be beneficial for NW growth.*** A dramatic improvement in NW density

and uniformity is observed for the steel foils having been shot-peened before the oxidation

(Figure 1B).
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Figure 5.1. Representative SEM images of a-Fe,O; NWs showing experimental effects of shot
peening and water vapor introduction. All substrates were oxidized for 60 mins at 600 °C. A)
pristine substrate, no water vapor. Inset SEM image contrasts the NW density observed at the
edges of the oxidized foil; B) shot peened substrate, no water vapor; C) pristine substrate, with
water vapor present during oxidation (150 sccm O, and 10 sccm H»); D) shot peened substrate,
with water vapor present during oxidation (150 sccm O, and 10 sccm Hy). Insets in panels A and

D show the physical appearance of the substrates before and after oxidation.
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Along with shot-peening the starting steel foils, the effect of introducing water vapor (by
co-flowing oxygen and hydrogen gases) is also investigated. Compared to a dry oxygen
environment (no hydrogen gas co-flow), a pristine substrate oxidized in the presence of water
vapor (but not shot-peened) exhibits denser growth (Figure 1C). In general, trace amounts of
water vapor are observed to accelerate the oxidation by promoting nucleation and nanostructure
growth. In addition to providing another oxidizing species, the water vapor generated in situ is
also expected to catalyze the decomposition of oxygen gas required for the subsequent oxidation
of the iron species.* The importance of water vapor for quick and dense NW growth has been
pointed out in the literature before.***® Simultaneously utilizing shot-peening and introducing
trace amounts of water vapor results in a high density of uniform NW growth across the substrate
(Figure 1D). The differences in physical appearance between the steel foils are also striking.

The pristine foil appears relatively lustrous and typical of average steel, while the shot-peened
and acid treated foil appears relatively dull and characteristic of freshly exposed metal. After the
standard 60 min oxidation, the untreated foils have only a faintly rusted appearance (Figure 1A
inset), whereas the shot-peened foils oxidized in the presence of water vapor have an almost
black, deep-red color (Figure 1D inset). Most of the NWs have a length of 5 — 10 um and
diameters of 20 — 100 nm. The density, uniformity, and overall quality of the synthesized NWs
are remarkable considering the relatively short amount of time and mild reaction conditions
compared to previous thermal oxidation reports which require many hours (10 — 72 hours) and/or
harsh oxidizing environments for comparable NW density and uniformity.**>*

Varying the reaction temperature and water vapor concentration led to controllable
formation of different morphologies (Figure 2). The optimal conditions for NW growth are a

balance of oxidation temperature and a relatively moderate concentration of water vapor. Dense
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NW growth is observed across the steel foils using oxidation conditions of 150 sccm O, and 10
scem H; at 600 °C for approximately 60 mins (Figure 2A). Typically, there are always some
small areas showing a distribution of more varied morphologies, including both NWs and plates
(Figure 2B). These areas become more common as the substrate size is increased. Blade-like
NWs and nanobelts (NBs) are more prevalent as oxidation temperatures are increased to 650 °C,
and their formation can be further encouraged by increasing the water vapor concentration; this
is accomplished adjusting the gas flows to be 150 sccm O, and 15 scem H; (Figure 2C). Plates
are observed to primarily form at lower temperatures, with more selective growth in atmospheres
rich in water-vapor. Typical reaction conditions that yield plates are 150 sccm O, and 15 sccm
H, at 500 °C (Figure 2D). From these results, it becomes evident that the introduction of water
vapor into the oxidation atmosphere not only accelerates the oxidation, but also affects the
morphology of the as-grown nanostructures. Sometimes larger and more irregular structures are
also observed to form around dense areas of NW growth (Figure 2E), though is not clear exactly
what influences the growth, as their formation is sporadic and not attributable to a single set of
reaction conditions. It is likely that these more irregular structures are due to impurities and
inhomogeneities present in the low-carbon steel growth substrate. Rough and jagged plates with
NWs growing from the tips are observed to sometimes form in oxidation conditions of 150 sccm
O, and 12 scecm H; at 550 °C (Figure 2F). It is emphasized that while these last two
morphologies have been observed, their occurrence is irregular and very rare. Overall, the
optimal conditions outlined generally yield remarkably uniform and dense nanostructured growth

of tunable morphology.
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Figure 5.2. Representative SEM images showing morphology variations in a-Fe,Os3. All
samples oxidized for 60 mins. A) Dense, uniform NWs; B) Dense overgrowth of NWs with
platelets; C) Blade-like nanobelts (NBs); D) Dense, uniform platelets; E) Larger, more irregular

structures; F) Rough and jagged platelets with NWs growing from tips.
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The traditional oxidation of iron is relatively well understood because of the importance
of corrosion problems. Oxidizing iron in air at high temperatures results in the formation of
multiple layers of oxide scales; the often non-stoichiometric FeO (wiistite) forms first next to the
metal, followed by the formation of Fe;O4 (magnetite) as an intermediate layer, and finally, o-
Fe,0; (hematite) forms at the solid-vapor interface.”” Examination of cross-sectional images of
the as-grown products reveals the addition of water vapor to the oxidizing atmosphere also
increases the growth rates of the underlying oxide scale layers, which is consistent with past
reports.’** These scale layers play an important role in the continued growth of the metal
oxides, as they act to buffer the outward diffusion of metal atoms to the solid-vapor interface

As for the mechanism for 1-D NW growth, the commonly employed vapor-liquid-solid
(VLS)* and vapor-solid-solid (VSS)* NW growth mechanisms can be dismissed, as the
oxidation temperatures are well below the melting points of any iron species present during the
reaction (Fe: 1538 °C; FeO: 1370 °C; Fe;04: 1538 °C; Fe,03: 1566 °C). Moreover, there are no
known eutectics, nor is there evidence of catalyst particles present at the tips of any of the
nanostructures. Although the details of the growth mechanism are still being investigated, there
is a growing consensus that a simple diffusive process is responsible for the mass transport of

3450 while the dissociation of O, provides the majority of the oxygen species. However,

iron,
diffusion alone fails to explain the anisotropic crystal growth observed in the metal oxide NWs
successfully synthesized by thermal oxidation, as not all oxidation conditions result in NWs, or
even other different morphologies of nanostructure growth. Fundamentally, there must be some
factor that breaks the symmetry of the crystal growth, accounting for the high aspect ratio NWs

observed.** While the presence of water vapor is observed to accelerate the oxidation process,

the empirical improvement in NW density and uniformity observed when the starting foils are
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shot-peened seem to suggest that stress and its relief mechanisms play an important role in
promoting nanostructure growth. This is supported by the increase in nanostructure density
observed in the foils that have been shot-peened (Figure 1) and the morphology control
demonstrated by tuning the temperature and water vapor concentration in the oxidizing
atmosphere (Figure 2). We continue to work towards developing a coherent model explaining
the spontaneous growth of NWs and other morphologies observed in the thermal oxidation of
iron. This is likely to be a general mechanism that could be applicable to other metal oxide

systems where NWs can be readily synthesized by thermal oxidation.”'

5.4.2 Structural and Phase Characterization

All of the peaks in the observed powder X-ray diffractogram taken on the as-grown substrate
(Figure 3) can be indexed to a-Fe,O3; (PDF card 01-079-0007) and Fe;O4 (PDF card 01-071-
6337). Characteristic peaks from hematite (denoted with stars) clearly dominate the
experimental pattern. The small Fe;O4 signal can be attributed to the underlying magnetite scale,
which is found just below the outer-most hematite layer. Since iron forms multiple oxide scales
when oxidized,” as discussed above, it is not unreasonable that other phases are detected in the
PXRD experiment. Wiistite, the oxide layer formed adjacent to the metal, is not observed in the
diffractogram. The underlying oxide scales are observed to have a total thickness of ~ 8 um after
the standard 60 min oxidation, with the wiistite layer accounting for approximately 90 % of the

total thickness.
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Figure 5.3. Powder X-ray diffraction of NWs taken on the as-grown substrates. All peaks can

be indexed to a-Fe;Os or Fe;O4, which is consequently present from the thermal oxidation

process.
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The crystalline phase of the synthesized NWs is further confirmed using high resolution
transmission electron microscopy (HRTEM) and convergent beam electron diffraction (CBED).
All NWs examined can be indexed as the a-Fe,Os phase. A representative HRTEM image
(Figure 4A) shows the continuous, single-crystal lattice of a typical a-Fe,O3; NW with a diameter
of ~50 nm. A higher magnification image (Figure 4B) highlights the 0.251 nm spacing expected

for the (1 10) planes, while the fast Fourier Transform (FFT) (Figure 4C) shows the reciprocal
lattice peaks corresponding to the HRTEM image. The FFT is along the [T 1 1] zone axis of a-

Fe,Os, without possible matches to other iron oxide phases. All NWs examined in the TEM

exhibit the same [110] growth direction, which is consistent with previous reports.**~*3
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Figure 5.4. HRTEM images confirming the a-Fe,Os phase of the NWs. A) HRTEM image

showing the continuous, single-crystal lattice and the [110] growth direction of a a-Fe;03 NW;
B) lattice-resolved HRTEM micrograph highlighting the 0.251 nm spacing of the (1 10) planes;
C) Indexed fast Fourier Transform of the HRTEM image shown in panel A, along the [T 1 1]

zone axis of a-Fe,Os.
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5.4.3 Electrical Properties

Electrical conductivity data from single NW devices are used to assess the efficacy of the
doping efforts. Hematite is generally considered a “poor” semiconductor, typically exhibiting a
high electrical resistivity of about 10* Q-m.*'**? Using the I-V curve collected at room
temperature, and the NW dimensions measured using SEM, the observed resistivity of the single
NW can be calculated. Four-probe single NW devices defined by e-beam lithography using the
undoped, as-grown o-Fe,O3 NWs exhibit the poor electrical conductivity generally associated
with undoped hematite (Figure 5A). In contrast, the Si-doped NWs show significantly improved
conductivity (Figure 5B). Although there is some contact resistance, as shown by the differences
between the two- and four-probe measurements on the same NW, such contact resistance does
not significantly affect the observed two-probe resistivity of the NW, and it modifies the
resistivity of both samples in a consistent way such that its presence does not affect the
interpretation of the data. The Si-doped NWs are significantly more electrically conductive.
While some four-terminal NW devices defined by e-beam lithography were fabricated and
measured, many more two-terminal devices were fabricated using photolithography, affording
higher data throughput to provide a large statistical survey of the properties. With 75
independent measurements, the undoped, as-grown a-Fe,O; NWs exhibit an average resistivity
of 4x 10> Q-m with a statistical standard deviation of + 4x 10> Q-m. These results are derived
from the histogram showing the distribution of observed resistivities for each type of NW, Si-
doped a-Fe,O3 NWs in red and the undoped, as-grown a-Fe,O3; NWs in black (Figure 5C). This
average resistivity of 4x 10> Q-m is consistent with past reports of high-purity, undoped thin
films and bulk samples of hematite.®*>> In contrast, 55 measurements on the Si-doped a-Fe,O3

NWs yield an average resistivity of 4x 10~ Q-m with a statistical standard deviation of + 6x 107
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Q'm, a 5 orders of magnitude improvement in electrical conductivity over the undoped NWs.

Depending on the reported dopant concentration, these Si-doped NWs are on-par or more

conductive than other silicon (or analogously, germanium) doped hematite thin films. *>**°
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Figure 5.5. Electrical properties of as-synthesized and Si-doped a-Fe,O3 nanowires. A)
Representative 2- and 4-probe /-7 curve and SEM image of an undoped, as-grown a-Fe,O; NW
device; B) Representative 2- and 4-probe /-7 curve and SEM image of a Si-doped a-Fe,O; NW
device; C) Histogram showing the electrical resistivity data collected for the undoped (75

devices) and Si-doped NWs (55 devices for the Si-doped NWs, and another 52 devices for the

HF etched Si-doped NWs).
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It is a reasonable concern that the dramatic improvement in conductivity can be attributed
to a persistent overcoat of amorphous Si resulting from the CVD process. It is important to note
that the as-grown and Si-doped NWs discussed above have not been exposed to any chemical
etch during the fabrication process of the devices. To determine the origin of the improved
conductivity, some Si-doped a-Fe,O3; NWs are exposed to a brief buffered HF etch before the
device fabrication process. With an estimated etch rate of 80 nm/min, the 5 sec buffered HF
exposure will etch through any thin amorphous silicon (or its oxide) coating that would
otherwise yield an artificially improved electrical conductivity measurement. It is important to
note, however, that the buffered HF will also etch a-Fe,Os; given the diameter of the average
NW, this dictates that the exposure time must be kept relatively short. Based on 52
measurements, these etched Si-doped o-Fe,O3 NWs exhibit an average resistivity of 3x 10" with
a statistical standard deviation of + 3x 10™" Q-m, an intermediate value relative to their undoped
and Si-doped counterparts. The distribution of these calculated resistivities are also shown in the
histogram (Figure 5C). These results suggest that lattice doping is occurring, at least to some
extent. If the observed increase in electrical conductivity were due to a simple surface coating of
amorphous silicon, a buffered HF etch would have removed this coating, leaving freshly exposed
undoped a-Fe;O;. Accordingly, the measured electrical resistivity would have more resembled
the undoped value (~3 orders of magnitude more resistive than observed). Instead, the
intermediate resistivity suggests a probable concentration gradient of silicon within the a-Fe,O3
NW, i.e. the highest concentration of Si near the surface of the NW and lowest concentration at
the core. This likely arises from the nature of the doping process, which starts with a surface

coating of silicon that diffuses into the lattice with a high temperature anneal. Recent reports
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have shown that substitutional dopants enhancing water-splitting photoactivity require a high
annealing temperature (~800 °C) to facilitate their lattice incorporation.”**’

Even without the supporting evidence yielded by the NWs exposed to the buffered HF
etch, it is very unlikely that a coating comprised of silicon or its oxide ever existed on the outside
of the wires. The device fabrication procedure includes a harsh oxygen plasma descum step used
to oxidize any residual organics remaining on the NWs after the photoresist has been exposed.
This oxygen plasma descum step would have oxidized an amorphous silicon coating to
insulating silicon oxide, and resulted in a systematic tunneling barrier to the electrical contact.
However, even without a buffered HF etch, ohmic contact is routinely observed (Figure 5B).
Considered together, these observations strongly suggest that Si-doping has occurred, and
resulted in the observed decrease in electrical resistivity.

The relatively large statistical variations within the data sets are likely attributable to
inconsistencies in electrical contact and dopant concentration variability from wire to wire. It is
well known that hematite exhibits very anisotropic conductivity, with the close-packed basal
planes displaying much higher conductivity.”® Therefore, depending on the local orientation of
the wire and electrode contact, it is plausible that otherwise indistinguishable NWs give rise to
large variations in observed electrical resistivity. Despite the large variations within the dataset,

the increase in electrical conductivity for the Si-doped a-Fe,O3 NWs is clear and statistically

significant.

5.4.4 Structural Analysis of Doped NWs
Careful structural analysis of the doped NW samples further supports that Si-doping of

the a-Fe,O3; NWs has occurred (Figure 6). For a-Fe,Os NWs exposed to silane, but never
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annealed (Figure 6A, 6B), there is a clear amorphous coating around the entire wire, although
they still give weak single-crystal diffraction. The TEM images for NWs exposed to silane and
further annealed for 30 mins at 700 °C are shown in Figures 6C and 6D. Although the FFT
corresponding to the HRTEM image in panel D (Figure 6C inset) is slightly diffuse because of

the real-space disorder, it is uniquely and unequivocally indexed to the [010] zone axis of a-

Fe,03, confirming that the phase of the NWs is preserved through the doping process. It is
important to note that we have never observed Fe;O4 (magnetite) or any other phases during
TEM analysis of the as-grown or Si-doped a-Fe,O3; NWs. Yet there are distinct differences
compared to the non-annealed sample. The slightly disordered a-Fe,Oj3 lattice can be observed
near the surface of the NW, which suggests the substitutional doping of Si atoms within the
hematite lattice, and further supports the concentration gradient argument made earlier. The
lattice is noticeably less disordered in regions farther inside of the NW, perhaps indicative of the
lower concentration of impurity atoms near the core of the a-Fe,O3; NW. For annealed NWs
exposed to the buffered HF solution, the effects of the etching process are easily observed
(Figured 6E, 6F). Although the wire is clearly damaged, a continuous lattice is still observed,
with some slight disorder noticeable.

It is also a reasonable concern that the increased electrical conductivity is due to the
introduction of additional charge carriers in the form of oxygen vacancies. While hematite’s n-
type character is generally attributed to oxygen vacancies, and other past reports have claimed an
n- to p-type transition’ in a-Fe,O;3 based on specific oxygen vacancy ordering induced by
exposure to a reductive atmosphere, we have never observed ordered oxygen vacancies in our
TEM experiments. These observations confirm that the buffered HF solution indeed etches the

NWs, and also help to explain the relatively large deviations in the electrical properties. The
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localized differences in structure observed in these high resolution micrographs are likely
attributable to the local variations in dopant concentration, which may result in different etch

rates.
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Figure 5.6. Representative TEM images showing further evidence of Si-doping in a-Fe,O;
NWs. A, B) a-Fe,O; NWs exposed to 1 scem SiHy for 30 sec at 500 °C with no further anneal,
showing completely amorphous coating; C, D) a-Fe,0O3 NWs exposed to 1 sccm SiHy for 30 sec
at 500 °C SiH, treatment followed by 700 °C anneal. The slightly disordered lattice observed is
indicative of Si atoms substitutionally doping in the hematite lattice. The inset in panel C is the
FFT corresponding to the HRTEM shown in panel D, which is uniquely indexed to the [010]
zone axis of a-Fe,0s; E, F) a-Fe,O3; NWs exposed to 1 sccm SiHy for 30 sec at 500 °C followed
by 800 °C anneal, then buffered HF etch for 5 sec. Even though the NW is clearly damaged

from the etch, good crystallinity with some disorder is still observed.
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5.4.5 Elemental Mapping of Doped NWs using STEM

In order to further confirm that the silicon was actually doping into the a-Fe,O; NW lattice, we
carried elemental mapping experiments using energy dispersive x-ray spectroscopy (EDS) inside
the scanning transmission electron microscopy (STEM). Although the electrical measurements
suggest that the surface of the doped NW is not amorphous silicon, the Si-doped a-Fe,O3 NWs
are further annealed in air to convert any amorphous silicon on the outside surface of the NW
into silicon oxide. These NWs are then subjected to a brief buffered HF etch, which would
remove the newly formed silicon oxide. Any silicon detected in the NWs must be located within
the a-Fe,O; lattice as a dopant. The elemental maps confirm the presence of silicon after the
annealing and etching process (Figure 7), and the distribution of silicon seems to be reasonably
homogeneous within the a-Fe,O3 NW. Along with the observed increase in electrical
conductivity after the doping process, the confirmed phase identity, the real-space structural
evidence, and the EDS elemental maps all firmly establish the conclusion that Si is effectively

doped into the a-Fe,O3 NWs.
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Figure 5.7. STEM elemental maps of a Si-doped a-Fe,O3 NW using the L; edges for Fe, O, and
Si taken by EDS. A) STEM HAADF image of a Si-doped a-Fe,O3 NW after additional anneal

and buffered HF etch; B-D) EDS elemental maps for iron (B); oxygen (C); and silicon (D).
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5.5 Conclusion

In summary, a-Fe,O3; NWs have been synthesized by an improved thermal oxidation
method, accomplished by using shot-peened steel foils as the growth substrate and the controlled
addition of water vapor to the oxidation conditions. This approach significantly reduces reaction
times while improving nanowire density and uniformity. Although the details of the growth
mechanism are still under investigation, defects in the steel substrate and stress relief seem to
play an important role in promoting nanostructure growth. Exposing the highly resistive
undoped, as-grown hematite NWs to silane, followed by an annealing step, produces Si-doped a-
Fe,0; NWs exhibiting a significantly improved average electrical resistivity of 4x 107 + 6x107
Q-m. High resolution electron microscopy, EDS elemental maps, and further study of their
electrical properties show the origin of the increased conductivity to be due to lattice doping, and
not just a simple amorphous silicon shell surrounding the NW. This doping method is expected
to be general and should be widely implementable to a-Fe,O3; NWs grown by a variety of
methods, or even different materials. Such hematite NW arrays with improved conductivity are
promising for PEC application. Investigation into using these nanostructures as PEC

photoanodes is currently under way.
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Appendix 1
Supporting Information for
Chapter 2
Enhanced Hydrogen Evolution Catalysis from Chemically

Exfoliated Metallic MoS, Nanosheets”

Al.1 Current-Sensing Atomic Force Microscopy

We characterized the as-grown and chemically exfoliated MoS, nanosheets synthesized
directly on highly ordered pyrolytic graphite (HOPG, purchased from Ted Pella) substrates using
an Agilent 5500 series AFM with current-sensing capabilities using a symmetric Pt coated tip
(30 nm, Miikro Masch) with a force constant of 2.7 N/m. All of the data were collected in the
trace, with no significant hysteresis in the data for the retrace, since the current-sensing
capability requires the AFM to be operated in contact mode. A clean area of the HOPG substrate
was also imaged for comparison. HOPG substrates were used for the AFM imaging experiments
because it is smoother and cleaner than the polished graphite disc substrates typically used for
the rest of experiments. The topography (Figure Al.1a, e, 1), deflection (Figure Al.1b, f, j), and
friction (Figure Al.1c, g, k) images were collected in parallel with their corresponding
conductivity maps (Figure A1.1d, h, ). All of the data are taken in contact mode with the sample
held at a constant +50 mV and all images are 3 um by 3 um. The presence of MoS; on the

HOPG substrates for the as-grown and exfoliated samples is confirmed by the topology,

" This appendix was published online as the supporting information for Lukowski, M. A.; Daniel, A. S.; Meng, F.;
Forticaux, A.; Li, L.; Jin, S. J. Am. Chem. Soc. 2013, 135, 10274. before being adapted here.
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deflection, and friction images which show a clear texture especially at the substrate step-edges,
in comparison to the smoother HOPG control. Note that the original 3D nanostructures are
crumpled to the substrate surface under the contact mode AFM scanning. The striations in the
2H- and 1T-MoS; images arise from coming into contact with these structures. The current-
sensing maps illustrate the striking difference in material conductivity: the 1T-MoS, sample is
uniformly conducting, in fact nearly indistinguishable from the bare HOPG control, but the
inhomogeneous (speckled) appearance of the 2H sample reflects the more insulating nature of
2H-MoS,. This further confirms that the lithium intercalation and exfoliation treatment results in
a semiconducting to metallic phase transition, and also there is effective electrical connection

between the exfoliated 1T-MoS, nanosheets and the conducive substrate.
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Figure Al.1. Topography, deflection, friction, and conductivity AFM maps of (a-d) as-
synthesized MoS; nanosheets grown on HOPG, (e-h) chemically exfoliated MoS; nanosheets on
HOPG, and (i-l) clean area of the HOPG control substrate. All images are 3 um x 3 pum.

Deflection and friction images have arbitrary relative scales.
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A1.2 Discussion of the electron diffraction pattern for 1T-MoS,

Since 1T-MoS; is not found naturally in bulk, the complete crystallographic information
for its crystal structure is not available. However, since its structure is described by a single S-
Mo-S layer with Mo atoms coordinated by six S atoms in an octahedral environment, its 2D
crystal structure can be described using the simple structural basis of:
Mo (0,0); S (1/3, 2/3) and (2/3, 1/3).
Using fundamental diffraction theory, we can calculate the structural factors and predict the
diffraction patterns for single layer 1T-MoS,. The structure factor of the basis can be written as:
S :§fj exp{— iZE(h-;* +k-l;*ﬂ

o~ (1 2 o~ [ 2 1
Shk = fuo T fs exp{—z2ﬁ(§h+§ j + f exp{—zZﬂ(§h+§kﬂ

o (1,2 ] S (2,1
Shk = fio +fs{exp{—z27z(§h+§kj +exp{—127z(§h+§kﬂ}

Where fi1, and fs are the scattering factors for Mo and S atoms, respectively, and the 4,k are the

2D miller indices.

When =1, k=0, i.e. for {100} reflections:

-2 . -4 |
Shk = fu + /s |:6Xp(7721) + exp(Tmﬂ
S hk =/, Mo — /. s
Therefore, we expect to observed weak diffraction intensity for this family of reflections. This
explains the absence of the {100} spots in the observed electron diffraction pattern (Figure 3¢

and also Figure S3b).

In contrast, when 2 =1, k=1, i.e. for {110} reflections:
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Shk :fM()+2fS

Therefore, we expect to observe strong diffraction intensity for this family of reflections. This
explains the prominent {110} reflections in the observed electron diffraction pattern (Figure 3e
and Figure S3b). Due to the trigonal prismatic configuration of the MoS¢ in 2H-MoS,, the
electron diffraction patterns are different for 2H-MoS, but it can be readily predicted using the
available crystal structure information, as was done in Figure le (displayed again as Figure S3a).
To further illustrate the distinct differences in reciprocal space reflections, we juxtapose
the fast Fourier transform (FFT) pattern corresponding to the 2H-MoS, nanostructures (Figure
S4a, also shown in main text as Figure 1e) and the electron diffraction pattern for the exfoliated
1T-MoS, nanosheets (Figure S4b, also shown in main text as Figure 3e) at the same scale of
reciprocal spacing. The {100} family of spots in the 2H pattern appear at the expected reciprocal
spacing of 3.56 nm™', in contrast, the closest reflections in the 1T pattern appear at 5.61 nm™.
The dotted blue circle in the 1T pattern represents the radial distance expected for the {100}
spots for 2H-MoS,, if they would have appeared. The observed electron diffraction pattern from
the exfoliated MoS; nanosheets (Figure S4b) shows the symmetry and lattice expansion expected

for the 1T-MoS, polymorph.
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[001] 1T-MoS,

Figure A1.2. Comparison of (a) fast Fourier transform pattern indexed unequivocally to 2H-
MoS; and (b) the observed electron diffraction pattern indexed to 1T-MoS,, at the same scale of
reciprocal spacing. These are the same patterns shown in the Figure 2.3e and Figure 2.5¢ in the

main text, respectively.
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A1.3 iR-corrected catalytic activity

Correcting for Ohmic losses throughout the system, including solution resistance, allows
us to better evaluate the true catalytic activity of the 1T-MoS; nanosheets and compare it to the
catalytic activity displayed by other MoS, catalysts. Using the measured current and the series
resistance (R, = 3.77 Q for 1T-MoS,; R, =4.22 Q for 2H-MoS,) determined from
electrochemical impedance spectroscopy experiments, we correct the voltages in the polarization
measurements and subsequent Tafel analysis for these iR losses (Figure A1.3). After the iR
correction, the 1T-MoS, nanosheets achieve an electrocatalytic current density of 10 mA/cm” at
overpotentials as low as —187 mV vs. RHE (Figure A1.3a, b) and the corresponding Tafel slope
is reduced to 43 mV/decade (Figure Al.3c), making 1T-MoS; nanosheets one of the most

catalytic MoS, materials reported.
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showing the raw and iR-corrected catalytic activity of 1T-

MoS; nanosheets at (a) higher and (b) lower overpotentials, and (¢) the corresponding Tafel plot.

The uncorrected (hollow symbols) and correctied (filled symbols) data are also displayed in

Figure 2.6 of the main text.
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Al.4 Capacitance measurements and the relative comparison of active surface

areas

In addition to causing the semiconducting to metallic transition, chemical exfoliation of
MoS; nanosheets should also proliferate the density of catalytically active edge sites. Using a
simple cyclic volatammetry (CV) method, we can determine the double layer capacitance (Cqy)
which is expected to be linearly proportional to the effective active surface area. Determining
the exact electrochemical active surface area is difficult due to the unknown capacitive behavior
of the MoS, electrode and substrate (always graphite), but relative surface areas can be safely
estimated. The current response in the cyclic voltammograms for the 1T- and 2H-MoS;
electrodes in the overpotential region of 0.1-0.2 V vs. RHE should be mostly due to the charging
of the double layer (Figure Al.4a, b). The double layer capacitance (Cy)) is estimated by plotting
the AJ (J.-J.) at 0.15 V vs. RHE against the scan rate (Figure Al.4c). The slopes of these plots
are extracted and are equal to the Cq multiplied by a factor of 2. This analysis shows the
electrode of 1T-MoS, nanosheets has a more than one order of magnitude larger larger Cq; (22
pF) than the electrode of as-grown 2H-MoS, nanostructures (1.3 pF). Assuming that Cg; is
directly proportional to the electrochemically active surface area, these results strongly suggest
that chemical exfoliation dramatically increases the electrochemical surface area of MoS,

nanostructures by increasing the density of catalytically active sites for hydrogen evolution.
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Figure A1.4. Cyclic voltammograms collected under different scan rates in the overpotential
region of 0.1-0.2 V vs. RHE for the (a) as-grown 2H- and (b) n-BuLi treated and exfoliated 1T-
MoS; nanostructures. (c¢) The differences in current density (AJ = J,—J.) at 0.15 V vs. RHE

plotted against the scan rate fitted to a linear regression allows for the estimation of Cg.
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Appendix 2
Supporting Information for
Chapter 3
High-Performance Catalytic Hydrogen Evolution from Metallic

WS, Nanosheets

A2.1 X-ray photoelectron spectroscopy (XPS)

We use XPS to illustrate the chemical differences between the as-grown and chemically
exfoliated WS, nanosheets. These samplse were prepared by drop-casting harvested 1T and 2H-
WS, material directly onto gold coated silicon substrates. Special care was taken to limit their
exposure to atmosphere due to concerns of surface oxidation or contamination. Electron transfer
from intercalated lithium favours the octahedral coordination of the metal atoms, and therefore
causes the structural transition. The electronic structure modifications that accompany the phase
change should be detectable by XPS. As shown in the main text, the presence of new chemical
species with lower binding energies can be readily attributed to the 1T polymorph. Here, all
XPS data are aligned by defining the observed Au4f peak as 84.0 eV (Figure A2.1). We also use
the C/s peak (Figure S3b) to make sure the data are still aligned and the samples are not
experiencing differential charging effects that may convolute the data. These data confirm XPS

is a powerful tool for the characterization of the 1T polymorph.

* This appendix was originally prepared as the supporting information to be made avialbe online upon publication of
the manucript.
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Figure A2.1. X-ray photoelectron spectra of the Au4f and C/s edges used for the alignment of

all XPS data.
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A2.2 Current-sensing atomic force microscopy (CSAFM)

We characterized the as-grown and chemically exfoliated WS, nanosheets cast on
evaporated gold (50 nm) film on silicon (100) substrates using an Agilent 5500 series AFM with
current-sensing capabilities using a symmetric Pt coated tip (30 nm, Miikro Masch) with a force
constant of 2.7 N/m. All of the data are collected in the trace, with no significant hysteresis in
the data for the retrace since the current-sensing capability requires the AFM to be operated in
contact mode. The topography (Figure A2.2a, e), deflection (Figure A2.2b, f), and friction
(Figure A2.2¢, g) images were collected in parallel with their corresponding conductivity maps
(Figure A2.2d, h). All of the data were taken in contact mode with the sample held at a constant
+20 mV and all images are 2 um by 2 um. The presence of WS, on the substrates for the 2H-
and 1T samples is confirmed by the topography, deflection, and friction images which show a
clear texture. The current-sensing maps illustrate the striking difference in material conductivity:
the 1T-WS, sample is uniformly conducting, but the inhomogeneous (speckled) appearance of
the 2H sample reflects the more insulating nature of 2H-WS,. This further confirms that the
lithium intercalation and exfoliation treatment results in a semiconducting to metallic phase
transition, and also there is effective electrical connection between the exfoliated metallic 1T-

WS, nanosheets and the conducting substrate.



b
=

Figure A2.2. Topography, deflection, friction, and conductivity AFM maps of (a-d) 2H-WS,

nanostructures and (e-h) chemically exfoliated WS, nanosheets both cast onto evaporated gold
on silicon (100) substrates. All images are 2 um x 2 pm. Deflection and friction images have

arbitrary relative scales.
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A2.3 Chemical exfoliation of WS, nanostructures synthesized directly on
graphite

Following the success of our recent 1T-MoS; work, we initially tried the analogous
approach where we chemically exfoliated as-grown WS, nanostructures synthesized directly on
graphite disks. However, the violent H, generation actually caused the nanosheets to delaminate
from the substrate entirely. This was observed visually, and confirmed by their very poor
electrocatalytic performance as contrasted with our optimized harvest and dropcast approach

which exhibits outstanding catalytic activity (Figure A2.3).
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Figure A2.3. Polarization curves comparing the (a) overall catalytic activity and (b)

performance at lower potentials for chemically exfoliated WS, nanosheets obtained by various

approaches. (c) Nyquist plots show the corresponding trends in electrode kinetics.
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Appendix 3
Preliminary Results for the Application of CoS, for Hydrogen

Evolution Catalysis

A3.1 Introduction

Although cobalt disulfide (CoS;) is not within the layered MX, family of materials
(actually a pyrite structure-type), it is an interesting earth-abundant material that has been shown
to be a promising catalyst for polysulfide reduction.! Additionally, CoS, has also found
applications in the oxygen reduction reaction (ORR),” and has been used as a constitutive
component of a cobalt-substituted RuS, material in a high-throughput study for hydrobromic
acid electrolysis.” In contrast to other pyrite structure-type materials (e.g. FeS,, NiS,), CoS, is a
metallic material, similar to our exfoliated MX, nanosheets. At first, CoS, was actually
envisioned as another metallic nanostructured material used as a high surface-area growth
substrate for other more well-known HER catalysts. However, we unexpectedly found

promising HER catalytic activity from these simple nanostructured CoS; films.

A3.2 Synthesis of CoS, nanostructured thin film (Matt Faber)

100 nm of cobalt metal is evaporated onto cleaned graphite substrates. These thin films
were thermally sulfidized in a home-built reactor consisting of a 1 inch fused silica tube
equipped with pressure and gas flow controls placed in a single-zone tube furnace. An alumina
combustion boat charged with elemental sulfur (99.5 %) was placed just inside tube furnace

upstream of the evaporated cobalt on graphite substrates. The reactor was evacuated and flushed
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three times with argon before it was back filled to the set-point pressure of 770 Torr under an
argon flow of 50 sccm and heated to 500 °C. Reactions lasted 1 h to ensure complete sulfidation,

and then the furnace was cooled naturally under argon flow.

A3.3 Structural characterization methods

SEM was performed using a LEO Supra55 VP microscope operating at 3 kV. PXRD
data were collected using a Bruker D8 advanced powder diffractometer (Cu Ka radiation) on as-
sulfidized thin films on their growth substrates (graphite or glass). Background from the glass
substrate was subtracted where appropriate. Raman spectra were taken using a Thermo

Scientific DXR confocal Raman microscope using a 532 nm excitation laser.

A3.4 Electrochemical characterization methods

Electrochemical measurements were performed using a rotating disk electrode (BASi,
RDE-2) in a three-electrode electrochemical cell using a Bio-Logic SP-200 potentiostat. All
measurements were performed in 50 mL of 0.5 M H,SO4.q) electrolyte (pH = 0.16) prepared
using 18 MQ deionized water purged with H; gas (99.999%), using CoS, on graphite disks as the
working electrode, a graphite rod as a counter electrode, and a saturated calomel (SCE) reference
electrode (CH Instruments). The CoS, on graphite disks were mounted on top of the embedded
glassy carbon RDE electrodes using colloidal silver paint (Ted Pella). As a comparison, a
standard Pt disc (4 mm diameter, Ted Pella) was mounted to the glassy carbon RDE electrode
using the same method. The reversible hydrogen electrode (RHE) was calibrated using platinum
as both working and counter electrodes to +0.260 V vs. the SCE reference. The performance of

the hydrogen evolution catalyst is measured using linear sweep voltammetry beginning at +0.30
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V and ending at —0.45 V vs. RHE with a scan rate of 3 mV/s when the working electrode is

rotated at 2000 rpm. Electrochemical impedance spectroscopy was performed when the working
electrode was biased at a constant —0.250 V vs. RHE while sweeping the frequency from 5 MHz
to 10 mHz with a 10 mV AC dither. The impedance data were fit to a simplified Randles circuit

to extract the series and charge transfer resistances.

A3.5 Characterization of CoS, nanostructured thin film

Although the CoS; films are not synthesized from a true vapor phase reaction by CVD,
the nanostructured film is highly conductive and can be mechanically robust." The thickness of
the evaporated cobalt, and therefore the final thickness of the CoS; film, is an important
parameter that contributes to its mechanical stability, especially with respect to its operation as a
HER catalyst. SEM imaging shows a uniform nanostructured film with grain sizes on the order
of 20 nm (Figure S3.1a). The material appears to be phase-pure by PXRD (Figure S3.2b), which
shows no evidence of lower-sulfides, un-reacted cobalt, or significant oxide. Furthermore, only
the characteristic peaks at 287, 389, and 410 cm™' are observed in the Raman spectrum (Figure

3.1c).
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Figure S3.1. (a) SEM image of the as-sulfidized CoS, film on graphite exhibiting approximately
20 nm grain size. Phase purity of the material is illustrated by (b) PXRD and (c) Raman

spectroscopy.
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A3.6 Electrocatalytic performance of CoS; nanostructured thin film

Initially, we used these CoS; nanostructured films as a substrate for the CVD growth
MoS,, but there was only marginal improvement in the HER activity of the heterostructure
material as compared to pure 2H-MoS, growtn directly on graphite. However, the control
experiments using CoS, only showed unexpectedly promising activity for the HER (Figure
S3.2a, b). It is important to note that although the approximately 100 nm thick CoS, films shown
here were mostly mechanically stable, other experiments (not shown here) using a thin 25 nm
layer of cobalt delaminated from the graphite substrate during the violent evolution of hydrogen.
The nanostructured film is likely to be somewhat porous, which likely contributes to the loss of
material due to hydrogen evolution within the film. The performance from the as-synthesized
CoS; film is actually better than any of the as-grown MX, materials, with meaningful
elecrocatalytic current densities (j = 10 mA/cm®) reached at —250 mV vs. RHE (c.f. 2H-MoS;
requires —320 mV vs. RHE). The Nyquist plots (Figure S3.2c) confirm the excellent electrode
kinetics exhibited by the nanostructured CoS, film (R = 6 Q; R, =11 Q). This is especially

interesting and promising, as the HER activity of CoS; has not been well characterized.
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Figure S3.2. Polarization curves showing the electrocatalytic performance of as-synthesized

CoS; nanostructured film at (a) higher and (b) lower potentials. (¢) Nyquist plots from EIS

reflect the relatively high activity for the HER in as-synthesized CoS, nanostructured film.
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A3.7 Future work and preliminary conclusions

To further optimize this system, we are currently exploring a number of synthetic
methods to further enhance the surface area, and additionally, we are also investigating other
metal pyrite materials, such as NiS,, for the electrocatalytic HER. In conclusion, we show
unexpected but promising catalytic HER activity from a nanostructured CoS, thin film, opening

a whole new class of materials for the next generation of earth-abundant catalysts.
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