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Abstract

High-entropy alloy nanoparticles and compounds exhibit significant potential in
various emerging energy storage and conversion fields due to their compositional
flexibility for precise tuning of desired functionalities. The research described in this thesis
aims to explore germanium-based nanostructures for the synthesis of high-entropy alloy
nanoparticles and compounds.

In Chapter 1, the principles of high-entropy alloys, nanoparticles, and compounds
are introduced. The most common synthetic methods that provide high-entropy alloy
nanoparticles are discussed, highlighting the importance of rapid heating and cooling.
Additionally, a compilation of high-entropy compounds is presented. The chapter
concludes with a detailed discussion of germanium nanostructures, including nanoparticles
and nanosheets, and the synthetic methodologies used to prepare them.

Chapter 2 outlines a method for introducing a suite of metal nanoparticles (i.e., Au,
Ag, Cu, Pd, Pt) onto the surfaces of germanium nanosheets (GeNSs). Characterization
confirming the integrity of the GeNS structure and the formation of metal nanoparticles is
then discussed. The resulting materials are investigated as photocatalysts for the selective
oxidation of benzyl alcohol, demonstrating higher efficiency compared to freestanding
metal nanoparticles and GeNSs. The direct linking of metal nanoparticles to GeNSs
showcases a synergistic effect, and thin films of the decorated GeNSs offer convenient
catalyst recovery and recyclability.

Chapter 3 details the deposition of high-entropy alloy nanoparticles onto various
germanium surfaces through surface-mediated reduction. Techniques including XRD,

FTIR, XPS, and TEM confirm the structure, composition, and morphology of the resulting
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nanoparticles. Freestanding high-entropy alloy nanoparticles can be liberated from GeNSs
via UV light irradiation while maintaining their single-phase solid solution structure. This
methodology is extended to different germanium substrates.

Chapter 4 introduces a method for preparing high-entropy germanides through
rapid thermal annealing, presenting two types of high-entropy germanides (i.e.,
AuAgCuPdPtGe and FeCoNiCrVGe). XRD, XPS, and TEM analyses confirm the
synthesis and composition of the high-entropy germanides. The formation and growth
mechanisms are studied using in situ heating experiments, revealing a multi-stage process
involving the initial decomposition of germanane, followed by gradual grain growth and
rapid grain growth at elevated temperatures. A summary of the experimental chapters is

provided in Chapter 5, along with future research directions.
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GeNP(s) Germanium nanoparticle(s)
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KIT-6 Korea Advanced Institute of Science and Technology-6
JAY; S Change in entropy of mixing
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HEB(s) High-entropy metal diboride(s)
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1. Chapter 1: Introduction

1.1 High-Entropy Alloys

Alloys, combination of multiple metals, have played a significant role in the development
of human society throughout history, particularly since the Bronze Age.! The conventional practice
for producing alloys involves introducing a secondary element (or elements) into a primary metal.?
Recently, a class of alloys has emerged in which multiple principal elements are combined at high
concentrations to produce what has come to be known as high-entropy alloys (HEAs). The concept
of HEAs was initially introduced by Yeh ef al., who defined them as alloys comprising five or
more metals, with each element constituting 5 to 35 atomic percent of the total composition (Figure
1.1).2 Their study focused on FeNiZrM' (M= i > 2 other metals) HEA ingots prepared via arc-
melting and showed these materials exhibited high strength, thermal stability and excellent
resistance to oxidation. In a previous work, Cantor et al. also reported the development of
“multicomponent alloys” based on the FeCoNiCrMnM'’ (M'= i > 0 other metals) system (or Cantor
alloy) that was prepared via induction heating and showed randomly mixed FCC structure.* Both
sets of alloys exhibited high strength and ductility that the authors attributed to, in part, the high
degree of entropic mixing resulting from the incorporation of multiple primary metals.> *
Compared with the extensive study on the FCC HEA, there are only limited reports of BCC HEAs
due to their brittleness and high melting points that lead to a inhomogeneous structure and
composition.> ¢ Senkov first synthesized a series of BCC alloys often referred to as refractory
HEAs (i.e., VNbMoTaW, NbCrMoyg sTaosTiZr and TiZrHfNbTa) by arc melting.>” These alloys

exhibit a high yield stress and tensile ductility at room temperature. Later, other BCC HEAs (e.g.,



TiZrNbMoV and TiVZrNbHf) have been studied as hydrogen storage material.® ® These alloys

could be hydrogenated with a H/M ratio of at least 2.5 in a body centered tetragonal hydride phase.

0000 00 00

Figure 1.1. (a) Five components in equimolar ratios before mixing and (b) after mixing to form a
random solid solution. (For convenience all atoms are presented as being the same size).

The term "high-entropy" suggests the energetic considerations underlying the formation of

HEAs. The free energy of mixing in a substitutional alloy can be represented as follows:

AGix = AHpix — TAS pix (1.1)
Where:

AH,; = —R YT ?>1 4H;jc; ¢ (1.2)
and,

ASpix = —RYi-,ciIng; (1.3)

where AGnmix 1s the change in Gibbs free energy of mixing, AHmix is the change in enthalpy of
mixing, T is temperature in Kelvin, ASmix is the change in entropy of mixing, R is the ideal gas
constant, Hjj is the enthalpy of mixing between the i and j™ components, ¢; and c; are the mole

fractions of the i and /™ components, respectively.'’
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Figure 1.2. Entropy of mixing as a function of the number of elements for equimolar alloys in the
random solution state.

The stabilities of HEAs are predominantly influenced by the entropy of mixing, which
increases significantly with the number of components. This can be attributed to the logarithmic
rise shown in Equation 1.3 coupled with the rapid decrease in enthalpy depicted in Equation 1.2.
The crucial role played by entropy of mixing in determining the overall free energy of mixing is
illustrated in Figure 1.2.1°

Bulk HEAs exhibit attractive characteristics such as strength and ductility compared to
conventional alloys. The Cantor alloy stands out among HEAs as it exhibits exceptional fracture
toughness, excellent ductility, and high strength.* > Of late, making HEAs at the nanoscale has
garnered attention and offers the promise of material properties that could exceed their bulk
counterpart.'’> 12 Prior to 2018, most studies of multimetallic nanoparticles prepared via wet-
chemistry reported limit element compositions (less than four elements) or phase separation within
the particles (more than four elements). Synthesis methods that provide HEA NPs with
controllable element composition, particle size and phase are required to facilitate the study of

their inherent properties and explore their diverse applications.'?



1.1.1 High-Entropy Alloy Nanoparticles

The development of synthesis methods that provide HEA NPs began with the emergence
of carbothermal shock technique (CTS) in 2018.'* Later, other methods were reported that afford
HEA NPs including fast-moving bed pyrolysis,'> vapor phase spark discharge,'® rapid radiative
heating or annealing,'” low-temperature hydrogen spillover,'® and microwave heating.!” We will

discuss each of these methods in following sections.

Carbothermal Shock. Yao and colleagues made a significant breakthrough by implementing a
carbothermal shock (CTS) technique to prepare a diverse array of quinary to octonary HEAs (e.g.,
PtCoNiFeCu, PtPdCoNiFe, PtCoNiFeCuAu, PtPdCoNiFeCuAu and PtPdCoNiFeCuAuSn) as
monodisperse nanoparticles (NPs) with diameters ranging from 5 to 25 nm (size distribution <
5%), supported on carbon microfibers (Figure 1.3).!* This methodology first involves mixing of
metal precursors onto a conductive carbon support, followed by subsequent rapid heating and
cooling cycling. A controllable synthesis of HEA NPs with different particle sizes can be achieved
by changing the peak temperature and shock duration time. One resulting quinary PtPdRhRuCe
HEA NPs showed catalytic activity in ammonia oxidation at a comparatively low reaction
temperature (i.e., 973 K) with 100% conversion and >99% product selectivity toward nitrogen
oxide (i.e., NO) under continuous operation. This catalytic reactivity and stability contrasts what
is observed for widely employed Pt-Rh or Pt-Rh-Pd alloys that require higher temperatures (i.e.,
1073-1273 K) to achieve high yields of nitrogen oxide and tend to degrade under continuous
operation.?’ Although a special external power source (a temporal resolution down to 1 ms and a

current source up to 3.15 A) is required, the CTS technique achieved a tailorable synthesis of HEA



NPs with diverse element composition, well controlled particle size and monodisperse size

distribution.
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Figure 1.3. (a) A pictorial illustration of the carbothermal shock and the temperature profile during
the 55-ms thermal shock. (b) HAADF-STEM image and EDX mappings of PtPdCoNiFeCuAuSn

HEA NPs. Reprinted with permission from ref 14. Copyright 2018 American Association for the
Advancement of Science.

Fast Moving Bed Pyrolysis. Gao and collaborators developed fast moving bed pyrolysis (FMBP)
as a method to access various monodisperse quinary to octonary HEA NPs (e.g., CuSnPdPtAu,
FeCoPdIrPt, CuCoNiSnPtPdAu, CuCoNiSnlrPtPdAu, MnCoNiCuRhPdSnIrPtAu) on granular
supports with diameters from 2 to 50 nm (Figure 1.4)."° Typically, the metal precursor-loaded
support (e.g., graphene oxide, carbon black, zeolites, Al>O3) was evenly placed in a quartz boat,
which was placed in a region outside of the furnace. The furnace was heated to 923 K and the
quartz boat was then pushed into the center of the hot zone. After annealing for 2 h at 923 K, the
quartz boat was pushed out and cooled rapidly to room temperature. Larger HEA NPs can be

obtained by increasing the annealing time and temperature. The FMBP strategy ensures rapid and

5



simultaneous pyrolysis of mixed metal precursors and leads to the formation of nuclei with reduced
size.!> While a specialized furnace is needed, the FMBP method yields a variety of HEA NPs with

controlled size and narrow size distribution on diverse supports.
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Figure 1.4. (a) A pictorial illustration of the FMBP experiment. (b) A pictorial representation for
the synthesis of homogeneous and phase-separated HEA NPs by FMBP and FBP strategies,
respectively. (¢) The temperature profile in the FMBP process. (d) HAADF-STEM images for the
MnCoNiCuRhPdSnIrPtAu HEA NPs. (¢) HR-STEM image for the MnCoNiCuRhPdSnIrPtAu
HEA NPs with the FFT analysis indicating an FCC structure. (f) EDX mappings for
MnCoNiCuRhPdSnIrPtAu HEA NPs. Scale bar d: 10 nm, e: 0.5 nm, and f: 10 nm. Reprinted with
permission from ref 15. Copyright 2020 Springer Nature.
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Vapor Phase Spark Discharge. Feng and coworkers utilized a vapor-source (i.e., vapor phase spark
discharge) that provided an unrestricted mixing environment for manufacturing quinary and senary
HEA NPs (e.g., NiCrCoCuPd, NiCrCoAuAg, NiCrCoMoAuAg, NiCrCoMoCuPd) with diameters
of approximately 5 nm. In a typical synthesis, five or more constituent materials are vaporized by
an oscillatory spark, followed by ballistic transport and intermixing to form HEA NPs (Figure
1.5A).'® The sparking mashup can facilitate the deposition of the resulting HEA NPs into a certain
form and shape at the highest nanoscale resolution to achieve 3D-printed nanostructure (Figure
1.5b).1% Though the technique can be used in the additive manufacturing of 3D nanostructural
arrays, the method requires a special instrument and lacks a broad applicability across other

elements and control in the size.
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Figure 1.5. (a) Mechanism of the spark mixing. (b-c) SEM images and EDX mappings of 3D-
printed HEA NPs (NiCrFeCuPd and NiCrCoMoCuPd). Reprinted with permission from ref 16.
Crown Copyright 2020 published Elsevier B.V.
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Aerosol Droplet Mediated Synthesis. Yang and colleagues devised an aerosol droplet mediated
approach that afforded scalable synthesis of FeCoNiCuPt, FeCoNiPdPt, and FeCoNiCuPd HEA
NPs with atomic-level mixing of immiscible metal elements.!” This procedure involved an aqueous
precursor solution containing five types of metal salts in equimolar ratios being nebulized to create
aerosol droplets. The nebulized aerosol droplets, transported by 10% H2/90% Ar reducing gas
mixture, were first passed through a silica dryer for water solvent removal. The resulting dried
aerosol particles traveled through a high-temperature reaction zone (1100 °C). In this zone, a rapid
temperature increase, induced by thermal shock, triggered the thermal decomposition and
hydrogen reduction of the metal ions, ultimately leading to the formation of HEA nanoparticles
with a diameter of 60 nm. (Figure 1.6).!7 This method demonstrates a scalable synthesis of HEA

NPs but lacks control over elemental composition and size distribution.

fast heating/quenching
Residence time: ~3 s

metal precursors aerosol high entropy alloy nanoparticles

Figure 1.6. Scalable synthesis of HEA NPs by aerosol droplet-mediated technique: (a) A pictorial
illustration of the synthesis and (b) EDX mappings for a single HEA NP. Reprinted with
permission from ref 17. Copyright 2020 American Chemical Society.



Low Temperature H> spill over on TiO:. In contrast to previously mentioned high-temperature
synthesis methods that yield HEA NPs, Mori et al. introduced a comparatively low-temperature
synthesis (400 °C) of CoNiCuRuPd HEA NPs on TiO2.'® This process (Figure 1.7) is driven by a
pronounced hydrogen spillover effect on TiO2 coupled with concurrent proton/electron transfer
mechanisms. In the presence of a H, atmosphere, Pd>" precursors are first partially reduced to
generate nuclei. Dissociative adsorption of H> on the surfaces of these Pd nuclei forms Pd—H
species (Step 1). The reduction of Ti*" to Ti*" occurs concurrently with the transfer of H atoms
from Pd nuclei at the metal-support interfaces (Step 2). The migration of electrons from Ti*" ions
to adjacent Ti*" ions facilitate the transfer of protons to O  anions attached to these neighboring
Ti*" ions (Step 3). The rapid movement of hydrogen atoms across the TiO: surface is essential to
reach all metal ions (Step 4). Finally, these ions are collectively reduced to form the HEA NPs,
with Ti*" being regenerated in the process (Step 5).!* Specifically, CoNiCuRuPd HEA NPs on
TiO: exhibited high activity and exceptional stability during the CO, hydrogenation reaction.'8
The author presented a relatively low-temperature synthesis of HEA NPs and the formation
mechanism behind the process but the choice of the metal elements is limited to the noble metal
due to the hydrogen spillover effect.
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Figure 1.7. Schematic illustration of the formation mechanism of HEA NPs on a TiO» support
assisted by hydrogen spillover. Reprinted with permission from ref 18. Copyright 2021 Springer
Nature.
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Microwave Heating. Microwave heating has proven to be a highly effective method and has been
extensively employed in the synthesis of various nanomaterials.?!** Qiao ef al. demonstrated that
microwave heating can afford rapid and facile synthesis of PtPdFeCoNi HEA NPs (12.8 + 5.1
nm).!” Under argon, a reduced graphene oxide (rGO) film loaded with metal salt precursors acts
as a microwave because of the dipoles of the surface functional group defects. The induced
localized heating (1850 K) at the defects distributes throughout the entire sample leading to
uniform heating of the metal salt precursors. Consequently, these precursors decompose into liquid
metals, simultaneously oxidizing the rGO to a highly oxidation state. The highly reduced rGO
preferentially reflects, rather than absorb, microwaves leading to a spontaneous cessation of the
heating. The resulting abrupt quenching of the rGO, following its reduction at high temperatures,**
facilitates the direct solidification of the liquid metal into PtPdFeCoNi HEA NPs. (Figure 1.8)."
The microwave heating method achieves a rapid and facile synthetic route to HEA NPs. However,

it is only a proof-of-concept demonstration and fails to show its applicability to other elements.
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Figure 1.8. A pictorial illustration of the formation of HEA NPs on rGO by microwave heating.
Reprinted with permission from ref 19. Copyright 2021 American Chemical Society.
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Solvothermal Colloidal Synthesis. The Iversen group aimed to address the limitations imposed by
specialized and costly infrastructure and focused on the application of colloidal synthesis methods
to prepared HEA NPs.?® Their general approach involved combining metal salts in a suitable
solvent mixture (e.g., acetone-ethanol) and then transferred to Teflon lined steel autoclave, which
was sealed and placed in an oven preheated to 200 °C. Despite the success in composition control,
the method did not provide the desired level of structural uniformity, and illustrates the ongoing

challenges in developing colloidal synthesis techniques for HEA NPs (Figure 1.9).%

Figure 1.9. STEM-EDX for Pto20Pdo20lro.20Rho20Ru0.20. Reprinted with permission from ref 25.
Copyright 2019 Wiley-VCH Verlag GmbH & Co.

Subsequent to the pioneering work of Iverson et al., numerous “wet chemical” methods for
HEA NP syntheses have been reported. Wu et al. successfully synthesized HEA NP incorporating
all six platinum-group metals (i.e., Ru, Rh, Pd, Os, Ir, Pt) for the first-time using solution method.?
The procedure involved introducing an equimolar aqueous solution of six metal precursors into a
preheated triethylene glycol solution with poly(N-vinyl-2-pyrrolidone) as a capping agent at 230
°C. This method resulted in a single-phase face-centered cubic (FCC) structure of HEA NPs with
a homogenous composition and a narrow size distribution (3.1 £ 0.6 nm, Figure 1.10).2° The HEA

NPs shows record-high activity for the ethanol oxidation reaction and stable for over 50 cycles.

11



However, the synthesis involves only noble metals and provide no transferable applicability to

other metal elements such as earth-abundant metals.

a Lattice constant: a = 3.847(3) A
Cry. Size: 2.1 nm
Rpagg = 2.35% R, = 7.59%

Intensity [ a.u.

Figure 1.10. (a) Synchrotron XRD pattern of HEA NPs with Rietveld refinement. Wavelength: A
= 0.62938(6) A. (b) HAADF-STEM image and EDX mappings of HEA NPs. Reprinted with
permission from ref 26. Copyright 2020 American Chemical Society.

The Skrabalak group has introduced an alternative solution-based method to synthesize
HEA NPs that begins with the initial colloidal synthesis core@shell NPs consisting of five metals
(PdCu@PtNiCo).?” Subsequent annealing of these precursor particles provided monodisperse
PdCuPtNiCo HEA NPs with diameters of 10.6 + 0.2 nm (Figure 1.11).2” The PACuPtNiCo HEA
NPs showed high catalytic performance and stability in the oxygen reduction reaction (ORR) in
alkaline media, where the enhanced ORR activity can be attributed to the highly dispersed Pt/Pd

content in HEAs.?’
12
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Figure 1.11. (a) Synthetic process of PACuPtNiCo HEA NPs (b) HAADF-STEM image and EDX
mappings of PACuPtNiCo HEA NPs (c) Line scan profile of the PACuPtNiCo HEA NPs. Reprinted
with permission from ref 27. Copyright 2021 Royal Society of Chemistry.

Using this general approach, the Skrabalak group successfully synthesized five different
quinary alloy phases (i.e., PdCuPtNiCo, PdCuPtNilr, PdCuPtNiRh, PdCuPtNiFe, and
PdCuPtNiRu), as well as senary (PdCuPtNiCoRh) and septenary (PdCuPtNiCoRhRu and
PdCuPtNiCoRhlr) phases (Figure 1.12).?® This modular and versatile methodology enables the
retrosynthetic design of precursor core@shell NPs with the stoichiometry of the HEA NPs

1.28 The principles for

determined by the compositions and relative volumes of the core and shel
selecting which metals are incorporated into the core versus the shell regions of the nanoparticles

are crucial in extending this methodology beyond the prototype system.
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Figure 1.12. (a) TEM, (b) HAADF-STEM image, EDX mappings and line scan analysis of senary
PdCuPtNiCoRh HEA NPs. (c) TEM, (d) HAADF-STEM image, EDX mappings and line scan
analysis of septenary PACuPtNiCoRhIr HEA NPs. Yellow arrow in (b) and (d) indicates the
directions of line scans. Reprinted with permission from ref 28. Copyright 2022 American
Chemistry Society.

Retrosynthetic design principles for synthesizing monodisperse HEA NPs were established
while considering the relative redox potential (Erwq) of the metal or metal precursors used in
SMCR.? This property is important as galvanic replacement may occur when metal precursors
with high Ereq replace metals with low Erqd in the seeds.>’ Design principles include: (1) metal
precursors with a high Erq relative to other metals should be incorporated into the core of the
core@shell NPs, (2) metal precursors with a substantially lower Ereq relative to the other metals
should be in the shell, (3) metals that hinder alloy phase formation or possess poor wettability
should be in the core.?” These principles provide a systematic framework for selecting the
arrangement of metals in core@shell NPs during the SMCR process. The subsequent annealing
process demonstrates the broad applicability of these principles across various HEA NPs (e.g.

AuCuPtPdNi, PdSnPtNiCu, PdAgPtNiCu and PdCuPtNiCo) (Figure 1.13).2° This specific method

14



and the associated studies reached beyond what had been previously reported by providing design

principles that allow its generalization across materials.
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Figure 1.13. (a, f, k and p) TEM images, (b, g, | and q) HAADF-STEM images, EDX mappings,
(c, h, m and r) line scan analysis according to yellow lines in HAADF-STEM image, (d, 1, n and
s) experiment and simulated XRD pattern and (e, j, o and t) table showing the atomic percentages
from XPS of the (a—e) AuCuPtPdNi, (f—j) PdSnPtNiCu, (k—0) PdAgPtNiCu and (p-t)
PdCuPtNiCo. Red asterisks show the pattern from the carbon support. Reprinted with permission
from ref 29. Copyright 2023 Springer Nature.

Porous Metallic HEAs. Porous metallic materials with high surface areas, tunable pore structures,
and efficient mass/electron transportation processes constitute an important class of
nanomaterials.’! Classic mesoporous metallic alloys prepared through wet-chemical reduction
methods predominantly comprise two or three metal elements.’! Expanding the metal elements to

five or more in mesoporous NPs presents a significant challenge presumably because of the diverse
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physicochemical properties and differences in Ereq of the metal.>? The Faustini group introduced a
straightforward route to synthesize ordered macro- and mesoporous PtPdRuRdIr HEA NPs with
uniform pore size and high surface area that relies on spray-drying aqueous solutions comprising
five different noble metal precursors onto polymer latex beads.** During annealing at 350 °C, the
polymer facilitates the formation of HEA NPs-based porous networks by serving a dual role as
both a templating and reducing agent (Figure 1.14).>3 The resultant porous HEA NPs exhibited
notable thermal stability and catalytic activity toward CO oxidation. /n situ TEM heating
investigations revealed the HEA NP porous structure remained stable up to 800°C.* Despite these
impressive advancements, reports involving the synthesis of mesoporous HEA NPs under

comparatively mild conditions, such as wet-chemical reduction in the solution phase, remain rare.

macro/mesoporous HEAs
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Figure 1.14. A pictorial representation of the fabrication process of porous HEA-based particles
by aerosol synthesis followed by thermal annealing. SEM and HAADF-STEM images show the
mesoporous morphology of the HEA NPs. Reprinted with permission from ref 33. Copyright 2022
American Chemistry Society.

An alternative approach reported by the Yamauchi group used one-pot wet-chemical
reduction to synthesize mesoporous PtPdRhRuCu HEA NPs using a deblock polymer as the soft
template.>* Poly(ethylene oxide)-b-poly(methyl methacrylate) (PEO10s500-b-PMMA 15000) micelles
and L-ascorbic acid (L-AA) were used as the pore-directing and reducing agents, respectively. The

reaction solution was maintained at 80 °C for 4 h in an oil bath after which, PtPdRhRuCu HEA
16



NPs were collected by centrifugation. The resultant PtPARhRuCu HEA NPs exhibit well-
distributed large exposed mesopores (d = 23 nm), with tunable pore sizes (Figure 1.15).3* However,
the HEA exhibited a core@shell structure with a Pd-rich core and Rh/Ru-rich shell due to the

different reduction properties of each metal element during the chemical reduction process.
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Figure 1.15. (a) A pictorial illustration of the synthesis of PtPdRhRuCu. (b) SEM, (c) HAADF—
STEM with the corresponding SAED pattern (scale bar: 5 nm™'), (d) HRTEM with FFT pattern,
(e) EDX mapping images. Scale bar was (b) 100 nm, (c) 100 nm, (d) 2 nm and (e) 50 nm,
respectively. Reprinted with permission from ref 34. Copyright 2023 Springer Nature.

To date, a variety of substrates have exhibited promise as supports for HEA NPs, as
indicated in enhanced stability and catalytic performance.*>>” For example, Rekha et al. reported
a two-step synthesis of HEA NPs decorated graphene.® First, high-purity graphite powder was
mechanically milled with metal powders (Ni, Cr, Co, Cu, Fe) to produce multimetal-graphite

composite. Sonication of this composite with sodium lauryl sulphate (SLS) for 2 hours gave a
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dispersion of graphene decorated with NiCrCoCuFe HEA NPs with a large distribution in
nanoparticle sizes (Figure 1.16).>> The HEA NPs-graphene composite can be further spray painted

over surfaces and exhibited high corrosion resistance performance.

TEM image - , STEM-HAADF image

Figure 1.16. Representative TEM, HAADF-STEM image and EDX mappings of NiCrCoCuFe
NPs on a graphene sheet. Reprinted with permission from ref 35. Copyright 2018 Springer Nature.

Urs and coworkers also presented a two-step approach but for the fabrication of exfoliated
and decorated MoS; flakes with single-phase AgAuCuPdPt HEA NPs.*® The synthesis of the
AgAuCuPdPt HEA NPs involved arc melting and casting, followed by cryomilling. The MoS;
powder was independently subjected to cryomilling for a duration of 7 hours. The cryomilled MoS>
powder was sonicated with AgAuCuPdPt HEA NPs in a water/dimethylformamide (DMF)
solution for a period of 30 hours in order to facilitate the decoration with HEA NPs (Figure 1.17).
The resulting nanoscale junction formed between HEA and MoS» exhibited a tenfold increase in

the response towards hydrogen gas (5000 ppm) at 80 °C.3®
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Figure 1.17. (a) TEM image and (b) SAED pattern of a MoS; nanosheet (c) TEM image of HEA
NPs decorated MoS> nanosheet; (d) the corresponding SAED pattern. (¢) HRTEM image of
AuAgCuPdPt NPs on the MoS; sheet; (f) FFT filtered HRTEM image of AuAgCuPdPt NPs. (g)
EDX spectrum and HAADF-STEM image of a single nanoparticle. (h) EDX mapping of
AuAgCuPdPt NPs. Reprinted with permission from ref 36. Copyright 2020 Royal Society of
Chemistry.
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Zhu et al. constructed structurally ordered HEA NPs on a 2D nitrogen-rich mesoporous
carbon sandwich framework (OHEA-mNC) by employing ligand-assisted interfacial assembly
coupled with NH3 annealing (Figure 1.18).3” The OHEA-mNC NPs show significantly enhanced
catalytic performance. This includes a large half-wave potential (0.90 eV) and a high durability
(0.01 V decay after 10000 cycles); surpassing the performance of disordered HEA and commercial
Pt/C catalysts. This remarkable performance is attributed to an improved mass transfer rate and

enhanced electron conductivity due to the presence of stable chemically ordered HEA phase.?’

o™

Intensity (a.u.)

00 03 06 09 12 15 18
Position (nm)

" TP PGB

Fe Co Ni Cu Pd

Figure 1.18. (a) TEM image of the synthesized organic-inorganic hybrid material. (b) TEM image
of the OHEA-mNC catalyst. (c) ABF-STEM image and corresponding elemental mappings for the
FeCoNiCuPd NPs. (d) Atomic-resolution HAADF-STEM image and (e) corresponding FFT
pattern along [100] zone axis. (f) Atomic-resolution HAADF-STEM image and (g) corresponding
FFT pattern along [110] zone axis. (h) Atomic-resolution HAADF-STEM image and
corresponding EDX mappings. (i) A pictorial illustration of the elements on each site,
superimposed on the HAADF image along the [100] zone axis. (j) Line scan profile along the line
in (h). (k) Quantitative analysis for each element. Reprinted with permission from ref 37.
Copyright 2022 Wiley-VCH Verlag GmbH & Co.
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Germanium-based materials have attracted much attention due to their narrow band gap
(0.67 V), high ion intercalation capacity, high electron mobility and low toxicity.*® They have
been explored as metal-semiconductor heterostructure in energy storage and electronic devices.*®
39 Notably, germanium-based materials (e.g., germanane) have yet to be reported as a potential
support for HEA NPs to form heterostructure. The synthesis of HEA NPs on germanane,

germanium nanoparticles, and wafers will be discussed in Chapter 3.
1.1.2 High-Entropy Compounds

With the constantly increasing number of reports related to HEAsS, it is reasonable that the concept
of multicomponent high entropy systems is expanding beyond alloys to other material classes and
as a result various high-entropy compounds have appeared. Among the first of such reports was
one describing (MgCoNiCuZn)O, an entropy-stabilized oxide.** The synthesis begins with the
mixing of MgO, NiO, CuO, CoO, and ZnO powders. Mixtures were subjected to varying
temperatures ranging from 700 to 1100 °C (2 h in an air furnace), followed by air quenching
(Figure 1.19). Specifically, the precursors of this high-entropy oxide possessed rocksalt (MgO,
NiO, and Co0), tenorite (CuO), and wurtzite (ZnO) crystal structures. At 700 °C, XRD analysis
revealed the presence of rocksalt and tenorite phases in the mixture consistent with insufficient
entropic contribution to free energy. However, as the temperature increased, the concentration of
tenorite phase diminished, ultimately resulting in the formation of a single rocksalt structure
(Figure 1.19b). The utilization of starting materials with diverse crystal structures increased the
mixing enthalpy, rendering the formation of a single rocksalt lattice more challenging.
Consequently, a substantial entropic contribution of free energy, achievable through higher
temperatures or increased entropy, is required to form single-phase high-entropy oxide

(HEO).*® As the first report on HEOs, their properties and applications were underexplored.
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Figure 1.19. (a) HAADF-STEM image and EDX mappings of (MgCoNiCuZn)O. (b) XRD
patterns for (MgCoNiCuZn)O. The patterns were measured from one pellet which was equilibrated
for 2 h at each temperature in air, then air quenched to room temperature by direct removing from
the furnace. X-ray intensity is plotted on a logarithmic scale and arrows indicate reflections
associated with non-rocksalt phases and reflections indexed with (T) correspond to tenorite phase.

Reprinted with permission from ref 40. Copyright 2015 Springer Nature.
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Figure 1.20. A pictorial illustration of the sol—gel synthesis of mesoporous HEO spheres.
Reprinted with permission from ref 43. Copyright 2020 American Chemistry Society.

HEOs have conventionally been synthesized by solid-state reactions using solid metal
oxide particles as precursors.*! Alternatively, wet-chemistry synthesis, such as the general sol-gel
strategy with the inclusion of organic templates can offer a straightforward approach to precisely
control the compositions and structure/morphology of mesoporous materials.*> Wang et al.
developed a controllable wet-chemistry sol-gel strategy for crafting spherical mesoporous HEOs
(NiCoCrFeMn oxide) exhibiting a general spinel structure that possess high specific surface areas,
large pore sizes and volumes, and uniform particle diameters.* Spherical metal/polyphenol-
formaldehyde resins were first synthesized via a sol-gel process using plant polyphenol
formaldehyde, and metal salts as a precursor (Figure 1.20). Following calcination, the metal
species aggregated to form HEOs, with the organic resin undergoing decomposition to generate
mesopores (Figure 1.21).** The mesoporous HEOs can adsorb single-stranded nucleic acid
labelled with dye to fabricate a DNA sensor, which showed high sensitivity with an LOD of

0.16-0.20 nM.
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Figure 1.21. Representative (a) SEM and (b) TEM images of NiCoCrFeMn—TF polymer spheres.
(c) TEM image for NiCoCrFeMn—TF-400 solid HEO sphere. (d) SEM image, (e,f) TEM images,
and (g) EDXX mappings for NiCoCrFeMn—TF-600 hollow HEO sphere. Corresponding SAED
pattern were shown in inset of (e). (h) A pictorial representation of the formation of solid and
hollow mesoporous HEO spheres. Reprinted with permission from ref 43. Copyright 2020
American Chemistry Society.
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A variety of high-entropy compounds, including carbides, nitrides, borides, silicides,
sulfides and halides have now been synthesized and extensively analyzed.**>* Wang et al. used
five different metal oxides and carbon black to fabricate an equimolar (TiZrNbTaMo)C high-
entropy carbide (HEC). Carbothermal reduction was performed at 1500 °C in vacuum for 1 h
resulting (TiZrNbTaMo)C HEC, which possessed an FCC structure (Figure 1.22). The measured
hardness values of (TiZrNbTaMo)C are 25.3 GPa at 9.8 N which is comparable to or even higher

than those (15 GPa or 18.8 GPa) obtained in other related high-entropy (TiZrNbTaHf)C.*
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Figure 1.22. (a) A pictorial illustration of the formation process of (Tio.2Zro.2Nbo.2Tao2Moo2)C
(different colors represent different metallic atoms). (b) HAADF image and EDX mappings of
HEC. Reprinted with permission from ref 44. Crown Copyright 2019 published Elsevier B.V.
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Sure et al. reported a facile and single-step method to prepare HECs using the FFC-
Cambridge electro-deoxidation process.*> This method involves designating the metal oxide as the
cathode in molten CaCl; electrolyte and polarizing it against a carbon anode; this causes expulsion
of oxide ions from the cathode into the electrolyte.”* A mixture of individual metal oxides and
graphite is reduced in a melt of CaCl, at a temperature as low as 900 °C. The resulting
(TiNbTaZrHf)C is characterized by a single-phase FCC structure and exhibits a powdery
morphology with particle sizes from 15 to 80 nm (Figure 1.23). The HEC exhibit a long-term

stability as supercapacitor electrodes with 87% capacity retention after 2000 cycles.*
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Figure 1.23. (a) A pictorial illustration of the electro-deoxidation experiment. (b) SEM images of
(TiNbTaZrHf)C. (c) SEM and EDX mapping of (TiNbTaZrHf)C. Reprinted with permission from
ref 45. Copyright 2020 Wiley-VCH Verlag GmbH & Co.
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High-entropy metal nitrides (HEN) were first achieved by Jin et al. via a urea-based
mechanochemical synthesis.*® The process involved the ball milling of five transition-metal
chlorides with urea, yielding a gel-like product uniformly dispersed and stabilized through metal-
urea complexation. The resulting gel-like composite was heated in a N> atmosphere (800 °C for 3
h) leading to the formation of HEN as a black powder without additional post-treatment (Figure
1.24). The HEN was used as supercapacitor electrodes and showed a specific capacitance of 78 F

g ! at a scan rate of 100 mV s™! in 1 m KOH.*
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Figure 1.24. (a) A pictorial illustration of two-step synthetic strategy for HEN. (b) Representative
SEM image and (c) ADF STEM image. (d-h) EDX mappings of HEN. Reprinted with permission
from ref 46. Copyright 2018 Wiley-VCH Verlag GmbH & Co.
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High-entropy metal diborides (HEBs) are crystalline high-entropy AlB>-type ceramics.*!
Gild et al. used mechanical alloying and spark plasma sintering (SPS) methods to synthesize six
different diborides with five equimolar components (selected from Zr, Hf, Ti, Ta, Nb, W, and
Mo).*” As confirmed by HAADF and ABF imaging, these high-entropy diborides exhibited a
distinctive layered hexagonal AIB: structure separated by the rigid 2D boron nets and high-entropy
2D metal cation layers (Figure 1.25).*7 As a novel category of ultra-high temperature ceramics
(UHTCs) and high-entropy materials, these HEBs not only stand out as the first high-entropy non-
oxide ceramics (borides) but also show a unique non-cubic (hexagonal) and layered (quasi-2D)
high-entropy crystal structure. These HEBs exhibit greater hardness and better oxidation resistance

than other UHTC and have the potential for oxidation protective coating.*’
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Figure 1.25. (a) ABF-STEM and (b) HAADF-STEM images of HEB at a low magnification.
High-resolution (c) ABF-STEM and (d) HAADF-STEM images showing atomic configuration of
the HEB. The electron beam is parallel to the [0110] zone axis of hexagonal structure. (0001) and
(0110) planes are showed in (c). The red circles correspond to the columns of transition metal
atoms. The green dots represent the boron atoms. (e) A pictorial illustration of the crystal structure
of the high-entropy metal diborides. Reprinted with permission from ref 47. Copyright 2016
Springer Nature.

Dong and coworkers reported a molten salt-assisted boron thermal reduction method for

the synthesis of HEBs.*® In this approach, raw materials including WO3, MoO3, V20s, Nb,Os,
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CeO», and boron powder were combined with KCI1 and NaCl, followed by grinding for 30 min.
The presence of K™ and Na" in the molten salt state enhances the ion transmission capacity and
reduces the temperature required for reduction. The resulting mixture was subjected to high-
temperature sintering (1000 °C) in a vacuum tube furnace for 30 minutes to synthesize the
WMoVNbCeB HEB (Figure 1.26). It effectively improved the HER activity and long-term

stability in an alkaline medium (increased 15 mA after 5000 cycles). *®

Precursor

Figure 1.26. (a) A pictorial representation of the synthesis process of WMoVNbCeB HEB. (b)
HAADF-STEM image and EDX mapping of WMoVNbCeB HEB. Reprinted with permission
from ref 48. Crown Copyright 2023 published Elsevier B.V.
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Qin and colleagues have synthesized a high-entropy silicide (HES) ceramic with enhanced
hardness via reactive spark plasma sintering (SPS).* In this methodology, metallic powders and
silicon were employed to create a HES, (Tio2Zro2Nbo2Mo0o2Wo2)Si2, with a close-packed
hexagonal structure. EDX analysis confirmed the uniform, excluding zirconium, distribution of

elements, and showed oxygen incorporated in impurity particles (Figure 1.27). The hardness of

the HES was measured to be 12.09 GPa which is in the upper range of silicides (10 - 13 GPa).*’

Figure 1.27. SEM images of the polished surface of (Ti0.2Zr02Nbo2M002Wo2)Si> SPSed at
1300 °C for 15 min, with the corresponding EDS mapping of Ti, Zr, Nb, Mo, W, and Si elements.
Reprinted with permission from ref 49. Copyright 2019 Springer Nature.

Wang and colleagues made the discovery of high-entropy perovskite fluorides (HEPFs)
along with demonstrating their efficacy in effective oxygen evolution reaction (OER) catalysis.>
The synthesis begins with the ball milling of metal sulfates/acetates to ensure thorough mixing of
the metal sources. The mixed metal sulfate/acetate powder was then directly introduced into a

boiling KF solution, leading to the rapid precipitation of HEPFs (Figure 1.28).%
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Figure 1.28. (a) A pictorial illustration of HEPF synthesis; (b) XRD patterns of HEPFs; (c)
Secondary electron SEM image of K(MgMnFeCoNi)F3; (d) SEM image and EDX mappings of
K(MgMnFeCoNi)F; in the green region. Reprinted with permission from ref 50. Copyright 2020
American Chemistry Society.

Using the vacancy-ordered double perovskite CsoMCls crystal structure as a platform, the
Yang group extended the exploration of high-entropy halide perovskite single crystals to the
Cs2{ZrSnTeHfRePt}Cls and Cs,{SnTeReOsIrPt} Cls families.”! Building on their prior work
involving the formation of mixed from Cs;TeXs (X=CI', Br,, I') powders,> they dissolved the

appropriate one-element Cs;MClg, (M = Zr, Sn, Te, Hf, Re, Os, Ir, Pt) starting powders in 12 M
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hydrochloric acid (HCI). This generated multi-element solution containing free Cs* cations and
isolated [MCle]>~ (M=Zr*", Sn*', Te*', Hf*, Re*", Os*", Ir*", or Pt*") octahedral anions examined
by Raman spectroscopy, multiwavelength anomalous diffraction and electron backscatter
diffraction (Figure 1.29a). The (re)crystallization process from these multi-element solutions was
used to achieve single crystals of Csx{SnTeRelrPt}iCls, Cs2{ZrSnTeHfPt}Cls,
Cs2{SnTeReOsItPt}Cls, and Cs2{ZrSnTeHfRePt}|Cls (Figure 1.29b).’! The adsorption and
emission properties of these single crystals were studied. Their adsorption spectra exhibited the
superposition of features from electronic transitions of all constituent octahedra, while the
photoluminescence excitation spectra demonstrated energy transfer behaviour among the
octahedra. These high-entropy halide perovskite single crystals have a great potential for the

optoelectronic applications.>!
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Figure 1.29. (a) A pictorial illustration of the solution phase self-assembly processes from multi-
element solution to high-entropy perovskite single crystals. 12 M HCI was used as the solvent for
an excess chloride environment, facilitating the formation of six coordinated [MCls]*>~ octahedral
molecules in solution. (b) Optical microscopy images of high-entropy quinary
(Cs2{ZrSnTeHfPt}1Cl¢ and Cs2{SnTeRelrPt}Cls) and senary (Cs2{SnTeReOslrPt}Cls, and
Cs2{ZrSnTeHfRePt} Cls) single crystals. Reprinted with permission from ref 51. Copyright 2023
Springer Nature.
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Zhang and coworkers designed two high-entropy sulfides (metallic CusSnMgGeZnSy and
semiconducting CuzSnMgInZnS-) based on a data-driven model which selected suitable elements
to minimize the enthalpy of formation and maximize the chance of single-phase formation. They
calculated the cations-sulfur bond lengths of the 47 compounds from Inorganic Crystal Structure
Database (ICSD) and used it as the chemical descriptor for the high-entropy sulfide design since
the bond lengths of cations are a decent indicator of local strain (Figure 1.30).>> Two possible
compositions (CusSnMgGeZnSy and CusSnMgInZnS7) were synthesized using SPS based on the
criterion. The metallic CusSnMgGeZnSo was tested for their thermoelectric properties showing a
comparable z7 value of 0.58 at 723 K to those of typical Cu-S based thermoelectric materials. This

approach advances later data-driven discovery of high-entropy materials.>?
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Figure 1.30. (a) Bond length from ICSD and bond valence model. (b) EDX of high-entropy
sulfides. Reprinted with permission from ref 52. Copyright 2018 American Chemistry Society.
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The Schaak group reported low temperature synthesis of a high-entropy copper sulfide NPs
by using a significantly different pathway as compared to previous methods for the bulk high-
entropy sulfides.’? Initially, roxbyite copper sulfide (CuisS) nanoparticles undergo simultaneous
multication exchange with substoichiometric amounts of Zn*", Co**, In**, and Ga*'. This results
in the formation of a crystalline, wurtzite-type Zn-Co-In-Ga-Cu sulfide product. Nanoparticle
cation exchange reactions, involving the replacement of cations in the nanoparticle by cations from
the solution, harness both enthalpic and entropic driving forces. Coupled with configurational
entropy, this synergistically facilitates the formation of a high-entropy material at low temperatures
(Figure 1.31).5 This method provides a new approach to design and synthesize high entropy
materials that can be extend to other systems including metal halides, metal selenides and metal
tellurides. The prepared high-entropy metal sulfide NPs are promise candidates in catalysis, energy

storage, and thermoelectric.
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Figure 1.31. (a) A pictorial illustration showing the transformation of roxbyite Cu; sS to the high-
entropy wurtzite-type metal sulfide Zno.25C0022Cuo.28In0.16Gao.11S via a  simultaneous ion
exchange of the Cu® cations. (b) HAADF-STEM image and EDX mappings of the
Zn0.25C00.22Cuo.28In0.16Gao.11S. Reprinted with permission from ref 53. Copyright 2021 American
Chemistry Society.
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Currently, most studies have focused on various developing methods to prepare high-
entropy alloys and compounds along with the characterization of the high-entropy structure. Novel
properties are also investigated. Germanides are a class of compounds that have garnered
significant interest in recent years due to their potential applications in the fields of
thermoelectricity and electronics.’® > These compounds are formed through the combination of
germanium with diverse metallic elements such as iron, nickel, cobalt, and palladium.>*%! The
distinctive physical properties exhibited by germanides, including high electrical conductivity, low
thermal conductivity, and favorable thermoelectric characteristics, make them highly attractive for
various applications. However, high-entropy germanide materials has been relatively limited up to
now except some of intermetallics.®> We will discuss the synthesis of high-entropy germanides
and the formation processes using advanced in situ heating characterization techniques in Chapter

4.
1.2 Ge Nanostructures

Germanium is a heavier congener of silicon in Group 14. While similarities exist between these
two congeners (e.g., both are indirect band gap semiconductors, chemical reactivity, crystal
structure), key differences make germanium and derived materials attractive functional systems
for numerous applications. With a small band gap (0.67 eV at 300 K),%® large Bohr-exciton radius
(24.3 nm),% ® high electron and hole mobility (~3900 cm?/V-s),°¢ as well as large capacity for
and diffusivity of ions (e.g., Li"), Ge has the potential to impact applications such as
photodetectors,’” field-effect transistors,*® and lithium-ion batteries.” Nanoscale Ge allows for

additional tailoring because of the impacts of surface area and quantum confinement.”® 7!
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1.2.1 Ge Nanoparticles

Germanium nanoparticles (GeNPs) have received significant attention in light of their
potential use in various applications including, solar cells, field-effect transistors, memory devices,
photodetectors, and biological imaging.”> GeNPs present a compelling and less toxic alternative
to traditional narrow band gap semiconductor nanoparticles containing heavy metals such as Pd,
Cd, and Hg.”® Controlled synthesis methods are required to ensure GeNPs with well-defined sizes
and morphologies are realized to facilitate investigation of the inherent properties of GeNPs and
their diverse applications.”?

The synthesis of GeNPs has been extensively reported throughout the literature and primarily
focus on four main techniques: mechanochemical ball milling of bulk crystals,”* metathesis reactions
involving Zintl salts such as NaGe,” solution phase hydride reduction of Ge halides,”*” and the thermal

disproportionation of Ge-rich precursors.® 8!

In the Veinot Laboratory, germanium hydroxide,
Ge(OH),, was employed as a precursor to prepare GeNPs.*® Thermal processing of Ge(OH), at
400°C under an Ar atmosphere results in GeNPs embedded in a GeO, matrix.*® Subsequent

dissolution of the GeO> matrix using ethanolic hydrofluoric acid produces hydride-terminated

GeNPs (Figure 1.32). Further details on this process will be discussed in Chapter 3.
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Figure 1.32. (a) A pictorial representation of the synthesis of hydride-terminated GeNPs. (b) TEM
and HRTEM images of hydride-terminated GeNPs showing (111) lattice plane. Reprinted with
permission from reference 80. Copyright 2017 American Chemical Society.

1.2.2 Ge Nanosheets (Germanane)

Two-dimensional (2D) materials represent an exciting material class poised to
revolutionize many sectors including electronics, sensing, multifunctional coatings and a host of
other applications.®> Materials including graphene, transition metal dichalcogenides, black
phosphorus, boron nitride, and heterostructures of the same are being rapidly developed for use in
low power electronics, wearable sensors and point-of-care diagnostics.®?

Germanane (Ge nanosheets; GeNSs) has a 2D structure made up of germanium atoms in
sheets with a buckled honeycomb arrangement to form nonplanar sheets.®* Depending upon
surface chemistry, GeNSs can possess an optical band gap in the range of 1.4 - 1.7 eV,% and
several studies have reported its integration into prototype devices such as transistors and Li-ion

batteries.?% %7
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Vogg et al. reported the first preparation of hydride-terminated germanane through
topotactically deintercalation of CaGe; in concentrated aqueous HC1.38 In 2013, Goldberger and
collaborators conducted a systematic study on the thermal stability of germanane (Figure 1.33)
and found that the Ge framework is disrupted when annealing temperatures surpass 100 °C, as
evidenced by the diminishing Ge—Ge vibration and the reduction in the optical band gap from 1.59
eV to 1.1 eV. A reduction in interlayer distance was then observed post-annealing at 150 °C, as
manifested by an increased 20 value in the XRD pattern. At elevated temperatures, the layered
morphology completely disappears, and a dehydrogenative reaction was identified via
thermogravimetric analysis (TGA).3° This study provides a starting point for the synthesis of high-

entropy germanides discussed in Chapter 4.
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Figure 1.33. (a) A pictorial illustration of germanane (GesHs), synthesis. (b) Analysis of (GegHs)x
by TGA. (c¢) DRA spectra, (d) XRD patterns, and (¢) Raman spectra of (GesHs), after annealing
at different temperature. (*) in (d) correspond to diffraction reflections of an internal Ge standard.
(b-c) was reprinted with permission from ref 89. Copyright 2013 American Chemical Society.
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The Goldberger group further advanced the topochemical deintercalation approach by
substituting concentrated hydrochloric acid with alkylating agents such as methyl iodide. This
substitution led to the synthesis of methyl-terminated germanane, accomplishing both chemical
exfoliation and covalent functionalization in a single-step reaction (Figure 1.34).° The success of
functionalizing germananes using this “top-down” approach provides for tunable properties by
tailoring the ligand identity and coverage of the 2D germanane framework. It also allows for the

preparation and subsequent investigation of additional covalently functionalized GeNSs.’!
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Figure 1.34. (a) A pictorial representation of conversion of CaGe: into GeCH3 using CH3l. (b)
Optical image of GeCHj3 crystals on 1 mm grid paper with a 3 mm scale bar. (c) Single-crystal
XRD pattern of GeCHj3 collected along the [001] zone axis. (d) Powder XRD patterns of GeH and
GeCHs. (%) correspond to diffraction reflections of an internal Ge standard. The dot line shows the
difference in the (100) reflections between GeH and GeCHs. Reprinted with permission from ref
90. Copyright 2014 Springer Nature.
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Hartman et al. developed an alternative strategy involving a two-step reaction utilizes solid
alkylating agents.®? In the first step, in the THF solution alkali metal (M) arenides (MNp, Np =
naphthalenide) serve as a strong base to deprotonate Ge-H (Ge-H — Ge") and generate Ge /M ion
pairs. For instance, sodium naphthalide in THF forms Ge/Na'. The subsequent step involves a

nucleophilic SN2 substitution with an appropriate alkylating reagent. (Figure 1.35).
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Figure 1.35. A pictorial illustration of two-step functionalization of GeH using solid alkylating
agents. Reprinted with permission from ref 77. Copyright 2019 Wiley-VCH Verlag GmbH & Co.

Hydride-terminated Ge structures (e.g., GeNSs) can be modified with alkenes and alkynes
via hydrogermylation.”® In the Veinot laboratory, Yu et al. demonstrated the derivatization of
GeNSs via two pathways: radical-initiated hydrogermylation with azobisisobutyronitrile (AIBN)
as the radical initiator, and thermally-induced hydrogermylation with sonication in neat 1-
dodecene (Figure 1.36).”* The resulting dodecyl-functionalized GeNSs displayed slightly different
properties depending on the functionalization method. Dodecyl-GeNSs prepared via reactions
involving radical initiators provided monolayer coverage and showed a thickness of 4.5 nm,
whereas those prepared thermally yielded higher density surface coverage with a film thickness of

5.5 nm — this difference was attributed to surface oligomerization.”*
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Figure 1.36. (a) FTIR spectra of GeNSs, 1-dodecene and dodecyl-terminated GeNSs prepared
from thermal and AIBN radical hydrogermylation. (b) High-resolution XP spectra of the Ge 3d
spectra region for CaGe, Ge (111) wafer, germanane flakes and dodecyl-terminated GeNSs
prepared from thermal and AIBN radical hydrogermylation. (¢) Raman spectra of Ge (111) wafer,
germanane flakes, GeNSs and dodecyl-terminated GeNSs prepared from thermal and AIBN
radical hydrogermylation. (d) A proposed ideal model for dodecyl-terminated GeNSs. (e)
Calculation of fractional monolayer (ML) ligand coverage versus Ge layer thickness determined
from XPS, for dodecyl-terminated GeNSs prepared from thermal and AIBN radical
hydrogermylation. Reprinted with permission from ref 94. Copyright 2018 American Chemical
Society.

Yu et al. further extended the chemistry of GeNSs by incorporating Ge-Si bonding through
the thermally-induced heteronuclear dehydrocoupling of organosilanes to hydride-terminated
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germanane (Figure 1.37).%° The resulting organosilane-functionalized GeNSs remained suspended
in toluene for weeks and resisted oxidation in wet ethanol for days. Additionally, a 0D/2D hybrid
material consisting of covalently linked SiNPs and GeNSs was prepared using a similar
methdology.” The use of hydride-terminated GeNSs to create a 0D/2D hybrid material inspired

the investigation of the preparation of metal nanoparticles on GeNSs, described in Chapter 2.
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Figure 1.37. (a) A pictorial illustration of dehydrocoupling of organosilanes on the surfaces of
GeNSs; (b) A pictorial representation of possible surface bonding models of primary (Left) and
tertiary (Right) alkylsilanes on GeNSs; (c) A pictorial illustration of heteronuclear
dehydrocoupling of H-SiQDs on the surfaces of GeNSs. Reprinted with permission from ref 95.
Copyright 2018 American Chemical Society.

1.3 The Scope of This Thesis

This thesis is grounded in the hypothesis that hydride-terminated Ge (bulk and nano)

materials can serve as convenient precursors for preparing metal nanoparticle/Ge hybrids.
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Additionally, it explores the possibility of using solution methods for depositing HEA NPs onto
germanane surfaces. Chapter 2 focuses on synthesizing metal-decorated GeNSs (M@GeNSs) and
their prototype application as a catalyst in photocatalytic conversion of benzyl alcohol to
benzaldehyde.

In Chapter 3, the deposition of HEA NPs onto germanane surfaces via surface-mediated
reduction is explored. Freestanding HEA NPs can be liberated from the GeNSs through
straightforward UV light irradiation while maintaining their single-phase solid solution structure
after liberation. Similar investigations were extended to other Ge-based substrates, including
hydrogen-terminated GeNPs and Ge (100) wafers.

Chapter 4 discusses the first reported synthesis of high-entropy germanides (HEG:
AuAgCuPdPtGe and FeCoNiCrVGe) via a rapid thermal annealing. The formation and growth
mechanisms of HEGs are elucidated through in sifu heating XRD and TEM experiments. The
observed process involves the initial decomposition of GeNSs during annealing, followed by a
gradual grain growth via diffusion at temperatures below 600 °C, and ultimately, rapid grain
growth at elevated temperatures.

Chapter 5 provides a summary of the findings from Chapters 2-4 and offers a brief and

high-level outlook of the methodologies, materials synthesized in this Thesis and future work.
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2. Chapter 2: Metal Nanoparticles-decorated Germanane
for Selective Photocatalytic Aerobic Oxidation of Benzyl

Alcohol?

Germanane and silicane are two-dimensional semiconductors comprised of atoms bonded
in an arrangement approximating the (111) surfaces of hydrogen-terminated Ge and Si,
respectively.! These materials possess surface chemistry dependant optical band gaps in the range
of 1.4— 1.7 eV (germanane)? and 2.4-2.6 eV (silicane).’ In line with a focus of this Chapter, studies
have reported the use of both the Si and Ge materials as photocatalysts.* Visible light irradiation
of hydrogen-terminated germanane provided Liu et al. with a source of hydrogen from aqueous
methanol, as well as a means to photodegrade rhodamine B.®> These authors later extended this
same reactivity to methyl-terminated germanane.® Pumera and colleagues expanded upon Liu’s
studies and explored the reactivity of an array of germananes bearing various surface groups while
evaluating the impact of surface chemistry on their photoelectrocatalytic activity in the hydrogen
evolution reaction.” Taking a different approach, Ozin and coworkers modified silicanes by
exploiting the reducing nature of Si—H surfaces and decorated said surfaces with Pd nanoparticles;
these materials catalyzed photoreduction of carbon dioxide.® Most recently, Zhao et al. described

yet another approach toward tailoring group 14 element nanosheets with the formation of

 The contents of this chapter have been adapted from the following submitted manuscript: Ni, C.; Chevalier,
M.; Veinot, J. G. C., Metal Nanoparticle-decorated Germanane for Selective Photocatalytic Aerobic
Oxidation of Benzyl Alcohol. Nanoscale Adv. 2022, 5 (1), 228-236.
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“siligenes” terminated with a mixture of —H/~OH surface groups. These mixed element 2D
materials provided photocatalytic hydrogen evolution from water and carbon dioxide reduction to
provide carbon monoxide.’ All of these studies point to the tunability, intriguing reactivity, and
practical potential of 2D nanomaterials based upon group 14 elements.

Drawing inspiration from metal decorated silicane as well as the established reactivity of
bulk germanium,'® we explored the reactivity of germanane (GeNS) and demonstrated the

straightforward deposition of a variety of metal nanoparticles (MNPs) onto their surfaces (Figure

2.1).
CODDWM®® o
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Metal-decorated germanane nanosheets Germanane nanosheets

Figure 2.1. A pictorial illustration of the formation of metal nanoparticles germanane. Germanane
flakes were prepared via topotactic deintercalation of calcium ions from CaGes. The flakes were
subsequently sonicated in the Mill-Q water for 2 h to obtain the germanane nanosheets. Aqueous
solutions of metal salts (i.e., AuCls, AgNO3, CuCl,, PdCl; and PtCls) were added into the aqueous
suspension of germanane nanosheets. Metal ions are reduced to metal nanoparticles and deposited
onto the germanane surfaces with the evolution of the bubbles.
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2.1 Selective Oxidation of Alcohol

Selectively oxidizing alcohols to aldehydes so they can be utilized in aldol condensation
reactions to form B-hydroxyaldehydes is essential to fine chemical and pharmaceutical syntheses
(e.g., synthesis of cinnamaldehyde).!! Traditionally, these transformations are achieved using
stoichiometric quantities of homogenous chromate- or permanganate-based oxidants that bring
with them concerns related to toxicity and responsible disposal.'> Of late, much effort has been
focused on developing alternative reaction schemes including those exploiting sustainable
heterogeneous catalysts.'*!> Many heterogeneous catalysts based upon active noble metals (e.g.,
Au, Pd, Pt, and their alloys) have been reported.!®!” Among the new catalytic systems that have
been explored for photocatalytic oxidation, metal-decorated semiconductor (e.g., TiO2, CdS,
Bi12WOs) substrates that can be light activated have garnered much attention in part because of the
advent of efficient light sources that are driving a concerted push to decarbonize industrial
chemical conversions.!®!®!? In this Chapter, we first prepare metal-decorated germanane hybrid
nanomaterials and then demonstrate that they can catalyze visible light-mediated, solvent-free

oxidation of benzyl alcohol (BA) to benzaldehyde (BAL).

2.2 Materials and Methods

2.2.1 Materials

Germanium (Ge, 99.999%), calcium (Ca, 99.0%), gold chloride (AuCls, 99.99%), silver
nitrate (AgNO3, 99.9999%), copper chloride (CuClz, 99.999%), palladium chloride (PdCl2, 99.9%)
and platinum chloride (PtCls, 99.999%) were purchased from Sigma-Aldrich and hydrochloric
acid (HCl, 37% w/w), ethanol (anhydrous) dichloromethane (HPLC grade) and toluene (HPLC

grade) were purchased from Fisher Scientific. Milli-Q (18.2 MQ-cm at 25 °C) water was used for
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all experiments. All organic solvents were dried using an Innovative Technology, Inc. Grubbs-

type solvent purification system.
2.2.2 Synthesis of CaGe:

A stoichiometric mixture of calcium and germanium was pressed to a pellet and
subsequently melted in an arc furnace. It is also noticed that an arc furnace in an ambient condition
produces CaGe: in adequate quality after the chamber has been evacuated and backfilled with
argon for three cycles (Figure 2.2). Since calcium has a high vapor pressure compared to germanium,
the granulated calcium needs to be sandwiched between germanium powder during the pellet press.
Direct exposure to a high temperature will result in the evaporation of calcium and leave elemental
germanium in the sample. Toensure effective homogenization, the resulting silver metallic regulus
was melted upon simultaneous heating from the top and bottom in the arc furnace, ground
thoroughly in an agate mortar, pressed again to a pellet, melted from both sides in the arc furnace,

and ground into a powder again.?’

Figure 2.2. Photographs of (a) arc furnace, model Compact Arc Melter MAM-1, (b) calcium and
germanium pressed into a pellet, and (¢) the as prepared CaGe; granular.
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2.2.3 Synthesis of Germanane (GeNSs)

Germanane was prepared via topotactic deintercalation of calcium ions from CaGe; using
modified literature procedure.?! Briefly, 0.3 g (2.7 mmol) of freshly prepared granular CaGe, was
loaded into Schlenk flask that was charged with concentrated aqueous HC1 (30 mL) that had been
cooled to -30 °C. The reaction mixture was maintained at -30 °C for at least 7 days and agitated at
regular intervals. Subsequently, the reaction mixture was filtered using a glass frit under nitrogen
to provide grey flakes that exhibited a metallic sheen that were washed three times with ice-cold
Milli-Q water and anhydrous ethanol (Figure 2.3). The resulting shiny grey solid was dried in
vacuo on the Schlenk line and stored in a nitrogen-filled glovebox and subdued light until further

use.

Figure 2.3. Photographs of (a) purification and drying apparatus and (b) dried germanane flakes
in a glass frit.

55



2.2.4 Synthesis of Metal-decorated Germanium Nanosheets

To prepare Metal-decorated germanium nanosheets (M@GeNSs; M = Au, Ag, Cu, Pt, Pd),
germanane powder (73 mg; 1 mmol) of was dispersed in 4 mL distilled water. The mixture was
sonicated in a bath sonicator for 2 hours to yield a red suspension of exfoliated GeNSs.
Subsequently, an appropriate mass (0.05 mmol) of the anhydrous metal salt in question (AuCls,
AgNO3, CuCly, PdCl; and PtCls) was dissolved in 1 mL of Milli-Q water. The metal salt solution
(i.e., 0.1 ml) was then added into the GeNS dispersion at room temperature in subdued light and
the original red suspensions turned black. The mixture was stirred for 10 min and the product was
recovered by centrifugation and washed with Milli-Q water three times. The product was dried for
12 h in vacuo and subsequently stored in nitrogen filled glovebox and subdued light. Typical mass

yields for this procedure were 55 mg.
2.2.5 Synthesis of Unsupported Metal Nanoparticles

Unsupported metal nanoparticles (MNPs) used for comparison with GeNS supported
catalysts were synthesized by via NaBH4 reduction.?? Typically, 0.05 mol metal salts (i.e., AuCls,
AgNO3, CuClp, PdCly, PtCls) was dissolved in a 25 mL Milli-Q water and vigorously stirred at
room temperature in air. Subsequently, aqueous sodium borohydride (NaBH4, 100 mM, 1 mL) was
rapidly injected into metal salt solution, immediately leading to a light-yellow solution. This
process was also accompanied by the evolution of bubbles. After 5 min, the colloidal solution
turned to a deep yellow due to the formation of small nanoparticles. Then the MNPs were isolated
by centrifugation, resuspended with sonication in 5 mL ethanol, isolated via centrifugation (3
times). This suspension/centrifugation procedure was repeated three times with 5 mL of Milli-Q

water. Finally, the resulting MNPs were stored Milli-Q water until further use.
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2.2.6 Fabrication of Thin Films of GeNSs and Ag@GeNSs

Thin films of GeNSs were deposited onto glass substrates by first suspending GeNSs (73
mg, 1 mmol) in 1,3-dioxane (1 mL) with sonication for 30 min. Subsequently, a 100 xL aliquot of
the suspension was drop-coated onto a glass substrate that had been precleaned by ethanol, acetone
and Milli-Q water and dried in vacuum oven for 2h. The glass supported GeNS thin films were
subsequently immersed in 10 mL of aqueous AgNO3 (0.05 mmol) for 10 min. Upon removing the
film from the AgNOs solution, the films were rinsed with 5 mL Milli-Q water three times and
dried in a stream of flowing dry N> gas. The films were transferred to a nitrogen filled glovebox

and maintained in subdued light.

2.3 Material Characterization

2.3.1 Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR Analyses were performed using a Thermo Nicolet 8700 FTIR Spectrometer and
Continuum FTIR Microscope. Samples were prepared by drop coating a toluene dispersion of the
solid sample in question onto an electronics-grade Si-wafer (N-type, 100 surface, 100 um thickness

and 10 ohm-cm resistivity) and dried under flowing nitrogen.

2.3.2 Electron Microscopy

Transmission electron microscopy (TEM) bright and dark field images were acquired using
a JEOL JEM-ARM200CF S/TEM electron microscope at an accelerating voltage of 200 kV. High
resolution (HR) TEM images were processed using Gatan Digital Micrograph software (Version
3.4.1). TEM samples were prepared by depositing a drop of a dilute toluene suspension of the
sample in question onto a holey or ultra-thin carbon coated copper grid (obtained from Electron

Microscopy Inc.). The grid bearing the sample was kept in a vacuum chamber at a base pressure
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of 0.2 bar for at least 24 h prior to data collection. The particles size distribution was assembled as
an average shifted histogram as described by Buriak et al. for at least 300 particles in TEM. The
average shifted histogram averaged the different histogram shapes formed by shifting the bin
origin.??

Secondary electron scanning electron microscopy (SEM) images were acquired using a
Hitachi S4800 FESEM electron microscope at an accelerating voltage of 10 kV. Samples were

mounted on a stainless-steel stub by using a conductive tape.
2.3.3 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were performed using a Kratos Axis Ultra instrument operating in energy
spectrum mode at 210 W. The base and operating chamber pressure were maintained at 10”7 Pa. A
monochromatic Al Ko source (A = 8.34 A) was used to irradiate the samples, and the spectra were
obtained with an electron take-off angle of 90°. CasaXPS software (VAMAS) was used to interpret
high-resolution spectra. All spectra were internally calibrated to the C 1s emission (284.8 eV) of
adventitious carbon. After calibration, a Shirley-type background was applied to remove most of
the extrinsic loss structure. The Ge 3d region were deconvoluted into the Ge 3ds,> and 3ds/2 spin-
orbit couple for the element Ge and the energy separation of these doublets was fixed at 0.58 eV
and the Ge 3ds2 to 3ds, area was fixed at 0.67.%* For the high-resolution XP spectra of metals, the
spin-orbit couple energy separation and area were fixed and the spectral envelope was fit using a
Lorentzian asymmetric line shape LA(a, b, n) where a and b define the asymmetry and » defines
the Gaussian width. The various spectral regions were fit as follows: Au 4f was deconvoluted into
the Au 417, and 4f5, spin-orbit couple and the energy separation of these doublets was fixed at
3.70 eV and the Au 4fs;, to 4fy area ratio was fixed at 0.75.% Ag 3d was deconvoluted into the

Ag 3ds» and 3ds» spin-orbit couple and the energy separation of these doublets was fixed at 6.00
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eV and the Ag 3ds. to 3ds. area ration was fixed at 0.67.° Cu 2p was deconvoluted into the Cu
2p32 and 2p1,2 spin-orbit couple and the energy separation of these doublets was fixed at 19.75 eV
and the Cu 2p12 and 2ps/ area ratio was fixed at 0.50.2° Pd 3d was deconvoluted into the Pd 3ds,
and 3d3 spin-orbit couple and the energy separation of these doublets was fixed at 5.26 eV and
the Pd 3ds/ to 3ds,; area ratio was fixed at 0.67.% Pt 4f was deconvoluted into the Pt 47, and 4f5,
spin-orbit couple and the energy separation of these doublets was fixed at 3.35 eV and the Pt 415,

to 47, area ratio was fixed at 0.75.%

2.3.4 Powder X-ray Diffraction (XRD)

XRD was performed using on a Bruker D8 Advance diffractometer (Cu-Kq1 (A = 1.5406
A) and K2 (A = 1.5444 A) radiation). Samples were prepared by mounting the powder in question
on a zero background Si crystal sample holder. XRD patterns were scanned between 20 ranges of

10 - 80° with a scan step of 0.06 °/s.

2.3.5 Diffuse Reflective Spectroscopy (DRS)

Diffuse reflective analysis was performed using a Cary 5000 UV-Vis-NIR equipped with
a diffuse reflectance integrating sphere attachment. Samples were prepared by mounting the
powder sample of interest in the sample holder. The detector and grading filter were changed at
900 nm. The measured reflectance spectra were transformed to the corresponding absorption

spectra by applying the Kubelka—Munk function.
2.4 Photocatalytic oxidation of benzyl alcohol

Photocatalytic oxidation of benzyl alcohol was performed using a modified literature
procedure.'® A typical reaction was performed using a Schlenk flask charged with benzyl alcohol

(40 ml; 380 mmoles), catalyst of choice (Total mass: 22 mg; 0.02 mmoles of metal), and a new
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Teflon coated stir bar. The reaction vessel was evacuated and backfilled 5 times with oxygen and
finally maintained under a positive pressure of bubbling oxygen during the reaction. The reaction
mixture was then stirred at 1500 rpm for 0.5 h after which it was exposed to the emission of a 140
W Hg lamp (Hanovia, wavelength >366 nm, photon flux 8x10'7 s™!). The reaction vessel was
thermostated by immersing it in a water bath maintained at 25 °C. The reaction was carried out for
4 h and aliquots (4 mL) were extracted from the reaction mixture every 30 min and diluted to a
total volume of 400 ml using dichloromethane and the diluted solution was evaluated using gas
chromatography-mass spectrometry (Bruker SCION TQ with 456-GC). The molar concentrations
of each component were determined using calibration curves prepared using standards of known
concentrations. The conversion percentage (C) of benzyl alcohol (BA) and the selectivity (S) and

the yield (Y) for benzaldehyde (BAL) are defined as:

n(BAg)—n(BA)

C (%) = 202 X 100% (2.1)
_ n(BAL)
S (%) = ~pa ooz X 100% (2.2)
__ n(BAL)
Y (%) =5 X 100% (2.3)

where n(BA,) is the initial mole of BA and n(BA) and n(BAL) are the moles of the detected BA
and BAL, respectively.
Generally, the apparent quantum efficiency (AQE) of the reaction is the ratio between the

photons taking part in the reaction and the total number of incident photon:
AQE (%) = "2 x 100% (2.4)

where N(BAL) represents the number of molecules of BAL produced, and 7 is the number of

incident photons.’
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2.5 Catalyst Recycling

The recyclability/reusability of the powder catalysts and thin films was evaluated by
performing reactions under identical conditions as described above. A total of 5 cycles were
performed for each sample. After each cycle, the powder catalyst was recovered by centrifugation,
washed with 5 mL Mill-Q water three times and dried in vacuum and finally massed; thin films
were rinsed with 5 mL Mill-Q water three times and dried with flowing N> gas and massed. The
recovery percentage was determined based upon the difference between the weight before and

after each cycle.
2.6 Results and Discussion

Germanane used in the present study was prepared by deintercalation of CaGe, (Figure
2.1).3 The product of the deintercalation was sonicated for 2 h in water to maximize exfoliation of
GeNSs that were immediately combined with aqueous solutions containing the metal salt of choice
(i.e., AuClz, AgNO3, CuCl,, PdCl,, PtCls). Upon adding the metal salt solution to the GeNS
suspension, the Ge-H moieties on the GeNS surfaces immediately react, reduce the metal ions, and
deposit size-polydisperse metal particles onto the GeNS surfaces. This process is accompanied by
the evolution of bubbles (presumably hydrogen) and a colour change from red to grey/black
independent of the metal employed.

Powder X-ray diffraction (XRD) was used to interrogate the nature of the metal deposits
on the decorated GeNSs (i.e., M@GeNSs; Figure 2.4 and 2.5). In all cases, M@GeNSs showed
broadened reflections characteristic of the target metals superimposed on the (006), (012), (110)
and (116) reflections arising from GeNSs.?* These observations are consistent with successful
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deposition of metal nanoparticles and retention of the GeNS structure. The broadening of the
characteristic reflections arising from the nanoparticles depends upon the metal in question.
Analyses of these reflections provide approximate crystallite sizes (i.e., Au, 17.4 nm; Ag, 27.4 nm;

Cu, 35.6 nm; Pd, 12.7 nm; Pt, 4.8 nm) by using the Scherrer equation.?
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Figure 2.4. XRD (a and b) and high resolution XPS analyses (b, ¢, e and f) of Au@GeNSs (Top)

and Ag@GeNSs (Bottom). Reflections marked with asterisks (*) correspond to crystalline Ge.?’
Au and Ag reflections (PDF#89-3697 and 89-3722, respectively) are provided for reference.
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Figure 2.5. XRD patterns of (a) Cu@GeNSs, (b) Pd@GeNSs, and (c) Pt@GeNSs. Asterisks
correspond to the Ge reflection; Cu, Pd and Pt reflections are from PDF#89-2838,88-2335 and 88-
2343.
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Figure 2.6. Representative FTIR spectra of Ge nanosheets before (black) and after (red) Ag
deposition.

To further investigate the nature of the parent GeNSs and M@GeNSs, we interrogated the
materials using Fourier-transform infrared (FTIR) and X-ray photoelectron (XPS) spectroscopies.
The FTIR spectrum (Figure 2.6) of the parent GeNSs shows intense features associated with Ge-
H stretching (2000 cm™) and bending modes (830 cm and 770 cm™).?® Following metal
deposition, FTIR spectra of M@GeNSs displayed a prominent feature in the range of 700 to 890
cm! that we attribute to Ge-O vibrations. We also note that the intensities Ge-H associated features
diminished, however they still remain obvious.?*! Our observations are similar to those reported for
metal decorated silicane® and suggest the surface hydride functionalities have reduced metal ions

leaving surface dangling bonds on the GeNSs that are subsequently oxidized to form Ge-O-Ge and

Ge-O-H moieties.
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Figure 2.7. A representative survey XP spectrum of GeNSs.

XPS provides complementary information related to material composition, as well as
bonding environment, and oxidation states of accessible elements in the materials in question. The
survey spectrum of the parent GeNSs reveals they comprise Ge, as well as trace Cl (i.e., 1.2
atomic%) and O (i.e., 5.1 atomic%) (Figure 2.7). In contrast, and consistent with our FTIR and
XRD analyses (vide supra), survey XP spectra of the M@GeNSs show evidence of oxidation and
corresponding metal particles (Figure 2.8). Deconvolution of the Ge 3d region of the high-
resolution XP spectra gave insight into the speciation of Ge atoms within the parent and metal
decorated GeNSs. Parent nanosheets (Figure 2.9) show the expected characteristic Ge emission of
germanane at 29.8 eV as well as some Ge?' (31.2 eV; 3.5% of Ge) and Ge*" (32.5 eV; 6.2% of
Ge). The metal loadings of M@GeNSs were calculated based upon compositions determined from
XP survey spectra integration (Table 2.1). The metal loading decreased from Ag, Pd, Cu, Au, and

Pt, following the same trend as the charge of the metal ions (i.e., Ag®, Pd*>", Cu**, Au**, and Pt*").
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Figure 2.8. Representative survey XP spectra of (a) Au@GeNSs (b) Ag@GeNSs, (¢) Cu@GeNSs,
(d) Pt@GeNSs and (e¢) Pd@GeNSs
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Figure 2.9. A representative high-resolution XP spectrum of Ge 3d region of GeNSs.

Table 2.1. Summary of XPS data.

M@GeNSs (M=) Au Ag Cu Pd Pt

Ge 3d regions(eV) 29.8 29.7 29.7 29.8 29.7

Metal regions(eV)*  83.8 368.2 932.8 335.2 70.7
(84.0) (368.2) (933.0) (335.0) (71.0)

M/Ge ratio® 0.063 0.081 0.072 0.075 0.058

® Values in parentheses represent the standard metallic binding energies.”> ® The ratios were
calculated from the atomic percentage of metal and Ge obtained from the survey spectra in

question.
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Figure 2.10. Representative high-resolution XP spectra of (a, d) Cu@GeNSs, (b, €) Pd@GeNSs
and (c, f) Pt@GeNSs. Corresponding metal (left) and Ge 3d (right) regions are presented in rows.
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In all cases, the high-resolution XP spectra of M@GeNSs showed emissions associated
with the corresponding metal (i.e., Au, Ag, Cu, Pd, and Pt) deposits and the underlying GeNSs
(Figure 2.10). For convenience, the present discussion will be limited to the XP spectra of
M@GeNSs (M = Au or Ag). Fitting the Ge 3d spectra provides a binding energy of 29.8 eV that
has been previously attributed to Ge in the nanosheets.>* We also note components appearing at
31.3 and 32.5 eV that have previously been attributed to Ge*" and Ge*" species, respectively
(Figures 2.4c and f).%” The XP spectra of Au and Ag decorated M@GeNSs (Figures 2.4b and e)
show emissions at binding energies characteristic of the corresponding metallic state (i.e., Au 4f7,,
83.8 eV; Ag 3dsp, 368.2 eV). Corresponding data for M@GeNSs (M = Cu, Pd, Pt) are provided

in Table 2.1 and Figure 2.10.
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Figure 2.11. Representative diffuse reflectance spectra of Ge nanosheets and M@GeNSs.
Diffuse reflectance spectroscopy allows direct measurement of the optical band gap of
solids. The optical direct band gaps of M@GeNS are smaller than that of GeNSs (i.e., 1.8 eV) in
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the range of 1.6 to 1.7 eV and show no obvious dependence on metal speciation. Urbach tails were
observed in the analyses of all samples (Figure 2.11) and show some sample to sample variation
consistent with varying degrees of disorder and oxidation.?! Additional absorption edges above 2

eV were also noted that are readily attributed to the metal nanoparticles on the GeNS surfaces.®

a R i - ' — o

200 nm

100 nm

Figure 2.12. TEM and EDX analysis of Au@GeNSs (Top) and Ag@GeNSs (Bottom). High-
resolution images (a and e) showing characteristic metal (111) lattice spacing. HAADF-STEM
images (b and f) and corresponding EDX mapping of the indicated elements (c, d, g, h).

Electron microscopy of M@GeNSs reveals information regarding material nano-
morphology. High-resolution transmission electron microscopy (HRTEM) images confirm the
deposition of nanocrystalline Au and Ag particles onto the GeNS surfaces (Figures 2.12a, e and
2.13). Brightfield TEM reveals the deposited metal nanoparticles are pseudospherical with
dimensions in the range of 2.7 to 18.8 nm consistent with the observed XRD reflection peak
broadening (Figure 2.14).° High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images show M@GeNS morphologies consistent with bright field

imaging and confirm MNPs are distributed across the NS surfaces with no evidence of ordering
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(Figure 2.12b and f). Finally, EDX mapping and spectra confirms co-localization of morphological

features in brightfield and HAADF-STEM comprise the target metal (Figures 2.12, 2.13 and 2.15)

Figure 2.13. Representative HRTEM, HAADF-STEM images and EDX mapping of (a-d)

Cu@GeNSs, (e-h) Pd@GeNSs, and (i-1) Pt@GeNSs.
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Figure 2.14. Representative average shift histograms for metal nanoparticles on (a) Au@GeNSs
(b) Ag@GeNSs, (¢) Cu@GeNSs, (d) Pd@GeNSs and (e) Pt@GeNSs.
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Figure 2.15. Representative EDX spectra for (a) Au@GeNSs (b) Ag@GeNSs, (c) Cu@GeNSs,

(d) Pd@GeNSs, and (e) Pt@GeNSs.
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With a series of M@GeNSs in hand, we chose to explore their possible catalytic activity
in light-activated aerobic oxidation of neat benzyl alcohol. This reaction was chosen because the
primary source of benzaldehyde is the gas-phase oxidation of toluene®! or liquid-phase oxidation

of benzyl alcohol.*?

Established reactions provide complex byproducts (i.e., benzoic acid and
benzyl benzoate) and low conversion efficiencies.*> Given the established importance of
benzaldehyde to cinnamaldehyde, exploring new catalytic pathways to its production is of
interest.!! The photochemical reaction conditions investigated as part of the present study are
provided in the Experimental section. Gas chromatography-mass spectrometry (GC-MS) analysis
of aliquots extracted from the reaction mixture at regular, predetermined time intervals provided a
convenient means for monitoring of the reaction progress.

A comparison of the corresponding reactivity of GeNSs, freestanding metal nanoparticles
(MNPs), physical mixtures of freestanding metal nanoparticles and GeNSs (MNPs+GeNSs), and
M@GeNSs under identical conditions provides insight into the cooperative roles of the

components (Figure 2.16 and Table 2.2). Upon first inspection it is immediately clear the oxidation

of benzyl alcohol does not proceed in the absence of light or in an inert (i.e., N2) environment.
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Figure 2.16. Photocatalytic oxidation performance: Conversion, selectivity and yield of reaction

displayed by each of the catalysts for the aerobic oxidation of BA. Associated error bars correspond
to mean +/- SD (N = 3).
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Table 2.2. Summary of photocatalytic oxidation performance of benzyl alcohol to produce
benzaldehyde.

Conversion (%)  Selectivity (%) Yield (%) AQE (%)
GeNSs 30.7 82.4 253 2.79
Au@GeNSs 43.6 65.4 28.6 3.97
Ag@GeNSs 83.7 73.7 61.6 7.61
Cu@GeNSs 54.6 70.4 38.5 4.97
Pd@GeNSs 63.7 75.3 48.1 5.79
Pt@GeNSs 80.7 79.4 64.1 7.34

Table 2.3. Comparison of the photocatalytic oxidation of benzyl alcohol to produce benzaldehyde
using free metal particles, M@GeNSs, as well as physical mixtures of free metal nanoparticles and
GeNSs (MNPs+GeNSs).

Conversion (%) Au Ag Cu Pd Pt

M@GeNSs 43.6 83.7 54.6 63.7 80.7
MNPs+GeNSs 35.7 45.6 32.5 50.2 60.3
MNPs 4.85 8.66 3.15 5.22 7.36

We also note that the identity of the catalyst is important. The oxidation of benzyl alcohol
to benzaldehyde is not efficiently catalyzed by freestanding metal nanoparticles (i.e., <10%
conversion). In this regard, yield and percent selectivity were not evaluated for these systems.
Equivalent evaluation of parent, hydrogen-terminated GeNSs show a 30.7% conversion, 82.4%
selectivity, and 25.3% yield; GeNSs simultaneously provide the lowest conversion and yield, as
well as the highest selectivity of any nanosheet system investigated here. Of import, we also noted
the presence of benzoic acid in the product mixture obtained from GeNS suggesting over-oxidation

is possible.
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Figure 2.17. Representative FTIR spectra of the indicated metal nanoparticles.
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To investigate the impact of introducing MNPs on the catalytic activity of M@GeNSs we
first explored the reactivity of physical mixtures of MNPs and GeNSs (i.e., MNPs+GeNSs; M =
Au, Ag, Cu, Pd, Pt). In all cases, introducing metal nanoparticles prepared via solution phase
sodium borohydride reduction (i.e., mixtures) provided an apparent increase in percent conversion
(Table 2.3); however, closer inspection reveals the new higher percent conversion correlates with
the straightforward combination of the precent conversions realized by the GeNSs and MNPs alone.
This suggests the two nanomaterials are acting independently. Consistent with these observations,
FTIR analysis of MNPs (Figure 2.17) suggests they are passivated with O-H and B-O containing
functionalities that would prevent direct interaction between the MNPs and GeNSs.** A negligible
difference between the dimensions of freestanding metal particles and metal particles on GeNSs
excludes the influence of metal particle sizes (Table 2.4). The question remains: does intimate
contact between MNPs and GeNSs influence reactivity.

Table 2.4. Representative nanoparticle size distributions for metal nanoparticles and M@GeNSs
obtaining from measuring 300 nanoparticles under TEM.

Sizes (nm) Au Ag Cu Pd Pt
M@GeNSs 7.7+5.7 139+ 6.7 188 £7.0 9.0+39 27+£0.8
MNPs 83+5.3 143 £ 6.1 20.1 +£ 6.5 9.2+33 3.2+ 0.6

As noted above, the reducing nature of the hydride surface (i.e., Ge—H) on GeNSs provides
a convenient approach toward interfacing GeNSs with MNPs to provide a metal-semiconductor
hybrid (i.e., M@GeNSs). FTIR and XPS analyses of these materials (Figure 2.4, 2.6 and 2.10)
suggest the surfaces of the MNPs in these systems are accessible to solution borne reactants and
make these intriguing catalyst candidates. In all cases, other than for reactions involving
Au@GeNSs, we note a statistically relevant increase in percent conversion for M@GeNSs

catalysts when compared to a straightforward combination of GeNSs, MNPs, and MNP + GeNSs.
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Ag@GeNSs exhibit the highest conversion (i.e., 83.7%) with an apparent quantum efficiency
(AQE; Table 2.2) of 7.6%. The high-resolution XP spectra of Ag@GeNSs after the reaction
showed emissions associated with the corresponding metallic Ag and Ag>O (Figure 2.18a). The
oxidized Ag can further participate in the oxidation of benzyl alcohol without additional oxygen;
this would increase conversion while decreasing selectivity (i.e., 73.7%).3>3¢ Pt@GeNSs show a
slightly lower conversion compared to the Ag analogue (i.e., 80.7%) and higher selectivity for

benzaldehyde (i.e., 79.4%) that when combined leads to a higher yield of 64.1%.
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Figure 2.18. Representative high-resolution XP spectra of a) Ag 3d regions of Ag@GeNSs after
the photooxidation of benzyl alcohol to produce benzaldehyde showing Ag(I) species, (b) Ge 3d
regions after photooxidation of benzyl alcohol to produce benzaldehyde.

The catalytic performance of different loads of Ag on the GeNSs is shown in Table 2.5.
The conversion of benzyl alcohol increased from 64.6% to 85.4% with increasing Ag loading.
However, the selectivity decreased from 76.2% to 71.2% due to the over oxidation of
benzaldehyde to benzoic acid by excess Ag.*>> As a result, 5% Ag@GeNSs gave the highest yield
of 61.6% (Table 2.5). We also note that the presented Ag@GeNSs achieve a considerable
conversion rate and selectivity in a short time and moderate condition compared to the already

reported literature (Table 2.6).!6 3% 37-42
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Table 2.5. Effect of Ag loading on catalytic performance of Ag@GeNSs in selective oxidation of
benzyl alcohol to benzaldehyde.

Loading of Ag 1% 2.5% 5% 10%
Ag@GeNSs

Conversion (%) 64.6 70.2 83.7 85.4
Selectivity (%) 76.2 74.6 73.7 71.2
Yield (%) 49.2 52.4 61.6 60.8

Table 2.6. Reported studies on the selective oxidation of benzyl alcohol.

Catalyst Irradiation T (K) t(h) Solvent  Conversion Selectivity
source (%) (%)
Ag@GeNSs Hg lamp RT 4 H>O 83.7 73.7
(140 W, 366
nm)
Ru/g-C3N4 UV LED RT 4 H>0 73 72
(220 W, 390
nm)
It/TiO,!® Hg lamp 333 6 N/A 8.9 92
(250 W, 315
nm)
Pt/TiO2*® Xe lamp 727 2 H>O 87 68
(250 W, 420
nm)
Au/Ce, Vis LED RT 10 H,0 52 99
(220 W, 530
nm)
Ag/SBA* N/A 595 1 N/A 74.8 85.2
Au-Pd/TiO*  N/A 393 10 N/A 51.7 76.7
Pd/TiO;* N/A 363 6 N/A 4.5 85.9
Cu/TiO,* N/A 393 6 N/A 1.1 99.9
Cu-Pd/TiO>*?  N/A 393 6 N/A 35.9 98.7

A possible mechanism for the presented catalytic activity of M@GeNSs is shown in Figure
2.19. Initial exposure to UV light homolytically cleaved a Ge—Ge bond providing a “Ge-” radical
that can react with surface adsorbed BA. This process leads to the liberation of hydrogen gas and

attachment of an R—O moiety to the surface of the GeNS (where R = benzyl) and reformation of
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the Ge—Ge bond which preserves the integrity of the GeNS. Subsequently, light-induced homolytic
cleavage of the benzyl C—H bond provides a carbon-based “C-” radical that can directly react with
molecular oxygen that is adsorbed to adjacent MNPs and ultimately lead to the liberation of
benzaldehyde.'® ** Of particular note, this process will also lead to partial oxidation of the
underlying GeNS which is evident in the presented XPS and FTIR analyses (Figure 2.18b and
2.20).

To leverage M@GeNSs as a photocatalyst, the catalyst should ideally exhibit high recovery
and reusability. For convenience, we used Ag@GeNSs as an illustration (Figure 2.21f) to test the
reusability of the present systems. For freestanding Ag@GeNSs the conversion efficiency
decreased by nearly half its original value due to the poor recovery after only five cycles; this is
not unexpected given the small amount of catalyst employed (ca. 40 mg). The nanoscale
Ag@GeNSs suspension in the reaction mixture was lost during analyses and recycling. In light of
the poor recyclability of the powder catalyst, we prepared Ag@GeNSs thin films to improve their
reuse. Ag@GeNS thin films were characterized using XRD, XPS, and SEM (Figure 2.21). These
analyses revealed that the GeNS crystallinity maintained after the film formation and the intense
reflections characteristic of metallic Ag confirm the successful deposition of Ag NPs. High-
resolution XP spectra of the Ge 3d region show characteristic emissions from the Ge in the
nanosheet at 29.8 eV as well as two less intense emissions from Ge*" and Ge**. The Ag 3d region
showed an emission at 368.2 eV corresponding to metallic Ag. Secondary electron SEM images
confirm the expected morphology of GeNSs thin film (Figure 2.21b and 2.22) and after the
deposition of Ag, many dispersed particles with approximate dimensions of ca. 20 nm are noted

on the GeNS surfaces (Figure 2.21e and 2.22).
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Figure 2.19. Proposed mechanism for the presented catalytic activity of M@GeNSs in the

photooxidation of benzyl alcohol to produce benzaldehyde.
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Figure 2.20. Representative FTIR spectrum of Ag@GeNSs after the photooxidation of benzyl
alcohol to produce benzaldehyde.
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Figure 2.21. Characterization and photocatalytic performance of Ag@GeNS thin films: PXRD
patterns of (a) Ag@GeNSs and GeNS thin films. High resolution XP spectra of (b) Ge 3d region
and (c) Ag 3d region. SEM images of (d) GeNS and (e) Ag@GeNS thin films. Photocatalytic
activity and recovery comparison of Ag@GeNS thin film and powder in 5 reaction cycles.
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The Ag@GeNSs thin films were evaluated under the same photocatalytic conditions as
their freestanding counterparts (Figure 2.21f and Table 2.7). From these analyses, we note a
marked improvement in recyclability over freestanding systems with thin films showing an
average of 97.7% recovery and 79.8% conversion percent over 5 cycles. Although the catalytic
performance during the first cycle is not as high as Ag@GeNSs powder, the excellent recovery

provides long-term cycling.

Figure 2.22. (a) Photos of Ge nanosheet thin film before (top) and after (bottom) Ag deposition.
High-resolution SEM images of (b) GeNS and (c¢) Ag@GeNS thin films

Table 2.7. Photocatalytic oxidation activity of benzyl alcohol to benzaldehyde and recovery
comparison of Ag@GeNS thin films and powders.

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Ag@GeNS thin films
Conversion (%) 80.2 79.9 80.2 79.4 79.2
Recovery (%) 98.0 97.3 97.1 98.4 98.1
Ag@GeNS powders
Conversion (%) 83.7 75.5 61.6 55.2 46.7
Recovery (%) 87.6 80.7 88.8 83.6 88.3

2.7 Summary and Outlook

Herein, we have demonstrated a facile method for introducing a variety of adherent metal
nanoparticles (Au, Ag, Cu, Pd, Pt) to the surfaces of GeNSs. XRD and XPS analyses confirm that

the GeNS structure remained intact during the deposition process and metal nanoparticles were
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formed. Further, TEM studies revealed the morphology of the M@GeNSs and showed the metal
nanoparticles were distributed over the entire GeNS surface. The presented materials were
subsequently interrogated as photocatalysts for the selective visible light-induced oxidation of
benzyl alcohol. The M@GeNSs possess a higher conversion efficiency compared to a
straightforward mixture of freestanding metal nanoparticles prepared via solution reduction and
GeNSs. The synergistic effect of the intimately linked metal nanoparticles and GeNSs in
M@GeNSs strongly favors the production of benzaldehyde via oxygen-atom transfer from metal
nanoparticles to the product. Furthermore, thin films of metal-decorated GeNSs prepared via

dropcasting provide for convenient catalyst recovery and recyclability.

82



2.8 References

10.

1.
12.

13.

14.

15.

Huey, W. L. B.; Goldberger, J. E., Covalent Functionalization of Two-dimensional Group
14 Graphane Analogues. Chem. Soc. Rev. 2018, 47 (16), 6201-6223.

Jiang, S.; Krymowski, K.; Asel, T.; Arguilla, M. Q.; Cultrara, N. D.; Yanchenko, E.; Yang,
X.; Brillson, L. J.; Windl, W.; Goldberger, J. E., Tailoring the Electronic Structure of
Covalently Functionalized Germanane via the Interplay of Ligand Strain and
Electronegativity. Chem. Mater. 2016, 28 (21), 8071-8077.

Helbich, T.; Lyuleeva, A.; Ludwig, T.; Scherf, L. M.; Fassler, T. F.; Lugli, P.; Rieger, B.,
One-Step Synthesis of Photoluminescent Covalent Polymeric Nanocomposites from 2D
Silicon Nanosheets. Adv. Funct. Mater. 2016, 26 (37), 6711-6718.

Hartman, T.; Sofer, Z., Beyond Graphene: Chemistry of Group 14 Graphene Analogues:
Silicene, Germanene, and Stanene. ACS Nano 2019, 13 (8), 8566-8576.

Liu, Z.; Lou, Z.; Li, Z.; Wang, G.; Wang, Z.; Liu, Y.; Huang, B.; Xia, S.; Qin, X.; Zhang,
X.; Dai, Y., GeH: a Novel Material as a Visible-light Driven Photocatalyst for Hydrogen
Evolution. Chem. Commun. 2014, 50 (75), 11046-11048.

Liu, Z.; Wang, Z.; Sun, Q.; Dai, Y.; Huang, B., Methyl-terminated Germanane GeCHj3
Synthesized by Solvothermal Method with Improved Photocatalytic Properties. Appl. Surf-
Sci. 2019, 467-468, 881-888.

Ng, S.; Sturala, J.; Vyskocil, J.; Lazar, P.; Martincova, J.; Plutnar, J.; Pumera, M., Two-
Dimensional Functionalized Germananes as Photoelectrocatalysts. ACS Nano 2021, 15 (6),
11681-11693.

Qian, C.; Sun, W.; Hung, D. L. H.; Qiu, C.; Makaremi, M.; Hari Kumar, S. G.; Wan, L.;
Ghoussoub, M.; Wood, T. E.; Xia, M.; Tountas, A. A.; Li, Y. F.; Wang, L.; Dong, Y.;
Gourevich, L.; Singh, C. V.; Ozin, G. A., Catalytic CO2 Reduction by Palladium-decorated
Silicon—hydride Nanosheets. Nat. Catal. 2018, 2 (1), 46-54.

Zhao, F.; Feng, Y.; Wang, Y.; Zhang, X.; Liang, X.; Li, Z.; Zhang, F.; Wang, T.; Gong, J.;
Feng, W., Two-dimensional Gersiloxenes with Tunable Bandgap for Photocatalytic H»
Evolution and CO; Photoreduction to CO. Nat. Commun. 2020, 11 (1), 1443.

Aizawa, M.; Cooper, A. M.; Malac M.; Buriak, J. M., Silver Nano-Inukshuks on
Germanium. Nano Lett., 2005, 5 (5), 815-819.

Richmond, H. H., US Pat., 73966147A, 1950.

Enache, D. I.; Edwards, J. K.; Landon, P.; Solsona-Espriu, B.; Carley, A. F.; Herzing, A.
A.; Watanabe, M.; Kiely, C. J.; Knight, D. W.; Hutchings, G. J., Solvent-Free Oxidation
of Primary Alcohols to Aldehydes Using Au-Pd/TiO; Catalysts. Science 2006, 311 (5759),
362-365.

Long, J.; Xie, X.; Xu, J.; Gu, Q.; Chen, L.; Wang, X., Nitrogen-Doped Graphene
Nanosheets as Metal-Free Catalysts for Aerobic Selective Oxidation of Benzylic Alcohols.
ACS Catal. 2012, 2 (4), 622-631.

Furukawa, S.; Shishido, T.; Teramura, K.; Tanaka, T., Photocatalytic Oxidation of
Alcohols over TiO2 Covered with Nb2Os. ACS Catal. 2011, 2 (1), 175-179.

Patel, M. A.; Luo, F.; Khoshi, M. R.; Rabie, E.; Zhang, Q.; Flach, C. R.; Mendelsohn, R.;
Garfunkel, E.; Szostak, M.; He, H., P-Doped Porous Carbon as Metal Free Catalysts for
Selective Aerobic Oxidation with an Unexpected Mechanism. ACS Nano 2016, 10 (2),

83



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

2305-2315.

Feng, W.; Wu, G.; Li, L.; Guan, N., Solvent-free Selective Photocatalytic Oxidation of
Benzyl Alcohol over Modified TiO>. Green Chem. 2011, 13 (11), 3265-3272.

Huang, X.; Akdim, O.; Douthwaite, M.; Wang, K.; Zhao, L.; Lewis, R. J.; Pattisson, S.;
Daniel, I. T.; Miedziak, P. J.; Shaw, G.; Morgan, D. J.; Althahban, S. M.; Davies, T. E.;
He, Q.; Wang, F.; Fu, J.; Bethell, D.; McIntosh, S.; Kiely, C. J.; Hutchings, G. J., Au—Pd
Separation Enhances Bimetallic Catalysis of Alcohol Oxidation. Nature 2022, 603 (7900),
271-275.

Qamar, M.; Elsayed, R. B.; Alhooshani, K. R.; Ahmed, M. I.; Bahnemann, D. W., Highly
Efficient and Selective Oxidation of Aromatic Alcohols Photocatalyzed by Nanoporous
Hierarchical Pt/BioWQOs in Organic Solvent-free Environment. ACS Appl. Mater.
Interfaces 2015, 7 (2), 1257-1269.

Jia, L.; Wang, D.-H.; Huang, Y.-X.; Xu, A.-W.; Yu, H.-Q., Highly Durable N-Doped
Graphene/CdS Nanocomposites with Enhanced Photocatalytic Hydrogen Evolution from
Water under Visible Light Irradiation. J. of Phys. Chem. C 2011, 115 (23), 11466-11473.
Helbich, T.; Lyuleeva, A.; Hohlein, I. M. D.; Marx, P.; Scherf, L. M.; Kehrle, J.; Fassler,
T. F.; Lugli, P.; Rieger, B., Radical-Induced Hydrosilylation Reactions for the
Functionalization of Two-Dimensional Hydride Terminated Silicon Nanosheets. Chem.—
Eur. J. 2016, 22 (18), 6194-6198.

Bianco, E.; Butler, S.; Jiang, S.; Restrepo, O. D.; Windl, W.; Goldberger, J. E., Stability
and Exfoliation of Germanane: A Germanium Graphane Analogue. ACS Nano 2013, 7 (5),
4414-4421.

Zhang, Q.; Li, N.; Goebl, J.; Lu, Z.; Yin, Y., A Systematic Study of the Synthesis of
Silver Nanoplates: Is Citrate a “Magic” Reagent? J. Am. Chem. Soc. 2011, 133 (46),
18931-18939.

Anderson, S. L.; Luber, E. J.; Olsen, B. C.; Buriak, J. M., Substance over Subjectivity:
Moving beyond the Histogram. Chem. Mater. 2016, 28 (17), 5973-5975.

Yu, H.; Helbich, T.; Scherf, L. M.; Chen, J.; Cui, K.; Féssler, T. F.; Rieger, B.; Veinot,
J. G. C., Radical-Initiated and Thermally Induced Hydrogermylation of Alkenes on the
Surfaces of Germanium Nanosheets. Chem. Mater. 2018, 30 (7), 2274-2280.

NIST X-ray Photoelectron Spectroscopy Database, NIST Standard Reference Database
Number 20, National Institute of Standards and Technology, Gaithersburg MD, 20899
(2000).

Holzwarth, U.; Gibson, N., The Scherrer Equation Versus the 'Debye-Scherrer equation'.
Nat. Nanotechnol. 2011, 6 (9), 534-534.

Cultrara, N. D.; Wang, Y.; Arguilla, M. Q.; Scudder, M. R.; Jiang, S.; Windl, W.; Bobev,
S.; Goldberger, J. E., Synthesis of 1T, 2H, and 6R Germanane Polytypes. Chem. Mater.
2018, 30 (4), 1335-1343.

Khomenkova, L.; Lehninger, D.; Kondratenko, O.; Ponomaryov, S.; Gudymenko, O.;
Tsybrii, Z.; Yukhymchuk, V.; Kladko, V.; von Borany, J.; Heitmann, J., Effect of Ge
Content on the Formation of Ge Nanoclusters in Magnetron-Sputtered GeZrOx-Based
Structures. Nanoscale Res. Lett. 2017, 12 (1), 196.

Yu, H.; Thiessen, A. N.; Hossain, M. A.; Kloberg, M. J.; Rieger, B.; Veinot, J. G. C,,
Thermally Induced Dehydrogenative Coupling of Organosilanes and H-Terminated Silicon
Quantum Dots onto Germanane Surfaces. Chem. Mater. 2020, 32 (11), 4536-4543.

84



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Holder, C. F.; Schaak, R. E., Tutorial on Powder X-ray Diffraction for Characterizing
Nanoscale Materials. ACS Nano 2019, 13 (7), 7359-7365.

Briickner, A., A New Approach to Study the Gas-phase Oxidation of Toluene: Probing
Active Sites in Vanadia-based Catalysts under Working Conditions. Appl. Catal. A-Gen.
2000, 200 (1), 287-297.

Zhan, G.; Hong, Y.; Mbah, V. T.; Huang, J.; Ibrahim, A.-R.; Du, M.; Li, Q., Bimetallic
Au-Pd/MgO as Efficient Catalysts for Aerobic Oxidation of Benzyl Alcohol: A Green Bio-
reducing Preparation Method. Appl. Catal. A-Gen. 2012, 439-440, 179-186.

Ferraz, C. P.; Garcia, M. A. S.; Teixeira-Neto, E.; Rossi, L. M., Oxidation of Benzyl
Alcohol Catalyzed by Gold Nanoparticles under Alkaline Conditions: Weak vs. Strong
Bases. RSC Adv. 2016, 6 (30), 25279-25285.

Gautam, C.; Yadav, A. K.; Singh, A. K., A Review on Infrared Spectroscopy of Borate
Glasses with Effects of Different Additives. ISRN Ceram. 2012, 2012, 1-17.

Ma, L.; Jia, .; Guo, X.; Xiang, L., Catalytic Activity of Ag/SBA-15 for Low-temperature
Gas-phase Selective Oxidation of Benzyl Alcohol to Benzaldehyde. Chin. J. Catal. 2014,
35(1), 108-119.

Jia, L.; Zhang, S.; Gu, F.; Ping, Y.; Guo, X.; Zhong, Z.; Su, F., Highly Selective Gas-phase
Oxidation of Benzyl Alcohol to Benzaldehyde Over Silver-containing Hexagonal
Mesoporous Silica. Microporous and Mesoporous Mater. 2012, 149 (1), 158-165.

Lima, M. J.; Tavares, P. B.; Silva, A. M. T.; Silva, C. G.; Faria, J. L. Selective
Photocatalytic Oxidation of Benzyl Alcohol to Benzaldehyde by Using Metal-loaded g-
C3N4 Photocatalysts. Catal. Today 2017, 287 (1), 70-77.

Zhai, W.; Xue, S.; Zhu, A.; Luo, Y.; Tian, Y. Plasmon-Driven Selective Oxidation of
Aromatic Alcohols to Aldehydes in Water with Recyclable Pt/TiO> Nanocomposites.
ChemCatChem 2011, 3 (1), 127-130.

Tanaka, A.; Hashimoto, K.; Kominami, H. Selective Photocatalytic Oxidation of Aromatic
Alcohols to Aldehydes in an Aqueous Suspension of Gold Nanoparticles Supported on
Cerium (IV) Oxide under Irradiation of Green Light. Chem. Commun. 2011, 47 (37),
10446—10448.

Li, X.; Feng, J.; Sun, J.; Wang, Z.; Zhao, W. Solvent-Free Catalytic Oxidation of Benzyl
Alcohol over Au-Pd Bimetal Deposited on TiO2: Comparison of Rutile, Brookite, and
Anatase. Nanoscale Res. Lett. 2019, 14 (1), 394.

Sun, J.; Han, Y.; Fu, H.; Qu, X.; Xu, Z.; Zheng, S. Au@Pd/Ti0; with Atomically Dispersed
Pd as Highly Active Catalyst for Solvent-free Aerobic Oxidation of Benzyl Alcohol. Chem.
Eng. J. 2017, 313 (1), 1-9.

Alshammari, H.M. Synthesis of Palladium and Copper Nanoparticles Supported on TiO»
for Oxidation Solvent-Free Aerobic Oxidation of Benzyl Alcohol. Processes 2021, 9 (9),
1590.

Xie, F.; Zhang, Y.; He, X.; Li, H.; Qiu, X.; Zhou, W.; Huo, S.; Tang, Z., First Achieving
Highly Selective Oxidation of Aliphatic Alcohols to Aldehydes over Photocatalysts. J
Mater. Chem. A 2018, 6 (27), 13236-13243.

85



3. Chapter 3: Facile Synthesis of High-Entropy Alloy

Nanoparticles on Germanane, Ge nanoparticles and Wafers®

The preparation and prototype application of high-entropy alloy nanoparticles (HEA NPs)
have emerged as an intriguing area of research.! The attention being paid to these materials arises,
in part, because they possess complex multi-element compositions and high-entropy solid-solution
structures that provide tunable reactivity and enhanced stability that are particularly attractive for
catalyst design.? The initial breakthrough in the general synthesis of HEA NPs that exhibit a wide
compositional range (including many immiscible combinations) and large numbers of constituent
elements (up to eight), was realized via “carbo-thermal shock” synthesis.’ Subsequently, a variety
of other synthesis procedures have emerged, including vapor phase spark discharge, rapid radiative
heating or annealing, low-temperature hydrogen spillover, and microwave heating.*® Many of
these methods require specialized and costly infrastructure, and simple solution-based methods
remain few in number.’ To date, a variety of substrates (e.g., carbon nanosheets,'’ carbon
nanofibers,!! graphene,'? TiO2,” M0S:'®) have been demonstrated as promising supports for HEA
NPs, showing enhanced stability and catalytic performance. Notably, germanium-based materials

have yet to be explored as a potential support for HEA NPs.

® The contents of this chapter have been adapted from the following submitted manuscript: Ni, C.; O'Connor,
K. M.; Trach, J.; Butler, C.; Rieger, B.; Veinot, J. G. C. Facile synthesis of high-entropy alloy nanoparticles
on germanane, Ge nanoparticles and wafers. Nanoscale Horiz 2023, 8 (9), 1217-1225.
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As described in Chapter 1, Germanane (GeNS) is a 2-dimensional semiconductor that
shares similarities with graphene; its atoms are arranged in a structure that closely resembles that
of the (111) surfaces of hydrogen-terminated Ge.!* This material possesses an optical band gap
ranging from 1.4 - 1.7 eV that depends on surface chemistry,!> and it has been successfully
integrated into prototype devices, such as transistors and Li-ion batteries.!®!” The use of metal
heterostructures containing germanane and other 2D semiconductors, such as Si-doped germanane,
presents new opportunities due to their unique optical and electronic properties.'® For example,
coupling the reactivity of metals with the optical properties of graphene has led to photocatalysts
capable of water splitting,!® while interfacing plasmonic metal nanoparticles with the electronic
properties of germanane could yield materials with potential applications in solar energy
conversion, photodetection, and sensing. To date, investigation of germanane-metal
heterostructures has been limited, in part, because there are few examples of methods that provide
these emerging materials.?

In Chapter 2, we described the preparation of metal nanoparticle-decorated germanane
(M@GeNSs) via a solution-based method and demonstrated their reactivity in the selective
photocatalytic aerobic oxidation of benzyl alcohol.?! This success led us to investigate the
possibility of depositing high-entropy alloy nanoparticles (HEA NPs) onto germanane surfaces
using a variation of our surface-mediated reduction method. Previous syntheses of HEA NPs with
an elemental composition of AuAgCuPdPt have been limited to a top-down approach utilizing
cryo-milling.?> Drawing inspiration from our previous report involving monometallic
nanomaterial deposition on GeNSs, here we demonstrate the deposition of HEA NPs
(AuAgCuPdPt) onto germanane surfaces (Figure 3.1). Subsequent to deposition, we successfully

liberate freestanding HEA NPs from the GeNSs via UV light irradiation and demonstrate the
87



resulting NPs maintain their single-phase solid solution structure. With these promising results in
hand, we explore the scope of various Ge-based substrates as platforms for growing HEA NPs.
Knowing germanium nanoparticles (GeNPs) could exhibit similar Ge-H surface moieties and that
they are readily prepared,? we also investigate these materials as reducing substrates for HEA NP

growth. We conclude this study by extending our method to hydrogen-terminated Ge (100) wafers.
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Figure 3.1. A pictorial representation of the formation of high-entropy nanoparticles on
germanane.

3.1 Materials and Methods

3.1.1 Materials
Germanium (Ge, 99.999%), calcium (Ca, 99.0%), gold chloride (AuCls, 99.99%), silver
nitrate (AgNO3, 99.9999%), copper chloride (CuClz, 99.999%), palladium chloride (PdCl, 99.9%),

platinum chloride (PtCls, 99.999%) and hypophosphorous acid solution (50 wt.% H3PO, in water)
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were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) pellets, ammonium hydroxide
(28-30 wt.% NH4OH), hydrofluoric acid (electronic grade, 48-50% HF) hydrochloric acid (37
wt.%, HCI), ethanol (anhydrous), isopropyl alcohol (anhydrous), acetone (HPLC grade) and
toluene (HPLC grade) were purchased from Fisher Scientific. Germanium dioxide (GeO2, 99.99%)
was purchased from Gelest. Milli-Q (18.2 MQ-cm at 25 °C) water was used for all experiments.
All organic solvents were dried using an Innovative Technology, Inc. Grubbs-type solvent
purification system. CaGez and GeNSs were synthesized with the same methods as in the Chapter

2.
3.1.2 Synthesis of High-Entropy Alloy Nanoparticles-decorated Germanium

Nanosheets (HEA NPs@GeNSs)

To prepare high entropy alloy nanoparticles-decorated germanium nanosheets (HEA
NPs@GeNSs; HEA NPs= Au, Ag, Cu, Pt, Pd), germanane powder (73 mg; 1 mmol) was dispersed
in 4 mL Milli-Q water. The mixture was sonicated in a bath sonicator for 2 hours to yield a red
suspension of exfoliated GeNSs. Subsequently, an appropriate amount (0.01 mmol) of the
anhydrous metal salt in question (AuClz, AgNOs3, CuClz, PdCl> and PtCls) was dissolved in 1 mL
of Milli-Q water together. The mixed metal salts solution (i.e., 0.1 mL) was added into the GeNS
dispersion at room temperature under subdued light, resulting in a change of color from red to
black. The mixture was stirred for 10 min, and the product was recovered by centrifugation and
washed with Milli-Q water three times. The product was then dried for 12 hours under vacuum
and subsequently stored in a nitrogen-filled glovebox under subdued light. Typical mass yields for

this procedure were 45 mg.
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3.1.3 Liberation of High-Entropy Alloy Nanoparticles (HEA NPs)

To liberate the HEA NPs from the HEA NPs@GeNSs , HEA NPs@GeNSs powder (100
mg) was dispersed in 5 mL of Milli-Q water. The suspension was stirred and irradiated with a 360
nm UV LED light source for 24 h under a N> atmosphere. After decomposition, the product was
washed and centrifuged with 3 mL of Milli-Q water three time. The resulting product was then
dried for 12 hours under vacuum and subsequently stored in a nitrogen-filled glovebox in subdued

light.
3.1.4 Synthesis of Germanium Hydroxide

Germanium hydroxide was prepared using a modified literature synthesis.”* GeO> (5 g)
was added to a solution of 25 g NaOH in 35 mL of water in a 250 mL round-bottom flask and
stirred until the white powder is dissolved. The mixture was then acidified slowly to pH 1 using
an 80 mL solution of water and concentrated HCI (1:1), followed by the addition of 35 mL of
hypophosphorous acid in water (50 wt% H3POz). The mixture was refluxed at 120°C for 4 hours
under flowing Ar. The reaction was allowed to cool to 90°C before adding 50 mL of NH4sOH
slowly through the condenser, which precipitated brown Ge(OH)> out of solution. Caution! The
reaction with ammonium hydroxide is very exothermic. The brown precipitate was collected by
vacuum filtration and purified by twice re-dispersing and stirring in 300 mL of water. After the
final collection by vacuum filtration, the brown-orange product was allowed to dry overnight on a

double manifold vacuum.
3.1.5 Synthesis of Germanium Nanoparticles (GeNPs)

Brown Ge(OH), powder was placed in a quartz boat and loaded into a Thermofisher

Lindberg/Blue M tube furnace equipped with a quartz tube. The tube was charged with flowing
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argon gas (10 cm?/s) and the furnace was ramped to 400 °C at a rate of 5 °C/min. After holding at
the peak temperature for 1 hour, the furnace was cooled naturally to room temperature before
collecting the sample, which was then weighed and transferred to a vial for storage. Hydride-
terminated germanium nanoparticles were released from the sample through ethanolic
hydrofluoric acid (HF) etching, using a modified literature procedure.?* Caution! HF is dangerous;
extreme care and compliance with local regulations is required. In a 50 mL Teflon PFA
(perflouroalkoxy) beaker, 0.1 g of the composite was dispersed in 6 mL of a mixture of ethanol
and water (1:1), followed by the addition of 3 mL of concentrated HCI and 2 mL of aqueous (49 %)
HF. The mixture was stirred for 1 hour before extracting the liberated germanium nanoparticles
with toluene into test tubes. The resulting dark brown colloidal solution was subjected to
centrifugation at 5,000 rpm for 5 minutes to obtain a dark brown pellet. This process was repeated
twice more, dispersing the nanoparticle pellet in dry toluene between each centrifugation, and

removing the supernatant.
3.1.6 Synthesis of High-Entropy Alloy Nanoparticles from Germanium

Nanoparticles (HEA NPs@GeNPs)

To prepare high entropy alloy nanoparticles from germanium nanoparticles (HEA
NPs@GeNPs; HEA NPs = Au, Ag, Cu, Pt, Pd), germanium nanoparticles (72 mg; 1 mmol) were
dispersed in 4 mL distilled water. Subsequently, a mixed metal salt solution (0.1 mL, 0.01 mmol/L)
was added to the GeNPs dispersion at room temperature, in subdued light, resulting in a color
change from brown to black. The mixture was stirred for 10 minutes, and the product was

recovered by centrifugation and washed with Milli-Q water three times. The product was then
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dried for 12 hours under vacuum and stored in a nitrogen-filled glovebox, while being shielded

from light. Typical mass yields for this procedure were 50 mg.
3.1.7 Synthesis of High-Entropy Alloy Nanoparticles on Ge Wafer

A germanium shard was precleaned with acetone, isopropyl alcohol, and Milli-Q water to
remove surface native oxide and dried under a nitrogen stream. Immediately thereafter, the
germanium sample was immersed in a 5 mL mixed metal salt solution (0.05 mmol/L) in a glass
vial and kept in the dark for 10 minutes. Subsequently, the shard was carefully removed from the
solution and rinsed three times with 5 mL of Milli-Q water. Finally, the shard was dried in a stream
of flowing N> gas and transferred to a nitrogen-filled glovebox, where it was maintained under

subdued light.

3.2 Material Characterization

3.2.1 Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR analyses were performed using a Thermo Nicolet 8700 FTIR Spectrometer and
Continuum FTIR Microscope. Samples were prepared by drop coating a toluene dispersion of the
solid sample in question onto an electronics-grade Si-wafer (N-type, 100 surface, 100 pm thickness

and 10 ohm-cm resistivity) and dried under flowing nitrogen.
3.2.2 Electron Microscopy

Transmission electron microscopy (TEM) bright and dark field images were acquired using
a JEOL JEM-ARM200CF S/TEM electron microscope at an accelerating voltage of 200 kV. High
resolution (HR) TEM images were processed using Gatan Digital Micrograph software (Version
3.4.1). TEM samples were prepared by depositing a drop of a dilute toluene suspension of the

sample in question onto a holey or ultra-thin carbon coated copper grid (obtained from Electron
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Microscopy Inc.). The grid bearing the sample was kept in a vacuum chamber at a base pressure
of 0.2 bar for at least 24 h prior to data collection. The particle size distribution was assembled as
an average shifted histogram as described by Buriak et al. for at least 300 particles in TEM. The
average shifted histogram averaged the different histogram shapes formed by shifting the bin
origin.?

Secondary electron scanning electron microscopy (SEM) images were acquired using a Hitachi
S4800 FESEM electron microscope at an accelerating voltage of 25 kV. Samples were mounted

on a stainless-steel stub by using a conductive tape.

3.2.3 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were performed using a Kratos Axis Ultra instrument operating in energy
spectrum mode at 210 W. The base and operating chamber pressure were maintained at 10”7 Pa. A
monochromatic Al Ko source (A = 8.34 A) was used to irradiate the samples, and the spectra were
obtained with an electron take-off angle of 90°. CasaXPS software (VAMAS) was used to interpret
high-resolution spectra. All spectra were internally calibrated to the C 1s emission (284.8 eV) of
adventitious carbon. After calibration, a Shirley-type background was applied to remove most of
the extrinsic loss structure. The Ge 3d region were deconvoluted into the Ge 3ds/» and 3d3. spin-
orbit couple for the element Ge and the energy separation of these doublets was fixed at 0.58 eV
and the Ge 3ds, to 3ds, area was fixed at 0.67.2° For the high-resolution XP spectra of metals, the
spin-orbit couple energy separation and area were fixed and the spectral envelope was fit using a
Lorentzian asymmetric line shape LA(a, b, n) where a and b define the asymmetry and » defines
the Gaussian width. The various spectral regions were fit as follows: Au 4f was deconvoluted into
the Au 417, and 4f5, spin-orbit couple and the energy separation of these doublets was fixed at

3.70 eV and the Au 4fs;, to 4fy area ratio was fixed at 0.75.26 Ag 3d was deconvoluted into the
93



Ag 3ds and 3d32 spin-orbit couple and the energy separation of these doublets was fixed at 6.00
eV and the Ag 3ds. to 3ds. area ration was fixed at 0.67.2° Cu 2p was deconvoluted into the Cu
2p32 and 2p1/2 spin-orbit couple and the energy separation of these doublets was fixed at 19.75 eV
and the Cu 2p12 and 2ps/ area ratio was fixed at 0.50.2¢ Pd 3d was deconvoluted into the Pd 3ds,
and 3d3 spin-orbit couple and the energy separation of these doublets was fixed at 5.26 eV and
the Pd 3ds/ to 3ds,; area ratio was fixed at 0.67.26 Pt 4f was deconvoluted into the Pt 47, and 4f5,
spin-orbit couple and the energy separation of these doublets was fixed at 3.35 eV and the Pt 4f5p

to 47, area ratio was fixed at 0.75.%°
3.2.4 Powder X-ray Diffraction (XRD)

XRD measurements were conducted on a Bruker D8 Advance diffractometer using Cu-Kg
(L = 1.5406 A) and Ko (A = 1.5444 A) radiation. Powder samples were mounted on a zero-
background Si crystal sample holder and scanned over 20 ranges of 10 - 100° with a scan step of
0.0015 °/s. The instrumental broadening effect was considered by measuring a NIST LaBg standard
sample with a same scanning speed. Jade 6 was used to fit the peak broadening with both size and
strain effect. Synchrotron diffraction data were collected at the Canadian Light Source, utilizing
the Brockhouse high energy wiggler (BXDS-WHE) beamline. The samples were prepared by
loading them into polyimide Kapton with an inner diameter of 0.300 mm and outer diameter of
0.350 mm, using a magnetic sample holder in transmission mode. Powder data was collected using
a Rayonix MX300HE 2D detector with a detector distance of 496.37 mm. The beam energy was
set to 30.3383 keV, and the synchrotron radiation wavelength was calibrated using a LaBg¢ standard,
which was found to be 0.40867 A. Prior to integration, the background from the empty Kapton

was subtracted.
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3.3 Results and Discussion

Germanane used in this study was prepared by deintercalation of CaGe> (Figure 3.1).2” The
resulting product was sonicated in water for 2 h to maximize exfoliation. Suspensions of GeNSs
were then combined with an aqueous solution containing the metal salts of choice (i.e., AuCls,
AgNO;3, CuCly, PACl,, PtCls). Upon adding a solution of mixed metal salts to the GeNS suspension,
the Ge-H moieties on the GeNS surfaces immediately reacted with the aqueous metal ions resulting
in the deposition of size-polydisperse HEA NPs (AuAgCuPdPt) onto the GeNS surfaces. This
process was accompanied by the evolution of bubbles (presumably hydrogen) and a color change

from red to black (Figure 3.2).

Figure 3.2. Photograph of the reaction forming HEA NPs@GeNSs showing evolution of hydrogen
bubbles.
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a b
LaBg ——Raw pattern —— Raw pattern HEA NPs@GeNSs
R=5.78 % —— Fitted pattern —— Fitted pattern R=3.48%
Residual —— Residual
35 S5
L 8
2 2
= £
c c
L I o
= =
l J | J Ly
T mewww%
| e aame nme b
T T v T I T T T T T 1

20 40 60 80 36 37 38 39 40 M 42
2 theta/degree 2 theta/degree

Figure 3.4. XRD patterns and corresponding fitting for (a) LaB¢ standard sample, and (b) the (111)

reflection in the laboratory-based X-ray diffraction pattern for HEA NPs@GeNSs corresponding
to an HEA nanocrystal domain size of approximately 5.5 nm.

Powder X-ray diffraction (XRD) was used to interrogate the HEA NPs deposited on the
GeNSs (HEA NPs@GeNSs) and reveals their crystal structure. The XRD pattern of HEA
NPs@GeNSs showed reflections characteristic of the GeNSs, as well as reflections arising from
the nanoparticles. The HEA NP related features are weak and broad due to their small crystallite

size (Figure 3.3a). The feature appearing in the range of 38° - 41° (Figure 3.3b) corresponds to the
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(111) reflection of the single-phase solid solution HEA particles consistent with typical patterns
reported for AuAgCuPdPt HEA NPs.?® Evaluation of the peak broadening of this reflection was
performed using the Scherrer equation after considering the effects of instrumental broadening
(Figure 3.4a); this analysis provided approximate crystallite size of 5.5 nm when taking into
account peak broadening arising from decreased size (Figure 3.4b).%° We cannot account for strain
contributions because we cannot determine a dependence on 2 theta. These results are consistent
with the successful deposition of HEA NPs while retaining the GeNS structure. Synchrotron XRD
analysis (Figure 3.5) showed a pattern with improved signal-to-noise ratio along with intense
characteristic GeNS reflections®® superimposed on the broad peak at 10.1° relating to the lattice

parameter of 4.0607(3) A for the FCC structure.
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Figure 3.5. Synchrotron XRD (A = 0.40867 A) pattern of HEA NPs@GeNSs exhibiting the (111)
reflections from the HEA NPs and other intense reflections from GeNSs.

To further investigate the nature of the HEA NPs@GeNSs, we evaluated the materials

using Fourier-transform infrared (FTIR) and X-ray photoelectron (XPS) spectroscopies. The FTIR
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spectrum (Figure 3.6) of the parent GeNSs showed intense features associated with Ge-H
stretching (2000 cm™) and bending modes (830 cm™ and 770 cm™).?! Following deposition of the
HEA NPs, the FTIR spectrum of HEA NPs@GeNSs displayed a prominent feature in the range of
700 to 890 cm™! that we attribute to Ge-O vibrations.*> We also observed that the intensities of Ge-
H associated features diminished, although they were still obvious. Our observations are similar
to previous reports for metal-decorated germanane®! and silicane,* and are consistent with the
surface hydride functionalities have reduced metal ions, leaving surface dangling bonds on the

GeNSs that are subsequently oxidized to form Ge-O-Ge and Ge-O-H moieties.
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Figure 3.6. Representative FTIR spectra of GeNSs before (black) and after (red) HEA NPs
deposition.
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XPS provides additional information regarding composition, bonding environment, and
oxidation states of elements in the presented materials. The survey XP spectrum of the HEA
NPs@GeNSs was consistent with the FTIR and XRD analyses, showing evidence of oxidation and
corresponding metal emissions (Figure 3.7). The metal amounts of the HEA NPs@GeNSs were
calculated based on the compositions determined from the XP survey spectra integration, and the
atomic percentage of each metal was approximately 2% (Table 3.1). We calculated the

configuration entropy (1.61R) based on the atomic percentage indicating a high mixing entropy.
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Figure 3.7. Representative survey XP spectrum of HEA NPs@GeNSs.

The high-resolution XP spectra of HEA NPs@GeNSs showed emissions associated with
the corresponding metal (i.e., Au, Ag, Cu, Pd, and Pt) deposits and the underlying GeNSs (Figure
3.8). The Ge 3d spectra were fitted to reveal a binding energy of 29.8 eV, which has been
previously attributed to Ge in the nanosheets.> We also note components appearing at 31.3 and

32.5 eV that have previously been attributed to Ge** and Ge*" species, respectively (Figure 3.8a).%!
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The high resolution XP spectra of each metal (Figures 3.8b-f) show emissions at binding energies
characteristic of the corresponding metallic state (i.e., Au 4f72, 83.9 eV; Ag 3dsp, 367.9 eV; Cu
2p3n, 932.5 eV; Pd 3dsp, 335.2 eV; Pt 472, 71.0 V).

Table 3.1. Summary of XPS data for HEA NPs@GeNSs.

Ge 3d Au 4f Ag 3d Cu2p Pd 3d Pt 4f
Emission (eV) 29.8 83.9 367.9 932.5 335.2 71.0
Reference 29.8 84.0 368.2 933.0 335.0 71.0
emission (eV)?
Atomic 20.7 1.94 2.03 2.16 2.17 1.99

percentage (%)
2 Reference metal emissions are from NIST X-ray Photoelectron Spectroscopy Database.?®
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Figure 3.8. Representative high-resolution XP spectra of HEA NPs@GeNSs: (a) Ge 3d, (b) Au
4f, (c) Ag 3d, (d) Cu 3d, (e) Pd 3d and (f) Pt 4f regions.

Electron microscopy was used to study the morphology of HEA NPs@GeNSs. High-
resolution transmission electron microscopy (HRTEM) images confirm the deposition of
nanocrystalline HEA NPs onto the GeNS surfaces (Figure 3.9), while brightfield TEM reveals the

deposited metal nanoparticles are pseudospherical with dimensions of 5.6 nm (Figure 3.10).3*
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High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
(Figure 3.9b) shows HEA NPs@GeNS morphologies consistent with brightfield imaging and
energy dispersive X-ray (EDX) mapping confirms the co-localization of all metals in the
morphological features in darkfield and HAADF-STEM (Figures 3.9 c-1). The EDX spectrum
(Figure 3.11) provides signatures for Ge (i.e., ca. 15 atom %) and the other five target metals (i.e.,
ca. 1.5 atom %). Taken together, and consistent with the XPS analysis, these data support our
conclusion that the alloy is homogeneous and not subject to obvious surface segregation or phase

separation.

- ‘Mixed mapping

Figure 3.9. TEM and EDX analysis of HEA NPs@GeNSs. (a) High-resolution image showing
characteristic metal (111) lattice spacing. (b) HAADF-STEM image and (c-1) corresponding EDX
mapping of the indicated elements.

We also investigated the liberation of HEA NPs from GeNSs by exposing HEA
NPs@GeNSs to UV light (Figure 3.12). Upon exposure to UV light, the GeNSs were destroyed
and the liberated HEA NPs were collected by centrifugation. Consistent with liberation, powder
XRD showed no reflections associated with the GeNSs. In addition, the XRD data (Figure 3.13a)
indicates the HEA NPs display a characteristic face-centred cubic structure as evidence by (111),

(200), and (220) reflections appearing at 39.3°, 45.9°, and 66.3°, respectively. Further analysis of
101



these broadened features using the Scherrer equation provided an estimated crystallite size of 6.1
nm (Figure 3.13b). After considering the dependence of peak broadening on diffraction angle, the
broadening distribution of the HEA NPs (Figure 3.14) shows, not unexpectedly that there is also

strain-induced broadening.
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Figure 3.10. Representative (a) brightfield TEM image of HEA NPs@GeNSs and the associated
(b) average shifted histogram for HEA particles on GeNSs.
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Figure 3.11. Representative EDX spectrum for HEA NPs@GeNSs.
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HEA NPs@GeNSs Liberated HEA NPs

Figure 3.12. A pictorial illustration of the liberation of high-entropy nanoparticles from
germanane.
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Figure 3.13. (a) Laboratory XRD patterns of liberated HEA NPs (red trace) and corresponding
HEA NPs@GeNSs (black trace). (b) Fitting results of the (111) reflection in the laboratory-based
X-ray diffraction pattern for liberated HEA NPs corresponding to an HEA nanocrystal domain size
of 6.1 nm.

XPS was used to gain further information about the composition and the oxidation states
of the constituent elements that make up the HEA NPs. The survey spectrum (Figure 3.15) revealed
trace amounts of Ge (i.e., 1.72 atom %), O (i.e., 19.5 atom %) and mainly consisted of the five
metal components (i.e., 14.0 atom % for each metal) in consistent with the XRD results. Not
surprisingly, fitting the Ge 3d spectrum provided the components at 31.3 and 32.5 eV that are
attributed to the residual oxidized Ge species.?! The XP spectra of each metal (Figure 3.16) showed
emissions at binding energies characteristic of the corresponding metallic state (i.e., Au 4f72, 83.7

eV; Ag 3dsp, 367.8 eV; Cu 2p3p, 932.4 eV; Pd 3dsp», 335.1 eV; Pt 47, 70.9 eV, Table S3.2).
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However, they also showed varying degrees of oxidation, as the decomposition of GeNSs exposed

more of the HEA NP surface leading to some oxidation during liberation.
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Figure 3.14. XRD peak broadening as a function of diffraction angle for liberated HEA NPs.

The morphology of the HEA NPs liberated from the GeNSs was evaluated using TEM.
The brightfield TEM imaging (Figure 3.17a) revealed spherical HEA NPs. The size of the HEA
NPs after liberation was found to be 5.9 + 1.8 nm (Figure 3.17b), consistent with the preliberation
dimensions size. EDX mapping (Figure 3.18) provided evidence of the co-localization of
morphological features in HAADF-STEM images and confirmed the presence of the five target
metals. The EDX spectrum (Figure 3.19) showed a negligible Ge signal (i.e., 0.05 atom %) and
metal signals (i.e., ca. 15 atom %), indicating the successful liberation of the HEA NPs. The
configuration entropy (1.61R) was calculated based on the atomic percentage indicating a high
mixing entropy.

Having demonstrated the feasibility of using germanium nanosheets (GeNS) as a
multipurpose reducing agent and substrate for the growth of high-entropy alloy nanoparticles

(HEA NPs) we endeavored to explore the scope of Ge substrates that could do the same. We first
104



turned to H-terminated germanium nanoparticles (H-GeNPs) that were prepared via thermal
disproportionation of ‘Ge(OH),’ followed by removal of the encapsulating oxide via aqueous HF
etching.?* Upon addition of the mixed metal ion solution previously used for HEA NP deposition
on GeNSs, the Ge-H moieties on the GeNP surfaces facilitated the immediate reduction of metal
ions and with deposition of size-polydisperse HEA NPs (AuAgCuPdPt) onto the GeNP surfaces

(Figure 3.20).
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Figure 3.15. Representative survey XP spectrum of liberated HEA NPs.
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Figure 3.16. Representative high-resolution XP spectra of liberated HEA NPs: (a) Ge 3d, (b) Au
4f, (c) Ag 3d, (d) Cu 3d, (e) Pd 3d and (f) Pt 4f regions.
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Table 3.2. Summary of XPS data for liberated HEA NPs.

Ge 3d Au 4f Ag 3d Cu2p Pd 3d Pt 4f
Emission (eV) 31.3 83.7 367.8 932.4 335.1 70.9
Reference emission 29.8 84.0 368.2 933.0 335.0 71.0
(eV)*
Atomic percentage 1.72 14.35 13.99 14.27 13.51 14.86
(%)
2 Reference metal emission are from NIST X-ray Photoelectron Spectroscopy Database.?¢
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Figure 3.17. Representative (a) brightfield TEM image of HEA NPs and the associated (b) average
shifted histogram.

a

Figure 3.18. Representative HAADF-STEM images and EDX mapping of liberated HEA NPs.

106



o
=
S &
S 3T a
£ = = 2 5
% a2 s ; Cu Ka (some contribution from grid)
- <3
@) S 3<
=3
g

Pt La
Au La

R AN

Energy (keV)

Figure 3.19. Representative EDX spectrum for HEA NPs liberated from GeNSs.
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Figure 3.20. A pictorial illustration of the formation of high-entropy nanoparticles on GeNPs.
GeNPs were prepared via thermal disproportion of ‘Ge(OH).’. The GeNPs/GeO, were
subsequently etched in the 25 % HF for 1 h to remove the oxide. The mixed aqueous solution of
metal salts (i.e., AuClz, AgNO3, CuCl,, PdCl,, and PtCl4) was added into the aqueous suspension
of GeNPs. Metal ions were reduced and deposited onto the germanane surfaces forming HEA NPs.

The HEA NPs@GeNPs were characterized using XRD and FTIR spectroscopy to
investigate their crystal structure and bonding. The obtained HEA NPs@GeNPs possessed a
single-phase solid solution crystal structure, as evidenced by the characteristic reflections of GeNP
superimposed on a weak and broad peak within the 38°- 41° range (Figure 3.21a).2?> Scherrer
analysis provided an estimate of crystallite size of 7.2 nm (Figure 3.21b). The FTIR spectrum

showed a dominant Ge-O vibration feature in the range of 700 to 890 cm’!, while the Ge-H

107



stretching at 2000 cm™ was diminished (Figure 3.22),>® indicating that the surface hydride

functionalities have reduced metal ions, leaving surface dangling bonds on the GeNPs that
subsequently oxidized to form Ge-O-Ge and Ge-O-H moieties. These results are consistent with

the previous observations on HEA NPs@GeNSs sample (vide supra).
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Figure 3.21. (a) Laboratory XRD pattern of HEA NPs@GeNPs (black trace). Characteristic
reflections for bulk Ge (PDF# 79-0001) are provided for reference. (b) Fitting results of the (111)

reflection in the laboratory-based X-ray diffraction pattern for HEA NPs@GeNPs corresponding
to an HEA nanocrystal domain size of 7.2 nm.
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Figure 3.22. Representative FTIR spectrum of HEA NPs@GeNPs.
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XPS was used to investigate the elemental composition and oxidation states of the resulting
HEA NPs@GeNPs. The survey spectrum showed the expected metal emissions (approximately 1
atom %) and Ge (24.6 atom %) in the sample (Figure 3.23). The high-resolution spectra of each
metal within HEA NPs@GeNPs exhibited characteristic metallic binding energies (Figure 3.24),
including Au 4f72, 84.0 eV; Ag 3dsp, 367.9 eV; Cu 2p3p, 932.3 eV; Pd 3dsp, 335.1 eV; and Pt
4f7, 71.0 eV (Table 3.3). The Ge 3d region provided a binding energy of 29.6 eV, consistent with
the previous attribution of Ge in the nanoparticles.>* Notably, the majority of Ge*" species were
observed at 32.5 eV, while some partial Ge** species were present at 31.7 eV. This observation
suggests that the agglomeration of GeNPs during the reaction increased the likelihood of forming

Ge-O-Ge bonds in the HEA NPs@GeNPs, resulting in a higher component of Ge*" species.
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Figure 3.23. Representative survey XP spectrum of HEA NPs@GeNPs.
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Figure 3.24. Representative high-resolution XP spectra of HEA NPs@GeNPs: (a) Ge 3d, (b) Au
4f, (c) Ag 3d, (d) Cu 3d, (e) Pd 3d and (f) Pt 4f regions.

Table 3.3. Summary of XPS data for HEA NPs@GeNPs.

Ge 3d Au 4f Ag 3d Cu 2p Pd 3d Pt 4f
Emission (eV) 29.6 84.0 367.9 932.3 335.1 71.0
Reference emission 29.6 84.0 368.2 933.0 335.0 71.0
(eV)*
Atomic percentage 24.6 0.86 1.01 0.96 0.87 0.99
(%)

@ Reference metal emission are from NIST X-ray Photoelectron Spectroscopy Database.?¢
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Mixed mapping

Figure 3.25. STEM and EDX analysis of HEA NPs@GeNPs. a) AADF—STEM image and (b-1)
corresponding EDX mapping of the indicated elements.
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Figure 3.26. Representative (a) brightfield TEM image of HEA NPs@GeNPs and (b) average
shifted histogram for HEA particles on GeNPs.

The morphology of HEA NPs@GeNPs was examined using a HAADF-STEM image
(Figure 3.25a). The size of the deposited HEA NPs, as measured in the brightfield image (Figure
3.26), was 6.8 + 2.0 nm in agreement with Scherrer analysis of the corresponding XRD pattern.>*

EDX mapping (Figure 3.25b-1) is consistent with the deposited alloy nanoparticles being

homogenous and the GeNP substrate was partially oxidized, in agreement with the FTIR and XPS
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results. The EDX spectrum (Figure 3.27) further indicated an elemental composition of Au (1.6
atom %), Ag (1.5 atom %), Cu (1.3 atom %), Pd (1.1 atom %), and Pt (1.4 atom %) which agrees

with the chemical composition determined by XPS.
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Figure 3.27. Representative EDX spectrum for HEA NPs@GeNPs.
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Figure 3.28. (a) Schematic illustration of the deposition of the HEA NPs on Ge(100) wafer. (b)
XRD patterns of HEA NPs-Ge wafer and Ge(100) wafer.

Finally, we turned our attention to a bulk Ge wafer to explore the generalizability of our
approach toward preparing HEA NPs. A precleaned Ge (100) wafer was immersed in a solution
containing a predefined mixture of metal salts for 10 minutes. Doing so resulted in the deposition

of HEA NPs on the Ge surface (Figure 3.28a). The solid solution structure of the deposited HEA
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NPs was characterized using powder XRD (Figure 3.28b) and showed a diminished intensity of
the preferential reflection (100) at 67°, suggesting the crystallinity of Ge (100) decreased due to
the deposition, and a broad reflection at 38° - 41°. The HEA NPs had a crystalline domain size of

35.3 nm, as determined by the Scherrer equation.
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Figure 3.29. Representative (a) SEM image of HEA NPs-Ge wafer and (b) average shifted
histogram for HEA NPs.

Figure 3.30. (a) Representative SEM image and (b-h) EDX mapping for HEA NPs-Ge wafer.
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Figure 3.31. Representative SEM/EDX spectrum for HEA NPs-Ge wafer.
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Figure 3.32. Representative survey XP spectrum of HEA NPs-Ge wafer.
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Figure 3.33. Representative high-resolution XP spectra of HEA NPs-Ge wafer: (a) Ge 3d, (b) Au
4f, (c) Ag 3d, (d) Cu 3d, (e) Pd 3d and (f) Pt 4f regions.

SEM imaging showed the deposited HEA NPs had an average size of 32.4 + 7.3 nm on the
surface of the Ge wafer, with no obvious evidence of localized substrate etching observed (Figure
3.29). SEM/EDX measurement (Figures 3.30 and 3.31) indicated a homogenous distribution of
the metal elements, with an atomic composition of Au (4.78 atom %), Ag (3.10 atom %), Cu (3.39
atom %), Pd (3.85 atom %), and Pt (4.64 atom %).

Table 3.4. Summary of XPS data for HEA NPs-Ge wafer

Ge 3d Au 4f Ag 3d Cu 2p Pd 3d Pt 4f
Emission (eV) 31.3 83.7 368.0 932.4 335.5 70.8
Reference emission 29.8 84.0 368.2 933.0 335.0 71.0
(eV)!
Atomic percentage 9.27 6.53 4.97 5.39 5.79 5.64
()

2 Reference metal emission is from NIST X-ray Photoelectron Spectroscopy Database.?®
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In comparison, the chemical composition of the material was investigated by XPS (Figure
3.32), which revealed a surface atomic ratio (Table 3.4) of Au (6.53 atom %), Ag (4.97 atom %),
Cu (5.39 atom %), Pd (5.79 atom %), Pt (5.64 atom %), and Ge (9.27 atom%). The weaker Ge
emission observed in contrast to previous GeNS and GeNP experiments was attributed to the larger
size of the deposited HEA NPs, which limited XPS probing to depth. The high-resolution XP
spectrum of the Ge 3d region (Figure 3.33) showed the presence of Ge!" (binding energy at 30.3
eV) and Ge** (binding energy at 32.5 eV) species,* indicating that after the removal of the native
oxide, the surface Ge undergoes hydrolysis in the water forming Ge-H and Ge-OH on the surface.
The generated Ge-H simultaneously reduced the metal ions, resulting in the deposition of the HEA
NPs, which is consistent with the SEM images where no obvious local etching was observed.
Overall, our study provides new insights into the synthesis and characterization of HEA NPs on
the Ge surface and highlights the potential applications of our synthetic method in the bulk Ge

system.
3.4 Summary and Outlook

In this chapter we present a simple method for the deposition of adherent high-entropy
alloy nanoparticles (AuAgCuPdPt) onto the surfaces of germanium nanosheets (GeNSs). Our
investigation confirms the preservation of the structural integrity of the GeNS during the
deposition process and the formation of high-entropy nanoparticles, as verified by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Transmission electron
microscopy (TEM) analysis reveals the distribution of the high-entropy alloy nanoparticles over
the entire surface of the GeNS. The subsequent liberation of the nanoparticles from the GeNS

through UV irradiation demonstrated their solid-solution structure and homogenous element
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distribution. We also demonstrate that HEA NPs can be prepared on the surface of agglomerated
GeNPs via a straightforward synthetic route. We concluded by extending our investigation to bulk

Ge, where deposition of HEA NPs on the surface of a wafer was demonstrated.
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4. Chapter 4: Synthesis of High-Entropy Germanides and

Investigation of the Formation Process®

High-entropy alloy nanoparticles (HEA NPs) have emerged as a captivating and
challenging class of materials.! The attention placed on these materials can be attributed to their
multi-element compositions and high-entropy solid-solution structures, which impart tunable
reactivity and enhanced stability and make HEA NPs suitable candidates in catalyst development.?
The advancement in synthesis of HEA NPs, which exhibit a wide compositional range
encompassing numerous immiscible metal combinations and incorporating up to eight constituent
elements, was achieved using the “carbo-thermal shock” method.> Subsequently, several other
procedures have been developed to prepare HEA NPs, including vapor phase spark discharge,
rapid radiative heating or annealing, low-temperature hydrogen spillover, microwave heating, and

colloidal methods.*!? In the wake of these advancements, diverse high-entropy compounds, such

5 7 8 20

as oxides,'* fluorides," sulfides,'® carbides,!” nitrides,!® silicide,' borides,?® stannides,?! and
halide perovskites?” have been demonstrated. It is noteworthy that germanides have remained

unexplored as high-entropy nanomaterials.

Germanides are a class of materials that have garnered attention because of their potential

thermoelectric and electronic applications.”>** These compounds are formed by combining

¢ The contents of this chapter have been adapted from the following submitted manuscript: Ni, C.; O'Connor,
K. M.; Butler, C.; Veinot, J. G. C. Synthesis of high-entropy germanides and investigation of their formation
process. Nanoscale Horiz 2024, 9 (4), 580-588
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germanium with metallic elements such as iron, nickel, cobalt, and palladium.?-?® Germanides are
characterized by high electrical conductivity, low thermal conductivity, and favorable
thermoelectric characteristics.?* 2% 3 As such, germanides have emerged as promising active
materials for thermoelectric generators, coolers, and electronic devices (e.g., transistors, diodes,
integrated circuit interconnects).?”> 2% 3932 The principles of high-entropy alloying can enhance
thermoelectric performance and substantial progress has been achieved in the field of high-
performance high-entropy alloy thermoelectrics.* 3% 3 Still, examples of high-entropy alloying

involving germanides remain underexplored.

In Chapter 3, we presented a solution-based method for preparing high-entropy alloy
nanoparticle-decorated germanane (HEA NPs@GeNSs).* Using this method, we prepared HEA
NPs (comprising Au, Ag, Cu, Pd, and Pt) on the surface of germanane. Recognizing that the Ge-
H terminated surface germanane serves as a reducing agent and the underlying Ge atoms could
potentially provide a Ge source that could facilitate the formation of high-entropy germanides
(HEGs), we have now explored transforming HEA NPs@GeNSs into a HEG (AuAgCuPdPtGe)
via rapid thermal annealing. These findings motivated us to target HEA NPs@GeNSs of different
metal compositions and the formation of corresponding HEGs. Given that first-row transition
metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni) can be incorporated into single-phase HEA NPs and are
readily prepared as high-entropy oxides,*® we chose to investigate several of these elements (i.e.,

V, Cr, Fe, Co, Ni) as potential components for high-entropy germanide formation.

Moreover, we have delved into the formation processes that yield HEGs using in situ
heating X-ray diffraction and transmission electron microscopy. Our experimental observations

revealed that at elevated temperatures (300 °C), germanane decomposes providing into germanium
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nanoparticles that the high-entropy components subsequently diffuse into. At comparatively low
temperatures, this process is slow with diffusion proceeding more rapidly when temperature

exceeds 600 °C.
4.1 Materials and Methods

4.1.1 Material

Germanium (Ge, 99.999%), calcium (Ca, 99.0%), gold (III) chloride (AuCls, 99.99%),
silver nitrate (AgNO3, 99.9999%), copper (1) chloride (CuClz, 99.999%), palladium (II) chloride
(PdClz, 99.9%) and platinum (IV) chloride (PtCls, 99.999%) were purchased from Sigma-Aldrich
and hydrochloric acid (HCI, 37% w/w), ethanol (anhydrous), isopropyl alcohol (anhydrous),
acetone (HPLC grade) and toluene (HPLC grade) were purchased from Fisher Scientific. Milli-Q
(18.2 MQ-cm at 25 °C) water was used for all experiments. All organic solvents were dried using

an Innovative Technology, Inc. Grubbs-type solvent purification system.
4.1.2 Synthesis of High-Entropy Alloy Nanoparticles-decorated Germanium

Nanosheets (HEA NPs@GeNSs)

To prepare high entropy alloy nanoparticles-decorated germanium nanosheets (HEA
NPs@GeNSs; HEA = Au, Ag, Cu, Pt, Pd), germanane powder (73 mg; 1 mmol) was dispersed in
4 mL Milli-Q water. The mixture was sonicated in a bath sonicator for 2 hours to yield a red
suspension of exfoliated GeNSs. Subsequently, an appropriate mass (0.01 mmol) of the anhydrous
metal salt in question (AuCls, AgNO3, CuCl,, PdCI> and PtCls) was dissolved in 1 mL of Milli-Q
water together. The metal salt solution (i.e., 0.1 ml) was then added into the GeNS dispersion at
room temperature in subdued light and the original red suspensions turned black. The mixture was

stirred for 10 min and the product was recovered by centrifugation and washed with Milli-Q water
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three times. The product was dried for 12 h in vacuo and subsequently stored in nitrogen filled
glovebox and subdued light. Typical mass yields for this procedure were 55 mg. The resulting

material was characterized using XRD, XPS, and TEM.
4.1.3 Synthesis of AuAgCuPdPtGe High-Entropy Germanide

The above prepared HEA@GeNSs (0.5 g) was heated up to 800 °C at 1 °C/s under Ar flow
in a tube furnace. After reaching the peak temperature, the sample was maintained at that
temperature for 10 min and quenched to room temperature by removing the tube from the furnace
and blowing the tube with constant N> gas. Upon cooling to room temperature, the resulting black
solid was subsequently stored in nitrogen filled glovebox. Typical mass yields for this procedure

were 100 mg. The resulting material was characterized using XRD, XPS, and TEM.

4.1.4 Synthesis of FeCoNiCrVGe High-Entropy Germanide

To prepare FeCoNiCrVGe high-entropy germanide, germanane powder (73 mg; 1 mmol)
was dispersed in 4 mL anhydrous ethanol. The mixture was sonicated in a bath sonicator for 2
hours to yield a red suspension of exfoliated GeNSs. Subsequently, an appropriate mass (0.1 mmol)
of the anhydrous metal salt in question (FeClz, CoCl, NiCl,, CrCl» and VCIl3) was dissolved in 1
mL of anhydrous ethanol together. The metal salt solution (i.e., 0.1 ml) was then added into the
GeNS dispersion while stirring at room temperature. The solvent was evaporated at 50 °C for 10
min using a Heidolph G5 rotary evaporator. The resulting slurry was heated to 800 °C at 1 °C/s
under Ar flow in a tube furnace (Lindberg). After reaching the peak temperature, the sample was
maintained at that temperature for 10 min and air quenched to room temperature by removing the

tube from the furnace and blowing the tube with constant N> gas. Upon cooling to room
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temperature, the resulting black solid was subsequently stored in nitrogen filled glovebox. The

resulting material was characterized using XRD, XPS, and TEM.

4.2 Material Characterization

4.2.1 Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR analyses were performed using a Thermo Nicolet 8700 FTIR Spectrometer and
Continuum FTIR Microscope. Samples were prepared by drop coating a toluene dispersion of the
solid sample in question onto an electronics-grade Si-wafer (N-type, 100 surface, 100 um thickness

and 10 ohm-cm resistivity) and dried under flowing nitrogen.

4.2.2 Electron Microscopy

Transmission electron microscopy (TEM) bright and dark field images were acquired using
a JEOL JEM-ARM200CF S/TEM electron microscope at an accelerating voltage of 200 kV. High
resolution (HR) TEM images were processed using Gatan Digital Micrograph software (Version
3.4.1). TEM samples were prepared by depositing a drop of a dilute toluene suspension of the
sample in question onto a holey or ultra-thin carbon coated copper grid or molybdenum grid
(obtained from Electron Microscopy Inc.). The grid bearing the sample was kept in a vacuum
chamber at a base pressure of 0.2 bar for at least 24 h prior to data collection. The particles size
distribution was assembled as an average shifted histogram as described by Buriak et al. for at
least 300 particles in TEM. The average shifted histogram averaged the different histogram shapes
formed by shifting the bin origin.?’

In situ heating TEM experiments were conducted using the DENSsolutions Wildfire in situ

heating TEM sample holder. TEM samples were prepared by depositing a drop (5 puL) of a dilute
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ethanol suspension of metal salts and GeNSs onto a DENSsolutions Wildfire SisN4 nano-chip. The
heating program was monitored by DENSsolutions Impulse software. After collecting the images
and EDX mapping at room temperature, the samples were heated up to 800 °C at 1 °C/s and kept

at 800 °C for 10 min. Then the samples were cooled down to room temperature at 20 °C/s.
4.2.3 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were performed using a Kratos Axis Ultra instrument operating in energy
spectrum mode at 210 W. The base and operating chamber pressure were maintained at 10”7 Pa. A
monochromatic Al Ko source (A = 8.34 A) was used to irradiate the samples, and the spectra were
obtained with an electron take-off angle of 90°. CasaXPS software (VAMAS) was used to interpret
high-resolution spectra. All spectra were internally calibrated to the C 1s emission (284.8 eV) of
adventitious carbon. After calibration, a Shirley-type background was applied to remove most of
the extrinsic loss structure. The Ge 3d region were deconvoluted into the Ge 3ds2 and 3d3.2 spin-
orbit couple for the element Ge and the energy separation of these doublets was fixed at 0.58 eV
and the Ge 3ds, to 3ds, area was fixed at 0.67.3! For the high-resolution XP spectra of metals, the
spin-orbit couple energy separation and area were fixed and the spectral envelope was fit using a
Lorentzian asymmetric line shape LA(a, b, n) where a and b define the asymmetry and » defines
the Gaussian width. The various spectral regions were fit as follows: Au 4f was deconvoluted into
the Au 417 and 4f5, spin-orbit couple and the energy separation of these doublets was fixed at
3.70 eV and the Au 4fs;, to 4fy area ratio was fixed at 0.75.3® Ag 3d was deconvoluted into the
Ag 3ds» and 3ds/» spin-orbit couple and the energy separation of these doublets was fixed at 6.00
eV and the Ag 3d3. to 3ds. area ration was fixed at 0.67.%® Cu 2p was deconvoluted into the Cu
2p32 and 2p1,2 spin-orbit couple and the energy separation of these doublets was fixed at 19.75 eV

and the Cu 2p12 and 2ps» area ratio was fixed at 0.50.%® Pd 3d was deconvoluted into the Pd 3ds
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and 3d3 spin-orbit couple and the energy separation of these doublets was fixed at 5.26 eV and
the Pd 3ds/2 to 3ds,; area ratio was fixed at 0.67.%® Pt 4f was deconvoluted into the Pt 47, and 4f5,
spin-orbit couple and the energy separation of these doublets was fixed at 3.35 eV and the Pt 415,
to 4fy, area ratio was fixed at 0.75.3% Fe 2p was deconvoluted into the Fe 2ps and 2p1/2 spin-orbit
couple and the energy separation of these doublets was fixed at 13.1 eV and the Fe 2p12 and 2p3.2
area ratio was fixed at 0.50. Co 2p was deconvoluted into the Co 2p3 and 2p12 spin-orbit couple
and the energy separation of these doublets was fixed at 14.99 eV and the Co 2pi2 and 2p3» area
ratio was fixed at 0.50. Ni 2p was deconvoluted into the Ni 2p3» and 2p12 spin-orbit couple and
the energy separation of these doublets was fixed at 17.3 eV and the Ni 2pi2 and 2p3. area ratio
was fixed at 0.50. Cr 2p was deconvoluted into the Cr 2p3,2 and 2pi/2 spin-orbit couple and the
energy separation of these doublets was fixed at 9.3 eV and the Cr 2p1» and 2p3/; area ratio was
fixed at 0.50. V 2p was deconvoluted into the V 2p3 and 2pi2 spin-orbit couple and the energy
separation of these doublets was fixed at 7.6 eV and the V 2p1» and 2p3.» area ratio was fixed at

0.50.%*
4.2.4 Powder X-ray Diffraction (XRD)

XRD was performed using a Bruker D8 Advance diffractometer (Cu-Kq1 (A = 1.5406 A)
and K2 (A= 1.5444 A) radiation). Samples were prepared by mounting the powder in question on
a zero background Si crystal sample holder. XRD patterns were scanned between 20 ranges of 10
- 80° with a scan step of 0.06 °/s. The instrumental broadening effect was considered by measuring
a NIST LaBs standard sample with a same scanning speed. Jade 6 was used to fit the peak
broadening with both size and strain effect. The lattice parameter for the AuAgCuPdPtGe HEG
and FeCoNiCrVGe HEG was calculated using the lattice parameter of the AuAgCuPdPt and

FeCoNiCrV HEA and the lattice parameter of Ge based on Vegard’s Law.
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In situ XRD experiments were performed using a Bruker D8 Discover diffractometer (Cu-
Ka1 (A=1.5406 A) and Koz (A = 1.5444 A) radiation) with an Anton Paar DHS 1100 heating stage.
Samples were prepared by mounting the powder in question on a zero background Si crystal
sample holder. The samples were heated up to 800 °C at 1 °C/s under N> flow inside the dome of
the heating stage and kept at each desired temperature (200 °C, 300 °C, 400 °C, 500 °C, 600 °C,
700 °C, 750 °C and 800 °C) for XRD measurement. XRD patterns were scanned between 20 ranges
of 10 - 80° with a scan step of 0.06 °/s and subtracted the background from the dome measured at
room temperature. After finishing the heating program, the samples were cooled down to room

temperature by circulating the dome with N> flow.
4.3 Results and Discussion

Germanane used in the present study was prepared by deintercalation of CaGe, (Figure
3.1).* Following the deintercalation process, the resulting product was placed in distilled water
and the mixture was subjected to a bath sonicator for 2 hours to achieve optimal exfoliation.
Subsequently, the exfoliated germanane was combined with an aqueous solution containing the

desired metal salts (i.e., AuClz, AgNO3, CuCla, PdCl, PtCls). The Ge-H on the surfaces of the

germanane immediately reacted with the aqueous metal ions* leading to the formation of size-
polydisperse HEA NPs (AuAgCuPdPt) on the surfaces of the germanane (Figure 3.1). The
resulting HEA NPs@GeNS powder was collected and heated to 800 °C at 1 °C/s in flowing Ar.
After annealing at the peak temperature for 10 min, the product was rapidly cooled to room
temperature by removing the tube from the furnace and flushing the reaction tube with a constant

flow of N2 gas. This process led to the formation of the desired AuAgCuPdPtGe HEG (Figure 4.1).
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HEA NPs@GeNSs AuAgCuPdPtGe HEG

Figure 4.1. A pictorial representation of the formation of high-entropy germanide (HEG:
AuAgCuPdPtGe) from high-entropy alloy nanoparticles decorated germanane (HEA
NPs@GeNSs). HEA NPs@GeNSs were rapid annealed at 800 °C under Ar flow for 10 minutes.
The products were collected after rapidly cooling to room temperature. (Note: For clarity,
hydrogen atoms on the germanane surfaces are not shown.)

Powder X-ray diffraction (XRD) was used to examine the crystal structure of
AuAgCuPdPtGe HEG. The XRD pattern of HEA NPs@GeNSs (Figure 4.2) showed characteristic
reflections of HEA NPs and GeNSs.>> After annealing, the pattern of HEG (AuAgCuPdPtGe)
exhibited characteristic FCC reflections. Notably, these reflections exhibited a slight shift to higher
angles (27.33°, 45.35°, 53.78°, 66.07°, 72.89°) in comparison to Ge reflections (27.28°, 45.30°,
53.69°, 65.99°, 72.81°) consistent with the incorporation of multiple elements (i.e., Au, Ag, Cu,
Pd, Pt) into the Ge crystal structure resulting in a strained lattice.'”> We determined the lattice
parameter for the AuAgCuPdPtGe HEG using Vegard’s Law (Figure 4.3). A deviation from the
linear variation of the lattice parameters was observed for the AuAgCuPdPtGe HEG suggesting
strain is present that arises from the incorporation of the small atoms (i.e., Au, Ag, Cu, Pd, Pt).*
We also noted a typical GeO; pattern in the XRD analysis, which we confidently attribute to arising
from the crystallization of residual oxidized surface germanium species.*! The broadening of the
HEG reflections was evaluated using the Scherrer equation and provided an estimated approximate
crystallite size of 62.8 + 1.9 nm.** Consistent with our lattice parameter data, consideration of the

diffraction angle dependence of peak broadening on diffraction angle (Figure 4.4) also reveals that

strain-induced broadening is manifesting in the AuAgCuPdPtGe HEG system.®
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Figure 4.2. A comparison of XRD patterns of HEA NPs@GeNSs and AuAgCuPdPtGe HEG. (*)
correspond to GeO; reflections. Ge and GeO» reflections are from PDF#89-9345 and 83-2477. The
asterisk corresponds to reflections arising from the Ge impurity that from the synthesis of GeNSs.
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Figure 4.3 A plot of the lattice parameter as a function of the mole fraction of Ge in

AuAgCuPdPtGe HEG by using Vegard’s law. The red dot represents the experiment lattice
parameter calculated from the XRD reflections using Bragg’s law.
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Figure 4.4. XRD peak broadening distribution for AuAgCuPdPtGe HEG.

To further investigate the nature of the AuAgCuPdPtGe HEG, we interrogated the product
using Fourier-transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS). The FTIR
spectrum (Figure 4.5) of the parent HEA NPs@GeNSs exhibited prominent features attributed to
Ge-H stretching modes at 2000 cm™! and Ge-O stretching modes in the range of 700 to 890 cm™.*
Following annealing, the FTIR spectrum of the resulting AuAgCuPdPtGe HEG displayed no
discernible feature at 2000 cm’!. The absence of the Ge-H stretching mode is consistent with
thermal cleavage of Ge-H bonds.*

v(Ge-H) v(Ge-0)

HEA NPs@GeNSs

AuAgCuPdPtGe HEG
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L L L
2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.5. Representative FTIR spectra of HEA NPs@GeNSs before (black) and after (red)
AuAgCuPdPtGe HEG formation.
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XPS provides additional insight into the material composition, bonding environment, and
oxidation states of elements in the present materials. The survey XP spectrum of the
AuAgCuPdPtGe HEG corroborated the findings from FTIR and XRD analyses, revealing evidence
of oxidation and corresponding metal emissions (Figure 4.6). Integration of the emission peaks in
the survey XP spectra provided quantification of the compositions of the AuAgCuPdPtGe HEG.
The surface atomic percentages for each metal were approximately 14 atomic %, while that of Ge
was around 27.1 atomic %. These results provide an approximate composition of
Auo 54A80.53Cuo.55Pdo.55Pto.s3Ge (Table 4.1), in which higher Ge amount results from residual GeO»

noted in the XRD and FTIR analyses.
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Figure 4.6. Representative survey XP spectrum of AuAgCuPdPtGe HEG.
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Table 4.1. Summary of XPS data for AuAgCuPdPtGe HEG.

Ge 3d Au 4f Ag3d Cu2p Pd 3d Pt 4f
Emission (eV) 29.5 84.0 368.0 932.1 335.0 71.0
Reference 29.8 84.0 368.2 933.0 335.0 71.0
emission (eV)?
Atomic 24.2 14.8 15.2 15.3 15.1 15.4
percentage (%)
Eletronegativity®  2.01 2.54 1.93 1.90 2.20 2.28

# Reference metal emissions are from NIST X-ray Photoelectron Spectroscopy Database.
® Eletronegativities are from CRC Handbook for Chemistry and Physics, 95th ed., 2014, CRC
Press.

High-resolution XP spectra of the AuAgCuPdPtGe HEG revealed emissions associated
with the corresponding metals (Au, Ag, Cu, Pd, and Pt) and Ge (Figure 4.7). The Ge 3d spectra
showed a shift to a lower binding energy of 29.5 eV, when compared to Ge in the GeNSs (29.8
eV).* This shift is in agreement with the Ge atoms in the HEG being bonded to atoms that are less
electronegative than hydrogen. Among the constituent metals in the present AuAgCuPdPtGe HEG,
only Ge, Cu, and Ag fit this criterion (Table 4.1). We also note that the measured binding energy
of Ge in AuAgCuPdPtGe HEG is comparable to that of crystalline germanium (c-Ge; 29.5 eV),*
suggesting a random mixing effect has averaged the influence of the electronegativity of atoms
neighboring germanium. Additionally, we note fit components in the Ge 3d emission appearing at
31.3 and 32.5 eV that have previously been attributed to Ge** and Ge*" species, arise from the
presence of GeO: (Figures 4.7a) that are consistent with our XRD and FTIR analyses.* Turning
our attention to the metal constituents, the XP spectra of each showed emissions at binding energies
characteristic of their corresponding metallic state (i.e., Au 4f72, 84.0 eV; Ag 3dsp2, 368.0 eV; Cu

2p3n, 932.1 eV; Pd 3dsp, 335.0 eV; Pt 4f72, 71.0 eV). These findings are attributed to the random
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distribution of atoms in the high-entropy germanide structure,* and support the successful

formation of the HEG.
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Figure 4.7. Representative high-resolution XP spectra of AuAgCuPdPtGe HEG: (a) Ge 3d, (b) Au
4f, (¢c) Ag 3d, (d) Cu 3d, (e) Pd 3d and Ge LMM, and (f) Pt 4f regions.

Electron microscopy techniques were employed for the investigation of the nano-
morphology of the AuAgCuPdPtGe HEG. High-resolution transmission electron microscopy
(HRTEM) image (Figure 4.8a) confirms the formation of pseudospherical HEG particles with
dimensions 63.4 + 4.5 nm (Figure 4.9a), while highly crystalline GeO, was observed surrounding
the germanide (Figure 4.9b). Low-resolution bright-field TEM imaging (Figure 4.9¢c) shows the
polydispersity of the AuAgCuPdPtGe HEG surrounded with crystalline GeO,. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) images show
AuAgCuPdPtGe HEG morphologies consistent with bright-field imaging (Figure 4.8b) and EDX
mapping confirms co-localization of all metals and Ge in the morphological features (Figure 4.8c-

h). On rare occasions localized element distribution mapping may vary slightly. We propose this
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arises from inhomogeneous distribution of metal salts used to prepare the HEA NPs@GeNSs. The
EDX spectrum (Figure 4.10) provides signatures for Ge (i.e., ca. 21 atom%) and the other five
target metals (i.e., ca. 6 atom%). Collectively, these findings, with XPS analyses, support the
conclusion that the germanide exhibits homogeneity and there is no evidence of surface
segregation or phase separation.

b

Figure 4.8. TEM and EDX analysis of AuAgCuPdPtGe HEG. (a) High-resolution image showing
characteristic (111) lattice spacing. (b) HAADF-STEM image and (c-h) corresponding EDX
mapping of the indicated elements.
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Figure 4.9. Representative (a) average shifted histogram for AuAgCuPdPtGe HEG and (b) high-
resolution TEM image of AuAgCuPdPtGe HEG showing GeO> (011) lattice spacing. (c) low-
resolution bright-field TEM image of AuAgCuPdPtGe HEG.
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Figure 4.10. A representative EDX spectrum for AuAgCuPdPtGe HEG. Mo signal results from
the grid.

Having demonstrated the feasibility of annealing HEA NPs@GeNSs as a convenient
approach to preparing high-entropy germanides, we explored using alternative metals exhibiting
lower redox potentials. While previous studies have focused on noble metals possessing positive
redox potentials, we directed our attention to the first-row transition metals, V, Cr, Fe, Co, and Ni.
The negative redox potentials of these transition metals hinder the direct reduction of the metal ion
by GeNSs for metal nanoparticles deposition. To address this, we synthesized a FeCoNiCrVGe
HEG by initially mixing GeNSs with a solution comprising metal salts (i.e., FeCls, VClz, CrCl,
CoClz, NiClz) followed by solvent removal through rotary evaporation. The resulting slurry was
heated to 800 °C at 1 °C/s under Ar flow. The sample was maintained at the peak temperature for
10 minutes, after which the product was quenched to room temperature by removing the tube from

the furnace and flushing the tube with N> gas (Figure 4.10).
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Figure 4.11. A pictorial representation of the synthesis of FeCoNiCrVGe HEG.

The crystal structure and bonding of FeCoNiCrVGe HEG were investigated using XRD
and FTIR spectroscopy. The XRD analysis (Figure 4.12) is dominated by the characteristic
reflections from GeNSs. No salt related reflections are noted because of their low concentration.
After annealing (Figure 4.12) FCC reflections from FeCoNiCrVGe HEG were observed while no
reflections associated with GeNSs were detected. We also note that the reflections associated with
the FeCoNiCrVGe HEG appeared at slightly higher angles (27.32°, 45.34°, 53.74°, 66.06°, 72.90°)
compared to the Ge reflections (27.28°, 45.30°, 53.69°, 65.99°, 72.81°). The reflections of GeO»
were also observed, but with lower intensity in comparison with the AuAgCuPdPtGe HEG. This
finding suggests the metal salts-loaded GeNSs precursor contained fewer oxidized Ge surface
species and implies that the GeNSs exhibited limited reactivity toward the metal salts used (i.e.,
FeCls, VCl3, CrCl,, CoCly, NiCl). Scherrer analysis provided an estimated crystallite size of 55.3
+ 1.7 nm and the broadening distribution of the FeCoNiCrVGe HEG indicated the presence of
strain-induced broadening (Figure 4.13a). We also determined the lattice parameter for the
FeCoNiCrVGe HEG using Vegard’s Law (Figure 4.13b) and found that a similar deviation from
the linear variation of the lattice parameters due to the incorporation of the small atoms. In the
FTIR spectrum of the precursor (Figure 4.14), a dominant Ge-H stretching vibration was observed

at 2000 cm™!; of note there is no apparent Ge-O vibration feature in the range of 700 to 800 cm™.*
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Consistent with the presented XRD analyses, after annealing a significant Ge-O peak emerged at

800 cm! and there is no evidence of the Ge-H feature.
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Figure 4.12. A comparison of XRD patterns of metal salts&GeNSs precursor and FeCoNiCrVGe

HEG. (*) correspond to GeOs reflections. Ge and GeO; reflections are from PDF#89-4562 and 83-
2477.
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Figure 4.13. (a) XRD peak broadening distribution for the FeCoNiCrVGe HEG. (b) A plot of the
lattice parameter as a function of the mole fraction of Ge in FeCoNiCrVGe HEG by using Vegard’s

law. The red dot represents the experiment lattice parameter calculated from the XRD reflections
using Bragg’s law.
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Figure 4.14. Representative FTIR spectra of metal salts&GeNSs precursor (black) and
FeCoNiCrVGe HEG (red).

XPS was used to investigate the elemental composition and oxidation states of the resulting
FeCoNiCrVGe HEG. The survey spectrum (Figure 4.15) showed the expected metal
(approximately 15 atomic %) and Ge (24.2 atomic %) emissions, indicating an approximate
composition of Fe.63C00.62Ni0.64Cro.63Vo.61Ge (Table 4.2) ; as with the AuAgCuPdPtGe HEG, we
note higher proportions of Ge that we attribute to the presence of GeO». The high-resolution spectra
of the metal components within the FeCoNiCrVGe HEG exhibited high oxidation states (Figure
4.16; V3 2p3p, 515.7 eV; Cr¥* 2psp, 576.9 eV; Fe?* 2psn, 709.6 €V; Co** 2psp, 779.6 eV and Ni*
2p3n, 853.0 eV) and the metal emissions are shifted to higher binding energies compared to their
metallic state. This shift is attributed to the comparatively high electronegativity of Ge when
relative to the metals (Table 4.2).%¢ 47 The difference in electronegativity between the elements
affects their binding energies, with a larger difference resulting in greater shift.’ Correspondingly,
the Ge 3d region (Figure 4.16a) provided a binding energy of 29.2 eV which was lower than the
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binding energy of c-Ge (29.5 eV). This shift in Ge 3 d binding energy is consistent with the average
electronegativity of neighboring atoms is lower than that of Ge itself.*’ It should be noted that all
of the metals (Fe, Co, Ni, Cr, V) in the HEG exhibit lower electronegativities compared to the

previous noble metals and Ge (Table 4.2).
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Figure 4.15. Representative survey XP spectrum of FeCoNiCrVGe HEG.
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Figure 4.16. Representative high-resolution XP spectra of FeCoNiCrVGe HEG: (a) Ge 3d, (b) V
2p, (¢) Cr 2p, (d) Fe 2p, (e) Co 2p and (f) Ni 2p regions.
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Table 4.2. Summary of XPS data for FeCoNiCrVGe HEG.

Ge3dd V2p Cr2p Fe 2p Co 2p Ni 2p

Emission (eV) 29.2 515.7 576.9 709.6 779.6 853.0

Reference 29.5; 515.7; 576.9; 709.6; 779.6; 853.0;
emission (eV)? Ge V3 cr’t Fe?* Co** Ni*
Atomic 24.2 14.8 15.2 15.3 15.1 154

percentage (%)

Eletronegativity®  2.01 1.63 1.66 1.83 1.88 1.91

# Reference metal emissions are from NIST X-ray Photoelectron Spectroscopy Database.

® Eletronegativities are from CRC Handbook for Chemistry and Physics, 91st ed., 20102011,
CRC Press.

Figure 4.17. TEM and EDX analysis of FeCoNiCrVGe HEG. (a) High-resolution image showing
characteristic (111) lattice spacing. (b) HAADF-STEM image and (c-h) corresponding EDX
mapping of the indicated elements.
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HRTEM imaging (Figure 4.17a) confirmed the formation of FeCoNiCrVGe HEG with
particles dimension of be 55.8 £ 3.4 nm (Figure 4.18a) and low-resolution bright-field TEM
imaging (Figure 4.18b) shows the polydispersity of the FeCoNiCrVGe HEG. Morphology of our
FeCoNiCrVGe HEG was further interrogated using HAADF-STEM imaging (Figure 4.17b) while
EDX mapping provided evidence of the co-localization of morphological features in HAADF-
STEM images and the presence of the five target metals (Fe, Co, Ni, Cr, V) and Ge. The EDX
spectrum (Figure 4.19) further indicated an elemental composition of Fe (1.6 atom %), Co (1.5
atom %), Ni (1.3 atom %), Cr (1.1 atom %), V (1.4 atom %) and Ge (6.4 atom %) which agrees

with the composition determined using XPS.
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N=300
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Figure 4.18. Representative (a) average shifted histogram for FeCoNiCrVGe HEG and (c) low-
resolution bright-field TEM image of FeCoNiCrVGe HEG.

142



C Ka

Fe La/Co La/Ni La/V La/Cr La
Ge La/Ge LB

CPS (a.u.)

Cu Ka (from grids)

Ge Ka

Co Ka

>Cr Kesc
V Ka
Cr Ka
Fe Ka
Ni Ka

Cu KB

0 1 2 3 4 5 6 7 8 9 10 1
Energy (keV)

Figure 4.19. Representative EDX spectrum for FeCoNiCrVGe HEG.

To gain a more complete understanding of the processes leading to the transformation of
HEA NPs@GeNSs to an AuAgCuPdPtGe HEG we performed in situ heating XRD experiments.
These experiments captured the diffraction pattern of the HEA NPs@GeNSs from room
temperature to 800 °C (Figure 4.20a). A dome (Figure 4.21a) was used to maintain an inert N»
atmosphere during the heating process and its background contribution (Figure 4.21b) was
subtracted from the resulting XRD diffraction pattern. During the heating process, a gradual
decrease in the intensity of the (006) reflection of GeNSs (15.5°) was noted at 200 °C, and it
completely disappeared at 300 °C, suggesting the decomposition of GeNSs.** At and above 300
°C, broad reflections characteristic of a cubic Ge crystal structure began to emerge, signifying the
formation of nanosized Ge crystals. With increased temperature, these reflections narrowed
indicative of increasing crystallite size and structure ordering.*® Based on Scherrer analyses,* the
average crystallite size were calculated from the XRD patterns and provided an increase in average

crystallite size from 1.6 to 61.8 nm as the annealing temperature increased from 300 to 800 °C
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(Figure 4.21a). Additionally, the appearance of sharp intensity reflections corresponding to
hexagonal GeO»> crystal structure was observed after 700 °C. This finding is consistent with the
crystallization of surface Ge oxide species at high temperatures*! and is in agreement with previous
ex situ XRD measurement. During heating, these peaks shifted to lower degrees due to the thermal
expansion at high temperature®® before shifting back after cooling.

For comparison, the formation of the FeCoNiCrVGe HEG was also investigated by in situ
heating XRD. The XRD patterns of FeCoNiCrVGe HEG during the heating process from room
temperature to 800 °C (Figure 4.20b) showed a similar evolution to that observed for the formation
of AuAgCuPdPtGe HEG. The reflection assigned to GeNSs at 15.5" also decreased at 200 “C and
disappeared at 300 °C, indicating the decomposition of GeNSs occurred at 200 °C and completed
at 300 °C,* just as observed in the case of AuAgCuPdPtGe HEG. Furthermore, broad intensity
reflections corresponding to a cubic Ge crystal structure appeared at 400 “C. As the temperature
increased, these reflections became sharpened, indicating an increase in crystallite size and
structural ordering, similar to the behavior observed in the AuAgCuPdPtGe HEG transformation.
Using the Scherrer equation, the average crystallite sizes were calculated from the XRD patterns
and showed an increase from 2.2 to 55.3 nm as the annealing temperature increased from 300 to
800 °C (Figure 4.22a). While AuAgCuPdPtGe HEG displayed reflections arising from hexagonal
GeO> with higher intensities at 700 °C, FeCoNiCrVGe HEG showed these reflections of hexagonal
GeO> with much lower intensities at 800 °C. This suggests that more GeNSs remained unreacted
with the transition metal salts (i.e., FeClz, VCls, CrCly, CoCly, NiCly) and the formation of

hexagonal GeO: originated from trace surface oxidation of GeNSs (Figure 4.23).%!
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Figure 4.20. /n situ heating XRD results of (a) AuAgCuPdPtGe HEG and (b) FeCoNiCrVGe HEG.
(*) correspond to the reflections from the dome of in situ XRD heating stage. Ge and GeO:
reflections are from PDF#89-3833 and 83-2477.
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Figure 4.21. (a) Photograph of the in situ XRD heating stage with the dome. (b)XRD pattern of
the dome of the in situ XRD heating stage.
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Figure 4.23. A representative high-resolution XP spectrum of Ge 3d region of metal salts&GeNSs
precursor.

To monitor the structural evolution of FeCoNiCrVGe HEG in real time, in sifu heating
STEM experiments were performed; representative movie is presented in Movie S1. The HAADF-
STEM images of the same location (Figure 4.24) captured the morphological changes of GeNS
upon heating from room temperature to 800 °C and ultimately leading to the formation of the
FeCoNiCrVGe HEG. There was no significant change observed in the GeNS below 300 °C,

consistent with this initial heating stage primarily involving the breaking of Ge-H bonds, with
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hydrogen radicals subsequently reducing the metal salts to form metal atoms. Above 300 °C, GeNS
began decomposing into Ge, resulting in the formation of small grains, while metal atoms diffused
into the structure.’” >* Notably, the grain size increases slowly below 600 °C, but grows rapidly at
600 °C and above. The TEM particle sizes (Figure 4.22b) measured during the heating process
showed an increase from 1.3 to 53.3 nm, which is in agreement with the previous in situ heating
XRD results. Observations from the contrast-enhanced images (Figure 4.25) revealed the presence
of small nanoparticles around the germanide at 700 °C, which grew larger at 800 °C. These
nanoparticles resulted from the growth of metal atoms that were reduced from excess metal salts
on the in situ heating nanochip instead the GeNS. EDX mapping (Figure 4.26) further confirmed
the morphology of GeNSs in HAADF-STEM and revealed the presence of the five target metal
salts before heating. After heating, EDX mapping (Figure 4.27) indicated the co-localization of
morphological features characteristic of FeCoNiCrVGe HEG. The EDX spectrum (Figure 4.28
and 4.29) showed a notable decrease in the Cl signal (i.e., from 3.43 to 0.05 atomic %), while the
signals corresponding to Ge and the other five metal signals remained around 3 atomic % after
heating. This finding suggests a successful transformation from metal salts&GeNS precursor to

FeCoNiCrVGe HEG.
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Figure 4.24. HAADF-STEM images of FeCoNiCrVGe HEG at the same location during the in
situ heating experiment from room temperature to 800 °C (a-g) and after cooling down to room
temperature (h). The sample slightly shifted due to the thermal drift.

a b

Figure 4.25. Enhanced HAADF-STEM images of FeCoNiCrVGe HEG at the same location
during the in situ heating experiment at 700 “C and 800 °C. (Boxes highlight regions where small
metal nanoparticles arising from the reduction of excess metal salts have formed on the in situ
heating nanochip.)
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Figure 4.26. Representative HAADF-STEM images and EDX mapping of metal salts&GeNSs.
a b c d
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Figure 4.27. Representative HAADF-STEM images and EDX mapping of FeCoNiCrVGe HEG.

149



Si Ka

Ge La/Ge LB

o
|
| %9
Q
o
—~ - |
=2
3 3
~ |
£ ooz
(@) [+] o
- 1!5 N
S o ?
i :ls a§ 5 2 g B Y <
o]
o £ ¥ ¥ S X2 $ p
'8 — [ >o‘_00.___ (U]
LUU ow O 2 Z
- . M SN\
] I L I ] | ] I ] L] ]
0 1 2 3 4 5 6 8 9 10 11 12

Energy (keV)

Figure 4.28. A representative EDX spectrum for metal salts&GeNSs. Si and N signals result from
the Si3N4 chip.
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Figure 4.29. A representative EDX spectrum for FeCoNiCrVGe HEG. Si and N signals result

from the Si3N4 chip.
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Figure 4.30. HAADF-STEM images of AuAgCuPdPtGe HEG at the same location during the in
situ heating experiment from room temperature to 800 °C (a-g) and after cooling down to room
temperature (h). The sample shifted slightly due to the thermal drift.
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Figure 4.31. Representative HAADF-STEM images and EDX mapping of HEA NPs@GeNSs.
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Figure 4.32. A representative EDX spectrum for HEA NPs@GeNSs. Si and N signals result from
the Si3N4 chip.

100 nm

Figure 4.33. Representative HAADF-STEM images and EDX mapping of AuAgCuPdPtGe HEG.

To provide a comparison, the transformation process of HEA NPs@GeNSs to
AuAgCuPdPtGe HEG was also investigated using in situ heating STEM experiments, as presented

in Movie S2. The HAADF-STEM images of the same location (Figure 4.30) showed the
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morphology evolution of the nanosheets as they were heated from room temperature to 800 °C.
Below 300 °C, no significant morphological changes were observed, indicating a similar initial
stage involving the breakage of Ge-H bonds. After 300 °C, it became challenging to observe the
transformation of underlying GeNSs to Ge since they were covered by the HEA NPs. Instead, the
surface HEA NPs disappear, suggesting that they diffused into the underlying Ge. Above 600 °C,
the fast growth of larger particles from the small grains was observed. The sizes of the particles
measured from the TEM (Figure 4.23b) also showed a slower growth stage before 600 °C, followed
by a faster growth stage after 600 °C, consistent with previous in situ XRD results. Unlike the
FeCoNiCrVGe HEG, no obvious nanoparticles were observed around the nanosheets region,
demonstrating that the transformation in this case primarily involves the diffusion of HEA NPs
into the Ge. EDX mapping and spectrum (Figure 4.31 and 4.32) further confirmed the morphology
of HEA NPs@GeNSs in HAADF-STEM, which comprised the HEA NPs before heating.?® After
heating, the EDX mapping and spectrum (Figure 4.33 and 4.34) showed co-localization of

morphological features of AuAgCuPdPtGe HEG nanoparticles.

12

0 -
© =
-
o
-
-

o
¥
. n
= @
3 =
LU 2 || =
%) =l &
o °’ TR
o 58 o EE—'E.
< S (&2 2
=z p <20
Q38 || [\2 33 . 38 L a
- s > Q T @ o
OS éﬂ-m ] !423 !3
> A []
< O 3 oM $ <
L] L] L] L] T L] L] T L]
1

3 4 5 6 7
Energy (keV)

o
N

Figure 4.34. A representative EDX spectrum for AuAgCuPdPtGe HEG. Si and N signals result

from the Si3N4 chip.
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4.4 Summary and Outlook

The present study has successfully demonstrated a method for preparing two types of high-
entropy germanide (Auo.s4Ago53Cuo.55Pdos5Ptos3Ge and Feo.63C00.62Ni0.64Cro.63Vo.61Ge) using a
rapid thermal annealing. HEG formation was verified by XRD and XPS, which provided evidence
of their structure and elemental composition/oxidation states, respectively. Transmission electron
microscopy further revealed that the HEGs possessed a near equal concentrations of all the
constituent elements and exhibited a homogenous distribution throughout the material. The
transformation processes were subsequently investigated by in situ heating in XRD and STEM.
HEG formation involved the decomposition of GeNSs during the initial stages, followed by a slow
grain growth process through atom diffusion at temperatures below 600 °C, and finally a rapid
grain growth process at higher temperatures. These findings provide valuable insights into the
formation and growth mechanisms of HEGs. The ability to synthesize and characterize these HEGs
paves the way for future investigations into their unique properties and potential applications in

fields such as materials science, electronics, and catalysis.
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S. Chapter 5: Summary and Outlook

5.1 Summary

High-entropy materials have demonstrated considerable potential for a range of emerging
energy-related processes and seem particularly well-suited for catalysis and thermoelectric
applications.! The compositional flexibility of high-entropy materials enables fine-tuning of
needed functionalities. The aim of the research outlined in this Thesis was to explore germanium-
based nanostructures for the synthesis of high-entropy alloy nanoparticles and compounds.

Chapter 1 gave a brief introduction to the basic principles of high-entropy alloys,
nanoparticles and compounds. The chapter describes the first discovery of high-entropy alloys and
briefly discusses their properties. The reduction in size of high-entropy alloys to the nanoscale for
catalytic applications results in a synergistic effect and, even in a relatively short time, has garnered
significant attention. The synthesis of high-entropy alloy nanoparticles was subsequently
introduced, with a focus on the pivotal concept of rapid heating and cooling. A comprehensive
compilation of high-entropy functional compounds, encompassing oxides, carbides, nitrides,
borides, silicides, sulfides and halides was also incorporated into this Chapter. Finally, the chapter
concludes by describing in detail two categories of germanium nanostructures, namely
nanoparticles and nanosheets, along with a detailed discussion of their respective synthetic
methodologies.

Chapter 2 presents a facile method for introducing a variety of adherent metal nanoparticles
(Au, Ag, Cu, Pd, Pt) to the surfaces of GeNSs. XRD and XPS analyses confirm that the GeNS

structure remained intact during the deposition process and metal nanoparticles were formed.
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Further to this, TEM studies revealed the morphology of the M@GeNSs and showed the metal
nanoparticles were distributed over the entire GeNS surface. The presented materials were
subsequently investigated as photocatalysts for the selective visible light-induced oxidation of
benzyl alcohol to benzaldehyde. The M@GeNSs possess a higher conversion efficiency compared
to a mixture of freestanding metal nanoparticles prepared via solution reduction and GeNSs. The
direct linking metal nanoparticles to GeNSs in M@GeNSs strongly favors the production of
benzaldehyde and is a clear demonstration of a synergistic effect. Thin films of metal-decorated
GeNSs prepared via dropcasting provide for convenient catalyst recovery and recyclability, an
important consideration in possible catalytic applications of this type of system.

Chapter 3 describes the deposition of high-entropy alloy nanoparticles (HEA NPs) onto the
surfaces of germanane, germanium nanoparticles (GeNPs) and bulk Ge via a surface-mediated
reduction. Techniques such as XRD, FTIR, XPS, and TEM confirmed their structure, composition,
and morphology. After deposition, freestanding HEA NPs can be successfully liberated from the
GeNSs via UV light irradiation; the resulting NPs maintain their single-phase solid solution
structure after liberation. This methodology was extended to both hydrogen-terminated Ge
nanoparticles and Ge (100) wafers with similar results.

Chapter 4 introduces a method for preparing two types of high-entropy germanide (HEG:
AuAgCuPdPtGe and FeCoNiCrVGe) using a rapid thermal annealing process. The synthesis of
the HEGs was verified by XRD and XPS, which provided evidence of the desired elements and
their oxidation states. TEM analysis further revealed that the HEGs possessed a near equal
composition of all the alloy elements and exhibited a homogenous distribution throughout the
material. The formation and growth mechanisms of the HEGs was studied using in situ heating

XRD and TEM experiments. The observed HEG formation involved the initial decomposition of
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germanane (GeNSs) occurring below 300 °C, followed by a gradual grain growth via atom
diffusion at temperatures below 600 °C. A rapid grain growth process was then seen to occur at

elevated temperatures.

5.2 Future Work

5.2.1 Microwave-Assisted Synthesis of Mesoporous High-Entropy Alloy

Nanoparticles Using F127 as Soft Template

As introduced in Chapter 1, the synthesis of mesoporous HEA NPs has been achieved by
wet chemistry methods.? The mesoporous nanoparticles exhibited a core-shell structure with a Pd-
rich core and Rh/Ru-rich shell that resulted differences in reduction order during the prolonged
heating.? The use of microwave heating for the preparation of nanomaterials has become
increasingly popular over the past decade.’ Its unique attributes, including rapid heating and the
minimization of temperature gradients, have been shown to accelerate reaction rates and facilitate
the synthesis of high-entropy alloy nanoparticles.* In a study not reported in this Thesis, we
employed microwave heating to synthesize mesoporous HEA NPs (RhAgCuPdPt) with the aim of
reducing the reaction time. The synthesis used F127 and L-AA as pore-directing and reducing
agents, respectively. In a typical synthesis, F127 was dissolved in 0.8 mL DMF with continuous
stirring in a 20 mL microwave tube. Aqueous solutions of metal precursors, in the desired ratio,
and L-AA were added to initiate micellization. The tube was sealed and placed in the microwave
reactor (Biotage Initiator). With vigorous stirring, the mixture was heated to 130 °C in 1 min and
then held for 1 min at this temperature, after which it was rapidly cooled to 55 °C. The final

mesoporous HEA NPs were collected by centrifugation, and the micelles were washed with
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acetone/water several times. It is important to note that the overall reaction time (ramping and

heating time) was reduced to two minutes.

Figure 5.1. TEM and EDX analysis of mesoporous HEA NPs. (a) SE-STEM image, (b) HAADF-
STEM image and (c-h) corresponding EDX mapping of the indicated elements.

Electron microscopy was used to study the morphology of mesoporous HEA NPs.
Secondary electron scanning transmission electron microscopy (SE-STEM) image (Figure 5.1a)
and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image (Figure 5.1b) showed mesoporous morphologies and energy dispersive X-ray (EDX)
mapping confirmed the co-localization of all metals in the morphological features in SE- and
HAADF-STEM (Figures 5.1c-h).

XPS was used to investigate the elemental composition and oxidation states of the resulting
mesoporous HEA NPs. The high-resolution spectra of each metal within the NPs exhibited
characteristic metallic state (Figure 5.2a-e), including Rh 3ds», 307.6 eV; Ag 3ds2, 368.0 eV; Cu

2p3n, 932.1 eV; Pd 3dsp, 335.0 eV; Pt 4f7, 71.0 eV. XRD pattern (Figure 5.2f) indicates the
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mesoporous HEA NPs display a characteristic face-centred cubic structure as evidence by (111),

(200), (220) and (311) reflections appearing at 39.5°, 45.9°, 67.2° and 81.1°, respectively.
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Figure 5.2. Representative high-resolution XP spectra of mesoporous HEA NPs: (a) Rh 3d, (b)
Ag 3d, (c) Cu 2p, (d) Pd 3d and (e) Pt 4f regions. (f) XRD pattern of mesoporous HEA NPs.

5.2.2 Synthesis of Mesoporous High-Entropy Alloy Nanoparticles Using KI'T-

6 as Hard Template

The hard-templating method uses inorganic materials, such as ordered mesoporous silicas,
as rigid templates in the synthesis of mesoporous nanomaterials. This method utilizes a carefully
controlled nano-casting process to replicate the shape and structure of the hard templates.’ Korea
Advanced Institute of Science and Technology-6 (KIT-6) is an example of commercially available
ordered mesoporous silica used in the synthesis of mesoporous metal nanostructures.® In our hands,
KIT-6 can be used as a suitable hard template for the synthesis of mesoporous HEA NPs; a

description of results not reported in this Thesis is as follows. The HEA NPs/KIT-6 composite is
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typically obtained through a direct nano-casting process, wherein HEA NPs (AuRhCuPdPt) are
introduced within ordered mesoporous KIT-6. The scaffold is then removed by using HF resulting
in the liberation of mesoporous HEA NPs.

SE-STEM (Figure 5.3a) and HAADF-STEM images (Figure 5.3b) illustrate the
mesoporous silica morphology. Within this structure, HEA NPs are observed to have propagated
within the mesopores, with some nanoparticles extending beyond the confines of the mesoporous
framework. EDX mapping provides additional corroboration by revealing the co-localization of
HEA NPs and silica in both SE- and HAADF-STEM images (Figures 5.3c-j) and shows the

successful integration of HEA NPs within the mesoporous silica matrix.

d

Figure 5.3. TEM and EDX analysis of HEA NPs/KIT-6. (a) SE-STEM image, (b) HAADF-STEM
image and (c-j) corresponding EDX mapping of the indicated elements.
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Figure 5.4. (a) Representative survey XP spectrum and (b) XRD patterns of HEA NPs/KIT-6.

The survey XP spectrum of HEA NPs/KIT-6 (Figure 5.4a) showed prominent Si (30.1
atom %) and O (60.1 atom %) emission consistent with the composition of SiO,. O Notably,
minimal emissions of Pd, Au, and Pt (0.2 atom %) were observed in the spectrum suggesting that
the majority of the HEA NPs were located within the silica pore rather than the surface. XRD
pattern (Figure 5.4b) revealed (111), (200) and (220) reflections characteristic of HEA NPs

superimposed on the reflection from 20° to 30° arising from amorphous silica template.’

d

Figure 5.5. TEM and EDX analysis of mesoporous HEA NPs. (a) SE-STEM image, (b) HAADF-
STEM image and (c-h) corresponding EDX mapping of the indicated elements.
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After the removal of KIT-6 template via HF etching, SE-STEM (Figure 5.5a) and HAADF-
STEM images (Figure 5.5b) displayed the mesoporous channel of the HEA NPs corresponding to
the pores of removed KIT-6. SE-STEM was less definitive in this regard due to the electron beam
induced deposition of carbon.” EDX mapping further confirmed the co-localization of
morphological features in SE-STEM and HAADF-STEM comprise the target metal (Figures 5.5¢-
h).

The high-resolution XP spectra of each metal (Figure 5.6) showed emissions at binding
energies characteristic of the corresponding metallic state (i.e., Au 4f72, 83.7 eV; Rh 3ds.2, 307.7
eV; Cu 2psp, 931.8 eV; Pd 3ds2, 335.2 eV; Pt 4172, 70.9 eV). XRD pattern (Figure 5.6f) display a
characteristic face-centred cubic structure as evidence by (111), (200), and (220) reflections

appearing at 40.1°, 46.7°, and 67.7° respectively, indicating the successful liberation of the HEA

NPs from the KIT-6 template.
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Figure 5.6. Representative high-resolution XP spectra of mesoporous HEA NPs: (a) Au 4f, (b) Rh

3d, (c) Cu 2p, (d) Pd 3d and (e) Pt 4f regions. (f) XRD pattern of mesoporous HEA NPs.
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5.2.3 Synthesis of Mesoporous High-Entropy Alloy Nanoparticles Using SBA-

15 as Hard Template

Santa Barbara Amorphous-15 (SBA-15) represents another example of ordered
mesoporous silica.® This commercial material is characterized by a structurally hexagonal
configuration and has also found application in the synthesis of mesoporous metal
nanostructures.’ In a parallel manner to the utilization of KIT-6, SBA-15 was employed as a hard
template for the synthesis of mesoporous HEA NPs (AuRhCuPdPt). This approach leverages the
well-defined mesoporous structure of SBA-15 to impart organization and structural characteristics
to the synthesized mesoporous HEA NPs, demonstrating the versatility of ordered mesoporous

silicas in nanomaterial synthesis methodologies.
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Figure 5.7. (a) SE-, (b) HAADF- and (c) BF-STEM images of HEA NPs/SBA-15. (d) SE-STEM,
(e) HAADF-STEM and (f) BF-STEM images of mesoporous HEA NPs after the removal of SBA-
15.
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STEM was used to investigate the morphology of mesoporous HEA NPs before and after
the removal of SBA-15 template (Figure 5.7). The differences between SE-, HAADF- and BF-
STEM images suggested that a significant portion of the HEA NPs was situated within the
mesopores of the SBA-15 template. After template removal, STEM images reveal the mesoporous
characteristics of the HEA NPs, with no residual template evident. EDX mapping provided
additional validation and was particularly pertinent with respective to the elemental composition
and spatial alignment. Observations reinforced the premise that the mesoporous structure aws

effectively maintained, further supporting the successful synthesis and template removal process.
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Figure 5.8. TEM and EDX analysis of mesoporous HEA NPs. (a) HAADF-STEM image and (b-
g) corresponding EDX mapping of the indicated elements.

The high-resolution XP spectra obtained for each metal species (Figure 5.9) exhibited
distinct emission peaks corresponding to the binding energies inherent to their metallic states.
Specifically, the Au 4f7> emission at 84.1 eV, the Rh 3ds, emission at 307.4 eV, the Cu 2p3»
emission at 932.5 eV, the Pd 3ds» emission at 335.6 eV, and the Pt 4f7,» emission at 71.1 eV were

all indicative of their respective metallic states. Furthermore, XRD pattern (Figure 5.9f) manifested
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well-defined reflections at 40.1°, 46.7°, and 67.6°, corresponding to the (111), (200), and (220)

reflections, respectively. These distinct diffraction peaks served as evidence for the successful

liberation of the HEA NPs from the SBA-15 template.
The synthesized HEA NPs/silica composites can be used as the precursor to the high-

entropy silicide (HES). Suni Guo will continue to explore the transformation of HEA NPs/silica

composites to HES via magnesiothermic or aluminothermic reaction.
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Figure 5.9. Representative high-resolution XP spectra of mesoporous HEA NPs: (a) Au 4f, (b) Rh
3d, (c) Cu 2p, (d) Pd 3d and (e) Pt 4f regions. (f) XRD pattern of mesoporous HEA NPs.

This Thesis provide tunable methods for the synthesis of high-entropy materials. In the
future direction, this can be extended with the idea of engineering of new catalytic systems.
Moreover, there remains a substantial need for an in-depth exploration of the applications of HEA
NPs within the catalysis field. Particularly, the application of these nanomaterials in water splitting

and CO; reduction systems. By elucidating the catalytic performance of HEA NPs in these specific
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applications, valuable insights can be gained, paving the way for potential advancements in the
development of sustainable and efficient catalytic systems.

Although current high-entropy materials (HEM) discoveries based on traditional trial and
error method is possible, resulted-based driven HEM research is costly and slow. The discovery
and synthesis of HEM would greatly benefit from the advancement of high-throughput synthesis
and artificial intelligence (Al) assisted screening. The autonomous laboratory that integrates
synthesis, characterization and optimization has successfully demonstrated discovery and
synthesis of targeted small organic molecules, photocatalyst with multiobjective optimized
reaction, lead-free perovskite thin films and air-stable inorganic compounds.!®!?® Recently, the
development of disordered enthalpy-entropy descriptor (DEED), a descriptor that captures the
balance between entropy gains and enthalpy costs, allowed the correct classification of functional
synthesizability of high-entropy compounds and discovered new single-phase high-entropy
carbonitrides and borides.!* We can envision that the extension of DEED to other types of high-
entropy materials and the combination of high-throughput synthesis enable further autonomous

discovery of high-entropy materials with optimized composition and property.
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