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Abstract

This thesis represents research on the fabrication of nanoparticles for electrocatalysis application. It
explores their synthesis process, physical, electronic and electrochemical properties. Chapter one
provides a brief introduction to the exploration of nanomaterials and their applications for

electrocatalysts.

Chapter two describes the study about metal nanocrystals (NCs) with controlled compositional and
distributional structures that have gained increasing attention due to their unique properties and broad
applications, particularly in fuel cell systems. However, despite the significant importance of
composition in metal NCs and their electrocatalytic behavior, comprehensive investigations into the
relationship between atomic distribution and electrocatalytic activity remain scarce. In this study, we
present the development of four types of nanocubes with similar sizes and controlled compositions (Pd—
Pt alloy, Pd@Pt core—shell, Pd, and Pt) to investigate their influence on electrocatalytic performance
for methanol oxidation reaction (MOR). The electrocatalytic activity and stability of these nanocubes
exhibited variations based on their compositional structures, potentially affecting the interaction
between the surface-active sites of the nanocrystals and reactive molecules. As a result, leveraging the
synergistic effect of their alloy nanostructure, the Pd—Pt alloy nanocubes exhibited exceptional
performance in MOR, surpassing the catalytic activity of other nanocubes, including Pd@Pt core—shell

nanocubes, monometallic Pd and Pt nanocubes, as well as commercial Pd/C and Pt/C catalysts.

Chapter three discusses the exploration of efficient nanocatalysts with high activity and stability towards
water electrolysis and fuel cell applications is extremely important for the advancement of
electrochemical reactions. However, it remains challenging. Controlling the morphology of bimetallic
Pd—Pt nanostructures can be a great way to improve their electrocatalytic properties compared with
previously developed catalysts. Herein, we synthesize bimetallic Pd—Pt nanodendrites, which consist of
a dense matrix of unsaturated coordination atoms and high porosity. The concentration of
cetyltrimethylammonium chloride was significant for the morphology and size of the Pd—Pt

nanodendrites. Pd—Pt nanodendrites prepared by cetyltrimethylammonium chloride (200 mM) showed
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higher activities towards both the hydrogen evolution reaction and methanol oxidation reaction
compared to their different Pd—Pt nanodendrites counterparts, commercial Pd, and Pt catalysts, which

was attributed to numerous unsaturated surface atoms in well-developed single branches.

Chapter four deeply study about ultrathin two-dimensional (2D) metal nanosheets have attracted
significant attention in the field of electrocatalysis. However, only a few of ultrathin nanosheets with
limited elements were developed due to difficulties in restraining three-dimensional (3D) growth of
metals and stabilizing unstable edge sites. Herein, for the first time, we present a universal synthetic
approach for edge-rich holey ultrathin Pt:M alloy nanosheets (PtsM HU-NSs, where M = Ni, Co, Cu,
Ir, Pd, Ru, Rh, Fe, and Mn) with approximately 3 nm thickness and abundant edge sites through a two-
step template-based method involving precisely controlled Pt reduction rates and thermal treatment.
The Pt:Ni HU-NSs displayed significantly enhanced oxygen reduction reaction activity and stability
compared to other PtsM HU-NSs, pure Pt HU-NSs, and the state-of-the-art Pt/C catalysts, attributing to
the retention of distinctive morphology and composition of Pt3;Ni HU-NSs. We believe that highly active
ultrathin 2D alloy structures with abundant edge sites and desirable catalytic functions offer a promising

avenue for the development of advanced electrocatalysts.

Chapter five study about the exploration of tuning the crystal structure of bimetallic nanocrystals,
especially Pd-based nanocatalysts with high activity and stability toward water electrolysis application,
is essential for improving electrochemical reactions. Introducing the foreign element into the lattice of
Pd-Pt nanocrystals (NCs) can be a great way to modify their neighbor lattice environment and improve
their electrocatalytic properties compared with their traditional structure (fcc) of Pd-Pt NCs. Herein, we
introduce the B insertion into PdPt NCs, which produces the change of crystal structure from fcc-to-
hep for the hydrogen evolution reaction (HER). We experimentally achieved this with the highly
crystalline of PdPt-B NCs. Due to the presence of B atoms, the PdPt—B NCs exhibit higher activities

and are incredibly stable towards HER compared to their pristine PdPt NCs, Pt/C, and Pd/C catalysts.
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Chapter 1. General Introduction

1.1. The realms of electrochemical applications

At present, nearly all chemical production processes, energy conversions, and storage procedures rely
heavily on catalysts to operate efficiently. This growing industrial demand has driven extensive
exploration into advanced catalysts. Furthermore, electrocatalytic reactions like oxygen reduction
reaction (ORR), oxidation of small organic molecules (such as methanol, ethanol, formic acid, etc.),
hydrogen evolution reaction (HER), oxygen evolution reaction (OER), nitrogen reduction reaction
(NRR), and carbon dioxide reduction reaction (CO,RR) have inspired researchers to develop high-
performance catalytic materials. These reactions play a pivotal role in promoting the comprehensive
conversion of renewable sources by applying external potential. Currently, state-of-the-art
electrocatalysts primarily rely on noble-metal-based catalysts, such as platinum (Pt), Palladium (Pd),
ruthenium (Ru), Iridium (Ir), rhodium (Rh), and gold (Au).!* However, the high cost and limited
availability of these noble metals have impeded the widespread adoption of electrocatalytic
applications.*®

Hydrogen (H») is considered a promising alternative to conventional fossil fuels for energy storage and
conversion. H, offers several advantages, including the highest gravimetric energy density and zero
emissions of pollution, making it an environmentally friendly option. Traditionally, H, is generated
through processes like steam reforming of methane or gasification of coal, which result in significant
greenhouse gas emissions.” A sustainable approach to H, production involves water splitting, a method
that entails the cathodic hydrogen evolution reaction (HER) and the anodic oxygen evolution reaction
(OER). This approach is environmentally friendly compared to other methods, making it a viable
solution for clean energy production. Usually, the generation of hydrogen contains two reaction
pathways (Volmer—Heyrovsky pathway or Volmer-Tafel pathway) based on the following three

reactions.
i.  Volmer step: H + ¢ +"— H" (1)
ii. Heyrovsky step: H' +H +e - Hy +°

iii.  Tafel step: 2H — H, +2°
8



In evaluating HER performance, both theoretical and experimental results have emphasized the
importance of the adsorption free energy of H* (AGp+) as a crucial performance index, especially in
acidic environments. For alkaline conditions, in addition to AGgq+, the kinetic barriers for water
dissociation also play a significant role. Moreover, considering the competitive inhibition behavior of
OH- from alkaline solutions, appropriate OH" adsorption is equally essential. While platinum (Pt) has
been historically hailed as the best electrocatalyst for HER, its limited availability and high cost hinder
large-scale industrial applications.!%!? Researchers are actively seeking high efficiency electrocatalysts
that are cost-effective and environmentally friendly. Recent advancements in nanomaterials have shown
promising potential in hydrogen generation, prompting a comprehensive overview of their

achievements in the HER field.

In the context of other applications, such as next-generation energy conversion and storage devices like
fuel cells, metal—air batteries, and certain electrolyzers, the oxygen reduction reaction (ORR) serves a
pivotal role in determining the overall device performance.!'> '* Currently, commercial ORR catalysts
primarily use Pt/C with Pt content ranging from 20—42 wt%. However, the high cost and scarcity of Pt
limit their large-scale commercial use. Utilizing Pt at the atomic level can fundamentally address these
challenges. Various nanomaterials play a crucial role in green conservation catalysis due to their size
effect, high-efficiency atom utilization, and unique interactions between support and active centers. The
rational design of ORR catalysts must adhere to specific standards, ensuring that the adsorption of O,
molecules on specific sites strikes a balance between being neither too strong nor too weak. This balance
is vital because subsequent reaction steps are greatly influenced by the binding energy of O and active

sites.!> 16

The electrochemical ORR occurs through either a direct four-electron (4e”) pathway or a two-electron
(2¢") transfer, reducing O> to H>O or OH™ as final products in acidic or basic solutions, respectively.
The 4¢™ pathway is preferred in fuel cell devices, while the 2¢™ pathway provides a green synthesis
method for the versatile clean oxidant H>O,. In fact, there is a significant industrial demand for H,O,

with approximately 4 million tons required annually. Therefore, electrochemical synthesis of H.O»



presents a promising avenue. In acidic solutions, the 4e— pathway is considered the primary dissociation

17,18

pathway of O».
Dissociation pathway
0,+2" > 20"
20" +2H" +2e — 20H"
20H" +2H' +2¢ — 2H,0 + 2"
However, the 4e™ pathway of two-step 2¢™ transfer involves two mechanisms: associative and peroxo
pathways.
Associative pathway
0,+"— 02"
0’ +H" +e — OOH"
OOH"+H"+e — O"+ H.0
O"+H +e¢ — OH"
OH +H"+e > H 0+~
Peroxo pathway
0," — HOOH"
HOOH" — 20H"
OH"+H +e¢ - H0O"
In practical applications, due to the serious corrosion behavior of hydroxyl radicals derived from H,O

to device, the 4¢™ pathway is highly preferred and the 2¢™ is highly limited. The 2¢™ pathway includes

the formation of hydrogen peroxide ions as an intermediate, which can be used for H,O, production in
industry.!'-2°

Besides, with the development of next-generation fuel cells, the organic-molecule-dominant anodic
reaction within direct fluid fuel cells, such as formic acid, methanol, ethanol, ethylene glycol, etc., are

regarded as another promising alternatives for conventional fossil energy due to their high energy

density, zero pollution emissions, and sustainable access. Among them, direct methanol fuel cells
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(DMFCs), direct ethanol fuel cells (DEFCs), and direct formic acid fuel cells (DFAFCs) as half anodic
reaction are widely applied in direct fluid fuel cells.?’® However, under the current severe
circumstances that technical bottleneck and economical barriers, realizing the large-scale applications
in the world still meet many issues, especially on the advanced electrocatalysts, which control the main
reaction process to some extent. Until now, enormous advanced electrocatalysts for direct fluid fuel
cells are reported, such as Pt-based?*?® catalysts and Pd-based catalyst.?*3!

1.2. The progress of nanomaterials

Nanomaterials represent a remarkable category of materials characterized by their unique size range,
typically falling between 1 to 100 nanometers in at least one dimension. These materials offer an
extraordinary advantage due to their exceptionally high surface areas, which can be strategically tailored
through the rational design of nanomaterial structures. Nanomaterials exhibit distinctive magnetic,
electrical, optical, mechanical, and catalytic properties that substantially deviate from their bulk
counterparts.?® These properties can be precisely adjusted to meet specific requirements by controlling

size, shape, synthesis conditions, and appropriate functionalization.*

Essentially, nanomaterials can have different atomic structures: some are well-ordered (crystalline),
while others have a disordered arrangement (amorphous). The structure affects their properties.
Materials can change from one structure to another due to pressure and temperature. For example, under
high pressure, some materials become disordered, and disordered materials can become ordered. These
changes often lead to new properties that can be used in various applications.* Nanomaterials are easier
to control because their growth depends on surface features and other factors. By adjusting experimental
conditions, scientists can precisely control the structure of nanomaterials. This control is crucial for
understanding how the structure affects the material's properties, essential for designing nanomaterials
for specific uses. Exploring different structures in nanomaterials helps discover new properties and
applications.

In recent years, scientists have made significant progress in controlling the structure of nanomaterials
to achieve unique properties.** While people usually change nanomaterials by altering their composition,

shape, size, or other factors, changing their atomic structure (phase engineering) is a powerful way to
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control their properties.’> Phase engineering focuses on designing, making, and transforming different
atomic structures in nanomaterials. It involves understanding how to create nanomaterials with specific
structures, change their structures, grow structures with different phases, and create nanomaterials with
ordered and disordered parts. This level of control enables fine-tuning nanomaterial attributes for a wide
range of applications, especially electrocatalytic applications.

1.3. Synthetic strategies to enhance the electrocatalytic properties

In the realm of electrocatalysis, enhancing the activity, or the rate of reaction, of a nanocatalyst system
typically involves two approaches: firstly, augmenting the number of active sites on a specific electrode.
This can be achieved by increasing loading or optimizing the nanocatalyst structure to expose more
active sites per gram. Secondly, boosting the intrinsic activity of each active site is another viable
strategy. Importantly, these methods are not mutually exclusive and can ideally be pursued

simultaneously, resulting in the most significant enhancements in activity.*® 37

However, it is crucial to recognize that there are inherent constraints regarding the amount of catalyst
material that can be loaded onto an electrode. This limitation arises from the need to maintain other
vital processes, such as charge and mass transport, which can be adversely affected if the loading
exceeds certain physical thresholds. Balancing these factors is essential for effectively designing and

optimizing electrocatalytic systems.®: %

Herein, several critical strategies to enhance the electrocatalytic properties based on increasing the
number of active sites and increasing the intrinsic activity of nanocatalysts are detailed below:

1. The synthesis of nanomaterials through cost-effective routes is one of various major strategies.
High-quality nanomaterials are generally produced using sophisticated instrumentation and
harsh conditions, limiting their large-scale production.

2. Another major strategy is the crystal phase adjustment and face regulation in nanomaterials.
The atomic arrangement or electronic structure can fundamentally change physical and
chemical properties, and these strategies increase intrinsic activity.

3. The heteroatomic doping in nanomaterials, this doping of metallic or non-metallic elements

into the original materials, modulates the different functioned surface atoms and/or change of
12



electronic structures of main (original) materials, which might effectively modify the adsorption

strength of the intermediate species in the catalytic reaction.

4. Modulating the ligand and strain effects in the nanomaterials changes the electronic structures
of the main (original) materials. The different sizes and electronics of atomic metal and/or non-

metal optimize the local density of states of main materials, improving the catalytic reaction.

Concurrently, we have examined and understood the relationships between various nanostructures and
catalytic performance. These insights have been directly translated into significant improvements in
catalytic activity and stability for a wide range of electrochemical reactions, including the oxygen
reduction reaction (ORR), hydrogen evolution reaction (HER), and alcohol oxidation reaction (AOR).
Through critical assessment of the latest synthetic innovations and the resulting advances in catalytic
performance, this research illustrates nanoparticle catalyst design and reveals opportunities for future
development.

In conclusion, our collective efforts in renewable energy generation, electrocatalysis, and nanomaterial
research are paving the way for a sustainable future. Delving deeper into these technologies advances
scientific knowledge and propels us toward a future powered by renewable energy. By harnessing the
power of electrochemical processes and mastering the intricacies of nanomaterials, we are shaping a
world where clean and efficient energy sources drive progress, preserving our environment and

improving lives globally. Together, we are on the path to a brighter, greener future.
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Chapter 2. Synergistic Effect of Bimetallic Pd-Pt Nanocrystals for the Highly Efficient
Methanol Oxidation Electrocatalysts

2.1. Introduction

Over the past few decades, there has been significant focus on high-performance fuel cells, which
efficiently convert chemical energy into electrical energy while avoiding the emission of harmful
gases.® Among the various fuel cell types, direct methanol fuel cells (DMFCs) have garnered attention
due to their exceptional energy density, high conversion efficiency, light-weight nature, and
comparatively low operating temperature.”® Nevertheless, the slow kinetics of anodic oxidation and
surface CO poisoning hinder the practical implementation of DMFCs.1%! As a result, extensive

research efforts have been initiated in this field.

Pt is widely recognized as one of the primary electrocatalysts utilized in various applications.*?** To
pave the way for the eventual large-scale commercialization of fuel cells, significant attention has been
dedicated to advancing Pt-based materials, aiming to develop cost-effective, highly efficient, and long-
lasting electrocatalysts.'>*" Currently, efforts are being directed towards addressing catalytic activity
by means of controlling factors such as surface structure and composition.'®?” Among the various
strategies, the control of compositional structure in Pt-based bimetallic nanocrystals (NCs) has emerged
as a highly effective strategy for manipulating their electronic and geometric properties.?3° This
approach enables the optimization of the catalytic active centres, leading to the modification of
adsorption/desorption properties of the intermediates involved in the methanol oxidation reaction
(MOR).3** Among various metals for the formation of Pt-based bimetallic NCs, Pd is recognized for
its capability to augment the MOR activity and durability of Pt-based catalysts.>**" Given this
background, Pd—Pt bimetallic NCs are widely regarded as highly promising candidates for efficient
electrocatalysis in the MOR. However, the preparation of Pd-Pt bimetallic NCs with precisely
controlled compositional structures and the in-depth investigation of their MOR properties have been

rarely explored to date.

Herein, we prepared Pd-Pt alloy, Pd@Pt core—shell, Pd, and Pt nanocubes with identical {100} facets

and similar edge size to investigate the effect of atomic distribution in Pd—Pt bimetallic NCs for
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electrochemical MOR (Scheme 2.1.). The four types of nanocubes have different atomic distributions.
The surface of Pd—Pt alloy nanocubes is composed of both Pd and Pt atoms, while Pd@Pt core—shell
nanocubes have a Pt surface and a Pd core region. Unlike the bimetallic Pd—Pt alloy and Pd@Pt core—
shell nanocubes, Pd and Pt nanocubes are exclusively composed of pure Pd or Pt atoms, respectively.
This distinct atomic distribution enables the study of compositional structure-dependent electrocatalytic
performance. Indeed, the present work demonstrates that electrocatalytic activity of the Pd—Pt bimetallic
nanocubes highly depends on their atomic distribution and combinations. Among the nanocubes, the
Pd-—Pt alloy nanocubes exhibited enhanced electrocatalytic activities than the Pd@Pt core—shell, Pt, and
Pd nanocubes. Furthermore, Pd—Pt alloy nanocubes exhibited larger MOR activity than commercial
Pt/C and Pd/C catalysts due to their optimal electronic structure. Apart from their superior MOR activity,
the Pd-Pt alloy nanocubes also exhibited higher stability compared to the other nanocubes, as well as
Pt/C and Pd/C catalysts. The controlled catalysis experiments unambiguously demonstrate that the

activity and stability of the bimetallic NCs can be tuned by controlling their compositional structure.
2.2. Experimental section

2.2.1. Chemical and materials

Chloroform (CHCls, 99%, JUNSEI), chloroplatinic acid hexahydrate (H,PtCls:6H>O, >99%, Sigma-
Aldrich), glucose (CsH1206, 99%, Sigma-Aldrich), hexadecyltrimethylammonium bromide (Ci9H4,BrN,
>99%, Sigma-Aldrich), l-ascorbic acid (C¢HsOs, AA, Daejung), methanol (CH3;OH, MeOH, 99.8%,
Junsei), Nafion® perfluorinated resin solution (5 wt%, Sigma-Aldrich), N,N-dimethylformamide (DMF,
99.5%, Sigma-Aldrich), oleic acid (CsH320,, OLA, 90%, Sigma-Aldrich), oleylamine (CisH37;N, OAm,
70%, Sigma-Aldrich), commercial Pd/C (20 wt%, Alfa Aesar), commercial Pt/C (20 wt%, Alfa Aesar),
poly(vinylpyrrolidone) (PVP, MW = 55 000, Sigma-Aldrich), potassium bromide (KBr, >99%, Sigma
Aldrich), potassium chloride (KCI, >99%, Sigma Aldrich), potassium hydroxide (KOH, 95%,
Samchun), potassium tetrachloroplatinate (K,PtCls, >99.9%, Sigma-Aldrich), sodium

tetrachloropalladate (Na,PdCls, >99.9%, Sigma-Aldrich), sodium iodide (Nal, >99.99%, Sigma-
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Aldrich), and other chemicals were reagent grade and deionized water (DI) with a resistivity of greater

than 18.3 MQ cm was used in the preparation of reaction solutions.

Pd-Pt alloy Pd@Pt core-shell
nanocubes nanocubes

Pd nanocubes Pt nanocubes

Scheme 2.1. Geometrical illustration of the Pd—Pt alloy Pd@Pt core—shell, Pd,and Pt nanocubes. Red and green

denote Pd and Pt, respectively.

2.2.2. Synthesis of Pd—Pt alloy nanocubes

In a typical synthesis of Pd—Pt alloy nanocubes, 1.5 mL of Na,PdCls4 (20 mM), 0.5 mL of K,PtCls (20
mM), 300 mg of Nal, and 160 mg of PVP were mixed with 10 mL of DMF in a 20 mL vial. After the
vial had been capped, the mixture was ultrasonicated to get the homogeneous mixture. The mixture was
transferred into a conventional oven and heated at 130 °C for 5 h before it was cooled to room
temperature. The resulting colloidal products were collected by centrifugation and washed several times
with an ethanol-DI water mixture.

2.2.3. Synthesis of Pd@Pt core—shell nanocubes

In a typical synthesis of Pd@Pt core—shell nanocubes, 1 mL of a suspension of the as-prepared Pd
nanocubes was washed with DI water and re-dispersed in 1 mL of OAm. Then, 1 mL of the suspension

of seed Pd nanocubes and 4 mL of OAm solution containing 100 mg of glucose (20 mg mL™") and 5
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mg of H,PtCls6H>O were added into a 30 mL vial, which connected with air through a syringe needle
on the cap. The mixture was heated at 200 °C in an oil bath under magnetic stirring for 3 h, and then
cooled down to room temperature. The final products were washed with mixture hexane—ethanol and

finally dispersed in ethanol.

2.2.4. Synthesis of Pd nanocubes

In a typical synthesis of Pd nanocubes, 8.0 mL of an aqueous solution containing 105 mg of PVP, 60
mg of l-ascorbic acid, 270 mg of KBr, and 170 mg of KCI were placed in a 30 mL vial, and pre-heated
in air under stirring at 100 °C for 10 min. Then, 3.0 mL of an aqueous solution containing 57 mg of
Na,PdCl; was added. After the vial had been capped, the reaction was maintained to process at 100 °C

for 3 h. The product was collected by centrifugation and washed several times with DI water.

2.2.5. Synthesis of Pt nanocubes

In a typical synthesis of Pt nanocubes, 20 mg of Pt(acac), was dissolved in a mixed solvent containing
8 mL of OAm and 2 mL of OLA in water bath (60 °C) for 10 min, then dipped into oil bath which was
preheated to 190 °C and stirred at 190 °C with a CO flow for 60 min. The resultant reaction mixture
was then cooled down to room temperature. Pt nanocubes were precipitated out and washed twice with

a mixture of toluene and ethanol. The precipitates were re-dispersed in ethanol.

2.2.6. Preparation of the working electrodes

All nanocubes were loaded onto a carbon support (Vulcan carbon XC-72) with a metal content of
approximately 20%, relative to the total mass of Pd and/or Pt. To load the nanocubes onto the carbon
support, a specific quantity of nanocubes and carbon support were dispersed in ethanol. Subsequently,
the mixture was subjected to sonication for 5 h, followed by stirring overnight. Then, the carbon-
supported metal nanocubes (catalyst/C) were collected via centrifugation, redispersed in 10 mL of acetic
acid, and subjected to heating at 60 °C for 3 h to facilitate the removal of chemical species adsorbed
onto the surface of the metal nanocubes. Finally, the catalyst/C was retrieved through centrifugation,
rinsed six times with ethanol, and then dried overnight in an oven. For the preparation of catalyst inks,
catalyst/C (2.5 mg), isopropyl alcohol (0.50 mL), and Nafion solution (10 pL, 5 wt%) were added in

deionized water (2.00 mL), followed by sonication for 30 min. In this study, a binder/ionomer, Nafion®
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perfluorinated resin solution from Sigma-Aldrich, was employed. The commercial Pd/C and Pt/C (20
wt%) catalysts were sourced from Alfa Aesar. The procedure for preparing the commercial catalyst was
also analogous to that of the metal nanocube catalyst, involving the formulation of a catalyst ink. For
the preparation of the electrode, the glassy carbon electrode (GCE) was polished using 0.05 pm Al,Os3
and subsequently washed with deionized (DI) water before utilization. The GCE (diameter: 5 mm)
featured a geometric area of 0.196 cm?. Subsequently, 10.0 uL of the resultant catalyst ink was carefully
deposited onto a GCE and allowed to dry within an oven. To ensure uniformity, we took measures to

maintain a consistent total catalyst mass of 5.1 ug cm2 on the GC electrode.

2.2.7. Electrochemical measurement

Electrochemical measurements were carried out using a Bio-logic EC-Lab SP-300 in a three-electrode
setup. The counter electrode was Pt wire, and the reference electrode was Hg/HgO (1 M NaOH). The
GCE was used as a working electrode. The 0.1 M KOH and 0.5 M methanol were used as electrolyte
and fuel for MOR experiment. All experiments were conducted at room temperature. The GCE was
electrochemically cleaned through 50 potential cycles between —0.900 and 0.250 V vs. Hg/HgO at a
scan rate of 50 mV s™!in 0.1 M KOH. The electrolyte solutions were purged with Ar-gas for 30 min
before the experiments. For the MOR, CVs for all catalysts were recorded between —0.900 and 0.250
V vs. Hg/HgO at a scan rate of 50 mV s™! in both 0.1 M KOH and 0.1 M KOH + 0.5 M methanol. For
stability testing using CAs, the potential was set at the oxidation peak potential of each catalyst and
monitored for 5000 s. CO-stripping experiments involved saturating the catalyst-loaded GCE surface
with CO by purging CO gas in 0.1 M KOH while maintaining the working electrode at —0.3 V vs.
Hg/HgO for 15 min. Then, CO dissolved in the electrolyte was removed by purging with Ar-gas for 40
min. CO-stripping experiments were carried out between —0.900 and 0.250 V vs. Hg/HgO at a scan rate
of 50 mV s™'. Electrochemically active surface area (ECSA) was determined using the equation: ECSA
= Qo/qo, where Qo represents the surface charge from the area below the oxygen reduction CV curve,
and qo is associated with the charge required for the oxygen monolayer reduction on Pd (420 uC cm™2)

and Pt (424 uC cm™).
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2.2.8. Characterization

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) images of the
prepared Pd—Pt alloy, Pd@Pt core—shell, Pd, and Pt nanocubes were obtained on Jeol JEM-2100F and
Jeol JEM-7210F, respectively. Inductively coupled plasma-optical emission spectrometry (ICP-OES)
measurement was carried out using a Spectroblue-ICP-OES (Ametek). X-ray diffraction (XRD)
measurements were conducted on a Rigaku D/MAX2500V/PC scanning for 28 at 30 to 90°. X-ray
photoelectron spectroscopy (XPS) measurements were conducted on a Thermo-Fisher K-alpha. SEM
analysis were done using instruments at total-period analysis center for Ulsan chemical industry of the

Korea Basic Science Institute (KBSI).
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2.3. Result and Discussion

2.3.1. Synthesis and characterization of the nanocubes

The nanocubes with different compositional structures of Pd and Pt were synthesized using a wet-
chemical synthesis method, following the previously reported procedure with a slight modification.?®
4 The Pd-Pt alloy nanocubes were synthesized by co-reduction of Pd and Pt precursors in a reaction
mixture containing Nal, PVP, and DMF, respectively, following the previous reported.*® On the other
hand, the synthesis of bimetallic Pd@Pt core—shell nanocubes was accomplished through epitaxial
growth of the Pt shell on the pre-synthesized Pd nanocubes with an edge length greater than 8§ nm.*!
The utilization of different chemicals and reaction temperature enables the formation of {100} -faceted
nanocubes with different atomic distribution by providing optimal Pd and Pt growth rate. SEM images
in Figure 2.1. depict the prepared nanocubes, highlighting their uniform cubic morphology and similar

sizes across different samples.

Figure 2.1. The SEM images of (a) Pd-Pt alloy, (b) Pd@Pt core-shell, (c) Pd, and (d) Pt nanocubes.
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TEM images of the products further confirm the well-defined cubic shape of the products, with average
edge lengths of 8.4+ 1.6 nm, 9.2 + 1.6 nm, 8.3 = 1.4 nm, and 8.7 £+ 1.1 nm for Pd-Pt alloy, Pd@Pt, Pd,
and Pt nanocubes, respectively (Figure 2.2.a—i). The adjacent lattice fringes of all nanocubes exhibit d-
spacings around 0.194-0.196 nm, corresponding to the (200) planes of face-centered cubic (fcc) Pd—Pt
alloy, Pd, and Pt. This confirms the successful formation of identical (100) faceted nanocubes (Figure
2.2.f-i). Furthermore, the highly crystalline nature of the prepared nanocubes was confirmed by the fast
Fourier transform (FFT) patterns obtained from a single Pd—Pt alloy, Pd@Pt, Pd, and Pt nanocubes
(inset in Figure 2.2.f-i). To investigate the compositional structure of the Pd—Pt bimetallic nanocubes,
including Pd—Pt alloy and Pd@Pt nanocubes, High-Angle Annular Dark-Field Scanning Transmission
Electron Microscopy-Energy Dispersive X-ray Spectroscopy (HAADF-STEM-EDS) measurements
were conducted. Figure 2.2.j exhibit the uniform distribution of Pd and Pt signals throughout the entire
nanocube, indicating the successful formation of the Pd—Pt alloy compositional structure. The Pd/Pt
atomic ratio in the Pd—Pt alloy nanocubes, measured using EDS and ICP-OES measurements, was
determined to be 3 : 1. In contrast, the HAADF-STEM-EDS images shown in Figure 2.2.k show that
Pd signals are predominantly observed in the core region, while Pt signals are clearly detected in the
surface shell region, demonstrating the successful formation of Pd@Pt core—shell nanocubes. The Pd/Pt
atomic ratio in the Pd@Pt core—shell nanocubes, as determined by EDS and ICP-OES measurements,

was also found to be 3 : 1, matching the ratio observed in the Pd—Pt alloy nanocubes.
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Figure 2.2. Structure characterization of bimetallic Pd-Pt alloy, Pd@Pt core-shell, Pt and Pd nanocubes. (a)
geometric illustration, (b-e) TEM, and (f-i) HR-TEM images including the correspond FFT images. HAADF-
STEM images and corresponding EDS elemental mapping analysis of (j) Pd-Pt alloy and (k) Pd@Pt core-shell

nanocubes.

The crystal structures of the nanocubes were investigated using XRD patterns. Figure 2.3.a displays
the XRD patterns of the nanocubes, revealing all the nanocubes possess characteristic diffraction peaks
corresponding to the fcc crystal structure. Comparing the diffraction peak positions, pure Pt nanocubes
exhibit slightly negative-shifted peak positions compared to those of Pd nanocubes, which can be
attributed to the slightly larger atomic size of Pt atoms compared to Pd atoms.*>** The lattice distance
from XRD pattern also well-match with the TEM images that four different types of Pd—Pt nanocubes.

In the case of the Pd-Pt alloy and Pd@Pt core—shell nanocubes, the diffraction peak positions are
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located between those of pure Pt and Pd nanocubes. This observation further supports their Pd—Pt
bimetallic nature, indicating the successful formation of the Pd-Pt alloy and Pd@Pt core—shell
compositional structures. To investigate the surface composition and chemical states of the nanocubes,
XPS analysis was conducted (Figure 2.3b, c, Table 2.1 and 2.2). In the XPS spectra of the Pt 4f core
levels, the binding energies of 71.36 and 74.72 eV were observed for the Pd—Pt alloy nanocubes,
corresponding to Pt 417, and 4fs),, respectively. These positions are negatively shifted compared to those
of the Pd@Pt core—shell (71.39 and 74.79 eV) and Pt nanocubes (71.58 and 75.00 eV) (Figure 2.3.b).
The Pt 4f binding energy order of the nanocubes follows the sequence: Pt nanocubes > Pd@Pt core—
shell nanocubes > Pd—Pt alloy nanocubes. The binding energies of Pd 3ds,; and 3ds,, for the Pd—Pt alloy
nanocubes (335.88 and 341.17 eV) shifted to higher values compared to those of the Pd@Pt core—shell
(335.85 and 341.12 e¢V) and Pd nanocubes (335.76 and 341.08 eV) (Figure 2.3c). These XPS results
indicate the electron transfer from Pd to Pt in both bimetallic Pd—Pt alloy and Pd@Pt core—shell
nanocubes. Furthermore, the subtle differences in binding energies between the Pd—Pt alloy nanocubes
and Pd@Pt core—shell nanocubes indicate distinct interplay between Pd and Pt atoms, which is
contingent upon the compositional structure. These findings emphasize that despite having an identical
Pd/Pt atomic ratio, the Pd—Pt alloy and Pd@Pt core—shell nanocubes exhibit different electronic

structures, leading to unique electrocatalytic properties.
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Figure 2.3. (a) XRD patterns of bimetallic Pd-Pt alloy, Pd@Pt core-shell, monometallic Pd and Pt nanocubes.
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of bimetallic Pd-Pt alloy, Pd@Pt core-shell, Pd, and Pt nanocubes, respectively.
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Table 2.1. XPS spectra of Pt 4f core levels for nanocubes with different atomic distribution.

Pt 415, Pt 417,
Catalyst
P2 Pt’ Pt* Pt’
PdPt alloy 75.51 eV 74.72 eV 71.99 eV 71.36 eV
Pd@Pt core-shell 75.52 eV 74.79 eV 71.92 eV 71.39 eV
Pt 75.55 eV 75.00 eV 72.37 eV 71.58 eV
Pd - - - -

Table 2.2. XPS spectra of Pd 3d core levels for nanocubes with different atomic distribution.

Pd 3ds Pd 3ds;
Catalyst
Pd** Pd’ Pd** Pd’
I I I

PdPt alloy 342.90 eV 341.17 eV 336.76 eV 335.88 ¢V
Pd@Pt core-shell 342.57 eV 341.12 eV 336.90 eV 335.85eV
Pd 342.18 eV 341.08 eV 336.48 eV 335.76 eV

Pt - - - -
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2.3.2 Electrocatalytic MOR performance

To examine the influence of compositional structure on the electrocatalytic reaction, the catalytic
performances of the prepared Pd—Pt alloy, Pd@Pt core—shell, Pd, and Pt nanocubes were evaluated for
MOR and compared with those of commercial Pd/C and Pt/C catalysts. Cyclic voltammograms (CVs)
of the Pd—Pt alloy, Pd@Pt core—shell, Pd, and Pt nanocubes were obtained in a three-electrode system
using a scan rate of 50 mV s™! in 0.1 M KOH electrolyte (Figure 2.4.a). The catalysts displayed the
hydrogen adsorption/desorption peak within the range of —0.9 to —0.6 V vs. Hg/HgO, along with the
metal oxide reduction peak spanning —0.45 to 0.0 V vs. Hg/HgO (Figure 2.4.a).**’ Compared with Pd
nanocubes and Pd/C, the catalysts containing Pt surface atoms such as Pd-Pt alloy, Pd—Pt alloy
nanocubes, Pd@Pt nanocubes, Pt nanocubes, and Pt/C exhibited metal oxide reduction peak at more

positive potential #$4?

The ECSAs of the catalysts were calculated from the oxygen species desorption regions in the CVs.
The ECSAs of the Pd—Pt alloy, Pd@Pt core—shell, Pd, and Pt nanocubes were determined to be 25.9,
24.4,25.3, and 24.7 m2 g!, respectively (Figure 2.4.b). The similar ECSAs of the nanocubes can be
attributed to their comparable sizes, enabling investigation of the compositional effect on
electrocatalytic activity independent of surface area. The ECSAs of the Pd/C and Pt/C catalysts were
34.9 and 38.1 m? g'!, respectively, reflecting their smaller sizes (Figure 2.4.b). Figure 4.c and d shows
the CVs of MOR obtained using the different catalysts in 0.1 M KOH solution containing 0.5 M
methanol. The current measured in the CVs was normalized to the mass of the catalysts loaded on the
GCE and the ECSA, representing the mass activity and specific activity, respectively. The Pd—Pt alloy
nanocubes exhibit the highest mass activity, with a value of 3070 mA mg !, which is 1.5, 2.5, 2.2, 6.3,
and 3.0 times higher than the those of the Pd@Pt core—shell nanocubes (2030 mA mg '), Pd nanocubes
(1210 mA mg™"), Pt nanocubes (1380 mA mg '), Pd/C (490 mA mg™"), and Pt/C (1040 mA mg")
catalysts, respectively (Figure 2.4.c and e). Despite the lower mass activity compared to the Pd—Pt alloy
nanocubes, the Pd@Pt core—shell nanocubes exhibit 1.7 and 1.5 times higher mass activity compared
to pure Pd and Pt nanocubes, respectively. In addition, a similar trend across the catalysts was also
observed in the specific activity (Figure 2.4.d and e). These results demonstrate the positive effect by
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combination of Pd—Pt bimetallic composition. Moreover, the higher MOR activities observed in all the
nanocubes compared to commercial Pt/C and Pd/C indicate that the {100} surfaces of both Pt and Pd
are more effective for electrochemical methanol oxidation than the mixed surface of commercial Pt/C

and Pd/C catalysts.!5-393

To assess the stability of these catalysts, chronoamperometry (CA) curves of all nanocubes were
obtained and compared with those of Pd/C and Pt/C catalysts. As shown in Figure 2.4.f, the current
densities of monometallic catalysts such as Pd nanocubes, Pt nanocubes, Pd/C, and Pt/C rapidly dropped
and their current densities were 108, 168, 16, and 51 mA mg ! after 5000 s, respectively, suggesting the
poor MOR stabilities. In contrast, the current density of Pd—Pt alloy and Pd@Pt core—shell nanocubes
could maintain above 521 and 256 mA mg ! after 5000 s, respectively. Notably, Pd-Pt alloy nanocubes
exhibited superior stability for MOR compared to Pd@Pt core—shell nanocubes. To check the excellent
stability of the Pd—Pt alloy nanocubes, morphology and composition changes were investigated using

TEM measurements.
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Figure 2.4. Electrocatalytic MOR properties of bimetallic Pd-Pt alloy, Pd@Pt core-shell, monometallic Pt and Pd
nanocubes, including commercial Pt/C and Pd/C in 0.1 M KOH and 0.5 M MeOH at 50 mV s™. (a) CVs curves
in 0.1 M KOH and ECSAs of different catalysts. (¢) Mass-normalized and (d) ECSA-normalized CV curves of
different catalysts. () Mass activity and specific activity of different catalysts. (f) CA curves of different catalysts

for 5000 s.
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A TEM image shown in Figure 2.5.a demonstrates that the morphology of the Pd—Pt alloy nanocubes
is preserved even after the stability test. Furthermore, the Pd/Pt atomic ratio, as determined through
EDS analysis, maintained a high degree of similarity to its initial value of 3:1 throughout the
experiment, with a measured ratio of 75.81:24.19. In contrast, aggregated morphology of Pt/C after
stability test was observed in TEM image (Figure 2.5.b). These results provide evidence that the
sustained activity of the Pd—Pt alloy nanocubes can be attributed to the preservation of their structural

and compositional integrity.

Figure 2.5. The TEM images of (a) Pd-Pt alloy nanocubes and (b) Pt/C after CAs test.

To gain insights into the substantial enhancement in the MOR performance of the Pd—Pt alloy nanocubes
compared to the Pd@Pt core—shell nanocubes and other monometallic catalysts, a CO stripping
experiment was conducted. This experiment was performed because the strong bonding between the
catalyst surface and CO, which is generated during electrochemical methanol oxidation, can hinder
MOR by blocking the adsorption of methanol on catalyst active sites. Hence, an efficient MOR catalyst
should have the ability to efficiently remove or scavenge the CO adsorbed on the catalyst surface. In

Figure 2.6.a and b, the bimetallic Pd—Pt alloy and Pd@Pt core—shell nanocubes exhibited a maximum
current potential of —0.221 and —0.200 V, respectively, for the oxidative elimination of CO to CO..
These maximum current potentials were observed at more negative potentials compared to those of the
Pt nanocubes (—0.198 V), Pd nanocubes (—0.054 V), Pt/C (—0.138 V), and Pd/C (—0.031 V), respectively
(Figure 2.6.a and b). Importantly, the higher CO removal capability of the Pd—Pt alloy nanocubes

compared to that of the Pd@Pt core—shell nanocubes, as well as other catalysts, can account for their
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enhanced MOR activity and stability. Furthermore, the electrochemical resistant of the catalysts
measured by electrochemical impedance spectroscopy (EIS) analysis. In Figure 2.6.c, it can be
observed that bimetallic Pd—Pt nanocubes, including Pd—Pd alloy and Pd@Pt core—shell nanocubes,
exhibited smaller arc radius compared to monometallic Pd or Pt catalysts. This finding indicates that
the formation of a Pd—Pt bimetallic compositional structure is advantageous in enhancing their electron
transfer ability compared to monometallic Pd or Pt compositions. Notably, smaller arc radius of Pd—Pd
alloy nanocubes compared to Pd@Pt core—shell nanocubes implies the Pd—Pt alloy is more efficient
than Pd@Pt core—shell structure to transfer electron. Consequently, the enhanced MOR activity and
stability of the Pd—Pt alloy nanocubes, compared to the Pd@Pt core—shell nanocubes and monometallic

Pd or Pt catalysts, can be attributed to their superior abilities in CO removal and electron transfer.

Figure 2.6. (a) CO-stripping measurements of different catalysts and (b) corresponding maximum current

potentials. (c) Nyquist plots of different catalysts in 0.1 M KOH at 50 mV s™.
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2.4. Conclusion

In conclusion, we have successfully demonstrated that the electrocatalytic activity of Pd—Pt based
nanocubes for the MOR is intricately tied to the atomic distribution of Pd and Pt. This has been
accomplished through a meticulous investigation involving Pd—Pt alloy, Pd@Pt core—shell, Pt, and Pd
nanocubes. Notably, in comparison to Pd@Pt core—shell, Pt, and Pd nanocubes with monometallic
surfaces, the Pd—Pt alloy nanocubes showed significantly enhanced catalytic activity, achieving an
impressive mass (specific) activity of approximately 3070 mA mg ! (12.17 mA cm?). Furthermore, the
stability of the Pd—Pt alloy nanocubes was superior to that of Pd@Pt core—shell, Pt, and Pd nanocubes.
The exceptional electrocatalytic activity and stability of the Pd—Pt alloy nanocubes can be ascribed to
their adeptness at CO removal and the modification of surface electronic structure, a consequence of
the interplay between Pd and Pt within the alloy phase. These findings hold promise for applications in
other electrochemical systems, with potential for even further enhancement of catalytic performance

through the strategic manipulation of atomic distribution in nanostructures.
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Chapter 3. Highly Enhanced Electrocatalytic Performances with Dendritic Bimetallic Palladium-

Based Nanocrystals

3.1. Introduction

The preparation of metal nanocrystals (NCs) is significant for the development of efficient catalysts for
various promising electrochemical reactions.'>. In particular, controlling the shape, size, and
composition of metal NCs can allow the interaction of target molecules with the surface of NCs to be
optimized, resulting in the enhancement of catalytic performances.>> Recently, porous NCs have
attracted an enormous amount of interest due to their enhanced catalytic performances, attributable to
their large surface areas.®’ Among various porous metal NCs, dendritic NCs with many highly porous
branches have attracted much attention for their morphological benefits, such as high volume-to-surface
area, efficient mass transport, and many unsaturated surface atoms in their branches, which can promote

the conversion of molecules for various electrochemical reactions.®!!

Along with the shape of noble metal NCs, controlling the composition of the NCs is effective in
enhancing their catalytic performance. The incorporation of secondary metals into monometallic NCs
can influence the adsorption strength of reagents and form an intermediate by changing the electronic
structures of active surface metal atoms.'*!¢ In addition, some bimetallic NCs can remove poisoning
intermediates bound on active surface atoms, and bimetallic NCs with controlled compositions have
shown enhanced electrocatalytic performance compared with monometallic NCs.'"""® In particular, Pd—
Pt bimetallic NCs constructed by precise shape and composition engineering have exhibited remarkable
electrocatalytic activities towards various electrochemical reactions, including the methanol oxidation
reaction (MOR) and hydrogen evolution reaction (HER).?*?* Based on these previous findings, it can
be anticipated that using Pd—Pt bimetallic nanodendrites (NDs) with a small size is a desirable approach
for the development of efficient electrocatalysts for various electrochemical reactions.

In this work, we report wet chemical synthesis for the preparation of Pd—Pt bimetallic NDs with
controllable sizes. Pd—Pt alloy NDs were produced by the co-reduction of Na,PdCls and K,PtCls in the
presence of cetyltrimethylammonium chloride (CTAC) and ascorbic acid (AA), used as stabilizers and

reducing agents, respectively. CTAC and AA are critical in creating the well-defined dendritic shape
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and compositional structure of the bimetallic Pd—Pt composition. Notably, adjusting the amounts of
CTAC in the synthesis allowed precise manipulation of the size of the Pd—Pt NDs, resulting in various
Pd—Pt NDs with different sizes. The Pd—Pt NDs with different sizes exhibited distinctive electrocatalytic
performances against both MOR and HER. For MOR and HER, the Pd-Pt NDs with an average
diameter size of 29.2 + 4.9 nm, prepared using 200 mM of CTAC, exhibit higher catalytic activity
compared to their Pd—Pt NDs counterparts with different sizes, commercial Pd/C, and Pt/C catalysts,
due to their highly porous morphology, favorable exposed facet, and Pd—Pt bimetallic properties.

3.2. Experimental section

3.2.1. Chemical and materials

CTAC (Aldrich, 25 wt%), KPtCl4 (Aldrich, 98%), Na,PdCl, (Aldrich, 98%), AA (Dae Jung Chemicals
& Metals Co., 99.5%), Pd/C (Alfa Aesar, 20wt%), Pt/C (Alfa Aesar, 20wt%), potassium hydroxide
(DaeJdung Chemicals & Metals Co., 93%), and methanol (Junsei, 99.8%) were used as received.
Deionized (DI) water was used in the preparation of chemical solutions.

3.2.2. Synthesis of Pd—Pt NDs

For synthesis of Pd—Pt-200ctac, Pd—Pt—100ctac, Pd—Pt—50ctac, and Pd—Pt—10ctac NDs, an aqueous
solutions of CTAC (1 mL, X mM; X= 10, 50, 100, and 200 mM) were added into reaction mixtures
containing of Na,PdCl4 (0.5 mL, 5 mM), K,PtCl4 (0.5 mL, 5 mM), AA (0.5 mL, 100 mM), and DI water
(46 mL) with a vigorous stirring for 5 min, respectively. Subsequently, the reaction mixture was heated
at 90 °C for 10 min. The result-ant reaction mixture was subjected to centrifugation and washed with
ethanol/DI water (8000 rpm for 5 min, 3 times) to remove excess chemicals.

3.2.3. Characterization

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of the
prepared Pd—Pt NDs were obtained on Jeol JEM-2100F and Jeol JEM-7210F, respectively. Inductively
coupled plasma-optical emission spectrometry (ICP-OES) measurement was carried out using a
Spectroblue-ICP-OES (Ametek). X-ray diffraction (XRD) measurements were conducted on a Rigaku
D/MAX2500V/PC scanning for 20 at 20 to 90 degrees. For preparation of TEM sample, first, residual

chemicals in the Pd—Pt ND solution were removed by centrifugation. The precipitated Pd—Pt NDs were
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re-dispersed into purified water and then an aqueous solution including nanoparticles was dropped on
TEM grid (Formvar/Carbon 300 Mesh, Copper). Subsequently, the TEM grid was dried at room
temperature. Before taking TEM image, the TEM grid was cleaned with ethanol.

3.2.4. Electrochemical performance

Electrochemical experiments were conducted in a three-electrode cell using EC-Lab Biologic Model
SP-300 potentiostat. Pt wire was used as counter electrode. Ag/AgCl (3.0 M KClI) electrode for HER
and Hg/HgO (in 3.0 M NaOH) electrode for MOR were used as reference electrodes, respectively. For
the MOR electrocatalytic measurement, Ar-purged electrolyte (1.0 M KOH) were used for MOR.
Before electrochemical experiments, catalyst ink (5 puL) was loaded on the GCE (0.196 cm?).

HER electrocatalytic measurements were performed at room temperature. The N2-purged electrolyte
(0.5 M H»S04) was used for HER. Before electrochemical experiments, catalyst ink (5 puL) was loaded
on the L-type GCE (0.196 cm?). The potential applied for linear sweep voltammogram (LSV) between

0.05V to -0.25 V vs. RHE with sweep rate of 10 mV s!.
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3.3. Result and Discussion

Figure 3.1.a and b shows the representative TEM images of the product prepared by co-reduction of
Na,PdCls and K,PtCls by AA in presence of CTAC (200 mM), demonstrating that the majority of the
nanostructures consisted of NDs with highly porous branches. The NDs possess an average diameter
size 0f 29.2 £ 4.9 nm and branch thickness size of 8.7 £+ 0.9 nm, respectively. The high-resolution TEM
(HR-TEM) image of a ND displays the d—spacing of 2.24 A between adjacent lattice distance. This
highly corresponds to that of the (111) planes of face-centered cubic (fcc) bimetallic Pd—Pt (inset in
Figure 3.1.b).” Fast Fourier transform (FFT) pattern obtained from a ND reveals the highly crystalline
feature of the prepared NCs (inset of Figure 3.1.b). Notably, as shown at inset in Figure 3.1.b, many
un-saturated surface atoms at the tips of the ND were explicitly observed in the HR—-TEM image. To
investigate further structural characteristics of the NDs, the high-angle annular dark-field scanning TEM

(HAADF-STEM) images of NDs were obtained (Figure 3.1.c).

The high porosity of the NDs was observed by strong contrast in the NDs. The formation of bimetallic
Pd@Pt core-shell structure was corroborated by elemental mapping and overlap profile analysis with
HAADF-STEM-energy-dispersive X-ray spectroscopy (HAADF-STEM-EDS) (Figure 3.1.c and d).
The Pd/Pt atomic ratio of the NDs measured by EDS analysis and ICP-OES were 51:49 and 53:47,
respectively. In addition, diffraction peaks in the XRD pattern of the NDs further show their Pd—Pt

bimetallic feature (Figure 3.1.e).2!2%%7
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Figure 3.1. (a) and (b) HR-TEM image including the correspond FFT images. HAADF-STEM image with (c)
corresponding EDS elemental mapping images, and (d) line-scan profiles analysis of Pd (black) and Pt (red) for

the Pd—Pt NDs. (e) XRD pattern confirm of corroborating the Pd-Pt bimetallic feature.

The NDs with different diameter sizes and porosity were realized by changing the amount of CTAC
added into the reaction mixture. The representative SEM and TEM images of the products show that

the average diameter sizes of NDs were increased as the amount of CTAC increased (Figure 3.2.). The
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CTAC solution (200mM) resulted in the formation of Pd—Pt—200ctac NDs with an average diameter
size of 29.2 + 4.9 nm (standard synthesis). Pd—Pt NDs with an average size of 46.3 + 7.7, 38.6 + 8.9,
and 36.5 £ 5.6 nm (Pd—Pt—10ctac, Pd—Pt—50ctac, and Pd—Pt—100ctac NDs) were formed when the
different concentrations of CTAC solutions (10, 50, and 100 mM) were added for synthesis of Pd—Pt
nanostructures, respectively (Figure 3.2.a-c). Along with size change, NDs obtained by a higher
concentration of CTAC show a high degree of porosity due to their more developed branches, indicating

the highest porosity of Pd—Pt—200ctac NDs than the other NDs (inset of Figure 3.2.e-h).
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Figure 3.2. SEM and TEM images of Pd—Pt NDs with controlled CTAC concentration representative to (a); (e);
(1) Pd—Pt—10ctac NDs, (b); (f); (j) Pd—Pt—50ctac NDs, (c); (g); (k) Pd—Pt—100ctac NDs, and (d); (h); (1) Pd-Pt-

200ctac NDs. Scale bar in the inset figures of parts (e)-(h) is 30 nm.
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The XRD patterns of the samples also show bimetallic Pd—Pt nature, which is analogous with that of
Pd—Pt—200ctac NDs (Figure 3.3.). In addition, similar peak positions in XRD patterns for various Pd-

Pt NDs were observed, which reveals the analogous composition structures.
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Figure 3.3. XRD Pattern of Pd—Pt NDs with controlled CTAC concentrations. The line pattern shows reference

cards 46-1043 and 70-2075 for Pd and Pt according to JCPDS.

The different size of the NDs prepared by different amounts of CTAC indicates that CTAC and metal
precursors closely interplay, resulting in different size and porosity. To further investigate the influence
of CTAC concentration for the formation NDs, nanostructures were produced in reaction mixtures with
various concentrations of CTAC, while other synthesis conditions were unchanged. In higher
concentration of CTAC (500 mM), products having similar shape with the Pd—Pt-200ctac NDs were
synthesized (Figure 3.4.a), although their size is somewhat larger (48.3 + 3.4 nm). In contrast, lower
concentration of CTAC than 10 mM such as 2.5, 5.0, and 7.5 mM yielded some irregular shaped
nanostructures (Figure 3.4.b-d). In low concentration of CTAC, although large amounts of seed NCs
can be initially produced, insufficient surfactants adsorbed on the surface of seed NCs can lead to fast

aggregation of pre-formed seed NCs, resulting in the formation of NDs with uncontrolled shapes and
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large diameter sizes, which further demonstrate the importance of optimal CTAC concentration for the
formation of dendritic shapes.'®?*2® Given that NDs with well-developed branches and smaller size
possess larger volume to surface area than NDs with unmatured branches and larger size, we expected

the Pd—Pt—200ctac NDs can exhibit improved electrocatalytic performances.

Figure 3.4. SEM images of Pd—Pt NDs prepared with controlled concentrations of CTAC with higher
concentration of (a) 500 mM. Pd—Pt NDs prepared with lower concentration of CTAC than 10 mM with (b) 2.5

mM, (c) 5.0 mM, and (d) 7.5 mM.

To investigate the effect of dendritic structure and size on the bimetallic Pd—Pt NDs, the electrocatalytic
activities of the various Pd—Pt NDs (Pd—Pt—200ctac, Pd—Pt—100ctac, Pd-Pt—50ctac, and Pd—Pt—10ctac
NDs) were estimated for HER and their electrocatalytic activities were compared to those of both
commercial Pd/C and Pt/C catalysts (Figure 3.5.). CVs of various catalysts were measured in the No—
saturated 0.5 M H,SOy at sweeping rate of 50 mV s! (Figure 3.5.a) to remove residual surfactants and

organic molecules adsorbed on surface of the catalysts.?” The HER performances were examined by
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LSV polarization curves at sweeping rate 10 mV s~! within the applied potential window of 0.05 to —
0.25 V vs. RHE at room temperature (Figure 3.5.b and c¢). According to the LSV curves, the
overpotentials of the Pd—Pt—200ctac NDs, Pd—Pt—100ctac NDs, Pd—Pt—50ctac NDs, Pd—Pt—10ctac NDs,
Pd/C, and Pt/C catalysts at current density (10 mA ¢cm2) reaches 32.3, 32.4, 33.1, 34.7, 122.3, and 35.4
mV, respectively. To further evaluate the catalytic activities of the catalysts, the linier sections of the
Tafel plots shown in Figure 3.5.b and ¢ were fitted to the Tafel equation, and the slope values were
obtained (Figure 3.5.d).>° The Tafel slope values of the Pd—Pt-200ctac, Pd-Pt—100ctac, Pd-Pt-50ctac,
and Pd-Pt—10ctac NDs were 23.8, 24.4, 24.7, and 25.1 mV dec !, respectively, which are lower than
those of both commercial Pd/C (76.5 mV dec™') and Pt/C (30.5 mV dec™') catalyst (Table 3.1.). The
findings signify that superior HER activities of all bimetallic Pd-Pt NDs than commercial Pd/C and
Pt/C catalysts. Noticeably, the Pd—Pt—200ctac NDs exhibited the highest electrochemical HER activity

than different Pd—Pt NDs, which implies the importance of dendritic shapes with well-developed

branches.
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Figure 3.5. Electrocatalytic HER performance of different Pd—Pt NDs, and commercial Pd/C and Pt/C
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electrocatalysts measured in 0.5 M H,SOy saturated with N»; sweep rate at 50 mV s™! (CVs) and 10 mV s (LSV).

(a) CVs of all PdPt electrocatalysts. (b) LSV polarization curves and (c) derived from (b) to see details of H,

evolution in overpotential at 10 mA cm™ of all electrocatalysts including commercials. (d) corresponded Tafel

plots recorded on the electrode by polarization curves at potential 10 mV s—.

-1

Table 3.1. Activities values for all electrocatalysts including commercial Pd/C and Pt/C in HER activity. The

values including overpotential at 10 mA ¢m2 and Tafel plots as compares in 0.5 M H>SOs.

Overpotential / n (MV)

Catalyst 10 mA om-2 Tafel Plots / (mV dec™)
Pd/C 122.3 mV 76.8 mV dec™?
Pt/C 35.3mV 30.5 mV dec™
Pd-Pt-10ctac NDs 34.7 mV 25.1 mV dec™
Pd-Pt-50ctac NDs 33.1mV 24.7 mV dec™?
Pd-Pt-100ctac NDs 32.4 mV 24.4 mV dec™?
Pd-Pt-200ctac NDs 32.3 mV 23.8 mV dec™

To further investigate the electrocatalytic properties of bimetallic Pd—Pt-200CTAC NDs, an

electrochemical MOR was performed with various of the catalysts including different NDs, commercial

Pd/C, and Pt/C. CVs of various catalysts were obtained in the N,—saturated 1.0 M KOH (Figure 3.6.a).

Electrochemically active surface areas (ECSAs) of the catalysts were measured using the reduction

charge of oxygen species in the CVs of the catalysts. The ECSAs for the Pd—Pt—200ctac NDs, Pd—Pt-

100 ctac NDs, Pd—Pt—50ctac NDs, Pd—Pt—10ctac NDs, Pd/C, and Pt/C were 55.4, 46.4,43.9,29.8, 63.1,

and 69.2 m? g'!, respectively (Figure 3.6.b), which shows that the higher ECSA value of Pd-Pt-200ctac

NDs than the other Pd—Pt NDs can be attributed to their smaller size and well-developed branches

leading high porosity. To check the morphological benefits of the Pd-Pt—200ctac NDs for

electrocatalytic reactions, the CVs of the catalysts in 1.0 M KOH containing 1.0 M methanol were
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measured and their mass activities were obtained by normalizing the current densities by the total mass
(Pd+Pt) of the catalysts loaded on the glassy carbon electrode (GCE) used as a working electrode
(Figure 3.6.c). The mass activities of the Pd—Pt—200ctac, Pd—Pt—100ctac, Pd—Pt—50ctac, and Pd—Pt—
10ctac NDs for MOR were 6.40, 5.87, 5.37, and 4.67 A mgp !, respectively. Notably, all bimetallic Pd—
Pt NDs showed better MOR activities than both commercial Pd/C (0.90 A mgps ') and Pt/C (2.06 A
mgp ') catalysts (Figure 3.6.c and e), which can be attributed to undercoordinated surface atoms formed
by their unique dendritic shapes and bimetallic Pd—Pt surface. In previous reports, undercoordinated
surface atoms can promote the conversion of reagents to products by optimizing binding strength
between surface of nanostructures and intermediates, which could endow them with greatly enhanced
electrocatalytic activity.® In addition, compared with pure Pd and Pt catalysts, Pd-Pt bimetallic catalysts
could reduce the adsorption of surface poisoning intermediates, boosting the electrochemical reactions.
On the other hand, among the different bimetallic Pd—Pt NDs, the Pd—Pt—200ctac NDs exhibited the
largest mass activity among the different NDs for MOR: the Pd—Pt—200ctac NDs showed 1.09—, 1.19—-,
and 1.37-times higher mass activity than Pd-Pt-100ctac, Pd—Pt—50ctac, and Pd—Pt—10ctac NDs,

respectively.

Furthermore, the corresponding current density of the Pd—Pt—200ctac NDs, which is calculated by
normalizing the current density with ECSAs of the catalysts is 25.12 mA cm™2, which is 1.06, 1.11, 1.20,
17.56, and 8.43 folds larger than those of the Pd—Pt—100ctac NDs (23.49mA c¢cm2), Pd—Pt-50ctac NDs
(22.64 mA cm?), Pd-Pt—10ctac NDs (20.89 mA cm ), Pd/C (1.43 mA cm™2), and Pt/C (2.98 mA cm™?)
catalysts, respectively (Figure 3.6.d and e). Mass and specific activities for MOR of various bimetallic
Pd-Pt NDs show similar trend across the different size of Pd—Pt NDs against the counterparts of
commercial Pd/C and Pt/C. Taken together, these electrochemical experiments demonstrate the
synergistic in-fluence of dendritic shape and Pd—Pt bimetallic feature to increase electrocatalytic perfor-
mances.>'** The MOR activity of the Pd—Pt-200ctac NDs was compared with those of previously
reported Pd—Pt—based catalysts (Table 3.2.). The Pd—Pt—200ctac NDs showed su-perior activities than
the previously reported catalysts, which can be due to dendritic shape and bimetallic Pd—Pt composition
structure.?’**%? To investigate the stability of prepared catalysts, chronoamperometric (CA) curves of
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the various Pd-Pt NDs, Pd/C, and Pt/C catalysts were obtained at —0.15 V vs. Hg/HgO in a solution
containing 1.0 M KOH + 1.0 M methanol for 30 minutes (Figure 3.6.f). During the stability test, both
commercial Pd/C and Pt/C catalysts revealed fast decay in current density. In contrast, the current
density of Pd—Pt NDs in MOR was well maintained compared to those of commercial Pd/C and Pt/C

catalysts after 30 min.
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Figure 3.6. MOR performance of different Pd-Ptx NDs and commercial Pd/C and Pt/C electrocatalysts measured
in 1.0 M KOH containing 1.0 M methanol saturated with N,; sweep rate at 50 mV s™'. (a) CVs of all catalysts and
(b) ECSA of all values of different electrocatalysts include commercials. MOR of all metals (Pd + Pt) (c) mass-
normalized CV curves, (d) specific activity-normalized CV curves, and (¢) Mass and specific activity data based
on all different electrocatalysts. (f) Durability evaluation by chronoamperometry tests at —0.15 V vs. Hg/HgO for

30 minutes off all electrocatalysts.
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Table 3.2. Comparative results for electrochemical MOR activity based on previous re-ports using Pd-Pt based

catalysts in the literature.

Electrochemical

Mass Activity

Catalyst Condition (A mg‘lmtal) Ref.
Pd-Pt-200 +
crac I MKOH 6.40 In this work
Nanodendrites 1M MeOH
. 1 M KOH +
Pd _Pt__Nanowires ~
45" 55 1 M MeOH 1.90 [34]
h-BN/PdPt 1 MKOH +
Nanocorals 0.5 M MeOH 0.96 [35]
PtPd/RGO 1 MKOH +
nanogarlands 1 M MeOH 0.33 [36]
1 M KOH +
Pt_ Pd_ Nanocubes
sot Os | M McOH 0.34 [37]
0.5 M KOH +
PdPt/CNTs 0.5 M McOH 1.07 [38]
1 M KOH +
Pt. Pd_/C
300 70 1 M MeOH 0.72 [39]
0-PdHo.43@Pt 1 M KOH +
Nanooctahedra 1 M MeOH 3.68 [27]
c-PdHo.43@Pt 1 M KOH +
Nanocubes 1 M MeOH 214 [27]
) 1 M KOH +
PtPd Nanowires 1 M MeOH 4.29 [40]
PdPt Bimetallic 1 M KOH +
Nanosponges 1 M MeOH ~2.20 [41]
1 M KOH +
Pt@Pd/RGO | M MeOH ~0.65 [42]
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In particular, the Pd—Pt—200ctac NDs showed the best stability among the various Pd-Pt NDs.
Furthermore, the CVs of the Pd-Pt-200ctac NDs, Pd/C, and Pt/C catalysts were obtained after CA
measurement (30 min) to check the superior stability of the Pd-Pt-200ctac NDs (Figure 3.7.). After the
CA for 30 min, mass activity of the Pd-Pt-200ctac NDs was determined as 6.1 A mgpqipc |, which is
4.7 % decrease compared with initial mass activity of the Pd—Pt-200ctac NDs, whereas Pd/C (0.7 A
mgpq '), and Pt/C (1.7 A mgp') catalysts exhibited 22.2 and 14.3 % decreases compared to those

obtained before operation of CA for 30 min, respectively.
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Figure 3.7. MOR residual current density activities of Pd—Pt-200ctac NDs, Pd/C and Pt/C after

chronoamperometry experiment for 30 minutes.
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3.4. Conclusion

We developed a facile synthesis for the preparation of bimetallic Pd—Pt NDs with well-developed
branches. The morphology and size of the Pd—Pt NDs were highly sensitive to concentration of CTAC
used as surfactant. The Pd—Pt NDs exhibited excellent electrocatalytic performances for both HER and
MOR compared with both commercial Pd/C and Pt/C catalysts. The investigations through the
electrochemical reactions have established that the Pd—Pt NDs have superb activity and stability for
both HER and MOR compared with both commercial Pd/C and Pt/C catalysts. This demonstrates that
the co—influence of dendritic shape and bimetallic Pd—Pt nature is the pivotal factor for their
enhancement in electrocatalytic performance. In particular, the Pd—Pt—200ctac NDs showed superior
electrocatalytic performances than their Pd—Pt ND counterparts, which can be due to numerous

unsaturated surface atoms in unique well-developed branches.
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Chapter 4. Universal Synthesis Strategy of Edge-Rich Holey Pt Based Ultrathin Alloy
Nanosheets for Efficient Electrochemical Oxygen Reduction Reaction

4.1. Introduction

Ultrathin two-dimensional (2D) metal nanosheets have been the subject of intensive research for various
catalytic reactions due to their unique properties coming from anisotropic structures and atomic
thickness compared with bulk.!® Ultrathin metal nanosheets with high surface-to-volume ratio
significantly enhanced the catalytic performances via their high utilization efficiency of the metal.>!*

In addition, the development of bimetallic alloy nanosheets has provided a route to improve the

desirable properties for various electrocatalytic reactions in comparison to monometallic nanosheets. !>

21

To propose an advanced electrocatalyst, we focus on the fact that the 2D nanostructures consist of basal
plane and edge, in which the edge is composed of lower coordinated atoms in comparison to the basal
plane. Since the establishment of the optimized coordination environment in the catalysts is a promising
approach to increase the intrinsic reactivity of active sites,?> the distinctive coordination environments
between basal plane and edge site of 2D nanostructures may play a crucial role in determining its
electrocatalytic performances.?®! For example, Calle-Vallejo et al. reported that concave Pt surfaces
containing a considerable number of step or kink atoms can enhance the catalytic performance for the
oxygen reduction reaction (ORR) compared to low-indexed Pt surfaces.?® Sun et al. synthesized 2D Pt-
Pd-based nanorings with a high density of edge sites, which showed improved ORR activity compared
to the counterparts mostly composed of low-index facets.’®> These results indicate the importance of
low-coordinated surface atoms in improving the performance of nano-sized catalyst. Taken all together,
the synthesis of ultrathin Pt-based alloy (Pt-M) 2D nanosheets with a high density of edge atoms is

expected to enable the development of advanced catalysts for a variety of electrochemical reactions.

Although metal-based 2D nanostructures with ultrathin thicknesses (~3 nm) have been designed,

including Pd, Ir, Rh, and Au,****’ the development of ultrathin Pt-M nanosheets is severely limited due

to the difficulty of stabilizing the high Pt surface energy compared to the above metal elements.?*%%

Moreover, increasing the durability of thermodynamically unstable edge atoms and deepening the
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comprehensive understanding of the Pt-M growth mechanism remain challenging tasks to achieve the

synthesis of edge-rich ultrathin Pt-M nanosheets

Herein, we report the universal synthesis process to achieve holey ultrathin PtsM alloy nanosheets
(PtsM HU-NSs, M = Ni, Co, Cu, Ir, Pd, Ru, Rh, Fe, and Mn) and the improved electrocatalytic
performances of Pt3Ni HU-NSs for electrochemical ORR. The edge-rich PtsM HU-NSs with a
thickness of about 3 nm were prepared via a two-step template-based synthesis approach. The
preparation of pure Pt HU-NSs by controlling the reduction rate of Pt precursor and the further thermal
treatment to form PtsM alloys without shape deformation are key levers for the successful synthesis of
Pt:M HU-NSs (Scheme 4.1.). The as-prepared PtsNi HU-NSs exhibited greatly enhanced ORR activity
and stability compared to other PtsM HU-NSs, pristine Pt HU-NSs, and the state-of-the-art Pt/C

catalysts due to the unique morphological and compositional properties.
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Scheme 4.1. Schematic illustration for the synthesis procedure of PtsM HU-NSs.

4.2. Experimental section
4.2.1. Chemicals and materials
Potassium tetrachloroplatinate(Il) (K.PtCls, 99.0%), nickel(ll) chloride hexahydrate (NiCl,-6H-O,
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99.9%), cobalt(Il) chloride hexahydrate (CoCl,-6H,O, 99.9%), copper(Il) chloride dihydrate
(CuCly-6H0, 99.9%), iron(Il) chloride tetrahydrate (FeCl,-4H,O, 98%), manganese(Il) chloride
tetrahydrate (MnCl,-4H>0, 98%), sodium tetrachloropalladate(Il) (Na>PdCls, >99.99%), iridium(I1I)
chloride hydrate (IrCls-xH,O, 99.9%), rhodium(Ill) chloride hydrate (RhCl;.xH>O, >98%)
ruthenium(IIl) chloride trihydrate (RuCls;-xH>O, >98%), cetyltrimethylammonium chloride solution
(CTAC, solution in water, 25wt%), perchloric acid (HCIO4, 70%), isopropanol (IPA, >99.99%),
polyvinylpyrrolidone (PVP, Mw ~55,000), and Nafion resin solution (5 wt%) were purchased from
Sigma-Aldrich. Pt/C (20 wt%, average Pt particle size = 3 nm) was purchased from Alfa Aesar. L-
ascorbic acid (AA, 99.5%) was purchased from DAEJUNG. N,N-Dimethylformamide (DMF, 99.5%)
was purchased from JUNSEI. Deionized water (18.2 MQ cm) was employed to prepare the reaction
solutions.

4.2.2. Synthesis of holey ultrathin Pt nanosheets (Pt HU-NSs)

In a typical synthesis of Pt-HU NSs, 0.5 mL of DMF, 20 mg of PVP, 0.05 mL of CTAC (100 mM), and
1.5 mL of KyPtCls (5 mM) were added into 4 mL of deionized water with gentle shaking, and then 0.5
mL of AA (100 mM) was added into mixture and sonicated for 3 min. Thereaction mixture was heated
at 40 °C for 1 h in water bath. Subsequently, resultant products were collected by centrifugation and
washed two times with ethanol.

4.2.3. Synthesis of Pt:Ni HU-NSs

In a typical synthesis of PtsNi HU-NSs, Pt HU-NSs obtained from 30 mL of Pt HU-NS solution, 20 mg
of PVP, I mL of NiCl,-6H,0 (12.5 mM), and 0.5 mL of AA (100 mM) were dispersed in 5 mL of DMF.
The reaction mixture was transferred to a 35 mL Teflon-lined stainless steel autoclave which was then
sealed and heated at 180 °C for 6 h in a conventional oven. Resultant products were collected by
centrifugation and washed two times with ethanol.

For preparing PtiNi, Pt;Ni, and PtsNi HU-NSs, 1 mL of 37.5, 18.8, and 9.4 mM NiCl,-6H»O solution
was injected in reaction mixture instead of 1 mL of 12.5 mM NiCl,-6H,O solution, respectively.

4.2.4. Synthesis of Pt:M (M= Co, Cu, Fe, Mn, Pd, Ir, Rh, and Ru) HU-NSs

For the preparation of different Pt:M HU-NSs (M=Co, Cu, Fe, Mn, Pd, Ir, Rh, and Ru), 1 mL of 12.5
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mM metal precursor (CoCl,-6H,0, CuCl, 6H,0, FeCl,-4H,0O, MnCl,-4H,0, Na,PdCls, IrCl;-xH-0,
RhClI3-xH,0, RuCl;-xH»0) were used instead of NiCl,-6H,O, respectively, while other conditions are
identical for synthesis of Pt;Ni HU-NSs.
4.2.5. XAFS data analysis
The quantitative degree of alloying or atomic distribution in Pt;Ni HU-NSs was calculated
quantitatively by analyzing the XAFS structural parameters. These parameters, necessary for
determining the extent of alloying, are represented as Posserved, Prandom, Robserved, a0d Ryandom. Pobservea 18
defined as a ratio of the scattering atom B coordination-number (CN) atom around absorbing A atoms
(Na-n) to the total CN of absorbing atoms (X Na-i). This calculation is represented as follows: Popserved
= (XNa-8)/(Na-i). On the other hand, Rosserveq is defined as an analogous calculation to Posserved, (Robserved
= (XNg-a)/(Ng-i). Furthermore, the P,umdom is the parameter of atom-A-based perfect bimetallic alloy
under the ideal condition, which can be calculated form the atom number as follows:

Prandom = (n/(na + ng)) x 100% (1)

Rrandom = (na/(na + ng)) x 100% ()

We determined the extent of alloying of the Pt in Pt;Ni HU-NSs by evaluating the ratio of Popserved to
Prandom. Similarly, we estimated the alloying extent of the Ni in PtsNi HU-NSs by examining the ratio
of Robserved 10 Rrandom. The quantitative calculation of the extent of alloying for Pt (Ja) and Ni (Jg) in the

Pt:Ni HU-NSs is carried out using equations 3 and 4, respectively.

Jn= Debsened o 10005 (3)

P random

JB — R observed X 100% (4)

R random

4.2.6. Electrochemical measurements

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were carried out in a
three-electrode cell using a multichannel potentiostat (EC-Lab Biologic SP-300) and a rotator (Pine
instrument). A Pt mesh (1 cm?) connected with Pt wire and an Ag/AgCl (in 3M NaCl) were used as the

counter and reference electrodes, respectively. A rotating disk electrode (RDE) containing a glassy
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carbon disk (GC, 5 mm in diameter, E3TPK) was utilized as the working electrode. Electrochemical
experiments were conducted at room temperature. Prior to electrochemical experiments, RDE was
polished with 0.05 um Al,Os bead solution and cleaned with deionized (DI) water. Catalyst ink was
prepared by mixing a catalyst powder (~2.5 mg), DI water (2.0 mL), isopropyl alcohol (0.50 mL), and
5 wt% Nafion (10 pL). The catalyst ink was ultrasonicated for 30 min for preparation of working
electrode. To prepare the working electrode, 10.0 pL of the catalyst ink was dropped on GC disk of
RDE and dried in an oven. The total Pt mass loadings on GC disk for all catalyst was 20.4 ug cm™?. CV
was conducted in a potential cycle between 0.08 to 1.108 Vrue in an Ar-saturated 0.1 M HCIO4 solution

for 50 cycles at a scan rate of 100 mV s and final CV was recorded at a scan rate of 50 mV s,

Electrochemical surface area (ECSAwnuep) Was determined through hydrogen underpotential
deposition (HUPD) analysis of CV curves, where hydrogen adsorption/desorption peaks occurred in
the potential region between 0.08 and 0.40 Vgue. The charges associated with the hydrogen
adsorption/desorption area were first divided using a reference value of 210 uC cm and then further

divided by the total mass of Pt loading.

ORR polarization curves were obtained in O,-saturated 0.1 M HCIO;4 solution at 10 mV s and a
rotating speed of 1600 rpm. All ORR polarization curves were iR-corrected. The Koutecky-Levich

equation was used to obtain kinetic current density (ji):

==

1
+ —

[N

Jd

= U xja)
Jja—j

Where, j and j; are the measured current density and the diffusion limiting current at certain potential,
respectively. Accelerated durability tests (ADT) were conducted by cycling between 0.6 and 1.0 Vrug
at arate of 100 mV s’ for 5,000 and 10,000 cycles in an O»-saturated 0.1 M HC1Oy4 solution. After 5,000

and 10,000 cycles of ADT, the CV and ORR polarization curves were measured in a fresh 0.1 M HCIO4

solution.

For CO-stripping tests, the surface of the catalysts on RDE was saturated with CO by purging CO gas
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in 0.1 M HClO4 while holding the working electrode at -0.05 Vrgg for the 10 min and then the remaining
CO was removed from solution by purging Ar gas for 30 min. The CO stripping voltammograms were
obtained with a scan rate of 50 mVs™.

4.2.7 Characterization

SEM images were obtained from a JEM-2100F (JEOL). TEM, HADDF-STEM, and EDS data were
obtained with field-emission transmission electron microscopes (FEI Tecnai G2 F30 S-Twin operated
at 300 kV and Talos F200X operated at 200 kV with Super-X system equipped with 4 EDS detectors)
or a double Cs-corrected transmission electron microscope (Titan cubed G2 60-300 operated at 300 kV
with Super-X system equipped with 4 EDS detectors) after placing a drop of diluted colloidal solution
on a formvar/carbon-coated Cu or Ni grid (300 mesh). The compositions of nanostructures were
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Spectroblue-ICP-
OES (Ametek)). X-ray diffraction (XRD) measurements were conducted on a Rigaku
D/MAX2500V/PC using Cu Ka (0.1542 nm) radiation. Ultraviolet photoelectron spectroscopy (UPS)
and X-ray photoelectron spectroscopy (XPS) valence band measurements were conducted using a
Thermo VG Scientific Sigma Probe spectrometer (light source = 1486.6 eV (Al Ka X-ray)). The
synchrotron-based X-ray absorption spectroscopy (EXAFS and XANES) analyses at Pt L3-edge and
Ni K-edge were conducted with the 7D beamline located in the Pohang Accelerator Laboratory

equipped with a Si (111) double-crystal monochromator (PLS-II, 3.0 GeV, Korea).
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4.3. Result and Discussion

To produce the PtsM HU-NSs, the Pt HU-NSs were first prepared through a slow reduction of K,PtCly

at a mild temperature (40 °C) in an aqueous reaction mixture containing cetyltrimethylammonium

chloride (CTAC), poly(vinyl pyrrolidone) (PVP), and L-ascorbic acid (AA) that leaded the anisotropic

in-plane growth of Pt. Figure 4.1.a and b show the typical scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) images of the products, respectively, evidencing the

successful massive production of Pt HU-NSs with porous 2D nanostructures. The shape evolution

observed by TEM measurement indicated that Pt HU-NSs are formed by gradual growth of initially

formed dendritic 2D nanostructures (Figure 4.2.). The average diagonal length of the Pt HU-NSs was

determined as 260 + 53 nm. The thickness of the Pt HU-NSs was approximately 2.5 nm, which was

acquired by a TEM image captured from the side-face of the Pt HU-NSs attached to a SiO, microbead

(Figure 4.1.c¢). The high-angle annular dark-field scanning TEM (HAADF-STEM) image of a Pt HU-

NS manifested their highly porous nature with 0.6 £ 0.4 nm pore size (Figure 4.1.d). The high-

magnification HAADF-STEM image showed that the lattice spacing of the Pt HU-NSsis 2.25 A (Figure

4.1¢), which corresponds to the Pt(111) facet.**** The low-coordinated surfaces such as {311} and {211}
can be readily observed in the curved surfaces of Pt HU-NSs. The X-ray diffraction (XRD) pattern of
the Pt HU-NSs indicates their highly crystalline feature with a face-centered cubic (fcc) Pt phase

(Figure 4.1.1).
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Figure 4.1. (a) SEM and (b, ¢c) TEM images of Pt NSs. (d) low- and (e) high-magnification HAADF-STEM

images of Pt HU-NSs. (f) XRD pattern of Pt HU-NSs.
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Figure 4.2. TEM images showing time dependent growth and shape evolution of Pt HU-NSs: reaction at (a, f) 15,

(b, g) 20, (c, h) 25, (d, 1) 30, and (e, j) 35 min.

The optimal thermal treatment (180 °C for 6 h) of the reaction mixture including as-prepared Pt HU-
NSs, metal (Ni, Co, Cu, Fe, Mn, Pd, Ir, Rh, or Ru) precursors, AA, dimethylformamide (DMF), and
PVP allowed the formation of PtsM alloy, leading to the successful synthesis of the Pt:M HU-NSs. The
atomic ratio of Pt-M HU-NSs can be controlled by changing the amount of metal precursors. Figure
4.3. presents the HAADF-STEM and corresponding energy dispersive spectroscopy (EDS) elemental
mapping images of various PtsM HU-NSs, which clearly exhibit the holey ultrathin 2D structures and
the Pt-M alloy nature with homogeneous elemental distributions. The atomic ratios of Pt to M were
determined using inductively coupled plasma optical emission spectrometry (ICP-OES) and EDS
analysis (Table 4.1.), demonstrating the successful preparation of various PtsM HU-NSs. The XRD

patterns of the Pt;M HU-NSs exhibited highly crystalline fcc crystal structures (Figure 4.4.).
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Figure 4.3. HAADF-STEM and corresponding EDS elemental mapping images of various Pt;M HU-NSs. (a)
Pt;Ni HU-NSs. (b) Pt3Co HU-NSs. (¢) Pt;Cu HU-NS:s. (d) PtsMn HU-NSs. (e) Pt;Fe HU-NS:s. (f) Pt;Pd HU-NSs.

(2) PtsIr HU-NSs. (h) Pt;Rh HU-NSs. (i) Pt;Ru HU-NSs.
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Table 4.1. Atomic ratio of PtsM HU-NSs determined by ICP-OES and EDS analysis.

ICP-OES analysis EDS analysis
Catalysts
(Pt/M) (Pt/M)
Pt,Ni HU-NSs 2.94 291
Pt,Co HU-NSs 2.95 3.12
Pt,Cu HU-NSs 2.97 2.89
Pt,Mn HU-NSs 2.87 2.57
Pt,Fe HU-NSs 2.81 2.92
Pt,Pd HU-NSs 2.78 2.73
Pt,Ir HU-NSs 2.74 2.83
Pt,Rh HU-NSs 2.91 2.90
Pt,Ru HU-NSs 2.84 2.81
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Figure 4.4. XRD patterns of various PtsM HU-NSs. The red bars showing the reference of ICDD #00-001-1194

(PY).

The structural and compositional features of the Pt;Ni HU-NSs were investigated by the SEM, HAADF-
STEM, and TEM images, which demonstrated the well-preservation of ultrathin 2D morphology with
a highly porous nature after thermal treatment (Figure 4.5.a-c). The diagonal length and pore size of
the PtsNi HU-NSs were determined to be 268 + 60 and 5.8 = 0.8 nm by high-magnification HAADF-
STEM and TEM images, respectively. The thickness of a Pt;Ni HU-NSs estimated by TEM
measurements was 3.39 & 0.36 nm (Figure 4.5.d). The observed slight changes in thickness and pore
size of PtsNi HU-NSs, as compared to pristine Pt HU-NSs, is attributed to the formation of a Pt-Ni alloy
associated with the incorporation of Ni into the Pt HU-NSs. As shown in Figure 4.5.e, the lattice spacing
of 2.19 A is assigned to the (111) facets of fcc Pt-Ni,**¢ and the low-coordinated edge atoms are also
observed like the pristine Pt HU-NSs. The high-magnification EDS elemental mapping images revealed
that Pt and Ni atoms are evenly distributed in the Pt;Ni HU-NS (Figure 4.5.f).
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Figure 4.5. (a) SEM, (b) HAADF-STEM, and (c) TEM images of PtsNi HU-NSs. (d) TEM image of side-face of
the PtsNi HU-NSs. (e) Atomic-resolution aberration corrected HAADF-STEM image of a PtsNi HU-NS and

corresponding FFT pattern. (f) EDS elemental mapping images of a PtsNi HU-NS.

To further investigate the detailed compositional structure of Pt-Ni HU-NSs and their oxidation
condition as well, the X-ray absorption near-edge structure (XANES) and the extended X-ray
absorption fine structure (EXAFS) measurements were conducted. Figure 4.6.a shows the normalized
Pt Li-edge XANES spectra of the PtsNi HU-NSs, Pt HU-NSs, and Pt foil. The oxidation state of the
constituent can be estimated from the white line intensity in the XANES.?>#"48 The Pt L;-edge XANES
spectra revealed that the Pt HU-NSs exhibited a higher white line intensity compared to Pt foil,
indicating a partial oxidation state of the Pt in the Pt HU-NSs. The higher white line intensity of the Pt
HU-NSs is attributed to the higher portion of surface atom due to their thin thickness. In contrast, the
white line intensity of the PtsNi HU-NSs closely resembled that of Pt foil, demonstrating that the Pt in
Pt;Ni HU-NSs is in a predominantly metallic state. Figure 4.6.b shows the Ni K-edge XANES spectra
of the Pt;Ni HU-NSs and Ni foil. The results verify that the Ni in the PtsNi HU-NSs is unambiguously

in an oxidation state. These display that the oxidation states of Pt atoms in the in Pts;Ni HU-NSs can be
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reduced by partial electron transfer from Ni atoms attributed to their Pt-Ni alloy phase. In addition, the
Fourier transformed Pt Ls;-edge EXAFS spectra reflect that PtsNi HU-NSs manifest a shorter radial
distance compared with those of Pt HU-NSs and Pt foil (Figure 4.6.c), implying the heteroatomic
interaction between Pt and relatively smaller Ni atoms. Based on the coordination number (CN)
information obtained from EXAFS spectra for the PtsNi HU-NSs, the alloying degree was determined
to be Jp (28.6%) and Jni (99.4%), which matches well with the Pt/Ni atomic ratio of 3:1.4>°° This
observation indicates that a majority of Ni atoms is surrounded by Pt atoms, resulting in a uniform

distribution of Ni atoms throughout the Pt nanosheets.
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Figure 4.6. XAFS measurements for the PtsNi HU-NSs and Pt HU-NSs. XANES spectra at the (a) Pt Ls-edge of
the PtsNi HU-NSs, Pt HU-NSs, and Pt foil and (b) Ni K-edge of the PtsNi HU-NSs and Ni foil. Fourier-

transformed k3-weighted EXAFS spectra for (c) Pt Ls-edge and (d) Ni K-edge of the catalysts.

The formation of Pt-M alloy through thermal treatment can be limited by the restrictive atomic diffusion
depth of added metal atoms into the Pt template. To examine the importance of the thickness of Pt HU-
NSs in the formation of Pt-M alloy HU-NSs, we conducted a comparative experiment using spherical
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Pt nanocrystals (NCs) with a diameter of 95 = 7 nm as a Pt template (Figure 4.7.a). After subjecting
the Pt NCs to thermal treatment with Ni precursors, it was observed that the core region of Pt NCs
remained as pure Pt, while their shell regions of ~10 nm underwent transformation into a Pt-Ni alloy,
as observed in the EDS elemental mapping images (Figure 4.7.b). This result indicated the significance

of the < 10 nm thickness of the Pt HU-NSs in facilitating the formation of Pt-M HU-NSs.

Figure 4.7. (a) SEM and (b) HAADF-STEM-EDS elemental mapping images of Pt-Ni NCs.

The optimal temperature and surfactants are essential for the synthesis of ultrathin 2D Pt HU-NSs by
suppressing out-of-plane Pt growth and stabilizing the edge sites. The optimal temperature (40 "C)
leading to the formation of Pt HU-NSs was determined by observing the morphology of products
formed under different reaction temperatures (Figure 4.8.). The insufficient reduction strength of
K,PtCls at a lower temperature than 40 ‘C led to irregularly shaped nanoparticles with several
protrusions (Figure 4.8.a). In contrast, increasing the reaction temperature to 40 ‘C resulted in the
formation of typical 2D Pt HU-NSs (Figure 4.8.b), while further increasing the temperature from 50 to
100 °C led to the gradual transformation of their 2D nanostructures into 3D morphologies (Figure 4.8.c-
f). Besides the reaction temperature, it was found that the proper concentrations of PVP and CTAC also
influence the formation of Pt HU-NSs (Figure 4.9.). These results demonstrated that the slow growth

of Pt, achieved through precise control of reaction temperature and surfactant concentrations, plays a
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crucial role in the formation of Pt HU-NSs. This controlled growth effectively suppressed the out-of-

plane Pt growth, allowing for the successful synthesis of Pt HU-NSs with the desired structural

characteristics.

Figure 4.8. SEM images of Pt nanostructrues with different reaction temperatures at (a) 30, (b) 40, (¢) 50, (d) 60,

(e) 80, and (f) 100 °C.
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Figure 4.9. SEM images of nanostructures prepared with different amount of (a-d) CTAC and (e-h) PVP. For

CTAC: (a) 0, (b) 50, (c) 200, and (d) 500 mM. For PVP: (e) 0, (f) 200, (g) 300, and (h) 400 mg.

To elucidate the formation mechanism of Pt-M alloy HU-NSs, a time-dependent analysis was conducted
to track the structural and compositional evolution from Pt HU-NSs to PtsNi HU-NSs (Figure 4.10.).
Figure 4.10.a-e,k,I show that the pore size of PtsNix HU-NSs (x = 0 to ~1) gradually increases as the
atomic ratio of Ni increases in the Pt-Ni. The Pt HU-NSs (x = 0) exhibited a pore size of 0.6 + 0.4 nm.
In contrast, the intermediate products obtained at different reaction times of 30 (PtsNios2) and 90 min
(PtsNiogs) showed pore sizes of 0.7 £ 0.1 and 2.4 £ 0.5 nm, respectively. The Pt/Ni atomic ratio and
pore size of the products obtained at reaction time of 270 min were Pt3Niggs and 5.6 + 1.1 nm,
respectively, which are similar to those of typical PtsNi HU-NSs. These results indicated that Pt/Ni
atomic ratio and pore size of HU-NSs are mostly converged at reaction time of 270 min. Accompanying
the change in pore size, the thickness of the HU-NSs also continuously increased from 2.47 to 3.39 nm
(Figure 4.10.f-1). Based on the evolution process of PtsNi HU-NSs, we suggest that Pt atoms are
initially leached from the surface of HU-NS by the oxidative etching process, generating the Pt ions.
Subsequently, the Ostwald ripening process promotes the co-deposition of the Ni precursor and Pt ions

on the basal planes. Finally, the interatomic diffusion of Pt and Ni atoms leads to the formation of Pt-
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Ni alloy HU-NSs. Consequently, the larger pore size and thickness of PtsNi HU-NSs compared to those

of Pt HU-NSs can be obtained.
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Figure 4.10. TEM images showing the time dependent transformation from Pt HU-NSs to PtsNi HU-NSs; (a, f)
0, (b, g) 30, (c, h) 90, (d, i) 270, and (e, j) 360 min. Changes in the (k) composion of metal elements, (I) pore size,

and thickness of intermeidate products during the reaction.

The electrocatalytic ORR performances of carbon-supported PtsM HU-NSs (Pt:M HU-NS/C) were
investigated using cyclic voltammetry (CV) and rotating disk electrode (RDE) techniques with a three-
electrode electrochemical system. Electrochemically active surface area (ECSA), specific activity, and
mass activity were obtained to evaluate the catalytic performance of PtsM HU-NS/C and were compared
with those of pristine Pt HU-NS/C and commercial Pt/C (20 wt% of Pt loaded on Vulcan carbon). The
CV measurement was performed at a scan rate of 50 mV s™! in an Ar-saturated 0.1 M HCIO4 solution
with a potential ranging between 0.08 and 1.108 vs. reversible hydrogen electrode (Vrug).’'>* The CV

curves of the catalysts shown in Figure 4.11.a display that hydrogen adsorption/desorption peaks
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appeared in the region from 0.08 to 0.4 Vrug, and oxygen adsorption/desorption peaks appeared in the
region from 0.60 to 1.108 Vgyue. 3'°* The ECSA was evaluated by the hydrogen underpotential
deposition (HUPD) analysis. Notably, all HU-NSs showed comparable ECSA values (40.02 — 52.32 m?

g ) with that of Pt/C (59.70 m? g'!) due to their porous 2D shape with ultrathin thicknesses (Table 4.2.).

The ORR polarization curves of the catalysts were obtained in O.-saturated 0.1 M HCIO, solutions
using the RDE as a working electrode and the resulting linear sweep voltammetry (LSV) curves were
normalized by the geometric surface area of electrode (0.196 cm?) (Figure 4.11.b). The Pt;Ni, Pt;Co,
PtsCu, PtsMn, and PtsPd HU-NS/C exhibited higher mass and specific activities compared to both
commercial Pt/C and Pt HU-NS/C (Figure 4.11.c and Table 4.2.). The Pt;Ni HU-NS/C showed a mass
activity of 2.27 A mg-1Pt, which is 4.4 and 10 times higher than those of Pt HU-NS/C (0.52 A mg )
and Pt/C (0.23 A mg?s) at 0.9 VRHE, respectively. Moreover, PtsNi HU-NS/C showed a specific
activity of 4.71 mA cm2gsca, which is 4.0 and 12.1 times higher than those of Pt HU-NS/C and Pt/C at
0.9 VRHE, respectively.

To further investigate the impact of alloy composition on ORR, Pt-Ni HU-NSs with varying Pt/Ni ratio
of Pt;Ni, Pt;Ni, and Pt4sNi were prepared. Figure 4e shows the ORR polarization curves of the Pt-Ni
HU-NS/C samples. The mass activities for Pt;Ni, Pt;Ni, and PtsNi HU-NS/C were 1.12, 1.64, and 1.34
A mg'p, respectively (Figure 4.11.e,f). These results indicated that the Pt/Ni atomic ratio of 3/1 is the
optimal composition for improving electrocatalytic ORR, which is also consistent with previous

results. #4335
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Figure 4.11. Electrochemical properties of different catalysts. (a) CVs and (b) ORR curves of different catalysts.
(c) Mass activity and specific activities of different catalysts at 0.9Vrue. (d) CVs and (e) ORR curves of Pt-Ni
alloy catalysts with different Pt/Ni atomic ratios and (f) corresponding mass activity and specific activities of the
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before and after the durability test for each catalyst. (j) Bar graph showing changes in specific activities before

and after durability test for each catalyst.
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Table 4.2. The ECSA, Mass and specific activities of PtsM HU-NS/C, Pt Hu-NS/C, and Pt/C.

ECSAH ., Mass Activity ~ Specific Activity
Catalyst ) =] -2
(mg ) (Amg ) (mAcm _ )

Pt,Ni HU-NS/C 48.42 2.27 4.71
Pt,Co HU-NS/C 43.64 1.07 2.43
Pt,Cu HU-NS/C 44.26 0.85 1.93
Pt,Mn HU-NS/C 43.99 0.68 1.62
Pt,Fe HU-NS/C 42.02 0.41 0.92
Pt,Pd HU-NS/C 51.19 0.93 1.86
Pt,Ir HU-NS/C 42.76 0.28 0.64
Pt,Rh HU-NS/C 40.88 0.11 0.27
Pt,Ru HU-NS/C 45.61 0.07 0.14
Pt HU-NS/C 52.32 0.52 1.18
Pt/C 59.70 0.23 0.39

An accelerated durability test (ADT) was conducted for PtsNi HU-NS/C, Pt HU-NS/C, and Pt/C
catalysts under a scan rate of 100 mV s! between 0.6 and 1.0 Vgryur in an O,-saturated 0.1 M HCIO4
solution for 5,000 and 10,000 cycles. To assess the stability, CVs and ORR polarization curves before
and after ADT were measured (Figure 4.11.g-i). After 5000 cycles, Pt;Ni and Pt HU-NS/C showed
stable performances, whereas commercial Pt/C showed slightly decreased ORR performance. After

10000 cycles, the Ei/, values for the Pt;Ni HU-NS/C, Pt HU-NS/C, and Pt/C shifted negatively to 8, 19,
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and 30 mV compared to the initial values, respectively (Figure 4.11.g-i). The specific activity of the
Pt:Ni HU-NS/C, Pt HU-NS/C, and Pt/C catalysts retained 93.2, 83.9, and 74.4% of their initial activity,
respectively (Figure 4.11.j). Notably, the specific activity of Pt;Ni HU-NS/C remained 4.4 and 15.1
times higher than that of Pt HU-NS/C and Pt/C, respectively, after the cycling process. A STEM image
obtained after the ADT verified that the PtsNi HU-NS/C maintains its morphology during the harsh
conditions of test. The EDS-determined Pt/Ni atomic ratio of the Pts;Ni HU-NS/C after the ADT was
3.12/1, which is slightly higher than that of the fresh samples. This indicated that the slight decrease in
ORR activity of the Pt;Ni HU-NSs after 10,000 cycles can be attributed to the leaching of Ni from the

Pt;Ni HU-NS/C.

The ultraviolet photoelectron spectroscopy (UPS) measurements were conducted to investigate the d-
band center of the PtsNi HU-NSs, Pt HU-NSs, and Pt/C, since the surface electronic structure plays a
crucial role in the adsorption/desorption behavior of adsorbates in electrocatalysis. Compared to the
Pt/C, Pt HU-NSs exhibited a lower d-band center (Figure 4.12.a) due to the ultrathin thickness and the
surface containing a high density of low-coordinated atoms.?**75460-62 Fyrthermore, Pt;Ni HU-NSs
showed an even more downshifted d-band center compared to Pt HU-NSs, which can be attributed to
the formation of the Pt-Ni alloy (Figure 4.12.a). An identical trend was observed in X-ray photoelectron
spectroscopy (XPS) valence-band spectra of the catalysts (Figure 4.12.b). The lower d-band center of
the Pt3Ni HU-NSs leads a weakened bonding strength for oxygen-containing intermediates produced
during ORR compared to pure Pt catalysts. As the lower d-band center facilitates faster desorption of
the intermediates, the PtsNi HU-NSs shows enhanced ORR activity. To validate the enhancement of
ORR performance for Pt;Ni HU-NS/C associated with the downshift of the d-band center, we conducted
CO stripping experiment, which can provide an indirect assessment of the bonding strength of oxygen-
containing species on the catalyst surface.'>6%61:63-66 The Pt;Ni HU-NSs exhibited a CO stripping peak
at a lower potential compared to Pt HU-NCs and Pt/C, suggesting a weaker bonding strength between
the Pt;Ni HU-NSs and oxygen-containing species in comparison to Pt HU-NS/C and Pt/C catalysts
(Figure 4.12.c). Taken together, the superior ORR performance of Pt;Ni HU-NS/C compared to Pt HU-
NS/C and commercial Pt/C can be attributed to several factors. These include the large number of active
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sites and edge atoms associated with the ultrathin holey 2D shape, as well as the downshift in the Pt d-
band center resulting from the formation of the Pt-Ni alloy and surface coordination environment. These
factors collectively promoted the optimal bond strength of intermediates during ORR relative to pure
Pt catalysts, accelerating the desorption of intermediates and facilitating water formation. As a result,
Pt:Ni HU-NS/C demonstrated exceptional ORR performance compared to the other catalysts evaluated

in this study.
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Figure 4.12. (a) UPS and (b) XPS valence-band spectra of PtsNi HU-NSs, Pt HU-NSs, and Pt/C. (c) CO-stripping

voltammogram of the catalysts.
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4.4 Conclusion

In summary, we have successfully developed a universal synthesis method for preparing Pt:M alloy
HU-NSs with ultrathin thickness and abundant edge sites. The preparation of Pt HU-NSs through a slow
Pt growth rate and the preservation of their morphology during the formation of Pt;M alloy HU-NSs
through controlled thermal treatment are critical factors in the successful synthesis of Pt;M alloy HU-
NSs. Pt3Ni HU-NSs exhibited an outstanding ORR performance due to their abundant active sites and
distinctive surface including edge-rich atoms associated with their holey ultrathin 2D shape, along with
a downshift in the d-band center resulting from the formation of Pt-Ni alloy and surface coordination
environment. We anticipate that our innovative approach can be extended to the synthesis of other 2D
alloy nanostructures with enriched edge sites, paving the way for the development of highly efficient

catalyst systems.
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Chapter 5. Boron-Insertion Promote Unique Crystal Structure of PdPt Nanocrystals for
Superior Electrocatalytic Hydrogen Evolution Activity and Stability
5.1. Introduction

Over the past decade, renewable and future clean energy exploration has been in very high demand.
Hydrogen (H»), used to produce high energy density, clean, and abundant reserves, is widely considered
a promising alternative to fossil resources as a sustainable energy source that can alleviate the rapidly
growing demand.'** Currently, electrochemical systems are one of the methods used to convert energy,
especially hydrogen production, by hydrogen evolution reaction (HER) in a water electrolyzer, but
rationally designing cost-effective, high active, and robust catalysts to facilitate its widespread
industrialization is still a formidable challenge.*® Various electrocatalysts have been developed in
literature as the central components of electrolyzers.”!* Among the various electrocatalysts, platinum
(Pt)-based nanomaterials with superior H adsorption feature are still the most efficient catalyst for HER
in acidic media because it can catalyze the HER with ultralow overpotentials and small Tafel slopes.'*
'8 However, the state-of-the-art Pt-based nanomaterials with its traditional crystal phase (face-centered
cubic - fcc) has severe challenges, high cost, sluggish kinetics, and unsatisfied stability, which
remarkably limit large-scale commercial implementation. Therefore, designing Pt-based HER
electrocatalysts with low cost, high performance and long-term stability in an acidic environment is

important.

Encouraging progress for enhanced HER has been created by modulating their crystal structure such as
(fee,' hep,® and bec?!), alloying Pt-based nanomaterials with another transition metal (Pd,?? Ru,? Rh,*
Ni,” and Co?®), constructing an ordered structure (Fe,?” Pb,*® and Ga*’), doping with metalloid/non-
metal elements, such as B,*® and P3!. For instance, Pt-Ni anisotropic superstructures with distinctive
morphology and crystal phase with a core fcc-phase and a shell hep-phase affected the change of
coordination environment and chemical bonding at the crystal phase boundaries for highly efficient
electrochemical hydrogen evolution reaction (HER).3> Another progress shows that incorporating B into
Pt causes the interstitial doped of B into Pt-Pt lattice at the octahedral - Oh site, giving the super-active

electrocatalytic activity compared to their counterparts.®* However, due to the difficulty in synthesis
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and the need for knowledge of the phase diagram, it has been challenging to identify new catalysts with
better activity and stability than Pt-based alloy nanomaterials. Phase engineering of nanomaterials (PEN)
has recently been proven to be a compelling strategy to modulate the intrinsic properties of noble metal-
based nanomaterials, thus enhancing their performances in various applications by precisely tuning the
atomic arrangement, which inspires the synthesis of noble metal-based alloy with unconventional
phases and the exploration of their phase-dependent catalytic performance. Combining the Pt-based
alloy nanomaterials and doping with non-metal elements promotes the change of crystal structure from

its traditional crystal structure, possibly enhancing HER activity.

Herein, we report a synthesis procedure to tuning the crystal phase of bimetallic PdPt NCs with tuning
by the present of boron (B) might lower the surface level binding energy between Pd and Pt in the PdPt
NCs that produces weaken the robust bonding between metals and reaction intermediate to improve the
hydrogen evolution electrocatalytic performance. The PdPt-B NCs catalyst achieves the low
overpotential HER with 11.8 mV at 10 mA cm?, a small Tafel plots of 14.7 mV dec™!, and a high stability
test (chronopotentiometric test) with a hundred days, which indicates superior electrocatalytic activity.
Our synthetic approach is a unique method, which tunes the traditional crystal structure of traditional
PdPt NCs (fcc) to hep phase transition by introducing the B element into their Pd-Pt nor Pd-Pd lattice
in the PdPt NCs.

5.2. Experimental section

5.2.1. Chemicals and materials

Borane tetrahydrofuran (BHs in THF, Sigma-Aldrich), Nafion® perfluorinated resin solution (5 wt.%,
Sigma-Aldrich), N, N-dimethylformamide (DMF, 99.5%, Sigma-Aldrich), Pd commercial (wt.20%,
99.9%, Alfa Aesar), Pt commercial (wt. 20%, 99.9%, Alfa Aesar), poly(vinylpyrrolidone) (PVP, MW=
=55,000, Sigma-Aldrich), potassium tetrachloroplatinate (K,PtCls, >99.9%, Sigma-Aldrich), sodium
tetrachloropalladate (Na,PdCls, >99.9%, Sigma-Aldrich), benzoic acid (BA, >99.99%, Sigma-Aldrich),
and other chemicals were reagent grade and deionized water with a resistivity of greater than 18.3
MQ-cm was used in the preparation of reaction solutions.

5.2.2. Synthesis of Pd-Pt nanocrystals
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In a typical synthesis of Pd-Pt nanoparticles, 4.8 mL of 20 mM Na,PdCls aqueous solution, 1.2 mL of
20 mM K,PtCls aqueous solution, 210 mg of PVP and 60 mg of benzoic acid were mixed with 10 mL
of N, N-dimethylformamide in 50 mL vial. After the vial had been capped, the mixture was
ultrasonicated to get the homogeneous mixture. The mixture was transferred into an oil-bath and heated
at 130 °C for 5 hours before it was cooled to room temperature. The resulting colloidal products were
collected by centrifugation and washed several times with an ethanol-acetone mixture. The synthesis
condition to control ratio of Pd-Pt just modified the ratio of Pd: Pt precursor amount, respectively.
5.2.3 Synthesis of B-doped Pd-Pt nanocrystals

40 mg of Pd-Pt nanoparticles were dissolved in 5 mL THF and added with 10 mL of BH3 in THF in the
Teflon cup, the mixture was sonicated for 10 min before being transferred into a Teflon-lined autoclave.
After the reaction for 7 days at 180 °C, the products were collected and washed using centrifugation
with ethanol several times at 10,000 rpm for 10 min before drying at 60 °C overnight.

5.2.4 Electrochemical measurements

Electrochemical experiments were performed in a three-electrode cell using EC-Lab Biologic Model
SP-300 potentiostat. Graphite rods and Ag/AgCl (3.0 M KCl) were used as the counter and reference
electrodes, respectively. The working electrode was prepared by dropping 5 uL of the catalyst ink onto
the L-type glassy carbon electrode (GCE, 0.196 cm™?). The GCE was cleaned electrochemically via 50
potential cycles ranging from —0.130 to 0.895 V vs. Ag/AgCl at a scan rate of 50 mV s™'. The HER was
performed at room temperature and under acidic conditions (0.5 M H2SO4 N>-purged electrolyte). The
potential applied for linear sweep voltammogram (LSV) ranges from 0.05 to —0.25 V vs. RHE with a
sweep rate of 10 mV s™'. Chronoamperometric curves were generated at 0.25 V vs. Ag/AgCl.

5.2.5 Characterization

SEM images were obtained from a JEM-2100F (JEOL). TEM, HADDF-STEM, and EDS data were
obtained with field-emission transmission electron microscopes (FEI Tecnai G2 F30 S-Twin operated
at 300 kV and Talos F200X operated at 200 kV with Super-X system equipped with 4 EDS detectors)
or a double Cs-corrected transmission electron microscope (Titan cubed G2 60-300 operated at 300 kV

with Super-X system equipped with 4 EDS detectors) after placing a drop of diluted colloidal solution
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on a formvar/carbon-coated Cu or Ni grid (300 mesh). The compositions of nanostructures were
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Spectroblue-ICP-
OES (Ametek)). X-ray diffraction (XRD) measurements were conducted on a Rigaku
D/MAX2500V/PC using Cu Ka (0.1542 nm) radiation. Ultraviolet photoelectron spectroscopy (UPS)
and X-ray photoelectron spectroscopy (XPS) valence band measurements were conducted using a
Thermo VG Scientific Sigma Probe spectrometer (light source = 1486.6 eV (Al Ka X-ray)). Before the
preparation of TEM sample, residual chemicals in the catalysts NCs solution were eliminated via
centrifugation. The precipitated NCs were re-dispersed into purified water, and an aqueous solution
containing nanostructures was then dropped onto the TEM grid (Formvar/Carbon 300 Mesh, Copper).
The TEM grid was then dried at room temperature. The TEM grid was cleaned using ethanol before
capturing the TEM image. SEM analysis was done using instruments at total-period analysis center for

Ulsan chemical industry of the Korea Basic Science Institute (KBSI).
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5.3. Result and Discussion

The PdPt—B NCs are synthesized by solvothermal reaction under the assistance of BH3 as a B-doping
source is shown in Scheme 5.1. Firstly, PdPt NCs were synthesized using wet-chemical synthesis
method, following the previously reported procedure with a slight modification,** Na,PdCls, KoPtCly,
benzoic acid, and poly(vinylpyrrolidone) were dissolved in N, N-dimethylformamide. The as-obtained
mixture was then heated in an oil bath at 130 °C for 5 h. Figure S5.1.a show the high-resolution
transmission electron microscopy (HR-TEM) images of majority of the products with 7.4 = 0.3 nm of
average diameter, which demostrates the succesful formation of PdPt NCs. High-angle annular dark
field-scanning TEM (HAADF-STEM) images of PdPt NCs displayed a lattice distance of 2.24 A
(Figure 5.1.b and ¢), which matches well with the value of {111} PdPt.** The fast fast Fourier transform
(FFT) patterns indicate the fcc metallic feature of the NCs (Figure 5.1d).*% *” To prepare the PdPt-B
NCs, the boron insertion treatment was perfomed by dissolved the PdPt NCs in THF solution containing
the B source (BH; in THF), presonicated before transfered the mixture into Teflon-lined stainless
autoclave and heating for 7 days at 180 °C. Figure 5.1e and f shows HR-TEM and HAADF-STEM
images of PdPt after B-insertion, the products have an averages diameter sized with 8.1 + 0.2 nm, which
demonstrates the succesfully B insertion into lattice of PdPt NCs. The hcp lattice for PdAPt-B NCs were
checked with magnified images (Figure 5.1.h) of square region in (f), which highlights the changing
the crystal structure from fcc to hep were determined the characteristic ABAB hcp staking of Pd—Pt
atoms (the bright dots). The distance between characteristic planes (100) and (002) planes are measured
to be 2.68 A and 4.70 A, respectively, the (002) planes of PdPt—B NCs is smaller compared to the
theorical Pd-B cyrstal (2.65 A and 4.77 A),3® due to the present of Pt. Figure 5.1.j shows the HAADF-
STEM-EDS mapping images of PdPt—B NCs. We found that B elements were mix with air during the
elemental mapping measurement. Additionally, The EDX spectrum and ICP-OES (Table 5.1) reveals
the atomic ratio of Pd: Pt: B contents before and after B-insertion is estimated from 4:1 to ~3: 1: 1,

which indicated the inserted of B into PdPt makes the Pd leaching during the insertion of B.
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Scheme 5.1. Schematic illustration of synthesis PdPt-B NCs.
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Figure 5.1. The characterization of (a—d) PdPt NCs and (e—j) PdPt-B NCs. (a, ¢) TEM images, (b, f) STEM image,
(c, h) inset high magnification-STEM images, (d, i) FFT patterns, and (j) HAADF-STEM-EDS mapping images,

respectively.
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Table 5.1. EDS and ICP-OES analysis result of atomic ratio Pd: Pt: B in PdPt and PdPt-B NCs.

EDX Spectrum ICP-OES
Catalysts Pd Pt B Pd Pt B
(At%)  (At%) (At%)  (AL%) (AL%)  (At.%)
PdPt NCs 81.59 18.39 - 80.72 19.28 -
PdPt-B NCs 61.30 18.78 19.92 63.82 19.34 16.84
- e fcc peak *hcp peak
== 3 PdPt-B NCs (7 days)
a \'/.\/\_ PdPt-B NCs (3 days)
2 * s A PdPt-B NCs (1 day)
A
9
=
\JL-& &. PdPt NCs
Il PdPt - fcc
v l - | —lL_—

50 60
20 / degree

30 40

Figure 5.2. XRD patterns of pristine PdPt to hcp-PdPt—B NCs. The lines on the bottom show standard XRD

pattern of fcc-PdPt structure and hep-Pd structure.
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Interestingly, the hcp crystal structure of PdPt has never been published, the crystal phases of the PdPt—
B and PdPt NCs were further identified using the XRD technique. As shown in Figure 5.2., the hcp
PdPt—B phase evolves from pure PdPt for 7 days, the fcc lattice disappears completely when B was
inserted into Pd—Pt lattice, which indicates the formation of the hcp PdPt—B phase with high phase-
purity and high crystallinity. For the first 12 h insertion time, the crystalline of fcc PdPt were shifted to
a lower 20 value compared to the pristine fcc PdPt, which indicated the enlarged Pd-Pt interlattice
spacings due to the insertion of smaller B atoms into the octahedral interstitial sites of PdPt NCs. In the
next 12 h insertion time (1 day) the mixture of fcc-hep phase was shown, the fcc PdPt crystal return in
the position following with appearance of hcp small peak ((100), (002), and (101)), the crystal evolution
in 3 days insertion also shows the high mixture of fcc-hcp phase and PdPt—B NCs become fully hcp
phase in the reaction reach 7 days. The characteristic peaks for hcp lattice as shown in the PdPt-B NCs
are 20 = 36.64 (100), 37.58 (002), 41.43 (101), 53.49 (102), 66.10 (110), 70.55 (103), and 78.76 (112)
degree which correspond to a hep lattice with a = 2.82 A and ¢ = 4.72 A. The (110) planes peak were
down shift from 42.26 (hcp Pd—B standard reference) to 41.43 degree, which suggest the different lattice
causes from the present of Pt in PdPt—B NCs. For the pure PdPt NCs, all the peaks in the XRD pattern
are consistent with the standard PdPt references, further validating the formation of the fcc phase. The
B insertion into PdPt different atomic ratio (85:15; and 90:10) also have been tested (Figure 5.3), with
the same time insertion process shows the perfect change crystal phase from fcc-to-hep, these provide
the direct evidence that the B insertion is slow and accompanied by the fcc-to-hcp transition even with

different atomic ratio of PdPt NCs.

In order to better understand the surface electronic interaction for B insertion in PdPt NCs, we
performed with X-ray absorption spectroscopy (XAS) measurement. Firstly, X-ray absorption near edge
structure (XANES) measurement in Figure 5.4.a and b for the Pd K-edge and Pt Ls;-edge of the catalysts.
In the Figure 5.4.a, the XANES spectrum of PdPt-B NCs shows a positive shift of photon energy
compared to PdPt NCs and decreasing of atomic number coordination, which presumably that Pd with
B bonding were obtained, the PdPt-B spectrum also has different energy compared to Pd-B,
demonstrating the oxygen vacancies were not produces during the metal alloy NCs and insertion of B
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into metal NCs, indicating there is no difference pattern of absorption peak. Also, at the Pt Ls-edge
(Figure 5.4.b), there was a ~0.15 eV shift between the PdPt-B and PdPt NCs, which may have been
induced by the special electronic structure of the B atoms in the PdPt NCs compared to pristine PdPt
NCs. Secondly, the local interaction B insertion to PdPt NCs was also experimentally probed by
extended X-ray absorption fine structure (EXAFS) spectroscopy. As shown in Figure 5.4.c, the
presence of B indicated Pd—Pd interaction becomes loose compared with metal-metal interaction (Pd—
Pt), the result consistent with the presence of B in the PdPt NCs were Pd—Pt interaction more weaken
after cooperating B among the coordinated atom, we predicted this result indicate the B insertion were
appear among on the Pd atom. Contrastly, in the case of Pt Ls;-edge (Figure 5.4.d), it is shown the
negative shift is appeared due to the low coordination among Pt—Pt atoms, but the presence of B did not
significantly decrease the coordination among Pt—Pt in the PdPt NCs, which indicate the probability of

B appear among Pt—Pt atom is lower compared to Pd—Pd coordination.

We also have measured the X-ray photoelectron spectroscopy (XPS) for comparing PdPt—B and pristine
PdPt NCs, Figure 5.4.e and f shows the detailed result for Pd 3d and Pt 4f. The Pd 3ds;; and 3ds. level
binding energy is 335.53 and 340.75 eV for PdPt-B NCs, which is shifted to lower binding energy
compared to pristine PdPt NCs with 335.68 and 341.00 eV. Interestingly, similar with Pd, the Pt binding
energy also shows significant electron transfer, Pt 4f7, and 4fs); level binding energy is 71.09 and 74.34
eV for PdPt-B NCs, which also shifted to the lower value compared to pristine PdPt NCs (71.26 and
74.60 eV). On the other hand, the B 1s binding energy level (Figure 5.4.g) peaks mainly at 188.66 eV,
indicating the presence of B gives an electron transfer to Pd and Pt in the PdPt—-B NCs. To prove our
study, another experiment also compared the Pd 3d binding energy of PdPt-B with Pd—B NCs. Based
on the result, the Pd 3d of Pd-B NCs not receive much electron from B compared to PdPt-B NCs,
which is indicated the PdPt-B could reach much more electron compared Pd-B that could provide better
performance in HER process. From the XAS and XPS spectrum, it is clear that the B atoms affected the
change the electronic interaction with PdPt, which provides the different activity in the surface of the
catalysts. Additionally, the comparison of pure PdPt with Pd and Pt NCs binding energy was shown in
Table 5.2., alloying Pd with Pt gives the different electronic interaction that have different binding
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energy values compared to single metal NCs.
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Figure S2. XRD patterns of (a) PdPt-B and (b) PdPt NCs with different atomic ratio of Pd: Pt; green (80:20),

yellow (85:15), and red (90:10).
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Figure 5.4. XAS and XPS spectra of the catalysts. (a, b) XANES spectra, (c, d) EXAFS spectra of Pd K-edge and

Pt Ls-edge, (e, f) XPS spectra of Pd 3d and Pt 4f.
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Table 5.2. Binding energy value of Pd 3d and Pt 4f of PdPt-B and PdPt NCs include Pd and Pt.

Catalyst Pt 3d,, Pd 3d,,
PdPt NCs 341.00 eV 335.68 eV
Pd-B NCs 340.92 eV 335.65 eV
PdPt-B NCs 340.75 eV 335.53 eV
Catalyst Pt 4f,, Pt 4f, ,
PdPt NCs 74.60 eV 71.26 eV
Pd-B NCs - -
PdPt-B NCs 74.34 eV 71.09 eV
Catalyst B 1s%* B 1s°
PdPt NCs - -
Pd-B NCs 190.34 eV 188.14 eV
PdPt-B NCs 191.49 eV 188.66 eV

94



The electrochemical HER performance were evaluated to prove the insertion of B can boosting catalytic
performance of NCs in acidic solution were studied. As a comparison, the commercial Pt/C and Pd/C
were also tested under same conditions. Due to the interaction of HER in the surface and intermediate,
it might optimize the H adsorption and desorption on the surface site of NCs. As shown in the Figure
5.5.a, firstly cyclic voltammograms (CVs) is conducted in N»-saturated 0.5 M H>SOj electrolyte with a
typical three-electrode setup at room temperature, it describe the activity of PdPt before and after B
dopant have differences due to the modification fcc-to-hcp lattice fringes, it might the evolution of B in
the PdPt—B have broader comparing the pristine PdPt, this presumably due to the fact that PdPt—B is
the thermodynamically more stable phase comparing the pristine Pd-Pt could makes the catalysts
becomes fully resistant to H-corrosion. Figure 5.5.b, d and Table 5.3. show HER polarization curves
of varies PdPt-B NCs, PdPt NCs, Pt/C and Pd/C at scan rate of a 10 mV s™'. Impressively, the hcp-
PdPt-B NCs shows an overpotential at j = 10 mA cm™ with 11.8 mV is less than that other PdPt-B NCs
(PdPt—B3days NCs — 20.1 mV, PdPt—Bjday NCs — 22.8 mV, and PdPt-B o, NCs — 23.2 mV), pristine PdPt
NCs (23.5 mV), Pt/C (36.0 mV) and Pd/C (122.3 mV), which indicating that hcp-PdPt—B NCs exhibit
excellent HER performance, comparable to their pure PdPt, Pt/C and Pd/C. Such low overpotential
(11.8 mV) of PdPt-B NCs to drive the current density of 10 mA cm toward HER is among the lowest
values of the reported Pd-based HER catalyst under acidic conditions (Table 5.4.). The different atomic
ratio of Pd: Pt of PdPt-B and PdPt NCs also were tested with HER, Figure 5.6. shows the significant
result of PdPt NCs after insertion of B, the overpotential values might be higher due to the content ratio
of Pd: Pt, which indicated the higher content of Pd in the PdPt NCs will close to pure Pd making the
activity become lower in the HER acidic condition, but still higher than that counterpart of commercial

Pt/C and Pd/C.

Furthermore, the analysis of Tafel slopes was conducted to evaluate the kinetic behaviors of the catalysts
in HER. As shown in Figure 5.5.c and d, the Tafel slope of hcp-PdPt-B NCs (14.7 mV dec™") is much
lower than those of PdPt—Bsgays (17.3 mV dec™!), PAPt-Bigay (22.6 mV dec™!), PAPt-Bi2n (24.4 mV dec
1, pristine PdPt NCs (25.3 mV dec™!), Pt/C (30.5 mV dec ") and even Pd/C (76.8 mV dec '), suggesting
the favorable reaction kinetics of hcp phase of PdPt—B NCs catalyst during the HER process.
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Additionally, the exchange current density (j,) of the catalyst was obtained by an extrapolation method
from the Tafel plots. Figure 5.5.e shows PdPt-B NCs catalyst has the larger j, (2.34 mA cm2), which
is about 1.2-, 2.4-, and 3.3-time increase relative to PAPt NCs (1.92 mA ¢cm2), Pt/C (0.99 mA ¢cm2) and
Pd/C (0.70 mA cm2), suggesting the superior HER activity of PdPt-B NCs. This speculation is also
evidenced by the electrochemical impedance spectra (EIS), where the charge transfer resistance of the
PdPt NCs is less than those of PdPt NCs and Pt/C (Figure 5.5.f), reflecting the faster HER occurred on

the PdPt-B NCs.

Moreover, the long-term electrochemical stability of PdPt—B NCs catalyst was also investigated by the
accelerated durability test (ADT) and chronopotentiometric test (CPs). After 10,000 continuous
potential cycles, there is no obvious change in the polarization curves just decrease about ~2.1 mV of
hcp-PdPt-B NCs (Figure 5.5.g). The ADT (HER polarization curves) of fcc-PdPt—Bi2, NCs, PdPt NCs,
Pt/C and Pd/C also have been tested in the Figure 5.5.h-j and Table 5.4. as a comparison for our PdPt—
B NCs (13.9 mV), the overpotential HER activity after ADT is 27.6 mV (fcc-PdPt—B121 NCs), 28.0 mV
(PdPt NCs), 50.3 mV (Pt/C), and 171.1 mV (Pd/C), suggesting the dramatic change of counterpart's
catalysts morphology and active site structure after the harsh condition of ADT test. The potential
applied in the CPs is same with the overpotential of the PdPt—B NCs catalyst (11.8 mV), the CPs show
a negligible variation during the HER test for 100 days (inset of Figure 5.5.g). The TEM images of
PdPt-B NCs before and after stability test were shown in the Figure 5.7., the morphology of PdPt-B
even after the harsh condition (CPs test) remained, indicating not only changes the crystal structure of

PdPt but also provide the higher stability of the morphology.
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Figure 5.5. Electrocatalytic performances of PdPt-B NCs, PdPt NCs, Pt/C, and Pd/C under acid conditions. (a)
CVs curves, (b) HER Polarization curves recorded in N»-saturated 0.5 M H,SOj4 electrolyte at a scan rate of 10
mV s, (c) Tafel plots for HER obtained from the corresponding polarization curves in (b), and (d) Comparison
of the overpotentials for different catalysts at the current density of 10 mA cm and Tafel plots, respectively. (e)
Exchange current density and (f) EIS spectra of the PdPt—-B NCs, PdPt NCs, commercial Pt/C and commercial
Pd/C. (g-i) HER polarization curves of PdPt—B NCs, PdPt-Bi,, NCs and PdPt NCs before and after the accelerated
durability test. Inset: the chronopotentiometric test of the PdPt-B catalysts at potentials of 10 mA c¢cm™ for 100

days.

97



- - - PdPt-B NCs (80:20)
01 - pape-B NS (85:15)
- - = PdPt-B NCs (90:10)
-404——PdPtNCs (80:20) L _Lf
o o —— PdPt NCs (85:15)
= —— PdpPt NCs (90:10
o O -204—ruc
< < |—— Pdic
£ - - - PdPt-B NCs (80:20) £ 30
= -2 - - - PdPt-B NCs (85:15) —
w— - == PdPt-B NCs (90:10) —
——PdPt NCs (90:10) -40-
. ——PdPt NCs (90:10)
4 i —— PdPt NCs (90:10) 50
0.0 0.4 0.8 -0.3 -0.2 -0.1 0.0
(c) E/V vs. RHE (d) E/V vs. RHE
140
— [ PdPt-B NCs (80:20) ——PdiC —— PdPt NCs (90:10)
> [ PdPt-B NCs (85:15) 0.124—rtc - - - PdPt-B NCs (80:20)
E : 122.3 —— PdPt NCs (80:20) = = = PdPt-B NCs (85:15)
<1204 B PdPt-B NCs (90:10) 1] ——PdPt NCs (85:15) - - PAPL_B NCs (90:10)
= I PdPt NCs (80:20) T
= [ PdPt NCs (85:15) 02 0.08+
[= PdPt NCs (90:10) -
2100-,-=wc 36.0 T ¢
8_ 30+ - Paic 235 246 253 > 0.04
. —
o 20 s 157 174 w
O 10- 0.00+

0.0 0.5 10 15
Log[—-j/mA cm™]

Figure 5.6. (a) Cyclic voltammograms, (b) HER polarization curves, (¢) Comparison of the overpotentials for
different catalysts at the current density of 10 mA cm, (d) Tafel plots for HER obtained from the corresponding

polarization curves in (a) of various PdPt—B and PdPt NCs include counterpart of Pt/C and Pd/C.

Figure 5.7. TEM images before and after chronopotentiometry test for PdAPt—B NCs. The (a) before and (b) after

test for PAPt—B NCs, respectively.
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Table 5.3. Activity values for PdPt-B NCs depending on reaction time including commercial Pd/C and Pt/C in

HER activity. The value including overpotential at 10 mA cm? and Tafel plots compared in 0.5 M H>SO..

Overpotential / n (MV)

Catalyst 10 mA o’ Tafel Plots / (mV dec )
PdPt-B NCs (7 days) 11.8 mV 14.7 mV dec”
PdPt—B NCs (3 days) 20.1 mV 17.3mV dec™
PdPt-B NCs (1 day) 22.8mV 22.6 mV dec

PdPt-B NCs (12 h) 23.2mV 24.4 mV dec”
PdPt NCs 23.5mV 25.3mV dec
Pt/C 36.0 mV 30.5 mV dec

Pd/C 122.3mV 76.8 mV dec’
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Table 5.4. The comparison of HER performance of PdPt-B NCs with some representative Pd-based

electrocatalysts in acidic media (0.5 M H,SOy).

Catalysts Overpotenztial at Tafel Slope
10 mA/cm (mV) (mV/dec)

PdPt-B NCs 118 147

PdPt NCs 235 253

PUC 36 305
Pd,B 19 i

Pd,B 15.3 225
Rh,P ~20 ]
RuP,@NPC 38 28
PtCoFe@CN 45 32
Pd/Cu-Pt 228 25
Pt-MoS, 80 40
AL-PYPd,Pb 13.8 18
Rh-MosS, 47 24
Au@PdAg/NRB 26.2 30
RhCu NTs 12 33
RhFe 25 32
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The superior HER performance of PdPt-B NCs catalyst could be explained as follows. First, the
presence of B can modify the crystal structure of PdPt NCs from the fcc to hcp crystal, which
surprisingly has never been reported in our study. Due to the small atom of B, B could possibly be
inserted into random Pd-Pt nor Pd-Pd lattice (locates at the octahedral (On) and tetrahedral (Th)
interstitial sites),’® 3> 3% which is predicted to exhibit much higher intrinsic HER activity than Pt. As
shows is the XRD pattern, after the insertion of B into PdPt NCs, the change of crystal structure has
clear from fcc to hep phase and down-shift degree in the (110) position compared to standard Pd—hcp
due to the insertion reaction time and Pt composition in PdPt. Second, the presence of B can locally
weaken the H-PdPt bonding and facilitate the H-H coupling, which promotes better performance of
electrochemical HER activity compared to pure fcc-PdPt NCs.*® 4942 Lastly, the B insertion into PdPt
NCs could promote the extremely stable catalysts, the stable arrangement of hcp PdPt—B phase provides

the active catalyst especially for hydrogenation catalytic reaction.
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5.4. Conclusion

We have reported the newest synthesis method to modify the crystal phase by inserting non-metallic
elements, especially boron, for PdPt NCs seeds. As a result, PAPt-B NCs have been obtained.
Impressively, the synthesized PdPt-B NCs exhibited superior HER performance with an overpotential
of only 11.8 mV to achieve the current density of 10 mA ¢m™, which is even lower than that of pure
PdPt NCs, commercial Pt/C and commercial Pd/C and most of reported Pd-based HER catalyst in acid
conditions. The excellent catalytic performance places it among the best-reported Pd-based HER
electrocatalysts. Compared with the pure “fcc” PdPt NCs, the superior HER performance of “hcp”
PdPt-B NCs, e.g., lower overpotential at 10 mA cm which is smaller Tafel plot value and faster
reaction kinetics, demonstrates the crucial role of the crystal phase engineering of nanomaterials in
determining their catalytic properties. This work demonstrates a new strategy for the crystal phase-
engineering of bimetallic nanoparticles and for improving the electrocatalytic performance of HER. It
is highly anticipated that this approach could extend to another non-metallic dopant into nanocrystal

systems and even other types of semiconductor materials.
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