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Abstract

The electrochemical water splitting reaction, which consists of hydrogen reduction at the cathode and oxygen evolution (OER) at the anode, is one
of the core processes for the utilization of sustainable and green energy sources. However, the sluggish kinetics of the oxygen evolution reaction
requires a higher overpotential than the theoretical potential (1.23 V). Engineering a high-performance electrocatalyst is an avenue to improve the
reaction kinetics for OER. Bimetallic branched nanoparticles offer substantial benefits for OER electrocatalysts; which include a greatly increased
exposed surface area, highly crystalline scp branches and stable surfaces. This thesis aims to design branched nanoparticles as electrocatalysts for
enhanced OER in the following ways: (i) extending the cubic-core hexagonal-branch growth approach for a new bimetallic (Co, Au) system, (ii)
leveraging the advantages of the Ru-Pd branched nanoparticles by tuning the surface facets and branch number, and (iii) making branched
nanoparticles consisting of a cubic core (Pd) and alloyed branches (RuCo).

Chapter one discusses the literature on the oxygen evolution reaction and Co- and Ru-based electrocatalysts for OER as well as the organic solution-
phase synthesis method. The limiting factors of Co- and Ru- based catalysts and the strategies for improving their catalytic performance are also
summarized. Also outlined is the fundamental understanding for synthesizing metallic nanoparticles using a seed-mediated growth approach in an
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ink preparation for electrochemical measurements and characterization techniques in more detail. Chapter three provides the synthetic approaches
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branches and assesses their catalytic activity for OER electrocatalysts. It is demonstrated that Co leaching during catalytic activation in acid solution
increases the exposure of highly catalytically active sites on the branch surface resulting in enhanced catalytic activity. Chapter seven concludes the
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Abstract

The electrochemical water splitting reaction, which consists of hydrogen
reduction at the cathode and oxygen evolution (OER) at the anode, 1s one of
the core processes for the utilization of sustainable and green energy sources.
However, the sluggish kinetics of the oxygen evolution reaction requires a
higher overpotential than the theoretical potential (1.23 V). Engineering a
high-performance electrocatalyst is an avenue to improve the reaction
kinetics for OER. Bimetallic branched nanoparticles offer substantial
benefits for OER electrocatalysts; which include a greatly increased exposed
surface area, highly crystalline /cp branches and stable surfaces. This thesis
aims to design branched nanoparticles as electrocatalysts for enhanced OER
in the following ways: (1) extending the cubic-core hexagonal-branch growth
approach for a new bimetallic (Co, Au) system, (ii) leveraging the
advantages of the Ru-Pd branched nanoparticles by tuning the surface facets
and branch number, and (iii) making branched nanoparticles consisting of a
cubic core (Pd) and alloyed branches (RuCo).

Chapter one discusses the literature on the oxygen evolution reaction and
Co- and Ru-based electrocatalysts for OER as well as the organic solution-
phase synthesis method. The limiting factors of Co- and Ru- based catalysts
and the strategies for improving their catalytic performance are also
summarized. Also outlined is the fundamental understanding for
synthesizing metallic nanoparticles using a seed-mediated growth approach
in an organic solution phase and controlling the shape and size of the final
products. Chapter two describes the synthetic methodology, sample
purification, ink preparation for electrochemical measurements and
characterization techniques in more detail. Chapter three provides the

synthetic approaches and challenges in making Co and Ru branched
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nanoparticles. Chapter four compares the OER catalytic activity and stability
of the Co-Au branched nanoparticles with the Co-Au core-shell and Co304
nanoparticles in alkaline media. The improved catalytic performance of the
branched nanoparticles can be attributed to the formation of an active and
stable oxide layer on the branch surface. Chapter five investigates the effect
of branch number, and surface facets on the catalytic properties of the Ru-
Pd branched nanoparticles with tunable branch number and surface facets. It
is found that tuning surface facets and branch length is essential for
enhancing catalytic performance by increasing the exposure of more active
sites and improving the accessibility of the catalytic surface to the catalytic
reaction. Chapter six explores alloyed branched nanoparticles consisting of
a Pd core and RuCo branches and assesses their catalytic activity for OER
electrocatalysts. It i1s demonstrated that Co leaching during catalytic
activation in acid solution increases the exposure of highly catalytically
active sites on the branch surface resulting in enhanced catalytic activity.
Chapter seven concludes the overall results and achievements of this thesis

and also discusses future opportunities.
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Chapter 1

Introduction



1.1Motivation

Energy plays a crucial role in our society, and fossil fuels have been used as
a conventional energy resource until now! 2. However, fossil fuels resources
are being depleted, while climate change, air pollution, and the ecological
devastation from traditional energy sources continue to increase’ 2. To tackle
this problem, nations have started searching for new renewable and
sustainable energy sources and energy storage systems, including solar cells,

fuel cells, and lithium batteries®™.

Emerging sustainable energy sources such as fuel cells and solar cells use
hydrogen (H:2) as an energy carrier, which is the fuel of the future, to produce
energy> °. Nevertheless, producing and storing H» is very challenging due to
its low energy density and high flammability, which limits the
implementation of these alternative energy sources to widespread practical
use’. Therefore, finding a solution to produce and store Ha effectively and
safely is of great importance for the future of these sustainable energy

sources.

A promising route for producing Ho is via an electrochemical water splitting
process®?. In this reaction, electricity is generated through H> bond breaking,
producing water as waste® °. However, the efficiency of this reaction is
limited by the kinetically slow oxygen evolution reaction (OER) at the
anode, which is slower than the hydrogen evolution reaction at the cathode!®
1. Thus, designing an efficient and cheaper electrocatalyst for OER is of
great significance in improving the reaction kinetics and reducing the
devices' cost. Although a number of studies have been published on
developing efficient electrocatalysts for OER, further improvements are

essential to make it economically viable for practical use™ '% '3, Therefore,



the following chapters will focus on developing highly efficient OER

catalysts.
1.2 Electrochemical water splitting

The water splitting reaction is a core process in electrochemical energy
storage/conversion applications, including fuel cells, solar cells, and lithium-
ion batteries'+!®. The electrochemical water splitting reaction consists of two
half-reactions: hydrogen reduction at the cathode and oxygen evolution at

the anode, as shown in Figure 1.1'314,

Cathode Anode

—®

e’
L -
4H* + 4e-—> 2H, 2H,0—>0, + 4H" + 4’

Figure 1.1. Schematic illustration of the electrochemical water splitting process.

The produced hydrogen can be further used as a fuel for clean energy
sources'> *. However, oxygen evolution reaction takes place via a complex
four-electron transfer mechanism, which affects the reaction kinetics'> .
Therefore, understanding the general principles and mechanism and

identifying the rate-determining steps of this reaction is important for



designing a novel and efficient electrocatalyst for OER in order to improve

its reaction kinetics.
1.3 Oxygen evolution reaction (OER)

OER is a reaction happening at the anodes in water splitting processes and is
a multi-step four-electron transfer reaction'> - ¥, Owing to its slow kinetics,
this reaction requires a higher overpotential than the theoretical potential
(1.23 V), which lowers the hydrogen production efficiency of the water-

13, 17,

splitting reaction 18 Generally, OER can proceed in both acidic (Eqn

1.1) and alkaline environments (Eqn 1.2)!% 1819,
2H,0qy = Opq + 4H* + 4e” (1.1)
40H™ > Oyg + 2H,0( + 4e” (1.2)

In an acidic environment, oxygen molecules were generated by water
oxidation, whereas in neutral and alkaline environments, oxygen was
produced via hydroxyl ion oxidation'* '®:1°. The general OER in acidic and

alkaline conditions are discussed in more detail below.

In an acidic media, OER can proceed by the following four-electron transfer

pathway (Eqn 1.3-1.6)!% 1% 1%

M+ H,0q) » MOH+H" +e” (1.3)
MOH -» MO + H* + e~ (1.4)
2MO — 2M+ 0y, or (1.5)
MO + H,0() » MOOH + H* + e~ (1.6)
MOOH —» M + Oy + H + e~ (1.6)

where M denotes a catalyst’s surface.



OER under an alkaline environment can proceed by the following four-

electron transfer pathway (Eqn 1.9-1.13)!3 1819

M+ OH™ — MOH +e" (1.9)
MOH + OH™ — MO + H,0 + e~ (1.10)
2MO - 2M + Oy or (1.11)
MO + OH~ - MOOH + e~ (1.12)
MOOH + OH™ — M + Oy + HoO(y + €™ (1.13)

After two electrons are transferred, the OER can proceed by two routes: (1)
via direct recombination of oxygen and (ii) generating MOOH as an
intermediate and producing oxygen molecules!® ' . Both acidic and
alkaline OER produces the same intermediates (OHads, Oads, OOHads)'*2!. In
addition to the reaction steps, elucidating the interaction between the reaction
intermediates and catalyst surface is essential to gain insight into the reaction
mechanism!'®?!. Thus, several theoretical studies have been conducted to
understand: (1) the interaction of catalyst surface and water; (i1) the formation
of O-O bond; (ii1) the reaction thermodynamics/energies; and (iv) the

adsorption property/surface reactivity?>2>.

In an ideal catalyst, the formation steps of intermediates including OHags,
Oads, and OOHags each require the same amount of Gibbs-free energy (1.23
eV)?*27 However, one step in the reaction often becomes limited due to slow
kinetics on the catalyst surface, which requires a high overpotential to

(3

overcome. According to the Sabatier principle and the “volcano” trend
shown in Figure 1.2, an ideal catalyst should bind to the reaction

intermediates not too weakly or strongly?.



0.0
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Figure 1.2. OER volcano trend for metal oxides. Reproduced from Isabela et al. 28

The stronger binding energy between the oxygen and metal surface results
in limited proton-electron transfer between O* or OH*, while weaker
binding energy between the oxygen and catalyst surface shows the limited

proton-electron transfer to O>* or formation of the O-O bond!> %2,

Therefore, unravelling the rate-limiting step of the reaction and modifying
the binding energy between the catalyst surface and intermediates is essential

for designing an efficient catalyst.



1.4 Catalytic trend for OER

The noble metal oxides RuO: and IrOz have been the most active catalysts
for OER*-3!, However, Ru-based catalysts dissolve easily at the potential
relevant to OER 1n acidic and basic solutions, and both Ru and Ir metals are
expensive and have limited availability®>33. Because of the scarcity of noble
metals, sustainable energy sources based on OER cannot be implemented as
an alternative energy source to fossil fuels'? 34, Therefore, transition metal
oxides and their hybrid materials have attracted much attention in recent
years, and the OER on the transition metal-based electrocatalysts are stable
in alkaline media'>2!:3°, However, the catalytic activities of these catalysts’

12, 21, 35 In

family are still much lower than the noble metal-based catalysts
the following sections, 1.4.1 and 1.4.2, the recent advancements in CoOx-
and Ru-based electrocatalysts will be discussed, followed by the question of

what improvements could be made for designing efficient OER catalysts.

1.4.1 Cobalt oxide (CoOx) -based electrocatalysts

Among transition metal and their oxide-based electrocatalysts, CoOx (CoO,
C0203, and Co304) based catalysts for OER have been widely studied due to
their earth-abundance and promising catalytic activity and stability in
alkaline media®*3**°. However, the overpotentials of these catalysts are still
higher than precious metals such as Ru and Ir. Therefore, improving the
catalytic performance of CoOx-based catalysts is important to its potential

application.

Extensive efforts have been undertaken to enhance their -catalytic

41, 42

performance by modifying electronic properties*’: #, surface*: #

and
crystalline structures®. The electrocatalytic properties of recently reported

Co-based catalysts for OER are summarized in Table 1.1.



Table 1.1. Summary of recently reported Co-based OER catalysts.

Catalyst Electrolyte Activity Tafel  Stability Ref.
slope /
mV
dec’!
CoNi-SAs/NC 1 M KOH 340 mV@10 mA cm?  58.7 - [46]
IrCo-N-C 0.1MKOH 330 mV@I0 mA cm?  79.0 2000 CV  [47]
cycles
Co@N-C/PCNF 1 M KOH 289 mV@10 mA cm?  91.8 10h@ [48]
10mA
cm™
L-Co0304 NSs 1 M KOH 290 mV@10 mA cm?  76.0 20h @ [49]
20 mA
cm™
V-C0304 0.l MKOH 351 mV@10 mA cm? - - [50]
Co-Co,P@NCNTs 1 M KOH 350 mV@10 mA cm? - I1h@ [51]
1.7 VruE
CoO@CoNy/NCNF 0.1 MKOH 450 mV@10 mA cm?  85.6 - [52]
Fe;0,@Co0O NCs 0.1MKOH 390 mV@I10 mA cm?  89.3 3000 CV  [53]
cycles
Cu(OH):@CoNiCH 1M KOH 288 mV@30 mA cm?  74.0 1000 CV  [54]
NTs/CF cycles
Co0304/CoS 0.1MKOH 349 mV@I0 mA cm?  66.6 1000 CV  [55]
cycles
Co0304/Fep33C0066P 1 M KOH 215 mV@50 mA cm?  59.8 3000 CV  [56]
cycles
Au@Co0304/C 0.1MKOH 350 mV@I10 mA cm?  60.0 S5h@1.54 [57]
\Y%
AuNCs@Co(OH); 0.1MKOH 350mV@10mA cm? 72.0 600 CV [58]
cycles
Au@CoOx 1 M KOH 367 mV@10 mA cm?  92.0 2h@10 [42]
mA cm™
Ps.6-C0304/NF 1 M KOH 260 mV@10 mA cm?  60.0 25 h@ [59]
1.7 Vrue



1D nanorod Co304

2D nanosheet
C0304

3D nanocube Co304
Co0304-R hexagonal

platelets
Co0304-2.5
Co0304-5.0
Co0304-7.5

R -the ratios of
(111)/(110) facets
0.1Fe-CoNiO/NF

Co0304/CeO; NHs

Co-C3N4J/CNT

SC CoO NRs

ODAC-Co00-30

CoO/hi-Mn3O4

C0304/N-rmGO

Co0O/CoFe LDH

1 M KOH

0.1 M KOH

1.0 M KOH

1.0 M KOH

1.0 M KOH

1.0 M KOH

0.1 M KOH

1.0 M KOH

0.1 M KOH

1.0 M KOH

414 mV@10 mA cm™
374 mV@10 mA cm™
433 mV@10 mA cm™

354 mV@0.1 mA cm™
364 mV@0.1 mA cm™
375 mV@0.1 mA cm™

240 mV@10 mA cm™

270 mV@10 mA cm™

380 mV@10 mA cm™

330 mV@10 mA cm™

364 mV@10 mA cm™

378 mV@10 mA cm™

310 mV@10 mA cm™

254 mV@10 mA cm?

70
65
72

51.0
53.0
57.0

60.0

68.4

44.0

68.6

61.0

67.0

34.0

24 h@10
mA cm™

10 h\@10
mA cm™
3000 CV

cycles

12 h@10
mA cm™
2h@10
mA cm™
1500 CV
cycles

12 h@10
mA cm™

[60]

[61]

[62]

[63]
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[65]

[66]

[65]




Controlling the metal oxide during oxidation reactions is an effective
strategy for enhancing the catalytic properties of catalysts®® %°. The surface
structure of the oxide affects the catalytic activity by changing the electronic

43,65 and the density of active sites present at the surface’® ’!. For

properties
example, the Sharp group demonstrated that cobalt hydroxide, Co(OH)a, is
more active than the spinel Co3O4 because its open and layered structure
provides fast charge transfer and thus, enables a higher number of active
sites’?. Later, they found that the Co(OH), oxidizes to form active CoO(OH)
phase during catalytic activation using spectroscopic techniques, an active
surface to promote the formation of active sites further’®. In contrast, the
spinel Co304 phase partially converts to CoO(OH). This concept has been
further investigated by the Strasser group to understand the transformation
of the CoOx catalysts (a crystalline spinel Co304, a wurtzite w-CoO, a rock
salt rs-CoO, and a heterogenite CoOOH) during OER at the atomic scale
with the help of spectroscopic techniques and surface voltammetry coupled
with theoretical calculations’. Except for crystalline Co3Os4, which retains
its structure, other CoOx catalysts convert irreversibly to active CoOx(OH)y
phase after OER conditioning. The activity trend was observed in the order
of C0304 < w-CoO < rs-CoO < CoOOH. The excellent activity of CoOOH
catalyst can be attributed to the formation of CoOx(OH)y surface, which
contains both p2-O and p2-OH sites responsible for the generation of O-O
bond and deprotonation of water molecules, and its 3D cross-linked layered
structure. Therefore, for highly OER active Co-based catalytic nanoparticles,
control over the Co-oxide surface structure with retention of the lower

oxidation state Co(OH); at the surface is a desirable requirement.

Furthermore, improving the electronic properties of CoOx-based

electrocatalysts is a promising approach for enhancing their catalytic

10



activity. One efficient way to enhance the electronic conductivities of CoOx
catalysts 1s to synthesize hybrid materials using different substrates/cores
such as graphene*!, carbon nanotubes’, and metals 7% 7", There are a number
of studies that have aimed to develop Co and Au-based hybrid material
electrocatalysts. For example, Yeo and Bell (2011) first reported that Au
substrate has enhanced the catalytic activity of cobalt oxide the most when
compared with other metal substrates, including Pt, Pd, Cu, and Co, owing
to its high electronegativity”’. Following this paper, considerable studies
have been carried out to synthesize cobalt oxide and Au hybrid materials for
OER (Figure 1.3 a-b). Zhuang et al. (2014) synthesized monodispersed Au-
Co0304 core-shell nanoparticles and compared these with a mixture of Au and
Co30s4 nanoparticles Figure 1.3a°’. The core-shell NPs show enhanced
catalytic property, and they confirmed that core-shell structure has a strong
synergistic effect between core and shell. Lu et al. (2016) investigated the
effect of the composition of Au and cobalt oxide in Au@Co304 nanoparticles
on catalytic activity for OER Figure 1.3b’®. Zhou et al. (2016) synthesized
AuNCs@Co(OH)2 by depositing Co(OH)2 on Au nanorods and evaluated
their OER activity Figure 1.3¢. Jaramillo’s group (2017) reported the
synthesis of Au and 3d transition metal oxide core-shell nanoparticles using
a wet chemical method and investigated their electrocatalytic properties

Figure 1.3d*%.
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Figure 1.3. TEM images of Au-CoOx core-shell nanoparticles and related polarization
curves: (a) Au@Co304 core-shell NCs?’, inset: related histogram, (b) Au@Co/C
(AugCo91)"8, (¢) AuNCs@Co(OH), Au-rod-Co(OH), core-shell nanoparticles®, (d)
Au@CoOx*. Reproduced with permission from Zhuang et al®’, Lu et al’8, Zhou et al’®,
and Strickler et al*.

Based on these studies, it can be concluded that the Au cores improve the
catalytic activity of cobalt oxide for the following reasons: (i) Reaction
kinetics are improved because Au acts as an electron sink and oxidizes Co
from Co'/Co™ to the more active Co'Y. (ii) Presenting Au cores/substrates
increases the binding energy of Co shells due to the d-band shift, which

decreases the activation energy of the total reaction.

In addition, controlling the shape of Co catalysts is a promising approach for
designing efficient electrocatalysts 2% - 7. Shaped nanoparticles have
defined facets, which have different atomic arrangements and distribution of
surface atoms, resulting in changes in the charge-transfer properties and

binding energies between catalytic active sites and reaction intermediates 2*
79
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For example, Chen et al. investigated the facet-dependent catalytic activity
and stability of Co3O4 on OER in alkaline media”. In this study, well-defined
cubic, truncated octahedra, and octahedra Co304 nanoparticles were
compared for their activity in the OER. The results showed that octahedra
nanoparticles exposing predominantly (111) surfaces show greater catalytic
activity than the other catalysts, whereas cubic nanoparticles, which expose
predominantly (100) surfaces, exhibit higher stability. These results correlate
with the higher Co ion density and higher reactivity of (111) facets and lower
surface energy of (100) facets. The Qiao group reported the synthesis of one-
dimensional cobalt oxide nanorods by creating oxygen vacancies on

pyramidal nanofacets (Figure 1.4)%.

Single-crystal

.
OER

13

5 o,

3

20,

0.02

0.00

SCNCs PCNCs SCNCs PC NCs

Active vacancy-rich

O-terminated {111} nanofacets Textured nanopyramids

14 15
‘‘‘‘‘‘‘‘‘ (V versus RHE)

Figure 1.4. (a-d) Schema of engineering the surface of SC CoO NRs. (e) High
magnification TEM image of SC CoO NR. Scale bar, 20 nm. (f) High-resolution
HAADF-STEM image SC CoO NR. Inset: Selected area electron diffraction pattern from
[110] zone axis. Scale bar = 2 nm. (g) The catalytic activity study by linear sweep
voltammetry (LSV) of SC, PC CoO NRs, and commercial RuO: catalysts. Inset: Tafel
plots. (h-i) Intrinsic OER activity of SC CoO NCs and PC CoO NCs. Reproduced with
permission from Ling et al.%
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These nanorods exhibit enhanced catalytic activity for both ORR and OER
(Figure 1.4). The superior electrocatalytic properties were explained by a
rapid charge transfer in the 1D structure and optimal adsorption energies

between reaction intermediates and the catalyst surface (Figure 1.4).

Branched nanoparticles are of significant interest as electrocatalysts owing
to their three-dimensional (3D), crystalline, and faceted structures®®®3.
Inspired by the recent advances in branched nanoparticle electrocatalysts and
based on the previous studies mentioned above, it can be seen that designing
Co branched nanoparticles with a 3D structure is a promising way to improve
the OER activities of Co-based catalysts due to the following reasons: (1) the
low index facets on branches might enable the formation of more active
Co(OH): layer in the near-surface region, (ii) 1D morphology of branches

improves the charge transfer on the surface, (ii1) 3D structures provide high

surface area.
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1.4.2 Ru -based electrocatalysts

Ru is the most active OER electrocatalyst that requires very low
overpotential to generate a large anodic current density>? 3% 88 As shown
in the Volcano plot, Ru catalyst binds moderately to oxygen intermediates
that promote oxygen adsorption and desorption processes on its surface®> 3
84.85 As a result, this exhibits excellent catalytic activity for OER3% 33 8,
However, Ru is unstable at the potential relevant to OER at low pH
conditions because it oxidizes to soluble products at this condition, according
to the Pourbaix diagram??3*34, Furthermore, its high cost and fast dissolution
rate limit the benefits of Ru electrocatalysts in practical application3? 33 84,
Therefore, reducing the amount of Ru by enhancing its catalytic activity and

stability is crucial to enable the large-scale use of Ru in OER.

Until now, extensive research efforts have been undertaken to improve the
performance of Ru-based catalysts’> 3> 8. The catalytic activity of Ru

81.82.86 and electronic

nanocrystals can be improved by modifying its surface
structures®”- 8, The most common strategies to improve the electrocatalytic
properties of Ru catalysts include (i) synthesizing Ru nanocrystals with well-
defined size and shape and controlled crystal-phase®” - %° (ii) making
bimetallic Ru-based catalysts such as core-shell, alloy, and doped
nanoparticles’’®®, and (iii) compositing Ru with carbon-based
nanomaterials®®>. The electrocatalytic properties of recently reported Ru-

based catalysts for OER are summarized in Table 1.2.

15



Table 1.2. Summary of recently reported Ru-based OER catalysts.

Catalysts Electrolyte Activity Tafel Stability  Ref.
slope
/ mV
dec-1
Ru@IrOy 0.5MH:SOs 282 mV@I0 mA cm?  69.1 24 h@l.5 [94]
VRrHE
RuCu alloy NCs 0.5MH,SOs 270 mV@10 mA cm?  75.8 24 h@10 [95]
mA cm™
Mn-RuO; 0.5MH,SOs 158 mV@10 mA cm?  43.0 10 h@10 [96]
mA cm™
Cu-doped RuO; 0.5MH,SOs 188 mV@I10 mA cm?  44.0 8h@10 [97]
mA cm™
hollow 0.1 MHCIOs 239 mV@10 mA cm?  52.0 2000 CV [98]
Pt/NiO/RuO, cycles
Co-Rulr alloy 0.1 MHCIOs 235mV@10 mA cm™®  66.9 25 h@10 [93]
mA cm™
Co-doped RuO; 0.5 M H,SOs 200 mV@10 mA cm?  60.0 1000 CV [99]
NWs 1L.OMKOH 235mV@I0mAcm?  62.0 cycles
under both
conditions
Cro.6Rug.402 0.5MH:SOs 178 mV@10 mA cm?  58.0 10 h@10 [100]
mA cm™
Ru;-Pt;Cu 0.1 MHCIOs 220 mV@10 mA cm? - 28 h@10 [85]
mA cm™
RuO; nanosheets 0.5 M H,SOs 260 mV@10 mA cm™®  54.0 2h@10 [101]
mA cm™
NaRuO:; 0.1 MHCIOs 255mV@10 mA cm?  38.0 6h@l mA [102]
nanosheets cm™
Ultrafine defective 0.5 M H,SOs 179 mV@10 mA cm™®  36.9 20 h@10 [103]
RuO; mA cm™
RuCu nanosheets 0.5 M H,SOs 236 mV@10 mA cm™  40.4 12 h@10 [104]
mA cm™
fce-Ru octahedra 0.5 M H,SOs 168 mV@10 mA cm™  47.8 - [90]

16



fce-Ru truncated
cubes
CaCu;RusOq;

RuIrOx

nano-netcages

a-RuTe PNRs

Pd-Ru core-shell
NPs (1.2 nm shell)
Au-Ru branched
NPs

Pd-Ru branched
NPs

0.5 M H>SOq4

0.5 M H>SOq4

0.5 M H>SOq4

0.5 M H>SOq4

0.1 M HCIO,

0.1 M HCIO,

0.1 M HCIO,

189 mV@10 mA cm?

171 mV@10 mA cm?

233 mV@10 mA cm?

245 mV@10 mA cm?

220 mV@10 mA cm™

220 mV@10 mA cm™

225 mV@10 mA cm™

51.2

40.0

42.0

47.0

62.0

61.0

24 h@10
mA cm?
3000 CV
cycles
24 h@7
mA cm”

1000 CV
cycles

2 h@n=250
mV

[107]

[108]

[82]

[81]
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Controlling the shape of Ru nanoparticles is one of the viable strategies to

enhance the catalytic properties by altering their surface structure.

The surface facets of Ru nanocrystals play a key role in their catalytic
properties®® 34, The chemical reactivity of catalysts is strongly dependent on
the exposed facets of nanocrystals owing to their different surface energies
and atomic coordination numbers®® . A number of reports have been
undertaken to elucidate the effect of the surface structure of Ru on its
catalytic performance®® -2, For instance, Kelsey et al. investigated the
effect of (100) and (110) surfaces of RuO: and IrO; on the OER in alkaline
media by growing rutile films on substrates'®. More open Ru (100) and Ir
(100) surfaces showed greater activity than the (110) surfaces because of the

higher availability of Ru atoms.

Further studies demonstrated that there is no linear relationship between the
number of coordinatively unsaturated Ru sites (Rucus) and catalytic activity
as the (100) (7 Ruecs nm™) and (101) (8 Rucus nm) facets exhibited 7- and
2.5-fold higher activities than the (110) (5 Rucus nm2)'!3. This correlation
suggested that the catalytic activities depend not only on the number of
coordinatively unsaturated atoms but also on the reaction intermediates and
the interaction between Rucuws and water molecules. Recent work conducted
by Reshma et al. supports this presumption®. They investigated OER on
three different (100), (101), and (110) RuO; surfaces by operando analysis
coupled with DFT computation to elucidate the reaction mechanism at the
molecular level. The increased intrinsic activities on (100) and (101) Rucus
surfaces can be attributed to the decreased adsorption energies to
intermediates depending on the local environments of Rucus, which results in
improved reaction kinetics on the rate-determining step (the

dehydrogenation of -OO-H).
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These studies highlighted that synthesizing nanoparticle with well-defined

surface facets is of great significance for engineering electrocatalysts.

Control over surface structures can be achieved by tuning the shape®”*° and
crystal structure®!: 8287 of Ru nanocrystals. The significant improvements of
catalytic activities in OER, HER, and other catalytic reactions were obtained
by designing shape-controlled Ru nanocrystals including porous Ru

114

nanocrystals'!'*, Ru dendrites!’>, plates!'®, nanosheets'®>, cubic Ru

nanoparticles!%?, etc. For example, the Xia group recently developed fcc-Ru
octahedra nanocrystals with preferential exposure of (111) facets using a

seed-mediated growth approach (Figure 1.5)%.
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Figure 1.5. (a) TEM image of Ru octahedral nanocrystals, (b) HAADF-STEM image and
EDX mapping of an octahedral nanocrystal, (¢) HRTEM image of a branched
nanoparticle and magnified part in the black box showing the {200} and {111} facets.
Reproduced with permission from Zhao et al.”®
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The effect of crystal-phase and facets on the catalytic activity was then
systematically investigated by comparing the octahedra nanocrystals with
fcc-Ru truncated nanocubes, /icp- and fcc-Ru nanocrystals. They found that
(111) facets are more active than the (100) facets, and fcc-crystalline
structure 1s more efficient than hcp-Ru for catalyzing OER. The reasons
behind the enhanced catalytic properties of Ru octahedra nanocrystals were

not explained in this work.

In addition to shape control, considerable efforts have been devoted to
improving the catalytic performance of Ru by tuning its crystal properties.
Controlling the crystal phase modifies the surface and electronic structures
of the catalyst by restructuring all the atoms and thus improving its catalytic
performance. For instance, Li et al. synthesized highly crystalline 4cp-Ru
nanocrystals through thermal annealing, which significantly enhanced HER
catalytic activity and stability compared to those with poor crystallinity.
Furthermore, the Xia group developed various hollow fcc-Ru nanocrystals
such as cubic, octahedral, and icosahedra nanocages via a seed-mediated
approach. These nanoparticles showed improved catalytic activities toward
ammonia synthesis. Hierarchical 4H/fcc Ru nanotubes with novel crystal
phase have been recently synthesized by Zhang et al., and they exhibited

excellent HER activities in alkaline media (Figure 1.6).
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Figure 1.6. (a) Schematic illustration of a hierarchical 4H/fcc Ru NT, (b) TEM image of
hierarchical 4H/fcc Ru NTs, (¢) HAADF-STEM image and EDX mapping of an
individual hierarchical 4H/fcc Ru NTs, (d) HER activities of 4H/fcc Ru NTs, 4H/fcc Au-
Ru nanowires, 4H/fcc Au, Pt/C, Ru/C, and commercial Pt/C, (e) Catalytic stability of
4H/fcc Ru NCs. Reproduced with permission from Lu et al.¥’

The enhanced activities of nanocrystals with controlled crystallinity can be
attributed to the change in surface energy depending on exposed facets®’- 8-
17 In addition to the novel crystal phase, the excellent HER activity of
4H/fcc Ru NTs can be ascribed to (1) enhanced charge transfer due to its 1D
structure, (i1) efficient utilization of atoms due to the defects on their surface

and hollow structure®’.

Combining the control of shape and crystal structure, our group (Gloag et
al.) has recently developed three-dimensional /4Acp-Ru branched
nanoparticles using a cubic-core hexagonal-growth approach®" 8 (Figure

1.7).
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Figure 1.7. (a) TEM image of Pd-Ru branched nanoparticles, (b) HAADF-STEM image
and EDX mapping of a branched nanoparticle, (c) HRTEM image of a branched
nanoparticle showing the {10-11} and {0001} facets, magnified part in the black box,
and corresponding model showing the atomic arrangement of the particle, (d) OER
activities of Pd-Ru branched and sphere nanoparticles, and (e) Stability test of the
branched nanoparticles. Reproduced from Lucy et al. 3!

These branched nanoparticles showed superior catalytic performance
compared to polycrystalline Ru. The basis for the enhancement of catalytic
performance are potentially due to (i) the slow dissolution rate of low
indexed Acp- {10-11} and {0001} facets and (i1) the highly exposed surface

area of three-dimensional structure.

The aim here is to leverage the advantages of the Ru-Pd branched
nanoparticles by tuning the surface facets and branch number. It is also

hypothesized that the number of active sites on Ru branches would increase
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by engineering alloyed branched nanoparticles growing RuCo branches on a

Pd core.

Although great progress has been made on synthesizing 3D branched
nanoparticles for OER, synthesizing 3D bimetallic nanoparticles has been
very challenging. Therefore, colloidal nanoparticle synthesis will be

discussed in the next section.
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1.5 Organic solution phase syntheses method

The physical and chemical properties of nanoparticles strongly depend on
their size, shape, composition, and structure. Therefore, it is important to
synthesize nanoparticles with a well-defined structure. Solution phase
organic synthetic methods have been extensively studied to prepare
monodispersed nanoparticles in terms of size and shape!'®1?!, Understanding
the mechanism of synthesis and the effect of reaction parameters on the final
nanocrystals is crucial to synthesize nanocrystals with controlled size and
shape. The mechanism is expected to be based on the classic Lamer-Dinegar

model shown in Figure 1.8'2%124,
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Figure 1.8. Diagram of the classic Lamer-Dinegar model. Reproduced from Xia et al.!??

The Lamer-Dinegar model consists of three main stages including (i)
nucleation, in which a precursor is either decomposed or reduced to the zero-

valent metallic atoms, (i1) evolution of nuclei or the formation of seeds when
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the atomic concentration reaches the supersaturation point, and (ii1) growth

stage where atoms continue to deposit on the surface of the nanocrystals.

Using a one-pot approach, both homogeneous (or self-nucleation) and
heterogeneous nucleation occur concurrently, which can result in
polydispersed nanoparticles in terms of size and shape. On the contrary,
during a seed-mediated approach, heterogeneous nucleation, in which
adatoms grow on the well-defined seed surface, occurs in monodispersed
nanoparticles in terms of size and shape. In seed-mediated growth, the
nanocrystal size can be controlled by separating nucleation events from the
growth stage and using a capping agent. The final nanocrystals shape can be
controlled by seed structures'?®, the rate of adatom diffusion to a surface'?!,

as well as surfactants'?% 25,

Firstly, the crystallinity or internal structure of a seed nanocrystal is one of
the main parameters that affects the final nanocrystal structure!'?*. The final
nanocrystal shape depends on the lattice mismatch between a seed and

second metal and the energy difference between exposed facets of a seed.

Reaction parameters, including the precursor and seed concentration,
temperature, and pressure, also play key roles in synthesizing
thermodynamically and kinetically controlled nanoparticles. Furthermore,
both thermodynamics and kinetics play important roles in the evolution of
nanocrystals with different geometric shapes'?!. When nanocrystals are
grown under thermodynamic control, the diffusion rate of adatoms is higher
than that of the deposition rate resulting in thermodynamically stable
spherical nanoparticles. On the other hand, when the nanocrystals grow
under kinetic control when the deposition rate of adatoms is higher than the

diffusion rate of the adatoms. In other words, adatoms grow directly on the
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crystal facets with higher energy resulting in shaped or branched

nanoparticles.

Finally, the surfactants play an essential role in the synthesis of nanocrystals
in the solution phase. Firstly, surfactants adsorb to the nanoparticle surface
and reduce agglomeration. Surfactants can also passivate particular facets
resulting in anisotropic growth. The most common surfactants in solution
phase synthesis are alkylphosphine oxides, alkylphosphonic acids, alkyl
phosphines, fatty acids, amines, and nitrogen-containing aromatics'?®.
Surfactants can be chosen based on adhesion energy to the nanocrystal and

steric hindrance.

Therefore, all reaction parameters play important roles in developing

nanoparticles with controlled size and shape.
1.5.1 Bimetallic branched nanoparticles

Since the breakthrough work of Alivisatos group on branched CdTe
nanocrystals synthesis using polymorphism growth in organic solution-
phase, polymorphism growth has been widely used to synthesize branched
semiconductor nanocrystals with well-defined structures'!'®- 27, In this work,
they synthesized CdTe tetrapods using a cubic-core hexagonal-branch
growth approach (a type of seed-mediated growth) in organic solution-phase
synthesis (Figure 1.9). The reaction consists of two stages. Firstly, the cubic
CdTe phase forms in the nucleation stage at a lower temperature. Then, at a
higher temperature in the presence of n-octadecylphosphonic acids (ODPA)
acids as a surfactant, the hexagonal CdTe branches grow on the {111} facets
of the cubic phase. The formation of two phases occurs at two different
temperatures owing to their energy discrepancies. The growth of hexagonal

branches along the c-axis can be attributed to (i) the identical atomic
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arrangements between {111} and {0001} facets of cubic and hexagonal
structures and (ii) the passivated lateral facets ({1010}) of branches by the
ODPA.

Figure 1.9. (a) Models showing a branch of the nanocrystal in which lateral sides
passivated by ODPA molecules and a tetrapod CdTe nanocrystal. ZB-zinc blende -cubic
phase, WZ -wurtzite -hexagonal phase and Cd atoms -yellow, Te atoms -blue. (b) TEM
image of CdTe branched nanocrystal synthesized at Cd/Te 3:1 and Cd/ODPA 1:5.
Reproduced from Manna et al.!?’

Furthermore, previous research in our group confirmed that the
polymorphism growth can be used to synthesize other branched metallic
nanostructures'?®. With these merits, extensive works have been published
for the synthesis of metallic branched nanocrystals®!*}. However, there is a
limited number of studies for the bimetallic branched nanoparticles with a

well-defined structure.
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1.6 Project aims

This dissertation focuses on the development of bimetallic branched
nanoparticles for improved OER electrocatalysts. The goal of this thesis are

the following four aims.

Aim 1 (Chapter 3) is to develop a synthetic protocol for the synthesis of novel
Co branched nanoparticles and to determine the experimental conditions for
controlling the branch length and number of Ru branched nanoparticles. The
initial step for this goal is to synthesize the cubic Au and Pd seeds with
tunable sizes. The next step is optimizing the reaction parameters to grow Co
or Ru branches on the seeds. The resultant branched nanoparticles will be

further used as OER electrocatalysts in Chapters 3 and 4.

Aim 2 (Chapter 4) is to understand the formation of active sites on highly
crystalline Co branched nanoparticles for OER. In order to achieve this, Co
branched nanoparticles consisting of a Co shell over an Au core and Co
branches will be synthesized using a cubic-core hexagonal-branch approach
in an organic solution phase. The effect of the branched nanoparticle oxide
layer on active site formation during OER will be compared to Co spherical
and CoOx nanoparticles. This part of the project is hoped to contribute to the
development of electrocatalysts by introducing a new bimetallic (Co-Au)
branched nanoparticle and providing a method of control over the surface

oxides on nanoparticles.

Aim 3 (Chapter 5) is to study the effect of surface facets and branch number
of Ru-Pd branched nanoparticles for OER. First, Pd-Ru branched
nanoparticles with controlled branch length and branch number will be
synthesized using a seed-mediated approach, tuning surface facets by

varying the branch length. Second, a systematic exploration of the OER
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process on branched nanoparticles as a function of branch length and branch
number. This is aimed at exploring the advantages of branched nanoparticles

as electrocatalysts fully.

Aim 4 (Chapter 6) is to elucidate the catalytic reaction of RuCo-Pd branched
nanoparticles consisting of RuCo alloyed branches and a Pd core for OER.
The first step towards this goal is to synthesize RuCo-Pd alloyed branched
nanoparticles. The next step is to examine the effect of Co leaching during
electrochemical pre-treatment on the formation of new active sites on Ru
branches and, therefore, on their catalytic performance. Finally, this
approach may be applied to other electrocatalysts to improve their catalytic

performance.
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Chapter 2

Synthesis and Characterization Methods
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2.1 Overview

In this chapter, the synthetic techniques used to design nanocrystals, post-
synthetic approaches for further characterizations will be explored. In
particular, the principles, theories, and applications of TEM-based
techniques, X-ray diffractometers, and X-ray photoelectron spectroscopies
will be discussed. This section describes electrochemical analyses, such as
cyclic voltammetry (CV), chronoamperometry, and electrochemical
impedance spectroscopy (EIS), that were used to evaluate the catalytic

performance of the nanocrystals.
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2.2 Synthesis and purification methods
2.2.1 Fischer-Porter bottle synthesis

A Fischer-Porter bottle was used as the main apparatus for conducting the
synthesis of Au, Pd seeds, as well as Co, Ru, RuCo branched nanoparticles.
Fischer-Porter bottles act as a pressure reaction vessel that accommodates
the use of different gases to reduce metallic precursors. A range of shape-
controlled metallic nanoparticles has been synthesized via Fischer-Porter
bottle reactions under H> or CO atmospheres, including Co, Ni nanorods':2,
Fe, Ni nanocubes® #, and Ru, Pd branches>’. H» was employed as a weak
reducing agent during synthesis, which helped control the atomic
concentration of metal atoms (Co, Ru) and prevented unwanted
homogeneous nucleation during synthesis.

For a typical Fischer-Porter bottle synthesis, the precursor, seeds, and
surfactant components are dissolved in an organic solvent. Once this reaction
solution has been prepared, the mixture is then transferred to a Fischer-Porter
bottle (Figure 2.1), where it is degassed under vacuum and pressurized with
3 bar hydrogen (Figure 2.1). Upon successful pressurization, the Fischer-
Porter bottle is then placed in an oil bath on a hot plate at a set reaction

temperature.
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H,gas Vacuum

- » A reaction mixture

Figure 2.1. A Fischer-Porter bottle showing the bivalves and location of the reaction
mixture.

Among the disadvantages of Fischer-Porter bottle synthesis are the inability
to stir the solution during the reactions, the inability to take aliquots, and the
inability to employ hot injections and secondary injections. Injection
methods provide greater control over the reaction® and result in more uniform

nanoparticles® 1°,

2.2.2 Thermal decomposition

Thermodynamic decomposition is a solution-phase benchtop synthetic
process in which metallic precursors are heated above their decomposition
temperature and are then stabilized through the action of a surfactant in order
to form nanocrystals. Long-chain amine surfactants are commonly used
along with an organic solvent for synthesizing nanoparticles due to the strong
interactions between metal and ligand species. When heated to high

temperatures, these long-chain amine surfactants act as weak reducing agents
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which aid in nanoparticle formation!!. Additionally, many of these
surfactants exist in liquid form at the required reaction temperatures, making
them suitable for use as reaction solvents. Due to this, it is possible to
synthesize nanoparticles with just one chemical simultaneously acting as a

solvent, surfactant, and reducing agent.

Thermocouple ——— | 100-250°c h

——cl

N,/Ar

Trioctylphosphine ——

Pd(acac), dissolved in oleylamine

Figure 2.2. Schematic of a thermal composition setup in a two-neck flask. One neck is
for the condenser and No/Ar flow, and another neck is for the injection.

In this work, thermal decomposition was used to synthesize small Pd seeds
by reducing Pd(acac): precursor using a modified literature method® !> 13,
Oleylamine served as both a reducing agent and a solvent, while TOP was

used as a surfactant.
2.2.3 Post-synthesis, cleaning, purification, and storage

Generally, centrifugation is used to separate the nanoparticles from the

solution they are dispersed in, owing to their much higher density. Any
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remaining precursor and excess surfactant are cleaned as well. After
synthesis, all particles were stored in mesitylene. For further
characterizations and electrochemical analysis, particles were first
transferred to a centrifuge tube (2-50 mL), and a 1:1 ratio of solvent (mostly
toluene) and antisolvent (usually ethanol) mixture were added to the sample.
Cleaning was performed 2-5 times via centrifugation at a rotation speed of
4000-14000 rpm. The volume of the centrifuge tube, the number of
centrifugal cycles, and rotation speeds were selected based on various
considerations such as the amount/volume of particles, characterization
method, and nanoparticle size. The following chapters provide detailed
information on the purification process for each particle (Chapters 3, 4, 5,

and 6).

2.2.4 Sample preparation for electron microscopy characterization

After purification, the diluted suspension of nanoparticles was prepared in
toluene and then drop-cast onto 400 mesh formvar-coated Cu grids for low-
resolution TEM analysis. For high-resolution TEM and STEM analysis, a
dilute suspension of nanoparticles in toluene was drop-cast onto a thin
carbon Cu grid. Toluene evaporates more slowly than hexane/ethanol,

promoting the formation of well-ordered nanocrystal arrays.

2.2.5 Sample preparation for X-ray diffraction and X-ray photoelectron
spectroscopy

The samples used for synchrotron X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy were prepared using a similar method to that
described in Section 2.2.4. The key difference was that several drops of a
concentrated nanoparticle solution were dropped onto a single-crystalline

silicon wafer and then slowly evaporated to form a ticker smooth layer for
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the XPS analysis. In order to obtain the XRD measurements, the samples
were drop-casted from a highly concentrated nanoparticle solution in toluene
onto a silicon holder with zero background. This process was repeated until
the sample fully covered the holder.

2.2.6 Nanoparticles loading on carbon

Several electrocatalytic reactions were investigated using the Co particles
loaded on carbon in this thesis. Nanoparticles were first deposited on a
carbon black support material via sonication. In a typical carbon loading
process, the sample and carbon support were dissolved in an organic solvent
and sonicated until the nanoparticles adhered to the support. Adjusting the
amount of surfactant incorporated was paramount to the dispersion on the

carbon support.

100 nm

Figure 2.3. Co spherical nanoparticles loaded onto carbon black (Vulcan XC72) using
different quantities of surfactant (OAm): (a) a higher quantity, (b) a lower quantity, and
(c) an optimized quantity.

An increased amount of surfactant reduces the physical interactions between
the carbon support and nanoparticles. As a result, the nanoparticles are
unable to adhere to the carbon support (Figure 2.3a). Due to the higher
surface energy of the nanoparticles, aggregated nanoparticles are deposited

on the support material when a smaller amount of surfactant is used (Figure
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2.3b). Optimizing the amount of surfactant ensures that the nanoparticles are

dispersed well on the carbon support (Figure 2.3c¢).

2.3 TEM-based techniques

The morphological and crystalline structures, as well as elemental
composition of nanoparticles were primarily characterized using TEM-based
techniques in this study. The methods include TEM and high-resolution
TEM 1maging (HRTEM), selected area electron diffraction (SAED),
scanning TEM imaging (STEM), energy-dispersive X-ray spectroscopy
(EDX), and STEM-EDX mapping.

2.3.1 Basic principles of TEM

The working principle and theory underlying TEM-based techniques are
discussed in more detail in the texts of Williams and Carter " Transmission
electron microscopy, a textbook for material science"!* and Luo "A Practical
Guide to Transmission Electron Microscopy"!”. A brief overview of the topic

is presented here to assist in understanding the technique.

TEM operation works under the same principles as light microscopy, except
that electrons are used in place of a light source. As the wavelength of
electrons is significantly smaller than that of light, the resolution achieved
by a TEM image is of a much higher order of magnitude than that of a light
microscope'® !°. Thus, TEMs are capable of unveiling the finest details of

nanomaterial structure at the atomic level.

A general diagram of a TEM is shown in Figure 2.4. The instrument can be
split into three main parts: the illumination system, objective lens/stage, and

imaging system'.
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<—Project lens deflector

<—Projector lens

Viewing window

Fluorescent screen

Camera —>

Figure 2.4. Schematic illustration of a TEM. Reproduced from the work of Luo."

In the illumination system, electrons generated from the electron gun are
made to pass through a series of condenser lenses to the specimen. The
illumination system can be operated in either two principal modes, which are
parallel beam and convergent beam settings. TEM imaging and diffraction

are conducted using the first mode, whilst scanning TEM (STEM) imaging

is linked with the second setting.'*

The next component is the objective lens/stage, which is the crucial part of a
TEM. In this region, electron beams interact with the specimen, resulting in

selected area diffraction patterns (SAED) and bright-field/dark-field TEM
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images. The length of the region along the column is no longer than 1 cm.!*
The transmitted electrons through the specimen pass through the objective
lens, thereby creating a diffraction pattern or an image. A diffraction pattern
is created by projecting the electrons onto the screen exclusively using the
SAED aperture, as illustrated in Figure 2.5a. On the other hand, an image is
produced by projecting the electrons onto the screen whilst only applying the
objective aperture while removing the SAED aperture, as depicted in Figure

2.5b.14.15

A ; B
A 4 Specimen =———Pp L<l\

Remove \ Objective lens
\ / aperture \
B e [ Objce[ivc apenure
. back focal plane
Fixed ( P )
SAD aperture
= T 2 [ e—
Intermediate —> Remove
image 1 : aperture
\4 <«¢— Change -—p Intermediate
strength lens
Second
intermediate
= 'image’ e ——
<@~ Fixed —» Projector lens
strength
Diffraction pattcm\ Final image
<% Screen =¥
Y

Figure 2.5. Diagrams showing the two fundamental functions of the TEM imaging
system: (a) producing the diffraction pattern on the screen and (b) generating an image

on the screen. Reproduced from the work of Williams and Carter.'*
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Finally, both imaging systems utilize multiple lenses to increase the
magnification and improve the focus of the images or the diffraction pattern

generated by the objective lens on the viewing screen.!'® 1°

2.3.2 TEM characterization

In this study, low-resolution TEM imaging was conducted on a Philips
CM200 operated at 200 kV to characterize the shape and size of the resultant
nanocrystals. A TEM image of the alloyed RuCo-Pd branched nanoparticles

discussed in Chapter 6 is illustrated in Figure 2.6a.

__ A5
;le,,,(

»@*”’“ Ay
Vs
-

p———— 20 M

b Branch width / nm

Branch length / nm

Core diameter/ nm

Figure 2.6. (a) A low-resolution TEM image of RuCo-Pd branched nanoparticles used in
Chapter 6, (b) A diagram showing how to determine the dimensions of a branched

nanocrystal.

Nanoparticle size was examined for more than 100 particles using Imagel
software. Branched nanoparticle dimensions were determined by measuring

the branch width, branch length, and core diameter (Figure 2.6b).
2.3.3 HRTEM characterization
High-resolution TEM and STEM-EDX were performed on a JEOL JEM-

F200 (200 kV, cold field emission gun) equipped with an annular dark field

58



detector and a JEOL windowless 100 mm? silicon drift X-ray detector. The
HRTEM imaging was used to analyze the atomic arrangements and
crystalline structures of nanocrystals. Figure 2.7a-b illustrates an example
HRTEM image of a Co branch as a part of a Co-Au nanoparticle, which was
investigated in Chapter 4. Gatan Microscopy Suite (GMS) Software was

used to determine atomic spacings from these HRTEM images.

e

Figure 2.7. (a) TEM image of a Co branch. (b) HRTEM image of part of the branch in
(a) indicated by the red box. (c) FFT of the HRTEM image at the oxide surface (purple
box) indexed to a cubic <110> zone axis. (d) FFT of the HRTEM image at the core region
(blue box) indexed to a hexagonal <01-10> zone axis. The lattice measurements of 2.0 A
at the core, and 2.1 A and 2.4 A at the shell regions are consistent with the lattice spacings
of hep Co{0002}c, cubic CoO{200} and cubic CoO{111}, respectively. This image was
obtained and analyzed by Soshan Cheong.
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Fast-Fourier transform (FFT) operations were additionally used to further
examine the crystal structure, as well as the orientation, of nanoparticles. The
pattern observed on a simple FFT would correlate to a reciprocal lattice. The
presence of additional spots can result from twins, defects, or superstructures
and can provide information about the crystal's growth mechanism.'* In
general, an FFT can be obtained using the Image]J EM software program.
This provides a reciprocal image, which is comparable to the reciprocal
lattice of a crystal. Figure 2.7 c-d shows the FFT patterns for the surface
oxide and the branch core of the Co-Au nanoparticle, respectively, which are

used to determine the crystalline structures of each part.

2.3.4 High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) analysis

HAADF-STEM analysis was performed for examining any phase
differences in nanoparticle structure due to their image contrast. A HAADF-
STEM image 1s obtained by detecting all the scattered electrons using an
annular detector.'* Figure 2.8 illustrates an example HAADF-STEM of Co
spherical nanoparticles consisting of a Au-core Co-shell coated with an oxide

layer (Co304). These particles will be discussed in Chapter 5.
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Figure 2.8. HAADF-STEM images of Co-Au core-shell nanoparticles and (b) a Co-Au

core-shell nanoparticle. This image was obtained by Hsiang-Sheng Cheng.

It can be clearly seen in Figure 2.8 that the core-shell structure is coated with

an oxide layer due to their difference in atomic masses.

2.3.5 Scanning Transmission Electron Microscopy-Energy Dispersive

X-ray Spectroscopy (STEM-EDX)

In this study, STEM-EDX analysis was performed to examine nanoparticle
chemical composition. In this technique, STEM imaging and EDX
spectroscopy are combined to produce maps indicating the locations of
individual elements in a particle.'* In EDX, when a high-energy beam hits
an element, core electrons are removed from the element, and the vacancies
are filled by high-energy electrons, which produce X-rays. There are
characteristic X-ray spectra for each element, which allows the identification
of elements present by comparing their spectral identity to an elemental
database. When coupled with STEM, spectra are identified from each point
where the beam crosses, resulting in an elemental map that is overlaid with

a STEM image. The STEM-EDX data is converted to images using
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Pathfinder software. An example of STEM-EDX mapping of Co-Au core-

shell nanoparticles is shown in Figure 2.9.

Figure 2.9. STEM-EDX elemental maps of Au (yellow), Co (pink), and O (green) of a
Co spherical nanoparticle. This image was obtained by Hsiang-Sheng Cheng.

2.4 X-Ray Powder Diffraction (XRD)

XRD analysis was conducted to examine the crystalline structures of the
nanoparticles. When the incident radiation interacts with a crystal lattice, and
its wavelength is comparable to the interplanar spacing (d) of the crystal, the
radiation will scatter or diffract.!® The position of these diffracted rays or

reflections can be determined using Bragg’s law (shown in Figure 2.10):

nA = 2dukisin® (Eq.2.1)
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where n is an integer, A is the X-ray wavelength, 0 is the diffraction angle,
and dnk -1s the interplanar spacing. A simplified illustration of Bragg’s law

is shown in Figure 2.10.'6

Figure 2.10. Illustration of Bragg's law in a simplified form. This figure was

reproduced from the work of Dinnebier. !¢

By determining the diffraction angle, elemental d-spacing can be found and

indexed using the lattice parameters of the specimen.

An Empyrean-II powder diffractometer fitted with a 10 mm slit was used to
investigate the crystalline structure of nanoparticles using a Co source. In
powder X-ray diffraction (XRD), a rotating detector collects X-rays
diffracted from a solid sample at a range of angles. A spectrum of peaks is
then constructed based on the angles and corresponding intensities of each
peak. Further analysis of these XRD patterns can be performed via database
comparison and correlating them with a specific structure. Highscore

software was used to process the XRD data in this work.

63



2.5 X-ray photoelectron spectroscopy (XPS)

XPS was performed to examine the chemical composition of the synthesized
nanocrystals and the binding energies of each element. XPS involves the
measurement of photoelectrons generated when the solid surface is irradiated
by a beam of X-rays. These emitted photoelectrons have quantifiable kinetic
energy, which is dependent upon its binding energy in the atom, as shown in

Eq. 2.2.
Ebinding = hv — Eyinetic — ¢ (2.2)

where Ebinding 18 the binding energy, Ekinetic 1S the kinetic energy, h is Planck’s
constant, v is the frequency of the incident photon, and the ¢ is the work

function of the spectrometer.

The chemical composition of a sample, and the respective oxidation states
of each element, can be determined by interpreting the intensity of a detected

peak and its corresponding binding energy.

XPS analysis was performed on an ESCALab 250 Xi (Thermo Scientific)
spectrometer with a monochromated Al Ka source. The pressure in the
analysis chamber during measurements was < 108 mbar. The pass energy
and step size for narrow scans were 20 eV and 0.1 eV, respectively, with a
take-off angle normal to the sample surface. Spectral analysis was performed
using Avantage 4.73 software, and the curve fitting was carried out using a

mixture of Gaussian—Lorentzian functions.
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2.6 Electrochemical characterizations

All electrochemical measurements were acquired using an Autolab
potentiostat running with Nova 2 software. All experiments were performed
using a three-electrode cell, with the working electrode kept at a 1600 rpm

rotation.

Working
Reference S
Counter

Figure 2.11. Schematic illustration of a three-electrode electrochemical setup showing

the working, counter, and reference electrodes.

In alkaline media, a 1 mol L' KOH solution was used as the electrolyte. A
Pt-mesh and Hg[HgO|1 mol L' NaOH was used as the counter electrode and

reference electrode, respectively.

In acidic media, a 0.1 M HCl1O4 solution was used as the electrolyte. A Pt-
mesh and AglAgCl|3 M NaCl were used as the counter electrode and

reference electrode, respectively.

All potentials were converted to the reversible hydrogen electrode (RHE) by

measuring the potential between the reference electrode and a freshly
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prepared standard reference electrode (SHE), whilst taking into

consideration electrolyte pH.
2.6.1 Catalysts ink preparation

As described in Section 2.2.5, Co nanoparticles were adhered to a carbon
support, yielding 20 wt% Co. In contrast, Ru-Pd and RuCo-Pd nanoparticles
were used directly in these experiments. The nanoparticles (carbon loaded
nanoparticles) (2.5 mg) were dispersed in toluene (1000 pL) and Nafion 0.5
% v/v (20 puL) to make a catalytic ink. The working electrode was prepared
by drop-casting the electrocatalysts (15 pL) and Nafion (0.05 % v/v, 5 uL)
onto the glassy carbon surface (0.196 cm?2 area). For the Co catalysts, the

actual wt % of Co was determined by ICP-OES.
2.6.2 Catalytic activation

Catalytic activation was performed prior to the catalytic activity tests in order

to reduce surface oxides and remove surfactants.

Any surface Co oxides that formed due to air exposure was removed by
keeping the potential at -0.3 V (RHE) for 3 minutes. In the case of Ru
catalysts, the catalytic activation was carried out by running several cycles

of cyclic voltammetry (CV) scans to remove surfactant material.
2.6.3 OER activity

Electrocatalysis was used to determine the catalytic activities of the catalysts
for the OER. In alkaline OER, CVs were collected at 100 mV s™' in 1.0 mol
L' of KOH within the potential window of -0.3 V vs. and 1.7 V (RHE). For
acidic OER, CVs were recorded at 50 mV s in 0.1 mol L' of HCI within
the potential range of 1.0 V and 1.55 V (RHE).
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By analyzing the collected CVs data, the catalytic activity, catalyst oxidation
state, and reaction kinetics were determined. The oxidation peaks of CVs
may provide information concerning the transformation of the catalysts and
the formation of catalytic active sites during OER. Anodic scans of the
voltammograms were used to determine OER activity. Geometric and
specific activities of the catalysts were calculated by normalizing the current
to that of the electrode area and electrochemical surface area, respectively.
Data acquired from the anodic scans of CVs were used to construct plots of
the overpotential versus current density. Contained in the gradient of these
curves was the Tafel slope, which were used to explain the reaction kinetics

of the electrocatalysis.
2.6.4 Stability test

Chronopotentiometry techniques and CV's were used to evaluate the catalytic

stability of the catalysts.

Chronopotentiometry is a galvanostatic method in which the current at the
working electrode is held at a constant level for a given period of time, whilst
the potential i1s measured as a function of time. Chronopotentiometry
measurements were conducted at a geometric current density of 10 mA cm”
2 for 2 hours. Other experimental conditions, including the amount of
particles, scan rate, and electrodes, were kept consistent to those

incorporated in the activity tests.

Stability was then evaluated by computing the difference between the
maximum catalytic activity and the activity after 200, 400, 800, and 1000
OER cycles. Cyclic voltammetry measurements for the stability tests were
performed under the same conditions as those used for the activity tests. For

determining faradaic efficiency, the amount of dissolved Ru after 5, 10, 100,
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200, and 500 cycles was firstly found using ICP-MS. The Faradaic
efficiencies of the electrocatalysts for these given cycles were then

determined from the charge of Ru and the total charge.
2.6.5 Electrochemical surface area

The electrochemical surface area (ECSA) of the catalysts was determined
from the slope of the capacitive current versus scan rate plots. To obtain a
capacitance value, particles prepared without a carbon support were first
dispersed in toluene. The exact concentration of this solution was determined
using ICP-OES, and this same mass of catalyst was added onto the glassy
carbon surface across all samples. Cyclic voltammetry measurements within
the capacitive potential range were performed at 5, 10, 20, and 50 mV s’!
scan rates. The obtained capacitance was then used to calculate the ECSA

using the corresponding specific capacitance.
2.6.6 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were carried
out using the same experimental setup described above using particles
prepared without a carbon support. After five potentiodynamic cycles, EIS
measurements were performed from 10000 Hz to 0.1 Hz at 1.61 V (RHE)
and 10 mV amplitudes. Before each EIS measurement, pretreatment was
carried out for three minutes under the same potential used for measurement,
after which the current was constant. EIS spectra fitting was done using a
Voigt circuit with two-time constants (R(QR)(QR)) and ’ZSimp.Win 3.22”’

software.
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Chapter 3

Optimization of the synthesis of Co-Au and

Ru-Pd branched nanoparticles
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3.1 Chapter Overview

This chapter covers the synthetic approaches used in fabricating Co-Au and
Ru-Pd branched nanoparticles for improved oxygen evolution reaction in

Chapters 4 and 5 of this thesis.

Successful syntheses of Co-Au branched nanoparticles, and Ru-Pd branched
nanoparticles with precisely controlled branch numbers and branch size, as
well as any synthetic challenges in making these particles, are explained

below in more detail.
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3.2 Co-Au branched nanoparticles synthesis

3D-bimetallic branched nanoparticles consisting of a Au-core and highly
crystalline /Acp-Co-branches were synthesized to develop a Co
electrocatalyst with excellent catalytic performance as described in Section
1.4.1. A cubic-core hexagonal-branch approach was used to grow Co
branches on a Au-core, as this method has been successfully implemented in
designing a wide range of metallic branched nanoparticles systems.!™ It is
imperative that the basic experimental parameters, including reactants and
experimental conditions (i.e. temperature, pressure, time) be determined
prior to nanoparticle synthesis. The pioneering work on this approach by the
Alivisatos group suggests that, excluding seeds, other experimental
parameters such as solvent, reducing agent, and surfactant can be chosen
based on the previous works conducted on similar metallic nanoparticles
(Section 1.5)°. Thus, in accordance with earlier literature work on Co
nanorods® 7 and other branched nanoparticles' 3, Co(acac): and Co(laurate)a,
hexadecylamine (HDA), and mesitylene were selected as the precursors,
surfactant, and solvent species, respectively. These particular reagents were
chosen for the following reasons: (i) Co(acac), was chosen as a precursor
because M(acac)x precursors are generally used for organic solution-phase
synthesis due to their solubility and low decomposition temperatures’ 3. In
addition, Co(laurate), was selected due to its carboxylate anions®’. (ii) HDA
and other long-chain amine surfactants were employed well to stabilize the
lateral facets of hcp-Co, which enable the growth of Co nanorods®. (iii) The
choice of mesitylene was made due to its higher boiling point (164.7°C) and
ability to dissolve the organometallic complexes. Furthermore, Au cores

were used as the template for growing Co branches in this synthesis as they
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are a common seed material, with exceptional durability and well-defined

structure®.

The reduction rate and the reaction time also play a crucial role in the growth
of nanocrystals® °. The use of a weak reducing agent permits the reduction
of the Co slowly, thereby controlling the concentration of Co atoms and
preventing homogeneous nucleation during the synthesis®®. In our group, we
use a Fischer-Porter bottle reaction vessel, as the incorporation of H:
atmospheres can be performed under a controlled environment. These bottles
also provide precise control over temperature and pressure. In particular,
reaction temperatures of 140°C and a 24-hour time period were incorporated
according to the synthetic conditions of Co nanorods® ’. It is important for
the reaction temperature to be able to decompose the metallic precursor and
for the reaction time to provide time to facilitate the formation of the final

product®”’.

Prior to synthesis, Au seeds were prepared according to a previously
published method by Anna in our group'®. Then, to grow cobalt branches,
this Au seed solution was added to a solution containing cobalt(Il)
acetylacetonate and hexadecylamine dissolved in mesitylene. This reaction
mixture was then transferred to a Fischer-Porter bottle, where it was left to
react under 3 bar hydrogen at 140°C for 24 hours. After this time, H> was
released, and the final product was purified twice using a 1:1 toluene and

ethanol solution at 8000 rpm.

Using this approach, the successful synthesis of Co-Au branched
nanoparticles was achieved by optimizing the precursor to seed ratio,

precursor type, and reaction time.
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3.2.1 Experiment 1-3: Effect of precursor to seed ratio.

In order to determine the optimal precursor to seed ratio, a series of
experiments were designed with differing precursor to seed parameters.
Variations in precursor ratio can alter the deposition and surface diffusion
rates of metallic atoms, changing the final shape of nanocrystals’. The
precursor to seed ratio can affect the growth pattern of the secondary metal
on the seed as it changes the available atomic concentration of metal per
seed. To find this optimal precursor to seed ratio when synthesizing Co-Au
branched nanoparticles, three experiments were performed at varying
precursor to seed ratios (10:1 to 30:1 and 100:1 Co:Au). By doing so, the
effect of precursor to seed ratio on the final architecture of synthesized Co-

Au branched nanoparticles could be investigated.
Experimental

For these experiments, the Au seed solution was added to a solution
containing 0.25 mmol cobalt(Il) acetylacetonate (0.065 g) as a precursor and
5 eq. mol of hexadecylamine (0.3018 g) as a surfactant dissolved in 2 mL of
mesitylene. The amount of Au seed was varied in order to achieve ratios of
Co to Au at 10:1, 30:1, and 100:1 while the amount of Co(acac), was kept
constant. The reaction mixture was then taken place under 3 bar hydrogen at
140°C for 24 hours. After the reaction, H> was released, and purification was
done twice using toluene and ethanol solution (1:1 volume ratio) at 8000
rpm. Co0304 nanoparticles were also synthesized using the same method
without the Au seeds (Chapter 4). These experimental set-ups are

summarized in Table 3.1 below.
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Table 3.1. The experimental conditions applied for the precursor to seed ratio on the
synthesis of Co-Au branched nanoparticles.

Exp.#  Co: Auratio The amount The amount of Temp.,°C Time, h

of Co, mmol Au seeds, mmol

1 10:1 0.25 0.025 140 24

2 30:1 0.25 0.0084 140 24

3 100:1 0.25 0.0025 140 24
Results

A noticeable colour change in solution from purple-red to black was a good
indicator of the formation of Co nanoparticles in solution. To support these
initial observations, Figure 3.1 shows the representative low-resolution TEM
images of as-synthesized Co-Au nanoparticles using a Co: Au ratio of 10: 1,

30: 1, and 100: 1, respectively.

When a Co : Au ratio of 10: 1 was applied, Au-Co core-shell nanoparticles
with an average diameter of 19.4+2.3 nm were formed. When the Co: Au
ratio was increased to 30 :1, each nanoparticle would typically have 1-2 Co
branches, with branch length of 21.3 + 8.0 nm and width of 9.0 £1.0 nm
being obtained. These branches grow from a 25.0 +£3.2 nm nanoparticle core,
which itself is of a core-shell structure. When the Co : Au ratio was further
increased to 100 : 1, each nanoparticle would have 3 -5 branches, with branch
length of 63.4 +£12.3 nm and width of 9.3 + 1.4 nm, being formed. The core
diameter of these branched nanoparticles was determined to be 33.2 + 5.4

nm.

77



[ J30:1
B 001

12 3 4 5
Branch number

Percentage / %
o - F

7
é

.

0 20 40 60 80 100
Branch length / nm

R 100 : 1

2

S\
i -

0 20 40 60 80 100
: Branch length / nm

Figure 3.1. TEM images of Au-Co particles synthesized at different Co precursor to Au
seed ratios: (a) Au-Co core-shell nanoparticles (10:1) and (c, e) Co-Au branched

nanoparticles with different branch numbers and lengths (30:1 and 100 :1, respectively),

(b) branch numbers, (d, f) branch lengths of the branched nanoparticles. Scale bars = 50
nm.
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Discussion

Noticeable effects of the precursor to seed ratio on branch number and
branch size were observed in the growth of these Co-Au branched
nanoparticles. At a lower precursor to seed ratio (10: 1), Au-Co core-shell
(Co -spherical) nanoparticles were formed. With an increase in precursor to
seed ratio (30 : 1), branched nanoparticles were obtained. The high precursor
to seed ratio (100 : 1) further increased the branch number and length of

these branched nanoparticles.

The formation of a Co shell can be attributed to the large lattice mismatch
difference (8.1 %) between fcc-Au(111) (2.36 A) and hep-Co(0001) (2.17
A), which is higher than 5.0 %. A similar growth pattern was also obtained
for the formation of Ru-Au branched nanoparticles, where Ru shell formed

on the Au core followed by the growth of Ru branches?.

The growth rate along hcp {0001} facets is higher than that of hcp {10-11}
facets since surfactant molecules stabilize these hcp {10-11} facets during
reaction. Due to their faster growth rate, Co adatoms grow continuously
along this c-axis, thus increasing Co branch length. The number of branches
is also increased at higher precursor to seed ratios since the larger core in
branched nanoparticles provides a higher exposed surface area for nucleation

sites.

Overall, it can be demonstrated that the shape of these Co-Au nanoparticles
as well as their resultant branch number and branch length, can be tuned by

varying this precursor to seed ratio.
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3.2.2 Experiment 4: Effect of the type of precursor

In order to explore the effect of the precursor type on the final shape of Co-
Au nanoparticles, a separate series of experiments were constructed using
two types of Co precursors with different solubilities and decomposition
rates. The choice of a suitable precursor is important for synthesizing
nanoparticles with tunable size and shape. For example, the Chaudret group
compared two types of Co precursors, namely, Co2(CO)s and Co(ns-
CsHi3)(n4-CsHi2) (an organometallic precursor), for the synthesis of Co
nanoparticles®. The use of a Cox(CO)s precursor yielded polydisperse Co
nanoparticles, whereas Co(ns3-CsHi3)(ms-CsHi2) yielded monodisperse Co
nanoparticles. They found out that the decomposition rate, solubility, and by-
products of these precursors can affect the growth mode of nanoparticles by
changing its reaction kinetics. For these reasons, I chose Co(laurate), and
Co(acac)z as Co precursors to investigate the role of precursors on the growth
of Co on Au cores since M(laurate)x and M(acac)x are common precursors

used in nanoparticle synthesis.
Experimental

Two experiments were conducted, one of which used the same protocol for
synthesizing Co-Au branched nanoparticles as described in Exp. 3.
Experiment 4 also used a similar approach, except for replacing Co(acac):

with Co(laurate).. These changes are summarised in Table 3.2.
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Table 3.2. The experimental conditions applied for the effect of precursor on the synthesis
of Co-Au nanoparticles.

Exp. Cobalt Precursor Surfactant Temp., °C Time, h
# precursor to seed
ratio
3 Co(acac) 100 : 1 Hexadecylamine 140 24
4 Co(Il) laurate 100 : 1 Hexadecylamine 140 24
Results

A similar change in reaction solution colour from purple to brown-black was
used to denote the formation of Co nanoparticles. A representative TEM
image of the nanoparticles formed using Co(laurate); is shown in Figure 3.2.
Polydisperse Co-Au core-shell nanoparticles with an average diameter of

30.0 = 5.4 nm were formed when cobalt(Il) laurate was used as a precursor.
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Figure 3.2. TEM image of the particles synthesized using Co(laurate) as the Co
precursor with a corresponding size distribution.
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Discussion

The Chaudret group has previously reported that the decomposition rate of a
precursor plays a critical role in the nucleation step and growth of
nanoparticles’. In this work, it was shown that a higher precursor
decomposition rate enabled anisotropic growth while a slower
decomposition rate enabled the formation of a spherical core’. Thus, the
formation of polydisperse Au-Co core-shell nanoparticles can be linked to
the slower decomposition rate of Co(laurate), precursor compared to

Co(acac)..

3.2.3 Experiment 4-6: Time-resolved experiments.

To further understand the growth mechanism of these Co-Au branched
nanoparticles, time-resolved experiments were carried out. The schematic
illustration and corresponding TEM images of Au seeds and nanoparticles
synthesized after 30 min, 45 min, and 24 h are shown in Figure 6. From these
studies, it can be seen that the growth mechanism of these branched
nanoparticles consists of the following steps: (1) the synthesis of initial gold

seeds, (i1) the formation of Co shell, and (ii1) the growth of Co branches.
Experimental

These experiments were performed under the same reaction conditions as
those used to synthesize Co-Au branched nanoparticles in Exp. 3, except for
varying the reaction time period. These changes are summarized in Table

3.3.
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Table 3.3. The experimental conditions applied for the effect of reaction time on the
synthesis of Co-Au nanoparticles.

Exp. Cobalt Precursor  Surfactant Temp., °C Time
# precursor to seed
ratio
5 Co(acac)> 100 : 1 Hexadecylamine 140 30 min
6 Co(acac)> 100: 1 Hexadecylamine 140 45 min
3 Co(acac)> 100: 1 Hexadecylamine 140 24 h
Results

The schematic illustration and TEM images of synthesized Au seeds and
nanoparticles after 30 min, 45 min, and 24 h of reaction time are shown in
Figure 3.2. Core-shell nanoparticles were obtained after 30 min of reaction,
indicating the formation of an outer Co shell over Au seeds. After 45 min,
short branches were formed from this Co shell, with differences in image
contrast highlighting changes in elemental composition between Co and Au
regions. Branched nanoparticles with a larger core and longer branch lengths
of 63 £ 12 nm were obtained after 24 h, indicating that adatoms of Co grow

on the shell and promote the continuous growth of branches along the c-axis.
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Figure 3.3. Time-resolved synthesis. (a) proposed growth mechanism, (b) initial gold
seeds and nanoparticles formed after (b) 30 min, (c) 45 min, and (c) 24 h reaction periods.

Discussion

In a generic cubic-core hexagonal-branch growth mechanism, hcp-branches
grow on an fcc-core along the c-axis due to the preferential alignment of
atoms on the {111} and {0001} facets’. To understand this growth
mechanism for the Co-Au branched nanoparticle system, time-resolved
reactions were performed. The formation pathway of these branched
nanoparticles was shown to consist of the following steps: (i) the synthesis
of initial Au seeds, (i1) the formation of an outer Co shell, and (ii1) the growth
of Co branches. Outer Co shells formed over Au seeds during the first stage
of the reaction are promoted due to the large lattice mismatch difference
between surface atoms at the Au{ll1} and Co{0001} planes (8.1 %
mismatch). Furthermore, this Co shell reduces the mismatch between surface

atoms, enabling the growth of branches along the c-axis during subsequent
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stages of the reaction. The formation of this shell is consistent with the
previous report on the synthesis of Ru-Au branched nanoparticles, where the

mismatch between Ru and Au is also higher than 5.0 %.?
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3.3 Ru branched nanoparticles with controlled surface facets and

branch numbers

This project aims to synthesize Ru branched nanoparticles with precisely
controlled surface facets and branch numbers for improved OER. The

surface facets can be controlled by tuning Ru branch length.

A cubic-core hexagonal-branch approach was used to make Ru-Pd branched
nanoparticles in this study. The synthesis protocol of Ru-Pd branched
nanoparticles developed by one of our group members (Gloag et al.) was
applied to the following experiments with a few modifications'. In seed-
mediated growth, seed structures®, the rate of adatom diffusion® !!, and
surfactants'? all play a significant role in determining the resultant shape and
size of the final nanoparticles. Hence, the precursor to seed ratio and seed
size were selected as the variable parameters in the synthesis of Ru

nanoparticles for controlling the branch length and number, respectively.

Branch length and, thus, surface facets of Ru branched nanoparticles can be
controlled by altering the precursor to seed ratio. Because branch side facets
({1011}) of branches are passivated by surfactant molecules, the Ru adatoms
could be continuously deposited on the base facets ({0001} ), thus increasing

in length.

Furthermore, the branch number of Ru nanoparticles can be modified by
varying the size of the seed. For instance, a larger cubic seed is expected to
expose more {111} surfaces to deposit Ru adatoms, leading to an increase in

branch number.

To achieve a successful synthesis of Ru branched nanoparticles with strict

control over branch size and number, we first synthesized well-defined Pd
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and Au cubic seeds with precise dimensions. The choice of Pd and Au seeds
was made due to their well-defined and stable structures, making them great
candidates for nanoparticle synthesis® 1>. Using these seeds, Ru branched
nanoparticles with controlled branch lengths and numbers were then
synthesized by optimizing synthetic conditions, including the precursor to

seed ratio, seed size, and surfactant type.
3.3.1 Pd seeds with tunable sizes

The goal of these experiments is to synthesize Pd seeds with tunable sizes.
A thermal composition method was first used to make small Pd seeds, and a
seed-mediated growth approach was then used to obtain larger Pd seeds by
growing Pd atoms onto smaller seeds. Previously established methods for
the synthesis of Pd seeds were applied for the following experiments with a
few modifications!* !°. In order to increase the shell thickness of Pd
surrounding these small seeds, the precursor to seed ratio was varied with
the aim of promoting Pd atom growth. It was hypothesized that Pd seeds with
tunable sizes could be achieved using a similar seed-mediated approach by
varying the precursor to seed ratio based on earlier works on Pd icosahedra'
and core-shell nanocrystals'®!®. For instance, Graham et al. reported the
synthesis of Pd icosahedra seeds (12.9 + 0.7 nm) using a seed-mediated
approach!. In this synthesis, a Pd shell formed on a Pd core (5.8 + 0.4 nm)
via the slow reduction of Pd(acac): in the presence of hexadecylamine as the
surfactant and hydrogen as the reducing agent. In addition, studies conducted
on the synthesis of core-shell nanoparticles!®!® have shown that shell

thickness can be controlled by varying the precursor to seed ratio.

Thus, Pd seeds (3.5 0.4 nm) were first synthesized using a thermal

decomposition method according to previously published works! 4,
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Subsequent experiments (Experiments 8-10) were then conducted using
varying precursor to seed ratios in order to synthesize larger Pd seeds with

controlled sizes.
Experimental

Synthesis of small Pd seeds. Small Pd seeds were synthesized via a thermal
decomposition method according to a previously published protocol® 1419,
Pd(acac); (0.16 mmol, Sigma-Aldrich, 99 %) was dissolved in 5 mL of
oleylamine (Sigma-Aldrich, 70 %) in a 25 mL three-neck flask equipped
with a magnetic stirrer bar. The reaction mixture was then heated to 100 °C
under an Ar atmosphere for 30 min. After this time, 0.25 mL of
trioctylphosphine (TOP, Sigma-Aldrich, 97 %) was added to the reaction
mixture. The temperature was then raised to 250°C at a rate of 3 °C min’!
and held for 30 min. Once complete, the mixture was cooled down under Ar,
and purification via centrifugation was performed 4-5 times using ethanol
and toluene (1:1 volume ratio) at 14000 rpm. The purified Pd seeds were
kept in mesitylene (Sigma-Aldrich, 98 %) for further experiments.

Table 3.4. The experimental conditions applied for the synthesis of small Pd seeds.

Exp. Pd precursor, Solvent/Surfactant Temp. Temp./°C Time
# mmol ramp/ °C
min™!
7 0.16 Oleylamine/ TOP 3 100 30
250 30

Synthesis of larger Pd seeds. Larger Pd seeds were synthesized using a

similar seed-mediated approach, with a slight modification made to the
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synthesis of the Pd icosahedra nanocrystals'®>. Bis(acetonitrile)
dichloropalladium (PdCI2(CH3CNz2) (0.05 mmol, Sigma-Aldrich, 99 %) and
10 eq. molar hexadecylamine (0.5 mmol, Sigma-Aldrich, 90 %) was first
dissolved in toluene (1.0 mL). Pre-synthesized Pd seeds (3.5 £0.4 nm)
(0.00125-0.0125 mmol) and toluene (10 mL, Chem-Supply, 99.9 %) were
then added to this solution. The reaction mixture was then kept under a 3 bar
hydrogen atmosphere at 25°C for 2 hours. Once complete, H> was released,
and purification of the seeds via centrifugation was performed 4-5 times
using an ethanol and toluene solution (1:1 volume ratio) at 14000 rpm. The
synthesized Pd seeds were kept in mesitylene for further studies. The size of

the Pd seeds was tuned by varying the precursor to seed ratio.

Table 3.5. The experimental conditions applied for the synthesis of Pd nanoparticles with
different sizes.

Exp. Pd*:Pd’ Pd precursor, Pd seeds, Temp./°C Time

# ratio mmol mmol

8 4 0.05 0.0125 25 2

9 20 0.05 0.0025 25 2

10 40 0.05 0.00125 25 2
Results

When synthesizing small Pd seeds, the initial reaction mixture of Pd(acac),
oleylamine, and TOP appeared yellow in colour. This transitioned to a black
appearance upon reaction, indicating the formation of Pd seeds. Figure 3.3a
shows the representative low-resolution TEM i1mage and related histogram
of these as-synthesized small Pd seeds. The small Pd seeds are

monodisperse, with an average diameter of 3.5 = 0.4 nm, as supported by
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corresponding histogram data. These small Pd seeds (3.5 + 0.4) nm were then

used to make larger Pd seeds.

Larger Pd seeds were synthesized using a seed-mediated approach. A change
in solution colour from orange-yellow to black was indicative of the reaction
reaching completion. Figure 3b-d shows the representative low-resolution
TEM images and corresponding histograms of the larger Pd seeds with
controlled sizes. The polycrystalline octahedral Pd seeds with an average
diameter of 6.0 £0.7 nm, 8.7 0.7 nm, and 11.5 £0.8 nm were obtained by

varying the Pd*":Pd’ratio from 0.005 to 0.025 and 0.05, respectively.
Discussion

As shown in Figure 3.3, control over the size of Pd nanoparticles was
achieved by varying the amount of precursor with respect to the amount of
Pd seeds. For seed-mediated growth, determining the amount of precursor
needed 1is essential, as suitable concentration will help suppress
homogeneous nucleation and promote the formation of our desired product®
3. By calculating the total surface area of the seeds based on the
morphological and quantitative analysis such as TEM and ICP-MS data, we
can find the amount of precursor needed to make the final product®. Several
studies have been conducted towards synthesizing nanoparticles with the
controlled shell thicknesses by varying the precursor to seed ratio using a
seed-mediated growth approach!'® 2°. For instance, the Xia’s group (2014)
synthesized Pd@PtnL core—shell nanocubes with tuneable shell thicknesses
from one to six atomic layers!’. The thickness of the Pd shell was achieved
by altering the amount of Pd precursor. Gloag et al. reported the synthesis of
Pd-Ru core-shell nanoparticles with different shell thicknesses by changing

the molar ratio of Ru precursor to Pd seeds?'.
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Figure 3.4. TEM images of small Pd seeds synthesized by a one-pot reaction and larger
Pd seeds synthesized by a seed-mediated method by varying the precursor to seed ratio.
(a) small Pd seeds with an average diameter of 3.5 + 0.4 nm (b) precursor to seed ratio:
0.005, Pd seeds with an average diameter 6.6 + 0.7 nm, (c) 0.025, 8.7 = 0.7 nm, (d) 0.05,
11.5+0.8 nm.



3.3.2 Au seeds with different seed sizes

Au seeds were synthesized via a Fischer-Porter bottle synthesis approach
according to a previously established method by our research group
(Henning et al.)!?. The reaction temperature, which influences the rate of
nucleation and seed formation, was varied in order to obtain Au seeds with

tunable sizes®.
Experimental

Hexadecylamine (1.072 g, 4.4 mmol) was first dissolved in toluene (4.0 mL),
followed by the addition of gold (III) chloride hydrate (0.079g, 0.4 mmol) to
this solution. The reaction mixture was placed under a 3 bar hydrogen
atmosphere for 24 hours. The reaction temperatures were varied from 60 to
90°C. Once complete, H> was released, and purification via centrifuge was
conducted twice using a toluene and ethanol solution (1:1 volume ratio) at
8000 rpm. The final, Au seeds were then kept in mesitylene for further
syntheses. The experiments shown in Table 3.6 were performed to obtain Au

seeds with tunable sizes.

Table 3.6. The experimental conditions applied for the synthesis of Au nanoparticles with
different sizes.

Exp.#  Au precursor, Surfactant Temp. / °C Time
mmol

11 4.4 Hexadecylamine 60 24

12 4.4 Hexadecylamine 70 24

13 4.4 Hexadecylamine 80 24

14 4.4 Hexadecylamine 920 24
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Results

During Au seed synthesis, the initial reaction mixture of Au precursor
(HAuCl4 « 3H20) and hexadecylamine appeared as a shade of golden yellow.
Upon reaction completion, this solution colour transitioned to a purple hue,
indicating the formation of Au seeds. Figures 3.4 a-d exhibits the
representative low-resolution TEM images and corresponding size
distributions of the as-synthesized Au seeds. It can be noted that, at 60°C,
the largest Au seeds with an average diameter of 14.0 + 2.7 nm were

obtained.

Figure 3.6 illustrates an inverse relationship between Au seed size and
reaction temperature. Monodisperse cubic Au seeds with an average
diameter of 8.9 + 0.1 nm, 7.6 £ 0.8 nm, and 7.1 =+ 1.0 nm were obtained at
different reaction temperatures of 70°C, 80°C, and 90°C, respectively. Insets
in Figures 3.4 a-d provide insight into the SAED patterns of these Au seeds
with different sizes, similar crystalline structures are obtained for each Au
seeds. Specifically, diffraction rings in these SAED patterns confirm that

these Au nanoparticles are structured in an fcc arrangement.
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Figure 3.5. TEM images of Au seeds synthesized at different temperatures and their
corresponding histograms. (a) 60 °C, 14.0 = 2.7 nm, (b) 70 °C, 8.9 = 1.1 nm, (c) 80 °C,
7.6 £ 0.8 nm, (d) 90 °C, 7.1+ 1.0 nm.
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Figure 3.6 Au seed size as a function of reaction temperature for the synthesis of Au
seeds. Expdecl function was used for fitting and the corresponding equation is shown in
the plot. Where y is the particle diameter at T temperature, yo is the particle’s initial
diameter at To, x is the temperature, T, and A; and t; are constants. Representative TEM
images of each sample are shown in the plot. Scale bar = 5 nm.

Discussion

From these figures, I can conclude that there exists a positive relation
between reaction temperature and reaction kinetics during solution-phase
synthesis of the Au nanocrystals. Increasing the reaction temperature has a
significant impact on the nucleation stage of nanocrystal growth, ultimately
changing their resultant size and shape. As reaction temperature increases,

the number of nuclei increases, resulting in smaller nanoparticles.

3.3.3 Ru-Pd branched nanoparticles with tunable branch size and

branch number

Control over the branch number and branch size of Ru-Pd branched

nanoparticles was achieved via optimization of the precursor to seed ratio,
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seed size, and surfactant parameters. A summary of key experimental

conditions and notable findings are presented below.
3.3.3.1 Experiment 15: The effect of surfactant impurity

The technical grade of purchased oleylamine is usually 70 %, which contains
both short and long-chain primary alkylamines. A set of experiments were

first conducted using this grade of oleylamine surfactant.

Table 3-7. The experimental conditions applied for the synthesis of Ru-Pd branched
nanoparticles using 70 % oleylamine surfactant.

Exp. Ru:Pd Ru(acac);, Pd(acac);, Surfactant Temp.,°C Time,

# ratio mmol mmol h

15 241 0.05 0.0021 Oleylamine 140 24
Experimental

These experiments were performed according to the standard protocol of
synthesizing Ru-Pd branched nanoparticles using the purchased oleylamine

surfactant.
Results

Figure 3.7 shows the representative low-resolution TEM images of Ru-Pd
nanoparticles synthesized using 70% grade oleylamine. The resultant

nanoparticles are polydisperse in both size and shape.
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Figure 3.7. Ru-Pd branched nanoparticles using 70% grade oleylamine.

Discussion

As stated earlier, technical grade oleylamine typically contains both short
and long-chain alkylamines. As a result, the binding energy between
nanoparticles surface are different for these alkylamines, yielding irregularly
shaped, polydisperse nanoparticles. Based on this analysis, 70% oleylamine

was distilled for further syntheses.
3.3.3.2 The effect of precursor to seed ratio

The precursor to seed ratio has been shown to affect the growth mode of a
metallic species during seeded growth by changing its reaction kinetics. This
was observed when growing Co atoms on Au seeds in experiments 1-3 of
Section 3.2.1, that the resultant shape, branch length, and branch number of
the final nanoparticles was tuned by altering the Co to Au ratio. Based on
these findings, Experiments 16-19 were conducted towards synthesize Ru
branched nanoparticles with controlled branch length by changing the

precursor to seed ratio.
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Experimental

Pd-Ru branched nanoparticles. The synthesis of Pd-Ru branched
nanoparticles was first carried out via an organic-phase solution seed-
mediated approach according to a previously published method in our
group.! To grow hcp-Ru branches, a 3.5 nm Pd seed solution (0.001 -0.01
mmol) was added to a mixture containing Ru (III) acetylacetonate (0.05
mmol, Sigma-Aldrich, 97 %) precursor and 5 eq. mol of oleylamine (82 pL)
surfactant dissolved in 1 mL of mesitylene. Four sets of experiments were
conducted, in which the ratio of Ru to Pd was varied from 5:1 to 8:1, 24:1,
and 50:1. Each reaction mixture was then kept under a 3-bar hydrogen
atmosphere at 140°C for 24 hours. Once complete, H> was released, and
purification via centrifugation was conducted twice using a methanol and

toluene solution (1:1 volume ratio) at 4000 rpm.

Table 3.8. The experimental conditions applied when varying the precursor to seed ratio
on the synthesis of Ru-Pd branched nanoparticles.

Exp.# Ru:Pd Ru(acac)s, Pd(acac)z, Temp., Time, h
ratio mmol mmol °C

16 5:1 0.05 0.01 140 24

17 8:1 0.05 0.00625 140 24

18 24:1 0.05 0.0021 140 24

19 50:1 0.05 0.001 140 24
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Results

Each reaction mixture was initially dark-red in colour prior to the Fischer-
Porter bottle reaction. And this colour transitioned to a brown-black shade
post-reaction, indicative of the formation of Ru-Pd nanoparticles.

Figures 3.8 a-d show the representative TEM images of the Ru-Pd
nanoparticles synthesized with varying precursor to seed ratios. At a 5:1
molar ratio, a mixture of spherical and branched nanoparticles had formed.
The formation of these spherical nanoparticles can be attributed to the higher
number of nucleation sites at this lower precursor to seed ratios. This was
also observed in previously published work in which Ru-Pd core-shell
nanoparticles were synthesized at a lower than 2:1 ratio?!. When increased
to 8:1, monodisperse branched nanoparticles were obtained, indicating
equivalence of adatoms to nucleation sites. At a ratio of 24:1, longer
branched nanoparticles were formed. The formation of these longer branches
can be correlated to the additional growth of Ru adatoms on branch tips.
When this ratio was further increased to 50:1, the formation of non-uniform
Ru branched nanoparticles was observed, which can be linked to an excess

amount of Ru adatoms 1n solution.
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Figure 3.8. The effect of precursor to seed ratio at (a) 5 :1, (b) 8: 1, (c) 24 : 1, and (d) 50
: 1 molar ratios.

Discussion

During seed-mediated growth, the size and shape of synthesized nanoparticle
products can be manipulated by varying the precursor to seed ratio®® 3. In
these set of experiments, different precursor to seed ratios resulted in the
formation of (i) a mixture of core-shell and branched nanoparticles (5:1), (i)

branched nanoparticles with controlled branch sizes (8:1, 24:1), and (ii1) a
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mixture of branched nanoparticles and irregular shaped small nanoparticles

(50:1).

These noticeable changes can be attributed to the following respective
reasons: (1) a lower number of Ru(IIl) precursor ions relative to Pd precursor
altering the reaction kinetic by increasing the diffusion rate of Ru adatoms.
(i1) an optimization in the precursor to seed ratio enabling the continuous
growth of Ru adatoms along the c-axis (<111> direction). (ii1) a higher

number of Ru(IIl) precursor ions resulting in homogenous nucleation.
3.3.3.3 Experiment 20-23: The effect of seed size on the branch number

I performed a set of experiments to obtain Ru-Pd branched nanoparticles
with tunable branch numbers. It has been demonstrated that heterogeneous
nucleation of metallic atoms can occur on particular seed sites through
variation of the underlying reaction kinetics*>?%. The Xia group, for instance,
investigated the effect of the nucleation and growth rates of Ag on Pd cubic
seeds through variation of specific reaction parameters, including the
precursor injection rate, capping agent, reductant species, and reaction
temperature®. Through these experiments, they found that Ag atoms could
be selectively deposited on a specific number of Pd seed facets by regulating
these reaction kinetics, resulting in the formation of Pd-Ag bimetallic core-
shell nanocrystals. Using this, I hypothesize that the number of available Pd
seed facets for depositing Ru atoms can be tuned by changing the Pd seed
size, thus resulting in nanoparticle products with tunable branch numbers.
To help explore this, experiments 20-23 were conducted such that the size of

incorporated Pd seeds was varied between trials.
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Experimental

Pd-Ru multi-branched nanoparticles with 11 nm long branches. Pd-Ru
multi-branched nanoparticles were synthesized according to the same
protocol used for designing Pd-Ru branched nanoparticles with 11 nm long
branches. An identical precursor to seed ratio of 24:1 was incorporated,
whilst Pd seeds with sizes of 3.5 £ 0.4 nm, 6.0 = 0.7nm, 8.7 =+ 0.7 nm, and

11.5 + 0.8 were used.

Table 3-9. The experimental conditions applied for the synthesis of Ru-Pd branched
nanoparticles with controlled branch numbers.

Exp. # Ru : Pd ratio Pd seeds size, nm Temp., °C Time, h

20 24:1 35+04 140 24

21 24:1 6.0+0.7 140 24

22 24:1 8.7+0.7 140 24

23 24:1 11.5+0.8 140 24
Results

Branched nanoparticles with 2-4 branches were observed when the 3.5 nm
Pd seeds were used during synthesis. When the Pd seed size was increased
from 3.5 nm to 6 nm and 8.7 nm, the average number of branches has also
increased to within 3-5, with multiple branching also taking place. As seed
size was further increased to 11.5 nm, irregularly shaped multi-branched

nanoparticles were obtained.
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Figure 3.9. Multi-branched Ru-Pd nanoparticles using Pd seeds of different sizes. (a) 3.5
+ 0.4nm, (b) 6.0 = 0.7 nm, (¢) 8.7 = 0.7 nm, and (d) 11.5 + 0.8 nm Pd seeds.

Discussion

Larger Pd seeds increased the number of Ru-branches. Truncated
octahedron seeds have 8 {111} facets and 6 {100} facets, while cubic-
icosahedron seeds possess 20 {111} facets®. For the growth of Ru on Pd
seeds (which have a truncated octahedron shape), deposition can be made to
occur on a controlled number of Pd seed facets by simply changing the Pd

seed size. An increase in Pd seed size led to the formation of multi-branched
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Ru-Pd nanoparticles. When small Pd seeds were used during the reaction,
Ru deposition only occurred on 2-3 8{111} Pd facets. Ru adatoms were
continually deposited to these facets due to the surfactant hindrance, thereby
resulting in the formation of Ru-Pd branched nanoparticles with 2-3
branches. When larger Pd seeds were used, deposition occurred over more
{111} facets, leading to the formation of multi-branched Ru-Pd
nanoparticles. As the Pd seed size was further increased to 11.5 nm,
irregularly shaped nanoparticles were obtained. Ru atoms nucleation
occurred on all {111} faces of these large Pd seeds, thus altering the growth

mechanism of these branches.
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3.4 Conclusion

These results demonstrated that a cubic-core hexagonal-branch growth
approach in an organic solution-phase environment could lead to the
successful synthesis of bimetallic-branched nanoparticles with controlled
surface facets and branch numbers.

The growth mechanism of Co-Au branched nanoparticles with highly-
crystalline 4cp-Co branches was first investigated. The precursor to seed
ratio, the type of precursor, and reaction time were found to be critical
parameters in deciding the overall growth of Acp-Co branches on the Au-
core.

The use of well-defined seeds with controlled size and shape is also
important for the formation of branched nanoparticles. Control over the size
of Au seeds was made possible by adjusting reaction temperature. Larger Pd
seeds were also synthesized through variation of the precursor to seed ratio
within the confines of a seed-mediated growth approach. Bringing all these
synthetic parameters together and investigating their effect on a different
bimetallic Ru-Pd system, it was similarly noted that the precursor to seed
ratio, surfactant, and seed size played a critical role in the tuning of branch
size and branch number during the growth of Ru branched nanoparticles.
The catalytic properties of these Co-Au and Ru-Pd branched nanoparticles
will be explored in Chapters 3 and 4.
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Chapter 4

Increasing the formation of active sites on
highly crystalline Co branched nanoparticles
for improved oxygen evolution reaction

electrocatalysis
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4.1 Summary

The publication “Increasing the Formation of Active Sites on Highly
Crystalline Co Branched Nanoparticles for Improved Oxygen Evolution
Reaction Electrocatalysis™ has been used in lieu of this chapter. The aim of
this chapter is to understand the formation of catalytically active sites on
highly crystalline hcp Co branched nanoparticles for the OER. First, It was
hypothesized that designing highly crystalline Acp Co branched
nanoparticles would provide a more catalytically stable surface under OER
conditions, with possible retention of Co(OH). on the nanoparticle surface,
and which would thereby result in an increased density of catalytically active
sites for improved OER performance. Therefore, Co branched nanoparticles
were first synthesized, and their catalytic activities were then evaluated in
comparison to Co spherical nanoparticles and Co30O4 nanoparticles. The
results indicated that Co branched nanoparticles were the most catalytically
active and stable, followed by Co spherical nanoparticles and Co3O4 oxide
nanoparticles. In particular, we concluded that the origin of improved
catalytic activity observed in the Co spherical nanoparticles and Co branched
nanoparticles in comparison with the Co3z0O4 nanoparticles lies within the
biphasic oxide surfaces composed of Co3O4 and Co(OH).. This is because
the more catalytically active Co(OH); surface is retained on the branched
nanoparticles during OER due to the low indexed facets present on the Acp
branches, and which thereby resulted in the greater catalytic activity

observed.
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The electrocatalysis of the oxygen evolution reaction (OER) at
the surface of oxidized metal electrocatalysts is highly depend-
ent on the structure and composition of the surface oxide.
Here, Au core- Co branched nanoparticles were synthesized
using a cubic-core hexagonal-branch growth approach in a
slow reductive solution synthesis, resulting in highly crystalline
metallic hcp Co branches. Electrochemical surface oxidation of

Introduction

Producing H, as fuel by water electrolysis is a sustainable way
to store energy from renewable intermittent energy sources
such as wind and solar."! However, this process is limited by the
much slower oxidation of water into O, at the anode side of the
electrolyzer™ Among earth-abundant alternatives as electro-
catalysts for the oxygen evolution reaction (OER), Co oxide
provides good activity in both neutral and alkaline
environments® although higher overpotentials compared to
precious metals such as Ru and Ir oxides are still necessary to
achieve the desirable current densities.”

Controlling metal oxide formation during oxidation reac-
tions affects the electrocatalytic performance.*®! The surface
structure of the oxide influences the catalytic activity, by
changing the electronic properties”™'® and the density of active
sites present at the surface!""" The nature of the Co surface
oxide will affect its electrochemical transformation into the Co
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the Co branched nanoparticles resulted in formation of Co(OH),
that enable the formation of a higher number of active sites
under OER conditions compared to Co;0,. Differently from
polycrystalline spherical Au—Co core-shell nanoparticles, the
oxidized structure on the Co branched nanoparticle surface is
retained with electrochemical cycling, resulting in improved
OER activity and stability.

(OOH) active phase and subsequent formation of Co** active
sites under OER conditions.”! Recent studies with layered
structures such as Co(OH), and CoO,(OH), have shown
improved OER activity compared to spinel Co;0,, which was
correlated with a higher density of the active phase formed
upon electrochemical oxidation on these more opened,
hydrated structures.>' Also, while the spinel Co,0, requires
substantial atomic rearrangement in the lattice during the
electrochemical redox processes, this happens with minimal
structure transformations on the Co(OH), layered structure."!
Therefore, for highly OER active Co-based catalytic nano-
particles, control over the Co-oxide surface structure, with
retention of the lower oxidation state Co(OH), at the surface as
opposite to the more compact Co;0, structure under OER
electrochemical conditions in alkaline electrolyte, is a desirable
requirement.

We have recently shown that the surface of hcp Ru
nanoparticles is more stable against oxidation than polycrystal-
line Ru, resulting in slower dissolution under OER conditions in
acid electrolyte and improved activity and stability."®'7 There-
fore, we expect that obtaining highly crystalline hcp Co nano-
structures can result in a more resistant-to-oxidation surface
under OER conditions, with possible retention of Co(OH), at the
surface, resulting in increased density of active sites for better
OER performance.

In this work, we used a cubic-core hexagonal-branch
approach to grow highly-crystalline hcp structured Co branched
nanoparticles on fcc structured Au nanoparticles as electro-
catalysts for the OER in alkaline electrolyte. The highly
crystalline surface of the Co branched morphology provided
better control of the oxide formation, resulting in an electro-
chemically stable Co(OH), surface and improved OER activity
and stability when compared to spherical polycrystalline Co
spherical nanoparticles.

® 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results and Discussion

To synthesize the hcp Co branched nanoparticles, a cubic-core
hexagonal-branch growth approach was used to control the
growth of hexagonal Co branches on cubic Au seeds. Cobalt(lll)
acetylacetonate was added to a mixture of monodisperse Au
seeds (8.4+ 1.0 nm, Figure S1), hexadecylamine and mesitylene
and heated at 140°C for 24 h in a hydrogen gas atmosphere of
3 bar, which has been shown to enable the formation of highly
crystalline hcp branches. Although Au being a relatively
expensive metal, its molar ratio with respect to Co is only
1:100."®! TEM images in Figure 1 show that the branched
nanoparticles typically have 3-5 branches, with branch length
measured at 63+ 12 nm and width at 941 nm (Figure S2). The
branches typically grow from a 28-36 nm nanoparticle core,
which itself is of core-shell structure. As shown in Figure 1b, the
branches extend from a lighter contrast Co shell around a
darker contrast Au core. This is important for branch growth
because it offsets the strain between highly mismatched surface
atoms at the Au {111} and Co {0001} planes (8.1 % mismatch).?"

The Co branched nanoparticles each consists of an oxide
shell that surrounds the entire core and branches, as shown by
the HAADF-STEM image and STEM-EDX elemental maps in
Figures 2a-b. The 2-3 nm oxide layer is a result of surface
oxidation as the nanoparticles were exposed to air post-
synthesis.”? High-resolution TEM (HRTEM) images in Figures 2c,
S3a-b show a highly crystalline Co branch that grows along the
c-axis of a hcp structure, as indicated by the FFT pattern
obtained from the core region of the branch (Figure S3c).

>

20 nm

Figure 1. (a) Low resolution TEM image of Co branched nanoparticles, (b)
TEM image of a typical Co branched nanoparticle.
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Growth along the hexagonal c-axis is consistent with other rod-
like morphologies observed for hcp Co nanoparticles.”-2*! The
highly crystalline metallic Co can facilitate the electron transfer
processes, contributing to higher activity.”” The oxide surface
adopts a cubic crystal structure with the corresponding FFT
showing a rhombic array of spots that can be indexed to a
< 110> zone axis (Figure S3b). The lattice spacings of 2.1 A and
2.4 A are consistent with the {200} and {111} lattices of rock salt
CoO0, respectively.

Co spherical nanoparticles with an average diameter of
19.44+2.3 nm were formed over the Au seeds when the Co:Au
ratio was reduced by 10 fold (Figure S4). STEM-EDX analysis
shows that the Au-core-Co-shell structures are surrounded by a
2-3nm oxide layer (Figures 2d-e). Both the Co and surface
oxide layer are polycrystalline or partially crystalline, as shown
by the random arrangement of atoms in the HRTEM image in
Figure 2f.

The nature of the oxide layer of the Co branched and Co
spherical nanoparticles was further analyzed by X-ray photo-
electron spectroscopy (XPS). The spectra in the Co 2p region of
the as prepared nanoparticles are shown in Figures 3a and 3c
for the Co branched and Co spherical nanoparticles, respec-
tively. For both samples, the oxidized Co 2p3/2 and 2p1/2 peaks
are centered at 781 eV and 796.7 eV respectively, followed by
the satellite peaks at 786 eV and 802.9 eV that are characteristic
of predominant Co?*,**#! in accordance with the CoO structure
observed by HRTEM (Figure S3).

Although the composition of the surface oxide revealed by
XPS is similar for the as prepared Co branched and Co spherical
nanoparticles, the difference in their crystalline structures
affects the stability of the surface oxide during electrochemical
cycling. This is revealed by XPS analysis of the nanoparticles
after 50 voltammetric cycles between —0.3V and 1.7V (RHE) in
KOH 1 molL™" electrolyte. Differently from when the Co is
oxidized in air to produce CoO, Co(OH), is formed by electro-
chemical oxidation in alkaline electrolytes.” While the Co
branched nanoparticles still retain the presence of Co’~ at the
surface (Figure 3b), the Co spherical nanoparticles present
predominant features of Co,0, after cycling (Figure 3d), which
is similar to that observed for Co,0, nanoparticles (Figure S5).
These results show that the highly crystalline hcp structure of
the Co branched nanoparticles are more stable against
oxidation, as previously observed for single-crystalline hcp Ru
nanoparticles,"® preserving the less oxidized Co(OH), at the
surface with electrochemical cycling.

The changes in the surface oxide structure with electro-
chemical cycling observed with XPS were monitored by analysis
of the cyclic voltammograms during the first 50 cycles. The first
cycle for the Co branched nanoparticles (navy line in Figure 4a)
presents two defined oxidation peaks at 0.29V and 1.02V,
corresponding to the formation of Co(OH), and its oxidation to
Co®* respectively.” Both processes are highly irreversible, with
the presence of only a small reduction peak at 0.94V,
corresponding to partial reduction of Co®~. In the second cycle
(green line in Figure 4a), all peak currents decrease and two
defined oxidation peaks at 0.96 V and 1.08 V become evident.
These two peaks correspond to the oxidation of Co(OH), to
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Figure 2. (a) HAADF-STEM image and STEM-EDX elemental maps of Au (orange), Co (cyan) and O (magenta) of a Co branched nanoparticle, (b) Overlay of
elemental maps in (a), () HRTEM of a Co branch, (d) HAADF-STEM image and STEM-EDX elemental maps of Au (orange), Co (cyan) and O (magenta) of a Co

spherical nanoparticle, (e) Overlay of elemental maps in (d), (f) HRTEM of a shell.
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Figure 3. XPS spectra in the Co 2p region of as prepared (a) and after cycling
(b) Co branched nanoparticles and as prepared (c) and after cycling (d) Co
spherical nanoparticles. Cycling = 50 potentiodynamic cycles in KOH

1 molL™" between —0.3 V and 1.7 V (RHE) at 50 mVs ™.

Co,0, and oxidation of the tetrahedral Co®* sites of Co,0, to
CoOOH respectively.” With further cycling (black and red lines
for cycles 10 and 50 respectively in Figure 4a), the peak from
oxidation of Co(OH), to Co,0, vanishes and only the peak from
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oxidation of Co,0, to CoOOH is evident, with concomitant
increase in the formation of Co** active species at 1.41V. The
tetrahedral Co>* sites from Co,0, are known to be the ones
responsible for the formation of CoOOH at 1.08 V, which is the
active phase for OER!"?? The retention of the more open,
layered Co(OH), structure in the branched nanoparticles under
OER conditions allows the formation of a higher amount of
these active sites" as evidenced by the higher current densities
of the peak at 1.08 V.

For the Co spherical nanoparticles, multiple and less defined
oxidation peaks are observed in the first cycle (navy line in
Figure 4b), and although a similar amount of Co is present at
the electrode surface (as their ECSAs are similar as shown in
Figure S6 and Table S1), formation of a lower number of active
species at more positive potentials (lines green, black and blue
for cycles 2, 10 and 50 respectively in Figure 4b) are observed in
the subsequent cycles.

In contrast to the Co spherical nanoparticles and Co
branched nanoparticles, no defined oxidation peaks are
observed for the Co,0, nanoparticles (yellow line in Figure 4c)
and only a capacitive current starting from 0.95V is present.
The absence of defined oxidation peaks is possibly due to
predominant capacitive current from —OH adsorption at the
non-active octahedral Co’* sites of Co0,0, The cyclic
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Figure 4. Evolution of the cyclic voltammogram profiles with cycling for the
(a) Co branched nanoparticles and (b) Co spherical nanoparticles; (c)
Comparison of the 50th cycles for the different nanoparticles. 1st cycle
(navy), 2nd cycle (green), 10th cycle (black) and 50th cycle (red for Co
branched, blue for Co spherical and yellow for Co;0, nanoparticles). Scan
rate=50 mVs ™, electrolyte =KOH 1 molL"".

voltammograms (Figure 4c for comparison of all samples) also
show that for the Co branched nanoparticles, the formation of
the Co** active sites occurs at a potential 60 mV more negative,
and with charge density significantly higher than for the Co
spherical nanoparticles and Co;0, nanoparticles. The fact that
more active sites are formed at the surface of the Co branched
nanoparticles suggests that their highly crystalline structure
enables the retention of the Co(OH), at the nanoparticle surface
with electrochemical cycling as revealed by XPS; a surface that
is known to provide the formation of more OER active sites™'*!
and a resultant higher electrocatalytic activity. Furthermore, the
presence of defined reduction peaks corresponding to Co**/
Co™* and Co**/Co®* denotes the higher reducibility of the Co
branched nanoparticles surface, which has been recently
identified as a descriptor of higher OER active sites density.”!
The OER electrocatalysis on the different nanoparticles was
evaluated after the 50 voltammetric cycles between —0.3 V and
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1.7V (RHE) in KOH 1molL™", after which changes in the
potentiodynamic profiles were no longer observed. The same
mass of Co was deposited on the glassy carbon surface for all
samples. The anodic scan of the 50th cycle of the voltammo-
grams in Figure 5a shows that the OER starts at lower over-
potentials and reaches higher geometric current densities with
the Co branched nanoparticles than with the Co spherical and
Co,0, nanoparticles. The Co branched nanoparticles reach a
geometric current density of 10 mAcm™ at 1.55V (320 mV
overpotential with respect to the thermodynamic OER poten-
tial), while at this same potential the Co spherical and Co,0,
nanoparticles reach much smaller geometric current densities
of 2.63 mAcm™ and 1.91 mAcm™? respectively. The OER activity

0 N " A
1.0 1.2 14 1.6
(b) E /V (RHE)
45t -
> ° °
£ 30} . ° .
31 " H ) o b
15F v -
0 . . A
0 2 4 6

ti- 10ma cm2 / MIN

©  qeof ]

ANNS)

0 20 40 60 80 100
Z2'1Q

Figure 5. (a) Capacitance subtracted anodic scan of the 50th cycle of cyclic
voltammetry to show the OER activities; (b) Changes in overpotential with
time at 10 mA cm 2 (c) Fitted Nyquist plots of electrochemical impedance
spectroscopy. Co branched nanoparticles (red), Co core-shell nanoparticles
(blue) and Co,0, nanoparticles (yellow). Scan rate= 50 mV's™'; electrolyte:
KOH 1 molL ™.
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achieved with the Co branched nanoparticles is comparable to
that of the noble metal nanoparticles Ir and Ru in acid
electrolytes (Figure S7). The activity of the Co branched nano-
particles is also among the highest recently reported for Co
based nanoparticles (Table $2),°°*3 showing that designing
highly crystalline branched nanoparticles of hcp structure is a
good strategy to achieve highly active electrocatalysts.

The differences in geometric activities for the different
nanoparticles could be also ascribed to differences in their
surface areas exposed for the OER. However, the ECSA of the Co
branched nanoparticles, obtained from the capacitive current at
different scan rates of unsupported nanoparticles, is
6.8 cm?’mg™', which is similar to the Co spherical nanoparticles
and slightly lower than the Co,0, nanoparticles (Figure S6 and
Table S1). This means that the higher geometric activity of the
Co branched nanoparticles cannot be ascribed to higher surface
area. The specific activity (activity normalized by the ECSA) at
an overpotential of 400 mV of the Co branched nanoparticles is
9.8 mAcm~2 which is 3.8 and 5.8 times higher than the Co
spherical and Co,0, respectively (Table S1). This means that the
electrocatalytic performance of the different nanoparticles is
dictated by the surface structure rather than the electrochemi-
cally available surface area.

The stability under a constant geometric current density of
10 mAcm~2 (Figure 5b) is initially similar for all nanoparticles,
with the overpotential required to keep the applied current
density increasing by around 15 mV after 1 h. The overpotential
increases faster for the Co,0, and Co spherical nanoparticles
than for the Co branched nanoparticles over time, reaching
53 mV, 38 mV and 26 mV after 6 h respectively, suggesting the
formation of more active sites due to delayed surface oxide
formation with the branched nanoparticles. This indicates that
the surface of the Co branched nanoparticles is more stable,
resulting in retention of activity for longer times.

All Nyquist plots of the electrochemical impedance spectro-
scopy (EIS) experiments in Figure 5c show two semi-circle
responses that were fitted using a Voigt circuit with two time
constants, assuming negligible change in the coverage of
intermediates caused by the potential oscillation (10 mV
amplitude) and that the catalyst films are thin enough so there
is no resistance loss on the catalyst surface (See Table S3 for
fitted parameters).*? The semi-circle at higher frequencies
corresponds to the catalyst film and shows similar charge
transfer resistance for all samples. The semi-circle at lower
frequencies corresponds to the OER process and shows that the
resistance to charge transfer for the Co branched nanoparticles
is 2.5 and 4.5 times lower than the Co spherical and Co;0,
nanoparticles respectively, showing that the OER faradaic
process is faster at the Co branched nanoparticles surface. The
faster charge transfer is also evident from the Tafel slopes
(Figure S8): for the Co branched nanoparticles, this is
117 mVdec™, slightly lower than the 120 mVdec™' correspond-
ing to the first step of OH adsorption as the rate determining
step."? The Co spherical and Co,0, nanoparticles present
higher Tafel slopes of 192 mVdec™' and 228 mVdec™' respec-
tively, usually observed for pristine Co,0, surfaces,” that can
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be related to the contribution of other processes such as oxide
formation.®!

Conclusion

Using a cubic-core hexagonal-branch growth approach, highly
crystalline hcp Co branched nanoparticles were synthesized.
The obtained nanoparticles presented much higher OER activity
than polycrystalline Co spherical and Co;0, nanoparticles. The
higher activity is related to the highly crystalline hcp structure
that retains the presence of Co(OH), at the surface of the
nanoparticles, enabling the electrochemical formation of higher
density of Co™™ active sites. These results show that for
nanoparticles, engineering metallic nanoparticles with defined
surface structure to control the formation of surface oxide is
crucial for highly active electrocatalysis and this concept can be
extended to a wide range of electrocatalytic reactions that are
affected by the oxide formation.
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Experimental Section
Materials.

Gold(IIT) chloride hydrate (HAuCls -3H20, >99.9 %), cobalt(II) acetylacetonate (Co(CsH702)2,
97.0 %), hexadecylamine (CH3(CHz2)1sNH2, 90.0 %), and mesitylene (CsH3(CHs)s, 98.0 %)
were purchased from Sigma-Aldrich Co.. Ltd., Australia. Toluene (99.9%). ethanol (95.0%).
and potassium hydroxide (>85.0 %) were purchased from Chem-Supply Pty Ltd Australia.
Synthesis of Au nanoparticles.

Au seeds were prepared according to a previously published method in our group. [
Hexadecylamine (1.072 g, 4.4 mmol) was firstly dissolved in toluene (4.0 mL). Gold (III)
chloride hydrate (0.079g, 0.4 mmol) was then added to the solution. The reaction mixture was
then taken place under 3 bar hydrogen at 70°C for 24 hours. After the reaction, H2 was released
and purification was done twice using toluene and ethanol solution (1:1 volume ratio) at 8000

rpm. Then, Au seeds were kept in mesitylene to further syntheses.
Synthesis of Co Nanoparticles.

The syntheses of the Co spherical nanoparticles and Co branched nanoparticles were carried
out using an organic-phase solution seed mediated approach. To grow the hcp branched and
polycrystalline cobalt shell, the Au seed solution was added to a solution containing 0.25 mmol
cobalt [l acetylacetonate (0.065 g) as a precursor and 5 eq. mol of hexadecylamine (0.3018 g)
as a swrfactant dissolved in 2 mL of mesiltylene. The ratio of cobalt to Au was 10:1 for spherical
nanoparticles and 100:1 for branched nanoparticles. The reaction mixture was then taken place
under 3 bar hydrogen at 140°C for 24 hours. After the reaction, H> was released and purification
was done twice using toluene and ethanol solution (1:1 volume ratio) at 8000 rpm. Co03O4
nanoparticles were also synthesized, using the same method without the Au seeds.
Characterizations.

TEM Characterization: Low-resolution TEM was performed on a Philips CM200 operated
at 200 kV. High-resolution TEM and STEM-EDX were performed on a JEOL JEM-F200 (200
kV, cold field emission gun)c equipped with an annular dark field detector and a JEOL
windowless 100 mm? silicon drift X-ray detector.

XPS Characterization: X-ray photoelectron spectroscopy (XPS) characterization was
performed on an ESCALab 250 Xi (Thermo Scientific) spectrometer with a monochromated
Al Ka source. The pressure in the analysis chamber during measurement was < 108 mbar. The

Ppass energy and step size for narrow scans were 20 eV and 0.1 eV respectively, with a take-off
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angle normal to the sample surface. Spectral analysis was performed using Avantage 4.73

software and the curve fitting was carried out with a mixture of Gaussian—Lorentzian functions.

ICP-OES Characterization: For the inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) the samples were digested in aqua-regia and analyzed using an
Optima7300DV- ICP-OES PerkinElmer instrument at the selected wavelengths of Co 228.610
and Au 267.595.

Electrochemical section

Catalysts ink preparation. For the electrochemical studies firstly, the nanoparticles were
supported in carbon Vulcan to give 20 wt% Co by sonication of a hexane dispersion of the
nanoparticles and carbon followed by centrifugation and washing with ethanol. Then, the
carbon loaded nanoparticles (2.5 mg) was dispersed in a solution of an isopropanol (1000 puL)
and Nafion 0.5 % v/v (20 uL) to make an ink. The actual wt % of Co was determined by ICP-
OES and the same mass of the metal was added on the glassy carbon surface (~20 pL on 5 mm

diameter) for all samples as the working electrode.
Electrochemical measurements.

Cyclic voltammetry measurement: The measurements were performed using an Autolab
potentiostat running with Nova 2 software. The working electrode was kept rotating at 1600
rpm during the experiments and a 1 mol L™ KOH solution was used as the electrolyte. A Pt-
mesh and Hg[HgO|1 mol L! NaOH were used as a counter electrode and reference electrode,
respectively. All potentials were converted to the reversible hydrogen electrode (RHE) by
measuring the potential between the reference electrode and a freshly prepared standard
reference electrode (SHE) and considering the electrolyte pH. The surface Co oxide due to
nanoparticles exposure to air was firstly removed by keeping the potential at -0.3 V (RHE) for
3 minutes. Without opening the electric circuit, the OER activity was then measured by cyclic
voltammetry between -0.3 V vs. and 1.7 V (RHE) at 100 mV s,

Stability test: The stability was evaluated by chronopotentiometry measured at a geometric
current density of 10 mA cm? for 2 hours. The activity of commercial ruthenium and iridium
catalysts were determined using 0.1 M HCIlOs as the electrolyte. Other experimental conditions
including the amount of particles, scan rate, and electrodes were kept the same.
Electrochemical surface area: The electrochemical surface area (ECSA) of the catalysts were
determined from the slope of the capacitive current versus scan rate plots to obtain the

capacitance: firstly, the particles without carbon support were dispersed in toluene. The exact
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concentration was determined using ICP-OES and the same mass (0.03 mg) of Co was added
on the glassy carbon surface for all samples. Cyclic voltammetry measurements in the
capacitive potential range were performed at 5, 10, 20, and 50 mV s™. The obtained capacitance

was then used to calculate the ECSA using the specific capacitance of (620 + 150) uF cm™. B}

Electrochemical impedance spectroscopy: Electrochemical impedance spectroscopy (EIS)
measurements were carried out with the same experimental setup described above using
particles without carbon support. After five potentiodynamic cycles, EIS measurements were
performed from 10000 Hz to 0.1 Hz at 1.61 V (RHE) and 10 mV amplitude. Before each EIS
measurement, pretreatment was carried out for three minutes at the same potential used for
measurement after which the current was constant. The fitting for EIS spectra were done using

the Voigt circuit with two time constants (R(QR)(QR)) using the ’ZSimp.Win 3.22°” software.

Supplementary figures:

FSRUR Y
6 7 8 9 10 11 12
Diameter (nm)

Figure S1: TEM analysis of Au seeds (a-b) TEM images of Au nanoparticles with average diameter of
8.4+ 1.0 nm used as seeds for Au-Co core-shell and Au-Co branched NPs and (c) Histogram of the size
distribution of Au nanoparticles shown in (a-b)
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Figure S3: (a) TEM image of a Co branch. (b) HRTEM image of part of the branch in (a) indicated by
the red box. (c) FFT of the HRTEM image at the oxide surface (purple box) indexed to a cubic <110>
zone axis. (d) FFT of the HRTEM image at the core region (blue box) indexed to a hexagonal <01-10>
zone axis. The lattice measurements of 2.0 A at the core, and 2.1 A and 2.4 A at the shell regions are

consistent with the lattice spacings of hcp Co{0002}, cubic CoO{200} and cubic CoO{111},
respectively.
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Figure S4: (a) TEM image and (b) histogram (average diameter 19.4 + 2.3 nm) of polycrystalline Co
nanoparticles
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Figure S5: (a) TEM image, (b) histogram (average diameter of 4.8 + 1.4 nm) and (c) XPS spectrum
in the Co 2p region of the Co3O4 nanoparticles. The dashed lines in the XPS plot indicate the position
of the XPS peaks for the as prepared Co branched and Co spherical nanoparticles, evidencing the
difference with the surfaces containing Co®" species.
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Figure S6: The relationship between current versus scan rate to determine electrochemical surface area.
(a) Co branched nanoparticles, (b) Co spherical nanoparticles, and (c) Co3O4 nanoparticles.; electrolyte

=KOH 1 mol L.

Table S1: Electrochemical surface area (ECSA) determined from the graphs shown in Figure S6! and

specific activity (SA).
Nanoparticle ECSA SA @ n=400 mV
cm?*/mg mA/cmZ,
Co Branched 6.7£3.0 9.8£3.0
Co spherical 6.9£2.7 2.6x0.7
Co0304 9.1+3.8 1.7£0.5

Table S2. Comparison of catalytic activities of Cobalt -based electrocatalyst materials and

commercial electrocatalysts (Ir, Ru) for OER.

Materials Overpotential to reach 10 mA cm™ Electrolyte Ref.

Co branched nanoparticles 320 mV 1M KOH This work

Co spherical nanoparticles 450 mV 1M KOH

Co0304 nanoparticles 490 mV 1M KOH

SnCoFe-Ar 300 mV 1M KOH bl

CoNi-SAs/NC 340 mV 1M KOH 1]

NiC0Ss@g-C3NsCNT 330 mV O»-saturated 0.1 m

M KOH

SC CoO NRs 330 mV 0, saturated 18]
1.0M KOH

Ce(3)-Co304 369 mV 1M KOH ]

CoOx-nanoplates 306 mV 1M KOH 1ol

B-NiCoFe 342 mv 0, saturated o
1.0M KOH

SCONC 310 mV 0.1M KOH 1

PrBaCo010s 75 360 mV 05 saturated 3]
1.0M KOH

Col1-yCeyOx/FTO 320 mV 0.1M KOH o4
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Figure S7: Anodic scan of the 1%, 5, and 10® cycle of cyclic voltammetry to show the OER activities
of commercial (a) ruthenium and (b) iridium catalysts. Cyclic voltammetry measurements were
measured in 0.1 M HCIO4 at 100 mV sec™! scan rate with rotation speed of 1600 rpm.

Figure S8: Tafel plots of the catalysts from the 50% cycle of cyclic voltammetry of hep Co branched
nanoparticles (red), Co spherical nanoparticles (blue), and Cos;O4 nanoparticles (yellow). Scan rate =100

mV st

Table S3. Equivalent circuit and fitted parameters of the impedance diagrams

Branched | Core-shell C0304
Rs/Q 6.279 0.01 5.959
CPE1/S s" 3.84E-05 0.001472 | 0.000819
R1/Q 9.175 52.65 89.74
CPE2/Ss" 0.002062 | 1.14E-05 | 0.000159
R:/Q 23.52 20.74 10.46
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Chapter 5

Controlling the number of branches and
surface facets of Pd-core Ru-branched
nanoparticles to make highly active oxygen

evolution reaction electrocatalysts

Publication One

Munkhshur Myekhlai, Tania M. Benedetti, Lucy Gloag, Agus R.
Poerwoprajitno, Soshan Cheong, Wolfgang Schuhmann, J. Justin Gooding,

and Richard D. Tilley. Chem. Eur.J., 2020, 26,15501-15504.

Reproduced with the permission from Willey
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5.1 Summary

The publication “Controlling the Number of Branches and Surface Facets of
Pd-Core Ru-Branched Nanoparticles to Make Highly Active Oxygen
Evolution Reaction Electrocatalysts” has been used in lieu of this chapter.
This publication aimed to study the effect of surface facets and branch
number of Ru-Pd branched nanoparticles for the OER. It was hypothesized
that controlling the surface facets and branch number of Ru-Pd branched
nanoparticles would influence their catalytic properties. Thus, Ru-Pd
branched nanoparticles with controlled branch length and number were
synthesized, and their electrocatalytic properties were explored for OER.
The results show that Ru-Pd branched nanoparticles with long branches were
more catalytically active in comparison to those with short branches, and Ru-
Pd branched nanoparticles with 2-3 branches were more catalytically active
than those with 5 branches. This study concluded that the density of the more
catalytically active {1011} facets (side) increased compared to the less
active {0001} facets (base) in proportion to an increase of branch length and
thereby resulting in an increase in the catalytic activity. In addition, Ru-Pd
branched nanoparticles with fewer branches were more accessible to
electrocatalysis as compared to nanoparticles with a greater number of
branches by promoting the removal of O; bubbles and, thus, enhancing the

catalytic activity.
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Abstract: Producing stable but active materials is one of
the enduring challenges in electrocatalysis and other
types of catalysis. Producing branched nanoparticles is
one potential solution. Controlling the number of branch-
es and branch size of faceted branched nanoparticles is
one of the major synthetic challenges to achieve highly
active and stable nanocatalysts. Herein, we use a cubic-
core hexagonal-branch  mechanism to synthesize
branched Ru nanoparticles with control over the size and
number of branches. This structural control is the key to
achieving high exposure of active {10-11} facets and opti-
mum number of Ru branches that enables improved cata-
lytic activity for oxygen evolution reaction while maintain-
ing high stability.

N J

The synthesis of 3D branched metal nanoparticles with well-
defined surfaces is important for catalysis.” This is because the
branch morphology offers high surface area and the surface of
the branches can be controlled for active and stable sites.”
For highly active and stable catalysis, the branch size and the
number of branches need to be precisely controlled. These
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controls enable both the preferential exposure of active facets
and increased overall active surface area.

Ruthenium (Ru) is the most active catalyst for the oxygen
evolution reaction (OER) in acidic conditions, but Ru is easily
dissolved into the electrolyte due to the formation of oxidized
Ru species (Ru™**) Recently, faceted Ru nanoparticles have
shown to be the most active and stable catalysts to date.”"%
The high electrocatalytic perfformance is due to the presence
of branches with low index facets.”*** The next challenge is
to precisely control the branch size and number of branches
on Ru nanoparticles to further improve the activity and stabili-
ty.

Cubic-core hexagonal-branch mechanism has been shown
as the best approach to synthesize branched nanoparticles
with a high level of control.*® This branching mechanism ena-
bles highly uniform hexagonal closed packed (hcp) branches
to epitaxially grow from a face-centered cubic (fcc) core. There
is an opportunity to extend this approach to synthesize Ru
branched nanoparticles with control over the branch size and
number of branches.

Herein, we present a synthetic method to form Pd-Ru core-
branched with control over branch size and number of branch-
es. We show that the size of branches controls the relative
ratio of {10-11}/{0001} facets and the number of branches con-
trols the size of these facets. Controlling these structural fea-
tures improves the OER activity by exposing {10-11} active
facets and optimizing the release of produced O, bubbles to
drive the reaction forward.

To synthesize uniform branched Ru nanoparticles, pre-
formed monodispersed Pd nanoparticles of 3.5+0.4 nm were
used as seeds (Figure S1, SI). The fcc-{111} facets on Pd seeds
enables the epitaxial growth of hcp-{0001} of branched Ru due
to their small lattice mismatch (4%). The Pd seed was mixed
with Ru precursor, oleylamine and mesitylene at 140°C under
3 bar H,. The use of H, as a mild reducing agent is important
to ensure that Ru precursor is slowly reduced, which allows
heterogeneous nucleation without the formation of homoge-
neous Ru monometallic nanoparticles.”

Uniform Pd-Ru branched nanoparticles were successfully
synthesized, as shown in the transmission electron microscopy
(TEM) image in Figure 1a. The branches are hexagonal pyramid
shaped (Figure S2, Supporting Information), terminated with 6
low-index facets {10-11} on the sides and a single {0001} on
the base, as evidenced by high-resolution TEM (HRTEM) image
in Figure 1b. The presence of Pd and Ru is confirmed by X-ray

© 2020 Wiley-VCH GmbH
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Figure 1. a) TEM image of Pd-Ru branched nanoparticles and HR-TEM image
of single Pd-Ru branched nanoparticle (inset). b) Atomic resolution HRTEM
image of a branch indicated by the red box in (a) showing the {10-11} and
{0001} surface facets. ¢) Branch length and branch width versus concentra-
tion ratio of Ru precursor to Pd seeds. d) Nanoparticle models showing that
increasing the branch size results in the higher proportion of {10-11} facets
compared to {0001} facets.

diffraction pattem and energy dispersive X-ray spectroscopy
(Figure S2-3, Supporting Information).

Control of branch size was achieved by varying the Ru pre-
cursor to Pd seed (Ru/Pd) ratio. The branch size increases from
6.6+ 0.7 nm in length and 10.14+1.2 nm in width (8:1 Ru/Pd)
to 11.04+1.5 nm in length and 17.5+2.2 nm in width (24:1 Ru/
Pd), respectively, as shown in Figure 1c and Figure S4 (Sup-
porting Information). The number of branches is kept relatively
constant with over 80% of the nanoparticles having 2-3
branches, irrespective of branch size (Figure S5, Supporting In-
formation). The increase in Ru branch size is made possible by
making more Ru available per Pd seed during branch growth
process.

The increase in branch size results in the higher total surface
area of {10-11} facets (sides) compared to {0001} facets (base)
as illustrated in Figure 1d. The 6 nm and 11 nm long Pd-Ru
branched nanoparticles have {10-11}/{0001} ratios of 1.4 and
1.8, respectively (Table S1, Supporting Information). As the
branch size increases, the surface area of the branch sides in-
creases more than the surface area of the base, resulting in an
increase in the {10-11}/{0001} facet ratio. This control of facet
ratio enables the identification of active facets which has not
been achieved by previous Ru branched nanoparticles synthe-
sis_[h&]

Control over the number of branches is achieved by intro-
ducing different Pd seed sizes (Figure S1, Supporting Informa-
tion). Increasing the Pd seeds from 3.5 nm to 8.7 nm in diame-
ter, leads to an increase in the number of branches from 2-3
branches to more than 5 branches per nanoparticle, as shown
in Figure 2. The branch length and branch width are similar
(Figure S5, Supporting Information). When the Pd seed size is

Chem. Eur. J. 2020, 26, 15501 -15504 www.chemeurj.org
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Figure 2. TEM images and corresponding histograms of the number of
branches per particle: Pd-Ru nanoparticles with (a) 2—3 branches and
(b) 5 branches.

increased, there are more nucleation sites available per seed
for Ru to form branches. It is more energetically favorable to
form new branches than to grow larger branches in order to
minimize the total surface energy of the nanoparticles.®’ This
condition enables an increase in the number of branches while
maintaining the branch size.

The presented synthesis is effective at controlling both the
branch size and number of branches, which has not been pre-
viously achieved with branched Ru nanoparticles.” This high
level of control is similar to what has been achieved in the syn-
thesis of state-of-the-art CdSe and PtAu core-branched nano-
particles®®' Seeded growth under slow growth conditions
are the key to achieve these 3D branched structures with pre-
cise control over branch size and number of branches, which
are important for highly active and stable OER electrocatalysts.

The catalytic activity and stability of the Pd-Ru branched
nanoparticles for the OER was evaluated in acid electrolyte
(0.1 ™M HCIO,). The current was normalized by electrochemically
active surface area (ECSA) of Ru and the measurements were
repeated 4x per sample for consistent results (Table S2, Sup-
porting Information). The effect of branch size was examined
by comparing Pd-Ru branched nanoparticles with 2-3 branch-
es that are 6 nm and 11 nm in length. Increasing branch size
from 6 nm to 11 nm increased the specific activity at an over-
potential of 270 mV by 2.7 times as shown in the anodic scan
of the cyclic voltammograms in Figure 3a. This specific activity
at an overpotential of 270 mV is 4 times higher than state-of-
art IrO, nanoparticles."™ The presence of Pd core is unlikely to
contribute to the OER activity because Pd is inactive relative to
Ru, requiring a high overpotential of 500 mV.*!

The Pd-Ru branched nanoparticles exhibit high stability. The
nanoparticles still showed activity even after 1000 potentiody-
namic cycles (Figure S6). The activity remains 71% and 75% of
the initial activity after 200 cycles for the branched Pd-Ru
nanoparticles with 6 nm and 11 nm long branches, respective-
ly. This stability is significantly higher than non-faceted non-

© 2020 Wiley-VCH GmbH
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Figure 3. a) Oxidation scan of Pd-Ru 6 nm and 11 nm long branched nano-
particles in 0.1 M HCIO, at 1600 ppm. b) Comparison of specific activity of
Pd-Ru nanoparticles with 6 nm long branches, 11 nm long branches and
11 nm long multi-branched nanoparticles obtained at an overpotential of
270 mV. ¢) Oxidation scan of Pd-Ru 11 nm long multi-branched nanoparti-
cles in 0.1 m HCIO, at 1600 and 3200 rpm.

branched Ru nanoparticles which become completely inactive
within the first few cycles.?*'? The high stability of Pd-Ru
branched nanoparticles is due to the exposure of low-index
facets that minimize the dissolution of Ru™** into electrolyte
(Figure S7, Supporting Information). The Pd-Ru branched
nanoparticles have >98% faradaic efficiency (FE) (Table S3,
Supporting Information), indicating that Ru atoms involved in
the OER are in stable sites instead of dissolving to electro-
lyte.! A Tafel slope of 69.7 mVdec™" was obtained for the Pd-
Ru branched nanoparticles (Figure S8, Supporting Information).

Chem. Eur. J. 2020, 26, 15501 -15504 www.chemeurj.org
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The slope is near to 60 mVdec™' and is characteristic of a rate
determining step involving the rearrangement of OH prior to
second electron transfer reaction and is typical of highly active
and stable catalysts."2*'

The high activity of Pd-Ru branched nanoparticles with
larger sized branches is due to the higher relative surface area
of {10-11}/{0001} facets as can be seen in Figure S9 (Support-
ing Information). This result suggests that {10-11} facet is more
active than {0001} facet, which is expected due to the lower
coordination and slightly higher energy of the {10-11}
facet.”™ As both {10-11} and {0001} facets are highly stable,
nanoparticles with larger branches that expose a larger surface
area of {10-11} facets create stable OER catalysts with im-
proved activity.

The above set of experiments show the importance of syn-
thetically controlling the branch size to increase the exposure
of active {10-11} facets. This is vital because unlike isotropic
nanoparticles in which the active surface facets can be identi-
fied by comparing different shapes,™' the active surface
facets for anisotropic nanoparticles can only be studied by
comparing branch size."""!

To evaluate the effect of branch number on OER per-
formance, Pd-Ru branched nanoparticles with 2-3 and 5
branches were compared. When the number of branches was
increased from 2-3 to 5, the specific activity decreased by 2.6x
at an overpotential of 270 mV although the ratio of branch
facets remains the same, as shown in Figure 3b and Figure S10
(Supporting Information). It is hypothesized that increasing the
number of branches decreases the ability for oxygen molecules
to escape from the electrode."” It is suggested that as oxygen
gas bubbles are formed during OER, they are more easily
trapped between the branches of nanoparticles when there
are larger numbers of branches. A consequence is that a frac-
tion of active sites becomes blocked by the gas bubbles,
which limits the contact between the electrolyte and electrode
surface and decreases the specific activity."” This is supported
by the specific activity increasing from 0.069 to 0.08 mAcm™2
(Figure 3¢) as the rotation speed of the working electrode was
increased from 1600 to 3200 rpm. At higher rotation speeds,
the oxygen bubbles are more easily removed from the nano-
particle surface and the specific activity is increased. This result
shows the importance of designing nanoparticles with the op-
timum number of branches (3Ru branches in this case) to
ensure effective gas-bubble detachment."®

In conclusion, we show that a cubic-core hexagonal-branch
mechanism enables the synthesis of Pd-Ru branched nanopar-
ticles with control of branch size and number of branches. By
increasing the ratio of precursor to seed, the branch size could
be increased and the relative ratio of active {10-11} to {0001}
facets could be controlled. By increasing the size of the Pd
seeds, the number of branches could be increased. The high
exposure of {10-11} facets improves the catalytic activity with-
out compromising the stability and the optimum number of
Ru branches ensure the effective gas bubble detachment. This
concept opens up the opportunity to synthesize various well-
defined bimetallic branched nanoparticles for different electro-
catalytic applications.

© 2020 Wiley-VCH GmbH
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Experimental Section

Synthesis of 3.5 nm Pd seeds. Pd seeds (3.5 £0.4 nm) were synthesized by a heating-up
method according to a previously published method in our group.!?! Pd(acac): (0.16 mmol,
Sigma-Aldrich, 99 %) was dissolved in 5 mL of oleylamine (Sigma-Aldrich, 70 %) in a 25 mL
three neck flask using a magnetic stirrer. The reaction mixture was then heated to 100 °C under
Ar for 30 min. After that, 0.25 mL of trioctylphosphine (TOP, Sigma-Aldrich, 97 %) was added
to the reaction mixture and then the temperature was raised to 250°C at a rate of 2-3 °C min’!
and held at this temperature for 30 min. After the reaction, the mixture was cooled down under
Ar and purification was done 4-5 times using methanol and toluene (1:1 volume ratio) at 14000
rpm. Then, Pd seeds were kept in mesitylene (Sigma-Aldrich, 98 %) for further syntheses.

Synthesis of 8.7 nm Pd seeds. Pd seeds were synthesized using a seed mediated approach
modifying the synthesis of Pd icosahedra nanocrystals®?!. Bis(acetonitrile) dichloropalladium
(PdCIx(CH3CNyz) (0.05 mmol, Sigma-Aldrich, 99 %) and 10 eq. molar hexadecylamine (0.5
mmol, Sigma-Aldrich, 90 %) were firstly dissolved in toluene (1.0 mL). Pd seeds (3.5 £0.4
nm) (0.00125 mmol) and toluene (10 mL, Chem-Supply, 99.9 %) were then added to the
solution. The reaction mixture was then kept at 3 bar hydrogen at 25°C for 2 hours. After the
reaction, H, was released and purification was done 4-5 times using toluene and methanol
solution (1:1 volume ratio) at 14000 rpm. Then, Pd seeds were kept in mesitylene to further
syntheses.

Synthesis of Pd-Ru branched nanoparticles.

Pd-Ru branched nanoparticles. The synthesis of the Pd-Ru branched nanoparticles was
firstly carried out using an organic-phase solution seed mediated approach according to a
previously published method in our group.!!! To grow the /cp branches, the 3.5 nm Pd seed
solution (0.00625 mmol was added to a solution containing Ruthenium (IIT) acetylacetonate
(0.05 mmol, Sigma-Aldrich, 97 %) as a precursor and 5 eq. mol of oleylamine (82 pL) as a
surfactant dissolved in 1 mL of mesitylene. The ratio of Ru to Pd was 8:1 and 24:1 for Pd-Ru
branched nanoparticles with 6 nm and 11 long branches, respectively. The reaction mixture
was then kept at 3 bar hydrogen at 140°C for 24 hours. After the reaction, H> was released and
purification was done twice using methanol and toluene solution (1:1 volume ratio) at 4000
pm.

Pd-Ru multi-branched nanoparticles with 11 nm long branches. The Pd-Ru multi-branched
branched nanoparticles were synthesized using the same protocol for the Pd-Ru branched
nanoparticles with 11 nm long branches including same ratio of precursor to seed (24 : 1),
however, Pd seeds (8.7 £ 0.7 nm) were used to the synthesis.

Characterizations.

TEM Characterization: Low-resolution TEM was performed on a Philips CM200 operated
at 200 kV. High-resolution TEM and STEM-EDX were performed on a JEOL JEM-F200 (200
kV, cold field emission gun) equipped with an annular dark field detector and a JEOL
windowless 100 mm? silicon drift X-ray detector.

ICP-MS Characterization: For the inductively coupled plasma-mass spectrometry (ICP-MS),

a fixed volume of 5 mL of the electrolyte was collected after 5, 10, 100, 200, and 500 OER
cycles and analyzed using a Nexlon 300D-ICP-MS PerkinElmer instrument.
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XRD Characterization: XRD characterization was performed on an Empyrrean-II powder
diffractometer fitted with a 10 mm slit.

Electrochemical procedures

Catalysts ink preparation. For the electrochemical studies, firstly the nanoparticles (about 1
mg) were dispersed in a solution of a toluene (200 pL) to make an ink. The working electrode
was prepared by drop casting the electrocatalysts (15 pL) and nafion (0.05 % v/v, 5 pL) onto
the glassy carbon surface (0.196 cm? area).

Electrochemical measurements

Electrochemical surface area. The electrochemical surface area (ECSA) of the catalysts were
determined from the slope of the capacitive current versus scan rate plots to obtain the capaci-
tance. Cyclic voltammetry measurements in the capacitive potential range were performed at
5, 10, 20, and 50 mV s'. The obtained capacitance was then used to calculate the ECSA using
the specific capacitance of 66 pF cm 2. Pl

Oxygen evolution reaction. The measurements were performed using an Autolab potentiostat
running with Nova 2 software. The working electrode was kept rotating at 1600 rpm during the
experiments and a 0.1 M HC1O4 solution was used as the electrolyte. A Pt-mesh and Ag|AgCl|3
M NaCl were used as the counter electrode and reference electrode, respectively. All potentials
were converted to the reversible hydrogen electrode (RHE) by measuring the potential between
the reference electrode and a freshly prepared standard reference electrode and considering the
electrolyte pH. The OER activity was then measured by cyclic voltammetry between 0.0 V vs.
and 1.55 V (vs. RHE) at 50 mV s’

The stability was evaluated from the difference between the maximum catalytic activity and
the activity after 200, 400, 800, and 1000 OER cycles. Cyclic voltammetry measurements for
the stability tests were performed under the same conditions used for the activity tests. In addi-
tion, to determine faradaic efficiency, the amount of dissolved Ru after 5, 10, 100, 200, and
500 cycles was firstly found using ICP-MS. The faradaic efficiency of the electrocatalysts for
the given cycles was then determined from the charge of Ru and total charge.
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Figure S1. TEM images of Pd seeds with different diameter and related histograms. (a) Pd
seeds with average diameter of 3.5 + 0.4 nm and (b) Pd seeds with average diameter of 8.7 +
0.7 nm. The histograms were obtained from counting 100 nanoparticles.
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Figure S2. HRTEM image of a single Pd-Ru branched nanoparticle and the corresponding
FFT showing the hexagonal pyramid shaped. The atoms are arranged in an hcp crystal
structure viewed down the <0001> zone axis.
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Figure S3. XRD pattern of Pd-Ru branched nanoparticles with 11 nm long branches. Blue -
hep-Ru and green fee-Pd.
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Figure SS. Histograms of branch length, branch width, and branch number of Pd-Ru
nanoparticles: a) 6 nm long branches, b) 11 nm long branches and c) 11 nm long multi
branches. The histograms were obtained from counting 100 nanoparticles.
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Figure S6. Changes in activity vs. cycle for the Pd-Ru branched nanoparticles. Pd-Ru
branched NPs with 6 nm long branches (purple), Pd-Ru branched NPs with 11 nm long
branches (red), and multibranched Pd-Ru branched NPs with 11 nm long branches (green).
Scan rate = 50 mV s'; electrolyte =HClO4 0.1 M.
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Figure S7. Ru dissolution rate vs. cycle for (a) Pd-Ru branched NPs with 6 nm long branches
and (b) Pd-Ru branched NPs with 11 nm long branches. Scan rate: 50 mV s™'; electrolyte:
HClO4 0.1 M.

148



Figure S8. Tafel slope of Pd-Ru branched nanoparticles with 11 nm long branches with a

-2
Ru
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Figure S9. Specific activity versus ratio of {10-11} to {0001} facets showing that the activity

Figure S10. Oxidation scan of Pd-Ru 11 nm long branched (red) and 11 nm long multi-
branched (green) nanoparticles in 0.1 M HC1O4 at 1600 rpm.
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Calculation of facet ratio

{0001}
on the side

{1011}
on the side

The branches terminated with 6 low-index facets {10-11} on the sides and a single {0001} on
the base. Therefore, the {10-11}/{0001} ratios can be calculated by the surface area.

Table S1. Calculation of the facet ratio

Nanoparticles Side surface area | Base surface area {10-11}/{0001} ratios
6 nm long branches 188.4 134.7 14
11 nm long branches 385.8 219.9 1.8
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Table S2. Comparison of experiments of activity measurements for all Pd-Ru branched

nanoparticles
No | Sample Experiment Specific activity | Average
at =270 mV, specific activity
mA cmg? atn=270 mV,
mA cmy?2
1 Pd-Ru branched 1 0.065 0.056 + 0.006
nanoparticles with 6 nm long
branches z 0055
3 0.052
4 0.05
2 Pd-Ru branched 1 0.22 0.164 +0.04
nanoparticles with 11 nm
1 . 2 0.152
ong branches
3 0.11
4 0.175
3 Multibranched Pd-Ru 1 0.067 0.064 + 0.004
branched nanoparticles with
11 nm long branches 2 0.06
3 0.07
4 0.06
Activity at different rotation speed Activity
increase
Change, %
Multibranched Pd-Ru 1600 rpm 0.069 14.0
branched nanoparticles with
3200 rpm 0.08

11 nm long branches
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Table S3. Faradaic efficiency (FE) of Pd-Ru branched nanoparticles at different cycles

Faradaic efficiency, %

6 nm long — Pd-Ru branched | 11 nm long — Pd-Ru

NPs branched NPs
Cycle 5 87.78716 81.0369
Cycle 10 86.1665 96.28298
Cycle 50 91.53491 98.63798
Cycle 100 96.56537 99.37164
Cycle 200 98.95268 99.80292
Cycle 500 99.64303 99.92314

98.05254 98.359

[1] L. Gloag, T. M. Benedetti, S. Cheong, C. E. Marjo, J. J. Gooding, R. D. Tilley, J. Am.
Chem. Soc. 2018, 140, 12760-12764.

[21 L. Graham, G. Collins, J. D. Holmes, R. D. Tilley, Nanoscale 2016, 8, 2867-2874.

[3] S. Watzele, P. Hauenstein, Y. Liang, S. Xue, J. Fichtner, B. Garlyyev, D. Scieszka, F.
Claudel, F. Maillard, A. S. Bandarenka, ACS Catal. 2019, 9222-9230.

[4] M. Zhao, L. Xu, M. Vara, A. O. Elnabawy. K. D. Gilroy, Z. D. Hood, S. Zhou, L.
Figueroa-Cosme, M. Chi, M. Mavrikakis, Y. Xia, ACS Catal. 2018, 8. 6948-6960.
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Chapter 6

Increasing the exposure of highly active sites
on RuCo-Pd alloyed branched nanoparticles
for improved oxygen evolution reaction

electrocatalysis
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6.1 Introduction

Ru nanocrystals are the most active catalysts for OER in acidic conditions
owing to their variable redox states during the reaction and moderate binding
energy to the intermediates *OH, *O, and *OOH '-. However, Ru-based
catalysts have a high dissolution rate in acid electrolytes due to the oxidation
to soluble products under OER conditions. This high solution rate affects
catalyst stability. Thus, designing catalytically active Ru catalysts while
maintaining their stability is of great importance to their potential

application.

Designing nanoparticles with well-defined shape*® and highly exposed

active sites’ !0

1s a promising way to enhance the catalytic performance of
electrocatalysts by adjusting surface energy and increasing intrinsic activity.
Branched nanoparticles are fascinating catalytic materials owing to their
hep-crystal structure, and three-dimensional and faceted structures® > !!-14,
We have recently synthesized Ru branched nanoparticles, which resulted in
the highest OER specific activity and stability reported® > 2. This superior
catalytic performance can be attributed to the highly exposed surface area in
their three-dimensional architecture and the low index facets on /hcp-
branches. Here, the highly exposed surface area provides better accessibility
to the catalytic reaction, and the low index facets form a more oxidation
resistant surface. However, despite these advancements, the branched

nanoparticles have a small number of active sites per area.

Recent studies have also demonstrated that alloyed nanoparticles consisting
of a non-noble metal and a noble metal show enhanced catalytic activity for
OER in acid solution "!°. The leaching of a non-noble metal in an alloyed

nanoparticle during the catalyst activation makes defects on the catalysts
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surface, increasing the exposure of highly active sites on the surface of a
catalyst. For example, Strasser’s group found that the electrocatalytic
activity toward OER can be significantly enhanced with the incorporation of
Ni into Ir nanocrystals for the formation of Ir-Ni oxide catalysts®!?. The
nickel leaching during catalyst activation generates highly actives sites on
the catalyst surface, which enhanced the catalytic activity. Jaramillo’s group
also confirmed that SrlrOs catalyst exhibits superior electrocatalytic activity
toward oxygen evolution reaction compared with benchmark IrOx and RuOx
catalysts’. The improvement was attributed to the formation of a highly
active surface on the catalyst during the catalytic reaction. The Sr leaching
and surface rearrangement during the electrochemical pre-treatment enabled

the formation of the IrOx/SrlrO; catalyst.

Taken together, the number of highly active sites per area on the surface of
Ru branch can be increased by incorporating a non-noble metal (M) into Ru
nanoparticles for the formation of Ru-M alloyed branched nanoparticles.
Possible candidates for the non-noble metal (M) are Co and Ni as they are
able to dissolve in acid during the catalytic activation, and form a stable icp-

phase, having similar lattice parameters to that of the Ru branch® - 13,

Nevertheless, making alloyed branched nanoparticles is synthetically very
challenging as synthesis of branched and alloyed nanoparticles require
different conditions. Minor changes in these reaction conditions could result
in non-simultaneous reductions. A classic method to synthesize branched
nanoparticles is a cubic-core hexagonal-branch growth approach* > !1: 1516,
In such a synthesis, a weak reducing reagent is used to control the atomic
concentration of metallic atoms to prevent homogeneous nucleation during

the synthesis. On the other hand, a strong reducing agent and high

temperature are suitable for enabling the co-reduction of metallic precursors
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during the synthesis of alloyed nanoparticles'”- '8, Based on the syntheses of
Co and Ru branched nanoparticles in Chapters Four and Five of this thesis!"

12 and the literature on RuCo alloyed catalysts'® 2°

, it was expected that the
formation of RuCo alloyed branched nanoparticles is synthetically possible
due to the following reasons: (1) the decomposition temperature discrepancy
of the Co and Ru precursors (135-140°C), (i1) hcp-crystalline structure, and

(i11) the lattice mismatch difference of less than 2.0 %.

In this work, I demonstrate that the Co leaching in RuCo-Pd alloyed
branched nanoparticles during catalytic activation can improve OER activity
by increasing the exposure of active sites. | firstly synthesized branched
nanoparticles consisting of RuCo alloyed branches on a Pd core. A cubic-
core hexagonal-branch growth approach was used to synthesize alloyed
branched nanoparticles. The successful synthesis of RuCo-Pd alloyed
branched nanoparticles with the Co dispersion around the core region was
first achieved by choosing the proper precursors, enabling the simultaneous
reduction of two metals in solution. Furthermore, the synthesis of the RuCo-
Pd alloyed branched nanoparticles with the Co distribution through branches
was achieved by a two-step method where Ru nucleation was followed by
the subsequent reduction of Co. The catalytic performance of two types of
alloyed branched nanoparticles, for instance, (i) RuCo-Pd alloyed branched
nanoparticles with the Co distribution around the core and (ii) RuCo-Pd
alloyed branched nanoparticles with the Co distribution through branches,
were compared with Ru-Pd branched nanoparticles with long branches'? as
those in Chapter 5. The catalytic performances were improved for both
RuCo-Pd alloyed branched nanoparticles compared to the Ru-Pd branched
nanoparticles while maintaining their stability. These improvements could

be related to the formation of highly active sites on the catalysts’s surface
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due to Co leaching. The importance of forming highly active sites on the
branches rather than the core region has also been demonstrated, as they have
better catalytic reaction accessibility. Overall, the results highlight the
importance of designing alloyed branched nanoparticles that combine three-
dimensional architecture and the exposure of highly active sites. This work
can be further extended to other nanoparticles to enhance their catalytic

activity by combining well-defined shape and composition.
6.2 Synthesis of RuCo-Pd branched nanoparticles

Several syntheses were performed to achieve the successful synthesis of
RuCo-Pd alloyed branched nanoparticles consisting of RuCo branches and a
Pd core. The nanoparticles were synthesized using a seed-mediated approach
in an organic solution phase. A Fischer-Porter bottle, which is suitable for
hydrogenation reactions, is used as the main apparatus for the reactions. The
syntheses to grow RuCo branches on a Pd seed were conducted by modifying
the synthetic protocol used for the synthesis of Ru branched nanoparticles in

Chapter 5 of this thesis.

Firstly, Pd seeds (3.5 nm) were prepared according to a method in Chapter
Five. To grow RuCo alloyed branches on a Pd core, several syntheses were
conducted by varying reaction conditions, including (i) the ratio of Ru to Co,

(1) the type of Co precursors where the oxidation states of Co are different.

Synthesis of 3.5 nm Pd seeds. Pd seeds (3.5 £0.4 nm) were synthesized by
a heating-up method according to a previously published method in our
group.™ 122! Pd(acac), (0.16 mmol, Sigma-Aldrich, 99 %) was dissolved in
5 mL of oleylamine (Sigma-Aldrich, 70 %) in a 25 mL three neck flask using
a magnetic stirrer. The reaction mixture was then heated to 100 °C under Ar

for 30 min. After that, 0.25 mL of trioctylphosphine (TOP, Sigma-Aldrich,
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97 %) was added to the reaction mixture, and then the temperature was raised
to 250°C at a rate of 2-3 °C min! and held at this temperature for 30 min.
After the reaction, the mixture was cooled down under Ar, and purification
was done 4-5 times using methanol and toluene (1:1 volume ratio) at 14000
rpm. Then, Pd seeds were kept in mesitylene (Sigma-Aldrich, 98 %) for
further syntheses.

6.2.1 Syntheses using cobalt (IT) acetylacetonate as the Co precursor

The first set of syntheses were performed to grow RuCo alloyed branches on
a Pd seed using the protocol used for the synthesis of Ru-Pd branched
nanoparticles in Chapter 5 except for the use of Co precursor. The syntheses
of Ru and Co branched nanoparticles in Chapters 4 and 5 involves the
reduction of a metallic precursor by Hz in the presence of a long-chain amine
as the capping agent. In the syntheses, the same reaction temperatures were
used to decompose the Co(acac)> and Ru(acac); precursors. Based on the

experimental conditions, Co(acac) was chosen as the Co precursor.

The effect of Co content on the growth of RuCo-Pd nanoparticles was
investigated by varying the molar ratio between Ru(acac); and Co(acac):
precursors. The molar ratio of precursors can affect the formation of the

nanoparticles by changing their nucleation rate and growth pattern 2> 3.

Thus, Experiments 1-4 were performed using Co(acac): as the Co precursor
varying the molar ratio of Ru to Co. The molar ratios of precursors were

chosen in the range of Co percentage from 20 to 50 at%.
Experimental

RuCo-Pd nanoparticles. The synthesis of the RuCo-Pd branched

nanoparticles was firstly carried out using an organic-phase solution seed-
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mediated approach, modifying the protocol in Chapter 5 on the synthesis of
Ru branched nanoparticles °. To grow the RuCo alloyed branches, the 3.5
nm Pd seed solution (0.0021 mmol) was added to a solution containing
ruthenium (IIT) acetylacetonate (0.025-0.05 mmol, Sigma-Aldrich, 97 %)
and cobalt (II) acetylacetonate (0.01-0.025 mmol, Sigma-Aldrich, 97 %) as
precursors and 5 eq. mol of oleylamine (82 pL) as a surfactant dissolved in
I mL of mesitylene. Syntheses were carried out changing the amount of Ru
and Co precursors. The reaction mixture was then kept at 3 bar hydrogen at
140°C for 24 hours. After the reaction, H> was released, and purification was
performed by centrifuge washing three times using ethanol and toluene
solution (1:1 volume ratio) at 4000 rpm for further characterizations.

Table 6.1. The experimental conditions a applied for the synthesis of RuCo-Pd

nanoparticles using Co(acac) as the Co precursor varying the ratio of Ru(acac); to
Co(acac),.

Exp.# Ru(acac)s, Co(acac),, [Ru*"]:[Co*] Pd seeds, Time, h

mmol mmol mmol
1 0.04 0.01 4.0 0.0021 24
2 0.035 0.015 2.3 0.0021 24
3 0.03 0.02 1.5 0.0021 24
4 0.025 0.025 1.0 0.0021 24

Results

RuCo-Pd nanoparticles were prepared using Co(acac). and Ru(acac)s as the
Ru and Co precursors varying the Ru** to Co?" molar ratio using an organic
solution phase seed-mediated approach in a Fischer-Porter bottle. Figure 6.1

shows the representative TEM images and corresponding particle size
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distributions of as-synthesized RuCo-Pd nanoparticles using different molar
ratios of Ru*" to Co**. When the Ru to Co molar ratio was between 4 : 1 and
1.5 : 1, two noticeable features are observed from the TEM images of the
particles obtained from Exp 1-3 (Figure 6.1 a-c).
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Figure 6.1. (a-d) TEM images of RuCo-Pd nanoparticles synthesized using Co(acac)
and (e-h) corresponding size distributions. Scale bar, 10 nm.

Firstly, the core diameter increases with the increase of Co content.
Secondly, in terms of the branch shape, the shape of the branches of RuCo-
Pd nanoparticles is similar to the branches of Ru-Pd nanoparticles. As the Co
content was further increased to 1:1, core-shell nanoparticles (bigger) and
smaller Co nanoparticles highlighted in a red box (with lighter contrast) were
obtained (Figure 6.1 d, h). The atomic percentage of the elements (Ru, Co,
and Pd) in the resultant nanoparticles was examined by EDX spectra. The
results showed that the elemental composition in the final products (Exp.1 -
4) is similar to the value in the initial reaction mixture, indicating that the

metallic precursors were completely decomposed in the syntheses.
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The elemental distribution and crystalline structure of the sample (Exp.3)

were further examined by HAADF-STEM and STEM-EDX mapping.

Figure 6.2. (a) HAADF-STEM image and (b-d) corresponding STEM-EDX elemental
maps of Ru (pink), Co (green) of RuCo-Pd branched nanoparticles (Exp.3) and overlay
of elemental maps in (b) and (c). EDX maps were taken by Hsiang-sheng Chen.

A typical HAADF-STEM image and STEM-EDX elemental map (Figure
6.2a-d) of the RuCo-Pd branched nanoparticles (Exp.3) reveal that the

nanoparticle consists of a Co core and Ru branches.

The crystalline structure of the nanoparticles was further examined by SAED
and XRD analysis. The SAED patterns of the samples (Figure 6.3 a-d) show
that the RuCo-Pd branched nanoparticles synthesized at a lower amount of

Co are polycrystalline structure in nature, and the RuCo-Pd nanoparticles
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synthesized at a higher amount of Co (Exp.4) are both amorphous and

crystalline structures in nature.
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Figure 6.3. (a-d) SAED patterns of RuCo-Pd nanoparticles synthesized using Co(acac)s,
(e) SAED indexed to hcp-Ru, and (f) XRD pattern of corresponding SAED pattern. Pink
lines: JCPDC no. 06-0663 (hcp-Ru). Green lines: JCPDC no. 65-8976 (hcp-CoRu).

The pattern rings can be indexed to #cp-Ru, and shifts at a higher Co content
can be associated with the presence of Co. The XRD profile of the RuCo-Pd
(Exp.3) branched nanoparticle exhibits a peak pattern consistent with an hcp
crystal symmetry, which is in good agreement with its corresponding SAED
pattern. A diffraction peak of CoOx is also observed at approximately 21.4°

20, indicating the formation of an oxide layer on the Co shell.
Discussion

The resultant RuCo-Pd branched nanoparticles each consists of a Co shell
that surrounds the entire Pd core and Ru branches, indicating that the
reduction of Co is followed by the reduction of Ru. Reducing metallic

precursors simultaneously in solution is essential for the formation of alloy
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nanocrystals'® 2223, Choosing the proper metallic precursors with reduction
kinetics in solution is one of the main factors to adjust the reduction rate of

the metallic ions in solution's 2% 23

. For example, Xia and co-workers
reported a systematic study of the reaction kinetics on the synthesis of Pd-Pt
bimetallic nanocrystals®*. They found that a significant difference in the
reduction kinetics of the metallic ions enables the formation of Pd-Pt core-
shell nanocrystals. In contrast, similar reduction kinetics promotes the
formation of Pd-Pt alloy nanocrystals. Overall, the non-simultaneous
reduction of Co(acac), and Ru(acac)s precursors can be related to the

difference in their reduction potentials (-0.277 V for Co**/Co, +0.599V for

Ru**/Ru) and oxidation states (Co*", Ru*").

In addition to the nature of precursors, the molar ratio of precursors is crucial
for forming alloy nanocrystals by adjusting the reaction kinetics of the
metallic ions?. Increasing the content of Co(acac): in a synthesis increased
the core diameter of the particles (Exp.1-3), indicating that there is no change
for the growth pattern with the increase of Co content. As the content of
Co(acac), is further increased, smaller nanoparticles (Co) were obtained,
indicating the homogeneous nucleation of Co atoms. At the beginning of the
reaction, the burst nucleation of Co occurred and the newly formed Co atoms
either deposited on Pd seeds or homogeneously nucleated. Then, Ru is
subsequently reduced and deposited on the Co shell over Pd seeds. The
results showed that a higher amount of Co does not reduce the discrepancy

in the reduction rates of metallic 1ons in the solution.

Based on the results obtained from Experiment 1-4, I expect that using
metallic precursors with the same oxidation states and suitable redox
potentials would reduce the difference in the reduction rates of the metallic

1ons in the solution.
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6.2.2 Syntheses using cobalt (IIT) acetylacetonate as the precursor

The results from the previous syntheses (Exp.1-4) in which Co(acac), was
used as the Co precursor revealed that Ru and Co do not reduce
simultaneously, resulting in Co core formation over Pd seeds and Ru
branches. The difference in reduction rate can be related to the oxidation
states of the metals in their precursors. Using metallic precursors having the
same oxidation states reduces the difference in their reduction rate,
increasing the possibility of alloyed nanocrystals formation. Then, to make
RuCo-Pd nanoparticles consisting of RuCo alloyed branches and a Pd core,
the experiments were further carried out, replacing the Co(acac), with

Co(acac)s where the oxidation state of Co is similar to Ru in Ru(acac)s.
Experimental

In these experiments, Co(acac), was replaced with Co(acac)s. Experiment 5
used Ru(acac)s (0.04 mmol), Co(acac); (0.01 mmol), 82 uL of oleylamine,
0.0021 mol of Pd seeds suspended in 1 mL of mesitylene in a 4 mL vial (or
a small vial). Then, the reaction mixture was transferred to a FP-bottle and
was kept at 140°C for 24 h under 3 bar of hydrogen gas. After the reaction,
H> was released, and purification was done three times using ethanol and

toluene solution (1:1 volume ratio) at 4000 rpm for further characterizations.

Table 6-2. The experimental conditions applied to synthesize RuCo-Pd nanoparticles
using Co(acac)s as the Co precursor.

Exp.# Ru(acac)s, Co(acac)s, [Ru**]: [Co**] Pd seeds, Time, h

mmol mmol mmol

5 0.04 0.01 4.0 0.0021 24
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Results

Figure 6.4 a-b show a TEM image of the nanoparticles synthesized using

Co(acac)s as the Co precursor and corresponding size distributions.
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Figure 6.4. (a) TEM image of the particles synthesized using Co(acac)s as the Co
precursor and (b) corresponding size distributions of core diameter (5.1 = 0.7 nm), branch
width (5.6 + 0.8 nm), and branch length (18.4 + 3.0 nm), (c-f) HAADF-STEM image,
STEM-EDX elemental maps of Co (pink), Ru (green) of RuCo-Pd branched
nanoparticles, and overlay of elemental maps, (g) EDX spectrum of the sample and
elemental composition in at%. HAADF-STEM image and EDX maps were taken by
Hsiang-sheng Chen.
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The particles typically have 2-4 branches, with branch width measured at 5.1
+ 0.7 nm and length measured at 18.4 + 3.0 nm. The branches typically grow

from a 5.6 = 0.8 nm core, which itself is of core-shell structure.

The HAADF-STEM image and STEM-EDX elemental maps in Figures 6.4
c-f show that Co mostly dispersed into the core and Ru dispersed into both
core and branches, indicating that the core and branches around the core area
are an alloyed structure of CoRu. The elemental composition of the sample
was quantified by EDX spectra (in Figure 6.3g), which indicates that the
branched nanoparticles consist of Ru (71.5 at%), Co (22.8 at%), and Pd (5.8
at%).

The SAED and XRD patterns in Figure 6.5 reveal the crystalline structure of
the RuCo-Pd branched nanoparticles. The rings of SAED pattern in Figure
6.5a can be indexed to #cp-Ru and hcp-RuCo alloy nanocrystals (Table 6.3).
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Figure 6.5. (a) SAED and (b) XRD pattern of the sample. The characteristic peaks of
hep-Ru and hep-RuCo are marked by pink and blue, respectively. Pink lines: JCPDS no.
04-4608 (hcp-Ru). Green lines: JCPDS no. 65-8976 (hcp-CoRu).
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Table 6.3. Indexing the diffraction rings of the sample.

Reference Experimental Ru/RuCo | hkl
Ru CoRu XRD SAED pattern
alloy

d spacing | dspacing | dspacing | Theta | dspacing | rings | - -
2.34 2.25 2.36 38.21 | 2.38 a Ru 1010
- - - - 2.22 f RuCo 1010
2.14 2.08 2.15 42.11 | 2.11 g RuCo 0002
2.05 1.98 2.06 43.94 | - - Ru 1011
1.58 1.53 1.58 58.30 | 1.61 b Ru 1012
1.35 1.30 1.36 69.31 | 1.40 C Ru 1120
1.22 1.18 1.22 78.19 | 1.25 d Ru 1013
1.17 1.13 1.18 81.77 | 1.17 e Ru 2020
1.14 1.10 1.15 84.64 | - - Ru 1122
1.13 1.09 - - - - - -
1.07 1.04 1.07 91.86 | - - Ru 0004

The XRD for the sample shows peaks at 38.2°, 42.1° 43.9°, 58.3°, 69.3°,
78.2°, 81.7°, and 84.6° in the range from 17.5 to 96.5°. These peaks are
consistent with the 1010, 0002, 1011, 1012, 1120, 1013, and 1122
reflections of Acp-Ru (P63/mmc, a = 0.27 nm) and Ahcp-RuCo alloys

(P63/mmc, a = 0.27 nm), which are consistent with the diffraction rings.
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Discussion

In experiment 5, Co(acac), was replaced with Co(acac); to reduce the
difference in Ru and Co's reduction rates and grow alloyed RuCo branches

on a Pd core.

Significant changes were observed in the shape and surface of the
nanoparticles’ branches compared to the branch morphology of the Ru
nanoparticles previously synthesized > !> and nanoparticles synthesized
using Co(acac).. The branch morphology of the particles synthesized using
Co(acac)s is cylindrical and the branch width is consistent from the
beginning to the end of the branch. In addition, the branch surface is rough
and jagged, indicating the faceted structure. The changes in the branch shape
and surface of the sample can be attributed to the presence of Co in the
branches. In Chapters 4 and 5, it was observed that the Co branch is thinner
towards the tip while the Ru branch is wider. Thus, the difference in the
shape of the alloyed branch compared to the Ru and Co branches can be
explained by the different growth mechanisms of Ru and Co atoms. The
alloyed structure was confirmed by morphological and structural analysis, as
mentioned in the results section. However, the distribution of Co is mostly
around the core region, which can be attributed to the lower amount of Co

precursor.

Overall, using metallic precursors where the oxidation states and reduction
potentials of the metals are closer enable simultaneous reduction of the
metallic ions to metallic atoms, increasing the possibility of forming an
alloyed structure. Additionally, the molar ratio of precursors is a key factor

that can affect the distribution of metals in the alloy.
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6.2.3 Two-step synthesis using Co(acac)s as the precursor.

The results from experiment 5 showed that RuCo-Pd branched nanoparticles
consisting of alloyed RuCo branches and a Pd core can be achieved using
the Co and Ru precursors in which Co and Ru have the same oxidation states
in the precursor. Although alloyed RuCo branches on a Pd core were
obtained from experiment 5, Co mostly distributed around the core region or
beginning of branches. The dispersion of Co around the core area can be
related to the molar ratio of precursors, the initial molar ratio of Ru : Co was
4 : 1. The goal of the following experiments is to increase the Co dispersion
through the branches. To disperse Co through the branches, two-step reaction
was performed. In the reaction, the Co precursor was added to the reaction
mixture just after the decomposition of Ru precursor and formation of Ru

branches.
Experimental

Experiment 6 used Ru(acac)z (0.04 mmol), 82 uL of oleylamine, 0.0021 mol
of Pd seeds suspended in 1 mL of mesitylene in a 4 mL vial. Then, the
reaction mixture was transferred to a FP-bottle and was kept at 140°C for 4
h under 3 bar of hydrogen gas. After 4 h, Co(acac)s (0.01 mmol) was added
to the reaction mixture and kept at 140°C for 20 h under 3 bar of hydrogen
gas. After the reaction, H> was released, and purification was done three
times using ethanol and toluene solution (1:1 volume ratio) at 4000 rpm for

further characterizations.
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Table 6.4. The experimental conditions applied for the synthesis of RuCo-Pd
nanoparticles using Co(acac)s as the Co precursor.

Exp. Step.# Ru(acac);, Co(acac)s, [Ru*]: [Co*] Pd seeds, Time, h

# mmol mmol mmol
6 1 0.04 - - 0.0021 4
2 - 0.01 4.0 - 20
Results

A TEM image and typical EDX spectra of the nanoparticles synthesized
using a two-step reaction in figure 6.6 a-b show that the particles typically
have 2-4 branches and consist of Ru (71.7 at%), Co (21.5 at%), and Pd (6.8
at%). As shown in Figure 6.6 c-f, the HAADF-STEM image and STEM-
EDX elemental maps of the nanoparticles reveal that Co and Ru dispersed

through the branches.

170



Element At%
Ru 71.7
Co 21.5
Pd 6.8
Co Ru
5 10 15 20
Energy / keV

Figure 6.6. (a) TEM image of the particles synthesized using Co(acac)s as the Co
precursor and (b) EDS spectrum of the sample and elemental composition in at%, (c-f)
HAADF-STEM image, STEM-EDX elemental maps of Co (green), Ru (pink) of RuCo-
Pd branched nanoparticles, and overlay of elemental maps. HAADF-STEM image and
EDX-maps were taken by Zeno Rizqi Ramadhan.

The rings of SAED pattern in Figure 6.7a can be indexed to #cp-Ru and Acp-

RuCo alloy nanocrystals (Table 6.5). An XRD pattern of the sample in
Figure 6.7b shows peaks at 37.9°, 40.8°, 42.1°, 43.9°, 58.3°, 69.1°, 78.4°,
84.6°, and 92.1°.
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Figure 6.7. (a) SAED and (b) XRD pattern of the sample. The characteristic peaks of
hep-Ru and hep-RuCo are marked by pink and blue, respectively. Pink lines: JCPDS no.
04-4608 (hcp-Ru). Green lines: JCPDS no. 65-8976 (hcp-CoRu).
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Table 6.5. Indexing the diffraction rings of the sample.

Reference Experimental Ru/ hkl
RuCo | /hkil
Ru CoRu XRD SAED pattern
alloy
d spacing | d spacing | d spacing | Theta d spacing | ring - -
2.34 2.25 2.38 37.87 |- - Ru 1010
- - 2.25 40.80 | 2.27 d CoRu | 1010
2.14 2.08 2.14 42.11 2.16 a Ru 0002
2.05 1.98 2.06 2.06 Ru 1011
1.58 1.53 1.58 58.31 Ru 1012
1.35 1.30 1.36 69.12 - - Ru 1120
- - - - 1.30 e CoRu | 1120
1.22 1.18 1.22 78.40 1.21 b Ru 1013
1.14 1.10 1.15 84.64 1.14 C Ru 1122
1.07 1.04 1.07 92.06 - - Ru 0004

These peaks are consistent with the 1010, 0002, 1011, 1012, 1120, 1013,
1122, and 0004 reflections of hep-Ru (P63/mmc, a=0.27 nm) and hep-RuCo
alloys (P63/mmc, a = 0.27 nm), which are basically consistent with the
diffraction rings. The slight shift in the peaks’ position and the presence of
the diffraction rings of CoRu alloy can be associated with the CoRu alloyed

crystal.

HRTEM of an individual RuCo-Pd branched nanoparticle is shown in Figure
6.8a. HRTEM image reveals that highly crystalline 4cp-RuCo branches grow
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along the c-axis of an Acp structure, as indicated by the FFT pattern (Figure

6.8b). The Pd core adopts an fcc structure, as indicated by the FFT pattern
(Figure 6.8c).

Figure 6.8. (a) HRTEM image of a branched nanoparticle. (b) HRTEM image of part of
the branch in (a) indicated by the blue box and corresponding FFT indexed to a hexagonal
<0110> zone axis. (c) HRTEM image of the core region in (a) indicated by the orange
box and corresponding FFT indexed to a cubic <110> zone axis. HRTEM image was
taken by Zeno Rizqi Ramadhan.

The growth of Acp branches on an fcc core is consistent with the other
branched morphologies observed from a cubic-core hexagonal-branch

growth approach* > ' 12,

Figures 6.9 a-b and 6.10 a-b depict TEM images of the nanoparticles after
the reaction of 4 h and 24 h, and corresponding size distributions to further
understand the continuous growth of Ru and Co adatoms on the intermediate

after 4 h.
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Figure 6.10. Size distributions of core diameter, branch width, and branch length of the
particles (a) after 4 h reaction and (b) after 24 h reaction.

The results show a significant change in the branch length of the final product

(24 h), indicating that adatoms of Ru and Co grew along the c-axis extending

the branch length.
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Discussion

The two-step synthesis resulted in RuCo-Pd branched nanoparticles with Co
distribution through the branches. After a 4 h of reaction, spherical
nanoparticles and nanoparticles with short branches were obtained. In this
stage, the Ru precursor is reduced to Ru nucleus, following the subsequent
growth of Ru atoms on the surface of Pd seeds. In the next step, Co precursor
was added to a reaction mixture containing Ru atoms, Ru precursor, and
nanoparticles (4 h). After 24 h of reaction, a significant increase was
observed in the size of branched nanoparticles in terms of branch length.
Increased branch length for the nanoparticles (24 h) indicates the growth of

Ru and Co adatoms from the branches along the c-axis.
6.3 Electrocatalytic properties of RuCo-Pd branched nanoparticles
Experimental

Catalysts ink preparation. For the electrochemical studies, firstly, the
nanoparticles (about 0.2 mg) were dispersed in toluene (100 pL) to make an
ink. The working electrode was prepared by drop-casting the electrocatalysts
ink (15 pL) and nafion (0.05 % v/v, 5 puL) onto the glassy carbon surface
(0.196 cm? area).

Electrochemical measurements. The measurements were performed using
an Autolab potentiostat running with Nova 2 software. The working
electrode was kept rotating at 1600 rpm during the experiments, and a 0.1
mol L' HCIOs solution was used as the electrolyte. A Pt-mesh and
Ag|AgCl|3 mol L! NaCl were used as the counter electrode and reference
electrode, respectively. All potentials were converted to the reversible

hydrogen electrode (RHE) by measuring the potential between the reference
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electrode and a freshly prepared standard reference electrode and
considering the electrolyte pH. The equation for converting the potential to

RHE 1s shown below:
Erng = Eagjager + 0.059pH + EQy ragcr (6.1

where Epyp denotes the potential (vs.RHE), Ejg/ag4c15 E, Xg /agcl 18 standart

potential, and E4g/44¢; 1s the working potential (vs.RHE).

The OER activity was then measured by cyclic voltammetry between 1.0 V
vs. and 1.55 V (vs. RHE) at 50 mV s™.

Electrochemical surface area. The electrochemical surface area (ECSA) of
the catalysts was determined by cyclic voltammetry at different scan rates
from the slope of the capacitive current versus scan rate plots to obtain the
capacitance. Cyclic voltammetry measurements in the capacitive potential
range were performed at 5, 10, 25, 50, 100, and 200 mV s’!. The obtained
capacitance was then used to calculate the ECSA using the specific

capacitance of 66 pF cm™. 2> 2°

The stability was evaluated from the difference between the maximum
catalytic activity and the activity after 200 and 400 OER cycles. Cyclic
voltammetry measurements for the stability tests were performed under the

same conditions used for the activity tests.

Results

Electrochemical measurements were conducted on RuCo-Pd 1 (Co is highly
distributed at the beginning of branches), RuCo-Pd 2 (Co 1s well distributed

through branches) catalysts to elucidate the effect of the Co distribution in

alloyed branches on OER performance. Ru-Pd branched nanoparticles with
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long branches, the same particles as those in Chapter 5, were used for
comparison. Cyclic voltammograms of the three catalysts were firstly
measured using a three-electrode system in 0.1 HCIO4 at 50 mV s™!. Similar

amounts of nanoparticles were deposited on all electrodes.

The anodic scans of the 5 cycle of the voltammograms, in which the current
normalized with the geometric surface area (0.196 cm?), are shown in Figure
6.11. The anodic scans of the 5™ cycles of the voltammograms are shown in

Figure 6.11.
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Figure 6.11. Anodic scan of the 5th cyclic voltammetry to show the geometric activities
(a) Ru-Pd branched nanoparticles, (b) RuCo-Pd branched nanoparticles 1, and (c) RuCo-
Pd branched nanoparticles 2.

The RuCo-Pd branched nanoparticles-2 exhibit higher geometric activity
than RuCo-Pd branched nanoparticles-1 and Ru-Pd branched nanoparticles.
As shown in the anodic scan of the cyclic voltammograms in Figure 6.11,
the RuCo-Pd 2 catalyst reaches a geometric current density of 8.0 mA cm
at 1.48 V (250 mV overpotential with respect to the thermodynamic OER
potential), while at this same potential, the RuCo-Pd 1 and Ru-Pd catalysts
reach much smaller geometric current densities of 6.15 mA cm™ and 2.18
mA cm, respectively. The geometric activities achieved with the RuCo-Pd
2 and RuCo-Pd 1 catalysts are approximately 6.8 and 5.2 times higher than

that of Ru-Pd catalyst, respectively. As the same amount Ru was deposited

177



on all electrodes, the difference in activity can be due to the exposure of new

sites, which are highly active, because of the dissolution of Co.

A specific activity represents the catalysts' intrinsic activities, giving more
accurate results for determining the catalytic activity?’”. Evaluating the
catalytic activity based on a specific activity can provide more precise
information on the formation of more active new sites when Co is removed.
The specific activity of a catalyst is determined by normalizing the current
density to the surface area of the catalyst. As shown in Figure 6.12, the
surface areas of the three catalysts, obtained from the capacitance current at
different scan rates of the particles, are 3.07 cm3,, 4.38 cm%,,, and 2.75

cm?, for Ru-Pd, RuCo-Pd-1, and RuCo-Pd-2 catalysts, respectively.
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Figure 6.12. CVs measured for (a) Ru-Pd branched nanoparticles, (b) RuCo-Pd branched
nanoparticles 1, and (c) RuCo-Pd branched nanoparticles 2 in 0.1 M HCIOs.
Corresponding plots of the current at 1.15 V vs. the scan rate.

Figure 6.13 depicts the anodic scan of the cyclic voltammograms, in which

current density is normalized by the surface area of catalysts.
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Figure 6.13. Anodic scan of the 5" cycle of cyclic voltammetry to show the specific
activities (a) Ru-Pd branched nanoparticles, (b) RuCo-Pd branched nanoparticles-1, and
(c) RuCo-Pd branched nanoparticles-2.

The RuCo-Pd-2 catalyst with the Co distribution through branches exhibits
a specific activity of 0.6 mA cm™? at 1.49 V (260 mV overpotential with
respect to the thermodynamic OER potential), which is about 2.0-fold
relative to RuCo-Pd-1 catalyst with the Co distribution around the core, and
about 4.0-fold relative to Ru-Pd catalyst at the same potential, respectively.
To conclude, the new sites being exposed are more active, and the higher
geometric activity is then a combination of higher surface area and higher

intrinsic activity of the new sites exposed.

As shown in the plot of changes in activity vs. cycle in Figure 6.14a, The
RuCo-Pd-1 catalysts retain 70 % of initial activity after 200 OER cycles, 50
% after 400 cycles, and the RuCo-Pd-2 catalysts retain 64 % of initial activity
after 200 OER cycles, 46.8 % after 400 cycles, respectively. Both particles
are slightly less stable than the Ru-Pd branched nanoparticles (74.6 %
activity after 200 cycles, 62.0 % after 400 cycles). Although RuCo-Pd-1 and
RuCo-Pd-2 catalysts are less stable than that of Ru-Pd catalyst, these
catalysts still show higher specific activities after 200 and 400 cycles than
the Ru-Co catalysts (Figure 6.14b).
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Figure 6.14. Catalytic stability tests for the catalysts. (a) changes in activity vs. cycle and
(b) changes in specific activity vs. cycle. Ru-Pd branched nanoparticle (grey), RuCo-Pd
branched nanoparticles 1 (blue), and (c) RuCo-Pd branched nanoparticles 2 (red).

Discussion

Electrochemical activity and stability were investigated for the two types of
RuCo-Pd branched nanoparticles, for instance, (i) RuCo-Pd alloyed
branched nanoparticles with the Co distribution around the core
region/beginning of branches and (ii)) RuCo-Pd alloyed branched
nanoparticles with the Co distribution through branches. Ru-Pd branched
nanoparticles with long branches, the same particles as those in Chapter 5,
were used as a benchmark catalyst. The hypothesis for the enhanced specific
activities of the RuCo-Pd-1 and RuCo-Pd-2 catalysts is that Co leaching
during OER increases the number of defects and active sites. Previous
studies have reported that the leaching of non-noble metal in alloyed
nanoparticles during electrocatalytic reaction makes surface defects and
increases the number of active sites on the surface, enhancing catalytic
activity ™. To elucidate the origin of the higher activity of the alloyed RuCo-
Pd branched nanoparticles compared to the Ru-Pd branched nanoparticles,

the leaching of cobalt in RuCo-Pd catalysts, and the ECSAs of the catalysts
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were examined by measuring CVs in an alkaline solution before and after
running CVs in acid solution. Both Co and Ru catalysts are stable in the
potentials range (0.9 -1.25 V vs.RHE) of the ECSAs measurements in
alkaline solution according to their Pourbaix diagrams whereas only Co is
soluble in the potential range in acid solution. The results are shown in Figure

6.15 and Figure 6.16.
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Figure 6.15. CVs measured in alkaline alkaline solution (0.1 M NaOH) before and after
running CVs in acid solution (0.1 M HClOs) for (a-b) RuCo-Pd branched nanoparticles-
1 and (c-d) RuCo-Pd branched nanoparticles-2.

A peak at ~1.1 V for the CVs of RuCo-Pd-1 and RuCo-Pd-2 before running
CVs in acid solution can be assigned to the oxidation of cobalt, indicating

the presence of Co in the catalysts. The peak was not present after running
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CVs in acid solution, indicating the Co leaching in the catalysts. The ECSAs
of the catalysts were further determined to investigate the change in actives

sites.

As shown in Figure 6.16, the ECSAs increased for both RuCo-Pd-1 and
RuCo-Pd-2 catalysts after Co leaching.
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Figure 6.16. Comparison of surface areas before and after Co leaching. CVs measured in
alkaline solution (0.1 M NaOH) at 100 mV s! before and after running CVs in acid
solution (0.1 M HCIO4), and the plots of current at 1.05 V vs. the scan rate for (a-b) RuCo-
Pd branched nanoparticles-1 and (c-d) RuCo-Pd branched nanoparticles-2.

These changes illustrate that the Co leaching in the catalysts exposes more
active sites on the catalyst’s surface. Overall, enhanced OER activities of the

catalysts are related to the exposure of highly active sites with the removal
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of cobalt. The RuCo-Pd-2 catalyst exhibited 2x fold higher OER activity than
the RuCo-Pd 1 catalyst and 4x higher activity than the Ru-Pd catalysts,
which can be related to the Co distribution on the more accessible sites of
the branches. Notably, although the higher exposition of more active facets,
the alloyed RuCo-Pd catalysts maintained their stability, exhibiting higher
activity than the benchmark catalysts after 400 cycles. Therefore, alloyed
branches show enhanced OER activity because the leaching of the non-noble
metal in the branches makes defects during OER, generating highly active

sites and increasing the intrinsic activity.

The Co content in the RuCo-Pd-2 catalyst was further quantified by EDS
spectrum before and after catalyst activation to confirm the Co leaching from

the particles (Figure 6.17 a-b).
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Figure 6.17. Comparison of the Co content in the RuCo-Pd-2 catalyst before and after
electrochemical activation. (a-b) Eds spectras of the catalysts before and after running
CVs in acid solution (0.1 M HClOs), and (c) the schematic illustration of the formation
of active surface after running CVs in acid solution. Black circles indicated that the
vacancies of Co after Co leaching from the catalyst’s surface.
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The results showed that the Co content in the RuCo-Pd-2 catalyst decreased
from 21.5 to 7.24 at%. The change in the Co content indicates that the Co
atoms were leached out during the catalytic activation from the catalysts
forming highly active surfaces on the branches. The Co is not totally
removed. The Co in inner layers might be related to maintaining the stability
by adjusting the binding energy of the catalyst surface with oxygen

intermediates.
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6.4 Conclusions

A cubic-core hexagonal-branch growth approach was used to grow RuCo

alloyed branches on a Pd seed.
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Figure 6.18. Schematic illustration of the synthesis for (a) RuCo-Pd alloyed branched
nanoparticles with the Co distribution around the beginning of branches and (b) RuCo-
Pd alloyed branched nanoparticles with the Co distribution though branches.

Two types RuCo-Pd alloyed branched nanoparticles, including (i) Co
distribution around the beginning of branches and (i) Co distribution
through branches, were successfully synthesized by optimizing the reaction
conditions, including the molar ratio of Ru to Co, the oxidation states of Co

in the precursor, and the nucleation steps of the metals.
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The RuCo-Pd alloyed branched nanoparticles-2 with the Co distribution
through branches presented much higher OER activity than RuCo-Pd alloyed
branched nanoparticles-1 with the Co distribution around the beginning of

the branches and Ru-Pd branched nanoparticles.
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Figure 6.19. Catalytic activities of the catalysts. (a) anodic scan of the 5th cycle of cyclic
voltammetry to show the OER activities and (b) Comparison of the specific activities of
RuCo-Pd-1, RuCo-Pd-2, and Ru-Pd catalysts obtained at an overpotential of 260 mV.

The higher activity of alloyed nanoparticles is related to the leaching of Co
during the OER that makes defects at the surface of the nanoparticles,
enabling the high exposure of active sites. The higher activity of alloyed
nanoparticles with the Co distribution through branches can be ascribed to
their better accessibility of exposed active sites and higher intrinsic activity

of the newly exposed sites.

These results show that for nanoparticles, engineering alloyed nanoparticles
with well-defined shape to enable the exposure of active sites is crucial for
highly active electrocatalysis and this concept can be extended to a wide

range of electrocatalytic reactions.
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7.1 Conclusions

Hydrogen can be used as an efficient fuel in fuel cells and is regarded as an
energy dense, sustainable, and clean energy source. The electrochemical
water splitting process is one of the most promising methods for producing
hydrogen. However, the kinetically slow OER at the anode limits this
reaction's efficiency as its is slower than the HER at the cathode. To
overcome the challenges associated with oxygen electrocatalysis, this thesis
focused on the development of both earth-abundant and noble metals
branched nanoparticles as highly active and stable electrocatalysts in alkaline
and acidic media, respectively, and understanding their electrocatalytic
reactions that occur on these electrocatalysts. This thesis investigated three
different catalyst systems for OER, including Co branched nanoparticles in
alkaline media, Ru-Pd branched nanoparticles in acid, and alloyed RuCo-Pd

branched nanoparticles in acid.

Co and Ru were chosen as the earth-abundant and noble metal
electrocatalysts, respectively, owing to their promising catalytic activities for
OER in acidic and alkaline environments. A recent study by our group has
demonstrated that a cubic-core hexagonal-branch strategy is an effective way
to synthesize Ru branched nanoparticles' 2. The present study showed that
this method could also be applied to make Co branched nanoparticles
successfully and, thus, RuCo-Pd alloyed branched nanoparticles. In this
study, the Fischer-Porter bottle method was proved to be an effective strategy
for synthesizing both Ru and Co branched nanoparticles in the presence of
H> as a weak reducing agent, which enabled the slow growth of the
secondary metal on cubic seeds and, thereby, the formation of branches. First
of all, in the synthesis of these branched nanoparticles, long-chain amines

were found to be appropriate capping agents for stabilizing side facets and
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promoting the growth of the second metal along the c-axis, thus allowing for
the formation of branches. In addition, the precursor to seed ratio was a
critical factor in the growth pattern of the secondary metal, resulting in either
core-shell nanoparticles or branched nanoparticles with controlled branch
sizes.

After developing the electrocatalysts, their catalytic properties were
investigated in order to gain a better understanding of the catalytic reactions
on the catalysts and to evaluate their catalytic performance. The branched
nanoparticles exhibited improved catalytic activity and stability for OER.
The highly crystalline scp branches enclosed by low indexed {1010} and
{0001} facets of branched nanoparticles were determined to have highly
resistant to oxidation, which results in enhanced stability. Having these
stable surfaces reduced the dissolution of the Ru catalyst, thus improving its
stability, and provided the formation of active Co(OH). surface on Co
branches, enhancing the catalytic activity and stability of the catalyst.
Furthermore, 3D branched nanoparticles exhibited improved catalytic
activity due to their larger exposed surface area. It was also obtained that the
catalytic activity of branched nanoparticles could be enhanced by tuning
surface facets, branch number of the nanoparticles, and by designing alloyed
branched nanoparticles. The following sections provide a conclusion

regarding each of these three catalyst systems.
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7.1.1 Co branched nanoparticles

A hypothesis described in Chapter 1.4.1 suggested that Co branched
nanoparticles may provide excellent catalytic properties. Then, Chapter 3
established a synthetic protocol for synthesizing highly crystalline 4cp Co
branched nanoparticles, and Chapter 4 explored their catalytic properties. In
Chapter 3, I demonstrated that a cubic-core and hexagonal growth approach
could be extended to the synthesis of new 4cp Co branched nanoparticles by
optimizing the experimental conditions to grow Co branches on an Au core.
It was found that the precursor to seed ratio, the type of precursor, and
reaction time were critical parameters in the reaction to grow Co branches
on an Au core. Co spherical and Co304 oxide nanoparticles were also
synthesized for further comparison with the branched nanoparticles in
electrocatalytic studies. In Chapter 4, 1 investigated the role of the 3D
structure of the branched nanoparticles and the crystalline structure of the
branches in the formation of active sites and, thus, electrocatalytic properties
of OER. The Co branched nanoparticles exhibited the highest activity and
stability for OER, followed by Co spherical and Co304 nanoparticles. The
activity achieved with the Co branched nanoparticle is comparable to that of
the noble metal nanoparticles Ir and Ru in acidic electrolytes. This improved
activity is attributed to the highly crystalline Acp structure that retains the
presence of Co(OH), at the surface of the nanoparticles enabling the
electrochemical formation of greater density of Co*" active sites and 3D
morphology that provides a higher surface area. These results demonstrated
that designing highly crystalline branched nanoparticles with well-defined
surface structures could be an effective strategy for making highly active
electrocatalysts. This concept can be applied to a variety of electrocatalytic

reactions that are influenced by the formation of oxide species.
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7.1.2 Ru-Pd branched nanoparticles

As discussed in Chapter 1.4.2, the electrocatalytic properties of previously
synthesized Ru-Pd branched nanoparticles can be improved by tuning their
surface facets and branch numbers. Therefore, Chapter 2 focused on
developing methodologies for synthesizing Au and Pd cubic seeds with
controlled size and Ru-Pd branched nanoparticles with tunable branch length
and number and Chapter 5 investigated the effect of branch number and
surface facets of Ru-Pd branched nanoparticles for OER. In Chapter 3,
reaction temperature and the precursor to seed ratio were first determined to
be the key factors in controlling the size of seeds during a seed-mediated
growth approach in an organic solution phase. The precursor to seed ratio
and the seed size were further found to be critical variables for tuning branch
length and branch number, respectively. Chapter 5 explored the
electrocatalytic properties of the Ru-Pd branched nanoparticles with
controlled branch length and branch number for OER. The specific activity
of Ru-Pd branched nanoparticles with long branches was found to be 2.7
times higher than that of short branches and 4 times greater than that of the
best commercially available IrO2 nanoparticles. This greater activity can be
attributed to the increased exposure of more active {1011} facets (sides)
compared to less active {0001} facets (base) as branch length increases. It
was also observed that the specific activity decreased by 2.6 times as the
number of branches was increased from 2-3 to 5. This decreased activity was
likely caused by the limited accessibility of the branched nanoparticles with
multi-branches to the catalytic reaction.

These results showed the importance of the control of surface facets and

branch number to exploit the advantage of branched nanoparticles for OER,
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and this work is applicable across a wide range of nanoparticles to

engineering efficient electrocatalysts.

7.1.3 RuCo-Pd alloyed branched nanoparticles

On the basis of the discussion presented in Chapter 1.4.2, the exposure of
active sites on Ru branches per area can be increased by alloying Ru with
Co. Chapter 6 focused on developing RuCo-Pd branched nanoparticles
consisting of RuCo branches and a Pd core and understanding the OER on
the nanoparticles. A cubic-core hexagonal-branch approach in an organic
solution phase was found to be an effective approach to synthesize the
alloyed branched nanoparticles. Two types of alloyed RuCo-Pd branched
nanoparticles were synthesized, including (i) Co distribution around the
beginning of branches (RuCo-Pd-1) and (i1) Co distribution throughout
branches (RuCo-Pd-2) by optimizing reaction parameters. The oxidation
state of Co in the precursor and the nucleation steps were determined to be
decisive parameters for enabling the growth of RuCo branches on a Pd core.
In addition, a two-step reaction was used to achieve to distribute Co
throughout the branches. The electrocatalytic properties of RuCo-Pd-1 and
RuCo-Pd-2 were then compared to those of the Ru-Pd branched
nanoparticles with long branches described in Chapter 5. RuCo-Pd-2 and
RuCo-Pd 1 catalysts exhibited a 4- and 2-times greater OER activity than the
Ru-Pd catalyst, respectively. This enhancement in the OER activity of the
alloyed catalysts is due to the formation of new active sites on Ru branches
as a result of the Co leaching during the catalytic activation. The excellent
catalytic activity of RuCo-Pd is attributed to the distribution of Co
throughout the branches of the catalyst, which allows the exposure of new

active sites at the more accessible areas. In this study, alloying a noble metal
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with a non-noble metal proved to be an effective method of exposing more
active sites. This method can be further applied to different nanoparticles to

design highly active electrocatalysts.
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7.2 Future work

These fundamental studies enable us to gain a better understanding of OER
catalysts. However, we still have a great deal more to learn about these
systems. Although OER on the branched nanoparticles was evaluated in
terms of catalytic activity and stability, operando analysis and computational
studies are further needed to explore the mechanisms of electrocatalytic
reactions on these branched nanoparticles and the changes in catalyst
structures during electrocatalysis. As mentioned in Chapter 1, several studies
have been conducted in order to understand the mechanism of OER on the
surfaces of CoOx and RuQOz. Thus, combining operando and computational
analysis can help gain insight into the interaction between water and the
surface of the nanoparticles.

In the case of Co catalysts, HRTEM characterizations are required following
catalytic activity and stability tests on Co-branched nanoparticles to
determine the thickness of the Co3O4 layer on the branches and the structural
changes in the catalyst. It may be possible to enhance the catalytic activity
of Co further branched nanoparticles by controlling the thickness of the
oxide layer and depositing a conductive metal (Au, Pt, etc.) onto the surface.
In addition, in terms of synthesis, the effect of seed material and shape can

be investigated to improve the shape of Co branched nanoparticles.

The leaching of Co from the RuCo-Pd alloyed branched nanoparticles during
catalytic activation significantly increased the exposure of active sites and,
consequently, the catalytic activity of the catalyst. There is approximately 20
at% of Co in the branched nanoparticles. Hence, there remains a question
about how the amount of Co affects the density of newly formed active sites

during the electrochemical pre-treatment. Therefore, I propose the following

199



step to be a systematic investigation of the effect of the amount of Co on the

catalytic performance.

Overall, this work demonstrated that engineering 3D bimetallic branched
nanoparticles with well-defined shapes and crystalline structures could
significantly improve their electrocatalytic properties for OER. For instance:
(1) highly crystalline metallic hep branches with low indexed facets improves
the surface resistance to oxidation, enhancing the catalytic stability, (i1) 3D
structure of branched nanoparticles enables highly exposed surface area,
improving their catalytic activity, (iii) 1D branch morphology and highly
crystalline surface enhance charge transfer properties, resulting in enhanced
reaction kinetics and improved catalytic activities. Nevertheless, there are
still further opportunities to improve the catalytic performance of 3D
bimetallic branched nanoparticles and explore their use in various catalytic
reactions. First, in terms of designing nanoparticles, great control over well-
defined surfaces and crystalline structures of 3D branched nanoparticles can
be combined with different approaches to boost their catalytic properties,
such as doping heteroatoms® *, creating oxygen vacancies™ ¢, and supporting
single atoms on the branches’ 8. Furthermore, in terms of catalytic reactions,
Co and Ru nanocatalysts have been proven as an efficient electrocatalyst for
various catalytic reactions, including HER® 1%, ORR® 1°, and CO> reduction
reaction (CO,RR)* !, and nitrogen reduction reaction (NRR)!!: 12, Therefore
the catalytic properties of Co, Ru, and RuCo branched nanoparticles can be

further explored in different catalytic reactions.
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