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ABSTRACT

RATIONAL DESIGN OF NANOMATERIALS FOR ELECTROCATALYTIC REACTIONS

Dingjie Pan

Electrochemical water splitting is widely recognized as a promising strategy for sustainable
hydrogen production, where the development of efficient, stable, and cost-effective
electrocatalysts for the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) is of critical importance. Among various transition metal catalysts, ruthenium (Ru)-
based materials have attracted significant attention due to their remarkable catalytic activity,
tunable electronic structure, and relatively lower cost compared to platinum-group metals
such as Pt and Ir. However, challenges remain in optimizing Ru utilization efficiency,
regulating its electronic configuration, and achieving rapid and scalable synthesis of high-
performance bifunctional catalysts. This dissertation focuses on the rational design, rapid
synthesis, and mechanistic understanding of Ru-based nanostructured electrocatalysts for

efficient electrochemical water splitting.

Chapter 1 introduces the fundamental principles of electrochemical water splitting, with
emphasis on HER and OER mechanisms, thermodynamic and kinetic limitations, and current
challenges in catalyst development. Particular attention is given to the catalytic properties of

Ru-based materials and their structure—activity relationships.

Chapter 2 investigates the impacts of ruthenium valence states on HER performance using
ruthenium ion-complexed graphitic carbon nitride/reduced graphene oxide (Ru—CN/rGO)
nanosheets. By controlling the oxidation state of Ru species, the electronic structure and

active sites of the catalyst were effectively tuned. The optimized catalyst exhibited enhanced

XV



HER activity and stability, demonstrating the crucial role of Ru valence modulation in

improving catalytic efficiency.

Chapter 3 presents a rapid synthesis strategy for ruthenium—copper (Ru-Cu)
nanocomposites as high-performance bifunctional electrocatalysts for overall water splitting.
The introduction of Cu significantly modulated the electronic structure of Ru and promoted
synergistic interactions between the two metals. The resulting Ru—Cu nanocomposites
exhibited excellent catalytic activity toward both HER and OER, achieving low overpotentials
and superior durability, highlighting the effectiveness of bimetallic engineering in enhancing

bifunctional catalytic performance.

Chapter 4 describes a rapid synthesis approach for carbon-supported Ru-RuO,
heterostructures designed for efficient electrochemical water splitting. The formation of
metal-oxide heterointerfaces provided abundant active sites and facilitated charge transfer,
leading to enhanced catalytic kinetics for both HER and OER. The optimized Ru—-RuO,/C
catalyst demonstrated remarkable activity and long-term stability under practical operating

conditions, underscoring the advantages of heterostructure engineering.

Overall, this dissertation establishes systematic strategies for tailoring the electronic
structure, composition, and interfacial properties of Ru-based catalysts through valence-state
control, bimetallic design, and heterostructure engineering. The developed rapid synthesis
methods enable scalable production of high-performance electrocatalysts, while mechanistic
insights into structure—activity relationships provide valuable guidance for the rational design
of next-generation catalysts. These findings contribute to advancing the development of
efficient and economically viable electrocatalysts for sustainable hydrogen production and

renewable energy conversion.
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Chapter 1 Introduction

1.1 Hydrogen Energy

The increasing global energy demand, coupled with the urgent need to mitigate climate
change and reduce greenhouse gas emissions, has accelerated the transition from fossil
fuels to sustainable and renewable energy systems. Among various clean energy carriers,
hydrogen has attracted significant attention due to its high gravimetric energy density,
abundance, and environmentally benign nature, as its combustion produces only water as a
byproduct. Hydrogen is widely regarded as a key component of a future carbon-neutral
energy economy, with applications spanning transportation, industrial processes, and energy

storage.'-3

Currently, the majority of hydrogen is produced from fossil fuels through steam methane
reforming, which is energy-intensive and associated with substantial carbon emissions. In
contrast, electrochemical water splitting powered by renewable electricity offers a sustainable
and environmentally friendly route for hydrogen production. This process enables the direct
conversion of electrical energy into chemical energy stored in hydrogen, providing an
effective strategy for integrating intermittent renewable energy sources such as solar and
wind into the energy infrastructure. However, the widespread implementation of water
electrolysis technologies is still limited by high energy consumption and the lack of efficient,

durable, and cost-effective electrocatalysts.*®



1.2 Hydrogen Evolution Reaction (HER)

The hydrogen evolution reaction (HER) is the cathodic half-reaction in water electrolysis,
involving the reduction of protons or water molecules to produce molecular hydrogen. In
acidic electrolytes, HER typically proceeds through either the Volmer—Tafel or Volmer—
Heyrovsky mechanisms, while in alkaline media, the reaction involves an additional water
dissociation step, resulting in slower kinetics. The HER activity of a catalyst is fundamentally
governed by the adsorption free energy of hydrogen intermediates (H*), where an optimal
balance between hydrogen adsorption and desorption is required to achieve high catalytic

efficiency.”

Platinum-based materials are considered the state-of-the-art HER catalysts due to their near-
zero hydrogen adsorption free energy and fast reaction kinetics. However, the scarcity and
high cost of platinum significantly hinder its large-scale application. Therefore, the
development of alternative catalysts with comparable activity and improved economic viability
has become a major research focus. Ruthenium (Ru)-based catalysts have emerged as
promising candidates due to their Pt-like catalytic performance, tunable electronic properties,
and relatively lower cost. In particular, engineering the valence state, coordination
environment, and support interactions of Ru can effectively modulate its electronic structure

and optimize hydrogen binding, thereby enhancing HER activity.%!

1.3 Oxygen Evolution Reaction (OER)

The oxygen evolution reaction (OER) is the anodic counterpart of HER and is widely
recognized as the rate-limiting step in electrochemical water splitting due to its complex four-
electron transfer mechanism. The OER process involves multiple proton-coupled electron
transfer steps and the formation of oxygen-containing intermediates such as OH*, O*, and

OOH?*, leading to significant kinetic barriers and high overpotentials.'2-16



State-of-the-art OER catalysts are typically based on iridium and ruthenium oxides, which
exhibit excellent activity in both acidic and alkaline environments. However, these catalysts
suffer from high cost and limited long-term stability under operational conditions. In particular,
Ru-based catalysts often undergo structural reconstruction during OER, forming dynamically
evolving RuOx species that play a critical role in catalytic activity. Understanding these
dynamic transformations and stabilizing active phases are essential for improving catalyst
durability and performance. Recent advances have highlighted the importance of electronic
structure tuning, defect engineering, and interfacial design in enhancing OER activity and

stability.17-21

1.4 Ruthenium-Based Electrocatalysts

Ruthenium-based materials have attracted extensive interest as versatile electrocatalysts for
both HER and OER due to their unique electronic structure and dual catalytic functionality.
Metallic Ru exhibits excellent HER activity comparable to platinum, while RuO, is one of the
most active catalysts for OER. This combination makes Ru-based systems highly promising

for bifunctional electrocatalysis in overall water splitting.22-23

Despite these advantages, the performance of Ru-based catalysts is highly sensitive to
several factors, including oxidation state, particle size, dispersion, and interaction with
supports. At the atomic level, the valence state of Ru directly influences its electronic
configuration and the density of states near the Fermi level, thereby affecting catalytic activity.
In addition, strong metal-support interactions can significantly modify the electronic structure
of Ru and enhance its stability. To address these challenges, various strategies such as
atomic dispersion, valence-state regulation, alloying with other metals, and constructing
metal-oxide heterostructures have been explored to improve catalytic performance and

durability.24-25



1.5 Strategies for Catalyst Design

The rational design of high-performance electrocatalysts requires a comprehensive
understanding of structure—activity relationships and the development of effective strategies
to optimize catalytic properties. One key approach is electronic structure engineering, where
modulation of the valence state and electronic configuration enables precise tuning of
adsorption energies for reaction intermediates. Another important strategy is bimetallic
engineering, which introduces synergistic effects between different metal components,

facilitating charge transfer and enhancing catalytic activity for both HER and OER.2¢

Furthermore, heterostructure construction, particularly at metal-oxide interfaces, has
emerged as a powerful approach to improve catalytic performance. The formation of built-in
electric fields, such as Mott—Schottky junctions, can promote charge separation and
accelerate reaction kinetics. Additionally, controlling catalyst morphology, defect density, and
support interactions can further enhance activity and stability. These strategies collectively

provide a versatile framework for designing efficient bifunctional electrocatalysts.27-28

1.6 Magnetic Induction Heating (MIH) for Rapid Catalyst Synthesis

In addition to catalyst design, the development of efficient and scalable synthesis methods is
crucial for practical applications. Conventional synthesis techniques often involve prolonged
reaction times, complex procedures, and limited control over nanostructure formation.
Magnetic induction heating (MIH) has recently emerged as a powerful method for ultrafast
material synthesis, enabling rapid temperature rise through Joule heating under high current

conditions.29-31



MIH offers several advantages, including significantly reduced synthesis time, precise control
over reaction kinetics, and the ability to generate unique nanostructures and metastable
phases. The rapid heating and cooling processes can promote strong interfacial interactions
and uniform dispersion of active components, which are critical for high catalytic performance.
Moreover, MIH is inherently scalable and energy-efficient, making it a promising approach for

large-scale production of advanced electrocatalysts.32-34

1.7 Scope and Organization of This Dissertation

This dissertation aims to develop high-performance ruthenium-based electrocatalysts for
electrochemical water splitting through a combination of electronic structure engineering and
rapid synthesis strategies. The primary focus is on understanding and optimizing the

relationships between catalyst structure, composition, and electrocatalytic performance.

Chapter 2 investigates the role of ruthenium valence state in HER by embedding atomically
dispersed Ru species into carbon-based supports, demonstrating the importance of
electronic structure modulation. Chapter 3 explores the synthesis of Ru—-Cu bimetallic
nanocomposites via magnetic induction heating, highlighting the role of charge transfer and
synergistic effects in enhancing bifunctional catalytic activity. Chapter 4 focuses on the
construction of Ru-RuO, heterostructures, where engineered interfaces and Mott—Schottky
effects significantly improve catalytic efficiency and stability, particularly under practical
conditions such as saline electrolytes. Finally, Chapter 5 summarizes the key findings of this
work and provides perspectives for future research in the development of advanced

electrocatalysts for sustainable hydrogen production.
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Chapter 2 Impacts of ruthenium valence state on the electrocatalytic activity of
ruthenium ion-complexed graphitic carbon nitride/reduced graphene oxide nanosheets

towards hydrogen evolution reaction

2.1 Abstract

Ruthenium centers are atomically embedded within carbon nitride/reduced graphene oxide
nanosheets by thermal refluxing. Chemical reduction/oxidation leads to ready manipulation of
the ruthenium valence state and hence enhancement/diminishment of the electrocatalytic
activity towards hydrogen evolution reaction, due to increased/reduced contribution of Ru 3d

electrons to the density of state near the Fermi level.

KEYWORDS: Ruthenium; Carbon nitride; Graphene nanosheet; Hydrogen evolution reaction;

Valence state

2.2 Introduction

Hydrogen has been attracting extensive interest as a viable substitution of fossil fuels due to
its remarkably high energy density (120 MJ kg™'); yet, currently the commercial production of
hydrogen is mostly based on catalytic reforming of natural gas, where CO2 emissions are
inevitable during the hydrogen generation process '2. Producing hydrogen via
electrochemical water splitting has emerged as an efficient and sustainable solution, which
entails two half-reactions, hydrogen evolution reaction (HER) at the cathode and oxygen
evolution reaction (OER) at the anode, where an efficient electrocatalyst is required to reduce
the activation energy and high overpotentials at both electrodes 3. For an ideal HER catalyst,
the Gibbs free energy of hydrogen adsorption (AGH) should be close to 0 eV, since weak

hydrogen binding to the catalyst surface would limit the adsorption rate while strong binding

10



would impede the desorption of the final product 4. At present, platinum with a nearly thermo-
neutral AGnis considered as the most active catalyst for HER. However, the natural scarcity
and high cost of platinum renders it unsustainable to produce H2 from water splitting based
on platinum catalysts 57. This has fuelled substantial research efforts of the development of
cost-effective alternatives &13. Within this context, ruthenium has been attracting extensive
interest, due largely to a AGn comparable to that of Pt but at ca. 60% of the cost 415,
Remarkably, when ruthenium is atomically dispersed into a N-doped carbon matrix forming
RuNxCy moieties, the resulting composites exhibit a significant HER activity, as compared to
commercial Pt/C 1618 For instance, in a previous study ', refluxing of RuCls with graphitic
carbon nitride (g-CsN4) nanosheets led to the formation of RuN2 moieties whereby Ru(lll) was
reduced to Ru(ll) and chelated to the pyridinic N of two neighboring tri-s-triazine units (Ru-N).
This intimate interaction between the Ru centers and the carbon scaffold led to substantial
charge redistribution around the metal centers where the adjacent Ru, N, and C atomic sites
all exhibited a markedly reduced |AGH| and collectively contributed to the binding and
reduction of hydrogen. Further charge transfer from the metal centers could be achieved by
the incorporation of reduced graphene oxide (rGO) nanosheets forming a stacked structure
with the Ru-C3N4 composites (Ru-C3N4/rGO) '7. Recent study already proofed the unique
feature of C3N4/rGO structure in narrowing the bandgap by density functional theory (DFT)
calculations 1921, The strong electronic interactions among Ru, g-C3sN4, and rGO narrowed
the material bandgap, improved the electrical conductivity and charge-carrier density, and
lowered the charge-transfer resistance, leading to additional enhancement of the HER
performance 7. This suggests that the valence state of the metal centers plays a critical role

in dictating the HER activity.

Notably, the valence state of such single atom catalysts (SACs) has been recognized to exert
a great impact on the electrocatalytic activity, since the adsorbate binding would be

weakened with a decreasing density of valence-filling electrons 2224, This has been
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manifested in the manipulation of electrocatalytic activity towards a range of important
reactions, such as HER, OER, and ORR (oxygen reduction reaction) 22 2531, For instant,
Nichols et al. 22 embedded platinum centers into g-CsN4 nanosheets by refluxing with two
different precursors (PtCl2 and PtCls), and observed that the HER activity increased with
increasing Pt** concentration, with a low overpotential (nio) of only -7.7 mV to reach the
current density of 10 mA cm2 for the optimized sample. In another study 29, the valence state
of doping elements (Ir, Pt, and Ru) was found to impact the electrocatalytic activity of nickel-
iron layer double hydroxide (NiFe-LDH). Specifically, compared to tetravalent iridium (Ir**),
trivalent iridium ions (Ir**) showed a higher HER and OER activity, because the neighboring
O atoms were electron-richer with the lower-valence Ir3* ion, which facilitated water
dissociation and hydrogen desorption. A similar effect was also found with Ru and Pt ions,
where Pt2* and Ru®* doped NiFe-LDH exhibited a better catalyst performance than that with
Pt** and Ru**. In another study®, an enhanced HER performance was observed with high
valence state Mo (i.e., Mo**, Mo%*, and Mo®*) in molybdenum carbide (MoxC), where oxidation
of MoxC nanoparticles by controlled air treatment led to improved HER activity in both acidic
(n10 = -130 mV) and alkaline media (n10 = -116 mV). For Fe,N-codoped carbon composites 3,
markedly better ORR and OER catalytic activities were observed at the Fe?*/Fe3* ratio of 1.15
than at 1.5 and 0.92. Mechanistically, this was accounted for by the synergistic interactions
between the metal centers, where Fe?* facilitated oxygen adsorption and Fe3* was beneficial

to the conduction of valence electrons of oxygen ions.

In this study, the ruthenium valence state of Ru-CsN4/rGO composites was manipulated by
chemical reduction/oxidation, as manifested in X-ray spectroscopic measurements. The
reduced sample was found to exhibit an enhanced HER activity in both acidic and alkaline
media, whereas the performance diminished with the oxidized sample, as compared to the
as-prepared composite. This was ascribed to the enhanced contribution of the Ru 3d

electrons to the density of state (DOS) near the Fermi level.
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2.3 Experiment Section

2.3.1 Chemicals

Melamine (99%, Acros), ruthenium(lll) chloride hydrate (RuCls-xH20, 35-40% Ru, Acros),
graphite flakes (Fisher Chemicals), sulfuric acid (H2SO4, 98%, Fisher Chemicals), potassium
hydroxide (KOH, 99%, Acros), sodium nitrate (NaNOs, 99%, Acros), potassium
permanganate (KMnO4, 99%, Fisher Chemicals), sodium borohydride (NaBHa4, 99%, Acros),
and ascorbic acid (99%, Fisher Chemicals) were used as received without further purification.

Deionized water (18.2 MQ cm) was supplied with a Barnstead Nanopure Waster System.

2.3.2 Sample Preparation
The synthesis of CsN4 was detailed previously. In brief, 10 g of melamine was heated in a
muffle oven at 600 °C for 3 h in a covered crucible. The obtained C3N4 sample was ground to

a fine powder.

The modified Hummers method was used in the synthesis of graphene oxide (GO)
nanosheets. Experimentally, 2 g of graphite and 1 g of NaNOs were ground and transferred to
a 1000 mL round-bottom flask in an ice bath. 46 mL of concentrated H.SO4 and 6 g of KMnO4
were added slowly into the flask under magnetic stirring for 3 h. The flask was then heated at
35 °C in an oil bath under stirring with the addition of 92 mL of H20, and further heated at 95
°C for 30 min. After the solution was cooled down to ambient temperature, 150 mL of H20
and 20 mL of H202 were added slowly into the flask, followed by 50 mL of concentrated HCI
and 300 mL of H20 before centrifugation. The supernatant was collected and neutralized with
NaHCOs to pH ~ 7 before being dialyzed for 7 d (with a daily change of water) and finally

freeze-dried.
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To prepare Cs3N4/rGO composites, 100 mg of the CsNs4 powders prepared above was
dispersed into 100 mL of Nanopure water under sonication in a round-bottom flask for 1 h,
into which was then added 100 mg of the above-obtained GO nanosheets. After sonication
for 1 h, 352 mg of ascorbic acid was added into the solution, which was refluxed in an oil bath
at 100 °C for 2 h. The resultant CsN4/rGO composites were collected by centrifugation for 10

min and dried overnight.

To incorporate Ru centers into C3N4/rGO, the C3N4/rGO hybrids prepared above were
dispersed in 100 mL of Nanopure water under sonication for 1 h, into which was then added
56 mg of RuCls. The mixture was refluxed at 100 °C in an oil bath for 2 h. The Ru-C3N4/rGO
composites were collected by centrifugation for 10 min and rinsed with H20 and ethanol two

times.

The valence state of Ru in the Ru-C3N4/rGO composites was further manipulated by chemical
reduction/oxidation. In the reduction process, 20 mg of Ru-C3N4/rGO was dispersed into 4 mL
of H20, into which was added freshly prepared 1 mL of a NaBH4 solution (3 mg mL-"). The
mixture was under magnetic stirring for 30 min before the solid was collected by
centrifugation and dried overnight. The resulting sample was denoted as Ru-C3N4/rGOred.
The oxidation treatment was carried out in a similar fashion except that 1 mL of a KMnO4
solution (8.8 mg mL-") was used instead, and the resulting sample was referred to as Ru-

C3N4/rGOox.

2.3.3 Characterization

Transmission electron microscopy (TEM) measurements were carried out with an FEI Tecnai
G2 200 kv TEM. Elemental mapping analyses based on energy-dispersive X-ray
spectroscopy (EDS) were carried out with a Talos F200C G2 TEM. Scanning electron

microscopic (SEM) studies, along with element mappingg analysis, were conducted with a
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Thermo Fisher Scientific Apreo S LoVac electron microscope. X-ray photoelectron
spectroscopic (XPS) studies were performed with a Thermo Scientific K-Alpha X-ray
Photoelectron Spectrometer. X-ray diffraction (XRD) patterns were acquired with a Rigaku
Smartlab Diffractometer. X-ray absorption spectroscopy (XAS) measurements were carried
out at 10 K at beamline 4-1 of the Stanford Synchrotron Radiation Light source using an

Oxford liquid helium cryostat.

2.3.4 Electrochemistry

Electrochemical measurements were carried out with a CHI 710 electrochemical workstation,
while electrochemical impedance spectroscopy (EIS) and Mott-Schottky tests were
conducted with a Gamry Reference 600 instrument. A glassy carbon rotating disk electrode
(RDE, surface area 0.196 cm?) and a graphite rod were used as the working electrode and
counter electrode, respectively. The Ag/AgCl reference electrode (in 3 M KCI) was calibrated
against a reversible hydrogen electrode (RHE), and all potentials in the present study were
referenced to this RHE. To prepare catalyst inks, 2 mg of the nanocomposite catalysts
obtained above and 3 mg of Vulcan XC72 carbon black were dispersed in 200 pL of H20,
790 uL of ethanol, and 10 uL of Nafion. After sonication for 30 min, 15 yL of the ink was drop
cast evenly onto the RDE surface. The electrode was dried at ambient temperature before
being immersed into an electrolyte solution for electrochemical measurements. The

measurements were repeated 2 times, and the deviation was typically under 5%

2.4 Results and Discussion
Experimentally, g-C3sN4 nanosheets were derived thermally from melamine, and GO from
chemical exfoliation of graphite flakes. g-CsN4/rGO hybrids were then prepared by refluxing

the g-CsN4 and GO mixture in the presence of ascorbic acid and the sandwich structure of
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C3N4/rGO would form.3233A second thermal refluxing with RuCls led to the incorporation of
ruthenium centers with the pyridinic nitrogen of the tri-s-triazine units in the g-CsN4/rGO
scaffold, forming Ru-CsN4/rGO nanocomposites '6-'7. The valence state of the Ru centers
was further manipulated by NaBH4 reduction or KMnO4 oxidation, with the corresponding

sample denoted as Ru-C3N4/rGOred and Ru-CsN4/rGOox, respectively.

Figure 2.1. (a,b) TEM images of Ru-C3N4/rGO at different magnifications. Scale bars are (a)
20 nm and (b) 2 nm. (c) High-angle annular dark-field TEM image of Ru-C3N4/rGO and the

corresponding elemental maps of O and Ru.
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Figure 2.2. (a) TEM image of Ru-C3sN4/rGOred and the corresponding elemental maps of O
and Ru. (b) TEM image of Ru-C3N4/rGOreq at the same spot and corresponding line scans of

the Ru element.

S
Figure 2.3. TEM image of Ru-C3N4/rGOox and the corresponding elemental maps of O and

Ru.
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Figure 2.4. SEM image of Ru-C3sN4/rGO and the corresponding elemental maps of C, N, O,

and Ru. (b) SEM micrograph of Ru-C3N4/rGO and line scans of the various elements.
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Figure 2.5. (a) SEM micrograph of Ru-C3N4/rGOred and the corresponding elemental maps of
C, N, O, and Ru. (b) SEM micrograph of Ru-CsN4/rGOred and line scans of the various

elements.
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Figure 2.6. (a) SEM micrograph of Ru-C3sN4/rGOox and the corresponding elemental maps of
C, N, O, and Ru. (b) SEM micrograph of Ru-CsN4/rGOox and line scans of the various

elements.

The sample structures were first characterized by transmission electron microscopic (TEM)
measurements. From Figure 2.1a, the as-prepared Ru-CsN4/rGO sample can be seen to
exhibit a flaky nanosheet morphology'’. In high-resolution TEM measurements (Figure 2.1b),
one can see that the sample consisted of arrays of nanocrystalline domains (ca. 2 nm) with a
slightly darker contrast against a largely amorphous (light grey) background, and exhibited
well-defined lattice fringes with an interplanar distance of 0.237 nm that can be ascribe to the
crystalline (110) planes of CsN4%4, indicative of successful stacking of CsNs onto rGO
nanosheets, mostly due to n—r interactions between the two-dimensional nanosheets '7. No
obvious lattice fringes can be assigned to either metallic Ru or RuOz2, suggesting atomically

dispersed Ru within the CsN4/rGO scaffold (further confirmation by X-ray photoelectron and

20



absorption spectroscopy measurements, vide infra). Consistent results were obtained from
elemental mapping analysis based on energy-dispersive X-ray spectroscopy (EDS). From the
data in Figure 2.1c, the elements of O, and Ru can be readily identified, and can only be
found discretely, consistent with the atomic dispersion of ruthenium within the carbon matrix
7. Notably, no apparent variation of the sample structure and elemental distributions was
observed after chemical reduction or reduction (Figure 2.2-2.3). Consistent results were
obtained from SEM and EDS measurements in Figure 2.4-2.6. One can see a rather
consistent distribution pattern for C, N, and O, although it was apparently different from that
of Ru, consistent with the stacking interaction between CsN4 and rGO (and the absence of

Ru02).
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Figure 2.7. XRD patterns of Ru-C3sN4/rGO with an aluminum plate as the sample holder.
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The corresponding X-ray diffraction (XRD) patterns are shown in Figure 2.7. The main
diffraction peak at 26 = 27.5° can be ascribed to the combination of C3N4 (002) and rGO
(002) planes, 6. 3538 |t should be noted that no peaks can be resolved for metallic Ru or RuOx

nanoparticles, consistent with the atomic dispersion of Ru in sample 7.
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Figure 2.8. (a) XPS survey spectra of Ru-CsN4/rGO, Ru-C3N4/rGOred, and Ru-CsN4/rGOox. (b)
high resolution XPS spectra of (b) C 1Ru 3d, (c) N 1s, and (d) O 1s electrons of Ru-

C3Na/rGOred, Ru-C3N4/rGO, and Ru-C3Na/rGOoy.

The chemical composition and valence states of the composites were determined by X-ray
photoelectron spectroscopy (XPS) measurements. From the survey spectra in Figure 2.8a,
the C 1s/Ru 3d, N 1s, Ru 3p, and O 1s electrons can be identified at ca. 284, 400, 475, and
532 eV for the sample series. On the basis of the integrated peak areas, the elemental
contents of Ru-CaN4/rGO were estimated to be 69.48 at.% for C, 13.21 at.% for N, 15.10 at.%

for O, and 2.22 at.% for Ru. The high-resolution scans of the Ru 3p electrons are shown in
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Figure 2.9a. Deconvolution yields two doublets for all three samples (Table 2.1). For Ru-
C3N4/rGO, the doublet at 463.30/485.5 eV can be assigned to the 3ps2/3p1.2 electrons of
Ru(ll), and the other at 465.81/488.01 eV to Ru(lll). The binding energies diminished slightly
for the Ru-C3N4/rGOreq, Ru(ll) at 462.98/485.24 eV and Ru(lll) at 465.14/487.30 eV, whereas
a small increase was observed with Ru-C3sN4/rGOox, Ru(ll) at 463.52/485.65 eV and Ru(lll) at
465.93/487.83 eV 617 This suggests effective electron-enrichment/depletion of the Ru
centers by postsynthesis chemical reduction/oxidation. In addition, the fact that no metallic
Ru was detected in the samples was consistent with atomic dispersion of Ru into the carbon

scaffold, as suggested in the above TEM and XRD measurements.

The corresponding C 1s and Ru 3d spectra are shown in Figure 2.8b, where a rather
appreciable change of the Ru 3ds2 binding energy can also be observed, Ru-CsN4/rGOred
(281.73 eV) < Ru-CsN4/rGO (281.85 eV) < Ru-CsN4/rGOox (282.09 eV), in good agreement
with the trend of the Ru 3p electrons. In addition, the N-C=N and C=C peaks can be identified
at ca. 288.0 and 284.5 eV, respectively 617, and remained virtually unchanged after chemical
reduction/oxidation, suggesting minimal impacts on the carbon scaffold. Similar behaviors

were observed in the relevant N 1s and O 1s spectra (Figure 2.8c-d and Table 2.1).
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Figure 2.9. (a) XPS spectra of Ru 3p electrons and the zoom in figure of Ru-C3N4/rGOreq, Ru-
CsN4/rGO, and Ru-CsN4/rGOox. (b) The normalized Ru K-edge XANES spectra of Ru-
C3N4/rGOred, Ru-C3N4/rGO, Ru-C3N4/rGOox, and standard Ru foil and RuO2z with the zoom in
the plot (the inset), (c) Ru K-edge R-space EXAFS data for the corresponding samples

(Fourier transform range: 3.5-11 A-")
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Table 2.1. XPS deconvolution results of Ru-C3N4/rGO before and after chemical

reduction/oxidation treatment

Binding Energy (eV) Ru-C3N4/rGOre¢ Ru-C3N4/rGO Ru-C3N4/rGO.x
Ru 3d

Ru 3d5/2 281.73 281.85 282.09
Ru 3d3/2 285.93 286.05 286.29
C 1s (C=C) 284.50 284.47 284.49
C 1s (N-C=N) 288.02 288.04 288.10
Ru 3p

Ru(ll) 3p3/2 462.98 463.10 463.52
Ru(ll) 3p1/2 485.24 485.40 485.65
Ru(lll) 3p3/2 465.14 465.21 465.93
Ru(lll) 3p1/2 487.30 487.37 487.83
O1s

(-OH)%* 530.98 530.81 530.80
C-0 532.28 532.51 532.08
MnO:2 529.65
N 1s

C-N=C 398.59 398.63 398.61
N-Cs 400.31 400.33 399.74
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Figure 2.10. Raman spectroscopy of Ru-C3aN4/rGO, Ru-C3N4/rGOred, and Ru-C3N4/rGOox.

Further structural insights were obtained from X-ray absorption spectroscopy (XAS)
measurements. From the Ru K-edge X-ray absorption near-edge structure (XANES) spectra
in Figure 2.9b, one can see that the absorption edges of the samples all lie in the
intermediate range between those of Ru foil and RuOz2, suggesting a valence state between 0
and +4, which is consistent with the atomic dispersion of Ru(ll)/Ru(lll) centers within the
carbon skeleton. In addition, from the inset to Figure 2.9b, one can see that the absorption

edge energy varied in the order of Ru-C3Na/rGOred ¥ Ru-C3N4/rGO < Ru-C3N4/rGOox, in

agreement with results from the XPS measurements where chemical reduction/oxidation led
to electron-enrichment/depletion of the Ru centers. The Raman spectroscopy in Figure 2.10
also indicates the change of oxidation state. The peak of Ru-C3N4/rGO is weaken after the
reduction treatment, while shift to the right for Ru-CsNa/rGOox. It suggests that as the

oxidation state increase, the bond length will be shortened and has a higher wavenumber.
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Figure 2.11. (a) EXAFS fitting results of Ru-C3sN4/rGO, Ru-C3N4/rGOred, and Ru-CsN4/rGOox.
(b) k-space data for the Ru-CsN4/rGO, Ru-C3N4/rGOred, and Ru-CsN4/rGOox collected at 10 K.

The k-space curves were shifted vertically by 0.1 for Ru-C3N4/rGOred and Ru-C3Na4/rGOox.

Notably, the extended X-ray absorption fine structures (EXAFS) of the composite samples
also exhibited a clear deviation from those of Ru foil and RuO2, further confirming the
absence of metal Ru and RuO: nanoparticles in the samples; and the almost identical
oscillation patterns suggest a consistent atomic configuration that was retained during

chemical reduction/oxidation. (See k-space plot in Figure 2.11)

The corresponding R-space EXAFS data are depicted in Figure 2.9c. Because C/N/O are

neighbors in the periodic table, they cannot be distinguished in EXAFS for comparable bond
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length. Thus, the first peak for Ru-C/N/O at 1.5 A in these three samples (Ru-C3aN4/rGOred,
Ru-CsN4/rGO, Ru-C3N4/rGOox) can be a mixture of C/N/O neighbors. Also, no Ru-Ru bond
can be resolved at 2.3 A in Ru-C3Na/rGOred, Ru-C3Na/rGO, and Ru-C3sN4/rGOox, consistent
with results from TEM, XPS, and XRD measurements that no Ru nanoparticles were
produced. Furthermore, the Ru-C/N/O configuration was determined by fitting the EXAFS
data (Figure 2.11) to a model with carbon and nitrogen neighbors at approximately 2.03,
2.68, and 2.90 A. We find almost identical bond length and coordination number among the
three samples, 2.03 A and 5.56 for Ru-C3N4/rGOreq, 2.03 A and 5.00 for Ru-C3sN4/rGO, and
2.02 A and 6.31 for Ru-C3N4/rGOox (Table 2.2) 4042, That is, the coordination environment of
the Ru centers remained largely invariant before and after chemical reduction/oxidation of the

samples.

Table 2.2. Summary of the EXAFS fitting results

Samples o2 (A?) Bond Distance (A)  Coordination number

RU-C3N4/I'G0red

Ru-N/C/O 0.004 2.03 5.56
Ru-N/C/O 0.007 2.69 3.19
Ru-C/N/O 0.002 2.88 1.62
Ru-C3N4/rGO

Ru-N/C/O 0.003 2.03 5.00
Ru-N/C/O 0.004 2.68 3.17
Ru-C/N/O 0.002 2.88 1.52
Ru-C3N4/rGOox

Ru-N/C/O 0.004 2.02 6.31
Ru-N/C/O 0.002 2.70 2.30
Ru-C/N/O 0.002 2.96 4.40
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Figure 2.12. (a) HER polarization curves of Ru-C3N4/rGOred, Ru-C3N4/rGO, and Ru-

C3N4/rGOox in 0.5 M H2S04, and (b) the Corresponding Tafel plots. (¢) Nyquist plots of the

samples without carbon black at -100 mV in 0.5 M H2SO4. Inset is the equivalent circuit

where Rs is the serial resistance, CPE is the constant phase element and Rct is the charge-

transfer resistance. (d) Chronoamperometric measurements of Ru-C3N4/rGOred applying -

125 mV in 0.5 M H2S0O4 for 9 h, where hydrogen bubbles are removed from the RDE surface

every 3 h.
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Figure 2.13. HER polarization curves of Ru-C3sN4/rGOred, Ru-C3sN4/rGO, and Ru-CsN4/rGOox
in 1 M KOH, (b) Corresponding Tafel plots drives from polarization curves, and (c) Nyquist

plots on 3 samples without carbon black at -100 mV in 1 M KOH
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Table 2.3. Charge transfer resistance (Q) of the sample series by electrochemical impedance

measurements
Ru-C3N4/rGOred¢ Ru-C3N4/rGO Ru-C3N4/rGO.x
0.5 M H2S04
-50 mV 91 255 3075
-100 18 39 678
-150 8 11 111
-200 4 6 35
1M KOH
-50 mV 48 112 2032
-100 24 45 544
-150 17 29 213
-200 13 21 109

The HER performance of the sample series was then examined and compared in 0.5 M
H2S04. From the polarization curves in Figure 2.12a, one can see that in comparison to the
as-prepared Ru-C3N4/rGO, chemical reduction (oxidation) enhanced (diminished) the HER
activity, as manifested by the variation of the corresponding nio, in the order of Ru-
C3Na/rGOox (205 mV) < Ru-C3N4/rGO (-130 mV) < Ru-C3N4/rGOred (-93 mV). The Tafel plots
are depicted in Figure 2.12b, where the Tafel slope varied in the order of Ru-C3Na/rGOox
(99.08 mV dec') > Ru-CsN4/rGO (75.78 mV dec') 2 Ru-C3N4/rGOred (75.64 mV dec™),
suggesting enhanced (impeded) electron-transfer kinetics by chemical reduction (oxidation).
As compared, the nio and Tafel slope for commercial Pt/C are -34 mV and 17.35 mV dec™.
This is also confirmed in electrochemical impedance spectroscopy measurements. From the
Nyquist plots acquired at -100 mV (Figure c), the charge-transfer resistance (Rct, Table 2.3)
can be found to decrease markedly in the order of Ru-C3sNa4/rGOox (678 Q) > Ru-C3sN4/rGO
(39 Q) > Ru-CsN4/rGOred (18 Q). Notably, similar results were obtained in 1 M KOH, in terms

of n1o, Tafel slope and Rct (Figure 2.13 and Table 2.3).
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Mechanistically, results from first principles calculations ¢ have shown that the incorporation
of Ru centers within g-C3Ns4 led to an apparent redistribution of electrons within the
composite, and hence an enhanced density of states at the Fermi level, as compared to the
pristine g-CsN4, with the Ru 4d and 5s orbitals being the major contributors. This will be
strengthened (weakened) when the ruthenium centers are chemically reduced (oxidized), as
manifested in the change of valence state by XPS measurements, electrical conductivity by
electrochemical impedance measurements, and HER activity in both acidic and alkaline

media by electrochemical measurements.

Remarkably, the Ru-CsN4/rGOres sample also exhibited excellent stability. From the
chronoamperometric tests conducted at -125 mV in Figure 2.12d, one can see that the
voltametric currents were highly reproducible for up to 9 h when the hydrogen bubbles were

removed every 3 h from the RDE surface.

2.5 Conclusions

In summary, we synthesis the Ru-CsN4/rGO nanocomposites'®'7 and further enhance the
HER performance of ruthenium metal ions embedded CsN4/rGO composites by valence state
modifying. For Ru-CsN4/rGO nanocomposites, the ruthenium valence state and hence the
HER activity can be readily manipulated by chemical reduction/oxidation. The change of
valence state of ruthenium ions after stirring with NaBH4/KMnOs4 was confirmed by XPS
results. The peak position of Ru 3d were in order of Ru-C3N4/rGOreq (281.73 eV) < Ru-
CsN4/rGO (281.85 eV) < Ru-C3Na/rGOox (282.09 eV) while the order of HER activity was
opposite: Ru-CaNa/rGQOox (-205 mV) < Ru-CsN4/rGO (-130 mV) < Ru-CsN4/rGOred (-93 mV).
The reduced (oxidized) sample was found to possess electron-enriched (-deficient) Ru
centers and markedly enhanced (diminished) HER activity. This was ascribed to the

enhanced (reduced) contribution of Ru 3d electrons to the DOS near the Fermi level. Results
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from this study may be exploited as a unique strategy for the deliberate structural engineering

of single atom catalysts and ultimate optimization of their electrocatalytic activity.
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Chapter 3 Rapid Synthesis of Ruthenium-Copper Nanocomposites as High-

Performance Bifunctional Electrocatalysts for Electrochemical Water Splitting

3.1 Abstract

Development of high-performance, low-cost catalysts for electrochemical water splitting has
garnered significant attention for sustainable hydrogen production. Herein, we report ultrafast
synthesis of carbon-supported ruthenium-copper (RuCu/C) nanocomposites by magnetic
induction heating, where the rapid Joule’s heating of RuCls and CuCl2 at 200 A for 10 s leads
to the formation of Ru nanoparticles dispersed on CuCly, featuring effective Ru to Cu charge
transfer. Among the series, the RuCu/C-3 sample exhibits the best activity in 1 M KOH
towards both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),
with an overpotential of only -23 mV and +270 mV to reach the current density of 10 mA cm2,
respectively. When RuCu/C-3 is used as bifunctional catalysts for electrochemical water
splitting, a low cell voltage of 1.53 V is needed to produce 10 mA cm2, markedly better than
that with a mixture of commercial Pt/C+RuO2 (1.59 V). In situ X-ray absorption spectroscopy
measurements show that the Ru-Cl residues facilitate the enrichment of metallic Ru during
HER and the formation of amorphous RuOy species during OER, resulting in the bifunctional
activity. These findings highlight the unique potential of MIH in the ultrafast synthesis of high-

performance catalysts for electrochemical water splitting.
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3.2 Introduction

Hydrogen has emerged as a pivotal energy source to continuously fulfill the energy demands
for human consumption while striving for zero carbon emissions.'? At present, hydrogen
production relies predominantly on natural gas through steam methane reforming, which is
deemed unsustainable.® The synthesis of hydrogen through water splitting using renewable
electricity is imperative to transition from conventional (grey) hydrogen to environmentally
friendly (green) hydrogen.* In the electrochemical water splitting process, two half-reactions
are involved: hydrogen evolution reaction (HER) at the cathode and oxygen evolution
reaction (OER) at the anode. Notably, both half-reactions necessitate the development of
effective catalysts to boost the electron-transfer kinetics, such that a sufficiently high current
density can be produced for practical applications. Currently, commercial catalysts are based
on precious metals. For instance, carbon-supported platinum nanoparticles (Pt/C) are the
benchmark for HER, whereas RuO2 and IrOz for OER. Notably, these catalysts are active
towards either HER or OER only. It will be of fundamental significance to develop bifunctional
electrocatalysts towards both half reactions to streamline device fabrication and integration
and further advance the technology.>® For example, electrodeposited cobalt-phosphorous-
derived films (Co-P)?, cobalt oxide/N-doped carbon hybrids (CoOx@CN)'°, heterostructure
catalyst composed of FeNis nanoparticles and FeWOs nanosheets,'" Co2P-CoxOy'2 and

Mn2P-Mn203"3 heterogeneous nanoparticles exhibit excellent activity for both HER and OER.

Ruthenium-based nanocomposites have garnered considerable attention, due to the
excellent electrocatalytic activity for HER and markedly reduced cost of ruthenium, as
compared to platinum (Pt), making it a potential substitute for Pt-based commercial
benchmarks.'* This is primarily ascribed to an optimal bond strength with hydrogen (~65 kcal
mol') that is close to that of Pt."> In fact, according to the HER volcano plot, the Gibbs free
energy of hydrogen adsorption (AGH) is close to 0 eV for both Pt and Ru.®-'8 For instance, in

an early study,'® nanocomposites with Ru nanoparticles (ca. 2.38 nm in diameter, 3.18 wt%)
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supported on N-doped carbon were prepared by controlled pyrolysis of melamine, D-
glucosamine hydrochloride, and RuCls, and exhibited a low overpotential (nHer,10) of only —32
and -123 mV to reach the current density of 10 mA cm= in 1.0 M KOH and 0.5 M H2SOg,
respectively, with a mass activity about 9 times higher than that of commercial Pt/C in

alkaline media.

Ru-based nanocomposites have also been found to exhibit unique electrocatalytic activity
towards OER. For instance, Wang and coworkers2® prepared graphene composites with Ru-
RuO: heterostructures via calcination of RuCls, thiourea, and N,P-codoped reduced graphene
oxide nanosheets. The resulting Ru-RuO2@NPC nanocomposites exhibited remarkable
bifunctional activity towards both HER and OER within a wide range of pH, and a low cell
voltage of 1.46 V was needed to reach the current density of 10 mA cm-2 in electrochemical
water splitting. This was ascribed to charge transfer at the Ru-RuO2 Mott-Schottky junctions
that shifted the d-band center at the interface to the intermediate between those of Ru and
RuO: and facilitated the adsorption and desorption of key reaction intermediates (e.g., *H, *O,
*OH, and *OOH). In another study, You and coworkers2! prepared Ru-G/CC nanocomposites
where Ru nanoparticles with a mix of amorphous/crystalline structures were grown on carbon
cloth via a glycerol-assisted synthesis. The optimal Ru-G/CC exhibited a remarkable HER
(nHER,10 = -40 mV, Tafel slope 76 mV dec™') and OER activity (noer,10 = +270 mV, Tafel slope
63 mV dec™"). Density functional theory (DFT) calculations showed that the mixture of the
amorphous and crystalline Ru characters led to a reduced energy barrier in HER, while the
in-situ electrochemically produced Ru/RuO: species was conducive to OER. In another study,
Jiang and coworkers?? prepared Ru@RuO: core-shell nanorods by thermal treatment of Ru
nanorods in air at controlled temperatures, and observed an excellent bifunctional catalytic
performance, where the HER activity (nxer.10 = -137 mV) was comparable to that of 40% Pt/C

while the OER activity (noer,10 = +320 mV) was 6.5 times higher than that of IrO2.
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In these prior studies, the Ru-based catalysts were prepared mostly via conventional
pyrolysis and wet chemistry methods, which are relatively tedious and energy-intensive.?3
Such issues can be mitigated by ultrafast synthesis based on, for instance, magnetic
induction heating (MIH), where the rapid heating and cooling makes it possible to produce
samples within seconds, and more importantly, to facilitate the formation of
nonequilibrium/metastable structures that are unattainable in conventional heating methods.?*

In MIH, the Joule effect results in an ultrafast heating rate (e.g., 200 °C s') reaching a
temperature over 1000 °C within seconds, in contrast to conventional methods based on tube
furnaces and hydrothermal processes that exhibit much slower heating (< 10 °C min-'). This

has indeed been demonstrated in several recent studies in the preparation of a variety of
functional nanocomposites that exhibited unprecedented electrocatalytic activity towards
HER and OER, e.g., FeNi spinels with a good mixing of the Fe and Ni phases,?® defective
carbon-encapsulated Co nanoparticle composites,?® Ru nanoparticles with RuCly residues,?’

and amorphous MoS, composites.28

In these studies, the induction current and heating time played a critical role in controlling the
heating temperature and ultimately the materials structure and performance. For instance, in
the MIH preparation of ruthenium/carbon (Ru/C) nanocomposites using RuCls and carbon
black as the precursors,?” the sample prepared at 200 A for 10 s consisted mostly of
amorphous Ru clusters due to the relatively low heating temperature and hence incomplete
decomposition of RuCls, whereas at 300 A, Ru nanocrystals started to emerge in the sample
and were decorated with abundant RuCly residues. At higher induction currents (400-600 A),
agglomerates of Ru nanocrystals became the dominant components with a marked
diminishment of the RuCly residues. Among the sample series, the sample prepared at 300 A
exhibited the best HER activity in both acidic (nHer,10 = -23 mV) and alkaline media (nHer,10 = -
12 mV), which was ascribed to the anion residues that regulated the electronic density of Ru

and the interaction with H intermediates. Yet the sample was mostly inactive towards OER.?7
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Results from the aforementioned study?” 2° suggest the significance of the synergistic
interactions between crystalline Ru and anion residues in enhancing the HER performance.
To render the nanocomposites bifunctionally active towards both HER and OER, one feasible
solution is to incorporate an OER-active component into the nanocomposites and RuOy is a

viable option.2? Such hybrids can be prepared by a deliberate control of the MIH conditions.

Herein, we demonstrated that the addition of a second metal precursor, CuClz, in combination
with RuCls, produces a bifunctional catalyst for water splitting. Although RuCu alloys have
been reported in previous studies via conventional synthesis method, the sole alloy nano
structure only exhibited HER activity.30-3% Using ultrafast MIH at 200A, we prepared RuClx-
enriched Ru nanocrystals supported on a CuClx scaffold. Such non-equilibrium structure
endows it with performance for both HER and OER. The enhanced crystallization was
facilitated likely by charge transfer from the Cu(l) species derived from thermal decomposition
of CuCl2. Among the series, the RuCu/C-3 sample, with a Ru:Cu atomic ratio of ca. 4:1,
exhibited the best bifunctional activities for both HER and OER, with an nrer,10 of -23 mV and
Noer,10 of +270 mV in 1 M KOH. In situ X-ray absorption (XAS) spectroscopy measurements
showed that the RuCly residues facilitated the enrichment of Ru nanoparticles during HER
and the formation of amorphous RuOy during OER, resulting in bifunctional activity towards
full water splitting. By using RuCu/C-3 as the dual catalysts for full water splitting, a low cell
voltage of 1.53 V was needed to reach the current density of 10 mA cm2, a performance

markedly better than that (1.59 V) with a mixture of commercial Pt/C and RuOs..

3.3 Results and Discussion

3.3.1 Sample synthesis and structural characterization
The RuCu/C nanocomposites were synthesized using the MIH setup in Scheme 3.1.

Experimentally, x mL of 0.1 M RuCls and y mL of 0.1 M CuClz solutions (with x + y = 1 mL,
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i.e., a total metal feed of 0.1 mmol) were mixed with 40 mg of carbon black. After freeze-
drying of the mixture overnight, the obtained black powders were subject to MIH treatment at
the induction current of 200 A for 10 s.26 Four samples were prepared, RuCu/C-1, RuCu/C-2,
RuCu/C-3, and RuCu/C-4 in the order of increasing feed ratio of RuClsvs CuCl2at x:y = 1:4,
1:2, 2:1, and 4:1, respectively. For comparison, monometallic Ru/C and Cu/C samples were
synthesized in the same manner with only the RuCls or CuClz precursor. The synthetic details

are included in the Experimental section.

Ar Gas Inlet — ———— Gas Qutlet
" . S

Copper Coils —& __ S — |ron Sheet

Quartz Tube —— — —— Fire Brick

Scheme 3.1. Schematic illustration of the MIH setup for rapid synthesis of the RuCu/C

nanocomposites.
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Figure 3.1. (a-b) TEM image of the RuCu/C-3 sample with the corresponding size histogram

shown in the inset on the lower-right of (a), and (c) the corresponding elemental maps.
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Figure 3.2. (a) EDS-based elemental maps, (b) line scan, and (c) the corresponding EDS

spectrum of the RuCu/C-3 sample.
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Figure 3.3. (a,b) TEM images of the RuCu/C-1 sample. Inset to panel (a) is the
corresponding size histogram. (c) EDS-based line scans and (d) the corresponding EDS

spectrum.
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Figure 3.4. (a, b) TEM images of the RuCu/C-2 sample. Inset to panel (a) is the

corresponding core size histogram. (c) EDS-based line scans and (d) the corresponding EDS

spectrum.
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Figure 3.5. (a, b) TEM images of the RuCu/C-4 sample. Inset to panel (a) is the
corresponding size histogram. (c) EDS-based line scan and (d) the corresponding EDS

spectrum.
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Figure 3.6. (a, b) TEM images of the Ru/C sample. Inset to panel (a) is the corresponding

size histogram. (c) EDS-based line scan and (d) the corresponding EDS spectrum.
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The sample structures were first examined by transmission electron microscopy (TEM)
measurements. From Figure 3.1a, one can see that the RuCu/C-3 sample consisted of a
number of (dark-contrast) nanoparticles deposited onto (low-contrast) carbon black particle
surfaces. Statistical analysis based on over 100 nanoparticles showed that the nanoparticles
mostly fell within the range of 3 to 10 nm, with an average diameter of 5.27 + 2.72 nm, as
depicted in the core size histogram (Figure 3.1a inset). In high-resolution TEM
measurements (Figure 3.1b) the nanoparticles can be seen to possess well-defined lattice
fringes, with an interplanar spacing of 0.216 and 0.232 nm that can be assigned to the (002)
and (100) crystal planes of hcp Ru, respectively,3#-3¢ indicating the formation of metallic Ru
nanoparticles. Consistent results were obtained in energy-dispersive X-ray spectroscopy
(EDS)-based elemental mapping analysis (Figure 3.1¢c), where Ru can be seen to be
enriched in the nanoparticles that are scattered onto the carbon scaffold (Figure 3.2).
Notably, the elements of Cu, Cl, and O can also be clearly resolved within the sample, and ClI
and O exhibit a clear overlap with Ru. This suggests that the sample likely consisted of Ru
nanoparticles enriched with metal-Cl/O residues and the nanoparticles were dispersed onto a
copper-Cl/O matrix.2” A similar morphology was observed with Ru/C and other RuCu/C

samples in the series (Figure 3.3-3.6).
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Figure 3.8. Average nanoparticle size of the sample series.

Note that for the Cu/C sample, no nanoparticles can be found and the sample was largely
amorphous (Figure 3.7), suggesting incomplete decomposition of CuClz, due to the relatively
low MIH current (200 A) and short heating time (10 s), which corresponded to a temperature
of ca. 600 °C. In fact, in a previous study based on thermogravimetric analysis (TGA),% it has
been shown that the thermal decomposition of CuCl2 commenced at around 400 °C,
producing CuCl. For the Ru/C sample (Figure 3.6), whereas RuCls can be thermally

decomposed to Ru(0) at a lower temperature of ca. 350 °C,38 the ultrafast MIH process

resulted in the formation of largely non-crystalline nanoparticles, consistent with results
observed previously.?” By contrast, well-defined lattice fringes were observed with the
RuCu/C sample series (Figure 3.3-3.5). This is plausibly due to the markedly lower Cu*2+1

reduction potential (+0.153 V) as compared to that of Ru*30 (+0.68 V),3° such that galvanic
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charge transfer from Cu(l) to Ru facilitated the formation of nanocrystalline Ru. Such
synergistic interactions between the copper and ruthenium precursors likely led to the slight
variation of the Ru nanoparticle core size among the sample series. As shown in Figure 3.8,
in comparison to Ru/C which exhibited an average particle core size of 2.88 + 2.38 nm, the
addition of CuClz in sample synthesis produced markedly larger nanoparticles in RuCu/C-4
(3.88 £ 2.67 nm) and RuCu/C-3 (5.27 £ 2.72 nm); yet a further increase of CuCl: feed (and
concurrently a reduced feed of RuCls) produced only smaller-sized nanoparticles, 2.45 + 1.22
nm for RuCu/C-2, and 1.57 + 0.63 nm for RuCu/C-1, likely due to a reduced supply of Ru for

nanoparticle growth.
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Figure 3.9. XRD patterns of Cu/C, RuCu/C-1, RuCu/C-2, RuCu/C-3, RuCu/C-4, Ru/C, and
the Powder Diffraction file of the common crystal structure of Ru, RuCls, CuCl2, RuO2 and

CuO.

Further structural analysis was carried out in X-ray diffraction (XRD) measurements. From

Figure 3.9, one can see that all samples exhibited a broad peak at 26 ~ 24° that can be
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assigned to the (002) facets of the carbon black scaffold.4®-4! For the Cu/C sample, three

additional diffraction peaks appeared at 20 = 16.26°, 32.42°, and 37.489°, slightly larger than

those anticipated for the (001), (20-2) and (111) facets of pristine CuCl2,%? respectively,
suggesting reduced lattice spacings likely as a result of partial decomposition of CuCl2 by
MIH. Notably, these diffraction peaks diminished markedly in intensity in the RuCu/C samples
with the increasing feed of RuCls (and decreasing feed of CuClz), where the Ru(100), (002),
and (101) diffractions emerged at 38.4°, 42.14°, and 43.88°, respectively, and the RuCu/C-3

sample exhibited the sharpest peaks, consistent with results from TEM measurements. 43
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Figure 3.10. (a) XPS survey spectra and (c) high-resolution scans of the C 1s electrons of
Cu/C, RuCu/C-1, RuCu/C-2, RuCu/C-3, RuCu/C-4, and Ru/C. (b) Cu LMM spectra of Cu/C,
RuCu/C-1, RuCu/C-3, and RuCu/C-4. In panel (c), black curves are experimental data and

colored peaks are deconvolution fits.
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Figure 3.11. High-resolution XPS spectra of the (a) Ru 3p electrons of RuCu/C-1, RuCu/C-2,
RuCu/C-3, RuCu/C-4, and Ru/C; (b) Cu 2p electrons of Cu/C, RuCu/C-1, RuCu/C-2,
RuCu/C-3, and RuCu/C-4; (c) O 1s and (d) ClI 2p electrons of Cu/C, RuCu/C-1, RuCu/C-2,
RuCu/C-3, RuCu/C-4, and Ru/C. Grey curves are experimental data and colored peaks are

deconvolution fits.
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Table 3.1. Elemental compositions estimated by XPS measurements.

Cu/C RuCu/C-1 RuCu/C-2 RuCu/C-3 RuCu/C-4 Ru/C
at% wt% at% wt% at% wt% at% wt% at% wt% at% wt%
C | 9096 86.61 9261 8492 9152 8273 90.17 7956 8759 7192 84.27 68.16
1s
O | 8.19 10.39 535 653 6.15 7.41 7.01 824 718 7.85 11.04 11.89
1s
Cl | 0.59 1.65 1.28 3.46 147  3.91 174 453 348 843 272 6.49
2p
Ru | - - 047 366 066 502 096 7.1 1.63 11.24 1.98 13.47
3p
Cu | 0.27 1.36 0.29 142 019 093 012 057 013 055 - --
2p

Table 3.2. Ruthenium and copper contents and the corresponding atomic ratio from ICP-OES

measurements.

Samples Ru (wt%) Cu (wt%) Ru:Cu (atomic ratio)
RuCu/C-1 1.52 2.22 0.43
RuCu/C-2 1.23 1.37 0.56
RuCu/C-3 1.70 0.26 4.08
RuCu/C-4 4.80 0.50 6.04
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Table 3.3. Binding energies of all elemental components by deconvolution of XPS data.

Component Cu (eV) RuCu/C-1 RuCu/C-2 RuCu/C-3 RuCu/C-4 Ru
P (eV) (eV) (eV) (eV) (eV)
Ru 5/2 - 282.66 281.90 281.63 281.80  281.41
c=C 284.32 284.28 284.28 284.27 28413  284.17
c CcC 285.00 284.77 284.53 284.56 28438  284.49
s ¢co 286.20 286.20 285.67 286.01 28551  285.41
Ru 3/2 - 287.06 285.90 286.03 286.20  286.47
c=0 288.80 289.33 288.76 289.05 28920  288.57
o C=0 531.86 531.71 531.89 531.68 530.93  531.43
s co 533.33 533.38 533.48 533.31 532.45  533.21
Metal-Cl 3/2 | 197.99 198.14 198.05 197.91 197.89  197.86
Metal-Cl 1/2 | 199.69 199.64 199.55 199.41 199.39  199.49
cl .
2p oMt o049 20164 201.69 200.26 20006  199.71
Organic-Cl
11 201.89 203.34 203.39 201.76 201.76  201.41
g’}gta“c Ru 463.23 463.04 462.88 463.03  462.71
Ry, Ru 32 - 465.88 465.46 464.95 464.62  464.33
3p .
':’}gta"'c Ru | 485.43 485.24 485.08 48523  484.91
Ru® 1/2 - 488.08 487.66 487.15 486.82  486.53
Cu(ll) 312 934.41 933.85 933.78 932.90 93312 -
g/g (sat | 940 81 940.57 940.33 939.75 93879 -
Cu  Cu(lljsat | 44366 943.86 944.09 94538 94363 -
2 32
Cu(ll) 1/2 954.06 953.20 953.13 953.59 95247 -
10/3 () sat 962.15 962.20 962.25 961.80 961.36 -
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Table 3.4. Elemental contents (at.%) of the sample series by XPS peak deconvolution.

o RuCu/C-1 RuCu/C-2 RuCu/C-3 RuCu/C-4 Ru/C
Component Cu/C (%) (%) (%) (%) (%) (%)
C c=C 42.64 39.86 27.51 27.14 26.60 25.69
1s
C-C 31.22 34.39 35.86 41.10 29.88 44.07
C-0 10.81 7.99 16.35 9.13 16.38 10.31
C=0 6.29 10.36 11.81 12.79 14.72 4.19
O _ 4.52 3.76 4.77 5.20 2.79 8.78
1 Cc=0
s
C-O0 3.67 1.59 1.38 1.81 4.39 2.25
gl Metal-Cl 0.37 1.07 1.09 1.33 2.87 2.34
p
Organic-Cl 0.21 0.20 0.38 0.41 0.61 0.37
Ru Metallic Ru - 0.23 0.26 0.55 0.79 0.87
3p
Rud* - 0.25 0.40 0.41 0.84 1.1
gu Cu (Il 0.18 0.19 0.13 0.07 0.07 -
p
Cu (Il) sat 0.04 0.05 0.03 0.02 0.02 -
Cu (Il) sat 0.05 0.05 0.04 0.03 0.03 -

The elemental compositions and valencies of the samples were then examined by X-ray
photoelectron spectroscopy (XPS) measurements. From the survey spectra in Figure 3.10a,
the CI 2p, C 1s, Ru 3p, O 1s and Cu 2p electrons can be readily resolved at ca. 198, 284,
464, 531 and 935 eV, respectively, for all RuCu/C samples. A similar profile was observed
with Ru/C and Cu/C, except for the Cu and Ru signals, respectively. Based on the integrated

peak areas, the Ru (Cu) contents can be seen to increase (decrease) with increasing Ru:Cu
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feed ratio (Table 3.1), in qualitative agreement with results from inductively coupled plasma-
optical emission spectrometry (ICP-OES) measurements (Table 3.2), where the Ru:Cu
atomic ratio increased in the order of RuCu/C-1 (0.43) < RuCu/C-2 (0.56) < RuCu/C-3 (4.08)
< RuCu/C-4 (6.04). One may note that these values are appreciably higher than the initial

feed ratios, likely because of the greater thermal volatility of CuCl2 as compared to RuCls.37-38

The high-resolution scans of the Ru 3p electrons are shown in Figure 3.11a, where two
doublets can be deconvoluted for the RuCu/C and Ru/C samples. For Ru/C, the doublet
(green curves) at 462.71/484.91 eV can be ascribed to the 3pas12/3p12 electrons of metallic Ru,
consistent with the formation of Ru nanoparticles;?”- 44-47 whereas the other one (blue curves)
at 463.16/485.36 eV are consistent with those of Ru®* species.** “8 Upon the loading of CuCl2
in sample synthesis, these binding energies increased by 0.5 to 1.5 eV with an increasing Cu
feed from RuCu/C-4 to RuCu/C-1 (Table 3.3), suggesting the formation of increasingly
electron-deficient Ru sites. Nevertheless, one can see that the fraction of Ru?®" species
remained rather consistent at roughly 50% of the total Ru content among the sample series
(Table 3.4), most likely as a result of the ultrafast synthesis of MIH. The Cu 2p spectra are
shown in Figure 3.11b. Deconvolution yielded a doublet (red curves) at 934.41/954.06 eV for
Cu/C that can be ascribed to the Cu(ll) 2ps2/2p12 electrons (three corresponding satellite
peaks can be resolved at 940.79, 943.65, and 962.14 eV).*9%0 The RuCu/C samples
exhibited a similar profile but the doublet shifted to lower energies (Table 3.3), < RuCu/C-3
(932.90/953.59 eV) < RuCu/C-4 (933.12/952.47 eV) < < RuCu/C-2 (933.78/953.13 eV) <
RuCu/C-1 (933.85/953.20 eV) < Cu/C (934.41/954.06 eV). The fact that no metallic peak is
consistent with the incomplete decomposition of CuClz and the absence of metallic Cu in the
sample series.*® This is further confirmed by results from the Cu LMM spectra (Figure

3.10b).51-52
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Figure 3.12. Atomic contents of the various elements from XPS measurements of the sample
series (Ru metal, Ru ion, total amount of Ru, Cu, Cl, and O) of Cu/C, RuCu/C-1, RuCu/C-2,

RuCu/C-3, RuCu/C-4, and Ru/C.

Figure 3.11c shows the O 1s spectra, where all samples can be seen to consist of two
species, C=0 (blue curve) at 531.43 eV and C-O (green curve) at 533.21 eV.** 53 The fact
that no O 1s peak can be resolved below 530 eV suggests the absence of metal-O in metal
oxides and that the ionic Ru and Cu species were most likely involved in the formation of
metal-Cl residues. Indeed, from the Cl 2p spectra in Figure 3.11d, two doublets can be
resolved, and the major one (blue curves) at 197.86/199.49 eV can be ascribed to the
2ps2/2p12 electrons of metal-Cl, confirming the formation of heteroanion residues in the
samples, in good agreement with results from the above EDS elemental mapping analysis,

whereas the minor one (green curves) at 200.19/201.89 eV are due to organic CI.54%% |n
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addition, for the Ru/C sample, the atomic ratio of Ru to Cl in Ru-Cl was estimated to be
1:2.11; and the Cu:Cl ratio in Cu-Cl was determined to be 1:1.37 for Cu/C, both clearly lower
than those of their respective precursors of RuCls and CuClz (Figure 3.12, Table 3.1 and
3.4). Assuming that such stoichiometric ratios were retained in the RuCu/C sample series,
based on the ionic Ru and Cu contents (Table 3.4), the content of meta-Cl can be estimated
to be 0.90 at% for RuCu/C-1, 1.12 at% for RuCu/C-2, 1.02 at% for RuCu/C-3, and 2.08 at%
for RuCu/C-4, which were indeed very close to the experimental values of 1.07 at%, 1.09
at%, 1.33 at% and 2.87 at%. Taken together, these results suggest that the samples
consisted of Ru nanoparticles decorated with RuClx and CuCly residues due to the rapid

heating of MIH.27

The C 1s spectra of the Vulcan carbon support ruthenium-copper nanocomposites were
shown in Figure 3.10c. The C=C (red peak) and C-C (blue peak) species can be identified at
284.32 and 285.00 eV for Cu/C,%8 respectively, shifted to a slightly lower binding energy with
the increasing loading of Ru (Table 3.3). This electron enrichment is likely due to charge
redistribution with the deposition of Ru nanoparticles onto the carbon scaffold. The Ru 3d
peaks can also be resolved in RuCu/C-3, RuCu/C-4 and RUCu/C-5 but not in RuCu/C-1 and

RuCu/C-2, likely due to a low Ru content in the latter.

Further structural insights were obtained from X-ray absorption spectroscopy (XAS)
measurements. Figure 3.13a-b shows the Ru K edge X-ray absorption near-edge spectra
(XANES) of the Ru/C and RuCu/C sample series, along with Ru foil, RuO2 and RuCls
references. One can see that the absorption edges were all located between those of Ru foil
and RuOz and close to that of the RuCls reference, indicating that the average valence state
was close to +3. In fact, from the zoom in of the absorption edge (Figure 3.13b) the
absorption edge energy can be seen to decrease slightly in the order of RuCls > RuCu/C-1 >

RuCu/C-2 ~ RuCu/C-4 > RuCu/C-3 ~ Ru/C, in good agreement with the variation of the Ru 3p
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binding energy in XPS measurements (Table 3.3), due to incomplete decomposition of RuCls

to Ru nanoparticles.
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Figure 3.13. (a) X-ray absorption near-edge spectra (XANES), (b) zoom in of the red box in

panel (a), (c) the corresponding Fourier transformed extended X-ray absorption spectra (FT-

EXAFS) of RuCu/C-4, RuCu/C-3, RuCu/C-2, RuCu/C-1, and Ru/C, and (d) EXAFS wavelet

transform analysis (k =5, 0 = 1).

The Cu K edge XAS profiles are shown in Figure 3.14a-b, where the absorption edge

energies of Cu/C, RuCu/C-1 and RuCu/C-3 samples were all close to that of CuClz, but

slightly greater than that of CuO and markedly higher than that of Cu foil, consistent with the

formation of CuCly residues in the samples. This can also be manifested in the pre-edge
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absorption peak, which appeared at 8986.90 eV for Cu/C, RuCu/C-1 and RuCu/C-3, very
consistent with that of CuClz, but markedly different at 8980.88 eV for Cu foil and 8985.17 eV
for CuO. The pre-edge shape depends on the number of the d-shell electrons and the
intensity is proportional to the amount of 3d-4p hybridization, where the energy position can
reflect the metal oxidation state.5” Thus, the Cu K XANES suggest the chemical configuration
of the Cu centers in Cu/C, RuCu/C-1 and RuCu/C-3 were similar to that of CuClz, and no
metallic Cu or CuO was formed during MIH treatment, in good agreement with the results

obtained from the above TEM and XPS measurements.
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analysis (k =5,0=1).
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The corresponding Fourier-transformed extended X-ray absorption fine structures (FT-
EXAFS) of the Ru K edge profiles are shown in Figure 3.13c. All samples in the series can
be seen to exhibit three major peaks at 1.53, 1.84 and 2.44 A that can be assigned to the Ru-
C/O, Ru-Cl and Ru-Ru bond, respectively, in comparison to the results of Ru foil, RuCls and
Ru02.27 Similarly, the FT-EXAFS of the Cu K edge in Figure 3.14c exhibit two peaks at 1.50
and 1.91 A, consistent with those of CuClz, but markedly different from those of Cu foil and
CuO. In fact, the Cu-Cu bond at 2.20 A was absent in all samples, consistent with the TEM

and XPS results that no metallic Cu was found.58-60
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Figure 3.15. Fitting results of the Ru K edge EXAFS of (a) Ru/C, (b) RuCu/C-4, (c) RuCu/C-

3, and (d) RuCu/C-1.
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Figure 3.16. Fitting results of the Cu K edge EXAFS of (a) RuCu/C-3, (b) RuCu/C-1, and (c)
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Table 3.5. Fitting results of the Ru K edge XAS spectra of the sample series.

Samples Peak o2 (A?) Bond a)stance CN
Ru foil Ru-Ru 0.0711 2.68 12.00
RuO- Ru-O 0.0786 1.96 6.00
RuCl; Ru-ClI 0.0702 2.36 6.00
Ru-C/O 0.0688 1.99 2.59
RU/C Ru-Cl 0.1035 2.38 2.22
Ru-Ru 0.0621 2.71 0.98
(metal)
Ru-C/O 0.0475 1.96 1.87
RuCu/ca | RuCl 0.1058 2.37 3.17
Ru-Ru 0.0539 274 0.52
(metal)
Ru-C/O 0.0686 1.08 237
Rucu/c.3 | RuCl 0.1028 2.36 2.18
Ru-Ru 0.0688 2.71 1.22
(metal)
Ru-C/O 0.0530 1.98 2.42
RuCu/C.g | RUC 0.0646 2.35 1.15
Ru-Ru 0.0669 268 2.27
(metal)
Ru-C/O 0.0569 1.98 2.66
RuCuc.q | RUC 0.0788 2.36 1.53
Ru-Ru 0.0738 272 1.61
(metal)
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Table 3.6. Fitting results of the Cu K edge XAS spectra of the sample series.

Bond Distance Coordination
2 2
Samples Peak o2 (A?) A) Number
Cu foil Cu-Cu 0.0714 2.54 12.00
CuO Cu-O 0.0734 1.92 4.00
CuCl; Cu-ClI 0.0697 2.28 4.00
Cu-C/O 0.0400 1.91 1.06
RuCu/C-3
Cu-ClI 0.1084 2.29 3.80
Cu-C/O 0.0651 1.95 2.63
RuCu/C-1
Cu-ClI 0.0822 2.28 0.85
Cu-C/O 0.0400 1.97 2.19
Cu/C
Cu-ClI 0.1007 2.25 1.03

As described in the experiment section, the EXAFS data were then fitted by using the crystal
structure as determined by XRD measurements (Figure 3.15-3.16), and the fitting results
were listed in Table 3.5-3.6 (three-peak fittings for Ru and two-peak fittings for Cu). From
Table 3.5, it can be seen that the Ru K edge of the sample series exhibited a similar structure
of Ru-C/O, Ru-Cl, and metallic Ru-Ru, with a corresponding bond length of 1.98, 2.36 and
2.71 A, in good agreement with those of the Ru foil, RuO2 and RuCls. Yet, the coordination
numbers (CN) were markedly lower. For instance, RuCu/C-3 exhibited a CN of 2.37 for Ru-
C/0O, 2.18 for Ru-Cl, and 1.22 for Ru-Ru, in sharp contrast to 6.00 for RuOz, 6.00 for RuCls
and 12.00 for Ru foil. For the fitting results of the Cu K edge data (Table 3.6), one can see
that the samples also possess a similar structure of Cu-C/O (1.93 A) and Cu-Cl, with a bond
length of 1.95 and 2.28 A, respectively, consistent with those from CuO and CuCl. (2.30 A),
but the CN were again markedly lower. For instance, RuCu/C-3 exhibited a CN of 1.06 for
Cu-C/O and 3.80 for Cu-Cl, in contrast to 4.00 for CuO and 4.00 for CuClz. The low CN can

be ascribed to the formation of small clusters weakly bound to the carbon matrix.
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The corresponding wavelet-transform (WT) diagrams are shown in Figure 3.13d and 3.14d
using Fortan with Morlet function.®1-62 To compare the atomic configuration, all samples were
analyzed using the same parameters of k = 5 and o = 1. From the WT-EXAFS of the Ru K-
edge spectra in Figure 3.13d, two major peaks can be identified in the contour maps of all
samples. The peaks at (4.6 A1, 1.5 A) and (10.4 A*, 1.9 A) can be assigned to the first-shell
Ru-C/O bond, and the second-shell Ru-Cl bond, respectively, while the shoulder at (8 A, 2.5
A) can be identified as the metal Ru-Ru bond.®364 These results are consistent with the XPS
data, where the Ru species existed as both metallic nanoparticles and RuCly residues. The
WT-EXAFS of the Cu K-edge spectra are shown in Figure 3.14d, where only the first shell
Cu-Cl bond at (4.6 A, 1.5 A) can be identified for all samples, and no metallic Cu peak at R

= 2.5 A can be found.

In the above fittings, the metal-C/O paths are indistinguishable. Yet XPS measurements
showed the absence of metal-O species in the samples (Figure 3.11c). Thus, these results
further confirmed the formation of carbon-supported Ru nanoparticles decorated with metal-
Cl residues and the nanoparticles were dispersed onto a CuCly matrix, as suggested by the
above TEM and spectroscopic measurements. Additionally, no Ru-Cu path could be

resolved, likely due to the low number of interfacial contacts as compared to the bulk phases.

3.3.2 Electrocatalytic activity

Electrochemical measurements were then conducted to evaluate and compare the
electrocatalytic activity of the sample series in both acidic and alkaline media. Figure 3.17a
shows the HER polarization curves in 1 M KOH, where one can see that the RuCu/C-3
samples needed only an overpotential (nxer,10) of -23 mV to achieve the current density at 10
mA cm-2, in comparison to -25 mV for RuCu/C-4, -38 mV for RuCu/C-2, -39 mV for RuCu/C-

1, and -41 mV for Ru/C. Note that both RuCu/C-3 and RuCu/C-4 even outperformed Pt/C (-
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39 mV), whereas Cu/C exhibited only a minimal electrocatalytic activity. This suggests that
the HER activity was primarily driven by Ru nanoparticles, which was markedly enhanced by
metal-Cl residues.?” The corresponding Tafel plots are depicted in Figure 3.17b, where the
Tafel slope can be found to be very close for RuCu/C-3 (71.73 mV dec') and RuCu/C-4
(68.68 mV dec'), both drastically lower than others in the series, Pt/C (104.76 mV dec™),
RuCu/C-2 (91.97 mV dec™), RuCu/C-1 (86.57 mV dec-1), and Ru/C (98.31 mV dec),
suggesting enhanced HER kinetics.2” Nevertheless, the Tafel slopes for all samples have
small variation and are higher than 40 mV dec’, suggesting that HER followed the
Heyrovsky-Volmer pathway on all samples.?® Notably, the performance of RuCu/C-3 even
surpassed those of relevant Ru-based catalysts reported recently in the literature (Figure
3.17c and Table 3.7). These suggest that RuCu/C-3 stood out as the best HER catalyst

among the series.
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Figure 3.17. (a) HER polarization curves at the rotation rate of 1600 rpm with 100% IR
correction and (b) the corresponding Tafel plots of the sample series in 1 M KOH. (c)
Comparison of nuer,10 between RuCu/C-3 and relevant Ru-based electrocatalysts in recent
literature (Table 3.7), the column represents noer,10 (left y-axis), and the line represents
loading (right y-axis). (d) HER polarization curves of RuCu/C-3 before and after 2,000 and
10,000 CV cycles. (e) Nyquist plots at -50 mV (symbols are the real data and solid lines are
the fitting results with the CPE model in Figure 3.18), and (f) the variation of the double-layer

charging currents with potential scan rates of the sample series in 1 M KOH.
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Table 3.7. Comparison of HER performance between RuCu/C-3 and other Ru-based
electrocatalysts in 1 M KOH

Electrocatalysts n(.::l;o Tafeldsgzg)e (mv  Mass Lg;i;ng (mg Re:::;en
RuUCU/C-3 23 437 0.25 This
Ru@WNO-C -24 39.7 0.36 66
Co72Ruz2s -26 29 0.62 67
Ru-NMCNs-500 -28 35.2 0.36 35
Pd-Ru@NG -28 42 0.38 68
PdsRu/C -42 - 0.04 48
AuRu alloy NFs -43 35.7 0.30 69
OG.ﬁlleg(t)%llic Ru.1Cu- 68 54 043 70
Ru-C3sN4/rGO -80 55 0.38 56
Ru-CoO@SNG -90 77 0.30 m

Rct

Figure 3.18. CPE model for EIS data fitting. Rs is the serial resistance, Rct is the charge-

transfer resistance, and Ca is the double-layer capacitance.
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Figure 3.19. (a) HER polarization curves at the rotation rate of 1600 rpm and with IR

correction, and (b) the corresponding Tafel plots of the sample series in 0.5 M H2SOas. (c)

Stability tests of RuCu/C-3 before and after 2000/10000 CV cycles. (d) Nyquist plots at -50

mV (symbols are the real data, and solid lines are the fitting data with the equivalent circuit in

Figure S14 of the sample series in 0.5 M H2SOa.

The RuCu/C-3 also exhibited considerable HER performance in acidic media, although

subpar as compared to commercial Pt/C.2° From the polarization curves in Figure 3.19a, one

can see that the HER activity decreased in order of RuCu/C-3 (nxer,10= -92 mV) > RuCu/C-4
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(-101 mV) > Ru/C (-110 mV) > RuCu/C-2 (-119 mV) > RuCu/C-1 (-124 mV), with the

respective Tafel slope of 72.5, 78.5, 73.8, 78.9, and 79.1 mV dec (Figure 3.19b).

Moreover, RuCu/C-3 exhibited outstanding durability in both alkaline and acidic media. From
Figure 3.17d, the nxer,10 can be seen to remain almost unchanged after 2000 potential cycles
in 1 M KOH, and shifted negatively by only 8 mV after 10000 cycles (to -31 mV). In 0.5 M

H2S04, the nrer 10 decayed by only 13 mV after 10000 potential cycles (Figure 3.19¢).

Table 3.8. Charge transfer resistance (Q) of the sample series by electrochemical impedance

measurements.

Electrolyte mV Cu/C RUC:IUIC' RUCZUIC' RU%UIC' RuC;uIC- Ru/C
0.5 M

H.SO4 -50 3010 100.4 64.2 28.5 37.0 64.3
1 M KOH -50 21940 18.9 20.8 8.8 7.7 15.65

Consistent results were obtained from electrochemical impedance spectroscopy (EIS)
measurements. The Nyquist plots are shown in Figure 3.17e and 3.19d, where the charge-
transfer resistance (Rct) for the sample series was evaluated and compared by fitting the data
with the equivalent circuit in Figure 3.18. From Table 3.8, one can see that at the
overpotential of -50 mV, Rqt was the lowest for RuCu/C-4 (7.7 Q) and RuCu/C-3 (8.8 Q) in 1
M KOH, in comparison to RuCu/C-2 (20.8 Q), RuCu/C-1 (18.9 Q), Ru/C (15.6 Q) and Cu/C

(21940 Q). A similar trend can be found in 0.5 M H2SOa.

The double layer capacitance (Ca) was then assessed as a measure of the electrochemically
active surface area (ECSA) by voltametric measurements in the non-faradaic region, which

was estimated to be 4.87 mF cm2 for Cu/C, 10.10 mF cm-2for RuCu/C-1, 12.17 mF cm2 for
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RuCu/C-2, 15.54 mF cm2for RuCu/C-3 24.11 mF cm2for RuCu/C-4, and 17.99 mF cm2for
Ru/C (Figure 3.17f). The fact that the RuCu/C-3 sample did not possess the largest ECSA
suggests that its highest HER activity was due to the intrinsic property rather than the

geometric effect.

Notably, the RuCu/C samples also exhibited apparent OER activity. The polarization curves
in alkaline media are shown in Figure 3.20a. RuCu/C-3 can be seen to exhibit a low
overpotential (Noer,10) of +270 mV to reach 10 mA cm=2, in comparison to RuCu/C-4 (+410
mV), RuCu/C-2 (+420 mV), RuCu/C-1 (+430 mV), Ru/C (over +500 mV), and Cu/C (over
+500 mV). In fact, the performance was even better than that of commercial 20% RuO2/C
(noer,10 = +320 mV). The corresponding Tafel plots are shown in Figure 3.20b. Among the
sample series, RuCu/C-3 featured a lowest Tafel slope of (71.75 mV dec™'), in comparison to
Cu/C, RuCu/C-1, RuCu/C-2, RuCu/C-4, and Ru/C where the Tafel slopes are markedly
higher at 181.34, 101.46, 92.52, 87.89, and 120.91 mV dec', respectively. This suggests that
the RuCu/C-3 possessed the most facile electron-transfer kinetics in OER among the sample
series and was competitive to commercial RuO2/C (69.77 mV dec™). Nevertheless, in Figure
3.21 and Table 3.9, the comparison of noer10 between this work and Ru-based catalysts

suggest that RuCu/C-3 exhibit excellent activity with relatively low mass loading.

77



1.9
181.34 mv/idec
a 509 b 1 g ] 101.48 mVidec
—, TYs) T ]92.52 miidec
40 = RuCuW/C-1 T |
& RUCU/C-2 L'IJ 17 o
£ RuGCuiC-3 o 120.91 mV/dec o
9 3pd RuCu/C—4 . 1.6 1 g
< —RU/C @ £ /' o
S —— RUC,IC ~ 15 ey cuic
: 20 = Ly RuCu/C-1
L 144 * RuCWC-2
104 RuCuw/C-3
1.3 RuCu/C-4
/ : Ru/C
o - . RUO,IC
1.2 1.3 14 1.5 1.6 1.7 “ 40 05 00 05 10 15
5 E (V vs RHE) Log 1JI (mA/em?®)
— RuCW/C-3 before
c d = = «RUCLC-3 after 10h 1
40 4 60 4 20% PHCHRUO,IC before '
o —_ - = -20% PYCHRUO,/C after 10h
o™ (o] 20
E 301 ——RuCW/C-3 é o
2 after 2000 cycles E 40 = e 15 o
5 _R“--’L:C-:!-, ﬂll_\ -
P 20 4 p=t 2w 3% PECHRUZLG 10k
T — E
e e g
104 204 7 B
o
0
12 1.3 14 15 18 17 0.0 0.4 0.8 12 16
E (V vs RHE) E (V)

Figure 3.20. (a) OER polarization curves at the rotation rate of 1600 rpm and with 100% IR
correction, (b) and corresponding Tafel plots of the sample series in 1 M KOH. (c) Stability
tests of RuCu/C-3 before and after 2000 CV cycles in 1 M KOH. (d) Current-potential profiles
for full water splitting of RuCu/C-3 and commercial benchmark before and after 10 h stability
tests in alkaline media in a two-electrode system. Inset to panel (d) is the corresponding

chronoamperometric profiles at the applied voltage of 1.54 V.
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Figure 3.21. Comparison of noer1o between RuCu/C-3 and relevant Ru-based
electrocatalysts in recent literature (Table 3.9) The column represents noer 10 (left y-axis), and

the line represents loading (right y-axis).
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Table 3.9. Comparison of OER performance between RuCu/C-3 and other Ru-based
electrocatalysts in 1 M KOH

Electrocatalysts NOER,10 Tafel sloge (mv Mass Loa?lzmg (mg Referen
(mV) dec™) cm) ces
RuCu/C-3 270 71.75 0.25 This
work
Ru@MoO(S)3 265 47.00 0.71 2
Ru-H20/CC-350 270 63.00 0.50 21
RuO2/C00304 305 91.00 0.29 73
Ru2Ni2 SNs/C 310 75.00 0.10 &
P-RuO:2 310 60.70 0.20 75
RuNi-1500 NPNWs 327 129.00 0.03 76
RuO2-F 330 90.00 0.11 m
RuO2-CeO2 350 74.00 0.25 8
a 00 ——RUCU/C3 b °
S 0021
© & g4
2 -0.044 g
q) .~
= <C
§ 0.06 1 E
[0} - -404
= Aug. 22, 2022 16:45:38
O osl ——July 2 2024 12:40:28
-0.10 r r r r -60 . r
0 2 4 6 8 10 -0.10 -0.05 0.00 0.05
time (h) E (V vs RHE)

Figure 3.22. (a) The chronopotentiometric curve of RuCu/C-3 at the current density of -10

mA cm-2 for 10h. (b) Lsv test of RuCu/C-3 after two years
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Figure 3.23. The chronopotentiometric curve of RuCu/C-3 at the current density of 10 mA
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Figure 3.24. (a) schematic illustration of the water displacement-full water-splitting cell setup.

(b) the amount of gas production during the chronoamperometry test for 20 minutes.
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RuCu/C-3 also exhibited good durability towards OER (Figure 3.20c). After 2000 CV cycles
between +1.15 and +1.60 V, noer 10 shifted positively by only 150 mV from 1.50 V to 1.65 V.
Besides, the chronopotentiometric stability tests for HER (Figure 3.22) and OER (Figure
3.23) also indicate the good durability of RuCu/C-3. Nevertheless, RuCu/C-3 showed only a

minimal OER activity in acid (0.5 M H2SQO4) and cannot reach 10 mA cm-2even at +1.9 V.7®

Although the HER activity in alkaline media was close for RuCu/C-3 and RuCu/C-4, RuCu/C-
3 exhibited the best activity in acidic HER and alkaline OER among the series. Therefore,
RuCu/C-3 was exploited as the bifunctional catalyst for overall water splitting in 1 M KOH at
the same loading of 1 mg cm2 on carbon paper. From the current-voltage profiles in Figure
3.20d (solid line), one can see that RuCu/C-3 needed a voltage (E1) of only 1.53 V to
produce a current density of 10 mA cm2, which was 60 mV lower than that with a mixture of
commercial 20% Pt/C and RuO2/C (1.59 V). RuCu/C-3 also displayed excellent durability in
electrochemical water splitting. As shown in Figure 3.20d inset, the stability test was
conducted by applying a constant voltage of 1.54 V for 10h, the current remained markedly
greater than that with Pt/C+RuO2/C during continuous operation. The current-voltage profiles
after 10 h in Figure 3.20d (dashed line) shows the RuCu/C-3 has a small decay of E1o by
only 30 mV to 1.56 V. The water displacement-full water-splitting test (Figure 3.24 ) was
conducted to quantify the amount of gas. The obtain H2 and Oz is 11 mL and 5.5 mL,
respectively, where the hydrogen volume is 2 time of oxygen. These results demonstrate that

RuCu/C-3 is a viable bifunctional electrocatalyst for electrochemical water splitting.

3.3.3 Mechanistic study
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Figure 3.25. Electrochemical cell for In-situ XAS measurement. Samples were loaded on an

area of 2 cm x 2 cm graphite paper and surrounded with 1 M KOH solution.

) Y
— 50 mY
100 MV
50 MY
e 200 TV

e -50 MV again

Figure 3.26. In-situ XAS measurements of RuCu/C-3 in 1 M KOH. (a) Ru K-edge XANES at
different potentials for HER, and (b) the corresponding EXAFS curves. (c) Ru K-edge XANES

at different potentials for OER, and (d) the corresponding EXAFS curves.
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Figure 3.27. Fitting results of the in-situ EXAFS of RuCu/C-3 for HER at (a) no solution, (b) 0

mV, (c) -50 mV, (d) -100 mV (e) -150 mV, (f) -200 mV and (g) -50 mV again.

In-situ XAS measurements were then carried out with the RuCu/C-3 sample in 1 M KOH to
further unravel the mechanistic insights into the HER and OER activity. The electrochemical
cell was shown in Figure 3.25. A wide range of potentials were applied for HER and OER,
and data were acquired at each potential by holding the potential for 1 h. The Ru K-edge
XANES profiles of RuCu/C-3 during HER are shown in Figure 3.26a, where one can see that
as the electrode potential was increasingly negative (up to -200 mV), the absorption edge
shifted to a lower energy, suggesting electron enrichment of the Ru sites during HER. In the
corresponding EXAFS profiles in Figure 3.26b, the Ru-C/O peak (ca. 1.5 A) can be seen to
diminish in intensity, and concurrently, that of the metallic Ru-Ru bond (ca. 2.4 A) became
intensified, with increasingly negative electrode potentials, suggesting that Ru-C/O species
was gradually converted into metallic Ru (Figure 3.27), and the enrichment of metallic Ru

species led to the remarkable HER activity.
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Figure 3.28. Fitting results of the in-situ EXAFS of RuCu/C-3 for OER at (a) 1.2V, (b) 1.4 V,

(c)1.6V,and (d) 1.8 V.

The in-situ profiles of the Ru K edge during OER are shown in Figure 3.26c, where the
absorption edge can be seen to shift to a higher energy with the application of an increasingly
positive potential from +1.2 V to +1.8 V. This suggests a higher Ru valence state of RuCu/C-
3 with increasing electrode potential. Additionally, a pre-edge feature emerged at 22118 eV
from the electrode potential of +1.2 to +1.6 VV and diminished at +1.8 V. The pre-edge feature
is attributed to the formally electric dipole forbidden Ru 4d < 1s transitions, where the
intensity was dependent on the ligand environment and symmetry of the metal center. Ru 5p
— 4d mixing breaks centrosymmetric, introducing electric dipole character and causing a

change in the pre-edge intensity.82 Thus, the diminishment of this transition at high
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overpotentials can be ascribed to the depletion of the valence electrons (i.e., oxidation of Ru
and Ru-Cl to RuQy). Indeed, the corresponding EXAFS curves in Figure 3.26d and 3.28 can
be seen to become increasingly similar to that of RuO2 with increasing electrode potential,
consistent with the Ru Pourbiax diagram.8' Note that for samples that were prepared at
higher induction currents (e.g., 300-600 A), crystaline Ru nanoparticles became the
dominant components and no obvious OER activity was observed.?” This suggests that the
high OER activity of RuCu/C-3 was likely due to the Ru-Cl residues that were readily
converted to RuOy at high electrode potentials. That is, it is the dual structure of Ru

nanoparticles and Ru-Cl residues in RuCu/C that gave rise to the bifunctional performance

towards HER and OER.

Figure 3.29. TEM images of RuCu/C-3 after HER.
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Figure 3.30. TEM image of RuCu/C-3 after OER.

The samples were then collected for further structural characterization. In TEM
measurements, the lattice fringes of hcp Ru remained well-defined after HER tests, with an
interplanar spacing of 0.236, 0.219, and 0.204 nm that can be assigned to the (100), (002)
and (101) facets of hcp Ru, respectively (Figure 3.29); whereas after OER tests, only the
lattice fringes of carbon black can be resolved, with no Ru or RuOy crystal lattices (Figure
3.30), suggesting that at high potentials, the Ru component was transformed into a largely

amorphous structure.
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Figure 3.31. Comparison of the (a) XPS survey, (b) Ru 3p, (c) Cu 2p, (d) O 1S, and (e) Cl 2p
spectra of RuCu/C-3 before (middle) and after HER (bottom) and OER (top) electrochemistry

tests.
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Table 3.10. Binding energies of all elemental components by deconvolution of the XPS data.

Component After HER (eV) RuCu/C-3 (eV) After OER (eV)
Ru 5/2 281.37 281.63 -
C=C 283.84 284.27 284.40
C-C 283.90 284.56 284.77
C1s
C-O0 285.26 286.01 286.03
Ru 3/2 285.37 286.03 -
C=0 287.32 289.05 287.21
M-OH 530.26 - 530.59
O1s C=0 531.00 531.68 531.31
c-O0 532.37 533.31 532.83
Metal-Cl 3/2 197.46 197.91 198.11
Metal-Cl 1/2 199.10 199.41 199.75
Cl 2p
Organic-Cl 3/2 199.84 200.26 200.70
Organic-Cl 1/2 201.54 201.76 202.40
Metalic Ru 3/2 462.51 462.88 462.63
Rud* 3/2 464.15 464.95 465.92
Ru 3p
Metallic Ru 1/2 484.71 485.08 484.83
Rud* 1/2 486.35 487.15 488.12
Cu(ll) 3/2 933.61 932.90 933.93
Cu (Il) sat 3/2 940.00 939.75 939.81
Cu2p Cu(ll)sat3/2 943.39 945.38 944.41
Cu(ll) 1/2 953.22 953.59 953.59
Cu (Il) sat 1/2 961.73 961.80 960.24
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Table 3.11. Elemental compositions estimated by XPS measurements.

After HER RuCu/C-3 After OER

at% wt% at% wt% at% wt%

C1s | 8576 7540 90.18 79.58 83.71 77.75
O1s | 1254 1469 7.01 825 1553 19.22
Cl2p | 040 1.04 174 453 050 1.38
Ru3p | 102 756 09 711 013 1.01

Cu2p|028 131 012 057 013 0.65

The corresponding XPS spectra are shown in Figure 3.31. From Table 3.10-3.11, one can
see that the relative content of metallic Ru was increased after HER but decreased after
OER, whereas an opposite trend was observed with the Rud* species (no apparent variation
with the Cu 2p profile), consistent with the structural dynamics observed above in in-situ XAS
studies. Notably, after the electrochemical tests in 1 M KOH, a new peak emerged in the O
1s spectra (Figure 3.31d) at 530.26 eV after HER and 530.59 eV after OER suggesting the
formation of metal hydroxides (M-OH).82 In addition, the metal-Cl residues remained rather
visible, although the content diminished from 1.75 % to 0.40 % after HER and 0.50 % after
OER, likely due to reduction/oxidation of the Ru-Cl species to metallic Ru/Ru-O, in good

agreement with results from the in-situ XAS studies.

Taken together, in this study, we used RuCls and CuClz as metal precursors, maintaining a
total metal feeding of 0.1 mmol. TEM, XPS, XAS, and XRD analyses revealed that RuCls was
partially reduced to metallic Ru, while the Cu precursor remained in the ionic state (CuCly).
Meanwhile, the activity of Cu/C was negligible. As a result, the reduced Ru content in
RuCu/C-3 compared to Ru/C, the activity increased, likely due to the presence of Metal-Cl
interactions with Ru nanoparticles.?® In an in-situ XAS study, we found that RuClx

transformed to RuOx upon insertion into 1M KOH, similar to metallic Ru under oxidation
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potential. Consequently, these results suggest that the HER-active component was metallic
Ru, while RuOy produced at high electrode potentials was responsible for the OER activity,

leading to the bifunctional performance of the sample.

3.4 Conclusion

In this study, MIH was employed for the rapid synthesis of RuCu/C nanocomposites, where
the addition of CuClz precursors was found to facilitate the formation of crystalline Ru
nanoparticles likely due to galvanic charge transfer from the CuCl intermediates. In the
alkaline electrolyte, the Ru nanoparticle surface decorated with RuClx and CuClx residues
boosts the HER (nHer 10 = -23 mV), while under high oxidation potential the Ru and RuClx
were transferred into Ru oxides species and thus accelerated the OER (noer,10 = +270 mV)
Therefore, the RuCu/C-3 could be exploited as bifunctional catalysts for electrochemical
water splitting, needing a potential of only 1.53 eV to produce a current density of 10 mA cm-
2 in comparison to 1.59 V for a mixture of commercial Pt/C and RuO32. In situ XAS
measurements showed that Ru-Cl residues facilitated the enrichment of Ru during HER and
the formation of amorphous RuOx species during OER, leading to the bifunctional
electrocatalytic activity for water splitting. Results from this study highlight the significance of

MIH in the ultrafast synthesis of high-performance bifunctional electrocatalysts.

3.5 Experimental Section

Chemicals Ruthenium(lll) chloride hydrate (RuCls-xH20, 35-40 %, ACROS Organic),
copper(ll) chloride (CuClz, 99%, Aldrich), carbon black (Vulcan XC 72R, Fuel Cell Store),

ethanol anhydrous (Fisher Chemicals), acetone (Fisher Chemicals), potassium hydroxide
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(KOH, 99 %, Acros), and sulfuric acid (H2SOs, 98%, Fisher Chemicals) were used as
received without any further treatment. Water was purified with a Barnstead Nanopure

Waster System (resistivity 18.2 MQ cm).

Sample preparation The RuCu/C nanocomposites were synthesized using the MIH set up in
Scheme 3.1. In a typical reaction, 40 mg of carbon black was dispersed into 4 mL of
Nanopure water in a 20 mL vial under sonication for 30 min, into which were then added x mL
of 0.1 M RuCls and y mL of 0.1 M CuCl: solutions (with x + y = 1 mL, i.e., a total metal feed of
0.1 mmol). After the solution was fully mixed with the carbon black, the vial was immersed
into an acetone-dry ice solution and the solvents were removed by freeze-drying overnight.
The obtained black powders were evenly loaded onto a 2.5 cm x 2.5 cm x 0.2 mm iron sheet
covered with same-size graphite paper (0.01 mm thick, to avoid direct contact of the
precursors with the iron sheets for minimal contamination). The loaded sheets were placed
on a fire brick in a quartz tube sealed with a rubber lid, which was purged with high-purity
argon gas for 15 min before being inserted into a four-turn induction coil (5 cm in diameter)
for MIH treatment at the induction current of 200 A for 10 s. The iron sheet was rapidly
heated up to ca. 600 °C.26 After cooling down to room temperature, the obtained sample was
washed with H20 and ethanol 5 times to remove excessive metal salts until the supernatant
was colorless, and denoted as RuCu/C-1, RuCu/C-2, RuCu/C-3, and RuCu/C-4 in the order

of increasing feed ratio of RuClsvs CuClzat x:y = 1:4, 1:2, 2:1, and 4:1, respectively.

For comparison, samples containing only a single metal precursor were synthesized in the

same manner and referred to as Ru/C and Cu/C, respectively.

Characterization Transmission electron microscopy (TEM) studies were carried out with an
FEI Tecni G2 operated at 200 kV. Elemental mapping analyses based on energy-dispersive
X-ray spectroscopy (EDS) were conducted with a Talos F200C G2 TEM instrument.

Scanning electron microscopic (SEM) studies were conducted with a Thermo Fisher
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Scientific Apreo S LoVac electron microscope. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) measurements were carried out with an iCap 7400 instrument. X-ray
photoelectron spectroscopy (XPS) measurements were performed with a Thermo Scientific
Ko spectrometer. X-ray diffraction (XRD) patterns were acquired with a Bruker D8 Advance
diffractometer with Cu Kq radiation (A = 0.15418 nm). Raman spectra were collected with a
Horiba Jobin Yvon LabRAM ARAMIS automated scanning confocal Raman microscope
under 532 nm excitation. Ex-situ X-ray absorption spectroscopy (XAS) measurements were
conducted at the temperature of 10 K using an Oxford liquid helium cryostat at beamline 4—1
of the Stanford Synchrotron Radiation Light source, and in-situ XAS data were collected at
room temperature in a self-design cell. The obtained XAS data were reduced, fitted, and
analysed with the RSXAP software.8% The Fourier Transform range was 3.5 to 12.5 for both
Ru K and Cu K edges, while the fit range was 1.1-2.9 for Ru K edge and 1.1-2.5 for Cu K
edge. The theoretical functions for each pair (Ru-C/O, Ru-Cl, Ru-Ru, Cu-C/O, and Cu-ClI)

were calculated by WebAtoms.84

Electrochemistry Electrochemical tests were conducted with a CHI 700E electrochemical
workstation in a typical three-electrode setup. The working electrode was a glassy carbon
rotating disk electrode (RDE) with a surface area of 0.196 cm?, and a graphite rod was used
as the counter electrode. Ag/AgCIl and Hg/HgO were used as the reference electrodes for
acidic and alkaline media, respectively. For ink preparation, 5 mg of the catalysts obtained
above was mixed with 200 pL of H20, 790 pL of ethanol, and 10 yL of Nafion under
sonication for 30 min in an ice bath. 10 pyL of the ink and 5 yL 20% Nafion/IPA solution
(corresponding to a catalyst mass loading of 0.25 mg cm) was evenly dropcast onto the
RDE surface and dried in air. Electrochemical impedance spectroscopy (EIS) tests were

conducted with a Gamry Reference 600 instrument.

Full water splitting tests were performed in a two-electrode setup.8® Experimentally, graphite

paper was thermally treated in air at 500 °C for 1 h. Two 1 cm x 2 cm pieces were cut for the
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anode and cathode. 100 mL of the catalyst ink (3 mg of catalysts, 60 pL of H20, 230 pL of
ethanol, and 10 pL of Nafion solution) was loaded on a 1 cm x 1 cm area at a mass loading of

1 mg cm2. All the electrochemical tests were repeated at least three times.

Two letter J shaped carbon papers were used as electrode for the water displacement-full
water-splitting test in 1 M KOH. 0.5 mg of catalyst was loaded on the 1 cm x 1 cm area and
insert to the test tube. After applying a constant current of 0.5 A for 20 min, the obtain gas

was collected via water displacement method.88
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Chapter 4 Rapid Synthesis of Carbon-Supported Ru-RuO, Heterostructures for

Efficient Electrochemical Water Splitting

4.1 Abstract

Development of high-performance electrocatalysts for water splitting is crucial for advancing
a sustainable hydrogen economy. In this study, rapid heating of ruthenium(lll)
acetylacetonate by magnetic induction heating leads to the one-step production of Ru-
RuO,/C nanocomposites composed of closely integrated Ru and RuO, nanoparticles. The
formation of Mott-Schottky heterojunctions significantly enhances charge transfer across the
Ru-RuO: interface leading to remarkable electrocatalytic activities towards both hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) in 1 M KOH. Among the
series, the sample prepared at 300 A for 10 s exhibits the best performance, with an
overpotential of only -31 mV for HER and +240 mV for OER to reach the current density of 10
mA cm™2. Additionally, the catalyst demonstrates excellent durability, with minimal impacts of
electrolyte salinity. With the sample as the bifunctional catalysts for overall water splitting, an
ultralow cell voltage of 1.43 V is needed to reach 10 mA cm™2, 160 mV lower than that with a
commercial 20% Pt/C and RuO,/C mixture. These results highlight the significant potential of
Ru-RuQ,/C heterojunction composites as highly promising bifunctional electrocatalysts for

electrochemical water splitting and sustainable hydrogen production from seawater.

4.2 Introduction
Hydrogen is a unique carrier that can store intermittent solar, wind, and chemical energy

through water splitting,’-3 which involves hydrogen evolution reaction (HER) at the cathode
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and oxygen evolution reaction (OER) at the anode. Both require efficient catalysts to achieve
sufficiently high current densities for practical applications,*® and OER presents significant
challenges due to its complex reaction pathways and sluggish electron-transfer kinetics.®
Prior research has primarily focused on catalysts for the HER or OER half-reaction, whereas
studies remain scarce for bifunctional catalysts.”® Therefore, developing high-performance
bifunctional catalysts has been recognized as a critical step for the successful implementation

and advancement of the technology.

Currently, platinum (Pt) and iridium oxide (IrO2) nanoparticles are the benchmark
electrocatalysts for HER and OER, respectively.'9-"" However, the limited natural abundance
and high cost greatly restrict their broad applications. Recently, transition metals, which are
far more abundant on the Earth and at much lower costs, have garnered significant interest.
Nevertheless, their performance in terms of activity and durability still falls short of the
commercial standards.'? More affordable noble metals such as ruthenium (Ru) have emerged
as promising alternatives. Ru is competitively priced (approximately $400 per oz as
compared to $987 for Pt and $4700 for Ir) and demonstrates favorable electrocatalytic
properties.'® This is mainly due to the similar electronic energy structures of Ru and RuO, to

those of Pt and IrO,.14-15

Since metallic Ru demonstrates strong catalytic activity for HER but limited effectiveness for
OER, and RuO, excels in OER but is ineffective for HER, the Ru-RuO, combination may
exhibit bifunctional activity. For instance, Wang and coworkers'® prepared graphene
composites with Ru-RuO, heterostructures by controlled calcination of RuCl;, thiourea, and
N,P-codoped reduced graphene oxide nanosheets. The resulting Ru-RuO,@NPC
nanocomposites demonstrated a remarkable bifunctional activity for both HER and OER
across a wide pH range, requiring a low cell voltage (E1) of 1.46 V to achieve a current
density of 10 mA cm™ in electrochemical water splitting. This performance was attributed to

charge transfer at the Ru-RuO, Mott-Schottky (M-S) junctions, which shifted the d-band
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center at the interface to an intermediate position between those of Ru and RuO,, thus
optimizing the adsorption and desorption of key reaction intermediates (e.g., *H, *O, *OH,
and *OOH). Ai and coworkers'” developed a robust Ru-RuO, heterostructure by partially
oxidizing Ru nanoparticles in amorphous carbon. The strong electronic synergy at the Ru-
RuO, interface led to an outstanding acidic OER performance with an ultralow overpotential
(noer.10) of +176 mV and excellent stability over 80 h at 10 mA cm™. The catalyst was then
used as a bifunctional electrocatalyst for overall water splitting, achieving a low E+oof 1.55 V
with long-term durability, making it promising for proton exchange membrane water
electrolyzes. Hu and colleagues™ synthesized a porous reticular structure (PRS) Ru/RuO,
and observed improved OER performance in both acidic and alkaline media. The Ru/RuO,-
PRS nanocomposites exhibited a reduced overpotential and enhanced durability by
mitigating RuO, dissolution at high anodic potentials, effectively addressing major challenges
for Ru-based OER catalysts in acidic environments. In these studies, charge transfer at the
Ru-RuO, interface was argued to be responsible for the enhancement of the electrocatalytic

performance.

Thus far, such heterojunction samples have been mostly prepared by conventional thermal
procedures which were time- and energy-consuming. Recently, magnetic induction heating
(MIH) has emerged as an effective procedure for the ultrafast preparation of a range of
functional materials.'® MIH takes advantage of the rapid Joule effect to reach temperatures

over 1000 °C within seconds at a heating rate up to 200 °C s, in stark contrast with
conventional methods such as tube furnaces and hydrothermal processes, which exhibit a
much slower heating rate (< 10 °C min-'). Also, the rapid heating and cooling facilitates the

formation of nonequilibrium and metastable structures that are critical for catalysis. For
instance, high-performance OER catalysts have been obtained with FeNi spinel oxides
featuring a good mixing of the Fe and Ni phases? and defective carbon-encapsulated Co

nanoparticle composites,?! while Ru nanoparticles with RuCl, residues,?? amorphous MoSy
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composites,?® and ruthenium nanoparticles/molybdenum oxide/carbon composites?* have

been found to possess remarkable electrocatalytic activity towards HER.

In this study, we report the ultrafast preparation of carbon-supported Ru-RuO,
heterostructure catalysts (Ru-RuO2/C) by MIH and observe a high efficiency towards both
HER and OER. Such a bifunctional property can then be exploited for electrolysis even in
simulated alkaline seawater. Compared to traditional methods for synthesizing Ru-RuO,

heterostructures , 2527 this study, significantly streamlining the synthesis process. The

reaction time is dramatically reduced from several hours or even days to just 10 seconds.
Additionally, this approach improves the utilization efficiency of the Ru precursor, reducing
the consumption of expensive noble metal raw materials and effectively lowering overall
production costs. Experimentally, ruthenium(lll) acetylacetonate (Ru(acac)s) is used as the
sole precursor and undergoes a disproportionation reaction during MIH treatment. During the
heating process, Ru®*" is reduced to metallic Ru under the protection of an Ar atmosphere.
However, in the case of Ru(acac)s, the oxygen-containing groups present in the precursor
partially oxidize Ru** to RuO,, leading to the formation of a Ru-RuO, heterostructure.?®
Among the series, the sample prepared at 300 A for 10 s (Ru-RuO2/C-300A) exhibits the best
electrocatalytic activity towards both HER and OER in alkaline media, featuring a low
overpotential of -31 mV and +240 mV to reach the current density of 10 mA cm,
respectively. The sample also possesses excellent durability, with minimal impacts of
electrolyte salinity on the electrocatalytic performance. When the sample is used as
bifunctional catalysts for full water splitting, an ultralow E1o of only 1.44 V is required. The
excellent electrocatalytic activity is attributed to the formation of Ru-RuO:2 heterostructures
that facilitates charge transfer at the M-S heterojunction and the optimal adsorption of key

reaction intermediates.
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4.3 Results and Discussion

4.3.1 Sample preparation and structural characterization

The Ru-RuO2/C nanocomposites were prepared by using the MIH apparatus described
previously.29-24 Experimentally, Ru(acac)s was used as the sole precursor and loaded onto
carbon black, which was then subject to MIH treatment at different induction currents (X =
200-600 A) for 10 s in an argon atmosphere. The obtained samples were referred to as Ru-

RuO2/C-X. The synthetic details are included in the Experimental Section.

Figure 4.1. (a-e) TEM images of the Ru-RuO2/C-X samples prepared at different induction
currents. (f) High-resolution TEM image of Ru-RuO2/C-300A and lattice fringe analysis, (g)

zoom-in of the white dashed box in panel (f), and (h) the corresponding elemental maps.
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Figure 4.3. High-resolution TEM image of the Ru-RuO2/C-400A sample.
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Figure 4.5. High-resolution TEM image of the Ru-RuQ2/C-600A sample.
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Figure 4.6. Average nanoparticle size of the Ru-RuO2/C series.

During MIH heating, Ru(acac); started to decompose at ca. 150 °C and underwent a

disproportionation reaction,2® where part of Ru®** was reduced into metallic Ru, while the other
was oxidized by the thermally decomposed acetylacetonate ligands to form RuO,.2® The
structure of the Ru-RuO2/C-X nanocomposites was first characterized by transmission
electron microscopy (TEM) measurements. From Figure 4.1a and 4.2, the Ru-RuO2/C-200A
sample can be seen to possess only agglomerates of flaky carbon, suggesting that at this low
induction current (temperature ~600 °C), mostly amorphous Ru clusters were produced.??
Yet, with the increase of the induction current, dark-contrast nanoparticles of 5-10 nm in
diameter started to emerge, suggesting the formation of Ru-based nanoparticles (Figure
4.1b-e). In high-resolution TEM measurements of the Ru-RuO2/C-300A sample (Figure 4.1f
and the zoom-in image in Figure 4.1g), two sets of well-defined lattice fringes can be
resolved, one with an interplanar spacing of ca. 2.34 A that can be ascribed to the Ru(100)
planes, and the other at 2.56 and 3.20 A in good agreement with those of RuO2(101) and

(110) planes, respectively.30-3" Furthermore, the intimate contact between the Ru and RuO,
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crystalline domains suggests the formation of Ru-RuO2 M-S heterojunctions (Figure 4.1g).

Such a structure can also be found with samples prepared at higher induction currents

(Figure 4.3-4.5), which featured an average size of 3 to 5 nm in diameter (Figure 4.6).

Figure 4.7. EDS spectrum of Ru-RuO2/C-300A. The elemental compositions (C 89.16 wt%,
O 259 wt%, and Ru 8.25 wt%) are in good agreement those obtained from XPS

measurements (Table 4.1).

Consistent results were obtained in elemental mapping analysis based on energy-dispersive
X-ray spectroscopy (EDS) (Figure 4.1h and 4.7), where the C, Ru, and O elements can be
clearly identified. Notably, Ru and O were distributed discretely on the carbon black support,

consistent with the formation of carbon-supported Ru-RuO:2 nanoparticles.

One may notice that in prior studies using RuCl; as the precursor,?? 32 MIH treatment under
comparable conditions yielded mostly metallic Ru nanoparticles and no RuO,. The fact that
RuO2 was produced in the present study can be ascribed to the Ru(acac)s precursor, as
thermal decomposition of metal acetylacetonates has been known to produce metal oxides.33
Yet, as MIH treatment last only a few seconds, not all metallic ruthenium was oxidized into

RuOg, leading to the formation of Ru-RuO2 M-S heterojunctions in the final products.
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Figure 4.8. XPS survey spectra of the Ru-RuO2/C series.

Table 4.1. Elemental compositions estimated from XPS measurements.

Ru-RuQ./C- Ru-RuO./C- Ru-RuQ,/C- Ru-RuO./C-
200A 300A 400A 500A

at % wt % at % wt % at % wt % at % wt %

Ru-RuQy/C-
600A

at % wt %

C | 8824 80.62 8827 7987 89.62 8205 89.39 8229
0.78 6.01 093 7.1 082 629 072 558

O | 1098 13.37 10.80 13.02 9.56 11.66 9.89 12.13

86.41 79.47

0.60 4.61

1299 15.92
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X-ray photoelectron spectroscopy (XPS) measurements were then conducted to investigate
the surface elemental composition and valence states of the Ru-RuO2/C nanocomposites.
From the survey spectra in Figure 4.8, the C 1s/Ru 3d, Ru 3p, and O 1s electrons can be
readily identified for all samples at ca. 284, 462, and 531 eV, respectively. Based on the
integrated peak areas, the samples can be seen to exhibit a rather consistent composition,
with ca. 80-89 at% of C, 10-13 at% of O, and 0.6 to 0.9 at% of Ru (Table 4.1), in good

agreement with results obtained from EDS measurements (Figure 4.7).

a[ruruo,c 6004 Ra3p] D[ Ru-Ru0,/C-6004 01s| C| d -
. . L \ - RUO,(211)
e Masatasins N ! ! RuO,(101) Ry(002)
: |
| A, \ \\
Ru-RUQ,/C-5004 g1 1hs
| I RuO{110)
Ru-RuO,/C-400A | 1 Boy . Ru{101) Ru-RuO,/C400A
1 1
1

Ru-RuQ,/C-400A

e R”‘}"“’ Ru-RuG,/C-300A
4 \
! oo’ Mol
Ru-Ru0,/C-3004 | s s i st
!

Ru-Ru0,/C-300A Ru-RUQ,/C-300A Ru-Ru0,/C-200A

o T~ I
R . .
1 i,
=0 hydrated RuO, band| | “w..w"} “"w‘x
..-_./A X Ru-0 " 1A
S L ™" 1 1
1 1

RU-RUO,/C-200A !

Ru-RuO,/C-200A Ru-RUQ,/C-2004 | |
1
| | I

495 490 485 480 475 470 465 460 455 536 534 532 530 528 400 600 800 10 20 30 40 50 60 70 80
Binding Energy (eV) Binding Energy (eV) Raman shift (cm™) 20

1

1

1

1

|

|

. \
| R AV O
1

1

|

|

1

Figure 4.9. High-resolution XPS spectra of the (a) Ru 3p and (b) O 1s electrons, (c) Raman,

and (d) XRD patterns of the Ru-RuO2/C series.
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Figure 4.10. High-resolution XPS C 1s/Ru 3d spectra of Ru-Ru0O2/C-X.

117



Table 4.2. Binding energies (eV) of the elemental components by deconvolution of the XPS

data.
Component Ru-RuO2/C- Ru-RuO2/C- Ru-RuO2/C- Ru-RuO2/C- Ru-RuO2/C-
200A 300A 400A 500A 600A

Ru 5/2 281.09 280.67 280.59 280.57 280.59
Cc=C 284.42 284.23 283.97 283.99 284.11
c-C 285.06 284.67 284.33 284.57 284.77
Ru 3/2 285.09 285.16 284.59 284.61 284.99
c-O0 286.93 286.44 285.18 286.4 285.32

?s C=0 289.16 288.84 288.78 288.6 288.83
Ru 3/2 462.31 461.77 461.84 461.78 461.94
Ru** 3/2 464.56 463.94 464.26 464.17 464.54
Ru** sat 3/2 | 467.54 466.75 467.25 466.99 467.75
Ru 1/2 484.51 483.97 484.04 483.98 484.14
Ru*+1/2 486.76 486.14 486.46 486.37 486.74

3}?; Ru** sat 1/2 | 489.74 488.95 489.45 489.19 489.95
Metal-O 530.07 529.88 529.67 529.61 529.53
C=0 532.08 532.03 531.73 531.8 531.87

?s Cc-0 533.54 533.51 533.21 533.28 533.3

The high-resolution Ru 3p spectra are depicted in Figure 4.9a. Ru-RuO:/C-300A can be
seen to possess the lowest binding energies among the series, and deconvolution of the data
yielded two doublets, the major one at 461.77/483.97 eV due to the 3pas//3p./, electrons of
metallic Ru, and the minor one at 463.94/486.14 eV to those of Ru** (with the associated
satellites at 466.75/488.95 eV).3436 |n the corresponding O 1s spectra (Figure 4.9b), three

species can be resolved for Ru-RuO,/C-300A at 529.88 eV for lattice oxygen (Ru-O), 532.03
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eV for C=0 and 533.51 eV for C-O, consistent with the formation of a Ru and RuO, hybrid in
the sample.?” The C 1s/Ru 3d spectra are shown in Figure 4.10, where the Ru 3d, C=C, and
C-C peaks can be resolved at 280.67/285.16, 284.23, and 284.67 eV, respectively.3® Other
samples in the series exhibited similar profiles. Nevertheless, for Ru-RuO:/C-200A, the Ru
3p binding energies were ca. 0.5 eV higher than those of Ru-RuQ:/C-300A, likely due to the
low heating temperature and hence limited decomposition of the Ru(acac)s precursor, leading
to the formation of only (amorphous) ruthenium clusters, consistent with results from the TEM
measurements (Figure 4.1a and 4.2).22 For samples prepared at higher temperatures (i.e.,
Ru-RuQ:/C-400A, Ru-RuQO:/C-500A and Ru-RuO./C-600A), the binding energies of metallic
Ru 3p were only slightly greater than those of Ru-RuO:/C-300A (under 0.2 eV), and an
increase up to 0.6 eV was observed with the Ru** electrons (Table 4.2). Such electron
depletion was possibly the results of the increasingly oxidizing atmosphere produced during

thermal decomposition of Ru(acac)s.33

Table 4.3. Elemental contents (at%) of metallic Ru and Ru* by XPS analysis.

Ratio (at) Ru-RuO2/C-  Ru-RuO2/C- Ru-RuO2/C- Ru-RuO2/C- Ru-RuO2/C-
200A 300A 400A 500A 600A

Metallic Ru | 0.44% 0.52% 0.47% 0.41% 0.36%

Ru#* 0.34% 0.41% 0.35% 0.31% 0.23%

Table 4.3 lists the metallic Ru and Ru** contents of the various Ru-RuO,/C samples. One
can see that among the sample series, Ru-RuQO,/C-300A possessed the highest contents of
metallic Ru (0.52 at%) and Ru** (0.41 at%), which are the known active components for HER

and OER, respectively (vide infra). The slight decrease observed with Ru-RuO2/C-400A, Ru-
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RuO2/C-500A and Ru-RuO2/C-600A likely arose from enhanced thermal vaporization of the

precursors.

Raman spectroscopic measurements further confirmed the formation of RuO:2 in the
samples.3%%0 From Figure 4.9¢c, all samples in the series can be seen to possess a broad
peak centered at ca. 420 cm' due to the hydrated RuO2 band, which diminished slightly with

increasing MIH temperature (from Ru-RuO:/C-200A to Ru-RuO./C-600A). Three additional

bands can be identified. The peak at 561 cm™ can be assigned to the Eq mode of RuO: (out-
of-plane vibration of Ru-O), while the bands at 652 and 746 cm™ can be ascribed to the A1g
and Bzg modes (in-plane vibrations of the two O atoms relative to the Ru atom),

respectively.4!

Further structural insights were obtained from X-ray diffraction (XRD) measurements (Figure
4.9d). A broad peak can be observed at 26 = 25.0° for all samples, characteristic of the (002)
planes of graphitic carbon.#2 Additional peaks can be found at 26 =38.4°, 42.2°, and 44.1°
due to the (110), (002), and (101) planes of hcp Ru (PDF#06-0663), respectively, whereas
the peaks at 206 = 27.8°, 35.2°, 40.2°, and 54.3° can be indexed to the (110), (101), (200), and
(211) plane of RuO2 (PDF#43-1027).'® Notably, the characteristic peaks for both Ru and
RuO, were rather broad and ill-defined for Ru-RuO2/C-200A but became increasingly sharper
with increasing MIH current, indicating enhanced crystallinity of the samples, in good

agreement with results from TEM measurements (Figure 4.1-4.5).
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Figure 4.11. (a) Ru K-edge XANES spectra, (b) zoom-in of the red box in panel (a), and (c)
Fourier transforms of the Ru K-edge EXAFS oscillations of the Ru-RuO,/C samples and
references. The corresponding WT-EXAFS profiles of (d) Ru-RuO,/C-200A, (e) Ru-RuO,/C-

300A, (f) Ru-RuO,/C-400A, (g) Ru-RuO,/C-500A, and (h) Ru-RuO,/C-600A.

X-ray absorption spectroscopy (XAS) measurements were then conducted to analyze the Ru
coordination environment and electronic structure within the Ru-RuO,/C nanocomposites.
From the normalized Ru K-edge X-ray absorption near-edge structure (XANES) spectra in
Figure 4.11a-b, the Ru-RuO,/C samples can be seen to exhibit a similar absorption edge
that lies between those of the Ru foil and RuO, references, indicating a rather consistent
valence state (between 0 and +4) of the ruthenium centers across the samples. Figure 4.11¢c
depicts the corresponding R-space profiles obtained through Fourier transform of the
extended X-ray absorption fine structure (EXAFS) spectra. All samples can be seen to
possess a major peak at 2.47 A for Ru-Ru and another one at 1.50 A for Ru-O, consistent
with the Ru foil and RuO, references, respectively, further confirming the formation of a Ru-

RuO, M-S heterojunctions within the samples.
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Table 4.4. Fitting results of the Ru K edge XAS spectra of Ru-RuO2/C-X samples.

Samples Peak 02 (A2) Bond Distance (A) CN
Ru foil Ru-Ru 0.0711 2.68 12.00
RuO:2 Ru-O 0.0786 1.96 6.00
Ru-C/O 0.0617 1.9695 4.182
Ru-RuO2/C-
200A Ru-Ru
(metal) 0.0580 2.6915 1.542
Ru-C/O 0.0495 1.9644 3.747
Ru-RuO2/C-
300A Ru-Ru
(metal) 0.0562 2.6941 2.431
Ru-C/O 0.0547 1.9604 3.816
Ru-RuO2/C-
400A Ru-Ru
(metal) 0.0519 2.6909 2.646
Ru-C/O 0.0493 1.9604 3.744
Ru-RuO2/C-
500A Ru-Ru
(metal) 0.0448 2.6915 2.622
Ru-C/O 0.0490 1.9582 3.867
Ru-RuO2/C-
600A Ru-Ru
(metal) 0.0456 2.6967 2.640

The Ru-K edge EXAFS data were then fitted using a two-peak model, and the fitting results
are listed in Figure 4.12 and Table 4.4. The sample series can be seen to display a similar
structure, with the Ru—O and metallic Ru-Ru bond lengths at ca. 1.96 and 2.68 A,
respectively, in good alignment with those of RuO, and Ru foil. Furthermore, the relevant
coordination numbers (CN) are all lower than those for the Ru foil (12) and RuO: references
(6). In fact, the Ru-RuO2/C-200A samples exhibited a CN of ca. 4.2 for Ru-C/O and 1.5 for

Ru-Ru, whereas ca. 3.8 and 2.6 for others prepared at higher MIH currents. This can be
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accounted for by the formation of largely amorphous structure in Ru-RuO2/C-200A due to
insufficient decomposition of Ru(acac)s at the low temperature whereas nanoparticles started

to appear at higher temperatures.

The wavelet transform (WT) analysis, shown in Figure 4.11d-h, yielded consistent results.
The analysis was performed using Fortan with the Morlet function.*34* To ensure
comparability of the atomic configurations, all samples were analyzed using the same
parameters: k = 5 and 0 = 1. The peaks at 6.4 A~ and 10.9 A~" correspond to the first and
second neighbors of RuO,, while the peak at 7.3 A™" represents the metallic Ru-Ru bond,

again, confirming the formation of a hybrid structure within the composites.
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4.3.2 Electrocatalytic activity
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Figure 4.13. (a) HER polarization curves at the rotation rate of 1600 rpm with 100% iR
correction and (b) the corresponding Tafel plots of the Ru-RuO,/C samples in 1 M KOH. (c)
HER polarization curves of Ru-RuO,/C-300A before and after chronoamperometric (i-t) tests
for 10 and 24 h. (d) OER polarization curves at the rotation rate of 1600 rpm and with 100%
iR correction and (e) the corresponding Tafel plots of the sample series in 1 M KOH. (f)
Stability tests of Ru-RuO,/C-300A before and after chronoamperometric (i-t) tests for 10 and
24 h. (g) OER polarization curves of Ru-RuO,/C-300A in 1 M KOH, 1M KON + 0.5 M NacCl,
seawater, and seawater + 1 M KOH. (h) Current-potential profiles for full water splitting with

Ru-RuQO,/C-300A as the bifunctional catalysts or a mixture of Pt/C//RuQ2/C in 1 M KOH in a

two-electrode system.
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Figure 4.14. Comparison of the HER TOF of Ru-RuO2/C-300A and commercial Pt/C.

The HER and OER electrocatalytic activities of the Ru-RuO,/C samples were then evaluated
through electrochemical measurements using a standard three-electrode configuration in 1.0
M KOH (pH = 14). Ru-RuO,/C-300A clearly demonstrated the best HER and OER activity
among the series. From the HER polarization curves in Figure 4.13a, one can see that Ru-
RuO,/C-300A required an overpotential (nxer,10) only of =31 mV to reach the current density
of 10 mA cm™, as compared to —46 mV for Ru-RuO,/C-200A, =58 mV for Ru-RuQO,/C-400A,
-68 mV for Ru-RuO,/C-600A, and -72 mV for Ru-RuO,/C-500A. Such a performance of Ru-
RuO,/C-300A is rather comparable to that of commercial Pt/C (-26 mV). Note that at
potentials more negative than ca. -50 mV Ru-RuO,/C-300A actually significantly
outperformed Pt/C). In fact, the turnover frequency (TOF)#® can be estimated to be 0.67 s~ at

=50 mV for RuO,/C-300A, markedly greater than that of Pt/C (0.41 s™') (Figure 4.14).
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Figure 4.15. Nyquist plots at -50 mV for Ru-RuO2/C- X samples, where the dashed lines

represent the real data, and the solid lines indicate the fitting data with the equivalent circuit.

The corresponding Tafel plots are shown in Figure 4.13b, where Ru-RuO,/C-300A exhibited
a slope of 85.4 mV dec™, close to other samples in the series but markedly lower than that of
Pt/C (101.5 mV dec™). In fact, from the Nyquist plots in Figure 4.15 acquired at the
overpotential of -50 mV, the charge transfer resistance (Rct) was indeed relatively close for
the series of samples, 24.86 Q for Ru-RuO,/C-200A, 30.58 Q for Ru-RuO,/C-300A, 29.98 Q

for Ru-RuO,/C-400A, 32.43 Q for Ru-RuO,/C-500A, and 28.04 Q for Ru-RuO,/C-600A.
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Figure 4.16. HER chronoamperometry curve of Ru-RuO2/C-300A at -31 mV for 24 h. The
diminishment of the current is mostly due to the large number of gas bubbles that block part
of the electrode surface. Upon shaking off the gas bubbles, the current is recovered (red

segment).

Moreover, Ru-RuO,/C-300A demonstrated exceptional durability. As shown in Figure 4.13¢c
and Figure 4.16, the nuer1o shifted negatively by only 11 mV (to -42 mV) after
chronoamperometric tests at -31 mV in 1 M KOH for 10 h and by just 29 mV (to —-60 mV) after

24 h.
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Figure 4.17. Comparison of the OER TOF of Ru-RuO2/C-300A and commercial RuO2/C.

The OER performances of the Ru-RuO,/C samples were also tested in 1 M KOH. From the
polarization curves in Figure 4.13d, one can see that Ru-RuO,/C-300A exhibited a low
overpotential (noer,10) of +240 mV to achieve 10 mA cm2, as compared to +330 mV for Ru-
RuO,/C-200A, +300 mV for Ru-RuO,/C-400A, +280 mV for Ru-RuO,/C-500A, +290 mV for
Ru-RuO,/C-600A and +320 mV for commercial RuO2/C. In fact, at the overpotential of +300
mV, Ru-RuO,/C-300A possessed a TOF of 1.2 x 107™* s™", substantially higher than that (2.2

x 107% s7") observed for commercial RuO,/C (Figure 4.17).
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Figure 4.18. OER chronoamperometric curve of Ru-RuO2/C-300A at 1.5 V for 24 h. The
diminishment of the current is mostly due to the large number of gas bubbles produced that
block part of the electrode surface. Upon shaking off the gas bubbles, the current is

recovered (red segment).

The corresponding Tafel plots, shown in Figure 4.13e, indicate that Ru-RuO,/C-300A
possessed the lowest Tafel slope of 74.1 mV dec™ among the sample series, in comparison
to Ru-RuO,/C-200A (363.0 mV dec™), Ru-RuO,/C-400A (351.5 mV dec™), Ru-RuO,/C-500A
(325.3 mV dec™), and Ru-RuQ,/C-600A (294.6 mV dec™). This suggests that Ru-RuO,/C-
300A exhibited the most efficient electron-transfer kinetics for OER among the samples,
making it competitive with commercial RuO,/C (79.8 mV dec™). Ru-RuO,/C-300A also
demonstrated excellent durability for OER, where after a 10-hour chronoamperometric test at
+1.5 V noer,10 increased by only 30 mV to +270 mV after 10 h and to +310 mV after 24 h

(Figure 4.13f and Figure 4.18).
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The exceptional durability for both HER and OER can be attributed to the strong electronic
interactions at the Ru-RuO, interface, which stabilize the active sites and mitigate
degradation under harsh reaction conditions.'® These results underscore the robust nature of

the catalyst, making it promising for long-term applications in water electrolysis.

Figure 4.19. Seawater collected from Natural Bridges State Beach in Santa Cruz used as the

saline water electrolyte for OER experiments.

The Ru-RuO,/C-300A sample even displayed an apparent OER performance in simulated
seawater (1 M KOH + 0.5 M NaCl), alkaline seawater (seawater + 1 M KOH), and actual
seawater (from the Natural Bridges State Beach in Santa Cruz, Figure 4.19). Figure 4.13g
shows the corresponding polarization curves, in comparison to that in 1 M KOH. The noer,10
was estimated to be ca. +510 mV in actual seawater, but diminished markedly to only +270
mV in simulated seawater and +310 mV in alkaline seawater. This suggests a minimal activity
of Ru-RuO,/C-300A towards chlorine evolution reaction (CER) and the sample could be used

as effective OER catalysts even in high-salinity electrolytes.46-48
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Table 4.5. Comparison of electrochemistry performance between Ru-RuO,/C-300A and other

Ru-based electrocatalysts in 1 M KOH

Electrocatalysts ?;E\;{;O Noer.10 (MV) gﬂrﬁszi Loading  (mg References
Ru-Ru0O,/C-300A -31 240 0.25 This work
Ru-RuO,@NPC -79 190 0.41 16
Ru-G/CC -40 270 -- 49
Co-SAC/RuOz2 -45 200 0.80 50
Ru-doped Zn3V30s -70 260 2.00 51
RuO2-Fe203 -239 399 0.19 52
Ru-TNTA -41 349 -- 53
Ru-RuO2/Mn- MoO2 | -15 260 0.42 2
Ru@Ru02-250 -32 182 0.26 26
RuNi7FeOx(OH)y@N

CA -99 278 1.37 54

Table 4.5 highlights the superior overall performance of Ru-RuO,/C-300A in both HER and
OER, particularly when considering activity, stability, and mass loading. Among all the
compared catalysts, Ru-RuO,/C-300A achieves the best balance across these metrics,
showcasing its superior electrocatalytic capabilities. Additionally, the rapid and
straightforward MIH synthesis method, further distinguishes our catalyst by significantly
reducing the synthesis time to just 10 seconds, compared to conventional approaches that
often require several hours or days. From the above electrochemical measurements, Ru-
RuO,/C-300A can be seen to stand out as the best catalysts among the series towards both

HER and OER in alkaline media. Therefore, Ru-RuO,/C-300A was used as the bifunctional
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catalyst for overall water splitting in 1 M KOH at a loading of 1 mg cm2 on carbon paper.
From the current-voltage profiles in Figure 4.13h, the Ru-RuO,/C-300A based cell required a
voltage (E1o0) of only 1.43 V to achieve a current density of 10 mA cm?, which was 160 mV
lower than that needed with a mixture of commercial 20% Pt/C and RuO,/C (1.59 V). These
results highlight the significant potential of Ru-RuO,/C-300A as viable bifunctional catalysts

for electrochemical water splitting.

The remarkable bifunctional activities of Ru-RuO,/C-300A can be attributed to the unique Ru-
RuO2 heterostructures produced by rapid heating of Ru(acac)s with MIH. The superior
electron-transfer kinetics between the Ru-RuO: heterostructures of the Ru-RuO,/C-300A
sample can be attributed to its optimal structural and electronic properties. Among the sample
series, Ru-RuO,/C-300A exhibits a well-balanced combination of crystallinity and Ru content,
as evidenced by XRD and TEM analyses. This balance ensures efficient charge transport
while maintaining a high density of active sites. XPS analysis reveals the lowest Ru/Ru** and
Metal-O/Ru** ratios in Ru-RuQ,/C-300A, indicating the presence of an ideal proportion of
metallic Ru and ionic Ru species. This electronic synergy at the Ru-RuO, heterojunction
enhances the charge redistribution and promotes spontaneous electron transfer at the
interface. Prior research'®-'® has shown that the formation of Ru-RuO, M-S heterojunctions
significantly enhance the catalytic activity towards both HER and OER. This is because in
HER, the Gibbs free energy for hydrogen adsorption is slightly reduced at the Ru-RuO,
interface, promoting optimal hydrogen adsorption and desorption; whereas in OER, the Ru-
RuO, interface optimizes the adsorption of oxygen intermediates and lowers the energy
barrier for the formation of *OOH intermediates. Such interactions were facilitated by the
optimal electron density of the Ru centers, as manifested in the above XPS measurements

(Figure 4.9a).5°
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The fact that the metallic Ru and Ru?#* contents reached the maxima with Ru-RuO,/C-300A is
also in good agreement with the best HER and OER performances observed above (Table
4.3). Such a unique structure was the result of ultrafast heating by MIH. For the sample
prepared at a lower MIH current (e.g., Ru-RuO2/C-200A), the insufficient decomposition of
Ru(acac)s produced only amorphous Ru-based clusters, whereas at higher MIH currents
(e.g., 400 to 600 A), evaporation of the precursor and samples diminished the Ru and RuO:

contents, leading to a compromised electrocatalytic performance.

4.4 Conclusion

In summary, Ru-RuO2/C heterostructure nanocomposites were prepared by rapid heating of
Ru(acac)s using MIH at controlled induction currents. At low currents (e.g., 200 A), the
insufficient thermal decomposition of Ru(acac)s led to the production of largely amorphous
ruthenium-based clusters, whereas at higher MIH currents, the samples featured a hybrid
structure where Ru and RuO, nanoparticles were in intimate contact. Among the series, Ru-
RuO,/C-300A possessed the highest contents of both metallic Ru and Ru#* and hence
exhibited the best HER and OER activity, requiring an nuer,10 of only -31 mV and moer, 10 of
+240 mV in 1 M KOH. In addition, a comparable OER activity was observed in both simulated
and alkaline seawater, suggesting minimal impacts of salinity. Such a bifunctional activity
could be exploited for overall water splitting, where a low cell voltage of only 1.43 V was
needed to achieve the current density of 10 mA cm-2, outperforming commercial 20% Pt/C
and RuO,/C mixtures by ca. 160 mV. The catalysts also exhibited excellent durability, with
minimal overpotential shifts after extended operation. These findings underscore the unique
potential of Ru-RuO, heterostructure composites as bifunctional electrocatalyst for efficient
and stable electrochemical water splitting and offer a promising approach to sustainable

hydrogen production from seawater.
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4.5 Experimental Section

Chemicals Ruthenium(lll) acetylacetonate (Ru(acac)s, 24.21%Ru, Engelhard), carbon paper
(TGP-H-90, Toray), ruthenium(lV) oxide (RuO2, 99.5%, anhydrous, ACROS Organics), Pt/C
(20 wt.%, Alfa Aesar), potassium hydroxide (KOH, 99%, Acros), and ethanol anhydrous
(Fisher Chemicals) were used as received without any further treatment. Water was purified

with a Barnstead Nanopure Waster System (resistivity 18.2 MQ cm).

Synthesis of Ru-RuO»/C nanocomposites The Ru-RuO2/C nanocomposites were prepared by
using the MIH apparatus described previously.20-24 |In brief, 40 mg of carbon black and 1 mL
of ethanol were added into a 12 mL test tube and sonicated for 30 min. 4 mL of a 0.025 M
Ru(acac)s solution was added to the tube and sonicated for another 30 min. After the solution
was fully mixed with the carbon black, the tube was vacuum dried in an oven overnight at 60

°C. The obtained black powder was evenly loaded on a 2.5 cm x 2.5 cm x 0.2 mm iron plate

covered with same-size graphite paper (0.01 mm thick, to avoid contamination of the iron
plate). The loaded plate was fixed on a fire brick with iron nails and sealed in a quartz tube,
which was then purged with high-purity argon gas for 15 min before being inserted into a
four-turn induction coil (5 cm in diameter), before MIH synthesis was carried out at select
induction currents (X = 200-600 A) for 10 s. After cooling down to room temperature, the
obtained sample was washed with H20 and ethanol 5 times to remove excessive metal
precursor until the supernatant was clear. The collected samples were denoted as Ru-

RuO2/C-X.

Characterization TEM measurements were carried out with a FEI Tecni G2 scope operated at
200 kV. EDS-based elemental mapping analyses were conducted with a JEM-2100F
instrument operated at 200 kV. XPS measurements were performed with a Thermo Scientific

K-alpha spectrometer. XRD patterns were obtained using a Bruker D8 Advance
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diffractometer with Cu Kq radiation (A = 0.15418 nm). Raman spectra were acquired with a
Horiba Jobin Yvon LabRAM ARAMIS automated scanning confocal Raman microscope
under 532 nm excitation. XAS measurements were conducted at 10 K using an Oxford liquid
helium cryostat at beamline 4—1 of the Stanford Synchrotron Radiation Light source. The
obtained XAS data were reduced, fitted, and analyzed with the RSXAP software.?® The
Fourier Transform range was 3.5 to 12 for Ru K edges, while the fit range was 1.1-2.5 for Ru
K edge. The theoretical functions for each pair (Ru-C/O, Ru-Ru) were calculated by

WebAtoms.%”

Electrochemistry Electrochemical measurements were conducted in 1 M KOH with a CHI
700E electrochemical workstation in a typical three-electrode setup. The working electrode
was a glassy carbon rotating disk electrode (RDE) with a surface area of 0.196 cm2, along
with a graphite rod counter electrode and a Hg/HgO reference electrode. The reference
electrode was calibrated against a reversible hydrogen electrode (RHE) and all potentials in
the present study were referenced to this RHE. For the ink preparation, 5 mg of the catalysts
obtained above was mixed with 200 pyL of Nanopure H20, 790 pL of ethanol, and 10 pL of
Nafion under sonication for 30 min in an ice-water bath. 10 uL of the ink and 5 uL of a 20%
Nafion/IPA solution was dropcast onto the surface of the RDE evenly and dried in air
(corresponding to a catalyst mass loading of 0.25 mg cm=). Electrochemical impedance

spectroscopy (EIS) tests were conducted with a Gamry Reference 600 instrument.

Full water splitting was performed in a two-electrode configuration.5® Two pieces of graphite
paper (1 cm x 2 cm) were cut for the anode and cathode. 100 mL of the catalyst ink (3 mg
catalyst, 60 yL H20, 230 uL ethanol, and 10 yL Nafion) was loaded on a 1 cm x 1 cm area at
a catalyst loading of 1 mg cm2. All electrochemical measurements were repeated at least

three times.
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Chapter 5 Summary and Perspectives

This dissertation presents a systematic investigation into the design, rapid synthesis, and
mechanistic understanding of ruthenium-based electrocatalysts for efficient electrochemical
water splitting. By integrating valence-state modulation, bimetallic engineering, and
heterostructure construction, this work establishes effective strategies to enhance catalytic

activity, stability, and scalability for sustainable hydrogen production.

In Chapter 2, ruthenium centers were atomically embedded within carbon nitride/reduced
graphene oxide nanosheets, enabling precise control over the Ru valence state through
chemical reduction and oxidation. The results reveal that the electrocatalytic activity toward
the hydrogen evolution reaction (HER) is strongly dependent on the Ru electronic structure.
Specifically, modulation of the Ru valence state alters the contribution of Ru 3d electrons to
the density of states near the Fermi level, thereby tuning the intrinsic activity of catalytic sites.
This study highlights the critical role of electronic structure engineering in optimizing HER

performance at the atomic scale.

In Chapter 3, an ultrafast magnetic induction heating (MIH) strategy was developed for the
synthesis of carbon-supported Ru—Cu nanocomposites. The rapid Joule heating process
enabled the formation of Ru nanoparticles with strong electronic interactions with Cu species,
resulting in effective charge transfer between Ru and Cu. The optimized RuCu/C-3 catalyst
demonstrated excellent bifunctional activity in alkaline media, requiring only -23 mV and
+270 mV to achieve 10 mA cm™ for HER and OER, respectively. When applied to overall

water splitting, a low cell voltage of 1.53 V was achieved, outperforming commercial Pt/C and
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RuO, benchmarks. In situ X-ray absorption spectroscopy results further revealed dynamic
structural evolution, where Ru—ClI residues promote the formation of metallic Ru during HER
and amorphous RuOx species during OER, accounting for the superior bifunctional

performance.

In Chapter 4, a one-step MIH approach was further extended to synthesize carbon-supported
Ru—RuO, heterostructures. The formation of intimate metal-oxide interfaces leads to Mott—
Schottky heterojunctions, which significantly enhance interfacial charge transfer and catalytic
kinetics. The optimized Ru—RuO,/C catalyst exhibited outstanding bifunctional performance,
with low overpotentials of =31 mV for HER and +240 mV for OER at 10 mA cm™2, as well as
excellent durability even in saline electrolytes. Notably, an ultralow cell voltage of 1.43 V was
achieved for overall water splitting, surpassing commercial noble metal catalysts. These
results demonstrate the effectiveness of heterostructure engineering in maximizing catalytic

efficiency and robustness, particularly for seawater electrolysis applications.

Overall, this work provides a comprehensive framework for the rational design of Ru-based
electrocatalysts through electronic structure modulation, compositional tuning, and interface
engineering. The implementation of magnetic induction heating enables rapid and scalable
synthesis of high-performance catalysts, while mechanistic insights obtained from advanced
characterization techniques offer fundamental understanding of structure—activity
relationships. These findings not only advance the development of efficient bifunctional
catalysts for water splitting but also contribute to the broader goal of sustainable hydrogen

production and clean energy technologies.
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