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Resumo

Com o0 aumento exponencial da demanda por energia e as preocupacbes com a
poluicdo ambiental causada pelo consumo de energias nao renovaveis provenientes de
fontes de combustiveis fésseis, o desenvolvimento de energias limpas e sustentaveis,
assim como a sua disseminacao para aplicagdo em varios sectores industriais, tornou-
se uma necessidade essencial para atingir a neutralidade carbénica global. Os
dispositivos para conversao eletroquimica de energia, nomeadamente eletrolisadores
de agua, células de combustivel e baterias de metal-ar, tém um papel vital nos sistemas
de energias renovaveis, e o desempenho destes dispositivos esta, em grande parte,
dependente do catalisador aplicado, o qual pode reduzir significativamente as barreiras
a reacdo e melhorar a eficiéncia energética dos dispositivos.

Esta tese é dedicada ao desenvolvimento de novos catalisadores, eficientes,
durdveis e de baixo custo, que possam ser usados em varias reacdes eletroquimicas,
tais como reacao de evoluc¢do do Hidrogénio (HER), reacdo de evolucdo do Oxigénio
(OER), reacéo de reducédo do Oxigénio (ORR) e reacédo de electro-oxidacdo (EOR) de
moléculas pequenas, e a sua aplicacdo em eletrolisadores de agua, células de

combustivel e baterias de metal-ar.

O Capitulo 1 apresenta uma introducdo generalizada aos desafios a serem
superados bem como uma revisdo da producdo de Hidrogénio (H.) por via de
eletrolisadores de agua e baterias de Zinco-ar. Adicionalmente, sdo também revistos
diferentes tipos de catalisadores, incluindo elétrodos auto suportados, nanoclusters
(NCs) e catalisadores dispersados atomicamente (ADCs), assim como as suas

vantagens para uso em conversao eletroquimica de energia.

O Capitulo 2 é dedicado ao desenvolvimento de uma série de materiais baseados
em metais de transicdo (TM) com estruturas eletronicas e morfologia especificas que
promovam a eletrlise de &agua salgada. Os catalisadores auto suportados sao
reportados como uma solucéo eficiente para desenvolver electrocatalisadores com
elevadas atividade e estabilidade comparando com 0s convencionais
eletrocatalisadores de revestimento em forma de p6. Neste capitulo, primeiro, nanofios
de fosfeto de niquel cobalto depositados em Carbon Paper (Co-Ni-P/CP) funcionando
como elétrodos cataliticos auto suportados aplicados na eletrélise de agua salgada para
producdo de H; acoplada a reacdo de oxidacdo da Hidrazina (HzOR) e a HER. Isto

prova que adicionar uma molécula pequena como a Hidrazina (N2Hs) no eletrdlito
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alcalino-salgado pode efetivamente mover o potencial de oxidac&do anodico para valores
mais negativos e, consequentemente, aumentar a diferenca de sobrepotencial entre a
formacéo de hipoclorito e a EOR anddica de moléculas pequenas contendo hidrogénio,
0 que permite a obtencéo de densidades de corrente elevadas que serédo aplicadas na
HER catodica durante a eletrolise da dgua salgada, sem formagé&o de hipoclorito que €
um composto corrosivo e poluente quando libertado para o meio ambiente.
Adicionalmente, uma “espuma” de Niquel e Ferro com maior flexibilidade mecanica foi
também desenhada e fabricada por o crescimento in-situ de uma matriz de nanotubos
com Niquel e Ferro seguida de sulfurizacdo/fosforizacdo a dois passos (NiFeSP). O
elétrodo, assim fabricado, combina numerosas qualidades tais como multiplas
componentes metal-ndo-metal, arquitetura tridimensional, heterointerfaces abundantes
e sitios ativos subcoordenados, o que pode resultar numa sinergia para impulsionar a
reacdo de oxidacdo eletrocatalitica da Ureia (UOR), a OER e a HER. Para evitar a
interferéncia da reacao de evolucao do Cloro (CER), o autor substituiu a OER pela UOR,
0 que, ao mesmo tempo, diminui a necessidade de injetar energia na eletrdlise de agua
salgada alcalina. Neste caso, os elétrodos bifuncionais NiFeSP, ativos para HER e UOR,
conseguem distribuir elevadas densidades de corrente, com relevancia industrial, de
500 mAcm2, a diferengas de potencial baixas e, mais impressionante, sobrevivem em
eletrélise continua a uma corrente tdo elevada durante 1000 horas sem degradacao
notdria. Estes trabalhos sugerem uma estratégia eficaz para desenvolvimento e sintese
de elétrodos cataliticos de elevadas atividade e estabilidade para eletrélise de agua
salgada, a qual encontrara aplicacdes na producdo em massa de Hidrogénio renovavel

a baixo custo.

O Capitulo 3 lida com NCs ultrafinos para melhorar a catalise da oxidagdo da agua
com densidades de corrente elevadas em meio &cido. E ja sabido que a performance
eletroquimica de catalisadores esta bastante associada ao numero de sitio ativos
expostos. Assim, a parte das estruturas tridimensionais auto suportadas que permitem
uma rapida transferéncia carga/massa, reduzir o tamanho das nanoparticulas (NPs),
clusters atdmicos ou até a obtencéo de atomos isolados é uma estratégia importante
para atingir atividades elevadas a baixo custo. Baseado nisto, uma estratégia simples e
com custo controlado foi proposta e consistia na deposicdo de nanoclusters de Oxido
de Iridio com défice de Oxigénio (IrOx NCs) ultrafinos (1-2 nm) num coletor corrente de
Titdnio (H-Ti@IrOx) com elevada area superficial e estavel em meio &cido. Estudos
experimentais abrangentes e os célculos da Teoria da Densidade Funcional (DFT)

confirmam que a presenca de NCs de tamanho pequeno e a falha de Oxigénio melhora
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significativamente a eficiéncia da OER em meio acido. H-Ti@IrOx consegue catalisar
continuamente a OER em meio fortemente acido a 200 mA cm? durante 130 horas com
uma degradacdo minima, sustentando o uso promissor para eletrélise da dgua com

membrana de transferéncia de protdes (PEMWE).

7

No Capitulo 4, uma sucessdo de ADCs é investigada em detalhe. A reducdo do
tamanho das particulas metalicas nos catalisadores até atomos isolados pode
maximizar a eficiéncia da utilizacdo de cada &tomo metalico e gerar um ambiente com
abundantes coordenacdes insaturadas, 0 que é expectavel que tenha um importante
papel na melhoria da atividade catalitica. Aqui, uma série de ADCs foi desenhada e
preparada. Em primeira instancia, catalisadores com atomos isolados (SACs) de Raédio
(Rh) suportados em Carvao Ativado (Rhi/AC) com prominente performance catalitica
para HER foram construidos por via de uma dispersédo induzida por reacdo quimica de
cima para baixo usando Rh NPs como material de partida. Em seguida, ADCs com
Ruténio (Ru) (Ru(0.2)-NC) contemdo quantidade de metal adicionado ultra baixa foram
aplicados na eletrolise eficiente da agua. Os célculos da DFT provaram que a ligacao
Ruténio-Azoto (Ru-N) presta um importante papel na reducéo da barreira energética das
reagOes, impulsionando a atividade da HER e da OER. Além disso, quando assistida
por uma membrana bipolar (BPM) &cida-alcalina, onde a HER em solucdo &cida é
favorecida cineticamente e a solucdo bésica favorece cineticamente a OER, esta
assimetria &cido-alcalino na eletrdlise da 4gua com membrana bipolar (BPMWE)
possibilita a operabilidade a baixas diferencas de potencial de célula de apenas 0.89 V
para distribuir uma densidade de corrente de 10 mA cm? e consegue manter a
estabilidade mais de 100 horas sem queda de performance significativa devido a
assisténcia da neutralizacdo eletroquimica resultante da passagem de eletrdlitos, o que
mostra um elevado potencial para producdo de Hidrogénio com poupanca de energia.
Finalmente, Ir/Ru SACs foram introduzidos em nitrato de carbono grafitico mesoporoso
(g-CN), os quais exibiram atividades cataliticas elevadas, eletrocatalitica e fotocatalitica,
para HER. Além disso, foi demonstrada durabilidade electrocatalitica e fotocatalitica de
longo termo excecionais. Os nossos célculos de DFT revelaram que a quantidade dos
atomos isolados de Ir e Ru no g-CN altera a estrutura eletrénica, resultando numa

bandgap reduzida e facilitando a transferéncia eletrénica durante o processo catalitico.

No Capitulo 5, foram desenhados centros ativos bimetalicos flexiveis e investigados
na catalise do oxigénio. Tem sido bastante reportado que os catalisadores biatdémicos
(DACs) tém mais chances de ajustar o centro da banda-d através da interagdo das

oOrbitas eletrénicas e trazer estruturas e propriedades eletrénicas Unicas, exibindo
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comportamento catalitico melhorado. Aqui, foram desenvolvidos Ir e Fe DACs (IrFe-N-
C) e depositados em suporte de Carbono modificado com Nitrogénio por via da
estratégia de pirélise com precursor encapsulado. Varias técnicas de caracterizacao
avancada, incluindo microscopia eletrénica de transmiss&do por varrimento em campo
escuro anular de elevado angulo (HAADF-STEM) e Espectroscopia de absorcdo de
raios-X sincronizada (XAS), confirmaram, inequivocamente, a dispersdo atomica do Ir e
do Fe e a presenca de pares atdmicos de IrFe. O IrFe-N-C preparado mostrou
performance catalitica substancialmente mais elevada para ORR e OER quando
comparado com os homologos de atomos isolados (i. e., Ir-N-C e Fe-N-C), revelando
uma bifuncionalidade favoravel e superando muitos dos catalisadores bifuncionais para
ORR/OER atualmente reportados na literatura. A excelente bifuncionalidade do IrFe-N-
C permite-lhe que funcione como um catodo de ar de alta performance em baterias de
Zinco-ar (ZABs). Além disso, 0s nossos calculos de DFT demostraram que a
configuracdo diatdbmica leva a uma subtil modulacéo de estrutura eletrénica. O Fe nos
sitios diatdbmicos contribui mais para ORR, enquanto o Ir nos sitios diatbmicos presta
um papel mais importante para a OER. Ambos 0s sitios activos trabalham em sinergia

e, juntos, promovem a eletrocatalise do Oxigénio.

Esta tese é focada na sintese de electro/foto-catalisadores eficientes com estruturas
eletrénicas e morfologia Unicas para a conversao de energia. Os estudos experimentais
e tedricos deram novas perspetivas acerca dos mecanismos de melhoria da atividade.
Os métodos propostos para construir elétrodos auto suportados, Ncs e ADCs podem
posteriormente ser aplicados no desenvolvimento de catalisadores heterogéneos de
elevado desempenho para sistemas de conversdo e armazenamento de energia de

baixo custo.

Palavras-chave: Conversao de energia, catélise da agua, Baterias Zn-ar, elétrodos auto

suportados, catalisadores dispersados atomicamente.
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Abstract

With the ever-growing global demand for energy and concerns about environment
pollutions caused by the consumption of non-renewable fossil fuels, developing clean
and sustainable energy as well as promoting its widespread adoption in various industrial
sectors have become a pressing need to achieve global carbon neutrality.
Electrochemical energy conversion devices including water electrolyzers, fuel cells, and
metal-air batteries play a vital role in the renewable energy systems, and the
performance of these devices is largely dependent on the catalysts used, which can
significantly lower reaction barriers and improve device’s energy efficiency. Therefore,
rational design and cost-effective synthesis of high-performance catalysts are of critical
importance for widespread deployment of the aforementioned energy conversion
devices.

This thesis is dedicated to the development of new efficient, durable and cost-effective
catalysts that can be used in a number of electrochemical reactions in water electrolyzes,
fuel cells and metal-air batteries, including the hydrogen evolution reaction (HER), the
oxygen evolution reaction (OER), the oxygen reduction reaction (ORR), and the electro-
oxidation reaction (EOR) of small molecules.

Chapter 1 presents a general introduction to the challenges to be tackled and an
overview of the hydrogen (Hz) production via water electrolysis and zinc-air batteries.
Moreover, different forms of catalysts including self-supported electrodes, nanoclusters
(NCs), and atomically dispersed catalysts (ADCs), as well as their advantages for use in
electrochemical energy conversion, are briefly reviewed.

Chapter 2 is devoted to designing a series of transition-metal (TM)-based materials
with proper electronic structures and morphology towards boosting the saline water
electrolysis. The self-supported electrode is regarded as an effective approach to
developing highly active electrocatalysts with exceptional stability, compared to the
conventional coated powdery-type electrocatalysts. In this chapter, firstly, cobalt nickel
phosphide nanowires was coated at carbon paper (Co-Ni-P/CP) as a self-supported
bifunctional catalytic electrode for saline water electrolysis to produce H> by coupling of
hydrazine oxidation reaction (HzOR) and HER. It proves that adding a small-molecule
chemical such as hydrazine (N2H.) into the alkaline-saline electrolyte can effectively shift
the anodic oxidation potential negatively and thereby significantly increase the
overpotential gap between the hypochlorite formation and the anodic EOR of small

hydrogen-containing molecules, which allows for a large current density to be applied for
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the cathodic HER during the saline water electrolysis, without the formation of any
environmentally-unfriendly, corrosive hypochlorite species. Furthermore, the nickel/iron
foam with more mechanical flexibility was designed and fabricated to in situ grow nickel-
iron  phosphosulfide  (NiFeSP) nanotube array through a  two-step
sulfurization/phosphorization approach. Thus-fabricated electrode combines several
merits including multiple metal/non-metal components, 3D hierarchical architecture, and
abundant heterointerfaces and under-coordinated active sites, which can work in
synergy boosting the electrocatalytic urea oxidation reaction (UOR), OER, and HER
activity. To prevent the interfering chlorine evolution reaction (CER) from happening, the
author further substituted the OER with UOR, which meanwhile lowers the need for
overall energy input in alkaline-saline water electrolysis. In this case, the bifunctional
NiFeSP electrode, active for both HER and UOR, can deliver a large industry-relevant
current density of 500 mA cm under a low cell voltage, and more impressively, survive
for continuous electrolysis at such a high current density for 1000 hours without notable
degradation. These works provide an effective strategy for the design and synthesis of
highly-active and stable catalytic electrodes for saline water electrolysis, which will find
applications in massive production of low-cost renewable hydrogen.

Chapter 3 deals with ultrafine NCs for enhancing water oxidation catalysis at high
current density in acidic media. It is well known that the electrochemical performance of
catalysts is tightly associated with the number of exposed active sites. Hence, apart from
the 3-dimensions (3D) self-supported structure enabled rapid charge/mass transfer,
reducing the size of particles to nanoparticles (NPs), atomic clusters, or even single
atoms is an important strategy to achieve higher activity and lower the cost. Based on
this, a simple and cost-effective strategy was proposed to deposit ultrafine oxygen-
defective IrOx NCs (1-2 nm) on a high-surface-area, acid-stable titanium current collector
(H-Ti@IrOy). Comprehensive experimental studies and density functional theory (DFT)
calculations confirm that the presence of small size of NCs and oxygen defects
significantly improve acidic OER performance. Remarkably, H-Ti@IrOx can continuously
catalyze the OER in strong acidic environment at 200 mA cm-? for 130 hours with minimal
degradation, holding substantial promise for use in proton exchange membrane water
electrolysis (PEMWE).

In Chapter 4, a succession of ADCs are investigated in detail. Further reducing the
size of metal catalysts to isolated atoms can maximize the utilization efficiency of each
metal atom and generate an abundance of unsaturated coordination environment, which
is expected to play an important role in improving the catalytic performance. Here, a

series of ADCs were designed and prepared. Firstly, rhodium (Rh) single-atom catalysts
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(SACs) supported on activated carbon (Rhi/AC) with the outstanding HER performance
were constructed via a “top-down” chemical reaction induced dispersion process using
Rh NPs as the starting materials. Then, the bifunctional ruthenium (Ru) ADCs (Ru (0.2)-
NC) with ultralow metal loading was employed for efficient water electrolysis. DFT
calculations prove that the ruthenium-nitrogen (Ru-N) bonding plays an important role in
lowering the energy barrier of the reactions, boosting the HER and OER activities.
Furthermore, assisted by a bipolar membrane (BPM), where HER is accomplished in a
kinetically favorable acidic solution and OER in a kinetically favorable basic solution,
such asymmetric acid-alkaline bipolar membrane water electrolysis (BPMWE) operates
under a low cell voltage of only 0.89 V to deliver a current density of 10 mA cm2 and can
sustain over 100 hours without significant performance decay due to the assistance of
electrochemical neutralization resulting from the crossover of the electrolytes, which
shows a great potential for energy-saving hydrogen production. Finally, the Ir/Ru SACs
were anchored on mesoporous graphitic carbon nitride (g-CN), which exhibit superior
catalytic activities for both electrocatalytic and photocatalytic HER. Moreover,
outstanding long-term electrocatalytic and photocatalytic durability has been
demonstrated. Our DFT calculations disclose that loading Ir and Ru single-atoms on g-
CN alters the electronic structure, resulting in a reduced bandgap and facilitating electron
transfer during the catalytic processes.

In Chapter 5, flexible dual-metal active sites were designed and investigated in the
oxygen catalysis. It is well documented that the double-atom catalysts (DACs) have more
chances to adjust the d-band center by the interaction of electronic orbits and bring
unique structure and electronic properties, thus exhibiting superior catalytic behaviours.
Herein, the IrFe DACs (IrFe-N-C) were designed and dispersed on nitrogen-doped
carbon via a cage-encapsulated precursor pyrolysis strategy. Various advanced
characterization techniques including the High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and synchrotron-based X-ray
absorption spectroscopy (XAS) unambiguously confirmed the atomic dispersion of Ir and
Fe and the presence of IrFe atomic pairs. The as-obtained IrFe-N-C shows substantially
higher electrocatalytic performance for both ORR and OER when compared to the
single-atom counterparts (i.e., Ir-N-C and Fe-N-C), revealing favorable bifunctionality,
and outperform many state-of-the-art bifunctional ORR/OER catalysts reported in the
literature. The excellent bifunctionality of IrFe-N-C enables it to serve as a high-
performance air cathode in Zinc—air batteries (ZABs). Moreover, our DFT calculations
demonstrate that the diatomic configuration leads to subtle electronic structure

modulation. Fe in the diatomic sites contributes more to the ORR, while Ir in the diatomic
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sites plays a more important role in the OER. The two active sites work in synergy and
altogether promote oxygen electrocatalysis.

This thesis focused on the synthesis of efficient electro/photocatalysts with proper
electronic structures and morphology for the energy conversion. The experimental and
theoretical study gave new insights into the activity enhancement mechanisms. The
proposed methods to construct self-supported electrode, NCs, and ADCs can further
applied for the design of high-performance heterogeneous catalysts for low-cost energy

storage and conversion systems.

Keywords: energy conversion, water catalysis, Zn—air batteries, self-supported electrode,
nanocluster, atomically dispersed catalyst.
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1.Introduction

1.1 Problem statement

With rapid development of economy and continuous increase of global population, the
demand for energy is increasing rapidly [1, 2]. The U.S. Energy Information
Administration predicted that world energy consumption will grow by nearly 50% from
2018 to 2050. At present, conventional fossil fuels, such as coal, oil and natural gas, as
the main body of the current energy system, provide more than 80% of the energy
consumption for human life and production [3]. Being non-renewable in nature, the over-
exploitation and utilization of fossil fuels have caused serious challenges for human
health, environmental pollution and energy waste [4, 5]. For example, the emission of
carbon dioxide (CO;) and other greenhouse gases (GHG) makes climate change
drastically, consequently leading to extreme weather conditions, rising sea levels, ocean
acidification and loss of biodiversity; the emission of sulfur dioxide (SO2) and other
harmful gases from automobiles causes acid rain and other atmospheric pollution, which
is a serious threat to human health [4]. Meanwhile, the world's population continues to
increase and industrialization expands, which further enlarge energy demand. So the
world's energy supply will hardly meet all needs of the entire human society, and the

world is facing an increasingly severe energy challenge.

How to realize the transformation and optimization of energy mode, improve the
guality of human life, ameliorate the living environment of the earth, and rebuild the
ecological balance of the earth is a worldwide challenge. The most effective way to this
challenge is to vigorously develop sustainable renewable energy, including solar energy,
wind energy, and nuclear energy, etc., to replace traditional fossil fuels [2, 6]. This can
only be accomplished by developing corresponding energy conversion and storage
technologies, such as water electrolysis (WE), battery energy storage systems (BESS),

hydrogen fuel cells and CO, capture and conversion [2].
1.2 Hydrogen production via water electrolysis

Hydrogen (H.) has long been proposed to be a very promising carbon-neutral energy
carrier due to its high gravimetric energy density (33.6 kWh kg?) and zero-carbon
emission feature [7, 8]. Industrially, about 95% of global hydrogen is produced through
methane steam reforming and coal gasification, which heavily rely on non-renewable

fossil fuels and emits a great deal of CO; [9-11], bringing about a series of environmental

1
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problems [12]. Hydrogen produced by electrolysis of water only accounts for 4% of the
total hydrogen production. If renewable electricity is used to power electrolysis of water,
thus-produced hydrogen will become “green”, which can decarbonize power and

transport sectors as well as hard-to-abate industries (Figure 1.1) [13].

Water electrolysis
A v ¥

i ) )

Wind Tidal ’1 a 02
\ Solar ¢ PR L LAY
’ | il

W Heterostructured Hz
catalysts
Intermittent electricity
Water resource
Electricity grid
..... & ' A
Industrial Fuel for
End use of 0 uel gas
o o t feedstock house holding
electricity ® ® e

Figure 1.1 A sustainable pathway for the production and utilization of hydrogen energy [13].

Water electrolysis consists of two half-reactions, namely, the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the anode, as
illustrated in Figure 1.2 [14]. Electrolysis is generally carried out in an electrolytic cell,
which is separated by either an ion exchange membrane or a porous diaphragm into two
compartments where HER and OER take place [15]. Itis well known that acids and bases
have significantly higher conductivity than pure water, and therefore water electrolysis is
typically performed under either acidic or alkaline conditions to avoid large polarization
loss [16, 17]. Water electrolysis reactions occurring in acid and alkaline can be described

as follows:
Under neutral or alkaline conditions:
Cathodic reaction (HER): 2H,0 + 2e- — H, T+ 20H- (1-1)
Anodic reaction (OER): 20H- — H,0 + % 0, T + 2e- (1-2)
Under acidic conditions:
Cathodic reaction (HER): 2H*+ 2e- — H, T (1-3)

Anodic reaction (OER): H:O — 2H* + % O, T + 2e (1-4)

2
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The overall reaction: Ho.O — H, T +%2 0, T (1-5)

HER

Membrane separator

Figure 1.2 Hydrogen evolution reaction and oxygen evolution reaction of electrocatalytic water splitting [18].

When a given voltage is applied to the cell, hydrogen and oxygen gases will evolve
from the cathode and anode, respectively. From a thermodynamic point of view, the
theoretical minimum voltage required for water electrolysis is 1.23 V [17]. However, both
the HER and OER involve multi-step proton-coupled electron transfer processes, and
each electron transfer process will introduce a reaction kinetic energy barrier (activation
energy). The superposition of these activation energies will lead to an actual water
electrolysis voltage much greater than 1.23 V, and this part of the applied voltage is
called overvoltage or overpotential (Figure 1.2) [18]. The energy loss caused by
overvoltage further increases the cost of hydrogen production. Therefore, to diminish
energy consumption, the electrolysis voltage should be reduced as much as possible.
The hydrogen evolution overpotential and oxygen evolution overpotential can be
minimized by employing highly active HER and OER catalysts, thereby increasing the

water electrolysis efficiency [14, 19-21].

Membrane-based water electrolysis technologies including proton exchange
membrane water electrolysis (PEMWE) and anion exchange membrane water
electrolysis (AEMWE), show great promise for mass production of high-purity and
pressured hydrogen [22, 23]. Among them, kilowatt- and megawatt-scale PEM
electrolyzers have been deployed commercially and showed remarkable advantages,
such as higher current densities (0.6 — 2.0 A cm), cheap feedstock (pure water), fast
response, operational flexibility and high gas purity (Figure 1.3a) [24, 25]. However, to
enable long-term stability, rare and expensive platinum group metals (PGMs), e.g.,
platinum (Pt) for cathodic HER and iridium oxides (IrO;) for anodic OER, must be used,

which increases the cost and restrict large-scale commercial application [24, 26]. On the
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other hand, alkaline water electrolysis (AWE) is a mature technology and has been
widely applied in Europe to produce hydrogen for ammonia synthesis in the early 20th
century [27]. AWE allows for the use of earth-abundant transition-metal (TM) catalysts
and less-expensive steel in electrolyzer hardware (Figure 1.3b) [27-29]. Moreover, the
alkaline conditions favors the OER kinetics compared with the acidic environment.
However, alkaline electrolyzers can typically only operate at low current densities (0.2 —

0.4 A cm?), which translate to a low hydrogen production rate [19, 30].

PEMWE AEMWE
addltlonal
\bl\olar mterface\ 0, 40H'
o  2H0
Anode cathode - Anode Cathode
E wsBI:MWE erPMWE
l -
AEM|PEM PEMIAEM
OH" “H,0

Cathode Anode Cathode

WsBPEMWE @

decreasing AEM
thickness

v Anode Cathode

Figure 1.3 Schematic illustrating various membrane based water electrolysis technologies. a) PEMWE, b) AEMWE, c)
water splitting bipolar membrane water electrolysis (wsBPMWE), d) water recombination bipolar membrane water
electrolysis (wrBPMWE), e) water transport pathways in a bipolar membrane under reverse bias, and f) limiting case of
decreasing AEM thickness with respect to PEM in direct contact with the alkaline catalyst layer (ACL), referred to as water
splitting bipolar electrode membrane water electrolysis (WwsBPEMWE) [31].

So far, the AEMWE and PEMWE systems have been optimized individually. A bipolar
membrane (BPM) combines the advantages of AEMWE and PEMWE, and is highly
preferable for use in water electrolysis. A BPM consists of a cation exchange membrane
(CEM) adjoined with an anion exchange membrane (AEM) and allows for the use of
different electrolytes as the anolyte and catholyte in the electrolyzer cell (Figure 1.3c-f)
[32-35]. Given that the OER is kinetically favorable in alkaline conditions and the HER in
acidic media, it would be favorable to accomplish these half reactions simultaneously in

different electrolytes separated by the BPM in a single electrolyzer (Figure 1.3c) [35, 36].

4
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Besides allowing for separate optimization of catalysts/electrolyte pairing for HER and
OER, when bipolar membrane water electrolysis (BPMWE) is performed in the “forward
bias” configuration (CEM side facing the cathode and AEM side facing the anode), as
shown in Figure 1.3d, the external electrical energy needed to drive water electrolysis
can be remarkably reduced due to the assistance of electrochemical neutralization
energy [31, 37]. The application of the BPMWE could not only break the pH
incompatibility of the electrocatalysts but also reduce the electrical energy input, opening
up a new avenue toward energy-saving water electrolysis and showing prominent
advantages over PEMWE and AWE [38, 39].

pre-treatment @:‘ pre-treatment

concentrate

permeate

seawater high-pressure  membrane
pump module
{ ]
P 4 | ~
direct seawater green electricity conventional
electrolyser electrolyser

Figure 1.4 Two ways to make hydrogen from seawater and green electricity. The pathway on the left shows direct
seawater splitting where only one device is required. In the pathway on the right, the seawater is first desalinated by
reverse osmosis and then the water splitting is performed. For this pathway, electricity and a device are required for both
desalination and water splitting [40].

Under alkaline conditions: CI- + 20H- — CIO- + H,0O + 2e-  (1-6)
Under acidic conditions: 2CI- — Cl, + 2e- -7

Water electrolysis requires high-purity water as feedstock, which increases the
hydrogen production cost. Recently, direct seawater electrolysis attracted considerable
attention and has shown significant potential for offshore green H. production,
considering that seawater accounts for 96.5% of the world’'s water resource and is
virtually inexhaustible and that this approach potentially allows for marked reduction of
the H; fuel price [41]. However, direct electrolysis of seawater faces extra challenges for
dealing with the interference of side reactions, ionic poison, and corrosion on cell
corrosion due to the presence of chloride ions (CI") in seawater [40]. A notorious problem
is the chlorine evolution reaction (CER) which would be competitive with OER on the
anode. This reaction releases toxic and corrosive chlorine species (Cl; or CIO- depending
on the pH of electrolyte, see equations 1-6 and 1-7), which causes anode dissolution

and environmental hazards, substantially reducing the electrolysis efficiency and
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operational lifetime of electrolyzers [42, 43]. As a result, ancillary equipment is in most
cases needed to desalinate and purify water before it is used for electrolysis. Such
desalination/purification units markedly increase the overall cost of the system and
thereby the price of H, (Figure 1.4) [40]. Therefore, it is highly desirable to develop
efficient catalytic materials and membranes as well as to design new electrolyzer
configurations to enable direct usage of low-grade or saline water for H, production [42,
43]. This is particularly favorable for large-scale offshore H; production emerged very
recently, taking advantage of the largely abundant and free seawater resources and the
capability of installing megawatt/gigawatt-scale offshore wind and solar farms, as pointed

out by the recent techno-economic analyses [44].
1.2.1 The hydrogen evolution reaction

HER is the reduction process of protons on the cathode, which involves a two-electron
transfer step. As shown in Figure 1.5, the HER process comprises three elementary
reaction steps: Volmer, Heyrovsky or Tafel [18, 45]. Specifically, under acidic media,
firstly, the H* in the electrolyte couples with electrons from the catalyst surface to
generate adsorbed H*, which is called as the Volmer step (equation 1-8). Afterward, the
generated H* may undergo two possible pathways: 1) the H* on the surface of the
electrode reacts with the second electron and couples another H* to evolve Hz, which is
called as the Heyrovsky step (equation 1-9); or 2) the Tafel step (equation 1-10): two H*
nearby combine to produce H,. Different from acidic HER, the Volmer step in alkaline
electrolyte needs an additional H.O molecule dissociation barrier to overcome, resulting
in a 2-3 orders of magnitude slower rate than in acidic media [45]. In detail, H,O
molecules, act as a proton source, couple with electrons from the catalyst surface to
generate adsorbed H* (equation 1-11). Similarly, the following reaction mechanism:
either the Heyrovsky step (equation 1-12) or the Tafel step (equation 1-13) is applicable

in alkaline conditions.

Volmer-Tafel Volmer-Heyrovsky Volmer-Tafel Volmer-Heyrovsky

mechanism mechanism mechanism
W

ﬂ H H

mechanism

N

" [

. Vi

~
/
D

I

Volmer reaction Volmer reaction
(acidic media) (alkaline media)

Figure 1.5 Mechanism of hydrogen evolution on the surface of an electrode in acidic (left) and alkaline (right) solutions
[18].
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Volmer (~120 mV dec?)

HsO* + e + H* - H, T+ H,O  Heyrovsky (~40 mV dec?)

H* + H* > H, T

In alkaline medium:

Ho0 + e + *—H¥ + OH

HO + e + H* > H, T + OH

H* + H* > H, T

The Tafel plot represents the dependence of the corresponding current densities on
the overpotentials, which provide insights into the reaction mechanism of HER process
[46]. The theoretical Tafel slope for the Volmer step in HER is 120 mV dec!, which means
that the discharge reaction (Volmer step) is slow and is regarded as the rate-determining
step (RDS) (equations 1-8 and 1-11). When the discharge reaction is fast and the
electrochemical desorption (Heyrovsky reaction) is slower, the RDS should be
Heyrovsky step with Tafel slope of 40 mV dec (equations 1-9 and 1-12). Similarly, the

Tafel step (30 mV dec?) should be the RDS if the chemical desorption reaction is slower

Tafel (~30 mV dec?)

Volmer (~120 mV dec?)

Heyrovsky (~40 mV dec?)

Tafel (~30 mV dec?)

(equations 1-10 and 1-13) [18].

Figure 1.6 a) Hydrogen free binding energy versus activity. Circles represent experimental data, and the curve is from
micro kinetic theory. b-d) Scaling relation between hydrogen free binding energy and activation barrier for each elementary

HER step [47].
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Density functional theory (DFT) calculations allow researchers to gain further insight
into the catalytic mechanism of the HER. According to the Sabatier principle, the HER
kinetics strongly depends on the interaction between the catalyst and the reactive
intermediate (AGu-+) [48]. As shown in the Figure 1.6a, the closer to zero AGu-is, the
higher the HER activity, where the volcano peak is located around iridium (Ir), rhodium
(Rh) and Pt that are among the best HER catalysts verified experimentally. The weak
interaction will result in few intermediates bound to the catalyst, while the strong
interaction will make products dissociation difficult, both causing the poor HER activity
[47]. Itis further confirmed by the scaling relation between hydrogen free binding energy
and activation barrier toward three elementary processes: the Volmer, the Heyrovsky,
and the Tafel steps (Figure 1.6b-d).

I {2 (3|4 |56 7|8 |9 (1011|1213 |14]15]16|17 |18

H Periodic Table of Elements He
Li | Be B|C|N|O|F|Ne
Na | Mg Al| Si | P S | Cl | Ar

K|[Gr|Sc|Ti| V| Gr|Mn Fe‘Co Ni |Cuf Zn | Ga|Ge| As| Se | Ar | Kr

Rb|Sr | Y | Zr |Nb|Mo| Te E.Ag Cd|In |[Sn|[Sb|Te| I | Xe
Cs|Ba|La|Hf | Ta | W|Re OsAu Hg | Tl | Pb | Bi | Po | Ar | Rn

Non-Noble Metals for HER catalysts

Nometals for HER catalysts

Noble metals for HER catalysts

Figure 1.7 Elements that are commonly used for constructing HER electrocatalysts [49].

Thanks to DFT calculations which are useful in validation of experimental results and
prediction of novel catalysts, a general guideline for selecting elements to construct
efficient HER electrocatalysts has been proposed. As shown in Figure 1.7, these
elements, according to the general physical and chemical properties, can further be
classified into three types as follows: 1) noble metal PGMs including Pt, Rh, Ir, ruthenium
(Ru) and palladium (Pd), which locate at the top of the volcano plot, making them highly
active as HER electrocatalysts; 2) transition metals (non-noble metals) including mainly
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), molybdenum (Mo), and tungsten (W),

which are promising alternatives to noble metal-based electrocatalysts due to their earth-
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abundance and potential catalytic activity; 3) non-metals such as boron (B), carbon (C),
nitrogen (N), phosphorus (P), sulfur (S), and selenium (Se), which can be used in

composites to synthesize HER electrocatalysts [11, 49].
1.2.2 The oxygen evolution reaction

In comparison with the HER, the OER is a sluggish reaction in water electrolysis process,
which requires a relatively large thermodynamic potential to generate oxygen through
four-electron and four-proton transfer processes [50, 51]. The larger overpoential
inevitably impedes the efficiency and increases the cost of water electrolysis, which
hinders industrial production of hydrogen via water electrolysis to a certain extent. Many
research groups have proposed possible mechanisms for OER. According to the origin
of generated oxygen molecules, there are two widely accepted mechanisms, named the
conventional adsorbate evolution mechanism (AEM) and the lattice oxygen mechanism
(LOM) [26, 52]. According to the AEM, the OER proceeds in four elementary steps with
the OH*, O* and OOH* as adsorbed intermediates, which strongly depend on the pH of
the reaction medium [53, 54]. As described in Figure 1.8, in acidic media, the catalysts
initially undergoes a decoupled proton—electron transfer process to form OH* on the
active site (equation 1-14). Then, the generated OH* intermediates further deprotonate
and couple with electrons transforming into O* (equation 1-15). Subsequently, O* may
undergo two different pathways: 1) combining directly two O* to produce oxygen (O2)
(equation 1-16) or 2) converting to OOH* and further to produce O through another two
proton coupled electron transfer processes (equations 1-17 and 1-18), as shown by
green and black arrows in Figure 1.8 [54]. However, in alkaline media, the OER involves
the oxidation of four hydroxyl ions to form to O, and water (equations 1-19 to 1-23, and
red arrow in Figure 1.8) [52, 55].

In acidic medium:

H.O — OH* + H* + e (1-14)
OH* > O*+ H* + e (1-15)
0*+0*—> 0,7 (1-16)
H,0 + O* — OOH* + H* + e (1-17)
OOH* > O, T+ H* + e (1-18)

In alkaline medium:

9
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OH — OH* + e (1-19)
OH" + OH* - H,0 + O* + e (1-20)
0*+0*—-> 0,7 (1-21)
OH + O* > OOH* + & (1-22)
OH + OOH* - 0, T+ H,0 + e (1-23)

H*+e-

M-OH

+OH-

H+

+H,0, M-O H*

Figure 1.8 The OER mechanism for acid (blue line) and alkaline (red line) conditions. The black line indicates that the
oxygen evolution involves the formation of a peroxide (M—OOH) intermediate (black line) while another route for direct
reaction of two adjacent oxo (M—O) intermediates (green) to produce oxygen is possible as well [54].

The OER activity of electrocatalysts may be limited by one of the above-mentioned
reaction processes. Therefore, it is necessary to theoretically understand the
relationships between the active sites and intermediates during the OER process at
molecule level. Ngrskov and Rossmeisl et al. described the OER reaction pathways for
a given electrocatalyst using DFT calculations based on the AEM [56-58]. As shown in
Figure 1.9a, an ideal OER electrocatalyst exhibits zero overpotential, but the ideal case
scenario is almost impossible to realize due to the linear relationships among the binding
energies of different intermediates [54, 59]. Previous DFT-based computations have
indicated that the binding energies of OH* and OOH* are tightly linked with a constant
difference of 3.2 = 0.2 eV, which is called the scaling relation (Figure 1.9b) [51, 58]. In
addition, considering that the the second (the formation of O*) or the third (the formation
of OOH*) step is often reported as the RDS of the OER process, AGoor+ — AGon+ With a

10
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minimum theoretical overpotential of 0.37 V, which is calculated by (3.2 V - 1.23 V x 2)/2,
is proposed to be a primary descriptor to evaluate the OER performance [52, 57]. As
shown in Figure 1.9c, an ideal catalyst with optimal electrocatalytic activity requires
intermediate binding strengths, corresponding to the apex of the volcano [60]. According
to the Sabatier's principle, either too weak or too strong binding strength of the key
intermediates will lead the formation of O* or OOH* to be the RDS, which severely
restricts the OER activity [61].
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Figure 1.9 a) Gibbs free energies at U = 0 for ideal and actual catalysts. b) Adsorption energy of HOO* plotted against
the adsorption energy of HO* on perovskite, rutile, anatase, Mn,Oy, Co30,, and NiO oxides [58]. ¢) OER volcano plot for
rutile, perovskite, and other oxides [60].

Considering that the oxygen evolution process occurs on metallic surface active sites
with the limitation of the scaling relationship, the AEM fails to explain the pH-dependent
activity in a series of experimental studies [62-64]. Different from the conventional AEM,
LOM breaks the restriction of this scaling relationship by involving the lattice oxygen and
nonconcerted proton—electron transfer steps [50, 65]. As shown in Figure 1.10, the LOM
process involves two neighboring metal sites, which is different with the AEM proceeding
on a single metal site [50, 66]. In detail, firstly, the dehydrogenation of two OH* on the
metal sites produces two metal—oxo species. And then the direct coupling of two adjacent
reactive lattice oxygen species produces the O—0O bond instead of involving the formation
of OOH*, which can bypass the scaling relation limitation. Finally, O is released and the
active sites are subsequently recovered by the replenished OH-. It is worth noting that in
many cases the AEM and LOM occur simultaneously, resulting in a competition between
these two mechanisms in the OER process [26]. The significant difference of AEM and
LOM is the origin of produced oxygen: AEM assumes that the generated oxygen derives
from the electrolyte while LOM postulates that O, partially or entirely originates from the

lattice oxygen in the catalyst [67, 68].
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Figure 1.10 Schematic illustration of the OER mechanisms: a) AEM and b) LOM [50].

Electrocatalysts are the core part of a water electrolyzer determining its energy
efficiency, so it is vital to develop efficient and stable electrocatalysts to overcome the
sluggish reaction kinetics of OER [50, 54]. Figure 1.11 describes typical elements used
for constructing OER catalysts, which can be classified into three groups: PGMs, TMs
and non-metal elements [52]. TM-based catalysts have demonstrated outstanding
electrocatalytic performance, especially for stable OER in alkaline media. However, they
suffer from poor catalytic stability and low activity for acidic OER in PEMWE. In this case,
PGMs must be used, though they are expensive and scarce. Therefore, the search for
novel catalysts with high efficiency, excellent durability, low cost and large natural
abundance is crucially important for realizing large-scale commercialization of water

electrolysis technologies.

Periodic Table of Elements

H He
Li [ Be B|{C|N|O|F |Ne
Na|Mg Al[Si| P| S |Cl|Ar

K |[Ca|Sc|Ti|V |Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr
Rb| Sr| Y |Zr |Nb|Mo|Tc |Ru|Rh|Pd[Ag|Cd|In [Sn|Sb|Te| I |Xe

Cs|Ba|La|Hf|[Ta| W |Re|Os|Ir | Pt |Au|Hg| Ti |Pb | Bi | Po|At [ Rn

|_] Transition-metal elements for constructing OER catalysts
L] Precious transition-metal elements for constructing OER catalysts

[L] Non-metal elements for constructing OER catalysts

Figure 1.11 Investigated elements for constructing TM-based OER catalysts [52].
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1.2.3 Energy-saving hydrogen production assisted by small molecule electro-oxidation

Although numerous excellent OER and HER catalysts have been reported, the overall
electrocatalytic reaction rate has been largely restricted due to the sluggish kinetics of
anodic OER [50, 54]. Additionally, mass production of H, based on technologically
mature AWE faces some problems, for example, the generated oxygen and hydrogen
gases may crossover the diaphragm causing explosion; moreover, the formation of
reactive oxygen species (ROS) may damage the separator [69, 70]. To address these
challenges, attempts have been made to replace OER with electro-oxidation reaction
(EOR) of small hydrogen-containing molecules that happens at an anodic potential much
lower than the thermodynamic onset potential of OER (i.e., 1.23 V vs. reversible
hydrogen electrode — RHE), such as hydrazine oxidation reaction (HzOR) [71, 72], urea
oxidation reaction (UOR) [73, 74] and ammonia oxidation reaction (AOR) [75, 76].
Besides, the O, generated at the anode usually does not bring about added value.
Therefore, coupling HER with electro-oxidation of the aforementioned organic molecules
into high value-added products has lately attracted considerable attention (alcohols [77,
78], aldehyde [79], and biomass-derived compounds [80, 81]). The selected oxidation
reactions with more favorable thermodynamics can not only reduce energy input during
the whole electrocatalytic process, resulting in higher energy conversion efficiency, but
also markedly pay back the energy investment with the co-production of various value-

added products, further reducing the cost of hydrogen production (Figure 1.12) [70, 77].
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Figure 1.12 Design of a) a conventional water splitting electrolyzer and b) a novel electrolyzer integrating H, evolution
with organic molecule oxidation [70].

As described above, the electrolysis of seawater is highly intriguing for sustainable
energy production, but it also faces formidable technological challenges, in particular the

CER happening at the anode, which competes with the OER and generates unfavorable

13
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chlorine and/or hypochlorite that will corrode catalysts, membranes and other
components over time and thereby substantially reduce the operational lifetime of the
electrolyzer [43, 44]. As shown in the Pourbaix diagram in Figure 1.13, the CER can be
suppressed by limiting the OER overpotential below 0.48 V under alkaline conditions [44,
82, 83]. However, the OER is a kinetically demanding process involving four proton-
coupled electron transfer steps, and within the 480 mV overpotential limit it is unlikely to
reach an electrolysis current density that is large enough to enable a high yield of Hy,
even the most advanced OER electrocatalysts are employed. Replacing the OER by
thermodynamically more favorable EOR not only offers a favorable strategy for energy-
saving hydrogen production while enabling the co-production of various valuable
products, but also provides an extra benefit in avoiding the notorious problems of chlorine
chemistry without limiting the electrolysis current and hydrogen yield [72, 84]. Therefore,
coupling EOR with HER in seawater water electrolysis represents a promising approach

to sustainable, cost-effective production of hydrogen, which is a research topic of this

thesis.
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Figure 1.13 a) Pourbaix diagram showing the potential — pH relation of artificial seawater containing 0.5 M NaCl aqueous
solution. The green line indicates the thermodynamic equilibrium between H,0O/O,, and the red line in the alkaline side
shows the equilibrium between CI7/OCI™ and in acidic side CI7/Cl,. The blue filled area indicates a fixed potential difference
of 480 mV at pH > 7. The black and blue lines in the acidic side show the equilibrium of CI"/HOCI and CI,/HOCI,
respectively. b) Representation, derived from the Pourbaix diagram, showing the overpotential ranges for OER and other
chlorine evolution reactions at different pH values [83].

1.3 Zinc-air battery

Renewable energy technology has been reshaping the energy consumption landscape
of modern society, which would alleviate the relay on traditional fossil fuels and eradicate
the environmental pollution issues [85]. Developing effective energy storage
technologies and energy conversion devices is of critical importance for widespread

deployment of renewable energy technologies [86]. Recently, metal-air batteries,
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combining the anode of conventional batteries with the cathode of fuel cells, have
received much interest as an alternative battery technology [86]. According to the metal
of choice, different types of metal-air batteries including lithium (Li)—air, sodium (Na)—
air, magnesium (Mg)-air, aluminum (Al)—air, potassium (K)—air, zinc (Zn)—air and Fe-air,

have been developed, and their major characteristics are listed in Table 1.1 [16, 87].

Table 1.1 Comparison of different metal—air batteries [16].

Battery . _ Mg- : . : .
Li—air  Na-alir ) Al—-air K-air Zn-air Fe-air
systems air
Year invented 1996 2012 1966 1962 2013 1878 1968
Metal price
20 2.5 2.3 1.9 1.0 2.6 0.5
(US$ kg1)2
Cell voltage (V) 2.96 2.27 3.09 2.71 2.48 1.65 1.28
Energy density
3458 1106 2840 2796 935 1086 763
(Wh kg™)P
. _ . Alkaline/ _ . _
Electrolyte Aprotic Aprotic  Saline sal Aprotic Alkaline Alkaline
aline

a) Metal prices are obtained from www.infomine.com/investment/metal-prices;
b) Energy densities are calculated including the contribution from O,.

Although the open structure at the cathode enables continuous oxygen supply from
the atmosphere and reduction in the overall battery weight, endowing metal—air batteries
with extraordinarily high theoretical energy densities, all alkaline metal-air batteries show
some technical drawbacks, such as various safety issues [16, 88, 89]. For example, Li—
air batteries might be hardly commercialized on a large scale due to the inherent
instability when exposed to O or water and the limited resources of Li [88]. Despite the
compatibility with agueous electrolytes and extraordinary energy densities, the low
reduction potentials (e.g., Mg at —2.372 V and Al at -1.662 V) may cause rapid self-
discharge and poor coulombic efficiency through HER, which hinder practical
applications of Mg-air and Al-air batteries [16, 89]. In contrast, with rich metal
abundance, competitive cost, high energy density, environmental friendliness and safety,
Zn—air batteries (ZABSs) in recent years have become a rechargeable battery technology

of choice for stationary energy storage (Figure 1.14) [90].
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Figure 1.14 Advantages of zinc-air batteries as sustainable energy conversion/storage devices [90].

1.3.1 Principle and working mechanism

In general, ZABs are composed of Zn anode, electrolyte and air cathode [91]. The Zn
anode is integrated into the Zn-air assembly as a Zn plate or Zn powders loaded on an
electron-conducting support, and alkaline solution is generally used as the electrolyte
because of the significant corrosion of Zn in acidic electrolyte [91]. In addition to acting
as an ionic conducting medium, the electrolyte may cause unfavorable interfacial
reactions on the anode [92, 93] (e.g., zinc corrosion, zinc passivation, dendrite formation,
and HER side-reaction) [94], undergo evaporation and poisoning [95], and give rise to
electrode corrosion and carbonation on the cathode (Figure 1.15a) [93]. As shown in the
Pourbaix diagram in Figure 1.15b, the electrochemical reaction of zinc and air electrodes
critically depends on the pH of the electrolyte [96]. As the concentration of KOH increases
(pH > 13), the highly soluble zincate ions (i.e., Zn(OH),%>) are favored, and 6 M KOH
solution is favored for use as an electrolyte in ZABs in most cases because of its
compatibility with the Zn anode and air cathode containing active catalysts. Meanwhile,
a little amount of zinc chloride or zinc acetate can also be added into the solution to help
the reversible re-deposition of Zn on the anode. According to the pH value of the
electrolyte, ZABs can be categorized into alkaline-aqueous-electrolyte-based and near-
neutral-electrolyte-based ZABs (Figure 1.15c).

16
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Figure 1.15 a) Potential challenges in ZABs related to electrolytes. b) Pourbaix diagram of zinc and oxygen. c) Schematic

illustrating two kinds of ZABs [93].

The active material in the ZABs’ cathode is air (oxygen), which is inexhaustible and
green. The catalyst in the air cathode is one of the most important components, mainly
responsible for reversible oxygen electrochemical reactions, including the oxygen
reduction reaction (ORR) and the OER [92, 97]. During the battery charge/discharge
process, electrochemical reactions occur at the anode and cathode simultaneously.
Firstly, Zn reacts with the electrolyte to release electrons and generate soluble Zn(OH)4*
(equation 1-24), which is decomposed into insoluble zinc oxide (ZnO) when the
concentration increases during discharge process (equation 1-25). Then, the electrons
reach the air cathode through the external circuit, where ORR occurs at the air cathode
(equation 1-26). Finally, the generated OH- species migrate from the air cathode to the
metallic electrode in electrolyte and complete the overall reaction (equation 1-27) [91].
During recharging, reverse electrochemical reactions take place at anode and cathode,
respectively. In this case, the OER occurs at the air electrode, oxidizing OH- to form O..
One of the most critical technical challenges in ZABs is that the oxygen reaction kinetics
is sluggish, which is largely caused by the high overpotentials of ORR and OER, further
resulting in poor charge/discharge performance [91]. For example, the working voltage
of a ZAB is much lower than the theoretical value of 1.65 V; a charging voltage of 2 V or
even higher is required for rechargeable ZABs when cycling, resulting in a low round-trip
efficiency. Hence, developing highly efficient oxygen electrocatalysts toward the OER
and ORR are of great importance for the commercialization of ZABs [97].
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Anode: Zn + 40H- — Zn(OH),> + 2e (1-24)

Zn(OH)42 — ZnO + H,0 + 20H- (1-25)
Cathode: O; + 4e” + 2H,0 — 40H- (1-26)
Overall reaction: 2Zn + O, — 2ZnO (2-27)

1.3.2 The oxygen reduction reaction

ORR is the cathodic reaction of almost all fuel cells and metal-air batteries, etc [98]. It is
a complex electrochemical process with complicated mechanism, which involves a multi-
step transfer of multiple electrons, with a variety of oxygen-containing intermediates
generated [99, 100]. Therefore, the cathodic ORR requires a high overpotential, which is
accomplished by two pathways: two-electron (2e7) pathway or four-electron (4e’)
pathway, leading to the two different end-products, H,O2 or H,O [100]. Currently, the
mechanism proposed by Wroblowa in 1976 may be the most commonly accepted
explanation for the complex ORR steps (Figure 1.16) [101]. In the process of ORR,
oxygen molecules in the solution diffuses and are adsorbed on the catalyst surface to
form adsorbed active oxygen molecules, which can be electrochemically reduced to
either H,O or H20,. O is directly reduced to H,O through a direct four-electron pathway
with a theoretical potential of 1.23 V (ki), while Oz can also be reduced to H,O- through
an indirect two-electron pathway with a theoretical potential of 0.70 V (k2). Alternatively,
the adsorbed intermediate H,O, can be electro-reduced to H.O with a rate constant of
ks, along with reversible decomposition into adsorbed oxygen molecules (ks) or diffusion
to the solution as the final product (ks) [102].

k,

r-------------------1
1 1

'k k, ¥
0, > 0,4 — H,0,,, — H,0

H,0,
Figure 1.16 Diagram showing the possible pathways during the ORR [102].

The ORR catalytic pathways largely depend on the adsorption configuration of O, on

the catalyst surface, which mainly consists of three modes (Figure 1.17) [56, 103]. In
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Griffiths mode, the strong interaction between the oxygen molecule and the d orbital of
the central metal atom weakens the O—O bond, which is conducive to the four-electron
reaction. In Pauling mode, only one side of the oxygen molecule interacts with the metal
atom, which is unfavorable to the breaking of the O—O bond and easily leads to a two-
electron reaction. In Bridge mode, the oxygen molecule is activated by two central atoms
at the same time in favor of the O—O bond breaking and the occurrence of the four-

electron reaction [99].

@M eN ¢C @0 H

19

Griffiths Pauling Bridge

Figure 1.17 Schematic illustration of three different adsorption models of oxygen molecules on the catalyst [99].

In general, the ORR process on the surface of electrocatalysts mainly includes
species adsorption, electron transfer, proton transfer, bond breaking and formation and
species desorption [104]. The first step is the diffusion and adsorption of oxygen
molecule on the catalyst surface of the electrode, giving rise to adsorbed O2* molecules,
followed by a decomposition process [105]. According to whether the O-O bond
cleavage can happen before the proton—electron transfer (O—O bond scission), two main
possible mechanisms could be involved (Figure 1.18) [104, 106]. 1) the oxygen
associative mechanism through forming peroxyl (OOH*) radicals: firstly, the adsorbed
O2* molecules combine with H* and e to form OOH* (equation 1-28), which will
dissociate into O* and OH* (equation 1-29). Then, O* will react with H* and e~ once again
to form OH* (equation 1-30). Finally, OH* continuously combines with H* and e to form
a water molecule (equation 1-31). 2) the oxygen dissociation mechanism by forming
dissociated O atoms: the adsorbed O2* molecules firstly dissociate into two O* due to
the low dissociation barrier (equation 1-32), and then the O* further reacts with H* and
e to form OH* (equation 1-33) and further to H.O* (equation 1-34), which is a relatively
simple pathway. The four-electron pathway for ORR is the ideal high-rate reaction
pathway without generating extra byproducts. However, there still exists a chance to
produce H>O, during the ORR through the two-electron process in the oxygen
associative mechanism, in which the adsorbed O>* molecules successively convert to
OOH* and HOOH* (equation 1-35) and then the HOOH?* is reduced to OH* (O-O bond
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in the HOOH* intermediates is cleaved) (equation 1-36) and further to water (equation 1-
37) [102, 107, 108].

D H
% Adsorbed state

(@ Associativemechnism (@ Dpissociative mechnism ®2e process

Figure 1.18 lllustration of the reaction pathway of the ORR and the resulting intermediates on the catalyst surface through
different mechanisms [106].

Associative pathway: Ox* + H* + e — OOH* (1-28)
OOH* — O* + OH* (1-29)
O*+H*+e” — OH* (1-30)
OH* + H* + e — H,O* (1-31)
Dissociation pathway: 0O, - 0+ O (1-32)
O* + H* + & — OH* (1-33)
OH* + H* + e- — H,O* (1-34)

or 2"d associative (peroxo) pathway:  O.* + 2H* + 2e — HOOH* (1-35)
HOOH* — OH* + OH* (1-36)
OH* + H* + e~ — H,0O* (2-37)

Generally, the four-electron reaction pathway can fully reduce O, to H>O, which
produces a higher reduction potential than that of the two-electron reaction and exhibits
a higher output voltage [109]. Consequently, the catalysts that favor the four-electron
reaction pathway for the ORR are highly preferable for the development of energy
conversion devices such as fuel cells and metal-air batteries, etc [110]. If the activity of
the catalysts is not very strong, the two-electron reaction pathway or the mixture of two-

electron and four-electron pathways would prevail, resulting in some adverse effects,



FCUP

Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

such as low energy efficiency, the damage of the catalysts and proton exchange
membrane by H»O; due to its high oxidizability [111, 112]. On the other hand, the
catalysts that promote two-electron ORR to H>O, are preferred for the electrosynthesis
of hydrogen peroxide, which is a safer, more environmentally friendly and convenient
approach, compared to the traditional synthetic method of H.O, [113, 114]. In addition,
reasonable control of the ORR through the two-electron pathway to produce H>O, can

find potential application in the treatment of water pollution by free radicals [115].
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Figure 1.19 Trends in oxygen reduction activity plotted as a function of the oxygen binding energy [56].

The ORR is a reverse process of the OER with four elementary steps, so the
adsorption energy of ORR intermediates on the active site of catalysts directly affects
the reactivity, the same as the OER process [97]. Based on the Sabatier principle, the
adsorption energy should be neither too strong nor too weak. As shown in Figure 1.19,
Pt and Pd are the best ORR electrocatalysts (the peak of volcano), in good agreement
with experiment results [56]. The theoretical investigations have revealed that there is a
scaling relation between the binding energies of OH* and OOH* and the catalyst surface
[116]. Restricted by this relation, there is little room (minimum theoretical overpotential
of 0.37 V) for improvement in ORR activity even for the catalysts at the top of the volcano
plot [56, 100]. Thus, how to break this scaling relation has been one of the major focuses

on developing highly efficient ORR catalysts [98, 117].

1.4 The commonly used catalysts for electrochemical energy

conversion
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Catalyst development strategies
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Figure 1.20 Schematic of various catalyst development strategies [116].

As mentioned before, most electrochemical energy conversion processes involve
kinetically sluggish reactions, such as HER, OER, ORR and UOR. Therefore, high-
performance electrocatalysts with improved activity, selectivity, and durability are
critically needed to improve the energy efficiency of these reactions. As shown in Figure
1.20, there are generally two strategies to improve the activity of electrocatalysts:
increasing the number of active sites over a given electrode surface area and increasing
the intrinsic activity of each active site [116]. Following these guidelines, significant
experimental and theoretical progress has been made in improving the activity of
electrocatalysts by controlling particle size and morphologies, surface ligands, and the
interaction of catalysts with supports, and different forms of electrocatalysts have been
reported. This thesis work covers mainly three different forms of catalysts, namely, self-

supported catalytic electrodes, ultrafine nanoclusters, and atomically dispersed catalysts.

1.4.1 Self-supported nanostructured catalytic electrodes

Nanomaterials have at least one dimension on nanometer scale, typically possessing a
large surface-to-volume ratio, a high density of active sites, and unique physicochemical
properties, which can result in better catalytic properties and a wider range of
applications in electrocatalysis compared to their bulk counterparts [118-120]. In
particular, advances in nanotechnology and materials chemistry have greatly boosted
the emergence of a range of nanostructured materials for advanced electrocatalysis

[120-122]. This is mainly because nanostructure engineering is an effective strategy to
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increase the density of active sites within materials [18, 123]. Although most
nanostructured catalysts exhibit better electrochemical performance compared to their
bulk counterparts, for practical applications in water electrolysis there are several
problems facing nanoparticulate catalysts that are yet to be resolved. Firstly, the coating
of nanostructured catalysts on a current collector using polymeric binder (e.g.,
polytetrafluoroethylene or nafion) will inevitably cover parts of active sites, increase
contact resistance and impede mass transport (Figure 1.21a) [124, 125]. Secondly, the
low electrical conductivity of electrocatalysts necessitates the use of conductive additives
such as carbon materials, which has proved to easily get dissolved during the anodic
process, leading to the deterioration of electrode performance. Thirdly, the loading mass
of electrocatalysts and operational current density have been severely restricted by the
low physical adhesive force between the catalytically active phase and substrate, where
the generated gas bubbles would detach the coated powdery electrocatalysts from the
current collector, leading to catalyst loss during long-term or large-current operation.
Thus, powdery electrocatalysts consisting of nanomaterials or other forms of nano-
objects work well only at small current densities (typically < 100 mA cm-?) for dozens of
hours and cannot meet the requirements of practical industrial water electrolysis that
operates at a high current density (e.g., > 500 mA cm) for many years [125].
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Figure 1.21 Schematic illustration of the structural and electrochemical features of: a) conventional powdery catalysts
coated on current collectors with polymer binder and carbon additives, and b) self-supported electrode with in situ grown
catalysts on the substrates [124].
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An effective approach to address these issues is to reasonably design and fabricate
self-supported electrodes with catalytically active phase in situ grown on the conductive
substrates. Compared to the conventional catalyst powder coated electrodes, the self-
supported electrodes are more desirable because they are characterized by the following
unique merits (Figure 1.21b) [124]: on the one hand, the current collectors used (e.g.,
nickel foam, iron foam, and carbon paper) usually have a 3D interconnected skeleton
that can provide a large surface area for active electrocatalysts to grow; moreover, the
3D architecture facilitates mass transport of electrolyte and helps the generated bubbles
to release, and the high surface area results in a high areal loading density of catalysts,
thus accelerating the electracatalytic process. On the other hand, the nanostructured
catalysts are in situ grown on current collectors, which can be directly used as a self-
supported, binder-free working electrode, markedly reducing the interfacial contact
resistance and eliminating the conventional catalyst coating steps. All these advantages
render the self-supported electrodes a high catalytic activity and long-term operation

stability for practical water electrolysis [125, 126].

FTO substrate
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Figure 1.22 Substrate materials and TM elements that are widely used to build self-supported electrodes for
electrocatalytic water splitting [124].

At present, the substrates for the construction of self-supporting electrodes have

become the most widely studied and expand to most of the TM-based elements such as
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Co, Ni, Fe, Cu, Zn, Mo, W, vanadium (V), titanium (Ti) and manganese (Mn). In specific,
the various flexible substrates will be introduced in terms of material types, including
metallic, carbonaceous, and a few other conductive materials in different forms (Figure
1.22) [124]. The metal foil are the most straightforward option for flexible electrode
substrate owing to their commercial availability and relatively low-cost property, such as
the anode and air electrodes of the metal—air batteries [89]. Compared to the drawbacks
of heavy weight and bulk architecture of foil, the metal mesh and foam not only exhibit
good mechanical flexibility but also are lighter and porous, which allows for decorating
active materials with a high mass loading and are conducive for electrolyte ions diffusion
and mass transport, thus prompting the electrochemical performance [127]. The carbon
nanomaterials of carbon nanofiber and graphene have excellent mechanical strength,
high conductivity, low density, and large specific surface area, which have emerged as
promising platforms to prepare binder-free self-supported electrodes. And its commercial
carbonized materials, such as carbon cloths, carbon paper and graphite plate are also
good substrates to grow active phase owing to their ultrathin diameter, high porosity, and
large specific surface area [128]. Comparing with metals and carbons, the fluorine-doped
tin oxide (FTO) have the almost stable characteristics in strong acidic environments and
enhanced temperatures, which endow it promising application in proton exchange
membrane fuel cell (PEMFC) and PEMWE [129].

When used in energy conversion system, including HER, OER, and ORR, these self-
supported electrocatalysts exhibited significant potentials for practical application, such
as in all-pH electrolysis, seawater splitting, overall water splitting, electrolysis in large
current density and long working time, respectively (Figure 1.23) [125, 126]. If the
electrolysis of water can efficiently be catalyzed in electrolytes with different pH values,
the operating process and the cost of water electrolyzers can be significantly simplified
and lowed, which will bring practical application foreground for green H, production.
However, such pH-universal catalysts are hard to obtain due to the complex demands
for the catalysts to satisfy different thermodynamic features of water splitting in distinct
electrolyte conditions, where most HER electrocatalysts perform the best in acidic
electrolyte, while the majority of electrocatalysts for OER possess the highest activity in
alkaline medium. Moreover, most OER electrocatalysts is unstable and easy to
dissociate in the acidic media. At present, although great progress has been achieved in
the development of advanced electrocatalysts for half-reacvistion of water splitting (such
as chalcogenides [130], nitrides [131], and phosphides [132] displayed outstanding HER

performance, while hydroxides/oxides [133] and perovskites [134] are investigated as
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efficient OER catalysts), only a few of them show outstanding bifunctional catalytic
performance, capable of catalyzing HER and OER simultaneously at an integrated
electrolysis cell (where the catalysts serve as both cathode and anode) in the same
media [135, 136]. In this case, self-supported electrocatalysts with a suitable substrate
can accelerate ion/electron transfer, promote mass transport and enhance stability,
which received increasing interest as a solution to wide-pH electrolyte water-splitting and

bifunctional catalysts.
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Figure 1.23 Design strategies of self-supported electrocatalysts and their promising practical application potentials [125].

As descripted in the Chapter 1.2, the direct seawater electrolysis has shown
significant potential for offshore green H, production compared to the conventional water
electrolysis. However, for the current electrocatalytic seawater splitting technology,
several bottlenecks still need to be solved, such as the poison and corrosion of the
catalysts from the formation of hypochlorite, the fluctuation of local pH near and
existence of dissolved ions such as Na*, Mg?*, and calcium ion (Ca?*), as well as
bacteria/microbes and small particulates in seawater [43, 44, 137]. Benefiting from the
easily-tailored electronic structure, enhanced charge conductivity, as well as optimized
corrosion resistance and stability, the self-supported electrocatalysts were regarded as

promising candidates for practical seawater electrolysis. Driving large current density
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efficiently and robustly is vital for industrial application, such as AEMWE (200-400 mA
cm?) and PEMWE (600-2000 mA cm?) [24]. To construct such an efficient
electrocatalyst with satisfactory large-current-density activity and exceedingly robust
stability water splitting, rapid electron and mass transfer should be guaranteed. However,
conventional powdery electrocatalysts demand polymeric binder to be deposited on the
substrates, which would hinder the charge transfer and impede the escape of evolved
gas bubbles, further may enable the deposited powder catalysts to be peeled off. On the
contrary, the self-supported configuration where the catalysts are chemically bonded with
the substrate ensures their tight affinity, beneficial for the transport of charge/mass
conductivity, optimization of electrochemically active sites as well as stability under a
harsh working environment. Favored with these strong points, several highly efficient
self-supported electrodes have been emerged for large-current-density, long-term-
durability water splitting and being considered promising candidates for the
commercialization and industrialization of H, production via water electrolysis technology
[125, 126]. Meanwhile, motivated by the challenges mentioned above, studies on self-
supported electrodes for rechargeable ZABs have received significant achievements in
recent years [89, 138, 139].

In the past few years, encouraging progress has been continuously made in the
development of self-supported electrocatalysts with outstanding activity and durability for
water splitting [126, 140]. Nevertheless, to better exploit advanced self-supported
catalysts for practical water electrolysis, some urgent issues as follows should be
rationally handled. For example, the majority of currently explored self-supported
electrode displayed outstanding performance only for alkaline water electrolysis under
the strict conditions of practical application. In other words, in acid or neutral media, such
efficient catalysts were rarely reported, especially for full water splitting, at large current
density, and within an ultralong working period [124, 125]. The most common substrates
for self-supported electrocatalysts are metal foams, which mechanical strength is not
able to satisfy the real long-term application at large current density and under high
temperature. Lastly but most importantly, most of the self-supported electrode are “pre-
catalysts,” which partially or completely transform into real catalytically active structures
under different conditions [141, 142]. Paying deeper insight into the real active species,
morphological, phase and compositional transformations, in situ states for self-supported
electrocatalysts can help researchers fully understand the self-supported system and

accordingly design the self-supported catalysts which are more in line with expectation.

1.4.2 Nanocluster catalysts
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Figure 1.24 Advantages of atomically precise metal NCs as effective model catalysts [143].

During the last decades, metal nanoparticles (NPs) have received much attention as
electrocatalysts for water splitting, fuel cells and ZABs [18, 118, 121, 122]. Theoretical
and experimental studies have disclosed that the size of NPs has a direct effect on
catalytic activity because of the increases in the number of low-coordinated sites on small
NPs with decreasing NPs size [144-146]. Remarkable catalytic performance has been
observed in a number of heterogeneous reactions upon downsizing particle size [147,
148]. Most recently, nanoclusters (NCs), consisting of several to a few hundred atoms
with sizes less than 2 nm, have drawn great attention for use in elerctrocatalysis due to
unique physical and chemical properties [144, 149]. As known, the catalytic reactions
always occur on the surface of catalysts, thus a significant proportion of atoms in the
NPs cannot be effectively utilized in the catalytic process [150, 151]. When materials
vary from NPs to NCs, the fraction of under-coordinated surface atoms and the
interactions between the deposited cluster and the support has changed dramatically,
resulting in the higher the surface-to-volume ratio and more exposure of surface active
sites [145, 147]. In addition, the NPs possess the large size and complicated structure,
where the reactant would be absorbed on uncertain sites of the surface of the NPs and
formed different adsorption structures, resulting in uncertain activity and low catalytic
selectivity [152, 153]. But for the NCs, because of their definite composition, precise

structure and clear surface environment, they are used as model catalysts to reveal the

correlation between catalyst performance and structure at the atomic scale (Figure 1.24).

Meanwhile, stemming from the unique geometric and electronic structures, the NCs
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show excellent catalytic activity and selectivity in many reactions, as a new type of highly
efficient catalysts [143-145, 149].
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Figure 1.25 The design strategies to construct advanced NC catalysts.

With quick developments in both advanced atomic-resolution characterization
technologies and theoretical calculations, the understanding towards the field of NCs is
growing, including exact positions, geometry and detailed local coordination environment
of the clusters [154]. Therefore, several design strategies have been reported and
instructed to construct advanced NC catalysts (Figure 1.25) [143, 145, 147]. Firstly,
exerting control over the size of a cluster has proven to be a valuable method for
increasing activity and tuning the selectivity in a catalytic process. In general, the smaller
the size, the larger is the specific surface area, and hence the higher is the catalytic
activity and the more efficient the atom-utilization rate [143]. In addition, alloying is also
an available way to enhance the catalytic performance, which alters the electronic and
chemical properties of metals through intimate interaction and constitutes new forms of
architecture, because of their distinct properties from their corresponding monometallic
counterparts [145]. One main concern related to NCs is stability. Because of the very
small size of NCs, they might aggregate into larger-sized aggregates and, eventually,
into larger particles during the catalytic process, causing decreased activity and durability
in electrocatalytic tests [155]. There are two ways to address this problem: 1) Ligands
stabilization, which can protect the metal cores and play significant roles in the synthesis
of precise NCs. However, the exposure of active sites and direct possible contact
between the active sites and reactant can be very limited due to the coverage by the
ligands, which suppress the overall catalytic activity [152, 153, 156]. 2) Support

stabilization, where a desired support is constructed to immobilizes the NCs and keeps
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them stable, preventing them from aggregation and loss in electrocatalytic process [152,
155]. Furthermore, in some cases, the ligands and support effects can promote the
catalytic efficiency and selectivity, whereby NCs benefit from the ligand steric and
electronic effects [149, 155, 157, 158].

erected HAdDE.g,
6\19’ + Electron gun 4’
% *’ c P=amnn>) Condenser lens
| A
it P g %
\ <> Condenserlens ,\Q‘\
/ ; Sample surface bw } ‘?p
A s’ -0
‘ ;\ﬂ S0 CH R
NI S A’?ﬂo)

o,
"Mie
“yer deposition

Figure 1.26 Synthesis and catalytic performances of supported atomic clusters [144].

Developing suitable synthetic methods targeted at the above design strategies is
important for fabricating uniform and well-defined NCs. As shown in Figure 1.26, several
synthetic approaches have been proven effective to synthesize the high-quality NCs,
including size-selected strategy, precursor-preselected strategy, host-guest strategy,
wet chemical reduction, dendrimer-based, and atomic layer deposition method, etc [144,
145]. Among them, the size-selected method and the atomic layer deposition method
have a long history and prepared lots of metal NCs with precise numbers of atoms, but
the throughput of this method is only enough for laboratory-scale synthesis and far from
the requirement of the practical application [144]. As for the large-scale synthesis of
metal NCs, the precursor-preselected strategy, host-guest strategy, wet chemical
reduction, dendrimer-based method were proposed based on the strong interaction
between the metal and support, such as carbon nitride (CsN4), metal organic frameworks

(MOFs), where the metal atoms can be supported and stabilized via ligand protection
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from N coordinations [145, 159]. Furthermore, a wide range of advanced atomic-
resolution instrument including High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), Electrospray lonization Time-of-Flight Mass
Spectrometer (ESI-TOF-MS), and X-ray absorption fine spectrum (XAFS) are three
important and typical characterization techniques to characterize obtained NCs, which
can be used to gain knowledge of their unique properties and interaction with support
materials [143, 144]. Recent synthetic innovations have opened the possibility of well-
defined NCs with atomic precision. And much progress has been made toward
understanding the relationship between the electronic structure and performance of NCs
based on the advanced atomic-resolution characterization technologies. Both of them
make NCs with unique physicochemical properties hold great promise in the applications
of technological areas such as the electrocatalysis, vapor-, and liquid-phase catalytic
performances [143, 144, 146].

1.4.3 Atomically dispersed catalysts
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Figure 1.27 Geometric and electronic structures of single atom, clusters, and nanoparticles [160].

With techniques of synthesis and characterization rapidly developing, sub-nano catalysts
are emerging as a frontier area in the catalysis community [160-162]. It is well
documented that decreasing the dimension and size of nanostructured catalysts can
effectively improve their catalytic performance. The ultrafine NCs composed of several
atoms would show catalytic properties distinct from bulk metals and metal NPs, due to
their discrete electronic structure, unsaturated coordination environments and finite-size
effects [160, 163, 164]. Further downsizing of metal NCs can generate atomic level metal
distribution on the support surface, the size effects would be more obvious, such as the

more unsaturated atoms, the strong metal-support interactions (SMSIs), the distinctive
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HOMO-LUMO gap and the discrete energy level distribution (Figure 1.27) [160, 161,
165-167]. Such well-defined, atomically distributed metal catalysts have been first
proposed and defined by the pioneering work of Zhang in 2011, named as single-atom
catalysts (SACs), which brought chemists from the “nano epoch” to the “atomic epoch”
step by step [168]. In principal, SACs have all the metal atoms exposed on the surface
and thus can achieve 100% efficiency of atomic utilization, performing the perfect
approach for constructing cost-effective catalysts, especially those based on precious-
metal-based catalysts such as Ir, Ru and Pt (Figure 1.28) [169-171].
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Figure 1.28 Ratio of surface atoms at different particle sizes [169].

The SACs are also featured with the uniformly distributed undercoordinated active
sites, providing a model system to bridge the gap between heterogeneous and
homogeneous catalysis [170, 172]. The homogeneity in the geometric structures and
active sites, similar to their homogeneous catalyst analogues, gives them great potential
to enhance the selectivity and catalytic turnover frequency; meanwhile, the
heterogeneous catalysts can ensure the robust stability, easy separation and recycle
(Figure 1.29) [161]. Therefore, the SACs contain homogenized active centers for
catalytic reactions, simultaneously combining the merits of heterogeneous and
homogeneous catalysts, providing a novel avenue for maximizing the utilization
efficiency of each metal atom and improving the catalytic properties in a wide variety of
reactions, such as electrocatalysis, photocatalysis and thermal catalysis (Figure 1.30)
[165, 169, 172, 173].
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Figure 1.29 Relationships among conventional homogeneous and heterogeneous catalysts and single/dual-atom and
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Figure 1.30 Application of the SACs [173].

Although SACs show great prospects in catalysis, there are various restrictions for
these kinds of single-atomic structures, which limit their further application [161, 174]. On
one hand, subjected to only a single active site in most of SACs, it is tough for SACs to
break linear scaling relationships between the adsorption energies of reaction

intermediates when it comes to complicated reactions involving multi-intermediates,
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leading to a fundamental limitation to the catalytic efficiency [175]. Meanwhile, some
reactions need adjacent active sites to catalyze the reaction. For example, the Pt couple
with Ru can significantly enhance the electrocatalytic activity for methanol oxidation and
improve of CO-poisoning tolerance [176, 177]. On the other hand, in order to avoid the
formation of NCs/NPs due to the large surface energy of SACs, the loading amount of
metal is often limited to relatively low, resulting in a lower overall activity. Inspired by
bimetallic nanocatalysts and SACs, double-atom catalysts (DACs) have recently
emerged as a further expansion to the family of SACs in order to further increase the
active sites and the metal atom loading [178, 179]. The synergetic effect between the
two metal atoms in DACs is also expected to play an important role in improving the
catalytic performance. The Figure 1.31 summarizes the advantages in electrocatalysis
of DACs. Comparing to the SACs, the DACs possess the higher loading amount of metal
atoms and more accessible active sites, thus promoting the overall catalytic performance
[179]. In addition, thanks to the flexible dual-metal active sites in DACs, the adjustment
of the geometrical configurations and electronic structures will be more efficient
compared with SACs, offering more opportunities to tune the adsorption configuration
and break the linear relationship between the adsorption energy of reaction
intermediates, further optimizing the catalytic activity and/or selectivity [175, 180].
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Figure 1.31 Overview of the DACs for energy-related electrocatalysis [175].
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Although research on DACs is still in the early stages, the research work reported so
far has mainly focused on two aspects: homonuclear and heteronuclear DACs [178].
Currently, the most of these researches are mainly focused on the homonuclear DACSs,
such as the Fe,, Pt;, Coz binuclear [181-183]. Just like bimetallic nano-catalysts, the
heteronuclear DACs, such as PtFe, NiFe supported on nitrogen-doped carbon [184-186],
have more chances to adjust the d-band center by the interaction of electronic orbits and
bring unique structure and electronic properties comparing with homonuclear DACs, thus
exhibiting superior catalytic behaviours [174, 180]. Finally, there is a large chemical
composition space for the design of heteronuclear DACs, due to the vast combination of

two different metal atoms [179].

Triple-atom catalysts (TACs), with higher metal atom loading rates and more flexible
structure configuration, have attracted a lot of attention recently [187]. Although the
preparation of TACs is even harder to precisely regulate and orientate, the TACs also
could offer an excellent platform to gain insights into the structure-properties relationship
for catalysis at the atomic and electronic level, which meanwhile shown similar and ever

better beneficial catalytic properties to DACs [188].

0 Single-atom
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Figure 1.32 Schematic illustrate the changes of surface free energy and specific activity per metal atom with metal particle
size and the support effects on stabilizing single atoms [167].

However, the surface energy of atomically dispersed catalysts (ADCs), including
SACs, DACs and TACs, is relatively high, and metal atoms tend to agglomerate to form

NPs, thereby greatly reducing the catalyst's reactivity (Figure 1.32) [167]. Therefore, one
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of the first challenges in the development of the ADCs was how to stabilize metal atoms
against migrating and agglomerating to give appreciable activity. Through the efforts of
numerous research groups, a range of preparation methods have been developed,
mainly divided to bottom-up strategy and top-down strategy (Figure 1.33) [189-191]. In
the bottom-up method, the mononuclear or multinuclear metal precursors are commonly
first adsorbed, then reduced and finally confined by the vacancies or defects of the
supports [189, 191]. For example, Wet chemical method is currently the most simple and
promising approaches to synthesize ADCs [102, 166]. Firstly, the support is immersed
in a solution containing a metal precursor, which allows metal atoms to be distributed on
the surface or pores of the support. Then, drying and calcination. Finally, reduction or
activation. Owing to its good practically and without specialized equipment, it is a widely
method for synthesizing ADCs in lab and even in commercial production. As we
mentioned above, ADCs possess much higher surface energy than metal NPs, which
easily result in the aggregation of ADCs. Therefore, the SMSIs is the key to disperse
ADCs on support and to prevent aggregation in the synthetic procedures (Figure 1.32)
[167, 179].
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Figure 1.33 Preparation methods for ADCs: bottom-up strategy and top-down strategy [189].

Different from bottom-up strategy to synthesize ADCs, top-down strategy are based
on the disbanding of well-organized nanostructures or organic polymer precursors into
smaller pieces to give the desired structures [189, 191]. Thus far, extensive research
effort has been paid to pursue these goals. Among them, the high-temperature pyrolysis
is an effective method in the synthesis of ADCs [98]. Normally, the metal atom-containing

precursor is pyrolyzed at appropriate temperatures (e.g., 600-1000 °C) under the
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protection of a controlled atmosphere (e.g., N2, NHs, Ar, Hy) [189]. The high-temperature
pyrolysis of MOFs is a widely used route to prepare the ADCs [166, 169]. The organic
ligand material is firstly used to capture the metal atom, and then the highly dispersed
SACs and clusters catalyst is prepared by high temperature pyrolysis. With the aid of the
spatial separation effect and coordination with surrounding chelating atoms, the ADCs

can be uniformly dispersed in MOF-derived materials [161, 192].

ADCs have recently emerged as a new frontier to bridge the gap between the
homogeneous catalysts with well-defined structures and heterogeneous catalysts with
structural variety [193, 194]. The atomic dispersion with stable configurations of ADCs
heavily relies on the SMSIs between metal atom and support [102, 160]. In turn, the
SMSiIs in ADCs will afford them a unique electronic and geometric structures, which are
directly optimizing the catalytic activity and selectivity [195]. Moreover, the well-defined
and uniform structures of ADCs provide a promising platform to reveal the correlation
between catalyst performance and structure at the atomic scale, which shed a light on
the thorough investigation on the catalytic mechanism, achieving a rational design
principle for ADCs [188, 195].

1.5 Outline of the thesis

This PhD thesis focuses on the development of self-supported electrode, NCs and ADCs
as efficient electrocatalysts towards to the energy conversion. Nickel/cobalt and
nickel/iron-based compounds were employed to boost efficient saline water electrolysis.
And the ruthenium, rhodium, iridium and/or iron-based NCs and ADCs were prepared
for efficient water electrolysis and ZABs. Experimental and theoretical calculations were
combined to investigate the electrochemical process. This thesis consists of six chapters,

and the main chapters were published in peer-reviewed journals.

Chapter 1 introduces the research background of the thesis and contains four parts.
First, the problems related to the research topic were proposed. Second, the concepts
of hydrogen energy from the water electrolysis were introduced, including HER, OER
and chemical-assisted electrocatalytic energy-saving hydrogen production. Third, the
fundamentals of ZABs were introduced, including the principle and mechanism and ORR.
Fourth, an overview of fundamental catalysts for energy conversion relevant to the

current development of self-supported electrode, NCs and ADCs were summarized.

Chapter 2 reports a self-supported electrode, e.g., CoNiP and NiFeSP, as an efficient

electrocatalyst for the saline water electrolysis. The materials were characterized by XRD,
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XPS, SEM, TEM and XAS. With the aid of small hydrogen-containing molecules, e.g.,
N2H. and urea, the saline water electrolysis not only saved energy but also avoided the

notorious problems of chlorine chemistry.

Chapter 3 reports iridium oxide NCs with oxygen defect, which was applied for
efficient and durable water oxidation at high current densities in acidic media. Then the
DFT calculation confirmed the important role of oxygen defects in the enhanced OER

performance.

Chapter 4 reports a series of ADCs towards the hydrogen production. Firstly, the Rh
SACs was prepared for electrocatalytic HER. Then the bifunctional Ru ADCs with
ultralow metal loading was employed for efficient bipolar membrane water electrolysis.
Finally, the Ir/fRu SACs were anchored on graphitic carbon nitride for

electrocatalytic/photocatalytic HER.

Chapter 5 continues reports IrFe DACs, derived from MOFs in a facile wet chemical
synthesis followed by post-pyrolysis. The HAADF-STEM and XAS characterization
confirmed the atomic dispersion of Ir and Fe on the nitrogen-doped carbon support and
the presence of atomic pairs. The as-obtained IrFe-N-C showed excellent electrocatalytic
performance for both ORR and OER, revealing favorable bifunctionality, which,

consequently, was employed at ZABs.

Chapter 6 contains the general conclusions and the outlook for future research.
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2.Saline water electrolysis over self-supported

electrode

2.1 Efficient hydrogen production by saline water electrolysis at

high current densities without the interfering chlorine evolution

Abstract

Seawater electrolysis powered by renewable energy sources has been proposed to be
a potentially cost-effective approach to green hydrogen production. However, the long-
standing issue regarding the chlorine evolution reaction (CER) that deteriorates the
performance of electrocatalysts and other components of electrolyzers has been
impeding the market adoption of direct seawater electrolyzers. Herein, we demonstrate
that coupling the cathodic hydrogen evolution reaction (HER) with the hydrazine
oxidation reaction (HzOR) taking place at the anode enables the alkaline-saline water
electrolysis to occur at a high current density without the unfavorable, interfering CER.
Using the bifunctional carbon paper supported Co-Ni-P nanowires (Co-Ni-P/CP) as the
cathode and anode, we have accomplished hydrogen production in alkaline-saline-
hydrazine electrolyte at 500 mA cm2 with a small cell voltage of only 0.533 V and

outstanding stability of 80 hours with minimal degradation.
2.1.1 Introduction

Green hydrogen (H) produced through water electrolysis in combination with renewable
energy sources such as solar and wind has become an important vector of decarbonizing
the chemical industry and energy sector [1, 2], which will help to achieve the carbon
neutrality goals set out by many countries. For widespread deployment of green Hy, the
cost of water electrolysis must be substantially reduced to make the electrolyzed H;
competitive relative to that produced by conventional steam reforming. To this end,
considerable efforts have been made in the last decades, for example, to developing
efficient and cost-effective electrocatalysts [3-7], optimizing the operation conditions of
electrolysis (e.g., pressure, temperature) [8, 9], and using cheap seawater as the
feedstock for electrolysis [10-16]. For the commercial alkaline and proton exchange
membrane (PEM) electrolyzers currently being deployed, there is generally a stringent
requirement for the quality of water fed into the electrolyzer [12]. As a result, ancillary

equipment is in most cases needed to desalinate and purify water before it is used for
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electrolysis. Such desalination/purification units markedly increase the overall cost of the
system and thereby the price of H,. Therefore, it is highly desirable to develop efficient
catalytic materials and membranes as well as to design new electrolyzer configurations
to enable direct usage of low-grade or saline water for hydrogen production. This is
particularly favorable for large-scale offshore hydrogen production emerged very recently,
taking advantage of the largely abundant and free seawater resources and the capability
of installing the offshore wind and solar farms on megawatt/gigawatt-scale, as pointed

out by the recent techno-economic analyses [17].

However, direct seawater electrolysis faces formidable technological challenges, in
particular the chloride evolution reaction (CER) happening at the anode, which competes
with the oxygen evolution reaction (OER) and generates unfavorable chlorine and/or
hypochlorite that will corrode catalysts, membranes and other components over time and
thereby substantially reduce the operational lifetime of the electrolyzer [12, 16]. To
alleviate corrosion, precious noble metal catalysts and expensive support materials such
as titanium have to be used [18], which increases the production cost of H, and hinders
market penetration of seawater electrolyzers. According to the Pourbaix diagram of the
agueous saline electrolyte (0.5 M NacCl), when the pH value is above 7.5, the OER is
thermodynamically more favorable than the hypochlorite formation reaction [12, 19]. On
this basis, Dionigi and co-workers proposed an “alkaline design criterion” in saline water
electrolysis, pointing out that an overpotential of up to 480 mV can be applied to drive
the OER without any interfering CER [19]. However, the OER is a kinetically demanding
process involving four proton-coupled electron transfer steps [20], and within the 480 mV
overpotential limit it is unlikely to reach an electrolysis current density that is large enough
to enable a high yield of H,, even the most advanced OER electrocatalysts are employed
[15, 19, 21, 22].

Herein, we propose that adding a small-molecule chemical such as hydrazine (N2Ha)
into the alkaline-saline electrolyte can effectively shift the anodic oxidation potential
negatively and thereby significantly increase the potential gap between the hypochlorite
formation (ca. 1.71 V vs. reversible hydrogen electrode, RHE) [19] and the electro-
oxidation reaction (EOR) of small organic molecules, which allows for a large current
density to be applied for the cathodic hydrogen evolution reaction (HER) during the saline
water electrolysis, without the formation of any environmentally-unfriendly, corrosive
hypochlorite species. Coupling EOR with HER has been extensively explored in the last
few years as an energy-saving pathway for alkaline water electrolysis, and a number of

small molecules such as alcohols [23, 24], amine [25], urea [26, 27] and hydrazine [28-
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30], have been demonstrated to enable the anodic oxidation to occur at a potential
markedly lower than 1.23 V vs. RHE — the thermodynamic potential for the OER, such
that the electrical energy input for water electrolysis can be reduced to a large extent. In
particular, substituting the OER with the hydrazine oxidation reaction (HzOR) received
considerable attention very recently because the HzOR can take place at a fairly low
potential in theory (—0.33 V vs. RHE) and its product is inert, non-toxic nitrogen (N2),
which substantially improves the safety of electrolyzers due to the elimination of the
possibility of having the explosive H2/O2 mixture [30]. Although introducing hydrazine into
the electrolyte and its continuous consumption may to a certain extent increase the cost,
it is believed that the economic profit gained from the replacement of CER by HzOR
would be much larger for direct seawater electrolysis, given the significantly alleviated
corrosion that can largely reduce the balance of plant (BoP) cost and eliminate the need
for noble metal catalysts [18], as well as the energy-saving feature that allows for a high
H> production rate at a markedly lower cell voltage.

Presently, most works reported so far on HzOR-assisted water electrolysis were
exclusively focused on the energy-saving aspect as well as catalytic materials design
and synthesis [28, 30-32], and there has been no attempt to replace the CER with the
HzOR or any other EOR for H, production by seawater electrolysis, to the best of our
knowledge. In this work, we for the first time report the coupling of HzOR and HER for
saline water electrolysis to produce H.. Using Co-Ni-P nanowires (NWs) coated carbon
paper (Co-Ni-P/CP) as a self-supported bifunctional catalytic electrode, we demonstrate
that a large anodic current density of 500 mA cm? can be accomplished at a potential as
low as 0.175 V vs. RHE in the alkaline-saline-hydrazine electrolyte (1.0 M KOH + 0.5 M
NaCl + 0.1 M N2H,), so far away from the onset potential of hypochlorite formation (ca.
1.71 V vs. RHE) that the evolution of OCI~ species is fully blocked even at such a high
current density. Moreover, the Co-Ni-P/CP electrode is able to catalyze the HER in the
1.0 M KOH + 0.5 M NaCl + 0.1 M N2H4 electrolyte at 500 mA cm2 with a comparatively
low overpotential of 0.350 V. Consequently, the overall saline water electrolysis (OSWE)
by coupling HER with HzOR can be achieved at a low cell voltage of 0.533 V at 500 mA
cm?, and more impressively, it can be sustained at 500 mA cm2 for at least 80 hours
without obvious degradation, which shows great promise for industrial seawater

electrolysis.

2.1.2 Results and discussion
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Figure 2.1.1 a, b) Low-magnification and c, d) high-magnification SEM images showing the morphology of the as-prepared
cobalt-nickel-carbonate-hydroxide precursor (CoNi(CO3)(OH),) nanowires on carbon paper.

The bifunctional Co-Ni-P/CP electrode was fabricated by firstly growing cobalt-nickel-
carbonate-hydroxide (CoNi(CO3)(OH).) precursor NWs on a piece of carbon paper (CP)
through a hydrothermal approach [33], followed by a simple low-temperature
phosphorization treatment using sodium hypophosphite (NaH,PO,) as the source of
phosphorus. The scanning electron microscopy (SEM) examination revealed that a high
density of tapered NWs have grown on the entire surface of the CP current collector after
the hydrothermal reaction (Figure 2.1.1). Upon phosphorization, the NWs were
converted to cobalt nickel phosphide consisting of a mixture of orthorhombic CoP (ICDD
no. 00-029-0497), hexagonal NisP, (ICDD no. 04-018-0215) and hexagonal CoNiP
(ICDD no. 04-001-6153) crystal phases, as evidenced by the X-ray diffractometry (XRD)
measurements (Figure 2.1.2a), and the tapered wire-like morphology did not change
notably (Figure 2.1.2b and Figure 2.1.3). The microstructure of the Co-Ni-P NWs was
further investigated by transmission electron microscopy (TEM). The NWs are several
micrometers long and composed of interconnected crystallites with sizes in the range of
20 — 50 nm (Figure 2.1.2c-d). The high-resolution TEM (HRTEM) images reveal the
well-defined crystal lattices that can be assigned to the (100) crystal planes of CoNiP

solid solution (Figure 2.1.2e), (111) crystal planes of CoP and (211) crystal planes of
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NisP2 (Figure 2.1.2f). Furthermore, the elemental distribution was probed in the high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)

mode. While Co and P are found to distribute uniformly across the whole NW, Co and Ni

segregation is observed in several places (Figure 2.1.2g), indicating that the NW

comprises the mixture of CoP, NisP, and CoNiP phases, in agreement with the XRD

result.
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Figure 2.1.2 a) XRD pattern of the Co-Ni-P/CP. For comparison, the XRD patterns of the pristine CP, CoP, NisP, and
CoNiP solid solution are also presented. b) SEM image showing the morphology of the Co-Ni-P/CP. c-d) TEM images
showing the microstructure of Co-Ni-P NWs at different magnifications. e-f) HRTEM images showing the lattice structure
of the crystalline domains of Co-Ni-P NWs. g) HADDF-STEM image and the elemental maps of Co, Ni, P and their overlay.
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Figure 2.1.3 a) Low- and b, c) high-magnification SEM images showing the morphology of the as-prepared Co-Ni-P/CP

electrode.
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Figure 2.1.4 a) XPS survey spectrum and high-solution b) Co 2pa,, ¢) Ni 2pz, and d) P 2p XPS spectra of the Co-Ni-P/CP
electrode.

The surface chemical states of Co-Ni-P/CP were examined by X-ray photoelectron

spectroscopy (XPS). The XPS survey spectrum confirms the presence of Co, Ni and P

elements in the Co-Ni-P/CP electrode (Figure 2.1.4a), and the O signal may result from

the surface oxidation of the sample and/or the absorbed oxygenated species. Figure

2.1.4b shows the core-level Co2ps» XPS spectrum, where the peaks at the binding
energy of 778.9 and 779.6 eV can be assigned to the Co—P and Co-POx bonding [34,

35], respectively. Similarly, in the Ni2ps, XPS spectrum (Figure 2.1.4c), the peaks

appearing at 853.2 and 856.1 eV are associated with the characteristic Ni-P and Ni—POy
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bonding [36, 37]. The peak at 854.4 eV can be ascribed to the Ni—O bonding, which may
result from the surface oxidation of NisP2[38]. In addition, the formation of metal-P bond
is corroborated by the P2p core-level XPS spectrum (Figure 2.1.4d), where the peaks
located at 130.5 and 129.7 eV arise from low-valence P and P—metal bonding in metal
phosphide, respectively [39]. The relatively weak peak at 134.5 eV generally relates to

the oxidized phosphorus species due to the oxidation of the sample surface upon contact

with air [40].
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Figure 2.1.5 a) LSV curves showing the electrocatalytic activity of the Co-Ni-P/CP for HzOR and OER. Sweep rate: 5 mV
s%. b) Chronopotentiometric curves recorded at a constant current density of 500 mA cm-2 in different electrolytes. ¢) LSV
curves showing the HER activity of the Co-Ni-P/CP. Sweep rate: 5 mV s. d) Chronopotentiometric curves recorded at a
constant current density of -500 mA cm? measured in different electrolytes.

The electrocatalytic activity of the as-prepared Co-Ni-P/CP electrode (Co-Ni-P NW
loading density: 6 mg cm) was firstly evaluated toward the HzOR and OER in a typical
three-electrode configuration by linear sweep voltammetry (LSV) in 1.0 M KOH + 0.5 M
NaCl + 0.1 M N2H4, 1.0 M KOH and 1.0 M KOH + 0.5 M NaCl solutions, respectively. For
the OER in 1.0 M KOH (black trace in Figure 2.1.5a), the Co-Ni-P/CP electrode can
deliver geometric current densities of 10 and 500 mA cmge,? at potentials of 1.550 V (E1o)
and 1.791 V (Esoo) vs. RHE, respectively, showing reasonably good catalytic activity [41-
43]. Adding 0.5 M NaCl into the electrolyte does not give rise to an obvious change in
the catalytic activity (E1o = 1.559 V vs. RHE and Esopo = 1.794 V vs. RHE, Figure 2.1.6),
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in agreement with previous reports [44,45]. However, the maximal current density under
which the interfering hypochlorite formation would not happen (E = 1.71 V vs. RHE) is
only 214 mA cm2 in this case, which is insufficient to produce H; with a high yield. When
additional 0.1 M N2H, is added into the KOH + NacCl electrolyte, the anodic oxidation
reaction onset (defined as the potential at which the anodic current density is 5 mA cm-
2, herein) shows a significant negative shift by 1.611 V, due to the preferential oxidation
of N2H4 that happens much earlier. Consequently, the potentials to deliver 10 and 500
mA cm can be reduced to only —0.057 V and 0.175 V vs. RHE, respectively, remarkably
lower than the thermodynamic potential of hypochlorite formation in the strongly alkaline
solution (i.e., 1.71 V vs. RHE), which completely eliminates the interference of the
unfavorable CER. Furthermore, the electrocatalytic performance of the Co-Ni-P/CP
electrode was also investigated in the 1.0 M KOH + 0.5 M NaCl electrolytes with different
concentrations of NpH. (Figure 2.1.7a). There is no anodic current response in the
potential window under investigation (-0.1 — 0.2 V vs. RHE) in the absence of N2Ha.
Upon the addition of N2H4 into the alkaline-saline electrolyte, the anodic current density
markedly increases but does not show further increase when the N>H4 concentration
reaches 0.1 M and beyond. Since hydrazine is highly toxic (NOTE: all experiments are
recommended to be done in a ventilated fume hood. Personal protective equipment such
as tight-fitting goggles, face masks, gloves, full suit and boots must be worn), a low N2H4
concentration (0.1 M) with which the best electrocatalytic performance can be achieved
(Figure 2.1.7a) was chosen for all subsequent electrocatalytic tests (i.e., using 1.0 M
KOH + 0.5 M NaCl + 0.1 M NzH, as the electrolyte). Furthermore, we also demonstrated
that the HzOR is not diffusion-limited and the LSV curves acquired at different scan rates
ranging from 5 to 90 mV s vary insignificantly (Figure 2.1.7b), suggesting the efficient
charge and mass transport processes occurring in the free-standing porous Co-Ni-P/CP

electrode and that the HzOR itself should take place very fast.

64



FCUP | 65
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

1000

— OER in KOH
{— OER in KOH+NaCl
800 -
g 600 4
|Em
(3]
T 4004
=
200
0 v T T T g v T v 1

1.4 1.5 1?6 117 1:8 1.9 2.0
Potential / V vs RHE

Figure 2.1.6 LSV curves showing the electrocatalytic activity of the Co-Ni-P/CP in 1.0 M KOH and 1.0 M KOH + 0.5 M
NaCl solutions (zoomed view of Figure 2.1.5a).
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Figure 2.1.7 a) LSV curves of the Co-Ni-P/CP electrode recorded in the 1.0 M KOH + 0.5 M NacCl electrolytes with different
concentrations of hydrazine. b) LSV curves of the Co-Ni-P/CP electrode recorded in 1.0 M KOH + 0.5 M NaCl + 0.1 M
N.H, at different scan rates.

The reaction kinetics of the Co-Ni-P/CP electrode was evaluated by the Tafel analysis
(Figure 2.1.8a). The Co-Ni-P/CP exhibits a low Tafel slope of 50.6 mV dec? in 1.0 M
KOH + 0.5 M NaCl + 0.1 M NzHg4, indicating favorable HzOR kinetics. This is consistent
with the electrochemical impedance spectroscopy (EIS) measurements, where the
charge transfer resistance (Rc) of the Co-Ni-P/CP in the alkaline-saline-N2H, solution is
as small as 3 Q (Figure 2.1.8b), markedly lower than that measured in 1.0 M KOH (R
=46 Q)and 1.0 M KOH + 0.5 M NaCl (R = 4.8 Q) electrolytes. Long-term catalytic
stability is of vital importance for practical applications of electrocatalysts. The OER
stability of the Co-Ni-P/CP electrode for alkaline-saline water electrolysis was assessed
by chronopotentiometry (CP) in 1.0 M KOH + 0.5 M NacCl solution at different current
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densities ranging from 200 — 500 mA cm (Figure 2.1.9). At 200 mA cm?, the Co-Ni-
P/CP electrode can continuously catalyze the OER with minimal degradation. However,
when the current density reaches 500 mA cm, the electrode shows OER performance
similar to that measured in the pristine 1.0 M KOH solution (Figure 2.1.5b) in the
beginning few hours, and then the overpotential needed to maintain 500 mA cm-?
increases gradually and the performance continues to degrade in the remaining period
of the stability test. As mentioned before, the hypochlorite formation would start to
interfere the OER at 214 mA cm? and likely become predominant at 500 mA cm,
producing a large amount of corrosive OCI- species that may deteriorate the
performance of catalysts. This may explain the performance decay of the Co-Ni-P/CP at
500 mA cm=2in 1.0 M KOH + 0.5 M NaCl as shown in Figure 2.1.5b. In case 0.1 M NzH4
is added, the HzOR can take place continuously and much earlier at ca. 0.2 V vs. RHE
for 80 h with minimal performance deterioration (Figure 2.1.5b), showing outstanding
catalytic stability. This also implies that no corrosive species that can potentially cause
catalyst degradation are generated in the whole process. It is also worth mentioning that
the HzOR has been rarely demonstrated before at such a high industry-relevant current
density for a long time (previous HzOR was mainly tested at a current density of below
50 mA cm? for a limited period of time, see Table 2.1.1) [28, 30-32].
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Figure 2.1.8 a) Tafel plots and b) Nyquist plots of the Co-Ni-P/CP electrode measured at —0.057 V vs. RHE toward the
HzOR and 1.550 V vs. RHE toward the OER.
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Figure 2.1.9 Chronopotentiometric curves of the Co-Ni-P/CP electrode recorded in 1.0 M KOH + 0.5 M NaCl electrolyte
at different current densities.

Table 2.1.1 The comparison of hydrazine electrolysis performance for the Co-Ni-P/CP electrode reported in this work with
that of electrocatalysts/catalytic electrodes recently reported in the literature.

Cell  (mA
Catalysts  Electrolyte voltage J 2 Stability Reference
cm™)
V)
0.216 100 500 mA
Co-Ni- 1 M KOH + cm2@80
P/CP 0.5MNaCl+ (533 500 h, 1000 This work
0.1 M NoH4 mA cm’
2
1116 1000 @40h
NiCo- 1 M KOH+ 0.1V for Chem. Eng. J. 2021,
MoNis  0.1MN;H, 0315 100 10 h 414, 128818,
- 1M KOH + 10 mAcm-  Adv. Energy Mater.
CulNE-N-— 6 5y npH, 024 10 2@75 h 2019, 9, 1900390.
Angew. Chem. Int.
1M KOH + 10 mA cm-
CoSes 0.5 M NoHa 0.164 10 @14 h Ed. 2018, 57, 7649-
7653.
1 MKOH + 0.1V for ChemElectroChem
CoP 0.1 M NaHg4 0.2 10 20h 2017, 4, 481-484.
1M KOH + 25mAcm  NewJ. Chem. 2017,
CoS; 0.1 M N2Hg4 0.81 100 2@5.6 h 41, 4754-4757.
ACS Sustain. Chem.
. 1 MKOH + 100 mA
Ni(Cu) 0.5 M NoHa 0.41 100 cm2@10 h Eng. 2018, 6, 12746-

12754,



FCUP | 68
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

cup IWOL or2 w0 opAET o chen eon
e BUNOMT o5 s domam ) euersoues
NsS: ooy, 0867 100 225&‘:?' Jégﬂfé,eg,clggrgi-A
19200.
Rh-C-N (1)g/ll\}/<|oNI:H: 0.2 20 Zozgg‘ o |nAt§rfSa?§splz'ol\ggt,e1r'1,

35039-35049.

The electrocatalytic performance of the Co-Ni-P/CP electrode for the HER was also
investigated in different electrolytes. The Co-Ni-P/CP can deliver geometric current
densities of —10 and -500 mMA cmge,? at overpotentials (n) of 108 and 350 mV,
respectively, in 1.0 M KOH + 0.5 M NaCl + 0.1 M N3H4 solution, showing HER
performance similar to that measured in 1.0 M KOH and 1.0 M KOH + 0.5 M NaCl
solutions (Figure 2.1.5c). Besides, a smaller Tafel slope and a lower R, compared to
those obtained in 1.0 M KOH and 1.0 M KOH + 0.5 M NaCl solutions, are also observed
(Figure 2.1.10), indicating favorable HER kinetics in the presence of N2Ha4. Impressively,
the Co-Ni-P/CP electrode can sustain HER catalysis at =500 mA cmgeo? for 80 h without
notable degradation, exhibiting reasonably good catalytic stability (Figure 2.1.5d). The
initial potential drop might result from the loss of some loosely-bound catalysts upon the

violent evolution of H, gas bubbles.
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Figure 2.1.10 a) Tafel plots and b) Nyquist plots of the Co-Ni-P/CP electrode measured at —0.110 V vs. RHE toward the
HER.

Given the validated remarkable HzOR and HER performance of the bifunctional Co-

Ni-P/CP electrode, we managed to test the overall alkaline-saline water electrolysis by
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coupling HER with HzOR in 1.0 M KOH + 0.5 M NaCl + 0.1 M NzH. in a two-electrode
configuration using two identical Co-Ni-P/CP electrodes as the anode and the cathode,
respectively. Compared to the OSWE (HER + OER + CER) taking place in 1.0 M KOH
+ 0.5 M NacCl, the cell voltage needed at a given current density is significantly reduced
for the HzOR + HER coupled saline water electrolysis (Figure 2.1.11a), which not only
prevents the evolution of the interfering hypochlorite species, but also remarkably
reduces the electrical energy input demanded for the H; production. The coupled HzOR
+ HER saline water electrolysis can be accomplished with ultralow cell voltages of 0.216,
0.298, 0.374, 0.450 and 0.533 V to reach the current densities of 100, 200, 300, 400 and
500 mA cm?, respectively, much lower than the values of 1.811, 1.916, 2.013, 2.093 and
2.153 V required to drive the same corresponding current density for the OSWE in 1.0
M KOH + 0.5 M NaCl (Figure 2.1.11b). In addition, the Faradaic efficiency of H», and N2
evolution by the Co-Ni-P/CP electrode was measured (Figure 2.1.12). The volume ratio
of H, over N2 is close to 2:1, and the total volume of H, and N, gases experimentally
detected matches well with that theoretically calculated, indicating a nearly 100 %
Faradaic efficiency. The operational stability of the HzOR + HER coupled alkaline-saline
water electrolysis was further assessed at a high current density of 500 mA cm=. The
Co-Ni-P/CP electrode pair shows remarkable long-term durability of at least 80 h toward
continuous H production (red trace in Figure 2.1.11c), indicating that no interfering
hypochlorite, which is detrimental to the operational stability of the saline water
electrolyzers, was generated. For comparison, the catalytic stability of Co-Ni-P/CP in 1.0
M KOH + 0.5 M NacCl without the presence of NoH4 was also assessed (black trace in
Figure 2.1.11c). The voltage needed to maintain 500 mA cm2 is markedly higher than
that of the HzOR + HER coupled alkaline-saline water electrolysis and gradually
increases over time, implying a performance degradation likely resulting from the
unfavorable CER. Furthermore, the operational stability of the Co-Ni-P/CP electrode pair
was tested at a higher current density of 1000 mA cm in the alkaline-saline-N;H4
electrolyte. The electrolysis can be accomplished stably under a low voltage of 1.116 V
for atleast 40 h (Figure 2.1.13), indicating outstanding long-time durability at high current
densities. Notably, this is the first demonstration of the HzOR + HER coupled electrolysis
occurring at such a high current density for a long period of time (Table 2.1.1), to the

best of our knowledge.
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Figure 2.1.11 a) LSV curves of the coupled HzOR + HER measured in 1.0 M KOH + 0.5 M NaCl + 0.1 M N;H, and the
OSWE measured in 1.0 M KOH + 0.5 M NaCl. Sweep rate: 5 mV s. b) Comparison of the cell voltages at different current
densities for HZOR + HER and OSWE. c) Chronopotentiometric curves of the HzOR + HER and OSWE recorded at a
constant current density of 500 mA cm? in 1.0 M KOH + 0.5 M NaCl + 0.1 M N;H, and 1.0 M KOH + 0.5 M NaCl,
respectively.
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Figure 2.1.12 The volume of a) H, gas and b) N, gas theoretically evolved (solid line) and experimentally measured
(scattered data points) for the HZOR + HER at the current density of 500 mA cm™
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Furthermore, we performed post-mortem XPS analysis of the Co-Ni-P/CP electrodes
after the extended OSWE stability test at 500 mA cm in the alkaline-saline-N2N4
electrolyte (Figure 2.1.14). The signals from metal-P bonding can be still clearly
resolved for the cathode (Figure 2.1.14d-f), demonstrating good chemical stability of Co-
Ni-P NWs toward the HER [46]. For the Co-Ni-P/CP anode subjected to the HzOR at 500
mA cm for 80 h, the signals from metal phosphides disappear (Figure 2.1.14g-i),
indicating that phosphide has been completely transformed to phosphate/oxidized
species under the harsh oxidative conditions, as expected [7]. Nevertheless, good
catalytic stability still maintained, as shown in Figure 2.1.11c, which likely because of
the effective surface passivation by the in-situ formed catalytically-active oxygenated

species (e.g., oxide, hydroxide or oxyhydroxide).
2.1.3 Conclusions

In summary, we demonstrate in this work that adding hydrazine into the alkaline-saline
water can help significantly shift the anodic oxidation reaction toward a negative potential
and effectively prevent the interfering hypochlorite formation from occurring, even at a
large industry-relevant current density. Using the carbon paper supported Co-Ni-P NWs
as bifunctional electrocatalysts for HZOR and HER, we have proved that large current
densities of 500 and 1000 mA cm can be accomplished for the alkaline-saline water
electrolysis with small cell voltages of 0.533 V and 1.116 V, respectively, with an
outstanding operational stability, remarkably outperforming the conventional alkaline-
saline water electrolysis in the absence of hydrazine using the same Co-Ni-P/CP
bifunctional electrodes. The strategy we developed here not only provides a promising
solution to the long-standing problem of the interfering chlorine evolution reaction in the
saline/sea water electrolysis, but also enables the H; production via alkaline-saline water
electrolysis to occur with a substantially reduced energy input, thereby improving the
system energy efficiency. Moreover, the bifunctional Co-Ni-P/CP electrode simplifies the
system design and eliminates the need for platinum group metal catalysts, which will
help reduce production cost. Importantly, the products of the electrolysis, even operating
at a high current density, are only non-explosive gaseous mixture of H, and Nz, which
markedly improve the safety of electrolyzers. It is also worth mentioning that the waste
water containing hydrazine from the hydrazinolysis process in chemical and
pharmaceutical industry [47] could potentially serve as the feedstock of hydrazine in
alkaline-saline water electrolysis, which may further reduce the costs of green hydrogen

production and meanwhile help solve the problem of waste water treatment of this sector.
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2.1.4 Experimental section

Preparation of the Co-Ni-P/CP electrodes: The carbon paper (CP, FuelCellStore) was
firstly treated in a mixed solution of sulfuric acid and nitric acid (v (98% H2SO.):v (70%
HNOs):v (H20) = 1:1:1) at 60 °C for 6 h under vigorous magnetic stirring, in order to make
the surface hydrophilic and to introduce the nucleation sites for the growth of cobalt-
nickel-carbonate-hydroxide precursor NWs. The precursor solution was prepared by
dissolving 10 mmol urea, 5mmol NHsF, 2mmol Co(NOs),-6H,O and 2 mmol
Ni(NO3)2-6H,0 in 30 ml deionized (DI) water under continuous magnetic stirring until a
homogeneous, transparent solution was obtained (typically for 30 min), according to a
previous report [33]. Afterwards, the solution was transferred into a Teflon-lined stainless
steel autoclave reactor, and a piece of acid-treated CP (4 x 3cm?) was completely
submerged in the precursor solution. Subsequently, the reactor was sealed and heated
up to 120 °C, and maintained at this temperature for 6 h. After the autoclave reactor was
cooled down to room temperature, the CP was taken out and thoroughly rinsed several

times with DI water and then dried under vacuum at 70°C.

The Co-Ni-P/CP electrode was obtained by phosphorization of the precursor
electrode using NaH,PO- as the source of phosphorus at 300°C. Specifically, the CP
coated with precursor NWs was loaded in a ceramic boat and 1.0 g of NaH,PO. powders
was placed 2 cm away from the CP at the upstream side. Subsequently, the furnace was
purged with high-purity N2 (99.999%) for 1 h to remove air, heated to 300 °C at a ramping
rate of 5°C min™t and held at this temperature for 2 h. Finally, the furnace was naturally
cooled down to room temperature. The mass loading of Co-Ni-P NWs on the CP

electrode is around 6 mg cm™.

Materials Characterization: The morphology of Co-Ni-P/CP electrode was
characterized by scanning electron microscopy (SEM, FEI Quanta 650 FEG microscope
equipped with an INCA 350 spectrometer) and transmission electron microscopy (TEM,
FEI ChemiSTEM 80-200, probe corrected). The X-ray diffraction (XRD) experiment was
conducted on an X’Pert PRO diffractometer (PANalytical) set at 45 kV and 40 mA, using
Cu Kq radiation (A = 1.541874 A) and a PIXcel detector. Data were collected with the
Bragg—Brentano configuration in the 26 range of 20 — 80° at a scan speed of 0.011° s,
X-ray photoelectron spectroscopy (XPS) characterization was carried out on an
ESCALAB 250Xi instrument with the monochromated Al Kq (1486.6 eV) X-ray source.

Electrocatalytic tests: All electrochemical measurements of the Co-Ni-P/CP electrode

was performed in a three-electrode configuration at room temperature using a Biologic
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VMP3 potentiostat/galvanostat. The as-synthesized Co-Ni-P/CP electrode, a saturated
calomel electrode (SCE), and a graphite rod were employed as the working, reference,
and counter electrodes, respectively. The SCE reference was calibrated before each
measurement in the H-saturated 0.5 M H>SO4 solution using a clean Pt wire as the
working electrode. All potentials in this study were converted to the reversible hydrogen

electrode (RHE) scale according to the following equation:
Erne = Esce + 0.059 x pH + 0.244 (l)

The HER, OER and HzOR measurements were carried out in the simulated seawater
containing 1.0 M KOH + 0.5 M NaCl. For HzOR tests, different concentrations of
hydrazine were dissolved in the electrolyte. The linear scan voltammetry (LSV) was
performed at a scan rate of 5 mV s. An iR-correction (85%) was applied to compensate
for the voltage drop between the reference and working electrodes, which was measured
by the single-point high-frequency impedance test. The electrochemical impedance
spectroscopy (EIS) measurements were conducted at —0.110 V vs. RHE for the HER,
—-0.057 V vs. RHE for the HzOR and 1.550 V for OER in the frequency range of 105 —
0.01 Hz with a 10 mV sinusoidal perturbation. The stability of the Co-Ni-P/CP electrode
was assessed using chronopotentiometry (CP) at a constant current density of 500 mA
cm? for the OER, HzOR, OSWE and HzOR + HER, and -500 mA cm for the HER.
Moreover, the stability of the Co-Ni-P/CP pair toward HzOR + HER at 1000 mA cm2 was

also assessed.
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2.2 Highly efficient and stable saline water electrolysis enabled by
self-supported nickel-iron phosphosulfide nanotubes with

heterointerfaces and under-coordinated metal active sites

Abstract

Direct seawater electrolysis is proposed to be a potentially low-cost approach to green
hydrogen production taking advantage of the vastly available seawater and large-scale
offshore renewable energy being deployed. However, developing efficient, earth-
abundant electrocatalysts that can survive under harsh corrosive conditions for long time
is still a significant technical challenge. Herein, we report the fabrication of self-supported
nickel-iron phosphosulfide (NiFeSP) nanotube array electrode through a two-step
sulfurization/phosphorization approach. The as-obtained NiFeSP nanotubes comprise
abundant NiFeS/NiFeP heterointerfaces and under-coordinated metal sites, which
exhibit outstanding activity and durability for the hydrogen and oxygen evolution
reactions (HER & OER) in simulated alkaline-seawater solution (KOH + NacCl), with an
overpotential of 380 (HER) and 260 mV (OER) at a large current density of 500 mA cm-
2 and durability of 1000 hours. Theoretical calculations demonstrate that the
heterointerface and under-coordinated metal sites synergistically lower the energy
barrier to the rate-determining step of reactions, rationally explaining the excellent
performance observed experimentally. The NiFeSP electrode also shows good catalytic
performance for the urea oxidation reaction (UOR). By coupling UOR with HER, the
bifunctional NiFeSP electrode pair can efficiently catalyze the overall alkaline-saline-urea
water electrolysis at 500 mA cm? under 1.938 V for 1000 hours without notable
performance degradation, showing significant potential for energy-saving production of

green hydrogen.
2.2.1 Introduction

Green hydrogen (H2) produced by water electrolysis in combination with renewable
energy sources such as solar and wind, has been proposed to be a sustainable
alternative to fossil fuels and capable of decarbonizing the transport and power sectors
as well as hard-to-abate industries, contributing to achieving carbon-neutrality [1].
Compared to the conventional water electrolysis where highly-purified water is used as
the feedstock, direct seawater electrolysis recently attracted considerable attention and
has shown significant potential for offshore green H. production, considering that

seawater accounts for 96.5% of the world’s water resource and is virtually inexhaustible
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[2] and that this approach potentially allows for marked reduction of the H; fuel price [3].
Notwithstanding appealing, there are still some technical challenges to overcome for
direct seawater electrolysis. On one hand, direct seawater electrolysis usually occurs in
a strongly alkaline solution, and operating the electrolyzer at an industry-relevant high
current density (e.g., > 500 mA cm) requires efficient and stable oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) electrocatalysts [4]. On the other
hand, attaining a high current density needs a large overpotential, under which condition
the chloride evolution reaction (CER) will come into play and compete with OER, lowering
seawater electrolysis efficiency, and more severely, leading to the corrosion of all
electrolyzer components over time. This will substantially reduce the operational lifetime

of electrolyzers [4].

To address these challenges, attempts have been made to replace OER with the
electro-oxidation reaction (EOR) of small organic molecules that happens at an anodic
potential much lower than the thermodynamic onset potential of OER (i.e., 1.23 V vs.
reversible hydrogen electrode — RHE), such as hydrazine oxidation reaction (HzOR) and
urea oxidation reaction (UOR) [5, 6]. For seawater electrolysis, coupling HER with EOR
offers a promising approach to produce H, at a large current density without the
unfavorable, interfering CER. In particular, UOR has recently been reported as a good
alternative to OER due to its low thermodynamic potential (0.37 V vs. RHE) and less
harmful nature compared to other EOR involving the use of toxic organic molecules (e.g.,
hydrazine) [7]. Urea is widely existent in urban and industrial wastewater, and therefore
urea electrolysis, when coupled with HER, not only favors H, production, but meanwhile
enables efficient wastewater treatments [8, 9]. However, the complex six-electron
transfer steps of UOR typically lead to sluggish reaction kinetics and thereby require a

high practical cell voltage to allow the reaction to take place [7, 8].

To make seawater and urea electrolysis energy-efficient and cost-effective, highly
active earth-abundant electrocatalysts able to remarkably boost the HER and OER/UOR
are critically needed [7, 10]. Various transition metal-based materials, such as nitrides
[11, 12], oxides [13, 14], phosphides [15, 16] and chalcogenides [17-19], have been
reported lately to show impressive electrocatalytic activity, among which phosphide- and
sulfide-based compounds were demonstrated to be very promising HER catalysts and
the pre-catalysts for OER/UOR [20, 21]. In the pursuit of achieving better electrocatalytic
performance of phosphide- and sulfide-based catalysts, several strategies are being
developed. Firstly, multi-component electrocatalysts comprising more than one metals

(e.g., Fe, Co, and Ni) and/or non-metals (e.g., S and P) have been demonstrated to show
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better performance than monometallic phosphide and sulfide [21], because the co-
existence of multiple elements allows for the exposure of more catalytically active sites,
and more importantly the tuning of catalyst’s electronic structure that enables to enhance
the intrinsic catalytic activity [22]. To this end, bimetallic phosphide/sulfide (NixFe1-xP/S
[23], (CoixFex)2P [24], NiCoP [25] and Fe-NiS; [26]), metal phosphosulfide (CoPS [27],
P-NiS; [28], CoS|P/CNT [29] and FePS3[30]) and multi-metal phosphosulfide (Feo.2Nio.s-
Po.5Sos [31], NivxFexPS [32], P-CoNi2S4[17] and FeCoNiP«Sy[33]), were already reported
and exhibited improved electrocatalytic performance thanks to the synergetic interplay
of different elements. Secondly, structure engineering turns out to be an effective
strategy to achieve high catalytic performance. Notably, heterostructured catalysts
consisting of enriched hetero-interfaces between different active phases may show
intriguing electronic properties promoting the electrocatalytic performance [18, 34-36].
Moreover, introducing crystal defects can also effectively modulate local charge
distribution and thereby the electronic structure of catalysts, boosting the catalytic activity
[28, 37, 38]. In this respect, post-phosphorization treatment of sulfide catalysts has
recently been illustrated to be able to improve the intrinsic catalytic activity and
conductivity [17, 28, 38, 39], because of the increased number of active sites or the newly
introduced active sites owing to the distortion of atomic structures of the parent sulfide.
Last but not least, the catalytic performance can be enhanced through morphological
engineering and design, which help enlarge electrochemically accessible surface area
and enable rapid charge/mass transfer. To this end, various structures of
phosphide/sulfide catalysts, including nanowires [27], nanosheets [30], nanoflower [34],

and hierarchical architectures [28, 39], were already reported.

Herein, we report the fabrication of a self-supported nickel-iron phosphosulfide
nanotube array (NiFeSP-NT) electrode via hydrothermal sulfurization of commercially
available NiFe foam, followed by post-phosphorization treatment. Advanced
transmission electron microscopy (TEM) and synchrotron X-ray absorption spectroscopy
(XAS) measurements illustrate that the NiFeSP NTs comprise many hetero-interfaces
and the metal sites are under-coordinated. When used to catalyze the OER and UOR in
alkaline-saline water, the NiFeSP electrode can deliver 500 mA cm2 at low potentials of
1.490 and 1.424 V vs. RHE respectively, effectively avoiding the CER from happening.
Moreover, the NiFeSP electrode can accomplish a large cathodic current density of —-500
mA cm at —380 mV vs. RHE in the same electrolyte. Our density functional theory (DFT)
calculations confirm that the NiFeS/NiFeP heterointerfaces and under-coordinated metal

sites synergistically promote the electrocatalytic performance. Furthermore, we use the
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NiFeSP as a bifunctional electrode and test its performance for the overall saline water
electrolysis (OSWE, i.e., OER + HER) and the overall urea-mediated saline water
electrolysis (OUSWE, i.e., UOR + HER). Impressively, the OUSWE enabled by
bifunctional NiFeSP electrodes can operate at 500 mA cm2 under a low cell voltage of
1.938 V with a long-term stability of 1000 hours, showing minimal performance

degradation, which holds substantial promise for industrial seawater electrolysis.

2.2.2 Results and discussion

Figure 2.2.1 a-b) SEM images at different magnifications. c) HRTEM image, d) HAADF-STEM image of the NiFeS
electrode and the corresponding elemental maps of Ni, Fe, S and their overlay.

As detailed in the Experimental section, the NiFeSP electrode was prepared by
hydrothermal sulfurization of commercially available NiFe foam, followed by post-
phosphorization using NaH,PO. as the source of phosphorous. Scanning electron
microscopy (SEM) examination showed that hydrothermal sulfurization led to the
formation of a high density of vertically-aligned nanorods (NRs) with a smooth surface
on the NiFe foam surface (Figure 2.2.1), which was a crucial step to obtain the NiFeSP-
NT electrode subsequently. Both X-ray diffraction (XRD, Figure 2.2.2a) and high-
resolution transmission electron microscopy (HRTEM, Figure 2.2.1c) confirmed that the
NRs are composed of cubic (Ni,Fe)sS. crystal phase (ICDD no. 04-001-4563). Moreover,
Ni, Fe and S elements distribute uniformly along the NRs (Figure 2.2.1d). Upon a simple
low-temperature phosphorization treatment at 300 °C for 2 h, the NiFeS electrode was
converted into a self-supported NiFeSP-NT electrode. SEM revealed that the
morphology of the vertically-aligned NR-like structure was well preserved after

phosphorization, but the surface became rough (Figure 2.2.2b). A close inspection
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under TEM disclosed that the original solid NRs were all converted into hollow NTs with
unsmooth surfaces (Figure 2.2.2c-d), whose diameters and length are 300 — 500 nm
and several micrometers, respectively. This structural transformation should result from
the Kirkendall effect, which was also observed and reported previously [40-42]. The
relatively large inner diameter of NTs allows the electrolyte to readily access the inner
surface, exposing more catalyticallyactive sites; meanwhile, it facilitates the escape of
gaseous product. For comparison, the NiFeP electrode was also fabricated by one-step
phosphorization of the commercial NiFe foam, which only generated short vertically-
aligned hexagonal NiFeP (ICDD no. 04-001-4563) nanostructures with ill-defined shape
on the NiFe foam surface (Figure 2.2.2a; Figure 2.2.3). This highlights the importance
of the order of the sulfurization and phosphorization processes in attaining well-defined,

vertically-aligned NiFeSP-NT arrays.
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Figure 2.2.2 Morphology and microstructure characterization of NiFeSP-NT electrodes. a) XRD patterns of the NiFeSP-
NT electrode and the reference samples. b) SEM image showing the vertically-standing nanotubes on the electrode
surface. Inset: bird view of the NiFeSP electrode. c-d) TEM images and e-f) high-resolution TEM images taken at different
magnifications. g) HAADF-STEM image and the corresponding elemental maps of Ni, Fe, S, P and their overlay.
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Figure 2.2.3 a-b) SEM images at different magnifications. ¢) HRTEM image of the NiFeP electrode.

XRD examination confirmed that the NiFeSP NTs consist of a composite of crystalline
(Ni,Fe)sSs and NiFeP phases (Figure 2.2.2a). Furthermore, diffraction peaks from
Feo.2sNio.75 (ICDD no. 04-022-6043) are predominant in all samples, suggesting that the
sulfurization and phosphorization only took place on the outermost surface and the
crystal structure of the bulk NiFe foam remains unchanged, which helps maintain the
mechanical strength of the electrode (pure sulfide, phosphide and phosphosulfide are all
brittle) and facilitates charge transfer during electrocatalysis. The co-existence of
(Ni,Fe)sS4 and NiFeP crystallites were further corroborated by HRTEM (Figure 2.2.2¢),
where the (311) and (400) crystal planes of (Ni,Fe):Ss and the (111) crystal planes of
NiFeP can be clearly distinguished, consistent with our XRD result. In addition, local
lattice distortion (Figure 2.2.2e) and defect-rich areas with disordered lattice structure
(Figure 2.2.2f) were also observed, particularly at (Ni,Fe);S4+/NiFeP phase boundaries,
which might be introduced during the inter-diffusion of different phases upon
phosphorization (Kirkendall effect). The formed uncoordinated defects may boost the
electrocatalytic activity and reaction kinetics, according to previous reports [28, 38].
Nevertheless, on nanometer scale, the Ni, Fe, S and P elements are evenly distributed
along and across individual NTs, as illustrated by the elemental maps taken in the high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)

mode (Figure 2.2.29).

The surface chemical composition and oxidation state of the NiFeSP NTs and other
control samples were analyzed by X-ray photoelectron spectroscopy (XPS). The XPS
survey spectra (Figure 2.2.4a) confirm the existence of Ni, Fe, S and P in the NiFeSP-
NT electrode, Ni, Fe and S in the NiFeS electrode, and Ni, Fe and P in the NiFeP
electrode. The S:P atomic ratio in NiFeSP was determined to be ca. 1:3, which agrees
with the energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 2.2.4b), indicating
that about 75% of S sites were substituted by P during the phosphorization. To
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investigate the chemical bonding of S and P species with Ni/Fe atoms, we analyzed the
high-resolution S2p and P2p XPS spectra of NiFeSP and other control samples. Three
components that are assigned to metal sulfide (located at 161.7 and 163.0 eV) and
oxidized sulfur (167.8 eV) [35, 39], respectively, can be observed in the S2p XPS spectra
of both NiFeS and NiFeSP (Figures 2.2.5a and 2.2.5c). The signal of S—O bonding is
significantly attenuated for NiFeSP, suggesting that phosphorization can effectively
mitigate surface oxidation of sulphides [17, 39]. In addition, the formation of metal-P
bond in NiFeSP and NiFeP is corroborated by the P2p core-level XPS spectra (Figures
2.2.5b and 2.2.5d). The peaks located at 129.6 and 130.5 eV arise from the low-valence
P and P-metal bonding in metal phosphides [5, 43], respectively, and another peak
appearing at 133.6 eV generally relates to the oxidized phosphorus species due to
surface oxidation of samples in air, which were commonly observed in metal phosphides
[44, 45].
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Figure 2.2.4 a) XPS survey spectrum of NiFeSP and other control samples, b) A representative EDX spectrum of the
NiFeSP electrode.
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Figure 2.2.5 High-solution (a) S2p XPS spectrum of the NiFeS electrode, (b) P2p XPS spectrum of the NiFeP electrode,
(c) S2p and d) P2p XPS spectra of the NiFeSP electrode.

Figure 2.2.6a shows the core-level Fe2ps, XPS spectrum of the NiFeS electrode,
where components resulting from Fe3* (711.3 eV), Fe?* (709.9 eV) and Fe-S (707.5 eV)
can be observed [46]. The peak located at 713.2 eV is assigned to the satellite. Similarly,
for the NiFeP electrode, the peaks appearing at 709.9, 711.3 and 714.1 eV are
associated with Fe?*, Fe3* species and the satellite, while the peak at 707.1 eV can be
ascribed to Fe—P bonding (Figure 2.2.6b) [15], in which Fe—P accounts for 18.3 at%.
The NiFeSP electrode shows a Fe2ps;» XPS spectrum similar to that of NiFeS and NiFeP,
but the peak at 707.3 eV should contain the contribution from both Fe-S and Fe-P
bonding (Figure 2.2.6¢). Quantitative XPS analysis revealed that the ratio of Fe-S: Fe—P
is approximately 1:3 (Table 2.2.1), which agrees well with the EDX result (Figure 2.2.4).
Additionally, the electronic structures of Ni in all samples were also investigated by XPS.
For the Ni2ps2 XPS spectrum of NiFeS (Figure 2.2.7a), the two peaks at 852.6 and 856.0
eV originate from metallic Ni and Ni?* species, respectively, while the signal centered at
862.0 eV is assigned to the satellite peak [35]. For the NiFeP and NiFeSP electrodes
(Figures 2.2.7b and 2.2.7c), a new peak that is ascribed to Ni-P bonding appears at
853.3 eV, which arises from the phosphorization process [5, 45]. It is noted that the Ni—P

peak shows a significantly higher signal compared to the Ni?* and the satellite, indicating
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that phosphorization substantially reduced the amount of oxide/sulfide on the electrode
surface. This was confirmed by XPS quantitative analysis of the NiFeSP electrode,

where the ratio of Ni-S component over Ni—P component is close to 1:3, consistent with
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the above XPS (based on S2p and P2p spectra) and EDX analyses (Figure 2.2.4).

a

Intensity / a.u.

INiFeS
FeG+
711.3 eV Fe®
Satellite 709.9 eV
713.2 eV

b |NiFeP

Intensity / a.u.

Fe-P
707.1 eV

Intensity / a.u.

NiFeSP

718 716 714 712 710 708 706 704
Binding Energy / eV

T T T T T T T T
718 716 714 712 710 708 706 704

Binding Energy / eV

718 716 714 712 710 708 706 704
Binding Energy / eV

Figure 2.2.6 High-solution Fe2ps, XPS spectra of the a) NiFeS b) NiFeP and c) NiFeSP electrodes.

Intensity / a.u.

NiFeS N S b [NiFeP c |[NiFesP
856.0ev
o 3 2
Satellite o 5 © 5 ©
862.0 eV = © g 3 o
o - 0 -~ ©
= 2 o 2 o
X} a - @ oy
2 g s s “
E E
6 850 865 6 850 865 860 855 850

865

860 855
Binding Energy / eV

860 855
Binding Energy / eV

Binding Energy / eV

Figure 2.2.7 High-solution Ni2ps;, XPS spectra of the a) NiFeS b) NiFeP and c) NiFeSP electrodes.

Table 2.2.1. Fitting results of the Fe2pz, and Ni2ps, XPS spectra of the prepared self-supported electrodes.

Fe2ps Ni2ps.2

NiFeS

BE (eV) 707.5 709.9 711.3 713.2 852.6 856.0 862.0
Area (%) 19.3 28.8 31.6 20.3 8.7 67.6 23.7
Species Fe-S Fe2* Fe3*  satellite Ni® Ni*  satellite

NiFeP

BE (eV) 707 .1 709.9 711.3 7141 853.3 855.9 860.8
Area (%) 18.3 214 44.6 15.7 73.0 19.0 8.0
Species Fe-P Fe2* Fe3* satelite  Ni-P Ni2*  satellite

NiFeSP
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BE (eV) 707.3 710.2 711.6 713.3 853.3 855.8 860.7
Area (%) 24.2 14.0 37.7 24 1 62.9 25.2 11.9
Species lI::Z_—ISD/ Fe? Fe3* satellte Ni-P Ni¢*  satellite

Furthermore, X-ray absorption spectroscopy (XAS) at the Fe and Ni K-edges was
conducted to investigate the local electronic and structural properties of the prepared
NiFeSP and other reference electrodes around the metal centers. The Fe and Ni K-edge
X-ray absorption near-edge structure (XANES) spectra are reported in Figure 2.2.8a,c.
Having the XAS spectra bulk sensitivity in the investigated energy ranges, the reported
signals corresponds to the overlap of the NiFe foam and (Ni,Fe)sSsand/or NiFeP phases,
together with other eventual amorphous contributions. Both the Ni and Fe K-edge
XANES of NiFeSP are globally close to that of NiFeP, consistent with conclusions from
XPS and EDX analysis were P dominates S as the principal ligand. More in details, all
the XANES spectra present a weaker absorption feature located at lower energy, which
correspond to quadrupolar 1s — 3d transition, where the metal 3d state are hybridized
with the ligand or metal p states, and stronger dipolar transitions (1s — 4p) at higher
energy (white-line). The quadrupolar pre-peak is expected more intense with increased
3d-4p orbital mixing resulting from an eventual broken centrosymmetric environment,

which can be related to defects/edge sites [33].
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Figure 2.2.8 Local electronic and structural analyses of the NiFeSP and other control electrodes. a) Fe and c¢) Ni K-edge
XANES spectra, and the corresponding (panels b and d) Fourier transforms of the k? weighted EXAFS oscillations in R-
space, for the NiFeS, NiFeP and NiFeSP electrodes (k-range from 2.8 to 11.5 with Hanning window). Cauchy Wavelet
EXAFS contour maps of metal foils and NiFeS, NiFeP and NiFeSP electrodes collected at the Fe e) and Ni f) K-edge,
respectively.
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The presence of metal-P instead of metal-S bonds seems to increase the feeling in
between the quadrupolar pre-peak and the white-line gap, both for the Fe and Ni K-edge
XANES spectra, suggesting a variation of the 3d-p mixing, and rearrangement of the 3d
electrons or intra-site quadrupolar excitations by changing the ligand. In particular, the
evident increase in intensity of the Ni K-edge absorption pre-peak for the NiFeP and
NiFePS electrodes suggests an increase of vacancies around the Ni site in these
systems respect the NiFeS counterpart. At higher energies, in average, a transfer of
spectral weight from lower to higher energies seems the signature of the metal-S bonds.
Globally, the position of the Fe K rising edge indicate that the Fe oxidation state is close
to 2+ in all the systems, while the Ni center seems closer to an averaged monovalent
state. Moreover, the Ni K-edge white-line shift toward higher energy for the NiFeS and
even more for the NiFeSP electrode, compatibly with an increase of the Ni oxidations
state. This suggest a more reduced environment in NiFeSP, accompanied by under-

coordinated Ni sites.

The XANES results are supported by the Fourier transform (FT) of the k?-weighted
extended X-ray absorption fine structure (EXAFS) region collected at the Fe and Ni K-
edge and reported in Figure 2.2.8b,d. At both edges two main features appear at around
1.7 and 2.1 A, corresponding to the M-S/P and M-M bonds (M = Fe, Ni). The intensity of
the feature at 2.1 A mainly corresponds to the NiFe foam contribution. As for the XANES
region, both edges the NiFeSP spectra approach that of NiFeP. Furthermore,
phosphorizations at both Ni and Fe seems to lead to higher disorder, ascribable to a
lower metal coordination number, as suggested by the decrease in the FT signal intensity

of the 1.7 A feature respect to the NiFeS electrode.

Additional insight is offered by inspection of the Cauchy wavelet transforms (WT)
which allows deconvolution of the EXAFS signal based on both bond distance and the
speciation of the scattering atoms. It is interesting then to note, that comparison to Fe
and Ni foil spectra, showing a main contribution around 2.2 A and 8 A in R and k space,
respectively, confirms the presence of various degrees of metal-metal interactions
presumably resulting from the residual NiFe foam (Figure 2.2.8e,f). Patterns similar to
the metallic foils are particularly evident at the Ni K-edge and for samples containing
phosphide, in agreement with the XRD data, showing a typical higher residual NiFe foam
fraction for such electrodes. Moreover, the samples exhibit a pronounced feature at ~1.9
- 2.0 Ain r-space with a maximum at 5 A in k-space consistent with the presence of M-
S and/or M-P bonds. Finally, a weaker signal at ~1.4 A in r-space centered at a k of 4 A-

1, indicate the presence of a minority fraction of M-O bonds as also suggested by XPS
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data. These comprehensive atomic structure analyses indicate that the phosphorization
of NiFeS electrodes notably changed the coordination environment of Ni/Fe atoms and
accordingly altered the electronic structure of NiFeSP. As will be discussed below, the

under-coordinated metal helps enhance the electrocatalytic performance for water
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Figure 2.2.9 Electrocatalytic performance of NiFeSP and other control electrodes for OER, HER and OSWE.
Polarization curves of the a) OER and b) HER, recorded at 5 mV s. ¢) Comparison of OER and HER overpotentials at
10 mA cm? of various bifunctional electrocatalysts. d) Polarization curves of the OSWE. Scan rate: 5 mV s. e)
Chronopotentiometric curves recorded at a constant current density of 500 mA cm toward OER and HER. The
electrolyte used in all measurements was in 1.0 M KOH + 0.5 M NacCl.
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Figure 2.2.10 a) Tafel plots, b) Nyquist plots, measured at 1.41 V vs. RHE, of the NiFeS, NiFeP and NiFeSP electrodes
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Figure 2.2.12 Electrochemical CV curves of a) NiFe foam, b) NiFeS, c) NiFeP and d) NiFeSP electrodes recorded at
diffrent scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s. e) Plots of the capacitive current density as a
funtion of the scan rate for all catalysts. f) ECSAs of all catalysts.
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Figure 2.2.13 Specific activity of NiFeSP and other control electrodes toward a) OER and b) HER.

The electrocatalytic activity of these self-supported electrodes toward the OER and
HER was firstly evaluated in a typical three-electrode configuration by linear sweep
voltammetry (LSV) in a simulated seawater solution (1.0 M KOH + 0.5 M NaCl). For OER
testing, all LSV curves were recorded by sweeping the potential negatively to avoid
possible overestimation of performance, which is particularly prominent for self-
supported electrodes. As shown in Figure 2.2.9a, the NiFeSP electrode exhibits
significantly enhanced OER activity compared to the NiFeS, NiFeP and bare NiFe foam
references. It needs low overpotentials () of 174, 212 and 260 mV to drive current
densities of 10, 100 and 500 mA cm?, lower than those of NiFeS (207, 258 and 321 mV),
NiFeP (198, 241 and 298 mV) and NiFe foam (222, 273 and 351 mV). The OER reaction
kinetics of all catalysts was studied by Tafel analysis (Figure 2.2.10a). The NiFeSP
electrode shows a Tafel slope (38.2 mV dec'), markedly smaller than NiFeS (50.7 mV
dec?), NiFeP (43.3 mV dec?) and NiFe foam (52.3 mV dec™), indicating that introducing
two p-block elements simultaneously in NiFe can accelerate the reaction kinetics. The
electrochemical impedance spectroscopy (EIS) measurements also confirmed the
efficient charge transfer of NiFeSP during the OER, as evidenced by its much smaller
charge transfer resistance (Rc) than that of other control electrodes (Figure 2.2.10b).
Furthermore, the catalytic activity of NiFeSP electrodes for the HER was evaluated in
the same electrolyte. As seen in Figure 2.2.9b, the NiFeSP electrode can deliver
geometric current densities of 10, 100 and 500 mA cm at low n values of 146, 276 and
380 mV, remarkably lower than NiFeS (228, 396 and 519 mV), NiFeP (147, 300 and 422
mV), and NiFe foam (302, 467 and 624 mV). Similarly, the NiFeSP electrode shows the
lowest Tafel slope and R value compared to other controls, indicating rapid catalytic
reaction kinetics (Figure 2.2.11). To further assess the intrinsic catalytic activity, the

electrochemically active surface area (ECSA) of all self-supported electrodes, which is
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proportional to the double-layer capacitance (Ca), was measured to calculate the specific
activity. The NiFeSP electrode was found to shows the highest ECSA value of 107.3 cm?,
implying that it has substantially more active sites exposed (Figure 2.2.12). Nevertheless,
the NiFeSP electrode still exhibits the largest specific activity for both OER and HER
activity (Figure 2.2.13), suggesting that the excellent catalytic performance observed in
NiFeSP is intrinsic, irrelevant to its large accessible surface area. It is also worth noting
that the NiFeSP electrode outperforms many other self-supported electrodes for OER
and HER (Figure 2.2.9c and Table 2.2.2), showing excellent bifunctionality [17, 47-58].
On this basis, we further tested the overall seawater water electrolysis (OSWE)
performance using two symmetric NiFeSP electrodes as the anode and cathode in
simulated seawater (i.e., 1.0 M KOH + 0.5 M NaCl). Our NiFeSP electrode pair can
deliver current densities of 10, 100 and 500 mA cm? at voltages of 1.494, 1.667 and
1.938 V, exhibiting the best OSWE performance (Figure 2.2.9d) and favorably
comparing to many other bifunctional electrodes reported recently in the literature (Table
2.2.3).

Table 2.2.2 Comparison of the OER and HER activity of the NiFeSP electrode to that of other recently reported bifunctional
OER/HER electrocatalysts measured in 1.0 M KOH.

OER HER
Catalytic electrode  overpotential@ overpotential@ Reference
jlo / mV le/ mV
NiFeSP 174 146 This work
: Adv. Mater. 2017, 29,
NiFe LDH-NS 210 300 1700017,
. Adv. Mater. 2019, 31,
CrFeNi—P/NCN 240 190 1900178,
Appl. Catal. B:
Fe-NisP4/NiFeOH 221 197 Environ. 2021, 291,
119987.
. ACS Catal. 2017, 7,
NiFeOF 295 253 8406-8412.
ACS Appl. Mater.
NiFe-NCs 271 197 Interfaces, 2017, 9,
41906-41915.
. Chem. Eng. J. 2021,
NiFe-LDH@CoSx 206 136 419, 129512,
Appl. Catal. B:
NizS:@MoS,/FeOOH 234 189 Environ. 2019, 244,

1004-1012.
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ChemElectroChem

(BO3)1.08-NiaSa 306 2170 2019, 6, 1443-1449.
. Small 2017, 13,
NisS2-NGQDs/NF 216 218 e,
J. Catal. 2019, 371,
CoPS 308 175 134
Angew. Chem. Int. Ed.
P-CoNizS. 282 135 2021, 60, 22885-
22891.
. Appl. Surf. Sci. 2018,
Mo-NisS 260 212 441, 1024-1033,
C00.5S0 58P0 296 141 ACS Nano 2017, 11,

11031.

Table 2.2.3 Comparison of the voltage needed to reach 10 mA cm for the bifunctional NiFeSP electrode pairs to that
achieved by other bifunctional electrode pairs reported in the literature (tested in 1.0 M KOH solution).

Bifunctional electrode pair Vo(l;t/a)tge Reference
NiFeSP 1.565 This work
NiC02Ss NW/NF 1.63 Adv. Funct. Mater. 2016, 26, 4661.
Exfoliated graphene-

NisSe2@C0sSs 1.62 Nano Lett. 2017, 17, 4202.
C00.9S0:58P0.42 1.59 ACS Nano 2017, 11, 11031.
EG/H-Coo.85Se|P 1.64 Adv. Mater. 2017, 29, 1701589.

Adv. Funct. Mater. 2017, 27,
Co(S0.22S€0.78)2||CO(S0.71S€0.29)2 1.63 1701008.
. Adv. Energy Mater. 2018, 8,
(COl-xN'x)(Sl-yPy)Z/G 165 1802319
CoPS 1.59 J. Catal. 2019, 371, 126.
Angew. Chem. Int. Ed. 2020, 59,
CoFeO@BP 1.58 21106.
Fe,CoPSs 159 Int. J. Hydrogen Energy 2021, 46,
3354.
Fe-Ni,P@PC/Cu,S 1.62 Nano Energy 2021, 84, 105861.
i Appl. Catal. B Environ. 2019, 259,
Ni/NiCoP 1.57 118039,
: Adv. Funct. Mater. 27 (2017)
CoxNiyP 1.59 1703455,

NiFeS-2 1.64 Small 2017, 13, 1700610.
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Ni/Mo2C-PC 1.66 Chem. Sci. 2017, 8, 968-973.
NiSe nanowire film 1.63 Angew. Chgg})llgg;d 2015, 54,
NiFe LDH@NiCoP 1.57 Adv. Funclt%g/'Gaéj;_zow’ 28,

FeNi-P 157 ACS SustaiGn,a;)éiggg‘lmé.Eng. 2018,

Long-term catalytic durability is of particular importance to practical seawater
electrolysis. The durability of the NiFeSP electrode toward OER and HER was evaluated
by chronopotentiometry in the saline electrolyte at 500 mA cm2, a current density
sufficiently high for practical applications. As shown in Figure 2.2.9e, the NiFeSP
electrode is able to continuously catalyze OER and HER at such a high current density
for 1000 h with minimal degradation. We believe that the excellent long-term durability
may, on one hand, originate from the improved corrosion resistance and chemical
stability of sulfide/phosphide;[59, 60] on the other hand, be due to the fact that the
corrosive hypochlorite is not considerably evolved under 2 V. XPS was used to
investigate the surface chemistry after the OER and HER stability tests at a current
density of 500 mA cm for 10 h. XPS inspection revealed that after extended OER at a
high current density, signals arising from high oxidation state (i.e., Fe3* and Ni®*)
appeared (Figure 2.2.14), suggesting that NiFeSP was oxidized into Fe-/Ni-
oxyhydroxide under anodic OER conditions [32, 61]. No metal-S and metal-P bonding
could be detected anymore in the S2p and P2p XPS spectra, and there was only a weak
peak centered at 132.8 eV that can be attributed to PO4* species. This indicates that
substantial compositional change occurred during the OER, consistent with previous
reports [20, 62]. The formed phosphate and sulfate may help passivate electrode surface,
suppressing chemical dissolution in subsequent electrolysis [60, 63, 64]. Likewise, after
the HER, the metal-P bonding disappeared and the metal-S was significantly attenuated,
suggesting that surface re-construction happened as well in the strongly alkaline medium
under reductive HER conditions. This is further supported by a shift to higher energy after
OER/HER electrocatalysis in the XANES spectra at both the Fe and Ni K-edges. In
particular, the oxidation state in the post-OER electrode is higher in energy with a more
intense whiteline consistent with the formation of high valence metal-oxo species as
determined by XPS (Figure 2.2.15).
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Figure 2.2.14 High resolution XPS spectra of a) Fe2p, b) Ni2p, ¢) S2p and d) P2p of the NiFeSP electrode before and
after the HER and OER at a current density of 500 mA cm for 10 h in alkaline-saline solution.
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Figure 2.2.15 a) Fe and b) Ni K-edge XANES spectra of the NiFeSP electrode before and after the HER and OER at a
current density of 500 mA cm for 10 h in alkaline-saline solution.

In order to gain further insight into the catalytic mechanism of the NiFeSP electrode
toward HER and OER, DFT calculations were carried out using (Ni,Fe)sS. (311) and

NiFeP (111) as the model catalysts, given that they are prevail in the samples according

to our TEM observation. The NiFeSP model catalyst was constructed by interfacing
(Ni,Fe)sS4 (311) facet with NiFeP (111) facet (Figure 2.2.16c). To investigate how under-

coordination influences the catalytic performance, a model catalyst of NiFeSP containing

vacancy was also constructed (Figure 2.2.16d). We firstly calculated the density of
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states (DOS) of these model catalysts. As shown in Figure 2.2.17a, the total DOS of
NiFeS and NiFeP is non-zero at the Fermi level, suggesting that NiFeS and NiFeP are
metalloid in nature, which is conducive to rapid electron transfer in the electrocatalytic
process [65, 66]. Moreover, the DOS distribution shows a notable spin polarization, and
the DOS of all P-containing catalysts at the Fermi level mainly comes from the
contribution of spin-down electrons of Fe. This manifests that Fe element may play an
important role in charge transfer [66]. The charge density difference was further analyzed
for the heterostructured NiFeSP with and without vacancy, where more positive charges
are found to appear at Fe sites and electrons are enriched at Ni sites (Figures 2.2.17b
and 2.2.17c¢), in agreement with the DOS results. This further proves that Fe is more

prone to accepting electrons in the OER process, boosting the electrocatalytic activity.

a b

NiFeS NiFeP

C NiFeSP d NiFesp with vacanc

Figure 2.2.16 Optimized model catalysts. a) (Ni,Fe);S, (311), b) NiFeP (111), c) (Ni,Fe)s;S, (311)/NiFeP (111)
heterostructure, and d) (Ni,Fe)sS4 (311)/NiFeP (111) heterostructure with vacancy (marked by green dash circle).. The
gray, wine, red and pink spheres represent Ni, Fe, S and P atoms, respectively.
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Figure 2.2.17 Computational analyses of the NiFeSP electrode for OER and HER. a) Calculated DOS profiles; Charge
density difference of b) NiFeSP and c) NiFeSP with vacancy. The gray, wine, red and pink spheres represent Ni, Fe, S
and P atoms, respectively. The yellow and blue colors denote the accumulation and depletion of electrons. Gibbs free-
energy diagrams of d) OER and e) HER.

Furthermore, the Gibbs free energy diagrams of the OER for different model catalysts
were also calculated. The computation takes into account the Gibbs free energy of
intermediate adsorption in each step for both Fe sites and Ni sites. For P-containing
catalysts, the energy barrier to the rate-determining step (RDS) on Fe sites is similar to
or smaller than that on Ni sites (Figure 2.2.18), implying that Fe sites might be more
active. Therefore, the OER performance comparison is made based on the Fe site of
each model. While the NiFeS and NiFeP show a high energy barrier to the RDS (2.30
eV for NiFeS and 1.99 eV for NiFeP), the heterostructured NiFeSP exhibits a
substantially lower energy barrier of 1.14 V (Figure 2.2.17d), indicating that the formation
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of the heterojunction significantly improves the OER performance. Introducing vacancy
further helps decrease the barrier to 0.91 eV, demonstrating that the under-coordination
also boosts the intrinsic activity of OER, besides heterostructuring. Likewise, the Gibbs
free energy changes (AG) during the HER were investigated. It's known that the Gibbs
free energy (AGw+) of hydrogen adsorption is a primary descriptor of the HER activity.
The closer the value of |AGw| is to zero, the higher the activity [67, 68]. As displayed in
Figure 2.2.17e, the NiFeS and NiFeP show a |AGu+ value of 1.89 and 0.79 eV,
respectively. Upon heterostructuring NiFeS and NiFeP, the |AGy+ value is markedly
reduced to 0.52 eV. If vacancy (i.e., under-coordination) is introduced, then the |[AG:|
value can be further decreased to 0.27 eV. This indicates that both heterostructure and
under-coordination can help expedite the reaction process, resulting in a low
overpotential and facilitating H. evolution. Our DFT calculations unambiguously
demonstrate that both NiFeS/NiFeP heterostructuring and under-coordinated metal sites
substantially contribute to the OER and HER activity, thanks to the electron transfer from

Fe atoms to adjacent Ni atoms, resulting in favorable reaction pathways.
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Figure 2.2.18 Gibbs free energy diagrams of the OER pathways on different catalysts of a) NiFeS, b) NiFeP, c) NiFeSP,
and d) NiFeSP with vacancy. The free energy of both Fe site and Ni site are calculated.

Although the NiFeSP electrode demonstrated outstanding performance in OSWE,

further improvement in energy efficiency for H, production is still preferred. A promising
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means to such improvement is to substitute the energy-demanding OER with UOR, in
such a way that the total energy input can be reduced. To this end, we evaluated the
UOR performance of the self-supported NiFeSP electrode. As shown in Figure 2.2.19a,
the NiFeSP electrode can deliver geometric current densities of 10 and 500 mA cm2 at
potentials of 1.264 (E10) and 1.424 V (Esoo) Vs. RHE, respectively, better than NiFeS (Eio
= 1.303 V, Eseo = 1.476 V), NiFeP (E1o = 1.300, Eso = 1.458 V) and NiFe foam (Ei =
1.333 V, Eseo = 1.520 V), also outperforming most previously reported UOR
electrocatalysts (Table 2.2.4). Moreover, the NiFeSP exhibits a Tafel slope of 76.8 mV
dec? (Figure 2.2.19b), smaller than that of other reference electrodes, confirming that
the multi-step UOR occurs faster on the NiFeSP, which was also corroborated by the
EIS study (Figure 2.2.20). The presence of urea in the electrolyte negatively shifts the
polarization curve to a large extent (Figure 2.2.19¢), and the potential needed to afford
100 mA cm can be reduced by 116 mV. However, we found that the addition of urea
(0.5 M) did not influence the HER activity of the NiFeSP electrode in the alkaline-saline
electrolyte (Figure 2.2.21).
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Figure 2.2.19 Electrocatalytic UOR and OUSWE performance of the NiFeSP and other control electrodes. a) Polarization
curves and b) Tafel analysis of the UOR, recorded at a scan rate of 5mV s in 1.0 M KOH + 0.5 M NaCl + 0.5 M urea. c)
LSV curves of the NiFeSP electrode for UOR and OER. d) LSV curves of the OUSWE (i.e., UOR + HER) for different
electrodes, measured in 1.0 M KOH + 0.5 M NaCl + 0.5 M Urea. e) LSV curves of the OUSWE and OSWE of the NiFeSP
electrode, measured at 5 mV s, f) Comparison of the cell voltages of the NiFeSP at different current densities for OUSWE
and OSWE. g) Chronopotentiometric curves of the OSUWE and OSWE for the NiFeSP electrode pair, recorded at a
constant current density of 500 mA cm? in 1.0 M KOH + 0.5 M NaCl + 0.5 M Urea and 1.0 M KOH + 0.5 M NaCl,
respectively.
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Table 2.2.4 Comparison of the electrocatalytic UOR activity of the NiFeSP electrode to that of other representative
electrocatalysts reported recently, tested in 1.0 M KOH solution containing different concentrations of urea.

Urea

: E@J (V vs.
Catalyst/electrode contentra};uon RHE@mA cm?) Reference
(mol L™)
1.264@10
NiFeSP 0.5 This work
1.326@100
1.306@10 Angew. Chem. Int. Ed.
P-CoNi>S4 0.5 2021, 60, 22885—
1.367@100 228915.
- Angew. Chem. Int. Ed.
Metallic Ni(OH)2 0.33 1.42@10 2016, 55, 12465.
Angew. Chem. Int. Ed.
NF-MnO, 0.5 1.33@10 2016, 55, 3804
. i Energy Environ. Sci.
NF/NiMoO-Ar 0.5 1.37@10 2018, 11, 1890.
Adv. Energy Mater.
Co0S,2-MoS:; 0.5 1.29@10 2018, 8, 1801775,
1% Cu:a- J. Mater. Chem. A 2019,
Ni(OH)2/NF 033 1.405@100 7, 13577.
. Chem. Eng. J. 2020,
Ni-MOF-0.5 0.5 1.381@10 395, 125166.
MoS2/NizS2/NiFe- Int. J. Hydrogen Energy
LDH/NF 0.5 1.396@100 2020, 45, 23.
1.303@10 i
Mn-NisSz/NF-0.2 0.5 ACS Sustalnaple Srem.
1.397@100 ng. ' S :
MoP@NiCo- J. Mater. Chem. A 2020,
LDH/NF 0.5 1.392@100 8, 18106.
1.32@10
CoMn/COMN,04 05 Adv. Funct. Mater. 2020,
1.36@100 30, 2000556.
1.373@10
Ni/FeOOH 0.5 Chem'SgorlnLl";gg' 2020,
1.407@100 ’ :
. ) Appl. Catal. B: Environ.
Ni@NCNT-3 0.5 1.38@10 2021, 280, 119436.
Ni-WO, 0.33 1.40@100 Angew. Chem. Int. Ed.

2021, 60, 10577.
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Figure 2.2.20 Nyquist plots of different electrodes for the UOR, measured at 1.27 V vs. RHE.
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Figure 2.2.21 LSV curves of the NiFeSP electrode for the HER, recorded in 1.0 M KOH + 0.5 M NaCl with and without
urea.

Figure 2.2.19d compares the OUSWE performance of different electrodes. The
NiFeSP electrode still outperforms the NiFeS and NiFeP electrodes in the presence of
urea. Moreover, compared to the OSWE, the cell voltage needed at a given current
density is notably reduced for the OSUWE (Figure 2.2.19e), proving that the UOR can
help save energy for electrolysis and meanwhile avoid the formation of unfavorable
hypochlorite species. The NiFeSP electrode pair requires 1.667 and 1.938 V to deliver
100 and 500 mA cm2?, respectively, for the OUSWE, much lower than the voltages of
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1.771 and 2.225 V required to drive the same current densities for the OSWE (Figure
2.2.19f). Besides, the NiFeSP electrode pair also demonstrates excellent long-term
durability for the OUSWE, able to produce H, at 500 mA cm for at least 1000 h (Figure
2.2.199), at a cell voltage smaller than that is needed for OSWE. The gradual voltage
increase over time resulted from the consumption of urea during electrolysis, and the cell

voltage can be restored after replenishment of the electrolyte.
2.2.3 Conclusions

In summary, we fabricated self-supported NiFeSP nanotube array electrode by
hydrothermal sulfurization of commercially available NiFe foam and subsequent post-
phosphorization treatment. Advanced transmission electron microscopy and X-ray
absorption spectroscopy characterization confirmed that the NiFeSP nanotubes are
enriched with NiFeS/NiFeP heterointerfaces and under-coordinated metal sites. Thus-
fabricated electrode combines several merits including multiple metal/non-metal
components, 3D hierarchical architecture, and abundant heterointerfaces and under-
coordinated active sites, which can work in synergy boosting the electrocatalytic
performance. Consequently, the self-supported NiFeSP electrode shows a low
overpotential of 380 mV for HER and 260 mV for OER at a large industry-relevant current
density of 500 mA cm in alkaline-saline water solution. To prevent the interfering
chlorine evolution reaction from happening, we further substituted the OER with urea
oxidation reaction, which meanwhile lowers the need for overall energy input in alkaline-
saline water electrolysis. In this case, the bifunctional NiFeSP electrode, active for both
HER and UOR, can deliver 500 mA cm2 under a low cell voltage of 1.938 V, and more
impressively, survive for continuous electrolysis at such a high current density for 1000
hours without notable degradation. This work provides an effective strategy for the
design and synthesis of highly-active and stable catalytic electrodes for saline water
electrolysis, which will find applications in massive production of low-cost renewable

hydrogen.
2.2.4 Experimental section

Reagents: NiFe foam (110 PPI, 1 mm thick) was purchased from Heze Jiaotong Xinda
Import & Export Co., Ltd, China. Sulfur powders, sodium hypophosphite (NaH»PO3),
absolute ethanol, urea, sodium chloride (NaCl), potassium hydroxide (KOH) and
hydrochloric acid (HCI) were all purchased from Sigma-Aldrich. Ethylenediamine was
acquired from Fluka Analytical. All reagents were used as received without further

purification.
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Synthesis of self-supported NiFeS electrodes: Before usage, the NiFe foam was
ultrasonically cleaned in 3 M HCI, deionized (DI) water and ethanol to remove inorganic
and organic impurities from the surface. 128 mg of sulfur powders were dissolved into a
mixture of ethanol and ethylenediamine (v/v = 1:1) under continuous magnetic stirring
until a homogeneous solution was obtained. Afterward, the solution was transferred into
a Teflon-lined stainless-steel reactor. After putting a piece of pretreated NiFe foam, the
reactor was sealed and maintained at 180 °C in an oven for 12 h. After naturally cooled
down to room temperature, the foam was washed thoroughly with DI water and then

dried in an oven at 60 °C.

Synthesis of self-supported NiFeP electrodes: The NiFeP electrode was synthesized
by a one-step phosphorization method reported in our previous work [62, 69]. Typically,
the pretreated NiFe foam was loaded in a ceramic boat, and 1.0 g of NaH,PO, powders
was placed 2 cm away from the foam at the upstream side. Subsequently, the furnace
was purged with high-purity N2 (99.9995%) for 1 h to get rid of air, heated to 300 °C at a
ramping rate of 5 °C min', and held at this temperature for 2 h. Finally, the furnace was

naturally cooled down to room temperature.

Synthesis of self-supported NiFeSP electrodes: The NiFeSP electrode was prepared
by hydrothermal sulfurization of the NiFe foam, followed by a phosphorization process.
In brief, the obtained NiFeS electrode was phosphorized at 300°C for 2 h in a tube
furnace, as mentioned before, using NaH,PO- as the source of phosphorus. A high-purity

N flow was maintained during the whole process.

Materials characterization: Powder XRD examinations were conducted on a X'Pert
PRO diffractometer (PANalytical) working at 45 kV and 40 mA with Cu Kq radiation (A =
1.541874 A) and a PIXcel detector. Data were collected with the Bragg-Brentano
configuration in the 26 range of 30° — 80° at a scan speed of 0.01° s*. The morphology
and microstructure of NiFeSP electrodes were characterized by scanning electron
microscopy (SEM, FEI Quanta 650 FEG microscope equipped with an INCA 350
spectrometer) and transmission electron microscopy (TEM, FEI ChemiSTEM 80-200,
probe corrected). XPS characterization was performed on an ESCALAB 250Xi
instrument with an Mg Kq X-ray source (1253.6 eV). The X-ray absorption spectroscopy
(XAS) was conducted at the BL22-CLAESS beamline, ALBA Synchrotron (Barcelona,
Spain) [70]. The NiFeSP NTs were scratched off the NiFe foam support, mixed with
cellulose, and mechanically pressed into solid pellets. Data were acquired at room

temperature using a Silll double crystal monochromator. Fe and Ni K-edge spectra
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were collected in transmission mode. Several repeats were made before recording the
spectra to ensure reproducibility and statistics. The averaged spectra were treated with
the Athena software package [71]. The energy scale was calibrated by setting the first
inflection point of Fe foil to 7112 eV in the case of Fe data and to the first inflection point
of Ni foil taken as 8333 eV for Ni data.

DFT calculations: The spin-polarized DFT calculations were performed using Vienna
Ab-initio Simulation Package (VASP) with the projector augmented wave (PAW)
pseudopotential and Perdew-Burke-Ernzerhof (PBE) functional [72-74]. The energy
cutoff was set to 450 eV, and the atomic positions were allowed to relax until the energy
and force were less than 10° eV and 102 eV A?l, respectively. The slab lattice
parameters of the FeNiS (311) model catalyst are a = 13.41 A and b = 6.70 A, and those
of the FeNiP (111) model catalyst are a = 14.83 A and b = 6.63 A. The FeNiS (311) —
FeNiP (111) heterostructure was constructed and optimized by adjusting the
arrangement between two surfaces. Vacuum space above all surfaces was kept to >10
A. The Brillouin zone was sampled using 3 x 5 x 1 and 9 x 15 x 1 Monkhorst-Pack k-
point grid for structure optimization and electronic property calculation, respectively.

Vaspkit was used for data processing [75].

The HER proceeds through the two-electron pathway with the following reaction steps:
M+ + H* + e — H* (1)
H*+H*+e” — Hz (g) + M* (2

where M’ represents the active site, and H- is the hydrogen intermediate adsorbed on
the active sites during the HER. The adsorption energy was calculated according to the

following equation:
Gad = Gsys — Gsur — Gspe (3)

where Gad, Gsys, Gsur and Gspe denote the adsorption free energy, the free energy of the
adsorption system, the free energy of a clean surface and the free energy of the isolated

adsorption species, respectively.

The overall OER process includes five steps:

H.O (aq) + M* — H,O* (4)
H,O* + OH™ — OH" + H,O (1) + e~ (5)

OH" "+ OH - O"+ HO (I) + e~ (6)
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O +OH — OOH" +e" (7)
OOH"+ OH™ —» M"+ O, (g) + H20 (I) + e~ (8)

where M* represents the active site, and H,O*, OH*, O*, and OOH* are the intermediates
adsorbed on the active sites during the OER. The Gibbs free energy changes of these
steps were calculated as follows [76]:

AG; = G(H20%) — G(*) — G(H20) 9)
AG;= G(OH*) — G(H,0*) + ¥ G(H2(g)) — |e]U — 0.059 x pH (10)
AGs = G(0*) — G(OH*) + % G(H2(g)) — |e|U — 0.059 x pH (11)

AG4 = G(OOH*) — G(O*) — G(H20) + % G(Ha(g)) — [e]U — 0.059 x pH  (12)

AGs = G(*) + G(02(g)) — G(OOH*) + ¥2 G(H2(g)) — |e|]U — 0.059 x pH  (13)

All Gibbs free energy in reactions were calculated under zero potential as follows:
G=E+ZPE-TS (14)

where E is the intermediate energy obtained from DFT calculations, ZPE represents the
zero point energy, T stands for the reaction temperature which is considered to be 300
K, and S denotes the entropy. For reaction steps that involved H* and e, the
computational hydrogen electrode model developed by Ngrskov et al. was used [76, 77].
All Gibbs free energy analysis was performed under standard conditions (pH=0,
298.15K, 1 atm).

Electrode preparation and electrocatalytic tests. Half-cell electrocatalytic tests were
carried out in a three-electrode configuration at room temperature using a Biologic VMP-
3 potentiostat/galvanostat. For HER, OER and UOR tests, the as-synthesized NiFeSP
electrode, a saturated calomel electrode (SCE), and a graphite rod were employed as
the working, reference, and counter electrodes, respectively. The SCE reference was
calibrated before each measurement in the H»-saturated 0.5 M H>SO, solution using a
clean Pt wire as the working electrode. All potentials in this work were converted to the

reversible hydrogen electrode (RHE) scale according to the following equation:
Erne = Esce + 0.059 x pH +0.241 (15)

The HER, OER and UOR measurements were further carried out in the simulated
seawater containing 1.0 M KOH + 0.5 M NaCl. For UOR tests, 0.5 M urea was dissolved

in the electrolyte. The apparent activity was assessed using cyclic voltammetry (CV) at
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a scan rate of 5 mV s, and an iR-correction (85%) was applied to compensate the
voltage drop between the reference and working electrodes, which was measured by a
single-point high-frequency impedance test. The reduction branch of the CV curves was
used for performance comparison of all catalysts. Electrochemical impedance
spectroscopy (EIS) measurements were conducted at —0.15 V vs. RHE for the HER,
1.27 V vs. RHE for the UOR and 1.41 V for the OER in the frequency range of 10°-0.01

Hz with a 10 mV sinusoidal perturbation.

The double layer capacitance (Cg) of catalysts was estimated by performing CV in
the potential range of 0.37 — 0.47 V vs. RHE (non-Faradaic potential range) at different
scan rates (v) of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s, followed by extracting
the slope from the resulting [ja-jc|/2 vs. v plots (ja and jc represent the anodic and cathodic
current density at —-0.42 V vs. RHE). The ECSAs were then calculated according to the

following equation [78]:
ECSA = Cq /0.04 mF cm? (16)

The stability of the NiFeSP electrodes was assessed at a constant current density of
500 mA cm for OER and UOR and -500 mA cm2 for HER. For full-cell tests, i.e., OSWE
and OUSWE, two symmetric self-supported NiFeSP electrodes were used as the anode

and the cathode, respectively.
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3.Ultrafine  oxygen-defective iridium oxide
nanoclusters for efficient and durable water
oxidation at high current densities in acidic
media

Abstract

Iridium oxide (IrO) is one of the best known electrocatalysts for the oxygen evolution
reaction (OER) taking place in a strongly acidic solution. IrO2 nanocatalysts with high
activity as well as long-term catalytic stability, particularly at high current densities, are
highly desirable for proton exchange membrane water electrolysis (PEMWE). Here, we
report a simple and cost-effective strategy for depositing ultrafine oxygen-defective IrOx
nanoclusters (1-2 nm) on a high-surface-area, acid-stable titanium current collector (H-
Ti@IrOy), through a repeated impregnation—annealing process. The high catalytically
active surface area resulting from the small size of IrOy and the preferable electronic
structure originating from the presence of oxygen defects enable the outstanding OER
performance of H-Ti@IrOx, with low overpotentials of 277 and 336 mV to deliver 10 and
200 mA cm™ in 0.5 M H,SO.. Moreover, H-Ti@IrOx also shows an intrinsic specific
activity of 0.04 mA cMmcaralyst 2 @and superior mass activity of 1500 A g;~* at an overpotential
of 350 mV. Comprehensive experimental studies and density functional theory
calculations confirm the important role of oxygen defects in the enhanced OER
performance. Remarkably, H-Ti@IrOx can continuously catalyze the OER in 0.5 M
H.SO,4 at 200 mA cm™ for 130 hours with minimal degradation, and with a higher IrOx
loading, it can sustain at such a high current density for over 500 hours without significant

performance decay, holding substantial promise for use in PEMWE.
3.1 Introduction

Developing electrochemical energy conversion devices, such as fuel cells and water
electrolyzers, is of paramount importance to the future energy sustainability and
environmental remediation [1]. Electrocatalytic water splitting has recently regained
considerable research interest as a sustainable and carbon-neutral approach to the
production of hydrogen (Hz) — a promising energy carrier that has the potential to replace

conventional fossil fuels [2-4]. In particular, proton exchange membrane water
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electrolysis (PEMWE) has shown significant advantages over the conventional alkaline
water electrolysis (AWE) technology, because PEMWE allows for higher energy
efficiency, production of purer Hz gas, compact system design, and dynamic flexibility of
operation [5-7]. However, the development of PEM electrolyzers is largely hindered by
the lack of highly active and stable electrocatalysts to efficiently catalyze the oxygen
evolution reaction (OER) in acidic solutions [8]. Up to now, iridium (Ir)-based materials
are the best known OER electrocatalysts with both high activity and reasonably good
stability in acidic media [8-13]. However, large-scale deployment of PEM electrolyzers is

restricted by the low earth abundance and high cost of iridium [10, 14-16].

To enable widespread deployment of PEM water electrolyzers, the OER catalytic
performance of Ir-based catalysts must be drastically improved and meanwhile the Ir
utilization should be kept as minimal as possible. To this end, much research effort has
been dedicated to nanostructuring Ir and doping Ir with non-precious transition metals,
aiming to enhance the intrinsic catalytic activity and to better utilize the precious Ir [17].
For example, nanoclusters of IrO—Ir and IrRu alloy [18, 19], bimetallic IrNi [20],
nanoporous [21] and ultra-small IrO, [22] have been reported to show good OER
performance in acid media, with a low overpotential to deliver the benchmark current
density of 10 mA cm[18-22]. In addition, a number of studies have shown that structural
defects have a significant impact on the electronic structure and surface properties of
catalysts, and intentional or accidental introduction of defects into catalysts may enhance
their catalytic activity, which has been verified in a few nonprecious metal based catalysts
[23, 24]. Recent studies have also demonstrated that non-stoichiometric and defective
oxygen in the lattice of iridium oxide or ruthenium oxide may markedly boost the intrinsic
activity of these catalysts for the OER [25-29]. This makes defect engineering a useful

strategy to enhance the catalytic activity.

While various strategies have been developed to improve the activity of Ir-based
catalysts, achieving long-term stability in strongly acidic media, particularly at a high
current density, remains a great challenge. The harsh, corrosive and oxidative
environment may give rise to dissolution and/or over-oxidation of catalytically active
species, leading to the rapid loss of OER catalytic activity [30-32]. For these reasons,
most Ir-based OER catalysts reported so far can only survive at a low current density
(typically <10 mA cm™) for a limited period of time (a few to tens of hours) [14, 15, 25-

29], which is far from what is required for practical industry-relevant PEMWE.
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Herein, we develop iridium oxide (IrOx) nanoclusters combining the advantages of an
ultrafine cluster size (1-2 nm), which leads to the exposure of a large active surface area,
and an oxygen-defective feature, which results in an electronic structure favorable for
the OER. By loading IrOx nanoclusters on hydrothermally treated high-surface-area
titanium foam (H-Ti foam), outstanding OER catalytic activity has been achieved in a
strongly acidic solution (i.e., 0.5 M H,S0O.), with low overpotentials (n) of 277 and 336
mV to deliver current densities of 10 and 200 mA cm™, respectively. Moreover, the
intimate contact between IrOx and H-Ti foam significantly stabilizes the IrOx nanocluster
catalysts. As a result, the H-Ti foam supported IrOx (H-Ti@IrOy) is able to continuously
catalyze the OER at a high current density of 200 mA cm=in 0.5 M H,SO, for 130 hours
without notable degradation. Moreover, density functional theory (DFT) calculations
confirm that the oxygen defects in IrOx result in a low binding energy of oxygenated
intermediates, especially of the oxygen atoms, leading to a markedly decreased energy

barrier to the catalytic reaction and thus higher OER performance in the IrOx.
3.2 Results and discussion

The H-Ti@IrOy catalyst was prepared by soaking H-Ti foam in 0.1 M aqueous solution
of IrCls for 30 min, followed by thermal annealing at 400 °C in air for 30 min. The IrOy
loading density can be adjusted by repeating the impregnation—annealing cycles. Using
a similar process, IrOx was also loaded on pristine Ti foam (P-Ti@IrOy) and a carbon

paper substrate (C@IrOy) for use as controls.

Hydrothermal treatment of Ti foam in high-concentration KOH solution (10 M) led to
the formation of a high density of cross-linked nanowires (NWs, 20-30 nm in diameter)
on the foam surface (Figure 3.1), which may significantly increase the number of sites
that can immobilize IrOx nanoclusters. The same morphology was observed as well on
hydrothermally treated Ti foam in a recent report [33]. According to the X-ray
diffractometry (XRD) examination results, only a very weak diffraction peak from
KHTi4O9-:0.5H,0 (PHT, ICDD no. 00-038-0173) was detected for H-Ti (Figure 3.1a),
besides those from metallic Ti (ICDD no. 04-015-0276). This indicates that the formed
PHT NWs have poor crystallinity. Furthermore, the formation of KHTi4Og-0.5H,O was
confirmed by Raman spectroscopy (Figure 3.2a), where the Raman peaks at 200, 280,
440, and 650 cm™ can be well assigned to the Ti-OH vibration in KHTi,Og-0.5H,0 [34,
35].
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Figure 3.1 a) XRD patterns of P-Ti foam and H-Ti foam. SEM images of b) P-Ti foam and c) H-Ti foam. d) TEM image of
H-Ti foam. PHT nanowires were obtained upon the hydrothermal treatment.

Figure 3.2b shows the XRD patterns of the as-prepared H-Ti@IrOy catalyst and the
control samples of C@IrOx and P-Ti@IrOx. No diffraction peaks from IrO, can be
resolved for H-Ti@IrOx and P-Ti@IrOy, suggesting that the deposited iridium oxide may
either be poorly crystallized or consist of tiny crystallites that significantly widen the

diffraction peaks.

The morphology and microstructure of H-Ti@IrOy catalysts were further examined by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Loading IrOx nanoclusters on H-Ti foam did not markedly alter its morphology, as
revealed by SEM examination (Figure 3.3). Figure 3.2c shows a representative low-
magnification TEM image of PHT NWs loaded with IrOy catalysts, where a high density
of nanoclusters are found to distribute on the surface of NWs (representative
nanoclusters marked with yellow circles). These nanoclusters have a typical size of 1-2
nm and are crystallized, as shown in the high resolution TEM (HRTEM) image in Figure
3.2d. The measured lattice fringe of 0.258 nm corresponds to the (101) crystal planes of
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tetragonal IrO, (ICDD no. 00-015-0870). The crystal structure of nanoclusters was further
examined in the high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) mode, where a dense distribution of nanoclusters on the NW surface
can be distinguished more clearly (Figure 3.2e-f). The atomic-resolution HAADF-STEM
imaging (Figure 3.29) confirmed that the lattice of hanoclusters matches well the atomic
model of tetragonal IrO; with defective oxygen, viewed along the [100] direction (Figure
3.2h), which can be further corroborated by the fast Fourier transformation electron

diffraction (FFT-ED) analyses (Figure 3.2g, inset). Furthermore, STEM elemental

mapping (Figure 3.2i) illustrated that Ir covers on the PHT NWs with a very high density.
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Figure 3.2 a) Raman spectra of H-Ti foam and P-Ti foam. b) XRD patterns of H-Ti@IrOx, P-Ti@IrOx, and C@IrOx. )
Bright-field TEM image and d) HRTEM image of H-Ti@IrOx. €) Low-magnification and f) high-magnification HAADF-STEM
image of IrOx catalysts. g) Atomic-resolution STEM image of an individual IrOx nanocluster. Inset: the corresponding FFT-
ED pattern. h) Schematic illustration of the crystal structure in g). Yellow and red spheres represent Ir and O atoms,
respectively. i) HAADF-STEM image and the corresponding elemental maps of Ir, Ti and O.
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Figure 3.3 SEM image of H-Ti@IrO catalysts.

We also examined the crystal structure and morphology of H-Ti@IrOx with different
IrOx loading densities. No XRD peaks from any polymorph of iridium oxides were
detected even if the loading density was increased to 0.6 mg cm=2 (Figure 3.4). Moreover,
the morphology did not change as the loading density varied (Figure 3.5). Furthermore,
we investigated the microstructure of IrOy clusters deposited on the P-Ti foam and carbon
paper substrate. In P-Ti@IrOx, IrOx exhibits the same tetragonal crystal structure, but
has a bigger cluster size and broader size distribution (4-10 nm, Figure 3.6); while for
C@IrOy, the deposited IrOy is interconnected forming a porous structure where the size
of ligaments falls in the range of 2-3 nm (Figure 3.7), similar to the morphology of cluster
beam deposited Ru clusters we reported previously [36]. This suggests that both the size
and uniformity of the deposited IrOx nanoclusters are influenced by the catalyst support.
When the H-Ti foam was immersed in IrCl; solution, Ir®* cations tended to bond with the
hydroxyl groups on the surface of PHT NWs via electrostatic interaction [34]. The
subsequent thermal annealing in air oxidized the chemisorbed iridium and immobilized
the formed IrOx nanoclusters on the H-Ti foam. Simultaneous nucleation at multiple sites
resulted in the formation of size-uniform ultrafine nanoclusters. A similar nucleation
process also happened on the oxidized carbon paper, where a large quantity of hydroxyl
functional groups exist on the surface [37, 38], leading to the formation of small IrOy
clusters. In contrast, the pristine P-Ti foam does not have as many oxyl or hydroxyl
groups on its surface as the H-Ti foam or carbon paper, and therefore, the IrOx deposited

on the P-Ti foam is larger in size and shows a wider size distribution.
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Figure 3.4 XRD patterns of H-Ti@Ir0,-0.13 mg cm2, H-Ti@Ir0,-0.35 mg cm2 and H-Ti@IrO,-0.60 mg cm2,

Pel

Figure 3.6 Morphology and microstructure characterization of P-Ti@IrO catalyst. a) SEM image. b) HAADF-STEM image.
Bottom left inset is the HRTEM image of individual IrOx nanoclusters, and the marked lattice fringe of 0.167 nm
corresponds to the (211) crystal planes of tetragonal IrO, (ICDD No. 00-015-0870). Upper left inset is a histogram

illustrating the size distribution of IrO, nanoclusters.
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Figure 3.7 Morphology and microstructure characterization of C@IrO,. a) SEM image. b) HAADF-STEM image. The
marked lattice fringe of 0.165 nm corresponds to the (211) crystal planes of tetragonal IrO, (ICDD No. 00-015-0870). Inset:
histogram illustrating the size distribution of ligaments.

We have investigated the surface chemical states of H-Ti@IrOy, P-Ti@IrOy, C@IrOy,
and commercial IrO, particles using X-ray photoelectron spectroscopy (XPS). The XPS
survey spectra confirm the presence of corresponding elements in each catalyst (Figure
3.8). Given that XPS allows the investigation of the local chemical (ionic) environment of
materials [39], it has been used to characterize the degree of oxygen deficiency and
related valence state change of metal cations in metal oxides [23, 24]. Figure 3.9 shows
the O 1s XPS spectra of H-Ti@IrOx and other control catalysts, which can be de-
convoluted into four components. The binding energy (BE) peak at ca. 529.8 eV (O1)
generally relates to metal-oxygen bonding, the BE peak at 531.4 eV (O3) can be
assigned to surface —OH groups, and the BE peak at 532.6 eV (0O4) is associated with
water [40]. In the literature, the BE peak centered around 530.4 eV (O2) has been
proposed to correlate with surface oxygen defects, reflecting the degree of oxygen
deficiency (i.e., the stoichiometry of oxygen with metal cations) [24, 25]. XPS quantitative
analysis manifests that the content of the surface defective oxygen is 37.0%, 34.4%,
28.5%, and 20.5% in H-Ti@IrOx, C@IrOx, P-Ti@IrOx, and commercial IrO, particles,
respectively (Table 3.1), indicating that the Ir/O stoichiometry in H-Ti@IrOx deviates
heavily from 1:2 and the IrOx nanoclusters in H-Ti@IrOy are severely oxygen-defective.
The high-resolution Ir 4f XPS spectra of all the catalysts are compared in Figure 3.10.
There exist two spin—orbit components in the spectra, corresponding to the Ir 4fs;, and Ir
4f7;, components, respectively, which can be further de-convoluted into nine components
characteristic of Ir'V, Ir'", Ir'V satellite 1, Ir'V satellite 2 and Ir'" satellite, respectively (Figure
3.10, Tables 3.2 and 3.3) [41, 42]. Notably, we found that the ratio of Ir'"/Ir'V increases

as the content of surface defective oxygen increases, following the order H-Ti@IrOx >
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C@IrOyx > P-Ti@IrOx > commercial IrO,, in consistence with the degree of oxygen
deficiency in these catalysts, which indicates that the Ir'' valence state correlates with

the O2 component in O 1s spectra. The Ir''" valence state likely results from the transfer

of electrons trapped at the oxygen-defective sites to Ir'V cations [41, 42].
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Figure 3.8 XPS survey spectra of H-Ti@IrOy, P-Ti@IrO4, C@IrOy, and commercial IrO, catalysts.
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Figure 3.9 O 1s spectra of a) H-Ti@IrOx, b) P-Ti@IrOx, c) C@IrO«, and d) commercial IrO, particles.

FCUP

125



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

Table 3.1 Fitting parameters of O1s spectra of H-Ti@IrOy, P-Ti@IrO,, C@IrO,, commercial IrO,, H-Ti@IrOy-air-0.5 h and
H-Ti@IrOx-air-5 h.

o1 02 03 o4

H-Ti@IrOy

BE (eV) 529.8 530.4 531.4 532.7

Area (%) 33.0 37.0 18.5 11.5
FWHM (eV) 11 19 15 19
P-Ti@IrOx

BE (eV) 529.8 530.4 531.4 532.6

Area (%) 40.1 28.5 17.7 13.7
FWHM (eV) 1.0 19 19 2.1

C@IrOx

BE (eV) 529.8 530.4 531.4 532.6

Area (%) 15.4 34.4 25.1 25.1
FWHM (eV) 0.9 1.9 2.4 2.4

Commercial IrO>

BE (eV) 529.8 530.5 531.4 532.6

Area (%) 455 20.5 14.5 19.5
FWHM (eV) 0.8 1.4 1.7 2.9

H-Ti@IrOx-air-0.5 h

BE (eV) 529.8 530.3 531.3 532.3

Area (%) 28.3 32.6 18.2 20.9
FWHM (eV) 1.3 2.0 1.4 2.0

H-Ti@IrOx-air-5 h

BE (eV) 529.8 530.3 531.3 5324

Area (%) 36.5 27.0 23.4 13.1
FWHM (eV) 1.2 1.2 19 25

BE: binding energy; FWHM: full width at half maximum.
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Figure 3.10 Ir 4f XPS spectrum of a) H-Ti@IrOy, b) P-Ti@IrOy, c) C@IrO and d) commercial IrO, catalysts. Blue and red
curves represent Ir'V and Ir', respectively; olive, wine and orange curves represent Ir'V satellite 1, satellite 2 and Ir'"" satellite,

respectively.

Table 3.2 Fitting parameters of Ir 4f spectra of H-Ti@IrOy, P-Ti@IrO,, C@IrOy, commercial IrO,, H-Ti@IrOy-air-0.5 h and

H-Ti@IrO-air-5 h.

Catalysts

Content of Ir species (%)

Ir3* [re*

H-Ti@IrOx 56.4 43.6
P-Ti@IrOx 45.1 54.9
C@IrOy 53.2 46.8
Commercial IrO- 36.8 63.2
H-Ti@IrOx-air-0.5 h 48.2 51.8
H-Ti@IrOx-air-5 h 40.8 59.2

Table 3.3 Fitting parameters of Ir 4f spectra of H-Ti@IrOy, P-Ti@IrO,, C@IrOy, commercial IrO,, H-Ti@IrOy-air-0.5 h and

H-Ti@IrO-air-5 h.

Irdfy,  Irdfsp  Irdfs, Irdfsn  Ir fsp
Irr:],c\zlz Irﬁr\?’z IrVsat IrVsat Ir'Vsat Irﬁfﬁlz Irﬁfﬁ”z Ir'sat Ir™
1 1 2 1 sat 1

H-Ti@IrOx
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BE: binding energy; FWHM: full width at half maximum.
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The OER activity of H-Ti@IrOy with different IrOx loading densities was first assessed
at room temperature in 0.5 M H,SO4 (pH = 0.3), and H-Ti@IrOx loaded with 0.25 mg cm™2
IrOx was found to outperform all others under the same testing conditions in terms of not
only the apparent catalytic activity but also the Ir-mass based activity and the intrinsic
specific activity obtained through normalizing the catalytic current with the
electrocatalytically active surface area, i.e., ECSA (Figures 3.11-13). Therefore, the H-
Ti@IrOx-0.25 mg cm=2 sample (denoted as H-Ti@IrOx for simplicity hereafter) was used

in further investigation and comparison with other control catalysts.
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Figure 3.11 a) iR-corrected polarization curves and b) mass activity of H-Ti@IrOx with different IrO, loading densities,
recorded at a scan rates of 5 mV s™. The H-Ti@IrO-0.25 mg cm? (denoted as H-Ti@IrOy in the main text for simplicity)
shows the best apparent and mass activities and therefore was used in further investigation and the comparison with
other control catalysts.

a 154 100+ " 2
H-TI@Ir0,-0.13 mg cm* b H-TI@Ir0,0.26 mg cm® C H-TI@Ir0,-0.36 mg om
= 0] P | "
104 / / / e /_—_d
504
204
54
< < <
E
:E- § 04 E 0+
B g 3
E £ = 5
o
© 54 O 204 5]
e ————
e —
10 \w/ 40
06 07 08 09 10 P 06 01 08 Y 0 " 08 o7 08 03 " 11
Potential / V vs RHE Potential / V vs RHE Potential / V vs RHE
d = H-TI@Ir0 -0.60 mg cm* € '°7a HTi@Iro0.13 mg cm* . | g

* H-Ti@Ir0,-0.25 mg cm™

- 8044 H-Ti@Ir0 -0.35 mg cm®
100+ v HTI@Ir0,0.60 mg cm* >
ol 60 v
0

-50
204
-100
= ____.__.__._4——**"—_.——
20 0 60 8 100

T T T T J
08 o7 08 09 10 14
Potential / V vs RHE Scan rate /mV s’

:

:

°
®
h H-Ti@Ir0,-0.13 mg cm™*

Current / mA
)2 1 mA
ECSA/cm®
H-TI@Ir0 -0.35 mg cmi
H-Ti@Ir0_-0.60 mg cm™

:

I H-T@1r0,-0.25 mg cm”

Figure 3.12 Electrochemical CV curves of a) H-Ti@Ir0,-0.13 mg cm™, b) H-Ti@1r0,-0.25 mg cm™?, ¢) H-Ti@Ir0,-0.35 mg
cm? and d) H-Ti@Ir0,-0.60 mg cm, recorded at different scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s
1, e) Plots of the capacitive currents as a function of the scan rate for all the catalysts. f) ECSA of all the catalysts.
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Figure 3.13 Specific activity H-Ti@IrO, with different IrO, loading densities, recorded at a scan rates of 5 mV s,

Figure 3.14a shows the polarization curves of H-Ti@IrOx and control catalysts
including P-Ti@IrOy, C@IrOx, and commercial IrO2, which were recorded in 0.5 M H,SO,
at a scan rate of 5 mV s™. The H-Ti foam subjected to thermal annealing treatment the
same as that for preparing H-Ti@IrOx does not show appreciable anodic current density
(Figure 3.15). Upon loading IrOy, the OER catalytic current density of H-Ti@IrOy is
significantly enhanced. The H-Ti@IrOx can deliver geometric current densities of 10, 100,
and 200 mA cmgeo? at low overpotentials (n) of 277, 318 and 336 mV, respectively
(Figure 3.14a), remarkably lower than those of P-Ti@IrOx (n10 = 343 mV), C@IrOx (N0
= 328 mV), and commercial IrO2 (n10 = 556 mV), even if the loading densities of iridium
oxide are similar to or lower than these control catalysts (0.39 mg cm~2 for P-Ti@IrOx,

0.24 mg cm~2 for C@IrOy, and 0.39 mg cm2 for commercial IrO, particles).

To assess the intrinsic catalytic performance, the ECSA-normalized specific activities
of H-Ti@IrOx and other control catalysts, which reflect the reactivity of each active site,
were calculated and compared. The ECSA was obtained by cyclic voltammetry
measurements in the non-faradaic potential region (see Experimental details), and it
shows the following order: H-Ti@IrOx (7086 CMcataysi?) > C@IrOx (828 CMcataysi?) > P-
Ti@IrOx (357 CMcatalyst®) > commercial IrO2 (37 CMeatayst®), as revealed in Figure 3.16. The
exceptionally high ECSA of H-Ti@IrOx may result, on the one hand, from the ultra-small
size feature of IrOx nanoclusters and ultra-high specific surface area of the PHT NW
support, and on the other hand, likely from the high number of oxygen defects in H-
Ti@IrOy [23]. Despite the exceptionally high surface area, after normalization the H-

Ti@IrOx catalyst still exhibits a higher specific activity, able to deliver 0.04 mA cMcataiyst 2
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atn=350mV (Figure 3.14b), 2.4, 2.0 and 6.5 times more active than P-Ti@IrOx, C@IrOy,

and commercial IrO2, respectively.
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Figure 3.14 OER performance of H-Ti@IrOx and other control catalysts. a) iR-corrected polarization curves of H-Ti@IrOx,
C@IrOy, P-Ti@IrOx and commercial IrO, catalysts, recorded at a scan rate of 5mV st in 0.5 M H,SO,. b) Specific activities
and c) mass activities of H-Ti@IrOx, C@IrOx, P-Ti@IrOx and commercial IrO, catalysts in 0.5 M H,SO,. d) Comparison of
the OER performance of H-Ti@IrOx catalysts to that of other state-of-the-art OER catalysts. e) iR-corrected polarization
curves of H-Ti@IrOx catalysts, recorded at a scan rate of 5 mV s™ in electrolytes with different pH values. f) Specific
activities of H-Ti@IrOx, H-Ti@IrOx-air-0.5 h and H-Ti@IrOx-air-5 h in 0.5 M H,SO,.
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Figure 3.15 iR-corrected polarization curve of the porous H-Ti foam after the annealing process, recorded in 0.5 M H,SO,
at a scan rate of 5 mV s,
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Figure 3.16 Electrochemical CV curves of a) commercial IrO,, b) P-Ti@IrOy, ¢) C@IrO and d) H-Ti@IrOy, recorded at
different scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s™. e) Plots of the capacitive currents as a function
of the scan rate for all the catalysts. f) ECSA of all the catalysts.

The mass activities of all catalysts, an important consideration for practical
applications, were also calculated and are compared in Figure 3.14c. The H-Ti@IrOy
catalyst outperforms all control catalysts, capable of delivering a mass activity as high as
1500 A gi ! at n = 350 mV, which is 20, 89 and 2041 higher than that of C@IrOx, P-
Ti@IrOx and commercial IrO2, respectively. The mass activity of H-Ti@IrOy is also higher
than that of commercial Ir-based catalysts from different industrial suppliers [43]. To
better reflect the utilization of precious Ir, the mass activity of H-Ti@IrOx at n = 300 mV

is further plotted against the apparent catalytic activity nso and compared to that of
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previously reported state-of-the-art Ir-based catalysts, as shown in Figure 3.14d. An
optimal catalyst should show both high apparent activity (i.e., low overpotential at a given
current density) and high mass activity, namely, utilization of the minimum possible
precious metal(s) without sacrificing the apparent catalytic current density (positioned in
the upper right region in Figure 3.14d) [14, 44]. In this respect, our H-Ti@IrOy catalyst
indeed outperforms many other Ir-based OER catalysts [12, 45-53], indicating that the Ir
in H-Ti@IrOy is optimally utilized.
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Figure 3.17 a) Tafel plots and b) Nyquist plots measured at 1.51 V vs. RHE of all catalysts.

The reaction kinetics of all catalysts was studied by Tafel analysis. As shown in Figure
3.17a, the H-Ti@IrOx catalyst exhibits a small Tafel slope of 29 mV dec™, which is
markedly smaller than that of C@IrOx (60 mV dec™), P-Ti@IrOx (60 mV dec™) and
commercial 1IrO, (85 mV dec™), indicating more favorable OER kinetics. The
electrochemical impedance spectroscopy (EIS) measurements also confirmed the fast
reaction rate of H-Ti@IrOx for the OER, as evidenced by its much smaller charge transfer
resistance (Rc) than that of other control catalysts (Figure 3.17b). It is hypothesized that
the oxygen defects might give rise to reactive oxygen species such as O'" reported by
Schloégl and co-workers [41, 42, 54], the electrophilic nature of which would help

accelerate the formation of the OOH intermediates, leading to fast OER kinetics [54].

Given the corrosive nature of strong acids, it is preferable to perform PEMWE in weak
acids or environmentally more friendly neutral media. However, developing OER
electrocatalysts active in weak acids and neutral solutions remains a great challenge [2].
We have tested the OER performance of H-Ti@IrOy in 0.05 M H,SO,4 and phosphate
buffered saline (PBS) solution (pH = 7.2), respectively. Interestingly, H-Ti@IrOy likewise
exhibits very good OER activity in these electrolytes (Figure 3.14e). For instance, it only

needs an overpotential of 414 mV to generate a high catalytic current density of 100 mA
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cm=2in 0.05 M H,SO.. Furthermore, in PBS electrolyte it can deliver 10 mA cm™ at a low
overpotential of 339 mV, showing substantial promise for use in PEMWE in neutral

solutions.

We hypothesize that the content of oxygen-defective sites in the H-Ti@IrOy catalysts
may play an important role in their outstanding OER performance. To validate this
hypothesis, we managed to anneal H-Ti@IrOx in air for 0.5 and 5 h (denoted as H-
Ti@IrOx-air-0.5 h and H-Ti@IrO«-air-5 h, respectively). XPS analyses proved that the
content of oxygen-defective sites was decreased to 32.6% and 27.0% for H-Ti@IrOx-air-
0.5 h and H-Ti@IrOx-air-5 h, respectively, from the initial 37.0%, and meanwhile, the ratio
of IM/IrVin the catalysts decreased accordingly (Figure 3.18, Tables 3.1 and 3.2).
Moreover, the ECSA of thermally annealed H-Ti@IrOx was remarkably reduced as well
(Figure 3.19a-c). Accordingly, the apparent catalytic activities of H-Ti@IrOx-air-0.5 h
and H-Ti@IrOx-air-5 h become poorer, and larger overpotentials of 372 and 381 mV are
needed to afford 100 mA cm™=2 for H-Ti@IrOx-air-0.5 h and H-Ti@IrO-air-5 h,
respectively (Figure 3.19d). Furthermore, the specific activity of H-Ti@IrOx becomes
deteriorated upon thermal annealing (Figure 3.14f), which suggests that the intrinsic
catalytic performance of H-Ti@IrOx is indeed closely related to the content of oxygen-

defective sites in IrOy.
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Figure 3.18 High resolution a, b) Ir 4f and c, d) O 1s spectra of H-Ti@IrOx-air-0.5 h and H-Ti@IrO-air-5 h. (Blue and red
curves represent Ir'V and Ir'", respectively; olive, wine and orange curves represent Ir'V satellite 1, satellite 2 and Ir'" satellite,
respectively.)
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Figure 3.19 Electrochemical CV curves of a) H-Ti@IrOx-air-0.5 h and b) H-Ti@IrO4-air-5 h, recorded at different scan
rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s* in the non-Faradaic potential region. c) ECSA of H-Ti@IrO,-air-
0.5 h and H-Ti@IrO-air-5 h. d) iR-corrected polarization curves of H-Ti@IrOy, H-Ti@IrOy-air-0.5 h and H-Ti@IrO-air-5 h,
recorded at a scan rates of 5 mV s

Density functional theory (DFT) calculations were performed to gain further insight
into the role of oxygen defects in promoting the OER performance. The (110) facet of the
tetragonal (rutile-phase) IrO, without (perfect IrO2, denoted as p-IrO2) and with oxygen
defects (i.e., IrOx) was used as a model surface, in accordance with the previous reports
[55-57]. Figure 3.20a shows the reaction steps during the OER with the related
oxygenated intermediates of OH*, O*, OOH* and OO*, based on the conventional
adsorbate evolution mechanism (AEM). To study how the number of oxygen defects
influences the catalytic performance, IrOx models with a single oxygen-defective site at
five possible sites (denoted as mono-IrOy, Figure 3.21) and with double oxygen-
defective sites at seven possible sites (denoted as bi-IrOy, Figure 3.22) were developed
and the thermodynamically most stable models were identified (Figures 3.21 and 3.22).
The OER Gibbs free energy diagrams of p-IrO2, mono-IrOx, and bi-IrOx were calculated
at a potential of U = 1.50 V based on the optimized models (Figure 3.20b-d). For p-IrO;
and mono-IrOy, the calculations reveal that the last elementary reaction step (OO* —
021 + *) is the rate determining step (RDS), and the energy barrier (2.23 eV) is
significantly higher for the Ir site in p-IrO. (labelled with a light blue circle in Figure 3.20b,

135


https://pubs.rsc.org/en/content/articlelanding/2020/TA/D0TA07093A#fig4
https://pubs.rsc.org/en/content/articlelanding/2020/TA/D0TA07093A#fig4
https://pubs.rsc.org/en/content/articlelanding/2020/TA/D0TA07093A#fig4

FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

inset) than that (1.21 eV) for the Ir site in mono-IrOy (labelled with a light blue circle in
Figure 3.20c, inset). This indicates that introducing an oxygen-defective site into IrOx
indeed decreases the energy barrier in the RDS and enhances the OER activity.
Interestingly, for bi-IrOx the RDS has been altered to the second elementary step (OH*
— O* + H* + e7) with a much lower energy barrier of 0.51 eV, suggesting that the OER
activity is further improved as the number of oxygen defects increases. The Gibbs energy
calculations agree well with the experimental observation where the intrinsic OER activity
increases with the increasing content of oxygen defects (Figures 3.14b and f). It is worth
noting that the same trend is also valid for the Gibbs free energy diagrams calculated at
U=1.23V (Figure 3.23).
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Figure 3.20 a) The proposed 4e~ OER mechanism in the present work. Calculated Gibbs free-energy diagrams for the
OER on b) p-IrO,, c) mono-IrOx and d) bi-IrOx at U = 1.50 V. The inset shows the corresponding calculation model of each
catalyst. The catalyst models of mono-IrOx and bi-IrOx are the optimized ones. e€) Net charge analysis of oxygen atoms
adsorbed on p-IrO; (left), mono-IrOx (middle) and bi-IrOx (right). f) The net charge relative to the Gibbs energy barrier of
the oxygen desorption step in p-IrO,, mono-IrOx and bi-IrOx. The yellow and red spheres represent Ir and O atoms,
respectively, in all models. The active site, oxygen-defective site and adsorbed oxygen atoms are labelled with light blue,
green, violet and navy circles in the each model used for calculation.
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Figure 3.23 Gibbs free-energy diagrams for the OER on a) p-IrO,, b) mono-IrO4 and c) bi-IrOy calculated at U = 1.23 V
based on the adsorbate evolution mechanism (AEM).

To further scrutinize the oxygen defect induced enhancement in OER performance,
the optimal adsorption structures of all reaction intermediates were identified and the
binding energy of the reaction intermediates to the model catalysts was calculated. As
shown in Figure 3.24a, all the reaction intermediates bind strongly to the p-IrO, surface,
which causes high energy barriers for the OER [55]. Incorporation of an oxygen-defective
site (i.e., mono-IrOy) weakens the binding of all intermediates to IrOyx, especially that of
the adsorbed oxygen atoms (Figure 3.24b), thus decreasing the energy barrier of the
RDS (OO* — Ot + *). Incorporating one more oxygen-defective site further reduces the
binding energy of OO*, and the oxygen desorption step is not the RDS any more in bi-
IrOyx; moreover, the energy barrier of the RDS in bi-IrOx markedly diminishes due to the
optimized adsorption of all reaction intermediates (Figure 3.24c). All these results
suggest that the enhanced OER performance could be largely attributed to the
decreased binding energy of reaction intermediates to the catalyst as the oxygen defects
are introduced.
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Figure 3.24 Optimized geometry of adsorption structure of OH, O, OOH and OO intermediates with the corresponding
binding energy on a) p-IrO, b) mono-IrO4 and c) bi-IrOy. Yellow, red and white spheres represent Ir, O and H atoms,
respectively.
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Furthermore, the net charge induced by the adsorbed oxygen atoms at the Ir site was
calculated and compared (Figure 3.20e). The net charge is —0.46 e in mono-IrOy, lower
than that of —0.50 e in p-IrO2, which implies that the oxygen adsorption is weakened
around the Ir site, and accordingly, the energy barrier of the RDS is reduced and the
OER performance is promoted (Figure 3.20f). The net charge further decreases to —0.23
e in bi-IrOy, and in this case, the oxygen molecule release step (OO* — O,1 + *) shows
an even lower energy barrier (Figure 3.20f). Meanwhile, the partial density of states
(PDOS) calculations reveal markedly reduced overlay of the Ir d-orbital and O p-orbital
in defect-rich catalysts (Figure 3.25), corroborating the decreased adsorption of oxygen

atoms in mono-IrOx and bi-IrOx.
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Figure 3.25 Calculated PDOS of a) p-IrO,, b) mono-IrOy and c) bi-IrOy after oxygen atoms adsorption. The yellow and red
spheres represent Ir and O atoms in all models. The active site and adsorbed oxygen atoms on the active site are labelled
by light blue and violet circles, respectively, in the each calculation model.
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Figure 3.26 Gibbs free-energy diagrams for the OER on a) p-IrO,, b) mono-IrO,and c) bi-IrO calculated at U = 1.50 V
based on the lattice oxygen mechanism (LOM).

While the above calculations are made based on the conventional adsorbate
evolution mechanism, it was recently reported that the lattice oxygen may also participate

in the OER generating oxygen through the lattice oxygen mechanism (LOM), especially
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in hydrous IrO«[10, 58, 59]. To assess to which degree the LOM would contribute to the
OER, we calculated the Gibbs free energy of reaction intermediates on p-IrO,, mono-
IrOy, and bi-IrOx based on the LOM at U = 1.50 V (see Experimental details) [60]. As
shown by the free energy diagrams (Figure 3.26), the energy barrier to overcome for the
O* + Ot — 021 + V, step (RDS) for all model catalysts via the LOM, where O and V,
represent the lattice oxygen and the oxygen vacancy (defect), respectively, is much
higher than that of the RDS of the catalysts via the AEM (Figures 3.20b-d), suggesting
that the desorption of the evolved oxygen from the catalyst lattice would be difficult and
the OER on our IrOx catalysts is unlikely to occur via the LOM. Our calculations are
consistent with the recent theoretical research on the AEM and LOM of IrO,, where
oxygen-defective IrO, is demonstrated to be less LOM active than RuO: [60]. In fact,
even for the previously reported electrodeposited hydrous IrOx where the LOM works
toward the OER, the contribution of oxygen evolution from the lattice oxygen is fairly
small, compared to the oxygen evolved through the AEM [58].

Overall, our DFT calculations are in good agreement with the experimental data of
OER tests (Figure 3.14), highlighting the prominent role of oxygen defects in the
improvement of OER catalytic performance by weakening the binding of all intermediates
to IrOy. This is also consistent with previous studies on IrOy [41, 42], in which “O holes”

are proposed to contribute to higher catalytic activity.
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Figure 3.27 a) Chronopotentiometric curves of H-Ti@IrOx and other control catalysts, recorded at a constant current
density of 200 mA cm™in 0.5 M H,SO,. The inset shows the zoomed in view of the initial 1.5 h. b) ICP analysis of the
dissolution of Ir and Ti in H-Ti@IrOx during the OER electrolysis at 200 mA cm™ after different time intervals. c) Low-
magnification TEM image and d) HRTEM image of H-Ti@IrOx after the extended stability test at 200 mA cm™2 for 130 h.
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Stability is a critically important indicator of electrocatalysts for practical applications
in water electrolyzers, especially in a strongly acidic environment. Many catalysts are
subjected to fast dissolution and/or loss of active phases under corrosive and highly
oxidative conditions, leading to poor stability of only a few hours [14, 15, 25-30, 57, 61].
We have examined the catalytic stability of H-Ti@IrOx and other control catalysts in 0.5
M H,SO. using chronopotentiometry (CP) at a large current density of 200 mA cm™
relevant to practical applications. As illustrated in Figure 3.27a, C@IrOx shows a gradual
degradation initially and a sharp increase in potential when the OER is going on for only
about 1.5 h (Figure 3.27a, inset). The failure might result from the significant corrosion
of the carbon paper during the OER at a high current density, which led to the
detachment of IrOy nanoclusters from the carbon microfiber surface. This was confirmed
by our energy-dispersive X-ray (EDX) spectroscopy, where it showed that ca. 82% of the
initial Ir loading is lost after the stability test in only a short period of time (i.e., 1.5 h,
Figure 3.28). The Ir loss can be suppressed in case IrOyx is loaded on a corrosion-
resistant, acid-stable support such as Ti foam, as verified by the stability test of P-
Ti@IrOx catalysts at 200 mA cm~2for 60 h, where only 55% of the initial Ir got lost in 60
h (Figure 3.29). Compared to C@IrOx and P-Ti@IrOy, the H-Ti@IrOx catalyst exhibited
superior stability and was able to sustain at 200 mA cm~2 for continuous OER electrolysis
of 130 h with minimal degradation. According to EDX analysis, merely 22% of the initial
Ir is lost in this case (Figure 3.30). Meanwhile, the Ir dissolution in the electrolyte was
monitored using inductively coupled plasma-optical emission spectroscopy (ICP-OES)
(Figure 3.27b), where we found an Ir loss of only 8.4% after the stability test. The
discrepancy in EDX and ICP results can be explained by the fact that some physically
detached yet undissolved IrOx nanoclusters cannot be detected by ICP [30]. We further
examined the microstructure of H-Ti@IrOx after the extended stability test at 200 mA
cm™2. Remarkably, a high density of uniformly distributed IrOx nanoclusters with sizes of
1-2 nm still remained on the surface of PHT NWs and remained crystalline (Figure
3.27c-d). Furthermore, using XPS we investigated the chemical states of the H-
Ti@IrOy catalyst subjected to the extended stability test, and we found that both Ir 4f and
O 1s spectra (Figure 3.31) show features pretty similar to those of freshly prepared H-
Ti@IrOx (Figures 3.9a and 3.10a). All the above analyses verify that the corrosion-
resistant H-Ti support (as proved by the trace amounts of Ti dissolution observed by ICP,
Figure 3.27b) indeed substantially stabilizes IrOy and significantly suppresses its loss
under harsh conditions, thereby giving rise to excellent catalytic stability. Moreover, the
stability number as a metric for electrocatalyst stability benchmarking is also calculated
[59, 62], and our H-Ti@IrO catalysts show a stability number of 4.27 x 108, which is
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much higher than that of IrOx nanoparticles (5-6.5 x 10%) [59], SrC00.lr0.103-5 (8 x 10%)
[62], BazPrirOs (0.7-2.5 x 10%4) [63], and comparable to that of crystalline IrO, (0.7-3 x
108) [59]. In fact, with a higher IrOx loading density (e.g., H-Ti@IrOx-0.60 mg cm™2), the
H-Ti@IrOy can survive for a significantly longer period of time (above 500 h) at 200 mA
cm2 (Figure 3.32), even though the catalytic activity is compromised a bit. In addition,
the faradaic efficiency of O, evolution by H-Ti@IrOx was measured (Figure 3.33). The
volume of O, detected matches well with that calculated, indicating a nearly 100%

faradaic efficiency in the process of the OER.
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Figure 3.28 EDX spectra of C@IrO before and after the stability test at 200 mA cm2 for 1.5 h, showing that ca. 82 % of
initial IrO4 has lost during the stability test.
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Figure 3.29 EDX spectra of P-Ti@IrO, before and after the extended stability test at 200 mA cm for 60 h, showing that
ca. 55 % of initial IrO has lost during the stability test.
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Figure 3.30 EDX spectra of H-Ti@IrO, before and after the extended stability test at 200 mA cm- for 130 h, showing that
only ca. 22 % of initial IrOy lost during the stability test.
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Figure 3.31 a) Ir 4f (Blue and red curves represent Ir'V and Ir", respectively; olive, wine and orange curves represent Ir'V

satellite 1, satellite 2 and Ir'" satellite, respectively). b) O 1s spectra of H-Ti@IrO, after the extended stability test at 200
mA cm for 130 h.
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Figure 3.33 Experimentally measured and calculated volumes of O, gas evolved from H-Ti@IrOy at a fixed current density
of a) 10 mA cm and b) 200 mA cm, Electrolyte: 0.5 M H,SO.,.
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3.3 Conclusions

In summary, we have deposited ultrafine oxygen-defective iridium oxide nanoclusters on
a hydrothermally treated, high-surface-area, acid-stable porous titanium current collector,
using a repetitive impregnation—annealing process. Benefiting from the large
electrocatalytically accessible surface area and intrinsically high activity arising from the
oxygen defects, the obtained H-Ti@IrOy electrode exhibits excellent apparent, specific,
and mass activities for the OER in both acidic and neutral electrolytes, outperforming
most of the Ir-based OER catalysts reported before. Comprehensive experimental and
theoretical studies confirm that oxygen defects play an important role in the enhanced
OER performance. More importantly, we demonstrate that the H-Ti@IrOy electrode can
sustain continuous acidic OER electrolysis at a high current density of 200 mA cm™2 for
130 hours without notable degradation, and increasing IrOx loading to a certain level
allows the electrode to catalyze the OER at such a high current density over 500 hours
with little performance decay. Given the simplicity of the fabrication procedures and the
high mass activity and excellent long-term stability, the porous titanium foam loaded with
ultrafine oxygen-defective iridium oxide nanoclusters holds substantial promise for use

as a high-performance anode in proton exchange membrane water electrolyzers.
3.4 Experimental section

Reagents: All reagents were used as received without further purification. Ti foam was
purchased from Xiamen Tmax Battery Equipments Limited. China. Nafion®
perfluorinated resin solution (5 wt %) were purchased from Sigma-Aldrich. Potassium
hydroxide (KOH), Iridium(lIl) chloride hydrate (IrCl; - x H20) and IrO, powders were

acquired from Alfa Aesar.

Synthesis of H-Ti foam: The H-Ti foam was prepared using a hydrothermal method
similar to that reported previously with some modification [64]. In a typical procedure, a
piece of Ti foam was cleaned by ultra-sonication in acetone, ethanol and deionized (DI)
water for 30 min each time, and then dried under vacuum at 70 °C. The dried Ti foam (1
x 1 cm?) was then immersed into 20 mL of 10 M KOH solution in a Teflon-lined stainless
steel autoclave. The autoclave was sealed, heated up to 90 °C, and maintained at this
temperature for 6 h in an oven. After cooling down to room temperature naturally, the
obtained H-Ti foam was washed with DI water several times and dried under vacuum at
70 °C for further use [65].
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Oxidization of carbon paper: The oxidation of carbon paper was conducted using a
mixed acid solution as described in our previous work with some modification [66].
Typically, a piece of carbon paper (1 x 1 cm?) was immersed in a mixed solution of
sulfuric acid, nitric acid and water (v(98% H2S04):v(70% HNO3):v(H20) = 1:1:1) at 70 °C
for 2 h under vigorous magnetic stirring. The obtained carbon paper was washed with DI

water several times and dried under vacuum at 70 °C for further use.

Synthesis of H-Ti@IrOx: To load IrOx on H-Ti foam, 89.6 mg of IrCls-xH>O was firstly
added to 3 mL of H,0O, and the solution was sonicated for 1 h to form 100 mM aqueous
solution of IrCls. Then a piece of dried H-Ti foam (1 x 1 cm?) was soaked in the IrCl;
solution for 30 min to obtain H-Ti@IrCls. Afterwards, H-Ti@IrCl; was thermally annealed
at 400 °C for 30 min in air [67, 68]. The loading density of IrO, on H-Ti could be adjusted
by repeating the above-mentioned soaking-annealing process, and 1 — 4 repeats gave
rise to a loading density of 0.13, 0.25, 0.35, and 0.60 mg cm (denoted as H-Ti@IrOx-
0.13 mg cm?, H-Ti@IrOx-0.25 mg cm?, H-Ti@IrOx-0.35 mg cm2, and H-Ti@IrOx-0.60
mg cm?), respectively. According to the electrocatalytic tests, H-Ti@IrOx-0.25 mg cm
showed the best catalytic performance for OER, and therefore most physicochemical
characterization was carried out based on H-Ti@IrO«-0.25 mg cm? (denoted as H-

Ti@IrOy in the main text for simplicity).

The C@IrOx and P-Ti@IrOx control samples were prepared according to the
procedures similar to those described above with two soaking-annealing cycles.
However, in these cases IrCls precursor solution with a lower concentration (25 mM for
C@IrOx and 6.25 mM for P-Ti@IrOx) was used. This led to an IrOy loading density of
0.24 mg cm2 for C@IrOx and 0.39 mg cm2 for P-Ti@IrOx.

The IrOx loading was measured using a high precision micro-balance (Sartorius,
readability: 0.001 mg) by subtracting the mass of the catalyst support (H-Ti, P-Ti, or
carbon paper) subjected to the annealing treatment under the same conditions as those
for preparing the catalysts (H-Ti@IrOy, P-Ti@IrOx or C@IrOy) from the mass of the final
catalysts. Measurements from three batches of samples were carried out and an average

value was used to denote the loading mass.

Materials characterization: XRD experiments were conducted on an X'Pert PRO
diffractometer (PANalytical) set at 45 kV and 40 mA, using Cu Ka radiation (A = 1.541874
A) and a PIXcel detector. Data were collected with the Bragg—Brentano configuration in
the 26 range of 30 — 100° at a scan speed of 0.011° s*. XPS characterization was carried
out on an ESCALAB 250 instrument with Al Ka X-rays (1486.6 eV). SEM examination
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was performed on a FEI Quanta 650 FEG microscope equipped with INCA 350
spectrometer (Oxford Instruments) for EDX. TEM, HRTEM and EDX elemental mapping
studies were conducted on a probe-corrected transmission electron microscope
operating at 200 kV (FEI Themis 60-300). Raman spectroscopy examination was done
on a confocal Raman spectrometer (Witec Alpha 300R). The mass loss of Ir and Ti was
detected by the inductively coupled plasma — optical emission spectroscopy (ICP—OES,
ICPE-9000 spectrometer, Shimadzu) after different time intervals. Electrolyte solution
was sampled every 25 h during the stability test, and was filtrated prior to each ICP-OES

analysis.

DFT calculations: Density functional theory calculations were performed using Vienna
Ab-initio  Simulation Package (VASP), with projector augmented wave (PAW)
pseudopotential and Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional
[69-71]. A kinetic energy cut-off of 450 eV was adopted for the plane-wave expansion,
and 5x5x1 K-point mesh was used. All structures were fully relaxed until the final energy
and force on each atom were less than 10 eV and 0.02 eV A1, respectively. Vacuum
space above the IrO; (110) surface was kept to >15 A. The overall OER likely proceeds

through two pathways, namely the conventional adsorbate evolution mechanism (AEM)

and the lattice oxygen mechanism (LOM), both including the following reaction steps [72]:
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AEM — adsorbate evolution mechanism LOM - lattice oxygen mechanism

H.O (aq) + " — OH" + e + H* (1) H.O (ag) + " — OH + e + H* (1))
OH" - O " +e +H* 2 OH" - O " +e +H* (2)
O +H,0 (aq) - OOH +e +H* (3) O+ Ot —> 021+ Vo (3")
OOH" - 00" + e+ H* 4) Vo+H20 (aq) > H' + e + H* (4))
00" — "+ 01 (5) H — +e +H (5)

where *, O, Vo represent the Ir active site, lattice oxygen and lattice oxygen vacancy,
respectively, and OH", O*, OOH", OO" and H"are the intermediates absorbed on the active
sites during the OER. The adsorption energy was calculated according to the formula
Ead = Esys — Esur — Espe, in Which Eaqg, Esys, Esur and Espe denote the adsorption energy, the
energy of adsorption system, the energy of clean surface and the energy of isolated
adsorption species. The Gibbs free energy changes of these steps were calculated as
follows [73]:

AEM — adsorbate evolution mechanism LOM - lattice oxygen mechanism
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AG;= G(OH’) — G() — G(H20) + ¥2 G(H2(q)) — | AG1= G(OH’) — G(*) — G(H20) + ¥2 G(H2(g)) —
lelu (6) lelu (6')
AG; = G(O") — G(OH") + ¥ G(H2(g)) — |e|U AG; = G(O') — G(OH’) + %2 G(H2(9)) — |e|U
) (7)

AG3 = G(OOH") — G(O") — G(H20) + ¥ AGs = G(0(g)) + G(Vo) — G(O*) — G(Orar)
G(H2(9)) - le]U(8) (8)
AG, = G(00") — G(OOH") + % G(H2(g)) — | AGa = G(H") — G(Vo) — G(H20) + Y2 G(Ha(g))
le|U ) —lelu  (9)
AGs = G(") + G(0z(g)) — G(00") AGs = G(*) — G(H") +¥2 G(H2(g)) — |e|U
(10) (10))

Electrode preparation and electrocatalytic tests: All the electrocatalytic tests were
carried out in a three electrode configuration at room temperature using a Biologic VMP-
3 potentiostat/galvanostat. The as-fabricated of H-Ti@IrOx, C@IrOyx or P-Ti@IrOx (1 x 1
cm?) was directly used as the working electrode. A Pt wire and a saturated calomel
electrode (SCE) were utilized as the counter and reference electrodes, respectively. The
SCE reference was calibrated prior to each measurement in Ar/H;-saturated 0.5 M
H.SO, solution using a clean Pt wire as the working electrode. Unless otherwise stated,
all potentials are reported versus RHE by converting the measured potentials according

to the following equation:
Erne = Esce + 0.059 x pH + 0.241 (11)

For commercial IrO, powders, the catalyst ink was prepared by ultrasonically
dispersing 10 mg of IrO; into 950 uL of ethanol containing 50 pL of Nafion® solution. 30
uL of the catalyst ink was loaded on a piece of glassy carbon (GC) substrate (0.78 cm?),
leading to a catalyst loading density of 0.39 mg cm2. The electrode was then dried at

room temperature naturally in air.

The apparent OER activity was appraised using cyclic voltammetry (CV) at a scan
rate of 5 mV s, and an iR-correction (85%) was applied to compensate for the voltage
drop between the reference and working electrodes, which was measured by a single-
point high-frequency impedance measurement. The reduction branches of the CV curves

were used to compare the performance of all catalysts.

The ECSAs were estimated from the electrochemical double-layer capacitance of the
catalytic surface. The double-layer capacitance (Cqg) of catalysts was derived by
performing CV in the potential range of 0.66 to 1.06 V vs. RHE (non-Faradaic potential
range) at different scan rates (v) of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s,
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followed by extracting the slope from the resulting |ja-jc|//2 vs. v plots (ja and jc represent
the anodic and cathodic current at 0.86 V vs. RHE). The ECSA can be then calculated
by dividing the measured Cy by the capacitance of a model catalyst over a unit surface

area (0.04 mF cmgeo? for metal oxide) [74].
ECSA = Cg / 0.04 mF cm? (12)

EIS measurements were carried out at 1.51 V vs. RHE in the frequency range of 10°
to 0.01 Hz with a 10 mV sinusoidal perturbation. The stability of catalysts was assessed

at a constant current density of 200 mA cm2 using chronopotentiometry (CP).
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4.Efficient hydrogen production over atomically

dispersed catalysts

4.1 Rhodium single-atom catalysts with enhanced electrocatalytic

hydrogen evolution performance

Abstract

The hydrogen evolution reaction (HER) is crucially important for “green” hydrogen
production from water electrolysis. While platinum (Pt) has been the state-of-the-art HER
catalysts with good activity and durability, rhodium (Rh)-based nanostructures have
recently shown reasonably good electrocatalytic performance for the HER and are
drawing increasing attention for usage as HER catalysts. However, the mass activity of
Rh-based HER catalysts still needs to be significantly improved considering the high
price and scarcity of Rh. Herein, we report the outstanding HER performance of Rh
single-atom catalysts (SACs) supported on activated carbon (Rh1/AC) synthesized via a
“top-down” chemical reaction induced dispersion process using Rh nanoparticles as the
starting materials. The as-obtained Rh:/AC exhibits a mass activity of 2367 mA mggrn™
and a turnover frequency (TOF) value of 1.26 s at » = 100 mV in an alkaline solution
with a low loading density of only 15 pg cm. Besides, we demonstrate that Rh;/AC can
sustain continuous HER electrolysis at —10 mA cm? for 290 hours with little degradation,
showing much better performance than those of the state-of-the-art Pt/C catalysts tested

under the same conditions.
4.1.1 Introduction

Developing electrochemical energy conversion devices such as water electrolysers is of
paramount importance to the widespread deployment of renewable energy, which is
intermittent and has to be transformed into storable fuels for long-term usage [1-3]. In
particular, the “green hydrogen (H2)” produced by water electrolysis using renewable
energy as power input has been proposed to be a promising energy carrier able to
decarbonise the transportation sector and chemical industry. While the electricity from
renewables has recently become more and more affordable, the key to enabling large-
scale production of “green hydrogen” is to improve the energy efficiency and reduce
production costs of electrolysers. To this end, electrocatalysts play an essential role in

boosting the hydrogen evolution reaction (HER) performance (e.g., activity, and kinetics)
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and constitute an indispensable component in a water electrolyser [4], and therefore
much research effort has been dedicated to developing efficient and durable

electrocatalysts in recent years.

Very recently, rhodium (Rh)-based materials have drawn increasing attention for use
to catalyse the HER, and have been demonstrated both theoretically and experimentally
to possess good HER performance [5-18]. To date, a variety of Rh nanostructures (e.g.,
nanoparticles [6, 7], nanoclusters [8], nanosheets [9], and nanodendrites [10]),
compounds (e.g., RhoP [11], RhO; [12], and RhCoB [13]) and composites (e.g.,
MoSe,/Rh [14], Rh—MoS; [15, 16], CoP-Rh [17], and Rh—Rh;P [18]) have been
synthesised, and HER performance comparable to that of the commercial Pt/C
benchmark catalysts has been reported. Notwithstanding some process, the mass
activity of Rh-based HER catalysts still needs to be significantly improved considering
that Rh is a precious metal and too scarce to be used on a large scale commensurate

with the global demand.

Single-atom catalysts (SACs), consisting of metal atoms individually dispersed on a
given support, have lately emerged as a new class of catalysts potentially allowing the
catalytic materials to be utilised to a maximal extent. SACs were firstly developed for use
in gas-phase heterogeneous reactions [19], and they have been recently demonstrated
to show good electrocatalytic performance in several electrochemical reactions including
the HER [20], oxygen evolution reaction (OER) [21], oxygen reduction reaction (ORR)
[22], CO- reduction reaction (CO2RR) [23], and nitrogen reduction reaction (NRR) [24-
26]. Although Rh SACs have been reported to catalyse the hydroformylation of olefins
[27], ammonia—borane hydrolysis [28], methane transformation [29, 30], methanol
carbonylation [31], CO oxidation [32, 33], and very recently formic acid electro-oxidation

[34], they have been rarely explored as electrocatalysts to accelerate the HER [35].

Herein, we report the electrocatalytic performance of Rh SACs supported on activated
carbon (Rh1/AC) towards the HER, which can deliver current densities of 10 and 100 mA
cm~2 at low overpotentials (1) of 48 and 199 mV, respectively, in an alkaline solution with
a low loading density of 15 ug cm=2. Importantly, Rhi1/AC exhibits a mass activity of 2367
mA mgrn~t and a turnover frequency (TOF) value of 1.26 s™* at n = 100 mV, significantly
higher than those of the state-of-the-art commercial Pt/C benchmark catalysts. Besides,
Rh1/AC can sustain continuous HER electrolysis at =10 mA cm™2 for 290 hours with little

degradation, showing much better catalytic stability than that of Pt/C.

4.1.2 Results and discussion
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Particle size

MAG: 1300kx

Figure 4.1.1 a, b) HAADF-STEM images of the as-prepared Rh/AC catalysts. c-e) EDX elemental maps of ¢) C, d) Rh,
and e) their overlay.

Presently, most SACs reported in the literature were synthesised based on “bottom-up”
approaches, namely, the metal precursors undergo adsorption, reduction and/or
activation in a wet chemical synthesis process. In contrast, our Rhi/AC SACs were
prepared through a new “top-down” approach developed by some co-authors of this work
[36]. In this case, Rh nanoparticles (NPs) were firstly dispersed on activated carbon
support (Rh/AC) via solution-based impregnation in the presence of RhCl;-nH,O and AC
powders, followed by a post-annealing treatment at 300 °C to reduce Rh3* to metallic Rh
(see Experimental details,). The as-prepared Rh NPs have an average diameter of 4
nm with a high degree of coverage on the surface of the AC support (Figure 4.1.1), and
the loading of Rh NPs was measured to be ca. 5 wt% by energy-dispersive X-ray (EDX)
spectroscopy (Figure 4.1.2). To achieve atomic dispersion of Rh, the Rh/AC was
subjected to a chemical etching/redispersion process in a mixture of CHsl and CO at
240 °C for 6 h (Figure 4.1.3), which resulted in the formation of Rhi/AC with a virtually
unchanged Rh loading (i.e., ~5 wt%, Figure 4.1.2), as also confirmed by the inductively
coupled plasma — optical emission spectroscopy (ICP—OES) in the previous work [36].

The atomic dispersion was firstly examined by X-ray diffractometry (XRD, Figure 4.1.4).
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While broad diffraction peaks from cubic Rh (ICDD no. 01-075-3848) could be clearly
observed in the Rh/AC, all these peaks vanished in the sample after the chemical
reaction with CHsl/CO, indicating that the long-range order of Rh atoms disappears, a

characteristic of SACs.
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Figure 4.1.2 SEM-EDX spectra of the as-prepared Rh/AC and Rh;/AC catalysts. The quantitative analysis confirmed the
mass loading of Rh on AC (ca. 5 wt%).

Figure 4.1.3 Schematic illustration of the preparation of Rh,/AC.
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Figure 4.1.4 XRD patterns of the as-prepared Rh/AC and Rh;/AC catalysts.

a

Figure 4.1.5 SEM images of the as-prepared a) AC, b) Rh/AC and c¢) Rh;/AC.

Figure 4.1.5 shows scanning electron microscopy (SEM) images of the as-obtained
as-prepared AC, Rh/AC and Rhi/AC. There is no discernible morphology change for
Rhi/AC after the redispersion, in comparison to those of the Rh/AC and AC supports.
Figure 4.1.6a shows a high-resolution transmission electron microscopy (HRTEM)
image of Rh/AC, where the Rh nanoparticles (NPs) can be resolved clearly. After the
chemical reaction, these NPs were not visible anymore (Figure 4.1.6b), implying that Rh
may have been redispersed on the AC support in the form of single atoms. This was
confirmed by high angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) examination (Figure 4.1.6c), where individual Rh atoms were clearly
observed to disperse on the AC support with a high density, and no NPs could be seen
anymore, indicating that Rh SACs have been exclusively obtained upon the chemical
redispersion process. The atomic dispersion nature of Rhi/AC was also confirmed
previously by extended X-ray absorption fine structure (EXAFS) spectroscopy, which
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proved that isolated Rh mononuclear complexes are immobilised by the oxygen-
containing functional groups. The detailed information can be found in the previous

publication [36].

Rh 3d

Intensity / a.u.

36 314 312 310 308 306
Binding Energy / eV

Figure 4.1.6 a) HRTEM image of Rh/AC, b) HRTEM and c¢) HADDF-STEM images of Rh,/AC, and d) comparison of Rh3d
XPS spectra for Rh/AC and Rh;/AC. The scattered dots are experimental data, the dashed lines represent fitting curves
of each component, and the thick purple line is the fitting envelope.

X-ray photoelectron spectroscopy (XPS) was employed to analyse the surface
chemical states of Rh/AC and Rhi/AC. The XPS survey spectra confirm the presence of
the corresponding elements in each catalyst (Figure 4.1.7). Figure 4.1.6d shows the
high-resolution Rh3d XPS spectra of Rh/AC and Rhi/AC, respectively. For Rh/AC, the
two peaks represent the spin—orbit components of the Rh3d core level, i.e., Rh3ds, and
Rh3ds2. The Rh3ds,; peak can be deconvoluted into three components centred at 307.5,
308.9, and 310.9 eV, which can be assigned to metallic Rh(0), Rh(iii), and Rh(iv)
oxidation states, respectively [37, 38]. The oxidisation may result from the long-term
exposure of the fine NPs to air before XPS inspection. Compared to Rh/AC, Rhiy/AC

shows a new component (Rhls) located at 308.2 eV, which is owing to chemical reaction
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with I~ during the chemical etching/redispersion process in the presence of CHzl/CO [38].
Furthermore, the presence of iodine was also confirmed by the 13d XPS spectrum, where

the binding energy peaks at 619.1 and 630.7 eV can be assigned to Rh—I bonding
(Figure 4.1.8) [39].
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Figure 4.1.7 XPS survey spectra of the AC, Rh/AC and Rh,/AC.
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Figure 4.1.8 XPS spectrum of 13d for Rh,/AC.

The HER electrocatalytic activities of Rhi/AC and control catalysts including Rh/AC,
commercial Pt/C and AC support, were investigated by linear sweep voltammetry (LSV)
in N2-saturated 1.0 M NaOH at a sweep rate of 5 mV s™1. The Rhi/AC can deliver

geometric current densities of 10 and 100 mA cmygeo 2 at low overpotentials (n) of 48 and
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199 mV, respectively (Figure 4.1.9a), remarkably lower than those of Rh/AC (1w = 99
mV and nieo = 322 mV) and commercial Pt/C (niwo = 75 mV and nieo = 298 mV). The
reaction kinetics of all catalysts was studied by the Tafel analysis (Figure 4.1.9b). The
Rhi/AC exhibits a low Tafel slope of 33 mV dec™, which is markedly smaller than that of
Rh/AC (70 mV dec™) and commercial Pt/C (43 mV dec™), indicating more favourable
HER kinetics. The HER may proceed through the Volmer—Tafel mechanism, in which the
two chemisorbed hydronium ions (HzO*) may readily combine releasing one H, molecule,
owing to the high-density dispersion of Rh single atoms (Figure 4.1.6¢). Furthermore,
the electrochemical impedance spectroscopy (EIS) measurements also confirmed the
fast reaction rate of Rhi/AC for the HER, as evidenced by its much smaller charge
transfer resistance (Re) compared to that of other control catalysts (Figure 4.1.10).
Besides, the Rhi/AC catalysts show markedly higher catalytic activity than many
previously reported single-atom electrocatalysts (Table 4.1.1), such as SANi-PtNWs (110
=70 mV, and 60.3 mV dec™) [40] and Co1/PCN (110 = 89 mV, and 52 mV dec™) [41],
although they are slightly less active than the Rhn@NG SACs (hi0 = 33 mV, and 30 mV
dec™) reported recently [35].

a
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Figure 4.1.9 Electrocatalytic HER performance of Rh;/AC and other control catalysts. a) LSV curves, b) Tafel slopes, c)
mass activity, and d) comparison of the TOF values calculated at n = 50, 100 and 200 mV for Rh,/AC, Rh/AC and
commercial Pt/C, respectively. All tests were carried out in 1.0 M NaOH at room temperature.
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Figure 4.1.10 Nyquist plots of all catalysts measured at an overpotential of 50 mV.

Table 4.1.1 Summary of the HER activity of SACs in alkaline solutions.

n at j=10 mA Tafel slope /

Catalysts cm2/ mv mV dec- Reference
Rhy/AC 48 33 This work
Pt@PCM 139 73.6 Sci. Adv. 2018, 4, eaa06657.
SANi-PtNWs 70 60.3 Nat. Catal. 2019, 2, 495-503.
Ru@Co
SAS/N—C 7 30 Nano Energy 2019, 59, 472-480.
Appl. Catal. B Environ. 2019,
Ru-MoS,/CC 41 114 249, 91-97.
Rh@NG 33 30 Carbon 2020, 164, 121-128.
Co1/PCN 89 52 Nat. Catal. 2019, 2, 134-141.
Angew. Chem. Int. Ed. 2017, 56,
Mo:N:C> 132 90 16086-16090.
Co:1Ny/C 170 75 Nat. Commun. 2015, 6, 7992.
Ptnp- 58 39 Nat. Commun. 2019, 10, 1743.
COo,gsse
Ru-NC-700 47 14 Nat. Commun. 2019, 10, 631.
Pt./N-C 46 36.8 Nat. Commun. 2020, 11, 1029.

Nisa-M0oS,/CC 95 75 Nano Energy 2018, 53, 458-467.
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SA-RU-M0S; 76 21 Toooees
Rusa-N-S- 99 / Adv. Mater. 2019, 31, 1903841.
TI3C2TX
W-SAC 85 53 Adv. Mater. 2018, 30, 1800396,

For noble metal electrocatalysts, the mass activity is a fundamental metric for practical
applications, reflecting the effectiveness of noble metal utilisation and therefore closely
related to the production costs of electrolysers [42-45]. The Rhi/AC can deliver an
exceptionally high mass activity of 2367 mA mg™ at n = 100 mV, which is 3.6 and 8.7
times higher than that of Rh/AC and commercial Pt/C, respectively (Figure 4.1.9c).
Meanwhile, the Rhi/AC exhibits the highest activity among all the catalysts under study,
able to deliver a mass activity of 1000 mA mg™ at n = 60 mV, showing an overpotential
significantly lower than those of Rh/AC (122 mV) and commercial Pt/C (224 mV).
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Figure 4.1.11 Electrochemical CV curves of a) Pt/C, b) Rh/AC and c) Rh,/AC, recorded at different scan rates of 10, 20,
30, 40, 50, 60, 70, 80, 90 and 100 mV s. d) Plots of the capacitive currents as a function of the scan rate for all the
catalysts.

To obtain more information on the excellent performance of Rhi/AC for the HER, the
electrochemically active surface area (ECSA), which is considered a critical factor

influencing the catalytic performance, was measured. The ECSA was obtained by cyclic
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voltammetry (CV) measurements in the non-faradaic potential region (see Experimental
details). As revealed in Figure 4.1.11, the Rhi/AC shows the highest ECSA value of 408
cm?, followed by Rh/AC (253 cm?) and commercial Pt/C (230 cm?). The intrinsic HER
activity of Rhi/AC, Rh/AC and commercial Pt/C was further evaluated based on the
ECSA-normalized specific activities (Figure 4.1.12). Despite its large ECSA, after
normalization, the Rhi/AC still exhibits higher specific activity than that of Rh/AC and
commercial Pt/C, suggesting that its activity is intrinsically high. The HER activity of all
catalysts was further assessed using the turnover frequency (TOF), and the TOF values
are compared at n = 50, 100, and 200 mV in Figure 4.1.9d. The Rhy/AC shows a TOF
value of 1.26 s~ at n = 100 mV, substantially outperforming both Rh/AC and commercial

Pt/C, which corroborates that the Rhi/AC is intrinsically more active for the HER.
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Figure 4.1.12 Specific activity Rh;/AC and other control catalysts.

The electrocatalytic stability is another significant performance indicator of an HER
catalyst. The stability of Rhi/AC and control catalysts was firstly assessed by performing
repetitive CV scans in a potential range of —0.36 — 0.14 V vs. RHE at a rate of 100 mV
s~ for 45000 CV cycles. Figure 4.1.13a shows the polarisation curves recorded before
and after the cycling, where it is seen that the polarisation curve of Rhi/AC nearly remains
unchanged after 45000 cycles, suggesting excellent stability. In contrast, Rh/AC and
commercial Pt/C exhibit marked degradation after CV cycling. Furthermore,
chronopotentiometry (CP) was applied to evaluate the long-term durability of the
catalysts in 1.0 M NaOH at a current density of =10 mA cm™. As illustrated in Figure
4.1.13b, the overpotential needed to maintain —10 mA cm~2 for commercial Pt/C catalysts

quickly increases in a few hours, and then continuously degrades over the course of 120
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hours. Similar performance decay was also observed for Rh/AC, and the overpotential
went up to 420 mV after the 290 hour test. In comparison, Rhi/AC can continuously
catalyse the HER for 290 h with little performance deterioration, indicating outstanding

durability towards the HER in alkaline medium.
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Figure 4.1.13 Stability of the Rh;/AC and control catalysts. a) Cyclic durability and b) long-term catalytic stability tested at
-10 mA cm™2, All tests were carried out in 1.0 M NaOH at room temperature. The polarisation curves in panel a) were
recorded at 5 mV s™%. The pink arrows in panel b) show the potential variations from the replenishment of the electrolyte.

We further examined the morphology, structure and chemical state changes of
Rh1/AC after the extended stability test. As illustrated in Figure 4.1.14, Rh nanoclusters
appeared after 290 h of HER electrolysis, and the SACs could be hardly seen (Figure
4.1.14a). Accordingly, diffraction peaks from cubic metallic Rh could be resolved in the
XRD pattern of the tested sample (Figure 4.1.14.b), confirming the agglomeration of
single atoms into fine nanoclusters. This explains why a performance decay, despite
being little, was observed in Rhi/AC during the HER durability test (Figure 4.1.13b).
Further XPS analysis demonstrated that the agglomerated Rh nanoclusters are virtually
in a metallic state, as evidenced by the two peaks appearing at 307.8 and 312.6 eV in
the Rh3d XPS spectrum of the tested sample (Figure 4.1.15a). This implies that the
oxidised Rh species were reduced during the HER. Moreover, we found that the surface
iodine species could not be detected any longer (Figure 4.1.15b). The disappearance of
iodine species might destroy the coordination environment of singly dispersed Rh,
causing agglomeration. Further investigation will be carried out in the future to figure out
how to maintain the atomic dispersion of Rhi/AC during the HER and if Rhi/AC could be
regenerated after the durability test through heat treatment in the mixture of CHsl/CO. In
addition, the faradaic efficiency of Hz evolution by Rhi/AC was measured (Figure 4.1.16).
The volume of H, detected matches well with that calculated, indicating a nearly 100%

faradaic efficiency in the process of the HER.
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Figure 4.1.15 XPS spectra of a) Rh3d and b) 13d for Rh,/AC after the extended stability test at —10 mA cm2 for 290 h.

Figure 4.1.16 Experimentally measured and calculated volumes of H, gas evolved from Rh;/AC at a fixed current density

of -10 mA cm™.
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4.1.3 Conclusions

In summary, we demonstrate that atomically dispersed Rhi/AC catalysts prepared by a
scalable “top-down” approach exhibit outstanding electrocatalytic performance for the
hydrogen evolution reaction in alkaline medium, significantly better than that of the state-
of-the-art commercial Pt/C catalysts in terms of apparent activity, mass activity, reaction
kinetics, turnover frequency, catalytic stability and durability. The Rhi/AC shows
substantial promise for use as high-performance HER catalysts for alkaline water

electrolysis to produce hydrogen.
4.1.4 Experimental section

Preparation of the Rhi/AC catalysts: The Rhi/AC catalysts were prepared according
to the “top-down” approach reported previously [36]. Firstly, the coconut activated carbon
(AC) was ground to 40-60 mesh and washed with deionized (DI) water at 80 °C. The
electrical conductivity of the DI water is below 20 ys cm™. The AC powders were then
dried in static air at 120 °C for 12 h to obtain AC support ready for use to prepare Rhi/AC.
Secondly, 1.35 g RhClz'nHO with 37 wt% metal content was dissolved in 15 mL
deionized water to obtain precursor solutions. Subsequently, 10 g dried AC powders
were added in, and the mixture was stirred continuously until no bubbles could be
discerned by naked eyes. Afterwards, the mixture of the solution and AC was statically
dried at 90 °C until all the solvent was volatilized, followed by further drying at 120 °C
overnight to completely remove the residual water. Thirdly, the collected powders were
loaded in a quartz tubular reactor, calcined at 300 °C for 2 h in a flow of N2 (100 mL/min),
and then continuously reduced in high-purity H, at the same temperature for 2 h, which
resulted in the formation of Rh NPs supported on AC (Rh/AC). Lastly, the as-obtained
Rh/AC was treated in a mixture of CO/CHzsl at 240 °C for 6 h (CO passed through a bottle
filled with CHsl at 25 °C with a flow rate of 30 mL/min), during which the re-dispersion of
Rh happened that led to the formation of Rh SACs (Rhi/AC). The reactor was cooled

down to room temperature in a flow of CO after the chemical reaction.

Materials Characterization: The morphology of AC, Rh/AC, Rhi/AC catalysts was
characterized by scanning electron microscopy (SEM, FEI Quanta 650 FEG microscope
equipped with INCA 350 spectrometer) and transmission electron microscopy (TEM, FEI
ChemiSTEM 80-200, probe corrected). The X-ray diffraction (XRD) experiment was
conducted on an X'Pert PRO diffractometer (PANalytical) set at 45 kV and 40 mA, using
Cu K radiation (A = 1.541874 A) and a PIXcel detector. Data were collected with the

Bragg—Brentano configuration in the 26 range of 30 — 80° at a scan speed of 0.011° s,
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X-ray photoelectron spectroscopy (XPS) characterization was carried out on an
ESCALAB 250Xi instrument with monochromated Al K, (1486.6 eV) X-ray source.

Electrocatalytic tests: The catalyst ink was prepared by ultrasonically dispersing 5 mg
of Rh1/AC catalysts with Rh loading of 5 wt% into 500 pL of ethanol + 50 pL of Nafion®
(Sigma, 5 wt%) solution. To prepare an electrode for electrocatalytic tests, 6.6 uL of
catalyst ink was loaded on a polished glassy carbon (GC) electrode with an exposed

area of 0.2 cm?. The Rh loading can be calculated as follows:

5mg X6.6 UL X5%
" (500 uL+50 uL)x0.2 cm?2

= 15 ug cm? (1)

For comparison, the HER performances of commercial Pt/C (20 wt%, Johnson
Matthey) catalysts, Rh/AC and AC support control samples were also investigated. The
working electrode was prepared according to the procedures similar to what described
above. The metal loadings of Pt/C and Rh/AC were 60 and 15 pg cm2, respectively. The
electrodes loaded with catalysts were dried at room temperature (ca. 25 °C) naturally in

the air.

All the electrocatalytic tests were carried out in a three-electrode configuration at room
temperature using a Biologic VMP-3 potentiostat/galvanostat. A graphite rod and a
saturated calomel electrode (SCE) were utilized as counter and reference electrodes,
respectively. The SCE reference was calibrated before each measurement in pure Hs-
saturated 0.5 M H»SO. solution using a clean Pt wire as the working electrode. Unless
otherwise stated, all potentials are reported versus RHE by converting the measured

potentials to the RHE scale according to the following equation:
Erne = Esce + 0.059 x pH + 0.244 (2)

Linear scan voltammetry (LSV) was performed at a scan rate of 5 mV st1in 1.0 M
NaOH. iR-correction (85%) was made to compensate for the voltage drop between the
reference and working electrodes, which was measured by single-point high-frequency
impedance measurement. The cyclic durability of Rhi/AC, Rh/AC and commercial Pt/C
catalysts were studied and compared by repetitive cyclic voltammetry (CV) scans. The
potential was scanned between —0.36 and 0.14 V vs. RHE at a scan rate of 100 mV s
After 45000 cycles, a CV curve was recorded at 5 mV s. Furthermore, the stability of
Rh1/AC, Rh/AC and commercial Pt/C catalysts was assessed using chronopotentiometry
(CP) at a constant current density of -10 mA cm™. All LSV, CV and CP curves were

recorded in the electrolyte constantly bubbled with Ar/H2 (5% Ha, viv).
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The electrochemically active surface area (ECSAS) of the catalysts was estimated
from the electrochemical double-layer capacitance (Cq) of the catalysts’ surface. The Cq
value was derived by performing CV in the potential range of 0.34 — 0.54 V vs. RHE (non-
Faradaic potential range) at different scan rates (v) of 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 mV s, followed by extracting the slope from the resulting |ja-j¢|//2 vs. v plots,
where j, and jc represent the anodic and cathodic current at 0.44 V vs. RHE. The ECSA
can be then calculated by dividing the measured Cy by the specific capacitance (Cs=0.04
mF cm) [46].

ECSA = Cq / 0.04 mF cm? (S3)

The electrochemical impedance spectroscopy (EIS) measurements were carried out
at an overpotential of 50 mV in the frequency range of 10> — 0.01 Hz with a 10 mV

sinusoidal perturbation.

The turnover frequency (TOF) of the catalysts was calculated according to the
following formula:

Jj XA
2XFXn

TOF (s~1) = (S4)

where j (A cm™) is the current density at a given overpotential, A = 0.2 cm? is the
geometric surface area of the electrode, F = 96500 C mol! stands for the Faraday
constant, n (mol) is mole number of Rh or Pt loaded on the GC electrode. All metal
cations in the catalyst were assumed to be catalytically active, so the calculated values

represent the lower limits of TOF.
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4.2 Bifunctional atomically dispersed ruthenium electrocatalysts
with ultralow metal loading for efficient bipolar membrane water

electrolysis

Abstract

Atomically dispersed catalysts (ADCs) have recently drawn considerable interest for use
in water electrolysis to produce hydrogen, because they allow for maximal utilization of
metal species, particularly the expensive and scarce platinum group metals. Herein, we
report the electrocatalytic performance of atomically dispersed ruthenium catalysts (Ru
ADCs) with ultralow Ru loading (0.2 wt%). The as-obtained Ru ADCs (Ru (0.2)-NC) are
active for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER),
which only require a low overpotential (77) of 47.1 and 72.8 mV to deliver 10 mA cm-2 for
HER in 0.5 M H.SO4 and 1.0 M KOH, respectively, and of 300 mV for OER in 1.0 M KOH,
showing favorable bifunctionality. Density functional theory (DFT) calculations reveal that
the Ru-N bonding plays an important role in lowering the energy barrier of the reactions,
boosting the HER and OER activities. Furthermore, the bipolar membrane (BPM) water
electrolysis using the bifunctional Ru (0.2)-NC as both HER and OER catalysts can afford
10 mA cm2 under a low cell voltage of only 0.89 V, and does not show any performance
decay upon 100-h continuous operation, showing great potential for energy-saving

hydrogen production.
4.2.1 Introduction

Hydrogen (Hz) has now been broadly accepted to be an important alternative to the
conventional fossil fuels, and its widespread usage is crucial for achieving global carbon
neutrality [1]. Water electrolysis, powered by renewable energy like solar and wind, is
proposed to be the most promising approach to “green” hydrogen production [2], and
many countries have recently launched initiatives aiming to accelerate the deployment
of electrolyzers to produce green hydrogen [3]. However, for large-scale deployment of
electrolyzers on gigawatt (GW) scale or beyond, it is essential to address some major
challenges in terms of, for example, the availability of key materials and components,
costs and energy demand, such that massive production of green hydrogen will become

technically viable and economically competitive.

Electrocatalysts are key components of water electrolyzers and critically determine
their electrochemical performance toward the hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER). In the last two decades, considerable efforts have been
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made to developing efficient and stable electrocatalysts with reduced utilization of metal
species taken into account [4-8]. In particular, atomically dispersed catalysts (ADCS)
have drawn significant attention in recent years and were demonstrated to be promising
electrocatalysts for water electrolysis [9-11]. ADCs allow for maximal utilization of metal
species and can help markedly reduce the metal loading in the catalyst layers without
compromising the electrocatalytic performance. To some extent, this will enable high-
performance platinum group metal (PGM) catalysts to be used in electrolyzers, but
meanwhile not notably increase the materials costs, especially for the relatively less
expensive PGM such as ruthenium (Ru). Indeed, Ru-based materials have recently been
extensively studied for use to catalyze the HER and OER [4, 12, 13]. They were long
known to be active for the OER in both acidic and alkaline solutions, and were lately also
demonstrated to be good electrocatalysts for the HER [14-16]. Particularly, Ru ADCs
with a Ru loading of 0.2 — 1.0 wt% have shown electrocatalytic performance comparable
to that of the commercial benchmark catalysts (e.g., Pt/C for HER and RuO- for OER)
[14-19]. It has now generally accepted that the RuNx species in Ru ADCs are
electrocatalytically active sites and play an important role in improving the catalytic
performance [16, 18, 20]. The nitrogen groups on the catalyst support can not only impart
uniform dispersion of Ru species [7], but also alter the electronic structure of Ru,
prompting the electrocatalytic reaction [16, 18]. Notwithstanding some progress, the

intrinsic catalytic performance and stability of Ru ADCs still need to be further improved.

While ADCs with reduced amount of metal species in electrocatalysts may contribute
to cost reduction, for large-capacity electrolyzers lowering the energy demand is also an
effective approach to saving system costs. To this end, the recently developed bipolar
membrane water electrolysis (BPMWE) seems promising [21]. A bipolar membrane
(BPM) consists of a cation exchange membrane (CEM) permselective to cations
adjoining with an anion exchange membrane (AEM) permselective to anions. It enables
the HER to occur in kinetically favorable acidic solution in the cathodic compartment and
the OER to simultaneously take place in kinetically favorable alkaline solution in the
anodic compartment. Moreover, when used in the “forward-bias” configuration (e.g.,
CEM side facing the cathode and AEM side facing the anode) [21, 22], the external
electrical energy needed to drive water electrolysis can be significantly diminished due
to the assistance of electrochemical neutralization of acid and alkaline. BPMWE has
been recently reported to be enabled with a number of earth-abundant electrocatalysts

[21-23], and showed preferable energy-saving feature in comparison to the conventional
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proton exchange membrane water electrolysis (PEMWE) or anion exchange membrane
water electrolysis (AEMWE).

Herein, we report the electrocatalytic performance of Ru ADCs with an ultralow Ru
loading of only 0.2 wt% (Ru (0.2)-NC) synthesized through a two-step wet chemical
impregnation — pyrolysis method. We show that the ammonium salt treated activated
carbon may offer abundant pyrrolic and pyridinic nitrogen that can bind Ru species during
thermal pyrolysis. The as-prepared Ru (0.2)-NC exhibits outstanding HER and OER
performance in 1.0 M KOH, with a high turnover frequency (TOF) of 11.5 s at 7 = 100
mV for HER and 4.89 s at 7 = 300 mV for OER as well as good catalytic stability of at
least 100 h at a current density of 10 mA cm=. Density functional theory (DFT)
calculations confirm that the Ru atoms bonding with either pyrrolic or pyridinic nitrogen
indeed markedly decrease the energy barrier to the catalytic reactions, boosting the
activity. Furthermore, we demonstrate that the Ru (0.2)-NC can be used as bifunctional
electrocatalysts in BPMWE in the forward-bias configuration, where the cell only
demands a low voltage of 0.89 V to deliver 10 mA cm? and can stably operate for 100 h
without any performance decay, showing great promise for low-cost, energy-saving

production of green hydrogen.
4.2.2 Results and discussion

Figure 4.2.1a shows the X-ray diffractometry (XRD) patterns of as-prepared Ru (0.2)-
NC and the pristine nitrogen-doped carbon (NC) control sample. No diffraction peaks
from any metallic ruthenium or ruthenium compounds can be resolved for the Ru (0.2)-
NC, suggesting that ruthenium may either be atomically dispersed on NC or consist of
tiny crystallites that significantly widen the diffraction peaks. The surface chemical states
of Ru (0.2)-NC and pristine NC were investigated by X-ray photoelectron spectroscopy
(XPS). The high-resolution N1s spectra of both samples can be deconvoluted into
several peaks (Figure 4.2.1b), corresponding to pyridinic-N (398.0 eV), pyrrolic-N (399.8
eV), graphitic-N (400.9 eV) and oxidized-N (402.9 eV), respectively [24, 25]. Notably,
different from the pristine NC, the Ru (0.2)-NC shows a component arising from
metal-nitrogen (M—N) bonding at 399.0 eV, indicating that Ru atoms are anchored by
uncoordinated nitrogen species. Further XPS quantitative analysis manifests that the
content of the M—N bond is 10.7 % for Ru (0.2)-NC (Table 4.2.1).
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Figure 4.2.1 a) XRD patterns and b) high-resolution N1s spectrum of Ru (0.2)-NC and pristine NC. ¢) HAADF-STEM

image of Ru (0.2)-NC.

FCUP

Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

Pyrrolic _
Graphitic 7 Frinie
|

406 404 402 400 398 396
Binding Energy / eV

Table 4.2.1 Fitting results of the N1s spectrum in pristine NC and Ru (0.2)-NC.
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Samples Pyridinic N M-N  Pyrrolic N Graphitic N Oxidized N
NC 26.3 / 38.8 29.1 5.8
Ru (0.2)-NC 20.9 10.7 5.3 44.4 18.7

The morphology and microstructure of Ru (0.2)-NC catalysts were further examined

by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Loading Ru on the NC support did not markedly alter its morphology, as revealed by
SEM examination (Figure 4.2.2). Figure 4.2.3a-b show the high resolution TEM

(HRTEM) images of Ru (0.2)-NC, where only amorphous microstructure is observed and

no large Ru nanoparticles are visible. Further the high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) imaging revealed a high degree of

atomic dispersion of Ru on the NC support (Figure 4.2.1c). However, some ultrafine
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clusters with sub-nanometric sizes were also occasionally found along with the ADCs
(Figures 4.2.3c and 4.2.3d).

Figure 4.2.2 SEM images of a) pristine NC and b) Ru (0.2)-NC.

b

Figure 4.2.3 a) Low- and b) high-magnification HRTEM images of Ru (0.2)-NC. (c, d) HAADF-STEM images of Ru (0.2)-
NC, where some nanometric clusters can be distinguished.
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The electrocatalytic HER performance of the Ru (0.2)-NC and other control catalysts
including pristine NC and commercial Pt/C was investigated in both 0.5 M H,SO, and
1.0 M KOH in a three-electrode configuration at room temperature. The pristine NC
support exhibits inferior HER performance in both acidic and alkaline solutions and only
delivers a current density of -5.56 and —6.76 mA cm?in 0.5 M H.SO, and 1.0 M KOH

(Figures 4.2.4a and 4.2.4b), respectively, when an overpotential () of 250 mV is applied.

Upon loading Ru, the HER catalytic current density is significantly enhanced and
becomes favorably comparable to that of the commercial Pt/C benchmark, merely
requiring a low overpotential of 47.1 and 72.8 mV to deliver a cathodic current density of
10 mA cm? in 0.5 M H,SO4 and 1.0 M KOH, respectively. This indicates that the
atomically dispersed Ru will be a good low-cost alternative to Pt/C for HER, particularly
for PEM water electrolysis in acidic environment where non-PGM catalysts, though
existing, do not show sufficiently good catalytic performance [26-28]. The reaction
kinetics of all catalysts was studied by the Tafel analysis (Figure 4.2.5). The Ru (0.2)-
NC exhibits a Tafel slope of 72 mV dec in 0.5 M H>SO4, higher than that of Pt/C (34 mV
dec), indicating that the HER proceeds on Ru (0.2)-NC through the Volmer-Heyrovsky
mechanism. In 1.0 M KOH, The Ru (0.2)-NC shows a Tafel slope of 74 mV dec, close
to that of Pt/C (77 mV dec). Similar trend for HER kinetics was also confirmed by the
EIS studies, where Ru (0.2)-NC shows the same and even smaller charge transfer
resistance (Rq) than that of Pt/C in 0.5 M H,SO, and 1.0 M KOH, respectively (Figure
4.2.6). For PGM electrocatalysts, mass activity is a critical performance indicator toward
practical applications reflecting the effectiveness of PGM utilization [7, 10]. Ru (0.2)-NC
can deliver an exceptionally large mass activity of 18.0 and 13.8 A mg* at n =50 mV in
0.5 M H2S0O4 and 1.0 M KOH, respectively (Figure 4.2.7), which is 92 and 153 times
higher than that of commercial Pt/C, suggesting that dispersing metal catalysts on atomic
scale is indeed an effective strategy of maximizing metal utilization without compromising

the catalytic activity.
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Figure 4.2.4 Electrocatalytic HER performance of Ru (0.2)-NC and other control catalysts. a, b) LSV curves. Scan rate:
5mV s ¢, d) Comparison of the TOF values with other start-of-the-art Ru-based HER catalysts. e, f) Long-term catalytic
stability test at —10 mA cm. Data were acquired in a, ¢, €) 0.5 M H,SO,4 and b, d, f) 1.0 M KOH, respectively.
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Figure 4.2.5 Tafel slopes of the catalysts derived from electrocatalytic tests in a) 0.5 M H,SO, and b) 1.0 M KOH.
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Figure 4.2.6 Nyquist plots of the catalysts toward HER tested in a) 0.5 M H,SO,4 and b) 1.0 M KOH.
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Figure 4.2.7 Mass activities of Ru (0.2)-NC and commercial Pt/C catalysts toward HER tested in a) 0.5 M H,SO, and b)
1.0 M KOH.

To gain more insight into the good activity, the electrochemically active surface area
(ECSA) of all catalysts was measured. As revealed in Figure 4.2.8, Ru (0.2)-NC shows
an ECSA value of 334.6 cm?, higher than that of the commercial Pt/C (258.9 cm?), which
indicates that the highly dispersed Ru provides more active sites for the HER. The
intrinsic HER catalytic activity of Ru (0.2)-NC was assessed by turnover frequency (TOF)
and compared to that of some other Ru-based electrocatalysts reported recently
(Figures 4.2.4c and 4.2.4d). The Ru (0.2)-NC shows a TOF value of 26.2 and 11.5 s
atn =100 mVin 0.5 M H,SO4 and 1.0 M KOH, respectively, substantially outperforming
commercial Pt/C and many other Ru-based electrocatalysts [12-16, 29-41] (Tables 4.2.2
and 4.2.3), which corroborates that Ru (0.2)-NC is intrinsically more active for the HER.
Moreover, the Ru (0.2)-NC catalysts reveal outstanding catalytic stability for the HER
activity in both acidic and alkaline electrolytes (Figures 4.2.4e and 4.2.4f), able to sustain
at -10 mA cm? for 100-h continuous electrolysis without significant performance

degradation. The slight potential increase might stem from the active site loss [42, 43].
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In contrast, Pt/C exhibits a notable performance decay, consistent with previous reports
in the literature, which may result from to weak interactions between the Pt NPs and the
carbon support [36, 44, 45].
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Figure 4.2.8 Electrochemical CV curves of a) Ru (0.2)-NC, b) commercial Pt/C and ¢) commercial RuO,, recorded at
different scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s™. d) Plots of the capacitive currents as a function
of the scan rate for all catalysts. e) ECSA of all catalysts.

Table 4.2.2 Comparison of the turnover frequencies (TOFs) of Ru (0.2)-NC to those of other recently reported Ru-based
HER catalysts tested in acidic condition.

Overpotential TOF (s

Catalyst Reference
Y (V) D)
Ru (0.2)-NC 0.1 26.2 This work
Ru-HPC 0.025 0.18 Nano Energy 2019, 58, 1-10.
RU@C;N 0.025 067 Nat. Nanotechnol. 2017, 12, 441-

446.
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Table 4.2.3 Comparison of the turnover frequencies (TOFs) of Ru (0.2)-NC to those of other recently reported Ru-based

HER catalysts tested in alkaline condition.

Catalyst Overp(e/’;ential :SOII: Reference
Ru (0.2)-NC 0.1 115 This work
RU@MWCNT 0.025 0.40 Nat. Commun. 2020, 11, 1278.
Ru@C:N 0.025 0.76  Nat. Nanotechnol. 2017, 12, 441-446.
Ru/C 0.04 0.18 Adv. Energy Mater. 2018, 8, 1801698.
Ru@GnP 0.1 0.145 Adv. Mater. 2018, 30, 1803676.
RU/NG-750 01 0.35 ACS Appl. M;Ytgré_lggegfla.lces 2017, 9,
Ru-ENG 0.02 0.84 Nano Energy 2020, 76, 105114.
Ru@Co/N- 0.05 0.95 ACS Sustainable Chem. Eng. 2020, 8,
CNTs-2 9136-9144.
np-CuszRuas7 0.1 1.139 ACS Energy Lett. 2020, 5, 192-199.
RuNi NSs 0.05 1.60 Nano Energy 2019, 66, 104173.
RU-ZIF-900 01 938 J. Mater. Chem. A 2020, 8, 3203-
3210.
RU/G-CaN/C 01 49 J. Am. Chem. ngigf.16’ 138, 16174-
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Figure 4.2.9 Electrocatalytic OER performance of Ru (0.2)-NC and other control catalysts. a) LSV curves. Scan rate: 5
mV s*. b) Tafel slopes. c) Comparison of the TOF values with other start-of-the-art OER catalysts. d) Long-term catalytic
stability test at 10 mA cm2in 1.0 M KOH.

The electrocatalytic activity of Ru (0.2)-NC and other control catalysts toward the OER
was further studied in 1.0 M KOH. Ru (0.2)-NC shows a comparatively low nio value of
300 mV (Figure 4.2.9a), outperforming the commercial RuO, nanoparticle benchmark
catalysts (n10= 310 mV). Moreover, Ru (0.2)-NC exhibits a Tafel slope of 62 mV dec*
(Figure 4.2.9b), much smaller than that of commercial RuO; nanopatrticles (86 mV dec
1), indicating more favorable OER kinetics. The EIS measurements also confirmed the
faster reaction kinetics of Ru (0.2)-NC compared to the control sample, as evidenced by
its smaller Rt (Figure 4.2.10). The Ru (0.2)-NC can deliver a superior mass activity of
16.9 A mg* at n = 300 mV, which is 563 times higher than that of commercial RuO: in
1.0 M KOH (Figure 4.2.11). Meanwhile, the TOF values of Ru (0.2)-NC and other start-
of-the-art Ru-based OER catalysts are compared in Figure 4.2.9c. The Ru (0.2)-NC
exhibits an impressive TOF value of 4.89 s at n = 300 mV, remarkably higher than that
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of commercial RuO, and many other Ru-based OER catalysts reported recently [46-51]
(see details in Table 4.2.4). The long-term stability of Ru (0.2)-NC and the RuO;
reference catalyst were evaluated by CP at 10 mA cm (Figure 4.2.9d). The potential
required to maintain 10 mA cm2 for Ru (0.2)-NC does not show an obvious increase
after the 100-h continuous test, revealing very good durability. In comparison, RuO;
needs a higher potential to deliver 10 mA cm2 and the potential needed continues to

increase over time, due probably to the gradual dissolution of high-valence Ru species
[52, 53].
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Figure 4.2.10 Nyquist plots of the catalysts toward OER, measured at 1.53 V vs. RHE in 1.0 M KOH.
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Figure 4.2.11 Mass activities of Ru (0.2)-NC and commercial Pt/C catalysts toward OER tested in 1.0 M KOH.
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Table 4.2.4 Comparison of turnover frequencies (TOFs) of Ru (0.2)-NC to those of other recently reported Ru-based OER
catalysts tested in alkaline condition.

i TOF
Catalyst Overpotential Reference
V) (sY)
Ru (0.2)-NC 0.30 4.89 This work
Angew. Chem. Int. Ed. 2020, 59,
(Ru-Co)Ox 0.27 0.252 17219-17224.
J. Colloid Interface Sci. 2019, 534
0 ) 1
Ru%CeO; 0.35 0.004 204-710.
Ru-NiFe-
MOE/NE 0.28 0.506  Dalton Trans. 2021, 50, 4280-4287.
Ru-NiFeP/NF 0.25 0.190 Appl. Surf. Sci. 2021, 536, 147952.
Electrochimica Acta 2019, 327,
RuCo@NC-750 0.30 0.35 134958,
NIRU@MWCNTS 0.30 112 ACS Appl. Mater. Interfaces 2020, 12,

13842-13851.

In order to gain insight into the catalytically active sites and reaction mechanisms of
the Ru (0.2)-NC catalyst, we performed DFT calculations and obtained the Gibbs free
energy diagrams for the OER and the HER. Figure 4.2.12a shows the adsorption
configurations of the reaction intermediates on the pyrrole-type Ru (0.2)-NC model
catalysts during the OER, which involves successive electron transfer steps with the
related oxygenated intermediates of OH*, O* and OOH*. The OER Gibbs free energy
diagrams of Ru (0.2)-NC and RuO; were calculated at the potential of U =1.23 V (Figure
4.2.12b). For RuO,, the calculations reveal that the elementary reaction step *O + OH"
— *OO0H + e is the rate determining step (RDS) with a high energy barrier of 2.10 eV.
In comparison, for Ru (0.2)-NC, the RDS has been altered to the last elementary step
OOH" + OH™ — "+ 02 (g) + H20 (I) + e~ with a much lower energy barrier of 0.86 eV,
revealing a more favorable OER kinetics. The Gibbs free energy diagrams of Ru (0.2)-
NC and Pt/C for the HER were also derived from the DFT calculations (Figure 4.2.12c).
The Ru (0.2)-NC exhibits a AGH value (-0.38 eV) comparable to Pt (-0.19 eV), indicating
appropriate H adsorption on the Ru sites of Ru (0.2)-NC. The band-order and Bader
charge analyses confirm that there is 0.89 e charge transferred from the Ru site to the N
atoms when Ru forms chemical bonds with the N atoms (Figures 4.2.12d and 4.2.12e).
This indicates that the Ru sites lose their electrons and thus are positively charged, which

are expected to be able to regulate their interaction with the reaction intermediates,
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promoting the activity. Furthermore, the crystal orbital Hamilton populations (COHP)
analysis reveals that the peaks of the antibonding orbital are close to the Fermi level,
suggesting that the Ru atoms in Ru (0.2)-NC catalysts are easy to form bonds with the

adsorbed species, reducing the energy barrier of the reaction (Figure 4.2.12f).
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Figure 4.2.12 a) Adsorption configurations of the intermediates during the OER process on pyrrole-type Ru (0.2)-NC (the
balls in cyan, blue, red and white represent Ru, N, O and H atoms, respectively). Gibbs free-energy diagram for b) the
four steps of OER and c) the two steps of HER on pyrrole-type Ru (0.2)-NC. The dotted lines in panel b) denote the RDS.
d) The band-order, e) Bader charge and f) COHP analysis of pyrrole-type Ru (0.2)-NC.

While the above calculations were made based on the pyrrole-type Ru (0.2)-NC
catalyst model, it was also reported that the pyridinic-type metal moieties are active sites
toward the electrocatalysis [54]. Therefore, we further calculated the Gibbs free energy
of the reaction intermediates on pyridinic-type Ru (0.2)-NC at U = 1.23 V. As shown from
the free energy diagrams for the OER and HER (Figure 4.2.13), our Ru (0.2)-NC catalyst
exhibits the lower energy barrier for both model reactions relative to RuO. and
comparable with Pt/C. Overall, the Gibbs energy calculations agree well with our
experimental observation, demonstrating that the atomically dispersed Ru sites on Ru
(0.2)-NC indeed help decrease the energy barrier in the RDS step and enhance the
electrocatalytic activity for both OER and HER.
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Figure 4.2.13 a) Adsorption configurations of the intermediates during the OER process on pyridinic-type Ru (0.2)-NC
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COHP analysis in pyridinic-type Ru (0.2)-NC.
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Figure 4.2.14 Overall water electrolysis tests of Ru (0.2)-NC and other control catalysts, performed in a two-compartment
Teflon cell separated by a) the anion exchange membrane (AEM) and b) the bipolar membrane (BPM). c) Faradaic
efficiency of Ru (0.2)-NC in the BPM-based water electrolysis measured a fixed current density of 10 mA cm. d)
Operational stability of AEMWE and BPMWE for Ru (0.2)-NC and other control catalysts at 10 mA cm™.
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On the basis of the excellent electrocatalytic performance of Ru (0.2)-NC illustrated
in the HER and OER, we further used Ru (0.2)-NC as the bifunctional electrocatalysts to
perform overall water electrolysis in a two-electrode configuration in 1.0 M KOH in the
presence of an anion exchange membrane (AEM). The result shows that the Ru (0.2)-
NC electrode pair needs a cell voltage of 1.67 V to achieve 10 mA cm2, outperforming
the the electrode pair comprising commercial Pt/C and RuO; catalysts (Figure 4.2.14a).
Given that the electrical energy demand is high in this case, we further employed a
bipolar membrane (BPM) to improve the overall water electrolysis performance. Working
in the “forward-bias” configuration, a BPM allows the HER and OER to be accomplished
in kinetically favorable acidic and alkaline environments, respectively, at a markedly
lowered cell voltage thanks to the assistance of electrochemical neutralization energy
[21-23]. Such asymmetric acid-alkaline BPM water electrolysis (BPMWE) using Ru (0.2)-
NC as both cathode and anode catalysts can operate under a low cell voltage (V1o) of
only 0.89 V to deliver 10 mA cm2 (Figure 4.2.14b). Moreover, a high current density of
100 mA cm can be achieved at a cell voltage of merely 1.12 V. The BPMWE based on
the commercial Pt/C || RuO; also exhibits a dramatic negative shift in the cell voltage to
reach a given current density (V1o = 0.91 V), but it is not as good as the BPMWE based
on the Ru (0.2)-NC || Ru (0.2)-NC electrode pair. The Faradaic efficiency of the HER and
OER in the BPMWE was measured (Figure 4.2.14c), and the volumes of the H, and O»
gases collected matched well with those calculated, showing an efficiency of close to
100%. This indicates that there was no side reaction occurring during the BPMWE.
Stability is a critically important indicator of electrocatalysts for practical applications in
water electrolyzers. We examined the catalytic stability of the Ru (0.2)-NC || Ru (0.2)-NC
electrode pair and commercial Pt/C || RuO; electrode pair in the AEM water electrolysis
(AEMWE) and BPMWE at a constant current density of 10 mA cm2 (Figure 4.2.14d). In
both cases, the Pt/C || RuO; electrode pair suffered a notable performance decay in the
course of 100-h water splitting. In contrast, the Ru (0.2)-NC || Ru (0.2)-NC pair exhibited
outstanding stability and was able to sustain continuous AEMWE and BPMWE at 10 mA
cm for 100 h without degradation. In particular, the BPMWE was accomplished at a low,
stable voltage of 0.89 V, which shows great potential for energy-saving hydrogen

production.
4.2.3 Conclusions

In summary, we have successfully proved a higher activity of atomically dispersed Ru
supported on nitrogen-doped carbon with an ultralow Ru loading (0.2 wt%) through a

two-step deposition-pyrolysis method. The as-prepared Ru (0.2)-NC catalysts exhibit
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superior electrocatalytic activity and better stability for both HER and OER in comparison
to the state-of-the-art commercial Pt/C and RuO: catalysts as well as many other Ru-
based HER and OER catalysts reported in the literature. Comprehensive DFT
calculations confirm that the chemical bonding formed between Ru and N atoms can
effectively lower the energy barrier of the rate determining step of the OER and that the
Ru-N4 moieties can more easily absorb the reaction intermediates, both contributing to
the enhanced OER performance. Furthermore, we accessed the suitability of using Ru
(0.2)-NC as the bifunctional catalysts in AEM and BPM water electrolysis. A significant
reduction in the applied external cell voltage can be achieved in the “forward-bias” BPM
configuration, owing to the assistance of electrochemical neutralization energy. In
particular, the BPM electrolyzer using Ru (0.2)-NC as the bifunctional catalysts is able to
afford a current density of 10 mA cm at a low cell voltage of merely 0.89 V and can

continuously and stably produce hydrogen at this voltage up to 100 hours without

performance decay, holding substantial potential for use in low-cost hydrogen production.

4.2.4 Experimental section

Reagents: All reagents were used as received without further purification. Alginate acid,
ammonia solution (NH,OH), and Nafion® perfluorinated resin solution (5 wt %) were
purchased from Sigma-Aldrich. Activated carbon (Norit CN-1) was bought from Fisher
Scientific. Ruthenium chloride hydrate (RuCls-xH2O) was acquired from Johnson
Matthey. Potassium hydroxide (KOH) and ruthenium dioxide (RuO;) powders were

purchased from Alfa Aesar.

Synthesis of atomically dispersed Ru ADCs: The Ru ADCs were prepared through a
two-step process involving the introduction of nitrogen groups by dispersing ammonium
alginate onto a carbonaceous support, followed by the incorporation of the ruthenium
precursor in an alcoholic solution and subsequent pyrolysis treatment [55-57]. Typically,
0.2 g of alginate acid was dissolved in 20 mL of deionized Milli-Q water (resistivity: 18.2
MQ-cm), and 2 mL of NH4OH (28 %) was then added in order to transform the insoluble
acid to the soluble ammonium salt (NH4A). Subsequently, 0.8 g of the activated carbon
support (Norit CN-1) was added and the mixture was vigorously stirred for 1 h. The
solvent was evaporated under vacuum at 65 °C and the dried product was ground into
powders. The ground support (20 % NH4A/C) composed of 20 wt% ammonium alginate
was then dispersed in 10 mL of 1-butanol containing 5.3 mg of RuCls-xH»O (40 %) and
kept at the reflux temperature of the alcohol (117.7 °C) for 16 h. Afterwards, the Ru-

impregnated solid was filtered, washed three times with 50 mL of ethanol and dried under
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reduced pressure at room temperature for 12 h. Finally, the as-prepared sample (0.2 wt%
Ru-20 % NH4A/C) was subjected to a pyrolysis treatment at 800 °C for 2 h under a N>
flow of 50 mL min-! with a ramping rate of 25 °C min-! to yield the Ru ADCs with 0.2 wt%
Ru loading (i.e., Ru (0.2)-NC). Likewise, pristine nitrogen-doped carbon (denoted as NC
hereafter) was prepared as a control sample, according to a similar procedure as

described above, in the absence of ruthenium precursors.

Materials characterization: X-ray diffractometry (XRD) examinations were performed
on an X'Pert PRO diffractometer (PANalytical) set at 45 kV and 40 mA with Cu Kq
radiation (A = 1.541874 A) and a PIXcel detector. Data were collected in the Bragg-
Brentano configuration in the 26 range of 30 — 100° at a scan speed of 0.011° s, X-ray
photoelectron spectroscopy (XPS) characterization was carried out on an ESCALAB 250
instrument (Thermo Scientific) with Al Ky X-rays (1486.6 eV). Scanning electron
microscopy (SEM) examination was conducted on a FEI Quanta 650 FEG microscope.
Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and scanning
transmission electron microscopy (STEM) elemental mapping investigations were
carried out on a probe-corrected transmission electron microscope operating at 200 kV
(FEI Themis 60-300). The Ru loading of Ru ADCs was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, ICPE-9000 spectrometer, Shimadzu).

DFT calculations: DFT calculations were performed using Vienna Ab-initio Simulation
Package (VASP) with the projector augmented wave (PAW) pseudopotential and
Revised Perdew-Burke-Ernzerhof (RPBE) functional [58-60]. A kinetic energy cut-off of
400 eV was adopted for the plane-wave expansion. A Gamma point was used to sample
the Brillouin zone in energy and structure relaxation calculation. A 3 x 3 x 1 Monkhorst-
Pack k-point mesh was utilized in electronic structure calculations. All structures were
fully relaxed until the final energy and force on each atom were less than 10 eV and
0.02 eV A1, respectively. A 5 x 6 supercell including 62 C, 4 N and 1 Ru atoms, was
chosen for modelling atomically dispersed Ru, while in the N-doped graphene sheet
model, the graphene supercell is 14.76 x 12.75 x 15.00 A3 in the x, y and z directions
and the periodic condition is applied along z direction. The following catalyst models were
used for the calculations: Ru single atom with the pyrrolic N coordination configuration;
Ru single atom with the pyridinic N coordination configuration; Pt (111) surface for the
HER; RuO; (110) surface for the OER. The HER proceeds through the two-electron

pathways with the following reaction steps:

*+H"+e — H (1)
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H*+H"+e” — Hx(g) +~ (2a)
or H*+ H*— Hy(g) + 2+ (2b)

The OER process includes the following steps:

"+OH - OH" + e 3
OH +OH — 0"+ H,O (I) + e- (4)
O+ OH — OOH" + e- (5)
OOH" +OH™ — "+ 02 (g) + H20 (I) + e~ (6)

where * represents the Ru active site, and OH", O, OOH" and H* are the intermediates
absorbed on the active sites during the OER and HER. The adsorption energy was
calculated as follows: Eaq = Esys — Esur — Espe, In Which Eaq, Esys, Esur and Espe denote the
adsorption energy, the energy of adsorption system, the energy of clean surface and the

energy of insulated adsorption species.

Electrode preparation and electrocatalytic tests: To prepare the working electrode, 5
mg of Ru (0.2)-NC catalysts was first ultrasonically dispersed into 500 uL of ethanol and
50 uL of Nafion® (Sigma, 5 wt%) solution to form a homogeneous ink. Subsequently,
6.6 uL of catalyst ink was loaded on a polished glassy carbon (GC) electrode with an
exposed area of 0.2 cm?, resulting in a Ru loading density of 0.6 pg cm2. For comparison,
the electrocatalytic performance of commercial Pt/C (FuelCellStore, 20 wt% Pt), RuO;
nanopatrticles (Alfa Aesar) and pristine NC support control samples was also investigated.
The working electrode was prepared according to the procedure similar to that described

above. The metal loading density of Pt/C and RuO,was 60 and 300 pg cm2, respectively.

All electrocatalytic tests were performed in a three-electrode configuration at room
temperature using a Biologic VMP-3 potentiostat/galvanostat. A graphite rod and a
saturated calomel electrode (SCE) were utilized as the counter and reference electrodes,
respectively. Unless otherwise stated, all potentials are reported versus the reversible
hydrogen electrode (RHE) by converting the measured potentials according to the

following equation:
Erne = Esce + 0.059 x pH + 0.241 (7)

The apparent HER and OER activities were appraised using linear scan voltammetry

(LSV) at a scan rate of 5 mV s, and an iR-correction (85%) was applied to compensate
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for the voltage drop between the reference and working electrodes, which was measured

by a single-point high-frequency impedance measurement.

The electrocatalytically-active surface areas (ECSAs) were estimated from the
electrochemical double-layer capacitance (Cq) of the catalysts. The Cgy values were
derived by performing cyclic voltammetry (CV) in the non-Faradaic potential range of 0.4
— 0.6 V vs. RHE at different scan rates (v) of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
mV s, followed by extracting the slope from the resulting |ja— j¢|/2 vs. v plots (ja and jc
represent the anodic and cathodic current at 0.5 V vs. RHE). The ECSA was computed
according to the following formula [7];

ECSA = ‘4 (8)

Cs
where Cs represents the areal capacitance of a flat surface (35 uF cm?) [61].

Electrochemical impedance spectroscopy (EIS) measurements were carried out at
—0.047 V vs. RHE for HER in 0.5 M H2SO4, —0.073 V vs. RHE for HER in 1.0 M KOH and
1.530 V vs. RHE for OER in 1.0 M KOH in the frequency range of 10° — 0.01 Hz with a
10 mV sinusoidal perturbation. The stability of catalysts was assessed at a constant
current density of -10 mA cm? for HER and 10 mA cm? for OER using

chronopotentiometry (CP).

For HER and OER, the turnover frequency (TOF) of the catalysts was calculated

according to the following formula [22]:

HER: TOF = L 9)
OER: TOF = L (10)

where j (A) is the current at a given overpotential, F = 96500 C mol? stands for the
Faraday constant, and n (mol) is mole number of Ru or Pt loaded on the GC electrode.
All metal species in catalysts were assumed to be catalytically active, so the calculated

values represent the lower limits of TOF.

Overall water splitting performance: The overall water electrolysis performance was
firstly investigated in a two-compartment Teflon cell using Ru ADCs as both HER and
OER catalysts in the presence of an anion exchange membrane (AEM). 1.0 M KOH
solution was used as the electrolyte. Furthermore, asymmetric water electrolysis in acid-
alkaline dual electrolytes was also demonstrated using a bipolar membrane (BPM) to

separate the cathodic compartment from the anodic one. In this case, 1.0 M KOH and
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0.5 M H2SO4 were supplied as the anolyte and catholyte, respectively. For comparison,
commercial Pt/C and RuO, were also utilized as HER and OER catalysts, respectively,
and tested in the same asymmetric configuration. The Faradaic efficiency of the
hydrogen and oxygen evolution was measured during the continuous BPM water
electrolysis at 10 mA cm2. The stability of overall water electrolysis was assessed in the

two-compartment Teflon cell using CP at a constant current density of 10 mA cm2.
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4.3 Single-atom Ir and Ru anchored on graphitic carbon nitride for
efficient and stable electrocatalytic/photocatalytic hydrogen

evolution

Abstract

Renewable energy-powered water electrolysis and photocatalytic water splitting are two
promising approaches to green hydrogen production. Electrocatalysts and
photocatalysts are essential components determining the performance of water
electrolyzers and photocatalytic reactors, respectively. Currently, there is a pressing
need to develop efficient and stable electrocatalysts and photocatalysts for large-scale
deployment of these devices to reach carbon neutrality. Herein, we report the synthesis
of single-atom Ir and Ru anchored on mesoporous graphitic carbon nitride (Ir-g-CN and
Ru-g-CN), which can be used as electrocatalysts and photocatalysts for the hydrogen
evolution reaction (HER). Remarkably, Ru-g-CN shows a high turnover frequency (TOF)
of 12.9 and 5.1 s at an overpotential () of 100 mV in 0.5 M H,SO. and 1.0 M KOH,
respectively, outperforming Ir-g-CN, commercial Pt/C benchmark and many other
advanced HER catalysts reported recently. Moreover, Ru-g-CN can deliver an
exceptionally high mass activity of 24.55 and 8.78 A mg™tat n = 100 mV in acidic and
alkaline solutions, meanwhile exhibiting a high apparent current density, which is
favorable for practical applications. Additionally, both Ru-g-CN and Ir-g-CN show
outstanding catalytic stability, continuously catalyzing the HER in acidic and alkaline
conditions for 120 h with minimal degradation. Besides, when used for photocatalytic
water splitting, Ru-g-CN can achieve a high hydrogen production rate of 489.7 mmol H-
gru! h™%, and shows good photocatalytic stability. Our density functional theory (DFT)
calculations demonstrate that loading Ir and Ru single-atoms on g-CN alters the
electronic structure, resulting in a reduced bandgap and improved electrical conductivity,
facilitating electron transfer during the catalysis. Moreover, the Gibbs free energy of
hydrogen adsorption on Ru-g-CN and Ir-g-CN is also substantially lowered, enhancing

HER performance.
4.3.1 Introduction

Hydrogen (Hy), as a carbon-free energy carrier with a high gravimetric energy density,
has shown significant potential for decarbonizing the transport sector and hard-to-abate
industries [1], contributing to reaching the carbon-neutral goals pledged by many

countries in the world. Water electrolysis coupled with renewable sources [2-4] and direct
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solar-driven photocatalysis [5-8] have been considered the most promising approaches
to “green” H; production. To turn the blueprint into reality, water electrolyzers and
photocatalytic reactors must be deployed on a large scale commensurate with the global
demand. Given that hydrogen evolution reaction (HER) catalysts and photocatalysts are
crucial components governing the performance of electrochemical and photocatalytic
water splitting, respectively, there is a pressing need to develop efficient, stable and cost-
effective  HER electrocatalysts and photocatalysts to enable fast, widespread
deployment of water electrolyzers and photocatalytic reactors across different sectors

where H; is needed.

Since its report in 2009 [9], graphitic carbon nitride (g-CN) has been intensively
investigated as a metal-free photocatalyst for H, production [5, 6, 10, 11]. Despite being
active, the H production rate of pure g-CN is, in general, not sufficiently high, and it was
demonstrated that loading co-catalysts on g-CN can markedly enhance the H; evolution
performance [3, 12]. Besides, g-CN was also explored as an electrocatalyst for
electrochemical water splitting [13]. However, g-CN is a polymer semiconductor having
a bandgap of ~2.7 eV. It has poor electrical conductivity, and therefore pure g-CN by
nature is not a suitable electrocatalyst [13]. Nevertheless, recent theoretical studies and
experimental investigations have demonstrated that g-CN loaded with noble or transition
metal species can serve as an outstanding electrocatalyst toward the HER in acidic and
alkaline electrolytes [14-16]. For example, Zheng et al. reported that anomalous face-
centered cubic (fcc) Ru nanoparticles supported on g-CN exhibited 2.5 times higher
hydrogen evolution turnover frequency (TOF) under alkaline conditions than the state-
of-the-art commercial Pt/C catalysts [15], which can be attributed to the favorable water
dissociation dictated by the combination of Ru and g-CN. In particular, metal species
atomically dispersed on the surface of g-CN have recently emerged as a new class of
electrocatalysts, which can optimize the utilization of metals, especially the costly
platinum group metals (PGMs), and also enable notably improved catalytic performance
[12, 17-21]. To this end, g-CN emerges as an excellent supporting material because of
its abundant uncoordinated nitrogen groups that can firmly anchor metal species,

resulting in improved atomic dispersion [13].

Recent density functional theory (DFT) calculations revealed that introducing single
metal (M) atoms onto the surface of g-CN may remarkably lower the bandgap [22],
improving the conductivity of the resulting M-g-CN. Moreover, this will cause a drastic
change in the electronic structure and alter the ratio of ionic to covalent bonding, thereby

changing the adsorption energy of intermediates, the free energy of hydrogen adsorption
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and accordingly, the HER overpotential [17, 18]. Experimentally, M-g-CN has recently
been demonstrated to be active for both electrochemical and photocatalytic water
splitting. For instance, Peng et al. reported that Ru ion-complexed g-CN nanosheets
could catalyze the HER with an overpotential (n) of 140 mV to achieve a current density
of 10 mA cm™ and a Tafel slope of 57 mV dec™ [23]. Liu and co-workers lately
demonstrated that by introducing only 0.1 wt% of palladium clusters and single-atoms
on g-CN, the photocatalytic H, production rate of g-CN could increase from 1.4 to 728
pumol g~ h™! under visible light irradiation [24]. Notwithstanding some progress, most of
the previous reports were mainly focused on g-CN supported Pt single-atom catalysts
[12, 13]; moreover, the electrocatalytic and photocatalytic properties of M-g-CN toward
hydrogen evolution were usually investigated separately. More importantly, both the
electrocatalytic and photocatalytic performance of these catalysts need to be further

improved to explore possible synergies between the processes.

This work reports the synthesis of single-atom Ir and Ru anchored on mesoporous g-
CN (denoted as Ir-g-CN and Ru-g-CN) by a simple hydrothermal method. Both Ir-g-CN
and Ru-g-CN are comprehensively characterized, and the dispersion of Ir and Ru
species on the g-CN support is evidenced by advanced scanning transmission electron
microscopy. The obtained Ir-g-CN and Ru-g-CN show outstanding electrocatalytic
performance for HER. Notably, the Ru-g-CN exhibits a high TOF value of 12.9 and 5.1
statn =100 mVin 0.5 M H,SO, and 1.0 M KOH, respectively, which outperforms Ir-g-
CN, commercial Pt/C benchmark and many other advanced HER catalysts recently
reported in the literature. In addition, Ru-g-CN affords an exceptionally high mass activity
of 24.55 and 8.78 A mg™ at n = 100 mV in acidic and alkaline solutions, meanwhile
exhibiting a high apparent current density, which is favorable for practical applications.
Impressively, Ru-g-CN also reveals outstanding photocatalytic HER activity showing a
high H, production rate of 489.7 mmol H, gryt h™1, along with good catalytic stability.
Our DFT calculations disclose that the atomic dispersion of Ir and Ru on g-CN reduces
the bandgap and increases electrical conductivity. Moreover, DFT results can also
explain the improved HER activity through the lowering of the Gibbs free energy of
hydrogen adsorption on Ir-g-CN and Ru-g-CN.

4.3.2 Results and discussion
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Figure 4.3.2 Aberration-corrected HAADF-STEM images of a-c) Ir-g-CN and d-f) Ru-g-CN. Red circles in ¢) and f) spotlight
representative Ir and Ru single-atoms, respectively.

Figure 4.3.3 a, e) HAADF-STEM images, and b-d, f-h) elemental maps of a-d) Ir-g-CN and e-h) Ru-g-CN catalysts.
Ultrafine Ir and Ru clusters can be found to distribute sparsely in both samples.
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As detailed in the Experimental section, the Ir-g-CN and Ru-g-CN catalysts were
prepared by wet chemical reduction of Ir- and Ru-containing precursors on the
mesoporous g-CN support under hydrothermal conditions. g-CN is known to have
abundant uncoordinated N groups on its surface [19, 20], which can anchor metal cations
firmly, leading to a high degree of dispersion of Ir and Ru species. Scanning electron
microscopy (SEM) examination showed that the as-prepared g-CN consists of carbon
nitride thin layers stacked together into micrometer-sized particles, and loading Ir or Ru
on g-CN did not change its morphology (Figure 4.3.1). The aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
was further carried out to investigate the microstructure of Ir-g-CN and Ru-g-CN, where
numerous mesopores were found in the g-CN support of both samples (Figures 4.3.2a
and 4.3.2d), which are expected to offer high surface areas and enable the exposure of
more catalytically active sites. Further HAADF-STEM imaging at higher magnification
revealed a high degree of atomic dispersion of Ir and Ru atoms on the g-CN support
(See the bright spots in Figures 4.3.2b and 4.3.2e. Some of them are marked with red
cycles in Figures 4.3.2c and 4.3.2f). While most metal species were found in the form
of single-atoms, sparse ultrafine nanoclusters with a subnanometer diameter were also
observed in some places of both samples. Elemental mapping over Ir-g-CN and Ru-g-
CN further corroborated that Ir or Ru element is distributed relatively uniformly over the
g-CN with a high density (Figures 4.3.3b-d and 4.3.3f-h).

The crystal structure and chemical composition of Ir-g-CN and Ru-g-CN catalysts
were further investigated by X-ray diffractometry (XRD), Fourier transform infrared
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). According to the
XRD results (Figure 4.3.4a), only one strong diffraction peak at 27.6° and another very
weak one at 12.9°, which can be assigned to the diffractions of (002) and (100) planes
of g-CN, are observed for all samples, and no other diffraction peaks from any
polymorphs of Ir, Ru or their compounds can be identified. Therefore, no crystalline
structures, such as big nanopatrticles or clusters, are formed when loading Ir or Ru on
the g-CN support. As such, Ir or Ru should virtually be atomically dispersed, consistent
with the HAADF-STEM examination (Figure 4.3.2). The diffraction intensity of sparsely
dispersed subnanometric Ir and Ru clusters (Figure 4.3.3) is not strong enough to show
any peaks in the XRD patterns, implying that the quantity of such clusters is insignificant.
The FT-IR spectra of Ir-g-CN and Ru-g-CN catalysts closely resemble that of as-
prepared g-CN, indicating that introducing Ir and Ru atoms onto g-CN did not alter the
bulk molecular structure of the g-CN (Figure 4.3.4b). The Brunauer-Emmett-Teller (BET)
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specific surface area of the Ir-g-CN catalysts was measured to be 64.9 m? g2, slightly
lower than that of Ru-g-CN (79.0 m? g™2), but both are almost two times higher than that
of the original g-CN (34.7 m? g1). This increase suggests that loading Ir or Ru atoms
onto g-CN remarkably enlarges the specific surface area of samples, which is beneficial

for exposing more active sites and promoting mass transport [25].
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Figure 4.3.4 a) XRD patterns, b) FT-IR spectra, c) Nitrogen adsorption-desorption isotherms of all catalysts. The high-
resolution N 1 s spectrum of d) g-CN, e) Ir-g-CN and f) Ru-g-CN catalysts.

The surface chemistry of Ir-g-CN and Ru-g-CN was further analyzed by XPS. The
XPS survey spectra of samples confirm the presence of corresponding elements in each
catalyst, as shown in Figure 4.3.5. The high-resolution N 1s spectra of g-CN, Ir-g-CN
and Ru-g-CN are shown in Figure 4.3.4d-f. The N 1s XPS spectrum of g-CN can be
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deconvoluted into four components (Figure 4.3.4d), corresponding to triazine rings (C—
N=C, 398.7 eV), tertiary nitrogen (N—(C)s, 400.7 €V), amino function groups (401.9eV)
and the nitrate group (404.5 eV) [26], respectively. Compared to the pristine g-CN, Ir-g-
CN and Ru-g-CN have one more component appearing at 399.6 eV, which can be
assigned to the metal—nitrogen (M—N) bonding [27, 28] resulting from the anchoring of Ir
and Ru atoms on the g-CN surface. Meanwhile, the C 1 s XPS spectra of these samples
were also compared. The C 1s XPS spectrum of g-CN is deconvoluted into three
components (Figure 4.3.6a), corresponding to the sp?-bonded carbon in N-containing
aromatic rings (N-C=N, 288.6 eV), amino functional groups (286.3 eV) and C(—N)s planar
trigonal carbon geometry (284.9 eV) [29]. After loading Ir and Ru onto g-CN, the intensity
of N—C=N signals relative to that of the other two components is decreased (Figure
4.3.6b-c), which can be attributed to the N bonding with Ir and Ru species, consistent
with the results for N 1s spectra (Figure 4.3.4d-f). In addition, inductively coupled
plasma — optical emission spectroscopy (ICP-OES) measurements were performed,
which revealed that the loading mass of Ir and Ru on g-CN is 1.71 wt% and 0.24 wt% for

Ir-g-CN and Ru-g-CN, respectively.
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Figure 4.3.5 XPS survey spectra of pristine g-CN, Ir-g-CN and Ru-g-CN.
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Figure 4.3.6 High-resolution C 1s XPS spectra of a) g-CN, b) Ir-g-CN and c) Ru-g-CN.
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Figure 4.3.7 a) Ir Ls-edge XANES spectra of commercial Ir/C, IrO, and Ir-g-CN. b) Ru K-edge XANES spectra of
commercial RuCl;, RuO, and Ru-g-CN.
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Figure 4.3.8 a) Ir 4f XPS spectrum of Ir-g-CN. b) Ru 3p XPS spectrum of Ru-g-CN.

Moreover, X-ray absorption near-edge structure (XANES) spectroscopy
measurements were carried out to gain more insight into the chemical state. Figure
4.3.7a shows the Ir Lz-edge XANES spectra of metallic Ir, commercial IrO; and Ir-g-CN.
The absorption white-line of Ir-g-CN stands in the middle of that of metallic Ir and IrO,
references, indicating an average Ir oxidation state lower than + 4 but higher than 0. This

is in good agreement with the XPS results, where no components from metallic Ir° are
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observed, and the oxidation state of Ir has been found close to 3 + (Figure 4.3.8a).
Figure 4.3.7b reveals the Ru K-edge XANES spectra of metallic Ru, commercial RuO-
and Ru-g-CN, respectively, where the Ru in Ru-g-CN is more reduced than that in RuO»
(4 +) but more oxidized than that in metallic Ru, indicating that the Ru in Ru-g-CN carries
positive charges, consistent with the XPS results (Figure 4.3.8b). The absence of
reduced metallic forms in Ir-g-CN and Ru-g-CN implies that Ir and Ru are predominantly
dispersed atomically on the g-CN support [30, 31], agreeing with the above XRD and
HAADF-STEM results.
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Figure 4.3.9 a) UV-vis absorption spectra and the corresponding Tauc plots (inset), b) PL spectra, c) Mott-Schottky plots
and d) the corresponding electronic band structure of g-CN, Ir-g-CN and Ru-g-CN catalysts.

g-CN is known to be a polymeric semiconductor [13], and therefore the effect of
introducing Ir and Ru co-catalysts on the optical properties of g-CN was further
investigated. According to the Diffuse Reflectance Ultraviolet-Visible (DR UV-vis)
spectra measured in the wavelength range of 300 — 700 nm (Figure 4.3.9a), the light
absorption of both Ir-g-CN and Ru-g-CN exhibits an increase over the whole spectral
range, accompanied by a slight red shift in the absorption edge with respect to the as-
obtained g-CN support. This indicates that the interaction between Ir or Ru atoms and g-
CN enhances light absorption, which improves photocatalytic activity [12, 32].
Furthermore, the optical band gap (Eg) of Ir-g-CN and Ru-g-CN was estimated from the

Tauc plot (Figure 4.3.9a inset), which shows a very similar value for Ir-g-CN (2.67 eV)
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and Ru-g-CN (2.66 eV), slightly lower than that of the as-prepared g-CN (2.73 eV). This
was also confirmed by photoluminescence (PL) measurements (Figure 4.3.9b), where
the PL signals of Ir-g-CN and Ru-g-CN are significantly lower in comparison with that of
g-CN, suggesting that the photo-carrier collection in Ir-g-CN and Ru-g-CN works
efficiently and that the incorporation of atomically dispersed Ir or Ru can effectively
suppress the electron-hole recombination, promoting the separation and transfer of
photo-carriers [11, 22, 33].

To further investigate the band structure of the Ir-g-CN and Ru-g-CN catalysts, Mott-
Schottky analyses were conducted at a frequency of 1000 Hz. All samples show the n-
type semiconductor characteristics, with a positive slope in the Mott-Schottky plots
(Figure 4.3.9c). The flat band potentials of g-CN, Ir-g-CN and Ru-g-CN can be
extrapolated to be —0.66 V, —-0.33 V and -0.46 V vs. RHE, respectively [34]. Considering
the energy gap (Ew) between the Fermi level (Er) and the valence band maximum (E.)
of different samples obtained by the ultraviolet photoelectron spectroscopy — valence
band maximum (UPS-VBM) spectrum (Figure 4.3.10), the valence band position (Ey)
and conduction band position (Ec) could be estimated [33] (Figure 4.3.9d and Table
4.3.1). Since the conduction band of Ir-g-CN and Ru-g-CN is much closer to the Fermi
level than that of the original g-CN, the Ir or Ru atoms serve as electron acceptors. In
this case, the electron transfer from the support to Ir or Ru co-catalysts will be promoted
under photo-irradiation, and thus the electron-hole recombination can be effectively

suppressed [11].
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Figure 4.3.10 XPS-VBM spectra of pristine g-CN, Ir-g-CN and Ru-g-CN.
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Table 4.3.1 Detailed energy band position of g-CN, Ir-g-CN and Ru-g-CN.

Sample Es2(eV) EP(V) Ew‘(eV) Ed(eV) Ece (eV)
g-CN 2.73 -0.66 2.57 1.91 -0.82

Ir-g-CN 2.67 -0.33 2.78 2.45 -0.22

Ru-g-CN 2.66 -0.46 2.68 2.22 -0.44

@ Eq4 represents the bandgap values that are obtained by extraploating the linear region in the Tauc plots.
b E; represents the Fermi level, approximate to the flat band potential, derived from the Mott-Schottky plots.

¢ E\ represents the energy gap values between the Fermi level (Ey) and the position of the valence band maximum (E,),

derived from its XPS-VBM spectrum.
4 E, represents the position of the valence band maximum calculated by the equation E, = E,, + E;.
¢ E. represents the position of the conduction band minimum calculated by the equation E. = E, — E.
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Figure 4.3.11 Electrocatalytic HER performance of g-CN, Ir-g-CN and Ru-g-CN catalysts. a, b) LSV curves. Scan rate:
5mVs™. ¢, d) Comprehensive comparison of the mass activity versus apparent activity of Ir-g-CN and Ru-g-CN to those
of other start-of-the-art Ir- and Ru-based catalysts reported recently. See Supporting Information for details. e, f) Long-

216

term catalytic stability tests at =10 mA cm™. Data were acquired in a, ¢, €) 0.5 M H,SO, and b, d, f) 1.0 M KOH, respectively.



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

The electrocatalytic HER activities of Ir-g-CN and Ru-g-CN catalysts were
investigated by linear sweep voltammetry (LSV) in both 0.5 M H,SO4 and 1.0 M KOH
solutions. Pristine g-CN and commercial 20% Pt/C catalysts were used as references.
Figures 4.3.11a and 4.3.11b show that the pristine g-CN support exhibits inferior HER
performance in acidic and alkaline solutions. Upon loading a tiny amount of Ir or Ru
(1.71wt% for Ir-g-CN and 0.24 wt% for Ru-g-CN), the apparent HER activity is
significantly enhanced in both cases, even outperforming the commercial Pt/C
benchmark, particularly in the low overpotential () region. This performance indicates
that dispersing Ir or Ru in the form of single-atoms is an effective strategy to reduce the
utilization of precious metals while retaining adequately sound HER performance. The
flat portion of LSV curve for Pt/C might result from the hydrogen buildup at low
overpotentials, which is likely related to the mass-transport limitations, according to a
recent report [35]. The reaction kinetics of all catalysts was studied by the Tafel analysis
(Figures 4.3.12a and 4.3.12b). The Ir-g-CN and Ru-g-CN catalysts exhibit a Tafel slope
of 47.6 and 54.0 mV dec™, respectively, in 0.5 MH;SO,, slightly higher than that of
commercial Pt/C (32.2 mV dec™), indicating that the HER proceeds on Ir-g-CN and Ru-
g-CN through the Volmer-Heyrovsky mechanism, where the electrochemical desorption
is fast, but the discharge step is slow. In 1.0 M KOH, the Ir-g-CN shows a Tafel slope of
49.3 mV dec™, followed by commercial Pt/C (61.0 mV dec™) and Ru-g-CN (63.5 mV
dec™), suggesting more favorable HER kinetics on Ir-g-CN. Furthermore, the EIS
measurements also confirmed the fast reaction rate of the Ir-g-CN and Ru-g-CN for the

HER, as evidenced by their small charge transfer resistance (R, Figure 4.3.12c-d).

a HER in acid Do.os HER in alkaline
* Ir-g-CN, 47.6 mV dec” + Ir-g-CN, 49.3 mV dec”
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Figure 4.3.12 a, b) Tafel plots, ¢, d) Nyquist plots of all catalysts towards the HER tested in acidic and alkaline media,
respectively. The insets in c) and d) show the equivalent circuit diagrams used for fitting.
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Figure 4.3.13 Electrochemical CV curves of a) Ir-g-CN, b) Ru-g-CN and c) commercial Pt/C, recorded at different scan
rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s*. d) Plots of the capacitive current as a function of the scan rate
for all catalysts. e) ECSA of all catalysts.

To further assess the intrinsic catalytic performance, the ECSAs of Ir-g-CN, Ru-g-CN
and reference catalysts were estimated and compared through the electrochemical
double-layer capacitance (Cq) measurements [36]. As revealed in Figure 4.3.13, Ir-g-
CN shows an ECSA value of 234.3 cm?, higher than the commercial Pt/C (227.1 cm?)
and Ru-g-CN (114.0cm?). The ECSA normalized specific activity of Ru-g-CN
outperforms that of Ir-g-CN and Pt/C in both acidic and alkaline electrolytes (Figure
4.3.14), indicating the intrinsically high HER activity of Ru-g-CN. Furthermore, the TOF
values of Ir-g-CN and Ru-g-CN were also calculated and compared to those of other

advanced Ir- and Ru-based HER electrocatalysts reported recently (Figure 4.3.15). The
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Ru-g-CN shows a TOF value of 12.9 and 5.1s*at =100 mV in 0.5 MH,SO, and 1.0 M
KOH, respectively, substantially outperforming commercial Pt/C and many other Ir-/Ru-
based electrocatalysts (Tables 4.3.2 and 4.3.3), such as Ru/g-CsN4/C (4.85s™ at
n=100mV in acid) [15], RuCoP (10.95s™*at n=100 mV in acid) [37], and np-CuszRuaz
(1.139s™ at n=100 mV in alkaline) [38].
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Figure 4.3.14 Specific activity of Ir-g-CN, Ru-g-CN and commercial Pt/C catalysts towards the HER tested in a) 0.5 M
H,SO, and b) 1.0 M KOH.
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Figure 4.3.15 Comparison of the TOF values of Ir-g-CN and Ru-g-CN catalysts to those of other Ir- and Ru-based catalysts
reported recently in the literature. The measurements were conducted in a) 0.5 M H,SO,4 and b) 1.0 M KOH (Data acquired
from the Tables 4.3.2-4.3.3).

Table 4.3.2 Comparison of the turnover frequency (TOF) values of Ru-g-CN samples to those of other recently reported
Ru-based HER catalysts tested in acidic condition.

Loading
of Metal i -
Catalyst Overp(i)/';entlal TOlF) (s Reference
(Mg cm-
%)

Ru-g-CN 15 0.1 12.9 This work
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Ir-g-CN 10.3 0.1 4.1 This work
Ru-HPC 11.1 0.025 0.18  Nano Energy 2019, 58, 1-10.
Ru@C:N 81.8 0.025 0.67 Nat Nanotechnol. 2017, 12,
RU@MWCNT 89.6 0.025 0.70 SNat. Comlrgt;g.. 2020, 11,
Ru-CCS 10.6 0.05 3.7 4J. Mate;é(i:tl]f;nélé,zow' 6,
RU@GNP 80.3 0.1 0.26 "Adv. '\fgge,;égg_l& 30,
Ru-m\l@;r:izp- 034 o1 11 3Am. cgssml._szgc@z.ms, 140,
Ru/g-CsN4/C 48.0 0.1 485 ’J. Am. (igi;néi_slcgcl.BZl().lG, 138,
RU-ENG 16.2 0.02 0.75 8Nano E{]ggr’(ﬁiozo, 76,
Ru@Co/N- / 01 0.56 SACS Sustainable Chem. Eng.
CNTs-2 2020, 8, 9136-9144.
RUCoP 53.1 0.1 1095  Energy i""ilrggé_SCi- 2018,
Ir/Si NWs 60.0 0.022 o166 ACS Nanozigf, 13, 2786~
IrHNC 18.0 0.025 41~ NatCommun. 2019, 10,
Ir@CON 102.5 0.025 0.66 A, e a0 30
IrNiTa film 8.2 0.05 1.76 HAdv. '\1/'582582220’ 32,
IrOé;\l(ErosPi— 19 0.10 121 15]. Mat%r.z%rlgrznéé 2020,8,
nalr:glti%fars / 0.03 3.92 1EGnAgC S2(‘)S 1u9s,ti;i,n§g 1%E8h6ezrg:

Table 4.3.3 Comparison of the turnover frequency (TOF) values of Ru-g-CN samples to those of other recently reported
Ru-based HER catalysts tested in alkaline condition.

Loading _ ]
Catalyst of Metal Overp(s/';entlal Tog (s Reference
(Mg cm?)

Ru-g-CN 1.5 0.1 51 This work
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Ir-g-CN 10.3 0.1 1.7 This work
RU@C:N 81.8 0.025 076 Nat Na”‘itjlczrfg: 2017, 12,
RU@MWCNT 205 0.025 040 ~ ~Nat Commun.2020,11,

7J. Am. Chem. Soc. 2016,

RU/CSN/C 480 0-1 4.2 138, 16174-16181.
Ru-ENG 16.2 0.02 0.84 "Nano Efgg%f_ozo’ 76,
eeon oo CSgmammecnn

RuCoP 53.1 0.1 796 OEnergy ETV;{‘SQQSCI 2018,
Ir@CON 102.5 0.025 0.20 PAdv. '}"é”‘égg 026818’ 30,
7ACS Appl. Mater.
RU/NG-750 14.9 0.1 0.35 Interfaces 2017, 9, 3785—
3791
np-CussRus;  173.0 0.1 1139 ACS Energy Lett. 2020, 5
RuNi NSs 1.9 0.05 1.60 “Nano 'Elr(‘)ir%/;ow’ 66,
RU@NC-0.2 6.0 0.05 3.02 zoﬁgfgvg??gg?é_g‘sté ';d
Ru/C 138.0 0.04 018 AV E8”’elrg% Laater. 2018,
e 135.7 0.04 0.07 2'Adv. Energy Mater. 2018,

8, 1801698.

For PGM electrocatalysts, both mass activity and apparent activity are crucial metrics
for practical applications in electrolyzers [21, 39]. For single-atom catalysts, the low metal
loading would lead to a high normalized mass activity, but this advantage in many cases
cannot be fully translated into practical applications. For catalysts with a relatively low
PGM loading density, the catalyst layer must be thick enough to deliver a given high
catalytic current (not current density), which would hinder efficient mass and charge

transport within the electrode, eventually compromising the overall catalytic performance
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of the electrode. Therefore, a more comprehensive assessment considering both mass
and apparent activities is critically needed, especially for single-atom catalysts. To this
end, the mass activity of Ru-g-CN at n=100mV versus its apparent activity at
-10mAcm™ is plotted and compared to that of other advanced Ru-based
electrocatalysts reported recently. Ru-g-CN can deliver an exceptionally high mass
activity of 24.55 and 8.78 Amg™ at n=100mV in 0.5MH;SO;s and 1.0M KOH,
respectively, and meanwhile afford an apparent current density of —10 mAcm™ at a low
overpotential (positioned in the upper right corner in Figures 4.3.11c and 4.3.11d),
outperforming many other catalysts tested under the same conditions (Tables 4.3.4 and
4.3.5). In addition, the Faradaic efficiency of Ir-g-CN and Ru-g-CN toward the HER was
measured (Figure 4.3.16), and the volume of H; gases collected matches well with that
calculated, indicating a near 100% Faradaic efficiency.

Table 4.3.4 Comparison of the mass activity and overpoential of Ru-g-CN samples to those of other recently reported Ru-
based HER catalysts tested in acidic condition.

Overpotential : Mass
Catalyst Overpi)/tentlal activity (A Reference
@10 mAcm™ V) mg?)
Ru-gCN 545 0.1 24.55 This work
Ir-gCN 41.9 0.1 4.16 This work
. . J. Am. Chem. Soc.
R“'H',\%:'ZP' 51 0.1 ~2.1 2018, 140, 2731
2734
ACS Sustainable
RgﬁTC;/ZN' 92 0.1 ~0.09  Chem. Eng. 2020, 8,
9136-9144
. , Adv. Mater. 2020,
IrNiTa film 99 0.1 ~1.47 32, 1906384
N Energy Environ. Sci.
Ru@RFCS 58.1 0.1 1.99 201811, 1232-1239
J. Am. Chem. Soc.
Ru/g-C3N4/C 70 0.1 ~0.56 2016, 138, 16174~
16181
Sustain. Energy
Ru@NG-4 60 0.1 ~0.29 Fuels 2017, 1,
1028-1033
ACS Appl. Mater.
Ru-CeO; 47 0.1 ~0.2 Interfaces 2018, 10,

6299-6308
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J. Colloid Interface

Ru%/TiO, 41 0.1 ~0.33 Sci. 2018, 531, 570-
577
NisRU ACS Appl. Mater.
3 41 0.1 ~0.6 Interfaces 2017, 9,
nanoalloy

17326-17336

Table 4.3.5 Comparison of the mass activity and overpoential of Ru-g-CN samples to those of other recently reported Ru-
based HER catalysts tested in alkaline condition.

o tential Mass
verpotentia ; e
Catalyst Overps/tentlal aztlwty Reference
@10 mAcm™ (V) ( 1r)ng
Ru-gCN 75.5 0.1 8.78 This work
Ir-gCN 60.2 0.1 1.71 This work
J. Am. Chem. Soc.
Ru/C3N4/C 79 0.1 ~0.49 2016, 138, 16174-
16181
SKRUO. 61 0.10 035 Nat C‘fgml‘ig' 2019,
RUPx@NPC 74 0.1 3.97 Chems;’icffgq 2018,
Cu,xS@Ru Small 2017, 13,
NPs 82 01 0.098 1700052

ACS Appl. Mater.
1D-RuO2-CNy 95 0.1 0.05 Interfaces 2016, 8,
28678-28688

Chem. Commun. 2018,

RuNC-2 81 0.1 0.87 54. 13076-13079
S- Adv. Sci. 2020, 7,
RUP@NPSC 92 0.1 3.41 2001526
Ru/Y(OH)3 Chem. Commun. 2018,
NHs 100 01 0.035 54, 12202-12205

ACS Sustainable
Ru/Ni.P@NPC 132 0.1 1.567 Chem. Eng. 2019, 7,
17714-17722
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Figure 4.3.16 Experimentally measured and calculated volumes of H, gas evolved from Ir-g-CN and Ru-g-CN at a fixed
current density of -10 mA cm2,

The electrocatalytic stability is another significant performance indicator of an HER
catalyst in practical applications. The commercial Pt/C catalysts display a gradually
decreased activity upon continuous HER electrolysis at =10 mA cm=for 120 h in both
acidic and alkaline solutions (Figures 4.3.11e and 4.3.11f), in agreement with previous
reports [37, 40], which likely results from the weak binding between Pt nanoparticles and
the carbon support. In contrast, although Ir-g-CN and Ru-g-CN also exhibit slow
degradation in HER activity, this happens to a much lesser extent compared to the
commercial Pt/C catalysts, which may originate from the strong chemical bonding
between Ir/Ru atoms and uncoordinated N in g-CN that has much better electrochemical
stability even in anodic oxidation conditions [39, 41, 42]. The degradation rate of Ir-g-CN
is only 0.45 and 0.87 mV h™?in 0.5 M H,SO,4 and 1.0 M KOH, respectively, and that of
Ru-g-CNis 0.66 and 1.11 mV h™%, both lower than that of the commercial Pt/C benchmark
(0.96 and 1.58 mV h™?).

Besides electrocatalytic performance, the photocatalytic H» evolution performance of
Ir-g-CN and Ru-g-CN was also investigated in a suspension system, given that g-CN
itself is a photocatalyst with a suitable bandgap for visible light water splitting [10, 43].
According to the photocatalytic tests (Figure 4.3.17a), where methanol was used as the
sacrificial agent, the pristine g-CN exhibits an H; production rate of 58 umol Hz geataryst™
h=1, similar to and even higher than that in some previous reports on g-CN [11, 44, 45].

According to the DR UV-vis and PL results discussed above (Figures 4.3.9a and 4.3.9b),
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this relatively low H, evolution rate might result from rapid recombination of photo-
generated charge carriers. Once Ir or Ru single-atoms are loaded as the co-catalysts,
even only with an ultralow loading mass (1.71 wt% for Ir-g-CN and 0.24 wt% for Ru-g-
CN), significant enhancement in the H; production rate has been observed, amounting
to 2122 pmol Hz geatayst* h™ for Ir-g-CN and 1175 pymol Hz geataystt h™ for Ru-g-CN,
much higher than that of atomic palladium on g-CN (728 pmol Hz geatayst* h™t) [24], g-
C3Nas-Pt?* (605 pmol Hz geatays: * h™) [32], and 3Ru/TiO2 (1000 pmol Ha geatayst ™ h™1) [46].
If only normalized to the mass and mole of noble metals, the Ru-g-CN catalyst shows a
remarkably high photocatalytic H, production rate of 489.7 mmolH, gr,* h™ or a
photocatalytic TOF value of 50.4 h™* (Figures 4.3.17b and 4.3.17c), greater than that of
Ir-g-CN (124.1 mmolH; gy h™, TOF: 25.2h™!) and other Ru-based photocatalysts
(Table 4.3.6), due likely to the ultralow loading of Ru (0.24 wt%) on g-CN. The
photocatalytic stability and re-usability of Ir-g-CN and Ru-g-CN catalysts were further
examined by repeating the photocatalytic reaction cycles. The H. evolution rate of both
catalysts remained constant during the tests for at least three cycles (Figure 4.3.17d),

illustrating their good stability and re-usability.
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Figure 4.3.17 Photocatalytic H; evolution tests of pristine g-CN, Ir-g-CN and Ru-g-CN catalysts. a) H, evolution
normalized to the catalyst mass vs. photocatalytic reaction duration. b) H, evolution normalized only to the mass of noble
metal vs. photocatalytic reaction duration. ¢) Comparison of mass-based hydrogen evolution rate and the TOF values. d)
Photocatalytic test cycles of Ir-g-CN and Ru-g-CN under light irradiation.
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Table 4.3.6 Comparison of photocatalytic HER performance of Ru-g-CN samples to those of other recently reported Ru-
based HER catalysts.

Activity Activity
Loading relativeto relative

Samples (Wt%) total to Reference
mass? metal®
g-CN / 0.058 / This work
Ir-g-CN 1.71 2.122 124.1 This work
Ru-g-CN 0.24 1.175 489.7 This work
g-CaNa-PE2* 018 0605 3361  AdvMaer 201628,
PtSA-CN620 1.72 3.02 175.5 e oy 2919
RUP/g-CN 0.1 2.11 2110 ASS{;?Z?J,; E;?%’j;ggﬁ-
Ru-NPS/SAS@N-TC  0.457 5 100409 A4V Z%rjcztb('\)";gg;'zozo’
RuNPs@C(IJ\lNH/mpg— 0.26 0.42 1615 Renlee\s/é.’ %2?%7%021
U-1Ru/3DpCN 2.69 2.945 1095 ~ Dafonjrans 2921, 50,
o, 5w ma Ao oc
g-CsNe-Pd20 1.2 0.105 875 A ora T Sae s
0.1 Pd/CsN4 0.1 0.728 728 ~ Commun. C{‘gm- 2019, 2,
Ag-N2C/CN 3.8 1.866 49.1 z'ggg'e‘géiczh;lni -2'_”2%536.
AgTCM-mpg-CN 2 0.79 39.5 ACS3'\£%?321%15§’ 10,
MoS2/mpg-CN 2 0.969 48.45 Angew. Chem. Int. Ed.

2013, 52, 3621-3625.

2 mmOI(HZ) g(catalysts)-1 h-l
® mmolgiz) Gmeray ™ M7

To gain further insights into the markedly enhanced electrocatalytic and photocatalytic
performance of Ir-g-CN and Ru-g-CN with respect to the pristine g-CN, we performed
DFT calculations. The proposed atomic models of the pristine g-CN, Ir-g-CN and Ru-g-
CN catalysts are illustrated in Figure 4.3.18. As shown in Figure 4.3.19a, the g-CN has
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an indirect bandgap of 2.7 eV, which is in good agreement with our experimental data
(Figure 4.3.9a) and previous reports [17, 18]. According to the optimal models we
obtained (Figure 4.3.18), introducing Ir or Ru single-atoms onto g-CN dramatically
changes the electronic structure of the resulting Ir-g-CN and Ru-g-CN (Figures 4.3.19a
and 4.3.19b), which show significantly reduced bandgaps and increased projected
density of states (PDOS) near the Fermi level. Such modification may result in a higher
carrier density and facilitate the charge transfer on and near the surface [20, 47], where
the electrocatalytic and photocatalytic reactions are taking place, eventually enhancing
the electrocatalytic and photocatalytic activity. Note that the theoretically calculated
bandgaps of Ir-g-CN and Ru-g-CN are smaller than the experimentally measured
(Figure 4.3.9), owing to the fact that the Ir/Ru density on g-CN in our models (34.3 wt%
for Ir-g-CN and 21.6 wt% for Ru-g-CN) is much higher than the measured Ir/Ru loading
density (1.71wt% for Ir-g-CN and 0.24 wt% for Ru-g-CN). Nevertheless, it is
unambiguous that loading single-atoms on g-CN can decrease the bandgap, and this

has been confirmed by other groups as well [17, 18].

Figure 4.3.18 Top view of the optimized structures of a) g-CN, b) Ir-g-CN and c) Ru-g-CN. Cyan, dark cyan, blue and
gray balls represent Ru, Ir, N and C atoms, respectively.

Furthermore, the Gibbs free energy (AGw) diagrams of pristine g-CN, Ir-g-CN and Ru-
g-CN catalysts for the HER were calculated (Figure 4.3.19c). The AGx of hydrogen
adsorption has been proposed to be a suitable descriptor of the HER activity, and the
closer AGy value is to zero, the better the HER activity. According to Figure 4.3.19c, Ru-
g-CN exhibits a AGy value (-0.08 eV) much closer to zero than Ir-g-CN (-0.16 eV), Pt
(111) surface (-0.19eV) and g-CN (-0.73 eV). This indicates that the Ru sites in Ru-g-
CN provide optimal adsorption for H* intermediates, compared to the Ir-g-CN and Pt/C
controls, which rationally explains the intrinsically high specific activity of Ru-g-CN

(Figure 4.3.14). Overall, our DFT calculations consistently support the experimental
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results, demonstrating that introducing Ir and Ru atoms onto the g-CN support alters the
electronic structures and results in remarkably improved electrocatalytic and

photocatalytic HER activity.
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Figure 4.3.19 a) Energy band structures, b) Projected density of states, and c) The Gibbs free-energy diagram towards
the HER of the pristine g-CN, Ir-g-CN and Ru-g-CN catalysts.

4.3.3 Conclusions

In summary, we synthesized single-atom Ir and Ru catalysts supported on mesoporous
graphitic carbon nitride, which can act as efficient and stable HER catalysts for
electrocatalytic and photocatalytic water splitting. In particular, Ru-g-CN shows
outstanding electrocatalytic performance in terms of specific activity, mass activity, and
catalytic stability. It exhibits a high TOF value of 12.9 and 5.1s™* at n=100mV in
0.5 M H2S04 and 1.0 M KOH, respectively, which outperforms Ir-g-CN, commercial Pt/C
benchmark and many other advanced HER catalysts recently reported in the literature.
In addition, Ru-g-CN affords an exceptionally high mass activity of 24.55 and 8.78 Amg™
at n=100mV in acidic and alkaline solutions, meanwhile exhibiting a high apparent
current density, which is favorable for practical applications. Impressively, Ru-g-CN also
reveals outstanding photocatalytic HER activity showing a high Hx production rate of

489.7 mmol Hz gry™* h™1, along with good catalytic stability. For single-atom catalysts with
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a low metal loading density, the catalytic performance should be comprehensively
assessed in the context of practical application. The mass activity alone should not be
overemphasized without considering the catalyst’s apparent activity. To this end, our Ru-
g-CN catalysts exhibit a high mass activity, and at the same time, a high apparent activity.
All'in all, our experimental results are supported by the theoretical calculations, in which
introducing Ir or Ru onto the surface of g-CN has been demonstrated to be able to
promote the electron transfer and lead to optimal Gibbs free energy of hydrogen
adsorption, contributing to the remarkable improvement of the electrocatalytic and

photocatalytic HER performance.
4.3.4 Experimental section

Reagents: Dicyandiamide (99 wt%), ethylene glycol (EG), iridium chloride hydrate
(IrCl3-xH20) and Nafion® perfluorinated resin solution (5 wt%) were purchased from
Sigma-Aldrich. Ruthenium chloride hydrate (RuCls-xH,0O) and commercial Pt/C (20 wt%)
were acquired from Johnson Matthey. All reagents were used as received without further

purification.

Synthesis of Ir-g-CN and Ru-g-CN: Firstly, the mesoporous g-CN was synthesized by
a simple thermal decomposition process of dicyandiamide under a static air atmosphere
at 550 °C, using a Phoenix Microwave Muffle Furnace (CEM Corporation) according to
the pre-established thermal muffle furnace procedure [26]. The resulting solids were
ground and washed, followed by filtration, and dried overnight at 120 °C. The obtained
powders were then collected and loaded in an open crucible, calcined in air at 500 °C for
2 h. The as-prepared product is labeled as g-CN. In the synthesis of Ir-g-CN and Ru-g-
CN, 100 mg of g-CN was added to 16 mL of EG, followed by ultrasonication for 1 h to
obtain a homogeneous solution. Subsequently, 4 mL of 2 mg L IrCIs/EG or RuCIs/EG
mixture was added to the g-CN/EG solution and the solution was then mixed
homogeneously by ultrasonication. Afterward, the solution was continuously stirred for
12 h to disperse the Ir or Ru precursors into the mesoporous g-CN adequately. In the
next step, the mixed solution was transferred into a Teflon-lined stainless steel autoclave
reactor, heated to 130 °C, and maintained at this temperature for 3 h. After the reactor
was naturally cooled down to 25 °C, the obtained precipitates were centrifuged, washed
twice with deionized water and ethanol sequentially, and then dried under vacuum at
60 °C for further use.

Materials characterization: Scanning electron microscopy (SEM) was performed on an

FEI Quanta 650 FEG microscope. The high-angle annular dark-field scanning
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transmission electron microscopy (HAADF-STEM) was carried out on an image- and
probe-corrected transmission electron microscope operating at 200 kV (FEI Themis 60-
300). X-ray diffractometry (XRD) examination was conducted on an X'Pert PRO
diffractometer (PANalytical) set at 45 kV and 40 mA, using Cu K, radiation (1 = 1.5406
A) and a PIXcel detector. Experimental data were obtained with the Bragg-Brentano
configuration in the 26 range of 10 — 90° at a scan speed of 0.011° s, Fourier transform
infrared spectroscopy (FT-IR) was performed on an ERTEX 80v vacuum FT-IR
spectrometer (Bruker). Nitrogen adsorption/desorption porosimetry measurements were
conducted at 77 K using a Quantachrome Autosorb 1Q. system, and the surface area of
samples was derived by the Brunauer-Emmett-Teller (BET) method. X-ray photoelectron
spectroscopy (XPS) experiments were carried out on an ESCALAB 250 instrument with
Al Ky X-rays (1486.6 eV), and ultraviolet photoelectron spectroscopy (UPS)
measurements were conducted with an unfiltered He | (21.22 eV) gas discharge lamp to
calculate the valence band maximum (VBM). The loading mass of Ir and Ru on g-CN
was determined by the inductively coupled plasma — optical emission spectroscopy (ICP-
OES, ICPE-9000 spectrometer, Shimadzu). The Diffuse Reflectance Ultraviolet-Visible
(DR UV-vis) spectra were recorded on a UV-vis spectrophotometer (Jasco V-560)
equipped with an integrating sphere attachment (Jasco ISV-469), with data being
converted to equivalent absorption Kubelka-Munk units to construct the respective Tauc
plot. Photoluminescence (PL) spectra were acquired between 400 and 650 nm, using a
spectrofluorometer (Jasco FP-8300) with a 150 W Xenon lamp under 370 nm excitation
while fixing the emission and excitation bandwidths at 2.5 nm. The X-ray adsorption
spectroscopy (XAS) experiments were carried out at the CLAESS beamline, of the ALBA
Synchrotron [48]. Samples were prepared as solid pellets diluted in cellulose. Data were
acquired at room temperature using a Si311 double crystal monochromator. Ir Ls-edge
spectra was collected in transmission mode, while Ru K-edge was measured in
transmission for the references and in fluorescence mode for the catalyst by means of a
multi-channel SDD detector. Several XAS repeats were collected to ensure
reproducibility and statistics. The averaged spectra were treated with the Athena
software package [49]. The energy scale was calibrated by setting the first inflection point
of Pt foil to 11564 eV in the case of Ir data and to the first inflection point of RuO, taken
as 22129 eV for Ru data

Electrocatalytic tests: The electrocatalytic experiments were performed in a three-
electrode configuration at room temperature using a Biologic VMP-3

potentiostat/galvanostat. The catalyst ink was prepared by ultrasonically dispersing 5 mg
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of Ir-g-CN and Ru-g-CN catalysts into 500 pL of isopropanol + 50 pL of Nafion® (Sigma,
5 wt%) solution. Afterward, 13.2 uL of catalyst ink was evenly drop-cast on the glassy
carbon (GC) electrode with an exposed area of 0.2 cm?. For comparison, the commercial
Pt/C (20 wt%, Johnson Matthey) catalysts and g-CN support as control samples were
also investigated. The catalyst-loaded GC, a graphitic rod, and a saturated calomel
electrode (SCE) were used, respectively, as the working, counter, and reference
electrodes. All potentials are converted to the reversible hydrogen electrode (RHE) scale

according to the following formula:
Erne = Esce + 0.059 x pH +0.241 (1)

Cyclic voltammetry (CV) was carried out at a scan rate of 5 mV s to evaluate the
apparent HER activity of catalysts, and an iR-correction (85 %) was made to compensate
for the voltage drop between the reference and working electrodes. The electrochemical
double-layer capacitance (Cq) was measured to calculate the catalysts'
electrochemically active surface area (ECSA). The Cq value of catalysts was estimated
by performing CV in the non-Faradaic potential range of 0.32t0 0.52 V vs. RHE in 1.0 M
KOH at different scan rates (v) of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s,
followed by extracting the slope from the resulting [ja-jc|//2 vs. v plots, where j. and jc
represent the anodic and cathodic currents obtained at 0.42 V vs. RHE, respectively.
The ECSA was estimated upon dividing Cq by the capacitance of a model catalyst over

a unit surface area (usually 0.035 mF cm for noble metals) [36, 39], as follows:
ECSA = Cq / 0.035 mF cm™ 2)

Furthermore, the TOF values were calculated through the following equation [50]:

TOF = ©)

2nF

where j (A) is the current at a given overpotential, F = 96500 C mol? stands for the
Faraday constant, and n (mol) represents the mole number of Ir or Ru loaded on the g-
CN support calculated from the ICP-OES measurements. All metal species in catalysts
are assumed to be catalytically active, so the calculated values represent the lower limit
of TOF.

Electrochemical impedance spectroscopy (EIS) tests were performed at —0.075 V vs.
RHE in the frequency range of 10° — 0.01 Hz with a 10 mV sinusoidal perturbation. The
stability of catalysts was assessed at a constant current density of —10 mA cm using

chronopotentiometry (CP). Mott-Schottky (M-S) plots were acquired in 0.5 M Na>SO, at

231



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

the frequency of 1000 Hz, where the initial potential, final potential and amplitude of

perturbation were set to 0.66 V, 1.5 V vs. RHE and 0.01 V, respectively.

Photocatalytic tests: The photocatalytic H, production tests were carried out at room
temperature in a cylindrical glass immersion photo-reactor coupled with a DURAN® glass
cooling jacket. The irradiation system consisted of four near-UV light-emitting diodes
(LEDs) as the light source (Amax =417 nm), placed equidistantly at 3.5 cm from the reactor
wall. The LED intensity reaching the reactor wall was ca. 450 W m2 determined by a
spectroradiometer (USB2000+, Ocean Optics, USA). The reactor was charged with 150
mL of the aqueous solution, containing 75 mg of catalysts and 10% v/v methanol as the
sacrificial agent. The suspension was first degassed by a nitrogen flow for 20 min, after
which the light was turned on. During measurements, the N, flow was maintained at a
rate of 10 cm® minl. H, was detected in-line using an Inficon Micro GC 3000 gas
chromatograph equipped with a molecular sieve column and a micro-TCD detector.
Argon (Ar) was used as the carrier gas. The photocatalytic durability tests used the same
catalysts recycled by filtration, followed by washing and drying, after finishing one

photocatalytic cycle and before using them in the next cycle.

DFT calculations: The first-principles density functional theory (DFT) calculations were
performed using Vienna Ab-initio Simulation Package (VASP) with the projector
augmented wave (PAW) pseudopotential [51-53]. Since the generalized gradient
approximation (GGA) functionals such as PBE tend to underestimate the bandgap of
materials, the electronic properties were calculated by using hybrid HSEO6 functional
[54]. The energy cutoff was set to 450 eV, and the atomic positions were allowed to relax
until the energy and force were less than 10 eV and 102 eV A2, respectively. The crystal
lattices of g-CN used for computation are a=7.13 A and b = 7.13 A, and a double layer
periodic slab of g-CN with a 15 A separation in the z-direction was used to model the
experimental work. The Brillouin zone was sampled using 5 x 5 x 1 and 9 x 9 x 1
Monkhorst—Pack k-point grid for structure optimization and electronic property
calculation, respectively. For Ir-g-CN and Ru-g-CN, the optimized most stable structural
models are IriNx or RuiNx single-site/g-CN, where the Ir or Ru atom is embedded in the

plane and forms chemical bonds with two N atoms.
The HER proceeds through two-electron pathways with the following reaction steps:
M+ +H*+e” — H* (4)

H*+H*+e” — Hz(g) + M* (5a)
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or H*+ H*— Hz(g) + 2M* (5b)

where M’ represents the Ir or Ru active site, and H-* is the hydrogen intermediate
absorbed on the active sites during the HER. The adsorption energy was calculated

according to the following equation:
Gad = Gsys — Gsur — Gspe (6)

where Gad, Gsys, Gsur and Gspe denote the adsorption free energy, the free energy of the
adsorption system, the free energy of a clean surface and the free energy of the isolated

adsorption species, respectively.
4.3.5 References

[1] M. De Simon-Martin, B.R. Cortes-Nava, R. Rodriguez-Parra, F. Carro-De
Lorenzo, The role of green hydrogen in the energy transition of the industry. DYNA 96
(2021) 200-206.

[2] S. Furfari, A. Clerici, Green hydrogen: the crucial performance of electrolysers

fed by variable and intermittent renewable electricity. Eur. Phys. J. Plus 136 (2021) 509.

[3] L. Liu, Platinum group metal free nano-catalysts for proton exchange membrane
water electrolysis. Curr. Opin. Chem. Eng. 34 (2021) 100743.

[4] J. Xu, I. Amorim, Y. Li, J. Li, Z. Yu, B. Zhang, A. Araujo, N. Zhang, L. Liu, Stable
overall water splitting in an asymmetric acid/alkaline electrolyzer comprising a bipolar
membrane sandwiched by bifunctional cobalt-nickel phosphide nanowire electrodes.
Carbon Energy 2 (2020) 646-655.

[5] S.J. Mun, S. J. Park, Graphitic Carbon Nitride Materials for Photocatalytic
Hydrogen Production via Water Splitting: A Short Review. Catalysts 9 (2019) 805.

[6] X. Xiao, L. Zhang, H. Meng, B. Jiang, H. Fu, Single Metal Atom Decorated Carbon
Nitride for Efficient Photocatalysis: Synthesis, Structure, and Applications. Solar RRL 5
(2021) 2000609.

[7] M.G. Walter, E.L. Warren, J.R. McKone, S.W. Boettcher, Q. Mi, E.A. Santori, N.S.
Lewis, Solar Water Splitting Cells. Chem. Rev. 110 (2010) 6446-6473.

[8] S.M. Thalluri, L. Bai, C. Lv, Z. Huang, X. Hu, L. Liu, Strategies for
Semiconductor/Electrocatalyst Coupling toward Solar-Driven Water Splitting. Adv. Sci. 7
(2020) 1902102.

233



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

[9] X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. Carlsson, K. Domen,
M. Antonietti, A metal-free polymeric photocatalyst for hydrogen production from water
under visible light. Nat. Mater. 8 (2009) 76-80.

[10] M.S. Nasir, G. Yang, |. Ayub, S. Wang, L. Wang, X. Wang, W. Yan, S. Peng, S.
Ramakarishna, Recent development in graphitic carbon nitride based photocatalysis for
hydrogen generation. Appl. Catal. B Environ. 257 (2019) 117855.

[11]  W.Li, X.S. Chu, F. Wang, Y.Y. Dang, X.Y. Liu, X.C. Wang, C.Y. Wang, Enhanced
cocatalyst-support interaction and promoted electron transfer of 3D porous g-C3N4/GO-
M (Au, Pd, Pt) composite catalysts for hydrogen evolution. Appl. Catal. B Environ. 288
(2021) 120034.

[12]  X.Li, W. Bi, L. Zhang, S. Tao, W. Chu, Q. Zhang, Y. Luo, C. Wu, Y. Xie, Single-
Atom Pt as Co-Catalyst for Enhanced Photocatalytic H, Evolution. Adv. Mater. 28 (2016)
2427-2431.

[13] W.Niu, Y. Yang, Graphitic Carbon Nitride for Electrochemical Energy Conversion
and Storage. ACS Energy Lett. 3 (2018) 2796-2815.

[14] Y. Yang, J. Kim, C. Kim, A. Seong, O. Kwon, J.H. Lee, |. Kristanto, L. Zhang, J.
Zhou, J.Q. Wang, J.B. Baek, S.K. Kwak, G. Kim, Edge-selective decoration with
ruthenium at graphitic nanoplatelets for efficient hydrogen production at universal pH.
Nano Energy 76 (2020) 105114.

[15] Y. Zheng, Y. Jiao, Y. Zhu, L.H. Li, Y. Han, Y. Chen, M. Jaroniec, S.Z. Qiao, High
Electrocatalytic Hydrogen Evolution Activity of an Anomalous Ruthenium Catalyst. J. Am.
Chem. Soc. 138 (2016) 16174-16181.

[16] J. Mahmood, F. Li, S.M. Jung, M.S. Okyay, |I. Ahmad, S.J. Kim, N. Park, H.Y.
Jeong, J.B. Baek, An efficient and pH-universal ruthenium-based catalyst for the
hydrogen evolution reaction. Nat. Nanotechnol. 12 (2017) 441-446.

[17] T. Tong, B. He, B. Zhu, B. Cheng, L. Zhang, First-principle investigation on
charge carrier transfer in transition-metal single atoms loaded g-CsNa4. Appl. Surf. Sci.
459 (2018) 385-392.

[18] T.Tong, B. Zhu, C. Jiang, B. Cheng, J. Yu, Mechanistic insight into the enhanced
photocatalytic activity of single-atom Pt, Pd or Au-embedded g-CsNa4. Appl. Surf. Sci. 433
(2018) 1175-1183.

234



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

[19] J.Fu, S. Wang, Z. Wang, K. Liu, H. Li, H. Liu, J. Hu, X. Xu, H. Li, M. Liu, Graphitic
carbon nitride based single-atom photocatalysts. Front. Phys. 15 (2020) 33201.

[20] X. H. Jiang, L.S. Zhang, H.Y. Liu, D.S. Wu, F.Y. Wu, L. Tian, L.L. Liu, J.P. Zou,
S.L. Luo, B.B. Chen, Silver Single Atom in Carbon Nitride Catalyst for Highly Efficient
Photocatalytic Hydrogen Evolution. Angew. Chem. Int. Ed. 59 (2020) 23112-23116.

[21] Z. Yu, J. Xu, S. Feng, X. Song, O. Bondarchuk, J.L. Faria, Y. Ding, L. Liu,
Rhodium single-atom catalysts with enhanced electrocatalytic hydrogen evolution
performance. New J. Chem. 45 (2021) 5770-5774.

[22] P.Zhou, F. Lv, N. Li, Y. Zhang, Z. Mu, Y. Tang, J. Lai, Y. Chao, M. Luo, F. Lin, J.
Zhou, D. Su, S. Guo, Strengthening reactive metal-support interaction to stabilize high-
density Pt single atoms on electron-deficient g-CsN4 for boosting photocatalytic H2
production. Nano Energy 56 (2019) 127-137.

[23] Y. Peng, B. Lu, L. Chen, N. Wang, J.E. Lu, Y. Ping, S. Chen, Hydrogen evolution
reaction catalyzed by ruthenium ion-complexed graphitic carbon nitride nanosheets. J.
Mater. Chem. A 5 (2017) 18261-18269.

[24] L. Liu, X. Wu, L. Wang, X. Xu, L. Gan, Z. Si, J. Li, Q. Zhang, Y. Liu, Y. Zhao, R.
Ran, X. Wu, D. Weng, F. Kang, Atomic palladium on graphitic carbon nitride as a

hydrogen evolution catalyst under visible light irradiation. Commun. Chem. 2 (2019) 18.

[25] A. Walcarius, Mesoporous materials and electrochemistry. Chem. Soc. Rev. 42
(2013) 4098-4140.

[26] A. Torres-Pinto, M.J. Sampaio, C.G. Silva, J.L. Faria, A.M.T. Silva, Metal-free
carbon nitride photocatalysis with in situ hydrogen peroxide generation for the

degradation of aromatic compounds. Appl. Catal. B Environ. 252 (2019) 128-137.

[27] J.Feng, H. Gao, L. Zheng, Z. Chen, S. Zeng, C. Jiang, H. Dong, L. Liu, S. Zhang,
X. Zhang, A Mn-Ns single-atom catalyst embedded in graphitic carbon nitride for efficient
CO: electroreduction. Nat. Commun. 11 (2020) 4341.

[28] P. Yang, S. Zuo, F. Zhang, B. Yu, S. Guo, X. Yu, Y. Zhao, J. Zhang, Z. Liu,
Carbon Nitride-Based Single-Atom Cu Catalysts for Highly Efficient Carboxylation of
Alkynes with Atmospheric CO,. Ind. Eng. Chem. Res. 59 (2020) 7327-7335.

[29] M.J. Lima, A.M.T. Silva, C.G. Silva, J.L. Faria, Graphitic carbon nitride modified
by thermal, chemical and mechanical processes as metal-free photocatalyst for the

selective synthesis of benzaldehyde from benzyl alcohol. J. Catal. 353 (2017) 44-53.

235



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

[30] L. Bai, Z. Duan, X. Wen, R. Si, Q. Zhang, J. Guan, Highly Dispersed Ruthenium-
Based Multifunctional Electrocatalyst. ACS Catal. 9 (2019) 9897-9904.

[31] Z.Li,Y.Chen, S.Ji, Y. Tang, W. Chen, A. Li, J. Zhao, Y. Xiong, Y. Wu, Y. Gong,
T. Yao, W. Liu, L. Zheng, J. Dong, Y. Wang, Z. Zhuang, W. Xing, C.T. He, C. Peng, W.C.
Cheong, Q. Li, M. Zhang, Z. Chen, N. Fu, X. Gao, W. Zhu, J. Wan, J. Zhang, L. Gu, S.
Wei, P. Hu, J. Luo, J. Li, C. Chen, Q. Peng, X. Duan, Y. Huang, X.M. Chen, D. Wang, Y.
Li, Iridium single-atom catalyst on nitrogen-doped carbon for formic acid oxidation

synthesized using a general host—guest strategy. Nat. Chem. 12 (2020) 764-772.

[32] Y.Li, Z. Wang, T. Xia, H. Ju, K. Zhang, R. Long, Q. Xu, C. Wang, L. Song, J. Zhu,
J. Jiang, Y. Xiong, Implementing Metal-to-Ligand Charge Transfer in Organic
Semiconductor for Improved Visible-Near-Infrared Photocatalysis. Adv. Mater. 28 (2016)
6959-6965.

[33] W. Luo, Y. Li, J. Wang, J. Liu, N. Zhang, M. Zhao, J. Wu, W. Zhou, L. Wang,
Asymmetric structure engineering of polymeric carbon nitride for visible-light-driven
reduction reactions. Nano Energy 87 (2021) 106168.

[34] D. Zhu, Q. Zhou, Nitrogen doped g-CszN4 with the extremely narrow band gap for
excellent photocatalytic activities under visible light. Appl. Catal. B Environ. 281 (2021)
119474.

[35] J.N. Hansen, H. Prats, K.K. Toudahl, N. Mgrch Secher, K. Chan, J. Kibsgaard, .
Chorkendorff, Is There Anything Better than Pt for HER? ACS Energy Lett. 6 (2021)
1175-1180.

[36] C.C.L. McCrory, S. Jung, J.C. Peters, T.F. Jaramillo, Benchmarking
Heterogeneous Electrocatalysts for the Oxygen Evolution Reaction. J. Am. Chem. Soc.
135 (2013) 16977-16987.

[37] J. Xu, T. Liu, J. Li, B. Li, Y. Liu, B. Zhang, D. Xiong, I. Amorim, W. Li, L. Liu,
Boosting the hydrogen evolution performance of ruthenium clusters through synergistic
coupling with cobalt phosphide. Energy Environ. Sci. 11 (2018) 1819-1827.

[38] Q. Wu, M. Luo, J. Han, W. Peng, Y. Zhao, D. Chen, M. Peng, J. Liu, F.M.F. de
Groot, Y. Tan, Identifying Electrocatalytic Sites of the Nanoporous Copper—Ruthenium
Alloy for Hydrogen Evolution Reaction in Alkaline Electrolyte. ACS Energy Lett. 5 (2020)
192-199.

236



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

[39] J.Xu, J. Li, Z. Lian, A. Araujo, Y. Li, B. Wei, Z. Yu, O. Bondarchuk, I. Amorim, V.
Tileli, B. Li, L. Liu, Atomic-Step Enriched Ruthenium-Iridium Nanocrystals Anchored
Homogeneously on MOF-Derived Support for Efficient and Stable Oxygen Evolution in
Acidic and Neutral Media. ACS Catal. 11 (2021) 3402-3413.

[40] Z.Pu,|.S. Amiinu, Z. Kou, W. Li, S. Mu, RuP;-Based Catalysts with Platinum-like
Activity and Higher Durability for the Hydrogen Evolution Reaction at All pH Values.
Angew. Chem. Int. Ed. 56 (2017) 11559-11564.

[41] J. Yang, W. Li, D. Wang, Y. Li, Electronic Metal-Support Interaction of Single-
Atom Catalysts and Applications in Electrocatalysis. Adv. Mater. 32 (2020) 2003300.

[42] J. Yang, B. Chen, X. Liu, W. Liu, Z. Li, J. Dong, W. Chen, W. Yan, T. Yao, X.
Duan, Y. Wu, Y. Li, Efficient and Robust Hydrogen Evolution: Phosphorus Nitride Imide
Nanotubes as Supports for Anchoring Single Ruthenium Sites. Angew. Chem. Int. Ed.
57 (2018) 9495-9500.

[43] IF. Teixeira, E.C.M. Barbosa, S.C.E. Tsang, P.H.C. Camargo, Carbon nitrides
and metal nanoparticles: from controlled synthesis to design principles for improved
photocatalysis. Chem. Soc. Rev. 47 (2018) 7783-7817.

[44] S. Gao, X. Wang, C. Song, S. Zhou, F. Yang, Y. Kong, Engineering carbon-
defects on ultrathin g-CsN4 allows one-pot output and dramatically boosts photoredox
catalytic activity. Appl. Catal. B Environ. 295 (2021) 120272.

[45] L. Zhang, R. Long, Y. Zhang, D. Duan, Y. Xiong, Y. Zhang, Y. Bi, Direct
Observation of Dynamic Bond Evolution in Single-Atom Pt/C3N4 Catalysts. Angew.
Chem. Int. Ed. 59 (2020) 6224-6229.

[46] W. Ouyang, M.J. Mufoz-Batista, A. Kubacka, R. Luque, M. Fernandez-Garcia,
Enhancing photocatalytic performance of TiO2 in Hz evolution via Ru co-catalyst
deposition. Appl. Catal. B Environ. 238 (2018) 434-443.

[47] D. Zhao, C.L. Dong, B. Wang, C. Chen, Y.C. Huang, Z. Diao, S. Li, L. Guo, S.
Shen, Synergy of Dopants and Defects in Graphitic Carbon Nitride with Exceptionally
Modulated Band Structures for Efficient Photocatalytic Oxygen Evolution. Adv. Mater. 31
(2019) 1903545.

[48] L. Simonelli, C. Marini, W. Olszewski, M. Avila Pérez, N. Ramanan, G. Guilera,
V. Cuartero, K. Klementiev, CLASS: The hard X-ray absorption beamline of the ALBA
CELLS synchrotron. Cogent Physics 3 (2016) 1231987.

237



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

[49] B. Ravel, M. Newville, ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-
ray absorption spectroscopy using IFEFFIT. J. Synchrotron Radiat. 12 (2005) 537-541.

[50] L. Amorim, J. Xu, N. Zhang, Z. Yu, A. Araugjo, F. Bento, L. Liu, Dual-phase
CoP-CoTez nanowires as an efficient bifunctional electrocatalyst for bipolar membrane-
assisted acid-alkaline water splitting. Chem. Eng. J. 420 (2021) 130454.

[51] G. Kresse, J. Furthmiller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54 (1996) 11169-11186.

[52] P.E. Blochl, Projector augmented-wave method. Phys. Rev. B 50 (1994) 17953-
17979.

[53] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 77 (1996) 3865-3868.

[54] J. Heyd, G.E. Scuseria, M. Ernzerhof, Hybrid functionals based on a screened
Coulomb potential. J. Chem. Phys. 118 (2003) 8207-8215.

[55] Y. Bai, L. Ye, T. Chen, L. Wang, X. Shi, X. Zhang, D. Chen, Facet-Dependent
Photocatalytic N, Fixation of Bismuth-Rich BisO;lI Nanosheets. ACS Appl. Mater.
Interfaces 8 (2016) 27661-27668.

238



FCUP
Advanced Materials for Electrochemical Energy Conversion: From Self-Supported Catalytic
Electrodes to Atomically Dispersed Catalysts

5.1ridium-iron diatomic active sites for efficient
bifunctional oxygen electrocatalysis

Abstract

Diatomic catalysts, particularly those having heteronuclear active sites, have lately
attracted considerable attention for their advantages over single-atom catalysts in
reactions involving multi-electron transfers. We report the first bimetallic iridium-iron
diatomic catalysts (IrFe-N-C), derived from metal organic frameworks in a facile wet
chemical synthesis followed by post-pyrolysis. We use various advanced
characterization techniques to comprehensively confirm the atomic dispersion of Ir and
Fe on the nitrogen-doped carbon support and the presence of atomic pairs. The as-
obtained IrFe-N-C shows substantially higher electrocatalytic performance for both
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) when compared
to the single-atom counterparts (i.e., Ir-N-C and Fe-N-C), revealing favorable
bifunctionality. Consequently, the IrFe-N-C is used as an air cathode in zinc-air batteries,
which displays much better performance than the batteries containing commercial
Pt/C+RuO; benchmark catalysts. Our synchrotron-based X-ray absorption spectroscopy
(XAS) experiments and density functional theory (DFT) calculations suggest that the IrFe
dual-atoms exist likely in an IrFeNg configuration where both Ir and Fe coordinate with
four N atoms without the formation of an Ir-Fe bonding. The Fe site contributes mainly to
the ORR, while the Ir site plays a more important role in the OER. The dual-atom sites
work synergistically, reducing the energy barrier of the rate-determining step and
eventually boosting the reversible oxygen electrocatalysis. The IrFe-N-C catalysts hold

great potential for use in various electrochemical energy storage and conversion devices.
5.1 Introduction

Developing high-efficiency electrochemical energy conversion and storage devices,
such as electrolyzers, fuel cells, and metal-air batteries, is paramount to future energy
sustainability and environmental remediation [1]. The oxygen reduction reaction (ORR)
and the oxygen evolution reaction (OER) are two essential half-reactions in the
aforementioned energy storage and conversion devices, and play crucial roles in
determining the device’s performance [2, 3]. Both the ORR and OER involve four
successive proton-coupled electron transfer steps, and therefore show sluggish kinetics

and high activation overpotentials, being the bottleneck of the energy efficiency
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improvement [4-6]. Although substantial research efforts have recently been dedicated
to developing platinum group metal (PGM) free ORR/OER catalysts [7-10], for practical
applications, PGMs such as Pt, Ir and Ru are currently still the most reliable and efficient
electrocatalysts for the ORR and OER [11-13]. In this context, the high cost, the scarcity,
and the current low uptake of recycling, of PGM catalysts will pose considerable
challenges for large-scale deployment of electrochemical energy storage and conversion
devices in the future, and therefore developing electrocatalysts containing significantly
reduced PGM without compromised performance becomes a pressing need. Additionally,
few of the commercially available PGM catalysts show desired bifunctional properties,
able to simultaneously promote ORR and OER with satisfactory performance, though
such ORR/OER bifunctional catalysts are interesting and vital for use in metal-air
batteries [14, 15].

In the pursuit of downsizing electrocatalysts to reduce the utilization of PGMs and
expose more catalytically active sites, single-atom catalysts (SACs) have emerged as
an outstanding and promising candidate [16, 17]. Besides the maximized metal utilization
efficiency, SACs also possess unique electronic structures owing to their unique
coordination environment and strong interaction with the support material, which may
drastically change catalytic performance. While a variety of SACs has been reported in
the past few years [18, 19], for reactions involving multi-electron transfers like the ORR
and OER, diatomic active sites that can work in synergy to help break the scaling
relationships for the adsorption energy of intermediates [20], are highly preferred in order
to lower the reaction barrier and accelerate the reaction kinetics [20-24]. Recent density
functional theory (DFT) calculations have predicted that hydroxyl group modified
transition metal (M = Ni, Co and Fe) diatomic active sites show markedly higher ORR
activity than the single-atom active sites, thanks to the high valence state in diatomic
catalysts [25]. Experimentally, both homonuclear and heteronuclear diatomic catalysts
were reported. For instance, Zhao et al. immobilized Ir homodimers on the surface of a-
Fe-Os photoanodes, which exhibited notably increased OER activity with respect to the
Ir SAC modified a-Fe203 under solar irradiation [26]. Zeng and co-workers reported that
by grafting Pt single-atoms onto Fe-N4 moieties through a bridging oxygen molecule, the
obtained bi-metallic Pt;-O2-Fei-N4 active sites showed enhanced electrocatalytic
performance toward both ORR and OER [27]. Notwithstanding some progress, the
research on diatomic electrocatalysts, particularly the heteronuclear ones, is still in its
early stage, and the potential of diatomic catalysts for promoting both ORR and OER has

not been fully unleashed yet.
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Herein, we report the first example of atomically dispersed bimetallic iridium-iron
diatomic active sites dispersed on nitrogen-doped carbon (denoted as IrFe-N-C), which
were derived by wet chemical synthesis of a metal organic framework (zeolitic
imidazolate framework, i.e., ZIF-8) in the presence of Ir and Fe salts, followed by post-
pyrolysis. Our aberration-corrected scanning transmission electron microscopy (STEM)
and synchrotron X-ray absorption spectroscopy (XAS) characterization unambiguously
confirmed the atomic dispersion of Ir and Fe and the presence of IrFe atomic pairs.
Compared to the single-atom control catalysts (Ir-N-C and Fe-N-C) prepared using the
same method, the bimetallic IrFe-N-C diatomic catalysts show markedly improved
electrocatalytic performance for both ORR and OER, and outperform many state-of-the-
art bifunctional ORR/OER catalysts reported in the literature. When tested as an air
cathode in a rechargeable Zn-air battery, IrFe-N-C endows a much higher power density

and better cycle stability than the cathode comprising the commercial benchmark Pt/C

ORR catalysts mixed with the benchmark RuO, OER catalysts (denoted as “Pt/C+Ru0").

Our DFT calculations disclose that the atomic dispersion and the synergistic interaction
of the diatomic IrFe catalytic sites can decrease the energy barrier of the rate-determining
step (RDS) of reactions and enable the optimization of the adsorption of reaction
intermediates, in comparison to the Ir-N-C and Fe-N-C controls, thereby substantially

boosting the reversible oxygen electrocatalysis.
5.2 Results and discussion

As detailed in the Experimental section, the IrFe-N-C catalysts were prepared via a
cage-encapsulated precursor pyrolysis approach. Typically, ZIF-8, with a microporous
structure showing the space-confinement effect and abundant uncoordinated N atoms
able to anchor metal species strongly, was used as the host to in situ encapsulate
Ir(acac); and Fe(TMHD)s; precursor molecules within its cavities. The ZIF-8@IrFe
precursor was then subjected to pyrolysis, resulting in the formation of IrFe-N-C. For
comparison, the Ir-N-C and Fe-N-C catalysts with single-atom active sites were also
prepared as controls through a similar method using only Ir(acac)s or Fe(TMHD); as the
metal precursor. Scanning electron microscopy (SEM) examination confirmed the
successful synthesis of ZIF-8, ZIF-8@Ilr, ZIF-8@Fe and ZIF-8@IrFe precursor
nanopatrticles, which show uniform sizes and well-defined dodecahedral shape (Figure
5.1). X-ray diffraction (XRD) measurements revealed the highly crystalline structure of
the ZIF-8 framework, which does not change upon loading metal species (Figure 5.2).
After the pyrolysis at 900 °C, the sharp XRD peaks of all samples disappeared, and only

broad bumps centered at 25° and 43°, characteristic of carbon, can be observed (Figure
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5.3a), indicating that there were no crystalline IrFe, Ir, Fe or their compounds formed. In
addition, the obtained N-C, Ir-N-C, Fe-N-C and IrFe-N-C virtually inherit the
dodecahedral morphology of the ZIF-8, ZIF-8@lIr, ZIF-8@Fe and ZIF-8@IrFe precursors,

respectively, except that their surfaces become rough and porous (Figures 5.3b and

5.3c; Figure 5.4).

Figure 5.1 a) SEM images showing the morphology of a) ZIF-8, b) ZIF-8@Ir, c) ZIF-8@Fe and d) ZIF-8@IrFe.
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Figure 5.2 XRD patterns of ZIF-8, ZIF-8@Ir, ZIF-8@Fe and ZIF-8@IrFe.
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Figure 5.3 Morphology and microstructure characterization of IrFe-N-C catalysts. a) XRD patterns of IrFe-N-C and other
control catalysts. b-c) HAADF-STEM images at different magnifications. d) HRTEM images. e-f) High-resolution HAADF-
STEM images. In panel f), some representative bimetallic IrFe dual-atom sites are marked with red circles, and some
representative single-atom sites are marked with yellow circles. g) HAADF-STEM image and the corresponding elemental

maps of Ir, Fe, N and C.

Figure 5.4 SEM images of a) N-C, b) Ir-N-C, c) Fe-N-C and d) IrFe-N-C.

The morphology and microstructure of IrFe-N-C catalysts were further examined by
transmission electron microscopy (TEM) and high-angle annular dark-field scanning
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transmission electron microscopy (HAADF-STEM). As shown in Figure 5.3d, micropores
are visible at the edges of the carbon matrix with distinct graphitic carbon domains and
defect sites. The microporous nature of the N-C support and all catalysts was further
characterized by N, adsorption and desorption isotherms (Figure 5.5), where all samples
show a typical type-IV isotherm and a multimodal pore distribution below 2 nm. The
specific surface area of IrFe-N-C is 423 m? g1, larger than that of other control catalysts
(324 m? gt for Ir-N-C and 309 m? g for Fe-N-C), which would be beneficial to boost
mass transport [28, 29]. The Raman spectrum of IrFe-N-C (Figure 5.6) shows a relatively
high intensity ratio (Io/lg) of the disordered carbon induced peak (D) over the graphitic
carbon peak (G), suggesting a higher content of defects, which are associated with the
high degree of microporosity as revealed by the sorption isotherm and also likely related
to the etching effect of metals during the carbonization. Moreover, the difference in Ip/ls
values between the pristine N-C and metal loaded N-C (i.e., M-N-C) is marginal,
indicating that introducing metal species does not influence the graphitization degree of
the N-C framework. From the HAADF-STEM images shown in Figures 5.3e and 5.3f,
bright spots can be clearly discerned, corresponding to the dispersed metal atoms. A
closer inspection (Figure 5.3f) further confirms that some Ir or Fe atoms are present
individually on the N-C surface (marked with yellow circles), while some others appear
in pair (marked with red circles). STEM elemental mapping demonstrates that Ir and Fe
are distributed evenly on N-C (Figure 5.3g). Additionally, the morphology and
microstructure of Ir-N-C and Fe-N-C control catalysts were also characterized by
HAADF-STEM (Figures 5.7 and 5.8), and the atomic dispersion of Ir and Fe was
unambiguously confirmed. Further ICP-OES measurements revealed that there is 0.7
wt% Ir in Ir-N-C, 2.3 wt% Fe in Fe-N-C, and 1.4 wt% Ir and 1.9 wt% Fe in IrFe-N-C
(Figure 5.9).
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Figure 5.5 N, adsorption and desorption isotherms at 77 K of IrFe-N-C and other control catalysts.
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Figure 5.6 Raman spectra of IrFe-N-C and other control catalysts.

Figure 5.7 a-b) HAADF-STEM images at different magnifications and ¢) EDS mapping of Ir-N-C.
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Figure 5.8 a-b) HAADF-STEM images at different magnifications and ¢) EDS mapping of Fe-N-C.
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Figure 5.9 The actual metal contents in Ir-N-C, Fe-N-C and IrFe-N-C.
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We have investigated the surface chemistry of N-C, Ir-N-C, Fe-N-C and IrFe-N-C
using X-ray photoelectron spectroscopy (XPS). The high-resolution N1s spectra (Figure
5.10a) of all samples can be de-convoluted into several peaks, corresponding to
pyridinic-N (398.2 eV), pyrrolic-N (399.7 eV), graphitic-N (400.8 eV) and oxyl-N (404.0
eV) [30], respectively. Besides these functional groups, metal-nitrogen (M—N) bonding
at 399.0 eV is ubiquitously observed in all M-N-C samples, implying that the
uncoordinated N groups serve as the anchoring points of metal species, consistent with
previous reports [31-33]. XPS quantitative analysis manifested that the content of the
M-N bonding is 10.7 %, 8.7 % and 5.0 % in IrFe-N-C, Fe-N-C and Ir-N-C, respectively
(Table 5.1), indicating that Fe is possibly easier to coordinate with N and that both Ir and
Fe tend to coordinate with N, instead of forming IrFe clusters or nanoparticles, which
agrees with our HAADF-STEM results. The valance state of Ir and Fe in IrFe-N-C was
further examined and compared to that of reference materials (Figure 5.11). There is no
metal-metal bonding detected, suggesting the absence of agglomerated metal species

on the N-C surface, which corroborates the atomic dispersion of Ir and Fe.
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Figure 5.10 Electronic structure analyses of IrFe-N-C and other control catalysts. a) High-resolution N1s XPS spectrum
of samples. b) Ir Lz;-edge XANES spectra of IrCls, IrO,, Ir-N-C and IrFe-N-C. c¢) Fourier transformation of the EXAFS
spectra in real (R) space. d) Fe K-edge XANES spectra of FeO, FePc, Fe,O3;, Fe-N-C and IrFe-N-C. e) Fourier
transformation of the EXAFS spectra in real (R) space. Wavelet transform contours of the Fe K-edge from f) Fe foil, g)
Fe-N-C, and h) IrFe-N-C.
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Table 5.1. Fitting results of the N1s spectra of the pristine N-C and Ir-N-C, Fe-N-C and IrFe-N-C catalysts.

De-convoluted peaks

Sample — . —
Pyridinic N~ M-N Pyrrolic N  Graphitic N Oxyl-N
NC 37.6 / 26.3 26.3 9.8
Ir-N-C 31.1 5.0 18.4 28.7 16.8
Fe-N-C 22.1 8.7 13.4 43.3 12.5
IrFe-N-C 24.4 10.7 9.2 36.9 18.8
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Figure 5.11 XPS high-resolution Ir 4f spectra of a) Ir/C, b) Ir-N-C, c) IrFe-N-C and d) IrCls. XPS high-resolution Fe 2p
spectra of e) Fe foil, f) Fe-N-C, g) IrFe-N-C and h) FeCl;. No signals of metallic bonding were detected, illustrating the
absence of agglomerated metal species on the surface of N-C.

Moreover, X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopy measurements were carried out to gain
more insight into the chemical state and local coordination environments. Figure 5.10b
shows the Ir Ls-edge XANES spectra of Ir-N-C, IrFe-N-C, and IrCl; and IrO- references.

The white-line absorption of Ir-N-C and IrFe-N-C is close to that of IrCls, but lower than
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that of IrO;, indicating that the Ir atoms in Ir-N-C and IrFe-N-C carry positive charges,
consistent with the XPS results (Figure 5.11). Figure 5.10c displays the Fourier
transform (FT) k3-weighted x(k)-function curves of the non-phase corrected Ir Ls-edge
EXAFS spectra. Both IrFe-N-C and Ir-N-C show an intense peak at 1.53 A (2.01 A after
phase correction and fitting, see Table 5.2), which can be assigned to Ir-N bonding. As
for the Fe K-edge XANES spectra (Figure 5.10d), the white-line absorption of Fe-N-C
and IrFe-N-C is very similar to that of Fe>O3; and higher than that of FeO, indicating that
the oxidation state of Fe atoms in these samples is close to Fe®*. Likewise, one peak
appears dominantly at 1.47 A (1.98 A after phase correction and fitting, see Table 5.2)
that can be attributed to the Fe—N coordination in Fe-N-C and IrFe-N-C (Figure 5.10e).
It is worth mentioning that when fitting the EXAFS spectra, we also managed to include
metal-metal coordination, but this resulted in unreasonably large bond length. Therefore,
we conclude that only M—-N coordination is present in IrFe-N-C, Ir-N-C and Fe-N-C, and
the Ir-Ir, Fe-Fe, and Ir—Fe coordination is unlikely to exist. To further scrutinize the
coordination states of Ir and Fe atoms in IrFe-N-C, quantitative fitting of the EXAFS
spectra was performed. The mean coordination number of both Ir and Fe with N in IrFe-
N-C is 3.9, which is similar to that in Ir-N-C and Fe-N-C (Figures 5.12-5.14 and Table
5.2). This indicates that each Ir or Fe atom is coordinated with four adjacent N atoms
[34]. Besides, the wavelet transform (WT) of the Fe K-edge EXAFS oscillations was
obtained [35]. The location of the intensity maxima of IrFe-N-C shows a down- and left-
shift in the wave vector k and the bond length R, relative to that of Fe foil (Figures 5.10f-
h), illustrating that Fe single atoms are successfully introduced into IrFe-N-C by forming

the Fe—N coordination.
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Figure 5.12 EXAFS fitting curve of Ir-N-C at Ir Ls-edge.
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Figure 5.13 EXAFS fitting curve of Fe-N-C at Fe K-edge.
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Figure 5.14 EXAFS fitting curves of IrFe-N-C at a) Ir Ls-edge and b) Fe K-edge.

Table 5.2 Fitting results of the Ir Ls-edge and Fe K-edge EXAFS spectra of the prepared catalysts.

R/A

IFTK z(k)| / A®

109¢e K-edge

Fe-N-C

¢ Fitting

IrFe-N-C
* Fitting

Sample Shell CN R (A) o%(A? AE, Rfactor
Ir-N-C Ir-N 4.2 1.99 0.007 6.44 0.016
IrFe-N-C (Ir) Ir-N 3.9 201 0.003 8.13  0.011
Fe-N-C Fe-N 4.1 2.00 0.006 3.25 0.017
IrFe-N-C (Fe) Fe-N 3.9 1.98 0.003 5.59 0.018

CN: coordination numbers; R: bond distance; o?: Debye-Waller factors; AE,: the inner potential correction. R factor:

goodness of fit.

The electrocatalytic performance of the as-synthesized IrFe-N-C and other control

catalysts toward ORR was investigated using a rotating disc electrode (RDE) in O»-
saturated 1.0 M KOH and 0.5 M H»SO. solutions. The linear sweep voltammograms

(LSVs, Figure 5.15) show that the pristine N-C, despite being active, exhibits much
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inferior activity compared to the IrFe-N-C, indicating that the activity of IrFe-N-C is
ascribed mainly to the M-N-C sites rather than the N-C sites. By introducing IrFe diatomic
sites, the IrFe-N-C delivers an outstanding ORR activity with an onset potential (Eon) of
1.02 V vs. reversible hydrogen electrode (RHE) and a half-wave potential (E12) of 0.92
V vs. RHE in 1.0 M KOH (Figure 5.16a), remarkably higher than those of commercial
Pt/C (20 wt% Pt on Vulcan XC-72, Fuel Cell Store, Eon = 0.98 V and E1» = 0.86 V), Ir-N-
C (Eon =0.97 V and Ei2 = 0.85 V), and Fe-N-C (Eon = 0.99 V and E12 = 0.90 V). Even in
the strongly acidic medium (0.5 M H2SO., Figure 5.16b), the IrFe-N-C exhibits a high
half-wave potential (0.77 V), outperforming both Ir-N-C (0.71 V) and Fe-N-C (0.75 V) and
comparable to commercial Pt/C (0.80 V). The IrFe-N-C’s superior activity is further
verified by its smaller Tafel slope (63 and 86 mV dec? in 1.0 M KOH and 0.5 M H,SO,,
respectively, Figure 5.17), compared to that of Ir-N-C (75 and 120 mV dec™), Fe-N-C
(72 and 94 mV dec?) and commercial Pt/C (89 and 144 mV dec™), suggesting the
synergistic coupling between Ir and Fe atoms may play a critical role in improving the
ORR activity. Notably, the IrFe-N-C can afford high mass activities of 376.7 and 366.7 A
Ometa® in alkaline and acid solutions, which are about 6.3 and 6.1 times, respectively,
higher than commercial Pt/C (Figure 5.16c¢). When comparing with previous reports in
the literature (Figure 5.16d; Tables 5.3-5.4), our IrFe-N-C catalysts indeed outperform
many other Fe-based atomically dispersed catalysts under both alkaline and acidic
conditions [36-54], which hold great potential for the application in proton exchange

membrane (PEMFC) and anion exchange membrane (AEMFC) fuel cells.
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Figure 5.15 a) iR-corrected OER polarization curves of IrFe-N-C and N-C in 1.0 M KOH solution. ORR polarization curves
of IrFe-N-C and N-C in O,-saturated b) 1.0 M KOH and ¢) 0.5 M H,SO,, recorded at a rotation rate of 1600 rpm.
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Figure 5.17 Tafel plots of IrFe-N-C, Ir-N-C, Fe-N-C and commercial Pt/C for ORR, measured in a) 1.0 M KOH and b) 0.5

M H,SO,.

Table 5.3 Comparison of the IrfFe-N-C’s ORR performance with other state-of-the-art atomically dispersed catalysts
reported recently in the literature, all measured in alkaline media.

Electrocataly
st

EOT‘ISEI

(V vs.
RHE)

Electrolyte

Eip

Y
VS.
RHE)

Loading

(mg cm-
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Adv. Mater. 2016, 28,

Co/N/C 0.1 M KOH 0.94 0.83 0.2 2337-2344.

Acs. Appl. Mater. Inter.
Co-N-GA 0.1MKOH 099 0.85 0.6 2016, 8, 6488.6495.
PL-NBP  OLMKOH / 087 039  Natcommun. 2017,8.

15938.

Table 5.4 Comparison of the IrFe-N-C’s ORR performance with other state-of-the-art atomically dispersed catalysts

reported recently in the literature, all measured in acidic media.

Eonset E1/2
(V (V Loading
Electrocatalyst Electrolyte g vs. (mgemr Reference
RHE RHE %)
) )
0.5 M .
IrFe-N-C HySO4 0.89 0.77 0.45 This work
0.1 M 0.86 Angew. Chem. Int.
Ir-SAC HCIO, 0.97 4 04 Ed. 2019, 58, 9640.
0.1 M Nat. Commun. 2017,
Pt;-N/BP HCIO. / 0.76 0.39 8. 15938,
0.1 M Acs Nano 2017, 11,
Ru-G-750 HCIO. 0.89 0.75 0.32 6930-6941
0.1M J. Am. Chem. Soc.
CNT/PC HCIO / 0.79 0.8 2016, 138, 15046-
4 15056.
SA-Fe-N 0.5 M 0.83 0.81 06 Adv. Energy Mater.
nanosheets H,SOq4 1 2 ' 2018, 8.1801226.
0.1 M 0.91 Adv. Mater. 2014, 26,
Zn(elm). TPIP HCIO. 4 0.78 0.4 1093-1097.
0.5M Angew. Chem. Int.
Fe/SNC H-SO / 0.77 0.6 Ed. 2017, 56, 13800-
2o 13804.
0.1 M J. Am. Chem. Soc.
CAPANI-Fe-NaCl ) / 0.73 0.6 2015, 137, 5414-
HCIO4
5420.
0.1 M Adv. Mater. 2015, 27,
FeCo/C-800 HCIO. 0.90 0.76 0.2 3431-3436.
(Fe, Fe)s+Na/H; 05M 8 o075 o013 3 Am Chem. Soc.

H2S04

2016, 138, 635-640.
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05 M Acs. Appl. Mater.
Co-N-GA ) 0.88 0.73 0.6 Inter. 2016, 8, 6488-
H,SO4
6495.
0.1 M Angew. Chem. Int.
Fe-N-C HbIO / 0.74 0.8 Ed. 2015, 54, 12753-
) 12757.

05 M 082 0.71 Angew. Chem. Int.

PpPD-Fe-C 0.9 Ed. 2014, 53, 10673-
H,SO4 6 8 10677
0.1 M 0.66 J. Am. Chem. Soc.
Fe-Nx/C HCIO, 080 5 0.1 2013, 135, 15443.
0.1 M Angew. Chem. Int.
FesC/C-700 HCIO. 0.90 0.73 0.6 Ed. 2014, 53, 3675.
0.1 M Nat. Commun. 2015,
(Fe,Mn)-N-C HCIO. 0.92 0.82 0.8 6. 8618.
05M 0.88 J. Am. Chem. Soc.
BCNFNHs H.SO4 6 / 12 2015, 137, 1436.
FePhen@MOFArN 0.1 M Nat. Commun. 2015,
H HCIO. 0.93 0.77 0.6 6. 7343.
0.1 M J. Am. Chem. Soc.
Fe-N/P-C-700 ) 0.89 0.72 0.6 2020, 142, 2404—-
HCIO4
2412,
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Figure 5.18 Chronoamperometric response of commercial Pt/C and IrFe-N-C measured at 0.6 V vs. RHE after the
introduction of 3.0 M methanol in a) 1.0 M KOH and b) 0.5 M H,SO,.

Apart from catalytic activity, the poison tolerance and stability are also important
indicators for practical applications. To assess the influence of fuel crossover, we
performed a chronoamperometry (CA) test at 0.6 V vs. RHE in both alkaline and acid

media using an RDE rotating at 1600 rpm. In this course, a solution of 3.0 M methanol
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was added into the electrolyte, upon which the commercial Pt/C catalysts exhibit a sharp
decrease in current density (Figure 5.18). In stark contrast, our IrFe-N-C catalysts show
no current density decay in 1.0 M KOH and only a very small attenuation in 0.5 M H2SOa.
Furthermore, our IrFe-N-C catalysts can sustain at 0.6 V vs. RHE for continuous ORR of
3600 s with minimal degradation, indicating outstanding stability and tolerance to the

poisoning of organic solvents.
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Figure 5.19 Electrocatalytic OER performance of IrFe-N-C and other control catalysts. a) iR-corrected OER polarization
curves, recorded at a scan rate of 5 mV s in 1.0 M KOH. b) Tafel analysis. ¢) Chronopotentiometric curves of IrFe-N-C
and other control catalysts, recorded at a constant current density of 10 mA cm? in 1.0 M KOH. The inset shows the
zoomed view of the initial 8 h. d) Comparison of ORR and OER bifunctional activities of IrFe-N-C, Ir-N-C, Fe-N-C and
Pt/C+RuO..

To explore the viability of bifunctional oxygen electrocatalysis, the OER activities of

IrFe-N-C and other control catalysts were also investigated in 1.0 M KOH. As shown in
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Figure 5.19a, the IrFe-N-C can deliver a geometric current density of 10 mA cmgeo? at a
low overpotential (n) of 350 mV, remarkably lower than Ir-N-C (010 = 420 mV), Fe-N-C
(N0 = 370 mV), commercial RuO2 (n10 = 410 mV), and commercial IrOz (n10 = 500 mV),
which also outperforms many other recently reported advanced OER catalysts (Table
5.5). The specific activities of IrFe-N-C and other controls, obtained by normalizing the
catalytic current to the electrochemically active surface area (ECSA), were calculated
and compared to assess the intrinsic catalytic performance. The ECSA was derived from
the double-layer capacitances (Cq) of catalysts (see details in Experiment section). As
shown in Figures 5.20, all M-N-C samples exhibit ECSAs (374.6 — 548.3 cm?) higher
than the commercial nanoparticulate catalysts, suggesting that dispersed single- and
dual-atoms can expose more active sites for electrocatalysis. As displayed in Figure
5.21a, the IrFe-N-C catalysts show the highest specific activity, demonstrating that they
are intrinsically more active. Besides, the IrFe-N-C also reveals a mass activity as high
as 1.72 Amg* at n =350 mV, which is 1.4, 2.6, 78 and 344 times higher than Ir-N-C, Fe-
N-C, commercial RuO, and commercial IrO., respectively (Figure 5.21b).

Table 5.5 Comparison of the IrFe-N-C’s OER performance with the state-of-the-art catalysts reported recenty in the
literature, all measured in alkaline media.

Ni=10 Loading

Electrocatalyst Electrolyte > Reference
(my)  (mgcm?)
IrFe-N-C 1.0 M KOH 350 0.19 This work
Angew. Chem. Int.
Fe,/Co;-GNCL 0.1 M KOH 350 0.268 Ed. 2020, 59, 16013.
Fe-NHGF 1M KOH 488 0.275 Nat.Catal. 2018, 1, 63.
Angew. Chem. Int. Ed.
Fe-Ns SAs/INPC 0.1 M KOH 430 0.51 2018, 57, 8614.
Co-NHGF 1 M KOH 402 0.275 Nat.Catal. 2018, 1, 63.
Angew. Chem. Int. Ed.
S,N-Fe/N/C-CNT 0.1 M KOH 370 0.6 2016, 55, 610.
Adv. Funct. Mater. 2019,
SS/Co-SAC 0.1 M KOH 348 0.2 1906477,
Adv. Energy Mater. 2019,
SCoNC 0.1 M KOH 310 0.25 1900149
NiFe LDH/CNT 1 M KOH 300 2.4 J. Am. Chem. Soc. 2013,

135, 8452.
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NiFe LDH 1 M KOH
NiV LDH 1 M KOH
CoMn LDH 1 M KOH
NiCEiCc):zo@_NC 1 MKOH
CoFe204 NFs 0.1 M KOH
CoP-GNCLNHP 1 M KOH
CoP/C 0.1 M KOH
Co.P 1 M KOH
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Nat. Commun. 2014, 5,
4477.

Nat. Commun. 2016, 7,
11981.

J. Am. Chem. Soc. 2014,
136, 16481.

J. Mater. Chem. A 2017, 5,
15901.

Nanoscale, 2015, 7, 8920.

J. Am. Chem. Soc. 2018,
140, 2610.

ACS Catal. 2015, 5, 4066.
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Figure 5.21 a) Specific activity and b) mass activity of IrFe-N-C, Ir-N-C, Fe-N-C, commercial RuO, and commercial IrO,
in 1.0 M KOH solution.

The OER reaction kinetics of all catalysts was evaluated by Tafel analysis (Figure
5.19b). The IrFe-N-C shows a Tafel slope of 43 mV dec, smaller than other control
catalysts, confirming that the presence of IrFe diatomic sites can expedite the OER. The
electrochemical impedance spectroscopy (EIS) measurements also verified the efficient
charge transfer of IrFe-N-C during the OER, as evidenced by its much smaller charge

transfer resistance (Rc) than that of other control catalysts (Figure 5.22).
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Figure 5.22 Nyquist plots of all catalysts measured at 1.58 V vs. RHE.

Furthermore, we have assessed the catalytic stability of IrFe-N-C in 1.0 M KOH using
chronopotentiometry (CP) at a constant current density of 10 mA cm2, and compared it
to that of commercial RuO, and IrO; catalysts. As illustrated in Figure 5.19c, the IrFe-N-

C catalyst shows outstanding stability and can catalyze OER continuously at 10 mA cm-
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2for 460 h with minimal degradation. In contrast, the potential for maintaining 10 mA cm-

2 for the commercial RuO; and IrO; sharply increases in several hours, exhibiting rapid

degradation. Besides, the overall electrocatalytic ORR/OER performance of all prepared

catalysts was compared by the overvoltage (AE), which is the difference between the

half-wave potential of ORR and the OER potential at 10 mA cm2. Remarkably, the IrFe-

N-C catalyst shows a small overvoltage of 0.66 V, much lower than the controls and most

of the recently reported bifunctional oxygen electrocatalysts (Figure 5.19d, Table 5.6).

Table 5.6 Comparison of the IrFe-N-C’s electrocatalytic performance with the state-of-the-art multi-functional catalysts
reported recently in the literature, all measured in the alkaline media.

Ej=10 Eip AE
OER
Electrocatalyst ORR (V Reference
(V vs. VS. V)
RHE)  RHE)
IrFe-N-C 1.58 0.92 0.66 This work
Fe2/Co1-GNCL 158 0846 0734 Angew.Chem. Int Ed. 2020, 59,
16013.
Fe-NsSASINPC 166 0885 0775 ‘"9eW- Cheméég‘z Ed. 2018, 57,
Adv. Funct. Mater. 2019,
SS/Co-SAC 1.58 0.81 0.77 1906477
Co/CoP-HNC 1.62 0.83 0.79 Mater. Horiz. 2018, 5, 108.
CF-NG/Co 1.63 0.85 0.78 J. Mater. Chem. A 2018, 6, 489.
N,P,F-tri-doped Angew. Chem. Int. Ed. 2016, 55,
Graphene 1.8 0.72 1.08 13296.
ACS Appl. Mater. Interfaces
FesC@NG800-0.2 1.59 0.81 0.78 2015, 7, 21511.
Co/N-C-800 1.6 0.74 0.86 Nanoscale 2014, 6, 15080.
S.N-Fe/N/IC-CNT 1.6 085 075 Angew Chemé'lrg' Ed. 2017, 56,
3D-CNTA 1.54 0.81 0.73 Nano Energy 2017, 39, 626.
C0s04-GNCLMTs ~ 1.58 0.778 0802 O Mater.Chem A2017,3,
20170.
COSz(éOC()))/N,S— 1.61 0.79 0.82 ACS Catal. 2015, 5, 3625.
Co/HNCP 1.613 0.845 0.768 ACS Catal. 2018, 8, 7879.
N/C0sSe/G 164 0.76 0.88 Energy Environ. Sci. 2016, 9,

1320.
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Co@Co0304- Angew. Chem. Int. Ed. 2016, 55,
GNCL-1 1.65 0.8 0.85 4087,
N-graphene/CNT ~ 1.65 069 096 ~ngew. Chem.Int.Ed.2014,53,
6496.
Fe/Fe,Os@Fe-N-
C-1000 1.66 0.79 0.87 Nano Res. 2016, 9, 2123.
N/Co-doped
PCP//INRGO 1.66 0.86 0.8  Adv. Funct. Mater. 2015, 25, 872.
Fe@N-C-700 1.71 0.83 0.88 Nano Energy 2015, 13, 387.
J. Am. Chem. Soc. 2014, 136,
S/N-Fe-27 1.78 0.87 0.91 14486
NPMC-1000 >1.75 0.85 >0.9 Nat. Nano. 2015, 10, 444.

Given the excellent activity and stability achieved by IrFe-N-C, we further explored its
potential application in a rechargeable Zn-air battery, which was assembled using a Zn
foil as the anode and the IrFe-N-C catalysts loaded carbon paper as the cathode, as
schematically illustrated in Figure 5.23a. A mixture of commercial Pt/C and RuO; with a
mass ratio of 1:1 (denoted as “Pt/C+RuQ;”), which are the state-of-the-art catalysts for
the ORR and OER, respectively, was employed as the benchmark. The homemade Zn-
air battery based on the IrFe-N-C air cathode exhibits an impressive open-circuit voltage
of 1.50 V (Figure 5.23b), which is higher than the battery containing the Pt/C+RuO;
cathode (1.41 V), in line with the high ORR/OER performance of IrFe-N-C (Figures 5.16
and 5.19). Figure 5.23c shows the discharge polarization curves and the corresponding
power density of Zn-air batteries. Remarkably, the battery with the IrFe-N-C cathode can
deliver a maximum power density of 113.9 mW cm2 at a current density of 187.7 mA cm-
2, much higher than that comprising the Pt/C+RuO. cathode (peak power density of 59.6
mW cm? @ 124.7 mA cm?). In addition, the IrFe-N-C cathode possesses a lower
charge/discharge voltage gap than the Pt/C+RuO; cathode (Figure 5.23d), suggesting
enhanced rechargeability for use in Zn-air batteries, which is consistent with the excellent
bifunctionality observed in IrFe-N-C (Figure 5.19d). Moreover, the cycling performance
of the Zn-air battery made from the IrFe-N-C air cathode was further investigated at 5
mA cm2 with a duration of 30 min per cycle and compared to that of the Pt/C+RuO,
counterpart (Figure 5.23e). The performance of Zn-air batteries consisting of the
Pt/C+RuO; cathode gradually degraded from the fifth cycle onward. In contrast,

negligible performance fading was observed after 60 cycles for the IrFe-N-C based Zn-
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air battery, demonstrating the outstanding potential of IrFe-N-C for use as the air cathode

in Zn-air batteries.
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Figure 5.23 Zn-air battery performance of IrFe-N-C and Pt/C+RuO2 catalysts. a) Schematic illustration of the Zn-air
battery set-up. b) Digital photograph of the Zn-air battery assembled using IrFe-N-C as the air cathode with an open-circuit
voltage of 1.50 V. c) Polarization and power density curves of the IrFe-N-C and Pt/C+RuO; catalysts. d) Charge/discharge
profiles of the rechargeable Zn-air batteries based on the IrFe-N-C and Pt/C+RuQ; air cathodes. e) Cycling performance
of two-electrode rechargeable Zn-air batteries with the IrFe-N-C air cathode, measured at 5 mA cm2,

To further elucidate the origin of the high ORR/OER catalytic activity of IrFe-N-C, we
performed DFT calculations. Eight possible coordination configurations including single-
nuclear (IrN4, FeN4), heteronuclear (IrFeNe, IrFeNg) and homonuclear sites (Ir2Ns, Ir2Ns,
FezNs, Fe:Ng) were constructed and optimized to mimic the single-atom and diatomic
active sites, based on the EXAFS results and calculated formation energy (Figure 5.24,
Table 5.2 and 5.7). According to the free energy diagrams of the ORR/OER of the six
diatomic configurations (Figure 5.25), including both heteronuclear (IrFeNe, IrFeNsg) and
homonuclear sites (Ir2Ns, Ir2Ns, Fe2Ns, FezNs), we found that the IrFeNg configuration
reveals comparatively lower energy barrier at each step of the reactions. Therefore,
IrFeNs was chosen as the subsequent ORR and OER computation model. The ORR
Gibbs free energy diagrams of the IrN4 and FeN4 single-atom sites as well the IrFeNs
diatomic sites were calculated at the potential of U = 1.23 V (Figure 5.26a). Remarkably,
the Fe site in IrFeNs (0.56 eV) displays the lowest energy barrier for the rate-determining
step (RDS), with respect to the FeN4 (0.60 eV), IrN4 (0.67 eV) and the Ir site in IrFeNe
(1.24 eV), suggesting that the Fe site in IrFeNe most likely plays a predominant role in

the ORR. The OER is a reverse process of the ORR with four elementary steps as
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outlined in Figure 5.26b. Our calculations reveal that the O* + OH-— OOH* + e process
is the RDS for IrN4, FeN4, and the Fe site in IrFeNe, with relatively higher energy barriers
(0.82 V for IrN4, 0.63 V for FeN4, and 0.67 V for Fe in IrFeNg), compared to the RDS for
the Ir site in IrFeNs that has an energy barrier of only 0.43 eV. It is noted that the energy
barrier of the RDS in homonuclear sites (i.e., Ir2Ns, Ir2Ng, FezNg, Fe2Ns) is larger than or
very close to that of single-nuclear (i.e., IrN4, FeNys) sites for both ORR and OER,
suggesting that the contribution to performance enhancement from homonuclear sites,
if any, would be marginal. The calculated overpotentials were further drawn as a function
of the adsorption energy difference, i.e., AGo—AGon+ [31, 55], and a volcano-type plot
can be derived (Figure 5.26¢). The Ir site in IrFeNg is located at the top of the volcano,
indicating its best OER performance. The predicted activity order in this plot agrees well
with our experimental observations, i.e., IrFe-N-C > Fe-N-C > Ir-N-C.
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Figure 5.24 Optimized configurations for a) IrN,, b) FeNy, c) IrFeNs, d) IrFeNs, e) Ir:Ng, f) FeaNs, g) Ir:Ng and h) Fe;Ns.

Table 5.7 Calculated Ir-Fe formation energies (Ey) for the optimized configurations.

Configuration E:/ eV
IrN4 -1.66

FeN4 -2.00
IrFeNe -3.51
IrFeNs -4.02
IrNs -3.70

FeNe -4.21
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Furthermore, we calculated the projected density of states (PDOS) and the crystal
orbital Hamilton populations (COHP) of IrN4, FeN4 and IrFeNs models (Figure 5.26d).
The results show that the IrFeN¢ has a much higher PDOS at the Fermi level, relative to
IrN4 and FeN4, which would result in an increased antibonding orbital filling, attenuating
the interaction between the active sites and the adsorbates and thus contributing to the
enhancement in ORR and OER kinetics [56]. The COHP analysis further corroborates
that the antibonding state of Ir/Fe in IrFeNs is significantly decreased compared to that
of the single-atom IrN, and FeN, sites, which is expected to be able to regulate the
interaction of Ir/Fe with reaction intermediates, promoting the activity. To further confirm
this electronic interaction, we investigated the electron localization function (ELF) of the
single-atom sites of IrN4 and FeNs and the dual-atom sites of IrFeNs (Figure 5.26€;
Figure 5.27). An electron-gas-like distribution is found between the Ir and Fe atoms in
IrFeNe (marked in a red cycle in Figure 5.26e) [57], proving the existence of the
electronic interaction between Ir and Fe atoms in IrFeNs. In addition, the band-order and
Bader charge analyses were also used to verify the electronic structure features of the
IrN4s, FeN4 and IrFeNs active sites. The results show that when Ir and Fe atoms form
chemical bonds with the N atoms respectively, the Ir site in IrFe-N-C possesses 0.11
more electrons than the Ir site in single-atom Ir-N-C, and the Fe site in IrFe-N-C has 0.17
more electrons than the Fe site in Fe-N-C (Figure 5.28). This subtle electronic structure
modulation is beneficial and can moderately reduce the binding interaction of oxygen
intermediates, which is in full consistency with the above PDOS and COHP analyses. In
fact, our XANES experimental results already qualitatively proved that both Ir and Fe in
IrFe-N-C gained more electrons, compared to the Ir in Ir-N-C and the Fe in Fe-N-C, as
evidenced by the lower peak intensity of IrFe-N-C in the Ir Ls-edge XANES spectra
(Figure 5.10b) and the lower white-line absorption energy of IrFe-N-C in the Fe K-edge
XANES spectra (Figure 5.10d). Overall, our comprehensive theoretical analyses
demonstrate that the Fe and Ir atoms in the IrFeNs dual-atom active sites work

synergistically, leading to excellent catalytic activity toward both ORR and OER.
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Figure 5.27 The electron localization function (ELF) of a) IrN, and b) FeN,.
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Figure 5.28 a) The band-order and b) Bader charge analysis of IrN,, FeN, and IrFeNe.

5.3 Conclusions

In summary, we, for the first time, report the synthesis of bimetallic IrFe diatomic active
sites dispersed on nitrogen-doped carbon via a cage-encapsulated precursor pyrolysis
strategy. Advanced materials characterization techniques including HAADF-STEM, XPS
and synchrotron-based XAS have unambiguously confirmed the atomic dispersion of Ir
and Fe and the presence of IrFe dual-atoms. Compared to the single-atom Ir-N-C and
Fe-N-C control catalysts, the IrFe-N-C shows outstanding catalytic activity for ORR in
both acidic and alkaline media. Especially, it exhibits an onset potential of 1.02 V vs.
RHE and a half-wave potential as high as 0.92 V vs. RHE in 1.0 M KOH, rendering it one
of the best ORR catalysts reported by far. Moreover, the IrFe-N-C also reveals superior
OER performance with a high mass activity of 1.72 A mg* at = 350 mV and a long-
term stability of 460 h at 10 mA cm. The excellent bifunctionality of IrFe-N-C for ORR
and OER enables it to serve as a high-performance air cathode in Zn-air batteries, which
shows substantially enhanced performance with respect to the commercial Pt/C+RuO,
benchmarks. Our DFT calculations demonstrate that the diatomic configuration leads to
subtle electronic structure modulation. Fe of the diatomic sites contributes more to the
ORR, while Ir of the diatomic sites plays a more important role in the OER. The two work
in synergy and altogether promote oxygen electrocatalysis. We believe that our work
provides an in-depth understanding of the catalytic mechanism of bimetallic diatomic
active sites, and the IrFe-N-C catalysts we developed will find important applications in

metal-air batteries, fuel cells and electrolyzers.

5.4 Experimental section
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Reagents: Zn(NOs),-6H20, 2-methylimidazole (2-MelM), methanol, isopropanol, H,SO,,
KOH, iridium(lll) acetylacetonate (Ir(acac)s), Iron(lll) tris(2,2,6,6-tetramethyl-3,5-
heptanedionate) (Fe(TMHD)3) and Nafion® perfluorinated resin solution (5 wt %) were all
purchased from Sigma-Aldrich. RuO, and IrO, powders were acquired from Alfa Aesar.
Pt/C (20 wt%) catalysts were bought from FuelCell Store. All reagents and materials

were used as received without further purification.

Synthesis of ZIF-8: The ZIF-8 materials were synthesized via a method reported
previously with some modification [44]. Typically, 594 mg of Zn(NOs3),-6H.O were
dissolved in 20 mL methanol under vigorous magnetic stirring to form a homogeneous
solution A. In the meantime, 659 mg of 2-MelM were dissolved in 15 mL methanol
forming a solution B. Then, Solutions A and B were mixed under vigorous stirring for 1
h. Subsequently, the mixed solution was transferred into a Teflon-lined stainless steel
autoclave and maintained at 120 °C for 4 h. The obtained product was centrifuged,

washed five times with methanol, and dried under vacuum at 60 °C for further use.

Synthesis of ZIF-8@IrFe, ZIF-8@Ir, and ZIF-8@Fe: The ZIF-8@IrFe catalysts were
synthesized using the same procedure as described above with the addition of Ir(acac)s
and Fe(TMHD)s. Specifically, 594 mg of Zn(NO3)2-6H-0, 97.9 mg Ir(acac)s and 121.1 mg
Fe(TMHD); were dissolved in 20 mL methanol under vigorous magnetic stirring to form
a homogeneous solution A. Meanwhile, 659 mg of 2-MelM were dissolved in 15 mL
methanol to obtain a solution B. Afterward, solutions A and B were mixed under vigorous
stirring for 1 h. The mixed solution was then transferred into a Teflon-lined stainless steel
autoclave and kept at 120 °C for 4 h. The obtained products were centrifuged, washed
five times with methanol, and then dried under vacuum at 60 °C for further use. ZIF-8@Ir
and ZIF-8@Fe were prepared through a similar procedure but using only 97.9 mg
Ir(acac)s or 121.1 mg Fe(TMHD)s, respectively, in each case.

Synthesis of the N-C support: The obtained ZIF-8 powders were loaded in a ceramic
boat and placed in a tube furnace filled with high-purity N2 (99.999%). The furnace was
heated to 900 °C at a rate of 5 °C min, held at this temperature for 3 h, and then naturally
cooled down to room temperature under a constant N, flow in the whole process. The
obtained material was subsequently dispersed in 0.5 M H2SO4 solution at 80 °C for 8 h,
under magnetic stirring. After etching, the N-C was centrifuged, rinsed with deionized (DI)

water, and dried under vacuum at 60 °C.
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Synthesis of IrFe-N-C, Ir-N-C, and Fe-N-C: The IrFe-N-C, Ir-N-C and Fe-N-C catalysts
were obtained through a similar procedure as that used to synthesize N-C, except that
the starting material was replaced by ZIF-8@IrFe, ZIF-8@lIr, and ZIF-8@Fe.

Materials characterization: Powder XRD examinations were conducted on an X'Pert
PRO diffractometer (PANalytical) working at 45 kV and 40 mA with Cu Kq radiation (A =
1.541874 A) and a PIXcel detector. Data were collected with the Bragg-Brentano
configuration in the 26 range of 20 — 90° at a scan speed of 0.01° si. XPS
characterization was performed on an ESCALAB 250Xi instrument with an Al Ky X-ray
source (1486.6 eV). The actual Ir and Fe loadings in catalysts were determined by ICP-
OES (ICPE-9000 spectrometer, Shimadzu). Raman spectroscopy examination was
done on a confocal Raman spectrometer (Witec Alpha 300R). Nitrogen
adsorption/desorption porosimetry was performed using a Quantachrome Autosorb 1Q»
system at 77 K. The morphology was characterized by scanning electron microscopy
(SEM, FEI Quanta 650 FEG microscope equipped with an INCA 350 spectrometer). TEM,
HRTEM, and STEM investigations were carried out on a probe-corrected transmission
electron microscope operating at 200 kV (FEI Themis 60 — 300). The actual metal
contents of Ir and Fe was detected by the inductively coupled plasma — optical emission
spectroscopy (ICP-OES, ICPE-9000 spectrometer, Shimadzu). The X-ray absorption
spectroscopy (XAS) was investigated at the Ir-L; edges and Fe-K edges in Deutsches
Elektronen-Synchrotron DESY.

DFT calculations: DFT calculations using the Vienna Ab-initio Simulation Package
(VASP) were performed to optimize geometry structures, and the projector augmented
wave (PAW) pseudopotential and Revised Perdew-Burke-Ernzerhof (RPBE) exchange-
correlation functional were employed to calculate all geometry optimizations and self-
consistent total-energy [58-60]. Zero damping DFT-D3 method of Grimme for van der
Waals correlation correction was used. A kinetic energy cut-off of 400 eV was set for the
plane-wave expansion. The convergence criteria of final energy and force of all
structures were less than 10 eV and 0.02 eV A, respectively. The Brillouin zone was
sampled with 1 x 1 x 1 Gamma k-point mesh for energy and 3 x 3 x 1 Monkhorst-Pack
k-point meshelectronic structure calculation. The dimension of the hexagonal graphene
supercell is 14.76x12.78x15.00 A3 along x-, y- and z-direction and the periodic condition
is employed along z-direction. The distance between neighboring cells is 15.00A. The
following active-site models were used for the calculations: IrN4, FEN4, IrFeNs, IrFeNs,
FesNe, FeaNs, IroNe and IraNs.
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The overall OER process includes the following four steps:

M"+ OH™ — OH" + e~ 1)
OH" +OH - O "+ H,O () + e~ (2)
O"+0OH — OOH" + e~ 3
OOH" + OH™ — M" + 02 (g) + H20 (I) + e (4)

where M" represents the Ir or Fe active site, and OH", O"and OOH" are the intermediates
adsorbed on the active sites during the OER or ORR.

For the active-site models, the formation energy (Ey) of the single metal atom is defined

in the following Eq. (5):
Eb=Em+ Egraphene - E(graphene+ M) (5)

where Ewm, Egraphene @aNd E(graphene + M) are the energies of the isolated single metal atom,
the N-doped graphene and the single-metal-atom adsorbed N-doped graphene,

respectively.

Electrode preparation and electrocatalytic tests: The catalyst ink was prepared by
ultrasonically dispersing 5 mg of catalysts into 0.5 mL of isopropanol containing 50 uL of
Nafion® solution. To prepare an electrode for catalytic tests, 10 or 20 uL of catalyst ink
was loaded on a fine-polished glassy carbon (GC) electrode with an exposed area of
0.20 and 0.95 cm?, leading to a loading density of ca. 0.45 and 0.19 mg cm for the ORR
and OER, respectively. The electrode was then dried at room temperature (ca. 25 °C)
naturally in air. For the commercial reference catalysts, 5 mg Pt/C, RuO- or IrO, were
dispersed in 0.5 mL of isopropanol containing 50 yL of Nafion® solution, forming a
homogeneous ink upon ultrasonication. The ink was then drop-cast on the GC electrode
with the loading density of about 0.45 mg cm for Pt/C and 0.19 mg cm for RuO, and
IrO,.

All electrocatalytic tests were carried out in a three-electrode configuration at room
temperature (23 °C) using a Biologic VMP-3 potentiostat/galvanostat. The catalyst-
loaded GC, a graphite rod and a saturated calomel electrode (SCE) were used as
working, counter, and reference electrodes, respectively. The SCE reference electrode
was calibrated prior to each measurement in an Ar/Hz-saturated 0.5 M H,SO, solution

using a clean Pt wire as the working electrode. 0.5 M H.SO, and 1.0 M KOH were used
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as the electrolyte. Unless otherwise stated, all potentials are reported versus RHE by

converting the measured potentials according to the following equation:
Erne = Esce + 0.059 x pH + 0.241 (6)

The ORR performance of catalysts was measured by linear sweep voltammetry (LSV)
from 1.1 V to 0 V vs. RHE in Oz-saturated 1.0 M KOH and 0.5 M H,SO, solutions with a
scanning rates of 5 mV s*. The catalyst ink was drop-cast on a GC electrode which was
then mounted on a rotating disk electrode (RDE). The revoluiton speed was set to 1600

rpm.

The apparent OER activity was characterized using CV at a scan rate of 5 mV s, and
an iR-correction (85%) was made to compensate for the voltage drop between the
reference and working electrodes, which was measured by a single-point high-frequency
impedance test. The reduction branch of the CV curves was used for the performance
comparison of all the catalysts. Electrochemical impedance spectroscopy (EIS)
measurements of OER were carried out at 1.58 V vs. RHE in the frequency range of 10°
— 0.01 Hz with a 10 mV sinusoidal perturbation.

The ECSAs were calculated from the electrochemical double-layer capacitance of the
catalytic surface. The double-layer capacitance (Cq) of catalysts was estimated by
performing CV in the potential range of —0.50 to —0.70 V vs. SCE (non-Faradaic potential
range) at different scan rates (v) of 60, 70, 80, 90 and 100 mV s%, followed by extracting
the slope from the resulting |ja-jc|//2 vs. v plots (ja and jc represent the anodic and cathodic
current at —-0.60 V vs. SCE) [61].

The OER stability was assessed at a constant current density of 10 mA cm2. The
ORR stability was investigated by the chronoamperometric response of catalysts at 0.6
V vs. RHE after introducing 3 M methanol in Oz-saturated 1.0 M KOH and 0.5 M H,SO4

solutions, using the RDE at a rotation rate of 1600 rpm.

Testing of zinc-air battery: The performance and stability measurements of the
aqueous zinc-air battery were carried out in a homemade zinc-air cell using a Biologic
VMP-3 potentiostat/galvanostat. The zinc-air battery (ZAB) was composed of a Zn plate
as the anode, a 6.0 M KOH and 0.2 M ZnCl, aqueous solution as the electrolyte, and the
IrFe-N-C catalysts as the cathode. Carbon paper was used as the current collector for
the cathode. The catalyst ink was prepared by ultrasonically dispersing 10 mg of the
IrFe-N-C catalysts into 5 mL of isopropanol containing 200 uL of Nafion® solution. To

prepare a cathode for catalytic tests, 2.5 mL of catalyst ink were loaded on the carbon
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paper with a catalyst’s loading mass of ca. 1.0 mg cm2. For comparison, 5 mg Pt/C and

5 mg RuO, were dissolved in 5 mL isopropanol solution containing 200 pL 5 wt% Nafion®.

The catalyst ink was then loaded on the carbon paper with the same Pt/C+RuO- loading

mass of around 1.0 mg cm™.
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6.Conclusions and outlook

6.1 General conclusions

In summary, this PhD thesis developed serials of effective electrocatalyst/photocatalyst
based on self-supported electrode, NCs and ADCs. The physical-chemical properties
and electro/photochemical behaviors of these materials towards to energy conversion
were investigated both experimentally and by theoretical calculations. The main

conclusions were list as below:
Saline water electrolysis over self-supported electrode

In Chapter 2, the carbon paper was firstly used as the substrate to load Co-Ni-P
nanowires (Co-Ni-P/CP). The as-prepared Co-Ni-P/CP exhibit high electrocatalytic
activity for HzOR, delieving a large anodic current density of 500 mA cm2 at a potential
as low as 0.175 V vs. RHE in the alkaline-saline-hydrazine electrolyte, where the
evolution of OCI species is fully blocked even at such a high current density.
Consequently, by coupling the cathodic HER with the HzOR taking place at the anode
using the Co-Ni-P/CP as bifunctional electrode, the overall saline water electrolysis
(OSWE) can be achieved at a low cell voltage of 0.533 V at 500 mA cm-? without the
unfavorable, interfering CER, and more impressively, it can be sustained at 500 mA cm-
2 for at least 80 hours without obvious degradation, which shows great promise for

industrial seawater electrolysis.

Furthermore, the nickel/iron foam with more mechanical flexibility was designed and
fabricated to in situ grow nickel-iron phosphosulfide (NiFeSP) nanotube array through a
two-step sulfurization/phosphorization approach. When used to catalyze the OER and
UOR in alkaline-saline water, the NiFeSP electrode can deliver 500 mA cm at low
potentials of 1.490 and 1.424 V vs. RHE respectively, effectively avoiding the CER from
happening. Moreover, the NiFeSP electrode can exhibit high HER activity, showing the
multifuctionalty. Advanced materials characterization techniques (including TEM and
synchrotron-based XAS) and theoretical DFT calculations confirm that the NiFeS/NiFeP
heterointerfaces and under-coordinated metal sites synergistically promote the
electrocatalytic performance. Furthermore, the OSWE and the overall urea-mediated
saline water electrolysis (OUSWE) enabled by bifunctional NiFeSP electrodes can

operate at 500 mA cm? under a low cell voltage with a long-term stability of 1000 hours.
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Ultrafine oxygen-defective iridium oxide nanoclusters for efficient and durable

water oxidation at high current densities in acidic media

In Chapter 3, the ultrafine IrOx NCs was designed to catalyze the acidic OER. By
optimizing the loading densities and type of substrate, an ultrafine oxygen-defective IrOy
NCs (1 — 2 nm) can be deposited on a high-surface-area, acid-stable titanium current
collector (H-Ti@IrOy), through a repeated impregnation-annealing process. Benefiting
from the advantages of small cluster size, which leads to the exposure of a large active
surface area, and oxygen-defective feature, which results in an electronic structure
favorable for the OER, the obtained H-Ti@IrOx electrode exhibits excellent
electrocatalytic OER activity, with low overpotentials of 277 and 336 mV to deliver 10
and 200 mA cm? in 0.5 M H,SO.. With the aids of intimate contact between IrO, NCs
and acid-stable H-Ti foam, the H-Ti@IrOx is able to continuously catalyze the OER at a
high current density of 200 mA cm? in 0.5 M H,SO, for 130 hours without notable
degradation. Comprehensive experimental studies and density functional theory
calculations confirm the important role of oxygen defects in the enhanced OER
performance. Thus-fabricated electrode combines several merits including the small size,
oxygen defects and high-surface-area, acid-stable support, which can work in synergy

boosting the electrocatalytic acidic OER activity and long-term stability.
Efficient hydrogen production over atomically dispersed catalysts

In Chapter 4, a series of ADCs were designed and fabricated to promote the
hydrogen production. Firstly, the Rh SACs supported on activated carbon (Rh1/AC)
towards the electrocatalytic HER was reported. Using Rh NPs as the starting materials,
the Rh1/AC synthesized via a “top-down” chemical reaction induced dispersion process,
which exhibited the outstanding electrocataltic HER activity and durability in alkaline
medium due to the a atomic dispersion. Secordly, atomically dispersed ruthenium
catalysts (Ru (0.2)-NC) with ultralow Ru loading was synthesized through a two-step wet
chemical impregnation — pyrolysis method. The as-prepared Ru (0.2)-NC exhibits
outstanding HER and OER performance in alkaline medium, as well as good catalytic
stability of at least 100 h at a current density of 10 mA cm?, showing favorable
bifunctionality. DFT calculations reveal that the Ru-N bonding plays an important role in
lowering the energy barrier of the reactions, boosting the HER and OER activities.
Furthermore, with the aids of BPM, the BPMWE using the bifunctional Ru (0.2)-NC as
both HER and OER catalysts can afford 10 mA cm2 under a low cell voltage of only 0.89

V, and does not show any performance decay upon 100-h continuous operation, showing
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great promise for low-cost, energy-saving production of green hydrogen. Finally, Ir/Ru
SACs were designed to be anchored on mesoporous graphitic carbon nitride (Ir-g-CN
and Ru-g-CN), which can act as efficient and stable HER catalysts for electrocatalytic
and photocatalytic water splitting. Remarkably, Ru-g-CN reveals outstanding
electro/photocatalytic HER activity and stability, respectively. DFT calculations disclose
that the atomic dispersion of Ir and Ru on g-CN reduces the bandgap and increases
electrical conductivity. Moreover, introducing Ir or Ru onto the surface of g-CN has been
demonstrated to be able to promote the electron transfer and lead to optimal Gibbs free
energy of hydrogen adsorption, contributing to the remarkable improvement of the

electrocatalytic and photocatalytic HER performance.
Iridium-iron diatomic active sites for efficient bifunctional oxygen electrocatalysis

In Chapter 5, based on the research of Chapter 4, the IrFe DACs (IrFe-N-C), with
their advantages over SACs in reactions involving multi-electron transfers, were
designed and fabricated, derived from MOFs in a facile wet chemical synthesis followed
by post-pyrolysis. Various advanced characterization techniques including the HAADF-
STEM and synchrotron-based XAS unambiguously confirmed the atomic dispersion of Ir
and Fe and the presence of IrFe atomic pairs. The as-obtained IrFe-N-C shows
substantially higher electrocatalytic performance for both ORR and OER when compared
to the single-atom counterparts (i.e., Ir-N-C and Fe-N-C), revealing favorable
bifunctionality, and outperform many state-of-the-art bifunctional ORR/OER catalysts
reported in the literature. The excellent bifunctionality of IrFe-N-C enables it to serve as
a high-performance air cathode in ZABs. Moreover, our DFT calculations demonstrate
that the diatomic configuration leads to subtle electronic structure modulation. Fe in the
diatomic sites contributes more to the ORR, while Ir in the diatomic sites plays a more
important role in the OER. The two active sites work in synergy and altogether promote

oxygen electrocatalysis.
6.2 Outlook for future

The rational design of advanced catalysts with high activity and low cost is of paramount
significance for renewable and sustainable energy storage and conversion systems.
Considering the enormous potential of self-supported electrode, NCs and ADCs, plenty
of opportunities may push the rapid development further. Nevertheless, despite
tremendous progress in recent years, further development in the following aspects is
envisioned to be essential for advancing the practical implementation: 1) explore pH-

universal self-supported catalysts; 2) explore more kinds of NC catalysts; 3) improve the
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loading amounts and stability of ADCs; 4) explore the real process for the energy

conversion.

1) Due to several remarkable traits, that is, binder-free, large surface area and rapid
delivery of charge and mass, considerable efficient and low-cost self-supported TM-
based electrocatalysts have been developed in the past few years. However, the majority
of currently explored self-supported TM-based catalysts displayed outstanding
performance only for the alkaline environment, which limits their practical application
under wide-pH conditions. In other words, in acid or neutral media, such efficient
catalysts were rarely reported, especially for full water splitting, at large current density,
and within long-term working period. This may be mainly attributed to the poor OER
activity, unstable chemical and structural properties of electrocatalysts in the acid
environment, as well as low solution conductivity of the neutral electrolyte [1-3]. To deal
with it, some points are suggested to be considered. First, some compositions with
relatively great inherent corrosion resistance in acid media should be favorably selected
to synthesize electrocatalysts, such as nitrides, phosphides, alloys, and intermetallics [4-
8]. Second, the “anti-corrosion coating,” which will simultaneously keep or even boost
the activity of inner catalytic species in an acid environment can be utilized, for example,
FTO, carbon-based and Ti-based materials [9-11]. Third, for low-conductive neutral
electrolytes, the emphasis should be given to the improvement of intrinsic conductivity

and increment of electrochemically active sites of the electrocatalysts themselves.

2) Downsizing the metal particles from nano-meter to sub-nano-meter scale has
proven to be an efficient strategy to obtain attractive catalytic properties [12, 13]. For
NCs, increasing or decreasing the number of atoms results in different catalytic
behaviors [13-15]. So far, numbers of metals NCs have been studied using DFT
simulations [16]. But only a small portion of them have been validated by experiments,
the variety of materials screened so far is remarkably small. In fact, the preparation of
metal NCs with a few atoms in a controllable manner is still a challenge, which is hardly
achievable using the traditional preparation methods [17]. Therefore, in future work, more
novel synthesis strategies are needed for developing effective NC catalysts. In addition,
the combination of theoretical model studies and experiment analysis will also promote

the exploration of catalysts with high catalytic activities.

3) Further reducing the size of metal catalysts to isolated atoms is a major
breakthrough for energy conversion [18]. Because of its unique electronic and structural

properties of isolated active sites, the ADCs could achieve excellent catalytic
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performance and selectivity in various chemical reactions [19-21]. For practical
applications, high performance will require a high density of single metal atoms for
abundant active sites; therefore, the limited loading of metal single atoms in the ADCs
still need to be further increased to meet the requirement for the practical application [21,
22]. Even this loading value has been significantly enhanced in recent years, there are
still full of opportunities and challenges need to be addressed for the SACs field: i)
synthesis of high metal loading SACs; ii) design and synthesis of DACs and TACs, in
this ways, it not only increases the mass loading of metal atom but also alter more
efficiently geometrical configurations and electronic structures, further promoting the

excellent catalytic performance [22, 23].

Moreover, stability remains a major challenges for ADCs due to the high surface
energies, which result in the possible aggregation and leaching during the catalytic
process, especially at high metal loading [22]. To address this problem, selecting the
appropriate metal and suitable supports and strengthening their interaction are among
the most effective strategies. Constructing a SMSIs can ensure the stability by mitigating
the aggregation of isolated reactive centers in the catalytic process [18]. Furthermore,
forming diatomic active sites has been suggested to be another effective strategy to
enhance the stability. For instance, single-atom alloys and carbide supported SACs
might be a good choice for the acid OER due to their high conductivity and good
corrosion resistance in acid environments [24, 25]. These approaches would be effective

for developing excellent catalysts for further industrial applications.

4) Most of the currently developed catalysts are “pre-catalysts”, which partially or
completely transform into real catalytically active structures under different conditions of
HER, OER, or working electrolytes [26]. Elucidating the real active species, electronic
and geometric structure changes under in situ states for electrocatalysts in a particular
reaction is essential to help researchers deeply understand their structure-activity
relationship and lay a foundation for rational design high performance electrocatalysts. It
is important to study the reaction intermediates and real-time monitor the dynamic
behaviors of both the electronic environment and geometric structure of the active sites
by advanced in situ or operando characterization techniques, including spectroscopic
techniques (such as XAS, XPS, Raman, FT-IR, Mdssbauer, nuclear resonant inelastic
X-ray scattering, EIS and XRD) [27] as well as microscopic techniques (such as atomic
force microscope (AFM) and TEM) [28]. Besides, theoretical methods, which can be
applied in simulated, controlled, and reproducible conditions, are greatly anticipated to

unravel the possible reaction pathway. Thus, with the advanced characterization
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techniques and theoretical simulation and calculations, we can make great progress in
understanding the fundamental properties of efficient electrocatalysts and realize the

ultimate goal of manipulating individual atoms for function.

All in all, it is still highly challenging and urgent for the rational design of high-
performance electrocatalysts. Substantial interest has been devoted to tuning the
electronic structure, insight into the fundamentals of active sites and mechanisms, and
fabricating integrated electrodes for practical applications. This renders the combination
of single atoms and 3D self-supported substrates extremely promising for the rational
design of ADCs with superior activity and selectivity. In this way, specific catalysts can
be designed for the target reactions at the atomic scale to give full play to the maximum
capacity of each atom to boost reaction kinetics, mass transfer, and achieve the green
catalytic process of the atomic economy.
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