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Kurzzusammenfassung

Kurzzusammenfassung

Die  Entwicklung  flexibler,  skalierbarer = und  tragbarer  elektrochemischer
Energiespeichertechnologien ist entscheidend, um in verschiedenen Szenarien eine stabile
Energieversorgung zu erreichen. Dabei wurde die Entwicklung fortschrittlicher Materialien fir
eine nachhaltige und effiziente Energiegewinnung, -umwandlung, -speicherung und -nutzung
als Schlisselpunkt erkannt. Diese Arbeit konzentriert sich auf das Design, die Synthese, die
Charakterisierung und die Anwendung neuartiger aktiver Materialien fur mehrere EES-
Systeme. Die relevanten wissenschaftlich-technischen Hintergriinde, die Funktionsprinzipien,
der aktuelle Fortschritt und die bestehenden Herausforderungen werden ebenfalls ausfihrlich
erortert.

Das erste Projekt préasentiert Forschungsarbeiten zu nicht-wasserhaltigen Redox-Flow-
Batterien (NRFBs), die als die vielversprechende stationare EES-Technologie fiir das modulare,
grof3 angelegte Stromnetz gelten. Ein neuartiger Elektrolyt auf Basis von (nBusN)s[MV13033Cl]
(M= V=0?" {V14} or MgOH* {MgV13}) {MV13}) in Acetonitril wurde auf seine Anwendung
als Ladungstrager flr nicht-wasserhaltige elektrochemische Energiespeicherung untersucht.
Dieses Projekt beschreibt die ersten Untersuchungen der elektrochemischen Eigenschaften des
gemischtvalenten {MV13} Clusters und zeigt die Eignung dieser Verbindung als
Mehrelektronen-Ladungstrager in symmetrischen NRFBs. Dank ihrer hervorragenden
physikochemischen Eigenschaften (hohe L&slichkeit, Stabilitdt und Nanogrofie) zeigten die
vorgeschlagenen NRFBs auf Basis des {MV13} Clusters eine bemerkenswerte Batterieleistung.
Der zweite Teil untersucht sichere, umweltfreundliche Zink-Luft-Batterien (ZABs), die eine
hohe Energiedichte, eine kostenglnstige Herstellung und eine Mdoglichkeit zur Skalierung
aufweisen. Die trage Sauerstoffreduktionsreaktion (ORR) und Sauerstoffentwicklungsreaktion
(OER) stellen fur ZABs in der praktischen Anwendung groRe Herausforderungen dar. Daher
ist die Entwicklung effizienter und wirtschaftlicher bifunktionaler ORR/OER-
Elektrokatalysatoren flr wiederaufladbare ZABs dringend erforderlich. In diesem
Zusammenhang wurde in diesem Abschnitt tber atomar dispergierte FeNi-Doppelmetallpaare
auf einer stickstoffdotierten Kohlenstoffmatrix mit einer hierarchischen Struktur, die von
mehrwandigen  Kohlenstoffnanoréhren umhllt ist, berichtet. Insbesondere wurden
Rdntgenabsorptionsspektroskopie und hochauflésende Transmissionselektronenmikroskopie
eingesetzt, um die atomaren aktiven FeNi-Stellen zu untersuchen. Die elektrochemischen

Eigenschaften sowie die Leistung dieses Katalysators in wiederaufladbaren ZABs wurden
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systematisch bewertet. Zudem wurde ein neuartiger ultradiinner Pd-Metallen-Sauerstoff-
Reduktions-Katalysator, dotiert mit atomarem WOx/MoOyx (bezeichnet als D-Pd M),
synthetisiert und charakterisiert. Diese Arbeit zeigt, wie Defekt-Engineering zur Verbesserung
der Reaktivitat der Elektrokatalysatoren eingesetzt werden kann. Die elektrochemischen
Eigenschaften und die praktische Leistung dieses D-Pd M-Katalysators in priméren und
wiederaufladbaren ZABs wurden detailliert untersucht.

Der dritte Teil untersucht die Entwicklung von Elektrokatalysatoren fir trifunktionale
Zinknitrat/Nitrit-Batterien (ZNBs), die gleichzeitig eine nachhaltige Energieversorgung, die
Elektrosynthese von grinem Ammoniak und den Abbau der NO3z/NO> Schadstoffe im
Abwasser ermdglichen. Im Vergleich zu herkémmlichen Haber-Bosch-Anlagen zeichnet sich
dieses ZNBs-Gerat durch eine schnelle dynamische Reaktion und eine dezentrale Herstellung
auf Basis lokaler Produktion aus, wodurch das System leichter steuerbar ist, und die
Transportkosten und Umweltauswirkungen reduziert werden. In diesem Teil wurde eine
selbsttragende, bimetallische, NiCu-modifizierte, 3D-gedruckte Katalysatorelektrode auf Basis
von  Acrylnitril-Butadien-Styrol ~ fUr  Zinknitrat-Batterien  durch  ein  stromloses
Beschichtungsverfahren hergestellt. Die Morphologie, Struktur und Zusammensetzung dieser
Elektrode wurden durch eine Reihe von Technologien charakterisiert, darunter
Rontgenbeugung, Rontgen-Photoelektronenspektroskopie und  Elektronenmikroskopie.
Dariiber hinaus wurden die katalytische Aktivitét, Selektivitat und Stabilitat der hergestellten
Elektrode sowie die Batterieleistung der ZNBs sorgfaltig untersucht. Die Ergebnisse zeigten,
dass die hergestellten ZNBs eine zuverldssige Energieversorgung und kontinuierliche
Ammoniakproduktion ermdglichten. Dartber hinaus wurde ein weiterer Katalysator fir die
selektive elektrokatalytische Reduktion von Nitrit zu Ammoniak hergestellt. In einem
dreistufigen Syntheseverfahren wurden die Rutheniumatome in eine Kupfernanodrahtstruktur
eingebaut, die eine beeindruckende elektrokatalytische Aktivitat und Selektivitat zeigte. Die
Integration dieses Katalysators in eine wassrige Zinknitritbatterie bestatigte auch den
technologischen Nutzen des Elektrodensystems.

Im Rahmen dieser Studien wurden eine Reihe verschiedener fortschrittlicher Materialien und
Methoden diskutiert, wobei die Bedeutung rationalen Designs, gezielter Synthese, modernster
Charakterisierung sowie praktischer Anwendungen hervorgehoben wurde. Auf diese Weise
wird diese Arbeit dazu beitragen, das aktuelle Verstandnis der EES-Technologien zu fordern

und ihre weitere universelle Anwendung voranzutreiben.
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Abstract

Abstract

Development of flexible, scalable and portable electrochemical energy storage (EES)
technologies is crucial to achieve a stable energy supply in various scenarios, and the innovation
in the advanced materials for sustainable and efficient energy harvesting, conversion, storage,
and utilization has been recognized as the key points. This thesis focuses on the design,
synthesis, characterization and application of novel active materials for selected EES devices.
The related background, operating principle, current progress, and existing challenges are
comprehensively discussed.

The first project presents research work on non-aqueous redox flow batteries (NRFBSs), which
is considered as the most promising EES technology for the modular, large-scale electrical grid.
A novel electrolyte based on (nBusN)a[MV13033CI] (M= V=02* {V14} or MgOH* {MgV13})
{MV13}) in acetonitrile was explored for application as charge carrier for nonagqueous
electrochemical energy storage. This project describes initial investigations into the
electrochemical properties of the mixed-valent {MV1s} cluster, revealing the viability of this
compound to serve as multi-electron charge carrier in symmetric NRFBs. Benefiting from its
excellent physicochemical properties (high solubility, stability and nano-size), the proposed
NRFBs based on {MV13} cluster demonstrated remarkable battery performance.

The second part investigates the safe, environmentally friendly zinc-air batteries (ZABSs), which
have high energy density, low-cost manufacturing and feasibility of scaling up. The sluggish
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) pose great challenges
for ZABs in practical application. Thus, developing efficient and economic bifunctional
ORR/OER electrocatalysts for rechargeable ZABs is urgently required. In this regard,
atomically dispersed FeNi dual-metal pairs on the nitrogen-doped carbon matrix with a
hierarchical structure wrapped by multi-walled carbon nanotubes is reported in this section. X-
ray absorption spectroscopy and transmission electron microscopy were utilized to identify the
FeNi dual atomic active sites. The electrochemical properties as well as rechargeable ZABs
performance of this catalyst were systematically evaluated. Furthermore, a novel ultrathin Pd
metallene doped with atomic WOx/MoOx ORR catalyst was also synthesized and characterized,
demonstrating how defects engineering can be used to enhance electrocatalytic activity of the
electrocatalysts. The electrochemical properties and practical performance of this catalyst in
both primary and rechargeable ZABs were investigated in detail.

The third part explores the development of electrocatalysts for trifunctional zinc-nitrate/nitrite
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batteries (ZNBs), which can achieve sustainable energy supply, electrosynthesis of green
ammonia and degradation of the NO3/NOz" pollutant in wastewater simultaneously. Compared
with traditional Haber-Bosch plants, this ZNBs device features fast dynamic response and
decentralized manufacturing based on local production, making the system easier to control as
well as reducing the transport costs and environmental impacts. In this part, a self-supported
catalyst bimetallic NiCu modified 3D printed electrode based on acrylonitrile butadiene styrene
was fabricated for zinc-nitrate batteries through typical electroless plating. The morphology,
structure and compositions of this electrode were characterized by a series of technologies
including X-ray diffraction, X-ray photoelectron spectroscopy and electron microscopy.
Besides, the catalytic activity, selectivity and stability of the as-prepared electrode and the
battery performance of the ZNBs were carefully investigated. The results demonstrated that the
as constructed ZNBs enabled reliable energy supply and continuous ammonia production.
Furthermore, another catalyst was prepared for selective electrocatalytic reduction of nitrite to
ammonia. Through a three-step synthetic route, the ruthenium atoms were incorporated into a
copper nanowire structure, which demonstrated impressive electrocatalytic activity and
selectivity. The integration of this catalyst into an aqueous zinc-nitrite battery also verified the
technological utility of the electrode system.

Through these studies, a range of advanced materials and methods have been discussed,
highlighting the significance of rational design, targeted synthesis, state-of-the-art
characterization as well as practical applications. In doing so, this thesis will serve to promote

the current understanding of EES technologies and push their further universal application.
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1. Introduction

1.1 Energy storage and conversion technologies
In recent decades, the worldwide demand for energy has risen exponentially along with social
and economic development, and the security of energy is regarded as one of the most essential
pillars for ensuring basic social welfare and sustainable economic growth across the globe.™*]
Presently, the majority of energy supplies (more than 85%) is generated from non-renewable
energy sources such as petroleum, natural gas, and coal.®l The overreliance on these
conventional fossil fuels for energy generation has had devastating impacts, including air
pollution, climate change, water/soil contamination and CO2 emissions. It is worth mentioning
that the finite fossil fuels cannot be replenished after consumption, indicating the exhaustion
of nonrenewable energy sources is possible.[ Concerning the ever-increasing energy demand
coupled with environmental threats and the eventual depletion of fossil fuels, the deployment
of more sustainable and renewable energy sources with low/free-carbon emissions is essential.
Currently, the implementation of renewable geothermal, tidal, wind and solar energies are
considered as clean and green alternatives for fossil fuels. However, the harvesting of these
renewable energy sources is inherently tricky as solar and wind energy are dependent on light
intensity and wind speed respectively, which also require huge space for the devices’
installation and operation. Furthermore, there is a large energy loss during the transportation
over far-away places through the electricity grid. Undesirable intermittent availability and
poor flexibility of these renewable energy sources are posing critical challenges for their direct
integration into the power system. Thus, the deployment of efficient energy storage systems
(ESSs) is of great importance to reducing the gap between energy generation and consumption,
improving the efficiency of the power supply system, and ultimately managing fluctuations

and mismatches in energy demands and supply.F!

There is a broad range of energy storage and conversion technologies available including
mechanical, electrical, chemical, thermochemical and electrochemical storage systems.
Basically, energy storage devices cope with two important missions: 1) production of clean
and stable power, enabling high power-density supercapacitors or high energy-density
batteries. 2) transmission of bulky energy from renewable generation to energy demand in
real-time.l®! However, major challenges related to their technical operability, durability,
efficiency and high cost must be overcome to meet the requirements of low-carbon economics.

Electrochemical energy storage (EES) systems are arguably the most desirable energy storage
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and conversion technologies, owing to their continuous energy conversion processing without
limitations in integrated devices, high manufacturing flexibility, adaptable miniaturization and
portability, minimal environmental effects, as well as easier to scale up. EES technologies are
generally categorized into batteries, fuel cells and supercapacitors. Specifically, the batteries
and fuel cells are characterized as high specific energy devices, while the supercapacitors have
relatively high specific power. Albeit considerable efforts have been dedicated to developing
EES devices which hold both high energy- and power-densities then hopefully achieve the
poised promise of EES technology,!”! but the traditional battery systems are still suffering
from limited energy density, poor rate capacity, worrying safety and undesirable durability,
such as lithium-ion batteries. Generally, it is still a long-standing challenge to fulfill the
variable energy demands in different conditions, particularly in the large-scale storage and

portable electronics practice.®!

A landscape of research shifting from conventional EES devices to next-generation storage
systems including their active materials innovations are meticulously happening with aims to
find the competent EES devices that can achieve the universal utilization of renewable energy
sources. Despite significant progresses have been made in the development of next-generation
EES technologies in recent years, there is no single ideal device that can satisfy all possible
energy demands.®! Thus, identifying the distinctive properties and technical characteristics of
specific next generation EES devices are of great importance to leverage their advantages to
be targeted for specific applications. Redox flow batteries (RFBs) are generally recognized as
a desirable candidate for large-scale storage electricity grid, benefiting from the unique virtue
of decoupling power and density. Metal-air batteries such as zinc-air batteries (ZABSs) possess
inherent safety and high energy density with theoretical specific energy, granting ZABs
exciting potential for electric vehicles (EVs). Besides, zinc-nitrate/nitrite batteries (ZNBs) as
a trifunctional device are considered as promising portable plants to produce value-added
green ammonia from nitrate/nitrite in wastewater with sustainable energy supply. Nonetheless,
the practical application of these EES devices all require advanced engineering, a
revolutionary development of active materials, and a fundamental understanding of the

working principles and technical characteristics of the EES devices.
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1.2 Redox flow batteries

Among all the EES systems, redox flow batteries (RFBs) are one of the most distinctive
devices, since RFBs store energy in redox-active, soluble, charged molecules dissolved in
liquid electrolyte, and the electrochemical conversion reactions normally do not involve
structural change of the active species. This unique configuration grants RFBs several merits
over traditional EES devices, including long durability, fast responsiveness, low cost, and
minimal environmental impacts. Most notably, RFBs have the advantage of decoupled power
and capacity delivery which means that the battery power is dependent on the surface area of
the electrode, while the battery capacity is determined by the volume of the energy-carrying
electrolyte. In addition, RFBs also possess the special ability to be fully charged to 100% state
of charge (SOC) and completely discharged to 0% SOC without ill side effects, which is
impossible for other EES technologies.'® These distinctive properties make RFBs a highly
powerful EES technology for large-scale stationary energy storage, and can be flexibly
constructed to achieve any desired power and capacity output through rational modular design.
Hence, the RFBs are considered among the most promising devices due to their lack of
location limitations and the ease of being scaled to customized sizes, making them well-suited

for large-scale stationary energy storage.

Load
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Electrode \ \I
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Figure 1. Schematic illustration of a typical redox flow battery.!''! Reprinted with permission. Copyright 2015,

Royal Society of Chemistry.

A simplified schematic structure of an RFB is shown in Figure 1, the generic components of
the RFBs are two electrolyte reservoirs for anolyte and catholyte respectively, membrane,
electrodes, and pumps. Electrolyte reservoirs are tanks where the electrolyte is stored.

Membranes serve as separators to avoid the self-discharge resulting from the mixture of anolyte
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and catholyte during the operation. The electrochemical energy conversion reactions take place
on the surface of the electrodes (anode and cathode), and pumps are required to circulate the
electrolyte flowing through the electrodes. During the charging process, the catholyte is reduced
and the anolyte is oxidized, electrical energy is converted into chemical energy and stored in
the electrolyte; the catholyte is oxidized and the anolyte is reduced during the discharging
process while chemical energy is converted into electric energy.™?!

Basically, achieving low-cost, high efficiency and long cycling life is of great importance for
the large-scale application of RFBs. There are three essential components of RFBs system:
membrane, electrode and active species in electrolyte, all of which have significant impacts on
the performances of RFBs system. The following sector provides a comprehensive overview of
these crucial components, their development and challenges in the realm of RFBs are also

summarized.

1.2.1 Essential components of RFBs

1.2.1.1 Membrane

The membrane is a vital part of the RFBs system, its primary function is to separate the anolyte
and catholyte inside the reaction chamber, avoiding electrolyte crossover contamination as well
as preventing short circuits of the battery. The properties of the membrane can greatly affect
the RFBs’ performance in many aspects.[*3!4! Firstly, the membranes should enable the transfer
of supporting electrolyte ions, maintaining the basic charge balance between the anolyte and
catholyte. Simultaneously, the crossover of active species through the membrane could result
in unexpected self-discharge, capacity degradation and coulombic efficiency loss, which should
be forbidden. Secondly, the resistance for charge carrier ions across the membranes also
impacts voltage efficiency (VE, the ratio of discharge voltage to charge voltage) in the RFBs
system. Thus, membranes with high ionic conductivity are required to achieve higher power
densities and optimal performances of RFBs. Thirdly, the membranes must possess good
chemical stability to withstand the electro-oxidization and electro-reduction during long-term
cycling operations. Moreover, membranes are supposed to be resistant against all reactions with
the electrolytes (organic, highly acidic or basic electrolyte) since the membrane is thoroughly
exposed to the electrolyte. Fourthly, the membranes should have good mechanical properties,
such as excellent tensible and puncture strengths and low swellability, which are also critical to

ensuring the longevity of RFBs during the practical operation. Lastly, the cost of membranes is
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still a significant challenge in RFBs design. For many RFB systems, the membrane is the most
expensive single component, comprising 30—40% of the whole reactor’s cost. In summary, the
desirable membranes for RFBs should have high selectivity for charge carriers and high ionic

conductivity, excellent chemical and mechanical stability, and low cost (as shown in Figure 2).

Redox Flow Membrane Improvements to Battery
Batteries Function Membranes Performance
Power Source/Load 2 iy P
oMo Akt Conductivity  Selectivity
n Species " 1 . . * o Lifetime
\J’7 \ / ® ~ RO /J\ — Current Density
2 B " Voltage Efficiency
i i N :> " 0|::> - % ‘e :> Coulombic Efficiency
Reservoir g Reservoir . -y -® Capacity Retention
g o Cycling Stability
Charge- o yg Affordability
J L—Electrode Balancing o
SPump gl 1 Species Cost &
Membrane Stability Sustainability

Figure 2. Function and requirements of membrane for RFBs.' Reprinted with permission. Copyright 2021,

American Chemical Society.

There are two main categories of membranes for RFBs: porous membranes and dense
membranes. Porous membranes have been widely investigated for RFB applications since they
were first reported by Li and co-workers in 2011.1** Porous membranes consist of numerous
micropores that serve as ion transport channels, which serve for the exchanges of small particles
between the anolyte and catholyte compartments. Since active species are usually larger than
the supporting electrolyte ions, the selectivity is mainly controlled via the size sieving
mechanism. Basically, an ideal porous membrane for RFBs should exhibit high ion conductivity
and selectivity by meeting the following criteria: 1) an appropriate pore size with a narrow
distribution to selectively transport supporting electrolyte ions while preventing crossover of
active species; 2) an interconnected pore structure and high porosity to create numerous ion
transport channels, thereby reducing resistance; and 3) high chemical and mechanical stabilities
along with low cost, to ensure a long-lasting and cost-effective RFBs membrane. Additionally,
the performance of porous membrane is highly dependent on their morphology and pore
chemistry. Based on the origin of the pores, porous membranes for RFBs can be classified as
either artificial or intrinsic.*® The former one is generally fabricated with flexible or linear
polymers, of which the molecular chains are usually densely packed in the solid state. Therefore,
specialized membrane fabrication techniques are necessary to create pores, with the nonsolvent-
induced phase separation method being the most well-known. Moreover, it is important to note

that porous membranes do not rely on fluoride ion exchange membrane, thereby avoiding
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concerns related to chemical stability. In contrast, the dense membrane materials comprise
intrinsic pores (e.g., metal-organic frameworks (MOFs) and polymers with intrinsic
microporosity), with the nature of these pores being determined by the materials themselves.
However, it should be realized that liquid electrolytes require dense membranes ironically
conductive as they have a highly dense microstructure. Besides, the crossover contamination of
active species in the electrolyte would result in the RFBs capacity degradation and coulombic
efficiency losses during the cycling operation. On the other hand, dense membranes rely on ion
hopping or migration to transport supporting electrolyte ions and achieve charge balance.[°]
According to whether the dense membrane materials contain fixed ion exchange groups
(covalently bonded charged groups) or not, ion transport channels in dense membranes are
divided into the charged channels and the uncharged ones. These dense membranes incorporate
functional ion exchange groups within their structure and can be composed of dense ceramics

or ion exchange membranes (IEMs).

In general, most IEMs for RFBs are homogeneous membranes made of polymers consisting of
hydrophobic backbones and hydrophilic sidechains bearing fixed ion exchange groups.[*” For
IEMs with such molecular structures, , microphase-separated structures can form spontaneously
due to the polarity difference between the backbones and the sidechains. Reverse micelles
formed by the aggregation of ion exchange groups could also prompt the formation of charged
channels, particularly their size and selectivity. More specifically, larger channel dimensions
enhance ionic conductivity but may compromise selectivity. A typical example of this is the
fact that vanadium ions are more effectively blocked by anion exchange membranes than by
cation exchange membranes, due to the Donnan repulsion effect caused by fixed cations in
IEMs. Furthermore, the properties of the charged channels also strongly affect the chemical
stability and mechanical strength of IEMs. For instance, when the channel size and selectivity
allow active species to easily enter, the chemically vulnerable sites become more accessible and
are more likely to be attacked by active material ions, resulting in chemical degradation. Besides,
the ion deposition and dissolution in the channels can weaken the mechanical strength of IEMs.
In addition, since homogenous IEMs are generally dense with uniform morphology, the ion
transport channels are predominantly controlled by the molecular structure of polymers. In
recent years, there has been an increasing focus on regulating charged channels through
molecular design. Several IEMs that have been employed in RFBs, with the most common

being the Nafion membrane,*® a perfluorosulfonic acid membrane that includes both hopping
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and vehicular modalities for the conduction mechanism. Benefiting from its high ion
conductivity and stability, Nafion membrane has been widely used for many RFBs systems in

the industry. However, reducing its relatively high cost remains a significant challenge.

1.2.1.2 Electrode

Electrode design is essential to achieving high performance and efficient RFBs, primarily
because the electrode is the battery component where the energy conversion reactions occur (as
shown in Figure 3). Chemical composition, surface area and morphology of porous electrodes
are crucial to exposing more active sites for electrode reactions of the electrolyte. In addition,
the electrode contributes to the system polarization through not only the ohmic polarization, but
also through activation polarization and concentration polarization, all of which affect the RFBSs’
overall performance. Typically, the desirable porous electrodes for high-power RFBs should
possess the following properties: 1) high surface activity and high specific surface area for
electrochemical reactions to minimize the activation loss; 2) large hydraulic permeability and
wettability for efficient electrolyte transportation to minimize the concentration loss and
pumping work; 3) excellent electronic conductivity to minimize the ohmic loss. Currently, the
most commonly used materials for RFB electrodes are carbon fiber-based materials (graphite
felts, carbon felts, and carbon papers) for their high electronic conductivity, high hydraulic
permeability, chemical and electrochemical stability, as well as economic costs.**] However,
challenges associated with the application of these materials include low specific surface area
and poor electrochemical activity, limiting the RFBs to operate at a relatively low current
density (~50 mA cm? for aqueous all-vanadium RFBs).[2

Therefore, it is of great importance to appropriately design and modify the electrode materials
for RFBs system. Significant efforts have been made to minimize energy losses from the
electrode, including activation losses, ohmic losses, and other associated losses. One strategy
is to introduce functional groups onto the carbon fiber surfaces to create abundant active sites
and increase its hydrophilicity. It was found that the oxygen functional groups introduced by
simple acid or thermal treatment can effectively catalyze the oxidization and reduction reactions
on the electrode. Secondly, increasing the specific surface area of the electrode is also an
important method to decrease the mass transfer losses. For the conventional carbon fiber-based
electrodes, the voids between the fibers are several tens of micrometers in diameter, which
construct efficient transport pathways for active species and facilitate high hydraulic

permeability, which in turn reduces concentration losses. However, the specific surface area of
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such electrodes is extremely low (0.1-3 m? g1) because of the large pore sizes.[’ The
straightforward approach to fabricating the carbon fiber electrode with smaller pores doesn’t
really work since it would heavily decrease its hydraulic permeability, resulting in
concentration polarization and extra pump work. Hence, coating high-area materials (such as
carbon blacks, carbon nanotubes, and graphene) onto carbon fiber materials is a common
strategy to increase the specific surface area without sacrificing too much permeability of the

electrodes.
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Figure 3. The schematic of the conventional carbon-fiber-based electrode and the proposed dual-scale porous

carbon electrode.?!! Reprinted with permission. Copyright 2016, Elsevier.

Additionally, another strategy to reduce the polarization and enhance the kinetics is to modify
electrodes with electrocatalysts. Nobel transition metal-based catalysts, such as Pt, Au, Ir, and
Pd have been investigated as efficient electrocatalysts for RFBs. However, the commercial
application of these precious metal catalysts is limited due to their scarcity, high cost, as well
as their unspecific catalytic activity.?l In contrast, non-precious transition metal-based
materials show great promise as electrocatalysts for RFBs because of their excellent activity
and relatively low cost. With unique electron structure, the transition metal is easier to accept
or lose electrons, making it more accessible to interact with the reactants. Consequently, the
non-precious transition metal-based catalysts with abundance, low cost, and impressive
catalytic effect are highly promising as future electrocatalysis for RFBs. Over the past few
decades, significant efforts have been devoted to the development of these electrocatalysts, such
as TiOz, Mn30s, M0O2, CeO2, WOs3, etc.l?”] Nevertheless, there are several challenges of non-
precious transition metal-based electrocatalysts. The main problems are the frustrating

conductivity and limited exposed active sites. Meanwhile, nanostructured, non-precious
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transition metal-based electrocatalysts tend to agglomerate due to their high surface energy,
which can significantly reduce the exposed active specific surface area. Furthermore, the weak
binding force between the catalysts and the electrode cannot effectively resist the erosion of the
flowing electrolyte, impairing the stability and lifetime of the battery. Therefore, rational
designing of stable, high performance non-precious transition metal-based electrocatalysts is
urgently needed to improve the performance of RFBs.

1.2.1.3 Electrolyte

The electrolyte is the most crucial component of RFBs, consisting of active species, supporting
electrolyte and solvent media, which influence the battery’s overall performance (Figure 4).1%%]
The theoretical battery voltage is determined by the equilibrium potentials of active species in
the cathodic and anodic half-cells, while the actual open-circuit overpotential is also affected
by the inner resistance of a RFB and the electrochemical kinetics of redox-active materials. It
is worth noting that the energy density of RFBs is dependent on the number of electrons
transferred in the electrode reactions, the concentration of active species in the electrolyte, and
the potential difference between the cathodic and anodic active molecules. Meanwhile, the
physical properties of the solvent, such as the electrochemical window, pH value, viscosity,
polarity, and dielectric constant, all have huge impacts on the RFBs’ performance. Another key
requirement for the commercialization of RFBs is minimizing cost. It is important to note that
grid-scale application of the RFBs face challenges due to high manufacturing costs and volatile
price of raw materials. Besides, the operating maintenance always involves expensive
procedures. 24 Generally, the active species, solvent, and supporting electrolyte should be taken
into account together to develop an RFB with high energy efficiency and coulombic efficiency.
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The early research on the RFBs mainly focused on metal ions and halogen ions.[?®! Benefiting
from the simple chemistry and high solubility, metal ions are considered as the most popular
anodic candidates for aqueous RFBs. On the other hand, halogens are intensively researched as
cathodic active species due to their highly reversible redox reactions and relatively low
molecular weight. The most studied halogens are bromine and iodine, both of which exhibit
redox potentials within the electrochemical window of water. The recent development of
aqueous RFBs involves a wider range of redox species and most of which still fall in the
category of transition metal ions and halogen ions, such as VCIs/\VCl,, Br/CIBry, Ce®*/Ce**
and others.1?l Among them, all-vanadium redox flow batteries (VRFBs) are the most widely
researched RFB systems to date. In the VRFBs, related vanadium couples (V#*/V** and
VO?*/VO,") are used as the redox-active species to comprise anolyte and catholyte which
dissolved in an acidic aqueous solvent (as shown in Figure 5). During the charging of the VRFB,
VO? is oxidized to VO in the catholyte, whereas V3" is reduced to V' in the anolyte. The

discharge reactions occur in the opposite direction, the redox reactions of the VO,*/VO?* and

V2*/\/3* redox couples can be described as follows.
Catholyte: VO2* + 2H' + & — VO?" + H0 (1.1)
Anolyte: V3 +e— V2 (1.2)
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Figure 5. (A) VRFB and main components scheme.?” Reprinted with permission. Copyright 2020, Elsevier.
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These VRFBs have demonstrated high solubilities up to 3 M and the energy density is around
30 Wh Lt with a long system life of about 15-20 years.[?®! Despite these merits, the VRFBs
still face several challenges. For example, the cost of a VRFB system is $500-$600 per KWh
which makes it less attractive when compared to other EES devices. Meanwhile, the toxicity of
soluble vanadium and the strong corrosiveness of VO?/VO," redox couple further impede the
widespread adoption of VRFB.[2°]

Another category of redox-active species with excellent promise for achieving high energy
density and long lifetime RFBs includes metal coordination complexes,% which possess the
properties of both metal ions and organic ligands. For metal coordination complexes, the
transition metal ion usually acts as the charge transfer center, while the redox potential can be
tuned with different ligands. Particularly, charges can also be stored in ligands besides the metal
center in complexes with “redox-non-innocent ligands”.*! By rational designing organic ligand
scaffolds and metals, it is feasible to tune the properties of these complexes, such as the
solubility, stability, Kkinetics and redox potential. Additionally, the metal coordination
complexes can undergo multielectron transfer redox reactions owing to the various oxidation
states of the metal center.32 Compared with transition metal ions, the crossover contamination
through the membrane is inhibited due to the larger molecular size of metal complexes. The
early research of metal coordination complexes for RFBs can be dated back to the 1980s.1"]
Recently, metal complexes of iron, cobalt, vanadium, cerium, chromium, and ruthenium with
various ligands, such as ethylenediaminetetraacetate (EDTA), phenanthroline, triethanolamine
and diethylenetriaminepentaacetic acid (DTPA), have been investigated as active species for
RFBs application.?? According to the ligand types, metal coordination complexes are
commonly classified into metal-ligand complexes and metallocene, both of which can be
categorized into aqueous and nonaqueous RFBs depending on the solvent media of the

electrolytes.

On the other hand, the large-scale deployment of inorganic species or their coordination
complexes for RFBs is potentially limited by the scarcity of metal elements. Besides, the
toxicity and environmental risks of some metals (such as cobalt and chromium) also raise
concerns during long-term RFBs operation. In contrast, metal-free redox-active compounds
with abundant sources in nature, offer a promising direction for reducing cost for RFB systems.

These organic redox-active compounds also capitalize on the advantages of structural diversity,
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good tunability of redox potential and solubility, as well as eco-friendliness. The first successful
RFB based on organic molecules was reported by Li et al. in 2011,% using combination of
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and N-methyl-phthalimide as catholyte and
anolyte respectively with acetonitrile as solvent. Over the last decade, a series of active species
in anolytes have been researched, such as anthraquinone and phenothiazine. For the active
species in catholyte, molecular frameworks like viologen have garnered significant attention as
potential candidates for RFB applications.** Even though their impressive properties hold
great promise for RFBs, the organic redox-active materials still suffer from multiple challenges
including: 1) low solubility; 2) poor electrochemical stability of radicals; 3) low redox potential;
and 4) low ionic conductivity, all of which prevent these organic redox-active materials from
being used in commercial applications. To overcome these limitations, significant efforts in
molecular engineering have been dedicated to the rational design and targeted synthesis of
derivatives based on these core structures. These modifications aim at enhancing the solubility
and the chemical and electrochemical stability of redox-active species, paving the way for the
development of high-energy-density RFBs.

Apart from the above-discussed materials, there is a wide range of family members of active
species for the RFB systems. The redox-active macromolecules, polymers as well as ionic
liquids with high molecular weights and large sizes, are emerging as promising candidates as
active species for RFB systems.®433] Their unique structures and properties significantly reduce
crossover contamination, potentially eliminating the need for specific membranes and thereby
lowering manufacturing costs. However, the high viscosity of macromolecule/polymer/ionic
liquids-containing solution slows down the mass transport of redox species and decreases the
ionic conductivity of electrolytes, hindering further advances in the cell performance of RFBs.
Furthermore, polysulfide/sulfur also draws considerable attention for its high theoretical
capacity, non-toxicity and low cost.*81 The aqueous polysulfide/bromine RFBs utilize Na,S in
the anolyte, coupled with NaBr as an active species in the catholyte. Na,S is abundant and cost-
effective which also exhibits high solubility in aqueous solvents.3”l However, despite the high
solubility of polysulfide in solvent media, the solid precipitation from the insoluble short-

chained polysulfides formed during long-term operation still poses a critical issue for this RFB.

Overall, the development of robust active species with excellent electrochemical properties that

are derived from cheap, commercially available raw materials through simple synthetic
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processes, remains a long-standing challenge for the practical application of RFB systems.

1.2.2 Key performance merits for RFBs

The unique configuration of RFBs makes them distinctive from both conventional and
unconventional EES technologies, it requires different standards for assessment of the practical
performance and electrochemical behaviors of RFBs[el. Generally, several figures of merit are
utilized to quantify the practical performance of the RFBs, which makes the comparison
between RFBs and other EES devices plausible. The most important performance merits
include open circuit potential (OCP), specific capacity, energy density, columbic efficiency
(CE), voltage efficiency (VE), energy efficiency (EE), capacity retention as well as rate capacity.
Notably, all the performance merits should always be referred to the state of charge (SOC),

which represents the fraction of active materials converted to their charged form.

Firstly, as the crucial components, the active species in electrolytes fundamentally determine
the OCP of RFBs, the larger potential difference between cathode and anode redox couples
contributes to a higher OCP for RFB systems. Since the charge carrier of the RFBs are dissolved
or suspended in the electrolyte, their theoretical capacity in coulombs is related to the number
of electrons stored or released by the charge carrier (n) as well as the concentration (Cactive)and
volume (Volacive) OF either the anolyte or catholyte at a 50% SOC. In this context, the theoretical
capacity of RFBs can be calculated according to:
capacity = NFCactiveVOlactive (1.3)

Where F is Faraday’s constant (9.648x10* C mol™).

The energy density (E) of the RFB device can be determined by integrating the cell voltage
(Veen) versus capacity by volume or weight, the cell voltage can be considered as a constant at
a certain SOC. In this case, the theoretical energy can be calculated according to the following
equations:
E = Vcaicapacity (1.4)
E = nVcenFCactiveVOlactive (1.5)

The ratio of the total output of the electrical charge during discharge versus the charge stored
after charge is defined as coulombic efficiency (CE), as shown below:
CE= QDchg/QChg (16)

13



1. Introduction

Here, the Qbchg and Qcng represent the total electrical charge (in C or Ah) during the discharge
and charge processes, respectively. There are multiple contributors to coulombic efficiency
losses including crossover contamination of active species and side electrode reactions. The
coulombic losses can be reversible or irreversible depending on the electrode reaction

mechanisms and the nature of the electroactive species.

The ratio of cell voltage during discharge and charge processes is defined as the voltage
efficiency (VE), shown in equation 1.5.
VE = Vpeng/Vehg 1.7)

Where the Vpchg and Veng mean the average cell voltage during discharge and charge processes,
respectively at a certain time or specific SOC. For the VE determination, the current density is
typically set as a constant parameter. At any fixed current density, there are multiple sources of
overvoltage including Kkinetic, ohmic, and mass transport losses, all of which can result in
decreased voltage efficiency. All three sources of losses increase along with increasing current

density, but not with the same dependence.

The voltage and coulombic efficiencies reflect the losses resulting from the key composites at
the single-cell level, including kinetic, ohmic, mass transport, crossover contamination, and
side reaction losses. However, there are other contributors of energy losses in the context of the
overall RFB systems. For example, parasitic losses (temperature control, pumping losses, and
other auxiliary equipment) are generally recognized as important reasons for energy losses and
extra expenses. It introduces additional energy consumption such as shunt currents, irregular
voltage distribution, and uneven electrolyte distribution among electrodes for the stacks of
multi-cell RFB systems. Generally, the EE can be calculated according to the following
equation:
EE = CE x VE (1.8)

Here, CE represents coulombic efficiency, VE represents voltage efficiency.

In addition, the specific capacity retention is an important metric in evaluating the stability and
robustness of a particular RFB systems in delivering the desired energy output at a constant
current density. One long-standing challenge for RFB systems is the relatively rapid capacity
degradation during long-term cycling operation. The major reasons for specific capacity fading

include the undesired crossover of solvent and/or active species through the membrane,
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degradation of crucial cell components, undesired side reactions as well as the precipitation of
active species. Moreover, rate capability is also a very important figure to assess the
performance of RFB system. It is crucial to achieve stable performance at different current
densities and meet the various requirements in  different  scenarios.
Generally, the rate capability is highly dependent on the active materials, supporting
electrolytes and their kinetics and mass transport at the electrodes.

1.2.3 Classification of RFBs

According to different battery configurations, RFBs can be classified into different categories.
Regarding the RFBs that are constructed based on the metal-free organic redox active species
or metal ions/complexes redox active species in electrolytes, RFBs can be divided into organic
and inorganic RFBs, respectively. Apart from the conventional all-soluble liquid RFBs, the
semi-solid RFBs indicate that RFBs can also utilize the solid and/or suspended active species
(for example, Li metal as the negative electrode and a suspension electrolyte-electrode).l! For
the semi-solid RFBs, the electrode reactions always involve the phase changes of active species.
The following section focuses on the two major categories, symmetric and non-aqueous RFBs,

examples and their merits/demerits are discussed as well.

Symmetric RFBs are based on the same redox active species in both anolyte and catholyte,
which undergo different redox processes for electrode reactions.” Thus, the active species for
symmetric RFBs should possess multiple redox states and the corresponding redox potentials
should be accessible in a wide electrochemical window, enabling efficient and continuous RFB
operation. Generally, symmetric RFB systems are regarded as a better alternative to asymmetric
RFBs, because the symmetric ones can greatly mitigate crossover contamination issues during
the long-term cycling operation. Besides, the capacity degradation of symmetric RFBs could
be recovered by refreshing the anolyte and catholyte. Up to now, most of the reported symmetric
RFBs mainly are based on the organic redox active compounds due to their excellent
electrochemical tunability and high solubility. Chen and coworkers reported a symmetric RFBs
based on 5,10,15,20-tetraphenyl porphyrin as a bipolar redox-active material, which
demonstrated a high volumetric capacity of 8.72 AhL™ with a high voltage of 2.83 V and
excellent cycling stability.[** Aziz et al. presented a symmetric all-quinone aqueous RFB based
entirely on earth-abundant elements which exhibit an OCP of 1.04 V with a high capacity of
163 mAh g*.*2 However, it has been found that the synthesis procedure of these organic
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materials must be performed under an inert atmosphere or even in an argon or nitrogen-purged
glovebox to avoid side reactions with oxygen from the ambient atmosphere. The need for such
stringent synthesis conditions combined with the use of noble metal catalysts adds to the
complexity of the synthetic process. Thus, some special organic redox active species such as
radicals still cost much more than common inorganic electroactive species, which is not a cost-

effective strategy to achieve cost-effective RFBs.[

In contrast, the asymmetric RFBs use two different redox active species in anolyte and catholyte,
respectively, possessing the potential to maximize the battery voltage by employing appropriate
redox couples in the electrolyte.[**l These asymmetric RFBs allow for independent engineering
of the two different redox active materials to attain suitable properties for either the anolyte or
catholyte, while facing the major hindrance of the crossover contamination problem. There is a
broad range of reported asymmetric RFBs, including metal ions, and metal coordination

complexes, to organic redox active compounds as discussed above.

Moreover, RFBs generally fall into two categories with different solvent media, distinguished
as aqueous RFBs and non-aqueous RFBs.*¥ Selection of the solvent for electrolyte is very
crucial in the battery performance as the solubility of the electroactive material in the solvent
directly influences the energy density of the RFBs. Besides, the physicochemical properties of
the solvents should be considered when selecting the appropriate solvent media for active
species and supporting electrolytes. Additionally, the supporting electrolyte also determines the
type of membrane/separator to be used, to ensure compatibility between the solvent and
supporting electrolyte. Aqueous flow batteries were discovered initially as vanadium redox
flow batteries, using an aqueous concentrated acid electrolyte. The agqueous RFB systems use
water as the main solvent and a highly soluble salt (for example, NaCl, NaOH and HCI) as a
supporting electrolyte. Utilizing aqueous electrolytes for RFBs is propitious in many ways
including 1) guaranteed safety due to their non-flammability; 2) cost-effectiveness; 3)
environmental friendliness; and 4) high conductivity and rapid ion transport rates. Based on the
above merits, aqueous RFBs are regarded as the most promising, cost-efficient and durable
RFB technology for practical application.”® On the flip side, the battery voltage of aqueous
RFBs is limited by the narrow electrochemical stability window of water, which is below 1.5
V. In addition, aqueous RFBs only operate under a limited range of temperatures, hindering the

implementation in specific scenarios. Furthermore, the incompatibility of water with

16



1. Introduction

hydrophobic organic compounds also impacts the electrochemical performance of the RFB

systems.

Alternatively, by operating in a non-aqueous regime, many organic solvents possess larger
electrochemical windows (up to 4 V), which provide great opportunities for active species to
realize high-voltage applications in RFB systems. Moreover, organic solvents are great choices
for the redox active compounds which are insoluble in water. Furthermore, organic solvents
also enable non-aqueous RFBs (NRFBs) capable of operating at low temperatures.l*®! The
original concept of NRFBs was first proposed by Singh in 1984.141 Then Matsuda et al.
demonstrated an experimental NRFB based on tris(bipyridine) ruthenium (1) tetrafluoroborate
complex [Ru(bpy)s(BF4).] in acetonitrile (CH3CN) with tetraethylammonium tetrafluoroborate
(TEABFs) as the supporting electrolyte in 1988.181 The expected OCP of this system is
approximately 2.6 V, which is higher than those of most aqueous RFBs. During the past few
decades, significant advances have been achieved in developing NRFBs for attaining high
energy density and power density applications with a huge number of redox-active species
being investigated. However, the state-of-the-art NRFBs still have significantly high internal
resistance, resulting from the low ionic conductivity of both the electrolyte and the
membrane.[*®! Hence, it is of great importance to lower the electrolyte resistance through
advanced electrode design and accelerate the reaction kinetics. Additionally, improving the
ionic conductivity and reducing the thickness of the membrane also make sense to reduce the
internal resistance of NRFBs. On the other hand, the cyclability and durability of NRFBs are
still suffering from the poor electrochemical reversibility and stability of the active species in
electrolytes. Thus, developing inexpensive redox active species for symmetric NRFB devices
can enhance the overall performance of RFBs, paving the way for safer, more affordable, stable,

and flexible practical applications in the future.

1.2.4 Polyoxometalates (POMSs) as active species for RFBs

Polyoxometalates (POMs) are anionic molecular metal oxides based on high-valent transition
metals (e.g., V, Mo, W), which possess great potential to meet the demands of several cutting-
edge technologies. The POMs frameworks can be presented by the general formula: [MmOy]™
for isopolyanions and [XxMmOy]™ for heteropolyanions, where X is a hetero atom, usually a
main group element (P, Si, Ge, As), and M is an addenda atom, usually a d-block element with
high oxidation state (VV, MoY' or WY").5% POMs are always negatively charged, and the
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negative density mainly depends on the elemental composition and the molecular structure.
Generally, POMs consist of three or more transition metal oxyanions with shared oxygen atoms,
forming a large closed three-dimensional framework. The metal atoms that make up the
framework are called addenda atoms, usually group V or VI transition metals (such as V, Nb,
Ta, Mo, W, etc.) in high oxidation states. One or more heteroatoms (such as P, Si, Ge, etc.) are
enclosed in the center of the framework, and these heteroatoms share adjacent oxygen atoms
with transition metal atoms. Following the development of POMs chemistry, several types of
structures have been found, and there are six fundamental POMs structures which are most
widely used in research 1) Anderson; 2) Lindqvist; 3) Waugh; 4) Wells-Dawson; 5) Keggin;
and 6) Silverton, which are the most representative and important compounds in the POMs
family (as shown in Figure 6). These structures can be distinguished by the ratio of the addenda
atoms to the hetero atoms as follows: Keggin and Silverton structures have a 1:12 ratio, Dawson
and Waugh have a 1:9 ratio, and Anderson has a 1:6 ratio and Lindqgvist has a 6:19 ratio. Apart
from these abovementioned plenary structures, the lacunary POMs species can be obtained
through the hydrolytic removal of one or more metal sites from Keggin or Dawson anions,
resulting in so-called lacunary POMs (such as [SiW12040]* — [SiW11030]% + “WO*"™), in

which empty vacancy sites are available for further functionalization with the addition of new

@e®

metal ions.!

Anderson Lindqvist Waugh
Wells-Dawson Keggin Silverton

Figure 6. Six typical structures of POMs: Anderson, Lindqvist, Waugh, Wells-Dawson, Keggin, and Silverton.[52
Reprinted with permission. Copyright 2023, Royal Society of Chemistry.

POMs can achieve metal and/or counter-cation exchange without structure decomposition, the

derivatives not only expand the overall structural versatility of POMs, but also enhance their
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physicochemical properties.®3! Due to the uniqueness and versatility of special structures,
POMs possess a wealth of physicochemical characteristics, including: 1) good thermal
stabilities, large molecular sizes (around 1 nm), and relatively high molecular weights; 2) highly
concentrated, often non-toxic (Mo, W), non-volatile, and soluble in various solvents such as
water, ethanol, acetone, acetonitrile; 3) superior redox properties. Benefiting from its multiple
metal centers, POMs are capable of reversibly accepting and releasing multi-electron through
redox reactions. By adjusting the structure and composition of POMs, the redox properties can
be easily tuned; 4) possibly functionalized by organic ligands to obtain various
organic/inorganic hybrid materials and effectively improve physicochemical properties.
Notably, POM clusters have been used as active materials in numerous fields, ranging from
catalysis to clinical medicine. In particular, POMs exhibit enormous promise for practical
applications in the energy-related realm, including electrocatalysis, photocatalysis and energy
storage/conversion devices (such as supercapacitors, fuel cells and RFBs). The multi-electron
redox properties, excellent stability, high solubility, tunable redox potential, and customizable
structure make POMs highly promising for RFB application, as well as exhibiting significant
potential in addressing challenges related to renewable energy storage.® Over the past few
years, RFBs based on POMs have emerged as one of the hotspots in research, and a series of
advanced RFBs have been reported (as shown in Figure 7).05°]

The earliest research work on RFBs based on POMs was conducted by Sun and colleagues in
1997, they studied an asymmetric aqueous RFB with Keggin POM Hs[PMo012040] as anolyte
active species and Fe**Fe?* as catholyte active species.>®! Later, Xiang and coworkers reported
an aqueous RFB utilizing Hs[CoW12040], which demonstrated reversible transfer of three
electrons per cluster species, and enabled a symmetric RFB operation.®”] Subsequently, the Lu
group changed the counter cations (Li*/Na*/K*/H*) of heteropoly acid cluster and found
He[P2W180s2] exhibited high solubility of 0.74 M, the number of electrons transferred and the
respective redox potentials were tuned by substituting the heteroatom template in the Keggin-
type POM cluster, which endows two one-electron redox process and enables this clusters a
promising application in RFBs.[%® Furthermore, Matson et al. investigated a series of NRFBs
based on Lindgvist POMs [VeO7(OR)12] (R=CHs, CHs) as well as their derivatives with
different heteroatoms and alkoxide ligands.™ Very recently, Chen and coworkers investigated
a symmetric RFB based on [(CoOs)W12036]® ({CoWa2}) cluster with the pH-controlled

operating voltage output. They utilized DFT calculation to disclose the proton-coupled electron
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transfer process of the {W12036} shell in thermodynamically and kinetically, explaining the
negative shift of the redox potential of {W1203s} shell as the pH increased from 1 to 4. Notably,
the stable redox potential of {CoW1.} cluster leads to an extension of the voltage window from
1.31 to 1.56 V. Consequently, the cycling measurement of the symmetrical RFB shows a low
specific capacity degradation rate.["]

A new generation of POM-RFBs

\ Yoz8 [Ti,V,TRIOL] SNARFB
Li>_—\ {CoW,,} || {CoW,,} NARFB

A

{PW,} || {P¢Vy,} ARFB
_(SPr),V || {MnW,,) ARFB

{PW,;} || FeSO, ARFB ) {P,W,;} || VOSO, ARFB
{PW,,SiPh} SNARFB 2080 {BW,,} || LisK[Fe(CN)J] ARFB
{S,W,;} || BP NARFB .

[V§07(OR1)12.,(OR;),] [V6O7(OR;)12..(OR;),]
[V60,(OR),,] || [V6O;(OR);,] ARFB NARFB
{SiW,,} || {PV,.} ARFB 3 {PW,,}+HI || {PW,,}+HI ARFB
{P,W,5} || HBr ARFB °

i \_ {PMo,5} || {PMo,,} NARFB
{CoW,} || {CoW,,} ARFB /—CiEl

{(VaW,) || {V,W,) NARFB
i \ {(SiFesW,),} || {(SiFe,W,),} NARFB

{PV,W,} || {PV,W,) NARFB L\ -,3
{SiV,We} || {SiV,W,} NARFB 18
{P;V3Wys} || {P,V3W;s} NARFB /181

=W, Mo, V, Ta ...
=P, Si, As, S, B, Co, Fe, Ga, Ge ...

Figure 7. Fig. 1. (A) Development history of POM-RFBs. (||: Separator symbol for the anode and cathode of RFB.
ARFB, A: Aqueous. NARFB, NA: Non-aqueous.) Ball-and-stick representation for POM structures of (B)
Lindgvist type, (C) Keggin type, and (D) Dawson type.®®! Reprinted with permission. Copyright 2024, Elsevier.

However, these previously reported POMs-based RFBs (both aqueous ones and non-aqueous
ones) only allow no more than four-electron transfers over different oxidation states, requiring
asymmetric configuration and/or different concentrations of electrolyte to handle charge
imbalances. Thus, it is still challenging to develop POMs for RFBs to enable multi-electron
storage and release in symmetric systems with high operation voltage. In addition, developing
the redox POMs species with high solubility, good electrochemical reversibility and stability,
are vital for future research to enhance the overall performance of RFBs for their large-scale

implementation to enable our society’s sustainable future.
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1.3 Zinc-air batteries

1.3.1 Metal-air batteries

Metal-air batteries (MABs) have received ever-increasing research interest as an emerging EES
technology for the practice of portable electronics, electric vehicles, and stationary power plants,
particularly owing to their high energy density, availability, safety, and low cost.®t] Unlike
other conventional EES batteries where the reagents are stored within the isolated cells, MABs
utilize oxygen from the atmosphere at the cathode, thus they are consequently considered as a
hybrid of fuel cells and batteries integrated into an open cell system. Due to the air-breathing
structure without the bulky cathode chamber, MABs have high theoretical energy densities
(energy per unit weight) in the range of 1353-11429 Wh kg™ (calculated by the common Zn-,
Al-, Mg- and Li-air batteries), which are about 3-30 times higher than that of lithium-ion
battery.l? In general, a MAB consists of a metal anode saturated in an appropriate electrolyte
(aqueous or nonaqueous), a porous air cathode absorbing the surrounding air, as well as a proper
separator mechanically disconnecting the anode and cathode (as shown in Figure 8). The metal
anode can be alkali metals (e.g., Li), alkaline earth metals (e.g., Mg), earth-abundant metals

(e.g., Al), or first-row transition metals (e.g., Zn) with good electrochemical equivalence.®!

(a) aqueous

(b) non-aqueous

atmosphere 5
atmosphere
electrolyte

Figure 8. Schematic configuration and operation principle for (a) aqueous and (b) nonaqueous metal-air

batteries.[521 Reprinted with permission. Copyright 2017, American Chemical Society

Regarding the electrolyte of MABs, there are two categories of aqueous and nonaqueous
systems that undergo different electrochemical reactions.[®* The aqueous electrolyte is of
particular interest in terms of high operation safety, great ionic conductivity of approximately
1S cm, low cost, and environmental benignity.%! The working principle of aqueous metal-

air batteries is illustrated as following equations:
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Anode: M < M™ + ne- (1.9)

Cathode: 02 + 4e" + 2H20 < 40H" (1.10)
Notably, Li, Na, and K in the metallic form are highly sensitive to water and oxygen, which are
incompatible with aqueous electrolytes. In contrast, Mg, Fe, Zn and Al-based MABs are, to
some extent, compatible with aqueous electrolytes since their surfaces can be passivated by the
corresponding metal oxides and hydroxides.[®®] However, due to the low reduction potentials
(e.g., -2.372 V for Mg and -1.662 V for Al), they have the problems of fast self-discharge via
hydrogen evolution reaction (HER), resulting in severe parasitic corrosion on Mg and Al
electrode surfaces.’1 Moreover, Mg and Al electrodeposition in aqueous electrolytes is
thermodynamically impossible, which limits their broad application. Furthermore, Fe-air
batteries present a very low practical energy density of about 60-80 Wh kg and therefore
cannot be utilized for high-energy demanding applications. Zn-air batteries (ZABs), on the
other hand, are rechargeable and have great stability in an aqueous media. Benefiting from its
greater volumetric energy density (6136 Wh L) and cell voltage (1.66 V), ZABs appear to be

more viable for large-scale practical applications than other MABs. (58l

Because metallic Li, Na, and K are plagued by their inherent instability with water in the
aqueous electrolyte, the MABs based on these metals must utilize non-aqueous electrolytes to
enable stable operations.® The corresponding working principle is depicted as below:
Anode: Mo M*+e (1.11)
Cathode: XM + Oz + xe" > MxO2 (x=1 or 2) (1.12)
Compared to aqueous MABs, nonaqueous MABs involve more complicated fabrication
processes and face even more serious challenges including: 1) the inherent safety issue
attributed to the flammable organic electrolytes; 2) the low ionic conductivity of around 1-10
mS cmt; 3) the high cost due to the rigorous manufacturing requirements; and 4) the potential

environmental pollution.™®

1.3.2 Zinc-air batteries

ZABs are well-known as one of the most ideal battery technologies for next generation EES
devices because of the following merits: 1) high theoretical energy density (1086 Wh kg™); 2)
abundant reserves of zinc metal (Zn is the 4th most abundant in the earth crust, which is about
300 times greater than that of Li); 3) good rechargeability (only Zn-air batteries can be
electrically rechargeable in aqueous electrolyte, while the Al- and Mg-air batteries need to be
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recharged via mechanically changing the metal anodes that cannot be directly reduced from
metal ions to metallic form in the aqueous electrolyte); 4) low manufacturing cost and good
feasibility for commercialization; 5) high safety (enables ZABs compatible with
portable/wearable electronic devices and hybrid/electric vehicles); and 6) eco-friendliness.
Over the past few decades, both primary and secondary ZABs have received substantial
attention from academia and industry. Especially, the rechargeable ZABs are regarded as one

of the most promising EES devices for future large-scale applications.["!]

As shown in Figure 9, a typical rechargeable ZAB consists of four essential components: Zn
metal anode; an alkaline aqueous electrolyte; a separator; and an air cathode. Regarding the
working principle of ZABs, the discharging process of ZABs involves the coupling of the
cathodic oxygen reduction reaction (ORR) and Zn anodization reaction. Typically, O diffuses
into the air cathode, and then is reduced to OH" ions, the generated OH™ ions migrate to the Zn
anode. Meanwhile, metal Zn is oxidized to release Zn?* ions, which then combine with the
migrated OH" ions to form [Zn(OH)4]*. When the concentration of [Zn(OH)4]% in the
electrolyte reaches a saturated state, it will decompose into ZnO products. However, the
insulating properties ZnO make it more difficult for the Zn anode to further release Zn?* ions,
which decreases the effective contact interface between the electrolyte and Zn anode, thereby

reducing the overall efficiency of the battery.

a e b
ol 0
o 'S f - ORR
> A
]
> g ZN(oHA
e
» @ Hydrophilic surface & R
A OER
O E Q 2
O—¢
[ @ Elactrolyte
Cathode Electrolyte (KOH/Zn(Ac),) Anode Oxygen electrocatalysis at triphase interface

Figure 9. (a) Schematic illustration of the reaction mechanisms for alkaline ZABs. (b) Schematic operation
principle of bifunctional oxygen electrocatalysis at the triphase reaction interface.[”? Reprinted with permission.
Copyright 2023, Royal Society of Chemistry.

During the charging process, it involves the oxygen evolution reaction (OER, the reverse
reaction of the ORR) and its thermodynamic equilibrium potential is 1.23 V vs RHE. The

corresponding charge process is as follows: OH™ ions are oxidized to O at the cathode and the
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Zn?* ions in the electrolyte are reduced to metallic Zn and deposited on the anode surface.["?!
The complete discharge/charge processes of ZABs can be illustrated as the below equations:

Zn + 40H"  [Zn(OH)4]% + 2¢e° (1.13)

Anode:
[Zn(OH)4)* < ZnO + H20 + 20H- (1.14)
Cathode: 02 + 2H20 + 4e” «— 40H" (1.15)
Overall reaction: 2Zn + 02 < 2Zn0 (1.16)

1.3.2.1 Zn anode

In the case of sufficient O at the air cathode, the Zn anode is critical in determining the overall
capacity of the ZABs. An ideal Zn anode should exhibit high material utilization and high
efficiency, thereby giving rise to outstanding capacity and reversibility. Hence, the Zn
deposition/dissolution reaction is as important as the ORR/OER performance in affecting the
overall performance of rechargeable ZABs. Especially, one major reason for performance loss
of ZABs during long-term cycling is the unstable interface caused by the passivation of the Zn
anode.[”* The unstable transition between Zn and ZnO in electrolytes also leads to critical issues,
which seriously affect the stable operation of ZABs. In general, the Zn electrode is primarily
restricted by the four following issues including 1) dendrite formation; 2) shape change; 3)
surface passivation; and 4) hydrogen evolution. It is worth noting that these four factors often
interact with one another and impact the battery performance over time, eventually resulting in
battery failure. Up to now, the long-term reversibility of Zn in most electrolytes is still far from
satisfactory. Thus, the implementation of Zn anode stabilization strategies to achieve high-rate

and long-term cycling ZABs has been a hot topic in the realm of ZABs.l"

Zinc dendrites refer to sharp and needle-like metallic protrusions that formed under certain
conditions (e.g., high current density) during the ZABs charging process. Theoretically, the
dendritic morphologies result from the inhomogeneous electrodeposition of Zn during the
charging process, while the Zn species in the electrolyte are reduced and subsequently
redeposited on the surface of the Zn electrode. These needle-like dendrites could even puncture
the separators and directly contact the air cathode, causing a short circuit. In addition, these Zn
dendrites can fracture and disconnect from the Zn electrode surface, thus giving rise to losses
in ZABs capacity.["® Several methods have been explored to solve zinc regeneration problems,
including 1) designing a porous electrode to inhibit the growth of zinc dendrites; 2) adjusting

the orientation of the ZABs (horizontal orientation gives better deposit quality in terms of
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compactness and uniformity, which affects the deposited zinc morphology); 3) flowing
electrolytes is also beneficial to obtain a more uniform zinc deposit; 4) adding alcohols and

acetates into the electrolyte prevents the transformation of zincate into ZnO. /6771

The improvement of the performance of ZABs has been studied by increasing the surface area
of the zinc anode since finer-sized zinc particles can react more efficiently. Especially, the Zn
anode with a larger surface area is favorable to increase discharge performance at high flowing
rates. Increasing the Zn anode surface also inhibits the formation of the insulating layer (ZnO),
enhancing the utilization efficiency of the zinc. Conventional zinc anode consists of zinc
powder and polymer binder, which exhibited a limited specific discharge capacity (less than 60
% of theoretical value) resulting from the frustrating electronic conductivity of passive
interface.[”®] Besides, the rechargeability of the ZABs is greatly decreased by this local dendritic
growth of zinc. Therefore, the morphology engineering of porous zinc electrodes is an effective
means to address these problems. For example, Long, et al. reported zinc sponge anode with a
porous monolithic three-dimensional structure, demonstrating a high utilization efficiency of

zinc metal of 90 % in a primary ZAB.U']

Moreover, the corrosion rate of zinc anode also increases along with the more exposed interface
to the alkaline electrolyte. Normally, zinc corrosion rate is not fast compared with other metals
used as anode in MABs. However, the reduction potential of zinc is more negative than
hydrogen, which spontaneously leads to hydrogen gas evolution on the surface of the zinc anode.
During the anodic discharge process of the ZABs, the side reaction of Hx evolution is
particularly problematic, causing capacity loss and eventually reducing the lifespan of the
ZABs.[®1 Many strategies have been utilized to restrain the self-corrosion of Zn electrodes, such
as alloy engineering, surface coating and introducing additives. It was reported that the Zn alloy
with Ni and In, which have high hydrogen evolution overvoltage and effectively shifts the
hydrogen evolution potentials to more negative values.% Another approach is the coating of
the Zn anode with other materials (e.g. Al>Oz), the coating layer is believed to protect the zinc
surface from directly contacting the alkaline electrolyte which prevents the Zn anode from side
reactions in the cell.®®Y Introducing additives (e.g. zinc oxide, silicon dioxide, and surfactants)

is also a solution to overcome the undesirable hydrogen evolution.®?
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1.3.2.2 Electrolyte

As a medium of ionic migration during charge/discharge processes, the electrolyte's
conductivity affects the ohmic resistance and overall performance of ZABs. The
physicochemical properties of electrolytes are closely associated with the solvation and
transporting behaviors of cations/anions. An ideal ZAB electrolyte should have the following
features: 1) high solubility and fast diffusion capability of O»; 2) wide electrochemical window;
3) low volatility and flammability; 4) stable electrolyte-electrode interface layer; and 5) good
wettability.! There are mainly three types of electrolytes that can be used in ZABs: aqueous
alkaline solution, ionic-liquid and solid-state electrolyte. Generally, highly concentrated
aqueous alkaline electrolytes (e.g., potassium hydroxide (KOH) or sodium hydroxide (NaOH))
are used for most ZABs to inhibit the anodic passivation and to increase the solubility of Zn
species in the electrolyte. Aqueous KOH solutions are usually preferable to NaOH solutions
due to their higher oxygen diffusion coefficients, lower viscosity and higher ionic conductivity.
The solubility of Zn species in 1 mol L KOH is limited to ca. 1 mol L, but the solubility
increases at higher KOH concentrations. Therefore, 6 M KOH is employed in most research
work on ZABs. Some additives are added to the electrolyte to solve problems associated with
the Zn anode, including dendrite formation, Zn corrosion and hydrogen evolution as mentioned
above. However, aqueous electrolytes can easily permeate the air cathode, causing air electrode
flooding and blocking the pores for air diffusion. Besides, KOH in the electrolyte can react with
CO: in the air and then precipitate as K2COs in the air cathode, increasing the electrolyte
resistance. Moreover, the aqueous electrolyte can evaporate gradually during long-term
operation, especially in low-humidity conditions, shortening the lifespan of ZABs. 84

As such, room-temperature ionic liquids and solid-state electrolytes have been developed as a
replacement for aqueous electrolytes in ZABs. lonic liquids are salts in a liquid state, consisting
of large organic cations and anions.®® The wide electrochemical window and high thermal
stability make ionic liquids good candidates as electrolytes in various batteries. They exhibit
low vapor pressure and are, therefore, not easily vaporized in an open battery system. Zinc
dendrite growth can also be suppressed by using ionic liquids as electrolytes. However, their
high intrinsic viscosity and low ionic conductivity seriously limit their application in ZABs.
Besides, the ORR and OER processes rely on the diffusion of oxygen and the transfer of OH",

which cannot proceed easily in a pure aprotic ionic liquid electrolyte.
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On the other hand, solid-state electrolytes, such as hydroponics gel electrolytes can increase the
performance of ZABs and lifespan, as well as minimize water loss.!®! Solid-state electrolytes
normally use gel polymers as the framework to provide support for the conductive KOH
solution, the ionic conductivity of these solid-state electrolytes can be as high as 0.3 S cm™ at
room temperature, which is close to the conductivity of 6 M KOH aqueous electrolyte. Notably,
solid-state electrolytes are more compatible with portable or flexible ZABs since they can
change their shapes with different battery designs and will not leak like aqueous electrolytes.
In addition, they can also inhibit the dendritic growth of the Zn electrode during the charging
process. So far, a series of KOH-based gel electrolytes have been fabricated to make solid-state
electrolytes for ZABs. Different polymers such as polyvinyl alcohol, polyethylene glycol,
polyvinylpyrrolidone, etc. severed as gelling agents have been investigated.[”1 However, the
disadvantages of solid-state electrolytes come from their poor interfacial interaction with
electrodes, generating a high interfacial resistance and significantly reducing the reaction
current. Particularly, solid-state electrolytes also serve as separators in ZABs, but their poor
mechanical strength might result in an internal short circuit. Furthermore, the high intrinsic
viscosity and low ionic conductivity of solid-state electrolytes also limit their application in
ZAB:s.

1.3.2.3 Separator

Separators are essential to prevent short circuits of the ZABs cell, and selectively transport
hydroxide (OH") ions between the air cathode and Zn anode.®8% Thus, to guarantee the safety
and long-term reliability of the ZABs, an ideal separator have the following properties: 1)
chemically inertness in a concentrated alkaline electrolyte; 2) high ions selectivity to minimize
the crossover of zincate ([Zn(OH)4]%) ions; 3) high ionic conductivity to reduce the ohmic loss;
4) a wide electrochemical window that exceeds the working potential range of ZABs (0.8 to 2.4
V); 5) excellent mechanical robustness to deal with the possible perforation by Zn dendrite
growth; 6) cost-effectiveness in manufacturing. Most of the separators currently used in ZABs
are porous membranes and anion exchange membranes, which have been adapted from Li-ion

and nickel batteries.

Despite the relatively good chemical stability and low costs of these commercial porous
membranes, such as Celgard 4560 and Celgard 5550 (Celgard LLC), the significant crossover

of [Zn(OH)4]* species from the Zn electrode to the air cathode during the discharging process
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has been reported to increase cell polarization and result in capacity fading of the ZABs.[®8 This
problem can be addressed by introducing an ion-selective function material to the separators,
forming Zn and mixed-phase deposits in the surface layer. This ion-selective function is
normally achieved by coating a commercial separator with a barrier layer. For example, an ionic
liquid-induced copolymer was coated on a PP membrane, which showed a 96% reduction in

zincate ion crossover.%

As safer and environmentally benign OH" conductors, anion exchange membranes (AEMS) can
achieve directional and fast ion transport via nanochannels. The discharge capacity of the ZABs
was increased by six times when the anion exchange membrane was used instead of Celgard
separators. The A201 membrane is a mature commercial AEM, but its implementation in ZABs
is severely hampered by its low water retention and poor ionic conductivity.®) AEMs can
enhance the stability of the air cathode and make the three-phase interface more stable. Chen
for the first time prepared porous alkaline AEMs with high flexibility and high conductivity,
which were made of functionalized nanocellulose. Compared to the A201 membrane, these
AEMs had excellent conductivity of OH" ions, good water retention capacity in nanopore
structure, and low anisotropic swelling property, which improved the discharging capability
and cycling stability of ZABs. Wang and colleagues constructed hierarchically nanostructured
AEMs through the nanoconfined polymerization of a dual-cation ionic liquid within a 3D
porous cationic matrix.[®? The reinforced architecture impregnated with highly conductive
poly-ionic liquids in the robust networks simultaneously achieved both high ionic conductivity
of 286.5 mS cm™ and high mechanical robustness. The abundant OH" on the matrix surface
promoted the rapid conduction of OH" through the Grotthus mechanism. In poly-ionic liquids,
the OH" ions are conducted by the vehicle mechanism due to their extremely high hydrophilic
and water-retaining performance. The combination of the two conduction mechanisms
endowed the AEMs with ultra-high ionic conductivity. However, the relatively more expensive

cost of these separators is a challenge for large-scale practical applications.

1.3.2.4 Air cathode

The performance and energy efficiency of rechargeable ZABs are also greatly affected by the
air cathodes, which are responsible for both ORR during discharging and OER during charging
over the ZABs’ operation. It is worth mentioning that, compared with the Zn electrode

reactions, the air cathode reactions have a larger energy barrier that needs to be overcome.
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Generally, a typical air cathode serves a variety of functions including providing Oz diffusion
channels, enhancing ion transport and electron transfer, facilitating oxygen electrochemical
catalytic activity, etc.’2%*l To achieve these purposes, four important surface/interface
properties of the air electrode are required: 1) sufficient reaction area is are essential for
electrocatalysis. Electrocatalysts with a large specific surface area can offer enough exposed
active sites for catalyzing OER/ORR, while an air electrode with sufficient reaction area can
provide pore channels for efficient mass transfer and oxygen diffusion at the three-phase zone,
and load enough electrocatalyst as well; 2) high electrical conductivity of the electrocatalyst
and air electrode, which facilitating the charge transfer process and reducing electrochemical
polarization; 3) efficient bifunctional electrocatalysts with excellent stability and activity,
reducing the reaction energy barriers for ORR and OER; 4) Fast mass transfer capability of the
air electrode can endow adequate oxygen and ions for oxygen electrocatalysis , reducing the

concentration polarization during the reaction process.

Typically, an air electrode consists of a hydrophobic gas diffusion layer (GDL) and a
hydrophilic catalyst-loaded layer. The GDL of ZABs should fulfill the following functions: 1)
provide a physical substrate for catalyst loading; 2) facilitate the rapid diffusion of oxygen to
the catalyst; 3) prevent electrolyte leakage; and 4) provide a conductive channel for electrons.
Thus, the desirable GDL should be very porous and hydrophobic and have efficient gas
diffusion capability, high electrolyte repellency, good mechanical integrity, and excellent
electrical conductivity, as well as electrochemical/chemical stability in strong alkaline
electrolytes in ZABs. In addition, the degree of hydrophobicity affects the polarization behavior
of the ZABs in terms of conductivity (ohmic resistance) and gas permeability (mass transfer),
which can be tuned by adding polymer binders (e.g., polytetrafluoroethylene (PTFE)).I*4%I The
most widely used GDL is carbon cloth due to its excellent mechanical flexibility for flexible
ZABs. However, these carbon-based GDLs are prone to corrosion in alkaline media, resulting
in the loss of the active surface area for oxygen electrocatalysis, uneven current distribution on
the cathode surface, and serious electrolyte leakage. Furthermore, dissolved carbonate species
stemming from carbon corrosion of GDLs hurt the ionic conductivity of the electrolyte.
Therefore, the development of highly corrosion-resistant graphitized carbon materials or metal-
based materials is necessary to achieve the stable ZABs operation. In some cases, stainless-steel
mesh and nickel/copper foam are also utilized as current collectors to enhance the electrical

conductivity and electrochemical stability of the GDLSs.
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The catalyst layer is generally made up of electrocatalysts, acetylene black with high surface
area and PTFE binder. Electrocatalysts directly face with the electrolyte to construct a so-called
three-phase gas (O2)/solid(catalyst)/liquid(electrolyte) interface for oxygen redox reactions.["?]
Due to the limitation of oxygen solubility in liquids, the catalyst layer should have a high
specific surface area, providing enough reaction centers for oxygen reactions. Besides,
favorable hydrophobicity is also required to facilitate the rapid mass transfer and oxygen
diffusion. Therefore, acetylene black with high surface area can boost the hydrophilicity of the
air cathode, and a PTFE binder is introduced in the active layer to get an optimal balance for
hydrophilic properties. In particular, the ORR and OER are known as the kinetical-limiting
reactions which greatly impact the performance of ZABs due to their high reaction energy
barrier. Therefore, the rational design for air electrodes with appropriate interfacial structure
and hydrophilicity, as well as strong electrical conductivity for rapid electron transport, is
critical to achieve high-performance ZABs. More importantly, the development of high-
performance bifunctional electrocatalysts for both ORR and the OER is urgently required to

reduce overpotentials and promote oxygen electrocatalysis reactions.

1.3.3 Oxygen electrocatalysts for ZABs

It is acknowledged that the electrocatalytic ORR and OER are kinetically limiting reactions
which determine the power output and cycling stability of ZABs due to their high reaction
energy barriers.®®! Thus, it is of great importance to develop appropriate bifunctional
electrocatalysts to decrease the high ORR/OER overpotentials. Moreover, the improvement of
ORR and OER also exerts a significant influence in the performance of other MABs, fuel cells,
water splitting processes and photo-electrochemical devices.’ Therefore, a deeper

understanding of the mechanism of ORR and OER is necessary.

1.3.3.1 Oxygen electrocatalysis in alkaline electrolyte
Generally, the ORR is a multi-electron transfer process in alkaline media that includes two
different reaction pathways according to the surface properties of the catalysts: an indirect two-
electron (2e) process to firstly form OOH"which then convert to H.O or OH" and a direct four-
electron (4e") process to generate H,O or OH™ (as described in the equations below).”®]
Direct 4e- pathway: 02 + 2H20 + 4e-— 40H- (1.17)
O2 + H20 + 2e"— OOH + OH- (1.18)

Indirect 2e- pathway:
OOH" + H20 + 2e"— 30H" (1.19)
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Thermodynamically, the selectivity of the 4e” or 2e” route mainly depends on the reactant and
intermediate adsorption energies, as well as their dissociation reaction barriers on the active
surface. The direct 4e" process for the ORR is more efficient and desirable in practical
applications than the 2e” process which generates peroxide species (OOH"), causing carbon
corrosion and performance degradation. Two possible mechanisms for the 4e” ORR pathway in
alkaline media have been proposed: a dissociative mechanism and an associative mechanism.
The dissociation mechanism can be described as the following procedure: Firstly, Oz is
adsorbed to the catalyst surface, followed by breaking the O-O bond and forming two adsorbed
atomic O* species (* represents a catalytically active site on the catalyst surface.). The resulting
O* species then reacts with hydrogen to create OH* and eventually generates OH". The ORR
process can alternatively be gone through the following associative mechanism: The oxygen
adsorption in the active center produces O>*, which first combines with hydrogen to form
OOH*, and then the O-O bond is broken to produce O* and OH*. Finally, the products O* and
OH* combine with hydrogen to generate the final product OH". In particular, whether the
reaction proceeds in a dissociative or associative manner is determined by the reaction energy

barrier for O-O bond breaking and the initial dissociation of Oa.

The OER is essentially the reverse reaction of the ORR process which occurs as an anodic
reaction of rechargeable ZABs. Through the OER procedure, HO" is oxidized to generate O,
the reaction equation in the alkaline electrolyte is depicted below:
40H — O2 + 2H20 + 4e (1.20)

The OER not only involves multiple electron transfer steps but also needs to overcome
substantial reaction energy barriers. In general, four O-H bonds are broken, and two O-O bonds
are formed during the chemical process, resulting in extremely sluggish kinetics. Two possible
pathways for OER mechanisms are proposed: 1) direct binding of two O* to produce O; or 2)
production of OOH*, which is then transformed to Oo.

Currently, ORR/OER electrocatalysts for the air cathode in ZABs have been intensively
explored. Nevertheless, rechargeable ZABs still suffer from low output power density, limited
cycling stability, and poor discharge voltage plateaus, which gravely hinder their future large-
scale commercial applications. One of the major obstacles affecting the performance of
rechargeable ZABs is the high overpotential at the air electrode, which is caused by the sluggish

kinetics of oxygen reactions (ORR/OER).[**1%1 Therefore, the design of efficient and robust
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oxygen electrocatalysts is very urgent for improving the ZABs overall performance. Based on
the functions of the electrocatalyst in ORR/OER reactions, the catalyst should possess the
following properties: 1) large specific surface area to expose more active sites; 2) appropriate
interaction with oxygen-containing intermediates (if the binding is too weak, adsorption
becomes difficult; if the binding is too strong, desorption is challenging); 3) stable during the
electrochemical reaction (the catalyst should be able to resist the oxidization or reduction by
reactants under the operating potentials); 4) great electronic conductivity to enable fast electron
transfer. Generally, electrocatalysts for ORR/OER can be classified into three categories: noble
metal catalysts, carbonaceous catalysts and transition metal catalysts, which will be discussed
in the following sections.

1.3.3.2 Noble metal catalysts

Currently, platinum group metals (PGMs) have been widely investigated as oxygen
electrocatalysts for application in ZABs owing to their optimal electronic structures.
Nevertheless, the commercial carbon-supported PGM nanoparticles suffer from severe
agglomeration or deformation during long-term operation, resulting in deactivation and inferior
stability of the ZABs.['% In particular, the nano-sized platinum particles dispersed on the
carbon matrix with high surface area, are considered as the commercial benchmark material for
comparison when evaluating other oxygen catalysts due to their superior performance in ORR.
However, the scarce sources of Pt make them prohibitively expensive for large-scale
application in practice. Furthermore, the limited selectivity, high cost, and poor long-term
durability of Pt catalyst, all posing challenges for its practical utilization in ZABs.I*% There are
two proposed strategies to reduce the cost of using Pt: One approach is to fabricate an atomically
dispersed Pt-based catalyst with a high surface area, exposing more active sites and maximizing
the Pt atom utilization efficiency; another method is to alloy Pt with other cheap transition
metals (such as Ni, Fe or Co) to develop intermetallic compounds with good performance. Other
noble metals like Pd and Ag have also been investigated as ORR catalysts because of their
relatively low cost and reasonable performance. Cabrera et al. reported the bimetallic alloys
with atomically precise noble metal Pd@Ag/C, which greatly enhanced the ORR reaction
kinetics and electron transferred rate.[*%3] However, the large-scale application of these noble-

based catalysts is always limited by their scarcity and poor durability.

The benchmark for OER are Ru- and Ir-based catalysts (e.g., RuO2 and 1rO>) in both alkaline
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and acidic electrolytes. Tobias et al. assessed and compared the OER capability of Ru, Ir and
Pt catalysts, revealing that their OER activities in nanoparticle form decreased in the following
order: oxidized Ru > oxidized Ir > oxidized Pt.['% For these PGMs-based OER catalysts, the
ligand effect, strain effect, and synergistic effect can adjust their interaction with the reaction
intermediates, which are regarded as the main reasons for their enhanced performance.
However, they also suffer from a lack of resources, high cost, as well as low durability, limiting
their practical implementation. Therefore, developing cost-efficient ORR/OER electrocatalysts

with high activity and outstanding durability is critical for good-performance ZABs.

1.3.3.3 Carbonaceous catalysts

Carbonaceous materials (e.g., graphene, carbon nanotubes, porous nanocarbons) are regarded
as effective oxygen catalysts for ZABs due to their low cost, high surface area, excellent
electrical conductivity and high stability in alkaline electrolytes.[*®®! For example, graphite has
excellent conductivity due to the w-bonding within the hexagonal plane with sp? hybridization
when compared with the sp® hybridized carbon (such as diamond). However, the
electrocatalytic activities of pure carbon materials are still unsatisfactory. Doping heteroatoms
(e.g., N, P, S, F, and B) could improve their ORR/OER activities by tuning the electronic
structure of the neighboring carbon atoms, and controlling the local charge density distribution
as well.l*%1 For example, the doping of nitrogen can introduce defects into the graphite layer
and create more edge-plane sites, the nitrogen doping is normally achieved by the pyrolysis of
nitrogen-containing hydrocarbons. Notably, only the pyridinic, pyrrolic, and graphitic N atoms
with a planar structure can boost the catalytic activity.l*°"] N-doped carbonaceous materials (like
carbon nanotubes and graphene) also have received extensive attention because of their high
surface area and electrical conductivity, which can either be used as electrocatalysts
independently or serve as the substrate for metal-based catalysts. For example, Lopez-Salas et
al. prepared a Cu'/Cu' decorated N-doped carbonaceous ORR electrocatalyst, which exhibited

promising performance with a larger limiting current (-7.4 mA cm?) and faster reaction rate. %]

1.3.3.4 Transition metal catalysts

Transition metals, and their oxides have been revealed as promising alternatives to the precious
metals-based ORR/OER catalysts due to their intrinsically high activity and sufficient stability
in oxidative electrochemical environments.[*%21%1 Besides, transition metal oxides (TMOs) are

cheaper and easier to obtain with high abundance, making them more feasible for commercial
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application.['® In addition to their inherent electrochemical properties, TMOs are highly
attractive candidates in electrochemical and materials research due to their structural diversity
and their ability to be mixed, doped, or combined with other materials (such as graphene).[*0]
Among the wide range of these transition metals and metal oxides, cobalt, manganese, nickel,
and iron, have been extensively explored as bifunctional catalysts, capable of simultaneously
catalyzing ORR and OER for energy storage and conversion devices.

Basically, TMOs are unique in that they can form more than one cationic oxidation state, which
is pertinent to their capability as electrocatalysts. Due to their variable valence states, metal
oxidizes can easily transition between different oxidation states during the ORR/OER process,
better tolerating the reversible oxidation and reduction, thus improving the stability of these
transition metal-based catalysts. Additionally, many TMOs have a spinel lattice structure and
can accommodate a large number of disordered cations and vacancies, which is beneficial for
electron transfer during both OER and ORR processes. Furthermore, mixed TMOs, formed by
combining TMOs with post-TMOs or mixing two low-cost TMOs, often exhibit enhanced
electrocatalytic performance for ORR and significantly higher electrical conductivity than
simple TMOs. For instance, Shao et al. fabricated a bifunctional catalyst with a simple chemical
reaction, which combined NiO and Mn;0Os together via covalently bridged carbon dots. This
catalyst reached a limiting current of ca. 6 mA cm? during ORR and achieved a low
overpotential of 298 mV at 10 mA cm for OER.[**Y As discussed above, the transition metals
and metal oxides can also be combined with other materials (such as carbon-based substrates
and organo-metallic frameworks), enhancing the catalytic activities of resulting catalysts owing

to the synergistic effect.[*]

In the search for efficient substitutes for noble metal catalysts, materials based on the earth-
abundant transition metal hydroxides (TMHSs) have attracted wide attention because of their
unique structural and physicochemical features.[!*21131 Benefiting from their high-energy
conversion efficiency and environmentally friendly properties, a great number of THM
materials have been developed as electrocatalysts for electrochemical energy storage and
conversion devices. Notably, the TMHSs can be fabricated as self-supported electrodes via in-
situ construction onto the conductive substrates (such as Ni foam, carbon cloth and stainless
steel mesh), which exhibit several merits compared with commercial powdery-type catalysts:

1) facile fabrication (the direct utilization of conductive substrates without any complicated
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process, simplifying the preparation process for electrodes); 2) the exemption of polymer binder
as the adhesive reagent, ensuring fast electron transfer and avoiding the peeling issues; 3) the
highly effective surface area with the 3D framework, significantly enhancing electrocatalytic

performance.

Among the nanostructures of TMHs (e.g., nanoparticle, nanowire, nanotube and nanosheet),
the ultrathin two-dimensional (2D) nanosheets are considered as one of the most promising
electrocatalysts for ORR/OER due to the sufficient active sites, highly effective surface area
and short diffusion path lengths for ions and electrons. [1*4 Layered double hydroxides (LDHs)
based on transition metals and their derivatives have gained increasing interest in the field of
electrocatalysis, including NiFe-LDH, NiCo-LDH, and CoFe-LDH.*?l The most striking
property of LDHSs is the excellent ability to exchange anions. Almost all types of anions,
including anionic inorganic micro-molecules and organic macromolecules, can be intercalated
into the interlayer space of the LDHs by coprecipitation or anion exchange.[**! This property
endows LDHs the variable electronic structures and adjustable interlayer distances with high
surface area, which are the most important factors as catalysts or catalyst supports. Another
important property is the LDHs memory effect. By calcination at high temperatures, LDHs
could lose their interlayer anions and their hydrotalcite-like structure, then finally convert to
layered double oxides with mixed metal oxides or spinel as the main component. Interestingly,
these materials can easily restore their hydrotalcite-like structure with high intercalation
capacity of anions when immersed in corresponding anion solutions. In addition, since many
types of transition metals such as Fe, Ni, Co, etc., can be atomically dispersed into LDH carrier
layers in a well-defined order, LDHs and layered double oxides also exhibit excellent catalytic
activity towards ORR/OER processes. For examples, Wei et al. modified an organic molecule-
intercalated LDHSs with single atomic Co sites (Co-N or Co-S), which demonstrated excellent
OER/ORR catalytic performance and enabled efficient ZABs with open circuit voltage of 1.42

V and a peak power density of 65 m\W cm-2.[11¢]

Transition metal sulfides (TMSs) are regarded as very promising electrocatalysts for ORR
because of their good redox reversibility, excellent mechanical and thermal stability, as well as
abundant resources in nature.1 TMSs such as NiS; and CoS; have also been reported as
promising ORR and OER electrocatalysts due to their attractive electrochemical nature.

Researchers revealed that the activity of these transition metal sulfides is dependent on the
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morphology and crystal structure of NiS,. However, recent studies have shown that TMSs are
usually used as pre-catalysts under alkaline conditions because they are prone to self-
reconstruction or dissolution during OER.['81 Besides, metal sulfides need to be blended with
conductive substrates or supports to modify conductivity because of their electronically

insulating nature.[2°]

Similarly, the transition metal carbides (TMCs) also attracted lots of attention as ORR/OER
electrocatalysts due to their excellent physical and chemical properties, such as high melting
points, high electronic conductivity, and chemical stability.*?1 For example, Tang et al.
successfully synthesized a Mo/Co carbide electrocatalyst, which was applied to OER and
displayed a low overpotential and good stability, showing the advantages of hybrid
electrocatalysts over traditional ones.!*?! Very recently, the emerging nanotechnology greatly
improves the practical application of TMCs in OER, since it helps to overcome the large energy
loss caused by the high-temperature calcination synthesis method, and it is extremely beneficial
for the construction of surface morphology. Additionally, bimetallic carbide-based materials
are also potentially promising candidates as OER and ORR electrocatalysts due to the
incorporation of secondary metals, which can manipulate the electronic structure and expose
abundant site activities. For instance, Lan et al. reported a bimetallic as superior electrocatalyst
for OER, the CosMo0sC> composite exhibited highly electrocatalytic activity with a low

overpotential of 260 mV versus RHE at 10 mA cm and a small Tafel slope of 50 mV dec.[*%?]

As for transition metal nitrides (TMNS), containing a variety of chemical bonds (metal bond,
ionic bond and covalent bond) coexist, among which the ionic bond between metal atoms and
nitrogen atoms can make the d-band shrink and narrow, endowing TMNs similar characteristics
to precious metals in the electrocatalytic process. Thus, TMNs can be used as a substitute for
precious metal catalysts for ORR and OER.!*%] Notably, compared with carbon-based materials,
TMNs have stronger corrosion resistance and higher stability; compared with metal
oxides/hydroxides, TMNSs have better conductivity; compared with the original metal, the TMN
has a larger specific surface area to expose more active sites. In addition, doping TMNs with
other metals to form bimetallic nitrides, introduce synergistic effect between different metals
and cause changes in electronic structure, both of which contribute to the improvement of
catalytic activity, such as NizFeN, Ni2.25C0o.7sN and TiosC002N.8 However, it is worth noting

that although transition metal nitrides have excellent catalytic activity, there is still a notable
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reactivity gap with noble metal catalysts.

1.3.3.5 Transition metal-based single atom catalysts

Transition metal single-atom catalysts (SACs) have gained widespread attention across various
fields due to their nearly 100% utilization efficiency of metal atoms, excellent activity and
selectivity, as well as interesting versatility in a wide range of applications.!*?4 Generally, SACs
are materials with isolated metal atoms as active sites dispersed on a support at an atomic level.
A SAC demonstrates many distinguished properties which are different from those of its
nanostructured or sub-nanostructured counterparts. For instance, when the dispersion level of
these metal atoms in the matrix reaches the atomic scale, there is a sharp increase in surface
apparent energy, quantum size effect, unsaturated coordination environment, as well as a
different interaction between the metal and the substrate, all these resulted characters endow
the SACs with superior catalytic performance compared with their bulky and nanostructured
counterparts.*?] The concepts of single-atom catalysis and SACs were first reported by Zhang
and co-workers in 2011. They successfully synthesized single Pt atoms on FeOx for the catalysis
of the CO oxidation reaction. Benefiting from the modified electronic structure of Pt and the
charge transfer from Pt to FeOy, this SAC exhibited exceptional catalytic activity and
stability.[*?®] The past few years have witnessed the progress of the construction of SACs as
effective and cost-efficient catalysts for various reactions. The low-cost SACs that use diverse
transition metals as active sites exhibit outstanding catalytic activity for the ORR/OER in ZABs
and have been regarded as alternatives to noble metal-based catalysts. The most extensively
studied and effective SACs for ZABs are M-Nx-C (M = Fe, Ni, Co, Mn, Cu, etc.; x = 2, 4, 6,
etc.) supported on a carbonaceous matrix. In the My—N/C catalysts, the isolated active metal
centers are usually dispersed on the carbon matrix and stabilized by covalent coordination or
interaction of neighboring surface atoms such as nitrogen, oxygen or sulfur.[271281 Even though
M-Nx-C moiety-based SACs lack M-M bond to break the O-O bond for ORR, SACs still
achieve high performance in the ORR through a four-electron pathway. It has been proposed
that the highly dispersed and coordinatively unsaturated configuration of these catalysts, as well
as the enhanced charge-transfer effect due to the interaction between metal and support,
remarkably improves the catalytic active sites.[*?®l Their unique electronic configuration also
results in the appropriate adsorption energies for oxygen-containing intermediates thus
decreasing the free energies, which eventually contribute to improved intrinsic catalytic activity

and the four-electron pathway for the ORR.[*3¥]
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However, SACs also suffer from certain limitations for practical applications. Firstly, single
metal atoms tend to aggregate into nanoparticles due to their high specific surface energy, so
the metal loading should be controlled at a very low level (generally around 1%) to ensure the
effective distribution of isolated active sites, which weakens the overall activity of the SACs.[*3!]
Secondly, most SACs only comprise a single configuration of a specific active site, making it
challenging to break the linear scaling relationship between intermediates in complicated
reactions which involve multiple reaction steps.[*3? Furthermore, the single type of active site
in SACs poses challenges for developing bifunctional catalysts involving multiple active
sites.[** To overcome these challenges, researchers have confirmed that the introduction of
nonmental elements (metal-nonmetal-atom synergies) and metal atoms (dual-metal-atom
synergies) in SACs can effectively regulate the electronic coordination environment of the
active sites and construct dual-atom catalysts (DACSs), thus achieving improved electrocatalytic
performance.[*34 As an extension of SACs, DACs not only retain all the advantages of SACs
but also offer additional benefits. Particularly, DACs exhibit higher metal loading and flexible
active sites that can adjust the d-band center through the electron orbitals interaction, thereby
optimizing the adsorption energy of oxygen-containing intermediates on the active sites.
Additionally, DACs can leverage the multiple active sites or synergistic effects to achieve more
efficient catalysis. Given the tremendous potential of DACs and the requirement for developing
bifunctional oxygen electrocatalysts for ZABs, considerable efforts have been dedicated to this

realm.[3%]

Metal-nonmetal-atom DACSs involve the substitution of coordination atoms with nonmetal
elements in the first shell or beyond that shell, leading to the formation of new active sites and
modifying the electronic configuration of the active sites. Alternatively, dual-metal-atom DACs
refer to the construction of homonuclear or heteronuclear bimetallic catalysts. These DACs can
exploit the synergistic effect between two identical or different metal atoms to surpass the
theoretical limits of SACs and optimize the d-band center of the active sites. For example, Li
et al. synthesized bifunctional catalyst with adjacent Fe-Ns and Mn-Ng sites on 2D ultrathin N-
doped carbon nanosheets (FeMn-DSAC), which demonstrated remarkable catalytic activities
for ORR/OER and constructed as the cathode for flexible low-temperature ZABs.[*3! Notably,
the precise synthesis of these two types of dual-sites SACs with the desirable atomic

configuration is essential for exploring their structure-activity relationship and promoting their
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practical application, which remains challenging. Recently, several approaches have been
developed for controllable synthesis of DACs, which can be categorized into bottom-up and
top-down strategies.[*3 Bottom-up strategies generally involve utilizing an appropriate
substrate to absorb mono- or multinuclear metal complex precursors, followed by chemical
reduction to convert them into DACs. Atomic layer deposition is a typical bottom-up method,
which can precisely regulate the composition and structure of the resulting catalysts via
different self-limiting reactions. For instance, Yan et al. successfully obtained a homonuclear
DACs with Pt> dimers uniformly dispersed on graphene by the atomic layer deposition
strategy.[*®! Another bottom-up strategy, the ball milling technique can efficiently reconstruct
the chemical bonds between metal atoms and coordination atoms. Chen et al. prepared a series
of homonuclear and heteronuclear DACs using carbon black as the matrixes by ball milling
method.**"] This approach highlights its universality and scalable advantage. The top-down
strategies involve the break of the metal-metal bond of the precursors to form DACs with
atomic metal dual-sites or metal dimers that uniformly dispersed on the substrates. For example,
pyrolyzing metal-organic frameworks (MOFs) is a common top-down strategy to synthesize
DACs.'31'Wang and coworkers pioneered the synthesis of bimetallic Fe-Co DACS via the host-
guest strategy, in which bimetallic (Zn/Co)MOF was utilized as the precursor to encapsulate
FeCls molecules.[**! This work used Zn species as a spacer to avoid metal aggregation during

pyrolysis, the vaporization of Zn can make abundant vacancies for hosting dual active sites.

During the past few years, many researchers have successfully synthesized DACs with
excellent catalytic activities through rationally designed strategies. According to the structural
characteristics of active sites in DACs, they can generally be classified into three main
categories: bonded, bridged, and non-bonded DACs.[** In addition, some catalysts could
comprise two or three of the above structural characteristics, all of which might contribute to
their excellent catalytic performances with different electronic configurations. Notably, DACs
possess flexible architectures that enable the combination of homogeneous and/or
heterogeneous active sites, making them highly attractive for improving bifunctional catalytic
activity, especially for ORR and OER. Generally, we can better understand their catalytic
performance and reaction mechanisms by deeply comprehending the structural characteristics
of DACs, thereby offering guidance and inspiration for the synthesis of more efficient
DACs.['*¥1 Thus, regulating the local electronic configuration and surface/interface

characteristics through atomic-level modulation engineering is particularly important for
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optimizing the adsorption/desorption behavior of oxygen-containing intermediates, lowering
the reaction energy barrier and accelerating the ORR/OER kinetics, then effectively promoting

the large-scale practical implementation of rechargeable ZABs.
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1.4 Zinc-nitrate/nitrite batteries

1.4.1 Overview of the global nitrogen cycle

The nitrogen cycle is one of the most important biogeochemical cycles on earth that has existed
for tens of thousands of years and greatly affected by human activities during the past
centuries.**% Figure 10 illustrates the main forms of nitrogen and its circulation in the
ecosystem. In this biochemical cycle, nitrogen fixation is the process converting atmospheric
dinitrogen to usable form (such as ammonia), nitrification means oxidizing ammonia to nitrite
and/or nitrate to release energy for the formation of organic materials for microorganisms. The
ammonification refers to the procedure of autolysis, decay and putrefaction of biological
materials to form ammonia, and denitrification is to transform nitrate to dinitrogen as the final

product, by which the loss of nitrogen in the atmosphere is compensated. 144
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Figure 10. The main forms of nitrogen and the circulation of nitrogen in the ecosystem. 41 Reprinted with

permission. Copyright 2023, Royal Society of Chemistry.

Although nitrogen is abundant in the atmosphere in the form of gaseous dinitrogen (N>), it is
very inert and not directly usable to most life forms. For example, plants cannot directly take

up nitrogen from atmosphere, N> must be converted into other useable forms (especially
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ammonia, NH3/NH4") via a series of reactions. There are three main routes for N2 conversion
namely nitrogen fixation (from molecular N2 to nitrogenous compounds), including industrial
ammonia production, biological N2 fixation (mainly referring to N-fixing microorganisms), and
nitrogen activation by lightning. The natural processes deliver around 120 megatons per year
of bioavailable nitrogen to the biosphere, mostly contributed by nitrogen fixation by microbes
and leguminous plants, like alfalfa, clover, and beans.[**?l However, this natural process is quite
limited to specific microorganisms and plants, and the recycling of organic waste into fertilizer
for crops is too slow and inefficient to input enough usable nitrogen.[***! Therefore, ammonia
was regarded as the limiting nutrient element in agriculture during the pre-industrial era. The
situation was changed when German chemist and engineer Fritz Haber and Carl Bosch created
the industrial Haber—Bosch process, [1*4l where N2 and H: are converted to ammonia at high
temperature and pressure, as shown in the following reaction:
N2 + 3H2 — 2NH3 (1.21)

The successful commercialization of large-scale production of ammonia from abundant and
easily available raw resources marked a new era in human history.1*® The Haber-Bosch
process produces roughly 100 million tons of ammonia each year, almost the same amount of
fixed nitrogen to the biosphere from the natural processes. According to the investigation,
around 40% of the human population depends on the contribution of industrial ammonia
production. However, the Haber—Bosch process is responsible for around 2-3% of global fossil

fuel consumption.[146:147]

Further, ammonia can be stepwise oxidized to nitrate (NOz") in the nitrification process with
hydroxylamine (NH2OH), nitric oxide (NO) and nitrite (NO2") as reactive intermediates (NOx).
Additionally, these nitrogen compounds play a very important role in both terrestrial and marine
ecosystems, and widely affect the atmosphere and cryosphere.[*4%14€] For the biochemical
nitrogen cycle, the changes in nutrient supply can greatly influence the productivity of
ecosystems and impact the competition between species and biological diversity. Besides, in
the atmosphere, NOx is essential to the photochemical production of ozone and other key
oxidants as well as radical species, closely coupled to the oxidizing capacity of the atmosphere.
Moreover, these nitrogen compounds are precursors of tropospheric ozone and atmospheric
particulate material, which also degrades air quality.[***1 In addition, as a potent greenhouse
gas and ozone-depleting agent, the emission of N.O from denitrification also plays a key role

in the chemistry of the ozone layer in the stratosphere, influencing the radiative balance of the
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earth.['>%1 Another great threat to ecological environments is the excessive accumulation of
nitrogen pollutants, such as nitrate/nitrite in groundwater, rivers, and lakes which is detrimental
to water resources.’>! In recent decades the accumulation of nitrates/nitrites has increased
dramatically owing to unrestrained human activities, including modern industrial waste
disposal, and the agriculture and livestock industries.!*>2 The large amount of nitrate/nitrite
emission can lead to the rapid growth of algae in the water, which will make the water undergo
eutrophication. Eutrophic water not only kills fish and other aquatic life but also pollutes
groundwater. Significantly, if nitrate is ingested by humans over a long period, it can be
converted to toxic nitrite by gastrointestinal microorganisms. Because of the deleterious
impacts on human health, researchers believe that the imbalance of the nitrogen cycle and the
effective processing of nitrate/nitrite in water are one of the major and urgent challenges of this

century.[153154]

Generally, in the absence of human influences, there are significant consequences of human
activities on the imbalanced global nitrogen cycle, including ever-increasing fertilizer for
agriculture, climate changes, as well as biodiversity loss.*>%1 Based on the abovementioned
serious environmental issues related to the nitrogen cycle and the growing human population
on this planet, there are many basic scientific questions surrounding the different processes in
the nitrogen cycle on how to achieve human sustainable development. However, knowledge of
the global nitrogen cycle is incomplete, and the development of new measurements, improved
instrumentation and processing investigation, as well as sustainable nitrogen management

strategies are of great importance.

1.4.2 Electrosynthesis of ammonia

Ammonia (NHz) is an essential chemical widely used across numerous sectors, such as
agriculture, pharmaceuticals, plastics, and synthetic fibers. Notably, ammonia is the second
largest chemical produced in the world, about 80% of which is used for fertilizer synthesis and
feeds the explosive growth of the global population.[*>¢! Additionally, due to the high hydrogen
mass fraction (17.6 wt%), high energy density (4.25 kWh L), and ease of storage and
transportation, NHs has also been regarded as a promising carbon-free energy carrier and liquid
transportation fuel in the future.l!>7 Thus, the synthesis of ammonia is of great significance to
human society and the global economy. Currently, the predominant production of ammonia still
heavily relies on the traditional Haber-Bosch process, which is one of the greatest achievements
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of the 20th century. However, the process requires a pure hydrogen feedstock primarily
produced from strongly endothermic steam-methane reforming. Moreover, breaking the highly
inert N=N triple bond requires large driving forces to kinetically accelerate the reaction and
shift the equilibrium favorably, such as high temperatures of up to 350-450°C and high
pressures of 100-200 bar. As a result, this energy-intensive ammonia production consumes 1-
2% of the total energy worldwide and releases significant greenhouse gases (such as COy)
annually because of the dependence on fossil fuels. Furthermore, the large-scale and centralized
Haber-Bosch plant requires huge capital investment and can only be realized in large industrial
factories, which are highly capital-intensive and result in severe regional distribution
imbalances.'>® Thus, it is urgent to develop a facile ammonia synthetic method that can be
operated under mild conditions to replace the energy-intensive and unsustainable Haber-Bosch
process with its complex plant facilities and unfavorable environmental impact. To this end,
scientists have proposed several strategies to address this challenge, such as chemical looping,
organometallic, biomimetic, photocatalytic, and (photo)electrochemical methods.[***! Among
these approaches, the electrochemical synthesis of ammonia is emerging as a compelling
alternative to the Haber-Bosch process, benefiting from its mild operating conditions, zero
emission of carbon dioxide, powered by renewable energy sources, capability to store
renewable electricity in chemical bonds, and possibilities for distributed ammonia
production.i*8 During the past few decades, research on the electrochemical synthesis of
ammonia by nitrogen reduction reaction (NRR) has been extensively investigated with

promising progress.

Electrochemical technologies can facilitate the thermodynamically non-spontaneous NRR with
little or no limitation of thermodynamic equilibrium on the conversion rate. The general
electrocatalysis process is activating absorbed N2 molecules by supplying them with electrons
and providing the electrons needed for the subsequent reduction reaction. During the process,
water (H20 in the electrolyte or even humidified air) is used as the proton source (instead of H.
for the Haber-Bosch process) to synthesize NH3z under room temperature and atmospheric
pressure.['°! Theoretically, electrocatalytic N, reduction to NHs is feasible under ambient

conditions as long as a suitable electric potential is applied, and the reaction can be given as

follows:
In acidic electrolytes: N2 + 6H* + 66" — 2NH3 (1.22)
In alkaline electrolytes: N2 + 6H20 + 66 — 2NH3 + 60H" (1.23)
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Generally, prior to the NRR to ammonia process, nitrogen needs to be dissolved into the
electrolyte and cross the liquid interface to reach the catalyst surface. Therefore, both the
inherent properties of the electrolyte and the microenvironment of the solid-liquid interface
have a great influence on the NRR performance. The electrocatalytic NRR mechanism usually
involves three steps: 1) the adsorption of N> molecules onto the catalyst surface; 2) the
dissociative or associative breaking of N=N bond and hydrogenation; 3) the desorption of the
generated ammonia. However, the direct breaking of the stable N=N bond (941 kJ mol™?) is
extremely difficult and requires a large amount of energy.[**! Particularly, the electrochemical
NRR and the catalytic process of nitrogen fixation both occur at mild conditions that do not
favor the direct N=N bond breaking, so the activation of N is usually considered as the rate-
determining step. Therefore, discussions on the proposed NRR mechanisms mainly focus on
the associative mechanism, in which the N=N bond gradually breaks as the hydrogenation of N
proceeds until an ammonia molecule is released. The associative mechanism can be subdivided
into distal, alternating, and enzymatic pathways.[*%?! In addition, density functional theory (DFT)
calculations are widely utilized in discussions on the mechanisms of electrochemical NRR.[26]
Moreover, experimental studies on the mechanisms of electrochemical NRR are also of great
significance in clarifying the principles of electrochemical NRR, which is helpful to dispelling
doubts about the results and provide direct evidence for the NRR process.

In recent years, continuous efforts have been dedicated to developing the NRR electrocatalysts
aimed at improving catalytic selectivity and efficiency, as well as acquiring mechanistic
understanding of the NRR process.[*®*l However, there remains a significant limitation in the
form of poor ammonia yield rate and low Faradaic efficiency (FE), which greatly hinder its
practical application. The main challenges for NRR can be summarized as following: 1) the
challenging adsorption and activation of N2 resulting from their high dissociation energy and
low proton affinity, as well as low solubility in water (6.8x10* M, 1.01x10° Pa, 298 K) hinders
the reduction of N2 both thermodynamically and kinetically, both of which result in low
electrochemical performance; 2) the hydrogen evolution reaction (HER) poses a key
competitive reaction to the electrochemical NRR.[***! The NRR and HER can both occur from
a thermodynamic point of view and their equilibrium potentials are close to each other.
Especially, the NRR is a multi-step process that involves six electrons and six protons, suffering
from sluggish kinetics. By contrast, the HER is a two-electron process, which is much more

kinetically favorable. Consequently, the selectivity of electrochemical NRR is usually very low,
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impeding the progression of FE and requiring high energy expenditure; 3) the catalytic
performance is notably influenced by the inadequate mass transfer of N2 in electrolyte solutions.
Facing the above three urgent challenges, developing electrocatalysts with excellent activity
and selectivity is essential to improve the NRR performance. In addition, innovations on the
configurations of electrolytic cells are also necessary to the development of electrosynthesis of

ammonia.

So far, a wide range of electrocatalysts has been reported for the electrocatalytic NRR process,
including noble metal-based catalysts (such as Au, Ru, Rh, Pd, Pt, Ag, and Ir),[*6¢-16%1 non-noble
metal-based catalysts (e.g., Mo, Fe, Co, Mn, Ni, Cu, W, Re, Sn, Sb, and Bi) and metal-free
catalysts (B, C, N, O, F, P, S, Se, and Te).['>° These elements can derive many categories of
catalysts for electrochemical NRR, such as metals, metal alloys, transition metal carbides,
nitrides, oxides, sulfides, carbon materials, black and red phosphorous, covalent organic
frameworks (COFs), etc. In addition, atomic catalysts are also emerging as attractive materials
for the NRR as well. Meanwhile, the electrochemical reduction of nitrogenous pollutants (such
as nitrate and nitrite) to ammonia has also been explored as a promising strategy for the

synthesis of green ammonia while removing pollutants from the environment at the same
time. [L7010171]

1.4.3 Electrocatalytic nitrate/nitrite reduction

As mentioned above, the balance of the natural nitrogen cycle is disturbed because of the
excessive nitrate/nitrite derived from industrial nitrogen fixation, and inefficient management
of wastewater treatment, as well as the extensive emission of exhausted gas from combustion
of fossil fuels (as shown in Figure 11).1272 The imbalance between the generation and removal
of nitrate/nitrite caused by human activities (especially, the over-utilization of fertilizers and
industrial sewage discharge) has resulted in a serious surplus of nitrate/nitrite in the ecosystem,
where the sluggish natural process of self-purification by the denitrifying bacteria is incapable
of dealing with all nitrate/nitrite accumulation. As results, undesirable algal bloom and
dissolved oxygen reduce in waters, both of which cause the formation of reductive toxic
compounds (such as hydrogen sulfide) below the water surface, impairing the ability of local
aquatic animals to survive, grow and reproduce.!*”3 More worryingly, the blooming algae can
generate a potent hepatotoxin called microcystin, which can cause severe damage to the liver
of human beings.!*" In addition, overconsumption of nitrate/nitrite may lead to serious health
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issues by inducing methemoglobinemia and potent cancer of the digestive tract and other
diseases. Therefore, offsetting the nitrogen inflow to the ecosystem and selectively removing
the excessive nitrate/nitrite from waste and groundwater are the most concerning environmental

issues and have attracted widespread global attention.*"
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Figure 11. Schematic illustration of the eNO3RR process integrated with existing technologies.['"? Reprinted

with permission. Copyright 2024, Elsevier.

To solve this problem, both biological and chemical technologies have been developed to
reduce the nitrate/nitrite levels in water bodies.!*"® For example, utilizing denitrifying bacteria
to remove excessive nitrate/nitrite is a natural pollution-free method that can stepwise convert
nitrate to N2. Chemical approaches such as reverse osmosis, ion exchange and adsorption are
also explored to find out an efficient solution.””1 However, the practical applications of these
traditional techniques are limited by several drawbacks, such as a long sludge retention time,
slow kinetics, as well as undesirable activity and selectivity. From an environmental perspective,
the most promising nitrate/nitrite reduction technology can convert nitrate/nitrite into value-
added NHs, and features low cost, high efficiency, and environmental friendliness. Recently,
electrochemical nitrate/nitrite reduction reaction (NOx'RR) has been proven as a satisfactory
and environmentally friendly technology to achieve this goal.[*"?

Electroreduction is a highly efficient and eco-friendly technology that can be used to remove

excess nitrate/nitrite in wastewater or polluted water and generate green NHa, providing several
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benefits. Generally, NOx'RR enables efficient and controllable NHsz synthesis by utilizing water
and nitrate/nitrite as the hydrogen and nitrogen sources, which is thermodynamically favored
under ambient conditions owing to the much lower N=0 bond energy (204 kJ mol) and higher
solubility of NOs™ in aqueous solution.'”! Importantly, NO3™ is more stable than NO2™ and
abundant in natural waters due to the higher oxidation state. Besides, NOx'RR exhibits a
remarkable FE (close to 100% at a certain electrode potential) and a higher NH3 yield rate up
to 1 mmol cm h! than that of NRR.[1®! Therefore, NOxRR should be much more promising
in industrial practice. More appealingly, the NOxRR process can be powered by renewable
electricity (such as wind and solar energy), holding the opportunity to achieve decentralized
NHs production and lowering the fertilizer cost in remote districts and less-developed
regions.[*®! Moreover, the flexible design and controllable synthesis of ammonia from NOxRR
endow the NOx'RR device with seamless integration in existing industrial facilities, resulting
in reduced investment costs and eliminating sludge production. Furthermore, this approach
enables the production of high-value ammonia while effectively mitigating environmental

pollutants, thereby alleviating the burden associated with the Haber-Bosch process.

The conversion of NOz™ to NHs through NO3'RR is an 8-electron process that faces the
competition of HER (a 2-electron process) and several by-products, including NO2", NO, N2
and N20.[80.181 This complex process requires a comprehensive understanding of its
underlying mechanisms, and the overall conversion can be represented by the chemical
equation:
NOs + 9H* + 8e- — NH3z + 3H.0 (1.24)

Generally, the NO3'RR process starts with the adsorption of NOs™ onto the electrocatalyst
surface which is the critical step for initiating subsequent reaction steps. As shown in Figure
12, there are two proposed primary routes for the reaction pathway: 1) direct association
mechanism: NOs™ is directly adsorbed onto the electrocatalyst surface and undergoes a series of
hydrogenation steps. It begins with the formation of NOsH, then releases H»O to generate NO».
This unstable intermediate is then reduced to NO2H and NO successively, followed by releasing
another H.O molecule. The NO continues the further hydrogenation steps to ultimately yield
NHz; 2) dissociation-association mechanism: after being absorbed on the electrocatalyst surface,
NOz" is dissociated into O and NO on separate active sites. These species consecutively go
through the hydrogenated reduction steps and form the intermediate NO, which is then reduced

further to NH3.['®1 Additionally, the intricate mechanisms of NOzRR are significantly
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influenced by the properties of the electrocatalyst, the composition and pH value of the
electrolyte, as well as the applied potential. These factors impact the reaction pathway by
affecting the adsorption energies of intermediates and the energy barriers for each reaction step,
thereby influencing the overall efficiency and selectivity toward ammonia production.
Particularly, the precise understanding of reaction mechanisms is critical for the rational design
of electrocatalysts to improve the catalytic activity and selectivity for ammonia
production.l*82183 Similarly, DFT calculations are also extensively utilized to deepen the
understanding of the NO3"RR mechanisms since these calculations can provide crucial insights
into the adsorption energies of intermediates and the energy barriers of reaction steps, as well
as elucidate the reaction pathways and the complex dynamics of the NOs'RR process.[*84
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Figure 12. Schematic illustration of the dissociative-associative and directly associative mechanism for NOsRR,
including O-end, O-side, N-end, and N-side pathway to NH3.[8 Reprinted with permission. Copyright 2022,

Elsevier.

By contrast, the electroreduction reaction of NO2" to NH3 follows a six-electron pathway, which
also involves multiple intermediates formed at similar reduction potentials, posing a challenge
to product selectivity.[*®¥ Thus, even though the electrochemical synthesis of ammonia from
nitrogenous pollutants is a promising technology with appealing merits, several challenges need
to be addressed for further practical application.[®1871 Firstly, the detailed mechanisms for
electrochemical reduction of nitrogenous pollutants are still unclear and remain to be elucidated

through both computational investigation and in-situ characterization techniques. Secondly, the

49



1. Introduction

development of more advanced electrocatalysts for NOxRR to synthesize ammonia from
nitrate/nitrite is urgently required to achieve high NHz yield rates and FEs, lowering the
overpotential of reactions and improving the stability of catalysts. Thirdly, it is important to
evaluate the NOx'RR performance of electrocatalysts using real wastes containing nitrogenous
pollutants, which helps to promote its practical application and meet industrial requirements.
Developing novel electrocatalysts is critical to overcome these challenging issues. During the
past few years, a variety of materials including metals, alloys, metal oxides, atomic catalysts,
and non-metal materials have been systematically explored as catalysts for NOx'RR to
synthesize ammonia. For instance, Ru, Pd and Cu exhibit the highest activity and selectivity for
the reduction of nitrate toward ammonia among all metallic materials. However, the
corresponding ammonia yield rate is still too low to catch up with the traditional Haber-Bosch
process.l*®1 Typically, transition metal-based materials are highly promising for NOxRR
because they can easily activate the N=0O bond through the unoccupied d orbitals, and their
tunable surface morphology, electronic structure, and coordination environment can greatly
affect the catalytic performance in NOxRR. Therefore, strategic optimization of these

parameters makes great significance to enhance the catalytic activity and selectivity.}"]

1.4.4 Zinc-nitrate/nitrite batteries

Zn-based batteries are considered as the most promising devices for large-scale energy storage
applications due to the distinct advantages associated with metallic zinc.[*8%1 These merits
include the high theoretical capacity (820 mAh g), abundant reserves and lower cost of zinc
(~US$2 kg!) compared to other alkali metals (e.g., lithium ~US$19 kg; potassium ~US$13
kgt; sodium ~US$3 kg™), high stability and reversibility in aqueous electrolytes, non-toxicity,
and ease of material processing and battery fabrication. Moreover, the low anodic potential
(0.763 V vs. standard hydrogen electrode) and the two-electron transfer during the battery
operation contribute to the elevated energy densities of the batteries. All these additional
benefits endow Zn-based batteries appealing advantages, encompassing the affordability, safety,
and high ionic conductivity (up to 1 S cm™) of commonly used aqueous electrolytes (compared
to the flammable organic electrolytes employed in lithium-ion batteries (~1-10 mS cm™)).
Currently, zinc anode has been extensively utilized in diverse battery technologies, including
Zn-ion batteries, Zn-air batteries (ZABs), Zn-CO2 batteries, Zn-based flow batteries, and Zn-
based flexible batteries. Among these battery devices, the aqueous Zn-based ones have attracted

remarkable attention, which inherits all the abovementioned merits and include more desirable
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characteristics, such as good stability and being environmentally friendly. According to
different cathode active materials (e.g., metal-based oxides, redox-active compounds, and some
energy-carrier gases) and corresponding electrolytes (acidic, neutral, or alkaline solution),
aqueous Zn-based batteries can be divided into several distinct categories, including Zn-ion
(Li/Na/K/Mg/Al), Zn-halogen (Clz, Brz, and I2), Zn-metal oxides (MnVO/C0304/Mn0O>)
batteries, as well as their hybrid derivatives.[%!

In the context of NOxRR to synthesize ammonia, several efficacious electrochemical
techniques for NOx™ conversion and recycling have been devised, among which Zn-NOs/NO>
batteries (ZNBs) feature prominently. By coupling NOxRR with the redox reaction of
Zn/Zn** to form a Zn-NOs/NO2 batteries, it is capable of producing NHs continuously,
simultaneously generating electricity, and removing the NO3/NOz pollutant in wastewater,
achieving this promising practice of “killing three birds with one stone”.1*%271%4 The schematic
diagram of the aqueous rechargeable ZABs is also illustrated in Figure 12, a Zn plate was used
as anode with a mixture solution containing KOH and supporting additives as anolyte, while
the cathode is loaded with electrocatalysts and catholyte consisting of KOH with KNO3 as
nitrogen sources. An ion exchange membrane (such as Nafion 112) is required to effectively
separate the two electrolytes and avoid cross-contamination. During the discharging process,
Zn in the metallic form on the anode dissolves and releases electrons, facilitating NOs'RR at
the cathode through electron transfer. During the charging process, water in the catholyte
undergoes the OER process and produces Oz, while [Zn (OH)4]? is formed at the anode and
then deposits as metallic Zn. The working principle of the rechargeable Zn-NOs™ batteries is

illustrated as the following equations:

Discharge reaction:  4Zn + NOs + 7 H20 + 60H" — 4[Zn(OH)4]* + NH4* (1.25)
Charge reaction: 4[Zn(OH)4]> — 2Zn + 2H20 + 40H + O3 (1.26)
Overall reaction: NOs + 3H20 — NHs* + 20H + 20> (1.27)

Generally, ZNBs represent a sustainable technology with many advantages, including pollutant
removal, resource recycling, carbon emissions reduction and energy saving. More importantly,
compared with traditional Haber-Bosch plants, the ZNBs device features fast dynamic response
and decentralized manufacturing based on local production, making the system easier to control
as well as reducing transportation costs and environmental impacts. Recently, Yan and

coworkers reported a ZNB using NiMoO4/CuO nanowire/CF as an electrocatalyst, which
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exhibited a maximal power density of 26.2 mW cm™ with high stability (more than 90
cycles).[' Liju et.al. also investigated a ZNB based on a hetero-structured CoO/CuO nanoarray
electrocatalyst, which delivers a remarkable NH3 yield of 60.3 pmol h* cm™ with FE of
82.0%.1% Cui and colleagues studied a CuNi alloy nanoparticles (CuNi NPs) loaded on
MXene as catalyst for Zn-NO" batteries. The results suggested that catalytic performance was
enhanced by the interaction between CuNi NPs and MXene, demonstrating excellent NHs yield
of 10.22 mg h?' and Faradaic efficiency of 95.6%. The Zn-NO battery assembled with
CusNi/MXene also showed an impressive power density of 8.34 mW cm™ and Faradaic
efficiency of 90.3%.[1%7]

However, the development of ZNBs is still in the initial stage and there are several issues that
need to be addressed to achieve high-performance ZNBs with good compatibility with existing
industrial infrastructures. For example, the fabrication of a cost-efficient electrocatalyst with
excellent catalytic activity and stability is urgently required, and optimization of the ZNBs cell
configuration and electrode materials are also of significance to enhance the performance of
ZNBs.!*%1 |n addition, feasible NH3 extraction technology is crucial for large-scale industrial
production.”? Hence, more efforts are required to be devoted to achieving sustainable green
production of ammonia with ZNBs technology.
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As discussed above, the deployment of effective and efficient ESS technologies is significant
to shifting away from traditional fossil fuels and making renewable energy sources universally
available for daily application in modern society. The emergence of unconventional EES
devices, including RFBs, ZABs and ZNBs provide a plausible solution to balance the energy
demand and supply equation. Meanwhile, the growing interest in EES technologies along with
the increasing demand for mature EES devices is having transformative effects in both
laboratory and industrial sectors. While numerous alternative EES technologies have been
developed in the past few decades with diverse configurations and technical characteristics to
meet the various requirements in specific conditions, there are still several fundamental
challenges need to be addressed to achieve better performance, lower cost, and longer lifetime

of EES technologies, ultimately contributing to the sustainable development of human society.

The principal objective of this thesis is to develop novel advanced electrolytes and
electrocatalysts and utilize them as active materials to enhance the performance of the targeted
EES devices. These active materials were rationally designed and precisely fabricated to cater
for specific EES devices application under technologically relevant conditions in which they
are used. Furthermore, systematic investigations on the performance of these materials as well
as a comprehensive understanding of the structure-property-performance relationship are
presented. In the following sector, a series of electrolytes and electrocatalysts including their
synthesis, characterization, and practical performance for three different next-generation EES
devices will be explored:
(@) A novel mixed-valent polyoxovanadates {MV13} cluster for use as active species in
electrolytes for symmetric NRFBs.
One major challenge in RFBs research is the design of redox-active electrolyte components
that combine high solubility and reversible multi-electron storage. POMs as a class of green,
cheap and stable clusters have been considered as promising candidates for RFBs application.
However, the utilization of traditional POMs clusters (such as molybdenum and tungsten
oxidizes) in RFBs are greatly limited due to their heavy molecular mass. In addition, the
conventional aqueous RFBs are suffering from the small potential window due to water
oxidation/water reduction. In this part, we set out the develop a novel polyoxovanadates
cluster with significantly lighter mass (M (V) = 52 g mol) and more accessible redox

processes, then utilize it as active species in electrolytes for the integration in symmetric non-
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aqueous RFBs.

(b) Robust and cost-efficient atomic oxygen catalysts for ZABs.
Rechargeable ZABs are amongst the most promising battery technologies, but the sluggish
kinetics of the ORR and OER result in high overpotentials and unsatisfactory efficiency. Thus,
the development of highly efficient, cost-effective and robust bifunctional ORR/OER
electrocatalysts is of great importance to achieve the universal application of ZABs.
(1) Bifunctional DACs for OER and ORR have attracted wide attentions in the field of
electrocatalysts for ZABs. However, it remains challenging to precisely control the
coordination environment and fully expose the active sites. To address these concerns,
structural and morphological engineering of nitrogen doped carbon matrix and multiwalled
carbon nanotubes (MWCNTS) are used to construct the hierarchical structure of Fe-Ni active
sites, ensuring efficient electron and mass transfer. The practical performances of this FeNi-
NC@MWCNTSs catalyst for OER/ORR and rechargeable ZABs are thoroughly evaluated.
(2) Catalysts based on Platinum group metals also demonstrate excellent catalytic
performance towards ORR, while suffer from poor long-term stability. In this part, we employ
defect-engineering to fabricate an ORR catalyst based on Pd metallene with atomically
dispersed WOx/Mo0Oy, this catalyst is also integrated into ZABs for practical utilization.

(c) High-performance electrocatalyst for electrosynthesis of ammonia with ZNBs.
Electrocatalytic nitrate/nitrite reduction is a promising approach to produce green ammonia in
aqueous media, the conversion of NO3/NO2™ to NH3 is a complex proton-coupled multiple
electron process involving a sequence of intermediates. Cu-based electrocatalysts are revealed
as efficient catalysts for NO3/NO2" reduction but suffer from undesirable selectivity and
stability. In this section, we prepare two bimetallic Cu alloys as self-supported electrode for
NOs/NO;y" electroreduction and use both of them for green NHs synthesis in ZNBs.

(1) A bimetallic NiCu coated electrode with sandwich structure of polymer-metal-metal
oxide/hydroxide is prepared via 3D print technology (denoted as NiCu/ABS mesh) and
integrated into Zn-NOs batteries for realistic application.

(2) A self-supported electrode based on Cu foam incorporated with Ru atom (denoted as
CuRu-3h/CF) is fabricated through electrodeposition strategy, then utilized for

electrosynthesis of ammonia from nitrite in Zn- NO-™ batteries.
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3. Results and discussion

In this dissertation, the research works presented in sections 3.1, 3.3, 3.4, 3.5 and 3.6 are
manuscripts which have been published in peer-reviewed journals. The research works
discussed in sections 3.2 has been archived in the preprint server ChemRxiv. All manuscripts
are reprinted with permission from the respective publishers.

Section 3.1 presents the research work on the synthesis and characterization of a novel
polyoxovanadates {MV13} and published in the paper titled as “Redox Self-Equilibration in
Molecular Vanadium Oxide Mixtures Enables Multi-Electron Storage”. In this work, the
structure and composition of this compound are clarified by single-crystal XRD and FT-IR.
Besides, In-operando UV-Vis is used to reveal its structure evolution and valent characteristics.
As results, this compound exhibited excellent redox properties with promise for RFB
applications. Based on the findings in section 3.1, we construct a symmetric NRFB based on
the {MV13} cluster in section 3.2, the performance of this NRFB is symmetrically evaluated. In
addition, in-operando UV-Vis is utilized to elucidate the reversible multi-electron storage and
release of {MV1s} at different chemical states during the charging and discharging processes.
The detailed results can be found in the paper “Mixed-Valent Redox-Equilibrated
Polyoxovanadates for Symmetric Non-Aqueous Redox-Flow Batteries”.

Section 3.3 shows the research work on bifunctional oxygen electrocatalysts based on cheap
and abundant transition metals. Here, dual atomic catalyst FeNi-NC@MWCNTSs is successfully
prepared via a two-step method. A series of advanced characterization techniques are employed
to verify the existence of atomic FeNi dual-site, including HAADF-STEM, EXAFS, (FT)-
EXAFS, and (WT)-EXAFS. Particularly, the hierarchical structure and synergistic effects
greatly enhance the catalytic performance of this catalyst towards ORR/OER, and enable robust
and efficient ZABs. More information can be found in the paper with title of “A Bifunctional
Iron-Nickel Oxygen Reduction / Oxygen Evolution Catalyst for High-Performance
Rechargeable Zinc-Air Batteries”. In section 3.4, we continue the research work on oxygen
catalysts for ZABs. A defect rich Pd metallene with atomically dispersed WOx and MoOx
(denoted as D-Pd M) is fabricated via an accessible wet chemical approach. Characterization
results suggest the presence of a variety of atomic-scale defects, including pores, and concave
surfaces, all of which can effectively modify the electronic configuration of the active sites and

boost its catalytic activity for the ORR. The performance of the D-Pd M catalyst for ZABs
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application is also evaluated. However, the rechargeability of the ZABs with the D-Pd M
catalyst is undesirable, resulting from the poor OER activity of the D-Pd M. More detailed
information is presented in the paper “Atomically Engineered Defect-Rich Palladium Metallene

for High-Performance Alkaline Oxygen Reduction Electrocatalysis”.

Section 3.5 displays the study on the self-supported electrocatalyst for NO3'RR in ZNBs, a
bimetallic NiCu-coated electrode is fabricated in the following three steps: 3D printing,
chemical etching, and electroless plating, the obtained electrode is denoted as NiCu/ABS mesh.
According to the SEM and TEM measurements, this material consists of a classic sandwich
structure. The electrocatalytic performance of NiCu/ABS mesh electrode for electrosynthesis
of ammonia is evaluated, demonstrating impressive results with a high Faradaic efficiency.
More importantly, the Zn-nitrate batteries based on NiCu/ABS mesh electrode exhibit the
promise to achieve sustainable NHs electrosynthesis, removal of NOs  pollutants from
wastewater, and stable energy supply at the same time. More results and information are
available in the paper “Metal Alloy-Functionalized 3D-Printed Electrodes for Nitrate-to-
Ammonia Conversion in Zinc-Nitrate Batteries”. In section 3.6, we prepared an electrocatalyst
CuRu-3h/CF based on Cu foam with ruthenium dispersing on the nanostructured copper surface.
Through electrochemical galvanic replacement and annealing processes, the ruthenium species
are incorporated into the copper foam nanowire structure, forming a self-supported electrode.
The morphology, structure and composition of the CuRu-3h/CF catalyst are investigated with
XRD, XPS, SEM and TEM. The performance of this catalyst for selective electrosynthesis of
ammonia from nitrite is thoroughly evaluated, the Zn-nitrite battery integrated with this catalyst
is assembled and studied as well. More information for this project is accessible in the paper
“Ruthenium-doped Copper Nanowires for Nitrite/Nitrate to Ammonia Conversion and Their

Integration in Zinc - Nitrite Batteries”.
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3.1. Redox Self-Equilibration in Molecular Vanadium Oxide Mixtures
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This paper described how a novel redox-equilibration driven self-assembly results in high-yield

synthesis of a two-component co-crystal which contains two structurally closely related
polyoxovanadates, {MgVis} and {Vi}. Mechanistic analyses and electrochemical studies
revealed that the compound can store and release up to 16 electrons in a potential range of ca.

3.5V, demonstrating great promise for the application in non-aquoeus RFBs.
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Abstract: Polyoxometalates (POMs) are ideal components for
reversible multi-electron storage in energy technologies. To-date,
most redox-applications employ only single, individual POM species,
which limits the number of electrons that can be stored within a given
potential window. Here, we report that spontaneous redox self-
equilibration during cluster synthesis leads to the formation of two
structurally related polyoxovanadates which subsequently aggregate
into co-crystals. This results in systems with significantly increased
redox reactivity. The mixed POM system was formed by non-aqueous
self-assembly of a vanadate precursor in the presence of Mg,
resulting in two mixed-valent (V') species, [(MgOH)V;30::CI[* (=
{MgV,3}) and the di-vanadium-functionalized species [V1:0:CI]* (=
{V14}), which co-crystallize in a 1:1 molar stoichiometry. Experimental
data indicate that in the native state, {MgVis} is reduced by three
electrons, and {Vi4} is reduced by five electrons. Electrochemical
studies in solution show, that the system can reversibly undergo up to
fourteen redox transitions (tentatively assigned to twelve 1-electron
processes and two 2-electron processes) in the potential range
between -2.15V to +1.35 V (vs Fc'/Fc). The study demonstrates how
highly redox-active, well-defined molecular mixtures of mixed-valent
molecular metal oxides can be accessed by redox-equilibration during
synthesis, opening new avenues for molecular energy storage.

Molecular metal oxides, so-called polyoxometalates (POM) are
unique functional molecules which have attracted immense
interest due to their tunable structure and reactivity.[! POMs have
been used in diverse areas of science and technology, ranging
from biomedicine and therapeutics? to molecular electronics,®¢!
supramolecular assemblies!”#! and catalysis.®!

One key function of POMs is their ability to reversibly store and
release multiple electrons, making them ideal molecular
components for energy conversion and storage technologies.!"%

In general, each electron added to a POM cluster shifts the
reduction potential to more negative values.'? The
electrochemical potential difference between two reversible one-
electron transitions in POMs is commonly in the range of ~0.4 V
to 0.6 V (see SI, Section 2.11). In addition, the maximum overall
number of electrons which can be stored per cluster unit is
controlled by the cluster type (i.e. the number and type of metal
centers present), as well as the electrochemical stabilities of the
cluster, the solvent and the supporting electrolyte. For most
applications in energy storage (batteries, redox-flow batteries,
solar energy storage, etc.), increasing the number of electrons
stored is a major development driver.['314]
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Inspired by these challenges, ground-breaking works have
focused on how to maximize electron storage in POMs. Ire,
Yoshikawa, Awaga and co-workers showed that POM integration
into lithium ion battery electrodes allows reversible storage of up
to 24 electrons on the Keggin polyoxotungstate [PMo12040]" (n =
3-27).1718] Pjoneering work on the solution redox chemistry of
POMs by Symes, Poblet, Nyman and Cronin showed that super-
reduced Dawson polyoxotungstates [P,W1sOg2]™ (n = 6-24) can
reversibly store up to 18 electrons per cluster in aqueous media
in the presence of charge-balancing Li* or H* counterions. The
system was further developed for electrochemical on-demand
hydrogen generation.!'920

Polyoxovanadates (POVs) have recently become a focal point for
multi-electron storage due to their unique structural and electronic
versatility?'-?%! combined with exceptional redox properties.[1:2627]
In a series of outstanding reports, Matson and co-workers showed
that derivatives of alkoxide-functionalized Lindqvist POVs
[V6O7(OR)12] (R = Me, Et) can undergo multiple (proton-coupled)
electron transfers, enabling energy storage in non-aqueous POV-
based redox-flow batteries.?®=% Also, some of us recently
showed how metal-functionalization in dodecavanadate
derivatives can be used to tune the number and position of redox-
transitions.*'-*3 While these studies were primarily focused on
energy technologies, it is worth noting that mixed-valent POVs
have also received widespread interest from the molecular
magnetism and spintronics communities as potential components
for data storage systems. When considering the use of POMs in
multi-electron storage and transport, one common theme is that
these studies typically employ only one POM cluster species at a
time. In contrast, the combined use of two or more species to

maximize electron storage capacity has not been explored to date.

This might be due to challenges related to incompatibilities
between species including inter-cluster redox-reactions, divergent
chemical stability or solubility ranges.

Here, we propose a concept to overcome these challenges by
developing designer electron storage materials where two
individual POV clusters are synthesized and selectively
crystallized from one common reaction solution. Importantly,
cluster formation and redox equilibration are achieved within the
reaction solution, thereby ensuring that no chemical
incompatibilities arise for the two targeted cluster species. This
approach results in a 1:1 mixture of two POVs, where the
combination of individual redox-processes at both clusters results
in up to fourteen redox-transitions in the potential range between
-2.15V to +1.35V (vs Fc'/Fc). Mechanistic studies rationalize

cluster formation, cluster stability and charge-storage mechanism.

These insights shed light on how physical and electronic structure
interact to give rise to technologically important redox properties.
To develop the mixed-cluster system, we built on previous studies
by some of us, where we explored the mono- or di-metal-
functionalization of the dodecavanadate cluster
(NMe2H2)2[V12032CII* (= {V12}).2*%"] Here, we demonstrate how
under non-aqueous synthesis conditions, simultaneous formation
and redox equilibration of two closely related {V12} derivatives was
achieved, This gave access to mixed co-crystals showing
reversible multi-electron uptake and release.

The title compound 1 was synthesized by reaction of the mixed-
valent precursor (nBusN)s[VV2VVgO26] (= (nBusN)a{V10})83 with
the magnesium and chloride source MgCl, (anhydrous) in
acetonitrile at 75 °C. Diffusion of diethyl ether into the green
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reaction solution gave deep green crystals of 1 suitable for single-
crystal X-ray diffraction (yield: 70 % based on V). The composition
and purity of the compound were confirmed by ATR-IR-
UV/Vis/INIR and EPR  spectroscopies, high-resolution
electrospray ionizaton mass spectrometry (ESI MS),
thermogravimetric analysis (TGA) and single-crystal X-ray
diffraction, for details see Supporting Information.
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Figure 2. Characterization of 1. a) ATR-IR spectroscopy showing the presence
of O-H vibrations; b) UV/Vis/NIR spectroscopy showing characteristic V(IV/V)
intervalence charge-transfer (IVCT) transitions; c), d) simulated and observed
isotopic patterns from high resolution ESI MS analyses, indicating the presence
of {MgV13} and {V14}.

Single-crystal X-ray diffraction analysis showed that 1 crystallizes
in the monoclinic space group C, with cell axes a = 23.189(4) A,
b =23.197(4) A, ¢ = 17.660(3) A and angles a =y = 90°, 8 =
90.089(6), crystallographic details see S, Section 3.140]

Structural analysis of the crystallographic data reveal that 1 is
composed of a 1:1 mixture of two {Vi2} derivatives, that is the
mixed magnesium and vanadium/functionalized species
[(MgOH)V13035Cll* (= {MgVis}) and the di-vanadium-
functionalized species [V14034CI]* (= {V14}). Note that to the best
of our knowledge, both clusters, {MgV13} and {V14} have not been
reported previously. For charge-balance, each unit cell contains
two cluster units and eight nBusN* cations. The amount of nBusN*
cations in the bulk was verified by CHN elemental analysis and
TGA (see SI, Section 2.3). The {V14} : {MgV13} molar ratio in the
bulk of 1 was analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES), which gave a Mg : V atomic
ratio of 1.17: 27 (calculated: 1.0 : 27.0 for a 1:1 molar ratio of
{MgV13} and {V14}). The presence of the Mg-OH group in 1 was
substantiated by ATR-IR spectroscopy, where a weak,
characteristic signal was detected at 3460 cm' (Figure 2a).4"] The
presence of both cluster species, {MgV13} and {Vis}, was also
observed by negative-ion mode high-resolution electrospray
ionization mass spectrometry (ESI MS), see Figure 2c,d. For
example, the {MgVis}-related species (nBusN)[HMgV1203::Cl]
was observed at 1667.69 m/z (calcd: 1667.73 m/z), while the

This article is protected by copyright. All rights reserved.
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{V14} species (nBusN)[V140xCl]> was observed at 767.15 m/z
(caled: 767.17 m/z)

In sum, these analyses suggest that 1 can be given as
(nBuaN)s[(MgOH)V13033Cl][V14034Cl] = (nBuaN)e{MgV13}{V14}.
Based on this initial analysis it can be proposed that each cluster
features a fourfold negative charge. This would result in three V'V
centers for {MgV13}, and five VVV centers for {V14}, for details on
the charge calculations see S, Section 2.4. Since most mixed-
valent POMs feature antiferromagnetic coupling,® 2342441 it can
be put forward that both, {MgV13} and {V14} feature one unpaired
electron. Thus, the presence of unpaired electrons in 1 was
probed by EPR spectroscopy (Figure 3). As a reference
compound for spin counting, we utilized the mixed-valent
precursor (nBusN){V10}*83?1 which features two isolated V"
centers. Note that only the EPR spectrum of the reference
compound shows hyperfine coupling, as electron delocalization in
1 results in a non-observable hyperfine coupling.® A comparison
of the spin count of both compounds at the same concentration
and same sample volume, gave 1.87 unpaired electrons per
formula unit of 1. This is in line with our previous oxidation state
and charge assignments which suggested that both {MgV13} and
{V14} feature one unpaired electron each. In addition, UV/Vis/NIR
spectroscopy of 1 in MeCN also supported the presence of
reduced VV centers as indicated by characteristic intervalence
charge transfer (IVCT) transitions in the ~500 nm — 1400 nm
spectral region (Figure 2b).

a) (nBuyN)i{Vyo} (reference) b) (nBuyN){MgV 3 KV,4} (1)

N experimental experimental
) S m\ —/\/_’
> <
@ ’V]M, % 2 /
c il simulated @ simulated
. I\

£
W
250 300 350 400 450 250 300 350 400 450
B/mT B/mT

Figure 3. Simulated and experimental EPR spectra (T = 40 °C) of: a) the
reference compound (nBusN )u[V'V2V¥g024])*8 (3 mM in MeCN); b) compound 1
(3 mM in MeCN). Comparison of the spin counts gave a value of 1.87 unpaired
electrons for 1.

We were interested in the Mg?*-induced conversion of the mixed-
valent {V10} precursor into compound 1. Note that in the absence
of MgClz, no conversion of {Vio} into 1 occurs. We used
UVNisINIR spectroscopy to follow the changes of the
characteristic signals of {Vi} (at » = 500 nm) and 1 (at A =
1000 nm), see Figure 4a. We hypothesized that the reaction might
be initiated by reaction of Mg?* with {V1o}, possibly by a Lewis-
acid mechanism. Thus, we investigated the impact of {V10} / Mg?*
molar ratios on the conversion rate by a series of [Mg*]-
dependent analyses. As shown in Figure 4, between 0 — 1 molar
equivalents of Mg? (relative to {V1}), increasing Mg?*
concentrations result in equilibria with decreasing {V1o}
concentration (Figure 4b) and increasing concentrations of 1
(Figure 4c). When more than ~ 1 equivalent of Mg?* is added to
the reaction solution, the characteristic UV/Vis/NIR spectral
signatures of {Vio} are lost, and no further changes of the
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characteristic signatures of 1 are observed. These data suggest
that the {V10} conversion to 1 is driven by the presence of Mg?*.
Previous studies have reported similar observations, where
Lewis-acidic metals, such as Mg?* [l Ca?* P23 Co?* Ti** or
Cu?8 have triggered conversion processes in polyoxo-
vanadates, particularly in organic solvents.

Thus, we determined the apparent conversion rate constant k at
temperatures between 25 °C — 65 °C to provide initial
thermochemical data for the {V10}-to-1 conversion. As illustrated
in Figure 4d, this allowed an Arrhenius-type plot showing linear
behaviour, which gave an activation energy for the conversion of
63 kJ/mol.
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Figure 4. a) Time-lapse UV/Vis/NIR spectroscopy of the conversion of {V10} to
1 at time intervals of 1 min. Three isosbestic points at x1 = 665 nm, i = 446 nm
and %3 = 340 nm indicate a direct conversion process. Conditions: 7 = 35 °C,
cuvette path length 10.0 mm, [{V10}] : [MgClz (anhydrous)] = 1 : 1.2, {V1}] =
230 pM). b) Decrease of {Vig} concentration as a function of [Mg?]
concentration, monitored by following the characteristic {V10} absorbance at . =
500 nm; samples were equilibrated for 1 h before measurement; c) Increase of
the concentration of 1 as a function of Mg? concentration, monitored by
following the characteristic absorbance of 1 at A = 1000 nm; samples were
equilibrated for 1 h before measurement. d) Kinetic traces and mono-
exponential fits of the {V1o}-to-1 conversion (monitored by following the
decrease of {V10} concentration at 2. = 500 nm) at temperatures between 25 °C
to 65 °C. Conditions: AT = 10 °C, cuvette path length 2.0 mm, [{V10}] : [MgCl2
(anhydrous)] = 1: 2.2, [{V10}] = 500 uM. d) Arrhenius plot based on the kinetic
traces shown in e).

Next, we explored the electrochemistry of 1, as we hypothesized
that the presence of both, {MgV13} and {V14} clusters in 1 could

This article is protected by copyright. All rights reserved.
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result in enhanced redox-reactivity and electron storage capacity.
To prevent any effects of surface oxidation of the crystalline
sample (which was suggested by microscopic analysis of the
native crystals after storage in air), we purified 1 by re-
crystallization from acetonitrile under inert atmosphere and water-
free conditions in an Ar-filled glovebox (see S, Section 2.1).
These samples were used for all electrochemical and EPR
studies. Electrochemistry was performed in inert Ar atmosphere
in a glovebox (for details see SI, Sections 2.11 and 2.12).

Current / pA
e

_20.
2 -1 0 1
Potential / V vs. Fc*/Fc
b)
10 _(1).1MnBuANPF5in MeCN

<
= —
=0 /
c
o
3-10

=20

=2 -1 0 1
Potential / V vs. Fc*/Fc

Figure 5. a) Square wave voltammogram and b) cyclovoltammogram of 1,
showing 14 pseudo-reversible redox transitions in the scan range between -2.15
V to + 1.35 V vs Fc+/Fc, open circuit potential and scan direction are indicated
by the red arrow. Conditions: anhydrous, deoxygenated acetonitrile containing
nBusNPFs (0.1 M) as supporting electrolyte. Scan rate 50 mV s"), [1]: 0.5 mM,
Ar atmosphere.

Initial electrochemical analyses of 1 (0.5 mM) were performed by
cyclic voltammetry (CV) and square wave voltammetry (SWV) in
anhydrous, degassed acetonitrile solution containing nBusNPFg
(0.1 M) as supporting electrolyte (Figure 5). All electrochemical
data were recorded using a silver/silver nitrate reference
electrode, and the potentials were then referenced against an
internal ferrocene/ferrocenium (Fc*/Fc) redox couple. In the
potential range between -2.15 V and +1.35 V, 1 showed up
fourteen redox transitions (see green labels in Figure 5).
Integration of the complex SWV data results in the tentative
assignment that twelve processes (processes 1, 2, 5-14) are 1-
electron transfers, while two processes (processes 3, 4) are 2-
electron transfers (see Sl, Section 2.12). In sum, this suggests
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uptake/release of 16 electrons by 1 in the given potential range.
Note that initial density functional theory (DFT) computations for
the first reduction of {V14} and {MgV3} gave theoretical redox
potentials which are in close agreement (AE < 5 mV) with the
experimentally observed data (i.e., redox-transitions 8 and 9). For
details see SI, Section 2.15.

To verify these findings and assess the bulk redox activity of 1,
we performed bulk electrolysis (BE) under the conditions used for
CV and SWV. Under reductive BE conditions (Ereq = - 1.45 V), the
data show that 7.86 + 0.82 electrons can be taken up per formula
unitof 1 (i.e., per one {MgV13} and one {V14} cluster) when starting
from the native compound. Note that no significant changes of the
SWV data are observed upon bulk reduction, indicating that the
structural integrity of the clusters are retained (S|, Section 2.12).
Also, an increase of the characteristic IVCT transitions in the VIS-
NIR range are in line with the increasing number of V'V centers.
Under oxidative conditions (Eox = +1.22 V), BE resulted in the
release of 8.66 + 0.86 electrons per formula unit of 1. This is in
line with a four-electron oxidation of the {MgV13} and {V14} species,
respectively, resulting in the complete removal of all V'V centers.
This is supported by UV-Vis-NIR spectroscopy of the oxidized
sample of 1, where a complete loss of the IVCT transitions in the
VIS-NIR range (characteristic of delocalized V" centers) was
observed (SI, Section 2.12, Figure S14). Note that for the fully
oxidized sample, the SWV signatures became somewhat less
well defined compared to the native sample. However, upon re-
reduction of the sample at the open-circuit potential OCP (Eocp =
-0.06 V vs. Fc*/Fc), the original SWV signals of 1 were recovered
(SI, Section 2.12, Figure S15), suggesting that the structural
integrity in this sample is retained or regenerated upon re-
reduction. In sum BE analyses indicate that reversible uptake and
release of up to 16 electrons per formula unit of 1 is possible in
the potential range between - 1.08 V to 1.07 V vs. Fc/Fc* (for
details see S, Section 2.12). This is in line with the data observed
from integration of the SWV data, where 16 electron transfers
were estimated (Figure 5 and SI, Section 2.11). Note that the
physical mixing of two chemically or structurally related
polyoxovanadates leads to complex mixtures where redox
reactions between the clusters can occur, which can lead to
(partial) degradation or cluster rearrangements. Thus, redox
equilibration during synthesis is an effective path to avoid this
detrimental reaction (see SI, Figure Sx).

In sum, we have shown that redox-equilibration of structurally
related but chemically different polyoxovanadate clusters is a new
and viable synthetic route to access electroactive compounds
with remarkable reversible redox-reactivity. Specifically, self-
assembly and co-crystallization of two vanadium oxide clusters,
{MgV13} and {V14} results in an unusual system where the redox-
events of the two species facilitate closely aligned redox-
transitions, so that up to 16 electrons can be stored in a potential
range of ~ 3.5 V. In future, this new materials design approach
will be used to develop high-performance electrolytes for non-
aqueous redox-flow batteries.

This article is protected by copyright. All rights reserved.
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3.2 Mixed-Valent Redox-Equilibrated Polyoxovanadates for Symmetric Non-

Aqueous Redox-Flow Batteries
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promise for application in NRFBs. As results, the batteries showed a coulombic efficiency of
93% at 0.6 mA cm and a high stability with a capacity fading rate of 0.074% per cycle under

standard operating conditions.
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Abstract: Redox flow batteries (RFBs) are a key technology for
decentralized, scalable electrochemical energy storage. One major
challenge in RFB research is the design of redox-active electrolyte
components that combine high solubility and stability with reversible
multi-electron storage. Here, we report the use of the two-component
polyoxovanadate co-crystal {MVis} (= (nBusN)s[MV30:Cl1 (M=
VV=0% or MgOH')) as a highly stable and highly redox-active
nonaqueous RFB component. The mixed-valent (V') oxidation state
of {MV3} enables a symmetric RFB configuration, while the organo-
solubility of {MV;} allows deployment in acetonitrile. Previous
electrochemical analyses have shown that {MV3} can reversibly store
up to 16 electrons in the potential range of -2.2 to +1.4 V vs Fc*/Fc.
Integration of {MV,3} into a symmetric RFB results in a specific
capacity of 24.5 mAh, a coulombic efficiency of 93% (at a current
density j = 0.6 mA cm) and high stability with a capacity fading rate
of 0.074% pre cycle. Operando UV-Vis spectroscopy provides initial
mechanistic insights into the charge-discharge behaviour and stability
of {MVi3}. This study provides a blueprint for the design and
integration of mixed-valent metal oxide clusters into non-aqueous
electrochemical energy storage systems.

Introduction

Electrical energy conversion and storage technologies are crucial
to achieve a carbon-neutral energy supply based on renewable
energies.["*! Redox-flow batteries (RFBs) are one key technology
for the large-scale, stationary and decentralized storage of
electrical energy.! Compared with conventional secondary
batteries (e.g., lithium-ion batteries), RFBs feature low cost and
long service life ¥ Their unique function allows decoupling of
energy storage capacity and power density, making RFBs highly
flexible and scalable.®!

While the energy content of RFBs can easily be increased by
increasing the volume of the electrolyte, reaching higher
volumetric energy density is still a major challenge: the energy
density of RFBs is directly proportional to the molar concentration
of the active compound in the electrolyte, the number of electrons
which can be reversibly exchanged, as well as the potential range
in which the system operates, see equation 1:

EMWhL=czFU eq. 1

1

Where E = energy density, ¢ = molar concentration of active
compound, z = number of electrons exchanged, F = Faraday
constant, U = operation potential [/}

Thus, one major thrust in RFBs research is the development of
new active materials which combine high solubility, high redox-
activity and high stability over a wide potential range.®! Moreover,
active materials capable of storing and releasing multiple
electrons are highly sought-after to increase RFB energy density.
In addition, using identical species in both RFB half-cells is
advantageous as it results in simple operation, where membrane
crossover or electrochemical interference can be avoided.
Historically, aqueous RFBs have been most explored, and a
variety of species have been developed, including metal ions,¥!
transition metal complexes!'”! and organic species.l''] However,
aqueous RFBs suffer from several drawback including a small
potential window due to water oxidation/water reduction,'? also,
membrane crossing can lead to self-discharging and loss of
capacity.I”® In addition, many redox-species used in aqueous
RFBs offer only one-electron storage, which further limits specific
energy capacity.['*19 Last, most aqueous RFBs utilize highly
acidic or basic electrolytes to improve the solubility and stability of
the redox-active materials, resulting in high maintenance cost and
further diminishing the lifespan of the entire system.!["®]

To overcome these challenges, non-aqueous RFBs (NRFBs)
have garnered significant attention.!'”] NRFBs utilize polar organic
solvents to achieve wide potential operation windows. As an
example, the prototype NRFB solvent acetonitrile has a stable
potential window of up to 5 V, which enables redox-events which
are not accessible in aqueous systems.['®l Also, the use of organic
solvents facilitates the use of redox-active species which are
insoluble in water, thereby broadening the scope of RFBs.["%
Molecular metal oxides, or polyoxometalates (POMs) have
received significant interest as potential multi-electron storage
molecules for NRFBs.?% The promises of POMs clusters lie in
their superior structural configuration and excellent redox
properties, which facilitate the reversible storage and release of
multiple electrons without structure decomposition.?" Notably, the
solubility and redox properties of POMs clusters can be rationally
tailored by introduction different counter cations and various
atoms or ligands. Beyond electrochemistry, nano-sized POMs
clusters offer significant advantages over smaller ionic/molecular
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charge carriers, as their size and charge limits membrane
crossing and prevents self-discharge.?

a {MV,;}: 1:1 ratio co-crystals of
[V14054CI1* [(MgOH)V,;0,,CI*

Anolyte v Catholyte
Power source/Load

i E |
g

Electrode 0
Membrane

o
c
3

°

Pump

Figure 1. (a) Polyhedral representation of the two vanadate cluster species
present as 1:1 molar mixture in the {MVi3}. (b) Schematic illustration of the
symmetric {MV13}-based nonaqueous redox flow battery setup reported.

The earliest research on RFBs based on POMs was conducted
by Sun and colleagues in 1997, who reported an asymmetric
aqueous RFB using Keggin POM H3[PMo1,040] as the anolyte
active species and Fe®*Fe?* as the catholyte active species.?]
Subsequently, Xiang and coworkers reported an aqueous RFB
based on Hs[CoW;2040], which demonstrated reversible transfer
of three electrons and enabled symmetric RFB operation.?*l In
recent years, Matson and co-workers have reported seminal
studies in the field of NRFBs based on Lindqvist POMs
[V6O7(OR)12] (R=CHas, C:Hs). The group also showed how
structural modifications (e.g., functionalization with heterometals
or different alkoxide ligands) affects NRFB performance.?>2¢]
Notably, polyoxovanadates (POVs) have attracted widespread
attention as RFB active species due to their significantly lower
mass (M(V) = 52 g mol") compared to more traditional
molybdenum (M(Mo) = 95 g mol ') and tungsten (M(W) = 180 g
mol') POMs, implying that POV clusters could offer higher energy
density per unit mass than heavier metal oxide clusters.??"!
To-date, most POM (N)RFBs, only allow the transfer of up to four
electrons across different oxidation states, necessitating an
asymmetric configuration to handle charge imbalances. Thus, it
remains challenging to develop POM-based RFBs that enable
multi-electron storage and release in a symmetric system with
high operation voltage.*°!

Recently, some of us reported the synthesis of mixed-valent
polyoxovanadate co-crystals {MVis} (nBusN)s[MV130a3Cl] (M=
VO% or MgOH*) which demonstrated excellent redox
properties:®'l briefly, the {MVis} co-crystals contain 1:1 molar

mixtures of the five-electron reduced species [VVsVVVsOxCI[* (=
{V1s}) and the three-electron reduced species
[(MgOH)VV3\W11053ClJ* (={MgV13}). Thus, {MV13} can be given
as (nBusN)s[(MgOH)V13033Cl][V14034Cl] = (nBuaN)e{MgV13}{V1a},
see Figure 1a. {MV13} is soluble in coordinating organic solvents,
e.g., acetonitrile (solubility = 10 mM), facilitating the design of
multi-electron storage systems. In detail, {MV13} can reversibly
store and release up to 16 electrons in the potential range of -2.2
V —1.4V vs Fc*/Fc. This is in line with previous studies on related
vanadates, where increased redox-activity depending on the
exact metal substitution was observed.F234 Also, as the two
cluster species in {MV13} form in the same reaction solution, there
are no chemical incompatibilities between these components.
Herein, we demonstrate that acetonitrile solution of {MV,3} can be
used as electrolyte for symmetric NRFB (as shown in Figure 1b).
Fundamental electrochemical investigations revealed that {MV13}
cluster enables reversible storage and release of 14 electrons
spanning a wide electrochemical window with remarkable
diffusion coefficients and excellent electron transfer rate
constants in acetonitrile, ensuring promises for symmetric NRFBs
applications.

Results and Discussion

{MV13} was synthesized based on the synthetic method reported
recently by some of us (for synthesis and characterization, also
see Supporting Information).®) Here, we first explored the
fundamental electrochemical performance of {MVi3} in
acetonitrile under the targeted NRFB conditions. To this end, we
utilized a three-electrode cell equipped with a glassy carbon (GC)
working electrode, a platinum counter electrode, and a non-
aqueous Ag/AgNO; reference electrode. The potentials were
converted to the Fc*/Fc scale using ferrocene as internal standard.
For experimental details see SI.

An acetonitrile solution containing {MV13} (1 mM) as active
species and (nBusN)sPFs (0.1 M) as supporting electrolyte used.
cyclic voltammetry (CV) and square-wave voltammetry show the
general {MVi3} redox processes within the potential range
between -2.0 V and 1.0 V vs. Fc*/Fc. This range was chosen
based on the stability range of the carbon electrodes to be used
for the final RFB setup, see below. The data shows that within this
range, 12 redox transitions are observed (green labels in Figure
2a and 2b).

Based on the open circuit potential (OCP, -0.5 V), the redox
processes can be separated into two parts, resulting in an anolyte
(for oxidations starting from the native sample), and catholyte (for
reductions, starting from the native sample), see Figure 2c. This
finding is further supported by linear sweep voltammetry (LSV,
Figure 2d) obtained with a rotating disk electrode (RDE). LSV
analysis verifies that for each scan, multiple limiting current
density plateaus are observed for anolyte and catholyte,
indicating the accessibility of multiple reduced and oxidized states
within the electrolyte. The initial electrochemical analysis
therefore demonstrates the principal suitability of {MVis} as
electrolyte for symmetric NRFB setups.
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To gain initial mechanistic insights into the fundamental
electrochemical performance of {MVi3} relevant for NRFB
operation, we analyzed charge transfer behaviour using Randles-
Sevcik analyses. These data indicate that the observed redox-
processes are diffusion-limited, suggesting that charge-transfer at
the electrode/electrolyte interface is fast compared with diffusion.
Thus, mass-transport to/from the electrode surface is considered
a future limitation to be optimized for these systems.

Redox-kinetics were further studied using Nicholson and
Koutecky-Levich methods, to determine diffusion coefficients (Do)
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and electron transfer rate constants (ko) for {MV13}. Do and ko
obtained from the two methods are generally consistent, in the
order of 105 cm?s™" (Do) and 1042 cm s (ko), respectively (see
Sl, Section 2.2 and Table S1). This data is in line with previous
reports on redox-active POMs in organic electrolytes.5361 The
data also reveal that, despite their size (diameter ~1 nm), {MgV13}
and {V14} show suitable mass transport and fast electron transfer
in acetonitrile. Both features are important prerequisites for
optimum NRFB operation.
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Figure 2. Electrochemical properties of the {MV13} cluster. (a) Cyclic voltammetry (CV) of 1 mM {MV13} and 0.1 M (nBusN)sPFs as supporting electrolyte in acetonitrile.
(b) Square wave voltammetry (SWV) curve of the {MV13} cluster. (c) CV curves of the {MV13} cluster separated into anolyte (red curve) and catholyte (black curve)
by open circuit potential (OCP) of -0.5 V vs. Fc*/Fc. (d) LSV curves of the cluster at different rotating speeds ranging from 400 rpm to 1600 rpm.

Next, we investigated the membrane crossover rate of {MV13}
through a standard commercial Celgard 2400 membrane.
Membrane permeability was analyzed in an electrochemical H-
cell consisting of two compartments separated by the membrane.
Our analyses gave a permeability of 2.35x10""" cm? s and only
~1.5% of the active species crossed the membrane over a period
of 7 days in a static diffusion test. This is significantly lower
crossover compared to previous literature reports on similar
species (details see SI, Section 2.3). [28]

Given the promising features of {MV13}, we designed a symmetric
NRFB operated using an acetonitrile solution containing 1 mM

{MV13} and 0.1 M (nBusN)PFs. Identical solutions were used as
anolyte and catholyte, and the half-cells were separated by a
Celgard 2400 membrane, see Figure 1b. All NRFB tests reported
in this work were performed at room temperature under N>
atmosphere to avoid undesirable reactions with oxygen or water.
The as-constructed symmetric NRFBs were tested under
galvanostatic conditions at current densities ranging from 0.4 mA
cm?to 1.0 mA cm? To avoid overoxidation of the graphite
electrode and possible degradation of the electrolyte components,
the cutoff voltages for charging and discharging were set to 1.8 V
and 0.2 V. Note that the NRFB was operated in 2-electrode
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configuration, so voltages given for the NRFB are absolute
potential differences between the cathode and anode.

a

2.0 = Ab

3.33mW cm L

135

R 1 =

2 z

ul.0F 1 —‘2’_

Z -

205} ~ 13

0.0F @SOC=100% 108

00 03 06 09 12
J(mAcm")

W
(=]

R R A o

—e— Charge capacity
—e— Discharge capacity

(o]
(=]
T

(=]

@0.6 mA em”

0 10 20 30 40 50
Cycle number

Specific capacity (mAh) e

0

Voltage (V)
=

=%

N
=)

Charging

o
wn
T

24/3 mAh

o
wn

ischarging

| @ 0.6 mA cm™ 22.6 mAh

0 5 10 15 20 25
Capacity (mAh)

=
=

90F
<
o~
S

>60}

g —=— Coulombic efficiency
8 —=— Voltage efficicnecy
E 30F —=— Energy efficiency
m

@0.6 mA cm~

0 10 20 30 40 50
Cycle number

Figure 3. Symmetric non-aqueous redox flow battery performance. (a) The schematic illustration of the as-assembled {MV1s}-based NRFBs. (b) The specific
capacities of the NRFBs at current density of 0.6 mA cm. (c) The specific charge discharge capacities of the NRFBs during the 50 cycles cycling test. (d) The
polarization curve of the NRFBs and power density of the NRFBs at state of charge (SOC) of 100%. (e) coulombic efficiency, voltage efficiency and energy efficiency

of the NRFBs during the cycling test.

According to the polarization curve shown in Figure 3a, the NRFB
reaches the highest power density (3.3 mW cm™) at a current
density of 0.6 mA cm™. Notably, the polarization curve is almost
linear with no obvious plateau, indicating there is no observable
redox kinetic limitations for the electrode reactions of the battery.
This is in line with the high kinetic rate constant ko for {MV13}
described above. As shown in Figure 3b, distinct charge and
discharge plateaus were observed between 0.5V and 1.0 V ata
constant current density of 0.6 mA cm. These values closely
match the average potential difference of the redox processes in
anolyte and catholyte. Theoretically, the average potential
difference between the anolyte and catholyte based on the CV
analysis in Figure 2c shows that the thermodynamic potential of
the NRFB is calculated to be 1.7 V. However, for the actual full-
cell, an average potential of 0.75 V at a discharge current density
of 0.6 mA cm is observed. The difference between theoretical
and experimental value is likely due to the overlapping faradic
response for the forward electrode reaction processes and is
often observed in RFBs.F7l Under the given conditions, the
system features a discharge specific capacity of 22.6 mAh and a

coulombic efficiency of 93% at 0.6 mA cm™. Also, stable galvanic
charge (23.9 mAh) and discharge capacities (22.2 mAh) are
observed during galvanostatic cycling, resulting in an excellent
capacity retention of 97% after 50 cycles (reduction rate = 0.074%
per cycle, see Figure 3c).

The cycling behaviour of the NRFB in constant current mode was
then studied in detail: over 50 cycles (= 52 h), the coulombic
efficiency was maintained at ~93%, confirming the excellent redox
chemical and stability of {MV13} (Figure 3d). The NRFB also
shows good voltage efficiency of 72% and energy efficiency of 67%
with negligible efficiency fading after 50 cycles. The average
number of stored and released electrons per cluster unit during
the charge/discharge test was calculated by integration of the
dQ/dV curves (SI, Figure S9a), suggesting that ~4.1 electrons are
transferred for the anolyte and ~3.8 electrons are transferred for
the catholyte. The altermating current area-specific resistance
(AC-ASR) of the battery was determined by high-frequency
electrochemical impedance spectroscopy (EIS) at the open circuit
potential (OCP). We note that the high frequency resistance curve
shows no obvious polarization plateaus, indicating that the main
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resistances inside the NRFB are caused by electrode and
membrane resistances (S, Figure S10).
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Furthermore, the rate capability of the as-assembled {MVis}-
based NRFB was evaluated at current densities ranging from 0.4
mA cm?2to 1.0 mA cm2. Figure 4a shows that the highest charge
capacity (25.3 mAh) and discharge capacity (23.5 mAh) are
observed at a current density of 0.4 mA cm2, while the capacities
drop with increasing current density (Figure 4b). This is most likely
due to incomplete electrolyte reaction under higher current
density.?*) Coulombic efficiency and energy efficiency of the
NRFBs were also investigated at varying current densities (Figure
4b). The coulombic efficiency of the NRFB remains above 93%,
while the energy efficiency gradually decreases from 72% to 50%
with increasing current density (SI, Figure S9b). The voltage
profiles of the NRFB remain nearly identical throughout the 50
cycles test at a constant current density, indicating stable
electrode reactions (Figure 4c). Minor differences on the voltage
profile for the first cycle are most likely be due to an
electrode/electrolyte activation process. !

The ability to regenerate spent electrolytes is a key target for
sustainable RFB research. To this end, the anolyte and catholyte
solutions were recovered after cycling, mixed, and re-set to the
original oxidation state (i.e., regenerated), by bulk electrolysis at
the OCP (-0.5 V). This regenerated electrolyte was then re-

deployed in the NRFB and cycled at a current density of 0.6 mA
cm2under our standard conditions. As shown in Figure 4d, 87.5%
of the original capacity was recovered, which is a promising first
demonstration of the recyclability and regeneration of the {MV13}
electrolyte.

Redox stability of the active electrolyte component is crucial for
the durability of the RFB. Thus, comparative CV analyses for both
anolyte and catholyte were performed before and after the cycling
test (see Sl, Figure S11). The CVs show that all general redox
features of the original anolyte and catholyte are still present.
Minor shifts and a general broadening of the redox signals are
observed. This indicates that overall, the system operates
robustly, while the minor changes observed led us to perform
further spectroscopic analyses of the system, see below.

The capacity fading observed has two likely causes: first, after
prolonged cycling, we noted formation of some precipitate in the
tubing. This is most likely due to crystallization of {MV13}, which
effectively removes some active component from the electrolyte.
Second, trace amounts of atmospheric O, or HO might have
diffused into the system, e.g. through the tubing, resulting in
undesired side reactions leading to capacity fading.*!
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Figure 5. In-operando UV-Vis spectroscopy of the electrolytes of the {MV13}-based NRFB with full charge-discharge at a current density of 0.6 mA cm™. (a)
Galvanostatic charge and discharge profiles of the battery. (b) The in-operando spectrophotometric characterization of the anolyte during the charge-discharge
process. (c) The in-operando spectrophotometric characterization of the catholyte during the charge-discharge process.

To gain initial mechanistic insights into the redox cycling and
charge-transfer of {MV13} during charge/discharge, we performed
operando ultraviolet-visible (UV-vis) spectroscopy for both,
anolyte and catholyte over the cycling test. UV-vis spectroscopy
of {MV13} (Figure 5 and Figure S13, Sl) shows that the cluster
features two prominent absorption bands, the broad V(IV/V)
intervalence charge transfer (IVCT) absorption band centered at
A~900 nm (Figure 5b),*% and the ligand to metal charge transfer
(LMCT) absorption band centered at A~380 nm (Figure 5c¢).*"]

For the anolyte, we observed that during charging (0 min - 30 min),
electro-oxidation occurs, as verified by operando UV-vis
spectroscopy (Figure 5b and SI, Figure S13), where cluster
oxidation was indicated by a loss of the characteristic IVCT
transition. This indicates the oxidation of {MV13} to an all V(V)
state. This is in line with the dQ/dV analyses discussed above,
which indicate the removal of approximately four electrons per
{MV13} unit. During the discharging process (30 min — 60 min), the

anolyte was electro-reduced, and the characteristic IVCT
transition absorption was recovered. The IVCT spectral features
before and after redox cycling are virtually identical, indicating
structural integrity and identical charge-state of {MV13}.

For the catholyte, operando UV-Vis spectroscopy was also used
to monitor the electro-reduction during charging (Figure 5¢c and SI,
Figure S13). Here, we observed that the characteristic absorption
peak at A~380 nm decreased during charging, which is indicative
of the generation of additional V(IV) centers in {MV13}.2"] During
discharge (i.e., electro-oxidation) of the catholyte, excellent redox
reversibility was observed, and the characteristic absorption at
~380 nm was fully recovered, and the LMCT spectral features of
{MV13} before and after redox cycling are virtually identical (Figure
5c).

To further verify the structural integrity of {MV13}, we performed
ex-situ Raman spectroscopy. Thus, electrolyte samples were
extracted from the NRFB at different oxidization states (fresh,
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oxidized, reduced and regenerated) and Raman spectra were
measured under identical conditions. As shown in SI, Figure S14,
the samples feature the characteristic {MV13} signals, and no
significant changes of the signals in terms of shifts or changes of
intensity are observed at different oxidation states. This indicates
that the {MVi3} metal oxo framework is retained during the
electrochemical cycling, further emphasizing that redox-
equilibrated mix-valent polyoxovanadates are promising active
components for NRFBs.

Conclusion

In summary, we demonstrate how a two-component
polyoxovanadate compound, {MVi3} (nBusN)i[MV13033Cl] (M=
V=02* {V14} or MgOH* {MgV13}), can be used as a stable, high-
performance active compound for symmetric non-aqueous redox-
flow batteries. Our studies show that under NRFB conditions in
acetonitrile, {MV13} shows multiple reversible electrons transfer
with excellent electron transfer kinetics. Under standard operating
conditions, the system showed a coulombic efficiency of 93% at
0.6 mA cm? and a high stability with a capacity fading rate of
0.074% per cycle. Mechanistic studies utilizing operando UV-Vis
and Raman spectroscopies provided initial understanding of the
structural stability and reversible charging/discharging of {MV13}
during NRFB operation. Future studies on {MV13} will be focused
on exploring how to improve solubility in acetonitrile or other
suitable NRFB solvents. One promising approach is cation
metathesis, where introduction of long-chain alkylammonium
cations might be a promising route to increase solubility.#2 In sum,
this study demonstrates how symmetric NRFBs can be designed
based on suitable mixed-valent V(IV/V) polyoxovanadate clusters.
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A Bifunctional Iron-Nickel Oxygen Reduction/Oxygen
Evolution Catalyst for High-Performance Rechargeable

Zinc—Air Batteries

Zhengfan Chen, Weiyi Cheng, Kecheng Cao, Meng Jin, Sarra Rahali, Soressa Abera Chala,
Elnaz Ebrahimi, Nana Ma,* Rongji Liu,* Keseven Lakshmanan, Chia-Yu Chang,
Chun-Chi Cheung, Haojian Luo, Yongkang Wang, Bing Joe Hwang,* and Carsten Streb*

Efficient and robust electrocatalysts for the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) are crucial for fuel cells, metal-air
batteries, and other energy technologies. Here, a highly stable, efficient
bifunctional OER/ORR electrocatalyst (FeNi-NC@MWCNTSs) is reported and
demonstrated its integration and robust performance in an aqueous Zinc-air
battery (ZAB). The catalyst is based on neighboring iron/nickel sites (FeNiNg)
which are atomically dispersed on porous nitrogen-doped carbon particles.
The particles are wrapped in electrically conductive multi-walled carbon
nanotubes for enhanced electrical conductivity. Electrocatalytic analyses show
high OER and ORR performance (OER/ORR voltage difference = 0.69 V).
Catalyst integration in a ZAB results in excellent performance metrics,
including an open circuit voltage of 1.44 V, a specific capacity of 782 mAh g~'
(atj = 15 mA cm~2), a peak power density of 218 mW cm~2 (at j = 260 mA
cm~2) and long-term durability over 600 charge/discharge cycles. Combined
experimental and theoretical (density functional theory) analyses provide an
in-depth understanding of the physical and electronic structure of the catalyst
and the role of the FeNi dual atom reaction site. The study therefore provides
critical insights into the structure and reactivity of high-performance
bifunctional OER/ORR catalysts based on atomically dispersed non-critical
metals.

1. Introduction

The development of cost-effective, sustain-
able, and environmental-friendly energy
conversion and storage devices is a key path
toward carbon neutrality.!*] Rechargeable
zinc-air batteries (ZABs) are amongst the
most promising battery technologies as
they combine high energy density (theoret-
ical limit: 1086 Wh kg™'), economic viabil-
ity, and feasible scale-up.*®/ However, the
sluggish kinetics of the oxygen reduction re-
action (ORR) and the oxygen evolution re-
action (OER) result in high overpotentials
and unsatisfactory efficiency, thereby caus-
ing major roadblocks in the development
of ZABs.I”#] While noble metal-based cat-
alysts might address some of these issues,
their scarcity and high cost prohibit large-
scale commercialization.”') Thus, the de-
velopment of highly efficient and robust bi-
functional ORR/OER electrocatalysts based
on earth-abundant elements is a grand chal-
lenge in sustainable energy research.!!!
Recently, single-atom catalysts (SACs)
have emerged as promising alternatives to
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noble metal catalysts.'>"3] In SACs, transition metal atoms
(especially Fe, Co, Ni, and Mn) are anchored on electroactive
matrices, e.g. carbon, often by coordination with dopant ele-
ments such as nitrogen, resulting in various M-N-C species./ %]
These materials offer unique advantages including strong
metal-substrate interactions, ! tunable electronic structure of
the active metal site as well as high electric conductivity, often
resulting in excellent redox-catalytic performance.'’-"%! Also, the
nearly molecular design of these materials enables optimum
metal-atom utilization and -rational active site design at the
atomic level .21

However, particularly for ORR, monometallic SACs (often
based on Fe, Co) are limited by unfavorable energetics for the
binding of key oxygen intermediates (*O, and *OOH), resulting
in high O, activation barriers.'?!} In addition, monometallic SACs
often show high overpotentials for the OER reaction, as water ox-
idation is favored at polynuclear species.??!

One promising strategy to overcome these challenges is the
introduction of a second metal center, resulting in dual atom cat-
alysts (DACs)."*! Compared with SACs, the DACs comprise ad-
jacent hetero-metal pairs (e.g., Fe-Co, Co-Mn, Co-Ni),?*2l which
exhibit asymmetric charge distribution at the active sites. This
feature offers a promising approach to enhance the adsorption
and desorption of oxygen intermediates, thereby lowering the en-
ergy barriers for O, activation. Moreover, synergistic effects at
the dual-metal site can enhance overall catalytic performance for
both ORR and OER.?*?] Despite major efforts in the field, the
development of bifunctional DACs for use in ZABs is still in its
infancy, and current challenges include control over stability and
tuning of the precise coordination environment.!®)

To date, 2D- and 3D-structured nitrogen-doped carbon ma-
trices derived from metal-organic frameworks (MOFs) are of-
ten used for anchoring SACs. While these materials offer facile
synthetic access, they often result in active sites hidden within
the composite, while metal aggregation and particle migra-
tion during operation negatively affect mass transfer during
operation.?”*% Thus, structural and morphological engineering
of nitrogen-doped carbon substrates is of great significance to
fully expose active sites and ensure efficient electron and mass
transfer.

To overcome these challenges, SAC composites have been
combined with multi-walled carbon nanotubes (MWCNTSs).
MWCNTs feature 1D structures with outstanding chemical and
thermal stability, high speciﬁc surface area, and excellent elec-
trical conductivity, making them ideal substrates for bifunc-
tional ORR/OER electrocatalysts.*!*?) In one outstanding exam-
ple, Masa and co-workers reported oxygen-functionalized MWC-
NTs as substrate for trimetallic (Mn-Fe-Ni) oxide nanoparticles,
exhibiting remarkable ORR and OER performances.’*’! Also,
Streb, Liu, and coworkers used a facile one-pot assembly syn-
thetic route to deposit nanostructured manganese vanadium ox-
ides on nitrogen-sulfur functionalized MWCNTS, which showed
excellent ORR and OER performance.***1 However, establish-
ing a chemical and electronic linkage between the reactive sites
and charge transfer materials (MWCNTs) remains challenging,
and often results in poor interfacial conductivity and poor long-
term stability. Recently, Sun and colleagues reported an atomi-
cally dispersed Fe-N-C catalyst fabricated from a Fe modified ze-
olitic imidazolate framework (ZIF-8), which demonstrated im-

Small 2024, 2409161

2409161 (2 of 11)

www.small-journal.com

pressive performance for both ORR and ZABs."*®) Liu and col-

laborators also employed ZIF-8 as a template and successfully
prepared a bifunctional FeCo-NC catalyst for ORR and OER, en-
abling stable long-term ZAB operation./?!!

Here, we build on these pioneering studies and aim at design-
ing bifunctional ORR/OER composites where ZIF-derived DACs
on conductive N-doped carbon are hierarchically integrated with
MWCNTSs to harness reactivity and stability synergisms. We pro-
posed a strategy for anchoring FeNi dual-metal sites on nitrogen-
doped carbon enwrapped by conductive MWCNTs via a simple
two-step process (denoted as FeNi-NC@MWCNT). The resulting
catalyst demonstrated excellent bifunctional OER and ORR reac-
tivity, outperforming the benchmark Pt/C + IrO, and various re-
lated reference catalysts. Complementary experimental and the-
oretical analyses provided unique information on the reaction
mode and synergism of these dual sites, offering distinct reac-
tion pathways that are energetically not accessible by single metal
site reference catalysts. The practical applicability and stability
of the catalyst were demonstrated by integration in an aqueous
rechargeable ZAB which showed excellent performance in long-
term cycling tests.

2. Results and Discussion

2.1. Catalysts Synthesis and Structural Characterization

Figure 1a illustrates the two-step synthetic strategy for the dual-
metal catalyst. First, the precursor FeNi/ZIF-8@MWCNTs was
fabricated by in situ functionalization of ZIF-8 with Fe** and
Ni**.¥7] The resulting dodecahedral ZIF-8 particles were an-
chored to the surface of MWCNTS, resulting in a self-assembled
macroporous 3D structure. Calcination of this precursor at
950 °C for 3 h under Argon flow gave the target composite, here-
after referred to as FeNi-NC@MWCNT. Note that during calci-
nation, the precursor particles were converted to 2D graphene-
like nanosheets, which were mechanically stabilized by the in-
terlinking MWCN'Ts. Also note that the Zn?* metal present in
the original ZIF-8 was removed from the sample by evapora-
tion during pyrolysis, contributing to the formation of a highly
porous N-doped carbon matrix.'®! After pyrolysis, the compos-
ite was washed repeatedly with aqueous HCI (1.5 M) and deion-
ized water to remove any metal salts and metal nanoparticles.**!
To understand the impact of the dual Fe/Ni metal sites, we
also synthesized the monometallic Fe-NC@MWCNTs and Ni-
NC@MWCNTs as reference samples. Also, to assess the impact
of the MWCNTS, we fabricated FeNi/ZIF-8 composites in the ab-
sence of MWCNTs.

The morphology and structure of the catalysts were inves-
tigated by scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). Figure 1b shows the SEM im-
age of FeNi-NC@MWCNT, the structure of ZIF-8 nanoparticles
was well maintained during Fe/Ni functionalization and pyrol-
ysis. The ZIF-derived nanoparticles are interspersed within the
MWCNTSs, resulting in a hierarchical porous structure. Note that
the MWCNT-free reference FeNi-NC shows similar particle fea-
tures (Figure S1, Supporting Information), indicating the intro-
duction of MWCNTs does not affect catalyst morphology. Also,
SEM and TEM analyses do not indicate any metal or metal oxide
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Figure 1. Synthesis, structure, and morphology of the reported catalysts. a) lllustration of the synthesis process of FeNi-NC@MWCNT. b) SEM image,
¢) HAADF-STEM image of FeNi-NC@MWCNT. d) Powder XRD pattern of FeNi-NC@MWCNT, and e) Raman spectra of FeNi-NC@MWCNT, FeNi-NC,

and MWCNTs.

nanoparticles in both FeNi-NC@MW CNT and FeNi-NC (Figures
S2, S3, Supporting Information).

To probe the dispersion of the Fe and Ni sites, we used
aberration-corrected high-angle annular dark-field scanning
TEM (AC-HAADF-STEM). As shown in Figure 1c, a large num-
ber of uniformly distributed bright spots are clearly identified
in FeNi-NC@MWCNT, which are assigned to isolated single Fe
and/or Ni atoms and/or dual single atoms sites (FeNi sites).
The corresponding element mapping analysis confirms the uni-
form dispersion of Fe, Ni, C, and N in the carbon matrix derived
from ZIF-8 (Figure S4, Supporting Information). Also, induc-
tively coupled plasma optical emission spectroscopy (ICP OES)
was used to determine the mass percentage of Fe (0.57 wt.%)
and Ni (0.62 wt.%) in FeNi-NC@MWCNT (Table S1, Support-
ing Information). Figure 1d represents the powder X-ray diffrac-
tion (pXRD) pattern of FeNi-NC@MWCNT, the profile shows
two broad diffraction peaks at ~30° and 42° attributed to the
(002) and (101) lattice planes of graphitic carbon.l?! No peaks of
crystalline Fe or Ni metal-based particles were observed in FeNi-
NC@MWCNT, which is in line with the microscopic analyses.
The Raman spectrum of FeNi-NC@MWCNT (Figure 1e) primar-
ily shows two characteristic bands with the D band at %1350 cm™'
and the G band at #1595 cm™!. The D band represents defects
or/ disorders in the carbon lattice, while the G band corresponds
to ordered sp?-hybridized graphitic carbon atoms. The ratio be-
tween the D band and G band (I/I;) for FeNi-NC@MWCNT is
higher than for the reference samples (see Figure S6, Supporting
Information), indicating the introduction of more structural de-
fects during synthesis. The specific surface area and pore size dis-
tribution of the catalysts were measured by N, sorption (Figure
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S7, Supporting Information). Analysis of the data showed that
the introduction of MW CNTs significantly increased the specific
surface area of FeNi-NC@MWCNT. Also, FeNi-NC@MWCNT
contains more micropores and mesopores than the FeNi-NC ref-
erence, which can alter mass transfer (particularly of gaseous
reagents) within the composite.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to investigate the surface chemical states of the syn-
thesized catalysts. XPS spectra of FeNi-NC@MWCNT and FeNi-
NC both exhibit distinctive signals of C, N, and O elements, but
only very weak Fe and Ni signals due to the low loading. As
shown in Figure 2a, the high-resolution C 1s XPS spectrum of
FeNi-NC@MWCNT is deconvoluted into three peaks at bind-
ing energies of 284.5, 285.2, and 288.7 eV, which are assigned
to C—C/C=C, C=C—N, and C=0, respectively. The observation
of C—N bonds indicates the successful formation of an N-doped
carbon matrix. The N 1s XPS spectrum (Figure 2b) can be di-
vided into five separate species, that is pyridinic N (398.7 eV),
metal-coordinated N (399.8 eV), graphitic N (400.9 eV), pyrrolic N
(402.1 eV) and oxidized N (405.5 eV). The peak located at 399.8 eV
provides further evidence for the binding of Fe and/or Ni species
to nitrogen centers in FeNi-NC@MWCNT.

To further identify the chemical state and coordination envi-
ronment of the Fe and Ni sites in FeNi-NC@MWCNT, X-ray ab-
sorption near edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) analyses were conducted. As
shown in Figure 2c, the Fe K-edge XANES spectra reveal that
the Fe energy absorption edge position of FeNi-NC@MWCNT is
located between Fe foil and Fe, O, indicating the average oxida-
tion state of Fe is between Fe(0) and Fe,0; (+3). The inset graph
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Figure 2. Chemical state and local atomic environment of FeNi-NC@MWCNT. a) Deconvoluted XPS spectrum for C 1s. b) Deconvoluted XPS spectrum
of N 1s. ) Fe K-edge XANES spectra. d) Ni K-edge XANES spectra. e) Fourier-transformed k2-weighted EXAFS spectra of Fe K-edge. f) Fourier-transformed
k2-weighted EXAFS spectra of Ni K-edge. g) Wavelet-transform (WT)-EXAFS plots for FeNi-NC@MWCNT, Fe foil, and Ni foil.

in Figure 2c highlights the weak pre-edge feature at 7115 eV,
which is close to iron phthalocyanine (FePc) and can be assigned
to the charge transfer from ligands to metal atoms and metal 1s
to 3d transition in FeNi-NC@MWCNT.*’l Similarly, the XANES
spectra of the Ni K-edge for FeNi-NC@MWCNT give an aver-
age valence of Ni between Ni(0) and Ni(+2). Note that the nickel
XANES data show comparable features to nickel phthalocyanine
(NiPc), suggesting the existence of a Ni-N, coordination environ-
ment in the FeNi-NC@MWCNT (Figure 2d). Notably, the pre-
edge peak at ~8335 eV of Ni curve in FeNi-NC@MWCNT is
higher than that of NiPc, implying a distorted D, ;, symmetry in
Ni central atoms, which possibly results from Fe-Ni interactions
(Figure 2d insert). Figure 2e displays the Fourier-transformed
(FT) k*-weighted Fe K-edge EXAFS spectra in R-space. Com-
pared with the FePc reference, a pronounced shoulder of the
Fe K-edge at 1.4 A indicates the Fe-N, coordination structure
in FeNi-NC@MWCNT. Notably, the Fe K-edge curve of FeNi-
NC@MWCNT shows a major peak at 1.9 A for Fe-Ni scatter-
ing, which is different from the peak referred to Fe-Fe inter-
actions for Fe foil at 2.2 A, indicating no iron metal nanoclus-
ters in the catalyst. For the Ni K-edge FT-EXAFS, the main peak
at 1.4 A for FeNi-NC@MWCNT is comparable to the peak in
the NiPc curve representing the Ni-N, coordination structure,
which is distinctive to the peaks at 1.6 A for Ni-O (NiO) and
2.2 A for Ni-Ni (Ni foil) (Figure 2f). Moreover, the peak at ~1.8
A for the Ni K-edge EXAFS data of FeNi-NC@MWCNT can be
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assigned to Ni-Fe interactions. Besides, the formation of metal-
N, (Fe-N,, Ni-N,) coordination in FeNi-NC@MWCNT is further
confirmed by Wavelet-transform (WT)-EXAFS spectra. Figure 2g
presents the radial distance and k-space resolution to recognize
the Fe and Ni at the atomic level in the FeNi-NC@MWCNT
catalyst.

Compared with Fe foil, the location of the intensity maxima
of FeNi-NC@MWCNT shows left-shift and down-shift in the
bond length R and wave vector k respectively, suggesting the Fe
atoms are atomically dispersed into the catalyst in the form of
Fe-N coordination. The WT contour plot for FeNi-NC@MWCNT
also exhibits a maximum intensity at 6.5 A~ in k space, con-
siderably lower that than of Ni foil (7.5 A~!), indicating the
atomic dispersion of Ni and the formation of Ni-N bonds in
FeNi-NC@MWCNT. The XANES, FT-EXAFS, and WT-EXAFS
results all suggest that the bulk of FeNi-NC@MWCNT features
Fe-N,, Ni-N, and FeNi-N, sites. Also, nonlinear least-squares
EXAFS fitting analysis was performed to quantitatively evaluate
the local structural parameters for Fe species and Ni species in
FeNi-NC@MWCNT. As shown in Table S2 (Supporting Infor-
mation), the coordination numbers of Fe-N, Ni-N, and Fe-Ni in
FeNi-NC@MWCNT are estimated to be 2.6, 3.5, and 1.5 (aver-
age value) respectively, indicating the formation of Fe-Ni inter-
actions in FeNi-NC@MWCNT. Furthermore, FT-EXAFS k-edge
curves of Fe and Ni are both in agreement with the fitting curves
simulated from the proposed structural model (Figures S9, S10,
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Figure 3. ORR/OER activity and stability of as-synthesized catalysts in 0.1 M KOH solution. a) ORR polarization curves at 1600 rpm of FeNi-
NC@MWCNT, Fe-NC@MWCNTs, Ni-NC@MWCNTs, FeNi-NC, and commercial Pt/C. b) H,0, yield and electron transfer numbers of FeNi-
NC@MWCNT, FeNi-NC, and Pt/C. c) OER polarization curves of studied catalysts. d) Overall polarization curves of FeNi-NC@MWCNT, FeNi-NC,
and Pt/C+IrO, for bifunctional catalytic activity tests. e) Chronoamperometry curves of FeNi-NC@MWCNT at 1.65 V (vs RHE) without iR compensa-
tion (insert: polarization curves comparison before and after 10 h stability test). f) Relative i-t curves of FeNi-NC@MWCNT and Pt/C at 0.6 V (vs RHE)

and 1600 rpm with 3 M methanol was added at ca. 450 s.

Supporting Information), suggesting FeNi-N; sites as a domi-
nant feature in FeNi-NC@MWCNT.

2.2. Electrocatalytic ORR and OER Performance

The bifunctional ORR/OER performance of the native FeNi-
NC@MWCNT catalyst was investigated with a half-cell setup
based on a typical three-electrode configuration (see Support-
ing Information for details). All potentials reported were refer-
enced to reversible hydrogen electrode potentials (RHE). The
performance of the reference materials Fe-NC@MWCNTSs, Ni-
NC@MWCNTs, FeNi-NC, and commercial Pt/C, IrO, were also
evaluated for comparison.

The ORR tests were conducted in an O,-saturated 0.1 M aque-
ous KOH solution using a rotating disk electrode (RDE) as a
working electrode. Compared with the negligible background
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currents in an Ar-saturated solution, the cyclic voltammetry (CV)
of FeNi-NC@MWCNT in an O,-saturated solution shows a ma-
jor cathodic oxygen reduction peak at 0.77 V (Figure S11, Sup-
porting Information). As shown in the linear sweep voltammetry
(LSV) curves (Figure 3a), FeNi-NC@MWCNT exhibits superior
ORR catalytic activity in terms of high onset potential (0.99 V),
high half-wave potential (E, ;) (0.9 V) and large limiting current
density (5.63 mA cm™?), which surpass these values of the ref-
erences Fe-NC@MWCNTs (0.91 V, 0.88 V, 4.86 mA cm™?), Ni-
NC@MWCNTS (0.89 V, 0.83 V, 4.18 mA cm~2), FeNi-NC (0.93 V,
0.87 V, 4.43 mA cm™2), and even outperforms that of commercial
Pt/C (0.95V, 0.88 V, 5.45 mA cm™2). In fact, the performance of
FeNi-NC@MWCNT is superior to most currently reported SAC
or DAC materials based on non-precious metals (Table S5, Sup-
porting Information). Comparison of the title compound with the
single-metal species Fe-NC@MWCNTs and Ni-NC@MWCNTs
as well as the MWCNT-free sample FeNi-NC demonstrates the
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impact of the dual metal sites and the carbon nanotube linkage.
FeNi-NC@MWCNT also exhibits a smaller Tafel slope (48.5 mV
dec™!) than FeNi-NC (62.8 mV dec™') and Pt/C (58.4 mV dec™!),
indicating a faster ORR electrocatalytic kinetics (Figure S12, Sup-
porting Information). Furthermore, the electron transfer number
(n) and selectivity of FeNi-:NC@MWCNT as well as its counter-
parts were evaluated by rotating ring disk electrode (RRDE) mea-
surements. As shown in Figure 3b, the peroxide yield of FeNi-
NC@MWCNT is below 3.1% and the monitored n is above 3.9
over the potential range of 0.2-0.8 V, verifying the high ORR se-
lectivity and dominant 4 e~ transfer mechanism. In contrast, the
FeNi-NC shows a much higher peroxide yield (20%) and lower
n value of 3.6 at 0.48 V versus RHE, suggesting an enhanced
activity retention of FeNi-NC@MWCNT. The average n value of
FeNi-NC@MWCNT was also calculated to be ~3.98 (Figure S13,
Supporting Information) using Koutecky-Levich (K-L) analysis of
polarization curves obtained at different electrode rotation rates,
further confirming a 4e~ transfer pathway. Moreover, the K-L
plots for FeNi-NC@MWCNT at different potentials exhibit par-
allel linear correlation (Figure S13, Supporting Information), in-
dicating its potential-independent electron transfer rate and the
first-order reaction kinetics with O, concentration.

To explore the reactivity of our catalyst as bifunctional
ORR/OER electrocatalysis in rechargeable Zn-air batteries, we
explored both reactivities in detail. First, the OER performance of
the catalysts was investigated in 0.1 M aqueous KOH. As shown
in Figure 3c, FeNi-NC@MWCNT shows an OER overpotential
of 370 mV at j = 10 mA cm ™2, which is significantly lower than
Fe-NC@MWCNT (473 mV), Ni-NC@MWCNT (454 mV), FeNi-
NC (417 mV) and even commercial IrO, (390 mV). In addition,
FeNi-NC@MWCNT also shows the lowest Tafel slope (63.5 mV
dec™') amongst the materials tested (Figure S12b, Supporting In-
formation). The composite also outperforms many other recently
reported OER catalysts (Table S5, Supporting Information).

Electrochemical impedance spectroscopy (EIS) was performed
at a potential of 1.56 V to further evaluate the OER kinetics.
The diameter of the semicircle of the EIS spectrum for FeNi-
NC@MWCNT is much smaller than that of the reference cat-
alysts, revealing more efficient charge transfer and lower over-
all impedance, leading to faster OER kinetics (Figure S14a, Sup-
porting Information). The potential gap AE (the difference be-
tween the half-wave potential (E;;;) of ORR and the OER po-
tential at 10 mA cm™ (E;_,,)) is used as an indicator to evalu-
ate the bifunctional activity of the studied oxygen catalysts. Note
that smaller AE values imply high bifunctional OER/ORR per-
formance. Figure 3d shows that FeNi-NC@MWCNT has a AE
value of 0.69 V, which is lower than that of FeNi-NC (0.79 V) and
Pt/C+IrO, (0.74 V). The above analyses collectively demonstrate
the high ORR and OER catalytic activity of FeNi-NC@MWCNT.

Durability is another key performance indicator for the practi-
cal applicability of bifunctional oxygen catalysts, e.g., in recharge-
able ZABs. Thus, the stability of the catalysts for both ORR
and OER was assessed by chronoamperometry (CA). As shown
in Figure S14b (Supporting Information), after 24 h of CA for
ORR at a constant potential of 0.8 V in O,-saturated electrolyte,
FeNi-NC@MWCNT retained 93.5% of the initial current density,
while significantly higher current density drops were observed
for the references FeNi-NC (81.5%) and Pt/C (52.6%). The su-
perior durability of FeNi-NC@MWCNT is further corroborated
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by virtually identical LSV curves before and after the CA analysis
(Figure S15a, Supporting Information).

Furthermore, its robustness was further shown by negligible
loss of the chronoamperometric OER performance over 10 h
polarization at 1.62 V (Figure 3e), which is further confirmed
by the essentially identical LSV curves before and after CA (In-
sert in Figure 3e). Furthermore, the OER faradaic efficiency of
FeNi-NC@MWCNT was also assessed with RRDE voltammetry.
In this study, the ring potential was set as E = 0.40 V to re-
ductively detect the oxygen generated at the disk electrode. Ac-
cording to the monitored ring current, disk current, and current
collection efficiency (0.15), the OER faradaic efficiency of FeNi-
NC@MWCNT was determined as 95.6%, which is higher than
that of the reference catalysts (Figure S15b, Supporting Informa-
tion). The electrochemically active surface area (ECSA) was fur-
ther investigated to assess the number of accessible reactive sites,
which is correlated with double-layer capacitance (C,). As shown
in Figures S12c, S18 (Supporting Information), the Cy of FeNi-
NC@MWCNT (18.81 mF cm™?) is considerably larger than that
of FeNi-NC (12.35 mF ¢cm™?) and Pt/C (6.14 mF cm™?), which
also maintained a value of 17.96 mF cm~ post OER catalysis.

Considering the high ORR activity of FeNi-NC@MWCNT, it
could be used as a potential cathodic catalyst in direct-methanol
fuel cells. In order to estimate the methanol tolerance of the
catalysts, CA analysis for ORR at 0.8 V was studied by RDE at
1600 rpm in the presence of 3 M methanol in 0.1 M aqueous KOH
electrolyte. As illustrated in Figure 3f, the relative current density
of FeNi-NC@MWCNT shows minimal change over the measure-
ment, indicating the high methanol tolerance. In sharp contrast,
the current density of the Pt/C catalyst drops rapidly after inject-
ing methanol under identical conditions.

Moreover, to reveal the structural evolution of the FeNi-
NC@MWCNTs during the ORR/OER catalytic process, we col-
lected the catalysts after a chronoamperometric test and per-
formed HAADF-STEM measurements. These initial analyses
suggest a partial loss and/or aggregation of the metal species af-
ter ORR or OER catalysis (Figures S16, S17). However, note that
these structural changes did not affect the chronoamperometric
performance, see above.

2.3. Primary and Rechargeable Zinc-Air Batteries Test

Considering the outstanding bifunctional catalytic activity of
FeNi-NC@MWCNT, its practical performances in primary and
rechargeable Zn-air batteries have been evaluated with custom-
designed cells. As schematically illustrated in Figure 4a, a cus-
tomized two-electrode ZAB was assembled utilizing an air cath-
ode loaded with FeNi-NC@MWCNT as a catalyst. A zinc metal
plate was used as anode. The electrolyte was 6.0 M aqueous KOH
containing 0.2 M Zn(OAc),. The electrolyte was continuously cy-
cled by a peristaltic pump to prevent local concentration gradi-
ents. As references, ZABs using FeNi-NC and a mixture of com-
mercial Pt/C + IrO, (with a mass ratio of 1:1) as cathode catalyst
were fabricated. As shown in Figure 4b, the discharge polariza-
tion curves (at j = 260 mA cm™2) show that the ZAB catalyzed
by FeNi-NC@MWCNT exhibits a maximum power density of
218.3 mW cm~2, which is considerably higher than for Pt/C +
1rO, (176.6 mW cm™?). The ZAB based on FeNi-NC@MWCNT
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Figure 4. Zn-air batteries (ZAB) performance. a) Schematic illustration of the ZAB setup. b) Discharge polarization curves and corresponding power den-
sity curves of FeNi-NC@MWNTs and Pt/C based ZABs. ¢) Open-circuit plots of FeNi-NC@MWCNT, FeNi-NC, and Pt/C based ZABs. (insert: ZAB powers
the LED screen). d) Discharge plots of primary ZABs catalyzed by FeNi-NC@MWCNT, FeNi-NC, and Pt/C at a current density of 15 mA cm~2. e) Discharge
curves of FeNi-NC@MWCNT-based ZABs at different current densities of 5, 10, 20, 30, and 50 mA cm~2. f) Polarization curves of FeNi-NC@MWCNT
and Pt/C+1rO, catalyzed ZABs. g) Galvanostatic charge-discharge cycling performance of ZABs based on FeNi-NC@MWCNT and Pt/C+1rO, ata current

density of 15 mA cm™2.

also delivers a stable open-circuit voltage (OCV) of 1.44 V with
no obvious changes over 1 h (Figure 4c), which is marginally
higher than for FeNi-NC (1.41 V) and Pt/C + IrO, (1.39 V).
These observations are in line with the catalytic activities in the
three-electrode configuration reported above. The inserted pic-
ture in Figure 4c shows the LED display (1-5 V) was successfully
lit up with the FeNi-NC@MWCNT-based ZAB, demonstrating
the practical application of this catalyst. As shown in Figure 4d,

Small 2024, 2409161

2409161 (7 of 11)

the FeNi-NC@MWCNT containing ZAB shows a specific ca-
pacity of 781.7 mAh g~! (normalized to the mass of consumed
Zn), which outperforms the capacities of a Fe-NC-based ZAB
(740.8 mAh g™') and Pt/C based ZAB (763.2 mAh g'). The out-
put voltage of the FeNi-NC@MWCNT ZAB is approx. 1.18 V,
which is superior to FeNi-NC (1.13 V) and Pt/C (1.16 V). Fur-
thermore, as demonstrated in Figure $19, the primary ZAB with
FeNi-NC@MWCNT catalyst was discharged under galvanostatic
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conditions (15 mA cm™?) for more than 21 h without a notice-
able voltage drop. Figure 4e shows the remarkable discharging
rate capacity and durability of FeNi-NC@MWCNT-based ZAB
at various discharge current densities ranging from 5 to 50 mA
cm™2, no significant voltage loss was observed with increasing
discharge current. Notably, the initial and final discharge voltage
of the FeNi-NC@MWCNT-based ZAB at 1 mA cm™” remains
unchanged (1.25 V), suggesting a robust long-term discharge
capacity.

To further investigate the rechargeability of the ZABs,
the long-term cycling stability of the ZABs catalyzed by
FeNi-NC@MWCNT was tested by continuous galvanostatic
charge/discharge at a current density of 15 mA ¢cm™2. The du-
ration of each cycle was set to 1 h (0.5 h for discharging and 0.5 h
for subsequent charging) with an initial charge voltage of 1.8 V
and discharge voltage of 1.15 V, respectively. The ZABs with com-
mercial Pt/C +IrO, were examined under identical conditions
for comparison. As shown in Figure 4f, the ZAB assembled with
FeNi-NC@MWCNT exhibits a higher discharge current density
and a lower charge/discharge voltage gap compared to the ZABs
based on Pt/C+ IrO,. In addition, the round-trip efficiency of
the ZABs was calculated based on the charge/discharge voltage
gap of the second cycle. The ZAB with FeNi-NC@MWCNT ex-
hibits a high round-trip efficiency of 73% (Figure S20, Support-
ing Information), surpassing that of the Pt/C + IrO, catalyzed
ZAB (65%). For the long-term cycling test, as shown in Figure 4g,
the FeNi-NC@MWCNT catalyzed ZAB demonstrates a narrower
charge/discharge voltage gap and negligible voltage drop after
300 h cycling, suggesting its superior durability which outper-
forms most of the recently reported SAC/DAC catalyzed ZABs
(Table S6, Supporting Information). In contrast, a substantial
charge-discharge voltage drop was observed in the reference ZAB
with Pt/C+IrO, mixture after 75 h. Based on the above results,
the FeNi-NC@MWCNT is a promising and robust alternative to
precious metal-based catalysts for both primary and rechargeable
Zn-air batteries.

2.4. Density Functional Theory Calculation

To further elucidate the catalytic activity and reaction mecha-
nism of FeNi DACs for ORR and OER, first-principles calcu-
lations were performed using density functional theory (DFT)
methods. Different types of models for both heteronuclear and
homonuclear sites FeNiNg, FeN,, NiN, were constructed with co-
ordination environments based on experimental XANES/EXAFS
results (Figure S21, Supporting Information). Also, a model for
nonadjacent FeN,-NiN,, sites was constructed as a reference to as-
sess the critical role of adjacent hetero-bimetallic active sites. Ac-
cording to the adsorption energy of OH* (AG,.) on active sites
in different models (Table S3, Supporting Information), the pris-
tine FeNiN, site exhibits a negative adsorption energy of -0.24 V
for OH*, suggesting the strong adsorption and difficult desorp-
tion of OH* on the metal sites. Thus, the OH* would be sponta-
neously adsorbed on the metal sites during catalysis in alkaline
media, and it has been reported that OH* serves as a modify-
ing ligand to optimize the electronic configuration of metal sites
and influence their catalytic ORR/OER activity.*’ As depicted in
Figure S22 (Supporting Information), the FeNi-NC model is the
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favorable configuration with OH* pre-adsorbed on the Fe site of
FeNiN, denoted as FeNi-OH-NC.

Based on EXAFS fitting, we proposed that FeNiN, (FeNi-OH-
NC) could be the main contributor to the enhanced catalytic per-
formance of FeNi-NC@MWCNT. Therefore, the FeNi-OH-NC
configuration was chosen as the key model for the subsequent
ORR/OER computational investigations, and Fe-NC, Ni-NC, and
nonadjacent Fe-Ni-NC were also simulated for comparative in-
vestigation. Particularly considering the possible reactive sites
for the nonadjacent Fe-Ni-NC, two models of Fe@Fe-Ni-NC (on
the Fe site) and Ni@Fe-Ni-NC (on the Ni site) were both cal-
culated for the ORR/OER. Note that the optimized results for
the adjacent FeNi-OH-NC model suggest that Fe is the reactive
site.

Figure 5a illustrates the proposed 4e™ pathway for the ORR
mechanism on optimized FeNiN( sites in the FeNi-OH-NC
model (other possible models and their oxygen-containing inter-
mediates are depicted in Figures $23-S28, Supporting Informa-
tion). The corresponding ORR calculated Gibbs free energy dia-
grams of these constructed models are evaluated at different elec-
trode potentials (Figure S29, Supporting Information). At the po-
tential U of 0V, the four elementary steps are energetically down-
hill for all models, indicating all the involved reaction steps are
exothermic in nature. When the potential is at 0.86 V, the fourth
step (OH* + OH™ — O* + H,0 + e7) is recognized as the rate-
determining step (RDS) for the FeNi-OH-NC model with a free
energy difference of only 0.04 eV.

In comparison, the RDS for both Fe@Fe-Ni-NC and Fe-NC
is also the fourth step with corresponding variation in free en-
ergy of 0.67 and 0.66 eV, respectively. The RDS for Ni-NC and
Ni@Fe-Ni-NC is the second step (OOH* + e~ — O* + OH")
with corresponding variation in free energy of 0.52 and 0.51 eV,
respectively. When the potential U increases up to 1.23 V, the
fourth step is still recognized as the RDS for the FeNi-OH-NC
model and the calculated free energy difference is determined
as 0.41 eV, which is lower than those of Fe@Fe-Ni-NC (1.04 eV)
and Fe-NC (1.03 eV) with the same RDS, and also lower than
those of Ni-NC (0.89 eV) and Ni@Fe-Ni-NC (0.88 eV) with RDS
in the second step, suggesting the FeNi-OH-NC has the low-
est energy barrier for ORR. Notably, the free energies of each
step for the Fe-NC and Fe@Fe-Ni-NC model are close to each
other at the three investigated potentials, as are those for the
Ni-NC and Ni@Fe-Ni-NC models, indicating that the nonadja-
cent metal sites can’t leverage the synergistic effects. Figure 5b
displays the proposed reaction mechanism for the OER pro-
cess, the corresponding OER free energy diagrams of these con-
structed models are shown in Figure 5d and Figure $29¢,d (Sup-
porting Information). At the potential of 0 V (Figure $29¢, Sup-
porting Information), all the interaction steps are uphill, im-
plying that the OER is energetically unfavorable at this poten-
tial. When U = 1.23 V, the RDS of FeNi-OH-NC is the sec-
ond step (OH* + OH™ — O* + H,0 + e7) with a free en-
ergy difference of 0.59 eV, which is the lowest compared with
those of the other four models as shown in Figure 5d. When
U = 1.57 V (Figure S29d), the free energy difference for the
RDS of FeNi-OH-NC towardsOER is evaluated as 0.25 eV, which
is also lower than those of the other four models. Similarly,
the Fe-NC model exhibits comparably overlapped free energies
diagrams with the nonadjacent Fe@Fe-Ni-NC model, as are
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Figure 5. Density functional theory (DFT) calculations. a) Proposed mechanism for ORR and b) for OER on FeNi-OH-NC model. The grey, blue, orange,
and cyan balls represent carbon, nitrogen, iron, and nickel atoms, respectively. c) Free energy diagrams of ORR intermediates on Fe-NC, Ni-NC, Fe@Fe-
Ni-NC, Ni@Fe-Ni-NC, and FeNi-OH-NC models at different potentials. d) Free energy diagrams of OER intermediates on Fe-NC, Ni-NC, Fe@Fe-Ni-NC,
Ni@Fe-Ni-NC, and FeNi-OH-NC models at different potentials. e) The total density of states (TDOS) of Fe-NC, Ni-NC, Fe@Fe-Ni-NC, Ni@Fe-Ni-NC,
and FeNi-OH-NC models. f) Projected density of states (PDOS) of Fe, Ni, N, and C for FeNi-OH-NC model.

those for the Ni-NC and Ni@Fe-Ni-NC models. All the above
results indicate that the adjacent FeNi heteroatom configura-
tion as an active site effectively promote ORR/OER catalytic
performance.

The ORR/OER catalytic activity can also be evaluated by
considering the adsorption energy (AGgy:) and AG., —
AG.y, as indicators to establish a volcano-shaped curve with
ORR/OER overpotentials. Figure S30a (Supporting Informa-
tion) shows the ORR overpotential n versus AGgyy., the FeNi-
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OH-NC model is located at the top of the volcano curve
with the smallest overpotential of 0.41 V, which is signifi-
cantly lower than the monometallic models Fe-NC (1.03 V), Ni-
NC (0.89 V) and the nonadjacent bimetallic models Fe@ Fe-
Ni-NC (1.04 V) and Ni@Fe-Ni-NC (0.88 V). Thus, the the-
oretically calculated trends of the ORR reactivity are consis-
tent with the experimental results. Similarly, FeNi-OH-NC also
exhibits the best OER catalytic activity with an overpotential
of 0.59 V (Figure S30b, Supporting Information), followed by
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Fe@Fe-Ni-NC (0.61 V), Fe-NC (0.63 V), Ni@Fe-Ni-NC (1.23 V)
and Ni-NC (1.24 V). Here also, theory supports the experimental
findings.

Furthermore, as shown in Figure S31 (Supporting Informa-
tion), the charge distribution analysis reveals that N atoms in the
FeNi-OH-NC model are more negatively charged compared to Fe-
NC, Ni-NC, and nonadjacent Fe@Fe-Ni-NC models, suggesting
the formation of metal-metal interactions of adjacent Fe-Ni sites
in FeNi-OH-NC. This feature is expected to enhance the charge
transfer and electron redistribution at the active sites. This mod-
ifies the electronic configuration of the Fe and Ni atoms, and fa-
cilitates the adsorption of oxygen intermediates, resulting in im-
proved catalytic activity.

Furthermore, analysis of the total density of states (TDOS)
shown in Figure Se suggests that FeNi-OH-NC features a higher
density of states across the Fermi level (followed by Ni-NC,
Fe@Fe-Ni-NC, and Fe-NC), indicating the highest electronic con-
ductivity of the FeNi-OH-NC model. This calculated finding is
in agreement with the EIS experimental results described above.
Figure 5f presents the detailed projected density of states (PDOS)
for Fe 3d, Ni 3d, N 2p, and C 2p orbitals of the FeNi-OH-NC
model. Compared with monometallic models Fe-NC, Ni-NC and
nonadjacent bimetallic Fe@ Fe-Ni-NC models (Figures S32-534,
Supporting Information), the adjacent bimetallic FeNi-OH-NC
model demonstrates more hybrid electrons near the Fermi level,
implying the existence of electronic interaction of Fe, Ni, and
N on the active sites. Therefore, the DFT analysis demonstrates
the adjacent diatomic FeNi-OH-NC configuration induces subtle
modulation of the asymmetric electronic configuration of FeNiN
active sites, which facilitates the kinetics of the electrocatalytic
ORR/OER process.

3. Conclusion

A dual-atom catalyst based on adjacent iron and nickel sites
is reported. The catalyst shows outstanding performance for
both ORR and OER, which allows the integration into high-
performance rechargeable Zinc—air batteries that use the new bi-
functional catalyst for both ORR and OER. Experimental and the-
oretical analyses rationalize the observed catalytic performance
and robustness. Mechanistic studies into the nature of the cat-
alytic site allow an initial understanding of the role and syner-
gism of the metal centers as well as the N-doped carbon matrix
and the conductive carbon nanotube support structure. The re-
sults suggest that OH* is pre-adsorbed on the Fe site of FeNiN,,
while the adjacent diatomic FeNi-OH-NC configuration induces
subtle modulation of the asymmetric electronic configuration of
FeNiN, active sites. The work provides an effective strategy to
develop advanced bifunctional catalyst for critical energy conver-
sion and storage processes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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This publication reported the fabrication of the defect rich Pd
metallene with atomically dispersed WOx and MoOx via a
facile wet chemical approach. Characterization results showed
the existence of a variety of atomic-scale defects which can
effectively modify the electronic configuration of the active
sites and improve its catalytic activity for the ORR. This
catalyst also exhibited impressive performance for practical
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Atomically Engineered Defect-Rich Palladium Metallene for
High-Performance Alkaline Oxygen Reduction

Electrocatalysis

Yupeng Zhao, Zhengfan Chen, Nana Ma, Weiyi Cheng, Dong Zhang, Kecheng Cao,
Fan Feng, Dandan Gao, Rongji Liu,* Shujun Li,* and Carsten Streb*

Defect engineering is a key chemical tool to modulate the electronic structure
and reactivity of nanostructured catalysts. Here, it is reported how targeted
introduction of defect sites in a 2D palladium metallene nanostructure results
in a highly active catalyst for the alkaline oxygen reduction reaction (ORR). A
defect-rich WO, and MoO, modified Pd metallene (denoted: D-Pd M) is
synthesized by a facile and scalable approach. Detailed structural analyses
reveal the presence of three distinct atomic-level defects, that are pores,
concave surfaces, and surface-anchored individual WO, and MoO, sites.
Mechanistic studies reveal that these defects result in excellent catalytic ORR
activity (half-wave potential 0.93 V vs. RHE, mass activity 1.3 A mgPd~" at 0.9
V vs. RHE), outperforming the commercial references Pt/C and Pd/C by
factors of ~7 and ~4, respectively. The practical usage of the compound is
demonstrated by integration into a custom-built Zn-air battery. At low D-Pd M
loading (26 pgPd cm—2), the system achieves high specific capacity

(809 mAh g, ") and shows excellent discharge potential stability. This study
therefore provides a blueprint for the molecular design of defect sites in 2D
metallene nanostructures for advanced energy technology applications.

technologies including fuel cells, metal-
air batteries, and electrochemical H,0,
production.'*] The ORR is a challeng-
ing reaction, due to the high O, bond
dissociation energy (498 K] mol™') and
the sluggish kinetics of O,-related proton-
coupled multi-electron processes.”*! These
factors significantly impede the practical ap-
plication of the ORR. To overcome these
challenges, numerous electrocatalysts have
been developed, including those based on
platinum group metals (PGMs),”*! noble
metal-free materials,®’) and even metal-
free catalysts.l®/ Currently, both the intrin-
sic activity and the long-term stability of no-
ble metal-free and metal-free catalysts are
significantly inferior to those of PGM-based
electrocatalysts.'

Owing to their unique electronic struc-
ture and optimum oxygen molecule ad-
sorption energy, electrocatalysts based on
PGMs have received widespread attention
and are still a focal point for advanced

1. Introduction

The oxygen reduction reaction (ORR) is one of the most im-
portant catalytic processes for energy conversion and storage

ORR catalyst development.l’l However, challenges remain, par-
ticularly in the case of platinum-based catalysts. While these ma-
terials demonstrate excellent catalytic performance, they often
suffer from poor long-term stability. !> Importantly, highly dis-
persed Pt nanoparticles show a notable tendency to aggregate
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during catalysis, resulting in the formation of larger particles
with reduced reactivity.["*] Furthermore, the high binding en-
ergy of Pt and Pd to oxygen molecules limits the generation
and conversion of intermediates (such as *OH and *OOH)
into H,O0/OH", indicating potential opportunities for enhanc-
ing the catalytic properties by modification in their electronic
structure.'*'*] Moreover, the substantial cost associated with Pt
and Pd is major impediment to their broad industrial use.'°]
Thus, chemical strategies are urgently required which optimize
electronic structure and reactivity of PGMs while at the same
time making optimum use of all metal centers available in the
catalyst.[17-1%]

These challenges have recently been targeted by the develop-
ment of two-dimensional (2D) metal nanosheets, so-called met-
allenes, which have shown unique electronic structure and high
reactivity and durability.”>??] Metallenes are metal or alloy ma-
terials featuring individual layers of atomic thickness.?*?*] Met-
allenes offer optimum utilization of the individual metal atoms
due to their high specific accessible surface area and abundance
of low-coordinated reactive metal sites.”>?’] A significant break-
through in this realm was achieved by Guo and colleagues, who
successfully synthesized PAMo bimetallene.'”/ The group discov-
ered that strain and quantum effects within the ultrathin struc-
ture of the metallene lead to a downward shift of the d-band cen-
ter, thereby lowering the oxygen molecule binding energy and
enhancing electrocatalytic performance. Moreover, the electronic
structure can be further modulated by doping with Mo atoms.
As a result, PAMo bimetallene exhibits a lower d-band center
and superior ORR catalytic activity compared to pure Pd metal-
lene. Building on this advancement, Jin and co-workers further
demonstrated that the durability of PdMo bimetallene can be sig-
nificantly improved by interstitial doping with carbon. This mod-
ification results in stabilization of the Mo sites within the bimet-
allene structure.”! In addition, defect engineering has proven
to be a critical tool in the advancement of Pd metallene. Wang
and colleagues successfully developed a defect rich Pd metal-
lene characterized by abundant pores, which created a multi-
tude of highly active sites. This innovation resulted in a signif-
icant enhancement in ORR activity.*°l Concurrently, research by
Guo and coworkers revealed that the concave surfaces on Pd
metallene lead to a modest downward shift in the d-band cen-
ter and allow fine-tuning of oxygen molecule binding energies.
This structural modification contributes to improved ORR per-
formance, showcasing the impact of the surface geometry on cat-
alytic efficiency.*!!

Here, we build on these pioneering studies and report a novel
ultrathin Pd metallene doped with atomic WO, /MoO, (referred
to as D-Pd M) featuring by a curved defect-rich structure. Key
for the synthetic access to this new compound is the use of
molecular metal oxides (polyoxometalates, POMs), here reduced
[H;PMo,,0,44] » x H,O ( = PMo,,), N, N-dimethylformamide
(DMF), and tungsten hexacarbonyl (W(CO)) as reducing agents.
Meawhile, W(CO), was used as a structure-directing agent.
PMo,, and W(CO); also acted as molecular precursors to deposit
MoO, and WO, into the Pd metallene. The resulting D-Pd M
showed excellent ORR activity, with a high half-wave potential
(Eyj2 = 0.93 Vvs. RHE), high mass activity (1.3 Amg, “lat0.9Vv
vs. RHE) and superior stability over 10,000 test cycles. Practical
applicability of D-Pd M was demonstrated by integration into an
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operational Zn-air battery at ultra-low Pd loading (26 pgpq cm™2),
showing high specific capacity (809 mAh g, '), exceptional dis-
charge performance and ultra-long cycling stability (continuous
operation for 300 h over 300 charge/discharge cycles).

2. Results and Discussion

Figure 1 illustrates the synthetic procedure to access D-Pd M. Ini-
tially, a solution of PMo,, in DMF was irradiated with ultravio-
let (UV) light (I, = 254 nm) to reduce the POM cluster. The
solution undergoes a clear transition from its initial yellow to
dark blue color, and a new broad peak at 760 nm appeared in
the reduced solution (Figure S1, Supporting Information), all of
which suggests that the POM cluster was reduced to heteropoly
blue.?>%3] The solution containing the reduced PMo,, was then
combined with a DMF solution containing the metal precur-
sors palladium (II) acetylacetonate (Pd(acac),) and W(CO);, re-
sulting in reduction of Pd** to Pd (0) and formation of the
palladene sheets.|**] During the reaction, carbon monoxide was
gradually released by thermal decomposition of W(CO),. CO is
known to strongly adsorb on Pd (111) facet, which in turn facil-
itates the anisotropic lateral growth and formation of 2D ultra-
thin metallene.[?3313] For comparison, conventional Pd metal-
lene (Pd M) weas prepared using a modified literature method,
see Supporting Information (SI),**) where citric acid was used as
the reducing agent instead of PMo,,.

The morphology and structural properties of the as-
synthesized D-Pd M and Pd M were characterized by trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM). As shown in Figure 2a,
D-Pd M exhibits an ultrathin 2D nanosheet structure with a
lateral diameter of ~1 pm. In contrast, Pd M exhibits a hexag-
onal nanosheet structure with an average diameter of 70 nm
(Figure S2, Supporting Information). Selected area electron
diffraction (Figure S3, Supporting Information) confirms the
presence of a face-centered cubic (fcc) structure, and atomic force
microscopy measurements (Figure S4, Supporting Information)
give an average thickness of 0.9 nm, suggesting the presence
of 3 to 5 Pd atom layers.’?®! TEM energy-dispersive X-ray spec-
troscopy (TEM-EDX; Figure S5, Supporting Information) shows
the homogenous distribution of Pd, W, and Mo throughout
the metallene. The atomic ratio of Pd:W:Mo was determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES) to be 93.8: 5.2: 1. Detailed morphological analysis
of the TEM data reveals curved surface with abundant defects,
including pores and concave structures (Figure S6, Supporting
Information), which could be due to the oxidative etching of
O, and PMo,, in the highly acidic environment provided by
PMo,,.12031 The defects were further probed by HR-STEM.
Figure 2b shows the presence of pores (red circle, area 1) and
concave areas (dark blue circle, area 2), also see Figure S7
(Supporting Information).!””! The brighter contrast observed in
Figure 2b is indicative of the lower thickness in these areas com-
pared to their surroundings. Notably, in the higher magnification
of area 1 (Figure 2c), step atoms at the inner edge can be ob-
served. Meanwhile, in Figure 2d, the clear atom distribution and
brighter contrast indicate the presence of a concave structure.!”)
Numerous concave structures with various diameters, typically
less than 10 nm, are observed in Figure 2e (dark blue circles).
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DMF

Figure 1. Schematic illustration for the fabrication of D-Pd M.

We also use a false-color mode to illustrate the thickness contrast
more clearly (Figure S8a—d, Supporting Information). Addi-
tionally, curved structures are also observed in HRTEM (green
rectangles in Figure 2e; Figure S8e, Supporting Information),
which leads to lattice distortion. The fast Fourier transformation
(FFT) pattern (Figure S8f, Supporting Information) exhibits a
sixfold symmetric fce structure, implying that the metallene is
stacked dominantly along the (111) facets.'”>] TEM analyses give
a lattice spacing of 0.23 nm (Figure 2f), which exceeds that of
bulk Pd, suggesting the presence of intrinsic tensile strain due
to its atomically thin structure.

The results are consistent with powder X-ray diffraction
(pXRD) analyses shown in Figure 2g, where the peak at 39.4° is
attributed to the (111) plane of the fcc structure of Pd metallene.
Additionally, smaller peaks corresponding to the (200) plane at
46.7° and the (220) plane at 68.1° in D-Pd M compared to Pd M
and Pd/C indicate the predominance of the (111)-exposed fea-
ture. Furthermore, the shifts to lower 26 angles observed in D-
Pd M compared to Pd M and Pd/C are attributed to strain ef-
fects and lattice distortions caused by the defect structure. Next,
the oxidation states of D-Pd M were investigated by X-ray photo-
electron spectroscopy (XPS). The deconvoluted spectrum of Pd
3d shows the distinct characteristic peaks centered at 335.4 and
340.7 eV, which are assigned to Pd (0) 3d;), and Pd (0) 3d; ), re-
spectively (Figure 2h). The small peaks at 336.7 and 342 eV are
assigned to PdO, assigned to surface oxidation of Pd.*?%/ The
results indicate that D-Pd M is dominated by metallic Pd. The de-
convoluted W 4f spectrum (Figure 2i) shows the existence of W>*
species.*®] In contrast, the oxidation state of Mo cannot be as-
signed reliably by XPS due the low concentration of Mo species in
D-Pd M.

X-ray absorption spectroscopy (XAS) characterization was per-
formed to further investigate the chemical states and local co-
ordination environments of D-Pd M. The normalized Pd K-
edge X-ray absorption near-edge structure (XANES) spectrum
(Figure 3a) of D-Pd M is similar to the Pd foil reference, in-
dicating its dominant metallic state,>2°! which coincides with
the XPS result. Fourier transform extended X-ray absorption fine
structures (FT-EXAFS) analysis was employed to investigate the
local environment of the Pd atoms (Figure 3b). The strong peak
in the D-Pd M EXAFS spectrum at 2.57 A is assigned to the
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Pd-Pd pairs.[®l The average coordination number (CN) of ele-
ments is proportional to the intensity of FT-y(k) peak and the
corresponding fitting results of Pd K-edge FT-EXAFS (Figure S9
and Table S1, Supporting Information) give an average CN of
10.7 + 1.0, which is lower than that in Pd foil (CNy ¢ = 12),
indicating the existence of unsaturated Pd sites. This is in agree-
ment with the proposed thin-layered structure and the presence
of multiple defects in the D-Pd M.*'l The W species in D-Pd M
was further investigated by analyzing its L;-edge XANES and FT-
EXAFS spectra. As shown in Figure 3c, the white-line peak inten-
sity is between WO, and WO,, which gives an approximate oxi-
dation state of +5.1*>3¢ This finding is consistent with the results
obtained from XPS analysis. In addition, the peaks in the FT-
EXAFS spectrum (Figure 3d) at 1.38 and 2.43 A can be assigned
to W-O and W-Pd environments.**¥7] The corresponding fitting
results of W L;-edge FT-EXAFS show the CN of W-Pd is 6.3 + 0.8.
Based on these results, we propose that WO, (x = 2.5) is doped on
the surface of metallene. Additionally, W substitutes the position
of Pd, as illustrated in Figure S12 (Supporting Information).*]
Notably, while W-W pairs are present in bulk WO, and WO;, they
are not observed in D-Pd M according to the FT-EXAFS spectrum
and wavelet transform analysis (Figure 3g), which can better re-
solve features in K-space and radial distance. The results indicate
that atomic WO, species are doped on the surface of the metal-
lene. Furthermore, we also investigated the chemical states and
local coordination environments of Mo in D-Pd M by employing
Mo0O,, MoO,, and Mo foil as reference materials. In Figure 3e,
MoO; exhibits a distinct pre-edge feature at 19,995 eV, which
is not observed in MoO, and Mo foil. Additionally, a weak pre-
edge is observed in D-Pd M, suggesting that the oxidation state of
Mo in D-Pd M falls between that of MoO, and MoO,.[*] Further-
more, the near-edge structure XANES spectra also support this
conclusion. The FT-EXAFS spectrum in Figure 3f indicates the
presence of Mo-O and Mo-Pd pairs, with no Mo-Mo species ob-
served (Figure 3h), suggesting atomic dispersion of MoO,. The
fitting results of Mo K-edge FT-EXAFS for Mo-Pd give a CN of
0.9 + 0.2, indicating that the MoO, are located on the surface of
the Pd sheets rather than being embedded in the Pd lattice, as
illustrated in Figure S12 (Supporting Information).l*! More de-
tailed peak assignments for FT-EXAFS of Pd, W, and Mo can be
found in Table S1 (Supporting Information). The comparison of
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Figure 2. a) TEM image and b,e) HRTEM images of D-Pd M, with corresponding enlarged crystal details shown in c,d,f) for selected areas (area 1, area
2, and area 3, respectively). g) XRD patterns of D-Pd M, Pd M, and Pd/C. h) Deconvoluted XPS spectra of Pd 3d and i) W 4f of D-Pd M.

corresponding fitting results and the raw data can be found in
Figures S9-S11 (Supporting Information).

In the next step, we evaluated the electrocatalytic performance
of the D-Pd M for ORR in 0.1 M aqueous KOH using a typ-
ical three-electrode electrochemical setup. Here, the saturated
calomel electrode was used as the reference electrode, and a
graphite rod was employed as the counter electrode. All poten-
tials in this study have been converted to reversible hydrogen
electrode potentials (RHE, see details in the Supporting Informa-
tion). Prior to the measurement, freshly prepared D-Pd M and
Pd M were deposited on a VULCAN® XC-72 carbon support
(See details in Supporting Information). In addition, commercial
10% Pd/C and 20% Pt/C were also used as ORR catalyst refer-
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ences. The respective catalysts ink was drop-cast onto the glassy
carbon rotating disk electrode, which acted as the working elec-
trode. The metal loading on the electrode for D-Pd M/C and Pd
M/C was controlled to be 10 pg cm~2, while that of commercial
Pd/C and Pt/C was controlled to be 15 pg cm™ to reach the well-
defined limiting current densities. The typical cyclic voltamme-
try (CV) curves of all the catalysts were recorded in N,-saturated
0.1 M KOH at a scan rate of 50 mV s™!. As shown in Figure 4a
and Figure S13 (Supporting Information), the peak located at
0.74 V of D-Pd M/C is assigned to Pd oxide reduction.!?/ No-
tably, the reduction potential is a descriptor of the Pd-O bind-
ing energy. Compared to Pd/C (0.69 V) and Pd M/C (0.73 V),
the peak of D-Pd M/C shifts positively, revealing its weaker
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Figure 3. XAS characterizations of D-Pd M. Experimental XANES spectra a,c,e) and EXAFS spectra b,d,f) of Pd, W, and Mo, respectively. Wavelet trans-

form profiles of W g) and Mo h).

oxygen affinity.[”7’l Next, we determined the electrochemically
active surface areas (ECSAs) of D-Pd M/C and reference catalysts
by underpotentially deposited hydrogen (H,,4) and underpoten-
tially depositing copper (Cu,,;) methods (See method details in
Supporting Information). The ECSAs determined from the Cu,,,4
method were used for further analysis. The ECSA values are es-
timated by Cu,,q to be 79 m? gy~ for D-Pd M/C, 70.5 m? g4~
for Pd M/C, 40.4 m? g,,~! for Pd/C, and 51.8 m? g, ! for
Pt/C, respectively (Figure S14, Supporting Information). The in-
creased active areas of D-Pd M can be attributed to its porous
and curved structure. This structural characteristic ensures that
more active sites are exposed to the electrolyte during the catalytic
process.

Adv. Sci. 2024, 2405187 2405187 (5 of 10)

90

The linear sweep voltammetry (LSV) curves of all the sam-
ples were determined in an O,-saturated 0.1 m KOH electrolyte
at a scan rate of 20 mV s! to assess their ORR performance.
As shown in Figure 4b, D-Pd M/C shows the most positive half-
wave potential (E,;,, 0.93 V) and onset potential (E,, 1.02 V),
as compared with those of Pd M/C (0.87 and 0.99 V), Pd/C (0.87
and 1.02 V), and Pt/C (0.88 and 1.01 V), revealing that D-Pd M/C
exhibited the best catalytic performance for ORR among all the
catalysts. The diffusion-limiting current density (j;) of D-Pd M/C
(5.7 mA cm™?) is also higher than that of Pd M/C (5.4 mA cm™?),
Pd/C (5.5 mA cm~?), and Pt/C (5.6 mA cm™?). Such high lim-
iting current density is a benefit to the high-power densities of
Zn-air batteries. Besides, D-Pd M/C has the smallest Tafel slope

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

SonIpo) pue s 1 A1 33§ “[HZ0T/80/61] 10 AT FMUQ AL LI PUIOASIENSPANL AQ L8 1§0FT0T SAPE/T001-01/10p M0 A3[ ABIQH3U]0/7 SN 1o PapEoInoq] ‘0 “HHSE861T

25207 SUONITO) AUEAL) Aqordde ) Aq PALIPAOS 31 SAIE VO 38N J0 SN 40] ARG UUO K[ WO



3. Results and discussion

ADVANCED
SCIENCE

ADVANCED
SCIENCE NEWS

WWW.

www.advancedscience.com

(@)% —p7amic (b) —prawrc (c) D-EMIC
——Pd M/C 1.00 ——PdM/C
10% Pd/C =) ——10% Pd/C
o 20% Pt/C E 0.96 ——20% PU/C
E P 42.6 mV-dec’
z g
g ?.,0'92 93.7 mV-dec”'
= =
! 0.88 74 mV-dec”
~06 0.736 V -6
02 04 06 08 1.0 12 02 04 06 08 1.0 0.6 -03 00 03 06 0.9

E (V vs. RHE) E (V vs. RHE) Log (j/mA -cm™)
(d)4 16 © 01— D-Pd M/C (Initial) ® @0.9V Initial
= I After 5,000 cycles After 5,000 cycles
£ & [T After 10,000 cycles ~ 12 After 10,000 cycles
3 12< g &
=z 5 2 =
S < 8 ().
=, 8% & g o8
= 4
1 4 = 0.4
5
N —
3704 05 06 07 08 09 %204 06 o8 ro 12 00 Dp, - Pgr, 109, , 200
E (V vs. RHE) E (V vs. RHE) d v/ 8 % Pail% P

Figure 4. a) CVs of D-Pd M/C and Pd M/C, b) LSVs, and c) Tafel slopes of D-Pd M/C, Pd M/C, Pd/C, and Pt/C, d) electron transfer number and H,0,
yield of D-Pd M, e) LSVs of D-Pd M, and f) mass activities of D-Pd M/C, Pd M/C, Pd/C, and Pt/C at 0.9 V before and after 5,000 and 10,000 cycles.

value (Figure 4c) of 42.6 mV dec™!, compared with that of Pd M/C
(74 mV dec™!), Pd/C (93.7 mV dec™!), and Pt/C (63.5 mV dec™?),
which indicates faster ORR reaction kinetics on the surface of D-
Pd M. To further quantify the intrinsic ORR activity, kinetic cur-
rents were calculated for all catalysts using the Koutecky-Levich
(K-L) equation (see details in Supporting Information). These
were then normalized based on the metal mass loading of the
catalysts and the ECSA to determine the mass avtivity (MA) and
specific activity (SA). As shown in Figure S15 (Supporting Infor-
mation), D-Pd M/C achieves an MA of 1.3 A mg;,~" at the gen-
erally chosen potential of 0.9 V, which is 3.3, 3.9, and 6.5 times
higher than that of Pd M/C, commercial Pd/C, and commercial
Pt/C. Additionally, D-Pd M/C delivers an MA of 5.2 A mg,~!
at 0.85 V. This value is also apparently higher than that of Pd
M/C (1.4 A mgp; '), commercial Pd/C (0.88 A mgp;~'), and
commercial Pt/C (0.88 A mgy,~'). Likewise, D-Pd M/C also has
specific activities of 6.13 and 1.5 mA cm™ at 0.85 and 0.9 V,
respectively, which significantly outperform Pd M/C (1.86 and
0.52 mA cm™2), commercial Pd/C (2.46 and 0.91 mA cm™2), and
commercial Pt/C (1.31 and 0.3 mA cm™2). The excellent ORR cat-
alytic performance of D-Pd M/C can be attributed to the lower
Pd-O binding energy, which facilitates the generation of inter-
mediates (*OH and *OOH) and their transformation to H,O.
Furthermore, to understand the catalytic process of D-Pd M, ro-
tating ring-disk electrode measurements were used to determine
the electron transfer number (n) and hydrogen peroxide yield,
see details in Supporting Information. As shown in Figure 4d
and Figure S16a (Supporting Information), the electron transfer
number is >3.9 between 0.3 to 0.95 V, revealing a four-electron
transfer-dominated pathway, which agrees well with the results
obtained from the K-L plot at rotation rates between 625 and
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2025 rpm (Figure S16b,c, Supporting Information). The H,0,
yield is only 0-1.6% within the potential range from 0.8 to 0.3 V.
Pd M/C, Pd/C, and Pt/C exhibit similar results, indicating a con-
sistent four-electron transfer process (Figure S17, Supporting In-
formation).

Apart from electrocatalytic activity, stability is another essen-
tial criterion for the comprehensive evaluation of the catalytic per-
formance. Therefore, we employed accelerated durability tests by
CV cycling between 0.6 and 1.0 V at a scan rate of 200 mV s~! in
an O,-saturated 0.1 M KOH electrolyte. As shown in Figure 4e,
after 5,000 and 10,000 cycles, the E, , of D-Pd M/C shows only
negligible decay (4 and 6 mV, respectively). In contrast, an ap-
parent negative shift was observed for Pd M/C (10 and 23 mV),
commercial Pd/C (19 and 23 mV), and commercial Pt/C (25 mV
and 38 m), respectively (Figure S18, Supporting Information). In
addition, the MA of D-Pd M /C at 0.9 V has decreased by 10.4%
and 19.2% after 5,000 and 10,000 cycles (Figure 3f), which out-
performs those of Pd M/C (18.7% and 41%), commercial Pd/C
(36.6% and 44.6%), and commercial Pt/C (60.4% and 74.6%).
The same scenario was also observed at 0.85 V vs. RHE in all
the catalysts (Figure $19, Supporting Information). Additionally,
the morphology and structure of D-Pd M have no obvious degra-
dation after 10,000 cycles, compared to the pristine sample. In
comparison, the apparentaggregation of Pt nanoparticles was ob-
served in Pt/C (Figure S20, Supporting Information). The com-
position of D-Pd M was determined by ICP-OES, which shows
the atomic ratio of Pd:W is 94.2:5.8. However, no Mo was deter-
mined, which indicates that MoO, dissolved under the electro-
chemical tests and explained the slight catalytic degradation.

Based on the previous report from Norskov, the binding en-
ergy between catalysts and O, is linearly correlated with the
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energy center of the valence d-band density of states (d-band cen-
ter), making it one of the most successful descriptors of ORR
activity.*!l We therefore calculated the d-band centers of vari-
ous defects in D-Pd M using density functional theory (DFT) to
elucidate the reasons for the superior ORR activity of D-Pd M.
We constructed a four-atom layer model for the D-Pd M, incor-
porating WO, doping into the surface lattice of metallene and
MoO, attachment to the edge Pd atoms. The loading of W and
Mo were set to 5% and 1%, respectively, to be in line with ex-
perimental results. As shown in Figure 5a, the d-band centers of
surface Pd atoms in different layer Pd sheets were calculated. A
downward shift (~0.11 eV) in the d-band center of surface atoms
is observed in the four-layer Pd sheet compared to the sixteen-
layer Pd sheet, which results in less strongly bound O, on the
surface Pd atoms.[?*] We note that the average spacing between
the planes in four-layer Pd metallene is 3.2% greater than in a
16-layered nanosheet, indicating a higher level of tensile strain
in the four-layer structure compared to multilayer Pd sheets.
The electronic structures tuned by defects were also investigated.
As illustrated in Figure 5b, in a perfect four-layer Pd sheet, the

Adv. Sci. 2024, 2405187 2405187 (7 of 10)

d-band center of the surface atoms in the (111) plane is —1.67 eV.
However, when subjected to concave defects and pore defects, the
sublayer layer atoms feature substantially lower d-band centers
(—1.75 and —1.8 eV, respectively) compared to the surface atoms.
This indicates a weaker binding ability to O,, thereby facilitating
the formation and conversion of intermediates (*OH and *OOH)
to H,0/OH".I"*15] The findings confirm that concave and pore
defects serve as effective means to introduce highly active sites,
thereby enhancing the catalytic properties for ORR. Moreover,
embedding WO, into the surface Pd lattice also leads to a down-
shift of the d-band center by 0.11 eV. The average d-band cen-
ter of edge Pd atoms was calculated to be —1.59 eV, significantly
higher than that of surface atoms. This discrepancy reveals the
less favorable catalytic features for ORR exhibited by edge atoms.
After attaching MoO, to the edge Pd atoms, the d-band center
of these atoms shifted downward to —1.69 eV, a value similar to
the d-band center of surface atoms in Pd (111), indicating the im-
proved catalytic properties. These computational results suggest
that size effects, pore defects, concave defects, WO, doping, and
MoO, modification can effectively enhance the ORR activity of

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) Scheme of the aqueous Zn-air battery, b) full discharge profile (voltage versus specific capacity of discharge) for a Zn-air battery using D-Pd

M/C as the air cathode at a current density of 15 mA cm=2, c) the discharge curves of Zn-air batteries at current densities of 1, 2, 5, 10, and 15 mA cm
and d) the charge—discharge profiles of two Zn-air batteries worked at a current density of 15 mA cm™

D-Pd M. We note that these calculations do not consider the
leaching of MoO, species during long-term electrochemical op-
eration (see above).

Next, the practical utility of the D-Pd M catalyst was tested
by integration into an aqueous custom-built Zn-air battery
(Figure S21, Supporting Information). Given the economic ex-
pense of Pd metal, we opted to test the system at an extremely
low Pd loading at the cathode (26 ugpq cm2). The principal struc-
ture of the Zn-air battery is shown in Figure 6a; briefly, the bat-
tery is based on a carbon paper-supported D-Pd M/C as the air
cathode, a Zn plate as the anode, and 6 M aqueous KOH solution
containing 0.2 M Zn(CH;COO), as the electrolyte. Initial tests
show that the Zn-air battery achieves a high open-circuit poten-
tial (OCP) of 1.4 V (Figure S21, Supporting Information). The
specific capacities of the D-Pd M/C- battery at 15 mA cm™ is
illustrated in Figure 6b. For comparison, a reference Zn-air bat-
tery using commercial Pt/C coated carbon paper (26 pg,, cm™2) as
air cathode was tested under the same conditions. After normal-
izing for the weight loss of Zn, the D-Pd M/C-based battery ex-
hibits a discharge specific capacity of 809 mAh g, !, correspond-
ing to an energy density of 982 Wh kg, !, which outperforms
the Pt/C-based battery (785 mAh g,,~' and 890 Wh kg, ~'). In
addition, during the long-term discharge test, the potential of
the D-Pd M/C-based cell remained remarkably stable and only

Adv. Sci. 2024, 2405187 2405187 (8 of 10)

-2

2 with each cycle lasting 60 min.

a slight potential decrease of 0.05 V was observed. In contrast,
a notable potential drop (>0.2 V) was observed for the Pt/C-
based battery. The stability of the D-Pd M/C-based battery is fur-
ther shown by the discharge curves at various current densities
(Figure 6¢). Also, the D-Pd M/C-based battery achieves a high
power density (55 mW cm™2) compared with the Pt/C-based bat-
tery (37 mW cm™2), see Figure S22a (Supporting Information).
The power density of the D-Pd M/C-based battery can be in-
creased by at higher D-Pd M loadings, see Figure S22b (Support-
ing Information).

To assess the cycling durability, the D-Pd M/C-based Zn-
air battery was further tested at a charging and discharg-
ing rate of 15 mA cm™ for 60 min per cycle. As illustrated
in Figure 6d, D-Pd M/C-based battery exhibits a significantly
longer cycling lifetime over 300 cycles (%300 h) with a small
charge/discharge voltage gap. Initially, the charge/discharge volt-
age efficiency reached 80.1% with a potential gap of 0.33 V. Dur-
ing cycling, the voltage efficiency decreased slowly, while the
discharging potential remained exceptionally stable throughout
the measurement. The gradual increase in charging potential
resulted in a decrease in round-trip voltage efficiency, possibly
attributed to imperfect oxygen evolution activity under condi-
tions of very low palladium loading (Figure S22c, Supporting
Information).
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3. Conclusion

In summary, we demonstrate how molecular-level tuning of 2D
metallene structures becomes possible using bottom-up materi-
als design routes. The study shows how introduction of various
defect sites impacts the oxygen reduction reaction reactivity of
a 2D palladene nanostructure catalyst, leading to high reactiv-
ity and stability under harsh conditions. Combined experimental
and theoretical analyses reveal the correlation between defects,
change in electronic structure, and resulting reactivity. Integra-
tion of the catalyst into as cathode in a Zn-air battery demon-
strated outstanding performance at very low Pd loading. This
study offers valuable insights into the design of efficient ORR cat-
alysts with reduced precious metal consumption, which can open
new paths for larger-scale deployment of non-earth-abundant el-
ements.

4. Experimental Section

The authors have cited additional references within the Supporting
Information.[313342-46] A preprint of this manuscript has been deposited
at https://doi.org/10.26434 /chemrxiv-2024-fkr00.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Bansmann, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb.

This paper reported a self-supported catalyst
based on bimetallic NiCu alloy and 3D
printed polymer with a sandwich structure
consisting of polymer-metal-metal oxides

and/or hydroxides. The composite electrode

showed high performance in the green
electrosynthesis ammonia from of nitrate,
giving NH3 Faradaic efficiencies of up to 83%
and NHjs yield rates up to 860 pg/(h-cm?).
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Metal Alloy-Functionalized 3D-Printed Electrodes for
Nitrate-to-Ammonia Conversion in Zinc-Nitrate Batteries

Si Liu*,® Yupeng Zhao',* " Zhengfan Chen,”® Dandan Gao,”" Fan Feng,

[a, b]

Tobias Rios-Studer,”™ Joachim Bansmann,” Johannes Biskupek,'” Ute Kaiser,”’ Rongji Liu,**®!

and Carsten Streb*®

Electrocatalytic nitrate reduction is a promising approach to
remove harmful nitrate and produce ammonia in aqueous
media. Here, we demonstrate how 3D printed polymer electro-
des can be electroless plated with a bimetallic NiCu alloy film
suitable for sustained nitrate-to-ammonia reduction. Character-
ization by powder X-ray diffraction, X-ray photoelectron spec-
troscopy, scanning/transmission electron microscopy and en-
ergy-dispersive X-ray spectroscopy indicate that the electrode
has a two-layer structure consisting of polymer/ coating layer of

Introduction

NH, is a fundamental indispensable ingredient for chemical
synthesis, agriculture and pharmaceuticals industry.? Large
scale production of NH; was not feasible until the Haber-Bosch
process was developed, which requires high temperature and
pressure to drive the combination reaction of N, and H,.*>* This
process has dramatically improved the production of fertilizer
and facilitated the manufacture of nitrogen-containing com-
pounds in industry. However, as a result of the high energy
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metal alloys. The composite electrode shows high-performance
in the nitrate-to-ammonia electroreduction, giving NH; Faradaic
efficiencies of up to 83% and NH, yield rates up to 860 ug/
(hcm?) at —0.38V vs. RHE. We show that the electrode can
easily be integrated into a Zn-nitrate battery, giving a power
density of 3.8 mWcm2 with continuous NH; production. The
system combines three productive outputs, that is removal of
nitrate pollutants, synthesis of valuable ammonia and gener-
ation of “green” electricity.

barrier of the reaction and the growing demand for NH,, Haber-
Bosch cost nearly 2% of global energy and result in 400 Mt of
CO, emission yearly.®” To address this problem, the reduction
of N, to NH; (NRR) using H,O as the proton source and powered
by renewable electricity has garnered public attention due to
its potential to address CO, emissions and offer a sustainable
pathway for the future NH; industry. However, the high energy
barrier for breaking the N=N triple bond and the low-efficiency
mass transport at the gas-liquid-solid interface significantly
impede this approach. As an alternative, the nitrate (NO,")
electroreduction to NH; (NO;RR) is energetically more favorable
than direct NRR for NH; electrosynthesis, particularly since
nitrate is an ubiquitous water pollutant (due to intensive
agriculture), has a high water solubility and a low dissociation
energy for the N=0 bond. Thus, ammonia generation by nitrate
reduction could be an efficient path to access a valuable
chemical while removing aqueous pollutants.

The conversion of NO;™ to NH; is a complex proton-coupled
eight electron process involving a sequence of intermediates.
According to theoretical studies, Cu binds hydrogen poorly but
adsorbs nitrate radicals and NO;RR intermediates strongly,
resulting in remarkable selectivity for NH; generation.*? In
addition to metallic Cu, CuO, Cu,0, and Cu,P were also reported
as NO;RR catalysts with high Faradaic efficiency (FE)."*"
Furthermore, bimetallic or multimetallic Cu alloys exhibit higher
activity and selectivity than monometallic Cu-based electro-
catalysts, allowing for controllable intermediate adsorption and
increased conversion efficiency by adjusting the elemental
composition and electronic structure of the catalyst."*?%

In addition to the activity and selectivity of the catalyst
itself, the architecture, conductivity, and cost of the substrates
must all be addressed in consideration of manufacturing the
supporting electrodes. An ideal electrode substrate should
facilitate mass transfer, possess a large specific surface area for
catalyst deposition, and enable rapid release of products. Most
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recently, 3D printing has garnered much attention in fabricating
electrodes owning to the simple fabricating process, flexible
structure building, wide range of printed materials and low
cost.””‘"

This work developed a general method for preparing 3D
printed electrodes for the NO,RR. The commercial thermoplastic
polymer acrylonitrile butadiene styrene (ABS) was used, and 3D
printed into a microstructured lattice support. Subsequent
surface modification of the ABS resulted in the generation of
surface carboxyl and amino groups suitable for metal coordina-
tion (focus: Ni?*, Cu?*). Then, the NiCu alloy was coated onto
the polymer surface by electroless plating. The resulting
electrode was tested for the NO,RR in aqueous media and
showed excellent performance. Its integration into an aqueous
Zinc-nitrate battery demonstrated the technological utility of
the electrode system.

Results and Discussion

The 3D printed electrodes were fabricated in a three-step
process involving 3D printing, chemical surface etching, and
electroless plating (Scheme 1). The electrodes were designed
and 3D printed with a microstructured lattice pattern to

Chemically etched

As printed ABS mesh ABS mesh

MnO, oxidation
e i

c=c Mn9: HoOC
COOH

Electroless plating
ol N

increase their surface area and mass transfer properties
(Scheme 1 and SI, Figure S1a) based on earlier works by some
of us/””! Based on these reported studies, the ABS polymer
surface of the electrode was then oxidized to generate
carboxylate and amine binding sites for metal ion coordination
(Scheme 1).

To study the impact of the metal composition, we prepared
the following electrodes: pure Ni (Electrode 1), pure Cu
(Electrode 2) and bimetallic NiCu alloy (Electrode 3). Elec-
trode 1 was prepared as reported recently by some of us.?”
Electrode 2 was prepared using a similar method using Cu?*
instead of Ni’* for electroless plating (see SI). Electrode 3 was
fabricated by electroless plating with a NiCu alloy. This was
achieved using aqueous solutions of NiSO,-6H,0 and CuSO,
which were reduced in a self-catalyzed reaction using NaH,PO,
as reductant (see SI). The plating temperature was optimized at
60°C based on an optimum deposition rate and the low glass
transition point of ABS#>% The detailed procedures of
preparing three electrodes are described in the SI.

Figure 1a shows the powder X-ray diffraction pattern
(pXRD) of Electrode 1, 2 and 3. The broad peaks for Electrode 1
and Electrode 2 at ~20° are attributed to the printed ABS. This
feature was not observed in Electrode 3 due to the strong NiCu
alloy signal. Following Ni electroless plating, new peaks evolve

NiCu /ABS mesh
(Electrode 3)

B-N

SnCl, solution PdClI, solution

NiCu plating
solution

Scheme 1. Schematic illustration of the chemical etching, electroless plating with NiCu metal on 3D printed ABS mesh electrodes.

—— Ni (ICDD PDF#00-045-1027) “~IElectrode 1 Ni%* 2p., “='[Electrode 2
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Figure 1. (a) pXRD patterns for Electrode 1, 2 and 3. (b) high resolution XPS spectra of Ni 2p for Electrode 1 and 3. (c) high resolution XPS spectra of Cu 2p for

Electrode 2 and 3.

ChemElectroChem 2024, 202400291 (2 of 7)

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

woxy

-SdIT) STIONIPRI0) PIE STIAT 31 295 [3207/£0/21] 10 ATHIFT 3O AS[EA “ZUTeJ TAONQISIS DA AQ T6200KT0T2193/2001 010D M0 KaQv

> Samav A

5T SO0 2ATIAL) QEAIAdE AT £ PATISAOS AT SAIIE VO *351 J0 SAN 0] AWIQIT AMUQ A3 T



3. Results and discussion

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202400291

"0°9170961T

at ~45°, 52° and 76° correspond to metallic Ni. Similarly, due to
the coating of Cu, the pXRD pattern in Electrode 2 shows
prominent metallic Cu peaks at ~43.4°, 50.4°, and 74.0°. It is
worth noting that the peaks at ~36.6°and 61.6° demonstrate
that part of Cu’" in the plating solution were only be partially
reduced to Cu,O, as previously observed.”" In Electrode 3,
there is no discernible signal for Cu,0, since NaH,PO, was used
as strong reducing agent (rather than HCHO used for the
synthesis of Electrodes 1/2). The pXRD patterns in Figure 1a
illustrate that Electrode 3 shows signals consistent with a face-
centered cubic lattice characteristic for Ni, Cu and their alloys.
The larger lattice spacing observed for Electrode 3 (marked
with dashed lines) is due to the increased lattice constants due
to the larger atomic radius of Cu compared with Ni.***

The surface compositions of the electrodes were inves-
tigated by X-ray photoelectron spectroscopy (XPS). The survey
XPS spectrum of Electrode 3 shows no Pd was left on the
electrode though we used PdCl, solution during the treatment
of ABS substrates (Figure S1d). Figure 1b illustrates that the Ni
species on the surface of Electrode1 and Electrode 3 are
comparable, showing a main contribution from Ni2*,%* which is
presumably formed by surface-oxidation of the metallic nickel
deposited. In addition, the signal at 851.4 eV observed for
Electrode 3 indicates the presence of metallic Ni. In contrast, no
metallic Ni peak was observed in the Electrode 1. This might be
resulted from the formation of a thick NiO/Ni(OH), surface
layers, so that no XPS signal of the underlying Ni metal is
observed. The Cu 2p XPS for Electrode 2 shows the character-
istic peaks for Cu(l) (peaks at 951.8 and 932 eV correspond to
the Cu(l) 2p,,, and Cu(l) 2p,,, respectively) and Cu(ll) (peaks at
953.6 and 933.8 eV correspond to the Cu(ll) 2p,,, and Cu(ll) 2p;,
» respectively) species, and the satellite peaks from high-spin
Cu(ll) ions, indicating the co-existence of Cu,0 and CuO/
Cu(OH), on the surface (Figure 1¢).*” In comparison, mainly
metallic Cu peaks (peaks at 951.6 and 931.7 eV correspond to

the Cu(0) 2p,, and Cu(0) 2p,,, respectively) are observed for
Electrode 3, which is consistent with the pXRD result.

The morphology of Electrode 1 was analyzed by scanning
electron microscopy (SEM), which indicates the deposited Ni
layer on printed ABS substrate has a wrinkled structure
composed of aggregated particles with diameters between
~700 nm to 1.5 um (SI, Figure S2). In comparison to Electrode 1,
the electroless Cu coating layer on Electrode 2 is composed of
aggregated particles with a diameter of approximately 500 nm
(SI, Figure S3). According to Figure S4a, b, the Cu particles are a
mixture of polycrystalline and amorphous structures, which was
further confirmed by the selected area electron diffraction
(SAED) pattern (Sl, Figure S4c). The high-angle annular dark-
field scanning-transmission electron microscopy (HAADF-STEM)
and corresponding energy-dispersive X-ray spectroscopy (EDX,
Sl, Figure S5) mapping illustrates the distribution of the main
elements, Cu and O, in the coating layers of Electrode 2. It is
worth noting that there are also C and N with the atomic ratio
of C/N=4/1, confirming the presence of residual EDTA (from
the synthesis) on the copper surface.*® The SEM image of
Electrode 3 shows the NiCu coating layer on printed ABS
substrate has a rough surface (Figure S1b,c) contains dense
aggregates of nanoparticles with diameters around 100 nm
(Figure 2a). While the TEM image of the NiCu coating layer of
Electrode 3 (Figure 2b) demonstrates that the formed NiCu
layer has a thick dense stacked structure. The SAED pattern
(Figure 2¢) shows the randomly ring features which confirm the
polycrystalline structure of the plated metal particles. The EDX
mapping images of the NiCu coating layer on printed ABS
substrate indicate the homogenous distribution of Ni, Cu, O,
and P (Figure 2d-g).

To investigate the electrocatalytic NO,RR performance of
the as-prepared electrodes, a three-electrode system with the
as-prepared electrodes as working electrode, Pt wire as counter
electrode, saturated calomel electrode (SCE) as reference

Figure 2. Microscopic characterization of Electrode 3. (a) SEM image, (b) TEM image, (c) SAED pattern 3, (d-g) EDX elemental mapping analysis.
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electrode was set up in a H-cell. The anolyte and catholyte were
separated by Nafion membrane. To evaluate the performance
of the electrodes, linear sweep voltammetry (LSV) curves were
collected from 04 to —0.8V vs. RHE in 0.5M Na,SO, as
electrolyte with and without 50 mM NaNO,. In comparison,
Electrode 1 (Figure S6) was more active for the hydrogen
evolution reaction (HER) compared with NO,;RR due to the Ni
coating,'"” while both the LSV curves of Electrode 2 (Figure S7)
and Electrode 3 (Figure 3a) show the obvious increase of
current density in the presence of NO;~ with the onset potential
at around —0.21V, indicating the efficient role of Cu based
catalysts (here Cu, Cu,0 and CuO/Cu(OH),) for NO;RR. Mean-
while, for both Electrode 2 and Electrode 3, the current density
increased sharply to its transport-limited value (from —0.4 V to
—0.6V) of ~50 mA/cm? for NO; reduction, and then further
increased as a result of the occurrence of HER (Figure 3a and SI,
Figure S7). The selectivity of Electrode 1, Electrode 2 and
Electrode 3 under various applied potentials was further
investigated by 2 h of chronoamperometry in 0.5M aqueous
Na,SO, containing 50 mM NaNO, (SI, Figures S8-S10). The
presence of NH,” and NO,™ was quantified by UV-vis spectro-
scopic analyses. To create the calibration curves, a series of
electrolytes with known concentrations of NH,Cl and NaNO,
were measured using a colorimetric approach (S|, Figure S11).
Figure 3b and SI, Figure S12 show the corresponding FE of
NH,” for Electrode1, 2 and 3. As shown in Figure 3b,
Electrode 3 shows increasing FE for NH," within the potential
range from —0.18 to —0.38V, reaching a maximum value of
83% at —0.38 V. However, at —0.48 V and —0.58 V, the FE was
slightly reduced to 82% and 70% respectively, which might be

related to the competitive undesired HER. In contrast, for
Electrode 1, the maximum FE was obtained at —0.18 V (62 %),
then declined linearly to 16% at —0.58V, indicating the
increasing HER selectivity (Figure S12a) when the overpotential
is increasing; while for Electrode 2, the FE of NH, " indicates a
volcano-like distribution with the peak value of 76% at —0.48 V
(Figure S12b). The comparison reveals that Electrode 3 contain-
ing Ni and Cu exhibits higher NH, " efficiency than Electrode 2
containing only Cu in all the investigated potential ranges. The
above findings indicate that Electrode 3 is the most efficient
electrode for NO,~ to NH; conversion, possibly owing to the
synergistic effect between Ni and Cu.*” The NH,* yield rate was
further calculated to evaluate the performance of Electrode 3
(Figure 3c). As expected, at the onset potential region of the
reaction, Electrode 3 demonstrates low NH," vyield rate
(111 pg/(hecm?) at —0.18V) and then it increases to 861 ug/
(hcm?) at —0.38 V. However, this value remains constant even
at more negative applied potentials, which is in accordance
with the mass-transfer limiting platform (from —0.4 V to —0.6 V)
in the LSV curves."” It should be noted that Electrode 1 and
Electrode 2 showed higher NH,™ yield rate at some potentials
compared with Electrode 3 (Figure S12c), which may be due to
the higher current densities of these electrodes. The NiCu based
Electrode 3 also shows comparable activities with the current
reported NiCu based catalysts (Table S1), however this work
shows a feasible green method for the synthesis of the
electrodes based on the 3D printed substrates.

Further, the effect of NO,™ concentration on the catalytic
performance of Electrode 3 was also studied. As shown in SI,
Figure S13a, the current density in the LSV curves improves as
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Figure 3. Electrocatalytic NO; -to-NH; conversion by Electrode 3. (a) LSV curves of Electrode 3 in 0.5 M Na,SO, and 0.5 M Na,SO, + 50 mM NaNO:.. (b) FE of
NH," and NO,™ on the Electrode 3 at different potentials. (c) NH, " yield rate of Electrode 3 in 0.5 M Na,SO, + 50 mM NaNO; at different potentials and (d)

Stability test of Electrode 3 at —0.38 V vs. RHE.
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the concentration of NaNO, increases. Further analyses show
that both the FE and yield rate for NH," were decreased when
we increased the concentration of NaNO; to 100 and 200 mM
compared with that in 50 mM, which could be due to the
higher NO, selectivity in high nitrate concentration (Fig-
ure $13b,¢).

The experimental results show that Electrode 1 (containing
Ni) works efficiently as a HER catalyst, while Electrode 2
(containing Cu) works efficiently for NO;~ conversion to NH,.
The synergistic effect of Ni and Cu in Electrode 3 further
promotes the NO,~ to NH; conversion, thus increasing the NH;
selectivity.

It is understood that the conversion of NO,~ to NH; can be
separated into a number of elementary reactions. Initially, NO,
is adsorbed to form *NO, , followed by a series of deoxidation
processes (*NO; —*NO, —*NO—*N), and subsequently, se-
quential hydrogenation of *N occurs (*N—*NH-—*NH,—
*NH,).2** It has been reported that Ni alloying with Cu can
induce an upshift of the Cu d-band center towards the Fermi
level in CuNi alloys, thereby increasing the binding strength of
NO;RR intermediates on the catalyst surface. This enhanced
binding suppresses the desorption of intermediates and
promotes their further hydrogenation, ultimately leading to
increased ammonia production.'”?”)

NMR was used to confirm NH,* amount in the electrolyte
and exclude the possible contamination effect from the
environment. Similar to the UV-vis approach, the calibration
curves were obtained by preparation of reference electrolytes
containing known concentrations of "“NH,Cl and "*NH,Cl. The

intensity of the NMR signals increases as the concentration of
YNH,Cl or NH,Cl increases, as shown in SI, Figure S14 a,b, and
the '"H NMR spectra exhibit the characteristic feature of three
peaks for NH,Cl and two peaks for *NH,Cl. The electrolytes
were collected after 2 h electrocatalysis at —0.38 V vs. RHE in
the electrolyte containing 50 mM Na'*NO; or Na"°NO;. In the
Na'°NO, labeled electrolytes, only two peaks emerge in 'H NMR
spectra as shown in SI, Figure S15, indicating that the NH,
generated is from electrochemical nitrate reduction rather than
contamination. The FE for “NH,* and "*NH,* are 73% and 67 %
respectively.

Long-term stability is another critical criterion in determin-
ing the suitability of the electrode for practical application.
Electrode 3 was therefore operated at the optimum conditions
(—0.38V vs. RHE for 2 h in the electrolyte containing 50 mM
NaNO;) and recovered, washed, and reused for 6 runs, see S,
Figures S16, S17. The FE of NH, " declined slightly during cycling
but remained at 78% in the 6™ cycle, indicating of the high
stability of Electrode 3 (Figure 3d). Furthermore, the corre-
sponding FE of NO,” underwent little variations during cycling.
SEM measurement was used to reveal the potential morphol-
ogy change for the cycling tested electrode, which shows
virtually no changes compared with the fresh samples (SI,
Figure S18). In addition, pXRD analysis shows the same
characteristic signals as the pre-catalytic sample (S, Figure S19).

For practical application, we further constructed a novel Zn-
nitrate battery utilizing Electrode 3 as the cathode and zinc foil
as the anode (illustrated schematically in Figure 4a)."**%* As
depicted in Figure 4b, the battery maintains a constant open
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Figure 4. Electrochemical performance of hybrid aqueous Zn-nitrate batteries based on Electrode 3. (a) Schematic illustration of the Zn-nitrate battery with Zn
anode and Electrode 3 cathode. (b) Open-circuit voltage of Zn-nitrate battery. (c) Discharge polarization curves and corresponding power density curves of
the Zn-nitrate battery. (d) Discharging curves at different current densities of 2, 4, 6, 8, 10 and 15 mA/cm’. (e) NH,* FE and NH, yield rate of Zn-nitrate
battery after 0.5 h discharging. (f) A photograph of an electronic timer powered by our Electrode 3 based Zn-nitrate battery, operating for ~25 h.
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based Zn-nitrate battery. The discharge curve demonstrates an
increasing output current density as the cathodic potential
becomes more negative. The power density of the battery
peaks at 3.8 mW/cm? (Figure 4c). Figure 4d depicts the time-
dependent discharge curves of the Zn-nitrate battery under
different currents ranging from 2 to 15 mA/cm? indicating
good long-term electrochemical stability. Figure 4e illustrates
the NH,” vyield and corresponding FE during discharge at
various output current densities. The Electrode 3-based Zn-
nitrate battery achieves a high NH,” formation rate of
approximately 410 pg/(hcm? and attains an FE of 35% at
15 mA/cm’. Furthermore, the Electrode 3-based Zn-nitrate
battery powers an electronic timer for at least 25 hours
(Figure 4f). In summary, the Zn-nitrate battery system expands
the scope of Zn-based batteries. The Zn-nitrate battery system
achieves three objectives: sustainable energy supply, NH,
electrosynthesis and degradation of the NO; pollutant in
wastewater.

Conclusions

In summary, we report the design of a 3D printed, Ni—Cu alloy
functionalized electrode for efficient nitrate-to-ammonia reduc-
tion. When compared with the pure Ni and Cu coated electro-
des, the mixed NiCu coated electrode exhibited higher Faradaic
efficiency for electrosynthesis of NH; from nitrate. In addition,
we report high stability and reusability of the electrode.
Integration of the electrode into a Zn-nitrate demonstrated its
operational capacity for combined sustainable electricity pro-
duction, NH; electrosynthesis, and NO,  pollutant degradation.
The reported approach could in future allow the facile, scalable
design of (multi)functional 3D printed electrode materials.
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3.6 Ruthenium-doped Copper Nanowires for Nitrite/Nitrate to Ammonia

Conversion and Their Integration in Zinc - Nitrite Batteries

Tobias Rios-Studer, Zhengfan Chen, Christean Nickel, Fan Feng, Kevin Sowa, Ekemena O.
Oseghe, Sina Sadigh Akbari, Sarra Rahali, Leon Pradel, Ingo Lieberwirth, Guangjin Zhang,
Dandan Gao, Rongji Liu, Carsten Streb.

, / R This publication reported a facile route to
'/ fabricate a Cu foam-based electrode with Ru
atomically incorporated into the copper
nanowires. The electrochemical investigation
revealed that this catalyst exhibited a high
Faraday efficiency near 100 % for the reduction
NH;  of nitrite with a yield rate of 33.2 mg h cm?ata
potential of -0.2 V vs. RHE. Moreover, agueous
Zinc-nitrite batteries integrated with CuRu-3h/CF
catalyst achieved a power density as high as 9 mW/cm?2 with a NH3 yield rate of 2100 pg h

cm? at a current density of 30 mA/cmz2,
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Abstract: The electrochemical reduction of nitrite (NO;) and nitrate
(NO3) not only enables sustainable, circular routes to produce
ammonia (NH;), but also eliminates pollutants in groundwater. Here,
we report a facile synthesis of Ru-doped Cu nanowires on Cu foam
electrodes with low Ru (0.48 wt.%) loading. The composite electrode
shows high-performance in the NO,/NOs to NH; electroreduction,
giving NH; Faradaic efficiency of up to 100% and NH; yield rates up
t033.2mgh' cm?at-0.2 V vs. RHE in NO; reduction. For the nitrate-
to-ammonia reduction, the electrode also shows high activity with
Faradaic efficiency of 88.4 % (at -0.6 V vs RHE) and a yield rate of
62.5mg h”' cm? (at -1.0 V vs. RHE). We show that the electrode can
easily be integrated into a Zn—nitrite battery, giving a power density of
9.1 mW cm?, a NH; yield rate of 1.88 mg h”' cm? and a nitrite-to-
ammonia Faradaic efficiency of 88.9 % at a current density of 20 mA
cm. The system combines three productive outputs, that is removal
of NO, pollutants, synthesis of valuable NH; and generation of “green”
electricity.

Introduction

Ammonia (NH3z) is one of the most essential and important
chemical feedstocks in modern society, with over 150 million tons
produced annually. NH; plays a crucial role in the production of
nitrogen fertilizers for agriculture and many chemicals for
industry."®! Additionally, NH3 is gaining increasing interest as
carbon-free fuel for energy storage due to its high energy density
(4.3 kWh kg™').¥ To-date, the Haber-Bosch-process is the
dominant route in the synthesis of NH3, where NH; is formed by
the reaction of gaseous nitrogen (N,) with gaseous hydrogen (H,)
under high temperature and high pressure, which results in a high
energy demand and a significant impact on the global carbon

footprint. The Haber-Bosch-process consumes about 1-2% of all
energy worldwide and is responsible for more than 1 %of the
annual global CO, emissions.®8! To solve this problem,
electrochemical synthesis of NH3; under ambient conditions offers
an energy-efficient reaction pathway.-®l However, the direct
reduction of nitrogen comes with challenges, such as the low
aqueous solubility and high dissociation energy. Furthermore, the
potential needed to reduce nitrogen is in a region where the
hydrogen evolution reaction (HER) occurs. An alternative to the
reduction of nitrogen is the reduction of NOy~ (nitrate (NO3") and
nitrite (NO27)), which is easily dissolved in water and the
dissociation energy of the N=0O bond (204 kJ mol) is only about
a quarter of the dissociation energy of the N triple bond (941 kJ
mol).®) NOy is also a major water pollutant due to extensive
fertiliser use and industrial processes, and its accumulation in the
environment leads to serious health and ecological issues.[') The
urgent need to eliminate NOy and produce NHz makes the NOy
reduction reaction (NORR) via an efficient electrocatalytic route
particularly compelling.[1"12]

Although electrocatalytic NORR has garnered increasing
attention from researchers as a promising pathway for NH3
synthesis, the reaction kinetics and product selectivity in
electrochemical NOxRR are largely determined by the choice of
catalyst. To date, a wide range of catalysts have been reported in
recent years such as noble metals,['*' transition metals [1617]
metal alloys,'®% as well as metal oxides.?%-28) Among them, Cu-
based materials have emerged as particularly attractive
candidates for NO,RR due to their low cost, weak hydrogen
evolution tendency, and high electrical conductivity.[!7:19.29-33
However, the weak adsorption of hydrogen (Haq) on bare Cu limits
the hydrogenation rate of N-intermediates, resulting in low
Faradaic efficiency (FE) for NHz production. To address this issue,
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noble metals such as Rh, Ru, Pt, and Au, known for their excellent
hydrogen adsorption—desorption properties, have been merged
with Cu substrates to enhance the hydrogenation ability of Cu-
based catalysts at more positive potentials, significantly reducing
the overpotential for the NOyRR.?>3 |t has been proposed that
the Cu site preferentially stabilizes nitrogen intermediate species,
whereas the vicinal noble metals supply the activated H species
required for the surface hydrogenation to proceed. Additionally,
due to synergistic effects, 3d transition metals like Fe, Co, and Ni
have also been used to modify Cu-based electrodes to create
bimetallic composite materials with high NOxRR performance. 3%
This report builds on pioneering work on the design of noble metal
(Ru and Rh)-doped nanostructured Cu catalysts.[534] Here, we
used a modified method for synthesizing a Cu foam (CF) based
composite electrode, where Cu nanowires were grown on the CF
surface, and Ru sites where then deposited on the Cu nanowires.
The resulting composite is referred to as CuRu-xh/CF, where x
represents the duration of the galvanic replacement reaction. The
catalyst shows high selectivity towards NH; formation and
inertness toward HER, as well as a low NO, activation barrier
reported for Ru catalysts *43¢] The optimized electrode CuRu-
3h/CF shows high performance for both, nitrite and nitrate
reduction to ammonia, and integration into an aqueous Zinc-nitrite
battery demonstrated the technological deployment of the system.
¥

Electrochemical Galvanic
oxidation replacement
—
3 M KOH RuCl,
|
CF Cu(OH),/CF

Scheme 1. Schematic illustration of the synthetic process of CuRu-xh/CF.

X-ray photoelectron spectroscopy (XPS) analyses reveal the
presence of both Cu and Ru in CuRu-3h/CF. The high-resolution
Cu 2p XPS spectrum of CuRu-3h/CF is shown in Fig. 1b. The
spectrum shows strong peaks of Cu® 2ps, and Cu® 2p;, located
at binding energies of 932.5 eV and 952.2 eV as well as weak
peaks at higher binding energies of 934.1 eV and 954.2 eV
associated with Cu?* P8l To distinguish the chemical states
between copper metal and oxides, we have also performed Cu
Auger XPS analysis. The Cu LMM Auger spectrum of CuRu-
3h/CF (S, Fig. S2a) shows the peaks associated with Cu?*, Cu*
and Cu®®**#1lindicating the partial surface oxidation of metallic Cu
in CuRu-3h/CF. Fig. 1c displays the high-resolution Ru 3d XPS
spectrum of CuRu-3h/CF. Similarly, the peaks could be
deconvoluted into separated peaks for both Ru® and Ru** 2
Besides, the high-resolution Ru 3p XPS spectrum (SI, Fig. S2b)
also shows the peaks associated with both Ru® and Ru** **l which
could also indicate the partial surface oxidation of metallic Ru in
CuRu-3h/CF.

The morphology of the different electrodes was investigated using
scanning electron microscopy (SEM). The surface of the pure CF
is smooth (Fig. S3), while the images of Cu(OH),/CF (Fig. S4)
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Results and Discussion

Scheme 1 shows the three-step synthetic process for CuRu-
xh/CF (see details in the experimental procedures in Supporting
Information (SI)). Briefly, the CF was firstly electrochemically
oxidised to Cu(OH),/CF, the obtained Cu(OH),/CF was then
treated with RuCls solution in a galvanic replacement reaction to
obtain Ru/Cu(OH),/CF. In the last step, the Ru/Cu(OH),/CF was
annealed in a 10% H./Ar atmosphere to obtain CuRu-xh/CF. The
electrodes were used as-prepared without further pre-treatment.

Powder X-ray diffraction (pXRD) was used to confirm the
formation of Cu(OH). during the electrochemical oxidation (Fig.
S1). The pXRD patterns of pure CF, as well as the synthesized
pure nanostructured CF (NCF, see experimental procedures in Sl)
and CuRu-xh/CF, are compared in Fig. 1a. The pure CF as well
as the synthesized electrodes exhibit three distinct diffraction
peaks at two theta values of 43.3°, 50.4° and 74.1°, which are
attributed to the (111), (200) and (220) lattice planes of a face
centred cubic (fcc) crystalline structure of Cu (PDF#70-3039).
However, no diffraction peaks associated with metallic Ru were
present in CuRu-xh/CF, which indicates that no crystalline Ru
particles are present.7l

Annealing

10% H,/Ar
300 °C

Ru/Cu(OH),/CF CuRu-xh/CF

show a change of the morphology to a uniform nanowire structure
during the electrochemical oxidation, where the nanowires appear
smooth and straight. After galvanic replacement and annealing,
the nanowires shown in the images of CuRu-xh/CF are no longer
smooth and straight and instead appear elongated and curved
with many particles agglomerated on the nanowires (Fig. 1d-1e
and S|, Fig. S5-S7). This structural change is also present in NCF
(Fig. S8), which was prepared without the galvanic replacement
reaction, indicating the aggregation of metallic Cu nanoparticles
on the nanowires during the thermal reduction of Cu(OH),. The
comparison indicates that the structural changes occur during the
annealing process, not during the cation exchange process.
However, it should be noted that the duration of the galvanic
replacement reaction affects the morphology. By comparing the
different CuRu-xh/CF electrodes, it can be observed that a shorter
reaction time (CuRu-1h/CF and CuRu-3h/CF) does not lead to
significant changes in morphology. However, some particle
aggregation is noticeable at the ends of the nanowires (Fig. 1d-
1e and SlI, Fig. S5-S6). If the galvanic replacement reaction time
was extended to 5h, the nanowires were no longer uniformly
present on the surface, and instead were agglomerated (Fig. S7).

This article is protected by copyright. All rights reserved.
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SEM energy dispersive X-ray spectroscopy (SEM-EDX, Fig. 1f
and SI, Fig. 89) shows that Ru is uniformly distributed on the Cu
surface. The loading of Ru determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) for CuRu-
xh/CF was 0.25 wt.% (x = 1), 0.48 wt.% (x = 3) and 0.92 wt.% (x
= 5) respectively (SI, Fig. $10). This indicates prolonged galvanic
replacement time can be used to control the Ru loading amount.
Furthermore, we have also performed transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) to get more
detailed information about the CuRu-3h/CF electrode (SI, Fig.
S11). The images of the surface layer of the electrode show a
polymorphic structure. The lattice spacing was determined as
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0.30 nm which corresponds to the lattice spacing of Cu,0 (110)
(Figure S11d, e), which further indicates partial surface oxidation
of CuRu-3h/CF electrode.

The NO;RR performance was tested in an H-cell filled with 1 M
aqueous KOH as electrolyte, the two cell compartments were
separated by a Nafion 117 membrane. A three-electrode system
using the as-prepared CF-based electrode as the working
electrode, Hg/HgO (1 M KOH) as the reference electrode and the
Pt wire as the counter electrode. All potentials reported in this
study were converted to reversible hydrogen electrode potentials
(RHE).

a [ cu (PDF#70-3039) — CcuRu-ihiCF| by
—~ [—CF ——CuRu-3h/CF|
S [——NCF ——— CuRu-5h/CF =
s Cutt ¢y (200) — G
u
z il
7] A ]
= c
2 A 8
c Al E 2
- A = | Cu“" satellite
i
| ;

C C1s{C-C)
3
s
Q C 1s (C-Q) 0
g Ru® 3dg,
Cu“! satellite o &
u?! satellite 8 C 1s (C=0), 4 Ru** 3dg,
= N
Ru* 3d,, Ru® 3d,,,

960 950
Binding energy (eV)

288 286 284 282 280
Binding energy (eV)

940 930

Cu

Figure 1. Structural and elemental analyses of CuRu-xh/CF. (a) pXRD pattern of the synthesized electrodes, (b) high-resolution Cu 2p XPS spectrum and (c) high-
resolution Ru 3d XPS spectrum of CuRu-3h/CF, (d-e) SEM images of CuRu-3h/CF with different magnifications, and (f) SEM-EDX elemental mapping of CuRu-

3h/CF.

To gain fundamental insight into the electrode reactivity, we
performed linear scan voltammetry (LSV) of the pure CF, NCF
and CuRu-xh/CF electrodes between 0.6 and -0.6 V vs. RHE in
the presence and absence of 0.1 M NaNO,. As shown in Fig. 2a,
the current density for all electrodes increased over a wide range
of potentials in the presence of NO,, compared to the LSV
performed without NO,", which indicates the apparent reduction
of NO; for all these electrodes. The reduction peak at ~0.4 V can
be attributed to the reduction of Cu?* to Cu*!*4! Further
comparison indicates that the presence of nanowire structure of
the synthesized electrodes resulted in a higher catalytic activity
compared to pure CF that was further increased in the presence
of Ru (CuRu-xh/CF). CuRu-3h/CF shows the highest catalytic
activity and the current density reaches 570 mA/cm? at a potential
of -0.6 V vs. RHE. Additionally, CuRu-xh/CF shows a lower onset
potential for NO;™ reduction at 0.25 V vs. RHE, compared to pure
CF (-0.05 V vs. RHE). We further performed the Tafel slope

analysis of different electrodes toward NO2RR (S|, Fig. $12). ltis
shown that the Tafel slope of NCF (152 mV dec™") significantly
decreased compared with that of CF (207 mV dec™) due to the
formation of nanowires on the surface of NCF. While the doping
of Ru on the NCF (CuRu-xh/CF electrodes) further increased the
Tafel slopes that could be due to the different reaction
mechanisms caused by the interaction between Ru and Cu.
However, due to the potential coexistence of both HER and
NO2RR, and the complex multi-step NO2RR process, it is not easy
to investigate the kinetics of NO;RR by using simple Tafel slope
analysis.

Thereafter, chronoamperometry tests were performed at
potentials between 0.2 and -0.2 V vs. RHE to determine NH3
selectivity of the NO2RR using pure CF, NCF and CuRu-3h/CF as
catalysts (SI, Fig. S13). We used the indophenol blue method
(IBM) with UV vis absorption spectroscopy as well as 'H NMR
spectroscopy to confirm and quantify the NHz production at
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different potentials (SI, Fig. S14).461 The resulting potential
dependent NH3 FE is shown in Fig. 2b. It can be seen that the FE
of CuRu-3h/CF is the highest at all applied potentials and reaches
~100% even at a positive potential of 0.1 V vs. RHE. It is notable
that the nanostructured NCF does not result in a higher FE than
pure CF, indicating the presence of Ru in CuRu-3h/CF is the
cause of the notably higher selectivity towards NHs formation. The
corresponding NH; yield rates are shown in Fig. 2c. It is visible
that CuRu-3h/CF also shows the highest yield rate at all applied
potentials with a maximum yield rate of 33.2 mg h"' cm? at a
potential of -0.2 V vs. RHE, which is about four times higher than
that of pure CF. It should be noted that NCF shows a notably
higher yield rate than pure CF, suggesting that the Cu nanowire
structure in NCF enhances catalytic activity compared to the
smooth surface of pure CF, most likely due to the increased
specific surface area. We also compared the calculated FE and
yield rate of NHz measured by IBM and NMR spectroscopy. As
shown in Fig. 2d, the results of the two different methods are
consistent. Next, we tested the long-term stability of the CuRu-
3h/CF catalyst using eight consecutive 30-min electrolysis cycles
at 0.1 Vvs. RHE (SI, Fig. S15). The NH3 yield rate and FE of each
cycle are shown in Fig. 2e. It is shown that the NHs yield rate and
FE were essentially maintained over 8 cycles, indicating the
CuRu-3h/CF has a high stability for the NO,RR. Post-catalytic
analysis of CuRu-3h/CF gave us further information regarding the
structural stability. The pXRD patterns show that there is no
change in structure and the same diffraction peaks are present
after the reaction (SI, Fig. S16). Cu LMM Auger XPS analysis of
Cu shows a decrease of Cu?* and increase of Cu* after the
reaction (SI, Fig. S2a,c), indicating the partial surface reduction
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during NO2RR. The high-resolution Ru 3p XPS spectrum after the
reaction does not show any Ru signal (S, Fig. S2d). However,
ICP-OES was used to verify the presence of Ru, and the loading
amount of Ru after reaction was ~0.29 wt.%, indicating some
leakage of Ru during reaction. Encouragingly, the leaking of Ru
did not reduce much of the activity of the CuRu-3h/CF electrode.
SEM images (SI, Fig. S17) of CuRu-3h/CF after NO.RR indicate
that the surface structure changed from nanowires to nanosheets
during the reaction. SEM-EDX analyses show that Ru is still
uniformly distributed on the surface after the reaction (S, Fig.
S18-19). However, we note that this surface restructuring of
CuRu-3h/CF does not have a significant effect on the NO,RR
activity of this material.

To investigate the NO2~ removal capabilities of CuRu-3h/CF, a
batch conversion test was performed at -0.2 V vs. RHE with a
nitrite-N concentration of 365 ppm (Fig. 2f). NO," quantification
was determined using N-(1-naphthyl)ethylene diamine
spectrophotometric method (SI, Fig. $20).47 Even at this low
nitrite concentration, the nitrite-to-ammonia FE reached 92 %.
After 2 h of electrolysis, only 9 % of the initial nitrite concentration
(i.e. 33 ppm remained in the solution. Note that the sum
concentrations of nitrite-N and ammonia-N throughout the
measurement remain constant and are consistent with the initial
nitrite-N concentration, indicating the high NO2™ to NHs conversion
selectivity. Even at a positive potential of 0.1 V vs. RHE, the
CuRu-3h/CF still shows efficient conversion of NO2 to NHs. The
FE reached as high as 92 % after 2 h electrolysis and remained
above 80% after 6 h, with only 5 % of the initial nitrite (with a
nitrite-N concentration of 19 ppm) remaining in the solution at the
end (Fig. S21).
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Figure 2. Electrocatalytic NO2RR performance of different electrodes in 1 M KOH solution. (a) LSV curves of pure CF, NCF and CuRu-xh/CF in the presence and
absence of NO2z', (b) NHz FE and (c) NHs yield rate of pure CF, NCF and CuRu-3h/CF. The error bars represent the standard deviations of three independent
measurements. (d) Nitrite-to-NH3 FE and yield rate of CuRu-3h/CF at 0.1 V vs. RHE, detected by indophenol blue method and 'H NMR spectroscopy, (e) cycling
stability tests of CuRu-3h/CF at 0.1 V vs. RHE, (f) NOz" removal using CuRu-3h/CF with an initial nitrite-N concentration of 365 ppm at a potential of -0.2 V vs. RHE,
(g) NH3 yield of CuRu-3h/CF with NOz at 0.1 V vs. RHE, without NOz at 0.1 V vs. RHE and without potential in the presence of NOz, (h) 'H NMR spectra of the
electrolyte before and after electrocatalysis using "*NO2" and 'NO;" as nitrogen source, and (i) ECSA analysis of NCF and CuRu-xh/CF.

To confirm the origin of the nitrogen atoms incorporated in the
synthesized NHs, several control experiments were undertaken.
First, we note that virtually no NH; is detected when 0.1 M
aqueous NO; solutions were kept at the open circuit potential
(OCP). Also, when a potential of 0.1 V vs. RHE was applied, no
significant NH; formation was detected unless NO, was present
in the solution (Fig. 2g). These results indicate that NH; originated
from the reduction of NO,". Also, isotope labelling experiments
were carried out for NO-RR in the presence of “NO, or SNO,
followed by product identification and quantifications via 'H NMR.
As shown in Fig. 2h, the characteristic splitting of the 'H
resonance into 3 symmetric signals when using *NO," and the
corresponding splitting into 2 symmetric signals when using
SNO, reveal the presence of NH;* and 'SNH;* in the NMR
spectra. The above results verify that NH; originates from NO2
reduction.

To understand the origin of the notable NO,RR performance of
CuRu-3h/CF, we measured the electrochemically active surface
area (ECSA) and the charge-transfer resistance (R«) at the

electrode/electrolyte interface, as both parameters are crucial for
the reactivity of heterogeneous electrocatalysts. Electrochemical
double-layer capacitance (Cu) tests were performed to determine
the ECSA of the synthesized CF-based electrodes (SI, Figs. $22-
23). Fig. 2i shows the Cu of the electrodes, the resulting ECSA is
shown in the SI, Fig. S24. It is noted that CuRu-3h/CF shows the
highest ECSA among all the electrodes. The result shows that the
addition of Ru first leads to an increase in ECSA compared to
NCF, but longer reaction time in CuRu-5h/CF leads to a decrease
in ECSA, which may be attributed to the agglomeration of the Cu
nanowires as observed from the SEM images. Further, an
electrochemical impedance study (EIS) was performed to
determine the Ry of the electrodes (SI, Fig. S25). It is notable that
CuRu-3h/CF features more than ten times lower R than that of
NCF, which enables efficient and fast electron transfer at the
solid—electrolyte interface, while all the CuRu-xh/CF electrodes
have similar R values (SI, Table S1). These specific
characteristics grant CuRu-3h/CF its superior activity for NO.RR.

This article is protected by copyright. All rights reserved.
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Furthermore, we also investigated the performance of CuRu-
3h/CF in NO3RR. First, we performed LSV between 0.6 V and -
1.2V vs. RHE in the presence and absence of NO3™ (S|, Fig. S26).
The current density increases with more negative potentials in the
presence of NOs, indicating the efficient reduction of NO5. Next,
we performed CA measurements at potentials between -0.1 and
-1.0 V vs. RHE (SI, Fig. S27). The NHs production was confirmed

a o - b 12
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and quantified using the IBM, and the resulting nitrate-to-
ammonia FE and yield rate are displayed in SI, Fig. S228. Highest
FE (88.4 %) was detected at a potential of -0.6 V vs RHE; the
highest yield rate (62.5 mg h*' cm?) was observed at -1.0 V vs.
RHE. The above results show that CuRu-3h/CF has high
performance for the conversion of NOx to NHi, which is
comparable to the related CF-based catalysts (S, Table S2-S3).
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Figure 3. Zinc-nitrite battery test. (a) Schematic illustration of the zinc-nitrite battery with Zn anode and CuRu-3h/CF cathode, (b) Open-circuit voltage of the zinc-
nitrite battery, (c) Discharge polarisation curve and corresponding power density curve of the zinc-nitrite battery, (d) Discharging curves at different current densities,
(e) NH3 FE and yield rate of the zinc-nitrite battery, and (f) Photograph of an electronic timer powered by our CuRu-3h/CF based zinc-nitrite battery.

For a practical application, we designed a zinc-nitrite battery using
CuRu-3h/CF as cathode and zinc foil as anode (Fig. 3a). The
battery maintains a constant OCP of 1.13 V for at least 6 h (Fig,
3b). Fig. 3c shows the charge-discharge LSV curves of the CuRu-
3h/CF based zinc-nitrite battery. The discharge curve shows an
increasing output current density with more negative cathodic
potential, and the power density reaches 9.1 mW cm™. The time
dependent discharge curves of the battery at current densities
from 2 to 30 mA cm, displayed in Fig. 3d, indicate a good long-
term electrochemical stability. Fig. 3e displays the NH; yield and
corresponding FE during discharge with various output current
densities. The CuRu-3h/CF based zinc-nitrite battery achieves a
NH; yield rate of 1.88 mg h”' cm? and a FE of 88.9 % at a current
density of 20 mA cm2. Lastly, the CuRu-3h/CF based zinc-nitrite
battery was used to power an electronic timer for at least 18 h (Fig.
3f). In summary, the Zn-nitrite battery achieves three tasks:
sustainable energy supply, NHs electrosynthesis and removal of
NO; pollutant in wastewater.“8491

Conclusion

In summary, we report the facile synthesis of a Ru-doped Cu
nanowires electrode for highly efficient NOy - to - NH3 reduction

with high activity (with FE near 100 % and a yield rate of 33.2 mg
h'' em? at a potential of -0.2V vs. RHE) and high stability.
Integration of the electrode into a Zn-nitrite battery demonstrated
its operational capacity for combined sustainable electricity
production, NHs electrosynthesis, and NO pollutant removal.
The reported approach provides us a hint for designing high-
performance transition metal-based catalysts for sustainable NH3
synthesis.

Supporting Information

Experimental and analytical data are available as Supporting
Information. The raw data reported in this manuscript is available
at zenodo.org via https://doi.org/10.5281/zenodo.13881049
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4. Summary and outlook

In summary, this work briefly summarizes the related background knowledge, working
principle, recent progress, and current challenges toward next generation EES technologies,
including RFBs, ZABs and ZNBs. A variety of novel advanced electrolytes and electrocatalysts
have been successfully synthesized via several plausible and easily accessible synthetic
strategies. In addition, their structure, morphology, electrochemical property, electrocatalytic
activity, stability as well as practical application for corresponding EES devices were

thoroughly evaluated and discussed respectively.

This thesis provides extensive experimental data and analysis, underscoring the importance of
rational design and targeted synthesis in accurately predicting performance for specific
applications. State-of-the art characterization techniques are vital for a deeper understanding of
the structure-property-performance relationship, while systematic performance evaluation

plays a crucial role in guiding the design and synthesis of materials.

(a) Electrolytes based on mixed-valent polyoxovanadates {MV1s} cluster for NRFB
We synthesized a novel polyoxovanadates {MV13} cluster as active species in electrolytes and
integrated them into symmetric NRFBs, the electrochemical properties of the active species and
the performance of the constructed NRFBs were both systemically investigated. As results, the
mixed-valent redox-equilibrated {MV13} exhibited excellent redox properties with reversible
multi-electron transfer spanning a wide electrochemical window of 3.5 V. Moreover, the NRFB
demonstrated a specific capacity of 24.5 mAh at current density of 0.6 mA cm. The cyclic
tests revealed the high stability of this NRFB with a capacity fading rate of 0.074% per cycle
and negligible loss of columbic efficiency after 50 cycles. Notably, the NRFBs delivered a
stable coulombic efficiency of 93% over the cycling measurements. Furthermore, in-operando
UV-Vis was utilized to monitor the reversible multi-electron storage and release of {MV1s} at

different chemical states during the charging and discharging processes.

(b) Oxygen electrocatalysts for rechargeable ZABs
In this part, we successfully synthesized a bifunctional DAC FeNi-NC@MWCNTSs based on
transition metals, its morphology, structure and chemical states were carefully measured with
SEM, XRD, XPS, XAS techniques, which verified the atomically dispersion of Fe and Ni atoms
in the FeENi-NC@MWCNTSs catalyst. Particularly, the atomic FeNi dual metal pairs were
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anchored into a nitrogen-doped porous carbon matrix, which was in-situ linked by MWCNTSs
via a self-assembly process. The hierarchical structure and atomic dispersion of active sites both
granted the catalyst highly efficient and durable catalytic performance for ORR/OER and ZABs
application. Consequently, the bifunctional catalyst FeENi-NC@MWCNTSs showed a voltage
difference of 0.69 V between the half-wave potential of ORR (0.90 V vs. RHE) and the potential
of OER at 10 mA cm2 (1.59 V vs. RHE). In the ZABs study, the battery with the FeNi-
NC@MWCNTSs achieved a high open circuit voltage of 1.44 V and an excellent peak power
density of 218.3 mW cm™2 at a current density of 260 mA cm2. Moreover, this rechargeable
ZAB exhibited remarkable long-term durability over the charging-discharging cyclic test (600
cycles, 300 h) with negligible voltage gap increasing.

Furthermore, a defect-rich Pd metallene with atomically doped tungsten and molybdenum
oxides (WOxand MoOx) (denoted as D-Pd M) was prepared via a straightforward wet-chemical
strategy. Characterization results revealed the existence of atomic-scale defects in the catalyst,
such as pores, and concave surfaces, which finely tuned the electronic structure of the active
sites and contributed to the improved catalytic activity for the ORR. DFT calculations were also
conducted to indicate the mechanisms of the downward shift of the d-band center in Pd, which
resulted in reduced binding energy with Oz. As results, the D-Pd M exhibited remarkable ORR
activities with a high half-wave potential (0.927 V vs. RHE). Notably, D-Pd M also
demonstrated exceptional stability even after 10,000 cycles of testing, outperforming
conventional Pd nanosheets and commercial Pd/C. For the ZABs application, the ZABs
integrated with D-Pd M delivered a high specific capacity of 809 mAhg? and demonstrated
exceptional discharge and ultralong cycling stability, achieving continuous operation for 300

hours over 300 cycles.

(c) Electrocatalysts for electrosynthesis of ammonia from nitrite/nitrate with ZNBs
In this sector, we developed a self-supported catalyst based on the bimetallic NiCu-coated 3D
printed electrode (NiCu/ABS mesh) with thermoplastic polymer as substrate. A series of
characterization techniques including powder XRD, XPS, SEM and TEM were employed to
clarify the morphology and compositions of the as-prepared catalyst. The results indicated that
this electrode had a typical sandwich structure consisting of polymer-metal-metal
oxide/hydroxide (mainly Ni and NiO/Ni(OH)z). The electrocatalytic performance of this

NiCu/ABS mesh electrode was systematically evaluated and showed high-performance for the
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electrosynthesis of green ammonia from nitrate with a high Faradaic efficiency of 83% and
yield rate of 860 pg/(h-cm?) at -0.38 V vs RHE. Besides, the zinc-nitrate batteries integrated
with the NiCu/ABS mesh electrode demonstrated a power density of 3.8 mW cm? with

continuous NHs production.

Lastly, we fabricated an electrocatalyst CuRu-3h/CF by dispersing atomic ruthenium on a
nanostructured copper foam surface, then used it for the selective synthesis of ammonia from
nitrite. Notably, the introduction of ruthenium species into the Cu foam-based electrode greatly
facilitated the hydrogen adsorption-desorption process and enhanced the hydrogenation ability
of this catalyst at more positive applied potentials. As results, the CuRu-3h/CF catalyst
achieved high selectivity towards ammonia formation and inertness toward HER of copper with
the low nitrite activation barrier of ruthenium. The electrochemical investigation revealed that
this catalyst reached a high Faraday efficiency near 100 % for the reduction of nitrite with a
yield rate of 33.2 mg h'* cmat a potential of -0.2 V vs. RHE. Even at low nitrite concentrations
of about 400 ppm the catalyst maintained a Faraday efficiency over 89% with a high selectivity
of 99% towards the formation of ammonia. Moreover, aqueous zinc-nitrite batteries integrated
with CuRu-3h/CF catalyst were assembled and evaluated as devices for sustainable energy,
NHs electrosynthesis and removal of NOs™ pollutant in wastewaters as well. According to the
results, the batteries delivered a constant open circuit voltage of 1.13 V for at least six hours
and achieved a power density as high as 9 mW/cm?2 with a NH; yield rate of 2100 pg h cm? at
a current density of 30 mA/cm? and a FE of about 90% at a current density of 20 mA/cm?,

respectively.

It remains unclear which new EES technology will become the dominant leader in the future
power market, but it is for sure that there will be significant improvement over current EES
devices in terms of performance, availability and cost reduction over the next decades. This
ongoing process not only involves the advancement of new electrochemistry but also the
development of well-integrated hybrid systems which take advantage of the strength of multiple
EES technologies features. Also, the opportunities and challenges of advanced active materials
for next generation EES devices require further efforts.
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1. Instrumentation:

Single-crystal X-ray diffraction (sc-XRD) was measured on a Bruker APEX-Il CCD Single-crystal X-
ray diffractometer equipped with a graphite monochromator using Mo Ka radiation (wavelength A(Mo Ka)
=0.71073 A)

Thermogravimetric analysis: (TGA) was performed on METTLER TOLEDO TGA 2 STARe system
under air flow with a flow rate of 60 mL min™'. A polycrystalline aluminium oxide crucible (PCA) was used.
Samples were analyzed in a temperature range of 303.15-1173.15 K. A heating rate of 10 K min-' was
applied.

Attenuated total reflectance-Fourier-transformed infrared spectroscopy (ATR-FT-IR) were per-
formed using a Bruker Alpha Il equipped with an ATR Platinum Diamond unit. The data were recorded
with 24 scans at a resolution of 4 cm™'. All spectra were background-corrected within the Bruker OPUS
8.1 program suite.

'H nuclear magnetic resonance ('H-NMR) spectroscopy was recorded on a Bruker AVANCE Neo
400 MHz spectrometer at ambient temperature. 'H NMR spectra were measured at 400 MHz. Chemical
shifts value (8) for are given in part per million (ppm) using residual solvent protons (8H = 1.94 ppm for
CDsCN).

Electron paramagnetic resonance (EPR) spectroscopy was performed on a X-band Bruker Mag-
nettech ESR5000 spectrometer at 40 °C temperature on 5 mM acetonitrile solution of 1. The sample was
filled in a glass EPR-tube (diameter 3 mm), the measurement range was 250 to 450 mT with a modulation
of 1mT, a microwave power of 100 mW and a sweep time of 120s. The SpinCount software option was
used to calculate the spin quantity in the sample.

Electrochemical investigations
All experiments were carried out inside an argon-filled glovebox (MBraun LABmaster130/M200B eco) in
water-free, degassed acetonitrile at room temperature, using 0.1 M nBusNPFs as supporting electrolyte.
a) Voltammetry
Cyclic voltammetry and square wave voltammetry were performed on a CH Instruments 760E potenti-
ostat in three-electrode configuration: a glassy carbon with d = 3.0 mm was used as working electrode,
a silver wire in acetonitrile containing 0.1 M nBusNPFe and 10 mM AgNOs was used as reference elec-
trode and a platinum wire was used as counter electrode. All electrodes were cleaned with acetone and
acetonitrile each time before use and the working electrode was additionally polished with 0.05 pm Al203
before each measurement. The recorded potentials were then referenced against the internal standard
ferrocene/ferrocenium Fc*/Fc, unless stated otherwise.
b) Bulk Electrolysis
Chronoamperometry was performed on a CH Instruments 760E potentiostat in three-electrode configu-
ration: platinum wires were used as working and counter electrode, a silver wire in acetonitrile containing
0.1 M nBusNPFs and 10 mM AgNQOs was used as a reference electrode. All electrodes were cleaned with
acetone and acetonitrile before each experiment. During the experiment the working electrode was kept
at the defined potential while the solution was stirred vigorously. The electrolysis was stopped once the
current dropped below 0.5 % of the initial current.
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UV/Vis/NIR spectroscopy was performed on a Cary 3500 UV/Vis/NIR spectrophotometer equipped with
a Xenon flash lamp (250 Hz). Measurements were performed in quartz glass cuvettes (d = 10.0 mm).

High resolution electrospray ionization mass spectrometry (ESI MS) was carried out on an Agilent
6545 QTOF-HRAM-MS system in negative ion mode at a drying gas temperature of T= 180 °C.

CHN Elemental Analysis was carried out by the central analytical service of the Department of Chem-
istry at Johannes Gutenberg University Mainz using an Elementar Vario EL Cube.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on Agilent
5800 VDV ICP-OES (optical emission spectrometer) with the automatic sampler SPS 4. The bulk sam-
ples were diluted with 5% aqueous nitric acid.

Chemicals: All chemical reagents were obtained commercially and used as received unless stated oth-
erwise. (NBuaN)a[VV2VVs024] ( (nBusN)a{V10}) was prepared according to the literature.["

2. Experimental data
2.1.Synthesis of (nBusN)s[V14034CI][(MgOH)V13033CI] (Compound 1)

1.003 g (nBusN)s{V1e} (0.473 mmol, 1 eq.) and 0.101 g MgCl. (1.061 mmol, 2.2 eq.) was dissolved in
25 mL acetonitrile. The solution was stirred for 4 h at 75 °C. During this period, the mixture turned dark
green, indicating formation of mixed/valent V'YV species. The solution was filtered and set up for diffusion
crystallization using diethyl ether as diffusion solvent. After a few days, black cubic single crystals were
obtained. The crystals were recovered by filtration, washed twice with water, ethyl acetate and ether.
Upon drying, a grey powder was obtained.

Yield: 530 mg (0.234 mmol, 69 % based on V)
MW: 4499.31g/mol

FT-IR (cm™): 2960.45, 2933.71, 2871.99, 1481.40, 1460.12, 1379.97, 1150.82, 985.35, 876.58, 818.80,
733.83, 672.65, 602.97, 422.83

Elemental Analysis for C12sH289NgV270esCl2Mg in wt. % (calcd.): C 34.16 (33.97), H 6.43 (6.37), N 2.49
(2.48)

ICP-OES analysis revealed a V : Mg atomic ratio of 27 : 1.17, confirming the expected stoichiometry.

H-NMR (400 MHz, MeCN-ds): & 3.20 (8H, nBusN*), 1.96 (MeCN-ds), 1.65 (8H, nBu:N*), 1.42 (8H,
nBuaN*), 1.00 (12H, nBusN"*)

A purified sample of 1 for electrochemistry and EPR analyses was prepared under inert atmosphere in
the glove box (to prevent traces of surface-oxidation of the crystals of 1 by air). A sample of 1 was
dissolved in water-free, de-aerated acetonitrile. Diffusion of diethyl ether into the solution (in the glove
box) gave pure crystals of 1 (verified by single-crystal XRD unit cell checks).
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2.1."H-NMR Spectroscopy

1.96 CD3CN
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Figure S 1: '"H NMR of compound 1 in deuterated acetonitrile.

2.2.EPR Spectroscopy

The Easyspin 6.0.2. software suite (https://easyspin.org/) was used to simulate isotropic and fast-mo-
tional cw EPR spectra of radicals in solution via the implemented garlic algorithm.?

Experimental parameters:
Microwave frequency 9.4463 GHz; microwave power 100 mW; 100kHz modulation amplitude 1 mT.

Simulation parameters for the EPR spectrum of {V1}:

Exchange interactions between two (n = 2) 5V nuclei (I = 7/2; 99.2 % abundance), two hyperfine coupling
constants A and two localized electrons indicated by a narrow line width, result in an (2n)l+1 hyperfine
coupling pattern.®! An axial system with two g-values (g in the direction of the z axis and g+ in the xy
plane were chosen based on the cluster symmetry. Optimum fits were obtained using Lorentzian line
shapes with a line width of 34.33 x 10“4cm-™, 103 MHz or 3.83 mT.

{Vio}
VARVA
Figure S 2: Structure of the {V1o} cluster indicating an axial symmetry of the system.!"
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Table S 1: EPR simulation parameters for {V1o}.

gL

9]

AL

Al

1.962

1.950

47.948 x 10*cm™
144 MHz

42.429 x 10*cm-!
127 MHz

Simulation parameters for the EPR spectrum of compound 1:

For a 1:1 mixture of {MgV13} (3 VVV centers) and {V14} (5 V" centers) with strong antiferromagnetic cou-
pling and an odd number of electrons for both clusters, a total spin count of 2 x S= %2 (caused by two
unpaired electrons) is expected, which is identical to the well-known {V10} reference compound. This was
simulated by the combination of two spin systems, both with a weight of 0.5 and S = %. Due to the
interaction of the unpaired electron with the %'V nucleus (I = 7/2; 99.2 % abundance), a hyperfine structure
could be expected. However, for 1 no hyperfine structure is observed, indicative of the delocalization of
the unpaired electrons over a number of structurally similar V sites. For both spin systems optimum fits
were obtained with a gaussian line shape and the following line width Iw, isotropic hyperfine interaction
A and isotropic g-factor g, see Table S2.

Table S 2: EPR simulation parameters for compound 1.

Spin system 1

Spin system 2

giso IW Aiso giso IW Aiso
174.666 x 10*cm™ | 36.44 x 10*cm"’ 188.333 x 10*cm™ 4o
2.025 | 524 MHz 109 MHz 1.890 | 565 MHz gg'fASH’;m =
18.485 mT 21.343 mT
2.3.Thermogravimetric Analysis
100 4
X 80
2
©
=
60 4
200 400 600 800

Temperature / °C

Figure S 3: TGA measurement of compound 1. The observed weight loss of 45 % between 200 °C and
600 °C indicates the presence of 8 nBusN* cations in 1 (calcd.: 43 %).
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2.4.Cluster Charge Calculations

Based on the EPR results an odd number of V'V centers for each cluster was indicated. The overall
amount of eight tetra-n-butylammonium cations to balance the charge results in only three different rea-
sonable electron distributions on the two clusters {V14} and {MgV13}. Based on the crystallographic anal-

ysis (four nBusN* cations are in close proximity of each cluster), a cluster charge of 4- is proposed.

Table S 3: Possible distributions of electrons on {V14}.

;ﬁf}ﬂ‘; Formula | 1B1,N)a[V14034Cl] (nBusN)a[V1403Cl] (nBusN)e[V1405Cl]
e[ ; :
s : :
g?ltaarlgg uster 2 4 6-

Table S 4: Possible distributions of electrons on {MgVis}.

Theoretically

Charge

gjr'rc#lﬂf;egf (BUN)2[(MGOH)V1305:C1] | (nBusN)[(MgOH)V1:05:C1] | (nBusN)e[(MgOH)V+:05:Cl]
{MgVis}

Number of V¥

centers 12 10 8

Number of Vv

centers 1 3 5

Total Cluster 9. 4 6-
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2.5.ESI Mass Spectrometry

b i “1 .L I 2 |

500 1000 1500 2000 2500
m/z
Figure S 4: High-resolution negative-ion mode ESI mass spectrum of 1 (0.05mM) in MeCN.

Table S 5: Detailed peak assignment of the high-resolution negative-ion mode ESI mass spectrum of 1.

calculated m/z observed m/z peak assignment
694.702 694.717 ("BuaN)s [H2V7O1e]*
712.667 712.705 ("BusN)s [V701;Clo]*
734.203 734.181 ("BusN)[HV13033CIJ*
745.691 745.671 ("BusN)[MgV13033CIJ*
753.186 753.158 {("BusN)[MgV13034Cl]-H}*
767.170 767.147 ("BusN)[V14034Cl*
833.363 833.348 ("BusN)2[MgV12032Cl1*
855.346 855.324 ("BusN)2[HV13033CIJ*
874.328 874.301 {("BusN)2[MgV+13034CI]-H}*
888.289 888.313 ("BuaN)2[V14034Cl1*
1667.734 1667.691 ("BusN)2[HMgV12032Cl] -
1733.668 1733.623 ("BusN)2[MgV130:4ClIT°

Note that the vanadate fragments observed are most likely artefacts formed during the ionization / gas
phase transfer process and have been observed for the native {V12} as well as other related POM species
previously.
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2.6.UV/Vis/NIR Spectroscopy
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Figure S 5: UV/Vis/NIR spectra of 1in MeCN. left:

2.0

1.54

1.04

Absorbance / -

0.5+

0.04

200 400 600 800 1000
Wavelength / nm

Figure S 6: UV/Vis/NIR spectra of {V1o} in MeCN.

0.6

0.5

0.4

0.34

Absorbance / -

0.2

0.1 T T T
600 800 1000

Wavelength / nm

[1] = 15.625 pmol/L; right: [1] = 125 pmol/L.

0.6

0.4+

0.2

Absorbance / -

0.0+

-0.24 T T T
400 600 800 1000

Wavelength / nm

left: [{V10}] = 31.25 pmol/L; right: [{V10}] = 250 pmol/L.
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2.7.Temperature dependent UV/Vis/NIR Spectroscopy
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Figure S 7: Temperature dependent UV/Vis-NIR Spectra were measured with a time increment of 60 s,
cuvette path length of 2.0 mm, [{V10}] : [MgCl2 (anhydrous)] = 1 : 2.2 and [{V10}] = 500 uM.
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2.8.Determination of the Molar Activation Energy

Temperature dependent UV/Vis/NIR experiments were evaluated using the Arrhenius Equation.®

Arrhenius equation:

Rate constant = k

Absolute Temperature = T
Pre-exponential factor = ko

Molar activation energy = Ea

Universal gas constant = R

_Eq
k= koe RT

Exponential decay fit function for a reaction of first order assuming the decomposition of {V10} in presence
of Mg?* as the rate determining step:

Figure S 8: Linear change of In(Abs (A = 500 nm)) vs time confirms the first order kinetics.

y =Y+ koe”

kt

In(Abs.) / -

8 10 12 14 16 18 20

Time / min

T

Table S 6: The fit parameters of the mono-exponential fit Figure 4d were used for the Arrhenius Plot

Figure 4c.

Temperature dependent Exponential Decay Fit Parameters

Temperature / °C | yo Ayo Ko Ako Kk Ak

25 0.08419 | 3.10467E-4 | 0.02007 2.75406E-4 | 0.09191 0.00304
35 0.07918 | 1.31221E-4 | 0.02458 2.08578E-4 | 0.20856 0.00438
45 0.07022 | 2.12505E-4 | 0.03309 5.84747E-4 | 0.37575 0.01379
55 0.06567 | 2.83053E-4 | 0.0381 0.00115 1.10502 0.08029
65 0.06353 | 2.94462E-4 | 0.04062 7.84384E-4 | 1.74749 0.10992

10
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Table S 7: The fit parameters of the Arrhenius Plot were used to calculate the activation energy.

Linear Fit Parameters of the Arrhenius Plot and Calculated Molar Activation Energy

Ea
-2/ 1K

E,
A _Fd/ 1/K

In(A) / -

Aln(A)/ -

E, / kJ/mol

AE, / kJ/mol

-7620.4453

-467.37833

23.1448

1.47342

63.356

3.886

2.9.Mg?* Concentration-dependent UV/Vis/NIR

0.45
182 ol
- - * 0O.1eq
0404, o
‘ Nv' v 0.4eq
= 0.354 A * < 0.8eq
g - » 12eq
S 03043 o
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.t A Wi
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Figure S 9: UV/Vis/NIR of {V10} was measured during the equilibration time of 1h with a time interval of
1 min at [{V10}] = 230 pM, a temperature of 35 °C and a cuvette pathlength of 10 mm pathlength.
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2.10. ATR-FT-IR spectroscopy
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Figure S 10: ATR-FT-IR spectrum of compound 1.
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Figure S 11: ATR-FT-IR spectrum of {V1o}.
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2.11. Electrochemistry

Electrochemical intervals in one-component POMs

Table S 8: Summary of electrochemical intervals between individual redox events in selected classical
single-cluster polyoxometalates.

Entry Abbreviation of POM Average AEq; [V] Reference
1 0-[PW12040]* 0.55 T. Ueda et.al @
2 H3[PM012040] 0.30 M. A. Barteau et.al )
3 a-[W1s0s4(SO3)2]* 0.45 L. Cronin et.al @
4 [C82V120320|(DMF)3]2' 0.41 C. Streb et.al &
5 [VsO7(OEt)12] 0.56 E. Matson et.al ['%
6 (NEts)s[V180a42(1)] 0.37 K.Y. Monakhov et.al ['"]
7 (nBU4N)a[(MgOH)V13033C|][V14034C|] 022 This work

(compound 1)
Voltammetry

CV and SWV of 1 show fourteen quasi-reversible redox transitions in the potential range from -2.15 V to
+1.35V (0.1 M nBusPFe in MeCN): Ey2 (vs. Fc/Fc*) =-198 V;-1.76 V;-155V;-133V;-1.08V;
-0.83V;-0.74V;-051V;-030V;-0.20V; +0.18V; +0.32V; +0.62 V; + 0.82 V.

15.0 30
< 75 J < ?8
= 00 =
o o 0
8 ~1.5 3_10
-15.0 -20
-2 =1 0 1 -2 -1 0 1
Potential / V vs. Fc*/Fc Potential / V vs. Fc*/Fc

Figure S 11: Cyclic voltammogram (left) and square wave voltammogram (right) of 1. Conditions: anhy-

drous, deoxygenated acetonitrile containing nBusNPFs (0.1 M) as supporting electrolyte (scan rate
0.05Vs™), [1]: 0.5 mM.
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2.12. Bulk Electrolysis
Bulk Reduction (BR) of 1

20 2
Before BR Before BR
—— After BR —— After BR
§. 10 g
€ ~ & 11
o 2
£ 0 3
Q <
_10.
-2 -1 0 1 2 400 600 800 1000

Potential / V vs. Ag/Ag* Wavelength / nm

Figure S 12: Left: Comparison of CVs of 1 before (dark blue) and after (turquoise) bulk reduction (BR)
(E=-1.45V). Open circuit potentials and scan directions are indicated by arrows. Right: UV/Vis/NIR
absorption spectra of 1 before (dark blue) and after (turquoise) bulk reduction.

30+ Before BR 0.0
—— After BR

<
< 159 E

5 01 G -0.5
5 5
O O

_15_
; . . -1.0% : . 7
-2 -1 0 1 2 0 45 90 135

Potential / V vs. Ag/Ag* Time / min

Figure S 13: Left: Square wave voltammogram of 1 before (dark blue) and after (turquoise) bulk reduc-
tion (E = - 1.45 V). Right: Chronoamperogram of bulk electrolysis (E = -1.45 V).
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Bulk Oxidation (BOx) of 1
2
—— Before BOx —— Before BOx
20 After BOx ﬁfter g0>[<R i
—— After Re-Red . , - —— After Re-Re
2 8
= 04 = '
§ 8 1 i /\
> 2
O -20- 2
-40 T r T 0 " : - :
-2 -1 0 1 2 400 600 800 1000

Potential / V vs. Ag/Ag* Wavelength / nm

Figure S 14: Left: Comparison of CVs of 1 before (dark blue) and after (green) bulk oxidation (BOx)
(E=+1.22V) and after re-reduction (Re-Red) (blue) (E =+ 0.09 V). Open circuit potentials and scan

directions are indicated by arrows. Right: UV/Vis/NIR absorption spectra of 1 before (dark blue) and after
(green) bulk oxidation.

30 3

—— Before BOx

After BOx

—— After Re-Red
<§_ 15- <éi 2.
5 % =
(&} O 1

~15
-2 -1 0 1 2 0 30 60 90 120

Potential / V vs. Ag/Ag* Time / min

Figure S 15: Left: Square wave voltammogram of 1 before (dark blue) and after (green) bulk electrolysis

(E=+1.22 V) and after re-reduction (Re-Red) (blue) (E = + 0.09 V). Right: Chronoamperogram of bulk
electrolysis (E = + 1.22 V).
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Table S 9: Summary of bulk electrolyses with calculated average number of transferred electrons per

cluster.
Average # of transferred e’/
X Average # of transferred formula unit of 1
Entry Type of Electrolysis o
e’/ cluster (containing one {MgV13} and
one {V14} cluster)
1 Bulk Reduction (E =- 1.45V) 3.93+042 7.86 +£0.84
2 Bulk Oxidation (E = +1.22 V) 4.33+0.43% 8.66 + 0.861

[l the slightly increased number of electrons transferred during bulk oxidation is currently assigned to

undesired oxidative side reactions.

Integration of square wave voltammetry data

To gain initial insights into the number of electrons transferred during the redox transitions in compound
1, the oxidative branch of the square wave voltammogram (Figure S11) was integrated. In Figure S16,
colored potential ranges indicate each integration region. The integrals cover all 14 observed redox tran-

sitions.

for each process, see below.

3x107° T =
14 1
le le
<C2x1075-
~~
c
()
=
-
O 1x107°
0 T ' T T
-2 -1 0 1

Potential / V vs. Ag/Ag*

Figure S 16: Upper segment of square-wave voltammogram of 1 showing the integration limits indicated
by differently colored regions. The integrals were used to estimate the numbers of electrons transferred
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To estimate the number of electrons transferred in each observed redox transition, we first determined
an average integral area assigned for an expected 1-electron transfer. This mean integral area Amean Was
obtained as average of well-separated signals 1,2,7, 10, 11, 12, 13.

This analysis gave Amean[A-V]=1.20 x 10°+ 0.23 x 10

This value was used to normalize each integral area observed for the individual redox transitions as
shown in Table S 10. Note that processes 3 and 4, 5 and 6, 8 and 9 could not be separated as they
partially overlap, as shown in Figure S16. Electron transfer numbers were then rounded to the nearest
integer number to give the nominal number of electrons transferred. Note that integration of the SWV
data is challenging due to the complex nature of the voltammogram, the close spacing and partial overlap
of the signals observed.

Table S 10: Summary of the integration of the square wave voltammogram of 1, and the resulting elec-
tron transfer numbers for 1.

Redox Integral range Integral Area EStimaten Humbar Nominal number of elec-
Event [A-V] of elefc MOng transs trons transferred™
erred?!
Ei[V] | E2[V]
1 0.885 1.090 9.85E-07 0.82 1
2 0.630 0.885 1.54E-06 1.28 1
3+4 0.128 0.630 5.17E-06 2x215 2x2
5+6 |-0.289| 0.128 3.03E-06 2x1.26 2x1
7 -0.469 | -0.289 8.24E-07 0.69 1
8+9 | -0.794 | -0.469 1.95E-06 2x0.82 2x1
10 -1.065 | -0.794 1.32E-06 1.10 1
11 -1.281 | -1.065 1.29E-06 1.08 1
12 -1.524 | -1.281 1.36E-06 1.13 1
13 -1.747 | -1.524 1.16E-06 0.97 1
14 -2.000 | -1.747 1.11E-06 0.93 1
Sum 16.47 16

[l calculated as Integral Area divided by Amean
[b] Obtained by rounding the estimated number of electrons transferred to the nearest integer number.
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2.13. Crystallographic Information

Suitable single crystals were mounted onto a microloop using Fomblin oil. X-ray diffraction intensity data
were measured at 150 K on a Bruker D8 QUEST diffractometer A(MoKa = 0.71073 A) equipped with a
graphite monochromator. Structure solution was carried out using SHELX-2013['?l package through
OLEX2.'34 Corrections for incident and diffracted beam absorption effects were applied using empirical
methods.["® Structures were solved by a combination of direct methods and difference Fourier syntheses
and refined against F2 by the full matrix least-squares technique. Most non-hydrogen atoms were refined
anisotropically. A two-component twin model was used for the refinement. The metal oxo framework was
refined fully anisotropically. Restraints (SIMU and DELU) on the counter cations were applied. The CIF
files can be obtained free of charge from the CCDC, reference number CCDC 2369209.

Table S10: Crystallographic parameters for the samples

Empirical formula C126Cl2Mgo.84NsOssV27.2
CCDC reference no 2369209

Formula weight 4188.27
Temperature/K 150.00

Crystal system monoclinic

Space group Cc2

a/A 23.189(4)

b/A 23.197(4)

c/A 17.660(3)

a/® 90

pre 90.089(6)

y/° 90

Volume/A® 9500(3)

Z 4

T/K 150(1)

Peacg/cm? 1.464

W/mm-! 1.370

F(000) 4668.0

Radiation MoKa (A = 0.71073)
20 range for data collection/® 4.6 to 52.8

Index ranges -28<h=<28,-29<k<29, -22<1<22
Reflections collected 94631

Independent reflections 19413 [Rint = 0.0980, Rsigma = 0.0704]
Data/restraints/parameters  15471/905/1069
Goodness-of-fit on F? 1.093

Final R indexes [I>=25 (I)]  R1 = 0.0822, wR; = 0.2142
Final R indexes [all data] R1=0.1084, wR> = 0.2492
Largest diff. peak/hole / e A® 1.24/-0.85
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2.14. Electrochemical reference studies

To assess the effects of simple physical mixing of two structurally or chemically related polyoxovanadate clusters, the
following studies were performed. 1:1 molar mixtures of the related species [HsV1002s]*1"® and {V10}, as well as {Vi2}hair-
spherel 7 @and {CazV12}!'® were prepared and analyzed by SWV, see Figure S17. The data show that part of the electro-
chemical signals is retained, while *'V NMR analysis of the reaction solutions indicates that partial degradation and/or
conversion of the original clusters is observed, thus the solutions are not fully redox-stable.

15 25

I [H3V10023]3- + (Vm) i (Viz)half-sphere & (C82V12}
[H3V40026]* {Vi2hair.sphere
< Vit < {Ca,V,z}
& 5
5} 5
-9 T T T T -20 T T T T
-2 -1 0 1 -2 -1 0 1
Potential / V vs. Ag/Ag* Potential / V vs. Ag/Ag*

Figure S 17: Left: Square wave voltammograms of [HaV1002s]*, {V10} and their 1:1 molar mixture. Right: Square wave

voltammograms of {Viz}natr.sphere, {Ca2V12} and their 1:1 molar mixture. Solvent: De-aerated, degassed and dry MeCN
containing (nBusN)PFs (0.1 M).

2.15. Computational Section

Geometry optimizations of the clusters in the gas-phase and solution phase were carried out using den-
sity functional theory calculations with the B3LYP!'® functional combined with the def2-SVP basis set.?"!
Solvation effects were considered using the SMD implicit solvation model (acetonitrile).?" All calculations
were performed using the Gaussian 16 package. ?4

Computational redox potentials: One-electron redox process of a redox reaction can be simply defined
in terms of a half-cell reaction as follows:

Oxd™ + e- — Red™!

Where Oxd is an oxidized species and Red is a reduced species. The absolute redox potential EZ* of

this redox couple is calculated by eq. (1), where AG®) is the free energy change in solution and F is
Faraday’s constant:

AG°(~)
B = -2 (1)

The thermodynamic cycle shown below is used to calculate reduction potentials. This is a schematic
illustration of gas-phase and solution-phase reactions, as well as the relation between the phases.
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AGn(g)
Ode) _ RCd(gb

l/ AG°0xa) l AG (s red)

Oxdy _>AG"“, Red)

Figure S18: Thermodynamic cycle for the calculation of Gibbs free energies of a one-electron reduction
process.

Based on the thermodynamic cycle, AG%s can be expressed as
AGO%) = AG%q) + AG s, Red) - AGs, 0xq) 2)

Where AGY, is the free energy change in the gas phase, while AG%soxd) and AG®s req) are the solvation
free energies of the oxidized and reduced species in acetonitrile, respectively.

Experimentally, the redox potentials are quoted relative to the Fc*/Fc external standard with a reference
potential of E2xs ¢ = 0.40 V relative to the standard hydrogen electrode.®! The theoretical redox potentials
with respect to the experimental reference are calculated using equation (3):

E&(V vs. Fo/Fc') = EF* — 3t — Ednne (3)
Where Eggg denotes the absolute electrode potential of the standard hydrogen electrode.
The experimental and calculated reduction potential of {V14} and {MgV13} are summarized in table S11.

Table S11. Experimental and calculated reduction potentials for {V14} and {MgV1s}.

No Assignment Eexp. I VB Ecaica. | VE!
8 {MgVi}* + e > {MgV:s)> -0.73 ~0.68
9 {V14}4_+ e > {V14}5_ -0.83 -0.81

1l Ereq vs. Fc*/Fe.
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1. Instrumentation

Materials and general information for synthesis: All reagents and solvents were purchased from commercial suppliers and
were used without further purification. Solvents for UV-Vis spectroscopy were at least HPLC grade or spectroscopic grade.
Solvents for cyclic voltammetry were HPLC grade and water-free, all other solvents were at least high purity grade or HPLC
grade.

Attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FT-IR) was performed on a Bruker Alpha Il

equipped with an ATR Platinum Diamond unit. The data were recorded with 24 scans at a resolution of 4 cm-'.
Raman spectra were conducted on a Laser Micro Confocal Raman Spectroscopy (Witec Alpha 300R).

Operando UV-Vis spectra were recorded on a single-channel fiber-optic spectrometer (Avantes AvaSpec-ULS2048XL) using
a deuterium-halogen light source (Avantes Avalight DH-S-BAL). Gas-tight quartz glass cuvettes (d = 10.0 mm) were used for
all measurements.

Electrochemical Measurements: The electrochemical properties of the {MVi3} were investigated with an electrochemical
workstation (CHI 760E, CH Instruments, Inc. USA) with a standard three-electrode electrochemical cell at room temperature.
In this study, a platinum plate (1x1 cm) and a silver wire in 0.01 M AgNOs + 0.1 M (nBusN)PFs (electrochemical grade) win
acetonitrile were used as counter electrode and reference electrode, respectively. A glassy carbon rotating disk electrode (RDE
with active area of 0.1256 cm?) was utilized as working electrode, which was polished by Al2O3 slurries, then washed thoroughly
with water, acetone and acetonitrile successively prior to use. All electrode potentials in this study were calibrated to the
ferrocenium/ferrocene (Fc*/Fc) as internal standard. All electrochemical experiments were performed in anhydrous MeCN using
(nBusN)PFs (0.1 M, electrochemical grade) as supporting electrolyte. The solutions were purged with N2 for at least 30 min and
kept under a slight positive N2 pressure while performing the measurements.

Redox flow battery assembly and test: the redox flow battery setup was commercially obtained from Redox-Flow (Denmark),
the structure of the battery was shown in Figure S1. The serpentine flow fields are made from graphite with an effective area of
6.25 cm?. The Celgard 2400 membrane and carbon felts were used without any pretreatment. The reservoirs of anolyte and
catholyte were both filled with the 25 ml electrolyte of 1 mM {MV13} and 0.1 M nBusNPFs. Before the test, the assembled battery
was purged with nitrogen (washed through acetonitrile) for 30 min and kept under a slight positive N2 pressure during the
measurement. During the test, the electrolytes were circulated by the peristaltic pump with a flow rate of 15 ml min-'. All the
galvanostatic measurements of the battery were performed with a Neware battery tester CT-4008T5V6A-S1 at room

temperature.

Figure S1. Structure of the RFB setup (Source from https://redox-flow.com/shop/redox-flow-battery-test-cell/).
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2. Experimental data

2.1. The synthesis of {MV43} is first described in referencel'l and is given here for completeness.
Synthesis of (nBusN)4[V10026]: vanadium (V) oxide (3.62 g, 0.02 mol) was dispersed into 20 mL H20 with vigorous stirring
at 60 °C, then 7 mL (50.2 mmol) triethylamine was added and stirred for 20 min. Subsequently, 100 mL acetone containing
(nBusN)Br (18.9 g, 59 mmol) and 5 ml H20 containing VOSO4 (2.17 g, 0.0133 mol) were added into the above solution. The
mixture was stirred for 2 h at room temperature, then the precipitate was collected by filtration and washed twice with water,
ethanol and diethyl ether, respectively. The product was dried at room temperature overnight. Yield: 93 % (based on V).

Synthesis of {MVi3} nBusN)4JMV4;03:Cl] (M= V=02* {Vi4;} or MgOH* {MgVi3}): the obtained precursor
(nBuaN)a[V10026] (1.00 g 0.47 mmol) and MgCl2 (0.10 g, 1.06 mmol) were dissolved in 25 ml acetonitrile, the mixture was stirred
for 4 h at 75 °C. After cooling, the precipitate was removed by filtration, and the filtrate was setup for diffusion crystallization with
diethyl ether as diffusion solvent. After 3 to 4 days, black cubic crystals were collected and washed with water, ethyl acetate
and diethyl ether, respectively. The final product {MV13} was dried at room temperature. Yield: 65 % based on V.

ATR-FT-IR spectrum of {MV13}.
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Figure S2. ATR-FT-IR of {MV13}. Characteristic IR bands (in cm™ ): 2965 (C-H stretching, alkane); 2936 (C-H stretching, alkane); 2875
(C-H stretching, alkane); 1478; 1456; 1376; 1341; 1273; 1146;1105; 1056; 985 (symmetric V=0, terminals Oxygen); 890; 874 (anti-
symmetric stretching V-0); 817; 743 (V-O-V, symmetric); 667 (V3-Ou3, asymmetric).

2.2. Analysis of diffusion coefficient and electron transfer rate
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Figure S3. CV curves of {MV13} at different scan rate ranging from 0.1 V s to 0.7 V s within scan range of -2 to 1 V vs. Fc*/Fc.
Kinetic calculations: Nicholson method

For the Nicholson method, the diffusion coefficients Do of different redox processes for {MV13} were calculated using the

following formula:

ip = (2.69%10%) n*?ACDo"?v 12 (1)
where ip is the peak current of the redox process, n is the number of electrons involved in the redox process, A is effective area
of the working electrode, C is the concentration of the active species, v is the scan rate, D is the diffusion coefficient which can

be calculated from the gradient of ip vs. v2.

The electron transfer rate constant (ko) of the {MV13} redox processes were determined using the following equations:

W = (-0.6288 + 0.0021AEp)/(1-0.017AEp) (2)
W = ko(mDonF/RT) v (3)
where Wis a dimensionless parameter, AEp is the peak separation of the redox process, F is the Faraday constant (F = 96485

C/mol), R is the universal molar gas constant (R = 8.314 J/mol-K), T is the temperature (here: T = 298 K). The electron rate

constant ko can be obtained from the gradient of the fitted plotting of W vs. v?line.



6. Appendix

a
9.00x10° | Step 2
2 7.50x10°}
— o, 3
£ 6.00x10"f
=
5 4.50x10°F
& X Fit slope=1.02x10"
3 OOXIO< | D=1 95410 em’ s
030 045 0.60 075 090
Square root scan rate (\//s)I -
C
6.00x107f Step S
< 4.50x10
£ 3.00x10°}
O Fit slope=8.61-10"
. 1)013.29/1()'e om’s’
1.50x10" f
0.30 045 0.60 0.75 090
Square root scan rate (V/s)l‘“
(] 5
0510 s
~3.0x10"}
)
E2.0x107}
=
O qo0x10”°F Fit slope=5.72x10”
" Dn=l.85x10<cm:s]

1] N . N . N
03 04 05 06 0.7 08 09

Square root scan rate (V/s)]‘2

b

0.28}F Step 2
0.24p
= 0.20}
0.16} Fit slope=0.0628
k,~1.74x10" em s
0.12

d

0.04 | Step 5
0.03F
2 0.02F
0.01F

0.00

I

0.10

1.0 15 20 25 3.0

Minus square root scan rate (V/s)

3.5
12

Fit slope=0.0196

p k~1.18x<10" cm 5™

1.2 1.6 20 24 28 32

3 12
Minus square root scan rate (V/s)

Step 8
0.09p
=~ 0.08F
0.07}+ Fit slope=0.0156
. k=273x10" em's’
0.06

12 1.6 20 24 28 32

Minus square root scan rate (V/s)] ?

Figure S4. Data analysis for D, and k calculation for different redox processes of {MV;3} with Nicholson method. (a)-(b) for step 2, (c)-(d) for

step 5, (e)-(f) for step 8. Do was obtained from the plots of peak current vs. square root of scan rate (v'?), ko was obtained from the plots of W
vs. minus square root of scan rate (v-'2).
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Kinetic calculations: Koutecky-Levich approach

For the Koutecky-Levich approach, the diffusion coefficient Do of different redox processes for {MV13} cluster were calculated

according to Levich equation:

1/im = 1/ik+ 1/(BLw™?) (4)

BL =0.620nFAcDo?3v 10 (5)
In herer, n = 1. Faraday’s constant F = 96485 C/mol. Electrode area A = 0.1256 cm?. Concentration ¢ = 0.1 mM for {MV13}. w:
rotation rate (rad/s). The kinematic viscosity v =13.92 cm?/s (experiments determination), and Do represents the diffusion

coefficient.
By plotting in™" vs. w2, the diffusion coefficient Do can be calculated from the gradient of the fitted line.

The kinetic currents (ix) for different overpotentials (n) were obtained from Eq.6 by drawing the plotting im™" vs. w™"2 and fitting

the y intercept. The electron transfer rate constant was calculated according to Butler-Volmer equation:

Log(ix) = log(nFcko) + anFn/2.303RT (6)
lo=FAcko 7
By plotting log (ik) vs. n, io can be obtained from the x intercept, and ko can be obtained by Eq.7.
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Kinetic calculations:Koutecky-Levich method
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Figure S6. Data analysis for D, and k calculation for different redox processes of {MV13} in acetonitrile with Koutecky-Levich method. (a)-(b)
for step 2, (c)-(d) for step 5, (e)-(f) for step 8. Do and k, were calculated according to aquation 4 - equation 7.
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Figure S7. Data analysis for D, and k calculation for different redox processes of {MV13} in acetonitrile with Koutecky-Levich method. (a)-(b)
for step 9, (c)-(d) for step 10, (e)-(f) for step 11. Do and k, were calculated according to aquation 4 - equation 7.

Table S1. Electrochemical kinetics parameters for {MV13}

p?::eosxsa Do (N) [em? 5] ko(N) [cm '] Do (K-L) [em? 5] ko (K-L) [em 5]

2 1.95x10° 1.74x1073 2.08x10° 1.51x10°
5 3.29x10% 1.18%x103 4.41%x10® 1.25x102
8 1.85x10° 2.73x10* 2.18x10° 3.78x10*
9 4.52x10° 1.84x10°
10 5.81x10° 3.53x10°3 7.13x10° 2.60x103
1 3.22x10°% 2.26%x103
12 1.97x10° 1.48x103

2Only well-separated redox processes were used in these analyses
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2.3. Permeability studies
The permeability of the {MV13} cluster across the separator was measured by an H-type device with two counterpart reservoirs,
which was separated by a commercial Celgard 2400 membrane. One reservoir was filled with a solution of 1 mM for {MV13} in
acetonitrile, and the second reservoir was filled with acetonitrile containing 1 mM (nBusN)PFs to prevent significant osmotic
pressure. The reservoir volume was 5 ml. The solutions were sampled at regular time intervals, and the concentration of {MV13}
was determined by UV-vis spectroscopy (Cary Workstation 3500). The permeability of the membrane was calculated with the
following equation:

2Ct, vd
_An(1-2HG)
- At

()

where V is the initial volume of the solution in the reservoir, t is the time when measure the samples, C: is the measured
concentration of the {MV13} at time ¢, A is effective area of the membrane exposed to solution (1.76 cm?), d is the thickness of

the membrane (25 pm), C is the initial concentration of {MV13}, P is the permeability (cm?/s) which can be obtained from the

2CtL

gradient of plotting -/n(1 — T)(%) vs. At.

e
o

<
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Figure S8. Permeability test to analyze the migration of {MV5} across a Celgard 2400 membrane.

Table S2. Permeability comparison of previously reported active species in electrolyte for RFBs.

Active species Solvent Membrane Permeability Ref
(cm?s)

{MV13} Acetonitrile Celgard 2400 2.35 x 10" This work
[S2W1s0s2]* Acetonitrile AMI-7001 1.31x 107 @l
MV H20 Selemion DSV AEM 3.4 x10° Bl
BTMAP-Vi H20 Selemion DSV AEM 6.7 x 10-10 Bl
(PPBPY)Br2 H20 E620K 1.17 x 1012 “
PSS-TEMPO H20 E620K 5.36 x 102 “l
(SPr)2v H20 N212CEM 8.0 x 10 5]
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BPP-Vi H20

N212 CEM

7.0 x 107"

5]

2.4. Electrochemical studies

2.4.1 The charge/discharge curve and efficiencies at different current densities.
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Figure S9. The dQ/dV curve of charging-discharging process of {MV3} NRFBs at current density of 0.6 mA cm™. The coulombic efficiency,

voltage efficiency and energy efficiency of this {MV,3} NRFB at different current densities of 0.4, 0.6, 0.8 and 1.0 mA cm?,

2.4.2 Electrochemical impedance spectroscopy
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Figure $10. EIS measurement showing the ohmic resistance of {MV,3} based NRFB with Celgard 2400 membrane.
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2.4.3 Electrochemical stability test before and after the RFBs cycling tests

B ) O g g LKL i oo
Catholyte before cycling test
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Figure S11. The electrochemical stability of {MV;3} after the cycling test. (a) CVs comparison of cycled electrolytes and fresh {MV;3} solution
at scan rate of 0.1V s in scan range of -2 V to 1 V vs. Fc*/Fc. (b) CVs comparison of cycled electrolytes and fresh {MV 3} solution, dividing by
open circuit potential.

2.4.4 Experimental NRBFs setup

e

Figure S$12. The color changes of the {MV,3} anolyte and catholyte during the charge/discharge process.
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2.5. Operando spectrophotometric UV-Vis characterization of the of {MV13} based electrolytes.
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Figure $13. (a) Contour map of in-operando UV-Vis spectroscopy for anolyte. (b) Contour map of in-operando UV-Vis spectroscopy for catholyte.
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2.6. Raman spectroscopy comparison of {MV13} before/after NRFBs cycling
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Figure S14. Raman spectra of {MV,3} electrolytes at different oxidization states over the charge and discharge process.
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Table S2. Comparison of previously reported RFBs using polyoxometalates as active species.

Redox pairs Solvent Number Battery Coulombic Cycles Ref
of voltage Efficiency
electrons (\')] (%)

Non-aqueous systems

{MV13} Acetonitrile 4/4 1.8 93 50 This work
[SiV.W,0 017' propylene 313 1.7 87 10 0
St carbonate
[PMo_,0 ]3' Acetonitrile 17 0.36 68 30 m
1 40-
[PMo,.O ]3' Dimethylformamide 2/2 0.61 93 30 m
1 40
[Szw18062]4'[benzophenone Acetonitrile 41 1.54 97 80 18]
0O.(OC2Hs Acetonitrile 2/2 0.56- 97 4 &
8 =T
1.67
iV.O_(OCH Acetonitrile 11 23 91 20 [10]
576 3713
[PW11035(SiCsHs)20]% Acetonitrile 2/2 1.1 98 75 EE)

Aqueous systems

[PMo, 0,1 / Fe” H20 41 = 93 24 (12)
[SiV,W,0,.1" H0 3/3 08 95 100 0
[BW,,0,]" vs. I H20 2/1 : 995 100 (i3
[BW,,0,]" vs. [Fe(CN)]" H20 212 - 997 300 13
[PV,,0,,1 vs. [SW,,0,]" H20 24 07 94 155 (14
[P,W,,0,]" vs. Br Hz0 1812 1.25 98 20 f1s
[PV, W,0,,]" Hz0 33 1 80 5 i
[Cow,,0,]" Hz0 41 12 99.4 100 o

S$15
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|. Experimental procedures

Materials and general information for synthesis: All reagents and solvents were purchased from

commercial suppliers and were used without further purification.

Synthesis of FeNi-NC@MWCNTSs: 2-methylimidazole (1.68 g, 20 mmol) and 60 mg multi-walled carbon
nanotubes (MWCNTSs) were dispersed in 40 ml methanol with stirring, then a solution containing methanol (30 ml),
Zn(NO3)2:6H20 (1.19 g, 4 mmol), Fe(acac)s (70.63 mg, 0.2 mmol) and Ni(NO3)2-6H20 (58.2 mg, 0.2 mmol) was
added dropwise into the above solution and stirred vigorously for 6 h at room temperature. The resulting precipitate
was collected by centrifugation and washed with methanol, then dried in a vacuum oven at 50 °C overnight. The
resulting powder was transferred into ceramic boat and was pyrolyzed in a tube furnace under an Ar flow by
elevating the temperature from room temperature to 950 °C at a rate of 5 °C min-!, maintaining at 950 °C for 3 h
and then cooling down naturally. The pyrolysis products were etched with 1.5 M aqueous HCI (ca. 15 ml) to remove

S1
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Zn and ZnO (formed during the carbonation process), then final products were obtained after rinsing with DI water
and drying.

Synthesis of Fe-NC@MWCNTSs: Fe-NC@MWCNTs was obtained with the same procedure as above, without
adding Ni(NOs)2:6H20 in the procedure.

Synthesis of Ni-NC@MWCNTSs: Ni-NC@MWCNTs was obtained with the same procedure as above, without

adding Fe(acac)s in the procedure.

Synthesis of FeNi-NC: FeNi-NC was obtained with the same procedure as above, without adding MWCNTSs in

the procedure.

Powder X-ray diffraction was measured on Bruker D2 Phaser equipment with Cu Ka radiation (A = 1.5406 A) at a

scan rate of 15 °/min in the 26 range from 5° to 90°.

Raman spectroscopy was recorded with a WiTec confocal Raman spectrometer (Alpha 300 R, x50 objective) with

600 grooves/mm grating, and 532 nm excitation laser at 0.25 mW power.

X-ray photoelectron spectroscopy (XPS) was performed using a PHI Quantera SXM system with
monochromatized Al Ka radiation.

Scanning electron microscopy (SEM) images were obtained with Nova NanoSEM at 15 kV acceleration voltage.

Aberration-corrected high-angle annular dark-field scanning TEM (AC-HAADF-STEM) images and the
elemental mapping images were acquired on a JEM-ARM300F.

Inductively coupled plasma optical emission spectroscopy (ICP OES) was performed using an Agilent 5800
VDV optical emission spectrometer with an automatic sampler SPS 4.

X-ray absorption spectroscopy (XAS) was obtained on the hard X-ray spectroscopy beamline in the Taiwan
Synchrotron Radiation Facility.

Electrochemical measurements: electrochemical analyses of the as-synthesized catalysts were investigated with
an electrochemical workstation (CHI 760E) with a standard three-electrode electrochemical cell. A saturated
calomel electrode (SCE) and graphite rod were used as reference electrode and counter electrode, respectively. A
glassy carbon rotating disk electrode (RDE with a glassy carbon surface area of 0.1256 cm?) and a rotating Pt ring-
glassy carbon disk electrode (RRDE with a glassy carbon surface area of 0.1256 cm? and a Pt ring surface area of
0.1884 cm?) were used as working electrodes to evaluate electrochemical catalytic performance. All electrode

potentials in this study were converted to the reversible hydrogen electrode (RHE) with the following equation:

Erre = Esce + 0.241 + 0.059xpH €

The catalyst inks were prepared by the following method, 5 mg as-synthesized catalyst, 20 uL H20 and 20 puL Nafion
solution (5 wt% in water and 1-propanol, Nafion D-520, Germany) were dispersed in 960 pL ethanol to form a
homogeneous ink by ultrasonication for 1 h. Then 7.54 uL of the catalyst ink was uniformly drop-cast on the surface
of the glassy carbon working electrode and air-dried at room temperature, the mass loading of the catalyst is approx.
0.3 mg cm™. Before catalyst loading, the RDE or RRDE was mechanically polished with Al2O3 slurry to obtain a

mirror-like surface.
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Before the tests, the 0.1 M aqueous KOH electrolyte was purged with oxygen or argon constantly for at least 30
min, ensuring that the electrolyte was in Oz-saturated or Ar-saturated state. Cyclic voltammetry (CV) measurements
were carried out at a scan rate of 100 mV s, and the linear sweep voltammetry (LSV) curves were performed at a
scan rate of 5 mV s™' with 90% IR compensation to evaluate the catalytic activity. For the ORR/OER catalytic activity
evaluation, the ORR polarization curves were recorded from 0 V to 1.25 V (vs. RHE), and from 1.01 V to1.7 V (vs.
RHE) for OER with a rotation rate range from 400 to 1600 rpm. The durability of the catalysts was measured by
chronoamperometry at Eio (potential at j = 10 mA cm™) for OER and E12 (half-wave potential) for ORR.

The Tafel slopes were calculated by the following formula:

n=a+b xlogj (2)

in Where n is the corresponding overpotential at a specific current density, a is the Tafel constant, b is the Tafel

slope, and j is the current density.

The electron transfer number and the hydrogen peroxide yield (H202 %) were calculated to evaluate the selectivity
of the catalysts for oxygen reduction. The electrolyte was saturated with oxygen before the test. In this work, the
potential of Pt ring on the RRDE was set as a constant value of 1.4 V (vs. RHE) and the LSV curves were recorded
with RRDE rotating rate of 1600 rpm. The hydrogen peroxide yield H202% and the average electron transfer number
n were calculated using the equations as below:

_ Ir/N 3

H202% = 200 x = ©)

n=4x—14 )
Id+Ir/N

Ir - ring current, /a : disk current, N = 0.37 (current collection efficiency of the RRDE system)

Faradaic efficiency for OER was also calculated based on RRDE experiments. The electrolyte was saturated with
Argon before the test. In this study, a constant potential (1.58 V vs. RHE) was applied at the disk electrode, while
the potential of ring electrode was set as 0.4 V vs. RHE to reduce the O2 produced from the disk. The Faradaic
efficiency (FE) was obtained using the following equation:

FE=Ir/(IdxN) (5)

where - and /s are the ring current and disk current, respectively. Here, N is the current collection efficiency of the
RRDE, which is determined as 15.7% in this system.

The electrochemically active surface area (ECSA) of all materials was determined via the electrochemical double-

layer (Cd) capacitance using the below equation,

Ic
Ca =4 xX—
v

(6)

The Ca was obtained from the CVs at different scan rates in a small potential range of 1.06 to 1.16 V vs. RHE,
where no redox processes occur. [ is the charging current (mA cm™2), v is the scan rate (mV s™). There is a linear
relationship between the current and scan rate, and the slope of the plot was used to calculate Ca.
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Electrochemical impedance spectroscopy (EIS) of the as prepared catalysts were measured at a constant potential
of 1.55 V vs. RHE with an AC amplitude of 5 mV by sweeping the frequency from 100 kHz to ~0.01 Hz.

Construction and test of zinc-air battery test: The performance of these bifunctional catalyst in zinc-air
batteries (ZABs) was investigated with a custom-built cell. Azinc plate with thickness of 0.5 mm was used as anode,
which was polished with commercial sandpaper to remove the surface oxide layer. The air cathode was designed
as a sandwich structure which is comprised of nickel foam, gas diffusion layer and catalytic layer (commercially
obtained from Changsha Spring New Energy Technology Co., Ltd). Notably, the gas diffusion layer is waterproof
but breathable. The catalyst ink was prepared by adding 15 mg synthesized catalyst (for instance, FeNi-
NC@MWCNTSs) in a solution of 1.9 ml ethanol, 50 uL H20 and 50 pL Nafion. After sonication for 1 h, the catalyst
ink was loaded uniformly on the air cathode with a loading amount of 1.5 mg cm2. The prepared air cathode was
dried at 25 °C for 24 hours to remove excess solvent. The electrolyte was a mixture solution of 6 M KOH and 0.2
M zinc acetate, the electrolyte was circulated through the battery by a peristaltic pump continuously to prevent the
buildup of local concentrations of reagents. For comparison, zinc-air batteries with FeNi-NC and commercial catalyst
Pt/C +IrO2 (1:1 by mass ratio) as cathode catalyst were also assembled. The preparation of FeNi-NC and Pt/C-IrO2

catalyst layers were performed following the above procedure.

All ZABs measurements were performed with a multi-channel battery testing system (Neware, CT-4008T5V6A-S1)
at room temperature under ambient conditions. The power density of ZABs was determined by the polarization
curves, the specific capacity was measured by a constant discharge current of 15 mA cm then normalized to the
mass loss of the Zn anode. The rate capability of ZABs was evaluated at various current densities of 5, 10, 20, 30
and 50 mA cm2, respectively. The ZAB cycling durability was tested by charging and discharging at a constant
current density of 15 mA cm2 (each cycle lasted 60 min, 30 min for charging and 30 min for discharging).

For the general working principle of the rechargeable ZABs, it is described in detail as following: the discharging
process involves the coupling of the cathodic oxygen reduction reaction (ORR) and Zn anodization reaction.
Typically, O2 diffuses into the air cathode, and then is reduced to OH" ions, the generated OH" ions migrate to the
Zn anode. Meanwhile, metal Zn is oxidized to release Zn?* ions, which then combine with the migrated OH- ions to
form [Zn(OH)s]%. When the concentration of Zn(OH)4]? in the electrolyte reaches a saturated state, it will decompose
into ZnO products. During the charging process, it involves the oxygen evolution reaction (OER, the reverse reaction
of the ORR) and the corresponding charge process is as follows: OH- ions are oxidized to Oz at the cathode and
the Zn?* ions in the electrolyte are reduced to metallic Zn and deposited on the anode surface. The complete

discharge/charge processes of ZABs can be illustrated as the below equations:

Zn + 40H" < [Zn(OH)aJ + 2e°

Anode: (7)
Oz + 2H20 + 4e” < 40H"
Cathode: (8)
} 2Zn + O2 < 2Zn0O
Overall reaction: 9)

DFT Computational methods: All the density functional theory (DFT) calculations were performed by using
the plane-wave method with Vienna Ab Initio Simulation Package (VASP).['2IThe frozen-core projector augmented
wave (PAW)®! potential and generalized gradient approximation in the Perdew-Burke-Emzerhof (PBE) functional
were adopted to simulate the electron exchange and correlation energy.* The cutoff energy for plane wave basis
expansion was fixed as 400 eV to describe the interaction between core electrons and valence electrons. The force
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on all atoms in each structure was controlled less than 0.01 eV/A for convergence criterion of geometry relaxation.
The Zero damping DFT-D3 method® of Grimme was used to describe the long-range Van der Waals interactions
between atoms. The self-consistent calculations apply a convergence energy threshold of 10-°eV. And a '-centered
Monkhorst-Pack k-point scheme of 3 x 3 x 1 mesh grid was utilized for all structural optimizations. All structure
models were constructed by a 6 x 6 x 1 hexagonal graphene, the dimension of the supercell is 14.76 x 12.78 x
15.00 A3 along x-, y-, and z- directions, respectively. And the vacuum space was chosen as 15 A to avoid artificial

interactions between periodic structures in z direction.

The free energy of each elementary step in the proton coupled electron transfer reactions was computed using the
computational hydrogen electrode (CHE) model for both ORR and OER. For ORR calculation in this work, the

general four electrons pathway occur in alkaline media as the following steps:

M* + Oz(g) + H20(l) + & — OOH* + OH- (10)
OOH* + & — O* + OH' (1)

O* + H0(l) + & — OH* + OH (12)
OH* + & — M* + OH (13)

For OER, the pathway goes through the steps as below:

M*+ OH — OH* + e (14)

OH* + OH- — O* + H20(l) + & (15)

O* + OH — OOH* + & (16)

OOH* + OH" — M* + Oz(g) + H20(l) + & a7

Where * represents the active site on the exposed catalyst surface and OH*, O*, and OOH* denote adsorbed

intermediates.

For each single step, the Gibbs free energy AGi (i = 1, 2, 3, 4) can be calculated according to the equation:

AGi = AE + AZPE - TAS (18)

Where AE is the total energy difference between the reactants and products in these reactions, AZPE means the

zero-point energy (ZPE) correction.

The thermodynamic overpotential n ORR/OER for a certain material can be determined by:

AGORR/OER = max{AG1, AG2, AG3, AG4} (19)

NORR/OER = AGORR/OER/e — 1.23 V (20)

where AG1, AG2, AG3 and AG4 are the Gibbs free energy for each elementary step of ORR/OER pathway.
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Il. Supplementary figures and tables

Figure S1. The SEM images of (a) FeNi-NC@MWCNTs, (b) and (c) for FeNi-NC.

Figure S2. The aberration-corrected HAADF-STEM images of FeNi-NC@MWCNTs.
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100 nm 100 nm

Figure S4. EDS mapping patterns for C, N, Fe and Ni of the FeNi-NC@MWCNT catalyst.

Table S1. Metal element contents of FeNi-NC@MWCNTs and FeNi-NC determined by ICP-OES

: ICP-OES
Catalyst materials Fe (wt. %) Ni (wt. %)
FeNi-NC@MWCNT 0.57 0.62
FeNi-NC 0.45 0.38
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Figure S5. The XRD pattern of FeNi-NC@MWCNTs and FeNi-NC.
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Figure S6. The Raman spectra of FeNi-NC@MWCNTs, Fe-NC@MWCNTs, Ni-NC@MWCNTs, FeNi-NC and MWCNTs.
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Figure S7. (a) Nitrogen adsorption-desorption isotherms of FeNi-NC@MWCNTs and FeNi-NC. (b) Pore-size distributions.
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Figure S8. Survey XPS of FeNi-NC@MWCNTs (a) and FeNi-NC (b), revealing the presence of C, N, Fe and Ni.

Table S2. The Fe K-edge EXAFS curve fitting parameters and the Ni K-edge EXAFS curve fitting parameters.

-NC@MWCNTs I C.N. R(A) o?(A2) R factor

FeN 2620524 2.12+0.021 0.0005  0.0001
1.0x 102
APLELLL FeNi 1310262 2.51+0.025 0.0030 + 0.0006
Ni-N 358 +0.71 2.09+0.021 0.01243 +0.00248 i
Ni-Fe  1.79+0.35 2.51+0.025 0.00515 + 0.00103
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Figure S9. (a) Experimental and fitted FT-EXAFS curves at Fe K-edge of FeNi-NC@MWCNTs in R space and the fitting curves
based on the monomeric FeNi-Ns model (inset).

8 -
o Ni K-edge
:; Raw data
< OF e Fitting data
~
=
S 4
=
&
< 2
g
~
o 0

0 2 4 6

Radial distance (A)

Figure $10. (a) Experimental and fitted FT-EXAFS curves at Ni K-edge of FeNi-NC@MWCNTs in R space and the fitting curves
based on the monomeric FeNi-Ns model (inset).
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Figure $11. CV curves of FeNi-NC@MWCNTs, FeNi-NC, and P¥/C at scan rate of 0.1V s™'. The solid and dashed lines correspond
to the measurement in O,- and Ar-saturated 0.1M KOH solution, respectively.
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Figure $12. (a) ORR Tafel plots of FeNi-NC@MWCNT, Fe-NC@MWCNTs, Ni-NC@MWCNTSs, FeNi-NC and commercial Pt/C. (b)
OER Tafel plots of FeNi-NC@MWCNT, Fe-NC@MWCNTs, Ni-NC@MWCNTs, FeNi-NC and commercial Pt/C. (c) Half of the
capacitive current density (4//2) at 1.1 V (vs. RHE) as a function of the scan rates of FeNi-NC@MWCNT, FeNi-NC, Pt/C and FeNi-
NC@MWCNT post OER catalysis.
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Figure S$13. ORR LSV curves of FeNi-NC@MWCNTs, FeNi-NC, and Pt/C at different rotating rates (a, c, e) corresponding K-L
plot and electron transfer numbers (b, d and f).
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Figure S$14. (a) The Nyquist plot for FeNi-NC@MWCNTs, Fe-NC@MWCNTs, Ni-NC@MWCNTs, FeNi-NC and IrO; in 0.1 M KOH
solution. In this study, the electrochemical impedance spectroscopy (EIS) measurements were conducted at the potential of 1.56V.
(insert: equivalent circuit). (b) The Chronoamperometry curves of FeNi-NC@MWCNTs, FeNi-NC and Pt/C at 0.8 V vs. RHE in
O, saturated electrolyte for ORR stability test.
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Figure $15. (a) The ORR polarization curves of FeNi-NC@MWCNTs before and after chronoamperometry test. (b) The OER
faradaic efficiency of FeNi-NC@MWCNTs, FeNi-NC and IrO, for OER were determined by RRDE analysis.

Figure S$16. The aberration-corrected HAADF-STEM images of FeNi-NC@MWCNTs after ORR chronoamperometric test.
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Figure S17. The aberration-corrected HAADF-STEM images of FeNi-NC@MWCNTs after OER chronoamperometric test.
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Figure S18. Double-layer capacitance measurements for determining electrochemically active surface area of the catalysts. CV
curves of (a) FeNi-NC@MWCNTSs, (b) FeNi-NC (c) Pt/C, and (d) FeNi-NC@MWCNTs post OER catalysis respectively. The CVs
were scanned from 1.06 to 1.16 V vs. RHE with the scan rates from 5 to 100 mV s
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Figure S19. Galvanostatic discharge curves of ZABs with different catalysts at a constant current density of 15 mA cm2.
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Figure S20. The charge-discharge profiles of ZABs driven by FeNi-NC@MWCNTs and Pt/C catalysts with a duration of 1 h per
cycle. The round-trip efficiency was calculated according to the cut-off voltage of the second cycle.

FeFe-NC

Figure S21. Initial unit cell of Fe-NC (a), Ni-NC (b), FeNi-NC (c), Fe-Ni-NC (d), FeFe-NC (e) and NiNi-NC (f). The grey, blue,
orange, and cyan balls represent carbon, nitrogen, iron, and nickel atoms, respectively.
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Table S3. Adsorption energy of OH* (AGoH+) on active sites in different models Fe-NC, Ni-NC, FeNi-NC, Fe-Ni-
NC, FeFe-NC and NiNi-NC, respectively.

Fe-NC Ni-NC FeNi-NC Fe-Ni-NC

“ 0.20 1.67 0.24 0.19

Figure S$22. Unit cell after adsorption of *OH on FeNi-NC model (FeNi-OH-NC). The grey, blue, orange, and cyan balls represent
carbon, nitrogen, iron, and nickel atoms, respectively.

Table S4. Formation energy of oxygen intermediates adsorbed on active sites in different models Fe-NC, Ni-NC,
FeNi-NC, Fe-Ni-NC, FeFe-NC, NiNi-NC and FeNi-OH-NC, respectively.

Fe-NC Ni-NC Fe@Fe- Ni@Fe- FeFe-NC NiNi-NC FeNi- FeFe- FeNi-OH-
Ni-NC Ni-NC \[o3 OH-NC NC
ﬂ 0.20 1.67 0.19 1.65 -0.62 1.97 -0.24 0.50 0.82
“ 1.04 2.47 1.07 2.46 0.52 1.1 0.64 0.99 1.82
w 1.86 0.34 1.83 0.35 2.85 223 2.51 2.10 1.38
“ 1.82 0.44 1.83 0.46 217 -0.39 2.01 1.33 0.90

OH*

Figure $23. Unit cell before (a) and after adsorption of *OH (b), *O (c) and OOH* (d) on Fe-NC model. The grey, blue, and orange
balls represent carbon, nitrogen and iron atoms, respectively.
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Ni-NC OOH*

Figure S24. Unit cell before (a) and after adsorption of *OH (b), *O (c) and OOH* (d) on Ni-NC model. The grey, blue, and cyan
balls represent carbon, nitrogen, and nickel atoms, respectively.

Fe@Fe-Ni-NC OH*

Figure $25. Unit cell before (a) and after adsorption of *OH (b), *O (c) and OOH* (d) on Fe@Fe-Ni-NC model. The grey, blue,
orange, and cyan balls represent carbon, nitrogen, iron, and nickel atoms, respectively.

OOH*

Ni@Fe-Ni-NC

Figure $26. Unit cell before (a) and after adsorption of *OH (b), *O (c) and OOH* (d) on Fe@Fe-Ni-NC model. The grey, blue,
orange, and cyan balls represent carbon, nitrogen, iron, and nickel atoms, respectively.
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Figure S$27. Unit cell before (a) and after adsorption of *OH (b), *O (c) and OOH* (d) on FeFe-NC model. The grey, blue, and
orange balls represent carbon, nitrogen, and iron atoms, respectively.

Figure S$28. Unit cell before (a) and after adsorption of *OH (b), *O (c) and OOH* (d) on NiNi-NC model. The grey, blue, and cyan
balls represent carbon, nitrogen, and nickel atoms, respectively.
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Figure S29. Free energy diagrams of ORR intermediates on Fe-NC, Ni-NC, FeNi-OH-NC and Fe-Ni-NC models at potential of 0
V (a)and 0.86 V (b). Free energy diagrams of OER intermediates on Fe-NC, Ni-NC, FeNi-OH-NC and Fe-Ni-NC modes at potential
0V (c)and 1.57 V (d).
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Figure S30. (a) Volcano plot of overpotential n of ORR versus AG-oy for Fe-NC, Ni-NC, FeNi-OH-NC and Fe-Ni-NC models. (b)
Volcano plot of overpotential n of OER versus AGo: -AGow- for Fe-NC, Ni-NC, FeNi-OH-NC and Fe-Ni-NC models.
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Figure S31. Density derived electrostatic and chemical (DDEC) charge distributions of the constructed models Fe-NC, Ni-NC,
Fe@Fe-Ni-NC and FeNi-OH-NC on Fe, Ni and N, respectively. The Bader effective charge of N is given as the average value.
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Figure S32. Projected density of states of metal Fe d orbitals and non-metal (N and C) p orbitals for the Fe-NC model.
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Figure S33. Projected density of states of metal Ni d orbitals and non-metal (N and C) p orbitals in the Ni-NC model.
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Figure S34. Projected density of states of metal (Fe and Ni) d orbitals and non-metal (N and C) p orbitals in the Fe-Ni-NC
model.
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Table S85. Comparison of the ORR and OER performance between FeNi-NC@MWCNTs and other recently
reported single/dual atom catalysts.

Catalysts W st. 1‘§HE ) vzj.ngE) A(I\EI &“&‘Eg? Electrolyte Reference
FeNi-NC@MWCNTs 0.9 1.61 0.71 0.1 KOH This work
FeNsB-NiN4B 0.9 1.618 0.718 0.1 KOH 6]

P doped Fe-NC 0.85 1.64 0.79 0.1 KOH m
Pd/WO2.72 0.86 1.59 0.73 0.1 KOH 18]
NiFe LDH-A Fe/NC-CNT 0.84 1.59 0.78 0.1 KOH 1l
SAC(Fe, Ni, Zn) 0.88 1.63 0.75 0.1 KOH (0]
FeNi-HPNC 0.868 1.59 0.72 0.1 KOH i
PA@Z8-Fe-N-C 0.88 1.77 0.89 0.1 KOH 112
FeCo-DACs/NC 0.877 1.6 0.723 0.1 KOH 3]
CoNC SAC 0.86 1.65 0.79 0.1 KOH (4]
Fe,Co,N-C 0.9 1.64 0.74 0.1 KOH 115]
Fe1Co1-CNF 0.86 1.73 0.87 0.1 KOH (18]
MS-CoSA-N-C 0.86 1.60 0.76 0.1 KOH 17}
Ni-N4/GHSs/ Fe-N4 0.83 1.62 0.79 0.1 KOH 18]
FeCo-NPC-1100 0.79 1.60 0.81 0.1 KOH (9]
FeNi/N-LCN 0.85 1.57 0.72 0.1 KOH 120]
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Table S6. Comparison between the performance of rechargeable ZABs with FeNi-NC@MWCNTs and other
recently reported ZABs with single/dual atom catalysts.

Cathode Catalysts de:;?;k(m‘:,"i';“_z) sPe‘(’rinﬁK:Zﬂ‘)‘c"y Stability test Reference
FeNi-NC@MWCNTs 218.3 781.7@15mAcm?  300h @15mAcm?  This work
FeMnad/Mn-N4C 207 7202 @5 mAcm? 100 h @5 mAcm? @1
FeCo-DACs/NC 175 . 240 h @15 mA cm? 22
Cu-Se DAs 206.5 809.3 @10 mAcm? 70 h @10 mAcm? @3]
PAWO2.72 168 633 @25 mA cm2 - @

Fe SAS@NC 107.9 7345 @10 mAcm? 183 h @10 mAcm? 4]
Fe-Zn-SAINC 167.2 756.6 @10 mAcm? 120 h @10 mA cm? 2s]
Ru-SAS/SNC 229 728 @10mAcm? 270 h @5 mA cm? 28]
CoMn/NC 176 - 22 h @5 mA cm? ]
Fe,Co,N-C 198.4 726 @2 mA cm?2 51 h @5 mAcm?2 5]
FeiCoi-CNF 201.7 814 @10mAcm? 200 h @20 mA cm? e
SA&NP-FeCo-NTS 102.2 770 @20 mA cm2 250 h @5mA cm? 28]
FeMn-DSAC 184 - 80 h @2 mA cm? 9]
Fe-N/P-C-700 133.2 7236 @100 mAcm? 40 h @10 mAcm? 0]
FeSAN-PSCS 164.5 7253 @10mAcm? 150 h @10 mA cm? B
FeCo SAs@Co/N-GC 162 741 @5 mA cm? 300 h @5 mA cm? 52
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S1 Experimental procedures

Chemicals and Materials: Palladium (II) acetylacetonate (Pd(acac),, 99%), 12-
Molybdophosphoric acid hydrate (H3PMo012040 - xH>0O, analysis), and cyclohexane (= 99.9%)
were purchased from Merck. Tungsten hexacarbonyl (W(CO)¢, 97%) and Nafion solution (D-
520 dispersion 5% w/w aq. and 1-propanol) were purchased from Alfa Aesar. Potassium
hydroxide (KOH, >85%), ethanol (CH3CH>OH, absolute), commercial Pt/C (20 wt%), and
commercial Pd/C (10 wt%), and N, N-Dimethylformamide (DMF, 99.5%) were purchased from
Fisher Scientific. Acetic acid (CH3COOH, 99.5%) was purchased from VWR.
Cetyltrimethylammonium bromide (CTAB, Ci9H42BrN), citric acid (CA, CsHsO7, > 99.5 %),
polyvinyl pyrrolidone (PVP, Mw = 55 000) were purchased from Sigma-Aldrich. Vulcan XC-
72 carbon was purchased from BC Berlin Catalysts GmbH. All chemicals were used in this

experiment without further purification.
Synthesis of D-Pd M and Pd M:

The defect-rich Pd metallene (D-Pd M) was synthesized by a simple wet-chemical method.
Typically, 42 mg of H3PMo012040 - xH>0 was dissolved in 10 mL of DMF solution followed by
deaeration with Ar for 15 min. Then the solution was irradiated under UV light (Wavelength=
254 nm) for 30 min to get solution A. In addition, 10.0 mg of Pd(acac), and 20 mg of W(CO)s
were added into a 25 mL bottle containing 8 mL of DMF and then sonicated for half an hour to
yield a homogeneous solution (B). Afterward, solution A was added to solution B and was
placed in an oil bath at 50 °C for 6 h. After cooling to room temperature, the black colloidal
product was collected by centrifugation and washed six times with a mixture of ethanol and
cyclohexane (Vethano! /Veyclohexane = 1:1). The final product was dispersed in cyclohexane for

further use.

The hexagonal Pd metallene (Pd M) for comparison were prepared according to a previous
approach with slight modifications.!'?) 16 mg of Pd(acac),, 90 mg of CA, 60 mg of CTAB, and
30 mg of PVP were added into 10 mL of DMF and stirred for 1 h to get a homogeneous orange-
red solution. The obtained solution was then transferred into a 25 mL vial and 100 mg of
W(CO)s was added to the vial under N> atmosphere. The vial was capped and heated at 80 °C
for 1 h. After the reaction, Pd nanosheets were collected by centrifugation using enough acetone

and then redispersed in acetone for further use.
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S2 Characterizations

Powder X-ray diffraction (XRD): Bruker D2 Phaser equipment, with Cu Ka radiation (A =
1.5406 A).

Transmission electron microscopy (TEM): Tecnai G2 Spirit operated at 120 kV (Imaging).

High-resolution transmission electron microscopy (HRTEM) and energy-dispersive X-
ray spectroscopy (EDX): Jeol F200 equipped with a SuperX EDX detector, operated at 200
kV (Imaging and diffraction pattern).

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES): Agilent 5800
VDV ICP-OES (optical emission spectrometer) with the automatic sampler SPS 4.

X-ray photoelectron spectroscopy (XPS): Monochromatized Al Ko exciting X-radiation
using a PHI Quantera SXM system. The binding energies were calibrated based on Cl1s (284.8
eV).

Ultraviolet - visible spectroscopy (UV-vis): Cary 3500 UV-Vis Spectrophotometer equipped

with a Xenon flash lamp (250 Hz). Measurements were performed in standard 1 cm cuvettes.
Atomic force microscopy (AFM): Bruker Dimension Icon.

X-ray absorption spectroscopy (XAS) experiment and data processing: Pd K-edge, W L;-
edge, and Mo Ls-edge X-ray absorption fine structure (XAFS) analyses were performed with
Si (111) crystal monochromators at the BL14W Beam line at the Shanghai Synchrotron
Radiation Facility (SSRF) (Shanghai, China). Before the analysis at the beamline, samples were
placed into aluminum sample holders and sealed using Kapton tape film. The XAFS spectra
were recorded at room temperature using a 4-channel Silicon Drift Detector (SDD) Bruker 5040.
Pd K-edge and W Ls-edge extended X-ray absorption fine structure (EXAFS) spectra were
recorded in transmission mode. Mo L3-edge extended X-ray absorption fine structure (EXAFS)
spectra were recorded in fluorescence mode. Negligible changes in the line shape and peak
position of Pd K-edge, W Ls-edge, and Mo Ls-edge XANES spectra were observed between
two scans taken for a specific sample. The spectra were processed and analyzed by the software

code Athena.
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S3 Electrochemical measurements:

The as-prepared D-Pd M and Pd M catalysts were loaded on carbon black (Vulcan XC-72)
before electrochemical tests. Typically, the D-Pd M (2 mg) was mixed with carbon black (8
mg) in cyclohexane (10 mL) under ambient sonication for 1 h. After stirring for another 12 h,
the product was collected by centrifugation and washed three times with ethanol. Afterward,
the product was treated in pure aceticacid (10 mL) at 70 °C for 2 h to remove excess impurities
and excess surfactants for further use. At the end, D-Pd M/C was collected by centrifugation,
washed three times with ethanol, and dried at 60°C for 3 hours. Pd M/C was prepared by the

same method.

To prepare the catalyst inks, the as-prepared D-Pd M/C (1 mg) was re-dispersed in a solution
containing 15 pL DI water, 980 puL ethanol, and 5 pL Nafion solution by at least 30 min
sonication in an ice-water bath to form a catalyst ink. Then the D-Pd M/C catalyst ink was
dipped on the electrode with a controllable amount of D-Pd M catalyst being 10 pg-cm™2
Likewise, the Pd M/C was processed in the same way. The controllable amount of commercial
Pd/C, and commercial Pt/C were 15 pg-cm 2 to reach the well-defined limited current density.

The loading amount on the electrode of prepared catalysts was determined by ICP-OES.

Electrochemical tests were conducted using a three-electrode system on an Ametek
electrochemical workstation (channel PMC 1000) equipped with an RRDE setup (Pine, USA).
A glassy carbon rotating disk electrode (GC RDE, diameter: 5 mm, area: 0.196 cm?), a saturated
calomel electrode (SCE), and a graphite rod were used as the working electrode, reference
electrode, and counter electrode, respectively. All potentials in this study were reported on a
reversible hydrogen electrode (RHE) scale according to the Nernst equation (Erur = Esce +
E%cg + 0.059 V xpH). The cyclic voltammetry (CV) curves were recorded in N,-saturated 0.1
M KOH at a scan rate of 50 mV-s™'. ORR linear sweep voltammetry (LSV) was recorded in
O;-saturated 0.1 M KOH at 20 mV-s ' and a rotating rate of 1600 rpm. It is worth noting that
the ORR LSV curves have been corrected in the N>-saturated 0.1 M KOH to eliminate the
interference of double-layer capacity. The current densities (j) were normalized regarding the
geometric area of the GC RDE. Notably, all ORR LSV curves were iR-corrected (95%) before
applying the K-L equation: Iy = (I4xI)/(1¢-I), where I, 14, and I represent the kinetic, diffusion

limiting, and measured current, respectively.

The electrochemical active surface areas (ECSAs) of all the catalysts were calculated using the

underpotentially deposited H (Hupa) and Cu stripping. The underpotentially deposited H (Hypa)
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data was obtained in the N>-saturated 0.1 M HCI1O4. The peaks of Huya were recorded by cyclic
voltammetry (CV) with a scan rate of 50 mV-s™! to calculate the ECSAs. In the calculation, we
used a charge density of 210 pC-cm™2 for one monolayer of hydrogen coverage on commercial
Pt/C and Pd/C, and a charge density of 240 pC-cm 2 (a value for the (111) surface) for one
monolayer of hydrogen coverage on D-Pd M/C and Pd M/C. For the Cu stripping experiments,
an Ar-saturated solution containing 2 mM CuSO4 and 0.05 M H>SO4 was used as the electrolyte.
The potential was first held at 0.3 V versus RHE for 100 s to form a Cuypq monolayer, and then
CVs were obtained from 0.3 V to 1.0 V at 20mV-s™. The ECSAs were calculated by subtracting
the background CVs that were collected in Ar-saturated 0.05 M H>SO4 at 20 mV-s!, assuming
a charge density of 470 pC-cm2.

The electron transfer number (n) and the hydrogen peroxide yield (H>0,%) were tested by a
rotating Pt ring - GC disk electrode (RRDE) device (Pine, USA), where the surface area of the
GC disk and Pt ring are 0.2475 cm and 0.1866 cm™, respectively. The disk electrode was
conducted LSV scan, and the ring electrode potential was set to 1.4 V vs. RHE. The H.0:%
and n were calculated by the following equations:

Iy

H>0:% =200 x T—rf_l

N

fii=4 % TTIL

N+ld
where /41s the disk current, I;is the ring current, and N is the ring collection efficiency (N=0.37).
In addition, the electron transfer number during the ORR process of D-Pd M was also

determined by applying different rotating rates to the Koutecky-Levich equation:

1 1 1 1 1

St Sl
J Jk J. Bow L
B'= 02nFCDZPy-1/6

where j, ji, and j; represent measured current density, the kinetic and limiting current densities
the kinetic, respectively. F is the Faraday constant (96485 C mol™), (; is the bulk concentration
of 0z (1.26x10° mol-cm™), Dy is the diffusion coefficient of O, in 0.1 M KOH (1.93x107

cm?s!), and v is the kinetic viscosity (0.01 cm?-s™). The rotation speed is expressed in rpm.
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Accelerated durability tests (ADTs) were conducted by cycling between 0.6 V and 1.0 V vs.
RHE at 200 mV/s for 5,000 cycles and 10,000 cyclesin 0.1 M O»-saturated KOH solution at
1600 rpm.

S4 Computational details

All DFT calculations in the present work were performed using the Vienna Ab initio Simulation
Package (VASP)P4 with the Perdew-Burke-Ernzerhof (PBE)P! functional. The ion-electron
interactions were modeled using the projector-augmented wave (PAW) method®!. The plane
wave cutoff energy was set to 400 eV in all calculations. The convergence criteria were set to
be 10-5 eV and 0.01 eV/A for wavefunction and geometry optimization, respectively. A T -
centred Monkhorst—Pack k-point mesh with a size of 3x3x1was applied for all supercells. The
vacuum region was set to 15 A. The DFT-D3 scheme of dispersion correction was employed to
describe van der Waals interactionsl®l. The electronic density of the structure was processed

using VASPKIT!.

S5 Zn-air battery meansurement

The zinc-air battery was measured in a labmade battery mode, consisting of an anode and a
cathode. The anode is a polished Zn foil (with a thickness of 0.5 mm), the air cathode is the
catalyst-loaded carbon paper (ThermoFisher Scientific), and the electrolyte is a 6 M KOH
solution containing 0.2 M Zn(CH3COO),. The catalyst inks were prepared with the same
method we mentioned above but at a concentration of 10 mg'mL-'. The catalyst-loaded carbon
paper was prepared by spreading as-prepared catalyst ink onto carbon paper and drying at room
temperature. The mass loading of 20% D-Pd M/C and 20% Pt/C catalysts is 130 pg-cm?, and
the mass loading of Pd/Pt is 26 pg-cm™. The polarization curves were performed at the CHI
760E electrochemistry station. Galvanostatic cycling tests were collected at the LAND
CT2003A multi-channel battery testing system. When testing the specific capacity of zinc-air
potential, the discharge current was set at 15 mA and the cut-off voltage was 0.5 V. The charge
and discharge current density was set at 15 mA, the discharge cut-off voltage was set to 0.2 V,

and the charge cut-off voltage was set to 1. 85 V.
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S6 Supplementary figures
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——— After reduction

Absorbance / -
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0
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Figure S1. The optical photographs of PMo,, in DMF solution before (a) and after (b) reduction,

and corresponding UV-visible spectra after being diluted to 1/10 of original concentration.

The color changes from bright yellow to dark blue and newly appeared broad in reduced
solution indicate the reduction of PMo clusters to heteropoly blue. Approximately 5.2% of
PMo» underwent reduction to form heteropoly blue,®°! according to the Beer-Lambert law:
A = gbc; A is absorbance, € is molar absorptivity (here: 2600 M-cm™), b is length of light path

(here: 1 cm), and c is concentration, respectively.
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Figure S2. TEM images of Pd M at low (a) and (high) magnification.

Figure S3. (a) TEM image and (b) the corresponding selected area electron diffraction (SAED)

pattern in selected area in (a) of D-Pd M.
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Figure S4. Atomic force microscopy (AFM) image (a) and corresponding height profiles (b
and c) of D-Pd M.
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Figure S5. (a) HAADF-STEM image, (b) the magnification of selected area (in a, yellow
square), (c-d) and the corresponding elemental mapping of Pd, Mo, and W elements of the D-
Pd M.
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Figure S6. (a) TEM images and (b) corresponding false color mode of D-Pd M.
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Figure S7. Schematic of pores (a) and concave (b) defects from side view.
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Concave
Convex

10 1/nm

Figure S8. HRTEM images of D-Pd M. (a, ¢, and ) crude images, (b and d) temperature mode
of corresponding images, in which dark blue represents concave sites and bright orange

represents convex sites. (f) fast Fourier transform pattern of (e).
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Table S1. EXAFS fitting parameters at the Mo&Pd K-edge and W L;-edge for D-Pd M.

, - i AEeV) | R
Sample Shell CN¢ R(Ay (A?) : S
Pd
Pd foil Pd-Pd 12% | 2.73720.002 | 0.0055£0.0002 | 3.4%0.2 | 0.0020
Pd-O 40202 | 2.0170.001 | 0.00230.0006 | 7.90.3
PdO Pd-Pd 3.7:0.8 | 3.01820.001 | 0.008920.0017 | 1.520.9 | 0.0042
Pd-Pd 7.7£0.8 | 3.38820.001 | 0.0124%0.0001 | 2.3%0.7
DPdM Pd-PdMo/W | 10.7£1.0 | 2.738£0.005 | 0.0060£0.0006 | 6.0:0.7 | 0.0062
W
: A 8 | 2.73420.006 | 0.003720.0007 | 531.0
Ly W-W 6* 3.16020.012 | 0.0043£0.0010 | 8.4<1.7 | 20049
WO> W-0 4.020.7 | 2.01320.001 | 0.001520.0021 | 11.4=1.0 | 0.0081
W-O 1403 [ 177950001 | o oo T oot
W-0 2.80.4 | 2.11120.001
D-PdM 0.0062
W_Pd 63208 | 0.6050.001 | prvcnn oo 1 | pipsoss
W-0 15.0:1.8 | 3.49920.001 | ' R
Mo
4 Mo-Mo & [ 2.72420.003 | 0.004120.0003 | 4.90.5
Mo fail Mo-Mo & [ 3.150£0.005 | 0.004020.0004 | 7.5:1.0 | 0-0040
Mo-O 6.0£03 | 1.99920.001 | 0.003320.0006 | 2.820.3
Mo-Mo 3.120.6 | 2.56920.001 | 0.010520.0017 | 8.8%0.8
MoO2 Mo-Mo 1.90.2 | 3.08720.001 0.0035
Mo-Mo 62203 | 3.64220,001 | PO010E0.0001 | -111505
Mo-Mo 7.4:1.6 | 4.058£0.001 | 0.013020.0001 | 0.820.1
Mo-O 2.020.2 | 1.68520.001 4.500.0
Mo-O 2.720.3 | 1.97520.001 | 0-0037+0.0006 P —_——
MoOs Mo-O 3104 | 2.286£0.001 | 00095200001 | 41| o
3 Mo-Mo 6311 | 3.430£0.001 | (oo o -
Mo-Mo | 15.4£1.9 | 3.625:0.001 | - : 12.0+0.4
Mo-Mo 25504 | 4.06220.001 | 0.005120.0001 | 13.3%1.3
Mo-O 14202 | 1.74520.001
Mo-O D02 | 2.004=0.001 | 19923+0.0009 | 8.5£0.8
D-PAM 0.0070
Mo-O E BT T ——— —
Mo-Pd 0.940.2 | 2.68120.001 | - : i

aCN, coordination number; 2R, the distance to the neighboring atom; 6%, Debye-Waller factor, the Mean
Square Relative Displacement (MSRD); 4 Eo, inner potential correction; R factor indicates the goodness of
the fit. So2 was fixed t0 0.992, 0.812, and 0.958, according to the experimental EXAFS fit of Mo foil, Pd foil,
and W foil by fixing CN as the known crystallographic value. * This value was fixed during EXAFS fitting,
based on the known structure of Mo, Pd, and W. Fitting range: 3.0< k (/A)< 14.0and 1.0< R (A) <3.3 (Mo
foil); 3.0 <k (/A)<12.0and 1.1 < R (A) 3.9 (M002);3.0< k(/A) < 13.0and 1.0 < R (A) < 4.1 (MoO3);
3.0<k (/A)< 13.0and 1.0< R (A) <3.0(D-PdM_Mo);3.0<k(/A)<13.0and 1.0< R (A)< 2.9 (Pd foil);
3.0<k(/A)<12.0and 1.0 <R (A)<3.6(Pd0);3.0<k (/A)<13.0and 1.9< R (A) <3.0(D-PdM_Pd); 3.0
<k(/A)<12.0and 1.0 <R (A)<3.5(W foil);3.0<k (/A)<11.0and 1.2< R (A) 2.0 (W02);3.0< k (/A)
<10.0and 1.0< R (A) < 3.8 (D-PdM_W). A reasonable range of EXAFS fitting parameters: 0.700 < So? <
1.000; CN > 0; 6>> 0 A2; |AEo| < 15 eV; R factor < 0.02.
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Fig. S9. R space and k space fitting results of Pd K-edge. (a and b) D-Pd M, (c and d) Pd foil,

and (e and f) PdO. The dots or lines in red, blue, and green represent raw data, fitting results

and FT fitting range windows.
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Figure S12. Schematic of MoOx and WOy doping. W atoms substitute the position of Pd, but
Mo just dispersed on the edge of Pd.
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Figure S13. CV curves of (a) D-Pd M/C, Pd M/C, and (b) Pd/C in Nz-saturated 0.1 M KOH

solution at a scan rate of 50 mV-s™L.
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Figure S14. CVs of (a) D-Pd M/C, (b) Pd M/C, (c) Pd/C, and (d) Pt/C in N,-saturated 0.1 M
HCIOj at a scan rate of 50 mV-s™! (e-h) CVs and Cu stripping voltammograms of D-Pd M/C,

Pd M/C, Pd/C, and Pt/C.
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Figure S16. (a) Ring and disk current density of D-Pd M in O»-saturated 0.1 M KOH solution,
potential applied on ring was set 1.4 V vs. RHE, (b)LSV curves of D-Pd M/C at different scan

rates and (c) corresponding K—L plot and electron transfer numbers (insert).
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Figure S17. Ring and disk current density of (a) Pd M/C, (c¢) Pd/C, and (e) Pt/C in O,-saturated
0.1 M KOH solution, potential applied on ring was set 1.4 V vs. RHE. The electron transfer
number and H>O, yield of (b) Pd M/C, (d) Pd/C, and (f) Pt/C.
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Figure S18. LSVs of (a) Pd M/C, (c¢) Pd/C, and (e) Pt/C in O-saturated 0.1 M KOH solution
before and after 5,000 and 10,000 CV scans.
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Figure S19. MAs of D-Pd M/C, Pd M/C, Pd/C, and Pt/C at 0.85 V vs. RHE before and after
5,000 and 10,000 cycles
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Table S2. Comparison of electroactivity of recent reported representative Pd-based catalysts
for alkaline ORR

Specific
Half-wave i St
Samples potential ( Aa.ct1v>12(1’yt 09 ( AMafs ic’tltv(l)n()yv) Reference
(V vs. RHE) m crc) at 0. mgpq! at 0.
D-PdM 0.93 6.13 1.3 This work
PdM 0.87 1.86 0.39 This work
PdCu Metallene 0.943 1.67 0.905 [10]
Defect-Rich Pd
Metllens 0.90 1.336 0.892 [11]
PdyPtiNi 0.928 1.22 0.29 [12]
Fe-Pd UPM 0.914 0.89 0.736 [13]
PdMo
bimetallene 0.95 11.64 16.37 [14]
Pd3;Pb/PdTetrago 09 131 057 [15]
nal Nanosheets
Pd3Pb Nanosheet 0.91 0.989 0.697 [16]
PAGPEREDA 0.968 13 0.93 [17]
metallene
N-Pd MNRs 0.95 1.29 0.68 [18]
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Figure S20. The morphologies of D-Pd M (a, b) and Pt/C (c, d) before and after ADT test.
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Figure S21. Photographs of the whole Zn-air battery system (a) and Zn-air battery (b), (c) red

LED (the operating voltage only > 1 V) powered by D-Pd M based Zn-air battery, and (c) an
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Figure S22. (a)Polarization and corresponding power density curves of D-Pd M/C (line) and
Pt/C (dashes), (b) power density curves of D-Pd M/C at different loading, (c) OER polarization

curves of D-Pd M/C and Pt/C in Os-saturated 0.1 M KOH at a scan rate of 5 mV-s™.
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Table S3. Comparison of the performance of the Zn-air battery prepared in this work and

representative literature.

Catalyst Oven circuit Specific
Air cathode loading Vp | v capacity Voltage (V)  Reference
(mg-cm?) oltage (V) (mAh-gzo'!)
D-Pd M 0.026 1.4 809 125 ¥ @_15 This
mA-cm? work
4 135V @ 10
PdMo bimetallene 0.2 1.48 798 mA-em? [14]
Pd-Gd203/C+Ru02 NA 1.46 724 i @7,5 119]
mA-cm
Pd/B4C 0.6 1.43 NA o Vi (s [20]
mA-cm?
Commercial Pt/C + 121@
1r0, : — e omA-em2 U4
Pd/CoOx/d-NC 1 1.476 760 12@ 211
’ 10mA -cm?
. 13@5
Ni SAs-Pd@NC 10 1.44 719.2 A e [22]
1.3V@ 10
PdssAuas 2 1.44 821.4 bt [23]
PdMoCrW 121@
Tetrametallene ] LB 895 10mA-erii2 [24]
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6.5 Supporting information: Metal Alloy-Functionalized 3D-Printed

Electrodes for Nitrate-to-Ammonia Conversion in Zinc-Nitrate Batteries

ChemeElectroChem

Supporting Information

Metal Alloy-Functionalized 3D-Printed Electrodes for
Nitrate-to-Ammonia Conversion in Zinc-Nitrate Batteries

Si Liu, Yupeng Zhao, Zhengfan Chen, Dandan Gao, Fan Feng, Tobias Rios-Studer,
Joachim Bansmann, Johannes Biskupek, Ute Kaiser, Rongji Liu,* and Carsten Streb*
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Supporting Information

Metal Alloy-Functionalized 3D-Printed Electrodes for Nitrate-to-Ammonia
Conversion in Zinc-Nitrate Batteries

Si Liu,® Yupeng Zhao,*'t Zhengfan Chen,®®' Dandan Gao, Fan Feng,®" Tobias
Rios-Studer,® Joachim Bansmann, Johannes Biskupek,@ Ute Kaiser,'¥ Rongji
Liu*Pland Carsten Streb*@.2!

3|nstitute of Inorganic Chemistry I, Ulm University, Albert-Einstein-Allee 11, 89081 Ulm,
Germany
bDepartment of Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14, 55128

Mainz, Germany. E-mail address: rongji.liu@uni-mainz.de; carsten.streb@uni-mainz.de

CInstitute for Surface Chemistry and Catalysis, Ulm University, Albert-Einstein-Allee 47, 89081

Ulm, Germany

dCentral Facility of Electron Microscopy for Materials Science, Electron Microscopy Group of

Material Science, Ulm University, Albert-Einstein-Allee 11, 89081 Ulm, Germany

1These authors contributed equally to this work

1. Instrumentation and Chemicals
3D printing: The electrodes were 3D printed on a Prusa Research i3 Mk3S 3D printer

using commercial ABS filament as reported previously.!'!

Scanning electron microscopy (SEM): SEM images were recorded on a Hitachi
5200 SEM instrument.

X-ray photoelectron spectroscopy (XPS): The XPS measurements were performed
on a PHI 5800 XPS apparatus from Physical Electronics equipped with a monochromatic
Al Ka X-ray source. The X-ray source was operated at 250 W, survey spectra were
recorded with a pass energy of 93.9 eV, detail spectra with 29.35 eV. Data evaluation was
carried out using CasaXPS software (version 2.3.23PR1.0).

Powder X-ray diffraction (XRD): (pXRD) patterns were recorded on a Rigaku XRD-6000
diffractometer under the conditions of 40 kV, 40 mA, Cu Ka radiation (A = 0.154 nm).

Transmission electron microscopy (TEM): TEM analysis was carried out on a
Thermofisher Talos 200X (Scanning) (S) TEM at an accelerating voltage of 200 kV
equipped with a SuperX energy-dispersive X-ray (EDX) detector. The samples were
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dispersed on holey carbon films prior to the TEM investigations. HRTEM and overview
images were acquired on CETA2 4K camera. Measurements of the elemental composition
were carried out in STEM mode using a high angle annular dark-field (HAADF) detector
for imaging together with parallel acquisition of EDX spectra. EDX data were analyzed,
quantified, and plotted using the Velox software package (ThermoFisher company).

Chemicals: All listed chemicals were obtained commercially and were used without
further purification. Tin chloride (SnCl>+2H;0, Alfa Aesar), Palladium chloride (PdCly),
trisodium citrate (NasCesHsO7, Merck), ammonium chloride (NH4Cl, Sigma-Aldrich),
sodium hypophosphite monohydrate (NaH,PO,+*H.O, Acros Organics), aqueous
ammonia solution (NHs*H>O, VWR), Nickel (Il) sulfate hexahydrate (NiSO4*6H,0
Fluka ), ethanol (CH3CH2OH,VWR), chloride acid (HCI, Acros Organics), sulfate acid
(H2S04, Sigma-Aldrich), Phosphoric acid (HsPO4, VWR), Manganese oxide (MnO,,
MERCK), Copper (ll) sulfate (CuSOQy,), Sodium citrate (Na3CsHsO7),sodium hydroxide
(NaOH), boric acid (H3BOs, Sigma-Aldrich)) formaldehyde (HCHO, Sigma-Aldrich)),
2,2'-Bipyridine (CsHsN, Sigma-Aldrich)), Potassium hexacyanoferrate(ll) trihydrate
(K4F(CN)s*3H20, Sigma-Aldrich)), sodium nitrate (NaNOs, Sigma-Aldrich), sulfanilic
acid (CeH7NO3S, Sigma-Aldrich), acetic acid (CH3COOH,, dimethyl sulfoxide (DMSO,
sodium nitrite  (NaNO2, hydrogen peroxide (H202, Sigma-Aldrich), sodium
sulphate(NazS0s, Sigma-Aldrich), n-(1-naphthyl)-ethylenediamine dihydrochloride
(C12H14N2-2HCI, Sigma-Aldrich), salicylic acid (CsHsOs3, Sigma-Aldrich), Sodium
hypochlorite solution (NaClo, Sigma-Aldrich), sodium
nitroferricyanide(Naz[Fe(CN)sNO]-2H.O, Sigma-Aldrich), maleic acid (C4H4O4, Sigma-
Aldrich), Sodium nitrate-'>N(Na1sNOs, Sigma-Aldrich).

2. Synthetic Section

Methods for the process of printing ABS meshes, chemical etching of printed mesh’s
surface of and preparation of Electrode 1 (Ni plated electrode) were reported in our
previous manuscript.l']

Preparation of Electrode 2 (Electroless plating Cu on chemically etched ABS
meshes): Before the coating of Cu, the etched ABS polymer was modified with Pd
seeds as the initial catalyst for Cu deposition. In detail, the pretreated ABS was
immersed in sensitizing agent containing 0.24 M aqueous HCIl and 0.04 M SnCl2+2H,0
for 5 min. After washing thoroughly and air-dried, the substrates were activated in
aqueous HCI solution (0.24 M) containing 0.5 g/L PdCIx(3 mM). After 5 min, the
substrates were removed from the above solution and washed with water thoroughly
and air-dried. Then the meshes were immersed in Cu electroless plating solution for
40 min at room temperature. The solution contains 14g/L CuSO4, 12g/L EDTA-Nay,
12g/L NaOH, 45mL/L HCHO, 20mg/L 2,2'-Bipyridine and 10 mg/L K4F(CN)s*3H20.

Preparation of Electrode 3 (Electroless plating NiCu on chemical etched meshes):
The sensitization and activation procedures are same as that of Electrode 2. The
substrates were electroless plated in NiCu plating aqueous solution at 60°C for 40 min.
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The NiCu plating solution contains 15g/L NiSO4+6H-0, 18g/L CuSOQOy4, 45g/L NazCsHsO7,
30g/L H3BOs3, 30g/L NaH2PO2¢H20, and 24g/L NaOH.

3. Electrochemical test

Electrochemical analyses were carried out in three electrode systems on a Pine
Wavedriver 200 Bipotentiostat. The electrochemical test was carried out in a Pine
Research H-type glass cell, using Nafion 117 as a proton exchange membrane
separating the two compartments. Pretreatment of the Nafion 117 began with a half-
hour soak in a 5 % H202 aqueous solution at 80°C, followed by a half-hour soak in
deionized water at ambient temperature. Finally, the membrane was immersed in a 5%
H2>S04 aqueous solution for another half an hour at 80°C. The prepared electrodes and
saturated calomel electrode (SCE) were set as working electrode and reference
electrode and were placed in the cathode chamber. Pt wire was applied as counter
electrode in anode chamber. Both chambers were filled with 25 mL electrolyte
containing 0.5 M Na>SO4 and specific concentration NaNOs. The immersed area in the
working electrodes in the electrolyte is 1 x 0.5 cm?. The potentials were recorded using
the formula in reference to the reversible hydrogen electrode (RHE) scale (Eghe) =
Escey+ 0.0591 x pH + 0.241). Cyclic voltammetry (CV) curves were collected at 20
mV/s without iR compensation at the range from -0.8 to 0.75 V. Linear sweep curves
were (LSV) carried out at 5 mV/s with 95% iR and the data was recorded after several
cycles until the curves were stable. Electrolyte samples for product analysis were
collected in 0.5 M Na2SO4 containing 50 mM NaNO; for 2 hours at the target potential.

The electrochemical performance of hybrid aqueous Zn-nitrate battery in a two-
electrode system was determined in an H-type cell. A piece of (1x0.5 cm?) Electrode
3 cathode in 50 mM NaNO3/0.5 M Na>SO; and Zn foil anode (1x1 cm?) in 1 M KOH
were separated by Nafion 117 membrane. The OCV and discharging polarization
curves were recorded in CHI 760e electrochemical workstation. While the other data
were recorded in Neware battery tester CT-4008T5V6A-S1.

4. Product analysis

Quantification of NO2: NO," concentration was determined by a colorimetric test.?
For the calibration curve, a series of electrolytes containing NaNO. with known
concentrations were prepared first. Then, 90 mL aqueous solution containing 0.5 g
sulfanilic acid and 5 mL acetic acid were prepared. To this, 5 mg of n-(1-naphthyl)-
ethylenediamine dihydrochloride was added and the total solution volume was set to
100 ml using deionized water. 1 mL of the respective electrolyte was combined with 4
mL of this solution and kept in the dark at rt for 15 minutes. Finally, the UV-Vis
absorption spectrum at 540 nm was recorded using a JASCO V-670 UV-VIS-NIR
spectrometer.

The following equation was used to determine the NO; faradaic efficiency:

2 XF X cyo; XV

1009
46 xQ *100%

NO; — Faradaic ef ficiency (%) =
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where cnoz- (Mg mL") is the measured NO, concentration, V (mL) is the volume of the
electrolyte, F (96498 C mol") is the Faraday constant, Q (C) is the charge passed.

Quantification of NHis: The amount of NHs produced by electrocatalysis was
determined by the indophenol blue method.® Calibration of NH; was accomplished
using the reference electrolytes with varying concentrations of NH4Cl. Solution A
contains 1 M NaOH, 5 wt.% salicylic acid, and 5 wt.% sodium citrate. Aqueous solution
B consists of 0.05 M NaClO and aqueous solution C contains 1 wt.% sodium
nitroferricyanide. The electrolytes were diluted 50-100 fold depending on the amount
of charge generated during electrocatalysis. The coloring agent is composed of 2 mL
diluted electrolyte, 2 mL A, 1 mL B and 0.2 mL C. The above mixed solution was
allowed to stand for 2h for reaction. Finally, the absorbance at 655 nm was recorded
on a UV-vis spectrophotometer.

The following equations was used to determine the yield rate and faradaic efficiency
of ammonia:

Hg § = cvm, XV
cm? t XA

NH; yield (h -

8 XF X cyy, XV

NH; — Faradaic ef ficiency (%) = 7 %0

X 100%

where cnns (Mg ML) is the measured NH; concentration, V (mL) is the volume of the
electrolyte, t (h) is the electrolysis time and A (cm™) is the surface area of the working
electrode (1 cm?). F (96498 C mol") is the Faraday constant, Q (C) is the charge
passed.

NMR studies: NMR spectroscopy was used to confirm the amount of ammonia
generated. Known amounts of maleic acid were used as internal standard for
quantification of NH4*. In detail, 20 mg maleic acid and 5 mL of 4 M aqueous H>SO4
were added into 20 mL of the collected electrolyte. After thorough mixing, 0.54 mL of
the above solution and 0.06 mL DMSO were mixed in a quartz NMR tube. Then the
samples were tested using nitrogen-NMR (400 MHz) spectroscopy. For '°N labelling
experiment, the NaNOs; was replaced by Na'>NOs;, all the steps were same as
described above.
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Figure S1. (a) photograph of 3D printed ABS, and the metal-coated Electrode1,
Electrode2 and Electrode 3. (b, c) Cross-sectional SEM images of the Electrode 3. The
dark coating layer (shown with the red elliptical) can be observed both in the surface of the
electrode and the internal pores of the printed ABS microstructured lattice pattern, and the
bright part in images (shown with the blue elliptical) is ABS substrate. Because of its poor
conductivity, charging occurred during measurement. (d) Survey XPS spectrum of
Electrode 3, showing no signal of Pd as indicated by the blue arrow.
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Figure S2. SEM image of Electrode 1
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Figure S4. (a)TEM image of Cu particles from Electrode 2, and corresponding high
maghnification (b) and SAED (c) of area 1. Amorphous feature can be found in area 2.
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Figure S5. HAADF-STEM pattern and corresponding EDX mapping analysis of the
coating layers scratched from Electrode 2
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Figure S6. LSV curves of Electrode 1 in 0.5 M Na2SO4 and 0.5 M NazSO4+ 50 mM NaNOs
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Figure S7. LSV curves of Electrode 2 in 0.5 M Na2SO4 and 0.5 M NazSO4+ 50 mM NaNOs
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Figure S8. The corresponding i-t curves of Electrode 1 in 0.5 M Na2SO4+ 50 mM NaNOs
at different potentials
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Figure S9. The corresponding i-t curves of Electrode 2 in 0.5 M Na2SO4+ 50 mM NaNO3
at different potentials
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Figure $10. The corresponding i-t curves of Electrode 3 in 0.5 M Na2SO4++ 50 mM NaNOs
at different potentials
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Figure S11. NHs* and NO2 detection using colorimetric approaches. (a) The UV-VIS
absorption spectra at different NH4Cl concentrations. (b) The linear calibration curve for
the calculation of NH4* formation. (c) UV-Vis absorption spectra of different NaNO-
concentrations. (d) linear calibration curve for the calculation of NO2" production
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Figure S12. Faradaic efficiency of NH4* and NO2 formation for (a) Electrode 1 and (b)
Electrode 2 at different potentials. (c) NH4* yield rate of Electrode 1 and Electrode 2 in 0.5 M
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Figure $13. (a) LSV curves of Electrode 3 in 0.5 M NaxSO4 containing different

concentration of NaNOs. (b) FE and (c) NH4* yield rate of the Electrode 3 in 0.5 M Na2SO4
+ 100 and 200 mM NaNOs at -0.38V.
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Figure S14. 'H NMR spectra of the electrolyte containing 0,50,100,150,200,250 and 300
pg/mL (a)*NH4Cl and (b)'>NH4CI. And the linear standard curve for the calculation of
(c)™NHs* and (d)"®NHas* production.
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Figure S16. The corresponding i-t curves of Electrode 3 in 0.5 M Na2S04+50 mM NaNO3
at different cycles
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Figure S17. Cycled NH4* yield rate of Electrode 3 at-0.38 V vs. RHE

Figure S18. SEM images of 6 times cycled Electrode 3
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Table S1. The comparison of catalytic performance over recently reported NiCu
electrocatalysts toward NO3" electroreduction

FENH,4
Catalyst Electrolyte Yield rate Ref.
(%)

Cu/Ni 50 mg/L NO3-N + 0.1 M Na2SOs  99.0 / ]
NitCu SAAO Nwsa 0.1 M KNOs3 + 1 M KOH 800 97mgh'cm? B
CuNi/TMP 0.1 M NOsz + 0.1 M KOH 93.1 5644 ygh'cmz @
CuxNiy/NC® 50 mg/L NO3-N + 0.5 M NazSO4  49.5 / 7
CuNi/M/GF¢ 50 mg/L NO3-N + 0.05 M Na2SO4 / / @
CusoNiso 100 mM KNOs3 + 1 M KOH 99.0 / ©

Note:

a: SAAO NW (Single-atom-alloy oxides nanowire)

b: TM (titanium mesh)

c: (N-doped carbon film)

d: M/GF (multi-walled car-bon nanotube/graphite felt)
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6.6 Supporting information: Ruthenium-doped Copper Nanowires for
Nitrite/Nitrate to Ammonia Conversion and Their Integration in Zinc -

Nitrite Batteries
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Ruthenium-doped Copper Nanowires for Nitrite/Nitrate to Ammonia Conversion

and Their Integration in Zinc - Nitrite Batteries
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S1 Materials

Chemicals and Materials: Potassium hydroxide (KOH, ca 85%, for analysis pellets), and
Sodium hypochlorite (NaClO, 5% active chlorine) were purchased from ThermoFisher
Scientific. Ruthenium(lll) chloride hydrate (RuClz*H20), and ammonium chloride (NH4ClI,
BioUltra for molecular biology, 299.5%) were purchased from Fluka. Sodium hydroxide (NaOH,
pellets), and hydrochloric acid (HClaq, S.G. 1.18 (~37%) were purchased from ThermoFisher
Scientific. Potassium nitrate (KNO3, ACS reagent, 299.0%), sodium-nitrite-'>N (Na'*NO,, 98
atom % SN, 95%), and ammonium-"N chloride ("*NH,Cl, =98 atom % 'N, >99%)were
purchased from Sigma Aldrich. Dimethyl sulfoxide-d6 (d6-DMSO, (CDj3);SO 99.8 %) was
purchased from Deutero. Nitric acid (HNO3, 69%) was purchased from Supelco. Salicylic acid
(C7He03) was purchased from VWR. Sodium nitrite (NaNO2, 299%) was purchased from Carl

1
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Roth. Sodium pentacyanonitrosylferrate(lll)dihydrate (Naz[Fe(CN)sNO] <2H,O, 98%+) was
purchased from Alfa Aesar. Tri-sodium citrate dihydrate was purchased from Merck. All

chemicals were used without further purification.

S2 Instrumentation

Scanning electron microscopy / energy dispersive X-ray spectroscopy (SEM EDX).
Samples for SEM were prepared with carbon film pads on aluminium holders. A small piece of
about 0.5 x 0.5cm? was cut from the electrode and fixed on the sample pad. The
measurements were performed using a Hitachi SU 8000. The acceleration voltage used was
in the range from 3 kV to 8 kV.

Transmission electron microscopy / High-resolution transmission electron microscopy
(TEM and HRTEM). The surface layer of the CuRu-3h/CF was scratched off and dispersed in
ethanol. For TEM characterization, the samples were drop-cast onto a lacey carbon coated
TEM grid. Microstructural characterization was done using a FEI Tecnai F20 transmission
electron microscope operated at an acceleration voltage of 200 kV. Micrographs were acquired

using a Gatan K2 electron counting camera.

Powder X-Ray Diffractometry (pXRD). Samples for pXRD were prepared by cutting a 1 x
1 cm? piece from the electrode. The samples were fixed using a PMMA custom sample holder.
The samples were measured with a Bruker D2 Phaser equipped with a LYNXEYE-2 detector
using Cu Kay radiation (A= 1.54184 A). The measurements were performed in the 26 range
from 5° to 90° with a step size of 0.0202847° (continuous scan, 50 s/degree). Crystalline
phases were identified using the software Match! 3.

Inductively coupled plasma optical emission spectrometry (ICP-OES). The samples for
ICP were prepared by cutting a small piece with a weight of about 1 mg from the electrode.
This was then dissolved in 1 mL aqua regia overnight and then diluted with 10 mL distilled
water. The measurement was performed using an Agilent 5800 VDV ICP-OES with an
automated SPS4 sampler.

Ammonia quantification using Nuclear magnetic resonance (NMR) spectroscopy. To
quantify the ammonia a calibration line was used. The calibration line was obtained by using
NH4CI solutions with different NHs* concentrations as standard. To prepare the standard
solutions, a 100 mL solution with a NH4* concentration of 100 ppm in 1 M KOH was prepared.
This solution was then diluted to obtain 10 mL standard solutions of NH4* with concentrations
of 1, 2, 4, 6, 8 and 10 ppm. Then 2.5 mL of 4 M aqueous H.SO4 was added and mixed
thoroughly. 540 pL of the solution were taken and added in an NMR tube with 60 pL d6-DMSO,

containing 0.04 wt.% of maleic acid as internal standard, and a '"H NMR was measured. The

2
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samples were then measured using the same method.

Ammonia quantification using Ultraviolet-visible (UV-vis) spectroscopy. To quantify the
ammonia concentration, a calibration line was used. The calibration line was obtained by using
aqueous NH4CI solutions with different concentrations as standard. To prepare the standard
solutions a 100 mL solution with a NH4* concentration of 100 ppm in 1 M aqueous KOH was
prepared. This solution was then diluted to obtain 2 mL standard solutions of NH4Cl with
concentrations of 0, 1, 2, 4, 6 and 8 ppm. Then 2 mL of a 1 M aqueous NaOH solution
containing 5 wt.% salicylic acid and 5 wt.% sodium citrate was added. Next 1 mL of a 0.05 M
NaClO solution was added and lastly 0.2 mL of water containing 1 wt.% sodium-nitroprusside
was added as a colouring agent. The solution was then stored in the dark for 120 min. Then a
UV-vis spectrum was measured in the range of 800 to 500 nm with a scan rate of 0.2 nm/s.
The samples were then measured using the same method. The absorption at the maximum of
655 nm was used for the calibration line. The measurements were performed with an Agilent
Cary 3500 UV-vis spectrometer.

X-ray photoelectron spectroscopy (XPS). XPS measurements were carried out on Kratos
Axis Ultra DLD imaging photoelectron spectrometer. Measurements were carried out using the
instrument’s Hybrid mode with monochromated Al Ka radiation operating at 10 mA emission
current and 15 kV voltage bias in a UHV chamber with a base pressure of approx. 1x10-"°
mbar. The source line width is approximately 1.0 eV FWHM, as calibrated with the Ag 3d5/2
line. The analysis area was 700 ym x 300 um (i.e., X-ray spot size). The data was collected
using a hemispherical analyzer at an angle of 0° to the surface normal. The takeoff angle was
kept fixed along the surface normally in all experiments. Survey spectra were measured at a

pass energy of 80 eV and elemental spectra at 20 eV pass energy.

S3 Synthetic section

Catalysts synthesis: Commercially available copper foam (CF) (450 ym pores; ~800 g/m?;
1.6 mm in thickness, Alantum Europe GmbH) was cut into 1x4 cm? pieces and sonicated for
30 min with 0.5 M aqueous HCI, then acetone, then isopropanol, to remove surface impurities.
Next the pretreated CF was electrochemically oxidized to copper(ll) hydroxide (Cu(OH)./CF)
under ambient conditions with a current density of 10 mA cm until the voltage reached a
stable value at about 0.63 V vs. RHE using a H-cell three-electrode system in 3 M aqueous
KOH, where Pt wire was used as the counter electrode, and Hg/HgO in 1 M KOH was used as
the reference electrode. The Cu(OH)2/CF was then doped with ruthenium using the galvanic
replacement reaction with aqueous ruthenium(lll) chloride (10 mM) as ruthenium source with
different immersion time (Ru/Cu(OH)2/CF). Finally, the Ru/Cu(OH)./CF electrodes were

thermally reduced to CuRu-xh/CF (x refers to the time for the galvanic replacement reaction)
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by annealing in an argon/hydrogen (90:10) atmosphere at 300 °C for 3h. The pure Cu(OH)./CF

was also thermally reduced to nanostructured CF (NCF) with the same annealing method.

S4 Electrochemical measurements
Electrocatalytic NO2RR performance test

The electrocatalytic NO2RR performance tests were performed using a H-cell three-electrode
system in 1 M aqueous KOH containing 0.1 M NaNO- (V =80 mL), where CF-based electrodes
(1 x 1 cm?) were used as the working electrode, Pt wire was used as the counter electrode,
and Hg/HgO in 1 M KOH was used as the reference electrode. Before the electrocatalytic
reaction, the electrolyte solution was purged with Argon for 30 min. Then, the electrocatalytic

reaction was performed for 30 min using a Parstat 2273 Potentiostat.

Electrocatalytic NO:RR performance test

The electrocatalytic NO3RR performance tests were done using a seal-tight H-cell three-
electrode system in 1 M aqueous KOH containing 0.1 M KNO3; (V = 55 mL), where a Pt plate
was used as the counter electrode, and saturated calomel electrode was used as the reference
electrode. Before the electrocatalytic reaction, the electrolyte solution was purged with Argon
for 30 min. Then, the electrocatalytic reaction was performed for 30 min using a Parstat 2273
Potentiostat. During the reaction, gaseous ammonia was trapped using 0.05 M aqueous
H2S04 (100 ml). Afterwards the total ammonia yield was quantified from both the reaction

solution and the acid solution.

Calculation of NH; FE and yield rate
The FE was calculated using the following equation:
FE=(mxFxc)/Q

where n is the number of electrons transferred to form ammonia, which is 6 for NO2RR and 8
for NO3RR, c is the concentration of ammonia obtained from UV-vis or NMR measurements,
F is the Faraday constant (96485 C mol '), and Q is the total electric charge used in the reaction
obtained by integrating the current density curves of the reaction. The yield rate was calculated

using the following equation:

cxV
Yield rate = —
t*S
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where c is the concentration of ammonia obtained from UV-vis or NMR measurements, V is
the volume of the electrolyte used in the reaction, t is the total reaction time and S is the

geometric area of the electrode.
Ammonia selectivity calculation
The ammonia selectivity during the conversion study was calculated using the equation:

C(NH3)

Selectivity = co(NO3) — ¢;(NO3)

Where ¢(NHs3) is the concentration of ammonia formed in the reaction, c¢y(NO53) is the initial
concentration of nitrite that was used in the reaction and ¢, (NO3 ) is the final concentration of

nitrite at the end of the reaction.
Quantification of NO2

NO2" was determined using a modified N-(1-naphthyl)-ethylenediamine dihydrochloride
spectrophotometric method. Specifically, 0.5 g of sulfanilic acid was dissolved in 90 mL of H,O
and 5 mL of acetic acid. Then, 5 mg of N-(1-naphthyl)-ethylenediamine dihydrochloride was
added, and the solution was diluted to 100 mL to prepare the chromogenic agent. Next, 1 mL
of the diluted electrolyte was mixed with 4 mL of the chromogenic agent and kept in the dark
for 15 min. The UV-Vis absorption spectrum was then measured between 700 nm and 400 nm,

and the calibration line was measured at 500 nm.

Electrochemically active surface area (ECSA) analysis
The ECSA was determined using the equation:
ECSA = C4/Cs

where Cq is the double layer capacitance and Cs is the specific capacitance. A specific
capacitance (Cs) of 0.04 mF cm™ was used based on values reported in the literature.'! The

double layer capacitance was obtained using the equation:

Ca=j/2)/v

where Aj/2 is the current density difference in the middle of the measured potential range and
v is the scan rate of the cyclic voltammogram (CV). A series of CV measurements was
performed in a potential range without Faradaic charge transfer. Then Aj/2 was plotted

against v and a linear fit was used to obtain Cq from the slope.

Electrochemical impedance spectroscopy (EIS)
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EIS was performed using a single cell with a three-electrode setup in 1 M aqueous KOH, where
a Pt plate was used as the counter electrode, and Hg/HgO in 1 M KOH was used as the
reference electrode. Before the measurement, the electrolyte was purged with Argon for 30
min. Then, an alternating current with an amplitude of 5 mV was used as a perturbation signal
and the resulting impedance was measured for an alternating current frequency range of 10
mHz to 100 kHz. The data was then fitted using the software Zview.

241



6. Appendix

Zn-nitrite battery test

The electrochemical performance of a hybrid aqueous Zn-nitrite battery in a two-electrode
system was determined in an H-type cell. A piece of CuRu-3h/CF cathode in 0.1 M NaNO2/1
M KOH and Zn foil anode (1x1 cm?) in 1 M KOH were separated by the Nafion 117 membrane.
The OCV and discharging polarization curves were recorded in CHI 760e electrochemical

workstation. While the other data were recorded in Neware battery tester CT-4008T5V6A-S1.

S5 Supplementary Figures
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Figure S1. pXRD pattern of the Cu(OH)2/CF obtained after the electrochemical oxidation of
pure CF, as well as the reference patterns of Cu (PDF#70-3039) and Cu(OH). (PDF#35-505).
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Figure S2. (a) Cu LMM Auger spectrum before the reaction, (b) Ru 3p XPS spectrum before
the reaction, (c) Cu LMM Auger spectrum of Cu after the reaction, and (d) Ru 3p XPS spectrum

after the reaction.

s

Figure S3. SEM images of pure CF at different magnifications.
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Figure S4.

Figure S5. SEM images of CuRu-1h/CF at different magnifications.
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Figure S6. SEM images of CuRu-3h/CF at different magnifications.

Figure S7. SEM images of CuRu-5h/CF at different magnifications.
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Figure S9. SEM-EDX spectrum of CuRu-3h/CF.
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Figure S10. Ruthenium weight percentage in CuRu-xh/CF based on ICP-OES.
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Figure S11. TEM and HRTEM images of the surface layer structure of CuRu-3h/CF. e
corresponds to the magnified part of the square area in d. The d-spacing of 0.30 nm is assigned
to Cu20 (110).
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Figure S12. Tafel slope analysis of different electrodes for NO2RR.
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Figure S13. Current densities during the controlled electrolysis used to test the nitrite reduction
performance of pure CF (a), NCF (b) and CuRu-3h/CF (c).
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Figure S14. (a) UV-vis absorbance curves of NH4* ions using IBM with different concentrations,
and (b) resulting linear fit of the calibration curves. (c) '"H NMR spectra of NH4* ions with

different concentrations, and (d) resulting linear fit of the calibration curves.
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Figure S15. Current densities for the different cycles of the stability test performed to test the
long-term stability of CuRu-3h/CF.
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Figure S16. pXRD patterns of CuRu-3h/CF before and after catalysis.

Figure S17. SEM images of CuRu-3h/CF after catalysis at different magnification.
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Figure S18. SEM-EDX elemental mapping of CuRu-3h/CF after catalysis.
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Figure S19. SEM-EDX spectrum of CuRu-3h/CF after the catalysis.
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Figure S20. (a) UV-vis absorbance curves of NO2 with different concentrations, and (b)
resulting linear fit of the calibration curves.
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Figure S21. NO2 removal using CuRu-3h/CF with an initial nitrite-N concentration of 365 ppm
at a potential of 0.1 V vs. RHE.
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Figure S22. (a) CV curves of pure CF with different scan rates, and (b) the corresponding

current density difference with the resulting linear fit to determine the double-layer capacitance.
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Figure S23. CV curves at different scan rates for (a) NCF, (b) CuRu-1h/CF, (c) CuRu-3h/CF,
and (d) CuRu-5h/CF.
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Figure S25. Fits for the EIS of the different materials with the equivalent circuit.
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Figure S26. LSV curves of CuRu-3h/CF in the presence and absence of nitrate.
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Figure S27. Current densities during the controlled electrolysis used to test the nitrate reduction

performance of CuRu-3h/CF.
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Figure S28. NH3z FE and yield rate for the nitrate reduction using CuRu-3h/CF.
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S$6 Supplementary Tables
Table S1. Charge transfer resistance of the different materials determined by EIS

Electrode R (Q)
NCF 358.40
CuRu-1h/CF 19.70
CuRu-3h/CF 22.24
CuRu-5h/CF 55.67

Table S2. The comparison of catalytic performance over recently reported CF-based
electrocatalysts toward NO;" electroreduction

FEnn,
Catalyst Electrolyte Yield rate Ref.
(%)

CuRu-3h/CF | 1 MKOH + 0.1 M NaNO; 100 332mghem? | NS
CF@Cu0 0.1 MPBS + 0.1 M NaNO 94.21 751 mgh'cm? | @
CuszP NA/CF2 | 0.1 M PBS + 0.1 M NaNO, 91.2 1.626 mg h”' cm? | B
Ru-Cu 0.1 M PBS + 500 ppm NO2 94 1 211.73mg h' cm |
NW/CF® (NaNO2) ’ 2

Note:

a: NA/CF (nanowire array supported on copper foam)

b: NW/CF (nanowire array on three-dimensional copper foam)

23

258



6. Appendix

Table S3. The comparison of catalytic performance over recently reported CF-based
electrocatalysts toward NOs™ electroreduction

FEnn, .
Catalyst Electrolyte Yield rate Ref.
(%)
This
CuRu-3h/CF 1 MKOH + 0.1 M KNO3 88.4 62.5 mg h'' cm?
work
Ru-Cu NW 1 M KOH + 2000 ppm NO3 96 76.5mg h' cm? m
Rh@Cu-0.6% 0.1 M NazSO4 + 0.1 M KNO3 93 1.27 mmol h”" ecm? | B
1.915 mmol h"' cm-
CuO NWAs@Co0304° 1 M KOH + 0.606 g KNO3 96.96 Q
2
0.5 M KzSO4 + 200 mg/L
Cu/CuO,/CF* 93.58 0.23mmol h'em? | [
NOs-N
Au/Cu 1 M NaOH + 0.5 M NO3 98.02 73.4 mg h' cm™ 18]
Cu/Cu-Mn304 0.5 M K2S04 + 200 mg/L
92.4 0.21 mmol h"ecm? | ©
NSAs/CF® NO3-N
Cu-RD-KOH® 0.1 M KOH + 500 ppm NO3- 96.5 / 1ol
CusoNiso/Cu foam 1 M KOH + 100 mM KNO3 95 / 1
oxide-derived Cu
1M KOH + 100 mM NO3 92 1.1 mmolh™'cm=2 | 12
(OD-Cu)

Note:
a: NWAs (nanowire arrays)
b: NSAs/CF (nanosheet arrays on copper foam)

¢: Cu-RD-KOH: The Cu nanowire array being composed of pure Cu® was synthesized
through an electrochemical pre-reduction process at -0.4 V vs. RHE in 0.1 M KOH solution
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