Design of transition metal-based
nanostructured electrocatalysts

Dissertation
zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften

im Promotionsfach Chemie

am Fachbereich Chemie, Pharmazie,
Geographie und Geowissenschaften

der Johannes Gutenberg-Universitat Mainz

vorgelegt von
Yupeng Zhao

geboren in Shandong

Mainz, 2024



Dekanin:

Erster Berichterstatter:

Tag der mindlichen Priifung:




Die vorliegende Arbeit wurde in der Zeit von Oktober 2019 bis April 2024 am
Department fir Chemie der Johannes Gutenberg-Universitdit Mainz unter Betreuung von

Hiermit versichere Ich, Yupeng Zhao, Matrikelnummer - dass ich meine
Promotionsarbeit selbststandig verfasst und keine anderen als die angegebenen schriftlichen
und elektronischen Quellen, sowie andere Hilfsmittel benutzt habe. Alle Ausfiihrungen, die
anderen Schriften wortlich oder sinngemal entnommen wurden, habe ich kenntlich gemacht.

(Ort, Datum) (Unterschrift)






Kurzzusammenfassung

Kurzzusammenfassung

Traditionelle Energiequellen wie Kohle und Erddl dominieren nach wie vor unsere
Energielandschaft. |hre Nutzung tragt jedoch erheblich zur Umweltverschmutzung, zu
erhohten Treibhausgasemissionen und zum unumkehrbaren Klimawandel bei. Um diesen
drangenden Problemen entgegenzuwirken, ist die Entwicklung nachhaltiger Energietrager wie
Wasserstoff (Hz) und Sauerstoff (O2) von entscheidender Bedeutung, um die Verknappung
fossiler Brennstoffe abzumildern. Vor diesem Hintergrund erweisen sich umweltfreundliche
und erneuerbare  Energieumwandlungs- und -speicherlésungen, einschlieBlich
Wasserspaltung, Brennstoffzellen und Batterien, als vielversprechende Strategien zur
Bewaltigung unserer derzeitigen Energie- und Umweltprobleme. Im Mittelpunkt dieser
Technologien stehen die Wasserstoffentwicklungsreaktion (HER), die
Sauerstoffentwicklungsreaktion (OER) und die Sauerstoffreduktionsreaktion (ORR). Eine
entscheidende Herausforderung bei diesen Technologien ist die Entwicklung kostengtinstiger
und effizienter Katalysatoren, die fiir Prozesse wie die wassrige Wasserspaltung und Metall-
Luft-Batterien unerldsslich sind.

Diese Studie fasst die wesentlichen Parameter fiir die Bewertung der Leistung von Sauerstoff-
Elektrokatalysatoren zusammen, gibt einen Uberblick tiber die jiingsten Durchbriiche auf dem
Gebiet der Sauerstoff-Elektrokatalysatoren und schlagt kinftige Forschungsrichtungen vor.
Dariber hinaus werden die Beitrage des Autors zu diesem Forschungsbereich hervorgehoben,
die die Synthese, Charakterisierung und Bewertung der elektrochemischen Leistung von
Sauerstoff-Elektrokatalysatoren umfassen.

In dieser Doktorarbeit stellen wir Richtlinien fir die Entwicklung von Elektrokatalysatoren vor,
die sich darauf konzentrieren, durch kontrollierte morphologische Anpassungen mehr aktive
Stellen freizulegen und die katalytische Wirksamkeit durch Manipulation der elektronischen
Struktur zu erh6hen. Konkret werden pordse ZIF-67-Polyeder als Vorstufen fiir verschiedene
Behandlungen wie die Immobilisierung von Polyoxometallaten, Saureatzung, Karbonisierung
oder Sulfidierung verwendet. Die resultierenden Verbundwerkstoffe behalten die porose
Architektur der ZIF-67-Polyeder bei und bieten mehr aktive Stellen fiir die Elektrokatalyse.
Dartiber hinaus werden ultradiinne Pd-Metallene (Sub-Nanometer und gekrimmte Metall-
Nanoblatter) hergestellt und mit Defekttechniken modifiziert, einschlieBlich der Einflihrung
von Poren, konkaven Strukturen und MoOx/WOx-Dotierung. Charakterisierungstechniken wie
Rasterelektronenmikroskopie (SEM), Rasterkraftmikroskopie (AFM), hochauflésende
Transmissionselektronenmikroskopie (HR-TEM) und elementares Mapping wurden eingesetzt,
um die Morphologie und die elementare Zusammensetzung zu untersuchen. Die Ergebnisse
zeigen die pordse Struktur von Verbundwerkstoffen auf ZIF-67-Basis sowie ultradiinne und
defekte Merkmale von Pd-Metallen. Analytische Methoden wie Rontgenbeugung (XRD),
Rontgenphotoelektronenspektroskopie (XPS), Rontgenabsorptionsspektroskopie (XAS),
Fourier-Transform-Infrarotspektroskopie (FT-IR) und Raman-Spektroskopie wurden zur
Analyse der Zusammensetzung und der elektronischen Strukturen eingesetzt. Die
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elektrokatalytischen Aktivitaten und Langzeitstabilitdtstests der entwickelten Katalysatoren
wurden fiir verschiedene Reaktionen, insbesondere OER und ORR, griindlich bewertet. Im
Anschluss an diese Bewertungen wird eine griindliche Bewertung der postkatalytischen
chemischen und strukturellen Integritat durchgefiihrt, um die tatsachlichen aktiven Stellen fiir
OER und ORR zu verstehen. Gleichzeitig wird eine eingehende Untersuchung der
elektrochemisch aktiven Oberflache und des Elektronentransferprozesses an der Grenzflache
durchgefihrt, um unser Verstandnis der beteiligten katalytischen Mechanismen zu vertiefen.
Insgesamt zeigen diese Elektrokatalysatoren eine auBergewohnliche Leistung, die durch
niedrige Uberspannungen und eine bemerkenswerte Ausdauer von mehreren bis zu
Dutzenden von Stunden gekennzeichnet ist. Diese liberragende Leistung ist auf ihre inhdrente
Aktivitat, die zahlreichen aktiven Stellen, die groRBe Oberflache und ihre fein abgestimmten
elektronischen Strukturen zuriickzufiihren.
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Abstract

Traditional energy sources, such as coal and petroleum, continue to dominate our energy
landscape. However, their usage significantly contributes to environmental pollution,
elevated greenhouse gas emissions, and irreversible climate change. To counter these
pressing issues, it is vital to develop sustainable energy carriers, thereby reducing our reliance
on rapidly diminishing fossil fuels. In this light, eco-friendly and renewable energy conversion
and storage solutions, including water splitting, fuel cells, and batteries, emerge as promising
strategies to address our current energy and environmental predicaments. Central to these
technologies are the hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and
oxygen reduction reaction (ORR). A critical challenge in these technologies is the development
of cost-effective, efficient and robust catalysts, essential for processes like aqueous water
splitting and metal-air batteries.

This study summarizes the essential parameters for assessing the performance of oxygen
electrocatalysts and reviews recent breakthroughs in the field of oxygen electrocatalysts and
proposes prospective research trajectories. Based on these studies, the thesis summarizes the
author's contributions to this area of study, which include the synthesis, characterization, and
assessment of the electrochemical performance of OER/ORR electrocatalysts.

In this Ph.D. thesis, novel electrocatalysts are designed which focus on revealing more active
sites through controlled morphological adjustments and boosting catalytic efficiency via
electronic structure manipulation. Specifically, porous ZIF-67 polyhedrons are utilized as
precursors for various treatments such as polyoxometalates immobilization, acid etching,
carbonization, or sulfidation. The resulting composites retain the porous architecture of ZIF-
67 polyhedrons, offering increased active sites for electrocatalysis. Moreover, ultra-thin Pd
metallene (sub-nanometer and curved metal nanosheets) are fabricated and modified with
defect engineering techniques, including the introduction of pores, concave structures, and
MoOy/WOy doping. Characterization techniques such as scanning electron microscopy (SEM),
atomic force microscopy (AFM), high-resolution transmission electron microscopy (HR-TEM),
and elemental mapping were employed to study the morphology and elemental composition.
The results reveal the porous structure of ZIF-67 based composites, and ultrathin and
defective feature of Pd metallene. X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), X-ray absorption spectroscopy (XAS), Fourier transform infrared spectroscopy (FT-IR),
and Raman spectroscopy were used to analyze compositions and electronic structures.
Electrocatalytic activities and long-term stability tests of the catalysts were evaluated for
various reactions, notably the OER and ORR. Post-catalytic chemical and structural integrity
was studied to understand the real active sites for OER and ORR. In-depth investigations into
the electrochemically active surface area and the interfacial electron transfer processes were
undertaken to deepen our understanding of the catalytic mechanisms involved. In sum, these
electrocatalysts exhibit exceptional performance, characterized by low overpotentials and
remarkable endurance. This superior performance is attributed to their inherent activity,
abundance of active sites, extensive surface area, and their finely tuned electronic structures.
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1. Introduction

1 Introduction

1.1 Electrochemical oxygen evolution/reduction reaction

1.1.1 Significance of electrochemical oxygen evolution/reduction in energy
conversion and storage

From the mid-18th century until today, the annual global emissions of carbon dioxide (CO;)
increased from 10 million tons each year to 34 billion tons each year,™!! which caused many
climate and environmental problems, such as global warming,? melting glaciers,?® etc. In
response, an increasing number of countries are announcing carbon net-zero targets.*”!
Especially, the German Federal Government set a target to achieve a 65% reduction in
greenhouse gas (GHG) emissions by 2030 compared to the base year 1990 and net-zero
greenhouse gas emissions by 2045.[%71 Similarly, China, the European Union, the United States,
and Japan also plan to reduce their carbon emissions and meet the goal of reaching the 2050
net zero emissions target.[®! In 2018, 89% of global CO, emissions came from fossil fuels and
industry.l®! On this basis, the utilization of clean, sustainable, and inexhaustible substitutes for
traditional fossil fuel energy is far more significant. Various energy sources, such as wind
power, solar power, bioenergy, geothermal, tidal energy, etc., are widely used as substantial
carbon-free feedstocks to generate electricity.[!) However, these feedstocks are more
intermittent and weather- or season-independent.[*] Consequently, various energy storage
methods are proposed, such as thermal energy storage in molten salt, hydrogen energy
storage, battery energy storage, capacitors, and supercapacitors.*?

Hydrogen energy storage appeals to more attention among all the methods due to its high
gravimetric energy density, uninterrupted power supply, environmental friendliness, and
adaptability. As shown in Fig.1, the electricity generated by different sustainable energy
sources can be applied to a proton exchange membrane (PEM) electrolyzer, where the

electrical energy is converted to chemical energy. The solution to achieve the energy

L . . Energy . .
conversion is electrochemical water splitting (2H.0 —— 2H; + 03), which was first reported
in 1789 by Troostwijk and Deinman.[3! It includes two half-reactions: the hydrogen evolution

reaction (HER) on the cathode and the oxygen evolution reaction (OER) on the anode.
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Currently, electrodes and catalysts with low-cost and long-term durability for HER have been
studied widely and well-developed**15] However, the application at the industrial scale is still
limited by anodic OER, which involves a complex proton-coupled 4-electron transfer, showing
sluggish kinetics. As a result, a higher external voltage and more energy are needed to drive
electrochemical water splitting. Developing highly active, low-cost, and robust anode
electrodes or catalysts therefore is critically important in electrochemical water splitting.

Additionally, the transport section accounts for around 20% of global CO; emissions. In
particular, passenger vehicles, including private cars and buses, contribute 9% of global CO;
emissions.*®! To reduce CO, emissions from vehicles, fuel cells (FCs) are widely studied and
developed because of their eco-friendliness and high energy density. The first successful fuel
cell (FC) based on hydrogen and oxygen was developed by Francis Bacon in 1932.117] Afterward,
a wide range of FCs was developed, such as alkaline fuel cells (AFCs), phosphoric acid fuel cells
(PAFCs), molten carbonate fuel cells (MCFCs), solid oxide fuel cells (SOFCs), solid polymer fuel
cells (SPFCs), and proton exchange membrane fuel cells (PEMFCs). Although FCs have been
studied for decades, several significant challenges exist before they can be widely applied in
commercial practice. Especially, the development of FCs is significantly hampered by the
sluggish oxygen redox kinetics on the cathode, where oxygen reduction reaction (ORR) occurs.
Besides, noble metal-based catalysts are commonly used on cathodes, which also hinders the
technological application of FCs. Thus, developing effective and inexpensive electrocatalysts
with long-term catalytic stability is required for FC commercialization and CO, emission

reduction.

Fig. 1. Schematic of applications of proton exchange membrane (PEM) electrolyzer and
PEMFCs coupled with sustainable energy sources. Reproduced with permission (18,

Copyright 2016, the authors.
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1.1.2 Electrochemical oxygen evolution reaction

Proton-coupled four-electron transfer is involved in the OER process, resulting in sluggish
kinetics. A better understanding of the catalytic reaction mechanisms is needed to develop
optimal electrocatalysts for OER. Traditionally, the most common understanding of reaction
control is the binding strength of oxygen or oxygenated intermediates, which follows the
Sabatier principle. Namely, optimal catalysis occurs when the binding energy (AG) between
the catalyst and reactant is neither too strong nor too weak. ! This concept is based on the
notion that if the AG is too wealk, it is difficult for the catalyst surface to bind to the reactant,
whereas if the AG is too strong, the product will fail to dissociate and lower the activity.!?, [20]
On this basis, depending on whether the lattice oxygens participate in the reaction, two
possible reaction mechanisms have been proposed: adsorbate evolving mechanism (AEM) and

lattice-oxygen participation mechanism (LOM) (Fig.2).

(a) O, +H' +e O_M_O H,0 O,+H'+e
1 " \JH’«#e'
4 \'H +e ()H
O(])H AEM OH £ O-M-0
O-M-0 0-M-0 H* + e 2
4
H*+e 2 (@)
3 0 ! H*+e
l‘ Hl O'M'O
Ho > 0-M-O O-M- D
H*+e

Oo
Fig.2 (a) Conventional AEM mechanism. (b) LOM mechanism. M represents the active
sites. The oxygen in blue and orange represents the oxygen atoms in H,0 and metal

oxides respectively. Reproduced with permission.?Copyright 2023, the authors.
( I) Adsorbate evolving mechanism

AEM is the conventional OER mechanism and the most used to describe OER for an acid or
alkaline environment. Depending on the concerned active sites during the process of O,
formation, two different reaction pathways have been proposed. One is Eley-Rideal (ER) (in
heterogeneous system) or water nucleophilic attack (WNA) (in homogeneous system) type
AEM concerning a single metal cation active site (*), where OH" (in alkaline) or H,O (in acidic)

is oxidized to OH*, O*, and OOH¥*, as shown in Table 1 and Fig. 3a. Another OER mechanism
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is Langmuir—Hinshelwood (LH) (in heterogeneous system) or the interaction of two metal-oxo
entities (12M) (in homogeneous system) type AEM concerning two adjacent metal cation
active sites, where two O* intermediates are integrated into O,, rather than being oxidized to
OOH*. The ER-type mechanism has been investigated in Ru-based catalysts, while the LH-type
mechanism has been reported for Co-based catalysts.?%2?l Both ER-type and LH-type
pathways assume proton-coupled electron transfer and the formation of O*/OOH*,
intermediates. The binding energy between the catalyst surface and oxygen intermediates
determines the reaction speed and required overpotential, especially in the formation process
of OOH* from OH*, which requires the highest overpotential.[?3 Modulation of the binding

strength of intermediates on the catalyst surface plays an important role in optimizing its

reaction activity.

Table 1: OER pathways in acidic and alkaline conditions

Electrolyte

OER pathways

Acidic condition

2H,0 - O +4H* +4¢”

Single active

sites

HO+* > OH* + H + e
OH* > O* +H*+ e
O* + H,0 - OOH* + H" + &
OOH* > O%* + H*+ e
0:*> 0+ *

Two adjacent

H2O+* > OH* + H" + &
OH* 5> O* +H" +e

Alkaline condition

2H20 - 4H" + Oz + 4e’

active sites
20* 5 2*+ 0,
OH +* 5> OH* + e
OH*+ OH > 0* + H,0 + e
Single active
O* + OH - OOH* + e
sites

OOH*+ OH > 02*+ H20 + e
02* > 02+ *

Two adjacent

active sites

OH +* 5 OH*+ e
OH*+OH > 0*+H,0 + e
20* 5 2*+ 0,

In the table, * represents the active site.
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(IT) Lattice-oxygen participation mechanism (LOM)

Recently, experimental findings showed that some perovskites such as ProsBaosCo03-s (PBC)
and Bao.5Sro.5sCoo.sFe0.203-5 (BSCF) present more active properties for OER, rather than the poor
activity for OER as calculated based on AEM. 24251 So LOM was proposed to better explain this
phenomenon. In the LOM pathway, lattice 0%~ anions of catalysts directly participate in oxygen
evolution and the formation of oxygen molecules, as shown in Fig. 2b. In a typical LOM, the
first two steps concerning the formation of *O are the same as those in AEM. Then, the formed
*0 couples with the lattice O~ to release an oxygen molecule, Meanwhile, an oxygen vacancy
Vois left in the lattice. In the end, the vacancy will be refilled by the migration of OH™ from the

dissociation of water. The acidic LOM can be concluded as follows:

HO +* - OH* + H* + e Equation 1
OH* > 0*+H'+e Equation 2
O*+0L - 02+Vo Equation 3
Vo+ H20 - OH* + H" + & Equation 4
OH* > O+ H*+ e Equation 5

Because the formation of OOH* from O* is not involved in LOM, the barrier in the formation
of OOH* from O* is broken, and a lower overpotential compared to AEM can be achieved.
LOM gives a better explanation for the excellent catalytic properties of PBC and BSCF. In
addition, LOM still includes the formation of O*, so the Sabatier principle can be applied as

well.
1.1.3 Electrochemical oxygen reduction reaction

The oxygen reduction reaction is the reverse reaction of the oxygen evolution reaction and
plays an important role in fuel cells and metal-air batteries. In an acid condition, the two main
final products, H,O (Fig. 3 and eq. 6 and 7) and H,0; (Fig. 3 and eq. 8) are generated by a direct
four-electron pathway, and an indirect two-electron pathway, respectively.[??! Notably, the 2-
electron transfer process is preferred in industrial H,O, production while the 4-electron

transfer pathway is more desired in FCs and other energy conversion technologies, and their
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mechanisms are more complicated. So, we will focus more on the 4-electron transfers in this

thesis.
@) o,
2H,0 2M
2H* + 2e-
H* +e
0-0
i PR
M M M M
2H" + 2e H,0 H'+e
Dissociative mechanism Associative mechanism

Fig. 3 ORR catalytic cycle following dissociative (a) and associative mechanisms (b).

Reproduced with permission. (27! Copyright 2022, American Chemical Society.

Generally, the 4-electron transfer process can follow either a dissociative or an associative
pathway, depending on the oxygen adsorption mode (an O, molecular adsorbed by two
adjacent active sites or by a single active site), and the binding strength of oxygen to the active
sites.[2628] For the dissociative mechanism, the oxygen molecule is adsorbed by two adjacent
active sites, followed by the dissociation of the bridging oxygen configuration. Then the two
oxygen atoms (20 *) are coupled with a proton to form an intermediate (HO *), which is
further reduced to H,O (eq. 6). Typically, this dissociative pathway occurs on the surface of
noble-metal-based catalysts attributable to the strong o bonding interactions with O,. In
contrast, the associative pathway starts with one proton-coupled electron transfer and the
formation of a HOO * intermediate. Next, HOO * intermediate can be converted into H,0,
in a two-electron transfer pathway or undergoes two further proton-coupled electron transfer

process to generate H,0. 28 The reaction can be summarized as follows:

1 e"+HY e +Ht .

E02.|_>|< 0 * HO x —— H,0 + * Equation 6
“+H?T “+Ht “+Ht “+H* .
- H+ - H+ .
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Under alkaline conditions, the products would be OH" in 4-electron transfer and HO2 in 2-

electron transfer pathway. The reaction can be summarized as follows:

1 e~ + H,0 e~ .
502"'* 0 * HO *+ OH™ — 20H™ +* Equation 9
e~ + H,0 e” e~ +H,0
0,++*—>HO00*+0H  — 20H™ + O *x—— HO *+30H"™
o Equation 10
— 40H™ +*
e~ + Hy0 e” .
0, + *——— HOO *+ OH™ — HO; + OH™ + * Equation 11

The oxygen-containing intermediates, like O * and HO *, are involved in both the dissociative
and associative mechanism. Similar to the OER mechanism, it is reasonable to regard oxygen
adsorption energy (AE,) as a descriptor for ORR activities. According to the Sabatier principle,
the optimal catalyst for ORR should bind oxygen neither too strongly nor too weakly.[?30
Specifically, the oxygen adsorption (the formation of O, * in associative mechanism) or the
dissociation of O-O bound to generate O * (dissociative mechanism) will be hindered in case
of too weak interaction and in another case of too strong interaction, which results in difficult

removal of intermediates (O * and HO ).

1.2 Performance analysis of the electrochemical oxygen

evolution/reduction

Numerous catalysts and electrodes have been synthesized to gain satisfying electrochemical
performance. To comprehensively evaluate the catalytic activities of the catalysts or
electrodes, a standard measurement protocol is of fundamental importance, i.e., onset
potential, current density (j), Tafel slope, electrochemical surface area (ECSA), and Faradaic

efficiency (FE).



1. Introduction

1.2.1 Rotating-ring disk electrode technique

< <

Disk electrode

Ring electrode

Fig. 4 Schematic representation of the RRDE. Reproduced with permission. (27! Copyright

2022, American Chemical Society.

To effectively perform electrochemical measurement and gain the insight of reaction kinetics
and mechanism, rotating-ring disk electrode (RRDE) and rotating disk electrode (RDE) are
widely used as the powerful setup to assess the electrochemical behavior in both OER and
ORR. A standard RRDE consists of a conductive disk electrode (made of glassy carbon, Pt, Au,
etc.) and a concentric ring electrode (made of Pt, Au, glassy carbon, etc.). as shown in Fig. 4.
The desired potentials on ring and disk can be applied individually. Notably, only disk electrode
exists in RDE setup. In both RDE and RRDE, the rotating speed of the electrode can be
controlled by the configuration, leading to well-defined laminar flow profiles across the
electrode surface that enables quantitative analysis of reaction kinetic rate constant without
interference from mass transport. For example, the kinetic current can be gained after
voltametric measurements using an RDE with a certain rotating speed. We will explain this
point in detail in 1.2.5. Moreover, in the RRDE setup, when the electrode rotates, the product
formed at the disk electrode is transported to the ring electrode, where it can be converted
to another species by applying a second potential. For this reason, RRDEs are operated using

bipotentiostats where individual potential can be set for the disk electrode and the ring
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electrode. Based on this approach, the electron transfer number and faradaic efficiency can

be effectively measured with the assistance of RRDE. We will explain this point in detail in 1.2.
1.2.2 Current density and overpotential

The thermodynamic redox potential for 02/OH or O2/H,0 at 1 atm and 298 Kis 1.23 V- 0.0591
pH vs. reversible hydrogen electrode (RHE). In practice, OER requires a higher potential, while
ORR requires a lower potential due to the existence of energetic and kinetic barriers.3132 The
required additional potential is known as overpotential (n). In OER, overpotentials at different
current densities (j10, jso, j100) are commonly used to compare the catalytic performance of
different catalysts, which can be acquired by linear sweep voltammetry (LSV). A lower n is
preferred as it indicates less energy is required to achieve higher current density and faster
reaction kinetics. Note that, the current density (j) is also normalized to the geometric surface

area of the electrode, or, more rarely, to the ECSA.
1.2.3 Tafel slope

Tafel slope describes the relationship between the j and n, which originates from the classic

Butler - Volmer equation (eq. 12, cathodic polarization) below:

(1-a)zF

o n)] Equation 12

.. F
j=Jolexp (Z=n) - exp ( —

Where j is the electrode current density (A-m™), jo is exchange current density (A-m2), a is so-
called transfer coefficient, z is the number of electrons involved in the electrode reaction, n is
overpotential (V), F is the Faraday constant, R is universal gas constant, and T is absolute

temperature (K). The reaction j is controlled by forward and backward sub-reactions. When in

n),

the backward reaction is negligible, and the first term dominates. Then the Butler - Volmer

strong polarization region, where n is very high and meets exp (%n) > exp ( —%

equation can be explained as Tafel equation:

2.3RT
azF

Equation 13

The above equation can be simplified as:
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n=alogj + b Equation 14
Where the constants of a and b represent — %and 2;;: Log jo respectively. Meanwhile, b

is known as Tafel slope, the value of which is an indicator of reaction kinetics. A smaller Tafel
slope indicates a smaller overpotential is required to achieve the targeted current density.
Tafel slope can be obtained by electrochemical impedance spectroscopy (EIS) data and
voltammetry measurement. Notably, the contributions from catalysts and electrode are also

included in voltammetry and the EIS gives purely charge transfer kinetics.

1.2.4 Electrochemically active surface area

In the heterogeneous electrochemical reaction system, ECSA plays an important role in
normalizing the current density and revealing the real electrocatalytic activities. Specifically,
ECSA refers to the area of the catalyst that is accessible to the electrolyte and works for charge
transfer and/or storage. When the catalysts or electrodes contact with electrolyte, electrical
double-layer capacitance (Cq) appears at the interface between electrode and electrolyte.
Meanwhile, the ECSA is proportional to Cq, which in sequence can be measured by cyclic
voltammograms (CVs) in non-Faradaic regions.331 The ECSAs exhibits more accurate
information on active surface area compared to classic geometrical surface area.’®* In detail,
as shown in eq. 15 and 16, Cq is related to non-Faradaic current and voltage scan rate. On this
basis, Cq can be measured via CVs in the redox-free potential range with different scan rates.
Finally, the ECSAs can be obtained based on the Cq and the specific capacitance (Cs). Notably,

the C; is related to the nature of the materials and reaction environment.

dQ jdt . dt Equation 15
‘=g TaE T
Cal Equation 16
ECSA = —

S

Where Q is the electrical charge, E is the potential, t is time, v is potential scan rate, C; is
specific capacitance of the catalyst, j is the current density. Amongst, j is positive and negative

in case of charging (positive scan, j,) and discharging (negative scan, j,) process which are

10
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supposed to share same absolute value in an ideal faradaic region. In practical, the half current

density difference (jp - jn) is adopted to calculate Cq.

1.2.5 Electron transfer number and Faradaic efficiency

For multi-electron transfer reactions, various products would be generated with different
electron transfer numbers. Specifically, in cases of OER and ORR, possible two-electron and
four-electron pathways can occur simultaneously. It is vital to calculate the electron transfer
number to have a deeper understanding of reaction pathway. Conventionally, two
experimental methods are widely used to determine electron transfer number: RRDE method
and the Koutecky—Levich (KL, eq.17-19) method, where ji is the catalytic current density
without the loss caused by mass transfer, j is the apparent current density (extracted from the
LSV curve under different applied potentials) and ji is the diffusion-limited current density (the
highest current density under relatively negative potentials). According to eq.18, jk is
determined by electron transfer number (n), the faradic constant (F), the diffusion coefficient
of Oz (Do), the kinetic of viscosity of the solution (Co), and the RDE rotation speed (v). However,
in practice, KL method shows poor accuracy to determine n, as the KL plots are often not linear
and the calculated nk. sometimes exceed theoretical limits.!3! The electron transfer number
calculated with assistance of RRDE technique follows the equation (eq. 20). In detail, a
chronoamperometry (CA) of the disk electrode is recorded at a constant ring potential (1.5 V
vs. RHE), which allows possible HO; intermediate being oxidized. Meanwhile, a suitable
rotation rate (mostly at 1600 rpm) and scan rate are adopted in the O; saturated condition to

prevent mass transfer limitations. Similarly, the H,0O; ratio can be calculated by eq.21.

1_1 . 1__1 1 Equation 17

- = - — = +
j Jk J. Bwl/Z j

B = 0.62nFCyD/*v=1/6 Equation 18
Jjx = nFkC, Equation 19
n= i Equation 20

I, +1./N
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21 /N Equation 21

0 - ="
% (HO) I+ 1./N

Where n is the electron transfer number, /4 and I are the current on disk and Pt ring,

respectively, N is the collection efficiency.

Faradaic efficiency (FE) is another parameter to determine utilization efficiency of electrons
supplied from external circuit. Specifically, it describes the overall selectivity of an
electrochemical process, defined as the ratio of the amount of product formed (in moles) to
the amount of product that can be produced by the total charge passed, expressed as a
fraction or percentage.i®®l In the case of OER, O, production can be detected by gas
chromatography, Clark electrode or optical fluorescence oxygen sensing probe. Additionally,
FE can also be measured with the assistance of an RRDE setup. Generally, a relatively small
constant current is applied on the disk electrode, and a potential at 0.4 V vs. RHE is applied on
the ring electrode to reduce generated O; from the disk in an Ar/N; condition. Notably, the
current applied on the disk should be at an appropriate value (~1 mA-cm™) to ensure a
suitable O, generation, which can be sufficiently transferred to the ring electrode and
simultaneously to avoid local saturation and bubble formation at the disk electrode. On this

basis, FE can be calculated as follows,

I .
FE = T Equation 22
NI,

1.2.6 Electrochemical impedance spectroscopy

In a typical electrochemical reaction system, charge transfer, mass transfer from the bulk
electrolyte to the catalyst surface, and the resistance of the electrolyte result in the
impedance. To have a better understanding of the above-mentioned features, scientists
interpreted them into the equivalent electrical circuits, including resistances, capacitors, or
constant phase elements which are connected in parallel or series. Similar with the normal
electrical circuit, the impedance follows Ohm’s law as well. Practically, a small amplitude
alternating current (AC) signal excitation is applied when the electrochemical cell is in
equilibrium (open circuit state) or under a stable direct current (DC) polarization condition.

Notably, in the EIS measurement, the response signal must be caused by the input excitation

12
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signal. Meanwhile, input and output signals meet a linear relationship (Ohm’s law). In addition,
the excitation does not cause changes in the internal structure of the system, and the system
can return to its original state when the disturbance stops. The impedance expression can be
presented by Nyquist Plot and Bode Plot. In the Nyquist Plot, the real part (Z) and imaginary
part (Zim) are plotted on the X-axis and Y-axis respectively. In this case, each point is an
impedance value at the respective frequency. In contrast, two separate logarithmic plots exist
in the Bode plot: magnitude vs. frequency and phase vs. frequency, which are commonly used

in the engineering community.[37]

We take charge-transfer and diffusion processes controlled electrochemical reaction as an

example, the equivalent circuit is shown in Fig. 5.

RQ ]l

Fig. 5 Equivalent circuit of charge-transfer and diffusion processes controlled
electrochemical reaction.38 Rq, Ret, and Cai, represent the solution resistance, charge

transfer resistance, and double layer capacitance, respectively.

Meanwhile, the impedance can be described by the eq. 23-25. When w is high enough, w~1/2

is negligible, charge-transfer is the reaction rate determining step and Nyquist Plot is a semi-
circle and the diameter is charge-transfer resistance (Rc) (eg. 26). In the case of the small w
(eg. 27), Nyquist Plot is a straight line with the slope of 1. It indicates the reaction rate is
determined by a mass diffusion process. On this basis, we can get more information on charge

transfer and mass transfer with the assistance of EIS measurement.

Z=R, + < Equation 23

Equation 24

Zre = R +
Re = T T (6w1/2Cq+1)2+ w2CE(Rert ow1/2)?
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7 = R+ wCi(Ret+ 0w~ V)24 w12 (cwl/2C4+1) Equation 25
Im — 50 (owl/2Cq+1)24 w2Cj(Ror+ ow™1/2)2
1 .

Z=Ry+—— Equation 26
jwCgq+ ——
J Rct

_ 2 Equation 27

Zim =Zge—Ro — Ree +202Cy g

1.2.7 Stability

Apart from the electroactivity of the catalyst, stability is another significant parameter to be
considered for industrial applications. The stability can be tested by CA, chronopotentiometry
(CP), and accelerated durability test (ADT). Specifically, CA and CP work at a fixed potential or
current for a long time, while recording the obtained current or required potential. LSV before
and after CA and CP can also be studied to compare the electrical activity changes. ADT is
carried out at an accelerated scan rate in a short period compared to CA and CP. Normally, CV
cycling is performed at a suitable potential range (1.2-1.8 V vs. RHE for OER; 1.1-0.3 V vs. RHE
for ORR) at a scan rate of 0.1 V/s for thousands of cycles. As a result, the LSV curves pre- and
post-ADT can be compared and a durable catalyst is supposed to show nearly identical

performance.

1.2.8 d-band center

d-band center is one of the most successful descriptors in heterogeneous and electrocatalysis,
which was proposed by Norskov in 1995.39 Briefly, Norskov found that the adsorption energy
was highly linearly correlated with the energy center of the valence d-band density of states
(d-band center). The energy level of the d-band center determines the ease of filling the
antibonding energy band with electrons and thus the stability and strength of the adsorption
bonding. On this basis, the calculation of a catalyst can be used to predict the catalytic
properties. In practice, d-band center theory successfully predicted the outstanding catalytic
activities, like PtsNi for ORR and MoS; for HER. Besides, it gives the instructions for the catalyst
design as well, including coordination number modulation to increase d-band center value,

which will be discussed in detail in the following chapter.
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1.3 Noble-metal-based catalysts for electrochemical oxygen
evolution/reduction reactions

Developing efficient low-cost, and highly durable catalysts for OER and ORR plays a vital role
in oxygen energy transfer and storage. However, the state-of-the-art catalysts are still noble
metal based, like the IrO, and RuO; for OER, and Pt and Pd for ORR. These noble metals or
noble metal oxides are regarded as the benchmark catalysts, which are usually compared with
the newly synthesized catalysts. At the same time, noble metal catalysts play an important
role in understanding the reaction mechanism. Additionally, many researchers are also putting
more effort into new noble metal-based catalysts with reduced metal usage, e.g., alloys. The
target is not only to develop more active catalysts but also to better understand the reaction
mechanism and provide the guidelines for the next-generation noble metal-free catalysts

design.

1.3.1 IrO2 and RuO; based catalysts for OER

IrO2 and RuO; are the benchmark catalysts in OER and investigated deeply to gain an insight
of OER mechanisms. Casalongue et al. found that the oxidation state of Ir undergoes a change
from 4+ to 5+ with the assistance of in-situ X-ray photoelectron spectroscopy (XPS, Fig. 6a).[40]
Especially, the oxidation process is dominant on the surface of the catalyst. Based on the
observed experimental evidence, they proposed an OOH- mediated deprotonation
mechanism. Additionally, Pfeifer et al. found that Ir3*intermediates formed during OER, which
are confirmed experimentally by application of synchrotron based XPS and X-ray absorption
spectroscopies (XAS).[*!l Based on this finding, they proposed iridium vacancy model, which
concerned O formation during the OER reaction, as shown in Fig.6b. Moreover, Kasian et. al
proposed three different dissolution mechanisms depending on the potential applied on
anode (Fig. 6¢), including direct dissolution of Ir metal (blue arrow), the transition from Ir>* to
Ir3*(green arrow), and formation of IrOs at high potentials (red arrow).[*?l These reaction
pathways can be summarized by forementioned AEM, which are not involved the lattice
oxygen in the catalysts. Not only AEM, but also LOM are verified by IrO,. The isotope labelling
method was used to detect lattice oxygen participation during OER by Simon Geiger and his
colleagues.[*l They labelled Ir'80, and Ir'80y films, which were polarized galvanostatically in

the H,'®0-based electrolyte. The produced O species with mass-to-charge ratios of 32
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(*0*%0), 34 (**0*%0) and 36 (80*80) were measured. They found the active lattice oxygen in

amorphous iridium oxide can participate in the OER and boost catalytic activities.
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Fig. 6 (a) Curve-fitted Ir 4f XPS spectra of Iridium (+4) oxide nanoparticles under open circuit
conditions (left) and under oxygen evolution conditions (right), the green and purple
components correspond to Ir** and Ir>*, respectively. Reproduced with permission. (40!
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Oxidation state

transition of Ir from +4 to +3. Reproduced with permission.! Copyright 2016 Royal Society

of Chemistry (c) Three possible pathways of Ir dissolution during the OER. Reproduced with

permission. Copyright 2018, The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

Apart from the OER mechanism understanding, researchers are also putting more focus on
minimizing the usage of noble metals by composition and structure optimization. Based on
the understanding of OER reaction mechanism, rationally introducing heteroatom into noble
metal systems can improve catalytic activities because of the modification of the electronic
structure and synergistic effect.[**! The heteroatoms are normally transition metals which can
help with reducing the usage of noble metals as well. For example, Yahui Wang et. al
successfully doped Ce into IrO; nanoparticles, which modified the electronic structure of IrO;
and decreased the energy barrier of the transition from *O to *OOH, which is rate-
determining step (RDS) in OER.*?! The catalyst they synthesized achieved very low

overpotential (10 = 24 mV) at 10 mA-cm2, while 380 mV is needed for IrO,. Meanwhile, the
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Ir normalized mass activity also indicates the Ce doping can largely reduce the usage of Ir. In
addition to single metal doping, poly metals doping is also applied for IrO2 based OER
electrocatalysts. In this regard, Zaman et. al successfully co-doped Co and Ni into IrO; and
atomically substituted 50% usage of Ir.[®! Furthermore, the Ni-Co co-doped IrO, shows lower
overpotential than the individually doping cobalt and nickel catalysts. Based on this
observation, many other heteroatoms have been adopted to substitute noble metals,

including Cu,[41 F,1481 B, 491 and Nb.[*9]

Additionally, morphology modification is adopted as well by researchers to expose more
active sites with less noble metal usage. Noble metal-based materials from 1 dimensional (1D)
to 3D are wildly investigated. 1D noble metal-based materials are referred to the single noble
metal atom containing materials. Ru and Ir single atoms are successfully immobilized into
different substrates. Gu group has synthesized Ir single atoms modified NiOP% and amorphous
CoOBY catalysts, in which the weight ratios of Ir are only 18% and 14.8% respectively.
Meanwhile, the catalysts exhibit very high catalytic activities. The density functional theory
(DFT) calculations reveal that the immobilized Ir single atoms can not only work as the active
sites, but also modulate the electronic structure of neighbor metal atoms (Ni and Co), which
further increase adsorption free energies of OH™ and intermediates (*OH and *O) and leads
to the dramatically improved OER activity. Similarly, other noble metal single atoms, like Ru,
Pt, and Au, are synthesized with different substrate, including metal alloys,?! carbon,>34
metal carbides,!®> metal oxides,® and layered double hydroxides (LDH)®7). All the noble
metal single atoms show improved catalytic activities. However, the number of single atoms
is limited by the number of defects, which are used to fix the single atoms. Besides, during the
long-term catalytic process, the atomically dispersed single atoms tend to aggregate and form
the clusters, resulting in the degradation of the catalytic performance, especially in a high
loading of single atoms. Because of this phenomenon, Rational design single atoms-based

catalysts without single atoms aggregation is considered as the current research challenge.

The design of 2D noble metal-based materials is another option to achieve its cost-
effectiveness. The idea is using surfactants to control the growth direction of the crystalline
and form ultra-thin materials. On this basis, a certain facet of the crystalline can be tuned. For
example, the (001) planes for Ru®®! nanosheet and (111) and (200) planes for Ir®>% can be

prepared. The DFT calculations indicate these facets are more active toward reducing the
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energy barriers of the RDS in OER process, which can explain the greatly improved catalytic
properties compared to pristine RuO2 and IrO,. Meanwhile, the electronic structures of noble
metal nanosheets can be tuned by some defect-inducing method and other metal doping
methods®l. Compared to the single atom catalysts, 2D noble metal-based materials are more
stable as fewer aggregation is observed during OER. The bottleneck of the design of this kind
of material is the choice of suitable surfactants. Some surfactants would be adhesive to the
synthesized nanosheets, as the result, the active sites would be blocked and decrease the
usage efficiency of noble metals. Recently, the metal carbonyl assisted synthesized method
appeared, which allows slow CO emission.[®Y Meanwhile, CO can help control the crystalline
expand dimension. This method is mainly used in the design of ORR catalyst, which will be

discussed in the following part.

Finally, 3D noble metal-based materials are very popular in cost-effective noble metal-based
catalysts design. The guideline is to synthesize porous, core-shell, or hollow structured
nanoparticles with a small size to increase the surface area and expose more active sites.
Compared to 1D single atoms, 3D nanoparticles can provide higher surface area and more
active sites, which can also be deposited on a proper substrate. Meanwhile, the synthesis
method is more facile compared to 1D and 2D. In a typical hollow structure synthesis method,
the precursor noble metal-based nanoparticles are firstly synthesized and then are etched by
acid to gain the porous structure. For example, Shaojun Guo group has prepared a class of IrM
(M = Co, Ni, CoNi) multi-metallic porous hollow nanocrystals by using a Lewis acid.[®?! The
noble metal containing metal organic frameworks (MOFs) are usually used as the precursor,
which go through further pyrolysis or other treatment to gain small size of nanoparticles or
porous structures heritage from the pristine MOF. For example, Wenrui Li et. al. prepared the
IrOx clusters supported on porous CeO; by the calcination of Ir containing MOF. The catalyst
possesses micropores centered at approximately 1.2 nm as well as mesopores around 3.4 nm,

which potentially provided more active sites for OER.

In conclusion, all the catalyst designs (from 1D to 3D) show both advantages and
disadvantages. More efforts are still needed to develop more effective, stable, and cost-
effective catalysts. The research focuses could vary from the improvement of the stability of

the of 1D single atoms catalysts to decreasing the noble metals usage in 3D catalysts.
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1.3.2 Pt and Pd based catalysts for ORR

Furthermore, Pt and Pd also show high catalytic activities towards ORR compared to other
metals due to their appropriate binding energy between the bulk metals surface and O/OH
adsorbates, as shown in Fig.7.[%3 To this end, many efforts have been put on the development
of Pt and Pd based ORR catalysts. It is same with other noble metals catalyst, the target is to
reduce the usage the Pd and Pt, and at the same time, improve their activities. In the case of
pure Pt and Pd catalysts, surface facet, shape, and size engineering play an important role in
improving their catalytic activities. Various Pt/Pd catalysts with different structures and
surface facets have been wildly prepared. Notably, the ORR catalytic performance of different
Pt facets varies in different electrolytes. For example, in a catalytic solution containing
coordinating anions (such as H,SO4 solution), ORR activity follows the order Pt (111) < Pt (100),
as the strong adsorption of anions (S04%) deactivate the Pt (111) surface dramatically and
decrease the catalytic reactivity. However, in the presence of weakly coordinating anions such
as ClOzand OH~, ORR activity follows the order Pt (100) << Pt (110) = Pt (111).184 This means
Pt-based catalyst with a cubic crystal with (100) facet in dominant would be more active for
ORRin H2S04 and those with an octahedral (or tetrahedral, or icosahedral) structure with (111)

and (110) facets in dominant would be ideal catalysts for ORR in HCIO4 and KOH solutions.

In the following discussion, we mainly focus on the Pt (111), as HClIO4 and KOH solutions are
the most widely used electrolytes in the ORR electrocatalysis. Meanwhile, it was found that
the ORR activities were highly dependent on dense surface steps, edges, and kinks on high-
index facets of bulk nanoparticles.!® The guidelines for the development of more active pure
Pt catalysts are to design a stepped surface with high index facets instead of a smooth (111)
surface. On this basis, defect engineering is applied to introduce surface steps, edges, kinks,
and low-coordinated atoms. For example, defect rich porous Pd nanosheets were synthesized
recently.[®®! The materials possess abundant highly active sites because of the existence of
abundant pore structures and strain effect, which further contribute to the tunable electronic
structure. At the same time, Guo and co-workers prepared different types of defects on Pd
nanosheets.[®”] Compared to edge and pore defects, concave surface defects have shown the
highest ORR activity, due to the increased coordination number at the metal sites, and

moderately downshifted d-band center.
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Fig. 7 Trends in oxygen reduction activity plotted as a function of the O atom binding energy
(a), and both the O and OH binding energy (b). Reproduced with permission.[®3! Copyright

2004, American Chemical Society.

Apart from facet control, size control of the nanoparticles is also important for the catalytic
performance improvement. However, the Pt particle size effect on ORR is still not well
understood and a focus of current research. Shoemaker and coworkers prepared Pt
nanoparticles with different sizes (from 1 to 5 nm) and tested their specific activities (SA) and
mass activities (MA).[®8] They found that the SA increased sharply by around 4-fold as the
particles grow from 1.3 nm to 2.2 nm and then slowly as particle size further increased.
However, the MA reached the maximum (by 2-fold) as the particles grew from 1.3 nm to 2.2
nm and then decreased as particle size further increased (Fig. 8a). Similarly, Chorkendorff and
colleagues also observed the same results with the Pt particle size from 2 to around 11 nm.
The maximum of MA was located at 3 nm.[®® The explanation given by Shoemaker and
colleagues is that with the particle size decreasing from 5 to 1 nm, the number of (111) and
(100) terrace sites decreased rapidly, and low coordination number edges dominated the
surfaces, which results in the overly strong binding between Pt surfaces and O,. Note that
alternative explanations have also been put forward: some researchers argued that the SA did
not depend on the particle size, even in the range of 1 to 5 nm. As shown in Fig. 8b,
Nesselberger et al. found that carbon supported Pt particles with different sizes (from 1 to 5
nm) showed comparable SA. At same time, MA increased linearly with increasing Pt
nanoparticles dispersion.’? They proposed the catalytic activities are related to the

interparticle distance. The decreased interparticle distance leads to the overlap of the electric
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double layers between neighboring particles, resulting in a potential drop within the compact
layer and leading to weaker adsorption energy on Pt surfaces, which is referred to as a
proximity effect. Additionally, when the size of Pt nanoparticles is below 1 nm, some
interesting trend occurs. It was found that Pti, showed higher activity by a factor of 10
compared with 2.5 nm Pt/C. However, if one Pt atom was added into Pti2, which changed to
Pt13, the catalytic activities decreased by a factor of 2. Pt17 and Ptig are more active than Ptis
again. That is because Pt13 possesses icosahedral structure, which shows much higher binding
energy, resulting the poor activity. But with more Pt atom being added on icosahedral core,

edge structure appeared and improved the catalytic activities of Pt17 and Ptyg. [’

Different opinions and ideas were proposed based on recently discovered interesting and
amazing phenomena. However, the relationship between the ORR activity and the shape/size
of nanoparticles is not well established. Moreover, Angelopoulos et al. used voltametric Bi and
Ge oxidation method to quantify the amount of charge associated with (111) terraces and
(100) terraces, and further observed the relationship between electrocatalytic reactivities and
amount of exposed different facets. with the assistance of Bi and Ge specific adsorption
technique, Angelopoulos et al. proposed the predominant active sites on Pt nanoparticles
were (110) and (311) rather (111) terrace atoms, which were historically recognized as main
active sites for ORR.172l More efforts need to be made to fully understand the size and shape

effects on ORR.
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Fig. 8 a) MAs and SAs of Pt/C for oxygen reduction reaction at 0.93 V with different particle
sizes, b) SAs of the ORR determined at 0.85 V RHE in rotating disk electrode measurements
of Pt nanoclusters deposited onto a glassy carbon electrode. Reproduced with
permission.[%87% Copyright 2011, American Chemical Society. Copyright 2013, Springer

Nature Limited.

Aside from tuning the size and surface facets of nanoparticles, Pt and Pd alloying with
transition metals can effectively enhance the ORR activities and stabilities. In the case of Pt,
various Pt alloying transition metals (PtM) have been widely investigated and reported,
including Co,[73-78 Nj [75-77] Fe 7678791 y, [75,77) Ag,[77'8°] Au,77:80] p [78.80] Cr 1811 g [82] |, 83]
V76l etc. Amongst all the transition metals, Co, Ni, and Fe exhibit superior properties and have
led to more intensive studies. Stamenkovic et al. combined simulations with experiments and
stablished the electrocatalytic trends on Pt3M.[7®! The trend followed the order of Pt < Pt3Ti <
Pt3V < Pt3Ni < PtsFe = Pt3Co. However, the Pt alloys have been observed to decrease as a
function of voltage cycling in PEMFC operation conditions.[8*23 Han et al. pointed out that
the stability of Pt alloys are related to the dissolution potentials of the alloying elements. As
shown in Fig. 9¢c, PtCo and PtFe alloys possess very low dissolution potentials and are easier
to dissolve during the catalytic reaction. As a result, the alloys surface would become pure Pt
due to the dissolution of Co and Fe, resulting in the degradation of properties. Meanwhile,
Vojislav R. Stamenkovic et al. also designed a Pt-skin and -skeleton structure by thermal
annealing at around 1000 K. During the thermal annealing process, Pt atoms segregated to

the surface and doped transition metal atoms moved to the sublayers, leading the formation
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of Pt-skin. The catalytic activities of bulk Pt, Pt-skeleton, and Pt-skin surfaces followed the
order of Pt < Pt-skeleton < Pt-skin. Meanwhile, the annealed Pt-skin surface was very stable
under electrochemical environment. Similarly, transition metal doping Pd nanosheet also
exhibited higher catalytic properties than the pure Pd nanosheet. For example, Shaoda Huang
et al. and Mingchuan Luo et al. have prepared Fe and Mo dopant respectively, both of which
exhibited improved catalytic properties.[887] Not only the binary Pt alloys, ternary and
quaternary Pt Alloys have also been synthesized and evaluated by different groups. Because
of the synergetic effects in different transition metals and Pt, the catalytic activities and
stabilities could be further improved on base of binary Pt alloys.[838 Meanwhile, apart from
the thermal annealing, other methods to improve the stability of Pt/Pd are under

development as well, such as nonmetallic elements (C,°® H,°Y and B?)) doping.
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Fig. 9 (a) Relationships between experimentally acquired SA of PtsM surfaces versus the d-
band center location for the Pt-skin and Pt-skeleton surfaces. Reprinted with permission.[®!
Copyright 2007, Springer Nature Limited. (b) Thermodynamic dissolution potential (Vdissolve)

versus Pt alloy formation energy (Eaioy) of different Pt-alloyed transition metals. Reprinted
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with permission.l®3l Copyright 2015, American Chemical Society (c) Transition metal dopant
loss after 1.2k cycles (green) and the SA of Pt alloy catalysts (red). Here the metal dopant loss
was defined as the dopant composition change from (b). Reprinted with permission.[?
Copyright 2015, American Chemical Society. (d) Sublayer Fe dopant in porous Pd nanosheet
with enhanced catalytic activities and stability. Reprinted with permission.[®3 Copyright ©

2022, American Chemical Society.

1.4 Noble-metal-free catalysts for  electrochemical oxygen
evolution/reduction reactions

Noble metals exhibit excellent electrocatalytic properties, but their application is still limited
by the rarity and high cost. In this context, tremendous efforts have been devoted to exploring
noble-metal-free substitutions with comparable electrocatalytic properties and durability that

lead to significant advances in electrocatalytic OER and ORR.

1.4.1 Noble metal free based electrocatalysts for OER

Metal hydroxides/oxyhydroxides

Transition metal hydroxides and oxyhydroxides are the most widely investigated because of
their high-performance OER electrocatalytic activities, especially for Ni,[?*%%! Fe,[®6] and Co!?6:27]
based compounds. In 1983, D. E. Hall initially found that oa-Ni(OH), exhibited OER
electrocatalytic activity.[® Inspired by this finding, other metal (Fe, Co, and et al.) hydroxides
were shown to be active for electrocatalytic OER. In addition, the catalytic mechanism was
revealed in recent years with the assistance of advanced measurement techniques. As
described by Bode et al., two distinct redox transformations occur during the potential cycling
across the Ni(2+)/(3+,4+) redox potential: the reduction/oxidation cycle between a-Ni(OH);
and y-NiOOH (a and y); and between B-Ni(OH)2 and B-NiOOH, as shown in Fig. 10a.l%%% The
oxidation process of a-Ni(OH); to y-NiOOH occurs at lower potential than the transformation
from B-Ni(OH). to B-NiOOH. However, B-NiOOH is unstable and could change to y-NiOOH,
especially at high pH values. Meanwhile, overcharging would take place if the potential is
increased above the charging potential of B-Ni(OH), to B-NiOOH, leading to the
transformation of B-NiOOH to y-NiOOH as well.[®®! Jianwen Huang et al. observed the phase

transformation by Raman measurement and found that there was a reversible phase
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transition between a-Ni(OH); and y-NiOOH prior to OER, revealing y-NiOOH acts as the real
activity contributor for OER(Fig. 10b).[1%] At the same time, researchers also found that some
heteroatom doping can effectively improve electrocatalytic performance.l®®1°U The typical
cases are NiFe-layered double (oxy)hydroxide (NiFe-LDH). The NiFe-LDH compounds can be
expressed with the formula: [Niz*, Fe3*(OH),]*(A™)wn-yH20, where x is the molar ratio of Fe
that is incorporated, A is the anion, n is the charge of the anions, and y is the amount of water
that is intercalated. The crystal structure is same as in the mineral hydrotalcite, as shown in
Fig. 10c. However, the role of Fe in the system is still under debate. Many efforts have been
devoted to developing a mechanistic picture of OER. Friebel et al. prepared Nii-xFexOOH with
different Fe content.l'% The result indicates that the appropriate addition of Fe (25%) to
NiOOH led to 500-fold higher OER current density (at 0.3 V vs. RHE) compared to pure Ni and
Fe oxyhydroxide films and more than 175 mV decrease in overpotential, as shown in Fig. 10d.
With the assistance of in-situ X-ray absorption spectroscopy (XAS) and high energy resolution
fluorescence detection (HERFD), they found that that Fe3* in Ni;xFexOOH occupies octahedral
sites with extraordinary short Fe-O bond distances by replacing Ni and sharing the edges with
surrounding [NiOs] octahedra, which further led to optimal adsorption energies of OER
intermediates and low overpotentials at Fe sites. It means the real active sites are doped Fe
atoms. They also proposed a higher Fe loading resulted in the nucleation of a y-FeOOH phase,
which possess longer Fe-O bond distance and higher overpotential for OER. In addition, Chen
et al. reported that the formation of Fe** in NiFe-LDH during the OER process was directly
observed by operando Méssbauer spectroscopy. Up to 21% of the total Fe3* atoms were
oxidized to Fe*", which further worked as active sites in water oxidation. Meanwhile, they
proposed that the oxidized Fe** species generated at an edge, a corner, or a related “defect”
site could be much more active kinetically and lead to rapid water oxidation. Up to now, other
different mechanisms are kept being proposed based on the experiment and advanced

characterization techniques and deeper understanding on NiFe-LDH would be acquired.
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substituted y-NiOOH and Ni-substituted y-FeOOH model structures, and (d) measured OER

activity of mixed Ni—Fe catalysts as a function of Fe content in 0.1 M KOH. Reprinted with

permission.[192 Copyright 2015, American Chemical Society.

Transition metal oxides

Metal oxides attracted wide attention because of their outstanding catalytic activities and

superior stabilities, especially the first-row late transition metal, including Fe, Co and Ni.

Amongst all of them, Co304 is one of the most promising candidates and became the research

focus since of the beginning of last century, due to their activity and durability in alkaline

electrolytes. Co304 possesses the typical spinel structure, where Co%* (Co
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cations occupy the tetrahedral and octahedral sites respectively. The catalytic abilities of Co%ﬁ
and Co} was tested by many researchers to determine the real active sites.[1%3-19% Kim et al.
prepared spinel-type ZnCo;04 and Co3z04 thin film which were used as OER catalyst. Notably,
in ZnCo,04, Zn?* took the place of Co%ﬁ in the tetrahedral sites. By comparing the catalytic
properties of ZnCo,04 and Co304 in both 1 M KOH (pH 13.8) and 0.1 M phosphate buffer
solution (pH 7), they concluded that cO%g is not catalytically critical for OER, as comparable
performance and stability were acquired. However, similar ion replacement method was
adopted by Wang et al. to determine the roles of Co%g and Cof}f1 played during OER
process.!'% They used inactive Zn?* and AI** to replace Co%} and Cog. and found that Cog§
was responsible for the formation of CoOOH, which further acted as the active site for OER.
To some degree, ion replacement can bring some uncertainties to the active sites analysis,
even Zn?* and Al**are treated as inert. The introduced “inert ion” may modulate the electronic
structures in the system and make themselves or originally inactive part active. On this basis,
Bergmann et al. used advanced XAS to directly observe the local structure change during the
OER process.'3! They found the structurally reversible evolution of crystalline Cos04
electrocatalysts: a sub-nanometer shell of the Co30; is transformed into an X-ray amorphous
CoOx(OH)y. The formed CoOx(OH), was recognized as the active site. In addition, apart from
the mechanism research, the modification of Co304 was also investigated by many groups as
well. The guideline is mainly engineering electronic structure and morphology. For example,
Lei Xu et al. demonstrated Co3z04 nanosheets with oxygen vacancies can effectively improve
the catalytic activities: the SA is 10 times higher than that of pristine Co304 at 1.6 V.[100
Similarly, Bao et al. prepared NiCo,04 ultrathin nanosheets rich in oxygen vacancies and
analyzed the origins of the catalytic performance. With the assistance of DFT calculations, they
concluded that the ultrathin thickness and presence of oxygen vacancies led to decrease the
water adsorption energy and the increase of active sites. Researchers also put much effort on
nickel oxides and iron oxides and gained deeper understanding of their catalytic mechanisms

and high-performance catalysts.

Apart from the spinel structured metal oxides, perovskites type of metal oxides has been
widely studied as well and as treated as remarkable catalyst materials because of their highly
tunable elemental compositions, unique electronic structures, and robustness in alkaline

solutions. Perovskites type of metal oxides have the general formula of ABOs, in which A
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represents alkaline, alkaline-earth or rare-earth cations, and B represents transition or p-block
metals. The typical ABOs perovskite structure is shown in Fig. 11a. In 1984, Bockris et al. first
reported the OER performance of LaMQs (M = transition metals) and used the 3d electron
number of bulk transition metal ions as the activity descriptor.l'®”l Afterwards, other
perovskites oxides with high catalytic performance were found and the related reaction
mechanisms and activity descriptors were proposed. Man et al. studied several perovskites
based on density-functional theory (DFT) and found that the catalytic activities follow the
following order: SrCoOs > LaNiO3 > SrNiOs > SrFeOs > LaCoOs > LaFeOs > LaMnO3,[1%8! which
were experimentally proved by other researchers.4107-110 They proposed that AGo+*~AGHo*
can be used as the descriptor to evaluate and predict the OER catalytic activities (Fig. 11b). At
the same time, Shao-Horn et al. prepared a series of heteroatom substituted perovskites (Ai-
«A'xByB’1-yO3, where A or A’ is a rare-earth or alkaline-earth metal, and B or B’ is a transition
metal) and observed their OER catalytic activities. 24! The resultant perovskite oxides exhibit
a volcano shape as a function of the eg filling of surface B-site cations, as shown in Fig. 11c.
They proposed the eg-filling descriptor, which is different from the 3d electrons (both eg and
tyg electrons) of B-site cations. As predicted by the eg activity descriptor, BCSF exhibited the
highest OER activities with at least an order of magnitude higher than that of IrO; in alkaline
media, because its eg electron number is 1.2, which is very close to the volcano plot peak. In
2013, Grimaud et al. proposed O p-band center could be a descriptor of OER catalytic activities
by observation the catalytic properties of double perovskites (Lno.sBao.s)Co03-s (Ln=Pr, Sm, Gd,
and Ho). They found that moving the O p-band center closer to the Fermi level can improve
OER activities, but moving computed O p-band center too close to the Fermi level decreases
oxide stability during OER. The explanation is if the p-band center is closer to the Fermi level,
oxygen vacancies are generated and M-0 covalency is increased, resulting in higher activities.
While if the O p band center is too close to the Fermi level, rapid amorphization in the near
surface occurs, which decreases the catalytic activities. Benefit from these OER catalytic
descriptors for perovskite oxides, numerous critical advances have been made in the design
and synthesis of advance perovskite-type OER catalysts in recent years. However, because of
the complex structure of perovskite oxides, a single catalytic descriptor is not commonly
applicable when predicting and describing its OER performance. At the same time, developing
more active perovskite oxides is also important as understanding the reaction mechanism.

The specific routes used to prepare new perovskites with high performance include
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composition engineering, crystal facet control, morphology control, defect engineering, and
hybridization. However, compared with the commercial OER electrocatalysts, the as-reported
perovskite-oxide catalyst family is still far away from the wide-spread application. More
progress is required, and more theoretical and experimental investigations are needed in this

field.
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Fig. 11 (a) Scheme of typical ABOs perovskite structure. Reprinted with permission.[11
Copyright 2022 Kim, Oh, Park, Kim, Lee and Lim. (b) Activity trends towards oxygen evolution
plotted for perovskites. The negative theoretical overpotential was plotted against the
standard free energy of the AGo*~AGho* step. Reprinted with permission.[*'2! Copyright 2011
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) The relation between the OER catalytic
activity, defined by the overpotentials at 50 pA-cm™2ox of OER current, and the occupancy of
the eg-symmetry electron of the transition metal (B in ABO3). Reprinted with permission.[?4

Copyright 2011, American Association for the Advancement of Science. (d) The iR-corrected
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potential of OER at 0.5 mA-cm™uide Versus the O p-band center relative to Fermi level (eV) of
(Lno.sBap.s)Co03-s5 with Ln=Pr, Sm, Gd and Ho, for LaCoOs (LCO), Lao.aSrosCo0s-5 (LSC46),
Bao.5Sro.5Coo.sFe0.203-5 (BSCF82), Bao.sSro.sCoo.4Fe0.603-5 (BSCF46) and SrCop.sFeo.203-5 (SCF82).

Reprinted with permission.[% Copyright 2013, Springer Nature Limited.

In addition, polyoxometalates (POMs) and their derivates are also promising electrocatalysts
for OER due to their chemically diverse, structurally well-defined nanoscale (~1-5 nm) and high
number of redox-active metals per molecular unit. More specifically, POMs are assembled by
the connection of {MO} polyhedra where M is an early d-block element in a high oxidation
state, usually VV'V, MoYV!, or WYV, The most well-established prototypes are the so-called
Keggin anion [XM12040]™ (X = e.g. B, Si, P; M = Mo, W) or Wells-Dawson anion [X2M1g0e2]™ (X
=S, P, M = Mo, W). In 2004, Howells et al. first reported that di-Ru-substituted POM
[Ru2Zn2(H20)2(ZnWs034)2]** showed OER electrocatalytic properties.[!13 This finding inspired
other researchers to develop POM molecules as water oxidation catalysts. In 2010, Yin et al.
synthesized [Coa(H20)2(PW9034)2]*% (Cos-POM) molecules which showed high OER catalytic
activity. In the following discussion of “the real catalyst”, Finke and Stracke deeply investigated
the true active sites in Cos-POM during OER process.[114115] They found that the dominant
catalysts were heterogeneous CoOy, which formed from the decomposition of Cos-POM at pH
8.0. Furthermore, Goberna-Ferrén et al. reported another molecule POM catalyst:
{Cos(H20)6(OH)3(HPO4)2(PW9034)3}16~ (Coo).[128] They performed experiments with an excess
chelating agent for free aqueous Co?* ions. As a result, they could observe the catalytic
performance of Cog without the formation of a Cox film on the electrode. The result indicated
Coo could act as the true homogeneous water oxidation electrocatalyst and maintain constant
reaction rates and efficiencies without any significant apparition of fatigue for several days.
However, their application was still limited by its poor conductivity. To solve this problem,
they also synthesized the heterogenous catalyst: Csi5K[Coo(H20)s(OH)3(HPO4)2(PWs03a)s]
mixed with carbon paste, which exhibited higher activities at a wide range of pH values.[1”]
Other conductive substrates were used as well to increase the conductivities of catalysts. For
example, Luo et al deposited a robust Dexter-Silverton POM OER electrocatalyst
([Coe.8Ni1.2W12042(0OH)4(H20)s]) on a conductive 3D nickel foam substrate. The as-synthesized
catalyst showed superior catalytic properties, long-term stability, and high Faradaic efficiency.

Additionally, other conductive substrates, like carbon nanotubes!!8119 and graphene,!120
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showed good electrocatalytic properties as the conductive substrates to facilitate the multi-

electrons transfer required for OER.

Other noble metal free OER electrocatalysts

Apart from above mentioned metal hydroxides, metal oxyhydroxides, and metal oxides, other
transition metal-based catalysts also drew a lot attention and were widely studied. Some of
them showed superior electrocatalytic properties, including metal phosphides, sulfides,

nitrides, selenides, and carbides.

Metal sulfides, phosphides, and selenides have been widely developed towards catalytic
water splitting, especially for HER. Traditionally, metal sulfides and phosphides are considered
unsuitable for OER, as sulfides and phosphides tend to be oxidized at higher potential.
However, S, and P atoms located near the metal atoms, can result in increased 3d-2p
repulsion between the metal d-band center and the coordinated oxygen’s p-band centers,
which would deactivate the catalysts by coordination of the hydroxide ligand.[*?!] Some
researchers devoted much effort to revealing the role of S, Se, and P atoms during catalysis
process and the true catalytically active species. In 2016, Mabayoje et al. investigated the
activity of electrodeposited nickel sulfide (NiS).*?2 The results indicated amorphous thin films
of nickel oxide (NiOyx) formed in potential range where water is oxidized to oxygen. The original
NiS acted as pre-catalyst. Similarly, Ryu et al. prepared CoP nanoparticles, which transformed

into cobalt-oxo/hydroxo molecular during catalysis.[223!

Several metal nitrides intrinsically possess metallic characteristics and good electrical
conductivity, which offers possibility for OER. For example, Xu et al. synthesized metallic NizN
nanosheets with disordered structure, which gave improved OER activity compared with bulk
NisN and NiO nanosheets.['?*l They also investigated the real active sites in their catalyst, and
they proposed the in-situ formed NiOOH/NisN on the surface is the real active sites, based on
the observation of a Ni?* to Ni** oxidation peak at around 1.4 V vs RHE. A similar theory was
proposed by Yu et al. based on the XPS measurement on the catalyst (FesN/FesN). 125! They
proposed that the iron oxide film formed on the surface of FesN/FesN is the real active site
and the inner FexN cores acted as highly conductive support to provide reliable electron

transfer to the surface-active sites. The guidelines of metal nitrides design are always focusing
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on the in-situ transformed metal oxides/hydroxides film on the surface of the catalysts, which

can act as active sites.

In conclusion, metal phosphides, sulfides, nitrides, selenides, and carbides attracted much
attention because of their superior catalytic properties, while most of them are pre-catalysts
and transformed to metal oxides/hydroxides in the process of OER. Compared to bulk metal
oxides/hydroxides, the in-situ grown metal oxides/hydroxides possess thin 2D structures and
expose more active sites. Meanwhile, their metal nitride substrates are good conductors,
which can help overcome relatively low electrical conductivity restrictions of metal

oxides/hydroxides and accelerate electron transfer efficiency.
1.4.2 Noble metal free electrocatalysts for ORR

In the past decades, great progress has been made on noble metal free catalysts investigation.
Some catalysts even possess comparable catalytic properties to Pt and Pd catalyst. In this
section, we will mainly focus on some advanced ORR electrocatalysts, including Metal (M)-N-

C catalysts, single atom catalysts, metal oxides, and metal chalcogenides.
M-N-C catalysts

Amongst all ORR electrocatalysts, catalysts of the M-N-C family are the most promising
candidates. M-N-C represents the metal cluster or metal atoms deposited on nitrogen-rich
carbon (metal-nitrogen-carbon composite). Tracking back to 1964, Jasinski et al. reported that
Co phthalocyanine (CoPc) exhibited ORR catalytic properties.['?6! After that, tremendous
efforts were made to develop new catalysts. The strategies are mainly focusing on increasing
the intrinsic activity by size control and composition modulation, as well as morphology
modulation to expose more active sites. Dehui et al. successfully immobilized iron
nanoparticles into carbon nanotubes. The prepared catalyst showed enhanced catalytic
activities and stability. Carbon nanotubes can protect Fe nanoparticles from acid corrosion. In
the following investigation, researchers found that Fe-N./C catalysts derived by high-
temperature calcination are the desirable carbon-based ORR electrocatalysts. However, this
type of ORR electrocatalysts lacks sufficient activity in acidic environment and the active site
of this structure is still undetermined. In 2016, Jiang et al. synthesized highly active Fe—N—C

ORR catalyst containing Fe-Nx coordination sites and Fe/FesC nanocrystals (Fe@C-FeNC) to
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investigate the real active sites and catalytic mechanism.[?7 At same time, they also prepared
reference catalysts without Fe nanoparticles by acid etching. The results showed that Fe
nanoparticles or Fe-Nx themselves did not achieve high activity, and the synergism between
Fe nanoparticles and Fe-Ny played an important role in the catalysis. Meanwhile, the catalytic
activities are related to the content of Fe-Nx. The employed DFT calculation indicated the
interaction between metallic Fe and Fe-N4 coordination structure favored the adsorption of
oxygen molecules, leading to superior catalytic properties. The synergistic effect between Co-
Ny active sites and metallic Co nanoparticles is also observed by Sidi Wang et al..[*28 Different
opinions on the real active sites exist all the time. Zitolo et al. synthesized Fe-N-C materials
quasi-free of crystallographic iron structures after argon or ammonia pyrolysis.[*2°! According
to the EXAFS and Mdssbauer spectroscopy measurement, 97.1% - 97.5% of Fe atoms exist as
mononuclear iron centers in FeNxC,. Also, similar catalysts with Fe nanoparticles or crystalline
Fe:N were prepared as contrast catalysts. The better catalytic properties of FeNxCy indicates
Fe based particles in catalysts were inactive. However, their application was limited by low
loading of active Fe sites, which was less than 0.5%. In 2016, a new Zn evaporation assisted
strategy was adopted by Yin et al., who successfully synthesized atomically dispersed Co-Nx
single site catalysts with high metal loading over 4 wt%.*3% Owing to its high metal loading,
the obtained Co-Ny single sites exhibit excellent ORR performance with a half-wave potential
(0.88 V vs. RHE) that is more positive than commercial Pt/C (0.81 V vs. RHE). Yuanjun Chen et
al. prepared single-atom Fe/N-doped porous carbon catalyst (ISA Fe/CN) with the similar
synthetic method and found ISA Fe/CN showed excellent ORR performance with a half-wave
potential (E1/2) of 0.9V vs. RHE and high kinetic current density of 37.83 mA-cm™ at 0.85 V vs.
RHE, which outperformed commercial Pt/C.[131 They also investigated the origins of the
enhanced properties by using DFT calculation. The computation results indicated electrons
were more easily transferred from a single Fe atom to the adsorbed *OH intermediates, thus

significantly facilitating ORR.

In conclusion, M-N-C catalysts have made a lot of impressive progress and some of them
exhibited comparable electrocatalytic ORR performance. However, many efforts are still
needed, especially on 1) a deeper understanding of the real active site. 2) improving the
concentration of metal loading on the carbon substrates, especially for single atom family

catalysts, 3) understanding the reaction mechanism and the role of metals in the catalysts.
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Metal oxide ORR catalysts

Metal oxide family catalysts are also active toward ORR and numerous efforts have been
devoted to developing efficient and robust catalysts. Amongst all metal oxides, spinel type
and perovskite type metal oxides exhibit promising ORR performance and have attracted

widespread attention from researchers. In 2015, Gaungping Wu et al. successfully prepared

CoTFellCo™QO, which exhibited more positive onset potential (0.98 V vs. RHE) and halfwave

potential (0.866 V vs. RHE) than commercial Pt/C and the normal spinel Co304.[*32) DFT

calculations showed that the higher catalytic activity of the CoXFellCo O, originates from the

dissimilarity effect of Fe and Co atoms at the octahedral site, which modulates the oxygen
adsorption energy and elongates the bond between metal and the adsorbed oxygen
compared to the normal spinel Co304 shown in Fig. 12a, b. This heteroatom doping method
can effectively modulate the electronic structure of the catalyst to generate high performance
catalysts. In addition, introducing abundant oxygen vacancies into spinel type metal oxides
can effectively enhance electrocatalytic activities. For example, Li et al. successfully
synthesized ultrafine Co3z04 nanoparticles with abundant oxygen vacancies, which showed

impressive ORR activities (Fig. 12c).

Similarly, composite modulation and oxygen vacancy are also helpful in improving the ORR
electrocatalytic properties of perovskite type metal oxides. As mentioned in the previous part,
perovskite oxides have the general formula of ABOs. Both A and B sites can be substituted by
other elements. As an example, Hammouche et al. investigated perovskite-type oxides Lai-
«CaxCo03 (with 0 < x < 0.6).1133 |ts catalytic activity reached a maximum when x equaled 0.4.
Suntivich compared the ORR activities of a series of B site substituted perovskite type metal
oxides.3* They found that their ORR activities of all the prepared oxides exhibited a volcano
shape as a function of the eg-filling of B ions, as shown in Fig. 12d. Meanwhile, when eg-filling
has a value of ~1, the catalytic activities reach a maximum. They proposed transition-metal eg-
filling and covalency could be a descriptor for ORR activities and provide guidelines for
developing highly active non-precious-metal-containing oxide catalysts for ORR. Guided by
oxygen vacancy engineering, Zhu et al. synthesized Laop.ssFeOs.s with a large amount of O

vacancies that lead to high catalytic activities.[13°
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Fig. 12 (a) The spinel structures and (b) LSV and corresponding jk (inset) at 0.85 V vs. RHE in

an O,-saturated 0.1 M KOH solution at 1600 rpm. of CoXCo,M04, CoZFelCoMO,, and Col

Fe>0O4 and the corresponding oxygen adsorptions and ORR activities (Fe green, Co blue,

absorbed O magenta, lattice O red). Reprinted with permission.[*321 2016 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim (c) The ORR polarization curves of L-CO (ultrafine spinel Co304
nanoparticles), LN-CO (Cos04 nanoparticles with larger particle size), C-CO (ultrafine spinel
Co304 nanoparticles via wet-chemical route), CN-CO (Co304 nanoparticles with larger particle
size via wet-chemical route), and Pt/C under 1600 rpm with scan rate of 5 mV s}, without iR
correction. The inset is half-wave potential of L-CO and Pt/C obtained from ORR polarization
curves. Reprinted with permission.[*3! Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, (d) Potentials at 25 pA cmox as a function of eg orbital in perovskite-based

oxides. Reprinted with permission.[*34 Copyright 2011, Springer Nature Limited
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Other noble metal free based electrocatalysts

Apart from the metal oxides described above, carbon-based metal cluster or single metal atom
catalysts, some metal nitrides, carbides, phosphides, and chalcogenides also exhibit ORR
electrocatalytic abilities. Amongst all of them, metal nitrides have been long investigated as
promising ORR electrocatalysts because of their higher conductivity and better stability than
metal oxides, and their stability can be enhanced by heterometal doping."3”! in one example,
Tian et al. synthesized a binary transition metal nitride (Tio.9sNio.osN), which showed almost
comparable ORR activities to that of commercial Pt/C in alkaline electrolyte. Also, its catalytic
performance in acid electrolyte was far better than that of TiN. It was proposed that Ni doping
enhanced the electron transfer from Ti atom to absorbed oxygen molecules. Meanwhile, as
the Ti binds O atoms strongly, whereas Ni binds O weakly, the doping of Ni can reduce the Ti-
O strength, contributing to high ORR activity. In another example, Luo et al. proposed that
doping method can enrich d electrons of metal and facilitated the dissociation of adsorbed
0,.11381 By Co doping method, they prepared Vo.95C00.0sN and found its ORR catalytic properties
were largely enhanced, as shown in Fig 13a. They explained that the activity resulted from
enriched d electrons in V via Co atoms doping and facilitated O dissociation. With more in-
depth understanding of the composition-structure-activity relationship in metal nitride, more
advanced metal nitrides catalysts were synthesized. Dong et al. synthesized Ti and Co binary
metal nitride mounted on nitrogen doped reduced graphene oxide, which exhibited superior
ORR activities with a half-wave potential (0.90 V vs. RHE) ~30 mV more positive than that of

commercial Pt/C catalyst.[13°]

Recently, metal carbide has gained wide attention because of their unique electronic
interaction between the metal carbide nanoparticles and carbon substrate. In this regard, Hai
et al. prepared nitrogen-enriched core-shell structured Fe/FesC-C nanorods, which exhibited
significantly improved activities and advanced kinetics for ORR in neutral phosphate buffer
solution (pH = 7.0) compared with the commercial Pt/C catalysts (Pt 10%).[14° The real active
sites were investigated by Hu et al., who proposed encapsulated FesC can effectively activate
the surrounding graphitic layers, which acted as the main active sites for ORR.[**Y Based on
this finding, Xiao et al. prepared more active catalysts by increasing of the contact between
the FesC and graphitic layer.['*? Yang et al. investigated the real active sites and catalytic

mechanism by DFT calculation in case of FesC and Co nanoparticles encapsulated hierarchical
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structure of N-doped carbon which exhibited better ORR electroactivity than commercial Pt/C
catalyst.[143 As shown in calculated reaction pathway of ORR on C-N6 (pyridinic-N, schematic
illustration in Fig. 13b) site, NC, and Fe3C-Co/NC (Fig. 13 c), the rate-determining step is OOH
formation. The it bonds between N-C and C-C were weakened by combining with FesC-Co,

which makes the OOH* bond to C-Ng stronger, leading to facilitated *OOH formation.

In addition, metal sulfide and phosphides are also considered relevant ORR electrocatalysts.
For example, CoP, FeP, and CosSs were experimentally found active toward ORR.[144145] The
heteroatom doping, morphology modulation, and defect strategies can be applied on them to

get moderate electronic structures for more favorable ORR.
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Vo.95Mo.osN, calculated by subtracting Nz-saturated solution from O,-saturated solution at a

37



1. Introduction

rotation speed of 1600 rpm in 0.1 M KOH solution; Right: simple schematic top view of the
(200) surface of Co doped VN and the route of d electron enrichment by Co doping.
Reprinted with permission.[38 Copyright 2016, American Chemical Society. (b) Relative
energy diagram for ORR on N5 (pyrrolic-N), N6 (pyridinic-N), C-N5 (C atom adjacent to the
pyrrolic-N) and C-N6 sites on Fe3C-Co/NC. (c) Top: Relative energy diagram for ORR on C-N6
sites on Fe3C-Co/NC and NC; Bottom: Schematic presentation of the bond length around C-
N6 sites on Fe3C-Co/NC and on NC. Reprinted with permission. Copyright 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim

In conclusion, much impressive progress has been made in the past investigation on noble
metal free-based catalyst. But there is still a long way to go to employ them in industrial
application. The noble metal-based catalysts must meet the following requirements: (i) The
catalysts should possess comparable or even better ORR electrocatalytic activities as/than
that of commercial Pt/C. (ii) The catalysts can be easily synthesized at a large scale. (iii) The
catalysts should be robust enough and work for a long period (more than 1000h) without
obvious degradation. To this end, a lot of efforts are required, including reaction mechanisms

investigation and new materials design.!143
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2 Objectives of work

OER and ORR are crucial electrochemical reactions and play an important role in energy
conversion and storage systems, such as water electrolysis and metal air batteries. However,
these technologies are limited by the electrocatalytic activities of catalysts. The main objective
of this work is to design effective and stable catalysts and understand the origins of the

intrinsic activities.
The effort to achieve this goal can be categorized into three parts.

e The synthesis of ORR/OER catalysts by composition and morphology control and
evaluation of their electrocatalytic properties.

e Understanding the real active sites for OER/ORR based on the observation of chemical
and morphological conversion before and after catalysis.

e Tuning the electronic structure of catalysts by defect engineering and understanding

the impact on electrocatalytic properties.

Obijective 1 of this study is to synthesize OER/ORR catalysts that are not only highly active but
also robust, achieved through meticulous control of composition and morphology. For this
purpose, ZIF-67 polyhedrons with their inherent porous structure are chosen as precursors.
These are morphologically refined through acid-etching to create a hollow structure.
Concurrently, the composition is adjusted via a metal ion exchange process, leveraging the
ease with which cobalt ions in the framework nodes can be substituted by other metal ions.
The final metal oxides and sulfide-based OER catalysts are obtained through a low-
temperature annealing and sulfidation process. In parallel, the focus for ORR catalyst
development is on Pd metallene. The electrocatalytic activities of the resulting catalysts are

studied under technologically relevant conditions in aqueous alkaline electrolytes.

Objective 2 of this research is to decipher the true active sites in OER/ORR catalysts
throughout the catalytic process. This involves a comprehensive investigation of the

composition, morphology, and electrocatalytic performance both before and after catalysis.
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Such analysis is anticipated to shed light on the actual active sites, thereby offering valuable

guidance for the future synthesis of OER/ORR catalysts.

Objective 3 centers on the development of ORR catalysts. Pd inherently exhibits a strong
binding affinity to oxygen atoms, which hinders the favorable generation of intermediates
(*OH and *OO0H) and their subsequent conversion to H,0. This results in comparatively lower
oxygen reduction activity. To address this, defect engineering will be applied to Pd metallene.
This technique is designed to adjust the electronic structure and modulate the binding energy

of Pd metallene to O,, thereby enhancing its efficiency in the oxygen reduction reaction.
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3 Results and discussion

Section 3.1, 3.2, and 3.5 in this dissertation summarize results which have been published in
peer-reviewed journals. Section 3.3 and 3.4 have been deposited on the preprint server
ChemRxive. These articles are reprinted in the following with permission of the respective

publishers.

In section 3.1, titled “Polyoxometalate-assisted synthesis of amorphous zeolitic imidazolate
for efficient electrocatalytic oxygen evolution”, Ni-modified Keggin-type POM
([PNi(H20)W11035]>") was successfully deposited in ZIF-67 by a facile one-pot method. The
material was characterized by ATR-FTIR, pXRD, HR-TEM combined with EDX. The
electrocatalytic activities were tested by a standard three-electrode electrochemical setup.
The results show the improved electrocatalytic OER performance of POM functionalized
composite. Meanwhile, we also found a certain degradation of the material during long-term
stability test and the formation of Co,0s, which acted as real active site for OER after POM

decomposition.

Based on the results of section 3.1, we converted the POM-doped ZIF-67 into a stable oxygen
evolution electrocatalyst by chemical etching, cation exchange, and thermal annealing steps,
as described in section 3.2, titled “POM@ZIF Derived Mixed Metal Oxide Catalysts for
Sustained Electrocatalytic Oxygen Evolution”. After optimization, carbon-supported
amorphous metal oxides were obtained, as shown by XPS, HR-TEM, EDX and Raman
spectroscopy, amongst others. The resulting composite exhibited structural and
compositional advantages which lead to low overpotential (306 mV at j = 10 mA-cm™) and
long-term stability. Post catalytic analysis shows the formation of crystalline Fe,03, which was
determined by SAED and EDX. Additionally, Co?* was oxidized to Co3*, which is the favored Co

oxidation state for OER catalysis.

In section 3.3, titled “In situ formation of robust nanostructured Cobalt oxyhydroxide / Cobalt
oxide oxygen evolution reaction electrocatalysts”, we have developed mixed metal sulfide
precursors (such as CoMo,Ss and FeS;) using a straightforward synthesis method. Our

investigation focuses on how the metal sulfide precursors are transformed in situ to yield
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highly stable composite OER catalysts, comprising y-CoOOH nanofibers and Co0203
nanoparticles. These entities serve as the actual active sites for OER electrocatalysis,
contributing to both high activity and enhanced stability. Furthermore, the study underscores
the importance of the presence of crystalline mixed metal sulfide precursors. This is crucial for
the simultaneous in situ formation of both stable and active Co,03 nanoparticles and y-CoOOH
nanofibers. The research highlights that utilizing these earth-abundant minerals could provide

an economically and chemically feasible pathway for the scalable development of catalysts.

In Section 3.4, titled "Atomically Modified WOx/MoOx Enriched Defect-Rich Pd Metallene for
Enhanced Alkaline Oxygen Reduction Electrocatalysis," we report the synthesis of a defect-
rich Pd metallene via an accessible wet chemical method. Characterization studies have shown
that this Pd metallene is characterized by a variety of atomic-scale defects, including pores,
concave surfaces, and atomically integrated WOx and MoOy (denoted as D-PdWMo M). These
specific defects effectively modify the electronic structure of the material, thereby
significantly enhancing its catalytic activity for the ORR. The D-PdWMo M exhibits exceptional
ORR performance, evidenced by a high half-wave potential of 0.927 V versus RHE and a mass
activity of 1.3 A-mgPd™ at 0.9 V versus RHE. These metrics notably exceed those of commercial
Pt/C and Pd/C catalysts by 6.5 and 3.9 times, respectively. Furthermore, when integrated into
a custom-built Zn-air battery with an extremely low D-PdWMo M loading of 26 pgPd-cm, it
achieves an impressive specific capacity of 809 mAh-gZn' and demonstrates excellent
discharge potential stability, underscoring its practical applicability. This research offers novel
insights into tailoring the electronic structure at the active sites, paving the way for the

development of highly efficient electrocatalysts for ORR applications.

In section 3.5, titled " Hydrogenation Catalysis by Hydrogen Spillover on Platinum-
Functionalized Heterogeneous Boronic Acid-Polyoxometalates," shows the activation of H, by
polyoxometalate (POM)-based heterogeneous compounds, which are functionalized with
Platinum particles. This activation is achieved through a synergy between a hydrogen spillover
mechanism and electron-proton transfer facilitated by the POM. This dynamic interaction
enables the selective catalytic reduction of olefins and nitroarenes, exhibiting a high tolerance
for various functional groups. We report on a series of polyoxotungstates, each covalently
functionalized with boronic acids. In their solid state, these compounds are interconnected

through non-covalent forces, including n—mt stacking and hydrogen bonding. The resultant
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heterogeneous nanoparticles form stable colloidal dispersions in acetonitrile and can be
further surface functionalized with platinum nanoparticles via in situ photoreduction. These
newly developed materials demonstrate outstanding catalytic efficiency in the hydrogenation
of olefins and nitrobenzene derivatives under mild conditions (1 bar H, and room
temperature), showcasing their potential for practical applications in selective catalytic

reduction processes.
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3.1 Polyoxometalate-assisted synthesis of amorphous zeolitic

imidazolate for efficient electrocatalytic oxygen evolution

Yupeng Zhao, Dandan Gao, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb
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This publication reports on the synthesis and characterization of Ni modified Keggin-type POM
([PNi(H20)W11039]> (=PNiW11))-functionalized amorphous ZIFs (PNiW11@amZIF), which shows
high performance for OER with low overpotential (375 mV at 10 mA-cm™), high faradaic
efficiency (96 %), and a low Tafel slope of 69 mV-dec™.

PNiW, ,@amZIF
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Oxygen evolution reaction

The development of earth-abundant element-based highly active and efficient catalysts for the oxygen evolution
reaction (OER) is crucial for sustainable energy conversion technologies. In this work, we successfully used the
Ni-modified Keggin-type polyoxometalate ([PNi(H;0)W;,0301°) as a precursor to chemically modify the zeolitic
imidazolate framework ZIF 67 via a facile one-pot method. The resulting composite catalyst shows promising
electrocatalytic OER performance in a 1 M aqueous KOH solution with high faradaic efficiency. Higher reactivity

Composite
B is observed compared with several reference composites. This synthetic approach could provide access to
designing a new class of highly reactive catalysts for targeted reactions.
Introduction active sites are confined within the framework pores, so that mass

The electrochemical oxygen evolution reaction (OER) from water is
one of the most challenging chemical reactions for clean energy con-
version and storage [1,2]. In the past decades, enormous efforts have
been devoted to developing efficient and inexpensive water oxidation
catalysts (WOCs) [3,4]. Specifically, polyoxometalates (POMs) have
gained wide-spread attention and become one of the most promising
classes of molecular WOGs [5,6]. POMs are polyanionic metal oxide
clusters with based on earth-abundant high-valent transition metals (e.
g., Mo, W, and V), and are capable of reversible storing multiple elec-
trons [7,3]. The catalytic properties of POMs can be tuned via the
introduction of transition metals (e.g., Fe, Co, and Ni) [9]. However,
POMs are normally chemically unstable in alkaline media, where the
OER is thermodynamically favored [6]. Also, the specific surface area of
non-modified POM solids is low, which limits their catalytic perfor-
mance [10]. One of the solutions to overcome these drawbacks is to
embed POMs into porous substrates, like carbon nanotubes [7], metal
foams [1,11], and MOFs [12]. Zeolitic imidazolate frameworks (ZIFs),
formed by coordination reactions between imidazolate-derived ligands
and metal ions, are also good candidates as substrates for POMs [3,12].
However, highly crystalline ZIFs can cause problems, as most of the

transfer and gas bubble blockage can limit reactivity [13]. Recently,
amorphization of ZIFs was proposed as an efficient method to solve the
above-mentioned issues, as amorphous ZIFs (amZIFs) possess a high
number of reactive defect sites, leading to improved OER performance
[14]. In previous reports, amZIFs were synthesized via thermal con-
version [15], ball-milling [16], scanning-electron beam exposure [16],
and imidazolate assisted amorphization [14].

Herein, a facile one-pot strategy has been developed to fabricate Ni-
modified Keggin-type POM ([PNi(HgO)WnOgg]s' (=PNiW))-func-
tionalized amZIFs (PNiW,,@amZIF) (Fig. 1). The resulting composite is
highly OER active, so that the synthetic approach opens new pathways
for designing amorphous ZIFs doped with POMs to achieve highly effi-
cient catalytic properties.

Results and discussion

The composite (PNiW1;@amZIF) was prepared via a facile one-pot
method. Briefly, during the standard synthesis of ZIF 67 in methanol
solution, an aqueous PNiwW11 solution was introduced, which led to the
formation of amZIF with a homogenous dispersion of POMs. As refer-
ences, we used pure crystalline ZIF 67 and we prepared a reference
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composite using non-Ni-modified POMs ([PW12040]%), resulting in
PWq@amZIF (Fig. S1). The immobilization of POM anions into amZIFs
is observed by attenuated total reflection Fourier wansform infrared
spectroscopy (ATR-FTIR), tansmission electron microscopy (TEM)
combined with energy-dispersive X-ray spectroscopy (EDX). As shown in
Fig. 2a, in cases of PNiW @amZIF and PW,@amZIF, prominent peaks
(red dots) at 1055, 953, 884, and 805 cm ! are assigned to VpP—a)
Vew—q) corner-sharing viw.o-wy and edge-sharing vew.o-w), Tespectively
[17-19]1, which also supports the presence of POM anions. Peaks cor-
responding to amZIF were not prominent due to the high POM loading.
Signals in the range of 600-1500 cm ! are attributed to the character-
istic stretching and bending modes of the imidazole ring and the peak at
1579 em 1 is attributed to the stretching mode of C=N in 2-methylimi-
dazole [20,21]. The appearance of Ni and W detected by STEM-EDX
mapping in PNiW,;@amZIF is assigned to the presence of PNiW; an-
jons (Fig. S2), which also supported the deposition of POMs into amZIF.
Note that the reference composite PWx@amZIF shows similar features
but does not show any signals associated with nickel,

The powder X-ray diffraction (pXRD) patterns of the as-prepared
composites are shown in Fig. 2b. No distinct peaks are observed for
PW>@amZIF and PNiW,y@amZIF, highlighting the amorphous struc-
ture of the two composites. This was supported by high-resolution TEM
(HRTEM) and selected area electron diffraction (SAED) (Fig. 3e, i),
which indicated no observable lattice fringes or distinet electron
diffraction peaks by detecting only amorphous material. Thus, intro-
ducing the aqueous POM solution to the standard ZIF 67 reaction
mixture results in the formation of amorphous composites.

TEM images together with electron diffraction patterns and SEM
images (Fig. 3) indicate that POM encapsulation significantly affects the
morphologies of PWys@amZIF and PNiWyj@amZIF. In the case of pure
ZIF 67 (Fig. 3a), the regular polyhedral particles with large dimensions
(ca. 1 pm) are observed. However, in the case of PW;,@amZIFs, original
polyhedral motifs are preserved, but the edges become rounded.
Meanwhile, the particle diameters are reduced to ca. 100 nm. A
completely different scenario is observed in PNiW,y@amZIFs. The
polyhedral structure disappears, with the dimensions of irregular-
shaped particles ranging from ~50 to ~200 nm, which is much
smaller than the crystalline ZIF 67. Both PW,@amZIF and PNi-
Wy, @amZIF show significant aggregation with aggregate diameters of
ca. 10 pm. We also note a major morphological difference between
PWi2x@amZIF and PNiWy;@amZIF. The PW»@amZIF aggregates are
composed of rounded nanoparticles, while in PNiW;@amZIF, the ag-
gregates mainly consist of nanorods and nanosheets. Although the POM
clusters are not directly imaged by HRTEM, local EDX mappings
(Fig. 52) shows a homogeneous distribution of the expected metal ele-
ments in both PWy,@amZIF and PNiW,,@amZIF. However, HRTEM
clearly indicates that the POM does not aggregate into larger nanoscale
structures. The elemental oxidation states of PNiW,,@amZIF were

PNiW,,

VN

Co?*

\ »
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detected via X-ray photoelectron spectroscopy (XPS) as well. The survey
XPS spectrum (Fig. S3) shows the presence of O, W, Ni, C, and Co, which
agrees with the integration of POM into ZIF. Besides, we also find that
the main valence of W is WY, indicating the reduction of W%, IMean-
while, Go®" is partially oxidized to Go®T. The results indicate the
occurrence of electrons transfer between the ZIF and POM during the
material synthesis, and suggests that structural rearrangement of the
POM might be possible.

Next, the electrochemical catalytic activities of the catalysts were
investigated in alkaline solution (1 M aqueous KOH, pH = 13.7) with a
standard three-electrode electrochemical setup, in which Hg/HgO
worked as reference electrode and platinum foil worked as the counter
electrode. The catalysts were drop-casted on the disk of a rotating ring-
disk electrode (RRDE) composed of a glassy carbon disk and Pt ring
(RRDE). All applied potentials were converted to reversible hydrogen
electrode potentials (RHE, details in SI). The OER electrocatalytic per-
formance of the catalysts was assessed via linear sweep voltammetry
(LSV) at a scan rate of 5 mV-s 1 The results indicate that PNi-
Wy @amZlF possesses the best catalytic ability toward OER with an
overpotential of # = 375 mV at the current density of j = 10 mA-cm 2
(Fig. 4a, Table S1). In contrast, significantly higher overpotentials are
observed for PW,@amZIF (423 mV) and crystalline ZIF 67 (468 mV)
respectively. The catalyst also shows superior catalytic properties
compared to reported POM@ZIF based catalysts (Table 52). The results
reveal that the deposition of POM precursors in amZIF improves elec-
trocatalytic properties. Also, the use of Ni-containing POM precursors
results in more active OER catalysts compared to the use of non-
modified PWq». Tafel plot analysis (5 versus log(j)) (Fig. 4b, Fig. S4)
was applied to assess the OER kinetics. PNiWy1@amZIF shows the
lowest Tafel slope of 69 mV-dec ™! which indicates this catalyst possesses
faster reaction kinetics than PW,@amZIF (86 mV~dec'1) and crystalline
ZIF 67 (105 mV-dec ). This suggests that OFR is kinetically favored in
PNiW,@amZIF compared with PW-@amZIF and ZIF 67. To gain
deeper insights into the reaction mechanism, we used RRDE analysis. A
potential of 1.5 V was applied on the Ptring electrode to oxidize possibly
formed partially oxidized species produced in case of two-electron
transfer reaction, such as HpO, (details in SI). An extremely low ring
current (pA scale) was detected (Fig. S5), which indicates negligible
peroxide intermediates formation and a desirable 4-electron pathway
with an electron transfer number n = 3.9 for OER. The faradaic effi-
ciency of PNiW11@amZIF was also assessed through RRDE with the ring
potential of 0.40 V to reduce the O, generated in the disk during OER
(Fig. 4c). As a result, the ring current of ~ 23pA (collection efficiency
was determined to be 0.15), and disk current of ~ 160 pA are detected,
which revealed a high faradaic efficiency of 96 % (detailed calculation
see SI).

The double-layer capacitances (Cq) of PNiWwyy@amZIF and
PWy@amZIF, which are proportional to the electrochemically active

PNiW ,,@amZIF

Fig. 1. Schematic materials design and fabrication approach (PIiw;: KsPHi(H,O)W,105;5-xH:0),

47



3. Results and discussion

Y. Zhao et al.

o

PNiW | @amZIF67

. .
_ |PW @amZIF67 oY
A * . + . ®
= [K,PNi(HOW O,

T T VWA

ZIF67

W

2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Intensity (a. u.)c‘

Results in Chemistry 4 (2022) 100568

PNiW, @amZIF
-~
PW_@amZIF

w

K,PNi(HLO)W. O,

\ A A ]
| | LAl ‘w‘N_J‘JJA»\»..wN‘muMMﬂw«me
S AT A

ZIF67
L LJJLLLWWM

L

20 (°)

Fig. 2. (a) ATR-FTIR spectra and (b) pXRD of PNiW,; @amZIF, PW,,@amZIF, KsPNi(H,0)W,; 055, and ZIF 67.

10 nm

Fig. 3. Structural characterizations: SEM images of ZIF 67 (a), PW,,@amZIF (b, ¢), and PNiW11@amZIF (f, g); TEM images of PW,,@amZIF (d) and PNi-
W11@amZIF (h); HTREM images with corresponding selected area electron diffraction (insert) pattern of PW,,@amZIF(e) and PNiW,, @amZIF (i).

areas (ECSAs), were examined to gain a deeper understanding of the
factors triggering the good catalytic performance in OER (Fig. 4d). Both
PNiW,;@amZIF and PW;,@amZIF show higher Cg) than the crystalline
ZIF 67, which indicates the deposition of POMs in amZIF increases
number of accessible reactive sites and enhances electrocatalytic per-
formance in OER. Also, the higher Cq4 in PNiW;;@amZIF than
PW,@amZIF indicates the modification of Ni in POMs is beneficial to
increasing the active sites and improve electrocatalytic properties as
well. This observation is in line with the experimental electrocatalytic
data described above, and with recent literature results [22,23]. Elec-
trochemical impedance spectroscopy (EIS) (Fig. 4e) was tested to eval-
uate the charge transfer ability within the reaction systems. The results
indicate that PNiWi;i@amZIF possesses the lowest charge transfer
resistance, which reveals a higher reaction rate than PW1>@amZIF and
ZIF 67.
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Next, the long-term stability of PNiW,;@amZIF was examined under
a given operating condition (1 M aqueous KOH, E = 1.63 V) using
chronoamperometry. Here, PNiW;;@amZIF was drop-cast on the car-
bon paper that is inactive to OER. As shown in Fig. 4f, the value of j
decreases rapidly during the initial 2 h. Then the value of j reaches a
stable state and 75 % of the original current density remains. During the
OER, bubbles formed continuously. After 14 h of catalysis, the bubbles
on the surface of carbon paper were removed (see the arrow in Fig. 4f)
and j increased immediately, which indicates that the formation of
bubbles hinders efficient OER. The chronoamperometric tests at higher
potentials were performed as well. The results (Fig. S7) also indicate
slight degradation of the catalyst over the course of the experiment. The
post-catalysis material characterization was carried out to gain a deeper
understanding of the material transition during catalysis. The chemical
and morphological analysis was performed using post catalytic TEM/
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Fig. 4. a) iR-corrected OER polarization curves, b) Tafel plots, and c¢) Faradaic efficiency, d) C4 and €) EIS for ZIF 67, PW,@amZIF, and PNiW, @amZIF; f) Stability

of PNiW; @amZIF.

EDX (Fig. S6). After catalysis, fiber-like crystalline structures formed in
the materials, which were identified as Co,O3 by EDX and SAED. The
elemental mapping revealed the aggregation of Co and O, while W and
Ni are still uniformly dispersed on the amZIF after catalysis. We propose
that the initial drop of j is based on the bubble formation and the
chemical/morphological rearrangements occurring under OER opera-
tion. After the first 2 h of OER, the Co,03 formed does not further
change, and the catalyst reaches the final stable catalytic state.

In summary, we report a facile in-situ synthesis of POMs modified
amZIF. The resulting composite shows high performance for OER with
low overpotential (375 mV at 10 mA-cm ), high faradaic efficiency (96
%), and a Tafel slope of 69 mV-dec L. The catalyst can keep high catalytic
properties after long-term catalysis. We propose that the concept of this
new material design allows us to prepare targeted amorphous ZIF with
the modification of POMs to provide more active sites for catalysis.
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® POM@ZIF Derived Mixed Metal Oxide Catalysts for

Sustained Electrocatalytic Oxygen Evolution

Yupeng Zhao,** Dandan Gao,™" Si Liu,* Johannes Biskupek, Ute Kaiser,"

Rongji Liu,**® % and Carsten Streb*? >

Abstract: The design of efficient and stable oxygen evolution
reaction (OER) catalysts based on noble-metal-free materials
is crucial for energy conversion and storage. In this work, it
was demonstrated how polyoxometalate (POM)-doped ZIF-67
can be converted into a stable oxygen evolution electro-
catalyst by chemical etching, cation exchange, and thermal
annealing steps. Characterization by X-ray photoelectron

.

spectroscopy, transmission electron microscopy, energy-dis-
persive X-ray spectroscopy and Raman spectroscopy indicate
that POM-doped ZIF-67 derived carbon-supported metal
oxides were synthesized. The resulting composite shows
structural and compositional advantages which lead to low
overpotential (306 mY at j=10mA-cm™) and long-term
stability under harsh OER conditions (1.0 M aqueous KOH). )

Introduction

Electrochemical splitting of water into oxygen and hydrogen is
one of the most promising large-scale solutions for converting
and storing electrical energy." Technological implementation
and scale-up of this process is hindered, particularly as the
oxygen evolution reaction (OER) is demanding, as it involves
the proton-coupled transfer of four electrons, operates under
harsh oxidative conditions, and often shows slow reaction
kinetics.*” Developing effective oxygen evolution catalysts
(OECs) is therefore crucial to improve conversion efficiency from
intermittent electrical to storable chemical energy. While early
studies have focused on understanding the performance of
RuO, and IrO, electrocatalysts,® recent research has centered
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on developing robust catalysts based on earth-abundant
metals.*”'*"¥ Recently, composites based on zeolitic imidazo-
late frameworks (ZIFs) and polyoxometalates (POMs) have
gained widespread attention as promising OER catalysts.[ 49
Specifically, ZIF-67 shows ordered porosity and high specific
surface area,l'” making it ideal for the doping with POMs which
can introduce reversible multi-electron redox behaviors ! In
addition, ZIF-67 is constructed around OER-active Co’* metal
nodes. Based on these concepts, a large number of studies
have explored the depositing of POMs into ZIFs pores to access
OER-active materials. For example, [H,CoW,,0,]@ZIF-8 shows
stable OER properties at neutral pH;'" also, TBA-
Siw,,Co0,,@ZIF-67 exhibits enhanced OER activities compared
with pristine ZIF-67,"7 and similarly, OER activity of TBA-
SiW,Co,@ZIF-67 is increased when compared with that of the
non-modified ZIF-67."" Despite this progress, there are still
major challenges in the field of POM@ZIFderived OER catalysts.
One challenge is that in native ZIFs, most active sites (i.e. metal
nodes and embedded POMs) are confined in the inside of the
framework,'? making access by the water substrate and release
of the gaseous O, product difficult, resulting in often limited
performance.?? Also, both POMs and ZIFs are poor electrical
conductors, so that electrocatalytic performance is limited due
to high internal resistance!” Finally, POMs are unstable in
alkaline solutions and most POMs spontaneously degrade at
pH > 8. Similarly, ZIFs are prone to degradation under electro-
chemical conditions in alkaline media. This can result in the
conversion of Co’t from ZIF-67 to a-Co(OH), and B-Co(OH),,
followed by the formation of their corresponding oxidized
forms (CoOOH),2"*? while the original frameworks collapse and
lose their porosity.?**? As these chemical and structural
changes generally lead to low catalytic activity, various
conversion routes have been developed to access more robust,
more active POM@ZIF derived composites, leading to metal
oxides,”? metal sulfides?® metal carbides?” and metal
phosphides.?**? Often, these composites combine increased

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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electrical conductivity with chemical and mechanical stability,
making them interesting new OER catalysts.

Here, we report a facile chemical route to convert POM-
doped ZIF-67, giving access to a noble metal-free OER catalyst
using a combination of acid etching followed by cation-
exchange and thermal annealing. The route enables conversion
of the original [H;PW,,0,)-doped amorphous ZIF-67
(PW,,@amZIFs) into carbon-supported metal oxide composites.
The catalyst shows excellent OER performance in 1 M aqueous
KOH electrolyte with sustained electrochemical activity. This
work presents a facile approach to produce high performance
electrocatalyst composite for OER in alkaline media.

Results and Discussion

The synthesis process, using a weak acid-assisted etching and
subsequent ion exchange and thermal annealing is presented
in  Figure 1. Briefly, amorphous POM doped ZIF-67
(PW,,@amZIF) was prepared via a facile in situ method (details
in the Supporting Information). To improve porosity and pore
accessibility, the native PW,,@amZIF was etched with tannic
acid.”” Next, Ni** and Fe** were introduced into the system by
a cation exchange process. The final product was obtained after
annealing at 300°C in air for 3 h, and labelled Catalyst 1. For
synthetic details, see the Supporting Information. To under-
stand the synergistic effect of the presence of multiple metal
reaction sites, catalysts without W, Fe, and Ni were also
prepared for as reference materials, and labelled Catalyst 2

&

[H;PW,,0,0)

Ton exchange Annealing 4

' N " Tannic acid etching 300°C, 3h v

Figure 1. schematic materials design and fabrication approach.
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Figure 2. Structural and compositional analysis of Catalyst 1: (a and b) SEM
images at low and high magnification. (c and d) TEM and HRTEM images
with insert of SAED pattern. (e) STEM-EDX elemental mappings (f) pXRD
pattern.
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(without W), Catalyst 3 (without Fe), and Catalyst 4 (without
Ni), respectively.

Scanning electron microscopy (SEM), aberration-corrected
high-resolution transmission electron microscopy (HRTEM), and
scanning transmission electron microscopy (STEM) were em-
ployed to examine the morphology of Catalyst 1 and its
precursor PW ,@amZIF. The resulting HRTEM image (Figure 2c)
reveals that Catalyst 1 possesses a hollow structure that does
not exist in the pristine PW,;@amZIF. We assign the formation
of these hollow structures to the tannic acid etching, as similar
properties have been reported previously in tannic acid-etched
materials.”” Also, the particle size of Catalyst 1 (Figure 2a, b) is
larger than PW,,@amZIF (Figure S1a, b), suggesting that
aggregation occurred during the cation-exchange and thermal
annealing, resulting in low specific surface area. For Catalyst 1,
no obvious lattice fringes are observed in HRTEM (Figure 2d)
and the corresponding selected area electron diffraction (SAED)
pattern (Figure 2d insert) only shows an obvious halo, which
indicates their amorphous structure®™ and is in agreement with
the powder X-ray diffraction (pXRD) data (Figure 2f). Energy-
dispersive X-ray spectroscopy (EDX)-STEM elemental mappings
(Figure 2¢) verify the presence of homogeneously dispersed W,
Co, Ni, and Fe within the catalyst. This indicates that the Ni and
Fe ion exchange into the material was successful and led to a
homogeneous distribution of these metal ions. To gain more
composition information of Catalyst 1, inductively coupled
plasma optical emission spectroscopy (ICP-OES, Table S1) was
employed as well and gave an approximate atomic ratio of
1:1.1:2:0.2 (Ni/W/Co/Fe).

The elemental oxidation states of Catalyst 1 were studied
by X-ray photoelectron spectroscopy (XPS). The survey XPS
spectrum (Figure 3a) indicates the presence of O, C, W, Co, Ni,
and Fe. The deconvoluted high-resolution W 4f XPS spectrum
(Figure 3b) suggests the presence of W°' in Catalyst 1
(3534 eV for W 4f,, and 37.51 eV for W 4f;,).5" XPS analysis
also suggests that both, Ni (Figure 3c) and Fe (Figure 3d) are
present in oxidation state +3 (856.07 eV for Ni 2p;, and
873.37 eV for Ni 2p,,,; 711 eV for Fe 2p;;, and 724 eV for Fe 2p,,
»)- In contrast, XPS analysis for cobalt (Figure 3e), suggest mixed
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Figure 3. XPS spectra of Catalyst 1: (a) overview spectrum, (b-f) deconvo-
luted high-resolution spectra of W 4f (b), Ni 2p (c), Fe 2p (d), Co 2p (e), and
fHO1s.
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Co?™* oxidation states as indicated by the characteristic
signals at 7807 eV (2psy, for Co®") and 782.4eV (2py, for
Co?*)F4 The molar ratio of Co®*: Co®* is approx. 1.6: 1. The
deconvoluted XPS spectrum for O 1s (Figure 3f) indicates two
distinct signals assigned to metal oxide and carbon oxygen
species. The presence of metal oxide species is further indicated
by characteristic signals in the Raman spectrum of Catalyst 1
(Figure $2). Further, Raman spectroscopy alsc showed two
intense signals at 1313 cm™ and 1586 cm™', corresponding to
the D and G bands of the carbon matrix.”**¥ The obtained
results indicate that the organic imidazole ligands of the ZIF
have been converted into carbonacecus compounds after
thermal annealing, which act as heterogeneous support for the
metal oxides formed.

Next, we investigated the electrochemical activity of
Catalyst 1 in alkaline aqueous solution (1 M aqueous KOH, pH=
13.7) with a standard three-electrode electrochemical setup, in
which Hg/HgO was used as reference electrode and platinum
foil as the counter electrode. The catalysts were drop-cast on a
glassy carbon rotating disk electrode (RDE) which was used as
working electrode. All potentials were converted to reversible
hydrogen electrode potentials (RHE, see details in Supporting
Information). The OER electrocatalytic performance was as-
sessed by linear sweep voltammetry (LSV) at a scan rate of
5mV.s”'. Catalyst 1 shows the best performance for OER with
an overpotential of =306 mV at the current density of j=
10 mA-cm™ (Figure 4a, b). In contrast, Catalyst 2, Catalyst 3,
and Catalyst 4 show significantly higher overpotentials at the
current density of j=10mA-cm™ Tafel plot analysis (5 versus
log()) was used to assess the OER kinetics (Figure 4¢). Amongst
the materials compared, Catalyst 1 shows the lowest Tafel
slope (54 mV-dec™'), while the reference samples show slightly
higher Tafel slopes, suggesting that OER is kinetically favored in
Catalyst 1 compared with the reference samples.

To gain deeper insights into the reaction mechanism of
Catalyst 1, rotating ring-disk electrode (RRDE) voltammetry was
used. While the OER reaction was performed at the disk
electrode, the Pt ring electrode (at E=1.5 V) was used to oxidize
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Figure 4. Electrocatalytic OER performance of Catalyst 1 and reference
catalysts in 1 M aqueous KOH: a) iR-corrected OER polarization curves, b)
Overpotentials at j=10 mA-cm™, ¢ Tafel plot, d) RRDE analysis to determine
faradaic efficiency for Catalyst 1, e) Half of the capacitive current density (Aj/
2) at 0.87 V vs. RHE as a function of the scan rates and f) Chronoamperom-
etry curves at =340 mV (insert: LSV polarization curves comparison before
and after 15 h stability test).
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and detect any partially oxidized intermediates formed, such as
H,0Q, (see details in Supporting Information). Under the given
conditions, only a very low ring current (pA scale) was detected,
which indicates that peroxide intermediate formation is negli-
gible, so that Catalyst 1 favors the preferred 4-electron QOER
pathway (Figure S3). The faradaic efficiency of Catalyst 1 was
also assessed using RRDE voltammetry. Here, the ring potential
was set to E=0.40V, so that any oxygen formed by OER on the
disk electrode is reductively detected at the ring electrode
(Figure 4d). Based on the observed ring current (~21 pA,
current collection efficiency: 0.15) and disk current (~ 147 pA),
we were able to calculate an OER faradaic efficiency of 94.3%
for Catalyst 1 (detailed calculation in the Supporting Informa-
tion).

The double-layer capacitance (Cy), which is proportional to
the electrochemically active surface area (ECSA), and electro-
chemical impedance spectroscopy (EIS) were used to gain a
deeper understanding of the electrocatalytic performance. The
resulting Cq indicates Catalyst 1 exhibited comparable ECSAs
with other reference catalysts 2, 3 and 4 (Figure S4 and
Figure 4e). In contrast, EIS analysis indicates that Catalyst 1
features the lowest charge transfer resistance (Ry) among the
catalysts studied, which leads to efficient interfacial electron
transfer (Figure S5). Thus, the high OER performance of Catalyst
1 is due to low internal charge transfer resistance as well as
high intrinsic reactivity of the catalyst.

Next, we examined the long-term stability of Catalyst 1
under a given operating condition (1 M KOH, =340 mV) using
chronoamperometry. In this case, the catalyst was dropped on
carbon paper which is chemically stable under OER conditions.
As shown in Figure 4f, the value of j increases by 29.3% during
the initial first hour. Then it reaches a maximum and drops
slightly (ca. 3%) over the following 14 h. We suggest that the
initial increase of j is due to chemical and morphological
changes of the catalyst, which was studied by post-catalytic
STEM-EDX analyses (Figure S6). The elemental mapping reveals
that Co, Ni, and O are still distributed homogeneously and that
there are no crystalline Co and Ni-based composites present.
However, for W and Fe, aggregation is observed and some
sheet-like crystalline structures are formed. These are identified
as Fe,O; by SAED (lattice spacing) and EDX (elemental ratio
between Fe and Q). Based on earlier reports, this formation
could contribute to the catalytic activity of the catalyst.*” Also,
post-catalytic XPS analysis of Catalyst 1 indicates that the Co’*
ions are oxidized to more QER-active Co’" species during the
catalytic process (Figure 57).? These factors contribute to the
observed behavior during the chronoamperometric analysis.

Conclusion

A facile design route for the synthesis of noble-metal-free OER
catalysts was reported. Structural and compositional synergisms
lead to enhanced electrocatalytic OER performance with low
overpotential (306 mV at j=10 mA.cm™?), high faradaic effi-
ciency (94.3%), and a Tafel slope of 54 mV-dec™". The catalyst
shows long-term robustness and offers a new path for the

© 2022 The Authors, Chemistry - A European Journal published by Wiley-YCH GmbH
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scalable design of OER electrocatalysts based on earth-
abundant components.

Experimental Section

Synthesis PW,,@amZIF: In a typical synthesis, aqueous
[H:PW;040] -xH,O solution (0.07 mmol in 10 mL) was added to
Co(NO;),-6H,0 (0.546 ¢, 1.8 mmol) methanol solution (25 mL) and
kept under magnetic stirring for 0.5 h. Afterward, 2-meth-
ylimidazole (0.616¢g, 7.5 mmol) methanol solution (25 mL) was
added. This reaction was stirred for another 2.5 h. The final, solid
product was collected by centrifugation, washed with methanol,
and dried at 70°C overnight.

Acid etching: PW,,@amZIF: 150 mg of PW ,@amZIF was dispersed
in 5 ml of ethanol by sonication for 20 min. The dispersion was
added inte ethanecl/ DI water (10 mL: 15 mL) selution containing
75 mg of tannic acid. The solution was stirred for 10 minutes.
Finally, the material was collected via centrifugation, washing with
ethanol, and drying at 70°C overnight.

Metal ions exchange: 50 mg of acid etched material was dispersed
in 10 ml of ethanol. Then 24 ml of DI water containing 2.5 mM NiCl,
and 0.25 mM FeCl; were added dropwise. Finally, the solution was
stirred at room temperature for 3 h and the material was collected
via centrifugation, washing with ethanel, and drying at 70°C
overnight.

Annealing process: The as-prepared material was annealed in air at
300°C for 3 h with a heating rate of 5°C-min~' and natural cool-
down to room temperature
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3.3 In situ formation of robust nanostructured Cobalt oxyhydroxide /

Cobalt oxide oxygen evolution reaction electrocatalysts
Yupeng Zhao, Dandan Gao, Johannes Biskupek, Ute Kaiser, Rongji Liu, Carsten Streb

This publication demonstrated how mixed

100 . o
Pre-CA metal sulfide precursors are converted in-situ
80+ Post-CA-3h to the highly stable y-CoOOH nanofibers and
o, Co203 nanoparticles. Mechanistic studies

0 ] HO

o @
v.-\

reveal that the presence of crystalline mix
metal sulfide precursors is critical for the
simultaneous in-situ formation of stable and

20- active Co0s3 nanoparticles and y-CoOOH
nanofibers, highlighting that use of these earth-

0 - abundant minerals might offer an economically
1.3 }*34(V vs. RHE) and chemically viable route for scalable catalyst

development.
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Abstract

The design of efficient and stable oxygen evolution reaction (OER) catalysts-based earth-
abundant metal precursors is crucial for large-scale energy conversion and storage. To-date,
many catalyst materials are limited by poor stability in harsh oxidative conditions. Thus, much
research is targeted at developing materials that can operate under demanding OER conditions.
One promising approach is the in-situ formation of catalysts which are inherently stable under
the oxidizing, alkaline conditions often used in OER studies. Here, we report how mixed metal
sulfide precursors (i.e. CoMo02S4 and FeS2) which give the low overpotentials (307 mV atj =
10 mA-cm?) at the beginning of catalysis, are converted in-situ to give a highly stable
composite OER catalyst under alkaline OER conditions (1 M aqueous KOH solution, pH =
13.8). Mechanistic studies reveal that under operation, the precursor materials are converted to
y-CoOOH nanofibers and Co203 nanoparticles, both well-known prototype OER catalysts. The
report demonstrates that the presence of crystalline mix metal sulfide precursors is eritical for
the simultaneous in-siti formation of the active catalysts, highlighting that use of these earth-
abundant minerals might offer an economically and chemically viable route for scalable catalyst

development.

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0
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Introduction

Electrocatalytic splitting of water into hydrogen and oxygen plays a crucial role in converting
and storing electrical energy.['*] However, specifically the anodic oxygen evolution reaction
(OER) is severely hindered by a challenging proton-coupled four-electron transfer, together
with operation at harsh oxidative conditions under highly alkaline or highly acidic
conditions.™* Thus, the reaction often shows slow kinetics and is considered the bottleneck of
electrochemical water splitting.[® Developing efficient and stable oxygen evolution catalysts
(OECs) therefore is critical to enable large-scale conversion of electricity from intermittent
sources, e.g. wind or solar energy. Early studies were primarily focused on noble-metal oxide
catalysts, such as RuO; and IrO2,7 1% but high cost, scarcity, and poor long-term stability limit
their large-scale deployment.!'!] Thus, recent research has been centered on developing efficient

catalysts based on economically viable earth-abundant metals to enable scale-up and industrial

use. [12,13]

One challenge in OER catalyst design is the stable electrical wiring of the reactive site to
electrically conductive support, e.g. high surface-area carbon. One facile route to this end is the
use of zeolitic imidazolate frameworks (ZIFs) as precursors, which combine tunable

composition, facile incorporation of metals, and easy thermal conversion to conductive carbon

[14,15]

matrices. Of specific interest is the cobalt-containing ZIF-67 which can easily be

synthesized at large scale and features tunable chemical composition and reproducible particle

[16]

morphology. Various methods have been developed to convert ZIF-67 into the

[17,18] [19] [20]

corresponding carbon-anchored metal oxide, metal phosphide,"”' metal carbide,"™ and
metal sulfide.?!! For example, Li et. al. synthesized a ZIF-67 derived Co304@Z67-
N700@Ce0;,, which exhibited a low overpotential (n = 350 mV) at a current density (f) of 10
mA-cm 218 Similarly, highly-dispersed CosO4/N-doped porous carbons were synthesized by

calcination of ZIF-67/COF, which also featured good catalytic activities ( # =330mV atj =10

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

59
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mA-cm’?, a Tafel slope of 79 mV-dec™).['"] Additionally, Wang et. al. also prepared a cobalt
sulfide electrocatalyst (h-CoxSy) which exhibited outstanding electrocatalytic OER
performance. Despite this progress, many challenges still exist. One major issue is that many
ZIF-67-derived composites are unstable under harsh oxidative and / or alkaline conditions. This
is specifically challenging for ZIF-67-derived metal sulfides which can be oxidized to sulfur-
oxygen compounds (e.g., sulfite or sulfate) under typical OER conditions. Often, this

conversion occurs during operation and results in catalyst degradation and loss of reactivity.??)

Here, we build on these studies and propose the use of ZIF-67-based metal sulfide as catalyst
precursors which are converted into highly stable and highly active metal oxide/oxyhydroxide
phases under oxidative, alkaline OER conditions. This conversion and activation route could
provide a facile path in catalyst design to enable the self-selection of the most stable catalysts
formed under the relevant catalytic conditions, resulting in high stability and high catalytic

performance.

Here, we exemplify this approach by developing mixed metal sulfide catalyst precursors (i.e.,
CoMo284 and FeS») using a facile synthetic route. We show that under OER conditions, the
metal sulfides convert into Co20; nanoparticles and y-CoOOH nanofibers, which act as high-

performance active sites in the following OER catalysis.
Results and Discussion

Briefly, pristine ZIF-67 polyhedrons were prepared based on a modified literature
route.”®?1 The samples were subsequently treated with the etching agent / Mo-precursor
[H3PMo012040] - xH20 (phosphomolybdic acid, PMA) and the Fe-precursor FeCly - 4H»0 in
ethanol solution, resulting in the formation of PMA@ZIF-CoFe (Scheme 1, for details, see SI).
After that, the original purple ZIF-67 became brown because of the partial replacement of the
Co ions in ZIF-67 by Fe ions and the introduction of [PMo12040]* (Fig. Sla), as shown by

Fourier transform infrared spectroscopy (FT-IR, see SI Fig. S$1b).2*?°] Subsequently,

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0
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PMA@ZIF-CoFe was converted to the metal sulfide-based precursor (hereafter referred to as
Composite 1) by a solvothermal reaction with thioacetamide (TAA) at ethanol (90°C for 3 h,
followed by 200°C for 3 h). To explore the temperature effect on the catalyst, Composite 2 was
prepared by a similar synthetic route, where the solvothermal reaction was carried out at 90°C

for 6 h.

&

[}
Fez+ [H,PMouOM,|

-0

90 °C/3h + 200 °C/3h
ZIF-67 PMA@ZIF-CoFe Composite 1

Scheme 1. Schematic illustration of the preparation of Composite 1

Powder X-ray diffraction (pXRD) and FT-IR spectroscopy were used to examine the
composition of Composite 1 and Composite 2. As shown in Fig. la, the pXRD data shows the
presence of crystalline FeSz and CoMo2S4in Composite 1. The presence of these metal sulfides
is further supported by the FT-IR spectrum of Composite 1 (Fig. 1b) which indicates the
presence of S=S, and metal (M)-S bonds.[**"*! In comparison, the pXRD and FT-IR data of
Composite 2 (S1, Fig. S2) indicate the presence of amorphous metal sulfides. Notably, the
presence of S-O bonds was also indicated by FT-IR spectroscopy, which suggests partial
(surface) oxidation of the metal sulfides.!*>3%! This highlights that the elevated solvothermal
temperature (200 °C for 3 h) is required to access crystalline metal sulfide phases as observed
in Composite 1. Aberration-corrected high-resolution transmission electron microscopy
(HRTEM), scanning electron microscopy (SEM), and scanning transmission electron
microscopy (STEM) together with energy dispersive X-ray spectroscopy (EDX) were
employed to examine the structure and morphologic structure of Composite 1 and Composite
2. As shown in Fig. 1c and Fig S4a, Composite 1 exhibits hollow polyhedral structures with

an average diameter of around 800 nm, which is slightly smaller than that in the pristine ZIF-

https://doi.org/10.26434/chemrxiv-2024-j9mI0 ORCID: https://orcid.org/0009-0007-2971-8023 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0
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67 (Fig. S3a). We assign this size reduction to the acid etching process, as similar changes have
been observed previously.?! The surface of the polyhedral shows some roughening which is
not present in the pristine ZIF-67. The same morphological feature can be seen in the case of
Composite 2 as well (Fig. S3b, ¢) and is also assigned to the etching procedure. For Composite
1, the HRTEM image (Fig. 1d, f) indicates the presence of nanocrystalline regions (blue circles)
on the particle surface and particle edges. The nanocrystals are identified as FeS, (JCPDS 42-
1340) and CoMo2S4 (JCPDS 24-0332) by the corresponding selective area electron diffraction
(SAED) analysis (Fig. 1e). The HRTEM image (Fig. 1f) of Composite 1 shows lattice and
fringes with interplanar spacing of 0.26 nm and 0.19 nm, corresponding to the (404) plane of
CoMo384 and (220) plane of FeS,. However, no obvious nanocrystals can be observed in
HRTEM images (Fig. $3d) of Composite 2, and the broad diffraction rings rather than thin
ones or single reflections in the corresponding SAED (Fig. S3d insert) indicates its amorphous
feature. The results agree with the powder XRD measurement. In addition, STEM-energy-
dispersive X-ray spectroscopy (EDX) elemental mappings verify the presence of
homogeneously dispersed Co, Fe, Mo, and S within Composize I (Fig. S4b) and Composite 2
(Fig. S3f). All these results indicate that the synthesized PMA@ZIF-CoFe was successfully
converted to metal sulfides (i.e. CoMo02S4and FeS») and led to a homogeneous distribution of
these metal ions. In addition, the atomic ratio of Co, Fe, Mo, and S (2.63:1:1.4:6.5) in
Composite 1 was determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES). The result indicates that in addition to the formation of crystalline CoMo2S4 and

FeS2, some amorphous cobalt sulfide might be present in Composite 1.

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0
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Figure 1. (a) pXRD pattern, (b) FT-IR spectrum, (¢)TEM, and (d, f) HTREM images with (¢)

corresponding selected area electron diffraction pattern of Composite 1.
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The elemental composition and oxidation states in Compeosite 1 and Composite 2 were studied
by X-ray photoelectron spectroscopy (XPS). The survey XPS spectra indicate the presence of
Co, Fe, Mo, and S, in both Cemposite I (Fig. S5a) and Cemposite 2 (Fig. S5b). The
deconvoluted high-resolution Fe 2p XPS spectra in Composite I (Fig. 2a) and Composite 2 (Fig.
S3¢) show characteristic peaks at ~712 ¢V, which are indicative of Fe?" species.[*?l Satellite
features (~786 eV) in the deconvoluted Co 2p XPS spectra for Composite 1 (Fig. 2b) and
Composite 2 (Fig. S5d) suggest the presence of Co®". This is further supported by peaks at
~781.5 eV which are characteristic of Co?* 2p3n in both Composite 1 and Composite 2530
should be noted that a strong and sharp signal appeared at 779 eV in the Co 2p3/; spectrum of
Composite 1 which can be assigned to Co-S interactions. Given that the binding energies of Co
are close to metallic Co, this observation aligns with recently reported data on CoMo2Ss
catalysts. 43¢ The metal-like properties of Co in CoMo:Ss may facilitate electron
delocalization, thereby enhancing conductivity. In contrast, for Compesite 2, the Co 2ps3p
spectrum shows a signal at 780.4 eV which is assigned to Co*" (Fig. $5¢). As for Mo 3d XPS
spectrum of Composite 1 (Fig. 2¢), the main binding energies located at 229 eV (Mo 3ds») and
232.2 ¢V (Mo 3dsn) for Mo*, belonging to the Mo-S bond.P* In addition, the peaks at 232.5
eV and 235.6 eV are assigned to Mo®". We assign it to the partial oxidation of metal sulfides.
The predominant valence state of Mo* in CoMo2S4 provides additional confirmation of the
metallic properties exhibited by Co within the CoMo,S4 structure. Notably, the S 2s signal also
appeared at the same region of Mo 3d and was deconvoluted into three peaks at 233.9 ¢V, 226.4
eV, and 226 eV, corresponding to the three chemical states of the S species bonding with O
(804%), Mo, and Co ions.P*! However, only Mo®" is observed in Composite 2 (SI, Fig. S$5¢).
This is expected, as CoMo2S4 1s only formed at an elevated reaction temperature (200°C for
Composite 1), while Composite 2 is not exposed to this temperature.[** The deconvoluted XPS
spectrum for S 2p (Fig. 2d) indicates the existence of metal sulfides in Comtposite 1 (161.7 eV

for 8% 2p3z and 162.8 eV for Sz 2p32).F7! Similarly, signals for 8% 2psp and S2 2p3n were
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observed in Composite 2. 1t is worth noting that the XPS results of previously reported binding
energies of Co 2p3» (778.9 V), Mo 3ds (228.7 €V), and S 2p3 (161.9 €V) in CoMo,S4 are in
line with our observations, providing further support for the presence of CoM02S4.59 Also, the
signals belonging to SO4> were also observed at 168.7 €V (2ps2) and 169.9 eV (2p112), which

also indicates the partial oxidation of the metal sulfides.[3
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Figure 2. Deconvoluted high-resolution XPS spectra of Fe 2p (a), Co 2p (b), Mo 3d (¢), and S

2p (d) of Composite 1.

Next, we studied the in-situ conversion of Composite 1 into the real active OER catalyst under

oxidative electrochemical conditions. To this end, we studied the changes of Composite 1 in
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alkaline aqueous solution (1.0 M aqueous KOH) using a conventional three-electrode
electrochemical setup. The catalyst was deposited on glassy carbon rotating disk electrode
(RDE) working electrodes as follows: catalyst inks were prepared by sonicating a dispersion of
the respective catalyst, 5 wt% Nafion solution, deionized (DI) water, and ethanol (for details,
see SI). Subsequently, the respective ink was drop-cast onto the glassy carbon RDE working
electrode. A Hg/HgO electrode was used as reference electrode, while a graphite rod was used
as counter electrode All potentials in this study have been converted to reversible hydrogen
electrode potentials (RHE, see details in the SI). To assess synergistic effects of multiple metal
reaction sites on OER, reference catalysts were prepared for comparison, labeled as Composite
3 (without Mo), Compesite 4 (without Fe), and Composite 5 (without Fe and Mo), (see SI for

synthetic and analytical details).

Linear sweep voltammetry (I.SV) at a scan rate of 5 mV/s was conducted to evaluate the OER
electrocatalytic performance. As illustrated in Figure 3a, b, Composite I showed the lowest
overpotential of 7 = 307 mV at a current density of j = 10 mA-cm (Fig. 3a, b). Composite 2
exhibited a slightly higher overpotential (# =315 mV). However, in the absence of Mo
(Composite 3), Fe (Composite 4), or both Mo and Fe (Composite 5), significantly higher
overpotentials at the same current density were observed (Fig. 3a). Furthermore, Tafel slopes
(17 versus log(j)) of 74 mV -dec™ and 82 mV-dec™ were obtained for Composite 1 and Composite
2 (Fig. S6a), while the other composites exhibited higher Tafel slopes. The significantly
enhanced catalytic properties and OER kinetics of Compeosite I and Composite 2 underscore
the vital role played by the concurrent presence of both Fe and Mo in the mixed metal sulfide-

based catalysts.

Rotating ring-disk electrode (RRDE) voltammetry was employed to gain a deeper
understanding of the OER reaction mechanism of Compesite 1. To this end, an LSV

measurement between 1.3 V and 1.7 V was performed on the disk electrode, where the OER
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reaction takes place, while the Pt ring electrode (set at a fixed potential of 1.5 V) was used to
detect any partially oxidized intermediates formed during OER, such as H,O; (for analytical
details see SI). Under the given conditions, a negligible ring current was detected, and the
electron transfer number was calculated to be close to 4, indicating that H2O> intermediates
were scarcely generated, confirming a desirable 4-electron pathway for OER (SI, Fig. S6b, c).
In addition, the faradaic efficiency (FE) was measured using RRDE voltammetry at potentials
of 0.4 V (ring) and 1.5 V (disk) at a rotation rate of 1600 rpm, so that oxygen generated on the
disk surface could be reductively collected at the ring electrode (current collection efficiency:
15.7%). Based on the detected ring current (~28 pnA) and disk current (~185 pA), a FE of 96.2%

was calculated for Composite 1 (Fig. 3¢, also refer to SI for detailed calculations).

Next, electrochemical impedance spectroscopy (EIS) was used to better understand the origins
of the electrocatalytic performance. The results (SI, Fig. S7) indicate that Composite 1 features
the lowest charge-transfer resistance (R =9 Q) among the catalyst samples studied, suggesting
efficient interfacial electron transfer. Also, the double-layer capacitance (Car), proportional to
the electrochemically active surface area (ECSA), was determined to compare the amount of
reactive sites in the composites. As shown in Fig. S8, all composites tested show comparable
ECSAs. Therefore, we conclude that the superior OER performance of Composite 1 is
attributed to its low internal electron transfer resistance as well as intrinsic reactivity of the

reactive sites.
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Figure 3. Electrocatalytic OER performance of Composite 1, Composite 2, and reference
composites in 1 M aqueous KOH: a) iR-corrected OER polarization curves, b) Overpotentials
at 7 = 10 mA-em? ¢) RRDE analysis to determine faradaic efficiency, and d)
Chronoamperometry curves at 11 = 330 mV without iR compensation (insert: LSV polarization

curves comparison before and after 10 h stability test) of Compeosite 1.

Subsequently, chronoamperometry (CA) measurements were utilized to evaluate the stability
and study the morphological and compositional changes of Compesite I at 1.56 V vs. RHE in
1 M aqueous KOH. As illustrated in Fig 3d, the current density j remained essentially
unchanged with only a minor increase in the initial phase (0-3 h), and a marginal decrease in
the second phase (3-10 h) of CA. This finding is supported by LSV analysis before and after

CA, which are essentially identical (Fig. 3d and S1, Fig. S$9).

To explore our hypothesis of structural conversion of the metal sulfide precursors under OER

conditions, a morphological and chemical investigation was carried out after the stability test
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using AC-HRTEM and XPS. As shown in Fig. 4a, after 3 h of electrocatalysis, the hollow
structure of Composite 1 was converted into a mixture of 2-dimensional nanoplates and 1D
nanofibers, which formed on the particle surface and particle edges (Fig. 4b, ¢ and SI, Fig.
S10a). These nanofibers were identified as y-CoOOH, based on a 0.44 nm interplanar spacing
in the HRTEM image (Fig. 4¢) and the matching SAED pattern (S, Fig. S10b, match with -
CoOOH JCPDS 14-0673). Elemental mapping by STEM-EDX further confirmed the presence
of Co and O (SI Fig. S11). Based on these findings, the improved catalytic activities were
attributed to the formation of y-CoOOH, a recognized active OER catalyst. %41 Thig result
aligns with the XPS measurement (SL Fig. $12), which revealed the absence of Co®" and the

presence of Co®*, as no satellite features (=786 ¢V) for Co?" were found. Also, XPS analysis

indicated the absence of Mo and Fe signals, suggesting that the FeS, and CoMo3S; are dissolved
and leak into the electrolyte under operation. In addition, $2/8,% was oxidized to SO42', which
is indicated by S 2p XPS data in Fig. S12. Moreover, after 10 h of electrocatalysis, nanoparticles
(indicated by a white box in Fig. 4f and SI, Fig. $10d), were observed and identified as C020;
based on the corresponding SAED pattern (SI, Fig. S10e, JCPDS 02-0770). In addition,
aggregation of y-CoOOH nanofibers was observed after 10 h of electrocatalysis, as shown in
Fig 4b, 4e, and Fig. S13. The average length of y-CoOOH nanofibers increased from ~40 nm
to ~110 nm after 3 and 10 h OER catalysis. This aggregation of y-CoOOH nanofibers might be
linked to the marginal loss of catalytic reactivity observed during the 10 h CA experiments (Fig.
3f). As a comparison, we also investigated structural and chemical changes of Composite 2.
Notably, Composite 2 exhibited poorer stability compared to Compeosite I (SI, Fig. S14).
Composite 2 showed a CA behavior similar to Composite 1, featuring an initial slight current
density increase followed by a subsequent drop in current density. Notably, the loss of reactivity
was more pronounced than observed for Composite 1. Morphological and chemical
investigations on Composite 2 were carried out after the stability test to explore the origins of

the stability difference between Composite 1 and Composite 2. As shown in the SI, Fig.S13 -
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S17, similar morphological and chemical changes were observed after catalysis in Composite
2 compared to Composite 1, including the formation of y-CoOOH nanofibers and Co0203
nanoparticles. However, there were fewer crystalline nanofibers and nanoparticles observed in
Composite 2 after electrocatalysis for 10 hours compared to Composite 1. Consequently, the
lower number of y-CoOOH nanofibers and Co203 nanoparticles provided fewer active sites for
OER, resulting in its poorer stability. Thus, we propose that the crystalline metal sulfides could
effectively prevent Co leakage during OER and facilitate the oxidation of Co®" to Co** and the
formation of Co,03 and y-CoOOH, contributing to high stability. In contrast, amorphous metal
sulfides might show higher solubility or faster degradation than the crystalline systems,

resulting in faster degradation and leaching [414?

Fig. 4 TEM and HRTEM images of Composite 1 after electrocatalysis for 3 h (a-c) and 10 h

(d-f)

Conclusion
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(1]

In summary, we report the in situ conversion of a CoMo2S4/FeS2 composite heterojunction was
prepared by a facile synthetic method. The synergistic effects of its structural and compositional
characteristics contribute to the remarkable electrocatalytic performance, displaying a low
overpotential (307 mV at;j = 10 mA-cm?). As the electrocatalysis progresses, the crystalline
metal sulfides are converted in situ into Co,03 nanoparticles and y-CoOOH nanofibers. These
species act as the true active sites in OER electrocatalysis, resulting in high activity and high
stability. We also observed the aggregation of y-CoOOH nanofibers during prolonged
electrocatalysis results in a slight degradation of its electrocatalytic properties. This synthetic
approach and structural/compositional evolution hold significant promise for pre-catalyst
design and stability enhancement in metal sulfide-based catalysts, providing insights into the

genuine active sites for metal sulfide-based OER electrocatalysts.
Acknowledgments

The authors gratefully acknowledge financial support by the Deutsche Forschungsgemeinschaft
DFG (Cluster of Excellence EXC2154, POLiS, project number: 390874152 and TRR 234
Catal.ight, project number: 364549901 and project no 389183496). R.L. gratefully
acknowledges financial support by the Alexander von Humboldt Foundation. D.G.
acknowledges the Deutsche Forschungsgemeinschaft (DFG) for a Walter Benjamin Fellowship
(project no. 510966757). R.L., D.G., and C.S. gratefully acknowledge financial support by
Johannes Gutenberg University Mainz, the Top-Level Research Initiative SusIlnnoScience and
the Gutenberg Research College. Dr. Shuai Chen is acknowledged for XRD characterization

support.

Reference

Z. P. Ifkovits, J. M. Evans, M. C. Meier, K. M. Papadantonakis, N. S. Lewis, Energy Environ Sci 2021, 14,
4740-4759.

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

71



3. Results and discussion

[2]
[3]

[4]
[5]
[6]
[7]

(8]

9]

[10]

[11]
[12]

[13]
[14]
[15]
[16]

[17]

[18]
[19]

[20]
[21]

[22]

[23]
[24]

X. Zou, Y. Zhang, Chem Soc Rev 2015, 44, 5148-5180.

B. Zhang, Y. Zheng, T. Ma, C. Yang, Y. Peng, Z. Zhou, M. Zhou, S. Li, Y. Wang, C. Cheng, Advanced
Materials 2021, 33, 2006042.

J. Song, C. Wei, Z. F. Huang, C. Liu, L. Zeng, X. Wang, Z. . Xu, Chem Soc Rev 2020, 49, 2196-2214.
L. Tian, X. Zhai, X. Wang, J. Li, Z. Li, / Mater Chem A Mater 2020, 8, 14400-14414.
N.T. Suen, S. F. Hung, Q. Quan, N. Zhang, Y. J. Xu, H. M. Chen, Chem Soc Rev 2017, 46, 337-365.

C. Spori, J. T. H. Kwan, A. Bonakdarpour, D. P. Wilkinson, P. Strasser, Angewandte Chemie
International Edition 2017, 56, 5994-6021.

H. Liu, X.-H. Zhang, Y.-X. Li, X. Li, C.-K. Dong, D.-Y. Wu, C.-C. Tang, S.-L. Chou, F. Fang, X.-W. Du, H. Liu,
C. Dong, D. Wu, X. Du, X. Zhang, Y. Li, X. Li, C. Tang, S. Chou, F. Fang, Adv Energy Mater 2020, 10,
1902521.

J. Wang, L. Han, B. Huang, Q. Shao, H. L. Xin, X. Huang, Nature Communications 2019 10:1 2019, 10,
1-11.

T. Reier, Z. Pawolek, S. Cherevko, M. Bruns, T. Jones, D. Teschner, S. Selve, A. Bergmann, H. N. Nong,
R. Schlégl, K. J. J. Mayrhofer, P. Strasser, J Am Chem Soc 2015, 137, 13031-13040.

T.X. Nguyen, Y. H. Su, C. C. Lin, J. M. Ting, Adv Funct Mater 2021, 31, 2106229.

Z.-P. Wu, F. Lu, 5.-Q. Zang, X. Wen, D. Lou, Z.-P. Wu, X. F. Lu, X. W. Lou, S.-Q. Zang, Adv Funct Mater
2020, 30, 1910274.

W. Xiong, H. Yin, T. Wu, H. Li, Chemistry — A European Journal 2023, 29, e202202872.

H. Wen, S. Zhang, T. Yu, Z. Yi, R. Guo, Nanoscale 2021, 13, 12058-12087.

Y. Wang, Y. Wang, L. Zhang, C. Sen Liu, H. Pang, inorg Chem Front 2019, 6, 2514-2520.

C. Cui, X. Lai, R. Guo, E. Ren, W. Qin, L. Liu, M. Zhou, H. Xiao, Flectrochim Acta 2021, 393, 139076.

G. lin Zhuang, Y. fen Gao, X. Zhou, X. yong Tao, J. min Luo, Y. jing Gao, Y. long Yan, P. yuan Gao, X.
Zhong, . guo Wang, Chemical Engineering Journal 2017, 330, 1255-1264.

X. Li, S. You, J. Du, Y. Dai, H. Chen, Z. Cai, N. Ren, 1. Zou, J Mater Chem A Mater 2019, 7, 25853-25864.

B. Liu, S. Xue, 5. Tan, D. Zhang, Z. Deng, H. Pan, W. Tu, R. Zhang, H. Zhang, Y. Wang, Energy and Fuels
2022, 36, 4532-4540.

Y. Li, Z. Yin, M. Cui, S. Chen, T. Ma, Mater Today Energy 2020, 18, 100565.

Z. Zhang, S. Li, X. Bu, Y. Dai, J. Wang, X. Bao, T. Wang, New Journai of Chemistry 2021, 45, 17313~
17319.

M. Cui, €. Yang, B. Li, Q. Dong, M. Wu, S. Hwang, H. Xie, X. Wang, G. Wang, L. Hu, M. Cui, C. Yang, Q.
Dong, M. Wu, H. Xie, X. Wang, L. Hu, B. Li, G. Wang, S. Hwang, Adv Energy Mater 2021, 11, 2002887.

Y. Guo, J. Tang, H. Qian, Z. Wang, Y. Yamauchi, Chemistry of Materials 2017, 29, 5566-5573.

X. Wang, L. Yu, Y. Guan, S. Song, X. Wen, D. Lou, X. Wang, L. Yu, B. Y. Guan, X. W. Lou, S. Song,
Advanced Materials 2018, 30, 1801211.

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

72



3. Results and discussion

[25]

[26]

[27]

[28]

[29]
[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

S. Anantharaj, S. R. Ede, K. Sakthikumar, K. Karthick, S. Mishra, S. Kundu, ACS Catal 2016, 6, 8069~
8097.

T. Abza, D. G. Dadi, F. G. Hone, T. C. Meharu, G. Tekle, E. B. Abebe, K. S. Ahmed, Advances in
Materials Science and Engineering 2020, 2020, DOI 10.1155/2020/2628706.

W. Feng, L. Chen, M. Qin, X. Zhou, Q. Zhang, Y. Miao, K. Qiu, Y. Zhang, C. He, Scientific Reports 2015
5:12015, 5,1-13.

F. Sang, Z. Yin, W. Wang, E. Almatrafi, Y. Wang, B. Zhao, J. Gong, C. Zhou, C. Zhang, G. Zeng, B. Song, J
Clean Prod 2022, 378, 134459.

Y. Sun, D. Lv, J. Zhou, X. Zhou, Z. Lou, S. A. Baig, X. Xu, Chemosphere 2017, 185, 452-461.
L. Yu, ). F. Yang, B. Y. Guan, Y. Lu, X. W. (David) Lou, Angewandte Chemie 2018, 130, 178-182.
Y. Zhao, D. Gao, J. Biskupek, U. Kaiser, R. Liu, C. Streb, Results Chem 2022, 4, 100568.

B. Fei, Z. Chen, J. Liu, H. Xu, X. Yan, H. Qing, M. Chen, R. Wu, B. Fei, Z. Chen, J. Liu, H. Xu, X. Yan, H.
Qing, M. Chen, R. Wu, Adv Energy Mater 2020, 10, 2001963.

S. Dou, C.-L. Dong, Z. Hu, Y.-C. Huang, J. Chen, L. Tao, D. Yan, D. Chen, S. Shen, S. Chou, S. Wang, S.
Dou, L. Tao, D. Yan, D. Chen, S. Wang, C. Dong, Y. Huang, J. Chen, Z. Hu, S. Chou, S. Shen, Adv Funct
Mater 2017, 27, 1702546.

H. Cheng, Q. Liu, Y. Diao, L. Wei, J. Chen, F. Wang, H. Cheng, Q. Liu, Y. Diao, L. Wei, J. Chen, F. Wang,
Adv Funct Mater 2021, 31, 2103732.

Y. Guo, J. Tang, J. Henzie, B. Jiang, W. Xia, T. Chen, Y. Bando, Y. M. Kang, M. S. A. Hossain, Y.
Sugahara, Y. Yamauchi, ACS Nano 2020, 14, 4141-4152.

I. Alstrup, |. Chorkendorff, R. Candia, B. S. Clausen, H. Topsge, / Catal 1982, 77, 397-409.

D. Ma, B. Hu, W. Wu, X. Liu, J. Zai, C. Shu, T. Tadesse Tsega, L. Chen, X. Qian, T. L. Liu, Nature
Communications 2019 10:1 2019, 10, 1-8.

A. M. De Jong, H. J. Borg, L. J. Van ljzendoorn, V. G. F. M. Soudant, V. H. J. De Beer, J. A. R. Van Veen,
J.W. Niemantsverdriet, Sulfidation Mechanism of Molybdenum Catalysts Supported on a
Si02/Si(100) Mode! Support Studied by Surface Spectroscopy, 1993.

D. Zhang, X. Kong, Y. Zhao, M. Jiang, X. Lei,  Mater Chem A Mater 2016, 4, 12833-12840.

B. Zhang, Y. Zheng, T. Ma, C. Yang, Y. Peng, Z. Zhou, M. Zhou, S. Li, Y. Wang, C. Cheng, Advanced
Materials 2021, 33, DOI 10.1002/ADMA.202006042.

S. Anantharaj, S. Noda, S. Anantharaj, S. Noda, Smail 2020, 16, 1905779.

S. Anantharaj, P. N. Reddy, S. Kundu, Inorg Chem 2017, 56, 1742-1756.

https://dei.arg/ 10.26434/chemrxiv-2024-j9ml0 ORCID: https://orid.org/0009-0007-2971-8023 Content nat peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

73



3. Results and discussion

74



3. Results and discussion
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Metallene for Enhanced Alkaline Oxygen Reduction Electrocatalysis
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We report a defect-rich Pd metallene synthesized
through a facile  wet-chemical method.
Characterization results reveal the presence of
various types of atomic-scale defects, including
pores, concave surfaces, and atomically doped WOy
and MoOy, which finely tune the electronic
structure, endowing it with excellent catalytic
activity for the ORR. When incorporated into a
homemade Zn-air battery with very low loading, it
achieves a notable specific capacity and excellent
discharge potential stability, highlighting its
practical utility.
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Abstract

Defect engineering is a key chemical tool to modulate the electronic structure and reactivity of
nanostructured catalysts. Here, we report how engineering defects in a palladium metallene
nanostructure results in a highly active catalyst for the alkaline oxygen reduction reaction
(ORR). A defect-rich WOx and MoOx modified Pd metallene (denoted as D-Pd M) was
synthesized by a facile wet-chemical method. Detailed structural analyses reveal the presence
of three distinct atomic-scale defects, that is pores, concave surfaces, and surface-anchored
individual WOx and MoOx sites. The presence of this combination of defects results in excellent
catalytic ORR activity with a half-wave potential of 0.93 V vs. RHE and a mass activity of 1.3
A-mgpa! at 0.9 V vs. RHE, outperforming the commercial references Pt/C and Pd/C by factors
of 6.5 and 3.9, respectively. The practical usage of the compound is demonstrated by integration
into a custom-designed Zn-air battery. At notably low D-Pd M loading (26 pgpd-cm™), the
system achieves a high specific capacity (809 mAh-gz,!) together with excellent discharge

potential stability. In sum, this study provides a blueprint for the targeted introduction of distinct
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defect sites into metallene ORR catalysts, leading to materials with outstanding performance

metrics.
Introduction

The oxygen reduction reaction (ORR) is one of the most important catalytic processes for
energy conversion and storage technologies including fuel cells, metal-air batteries and
electrochemical H202 production.'*! The ORR is a challenging reaction, due to the high O»
bond dissociation energy (498 KJ-mol!) and the sluggish kinetics of O»-related proton-coupled
multi-electron processes.** These factors significantly impede the practical application of the
ORR. To overcome these challenges, numerous electrocatalysts have been developed, including
those based on platinum group metals (PGMs),P! noble metal-free materials,”! and even metal-
free catalysts.[8] Currently, both the intrinsic activity and the long-term stability of noble metal-

free and metal-free catalysts are significantly inferior to those of PGM-based electrocatalysts. [

Owing to their unique electronic structure and optimum oxygen molecule adsorption energy,
electrocatalysts based on PGMs have received widespread attention and are still a focal point
for advanced ORR catalyst development.”! However, challenges remain, particularly in the case
of platinum-based catalysts. While these materials demonstrate excellent catalytic performance,
they often suffer from poor long-term stability.'>'?! Importantly, highly dispersed, Pt
nanoparticles show a notable tendency to aggregate during catalysis, resulting in the formation
of larger particles with reduced their reactivity.'¥] Furthermore, the high binding energy of Pt
and Pd to oxygen molecules limits the generation and conversion of intermediates (such as *OH
and *OOH) into H,O/OH, indicating potential opportunities for enhancing the catalytic
properties by modification in their electronic structure.!*!s] 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.l7-1°]

These challenges have recently been targeted by the development of two-dimensional (2D)
metal nanosheets, so-called metallenes, which have shown unique electronic structure and high
reactivity and durability.?°??1 Metallenes are metal or alloy materials featuring individual
layers of atomic thickness.[?>?%] Metallenes offer optimum utilization of the individual metal
atoms due to their high specific accessible surface area and abundance of low-coordinated
reactive metal sites.”>2’1 A significant breakthrough in this realm was achieved by Guo and
colleagues, who successfully synthesized PdMo bimetallene.[8! The group discovered that

strain and quantum effects within the ultrathin structure of the metallene leads to a downward
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shift of the d-band center, 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, PdMo bimetallene exhibits a lower d-band center and
superior ORR catalytic activity compared to pure Pd metallene. Building on this advancement,
Jin and co-workers further demonstrated that the durability of PdMo bimetallene can be
significantly improved by interstitial doping with carbon. This modification results in
stabilization of the Mo sites within the bimetallene 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 metallene characterized by abundant pores, which
created a multitude of highly active sites. This innovation resulted in a significant enhancement
in ORR activity.B% Concurrently, research by Guo and coworkers revealed that the concave
surfaces on Pd metallene lead to a modest downward shift in the d-band center and allow fine-
tuning of oxygen molecule binding energies. This structural modification contributes to
improved ORR performance, showcasing the impact of the surface geometry on catalytic

efficiency.?!)

Here, we build on these pioneering studies and report a novel ultrathin Pd metallene doped with
atomic WOx/MoOx (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 [H3PMo12040] x H2O (=PMor2), as reducing agent, and
tungsten hexacarbonyl (W(CO)e) as a structure-directing agent. PMoi2 and W(CO)s also acted
as molecular precursors to deposit MoOx and WOy into the Pd metallene. The resulting D-Pd
M showed excellent ORR activity, with a high half-wave potential (E12 = 0.93 V vs. RHE),
high mass activity (1.3 A-mgpq ! at 0.9 V vs. RHE) and superior stability over 10,000 test cycles.
Practical applicability of D-Pd M was demonstrated by integration into an operational Zn-air
battery at ultra-low Pd loading (26 ugPd-em?), showing high specific capacity (809 mAh-gzy”
1), exceptional discharge performance and ultra-long cycling stability (continuous operation for

300 hours over 300 charge/discharge cycles).
Results and Discussion

Fig. 1 illustrates the synthetic procedure to access D-Pd M. Initially, a solution of PMo12 in N,
N-dimethylformamide (DMF) was irradiated with ultraviolet (UV) light (Amax = 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 (SI, Fig. S1), all
of which suggests that the POM cluster was reduced to heteropoly blue.??**! The solution
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containing the reduced PMoi2 was then combined with a DMF solution containing the metal
precursors palladium (II) acetylacetonate (Pd(acac)z) and W(CO)s, resulting 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)s. CO is known to strongly adsorb
on Pd (111) facet, which in turn facilitates the anisotropic lateral growth and formation of 2D
ultrathin metallene.[*3!34 For comparison, conventional Pd metallene (Pd M) weas prepared
using a modified literature method, see Supporting Information),**! where citric acid was used

as the reducing agent instead of PMoi2.

UVlight
PMO". OMF .
W(CO)(,
Fri N
b@ p
Q7

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

The morphology and structural properties of the as-synthesized D-Pd M and Pd M were
characterized by transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM). As shown in Fig. 2a, D-Pd M exhibits an ultrathin 2D
nanosheet structure with a lateral diameter of ~1 um. In contrast, Pd M exhibits a hexagonal
nanosheet structure with an average diameter of 70 nm (SI, Fig. S2). Selected area electron
diffraction (SAED; SI, Fig. S3), confirms the presence of a face-centered cubic (fcc) structure,
and atomic force microscopy (AFM) measurements (SI, Fig. S4) give an average thickness of
approximately 0.9 nm, suggesting the presence of 3 to 5 Pd atom layers.!*®! TEM energy-
dispersive X-ray spectroscopy (TEM-EDX; SI, Fig. S5) 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 : 52 : 1

Detailed morphological analysis of the TEM data reveals curved surface with abundant defects,
including pores and concave structures (SI, Fig. S6). The defects were further probed by HR-

STEM. Fig. 2b shows the presence of pores (red circle, area 1) and concave areas (dark blue

https://doi.org/10.26434/chemrxiv-2024-fkr00 ORCID: https://orcid.org/0009-0007-2971-8023 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

79



3. Results and discussion

circle, area 2), also see Fig. S7.1°1 The brighter contrast observed in Fig. 2b is indicative of the
lower thickness in these areas compared to their surroundings. Notably, in the higher
magnification of area 1 (Fig. 2¢), step atoms at the inner edge can be observed. Meanwhile, in
Fig. 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 Fig. 2e (dark blue circles). We also use a false-color mode to illustrate the
thickness contrast more clearly (S, Fig. S8 a-d). Additionally, curved structures are also
observed in HRTEM (green rectangles in Fig. 2e, and SI, Fig. S8e), which leads to lattice
distortion. The fast Fourier transformation (FFT) pattern (SI, Fig. S8f) exhibits a sixfold
symmetric foe structure, implying that the metallene is stacked dominantly along the (111)
facets.!'”] TEM analyses give a lattice spacing of 0.23 nm (Fig. 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 Fig. 2g, where
the peak at 39.4° is attributed to the (111) plane of the fce 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 feature.
Furthermore, the shifts to lower 20 angles observed in D-Pd M compared to Pd M and Pd/C
are attributed to strain effects and lattice distortions caused by the defect structure. Next, the
oxidation states of D-Pd M were investigated by X-ray photoelectron spectroscopy (XPS). The
deconvoluted spectrum of Pd 3d shows the distinct characteristic peaks centered at 335.4 eV
and 340.7 eV, which are assigned to Pd (0) 3ds, and Pd (0) 3dsp, respectively (Fig. 2h). The
small peaks at 336.7 eV and 342 eV are assigned to PdO, assigned to surface oxidation of
Pd.1?>?¢1 The results indicate that D-Pd M is dominated by metallic Pd. The deconvoluted W 4f
spectrum (Fig. 2i) shows the existence of W** species.?*l In contrast, the oxidation state of Mo

cannot be assigned reliably by XPS due the low concentration of Mo species in D-Pd M.
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Figure 2. (a) TEM image and (b, ¢) HRTEM images of D-Pd M, with corresponding enlarged crystal
details shown in (c, d, and 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.

X-ray absorption spectroscopy (XAS) characterization was performed to further investigate the
chemical states and local coordination environments of D-Pd M. The normalized Pd K-edge X-
ray absorption near-edge structure (XANES) spectrum (Fig. 3a) of D-Pd M is similar to the Pd
foil reference, indicating 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 (Fig. 3b). The strong peak in the
D-Pd M EXAFS spectra at 2.57A is assigned to the Pd-Pd pairs. ) [} The average coordination
number (CN) of elements is proportional to the intensity of FT-y(k) peak and the corresponding
fitting results of Pd K-edge FT-EXAFS (SL, Fig. S9 and Table S1) give an average CN of
10.7+1.0, which is lower than that in Pd foil (CNpa it = 12), indicating the existence of
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unsaturated Pd sites. This is in agreement with the proposed thin layered structure and the
presence of multiple defects in the D-Pd M.P! The W species in D-Pd M was further
investigated by analyzing its L3-edge XANES and FT-EXAFS spectra. As shown in Fig. 3c, the
white-line peak intensity is between WO, and WO3, which gives an approximate oxidation state
of +5. 53¢ This finding is consistent with the results obtained from XPS analysis. In addition,
the peaks in the FT-EXAFS spectrum (Fig. 3d) at 1.38 A and 2.43 A can be assigned W-O and
W-Pd environments.?%*” The corresponding fitting results of W Ls-edge FT-EXAFS show the
CN of W-Pd is 6.3+0.8. Based on these results, we propose that WOx (x = 2.5) is doped on the
surface of metallene. Additionally, W substitutes the position of Pd, as illustrated in Fig. $12.5%
Notably, while W-W pairs are present in bulk WO, and WOs3, they are not observed in D-Pd M
according to the FT-EXAFS spectrum and wavelet transform (WT) analysis (Fig. 3g), which
can better resolve features in K-space and radial distance. The results indicate that atomic WOx
species are doped on the surface of the metallene. Furthermore, we also investigated the
chemical states and local coordination environments of Mo in D-Pd M by employing MoQa,
MoO:s, and Mo foil as reference materials. In Fig. 3e, MoOs3 exhibits a distinct pre-edge feature
at around 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:z and MoO3.5B9 Furthermore, the near-edge structure XANES spectra also support
this conclusion. The FT-EXAFS spectrum in Fig. 3f indicates the presence of Mo-O and Mo-
Pd pairs, with no Mo-Mo species observed (Fig. 3h), suggesting atomic dispersion of MoOx.
The fitting results of Mo K-edge FT-EXAFS for Mo-Pd give a CN of 0.9+0.2, indicating that
the MoOx are located on the surface of the Pd sheets rather than being embedded in the Pd
lattice, as illustrated in Fig. $12.5%1 More detailed peak assignments for FI-EXAFS of Pd, W,
and Mo can be found in Table S1. The comparison of corresponding fitting results and the raw

data can be found in Fig. S9-11.
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Figure 3. XAS characterizations of D-Pd M. Experimental XANES spectra (a, ¢, and ¢) and EXAFS
spectra (b, d, and f) of Pd, W, and Mo, respectively. Wavelet transform profiles of W (g) and Mo (h).

In the next step, we evaluated the electrocatalytic performance of the D-Pd M for ORR in 0.1 M
aqueous KOH using a typical three-electrode electrochemical setup. Here, the saturated calomel
electrode (SCE) was used as the reference electrode, and a graphite rod was employed as the
counter electrode. All potentials in this study have been converted to reversible hydrogen
electrode potentials (RHE, see details in the SI). Prior to the measurement, freshly prepared D-
Pd M and Pd M were deposited on a VULCAN® XC-72 carbon support (See details in SI). In
addition, commercial 10% Pd/C and 20% Pt/C were also used as ORR catalyst references. The
respective catalysts ink was drop-cast onto the glassy carbon rotating disk electrode (GC-RDE),
which acted as the working electrode. The metal loading on the electrode for D-Pd M/C and
Pd M/C was controlled to be 10 pg-cm2, while that of commercial Pd/C and Pt/C was controlled

to be 15 pg-em? to reach the well-defined limiting current densities. The typical cyclic
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voltammetry (CV) curves of all the catalysts were recorded in Nz-saturated 0.1 M KOH at a
scan rate of 50 mV-s™!. As shown in Fig. 4a and Fig. S13, the peak located at 0.74 V of D-Pd
M/C is assigned to Pd oxide reduction.”?$! Notably, the reduction potential is a descriptor of the
Pd-O binding 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 oxygen affinity.?7*] Next, we determined the
electrochemically active surface areas (ECSAs) of D-Pd M/C and reference catalysts by
underpotentially deposited hydrogen (Hupd) method in 0.1M HClO4 electrolyte (See method
details in SI). The ECSA values are estimated to be 83.1 mz-gpd'1 for D-Pd M/C, 75 m? gpd'l for
Pd M/C, 35.6 m?-gpq'for Pd/C, and 66.7 m*gpa?! for Pt/C, respectively (SI, Fig. S14). The
increased 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.

The linear sweep voltammetry (LSV) curves of all the samples 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 Fig. 4b, D-Pd M/C shows the most positive half-wave potential (E1/, 0.93 V) and
onset potential (Eonset, 1.02 V), as compared with those of Pd M/C (0.87 V, 0.99 V), Pd/C (0.87
V, 1.02 V), and Pt/C (0.88 V, 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 (jr) 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 limiting current density is a benefit to the high-power
densities of Zn-air batteries. Besides, D-Pd M/C has the smallest Tafel slop value (Fig. 4¢) 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 currents were calculated for all catalysts
using the Koutecky-Levich (K-L) equation (see details in SI). These were then normalized
based on the metal mass loading of the catalysts and the ECS A to determine the MA and specific
activity (SA). As shown in Fig. S15, D-Pd M/C achieves an MA of 1.3 A-mgpq™ at the generally
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-mgpq?! at 0.85 V. This value is also apparently higher than that of Pd M/C (1.4 A-mgpd),
commercial Pd/C (0.88 A-mgpa), and commercial Pt/C (0.88 A mgpi?). Likewise, D-Pd M/C
also has specific activities of 6.13 mA-cm™ and 1.5 mA-em? at 0.85 V and 0.9 V, respectively,
which significantly outperform Pd M/C (1.86 mA-cm™, 0.52 mA-cm2), commercial Pd/C (2.46

mA-em?, 0.91 mA~cm'2), and commercial Pt/C (1.31 mA-em2, 0.3 mA~cm'2). The excellent
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ORR catalytic performance of D-Pd M/C can be attributed to the lower Pd-O binding energy,
which facilitates the generation of intermediates (*OH and *OOH) and their transformation to
H>O. Furthermore, to understand the catalytic process of D-Pd M, rotating ring-disk electrode
(RRDE) measurements were used to determine the electron transfer number (n) and hydrogen
peroxide yield, see details in SI. As shown in Fig. 4d and Fig. S16a, the electron transfer
number is > 3.9 between 0.3 Vto 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 rpm
and 2025 rpm (SI, Fig. S16b, ¢). The H,O, yield is only 0-1.6% within the potential range from
0.8t0 0.3 V. Pd M/C, Pd/C, and Pt/C exhibit similar results, indicating a consistent four-electron
transfer process (SL, Fig. S17).

Apart from electrocatalytic activity, stability is another essential criterion for the comprehensive
evaluation of the catalytic performance. Therefore, we employed accelerated durability (ADT)
tests by CV cyeling between 0.6 and 1.0 V at a scan rate of 200 mV-s™ in an Op-saturated 0.1
M KOH electrolyte. As shown in Fig. 4e, after 5,000 and 10,000 cycles, the E1» of D-Pd M/C
shows only negligible decay (4 mV and 6 mV, respectively). In contrast, an apparent negative
shift was observed for Pd M/C (10 mV and 23 mV), commercial Pd/C (19 mV and 23 mV), and
commercial Pt/C (25 mV and 38 m), respectively (SL, Fig. S18). 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 (Fig. 3f), which
outperforms 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 (SI, Fig. S19). Additionally, the morphology and structure of D-Pd M have
no obvious degradation after 10,000 cycles, compared to the pristine sample. In comparison,

the apparent aggregation of Pt nanoparticles was observed in Pt/C (SI, Fig. S20).
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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 H20: 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.

Based on the previous report from Norskov, the binding energy between catalysts and Oz is
linearly correlated with the energy center of the valence d-band density of states (d-band center),
making it one of the most successful descriptors of ORR activity.[*!l We therefore calculated
the d-band centers of various 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, incorporating WOx doping into the surface lattice of metallene
and MoOx attachment to the edge Pd atoms. The loading of W and Mo were set to 5% and 1%,
respectively, to be in line with experimental results. As shown in Fig. 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 Oz on the surface Pd atoms.[? We
note that the average spacing betweenthe 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 Fig. 5b, in a perfect four-layer Pd sheet, the d-band center of the

surface atoms in the (111) plane is -1.67 eV. However, when subjected to concave defects and
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pore defects, the sublayer layer atoms feature substantially lower d-band centers (-1.75 eV and
-1.8 eV, respectively) compared to the surface atoms. This indicates a weaker binding ability to
Oz, thereby facilitating the formation and conversion of intermediates (*OH and *OOH) to
H.O/OH.["*3! 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 WOx into the surface Pd lattice also leads to a downshift of the d-band center by
0.11 eV. The average d-band center 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 oxygen reduction reaction (ORR) exhibited by edge atoms. After attaching MoOx 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, indicating the improved catalytic properties. These
computational results suggest that size effects, pore defects, concave defects, WOx doping, and

MoOx modification can effectively enhance the ORR activity of D-Pd M.
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Figure 5. DFT calculations of d-band centers. (a) The d-band center of surface atoms and
average plane spacings of Pd nanosheets with 4, 7, 10, 13, and 16 layers. The side view of
atomic models is inserted. (b) From left to right, the d band centers of surface atoms in Pd (111),
exposed sublayer atoms in concave defects, exposed sublayer atoms in pores defects, surface
atoms in WOx doping, edge atoms, and MoOx modified edge atoms. The first four schematic
illustrations are from the top view and the last two are from side view of atomic model. The

navy, green, pink, and red balls represent Pd, W, Mo, and O, respectively.

Next, the practical utility of the D-Pd M catalyst was tested by integration into an aqueous
custom-built Zn-air battery (SI, Fig. S21). Given the economic expense of Pd metal, we opted
to test the system at an extremely low Pd loading at the cathode (26 pgpa-cm?). The principal
structure of the Zn-air battery is shown in Fig. 6a; briefly, the battery 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(CH3COO); as the electrolyte. Initial tests show that the Zn-air
battery achieves a high open-circuit potential (OCP) of 1.4 V (SL, Fig. S21). The specific
capacities of the D-Pd M/C- battery at 15 mA-cm? is illustrated in Fig. 6b. For comparison, a
reference Zn-air battery using commercial Pt/C coated carbon paper (26 pgprcm?) as air
cathode was tested under the same conditions. After normalizing for the weight loss of Zn, the
D-Pd M/C-based battery exhibits a discharge specific capacity of 809 mAh-gz.,
corresponding to an energy density of 982 Wh-kgzn!, which outperforms the Pt/C-based battery
(785 mAh-gza! and 890 Wh-kgza!). In addition, during the long-term discharge test, the
potential of the D-Pd M/C-based cell remained remarkably stable and only 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 further shown by the
discharge curves at various current densities (Fig. 6c¢). Also, the D-Pd M/C-based battery
achieves a high power density (55 mW-cm™) compared with the Pt/C-based battery (37
mW-cm?), see Fig. $22a. The power density of the D-Pd M/C-based battery can be increased
by at higher D-Pd M loadings, see Fig. S22b. To assess the cycling durability, the D-Pd M/C-
based Zn-air battery was further tested at a charging and discharging rate of 15 mA-cm for 60
minutes per cycle. As illustrated in Fig. 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 voltage efficiency reached 80.1% with a potential gap of 0.33 V.
During cycling, the voltage efficiency decreased slowly, while the discharging potential

remained exceptionally stable throughout the measurement. The gradual increase in charging
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potential resulted in a decrease in round-trip voltage efficiency, possibly attributed to imperfect

oxygen evolution activity under conditions of very low palladium loading (SI, Fig. S22¢).

(a) (b) 14 ——D-PdM/C (c)2-5
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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 ecm™, (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™? with each cycle lasting 60 min.
Conclusion

In summary, we have developed an efficient and robust ORR electrocatalyst by developing Pd-
based defective metallene structures. The D-Pd M catalyst features an atomically thing few-
layer palladium metal structure and contains various defects, including pores and concave
structures. WOx/MoOx doping of the metallene surface was observed, resulting in a downward
shift of the d-band center. The system showed high ORR activity with exceptionally high half-
wave potential, high mass activity and superior durability. Theoretical computations and
experimental data suggest that the excellent ORR reactivity can be attributed to a downshift of
the d-band center due to the introduction of structural defects. The electrode was integrated as

cathode in a Zn-air battery, resulting in excellent performance at very low Pd loadings. This
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study offers valuable insights into achieving efficient ORR catalysts with reduced precious

metal consumption, thereby contributing to sustainable energy conversion.
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Hydrogen Spillover This work demonstrated how
polyoxometalate (POM)-based
heterogeneous compounds functionalized
with Platinum particles activate H2 by
synergism between a hydrogen spillover
mechanism and electron-proton transfer by
the POM. This interplay facilitates the
selective catalytic reduction of olefins and
nitroarenes with high functional group
tolerance. The resulting materials show
excellent catalytic activity in hydrogenation
of olefins and nitrobenzene derivatives
under mild conditions.
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Hydrogenation Catalysis by Hydrogen Spillover on Platinum-
Functionalized Heterogeneous Boronic Acid-Polyoxometalates

Shujun Li,* Yubin Ma, Yue Zhao, Rongji Liu, Yupeng Zhao, Xusheng Dai, Nana Ma,
Carsten Streb,* and Xuenian Chen*

Introduction
Abstract: The activation of molecular hydrogen is a key

process in catalysis. Here, we demonstrate how polyox-
ometalate (POM)-based heterogeneous compounds
functionalized with Platinum particles activate H, by
synergism between a hydrogen spillover mechanism and
electron-proton transfer by the POM. This interplay
facilitates the selective catalytic reduction of olefins and
nitroarenes with high functional group tolerance. A
family of polyoxotungstates covalently functionalized
with boronic acids is reported. In the solid-state, the
compounds are held together by non-covalent interac-
tions (m—n stacking and hydrogen bonding). The result-
ing heterogeneous nanoscale particles form stable
colloidal dispersions in acetonitrile and can be surface-
functionalized with platinum nanoparticles by in situ
photoreduction. The resulting materials show excellent
catalytic activity in hydrogenation of olefins and nitro-
benzene derivatives under mild conditions (1 bar H, and
room temperature).

The self-assembly of supramolecular aggregates from molec-
ular building blocks provides a powerful strategy towards
novel, functional nanostructures." ¥ One particularly prom-
ising class of molecular components are molecular metal
oxides, or polyoxometalates (POMs): POMs are anionic
metal oxide clusters which bridge the gap between mono-
nuclear metal oxo complexes and solid-state bulk metal
oxides.**! POMs feature unique properties such as tuneable
structure and charge, high redox activity and unique acid-
base chemistry, which has led to their application in fields
ranging from catalysis!®’
the high symmetry of many classical POMs, their controlled
and predictable assembly into supramolecular aggregates is
difficult to achieve.

One approach to this end is the use of organo-
functionalized POMs (organoPOMSs) where the metal oxo
cluster shell has been covalently functionalized with organic
Y, moieties.” ! Organo-functionalization provides control over
the physical and electronic structure of the POMs, making
them ideal  building blocks for  supramolecular
assemblies."*¥ Thus organoPOMs have successfully been
employed as molecular components in the assembly of
functional supramolecular systems with unique functions."

1 to bio-medicine.™ However, due to
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infancy. Some of us have recently developed this field and
demonstrated its use for designing supramolecular boronic
acid-based organoPOM aggregates including several POM
nanocapsules and a POM-boronic acid-polymer.*!

Here, we aimed at extending this synthetic approach to
the design of boronic acid-based organoPOM assemblies. To
this end we were inspired by earlier studies which showed
that lanthanide ions are ideally suited to link POMs into
larger aggregates.” !

Results and Discussion

In this work, four novel POM supramolecules (Ln-POM)
were obtained by the reaction of 4-pyridinylboronic acid
(4PyBA), Dawson anions [P,Nby;W,;0,]"" (={Nb;W,5}) and
the corresponding lanthanide ions in water. The resulting title
compounds are virtually isostructural with the general
formula of H,;[(4PyB);0,(OH);][Ln,(H,0),(P,Nb;W,50¢,),-
(4PyBOH),] xH,0 (Ln-POM), (Ln=La’" for La-POM, Ce*"
for Ce-POM, Pr’* for Pr-POM, and Eu'" for Eu-POM).
These compounds were fully characterized by single-crystal
and powder X-ray diffraction, elemental analyses, FTIR
spectroscopy and thermogravimetric analysis, see Supporting
Information for details.

The title compounds are composed of two components:
the first component is a tetramer formed from four {Nb;Ws}
Dawson anions: two {Nb;W s} units are covalently linked by
two 4PyBA units. Each boronic acid features one terminal
—~OH group and two B-O-Nb bridges which link the
{Nb;W s} units (Figure la, and Supporting Information,
Figure S1 and Table S2). The resulting POM dimers are
then linked into tetramers by two Ln*" cations which form
Ln—O-W bonds between neighboring {Nb;Ws} clusters,
resulting in the species [Lny(H,0),(P.Nb;W 504,).
(4PyBOH),|*" (Ln=La, Ce, Pr, Eu), see Figure la. The
second component is a T-shaped triboronate formed by
condensation of three 4PyBAOH units, giving the species
[(4PyB);0,(OH),] , see Figure 1b. This species consists of
three pyridine groups connected by a central {B;O,(OH)}
ring (Figure 1b). In the crystal lattice, both components
form infinite 1D chains where the POM tetramer and
triboronates are linked non-covalently by a combination of
n-n stacking, hydrogen bonding and electrostatic interac-
tions, see Figures lc and 1d for structural details. Bond
valence sum (BVS) calculations (see SI, Table S2) indicated
that the terminal oxygen atoms of the tetramer-based
boronic acid, as well as three oxygen atoms in the
triboronates are singly protonated, i.e., -OH groups (see
Figure 1a.b, green spheres). All oxygen ligands on the Ln*’
ions were identified by BVS as coordinated water molecules
(Figure 1a, light-blue spheres).

In the following, we will use Ce-POM as model for all
Ln-POMs reported here. As shown in Figure le, the POM
tetramers and the triboronates interact with each other
through n-n stacking between neighboring pyridine ligands
(centroid-to-centroid distance ca. 3.6 A - 3.7 f\) and hydro-
gen bonding interactions between the POM tetramer and
the triboronate (observed by short N--O distances between

Angew. Chem. Int. Ed. 2023, 62, e202314999 (2 of 6)
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Figure 1. (a) lllustration of the tetrameric polyanion {[Ce-
(H,0)6l.[P.NbyW,50¢,],[4PyB(OH)].}**; (b) illustration of the T-shaped
triboronate [(4PyB);0,(OH);] ; (c) illustration of the 1D
supramolecular assembly of tetramers and triboronates; (d) simplified
schematic diagram of the tetramer-triboronate assembly; (e) detailed
illustration of the supramolecular interactions between the tetramer
and triboronate components. All illustrations are based on single-
crystal XRD data. H-atoms have been omitted for clarity.

2.7-2.9 A). Note that these hydrogen-bonds involve the 3-
pyridyl groups of the 4PyBA. These interactions might play
a key role in forming the title compounds, as the use of the
closely related 3-pyridyl boronic acid under similar con-
ditions results in a strikingly different POM-organoboronic
acid polymer."!

When exploring the principal properties of Ce-POM, we
noted that crystalline particles of Ce-POM can easily be
dispersed in anhydrous acetonitrile using ultrasonication for
~6h followed by centrifugation to remove large particles.
This process results in a colloidal suspension ([Ce-POM]
~0.165 mg/mL) which is stable under ambient conditions
for more than one year and shows no indication of
aggregation or precipitation. Scanning electron microscopy
(SEM) of the isolated particles shows an average particle
size of~45nm, with a particle distribution range between
~25nm to 70 nm (Figures 2a,b). The colloids also show
Tyndall scattering of red laser light (A=650 nm, Figure 2b,
inset). Dynamic light scattering (DLS) and Small-angle X-
ray scattering (SAXS) measurements verified that the
particle size and distribution is retained in the dispersed

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. (a) SEM images and (b) particle size distribution of dispersed
Ce-POM nanoparticles, (c) PXRD patterns and (d) IR spectra of Ce-
POM, dispersed Ce-POM (recovered from acetonitrile) and Pt/Ce-
POM.

phase and gave an average particle size of 61 nm and 46 nm
respectively (Supporting Information, Figure 86 and 87).
Powder X-ray diffraction (PXRD) and IR spectroscopy of
the recovered Ce-POM particles (obtained by high-speed
centrifugation from the colloidal suspension) indicate that
the structure of Ce-POM is retained (Figures 2c,d).

We hypothesize that this facile dispersion of the
compound might be related to the breaking of the weak
intermolecular interactions in Ce-POM, similar to the top-
down exfoliation used to access solid-state layered 2D
materials.">*! For experimental details on colloid prepara-
tion and characterization, see SL.

Recent ground-breaking studies have highlighted the
importance of metal-substrate interactions in catalysis. In
particular for hydrogen activation, it has been demonstrated
that the interplay between noble-metal particles (e.g., Pt)
and catalyst supports (e.g., metal oxides) can lead to a so-
called hydrogen Spil]ﬂVBr.[‘M‘ﬁl In hydrogen spillover, hydro-
gen atoms formed on the noble metal particle are trans-
ferred to the metal oxide support and can then be used for
subsequent catalytic conversions. This phenomenon was first
reported for Pt on WO, so we hypothesized that the
concept can possibly be transferred to polyoxotungstate
clusters as catalyst supports also. This idea is inspired by
recent seminal reports, where hydrogen spillover involving
noble-metal-functionalized POMs has been used: Yan and
co-workers studied hydrogen spillover in the molecular
POM-single-atom catalyst (POM-SAC)Y [PdPMo,, 05>
and demonstrated high thermal reduction catalysis, e.g., for
C=0 and nitro group reduction."*! Yamaguchi, Suzuki and
co-workers used mixed-valent {Ag"} clusters stabilized by
polyoxotungstates to model processes related to hydrogen
spillover:"*" reaction of the species with H, led to the
storage of electrons on the {Ag,} clusters, while the protons
were transferred to the polyoxotungstate shell. These studies
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were focused on designing molecular models for H,
activation, while to the best of our knowledge, POMs have
thus far not been used as heterogeneous molecular metal
oxide supports for noble-metal catalysts in hydrogen spill-
over.

Inspired by these studies, we have explored how the
colloidal Ce-POM particles can be used as heterogeneous
support for Pt catalyst particles. To this end, a suspension of
Ce-POM was surface-modified with Pt by UV-photochem-
ical reduction. To this end, a chloroplatinic acid solution
containing Ce-POM colloidal particles in acetonitrile/
ethanol was irradiated with UV-light, resulting in the
formation of Pt/Ce-POM (for synthetic details see Support-
ing Information). Transmission electron microscopy (TEM)
images show that crystalline Pt nanoparticles (Pt NPs,
average size~3 nm) are uniformly dispersed on the surface
of the larger Ce-POM particles (Figure 3a,b and Supporting
Information, Figure S11). High-resolution TEM indicated
lattice fringes (lattice spacing=0.23 nm) which correspond
to the (111) plane of metallic Pt. Note that due to the low Pt
content, no diffraction peaks from Pt particles could be
observed by PXRD analysis.

A striking first indication for a possible hydrogen spill-
over in Pt/Ce-POM was obtained when exposing the sample
to gaseous H, (1 bar) at room temperature, which resulted
in the instantaneous colour change from pale-yellow to deep
blue (Supporting Information, Figure S14 and Supporting
Video file). This is indicative of the formation of reduced,
mixed-valent tungsten oxide-based systems, where the
characteristic blue color is due to intervalence charge-
transfer (IVTC) transitions between WY and W' centers ']
Note that this tungsten reduction is reversible: when
exposed to air, the sample returns to its original colour
within approximately six minutes.

X-ray photoelectron spectroscopy (XPS) was used to
gain in-depth understanding of the processes occurring
during the reaction of Pt/Ce-POM with gaseous H,. XPS of
the native Pt/Ce-POM verifies that all W centers are present
as W*' (binding energies: 35.95 ¢V for W 4f;, and 38.05 ¢V
for W 4f;,, Figure 4a), while the deconvoluted Pt spectrum
indicates the presence of mixed-valent species, P’ (71.7 eV
and 74.9eV) and Pt*' (73.44 eV and 76.60 eV) for Pt 4f;,
and Pt 4fs, respectively (Figure 4b). These results suggest

Figure 3. (a) and (b) TEM images of Pt NPs on Pt/Ce-POM at different
magnifications. Inset: high-resolution TEM of the crystalline lattice
observed.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. (a) - (c) deconvoluted XPS data for Pt/Ce-POM before and after exposure to Hy: (a) W 4f, (b) Pt 4f, (c) O 1s. (d) 'H NMR spectra of the
reaction of phenylethylene with Pt/Ce-POM and a Pt NPs reference after hydrogen spillover and replacing the residual H, with Argon.

that surface Pt centers in Pt/Ce-POM were partially
oxidized when exposed to ambient atmosphere during
sample preparation and handling. The positive shift of the
binding energy (BE) of Pt in Pt/Ce-POM compared with
bulk Pt metal (71.3 eV for Pt 4f,,)" is probably due to
catalyst/support interactions between Ce-POM and Pt.!

As shown in Figure 4 and Supporting Information,
Table 83, reaction of Pt/Ce-POM with H,, leads to a partial
reduction of the W' centers to W' (characteristic BE:
3486 eV and 36.90eV). From XPS deconvolution, we can
estimate the reduction degree to~=15.9 atom-%. Compar-
ison of the deconvoluted O 1s XPS data shows that upon H,
exposure, the amount of protonated oxygen groups (i.e.,
~OH and —OH,) increases from 26.9 atom-% to 39.4 atom-

Pt/Ce-POM
. H; (1 bar) .
R L AL L R
P Ethanol, rt 2
i : : o : B~ z
2a 2b 2¢ 2d 2e
15 min, >99%  15min, >98% 15 min, >89% 15min, >99% 15 min, >09%
o : iBr tBu” : CFy” : ~o :
2f 2g 2h 2i 2
15min, >99%  15min, >89% 15 min, >99% 15 min, >39% 15 min, 39%
- - S
o (A ©/L O
2k 21 2m 2n 20
15 min, >09% 15 min, >99% 20 min, >99% 20 min, >99% 60 min, >99%

% (Figure 4c and Supporting Information, Table S3). These
data suggest that reaction of H, with Pt/Ce-POM leads to a
hydrogen spillover where molecular H, is dissociated by Pt
and retained as protons (stored by protonation of the POM)
and electrons (stored as reduced W' atoms of the POM).
Furthermore, after H, exposure, the amount of Pt” in Pt/Ce-
POM increased, and the Pt : Pi** molar ratio changed from
1:1.2 to 1:0.89, indicating that part of the surface P*" was
reduced.

Based on this insight, and inspired by earlier works on
Pt-on-tungsten oxide hydrogen spillover catalysts,*% we
decided to investigate the catalytic performance of Pt/Ce-
POM for selected model hydrogenations under mild con-
ditions (1 bar H,, room temperature). Based on initial
optimization reactions (details see Supporting Information,
Table S4) we could show that Pt/Ce-POM efficiently cata-
lyzes the hydrogenation of aliphatic and aromatic olefins to
the corresponding alkanes. Full conversion is observed in
most cases within 15 min reaction time at room temperature
and 1bar H, using 0.5mol-% of Pt/Ce-POM (calculated
based on Pt content, see Figure 5).

To gain further insights into the reaction mechanism, a
set of control experiments was conducted using styrene as
the model substrate (Table 1). In the absence of any catalyst,
or when using the non-Pt-decorated Ce-POM, no phenyl-
ethylene can be detected (entry 1). When using commercial
Pt NPs (entry 2) or a physical mixture of Pt NPs and Ce-
POM (entry 3), only low conversion (<20%) is observed,
which indicates that the two components in Pt/Ce-POM act
in a synergistic fashion, as proposed by the hydrogen
spillover mechanism. Both Pt/Ce-POM and Pt/La-POM

Figure 5. Hydrogenation of olefins to the corresponding alkanes
catalyzed by Pt/Ce-POM. Reaction conditions: substrate (0.5 mmol),
Pt/Ce-POM (0.5 mol % with respect to the substrate, based on Pt),
EtOH (2 mL), r.t., H, (1 bar, H, balloon). Yields were determined by
GC-MS.

Table 1: Control experiments for the styrene hydrogenation.!

Entry Catalyst Yield [%]"
1 Ce-POM" -

2 Pt NPs!? 15.4

3 Pt NPs + Ce-POM"! 19.6

4 Pt/La-POM =99

5 Pt/Ce-POM ~99

6l Pt/Ce-POM or Pt NPs, no H, -

[a] Reaction conditions: styrene (0.5 mmol), catalyst (0.5 mol % based
on Pt), ethanol (2 mL), reaction time: 15 min; [b] yields determined by
GC-MS; [c] amount of Ce-POM identical to the amount of Ce-POM in
the Pt/Ce-POM experiment, entry 5; [d] commercial Pt NPs, particle
size 10 nm, [e] without H,.

show high catalytic efficiency with complete conversion,
suggesting that the type of lanthanide ion present in the
catalyst does not affect the catalytic performance (entries 4
and 5). Without H,, neither Pt/Ce-POM nor Pt NPs catalyze
the conversion of styrene, which indicates that H, is essential
as the reducing agent, i.e., proton and electron donor
(entry 6).

To understand whether the Ce-POM is actively involved
in the olefin hydrogenation reaction, the following '"H NMR

Angew. Chem. Int. Ed. 2023, 62, €202314999 (4 of 6) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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spectroscopic control experiments were performed. First, we
performed the standard hydrogen spillover experiment for
Pt/Ce-POM and Pt NPs (as reference). Upon reduction of
the Pt/Ce-POM, the excess gaseous H, was removed by
purging with Argon. Then, styrene was injected into the
reaction vessel and the reaction was followed by 'H NMR,
for experimental details see Supporting Information, Fig-
ure S16). As shown in Figure 4d, 'H NMR spectroscopy
shows that styrene is only hydrogenated by Pt/Ce-POM,
while no hydrogenation is observed for the Pt NP reference.
This indicates that styrene reduction involves the Ce-POM,
and suggests that the protons and electrons stored on the
Ce-POM are used for olefin hydrogenation. Also, we note
that the Pt particles are distributed uniformly across the
external surface of the Ce-POM. This is expected to
facilitate access to Pt—H species by the substrate to allow
direct H transfer during the olefin hydrogenation."*"

Recycling experiments show that the hydrogenation
performance of Pt/Ce-POM was retained over five runs
(Supporting Information, Figure S17). Further, IR spectro-
scopy and PXRD of Pt/Ce-POM before and after the five
catalytic runs confirm the stability of the material under the
catalytic conditions employed (Supporting Information, Fig-
ure S18).

To investigate the scope of this process, we examined
the catalytic activity of Pt/Ce-POM for the hydrogenation of
nitrobenzene and carbonyl derivatives. As shown in the
Supporting Information, Table $6, Pt/Ce-POM catalyzes the
full conversion of most nitrobenzene derivatives studied to
the corresponding amines within 30 min at room temper-
ature and 1 bar H,. Note that Pt/Ce-POM does not catalyse
carbonyl hydrogenation under the mild conditions used. As
shown in the Supporting Information, Table S8, when
various aldehydes or ketones were used as substrates, no
hydrogenation products (i.e., alcohols) were detected in
acetonitrile as solvent, and only very low amounts were
observed in ethanol as solvent. We suggest that this selective
hydrogenation behaviour is related to the differences in
electron deficiency of the nitro- and carbonyl-compounds,
which is expected to lead to different interactions between
the substrate and Pt/Ce-POM."" Also note that acetals were
formed as side-products by reaction of the carbonyls with
the ethanol solvent. We propose that this reaction was
triggered by acid catalysis by Pt/Ce-POM.

Conclusion

In summary, a family of unprecedented boronic acid-POMs
supramolecular assemblies are reported where weak inter-
molecular interactions facilitate the formation of stable
colloidal suspensions. Loading of these aggregates with Pt
particles results in high-performance hydrogenation catalysts
which are considered to operate via a hydrogen spillover
mechanism, see Figure 6. Initial mechanistic studies show
that the title POMs play a key role as electron and proton
reservoirs in the hydrogenation. The new concept presented
in this study can trigger the development of new classes of
technologically important catalysts, e.g., for the environ-

Angew. Chem. Int. Ed. 2023, 62, e202314999 (5 of 6)
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Figure 6, Schematic illustration of the proposed hydrogenation mecha-
nism by Pt/Ce-POM.

mentally friendly production of fine-chemicals or pharma-
ceuticals. Future work will focus on mechanistic under-
standing of the structural and electronic linkage of Pt and
Ce-POM particles as well as the atomic-level mechanism of
hydrogen spillover to facilitate the observed hydrogenation
reactivity.
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4 Summary and outlook

The research on transition metal-based nanomaterials, covering their synthesis and
application, is fundamental in the field of energy conversion and storage. This work introduces
a cutting-edge synthetic methodology aimed at achieving superior electrocatalytic activity for
both OER and ORR, achieved through precise morphological modulation and compositional
control. The study includes thorough characterization of the materials' composition both
before and after catalysis, leading to a detailed understanding of the synthesis mechanisms
and the factors contributing to enhanced catalytic activities. The thesis encompasses several

main projects, which are outlined and summarized in the document.
1) POM doped ZIFs and derived metal oxides

We explored the potential of POM (polyoxometalate) doped ZIF-67 composites as efficient
OER catalysts, leveraging the ordered porosity and high specific surface area of ZIF-67 and the
reversible multi-electron redox behaviors of POMs. A Ni-modified Keggin-type
polyoxometalate ([PNi(H20)W11039]°>") was used as a precursor for chemical modification of
ZIF-67 through a simple one-pot method. Characterization results showed that
[PNi(H20)W11039]°> was uniformly distributed within the pores of ZIF-67. Electrocatalytic tests
for OER revealed enhanced activities compared to pure ZIF-67. However, post-catalysis
analysis revealed the instability of the composite and the formation of Co,03, which caused
some degradation in catalytic performance. To address this, further optimization was done
through ion exchanging and thermal conversion, leading to the formation of mixed metal
oxides. These oxides demonstrated structural and compositional benefits, resulting in low
overpotential (306 mV at j = 10 mA-cm™) and improved long-term stability. This research
presents a straightforward method for synthesizing high-performance electrocatalyst

composites for OER in alkaline environments.

2) In situ formation of robust nanostructured Cobalt oxyhydroxide / Cobalt oxide oxygen

evolution reaction electrocatalysts

Mixed metal sulfide precursors, based on ZIF-67, were synthesized through a combination of

acid etching, ion exchange, and solvothermal treatment. Mechanistic studies revealed that
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these precursor materials in-situ transformed into y-CoOOH nanofibers and Co0,03
nanoparticles during the OER catalysis process, both recognized as established prototype OER
catalysts. Crucially, the existence of crystalline mixed metal sulfide precursors is imperative
for the concurrent in-situ development of stable and active Co,03 nanoparticles and y-CoOOH
nanofibers. This innovative synthetic strategy, coupled with the observed structural and
compositional evolution, shows significant potential for designing pre-catalysts. It also
enhances the stability of metal sulfide-based catalysts and sheds light on the true active sites

of these metal sulfide-based OER electrocatalysts.

3) Defect rich Pd metallene for ORR

A defect-rich Pd metallene (D-PdWMo M) was synthesized using a straightforward wet-
chemical method. The characterization of D-PdWMo M revealed a variety of atomic-scale
defects, including pores, concave surfaces, and atomic doping with tungsten and molybdenum
oxides (WOx and MoOy). Density Functional Theory (DFT) calculations indicated that these
defects resulted in a downward shift of the d-band center in Pd, which in turn led to a reduced
binding energy with O;. As a result, D-PdWMo M demonstrated exceptional ORR activities,
evidenced by a high half-wave potential (0.927 V vs. RHE) and a significant mass activity of 1.3
A-mgPd at 0.9 V vs. RHE. Furthermore, when D-PdWMo M was employed in a Zn-air battery
at an extremely low loading, it exhibited an impressive specific capacity of 809 mAh-gZn! and
maintained excellent stability in discharge potential. This research offers new insights into
adjusting the electronic structure of the active site, paving the way for the development of

more efficient electrocatalysts for oxygen reduction reactions.

3) Platinum particle-functionalized POM-based compounds for hydrogenation of olefins and

nitrobenzene derivatives.

A novel series of boronic acid-polyoxometalate (POM) supramolecular assemblies have been
developed, where weak intermolecular interactions enable the formation of stable colloidal
suspensions. By incorporating platinum (Pt) particles into these assemblies, they are
transformed into highly efficient hydrogenation catalysts, believed to function through a
hydrogen spillover mechanism. Preliminary mechanistic studies indicate that the POMs in

question are crucial, acting as electron and proton reservoirs during the hydrogenation
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process. This innovative concept opens the door for the creation of new categories of catalysts
with significant technological importance, such as those used for the eco-friendly production
of fine chemicals or pharmaceuticals. Future research will delve deeper into the mechanistic
understanding of the structural and electronic connections between Pt and Ce-POM particles,
as well as the atomic-level mechanism behind the hydrogen spillover that enables the

observed hydrogenation reactivity.

Outlook: In the future, the rational design of novel transition metal-based nanomaterials can
be achieved through meticulous control of composition and structure. There is an urgent need
for new, facile, and efficient synthesis strategies, which will be a focal point in upcoming
research endeavors. Furthermore, a deeper understanding of the synthesis and
electrocatalytic mechanisms is essential to effectively guide the development of OER and ORR
catalysts. Specifically, in the case of D-Pd M, although it exhibits superior discharge
performance, its charging activity is hindered by relatively lower OER efficiency. Future efforts
will be directed towards modifying D-Pd MWMo to enhance its OER activity, thereby

improving its overall electrocatalytic performance.
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Instrumental and experimental section:

Powder X-ray diffraction (XRD): Rigaku XRD-6000 diffractometer usingthe
following measurement parameter: 40 kV, 40 mA, Cu Ko radiation (3. = 0.154 nm).
Scanning electron microscopy (SEM): Hitachi 5200. Samples were measured at 5
kV acceleration voltage.

(Scanning) transmission electron microscopy ((SYTEM) and energy-dispersive X-
ray spectroscopy (EDX): Thermofisher Talos 200X STEM operated at 200 kV;
acquisitions of TEM images with 4k by 4k CETA2 CMOS camera, acquisitions of
scanning TEM images with a Fischione high angle annular darkfield (HAADF) detector,
4 quadrant silicon drift detector (Thermofisher SuperX) for EDX spectroscopy.

TEM sample preparation: The power samples were dispersed in ethanol and super-
sonicated for few minutes. The solution subsequently was drop cast onto holey carbon
grids.

Inductively coupled plasma atomic emission spectrometry (ICP-AES): Perkin
Elmer Plasma 400 spectrometer. The POMs were dissolved in DI water.
Electrochemical measurements: CH Instruments CHI 710E workstation in a three-
electrode setup (working electrode: a glassy carbon rotating disk electrode (RDE, disk
surface area is 0.1256 cm?) and a rotating Pt ring-glassy carbon disk electrode (RRDE,
carbon disk with the surface area of 0.1256 cm? surrounded by a Pt ring with a surface
area of 0.1884 e¢m?), reference electrode: Hg/HgO electrode, counter electrode:

platinum mesh) in 30 ml 1 M aqueous KOH electrolyte (pH 13.7).
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Polarization curves: recorded by linear sweep voltammetry (LSV) with a scan rate of
5 mV-sl. All potentials were converted to the reversible hydrogen electrode (RHE)
according to the Nernst equation (Erng = Exgmigo + E'Hgmeo + 0.059 V xpH).
Reaction pathway: The OER reaction pathway was studied by detecting the formation
of HO7 with an RRDE electrode. In this case, the ring’s current was recorded at a
constant applied potential of 1.5 V to oxidize HO2 intermediates in Argon-saturated 1
M aqueous KOH solution. The disk’s current was recorded with a potential scanning
range from 1.2-1.8 V and a scanning rate of 5 mV-s™\. The average electron transfer
number “n” was calculated with the following equation.

Electron transfer number (n) = (4 < Idisk) / (Idisk + Iring/N)
Faradaic efficiency: The faradaic efficiency test was performed by applying a constant
potential (1.55 V) on the disk to drive OER and a constant potential (0.4 V) on the ring
to reduce the Oz produced by OER. The reaction system was pre-saturated by Argon.
The faradaic efficiency (FE) was calculated with the following equation.

FE=Tring/(Iaisk*N)

where Iring and ldisk are the current of the ring and disk, respectively. N is the current
collection efficiency (0.15 in this case) of the RRDE.
Fabrication of working electrodes: POMs@amZIF (5 mg) and Nafion solution (5
wt%, 20 ul) were dispersed in 980 uL of ethanol solution, followed by ultrasonication
for 1 h. 7.54 uL of the catalyst dispersion was deposited on the surface of an RDE or
RRDE electrode (loading density of 0.3 mg-em™?) and dried naturally at room

temperature.
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Electrochemically Active Surface Area (ECSA): ECSAs for each material were
estimated through the electrochemical double-layer (Ca) capacitance of the catalytic
surface using cyclic voltammograms (CVs) in a small potential range of 0.77-0.87 V.
Before the CV data was collected, working electrodes were scanned for several
potential cycles to stabilize the signals. There is a linear relationship between the current
density (at 0.82 V) and scan rate, the slop is the Cal.
Synthetic section

1. Chemicals and solvents:
Sodium tungstate dihydrate (Merck, CAS No. 10213-10-2),
Disodiumhydrogenphosphate-7-hydrate (Acros Organics, CAS No. 7782-85-6), Nickel
(ID-nitrate hexahydrate (Sigma-Aldrich, CAS No. 13478-00-7), Potassium chloride
(Merck, CAS No. 7447-40-7), Cobalt dinitrate hexahydrate (Sigma-Aldrich, CAS No.
10026-22-9), 2-Methylimidazole (Sigma-Aldrich, CAS No. 693-98-1), Potassium
hydroxide (Merck, CAS No. 1310-58-3), Hydrochloric acid (37%, Merck, CAS No.
7647-01-0), Phosphotungstic acid (Sigma-Aldrich, CAS No. 1343-93-7), Methanol
(VWR, CAS No. 67-56-1).

2. Synthesis of Ks[PNi(H20)W11039]:
Ks[PNi(H20)W1,039]is a modification of the literature procedure.’’® 9.1 mmol of
Na:HPO4, 100 mmol of NaxWO4-2H20, and 12 mmol of Ni(NOs)2 6H20 were
dissolved in 200 mL of distilled water. The PH of the solution was adjusted to 4.8 with
adding of concentrated HCI solution. Then the solution was heated to 90°C with stirring.

After heating for 1 hour, excess KCI (approximate 60 g) was added with stirring. Then
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the solution was cooled down and a large amount of precipitate appeared which was
filtered off and recrystallized from hot water (60°C). The final solid product was dried
at 70°C in an oven.
ICP-AES for [PNi(H20)W11035]> in atomic ratio: P: Ni: W= 1: 0.99: 10.87
Synthesis of PNiWy@amZIF and PWp@amZIF:
In a typical synthesis, aqueous KsPNi(H20)W11039 solution (200 mg in 10 mL) was
added to Co(NOs3)2:6H20 (0.546 g, 1.8 mmol) methanol solution (25 mL) and kept
under magnetic stirring for 0.5 h. Afterward, 2-methylimidazole (0.616 g, 7.5 mmol)
methanol solution (25 ml) was added. This reaction maintained stirring for a further
2.5 h. The final product was collected via centrifugation, washing with water and
methanol, and drying at 70°C overnight. PW;@amZIF was prepared by similar
methods, but H3PW12040-xH20 was used rather than KsPNi(H20)W110s0.

3. Synthesis of ZIF 67:
ZIF 67 was prepared through a similar procedure but no POMs aqueous solution was

added to the systems.
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Analytical section
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Fig. S2. Elemental dispersion of the a) PNiWn@amZIF and ¢) PWi2@amZIF; EDX

elemental concentration of PNiW@amZIF (b) and PW2@amZIF(d).
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Fig. S3. XPS spectra of PNiW1(@amZIF: a) survey spectrum, (b-d) high-resolution

spectra of Co 2p (b), W 4f (¢), and C 1s ().

Table S1 Main electrochemical data of PNiWj@amZIF, PW 12@amZIF and ZIF 67

Nio/mV Tafel slop/mV-dec™! Ca/mF-cm™?
PNiW 1 @amZIF 375 69 1.15
PWp@amZIF 423 86 1.06
ZIF 67 468 105 0.58
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Fig. S4. a) Plots of the current density at 0.82 V vs. the scan rate and Cq of catalysts
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PNiWii@amZIF performed in the non-Faradaic region of 0.77to 0.87 V

with various scan rates.

120



6. Appendix

50_ Idisk _25
& 401 mg £2.0
'E . 4 ()| SR <\IIE
j:) 30 361 15 @
<
é {1 32 -
% 204 28 -1.0 \-/gb
b 2.4 .\:

10+ 1.60 1.65 1.70 1.75 -0.5

E vs. RHE (V)
0 0.0

12 13 14 15 16 17 18
E vs. RHE (V)
Fig. S5. Ring and disk current density of PNiWn@amZIF on an RRDE (1600 rpm) in
Argon saturated 1M KOH solution (ring potential 1.5 V) with corresponding
electron transfer number (n) at different potential from 1.6 Vto 1.8 V (vs. RHE)

(inset).

121



6. Appendix

500 nm :

500 nm : 500 nm

Fig. S6 Structural characterization of PNiW@amZIF post catalysis: TEM (a) and
HRTEM (b) images with insert of electron diffraction pattern; HAADF (¢) and EDX

elemental mappings of Ni (d), W(e), N(¥), Co (g), and O (h).
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Table S2 Summary of various POM@MOF-based catalysts for OER

Catalysts j/mA-cm2  Electrolyte n (mV) ref
PNiW11(@amZIF 10 1 M KOH 375 “T}:rsk
SiW11Co@ZIF-67 10 1 M KOH 460 [1]
SiW11Co[h]@ZIF-67 10 1 M KOH 430 1
SiW9Co3@ZIF-67 10 1 M KOH 470 [1
SiW9Co3[h]@ZIF-67 10 1 M KOH 420 [1
ZIF-8@ Z1IF-67@POM 10 1 M KOH 490 [2]
[H6CoW12040] @ZIF-8 |1 0.1M Na2SO4  784.19 [3]
Co4(PW9)2@Co/Ni@C 10 1 M KOH 400 [4]
Co4(PW9)2@ N,S-Co@C | 10 1 M KOH 410 [4]

[1] V. K. Abdelkader-Fernandez, D. M. Fernandes, S. S. Balula, L. Cunha-Silva, C. Freire,
J Mater Chem A Mater 2020, 8, 13509-13521.

[2] Y. Wang, Y. Wang, .. Zhang, C. sen Liu, H. Pang, [norg Chem Front 2019, 6, 2514~
2520.

[3] S. Mukhopadhyay, J. Debgupta, C. Singh, A. Kar, S. K. Das, Angewandte Chemie -
International Edition 2018, 57, 1918-1923.

[4] V. K. Abdelkader-Fernandez, D. M. Fernandes, 1. Cunha-Silva, A. J. S. Fernandes, C.
Freire, Flectrochim Acta 2021, 389, 138719.
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Instrumentation and experimental section:

Powder X-ray diffraction (XRD): Rigaku XRD-6000 diffractometer under the
following conditions: 40 kV, 40 mA, CuKa radiation (b = 0.154 nm).

Scanning electron microscopy (SEM): Hitachi 5200 SEM. Samples were measured
at 10 kV acceleration voltage.

Transmission electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDX): FEI Titan 80-300 equipped with an image-side aberration
corrector, operated at 80 kV (Imaging and diffraction pattern). Thermofisher Talos
200X equipped with a SuperX EDX detector, operated at 200 kV in scanning (S) TEM
mode.

Raman spectroscopy: Renishaw Raman spectrometer with a laser excitation
wavelength of 532 nm.

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

Inductively coupled plasma atomic emission spectrometry (ICP-AES): Perkin
Elmer Plasma 400 spectrometer. All samples were dissolved in 1 M aqueous H>SOs.
Electrochemical measurements: CH Instruments CHI 730E workstation in three-
electrode setup (working electrode: a glassy carbon rotating disk electrode (RDE, disk
surface area is 0.1256 cm?) and a rotating Pt ring-glassy carbon disk electrode (RRDE,

carbon disk with the surface area of 0.1256 em?® surrounded by a Pt ring with a surface
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area of 0.1884 cm?), reference electrode: Hg/HgO eclectrode, counter electrode:
platinum mesh) in 30 ml 1 M aqueous KOH electrolyte (pH 13.7).
Polarization curves: recorded by linear sweep voltammetry (LSV) with a scan rate of
5 mV-s'l. All potentials were converted to the reversible hydrogen electrode (RHE)
according to the Nernst equation (Erug = Engmeo + EOHg/Hgo +0.059 V xpH).
Reaction pathway: The reaction pathway of OER was determined by detecting the
formation of HO2 using an RRDE electrode. In this case, the current in ring was
recorded with the potential being held constantly at 1.5 V to oxidize HO;™ intermediates
in Argon-saturated 1 M aqueous KOH solution. At the disk electrode, LSV was
performed between 1.2-1.8 V at a scan rate of 5 mV-sL.
Faradaic efficiency: faradaic efficiency was calculated based on RRDE experiments,
where a constant potential (1.55 V) was applied at the disk electrode to perform OER,
while the ring electrode was held at a constant potential (0.4 V) to reduce the O»
produced by OER. The electrolyte was saturated with Argon before the experiment. The
faradaic efficiency (FE) was calculated with the following equation.

FE=Iring/(Laisk<IN)
where lring and Igigr are the current of the ring and disk, respectively. N is the current
collection efficiency (here: 0.15) of the RRDE.
Fabrication of working electrodes: Catalyst 1 (5 mg) and Nafion solution (5 wi%,
20 puL) were dispersed in 980 pL of ethanol solution, followed by ultrasonication for 1

h. 7.54 uL of the catalyst dispersion was deposited on the disk surface of an RDE or
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RRDE electrode (loading density of 0.3 mg-em?) and dried naturally at room
temperature.

Electrochemically Active Surface Area (ECSA): ECSAs for cach material were
estimated by determining the electrochemical double-layer (Ca) capacitance of the
catalytic surface using cyclic voltammograms (CVs) in a potential range of 0.82-0.92
V where no redox-processes oceur. Before the CV data was collected, working
electrodes were scanned for several potential cycles to stabilize the signals. There is a
linear relationship between the current density difference (at 0.87 V) and scan rate, the
slope is the Cq1.

Flectrochemical impedance spectroscopy (EIS): EIS of the catalysts was recorded at
apotential of 1.55 V vs. RHE with an AC amplitude of 3 mV by sweeping the frequency
from 100 kHz to ~0.01 Hz. All samples were recorded under identical experimental

conditions.
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Chemicals and solvents:

Sodium tungstate dihydrate (Merck, CAS No. 10213-10-2),
Disodiumhydrogenphosphate-7-hydrate (Acros Organics, CAS No. 7782-85-6), Nickel
(ID-nitrate hexahydrate (Sigma-Aldrich, CAS No. 13478-00-7), Potassium chloride
(Merck, CAS No. 7447-40-7), Cobalt dinitrate hexahydrate (Sigma-Aldrich, CAS No.
10026-22-9), Nickel dichloride (ABCR, CAS No. 7718-54-9), Iron trichloride (Sigma-
Aldrich, CAS No. 7705-08-0), 2-Methylimidazole (Sigma-Aldrich, CAS No. 693-98-
1), Potassium hydroxide (Merck, CAS No. 1310-38-3), Hydrochloric acid (37%, Merck,
CAS No. 7647-01-0), Phosphotungstic acid (Sigma-Aldrich, CAS No. 1343-93-7),

Methanol (VWR, CAS No. 67-56-1).
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Analytical section

Table S1. The metal content of Catalyst 1 quantified by ICP-OES

Ni w Co Fe
Wt. -% 16.5 46.6 33.6 33
Atomic ratio 1 1.1 2 0.2

2o & __ s — ] A oo = =
PW1,@ZIF67

ZIF 67

Intensity (a. u.)

1800 1500 1200 900 600
Wavenumber (cm™)

Figure S1. SEM (a and b) and TEM (¢)images of PWi2@amZIF; d) Attenuated total
reflection—Fourier transform infrared (ATR-FTIR) spectrum of PWi2@amZIF-,

[HaPW12040]-xH20, and ZIF-67.

The TEM image suggests that PWi2@amZIF is amorphous. ATR-FTIR peaks of
ZIF-67 and [H3PW12040] can be found in PW12@amZIF, which indicates POM-doped

ZIF-67 was successfully synthesized.
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Figure S3. OER faradaic efficiency of Catalyst 1 using a RRDE as the working
electrode; OER is performed at the disk electrode, while the ring electrode (at 1.5 V

vs RHE) is used to detect any peroxide formation.
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Figure S4. Double-layer capacitance measurements for determining electrochemically

active surface area of different catalysts. Cyclic voltammetry of (a-d) Catalyst 1,

Catalyst 2, Catalyst 3, and Catalyst 4 respectively scanned from 0.82 to 0.92 V vs.

RHE with the scan rates from 25 to 800 mV-s™.
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Figure S5. Electrochemical impedance spectroscopy (EIS, Nyquist plots) measured at
overpotential of 320 mV, insert: equivalent circuit. The semicircles in the high-
frequency range of the Nyquist plots are assigned to solution resistance (Rs) and charge

transfer processes where R is the charge transfer resistance and CPE (constant phase

element) is the double layer capacitance.
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Figure S6 Post-catalysis structural compositional analysis of Catalyst 1: (a) TEM

images, (b) HRTEM image, (¢)SAED, and (d) Annular dark-field STEM image and

corresponding elemental mappings (e-i) using EDX
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Figure 87 Post-catalytic XPS spectra of Catalyst 1: a) full spectra, (b-f) deconvoluted

high-resolution spectra of W 4f (b), Co 2p (c), Fe 2p (d), Ni 2p (e), and (f) O 1s.
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6.3 Supporting information: In situ formation of robust nanostructured
Cobalt oxyhydroxide / Cobalt oxide oxygen evolution reaction
electrocatalysts

In situ formation of robust nanostructured Cobalt
oxyhydroxide / Cobalt oxide oxygen evolution reaction
electrocatalysts

Yupeng Zhao, Dandan Gao, Johannes Biskupek, Ute Kaiser, Rongji Liu*, Carsten Streb*
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Instrumentation and experimental section:

Powder X-ray diffraction (pXRD): Rigaku XRD-6000 diffractometer under the following
conditions: 40 kV, 40 mA, CuKa radiation (3. = 0.154 nm).

Scanning electron microscopy (SEM): Hitachi 5200 SEM. Samples were measured at 10 kV
acceleration voltage.

Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX): The samples were dispersed in ethanol and dropped casted to holey carbon support
grids priorto TEM investigations. HRTEM images and diffraction patterns were acquired using
a FEI Titan 80-300 equipped with an image-side aberration corrector, operated at 80 kV. A
Thermo Fisher Talos 200X equipped with a SuperX EDX detector, operated at 200 kV in
scanning (S) TEM mode was used for HAADF imaging and acquisition of elemental maps.
X-ray photoelectron spectroscopy (XPS): Monochromatized Al Ka exciting X-radiation
using a PHI Quantera SXM system. The binding energies were calibrated based on Cls (284.8
eV).

Electrochemical measurements: Ametek workstation equipped with PMC 2000A and PMC
1000 channels in three-clectrode setup (working electrode: a glassy carbon rotating disk
electrode (RDE, disk surface area is 0.196 cm?) and a rotating Pt ring-glassy carbon disk
electrode (RRDE, carbon disk with the surface area of 0.2475 cm? surrounded by a Pt ring with
a surface area of 0.1866 cm?), reference electrode: Hg/HgO electrode, counter electrode:
graphite rod) in 30 ml 1 M aqueous KOH electrolyte.

Polarization curves: recorded by linear sweep voltammetry (LSV) with the scan rate of 5
mV-s, All potentials were converted to the reversible hydrogen electrode (RHE) according to

the Nernst equation (Erue = Emgmgo + E'ngmgo + 0.059 V xpH).
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Electrochemical impedance spectroscopy (EIS): EIS of the catalysts was recorded at a
potential of 1.55 V vs. RHE with an AC amplitude of 3 mV by sweeping the frequency from

100 kHz to ~0.01 Hz. All samples were recorded under identical experimental conditions.
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In addition, Composite 2 was prepared by the same procedures, except the reaction temperature
was set at 90°C for 6 hours in the sulfidation. Compaosite 3, Composite 4, and Composite 5 were
also prepared with the same procedures, but without the addition of PM A (Compeosite 3), FeClz
- 4H20 (Composite 4), PMA, and 40 mg of FeCl, - 4H20 (Composite 5), respectively during

the acid etching and ion exchange.
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Figure S5. Overview XPS spectra of Composite 1 (a) Composite 2 (b), and deconvoluted high-
resolution spectra of Fe 2p (c), Co 2p (d), Mo 3d (e), and S 2p (f) of Composite 2.
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Figure S7. Electrochemical impedance spectroscopy (EIS, Nyquist plots) measured at the
overpotential of 300 mV, (circles represent the experimental data, lines are the data fitting based
on the equivalent circuit (insert)). The semicircles in the high-frequency range of the Nyquist
plots are assigned to solution resistance (Ry) and charge transfer processes (Rct). CPE (constant

phase element) is the double-layer capacitance
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Figure S9 Chronoamperometry curves at 1 = 330 mV without iR compensation (insert: LSV

polarization curves comparison before and after 3 h stability test).
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100 nm 100 nm

Figure S11 Compositional analysis of Composite 1 post catalysis for 3 hours: (a) High angle

annular dark-field STEM image and corresponding elemental mappings (b-d) using EDX.
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Figure S13 TEM images of Composites 1 post electrocatalysis for 3 hours (a) and 10 hours (¢),

and the corresponding nanofibers length distribution (b and d)
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Figure S17. Post-catalysis compositional analysis of Composite 2: (a) High angle annular dark-

field STEM image and corresponding elemental mappings (b-d) using EDX
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6.4 Supporting information: Atomically Engineered WOXx/MoOx-
Modified Defect-Rich Pd Metallene for Enhanced Alkaline Oxygen
Reduction Electrocatalysis
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S1 Experimental procedures

Chemicals and Materials: Palladium (II) acetylacetonate (Pd(acac),, 99%), 12-
Molybdophosphoric acid hydrate (H3PMo12040 -+ xH20, analysis), and cyclohexane (= 99.9%)
were purchased from Merck. Tungsten hexacarbonyl (W(CO)s, 97%) and Nafion solution (D-
520 dispersion 5% w/w aq. and 1-propanol) were purchased from Alfa Aesar. Potassium
hydroxide (KOH, >85%), ethanol (CH3;CH2OH, 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 (CH;COOH, 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 H3PMo12040 - xH20 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 Ka exciting X-radiation
using a PHI Quantera SXM system. The binding energies were calibrated based on Cls (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 Ls-
edge, and Mo Lz-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 13-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 13-edge, and Mo Li-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 acetic acid (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 plL 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 pug-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-em? 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 (Eree = Escg +
E%cr + 0.059 V xpH). The cyclic voltammetry (CV) curves were recorded in Nj-saturated 0.1
M KOH at a scan rate of 50 mV-s™\. ORR linear sweep voltammetry (LSV) was recorded in
Op-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 Nz-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 = (IaxI)/(I¢-I), where I, Iy, 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 (Hupq) data obtained in the Na-saturated 0.1 M HCIO4. The peaks
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of Hupda 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 uC-cm™? (a value
for the (111) surface) for one monolayer of hydrogen coverage on D-Pd M/C and Pd M/C.

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 em, respectively. The disk electrode was
conducted LSV scan, and the ring electrode potential was set to 1.4 V vs. RHE. The H20:%
and n were calculated by the following equations:

Ir

H:20:% =200 x =L

Ir
v tla

Ig

1ﬁl:4xlr+l
Nl

where I is 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:

B = 0.2nFC,D¥*v~1/6

where j, /i, and j represent measured current density, the kinetic and limiting current densities
the kinetic, respectively. F is the Faraday constant (96485 C mol™), Cy is the bulk concentration
of 02 (1.26x10°% mol-cm™), Dy is the diffusion coefficient of Oz in 0.1 M KOH (1.93x107

em?-s1), and v is the kinetic viscosity (0.01 cm?-s!). The rotation speed is expressed in rpm.

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 cycles in 0.1 M Oz-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)B4] with the Perdew-Burke-Ernzerhof (PBE)P! functional. The ion-electron
S6
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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 interactions®l. The electronic density of the structure was processed

using VASPKIT!,

SS 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-em™. The polarization curves were performed at the CHI
T60E 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 setto 0.2 V,

and the charge cut-off voltage was setto 1. 85 V.
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S6 Supplementary figures
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Figure S1. The optical photographs of PMoi2 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 PMoj: clusters to heteropoly blue. Approximately 5.2% of
PMoi> underwent reduction to form heteropoly blue.[®”! according to the Beer-Lambert law:
A =gbe; A is absorbance, ¢ is molar absorptivity (here: 2600 M™'-em™), b is length of light path

(here: 1 cm), and ¢ is concentration, respectively.

Figure S2. TEM images of Pd M at low (a) and (high) magnification.
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Figure S3. (a) TEM image and (b) the corresponding SAED pattern in selected area in (a) of
D-Pd M.
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Figure S4. AFM image (a) and corresponding height profiles (b and ¢) of D-Pd M.
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100 nm 100 nm
S I

Figure SS5. (a) HAADF-STEM image, (b) the magnification of selected area (in a, yellow
square), (¢-d) and the corresponding elemental mapping of Pd, Mo, and W elements of the D-
Pd M.

#Convex

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.

S11

158



6. Appendix

Concave
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Figure S8. HRTEM images of D-Pd M. (a, ¢, and e) 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 Ls-edge for D-Pd M.

a b ¢ AE()(GV) R
Sample Shell CN' R(A) (A ¢ factor
Pd
Pd foil Pd-pd 12+ 273720.002 | 0.005520.0002 | 3.4%0.2 | 0.0020
Pd-0O 40402 | 2.01740.001 | 0.0023%0.0006 | 7.9+0.3
PO Pd-Pd 37:0.8 | 3.018£0.001 | 0.0089£0.0017 | 1.5:0.9 | 0.0042
Pd-Pd 77+0.8 | 3.388+0.001 | 0.0124+0.0001 | 2.3%0.7
D-PAM Pd-Pd/Mo/W | 10.741.0 | 2.738£0.005 | 0.0060=0.0006 | 6.000.7 | 0.0062
W
. W-W 8% 2.73420.006 | 0.0037:0.0007 | 5.3+L0
beeniad WoW 6% 3.16020.012 | 0.004320.0010 | 84217 | 2004
WO, W-0 4.0£0.7 | 2.013£0.001 | 0.001520.0021 | 11.4=1.0 | 0.0081
W 14203 | LIP0.00L 1 0070£0.0014 | -7.941.0
PP W-0 28+04 | 2.11120.001 e
W-Pd 63508 | 2.605:0.001 | oo T
W-0 150618 | 349920001 | : e
Mo
_ Mo-Mo R 272420003 | 0.004120.0003 | 4905
Aozt Mo-Mo 6 315050005 | 00040200004 | 75210 | 20040
Mo-O 60+03 | 1.999:0.001 | 0.003320.0006 | 2.8+03
Mo-Mo 31+06 | 2.569:0.001 | 0.0105:0.0017 | 8.8+0.8
MoO; Mo-Mo 19202 | 3.0870.001 0.0035
Mo-Mo 62503 | 3.6azeg00l | UDH0E00001 | ~111£05
Mo-Mo 74516 | 405820.001 | 0.0130+0.0001 | 0.8%0.1
Mo-O 20£02 | 1.685:0.001 45400
Mo-O 27203 | Lo75z0.001 | *-0037+0.0006 140501
o Mo-O 31+04 | 2.28620.001 | 0.0095+0.0001 —
Mo-Mo 63511 | 343080001 | oo N
Mo-Mo 154519 | 362520001 | ' 12.0£0 4
Mo-Mo 25:04 | 4062:0.001 | 0.005120.0001 | 13313
Mo-O 14502 | 174580001 | oo T
—— Mo-O 04+0.2 | 2.04420.001 —
Mo-O (P I ——
Mo-Pd 09+02 | 2.68120.001 | : i

4CN, coordination number; °R, the distance to the neighboring atom; °c®, Debye-Waller factor, the Mean
Square Relative Displacement (MSRD); */E,, inner potential correction; R factor indicates the goodness of
the fit. So? was fixed to 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 (JA)<12.0 and 1.1 <R (A) 3.9 Mo002); 3.0 <k (/A)<13.0and 1.0 <R (A) <4.1 (MoQs);
3.0<k(/A)<13.0and 1.0 <R () <3.0 (D-Pd M_Mo); 3.0 <k (/A)<13.0and 1.0 <R (A) <2.9 (Pd foil),
30<k(/A)<120and 1.0 <R (A)<3.6 (Pd0);3.0<k(/A)<13.0and 1.9 <R (A)<3.0 (D-Pd M _Pd); 3.0
<k(A)<120and 1.0 <R (A) <35 (W foil); 3.0 <k (/A)<11.0and 1.2 <R (A) <2.0 (WO,); 3.0 <k (/A)
<10.0 and 1.0 <R (A) <3.8 (D-Pd M_W). A reasonable range of EXAFS fitting parameters: 0.700 < S <
1.000; CN > 0; 6> 0 AZ; |AEy| < 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, (¢ 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 WOx 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 Na-saturated 0.1 M KOH

solution at a scan rate of 50 mV-s™.
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HCIOy at a scan rate of 50 mV-s™!

S18

165



6. Appendix

(a) (b)
L5 = D-Pd M 2 6 Hl D-PdM
PdM Bl PdM 16
B 10% Pd/C B 10% Pd/C
1.0- W 20% Pt/C 41 W 20% PvC

=
n
™~

Mass activity (A-mgpyp,

(]

Mass activity (A-mgpp.")
Specific activity (mA-cm?)

o
=
e

Specific activity (mA-cm™)

Figure S15. MAs and SAs of D-Pd M/C, Pd M/C, Pd/C, and Pt/C at (a) 0.9 V vs. RHE and (b)

0.85 Vvs. RHE.
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Figure S16. (a) Ring and disk current density of D-Pd M in Os-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).

S19

166



6. Appendix

0.04
(a)o (b)4 16
es {0.03 « %
- E 3 {12
5-21 : ]
< ] =
H 002 § =, lg &
-4 £ S
8 loo1 = ] o o
9] : : : —10.00 0 \/ 0
02 04 06 08 1.0 02 04 06 08
E (V vs. RHE) E (V vs. RHE)
(c) o0 (d)
] 4 16
P {008 o
g T 3 2 &
; 10.06 E =
g = 2
1 10.04 % 21 8 c?:
3 £ i
1002 l'\'\/} N
02 04 o6 o8 10 0 %,2 92 e oz !
E (V vs. RHE) E (V vs. RHE)
(e) ] 0.04 (f)
0 4 16
o 10.03 & =
<§_2_ E 3 12 S
- -
& 1902 £ = 5 s
Z -4 g S,
= 10.01 ™ 14 J 4 =
-6 '\-———«/—\
. , . : 0 ; : : 0
02 04 06 o8 10 00 02 04 06 08
E (V vs. RHE) E (V vs. RHE)

Figure S17. Ring and disk current density of (a) Pd M/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, (¢) Pd/C, and (¢) 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 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 (¢) an

open-circuit voltage of 1.397 V obtained with D-Pd M based Zn-air battery.
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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, (¢) OER polarization
curves of D-Pd M/C and Pt/C in O,-saturated 0.1 M KOH at a scan rate of 5 mV s\,
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S1 Experimental procedures
1.1 Materials and Instruments

The precursor KsH[P:Wi1s(NbO2)30s9] 12H20 was synthesized according to the procedure described in the literature.ll All
other reagents were obtained commercially and used without further purification. Pt Nanoparticles was purchased from
Macklin (Particle size;10 nm).

FT-IR analysis in ATR mode was performed by a Perkin Elmer Spectrum 400 FT-IR/FT-FIR Spectrometer equipped with ATR
module in the range of 400-4000 cm~" at room temperature.

Powder X-ray diffraction (pXRD) measurements were performed on a Panalytical X'Pert3 Powder diffractometer with
graphite monochromatized Cu Ka radiation at 298 K.

Elemental analyses for B, Na, P, Nb and W were determined with a PLASMASPEC (l) ICP atomic emission spectrometer.
Elemental analyses for C and N were performed on a Perkin-Elmer 2400 elemental analyzer.

Thermal analyses were performed on a Netzsch 448C thermal analyzer. The sample was heated to 1000 °C with a heating
rate of & “C/min, under an N2 atmosphere.

in situ X-ray photoelectron spectra (in sitt XPS) were recorded using an ESCALAB 250Xi spectrometer (Thermo Scientific)
with a monochromatic Al anode Ka radiation (1486.6 eV), and the charging effects were corrected by setting the C1s binding
energy of the adventitious carbon to 284.8 eV. Prior to the measurement, the sample of Pt/iCe-POM was kept in a
pretreatment chamber in high purity hydrogen at room temperature for 15 min. Then the sample was directly moved to the
analysis chamber without being exposed to the environment.

Dynamic light scattering (DLS) measurements were conducted with a Malvern Zetasizer Nano ZS90 system at room
temperature.

Scanning electron microscope (SEM) analysis was conducted on a Zeiss MERLIN Compact scanning electron microscope.

High-resolution transmission electron microscopy (HRTEM) analysis was conducted on a FEl Titan G260-300
transmission electron microscope equipped with a super energy-dispersive spectrometer (EDS). TEM samples were prepared
by casting several drops of a sample solution onto copper-mesh TEM grid mounted with a holey carbon film.

Small-angle X-ray scattering (SAXS) measurement was performed on an Anton Paar SAXSACE system (Anton Paar, Graz,
Austria) equipped with a Microsource x-ray source (Cu Ka radiation, wavelength 0.15418 nm).

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker Advance 600 MHz spectrometer. A quartz NMR
tube was used to avoid the background V"B NMR signal from regular glass tube.

1.2 Synthesis of the four title compounds

Synthesis of Ha7[(4PyBOH)3(0)2][Las(H20)12(PsW1sNbs Os2)4 (4PyBOH)4]-38H-0 (La-POM)

A sample of KsH[P2Wis(NbQO2)30s4]' 12H20 (0.20 g, 0.04 mmol) was dissolved in 20 mL of deionized water at 80 °C. Solid
NaHSO: (0.04 g, 0.38 mmol) was added with stirring until the yellow solution became colorless. Then, solid LaCls-8H20
(0.025 g, 0.071 mmol) and 4-pyridinylboronic acid (0.01g, 0.081 mmol) were added respectively. The pH of the resulting
solution was adjusted to 1.0-1.5 with hydrochloric acid (1 M), and further stirred at 80 °C for 40 min. After cooled to room
temperature the reaction solution was filtrated and left for evaporation. Light yellow rectangular crystal products were obtained
within two weeks. Yield: 0.11 g (60.8% based on KsNau[P2WisOs9(NbO2):] 12H20). Anal. Caled (%): B 0.42, C 233, N0.54, P
1.37, La 1.54, Nb 8.17, W 61.02; found B 0.43, C 2.35, N 0.55, P 1.39, La 1.52, Nb 8.16, W 61.00. IR (KBr disks): 1614 (w),
1084 (s), 945 (s), 893 (s), 714 (vs),594 (M), 559 (M), 515 (M) 466 (m) cm~".

Synthesis of Ha7[(4PyBOH)3(0)2][Ce2(H20)12(P2WisNb:Os2)4(4PyBOH)4]- 38H20 (Ce-POM)

A sample of KsH[P2Wis(NbO2)3Osg]' 12H20 (0.20 g, 0.04 mmol) was dissolved in 20 mL of deionized water at 80 °C. Solid
NaHSOs (0.04 g, 0.38 mmol) was added with stirring until the yellow solution became colorless. Then, solid CeClz-6H:0
(0.025 g, 0.071 mmol) and 4-pyridinylboronic acid (0.01 g, 0.081 mmol) were added respectively. The pH of the resulting
solution was adjusted to 1.0-1.5 with hydrochloric acid (1 M), and further stirred at 80 °C for 40 min. After cooled to room
temperature the reaction solution was filtrated and left for evaporation. Light yellow rectangular crystal products were obtained
within two weeks. Yield: 0.12 g (67.4% based on KsNaa[P:WisOso(NbO2):] 12H20). Anal Caled (%): B 0.42, C 2.36, N0.55, P
1.40, Ce 1.57, Nb 6.26, W 61.95; found B 0.43, C 2.34, N 0.56, P 1.39, Ce 1.57, Nb 6.25, W 61.96. IR (KBr disks): 1620 (w),
1085 (s), 951 (s), 900 (s), 752 (vs), 596 (m), 563 (m), 523 (m) 465 (m) cm~".
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Synthesis of Ha7[(4PyBOH)3(0)2][Pr2(H20)12(P2W1sNbzOg2)4(4PyBOH)4]- 42H20 (Pr-POM)

A sample of KsH[P2Wis(NbO2)30s9]' 12H20 (0.20 g, 0.04 mmol) was dissolved in 20 mL of deionized water at 80 °C. Solid
NaHSO: {(0.04 g, 0.38 mmol) was added with stirring until the yellow solution became colorless. Then, solid PrClz-6H:0
(0.025 g, 0.07 mmol) and 4-pyridinylboronic acid (0.01 g, 0.081 mmol) were added respectively. The pH of the resulting
solution was adjusted to 1.0-1.5 with hydrochloric acid (1 M), and further stirred at 80 °C for 40 min. After cooled to room
temperature the reaction solution was filtrated and left for evaporation. Light green rectangular crystal products were obtained
within two weeks. Yield: 0.13 g (73.7% based on KsNay[P2WisOs9(NbO2):] 12H20). Anal. Caled (%): B 0.43, C 2.38, N 0.56, P
1.41, Pr 1.60, Nb 6.32, W 82.56; found B 0.43, C 2.37, N 0.55, P 1.42, Pr 1.60, Nb 6.32, W 62.56. IR (KBr disks): 1614 (w),
1085 (s), 945 (s), 893 (s), 719 (vs), 596 (m), 561 (m), 517 (m) 469 (m) cm~".

Synthesis of Ha7[(4PyBOH)3(O)2][Euz(H20)12(P2W1sNb:Oe2)4(4PyBOH)4]-52H20-(CsNH4) 2 (Eu-POM)

A sample of KsH[P2Wis(NbO2)3Osq]' 12H20 (0.20 g, 0.04 mmol) was dissolved in 20 mL of deionized water at 80 °C. Solid
NaHSQO: (0.04 g, 0.38 mmol) was added with stirring until the yellow solution became colorless. Then, solid EuCls-6H:O
(0.025 g, 0.068 mmol) and 4-pyridinylboronic acid (0.01 g, 0.081 mmol) were added respectively. The pH of the resulting
solution was adjusted to 1.0-1.5 with hydrochloric acid (1 M), and further stirred at 80 °C for 40 min. After cooled to room
temperature the reaction solution was filtrated and left for evaporation. Light yellow rectangular crystal products were obtained
within two weeks. Yield: 0.13 g (72.7% based on KsNaa[P2Wi50s5e(NbO2):] 12H20). Anal. Caled (%): B 0.42, C 3.02, N0.71, P
1.39, Eu 1.7, Nb 6.24, W 61.70; found B 0.43, C 3.03, N 0.72, P 1.39, Eu 1.68, Nb 6.25, W 61.96. IR (KBr disks): 1612 (w),
1084 (s), 945 (), 891 (s), 702 (vs), 592 (m), 561 (m), 515 (m) 463 (m) cm~".

Preparation of Pt/Ce-POM

A crystalline sample of Ce-POM (0.1 g) was ground and added to a vial containing 100 mL of anhydrous acetonitrile. The
mixture was treated by ultrasonication in a 400 W ultrasonicator under controlled temperature at 25 °C for 6 h (the mixture can
also be treated by ultrasonication for 2 h and then continuously stirred at 800 rpm at room temperature for more than 6 h).
The resulting colloidal suspension was centrifuged at 1000 rpm for 10 min to remove large particles, giving a colloidal
suspension of Ce-POM. Samples of Ce-POM colloids for PXRD and IR measurement were isolated by centrifugation at
10000 rpm for 10 min.

For Pt-deposition, the colloidal Ce-POM suspension was transferred into a photochemical reactor, to which 150 mL of
anhydrous ethanol and 3 mL of 10 mM chloroplatinic acid in ethanol were added. The reactor was flushed with nitrogen. The
mixture was illuminated for 1 h with a 175 W medium-pressure Hg light-source resulting in a suspension, from which pale-

yellow Pt/Ce-POM was obtained by centrifugation. The material was washed with anhydrous ethanol and dried under vacuum.

The Pt loading in Pt/ICe-POM was 5.6 wt% as determined by ICP-AES.

Note that the colloidal suspension of Ce-POM cannot be prepared in non-polar or weakly polar organic solvents (toluene,
benzene, cyclohexane, DCM) but can be prepared in ethanol under the same conditions as described above. DLS
measurements indicate that the average size of the colloidal suspension in ethanol is larger (108 nm, Figure S6) compared
with acetonitrile. The suspension in ethanol is not stable for prolonged periods, and precipitation of particles is observed after
storage for one month.

S2 X-ray crystallography

Single crystal XRD analysis of the four compounds was recorded on an Agilent SuperNova Dual diffractometer using
graphite-monochromated Cu Ka radiation, A = 1.54184 A. The linear absorption coefficients, scattering factors for the atoms,
and anomalous dispersion corrections were taken from the International Tables for X-Ray Crystallography. Empirical
absorption corrections were applied. Structures were solved using direct methods (SHELXT)[? and refined by full-matrix least-
squares (SHELXL) interfaced with the program OLEX2®! Anisotropic thermal parameters were used to refine all non-hydrogen
atoms, with the exception for a few oxygen atoms. Those hydrogen atoms attached to lattice water molecules were not
located. The lattice water molecules were estimated by thermogravimetry and only partial oxygen atoms of water molecules
were observed by X-ray structure analysis. The crystal data and structure refinement results of the four compounds are
summarized in Table S1. Further details on the crystal structure investigation scan be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.ukidata _request/cif on quoting the depository number CCDC-
2144085 (La-POM), CCDC-2144084 (Ce-POM), CCDC-21440886 (Pr-POM), CCDC-1849595 (Eu-POM).
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Table $1. Crystal data and structural refinements. 2l

Compounds La-POM Ce-POM Pr-POM Eu-POM
Formula CisHeBrLaNNb ,0,506P Wy CysHyyBrCe,NiND. ;0,4 PsWey  CysHiyBy ProNGND ,0,7,PsWeg - CysHiaeBrEUNGND 1;,0,75P Wi
Formula weight (@'mol ) ~ 9038.91 8922.13 8816.91 8939.06
TK 150.00(10) 169.99(10) 150.00(10) 99.99(14)
Wavelength Cu-K (A) 1.54184 1.54184 1.54184 1.54184
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group C2c C2fc C2fc C2fc

a(A) 46.2391(5) 46.2429(7) 46.8714(11) 45.8935(7)

b (A) 32.9546(4) 32.7978(7) 30.8127(8) 32.9588(6)

c () 25.0473(4) 25.1038(5) 24.8607(11) 25.4069(5)
a(®) 90 90 90 90

B 92.7370(10) 92.5950(16) 92.395(3) 92.672(2)
A9 90 90 90 90

v (AY 38123.3(9) 38035.1(13) 35873(2) 38388.6(12)
z 8 8 8 8

D . (mg m®) 3.15 3.108 3.265 3.003

B (mm™) 38.116 38.261 40.655 38.409

F (000) 31520 30968 30640 31136
Crystal size (mm) 0.1x 0.05x 0.05 0.12x 0.08 x 0.08 0.1x0.05x 0.05 0.1x0.05x 0.05
Goodness-of-fiton F* 1.346 1.028 1.029 1.079

Final R indexes R, =0.1147 R, =0.0830 R, =0.0812 R, =0.0885
[>=20 ()] WR, = 0.3248 WR, =0.1998 WR, =0.2003 WR,=0.2550
R indexes ! R,=0.1299 R, =0.1259 R, =0.1281 R,=0.1394
(all data) wR, = 0.3554 wR, =0.2332 wR, =0.2398 wR,=0.2922

B Ri=Z | Fol = FAVZIFel; wR2 = {EIW(Fe =) VE [W(Fo) T
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S3 Structural representations

(b)

Figure S1. (a) The ball-and-stick representation of {{Ce(H20)s]2[P2W1sNbsOs2]4[4PyB(OH)]4}?~ and the stacking model in the
1D supramolecular assembly (b) (side view ).

Table S2. Bond valence calculations of select O atoms.

\V4 X
\

o7 ’
i)
010 011 010
Atom Bond Distance / A Bond Valence
o7 07-B1 1.400 0.725
08 08-B2 1.500 0.706
010 010-B3 1.459 0.788
011-B3 1.542
on 011-B3 1.542 1.260
09-B3 1.451
a2 09-B4 1.376 L7
S-5
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S4 Characterization of the title compounds

Eu-POM

Pr-POM

Transmittance (%)

La-POM

T T 1 1 1 T
2000 1750 1500 1250 1(:00 750 500
Wavenumber (cm_ )
Figure 8$2. IR spectra of La-POM, Pr-POM and Eu-POM.
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Figure S3. The TGA curves of the four compounds measured in N2 from 25 °C to 1000 °C.
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|
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Figure 84. Simulated (black) and experimental (red) PXRD patterns of La-POM, Pr-POM and Eu-POM.

85 Characterization of Pt/Ce-POM

Figure 85. Photograph of the Tyndall effect observed for the colloidal suspension of Ce-POM in acetonitrile after storage for
one year.

20
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E 20 § 15
2 2
2 15 &
o T 104
o
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Figure 86. Dynamic light scattering (DLS) curve of the colloidal suspension of Ce-POM dispersed in acetonitrile (left) and
ethanol (right).
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Figure 87. SAXS curve and the corresponding particle size distribution of the colloidal suspension of Ce-POM dispersed in
acetonitrile.
|
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Figure $8."H NMR spectrum of supramolecular assemblies of Ce-POM in CD3CN. Only the signal of acetonitrile can be
observed.
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Figure $9.3'P NMR spectrum of supramolecular assemblies of Ce-POM in CDsCN.
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Figure $10. "B NMR spectrum of supramolecular assemblies of Ce-POM in CDzCN.
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Figure $11. Particle size distribution of Pt nanoparticles for Pt/Ce:

cps/eV.
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Figure $12. EDX spectra of Pt, W and Nb for Pt/Ce-POM.
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Figure $14. Color changes of Pt/Ce-POM before H, exposure (a) and when eosed to Hz (b).

Table S3. Binding energy and percentage of various components for Pt/Ce-POM before and after exposure to H as
determined by XPS analysis.

Sample Binding Energy (eV) Relative Content (%)@
Before H2 exposure
e+ 35.95 (4f7r2), 38.05 (4fsr) 100
After H2 exposure
We+ 35.99 (4f7r2), 38.09 (4fsr2) 84.1
W+ 34.86 (4f7r2), 36.90 (4fsr2) 15.9
Before Hz exposure
Pto 71.72 (4f1), 74.92 (4fsr2) 4519
P2+ 73.26 (4f1r), 76.46 (4fsr2) 54.81
After Hz exposure
Pto 71.69 (4f1r), 74.89 (4fsr2) 52.64
= 73.10 (4f7r), 76.04 (4fsr2) 47.36

" Before Hz exposure ) ' ' '
-OH 531.93 (18) 16.71
-OH2 533.39 (1S) 10.17
Opatt 530.79 (18) 7312
After H2 exposure
-OH 531.40 (1S) 2427
-OH2 532.36 (1S) 15.15
Ohatt 530.63 (1S) 59.22

2 Estimated based on the area of each pair of peaks

S-10

182



6. Appendix

8$6 Catalytic Hydrogenation of Olefins and Nitrobenzene derivates

Hydrogenation of Olefins: Catalysts were introduced in a reaction tube with a stirrer bar and sealed with a silicone septum.
After replacing the air with Hydrogen, the substrate (0.5 mmol) and solvent (2 mL) were introduced in the tube. The reaction
was performed at room temperature (r.t.) under Hz (1 bar). Yields were determined by GC-MS. Solid reaction products were
recovered by centrifugation and filtering to remove the catalyst, followed by rotary evaporation to remove the solvent.

Table 84. Optimization of the conditions for hydrogenation of styrene®.

Pt/Ce-POM
| 7S (1 ban) ©/\
= Solvent, rt
Entry Cat. Solvent Time (min) Yield (%)°
1 1 mol% Pt/Ce-POM Ethanol 15 > 99
2 1 mol% Pt/Ce-POM Dichloromethane 15 trace
3 1 mol% Pt/Ce-POM Toluene 15 257
4 1 mol% Pt/Ce-POM Acetone 15 63.5
5 1 mol% Pt/Ce-POM Acetonitrile 15 80.3
6 1 mol% Pt/Ce-POM Tetrahydrofuran 15 92.6
7 0.5 mol% Pt/Ce-POM Ethanol 15 > 99
8 0.25 mol% Pt/Ce-POM Ethanol 15 315
9° 0.5 mol% Pt/Ce-POM Ethanol 15 -
10¢ - Ethanol 15 -

aReaction conditions: styrene (0.5 mmol), solvent (2 mL), r.t., Hz (1 bar); byields were determined by GC-MS. ®without Ha,

dwithout catalyst.

100 .
/,/
. 80 i
h .
2 60-
] !
@
5 40 - /
> /
{ =) | |
Q 55 / —u—Pt/Ce-POM
© 20 / Pt NPs+Ce-POM
—e—PtNPs
0 3
T T T T T T
0 10 20 30 40 50
Time / min

60

Figure 8$15. Styrene hydrogenation conversion over time for Pt/{Ce-POM, commercial Pt NP references and the physical
mixture of Pt NPs and Ce-POM. Reaction conditions: styrene (0.5 mmol), catalyst (0.5 mol% based on Pt), ethanol (2 mL), r.t,,

Hz (1 bar).
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To gain insights into the role of Ce-POM in H: spillover and hydrogenation, we performed the following experiments. 150 mg
Pt/Ce-POM and an equivalent amount (8.4 mg) of Pt NPs is dispersed in 2 mL ethanol in separate reaction vessels (A and B).
The reaction vessels are sealed with silicone septums. Hydrogen was introduced and kept for 30 minutes, during which time
the colloid in tube A turned deep blue, while tube B showed no color change. After replacing the excess hydrogen in the tubes
with argon, 0.1 mmol styrene was injected into each reaction system. The dark blue colloid in A showed a decolorization
(Figure $16), while tube B showed no color change. The catalysts were separated by centrifugation, the ethanol was
removed under reduced pressure. The recovered products were then dissolved in deuterated chloroform for NMR
measurements. 'H NMR spectra indicated that about 10% styrene converted to phenylethylene in tube A, while no
phenylethylene was observed in tube B (Figure 3d in the main text). These phenomena suggest that protons and electrons
(formed by hydrogen spillover from the Pt to the Ce-POM) can directly lead to the reduction of styrene.

Figure $16. Color changes of Pt/Ce-POM (after hydrogen exposure) in ethanol before (left) and after (right) the injection of
styrene.

100 -

Conversions (%)
. I

n
=]
1

0 1 2 3 4 5
Number of cycles

Figure $17. Recyclability of Pt/Ce-POM for the hydrogenation of styrene.
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(a) (b)

§ Recovered —_

g 3

= g

g Pt/Ce-POM 2 e J

E 2 : X Recovered
m 3 ' M N

% c |k

= AT TN

L R L VI W | BV} Pt/Ce-POM
2000 1750 1500 1250 1000 750 500 10 20 30 40 50

Wavenumber (cm™) 20 (degree)

Figure $18. The IR spectra (a) and Powder XRD patterns (b) of Pt/Ce-POM before and after catalysis.

Table §5. Comparison of the catalytic activity of Pt/Ce-POM with other Pt-containing catalysts for the hydrogenation of

styrene.

Catalyst Reductant T (°C) t(h) Conversion (%) Reference
CNM/Pt H2 (30 bar) 60 5 98 [4]
(Pd/bpy/Pt/bpy)s Hz (1.2 bar) 34 0.6 99 [5]
KCC-1-PEI/Pt Hz (10 bar) rt 8 100 [6]
Pt@TNT NaHs-H.0 90 0.75 99 [7]
Pt15TS H2 (40 bar) 60 1 100 [8]
Pt@Cu-MOC Hz (1 ban 40 2 98.8 [9]
Pd@Pt NPs NzHs-H.0 60 0.5 95 [10]
Pt NPs H2 (5 ban) rt 2 90 [11]

PtiCe-POM Hz (1 bar) rt 0.25 99 This work
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Table S6. Hydrogenation of nitrobenzene derivatives °.

NO, Pt/Ce-POM NH;
| EN Hg (1 bar} | SN
—_—
/ Ethanol, rt o
R R
1 3
NH, NH; NH; NH, NH, NH,
Br CF3
3a 3b 3c 3d 3e 3f

30 min, >89% 30 min, >89% 30 min, >99% 30 min, >99% 30 min, >89% 30 min, >99%
NH; NH;

NH, NH, NH, NH,
o
Cl
o] F Cl
3g 3h 3l 3 3k 3l
30 min, >99% 30 min, >99% 30 min, >89% 30 min, >99% 30 min, >99% 30 min, >89%
NH, NH, NH, NH,
F. F Br F. i :L/ “~pp
N
F 1 F Ty NH,
3m 3n 30 3p

90 min, >89% 120 min, >89% 120 min, >89% 120 min, >99%

@ Reaction conditions: substrate (0.5 mmol), PtfCe-POM (1 mol%), ethanol (2 mL), r.t., Hz (1bar). Yields were determined by
GC-MS.

Table S7. Comparison of the catalytic activity of PtiCe-POM with other Pt-containing catalysts for the hydrogenation of
nitrobenzene.

Catalyst Reductant T (°C) t (h) Conversion (%) Reference
FesO:@Pt NPs NaBHa rt 1 94 [12]
CNM/Pt H (30 bar) 60 6 99 [4]
Pt{Co)@MIL-101 Haz (1 bar) 35 1 99 [13]
(Pd/bpy/Pt/bpy)s Hz (1.2 bar) 34 2.6 99 [5]
Pt@Ilr nanocomplexes Hz (1 bar) 70 3 99 [14]
Pt@Y Hz (20 bar) 100 6 100 [15]
MCPTH-Pt NPs Ha (3.1 bar) rt 05 97 [16]
KCC-1-PEI/Pt H2 (10 bar) rt 6 100 [6]

Pt/Ce-POM Hz (1 bar) rt. 0.5 99 This work
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Table $8. Catalytic activity of Pt/Ce-POM for the hydrogenation of carbonyl derivative®.

substrate solvent time
alcohol acetals

ethanol 10 min b 13%

/O ethanol 30 min - 36%
ethanol 1h - 68%
ethanol 2h 6% 89%
acetonitrile 5h - -
ethanol 10 min - -

e ethanol 30 min - -
ethanol 1h 12% -
acetonitrile 5h - -
ethanol 20 min - -
ethanol 40 min - 3%

A o~o~0  ethanol 1h - 5%
ethanol 2h - 15%
acetonitrile 5h - -

? Reaction conditions: substrate (0.5 mmol), Pt/Ce-POM (1 mol%), solvent (2 mL), r.t., H2 (1bar). Yields were determined by

GC-MS. PNo product was detected.

87 NMR data and NMR spectra of the catalytic products

NMR data

Decane (2a)/'"
H NMR (600 MHz, CDCls) 5 1.38-1.19 (m, 16H), 0.89 (t, J = 7.1 Hz, 6H).
3C NMR (151 MHz, CDCls) & 32.15, 29.89, 29.59, 22.90, 14.27.

@

Cyclohexane (2b)'?]
"H NMR (600 MHz, CDClz) & 1.43.
BC NMR (151 MHz, CDCls) 5 27.09.

o

Ethylbenzene (2¢)!'°]

H NMR (600 MHz, CDCls) & 7.56-7.46 (m, 2H), 7.41 (dd, J = 18.4, 7.1 Hz, 3H), 2.88 (dd, J = 15.2, 7.6 Hz, 2H), 1.48 (t, J =

7.6 Hz, 3H).
13C NMR (151 MHz, CDCls) 5 144.35, 128.44, 127.98, 125.73, 29.04, 15.75.

AT

1-Chloro-4-Ethylbenzene (2d)2

H NMR (600 MHz, CDCls)  7.34 (d, / = 8.4 Hz, 2H), 7.20 (d, J= 8.1 Hz, 2H), 2.71 (dd, J = 15.2, 7.6 Hz, 2H), 1.32 (t, J= 7.6

Hz, 3H).
13C NMR (151 MHz, CDClz) 3 142.68, 131.40, 129.29, 128.48, 28.36, 15.59.
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188

3

Br
4-Bromoethylbenzene (2e)P"]

H NMR (600 MHz, CDCl) & 7.44 (d, J = 4.6 Hz, 2H), 7.11 (d, J = 3.1 Hz, 2H), 2.64 (d, J = 6.4 Hz, 2H), 1.33-1.20 (m, 3H).
BC NMR (151 MHz, CDCls) 8 143.25, 131.48, 129.78, 119.40, 28.45, 15.62.

H

Br
1-Bromo-3-Ethylbenzene (2f)1?2]
H NMR (600 MHz, CDClz) 5 7.39 (d, J = 0.6 Hz, 1H), 7.34 (d, J = 6.6 Hz, 1H), 7.22-7.11 (m, 2H), 2.72-2.58 (m, 2H), 1.26 (¢, J
= 8.9 Hz, 3H).
BC NMR (151 MHz, CDClz) & 146.49, 130.98, 129.91, 128.76, 126.55, 122,48, 28.64, 15.41.

X

Br
2-Bromoethylbenzene (2g)>
H NMR (800 MHz, CDCls) 5 7.54 (d, J = 8.0 Hz, 1H), 7.29-7.20 (m, 2H), 7.09-7.00 (m, 1H), 2.78 (q, J = 7.6 Hz, 2H), 1.25 (t, J
= 7.6 Hz, 3H).
BC NMR (151 MHz, CDCl3) & 127.59, 127.45, 124.44, 29.50, 14.34.

E

1-Tert-butyl-4-ethylbenzene (2h)#]

H NMR (600 MHz, CDCl:) 5 7.34 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 2.65 (4, J = 7.6 Hz, 2H), 1.34 (s, 9H), 1.26 (t, J
= 7.6 Hz, 3H).

3C NMR (151 MHz, CDCl3) 5 148.48, 141.27, 127.62, 125.30, 34.45, 31.55, 28.38, 15.62.

m
| E

4-Ethylbenzotrifluoride (2i)*

H NMR (600 MHz, CDCls) 8 7.54 (d, J = 8.1 Hz, 2H), 7.31 (d, J= 8.0 Hz, 2H), 2.71 (g, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz,
3H).

BC NMR (151 MHz, CDCls) 5 148.42, 128.28, 125.34 (q, J = 3.8 Hz), 28.88, 15.40. "°F NMR (565 MHz, CDCls) & -62.28.

/

3

O
4-Ethylanisole (2j)*%

"H NMR (600 MHz, CDCl:) 8 7.20 (t, /= 8.2 Hz, 2H), 6.92 (t, /= 8.5 Hz, 2H), 3.89-3.82 (m, 3H), 2.68 (dd, J = 15.4, 7.7 Hz,
2H), 1.38-1.23 (m, 3H).

BC NMR (151 MHz, CDCls) 5 157.76, 136.34, 128.73, 113.78, 55.12, 28.05, 15.95.

3

4-Ethyltoluene (2K)>?

H NMR (800 MHz, CDCls) 5 7.20 (dd, J = 5.2, 3.5 Hz, 4H), 2.71 (dd, J = 5.3, 2.3 Hz, 2H), 2.42 {dd, J = 5.2, 3.7 Hz, 3H), 1.33
(dd, J=7.6, 4.5 Hz, 3H).

BC NMR (151 MHz, CDCl) & 141.28, 135.03, 129.12, 127.85, 28 59, 21.04, 15.90.

:

2-Ethylnaphthalene (2}

TH NMR (600 MHz, CDClz) 5 7.82-7.72 (m, 3H), 7.62 (s, 1H), 7.47-7.37 (m, 2H), 7.34 (dd, /= 8.4, 1.4 Hz, 1H), 2.81 (q, /= 7.6
Hz, 2H), 1.32 (t, 4 = 7.6 Hz, 3H).

BC NMR (151 MHz, CDCl3) 5 141.82, 133.87, 132.10, 127.94, 127.73, 127.56, 127.17, 125.93, 125.67, 125.12, 29.16, 15.65.
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| X
~N
2-Ethylpyridine (2m)24

H NMR (800 MHz, CDCl:) 5 8.46 (s, 1H), 7.59-7.38 (m, 1H), 7.06 (dd, J/ = 40.0, 10.0 Hz, 2H), 2.77 (dd, J = 15.2, 7.6 Hz, 2H),

1.50-0.98 (m, 3H).
13C NMR (151 MHz, CDCls) & 163.35, 149.02, 136.18, 121.87, 120.72, 31.286, 13.76.

Cumene (2n)123
TH NMR (600 MHz, CDCl) 8 7.47 — 7.27 (m, 5H), 3.16 — 2.94 (m, 1H), 1.45 — 1.33 (m, 6H).
BC NMR (151 MHz, CDClz) & 148.95, 128.46, 126.54, 12591, 34.29, 24.16.

O

Cyclooctane (2p)i?3]
"H NMR (800 MHz, CDCl:) 3 1.53 (s, 16H).
BC NMR (151 MHz, CDCl3) 5 26.84.

< :)—Z
T
D

Aniline (3a)i?%]
H NMR (600 MHz, CDCl:) 5 7.18 (t, J = 6.9 Hz, 2H), 6.78 {t, J= 7.3 Hz, 1H), 6.70 (d, J = 7.8 Hz, 2H), 3.64 (s,2H).
BC NMR (151 MHz, CDCls) 3 146.63, 129.33, 118.42, 115.14.

NH,

~

p-Toluidine (3b)P°
TH NMR (600 MHz, CDCls) 5 6.98 (d, J = 7.0 Hz, 1H), .62 (d, J= 7.5 Hz, 1H), 3.51 (s, 1H), 2.26 (s, 2H).
BC NMR (151 MHz, CDCls) 5 143.83, 129.78, 127.90, 115.29, 20.48.

NH,

a2V

Br
4-Bromoaniline (3c)”°
H NMR (800 MHz, CDCls) 5 7.57 (d, J = 8.6 Hz, 1H), 6.90 (d, J = 8.6 Hz, 1H), 4.00 (s, 1H).
BC NMR (151 MHz, CDCls) 8 145.55, 132.14, 116.83, 110.32.

v

T
N

O
m-Anisidine (3d)>

TH NMR (600 MHz, CDCI:) 8 7.11 (d, J = 8.0 Hz, 1H), .38 (t, J = 8.3 Hz, 1H), 6.32 (d, /= 7.8 Hz, 1H), 6.27 (s, 1H), 3.79 (s,

3H), 3.74 (s, 2H).
13C NMR (151 MHz, CDClz) & 160.71, 148.10, 130.10, 107.90, 103.81, 100.97, 54.99.
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190

4-Ethylaniline (3e)i?"

H NMR (800 MHz, CDCls) 5 7.10 (d, J = 6.8 Hz, 1H), 6.71 (d, J = 4.4 Hz, 1H), 3.61 (s, 1H), 2.66 (dd, J = 14.3, 6.9 Hz, 1H),
1.39 - 1.23 (m, 2H).
3C NMR (151 MHz, CDClz) & 144.10, 134.29, 128.54, 115.25, 27.96, 15.95.

T
[

CF4
4-Aminobenzotrifluoride (3f)128
H NMR (600 MHz, CDCl:) & 7.39 (d, J = 8.5 Hz, 2H), 6.67 (d, J = 8.4 Hz, 2H), 3.93 (s, 2H).
BC NMR (151 MHz, CDCls) & 149.54, 126.80 (q, J = 3.8 Hz), 125.88, 124.10, 114.29.
OF NMR (565 MHz, CDCl3) & -61.13 (s).

NH,

o

4-Chloroaniline (3g)i2%
H NMR (600 MHz, CDCls) 5 7.10 (d, J = 8.7 Hz, 2H), 6.60 (d, J = 8.7 Hz, 2H), 3.64 (s, 2H).
BC NMR (151 MHz, CDCls) 8 145.07, 129.23, 123.27, 116.41.

NH,

-

4-Fluoroaniline (3h))

H NMR (800 MHz, CDCl:) 5 6.87 (t, J = 8.7 Hz, 2H), 6.61 (dd, J = 8.9, 4.5 Hz, 2H), 3.51 (s, 2H).

BC NMR (151 MHz, CDCl3) 8 156.43 (d, J = 235.4 Hz), 142,53, 116.10 (d, J = 7.6 Hz), 115.69 (d, J = 22.4 Hz).
19F NMR (565 MHz, CDClz) 5 -126.87 (s).

NH,
Br

o

2-Bromoaniline {3i)2°]

H NMR (600 MHz, CDClz) 5 7.51 — 7.36 (m, 1H), 7.13 (t, J = 8.9 Hz, 1H), 6.77 (d, J = 9.4 Hz, 1H), 6.65 (t, J = 9.1 Hz, 1H),
4.00 (s, 2H).

BC NMR (151 MHz, CDCl3) 5 144.16, 132.63, 128.42, 119.46, 115.88, 109.36.

NH,

o

m-Toluidine (3})*%

"H NMR (600 MHz, CDClz) & 7.11 (dd, J= 12,5, 7.6 Hz, 1H), 6.65 (d, J = 5.8 Hz, 1H), 6.55 (d, J = 12.5 Hz, 2H), 3.63 (s, 2H),
2.33 (s, 3H).

BC NMR (151 MHz, CDCls) 8 146.50, 139.14, 128.21, 119.45, 115.86, 112.29, 21.48.
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NH,

o-Toluidine (3k)1°]

H NMR (800 MHz, CDCls) 5 7.16 (dd, J = 14.3, 6.4 Hz, 2H), 8.91 — 6.79 (m, 1H), 6.81 —6.65 (m, 1H), 3.65 (s, 2H), 2.25 (s,
3H).

3C NMR (151 MHz, CDCls)  144.69, 130.47, 126.98, 122.32, 118.59, 114.93, 17.43.

NH,
i Cl
Cl
3,4-dichloroaniline (31)25]

H NMR (800 MHz, CDCl:) 5 7.17 (d, J = 8.6 Hz, 1H), 6.75 (d, J = 2.7 Hz, 1H), 6.50 (dd, J = 8.6, 2.7 Hz, 1H), 3.72 (s, 2H).
BC NMR (151 MHz, CDClz) 3 146.12, 132.80, 130.82, 121.17, 116.50, 114.71.

NH,
F. F
F F
F
2,3,4,5,6-pentafluoroaniline (3m)i=%
TH NMR (600 MHz, CDClz) 5 3.80 (s, 2H).
BC NMR (151 MHz, CDCls) 8 138.98 (tt, J = 13.7, 4.2 Hz), 138.20 — 136.79 (m), 136.55 — 135.28 (m), 134.34 (tt, J = 13.7, 4.1

Hz), 133.63— 131.84 (m), 122.04 (td, J = 145, 3.2 Hz).
19F NMR (565 MHz, CDCl3) & -161.98 — -162.45 (m, 1F), -164.87 (t, J = 19.2 Hz, 2F), -172.72 — -173.55 (m, 1F).

NH,
Brﬁ\
SN

3-Amino-4-Bromobenzonitrile (3n)"
"H NMR (600 MHz, CDCl:) 5 7.37 (d, J = 8.7 Hz, 1H), 6.91 (d, J= 2.8 Hz, 1H), 6.73 (dd, J= 8.7, 2.8 Hz, 1H), 3.91 (s, 2H).
BC NMR (151 MHz, CDCls) 8 146.05, 133.79, 120.61, 119.59, 117.54, 116.02, 112.35.

NH,
NH,

4-Fluorobenzene-1,3-Diamine (30)°%

H NMR (800 MHz, CDCls) 5 6.76 (dd, J = 10.8, 8.6 Hz, 1H), 6.09 (dd, J = 7.6, 2.7 Hz, 1H), 6.03 —5.95 (m, 1H), 3.63 (s, 2H),
3.43 (s, 2H).

BC NMR (151 MHz, CDCl3) & 146.68, 145.17, 143.06 (d, J = 2.0 Hz), 134.95 (d, J = 14.0 Hz), 115.63 (d, J = 19.5 Hz), 104.45
(dd, /=199.3, 4.6 Hz).

9F NMR (565 MHz, CDCls) 5 -147.91 (s).

NHy

Ph

2-Benzylaniline (3p)33!

H NMR (600 MHz, CDCl) & 7.30 (t, J = 7.5 Hz, 2H), 7.21 (dd, J = 15.8, 7.5 Hz, 3H), 7.13 = 7.04 (m, 2H), 6.78 (t, J = 7.4 Hz,
1H), 6.69 (d, J = 7.9 Hz, 1H), 3.92 (s, 2H), 3.51 (s, 2H).

BC NMR (151 MHz, CDCls) & 144.84, 139.52, 131.05, 128.81, 128.64, 127.82, 126.51, 125.23, 118.91, 116.06, 38.22.
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