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Kurzfassung

Die Sauerstoffentwicklungsreaktion (OER) stellt den Engpass der elektrolytischen
Wasserspaltung dar. Es bestehtdaher Bedarfan der Entwicklung innovativer, kostengunstiger
Ansatze zur Erzeugung aktiver und langlebiger Elektrokatalysatoren auf der Grundlage haufig
vorkommender Ubergangsmetalloxide. Obwohl bereits zahlreiche Anstrengungen
unternommen wurden, um dieses Ziel zu erreichen, erfordern die meisten Materialien mit
hoher katalytischer Aktivitat zeit- und energieaufwendige, mehrstufige Syntheseverfahren. Der
effektivste Ansatz ware die einstufige Herstellung hochaktiver Elektrokatalysatoren ohne
komplizierte Templatbildung und energieintensive Kalzinierungsprozesse. MOFs werden als
vielversprechende Ausgangsstoffe fur aktive Mischmetalloxid-/hydroxid-Elektrokatalysatoren
erachtet, da sie eine definierte Mischmetallzusammensetzung mit einer gleichmaligen
Verteilung der Metalle im Nanometerbereich ermoglichen.

Im Rahmen des ersten Forschungsschwerpunkts dieser Arbeit wurden die bimetallischen
NiFeMOF der Formeln [(Ni,Fe)2(BDC)2DABCO] (BDC = 1,4-Benzoldicarboxylat, DABCO)
sowie ihre modifizierten Ketjenblack (mKB)-Verbindungen durch ein einstufiges
solvothermisches Verfahren hergestellt. ImAnschluss wurden die Materialien hinsichtlich ihrer
Aktivitat beziglich der OER in einem alkalischen Medium (1 mol L-' KOH) untersucht. Die
Einbindung eines elektrisch leitfahigen mKB-Zusatzes flhrte zu einem synergistischen Effekt,
der die katalytische Aktivitat der MOF/mKB-Verbundstoffe erhéhte. Im Vergleich zu reinen
MOF s und mKB zeigten alle MOF/mKB-Komposite (7, 14,22, 34 Gew.-% mKB) eine signifikant
verbesserte Leistung hinsichtlich der OER. Das Ni-MOF/mKB14-Komposit (14 Gew.-% mKB)
wies bei einer Stromdichte von 10 mA cm?2 eine Uberspannung von 294 mV und eine
Tafelsteigung von 32 mV dec’' auf, vergleichbar mit kommerziellem RuO2, einem
Referenzmaterial fur die OER. Eine weitere Steigerung der katalytischen Leistung konnte mit
dem Ni(Fe)MOF/mKB14-Komposit (0,57 Gew.-% Fe) erzielt werden, welches eine
Uberspannung von 279 mV bei einer Stromdichte von 10 mA cm?2 aufweist. Die
elektrochemische Impedanzspektroskopie (EIS) ergab eine niedrige Tafelsteigung von 25 mV
dec'. Die Impragnierung des Ni(Fe)MOF/mKB14-Elektrokatalysators in kommerziell
erhaltlichen Nickelschaum (NF) resultierte in einer Uberspannung von 291 mV, welche Uber
einen Zeitraum von 30 Stunden bei einer Stromdichte von 50 mA cm2 aufrechterhalten wurde.
Besonderes Augenmerk wurde auf die Aufklarung der in situ Umwandlung von Ni(Fe)DMOF
in OER-aktives a/pB-Ni(OH), sowie B/y-NiOOH und FeOOH mit der von der MOF-Struktur
teilweise beibehaltenen Porositat gelegt. Diese konnte durch PXRD, FTIR, SEM und N,-
Sorptionsanalyse bestatigt werden. Die Nickel-Eisen-Katalysatoren, die die Porositatsstruktur
des MOF-Vorlaufers nutzen, weisen eine Uberlegene Kkatalytische Aktivitat und
Langzeitstabilitdtin der OER aufund Ubertreffen aufgrund von Synergieeffekten Katalysatoren
auf reiner Ni-Basis. Des Weiteren ermdglicht die Integration von mKB als leitfahiges



Kohlenstoffadditiv in die MOF-Struktur den Aufbau eines homogenen Netzwerks, welches im
Vergleich zum reinen MOF eine erhohte elektrische Leitfahigkeit aufweist. Das
elektrokatalytische System, das auf der Basis der haufig vorkommenden Metalle Ni und Fe
entwickelt wurde, ist vielversprechend fir die Entwicklung effizienter, praktischer und
wirtschaftlicher Energieumwandlungsmaterialien hinsichtlich der OER.

Im Rahmen eines weiteren Forschungsprojektes konnten zwei neue isotypische halbleitende
Metallphosphonatgeruste Co2[1,4-NDPA] und Zn2[1,4-NDPA] (1,4-NDPA4 st 1,4-
Naphthalindiphosphonat) prasentiert werden. Die optischen Bandliicken von Coz2[1,4-NDPA]
und Znz[1,4-NDPA] liegen bei 1,7 bzw. 2,5 eV und befinden sich somit im halbleitenden
Bereich. Der aus Co2[1,4-NPDA] als Prakatalysator abgeleitete Elektrokatalysator erreichte
bei der Sauerstoffentwicklungsreaktion (OER) eine niedrige Uberspannung von 374 mV bei
einer Stromdichte von 10 mA cm und einer Tafelsteigung von 43 mV dec' im alkalischen
Elektrolyten (1 mol L-* KOH), was fiir eine bemerkenswert gute Reaktionskinetik spricht. Die
OER Aktivitat von Coz[1,4-NPDA]-Materialien als Prakatalysator in Verbindung mit
Nickelschaum (NF) zeigte eine bemerkenswerte Langzeitstabilitat bei einer Stromdichte von
50 mA cm2 verglichen mit dem aktuellen Stand der Technik Pt/C/RuO2@NF nach 30 h in 1
mol L-" KOH. Zur weiteren Ergriindung des OER-Mechanismus wurde die Umwandlung von
Co2[1,4-NPDA] in seine elektrokatalytisch aktive Spezies untersucht.

Der letzte Forschungsschwerpunkt umfasst eine Reihe von monometallischen Ni-, Co- und
Zn-MOFs sowie bimetallischen NiCo-, NiZn- und CoZn-MOFs der Formeln M2(BDC)2DABCO
und (M,M')2(BDC)2DABCO (M, M' = Metall), die alle die gleichen Saulen- und Schicht-Linker
DABCO und BDC beinhalten, welche durch eine schnelle mikrowellenunterstitzte thermische
Umwandlungssynthesemethode (MW) innerhalb von nur 12 Minuten hergestellt wurden. Die
mono- und bimetallischen MOFs wurden ausgewahlt, um die katalytische Aktivitat der von
ihnen abgeleiteten Metalloxide/Hydroxide fur die Sauerstoffentwicklungsreaktion (OER)
systematisch zu untersuchen. Unter den untersuchten bimetallischen MOF-Katalysatoren
zeigt der NiCoMOF die hdchste katalytische Aktivitat fur die Sauerstoffentwicklungsreaktion
(OER) mit der niedrigsten Uberspannung von 301 mV und einer Tafelsteigung von 42 mV dec
' bei einer Stromdichte von 10 mA cm=2, was mit kommerziell erhaltlichem RuOz2 vergleichbar
ist, das Ublicherweise als Referenzmaterial fur die OER verwendet wird. Die Untersuchung
erfolgte an einer Glaskohlenstoffelektrode (GCE) in einem 1 mol L-' KOH-Elektrolyten.
Darlber hinaus wurde NiCoMOF in situ auf der Oberflache von Nickelschaum (NF) mit
unterschiedlichen Massenbeladungen durch MW-Synthese in nur 25 min synthetisiert. Dabei
wurden Uberspannungen von 313 und 328 mV bei Stromdichten von 50 bzw. 300 mA cm-2
erzielt. Zudem weist das Material eine hervorragende Langzeitstabilitat fur praktische OER-
Anwendung auf. Die niedrige Tafel-Steigung von 27 mV dec' sowie der niedrige
Reaktionswiderstand aus der elektrochemischen Impedanzspektroskopie (EIS) (Rfar = 2 Q)



bestatigen die hervorragende OER-Leistung dieses NiCoMOF/NF-Komposits. Die
dargestellten Ergebnisse belegen nicht nur die Mdglichkeit, die Eigenschaften von MOFs
durch den Einbau eines zweiten Metalls in die MOF -Struktur malRzuschneidern, sondern auch
die Eignung der Mikrowellenerwarmung als neue Strategie flur die Entwicklung
vielversprechender hocheffizienter in situ gewachsener Elektrokatalysatoren auf leitfahigen
Substraten fur praktische Anwendungen. In der vorliegenden Studie wird zudem die
Umwandlung des NiCoMOF-Precursors von ungeordneter a- in geordnete f-(NiCo)(OH)2 Uber
einen Zeitraum von zwei Stunden untersucht, bei welcher es sich vermutlich um die aktive
Spezies in der OER handelt. Das einfache, schnelle und kontrollierbare MW-Synthesekonzept
ist sehr flexibel und kann auch auf verschiedene strukturierte Materialien, einschlief3lich
verschiedener Arten von MOFs, ausgedehnt werden, welche fur die Wasserspaltung
eingesetzt werden kdnnen. Dadurch erdffnet sich ein groRes Potenzial fur die praktische
Kommerzalisierung des Prozesses.



Abstract

The oxygen evolution reaction (OER) is considered the bottleneck of electrolyticwater-splitting.
Thus, there is a need for the development of innovative, low-cost approaches to design active
and durable electrocatalysts based on abundanttransition metal oxides. Although much effort
has been devoted to this goal, most materials reported with high catalytic activity require time
and energy-demanding, multi-step synthetic approaches. The most effective strategy would
be the one-step preparation of highly active electrocatalysts without any complicated
templating and energy-intensive calcination processes. Metal-organic frameworks (MOFs) are
considered to be good precursors for active mixed-metal oxide/hydroxide electrocatalysts, as
they allow to achievement of a defined mixed-metal composition with a uniform distribution of
metals at the nanoscale.

In the first research focus of this work its bimetallic nickel-iron counterpart
[Ni(Fe)(BDC).DABCO], (BDC = 1,4-benzenedicarboxylate, DABCO = 14-
diazabicyclo[2.2.2]octane).and their modified Ketjenblack (mKB) composites through a facile
one-step solvothermal method. These materials were then evaluated for their performance in
the OER in an alkaline medium (1 mol L-' KOH). The incorporation of a conductive mKB
additive resulted in a synergistic effect, enhancing the catalytic activity of the MOF/mKB
composites. Compared to individual MOFs and mKB, all MOF/mKB composite samples (7, 14,
22, 34 wt.% mKB) exhibited significantly improved OER performance. Notably, the Ni-
MOF/mKB14 composite (14 wt.% mKB) demonstrated an overpotential of 294 mV at a current
density of 10 mA cm2 and a Tafel slope of 32 mV dec-!, comparable to commercial RuOz2, a
benchmark material for OER. Further enhancement in catalytic performance was achieved
with the Ni(Fe)MOF/mKB14 composite (0.57 wt% Fe), showing an overpotential of 279 mV at
a current density of 10 mA cm=2 and a low Tafel slope of 25 mV dec-', corroborated by
electrochemical impedance spectroscopy (EIS) measurements. Impregnating the
Ni(Fe)MOF/mKB14 electrocatalyst into commercial nickel foam (NF) resulted in overpotentials
of 291 mV and maintained for 30 hours at a current density of 50 mA cm-2. Importantly, this
work elucidates the in situ transformation of Ni(Fe)DMOF into OER-active a/B-Ni(OH)z2, B/y-
NiOOH, and FeOOH with residual porosity inherited from the MOF structure, as confirmed by
PXRD, FTIR, SEM and N2 sorption analysis. Leveraging the porosity structure of the MOF
precursor, the nickel-iron catalysts exhibit superior catalytic activity and long-term stability in
OER, outperforming solely Ni-based catalysts due to synergistic effects. Additionally, the
introduction of mKB as a conductive carbon additive in the MOF structure enables the
construction of a homogeneous conductive network, improving the electronic conductivity of
the MOF/mKB composites. This earth-abundant Niand Fe-based electrocatalytic systemholds
promise for the development of efficient, practical and economical energy conversion materials
for OER activity.



Furthermore, we report two new isotypic semiconductive metal phosphonate frameworks
Co2[1,4-NDPA] and Zn2[1,4-NDPA] (1,4-NDPA* is 1,4-naphthalenediphosphonate). Coz[1,4-
NDPA] and Zn2[1,4-NDPA] have opticalbandgaps of 1.7 eVand 2.5 eV respectively, are within
the semiconductive regime. The electrocatalyst derived from Co2[1,4-NPDA] as a precatalyst
generated a lower overpotential of 374 mV in the OER with a Tafel slope 0of 43 mV dec'ata
current density of 10 mA cm2in the alkaline electrolyte (1 mol L-' KOH), which is indicative of
remarkably superior reaction kinetics. The OER of Co2[1,4-NPDA] materials as precatalyst
coupled with NF showed exceptional long-term stability at a current density of 50 mA cm-2 for
water splitting compared to the state-of-the-art Pt/C/RuO2@NF after 30 hin 1 mol L~ KOH. To
further understand the OER mechanism, the transformation of Coz[1,4-NPDA] into its
electrocatalytical active species was investigated.

The last research focus, a series of monometallic Ni-, Co- and Zn-MOFs and bimetallic NiCo,
NiZn- and CoZn-MOFs of formula Mz(BDC)2DABCO and (M,M’)2(BDC)2DABCO (M, M' =
metal) with the same pillar and layer linkers DABCO and BDC were prepared through a fast
microwave-assisted thermal conversion synthesis method (MW) within only 12 min. The mono-
and bimetallic MOFs were selected to systematically explore the catalytic activity of their
derived metal oxide/hydroxides for the OER. Among all tested bimetallic MOF-derived
catalysts, the NiCoMOF exhibits superior catalytic activity for the OER with the lowest
overpotentials of 301 mV and Tafel slopes of 42 mV dec™" on a glassy carbon electrode (GCE)
in 1 mol L-" KOH electrolyte at a current density of 10 mA cm™, which is comparable with
commercial RuO2 commonly used as a benchmark material for OER. In addition, NICoMOF
was in situ grown in just 25 min by the MW synthesis on the surface of NF with different mass
loadings, where overpotentials of 313 and 328 mV at current densities of 50 and 300 mA cm~
2, respectively, were delivered and superior long-term stability exists for practical OER
application. The low Tafel slope of 27 mV dec-' as well as a low reaction resistance from EIS
measurement (Rrar = 2 Q) confirm the excellent OER performance of this composite
NiCoMOF/NF. These promising results not only prove that the properties of MOFs can be
tailored by the incorporation of a second metal into the MOF structure butalso that microwave
heating presents a new strategy for developing promising highly efficient in situ grown
electrocatalysts on conductive substrates for practical applications. In this study, we also follow
the NiCoOMOF precursor conversion over disordered a.- to ordered 3-(NiCo)(OH)z2 over the time
period of 2 hours which probably presents the active species in the OER. The simple, rapid
and controllable MW synthetic conceptis very flexible and also can be extended to various
structured materials including different types of MOFs to be applied for water-splitting, which

has great potential for practical commercialization of the process as well.
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Symbol

MOFs
DABCO
HBDC
1,4-NDPA%-
DMF
DMSO

KB

mKB

Pt/C
CNT(s)
MWCNT(S)
LDH

o R =

ppm
rpm

Definition

Metal-Organic Framework(s)
1,4-diazabicyclo[2.2.2]octane
1,4-benzenedicarboxylate
1,4-naphthalenediphosphonate
Dimethylformamide
Dimethylsulfoxide
KetjenBlack

modified Ketjenblack
Platinum on activated carbon
Carbon nanotube(s)
Multi-Walled Carbon Nanotubes
Layered Double Hydroxides
Overpotential

Diffraction angle or Bragg angle
Electrical resistance

Celsius Degrees

Angstrém (10-1°m)

Ampere

arbitrary unit

Tafel-Slope

Centimetre (10-2m)

Hour

Potential

Electron volt

Faraday- constant

gram

Free enthalpy or Gibbs energy
weight percent

Liter

Meter

Milliampere (103 A)

Millibar (10-3bar)

Milligram (10-3g)

Minute

Millimol (10-3mol)
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1. Introduction

1.1. Electrocatalysis

The growing energy crises and environmental degradation have intensified the search for
renewable and green energy sources as viable alternatives to fossil fuels.'2 According to the
"Renewables Global Status Report 2024 Collection," despite their significant environmental
impact and the economic and political dependence on their market, fossil fuels accounted for
over 80% of total energy consumption in 2022.3 This highlights the pressing necessity to
develop essential novel methods and materials for enhancing the efficiency, sustainability, and
environmental friendliness of energy-intensive chemical and energy-producing processes.*
Despite the considerable potential of alternative energy technologies such as geothermal,
hydro, wind, solar, and tidal, they are occasionally constrained by climatic and geographic
factors.® The dependability of the electrical grid is adversely affected by the drawback of
intermittency.® Hydrogen energy has received significant attention as a prospective energy
transporter and storage medium due to its high energy density and inexpensive, abundant
supply. Hydrogen energy has gained considerable attention as a potential energy carrier and
storage medium due to its high energy density and abundant and inexpensive supply. Froma
technical perspective, water splitting is seen as a promising method for hydrogen production
because of its numerous advantages, including the abundance of resources, the absence of
greenhouse gas emissions and the high efficiency of the process.”8 The International Energy
Agency (IEA) predicts that the market share of hydrogen production through electrocatalytic
water splitting by 2030 is expected to reach approximately 50% larger than it was at the time
of 2022.° Over the past fewdecades, steam methane reforming and water-gas shift reactions
have met the demand for hydrogen. However, the water electrolysis method only becomes
competitive when electricity prices are low.'® The field of electrocatalytic water splitting has
recently garnered significant interest, largelydue to the introduction of the "hydrogen economy"
concept. Water splitting involves two half-reactions: water reduction at the cathode for the
hydrogen evolution reaction (HER) and water oxidation at the anode for the oxygen evolution
reaction (OER) and this is important in terms of energy production."" Thermodynamic
equilibrium voltage indicates that, under standard conditions (1 bar and 25°C), a voltage of
1.23 Vis required to electrolyze water into hydrogen and oxygen. '2 However, in practice, even
with an excellent catalyst, a significantly larger overpotential is necessary.'® Therefore,
developing efficient, stable, and affordable electrocatalysts is crucial for the large-scale
industrial application.4
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Figure 1. Multiple proposals for the production routes and applications of renewable hydrogen
and electricity: concept at the foundation of a sustainable hydrogen economy. Reproduced
with permission from ref. 1%

Electrocatalysis is a promising technology for storing and converting renewable energies. It
offers sustainable ways of producing chemical-based materials and fuels (Figure 1).16 As
mentioned above, the electrochemical splitting of water (H20) to produce hydrogen (Hz) and
oxygen (O2) is a promising green pathway that is perfectly aligned with the clean energy
technologies of the future.'” Furthermore, the recent development in fuel cell and metal-air
battery research has led to rapid progress in the hydrogen oxidation reaction (HOR), the
oxidation of reduced nitrogen compounds (ORR), COz2 reduction reaction (CO2RR) and Nz
reduction into valuable base chemicals (e.g. methanol, ammonia and light olefins). '8 The use
of platinum and/or other noble metals is particularly relevant to achieving benchmark
electrocatalyst performance through stable, robust electrocatalysts. The search for cost-
effective, powerful and stable electrocatalysts which do not require the use of valuable noble
group metals is currently of greatimportance in realising the HER and OER pair. %20 Using
sustainable electrochemical methods to produce synthetic chemicals and replace fossil
resources will allow us to minimize CO2 emissions which is considered as an affordable and
clean energy strategy (Figure 2). To achieve a sustainable hydrogen-centric energy industry,
it is crucial to advance energy-efficient and cost-effective electrocatalysts designed for

electrolysers and fuel cells.?!
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1.1.1. Electrochemical water splitting

For hydrogen production by electrochemical conversion of water to oxygen and hydrogen, the
free energy of AG 238 kd mol-" is required for the reaction (eqn (1)).

Overall Water Splitting

2H,0 - 2H, + 0, (1)
Water splitting includes two half-reactions, water reduction at the cathode for the HER and
water oxidation for the OER at the cathode.?2324

Cathode (HER):

2H* +2¢ > H,  (Eequction = 0-00 1) (2)
Anode (OER):

2H,0 5 0, +4H* +4e” (B qarion = 123 V) (3)

OER in particular requires significantly more energy than HER due to comparably more
intermediates and reaction steps involved.?> Despite recent advances, OER remains a
significant challenge in overall water splitting. Consequently, there has been a concerted effort
in recent years to identify altemative materials that can effectively reduce the kinetic limitation
of OER and enable optimal reaction conditions. 26 Both reactions occur at the electrode surface
(anode and cathode) with the electrolyte which requires consideration of the inner and outer

3



Helmholtz layers.?” The performance of these reactions can be quantified and evaluated
separately using electrochemical techniques, which can be employed to determine the precise
values of the applied potentials.28 In this context, the electrochemical HER and OER can be
expressed interms of two redox pairs. In the case ofthe OER, the reduced formof water (H,O)
and the oxidised form of oxygen (O,) form the redox couple (O,/H,O). Similarly, the HER is
composed of the reduced formofhydrogen (H;) and the oxidised form of the proton (H*), which
forms the redox couple (H*/H,). Each of the two redox systems exhibits varying degrees of
reducing and oxidising power, as described in Equations (2) and (3). These redoxsystems can
be described electrochemically by the redox potential E of the redox system.2® The redox

potential is described mathematically by the Nernst equation (see Equation (4))3°

E = E0+ 2T jp 20x (4)

z'F CRed

EVis the formal potential of the overall reaction, the constant z describes the number of
electrons occurring in the redox system, R is the ideal gas constant, F is the Faraday constant
and coxiand creq are the concentration of the oxidized and reduced reagents, respectively.®
The standard potentials are characteristic of each redox system which serve to quantify the
reductive or oxidative effect of a given system, thereby indicating whether electrons are being
absorbed or released. Only the total potential of a galvanic element can be measured, while
the potential difference between two redox pairs can be determined relative to an
overpotential.?

The reaction process is essentially determined by the pH value of the electrolyte and the
catalyst material.3!

In Alkaline Solution:

2H,0 +2e" - H, + 20H" (HER at the cathode) (5)
40H" - 0, +2H,0 +4¢ (OER attheanode) (6)
In Acid Solution:

4H* +4e - 2H, (HER atthe cathode) (7)
2H,0 - 0, +4H T + 4e (OER atthe anode) (8)

At present, the precious metals platinum, iridium, rhodium and rhenium catalysts exhibit the
best electrocatalysis performance in most cases. However, their high cost and limited
availability question their large-scale application. It is therefore important to develop earth-
abundant, non-noble metal-based catalysts.32 Many strategies and compounds have been
explored in the past decade to develop efficient and affordable electrocatalysts, such as
transition metal compounds, carbon-based or heteroatom-doped carbon materials, and
conducting polymers. 33.34.35



1.1.2. Oxygen evolution reaction (OER)

1.1.2.1. Reaction Mechanism and Kinetics

The anodic-half-cell reaction, OER is a far more complex process, which involves either four-
electron (4e-) or two-step two-electron (2e-) transfer. OER electrocatalyst design plays a
crucial role in efficient water splitting. To understand the activity of OER, several mechanisms
have been proposed according to the intermediates identified at the electrolyte—catalyst
interface during the reaction. OER can be carried out under either acid or alkaline conditions
and the proposed adsorbate evolution mechanism (AEM) can be written as follows. 3637
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Figure 3. lllustration of the OER mechanisms. (A) Adsorbate evolution mechanism (AEM) of

d b H,(He

Htp

on

OER on a single active site for acidic (blue route) and alkaline (red route) conditions. (B and
C) Lattice-oxygen-participating mechanism (LOM) of OER in alkaline conditions, involving
single-metal-site (SMSM) and dual-metal-site (DMSM). M represents the active site, and red
squares are the oxygen vacancies. Reproduced with permission fromref.38. Copyright ©2017,
Royal Society of Chemistry.

In acidic solution:

M+ H,0 > M-OH+H*t+e™ (9)

M-OH- M-0 + H*+e" (10)
2M-0 - 0,4+ 2M*+2e  or M-0 + H,0 >M-00H + H"+ e~ (11)
M-OOH > M+ 0, +H +e" (12)

In alkaline solution:

M+ OH - M—OH + e~ (13)
M-OH +OH > M-0 + H,0 +e” (14)
2M-0 - 0;+ 2M*+2e” or M-0 + OH™ - M-00H + e~ (15)
M—-OOH + OH =M+ H,0 + 0, + e (16)

The proposed reaction mechanisms of the OER proceed through the initial elementary steps
of water or hydroxide ion adsorption in an acidic or alkaline solution on the catalytically active
site (M) (Figure 3a). In the second step, the adsorbed hydroxide ions (*OH) form oxygen
moieties (MO). There are two differentapproaches to form Oz fromthe MO intermediates: Two

possible reaction mechanisms have been proposed for the OER. The firstinvolves the direct



combination of two adjacent MO intermediates to produce O2. The second involves the
formation of a peroxide (MOOH) intermediate (3rd electron transfer), which subsequently
decomposes after the fourth electron transfer process to release O2. The kinetic barriers
related to each elementary step contribute to the overall required activation overpotential. In
general, overpotential (n), exchange currentdensity (jo), and Tafel slope (b)are the parameters
used to evaluate the reaction kinetics of an OER electrocatalyst. These parameters are critical
for obtaining insightful information on the OER mechanism, which is discussed in more detail
below. Given that the OER involves the transfer of four electrons and protons, as well as the
possible formation of a range of adsorbed intermediates (e.g. *O, *OH, *OOH), it may give rise
to a multitude of possible pathways with varying rate-determining reaction steps.®

The dynamic structural changes observed on the surface of OER catalysts have led to the
proposal of a lattice oxygen oxidation mechanism or lattice oxygen-mediated mechanism for
OER. This is directly related to the growing attempts to develop perovskite-based
electrocatalysts. In the LOM pathway, the catalytic surface is no longer a stable platform but
changes dynamically with the oxygen evolution process. The oxidation, exchange, and release
of lattice oxygen ligands on the catalyst surface in the OER cycle form the basis for the LOM.
As illustrated in Figure 3b and 3c, it is postulated that activated lattice oxygen in the vicinity of
the active metal site can be directly coupled to deprotonated M-O intermediates to form M-OO
species. The M-OO species can then be converted to O2 molecules in a subsequent step. It
should be noted that the oxygen vacancies resulting from the consumption of lattice oxygen
can be ultimately replenished by OH".3%.40 This pathway is known as the single-metal-site
mechanism (SMSM). Additionally, a dual-metal-site mechanism (DMSM) has been developed,
depending on the number of lattice oxygen atoms participatingin the reaction around the active
metal site. In this mechanism, adjacent activated lattice oxygen atoms are capable of coupling
to form the M-OO-M. Subsequently, the O2 molecule is directly evolved, and OH" refills the
generated two oxygen vacancies.*"42 Over the past decades, the development of advanced
techniques has led to a significant increase in the number of studies devoted to the
investigation of the LOM for state-of-the-art OER electrocatalysts (Figure 4), including
perovskite oxides, RuOz2,43.44 IrO2,4546 NiC0204,47 ....

While theoretical and experimental techniques have facilitated a deeper comprehension of the
OER catalytic mechanism, the design of efficient, robust electrocatalysts and the elucidation
of the fundamental relationship between catalytic activity and structure remain the primary

objectives of future research.
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1.1.2.2. Activity evaluation criteria

The activity, efficiency, and stability of a catalystare the most importantfactors to evaluate the
catalyst activity (Figure 5). In the electrochemical process, the overpotential refers to the extra
potential needed to initiate the intended reaction at the thermodynamically determined
reversible potential (Eo) in optimal circumstances.“° The overpotential (n) at a current density
of 10 mA cm2 (n10) derived from cyclic voltammetry (CV) or linear sweep voltammetry (LSV)
is typically employed as a reference point for comparing the activities of electrocatalysts and
corresponds to the ~10% solar-to-chemicals efficiency. 55" Conversely, as the field of research
has expanded exponentially, researchers have begunto assess and compare mi1o0and nmsoo, in
addition to m1o, which is highly recommended for catalysts that operate at high current
densities. This approach enables the evaluation of a catalyst's activity to be conducted in a
manner that is more closely aligned with the standards typically employed in industrial
applications. 5253

The Tafel slope provides a lot of information about the properties of the catalyst material and
is recommended to be measured under steady-state conditions.%* The Tafel slope can provide
insights into the dynamics of the catalytic processes taking place on the surface and provide
information about kinetics and inhibitions during the water oxidation catalysis. The Tafel slope
indicates the potential for increasing the resulting current (j) by an order of magnitude. It
provides an indication of the efficiency and dynamic response of an electrode or the catalyst
applied to it to an applied potential, resulting in the generation of a catalytic current. This also
considers any alterations to the mechanism resulting from different n) values. It can therefore

be used to ascertain which is the rate-determining step in the reaction mechanism. The Tafel
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slope quantifies the required change in the potential for a one-decade change in current
density. Exchange current densities are in turn used to determine the activity or reaction rate
of an electrocatalyst at equilibrium potential, i.e. at a net current of zero. 5
Electrochemicalimpedance spectroscopy (EIS) is a valuable tool for investigating mechanisms
in electrochemical reactions, charge transfer processes in materials, and surface properties of
electrodes. % It provides highly precise results on the electrical conductivity of a material and
is a frequently employed technique. The impedance spectra thus obtained permit the ability of
materials to store electrical energy and transfer electrical charge to be determined. The
electrodes are measured with a two- or three-electrode set-up, the potentiostat transmitting an
alternating potential with varying frequency (o) to the sample.5” A signal is generated thatis
proportional to the current generated. An analyzer then determines the impedance z of the
system from the alternating currentthat passes through the sample and the alternating voltage
generated by a generator.%’

Another valuable insight is the faradaic efficiency (FE), which is defined as the efficiency of
electron transfer provided by the external circuit to promote the electrochemical HER or OER
reaction. At a constant current density applied for a certain period of the experiment, a gas
sample is taken with a gas-tight syringe and analysed with a gas chromatograph (GC)
calibrated for H2 or O2. The faradaic efficiency is then calculated from the volume of the
generated gas during electrocatalysis, in comparison to the current over time. It directly
correlates with the number of electrons needed to generate a mole of gas.®8, The turnover
frequency (TOF) is anotherimportant descriptor to evaluate the catalytic activity, providing the
generated H2 or O2 molecules per second at a single active site. Nevertheless, the precise
determination of TOF remains challenging due to the complexity involved in identifying the total
number of such active sites, which precludes the possibility of a precise estimation.5°

Ideally, electrocatalysts operate close to the thermodynamic equilibrium potential of an
electrochemical reaction, i.e. with a low overpotential, a low Tafel slope, a high exchange
current density, high stability and high selectivity. In addition, electrocatalysts should have a
high mass activity about the load. 60
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Figure 5: Schematic representation of the energy diagram of water splitting in the absence and

presence of an electrocatalyst. Reproduced with permission from ref.6'. Copyright © 2021,
Nano Convergence.

To characterise the electrocatalytic properties of a material, a three-electrode setup consists
of a working electrode, a reference electrode and a counter electrode (Figure 6). A glassy
carbon electrode can be used as the working electrode. This serves as an electrically
conductive substrate for the electrocatalyst to be applied and enables the controlled
investigation of the electrochemical processes taking place with the aid of a potentiostat, which
regulates the potential measured at a reference point. Under standard conditions, the redox
potential Eo of the respective redox pair of an electrode side is referenced to the standard
hydrogen electrode (SHE). It is more common to use the reversible hydrogen electrode (RHE)
as a reference point, which operates independently of the pH value of the electrolyte. The
counter electrode closes the circuit and enables the reference electrode to operate almost
current-free. A current flow between the working and reference electrodes would cause a

voltage drop and prevent the exact determination of the processes at the working electrode.
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1.2. Metal-organic frameworks for OER

1.2.1. Metal-organic frameworks

Metal-organic frameworks (MOFs) are hybrid materials constructed from metal-based
inorganic secondary building units (SBUs or nodes) and organic linkers, using strong
coordinative bonding to create open crystalline frameworks with permanent porosity.62:63 In
considering the origin of MOFs, it can be seen that MOF s are a subset of coordination networks
and that coordination networks constitute a further subset of coordination polymers. MOFs'
construction depends on the linkage of metal nodes via organic ligands through the formation
of coordination bonds (Figure 7). In the 1990s, Hoskins and Robson made a significant
contribution to the development of coordination polymer chemistry.%* They demonstrated the
construction of structures with specific topologies through the use of metals and ligands with
appropriate coordination geometries. Since then, this class of materials has continued to be
studied, leading to the investigation of new-generationMOF materials. The term'metal-organic
framework' was first used by Yaghi et al. in 1995, when they introduced the crystalline
[Cu(l)(4,4'-Bipy)15 NO3]'(H20)1,25 framework with an extended channel system and non-
permanent microporosity.8® In 1997, Kitagawa reported the first permanently porous
framework, Coz(bipy)3(NO3)4, which could reversibly adsorb non-polar gases (N2, O2 and CHys)
in the framework.% Two years later, two well-known MOFs were synthesized: HKUST-1
(Cus(btc)2, btc= 1,3,5-benzenetricarboxylate) and MOF-5 (ZnsO(bdc)s, bdc= 1,4-

benzenedicarboxylic acid).®7.¢8 The rapid development of further highly porous networks was
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facilitated by the discovery of MOFs. As of January 2024, more than 100,000 MOF structures
have been synthesized in the Cambridge Structural Database (CSD) and about 680,000
structures were predcited.®® The abundance of available metal ions or clusters, combined with
the almost infinite possible organic linkers, offers a vast variety of MOFs, which can be
controlled in terms of their topology. MOFs exhibit many outstanding properties, including
crystallinity and porosity. In particular, they are capable of forming uniform micro- and
mesopore structures with high surface areas (BET = Brunauer-Emmett-Teller), reaching up to
6000 m?/g.70 Additionally, they can be tuned to create pores of varying sizes and topologies.
Furthermore, they can exhibit flexible structures in response to external stimulation, such as
temperature, pressure, or guest molecules. These properties demonstrate the superiority of
MOFs in comparison to other porous materials such as zeolites and activated carbon,
rendering them promising candidates for a diverse range of applications.”".72.73
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Figure 7: Schematic illustration of the construction of coordination polymers, coordination

networks and metal organic frameworks. Reprinted from ref.62, Copyright 2010, with
permission of The Royal Society of Chemistry (RSC).

The synthesis of MOFss is typically achieved through hydro/solvo-thermal methods. In addition,
microwave-assisted, electrochemical, mechanochemical and sonochemical synthesis
methods are widely employed (Figure 8). The choice of metal salts and linkers, the synthesis
methods and the conditions have a significant impact on the final MOF structure and

morphology. In the traditional hydrothermal (water as solvent) and solvothermal (organic
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solvent) synthesis of MOFs, the reaction is carried out in an autoclave (a gas-tight, closed
vessel) at autogenous pressure, which enables the process to be conducted above the boiling
point of the solvent used.” The reaction of a metal salt with the organic molecules in suitable
solvents inside an autoclave at elevated temperatures leads to the as-synthesized (as) MOF,
which contains the solvent molecules inside the framework. 576 The solvent/guest molecules
present within the pore cavity of the as-synthesized MOF must be removed through an
activation process. The most commonly employed method of activation is the replacement of
high-boiling solvent molecules by volatile solvents, followed by thermal activation under
vacuum. This process results in the void space of the pore of the activated MOF becoming
accessible.
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Figure 8: Schematic illustration of the construction of coordination polymers, coordination
networks and metal-organic frameworks. Reprinted from ref.””, Copyright 2012, with
permission of the American Chemical Society.

Metal-organic frameworks (MOFs) are a promising class of materials with diverse structural
and compositional properties, high porosity,and tunable properties (Figure 9). Theyhave been
extensively studied for their potential applications in gas storage and selective gas separation.
Many MOFs have demonstrated excellent performance in hydrogen storage,’® methane
storage, " carbon dioxide capture,® and gas separation.! In addition, MOFs are also potential
candidates in a number of other applications, including drug delivery,® sensing,??
electronics, 84 optics, 8 water sorption for heat transformation, 86 and catalysis.®” In addition to
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the MOFs themselves, MOF composites and MOF derivatives can also act as catalysts for
desiredreactions. Furthermore, MOFs can be used as supports for catalytically active species.
The literature contains numerous examples of MOFs employed as catalysts in a variety of
catalytic reactions, including hydrogenation, photocatalysis,®® and electrocatalysis.®®
Additionally, the potential of MOF s as alternatives for electrochemical energy conversion and

storage has drawn attention.
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Figure 9. Application areas of MOFs, MOF composites and MOF derivatives.

Metal-organic frameworks (MOFs) have been extensively studied in the fields of energy
conversion and storage devices, as well as electrocatalysts in water splitting. This is due to
their high surface area, tunable pore size, and variable metal nodes/organic ligands.®!.92.93 The
majority of MOF compositions comprise inexpensive first-row transition metals, such as
Mn(Il)/Mn(lll), Fe(lll), Co(ll), Ni(ll), Cu(ll), and Zn(ll), and inexpensive, commercially available
organic ligands (mostly carboxylates). %49 This compositional aspect renders MOF s promising
earth-abundant electrocatalysts. Despite an enormous amount of research in the last decade,
major challenges remain, leaving several opportunities for the use of MOFs as
electrocatalysts.% While MOF-carbonised or MOF-pyrolysed carbon matrices tend to maintain
electrocatalytic performances under the corresponding high temperature and high pressure

with inner atmosphere conditions, these indirect post-treatments imply that intrinsic metal-
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ligand bondsin the MOFswould be exposed to such harsh reaction conditions. However, most
pure MOFs have poor electrical conductivity and lack stability in a highly acidic or basic
aqueous electrolyte.®” The instability of MOFs hybrids in the presence of water or harsh
chemicals is largely because they consist of typically labile metal-organic bonds and are
accompanied by coordinatively unsaturated and reactive metal centres. Performance is
compromised by generally poor selectivity whereas metal complex-based molecular OER
catalysts are decomposed under OER conditions to yield metal oxide/hydroxide catalysts.

In contrast, organic linkers in MOFs could be oxidised under OER conditions, leading to
framework collapse. In such cases, MOFs will only play the role of precursors, i.e. the
"precatalysts”, which will eventually generate the true OER catalysts (Figure 10).% The
precatalyst represents that the pristine MOFs underwent structure transformation and
generation of active phases during the alkaline immersion and the electrochemical treatment.
Therefore, to utilise MOFs in OER catalysis or other oxidations, surface-sensitive structural
characterisations should be employed. Consequently, in order to enhance the catalytic activity
and expand the application area of MOFs, future research should focus on the deliberate
introduction of defects or unsaturated active sites, size tuning and improvement of conductivity.
Furthermore, it is critical to identify the catalytically active species and investigate the link
between MOF structure, electrolyte composition, and OER performance.
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Figure 10: Schematic representation of the possible states of a MOF in a specific chemicaland
electrochemical environment: catalyst or pre-catalyst. Reproduced with permission from ref.
98. Copyright © 2021, ACS Energy Letters.
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1.2.2. Pristine Metal-Organic Frameworks for OER

The most significantadvantages of MOFsinthe OER are their tunable and well-defined porous
structure, which is beneficial for electron transfer and mass transport. However, the majority
of MOFs exhibit low electrical conductivity values, excessively microporous structures and the
blocking of active metal sites by organic ligands, which limits their application in
electrocatalysis. Therefore, the development of pristine MOF's as electrocatalysts is described
below:

(a) Improvement of conductivity: The conductivity of electrocatalysts has a significant impact
on the efficiency of electrochemical systems. Most of the identified MOF s are semiconductors
or insulators. Conductive MOFs were created by incorporating conjugated organic ligands to
improve electrocatalytic activity.% For example, In 2016 a new form of conductive Co-based
MOF catalyst was found as cobalt porphyrin and phosphonate complexes, named Co-TpBpy,
which has been characterised as a novel type of electrocatalyst for water oxidation at neutral
pH. 1% In addition, a cobalt conductive MOF (UTSA-16) was reported by Ai and co-workers. 101
UTSA-16contained an open framework structure composed of tetranuclear cobalt citrate
clusters as linkers and tetrahedral Co(ll) atoms as nodes and the overpotential for the UTSA-
16 is 408 mV at the current density of 10 mA cm2.1%" Later, the conductive Co-based MOFs,
named Cos3(HITP2 (HITP is 2,3,3,7,10,11-hexaaminotriphenylene) was successfuly
synthesized by Huang and coworkers. 92 The overpotential of Co3(HITP)2 needed 254 mV vs
RHE at a currentdensity of 10 mA cmr?, as small as the Tafelslope 0f 86.5 mV dec ' in alkaline
electrolyte.'9? The efficient OER performance is closely related to the choice of conductive
conjugated organic ligands, synergistic effects between the metals, S, and N and the 2D
structure. Besides, combining MOF s with highly conductive carbon materials (e.g., graphene,
activated carbon) or conductive metal substrates (e.g., Ni foam, Au foil, Pt foil...) is also a
common strategy (see more information below).

(b) Creation of unsaturated sites: In catalysis, MOFs are ideal candidates for exploring
structure-property relationships. Previous studies have shown that introducing defects or
creating additional unsaturated metal sites in MOFs can lead to a higher number of catalytically
active sites and higher catalytic performance.103.104105 Based on this strategy, the
electrocatalytic performance of ZIF-67 was enhanced significantly by using plasma etching to
create more coordinatively unsaturated metal sites in the chemically and thermally stable.06

(c) Design of ultrathin nanosheets: The majority of MOFs are characterised by a high density
of micropores, which accounts for their exceptionally high specific surface area. This property
is advantageous for the adsorption of gases by tiny molecules, but detrimental to
electrocatalytic reactionsin a liquid environmentdue to the micropores limiting the diffusion of

reactant and product gas molecules. As a result of their distinctive physicochemical features,
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ultra-thin two-dimensional nanosheet electrocatalysts are becoming a popular area of study.
In general, 2D materials tend to be more coordinatively unsaturated and are more easily
accessible to reactants. Consequently, the fabrication of ultrathin MOF nanosheets represents
an optimal approach to enhance the accessibility of active metal sites and accelerate the
reaction process. Therefore, 2D MOFs have attracted widespread interest in the field of
electrocatalysis. For instance, the stable 2D-NiFeMOF was successfully synthesized and then
used as an efficient electrocatalyst with an overpotential of nio: 221 mV. 197

(d) Generation of lattice strain: Strain engineering is a typical approach for designing catalysts
with excellent performance. According to current research, one of the most important aspects
influencing catalyst performance is its electronic structure. The addition of strain to the catalyst
surface allows for the fine-tuning of the electronic structure and the modification of the active
site's capacity to adsorb reactants, reaction intermediates, and/or products. Recently, the
lattice strain in NiFe-MOFs allows for obtaining high OER activity with an overpotential of 300
mV was introduced by Liu and coworkers. % The researchobserved that the superoxide *OOH

intermediate emerging on Ni** sites is responsible for high OER activity.08

1.2.3. Metal-Organic Frameworks Derivatives for OER

The term "MOF-derivatives" refers to a wide range of materials. However, this discussion will
concentrate on MOF-derived electrocatalysts produced without using pyrolysis or
carbonization methods. In MOFs, the coordination bonds between metal ions (or clusters) and
organic ligands tend to dissociate under extreme conditions. This leads to the reformation of
the released metal ions or clusters in either ordered or disordered metal hydroxides. Due to
the low stability of MOF s, the electronic interactions between metal centres andorganicligands
in MOFs are weaker than those in conventional solid-state materials.%° While some MOFs
demonstrate strong coordination bonds in concentrated acetic or alkaline electrolytes, this
does not ensure their electrochemical stability.®® Besides, at low or high bias voltages, the
metal nodes in MOFs are susceptible to reduction or oxidation, which can also break the
coordination bonds. %111 Considering the MOF’s hydrolytic stability in extremely acidic or
alkaline electrolytes, more studies are focusing on the pre-catalytic chemical processing of the
pristine MOFs. For example, it has been shown that carboxylate-based MOFs are relatively
unstable under strongly alkaline conditions. Especially, carboxylate-based MOF s are relatively
fragile under strongly alkaline conditions (that OER entails), while OH- ions can cleave the
coordination bonds holding the carboxylate linkers to the metal sites, resulting in the formation
of metal hydroxides.112.113.114 These metal hydroxides play a crucial role in the subsequent
electrocatalytic process. Accordingly, some recent works have reported an alkaline hydrolysis
strategy for delivering derived-MOF OER electrocatalysts. 15116 As an example, Li and

coworkers developed a facile alkali-etched method to obtain the defect-rich ultrathin Ni-MOF
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nanosheet array for OER.""7 In alkaline electrolytes, partially coordinated Ni-O bonds of 2D
MOFs could be broken due to KOH invasion, producing open unsaturated Ni2* XRD pattemns
demonstrating an increased space between the metal oxide layers after post-alkali etching
treatment, evidence of framework stability.'® Two possible reasons for this observation are:
a) the breaking of the partially coordinated Ni-O bonds, and b) the weakening of interactions
between the neighboring layers. To enhance the OER performance of MOF-derived
electrocatalysts and to clarify their structural conversion mechanisms, more studies are
focusing on the completely reconstructed MOFs following alkaline hydrolysis.'16.119 Using a
combination of FeMOF and NIMOFs, the active species and reaction mechanisms were
investigated systematically by Bu and co-workers."'2 Their results demonstrated that most
organic ligands in MOFs were replaced by OH™ ions in alkaline electrolytes, leading to the
generation of NiFeLDH (LDH: layered double hydroxides).'2° The derived NiFeLDH acts as an
active species during water oxidation. Multiple reports also demonstrated that some MOFs
displayed relatively high stability over a short period of the alkali immersion treatment.121.122
Such a conjecture in terms of the relationships between the real active sites in MOF-derived
catalysts and the pristine MOFs needed to be resolved. Attentively, albeit alkaline hydrolysis
could partially or destroy MOF structures, accurate information on the post-destruction phases
vis-a-vis during (and/or after) the OER remains missing. In addition to the alkaline hydrolysis,
recently, Lee and co-workers systematically studied the transformation process of ZIF-67
during both cyclic voltammetry and amperometry.'23 Their in-situ spectroelectrochemistry
results demonstrated that the strong transformation of tetrahedral Co sites in ZIF-67 to
tetrahedral a-Co(OH)2 and octahedral 3-Co(OH)2 occurs gradually during the electrochemical
treatment. The active center of OER liesin CoOOH species, generated by the oxidation of a/[3-
Co(OH)z, rather than from the metal nodes in ZIF-67.123

1.2.4. MOFs composites for OER

The majority of disadvantages of MOFs in the OER are low electrical conductivity, excessively
microporous structures, and organic ligands that block active metal sites, thereby limiting their
use in electrocatalysis. Therefore, to overcome the drawbacks of MOFs and enhance the
electrocatalytic activity, MOFs could be combined with high-conductive materials. The
common supporting materials for constructing the MOF composites can be devised into two
categories: conductive metallic substrates (e.g. Ni foam, NiFe alloy foam, Cu foam, Au foil, Fe
foil, Pt foil....), and conductive carbon materials (e.g. graphene, graphene, graphene oxide
(GO), reduced graphene oxide (RGO), or carbon nanotubes (CNT)). The reasons are
discussed as follows. Firstly, the utilisation of conductive substrates enhances the electro-
conductivity of composite systems. The in situ growth of MOFs on conductive substrates in an
oriented arrangement may facilitate the establishment of a synergistic effect between MOF
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and the conductive substrate, thereby enhancing electron transport and improving structural
stability. 24125 Secondly, MOFs that have been in situ grown on substrates such as Ni foam
and carbon cloth can be employed as working electrodes for OER tests without binder
materials (e.g. Nafion and polytetrafluoroethylene), which could reduce the active sites of the
electrocatalysts. In particular, a large amount of oxygen will bubble on the surface of the
catalysts at high current density during the OER procedure, which will accelerate the
electrocatalyst's detachment from the electrodes, further leading to reduced OER
performance. 26 Thirdly, the dispersion of MOFs by the supporting materials may result in the
exposure of more active sites.'?” Finally, the MOF/support composites with complex
hierarchical structures will facilitate mass transfer and charge carrying. 2 Consequently, the
fabrication of MOF/support composites is a potential technique for developing efficient and
stable electrodesin OER. Thus, the development of the combination of high-conductive carbon
materials or substrates and MOFs is described as follows:

1.2.4.1. Metallic Substrates

Todate, various strategies have been developed to modulate the morphologies, compositions,
and electronic structures of MOF-based electrocatalysts. To address the drawbacks of poor
electroconductivity and instability in MOFs, the in situ growth of MOF s on metal foam has been
demonstrated to be an effective approach for the development of high-performance OER
materials. This strategy has the potential to prevent catalyst aggregationand shedding, expose
more active sites, and reduce charge transferresistance. Forinstance, Cu substrate-supported
3 D bimetallic MOF Mz(BDC)2TED (M = Co, Ni, and Ni/Co; BDC = 1,4-benzenedicarboxylate;
TED = triethylenediamine) were synthesized (CoNi-MOFs) via a using a layer-by-layer
method. '2° The morphology and structure of this NiCoMOF by tuning the molar ratio of metal
ions and reaction time. The optimized CoNi (1:1)-MOF electrode achieved an overpotential of
265 mV at a current density of 10 mA cm=2 in 1 mol L-' KOH.'2® Thus, the combination of Ni
and Co nodes effectively reduces energy barriers and enhances OER performance. The high
conductivity and numerous active sites of the integrated electrode were major factors
contributing to the observed high OER activity.?°

Ni foam (NF), which possesses high mechanical strength, flexibility, and high electrical
conductivity, is one of the ideal metallic substrates for the growth of MOFs. Benefiting from
these advantages, the NF-supported electrodes normally exhibit better mass transport, more
efficient charge transfer and longer durability concerning electrodes supported by flat
substrates.26:130.131 MOF/NF composites with nanosheet array structures could be prepared
via a one-pot solvothermal process, during which the metal ions and organic ligands self-
assemble on the surface of NF. For instance, the excellent OER catalytic activityof NiFe-
MOF74/NF was achieved with an overpotential of 223 mV at a current density of 10 mA cm2
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as well as excellent stability in alkaline solution throughout 65h. 132 The NF-supported NHz-MIL -
88B (Fe2Ni)MOF electrode was reported by Lu and coworkers with a low overpotential at 10
mA cm2 of 240 mV."33, Besides the excellent OER catalytic activity, the stability test under

high current densities of 250 and 500 mA cm2 maintained steady for at least 30 h.

1.2.4.2. Carbon-based composites

Similar to the metallic substrates, the hybridization of MOF and carbon-based substrates,
which exhibit excellent electrical conductivity, high special surface area and favourable
stability, is an effective and viable approach to improve OER activity. To date, numerous
MOF/carbon-based substrate hybrids have been successfully obtained by assembling MOFs
with 1D, 2D, and 3D carbon materials, such as graphene, 134 graphene oxide (GO), '35 reduced
graphene oxide (RGO),'3¢ or carbon nanotubes (CNT)'3 to overcome the low electrical
conductivity of MOFs. Ketjenblack carbon (KB) has a high surface area (1300 m?g1), low cost,
excellent charge-transport properties, and superior chemical stability. '3 Currently, there are
various reports on MOFs and nanoparticles with Ketjenblack carbon that were used as
catalysts for OER.'®° For instance, the bimetallic Ni1oCo-BTC/KB composite gave an
overpotential of 344 mV at a current density of 10 mA cm™ and a Tafel slope of 47 mV dec™
in 1 mol L™" KOH.'0 The Ni(Fe)-MOF-74 with KB for OER in an alkaline media reached an
overpotential to achieve a currentdensity of 10 mA cm2 was only 274 mV and the Tafel slope
was 40 mV dec'. 141 Ketjenblack carbon materials can not only be well dispersed on the MOFs,
affording an improved conductivity of the composites but also close contact between MOFs
and the Ketjenblack carbon for enhanced electron transfer. Therefore, the carbon-based
materials could highly disperse MOFs or serve as the supports for the growth of MOFs, thus
the MOF/carbon-based hybrids display superior OER performances under highly alkaline
conditions by taking advantage of both conductive carbon materials and active MOFs.
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2. Motivation

MOFs are considered to be promising precursors for active metal oxide/hydroxide
electrocatalysts, as they enable the precise control of the metal composition and a uniform
distribution of metal at the nanoscale. Bimetallic MOFs present enhanced opportunities for
tailoring the properties of MOF properties, generating significant interest between pristine
bimetallic MOFs and their derived metal hydroxide electrocatalysts for OER, it also widely
underpins the general understanding of MOF as pre-electrocatalysts This work offers a
perspective on the development of bimetallic MOF pre-electrocatalystsin an energy-efficient
and environmentally friendly manner, thereby avoiding the use of pyrolysis and/or calcination-
derived carbonised hybrids. However, the MOFs constructed by earth-abundant metal ions
and two kinds of organic ligands MOFs are rarely reported for OER. In this work, the majority
of bimetallic MOF compositions comprise the low-cost first-row transition metals such as
Fe(lll), Ni(l), Co(ll), Zn(ll), etc. as well as inexpensive and commercially accessible organic
ligands, including BDC = 1,4 benzenedicarbonxylate, DABCO = 1,4 diazabicyclo [2.2.2]
octane. Furthermore, in order to overcome the intrinsic limitations of pristine MOFs, several
strategies have been employed to develop catalysts derived from MOFs, to enhance the
electrochemical OER catalyst as follows: (i) adopting of bimetallic or multivariate MOFs, (ii) the
combination of conductive carbon materials with MOFs, and (iii) the in situ growth of MOFs on
conductive Ni foam substrates.

Project 1: In this work, we report on the synthesis of the various pillared-layered MOF
[M2(BDC)2DABCOQO], (BDC = 1,4 benzenedicarbonxylate, DABCO = 1,4 diazabicyclo [2.2.2]
octane), known as DMOF. NiDMOF consists of {Ni2(O2C-)4} paddle-wheel clusters connected
by BDC linkers to form two-dimensional layers that are pillared by DABCO ligands to a three-
dimensional structure. NNDMOF as well as with the addition of iron as Ni(Fe)DMOF and a
composite with a conductivity carbon material as modified Ketjenblack carbon (mKB) through
a facile one-pot synthesis method. The pretreatment of KB with nitric acid adds hydrophilic
oxygen-containing groups that are beneficial to improving the wettability and interfacial area,
promoting electrolyte accessibility. The Ni(Fe)DMOF/mKB materials were employed as
precursors to OER electrocatalystsin a KOH electrolyte. Stability tests of the MOF in KOH and
post-mortem analyses showed the transformation of the precursor into a/B-Ni(OH)2 and B/y-
NiOOH, albeit with the retention of the MOF morphology.

Project 2: we report two new isotypic semiconductive metal phosphonate frameworks Co2[1,4-
NDPA] and Zn2[1,4-NDPA] (1,4-NDPA* is 1,4-naphthalenediphosphonate). In order to
investigate the electrochemical properties of Co2[1,4-NDPA] and Zn2[1,4-NDPA], the optical
bandgaps as a semiconductive valuation factor, electrocatalyst OER performances in both

accurate RD-GCE and NF systems were investigated.
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Project 3: Herein, the bimetallic (M,M)2(BDC)2DABCO (M, M= Ni, Co, Zn) are prepared
systematically through a facile and effective microwave synthesis method. Taking advantage
of the microwave synthesis method, thanks to its highly tunable mass loading, controllable
growth orientation and binder-free processing, the bimetallic NiCoOMOF was grown on NF by
microwave irradiation and used directly as a working electrode for a practical application at
high current densities of 300 mA cm™ and long-term stability of 50 h for OER. The integrated
MOFs on the NF electrode could be optimized by adjusting the mass loading of the MOFs on
NF through the microwave synthesis time. To understand the influence of secondary metal on
MOF structure for OER, the transformation of bimetallic MOFs during OER under an alkaline
electrolyte KOH (1 mol L") and electrochemical reaction was investigated. This study aims to
understand the synergistic effect of the second metal in nanoscale in bimetallic MOF s-based
pre-electrocatalysts on OER using both working electrodes, namely the rotating disk glassy
carbon electrode (RD-GCE) and the NF electrode.
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3. Cumulative part

The following units 3.1, 3.2, and 3.3 contain the three publications that have been published in
scientific publications as first authorships. The publications are first introduced by a graphic
summary and brief summary, as well as a description of the contribution of all authors to the
publication. Each publication is listed separately and chronologically according to their date of

publication. Further contributions of other publications as co-authors are given in chapter4.

3.1. Synthesis of Ketjenblack Decorated Pillared Ni(Fe)Metal-Organic Frameworks as
Precursor Electrocatalysts for Enhancing the Oxygen Evolution Reaction

Thi Hai Yen Beglau, Lars Rademacher, Robert Oestreich, Christoph Janiak

Molecules 2023, 28, 4464. DOI: 10.3390/molecules28114464.

Abstract:

This study presents the synthesis of a nickel-based pillared MOF [Ni2(BDC)DABCO] and
bimetallic [(Ni/Fe)2(BDC)2DABCO] (BDC = 1,4-benzenedicarboxylate, DABCO = 1,4-

diazabicyclo[2.2.2]octane), and their modified Ketjenblack (mKB) composites througha simple

solvothermal synthesis method. These materials were investigated for their OER performance
in an alkaline medium (1 mol L-' KOH). The incorporation of a conductive mKB additive
resultedin a synergistic effectthatenhanced the catalytic activity of the MOF/mKB composites.
Compared to single MOFs and mKB, all MOF/mKB composite samples (7, 14, 22 and 34 wt.%
mKB) showed significantly improved OER performance. Particularly noteworthy, the Ni-
MOF/mKB14 composite (14 wt.% mKB) demonstrated an overpotential of 294 mV at a
benchmark current density of 10 mA cm—=2and a Tafel slope of 32 mV dec', outperformed
commercial RuO2 and many Ni-Fe-based OER catalysts. Further enhancement in catalytic
performance was achieved with the Ni(Fe)MOF/mKB14 composite (0.57 wt% Fe), showing an
overpotential of 279 mV at a current density of 10 mA cm=2 and a low Tafel slope of 25 mV
dec', supported by electrochemical impedance spectroscopy (EIS) measurements. The
Ni(Fe)MOF/mKB14 electrocatalyst on commercial nickel foam (NF) showed overpotentials of
247 mV at current densities of 10 mA cm2, maintained for 30 hours at a current density of 50
mA cm2. Importantly, this work elucidates the in situ transformation of Ni(Fe)MOF into OER-
active a/B-Ni(OH)z2, B/y-NiOOH, and FeOOH with residual porosity inherited from the MOF
structure, as confirmed by powder X-ray diffractometry, FTIR and N2 sorption analysis. The
results consider MOF plays. a role as a precursor in the electrochemical reaction. In addition,
the introduction of mKB as a conductive carbon additive in the MOF structure enables the
construction of a homogeneous conductive network, improving the electronic conductivity of
the MOF/mKB composites. This earth-abundant Niand Fe-based electrocatalytic systemholds
promise for the development of efficient, practical and economical energy conversion materials
for OER activity.
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Abstrack Metal-organic framweworks (MOFs) have been inwvestigated with regard to the oxygen evalu-
tion meaction (OER) due to their structure diversity, high specific surface area, adjustable pore size, and
abundant active sites. However, the poor conductivity of most MOTs restricts this application. Hemneiny,
through a facile one-step solvothermal method, the Ni-based pillared mwetal-organic framesyork
[Niz(BDC): DABCO] (BDC = 14 benzenedicarboxylake, DABCO = 1,4-diazabicyclo[2.2.2]octane), its
bimetallic nickek-iron form [INi{Fe ) BC), DABCO), and their moedified Keenblack (mKB) compuosites
were synthesized and tested tow ard OER inan alkaline medium (KOH 1mol L), A synergisticeffect
of the bimetallic nickel-iron MOF and the conductive mEB additive enhanced the catalytic activity of
the MOE/ mKB composites. All MOF/ mKB composite snmp]uzs (7, 14, 22, and 34 wt.% mEB) indicated
much higher OER performances than the MOFs and mKB alone. The Ni-MOF/ mKB14 composite
(14 wt.% of mEB} demonstrated an overpotential of 294 mV at a current density of 10 mA cm 2 and
a Tafel slope of 32 mV dec™ 1 which is comparable with commercial RuQ,, commonly used as a
benchmark material for OER: The catalytic performance of NilFe)MOF/ mEB14 (0.57 wt % Fe) was
further improved to an overpotential of 279 mV at a current density of 10 mA e 2 The low Tafel
slope of 25 mV dee™1 as well as a low reackon resistance due bo the electrochemical impedance spec-
troscopy (EIS) measurement confirmed the exaellent OER performance of the NiiFe JMOF/ mKB14
compuosite. For practical applications, the Ni(Fe)MOF /mKB14 electrocatalyst was impregnated into
commerdial nickel foam (NF), whene overpotentials of 247 and 221 mV at curment densities of 10 and
50 mA em~?, respechvely, were malized. The activity was maintained for 30 h at the applied curnent
density of 50 mA em 2. More importantly, this work adds to the fundamental understanding of the
in situ transformation of Ni{Fe)DMOF into OER-active o/ B-Ni(OH)2, B/4-NiOOH, and FeOOH
with residual poresity inherited from the MOF structure, as seen by powder Xeray diffractometry and
M, sorphon analysis. Benefiting from the porosity structure of the MOF precursor, the nickeliron
catalysts outperformed the solely Ni-based catalysts due to thir synergistic effects and exhibited
superior catalytic ackvity and long-term stability in OER In addition, by introducing mKB as a con-
ductive carbon additive in the MOF structure, a homogeneous conductive nebw ork was constructed
to improve the electronic conductvity of the MOF/mEB composites. The electrocatalytic system
consisting of earth-abundant Ni and Fe metals only is attractive for the development of efficient,
practical, and economical energy conversion materials for efficient OER acHvity.

Keywords: metal-organic frameworks (MOFs); Ketienblack; electrocatalysis; oxy gen evolubion neackion
[OER); nickel; iron

1. Introduction

In recent decades, issues caused by the burning of fossil fuels have become a global
concerr.  Therefore, it is important to replace fossil fuels with clean, sustainable, and
renewable resources [1,2].
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In the past years, water splitting, with the use of renewable electricity for hydrogen
generation, seems to be one of the most promising technologies of electrical energy conver-
sion for storage and other uses of Hz [3,4]. The electrolytic water-splitting process consists
of two half-cell reactions: the hydrogen evolution at the cathode (HER) and the oxygen
evolubion at the anode (OER). The oxygen evolution reaction consists of three main pro-
cesses: (i) the adsorption of HoO/OH™ on the electrocatalyst surface; (ii) the formation of
reaction intermediates; (iii} the release of Oy molecules. OER passes through a four-electron
transfer process coupled with the breaking of the O-H bond and the formation of the O-O
bond, which is kinetically slow and requires a high overpotential to overcome the energy
barrier. Moble metals such as Ru, Pt, and Ir are highly-active electrocatalysts for the water
splitting process [5,6]. However, their commercialization on a large scale is hampered by
their scarcity and high cost. Therefore, finding advanced low-cost electrocatalysts that also
have long-term stability to replace noble metals for the OER is the primary requirement to
enable large-scale electrocatalytic water splitting [7-9].

Numerous earth-abundant transition metal (e.g., Fe, Co, Ni, and Cu}-based materials
including oxides, hydroxides, nitrides, phosphides, sulfides, and selenides are consid-
ered promising toward OER [10,11]. Nickel-based materials have received considerable
attention [12]. The optimization of the morphology and porosity of nickel-based oxides
and hydroxides [13,14], perovskites [15], nitrides [16], phosphides [17], sulfides [15,19],
selenides [20,21], and mixed-metal oxides [22,23] have been published in various extensive
works. Subbaraman et al. [24] ranked the electrocatalytic efficiency of 3d LY (M= Fe, Co,
MNi and Mn) ions in the following order: Ni> Co > Fe = Mn. This order is inverse to the
strength of the HO-M** bond [24]. Ni[OH)>-based OER catalysts have been identified as
good OER catalysts. Stern et al reported enhanced activity in OER for B~-Ni(OH)> nanopar-
ticles with different morphologies, with the low overpotential of 299 m\ for Ni(OH};
catalysts [25]. Because of their facile synthesis and excellent OER activities, amorphous
metal {oxide) hydroxide materials have consistently outperformed crystalline metal oxides
as the preferred catalyst in an alkaline medium [25]. However, it is skll a challenge to
overcome the low stability of Ni{OH);. Many strategies have been devoted to enhance the
stability of Ni(OH); such as forming the Ni{OH), /NiOOH pair with a small amount of
iron [26-31] or using a ternary Ni-Co—Fe mixed-metal hydroxide [32-34] The combination
of iron into composite materials containing amorphous nickel- or cobalt-based catalysts can
be beneficial for electrocatalytic water oxidation [32,33]. The presence of iron promotes the
nickel oxidation from +2 to +3, which is an active state and leads to fast reaction kinetics
and enhanced conductivity [32,33]. As reported by Yuet al. [30], the electrocatalystwith the
optimal Ni/ Fe composition of 32 /1 performed with the highest activity due to the small
reaction resistance and superior intrinsic activity. However, these materials usually have
low surface areas and are multi-step synthesis procedures also involving high-temperature
treatments. It is still necessary to develop a facile approach to synthesize highly porous and
stable nickel hydroxide materials with simple and energy efficient synthesis procedures.

Metal-organic frameworks (MOFs) are porous and crystalline materials constructed
from metal ions and multitopic bridging ligands and have been widely studied in many
fields such as gas storage and isolation, energy conversion and storage devices as well
as electro-catalysts in water splitting [35-38]. Howewver, most MOFs have poor electrical
conductivity and a lack of stability in a strongly acidic or basic aqueous electroly te [38,40].
However, MOFs are promising precursor candidates toward OER catalysts based on their
high surface area and porosity [41]. For example, Ni-MOFs decompose in an alkaline
medium (e.g., 1 mal L-! KOH) into a mixture of o/ F-Ni{OH)s, of B-NIiOOH, and -
MiQOH, which appear to be mainly responsible for the observed OER activity [42-46].
MOFs are often mixed with conductive carbon materials such as graphene [47], graphene
oxide (GO} [48], reduced graphene oxide (RGO) [49], or carbon nanotubes (CINT) [50,51]
to overcome the low electrical conductivity of MOFs. These carbon materials not onky
elevate the electrical conductivity of MOFs, but also give a homogenous dispersion to
enhance the electrocatalytic performances of the formed catalyst under highly alkaline
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conditions. Ketjenblack carbon (KB) has a high surface area (~1300 m? g—1}, low cost,
excellent charge-transport properties, and superior chemical stability. Currently, there
are various reports on MOFs and nanoparticles with Ketjenblack carbon that were used
as catalysts for OER [41,44,52-55]. For instance, Sondermann et al [44] showed that the
bimetallic NijpCo-BTC/ KB composite gave an overpotential of 344 mV at a current density
of 10 mA cm~? and a Tafel slope of 47 mV dec™! in 1 mol L~! KOH. Oztirrk et al. [55]
reported Ni{Fe}MOF-74 with KB for OER in an alkaline media. The required overpotential
to achieve a current density of 10 mA cm—2 was only 274 mV and the Tafel slope was
40 mV dec— L.

In this work, we report on the synthesis of the Ni-based pillared MOF [Niz(BDC),DABCO],
(BDC = 14 benzenedicarbonylate, DABCO = 1,4 diazabicyclo [2.2.2] octane), known as NiD-
MOF [56] as well as with the addition of iron as Ni{Fe)DMOF and as a composite with a
moadified Ketjenblack carbon (mKB) through a fadle one-pot synthesis method (Scheme 1).
NIDMOF consists of [Nz (02C-)s} paddle-wheel clusters connected by BDC linkers to form
two dimensional layers that are pillared by DABCO ligands to a three-dimensional structure
(Figure 51, Supplementary Materials). The pretreatment of KB with nitric acid adds hydrophilic
oxygen-containing groups that are beneficial to improving the wettability and interfacial area,
promoting electrobyte accessibility, Good wettability strengthens the ion-accessible surface area,
promotes charge transportation between the electrolyte and electrode, and enables effective
electrical inegration to minimize the ohmic losses, leading to the improved OER activity [57,58].
The Ni(Fe)DMOF/ mKB materials were employed as precursors to OER electrocatalysts in a
KOH electrolyte. Stability tests of the MOF in KOH and post-mortem analyses showed the
transformation of the precurser into o/ B-Ni{OH)p and B /v-NiCOH (Scheme 1), albeit with the
retention of the MOF morphology

Fait
EX)

DABCO

mKB

Mi#* ipns

O >0

H.BOC

7

One step

hydrothermal Electrolyte

synthesis, DMF 1 mol L~ KOH
e e —, T ———

- ¥ "_A. ) E‘ 1Y
HNiFe)(BDC),DABCO] < U+ B LT

whifOH), + PNi{OH), + QNIOOH + 3-NiOOH {+FeQOH)

VARA

Scheme 1. Schematic illustration of the process used for the synthesis of the NiDMOF,/mKE and
Ni[Fe)DMOF; mEB composites and the transformation of the MOF into metal oxide-hydroxides with
the retention of the MOF morphology. For the nickel {oxyihydroxides, the unit cells of the crystal
struchumes are given in polyhedral mode.
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2. Results and Discussion
2.1. Characterization

Scheme 1 illustrates the procedure to prepare Ni{Fe)DMOF and its mEB compos-
ite. Nickel nitrate, together with iron acetate, benzene-1,4-dicarbooylic acid (H2BDC),
and 1,4 diazabicyclo]2.2.2 Joctane (DABCO), afford the products [Nia(BDC); DABCO] and
[(Mi/Fe):(BDC) DABCO), abbreviated as NiDMOF and Ni{Fe JDMOF, respectively. In the
presence of mKB, the composites NiDMOF/ mKBx with different mEB fractions x =7, 14,
22, and 34 wt.%. or Ni(Fe)DMOF)/mKB14 were obtained by using a one-step salvothermal
reaction at 120 *C in DMF for 48 h. The synthesis of Ni(Fe)DMOF was carried out with a
targeted molar Ni to Fe ratio of 32:1. A molar Ni to Fe ratio of 30:1 was achieved in the
synthesized Ni(Fe)DMOE, as determined from atomic absorption spectroscopy (AAS) and
SEM-EDX (Tables 52 and 53, Figure 59, Supplementary Materials). The weight fractions
of mKB in the MOF /mKBx composites were about?, 14, 22, and 34 wt.%, calculated from
the MOF content, which was derived from the nickel amount by the atomic absorption
spectroscopy (AAS) data (Table 52, Supplementary Materials).

As seen in the literature, the electric conductivity of the samples increases signif-
icantly by adding mKEB (or another carbon material), thereby improving the excellent
OER activities and cycling stability [59-64]. However, since mKB has almost no electro-
chemical activiky, increasing the fraction of mEB would lead to lower energy density [65].
Cmnly a small amount of mKB is needed to enhance the rate of OER performance as the
electrons can also move due to incoherent jumps between neighboring locations. Fur-
thermore, we will see later that the MOF is only the precursor. The active species are
better conducting Ni-Fe oxide-hydroxides, for which the mKB then serves as a contact
to the glassy carbon or nickel foam electrade. The experimental powder X-ray diffrac-
togram (FXRD) of the MOF product was positively matched to the reported structure of
[Miz(BDC) DA BCO]-(DME)s-(HzO)y s (NIDMOF) (Figure 1a and Scheme 51) [56]). The
PXRD also demonstrated that the presence of mKB influenced the crystallinity of the
MNiDMOF structure only at high mKEB content in NiDMOF,/ mKB34, where peak broad-
ening occurs (Figures 1 and 52, Supplementary Materials). This is due to the formation
of a larger amount of smaller MOF crystallites, also evident from the scanning electron
microscopy images (Figure 57, Supplementary Materials). In Figure 1, the main PXED
reflection of Nij{Fe)DMOF /mKB14 shifted to lower degrees compared with other counter-
parts, indicating an enlarged structural unit and the existence of a tensile strain. The crystal
tensile strain will help to adsorb OH™ reactants to improve the OER performance [66,67].
The functional groups —OH, C-0, and -COOH of mKB can serve as crystallization points,
leading to more crystal seeds, which subsequently do not grow into large crystals [55—70].
Furthermore, the ratio of the 001 /100 refllex intensities increases in the NiDMOF/ mEBx
composites with mKB content, indicating that in the presence of mKB, the DMOF crys-
tallites may become more oriented along the [({1] direction of the NiDMOF structure
(Figure 51, Supplementary Materials).

The electrochemical performance is strongly correlated to the surface area, porosity
and pore size distribution of electrode materials [71]. To explore these properties, nitrogen
sorption measurements were performed at 77 K and gave the expected Type lisotherms [72]
for microporous NiDMOF and Ni(Fe)DMOF (Figures 2a and S6a). The specific BET surface
area and total pore volume of MiDMOF was 2104 m> g ! and 0.82 cm” g 1, respectvely
in good agreement with the literature values (2050 m g'], 0.80 cm® g'l} {Table 1) [73].
Ni(Fe)DMOF also showed a similar high BET surface area and total pore volume with
1942 m? g'] and 0.80 cm? B L respectively. The BET surface area and total pore vol-
ume of modified Ketjenblack (mKB) were 1234 m* g~! and 1.50 cm® g—!, identical to
the original Ketjenblack carbon (KB) (Table 1 and Figure 55a,b, Supplementary Materi-
als). For the DMOF/ mKBx composites, the desorption branch additionally displayed a
Type H4 hysteresis [72], as seen in the isotherm of the mesoporous mKB carbon itself
(Figures Za and 55c,d). The experimental surface area and pore volume parameters of
the composites NiDMOF/mEBx (x =7, 14, 22, 34 wt%) and MNi(Fe)DMOFE/ mKB14 were
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somewhat lower than those estimated from the mass-weighted values of the neat MOF
and mEB components (Table 1). This reduction in the BET value of composites was also
observed for similar work and indicates that mutual pore blocking effects occur [55]. The
NiDMOF can grow into the mKB pores or on the mKB surface, and therefore, access to
the mKB and NiDMOF pores becomes restricted. The SEM images for NiDMOF,/ mKBx
with a higher amount of mKB (x = 22 wt.% mKB) illustrate the surface coverage of the
NiDMOF rods with mKB particles (Figure 57, Supplementary Materials). At the same time,
the combination of mKB with MOFs can increase the total (micro-meso)pore volume in
the composites above the estimated value. The composite NiDMOF/ mKB14 exhibited an
experimental total pore volume of 1.138 cm? g‘l, considerably higher than the estimate of
0.92 em? g'l for a physical mixture of 86 wt.% NiDMOF and 14 wt% mKB. This pore val-
ume of 1,18 cm? g_l was also the maximum among the prepared DMOF/ mKB composites.

e,
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Figure 1. The FXRD patterns of NiDMOFE, NiDMOF/ mEB14, Ni{Fe)DMOE, Ni(Fe)DMOF/ mEKE14,
and mKB. The simulated PXRD pattern of NiDMOF was obtained from CCDC no. 802892 The
first five reflexes ak 28 = 827, 947, 1177, 1247, and 16,67 cormesponded to the 100, 001, 110, 101 and
200 planes, respectively.
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Figure L (a) Mitrogen sorption isotherms at 77 K (flled symbols adsorption; empty symbols desorpion)
and (b) the pore size distribution of NiDMOE, NilDMOF/ mKB14, NiFe]DMOE, Ni(Fe)DMOF/ mKB14,
and mkB.
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Table 1. The BET surface area and total pore volume of the NiDMOF and DMOF,/ mEBx composites.

BET Surface Area® Total Pore Volume P
Material {Estimated) © (Estimated) ©
(m? e 1y {em? E','i]'

NiDMOF-Literature [73] 2050 0.80
NiDMOF 2104 .82
; _ 1857 0.86
NiDMOF,/ mKB7 (2043) (0.57)
N 1773 118
NIDMOF/ mKB14 (1982) (0.92)
) NN 1106 0.70
NIDMOF/ miB22 (1913) (0.97)
- 1067 0.85
NIDAMOF/ mKB34 (1808) (1.05)
Ni(Fe)DMOF 1942 280
_ 1486 0.56
NifFe }DMOF/ mKB14 (1843) {0.90)
EB 1300 176
mKB 1234 1.50

* BET surface area calculated at 0002 < p/py < 015 from the M; sorption isotherm 77 K with a standard
devialion & 20 ml-g']. " The total pore volumes were determined at p/ py = 0.95 from the adsorption branch
for pores < 25 nm. ¢ Estimated BET surface area as the sum of the mass-weighted surface aras of NilXMOF
(2104 m? g~} and mKB (1234 m?.g— 1) calculated from the follow ing formula:

wt N NiDMOF wit % mKB
100 100

The estimated total pore volume was calculated accordingly. NiDMOE/mERB7 stands for 93 wi.% NiDMOF and
7wt T mKB,

BET (estimated ) = A mig ! 4 w1z migt (ol

The synthesized NiDMOF and Ni{Fe)DMOF samples exhibited micropores with
widths of about 1.2 and 1.7 nm (Figures Zb and 56d). In the NiDMOF/mEKBx and
Ni{Fe)DMOF/ mKB14 composites, there were additional mesopores above 2 nm from
the mKEB component. The increased pore volume beyond the estimate could be traced to
interparficle mesopores above 5 nm (Table 1 and Figure Sha). Open microporous channels
can provide active sites for the electrochemical reaction and open mesoporous channels
will improve the diffusion rate of electrolyte ions [74].

Scanning electron microscopy (SEM) of the MOFs and the composites showed rod
or block microcrystals of the NiDMOF with an increasing amount of fine grains of mKB
from NiDMOF/mEB? to NiDMOF /mEB24 (Figures 3 and 56, Supplementary Materials).
The cbserved NiDMOF morphology was in a good agreement with the reported one [75].
The element mapping from the SEM-energy-dispersive X-ray spectroscopy (SEM-ELX)
(Figures 3c and 58, Supplementary Materials) demonstrated that in Ni{Fe)DMOE, the iron
is homogeneously distributed in the MOF microcrystals.

The X-ray photoelectron spectroscopy (XPS) survey spectrum of Ni(Fe) DMOF/ mKB14
confirmed the presence of all the elements (Ni, Fe, C, N, and O) of the synthesized material
(Figure 510, Supplementary Materials for XPS of NiDMOF and Ni{Fe)UMOF). The high-
resolution spectrum of Ni 2p (Figure 4a) showed two characteristic peaks at 8557 and
873.2 eV, which were ascribed to Nit* 2payz and Nit* 2p1 2, respectively, and two expected
satellite peaks were located at 860.7 and 879 eV |2576-78]. A spin-orbit coupling energy
difference between the 2py, o and 2py ;5 binding energy of 17.6 eV supports the assignment
of the +2 oxidation state [25,79]. Furthermore, in the Fe 2p spectrum, the peaks at 710 and
723 eV (Figure 4b) confirmed the +2 oxidation state of Fe [80,81]. The 2p*? spectrum range
was 710 to 720 eV including a satellite peak at 715 eV, while the 2p| ;> spectrum range was
from 721 to 735 eV with a satellite peak at 732 eV, It should be noted that the Fe 2p spectral
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background had a contribution from a Nijpg4 Auger peak [82]. More detailed information
on the high-resclution XPS of C 1s, O 1s, N 1s, and Fe 3p of Ni(Fe)DMOF/ mKB14, Ni 2p
and Fe 2p of Ni{Fe]DMOFE, Ni 2p of NiDMOF is given in the Supplementary Materials
(Figures 511 and 512).

Figure 3. SEM images of (a) NiDMOF/ mKB14, (b) Ni{Fe)DMOF/mKB14, (¢) EDX scanning element
mapping for nickel, nitrogen and iron for Ni{Fe)DMOF/ mEB14, and (d) the EDX spectrum with the
composition for the selected mapping area of Ni(Fe)DMOE/ mKBI4.

Raw data ; Ni 2p -~ Rawdata Felp
Backgrourd :;;:'f” vl Background Satellite
—— Peak sum LN ey —— Peak
e Pz oA E-EIM? . Felpn
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(a) (b)

Figure 4. High-resolution XPS spectra of (a) Ni 2p and (b) Fe ?p of Ni(Fe)DMOF/ mKBE14.

2.2, Electrochemical Properties

The OER performance of different samples was evaluated by using a glassy carbon
rotating disk electrode (GC-RDE) under alkaline conditions (1 mol L—! KOH). OER polar-
ization curves were collected from the linear sweep voltammetry (LSV) measurements at a
swreep rate of 5 mV £~ Ag chown in the inital LSV curves (Figure 5a), the MiDMOE /mEBx
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composites were mone efficient for OER activity than pristine NiDMOF and mKB alore at
a current density of 10 mA cm 2. Thereby, it is worth noting that the OER activity of the
NiDMOF sample i=s already as good as the commercial RuOz benchmark sample. Among all
NiDMOF/mKBx composites (x =7, 14, 22, 34 wit.% mKB), NiDMOF/ mKE14 exhibited the
best electrocatalytic activity with the smallest overpotential of 2894 mV (vs. RHE at 1.23 V) to
achieve a current density of 10 mA cm "2, which was much lower than the overpotential of
mKB (373 mV), NiDMOF (315 mV), NiDMOF/mKB7 (308 mV}, NiDMOF,/ mKB22 (302 mV),
and NiDMOF/mKB34 (304 mV), and competes with the performance of the benchmark
material Ru(; (317 mV). Thereby, the overpotential of Ru(h, is in good accordance with
the literature [33]. A low overpotential means a lower demand of energy for the oxygen
evolution reaction. The kinetics on the GCE toward NiDMOF and its DMOF fmKBx com-
posites were described on the basis of the Tafel equation. The OER kinetic parameters of the
samples were analyzed by the Tafel equation (n=a + b log(f}), which is used to determine
the reaction mechanism and the kinetics [84]. The Tafel slope indicates how much one has
to increase the overpotential to increase the reaction rate by a factor of ten. It describes
the influence of the overpotential on the steady-state current density and is an important
parameter for the evaluation of OER kinetics. The Tafel slope was calculated from corre-
sponding L5V plots to obtain a quantitative idea about the electrocatalytic performance.
Krasil’shchikov's OER mechanism is one of the established mechanismes, which is described
by Reactions (3}-(6) with the corresponding Tafel slopes b [44,85,86].

M+OH™ SMOH +e, =120 mV dec™! 2)
MOH + OH™ = MO~ + Ha0, b =60 mV dec ™ 3)
MO~ =+ MO +e”, b=45mV dec™? (4)
IMO — M + O, b= 19 mV dec ! (5)

The value of the Tafel slope in NiDMOF (35 mV dec™ 1} is in between Reactions (3) and (4),
and indicates that the deprotonation of a metal hydroxide (3) and the oxidation of a metal
oxide spedes (4) could occur together as rate-determining steps [85,57]. The corresponding
Tafel curves derived from Figure 5b show the Tafel slopes for MiDMOF /mEBx composites
(7, 14, 22, 34 wt.% mKB) with 53, 32, 45, and 51 mV dec ], respectively. Thus, integrating
mKB with NiDMOF can enhance the kinetics of the catalyst For the 14 and 22 wt.% com-
posites, there was also a change in the rate-determining step toward Reaction (4) for 22 wi%
(slope of 45 mV dec™ !} and toward Reaction (5) of the evolution of Ok for 14 wt% {slope of
32 mV dec l]. The NiDMOF /mEB14 composite had the smallest Tafel slope (32 mV dec_'jl,
confirming that the interaction between NiDMOF and 14 wt% of mKB in the composite gives
the most proficient material.

It is acknowledged that due to the surface structure reconstruction of Ni-based cat-
alysts, an activation occurs during the water oxidation process [30,44]. In order to un-
derstand the electrocatalytic behavior and the activation process, 100 cyclic voltammetry
(CV) scans were applied. With mKB present in the composites, the oxidation peak at
1.35-145 (V vs. RHE) became more noticeable and shifted into a positive direction, indicat-
ing the synergetic effect of mKB and NiDMOF on the oxidation of Ni*? to Ni™ (Figure 513,
Supplementary Materials). As seen in Figure 514, the CV curves of all samples after 100 CVs
showed that NiDMOF/ mKB14 provided the most active catalyst, while mKE alone ex-
hibited worse OER activity due to carbon corrosion in alkaline conditions [88]. The mKB
additive led to the electrical conductivity between the active Ni sites and the GCE, and
thereby enhanced the electrochemical activity [59,90]. However, an excessive amount of
mKE lowered the carbon dispersion due to agglomeration from the 7—m interaction between
the carbon particles, which would lead to lower energy density for OER [65,91,92].
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Figure 5. (a) Polarization curves (L5V) operated at a scan rate of 5 mV ™! with the iR correction
{b) Tafel plots, (¢} corresponding overpokntials (columne) and Tafel slopes {red dots) 2t 10 mA em ™2,
(d) raw data of Nyquist plots at 1.5 V ve RHE (points) and fiting to an equivalent circuit madel
(Figure 516, Supplementary Materials) (solid line) from the EIS test of mKB, NiDMOE, NiDMOF/ mKEB7,
NIDMOF/ mKB14, NiDMOF,/ mKB2?, and NiDMOF/mEB3,

Furthermore, electrochemical impedance spectroscopy (EIS) was carried out to assess
the kinetics of the electrode reaction. The corresponding Nyquist plots (Figure 5d) obtained
in a frequency range from 0.01 to 100 kHz with an AC potential amplitude of 5 mV
at 1.5 V (RHE) were fitted to the simplified equivalent circuit by Doyle et al. for OER
(Figure 516, Supplementary Materials) [30,93-95]. The kinetics of the interfacial charge
transfer reaction corresponded to the resistive components R, and Rp in terms of the
electrocatalytic capabilities of the oxide layer. In particular, the polarization resistance
(Rp) is considered as a total charge transfer resistance across multiple steps of OER, while
E; is related to the rate of production of one or more surface intermediates [30,93-95].
More detailed information concerning the circuit parameters is given in Figure 516. From
the shape of the semicircles in the Nyquist plots, it can be seen that NIDMOF and the
NiDMOF /mKBx composites follow a similar trend. Smaller semicircles are displayed by the
NiDMOF /mKBx composites, which reflect smaller resistances at high frequency compared
with both the pure NiDMOF and mKB, which illustrates that the kinetic performances of
the neat MOF materials were improved by the integration of mKB. The low polarization
resistance (401} and resistance adsorption components of the reaction intermediate
R; (2 £1) for NiDMOF/ mKE14 indicate a superior charge transfer rate and the easier
formation of active species for OER, respectively, which contribute to its highest catahytic
activity among the composites (Table 54, Supplementary Materials). Thus, mKEB lowers the
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overall resistances, which is considered to be a key factor in enhancing the electrochemical
performance of MOF-based composites.

It has been intensively studied that Fe can be advantageously incorporated into
Ni-based catalysts. With a small amount of Fe, the catalytic activity toward OER can be sig-
nificantly improved [26,28,30,31,33,44,55]). In order to investigate the effect of Fe on the elec
trocatalytic NiDMOF performance, a bimetallic Ni{Fe)DMOF and the Ni(Fe)DMOF/ mEB14
composite were prepared and measured under the same conditions. The presence of a
small amount of Fe at a Ni:Fe ratio of ~3(1 can significantly enhance the OER performance.
The Ni{Fe)DMOF without mKB already exhibited an enhanced OER performance with a
much lower overpotential of 301 mV at the current density of 10 mA cm2, which was much
smaller compared to the commercial RuO; benchmark (317 mV) and pristine NiDMOF
(315 mV). The composite of Ni{Fe)DMOF with 14 wit.% mEB further enhanced the OER
activity, giving the smallest overpotential of only 279 mV among the materials reported
here (Figure &a,c). These results strongly demonstrate that Pe plays a key role in improving
the OER activities of pure NiDMOF and its composites. As shown in Figure éb,c, the
Tafel slope calculated from the corresponding LSV curve of bimetallic Ni{Fe)DMOF was
40 mV dec™!, whichis in agreement with a thin-film of Ni-Fe oxide [96] and outperformed
the monometallic NiDMOF (55 mV dec™!). Ni{Fe)DMOF/mKB14 presented the lowest
Tafel slope (25 mV dec™ by compared to RuOs (36 mV dec™ 1y and all DMOFs and composites
investigated here (Table 54, Supplementary Materials), reflecting the fastest kinetics. The
results indicate a change in the mechanism where the rate-determining step becomes the
evolution of O (Reaction (5)). Furthermore, the Ni{Fe)DMOF/ mKB14 composite stands
out as one of the best in the recently reported most advanced Ni-based electrocatalysts with
both its low overpotential {279 mV) and Tafel slope {25 mV dec _l} (Table 54, Supplemen-
tary Materials). A lower overpotential was reported for Ni(Fe -MOF-74/ KB (48 wt.% KB
(274 mV} [35], Ni(Fe)(OH)2 /KB {47 wt.% KB} (265 mV) [35], and Fe-doped HXP@NCS00
(266 mV) [97] (all at 10 mA cm™ ), albeit with larger Tafel slopes of 40, 55, and 49 mV dec™ 1
respectively. From Figure 515, it can be seen that even after 1000 CVs, the overpotential of
the catalysts only slightly changed from 301 mV to 318 mV for the Ni(Fe)DMOF precursor
and from 279 mV to 285 mV for Ni(Fe)DMOF/mKB14 (at 10 mA cm—2), indicating their
long-term activity. Furthermore, electrochemical impedance spectrometry (EIS) measure-
ments were carried out to understand the charge-transfer kinetics during the OER process
among the different samples. As shown by the Nyquist plots (Figure 6d) and fitted data
of the equivalent circuit model in Figure 516, the resistances of the charge-transfer and
adsorption components of the reaction intermediates of Ni{Fe)DMOF/ mKB14 (R4 02
and B, 2 ) was as low as NiDMOF/ mKB14 (RP 4} and R 2 £}), that is, lower than that
of Ru®; (Ry 23 £1 and R, 4 0), NiDMOF (Rp 21 {3 and R, 7 02}, and Ni(Fe)DMOF (R,
& {1 and R 4 01) (Table 54, Supplementary Materials). The polarization resistance (Fp)
of Ni(Fe)DMOF / KB14 was much smaller than that of Nis;Fe oxide (17.1 £1) [30], IrD»
(~5 01 [Ba], NiCo,Oy (~8 02 [36], Ni|7Coy 10y (~6 (1) [98], H-5CFg 55 (~58 €2) [99] (all data
fitted with the same equivalent circuit model). The catalyst from the Ni{Fe)DMOF/mKB14
precursor presented the smallest charge-transfer resistance, which indicates its faster elec-
tron transport kinetics and intrinsic excellent electrical conductiviby, well in accordance
with its lowest overpotential. This result is in good agreement with the identified higher
catalytic activity of Ni{Fe}-MOFs compared to analogous Ni-MOFs [30,55,100,101]. In
particular, the presence of iron promotes the oxidation of nickel from +2 to +3, the latfer
seen as the active state of fast reaction kinetics and enhanced conductivity.

Loading a catalyst on a porous MNi foam (INF) electrode can further improve the reac
tion rate of OER [102]. Because of its metallic conductivity and 3D macroporous structure,
NF provides a large surface area and facilitates mass transport during OER [30]. The
catalyst ink was loaded by the drop-casting method on the surface of NF with a good
distribution of the ink layer on the scaffold of the NE The sample Ni{Fe)DMOF /mEB14,
which showed the best OER activity on the glassy carbon EDE, was deposited on NF
(1 em?) (Figure 517, Supplementary Materials). The LSV curves in Figure 7a showed
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that the activity of Ni(Fe)DMOF/mKB14@NF was much higher than the pure NF sub-
strate, reaching current densities of 10 and 50 mA em ™2 with overpotentials of 247 and
291 mV, respectively. A practical current density of 400 mA em ™2 could be delivered for
Ni{Fe)DMOF/ mKB14@NF at a low overpotential of 331 mV. This performance was better
than the benchmark RuQ:@NF as an OER catalyst with overpotentials of 278 and 340 mV
at current densities of 10 and 50 mA em™=, respectively (Figure 7a), the latter being in good
accordance with the literature [103]. The pure NF electrode showed a much lower OER
activity with an overpotential of 370 mV at 10 mA cm~?, similar to the literature [103].

100

—— MiFe OMOF a4 e
—— MIDMOFIMKB14 d
E B0 ——MiFeDMOF .
— HiDAIOF
5 —RuT; E|:|.3|:|- ‘r_.______‘___,.--
g_ G =mhB =
> =
% B 025
R e WP DMOF/MKE 14 (25 mv cee )
£ p.20 —— MEDMOFITKETS (32 m¥ dec)
g a —— NEFDMOF (40 i dec )
G ol — WEDIEOF {55 i dee )
MBS o iemans 0151 oy (56 mv cec1)
— kB (T3 i dec™ )
. : , : - BAD+—— N S— .
1.1 1.2 13 14 15 15 0.0 0.5 1.0 1,6 20
E ve RHE (v} Log j fmaA emr2)
(@ (®)
80
il |73 " mKB : MYFe]DMOF
175 ] + Ruly, :  MIDMOFImMKE14
1 \. - MIDMOF ©  HYF2|DMOFMKE14
250 60 = i
—y L ]
z 3
2] 532
. e
E 300 ; E
1 K 3.-
& 275 30
g =
(=] 2502 g ﬁ - \
2 L= a1 3
1 5 15 1 R | .
254 |
] = _,f’!'i""{u_"i':.' T om om
o- = L H a T 153}
LA O e @ 01 . : .
mﬁ"@cﬁ‘ MO 3 60 a0 120 150
ol Zpeu [0

(c) (d)

Figure 6. (a) Polarization curves (LSV) operated at a scan rate of 5 mV 571 with iR correction,
(b} Tafel plots, (¢} cormesponding overpotentials (columns) and Tafel slopes (red dots) at 10 mA o2,
(d} raw data of Nyquist plots at 1.5V ve. RHE (points) and the fitting data of an equivalent dircuit
model {Figure 516, Supplementary Materials) (solid line) from the EIS test of mEB, Ru(;, NiDMOE,
Ni(Fe)DMOE NiDMOE,/mKB14, and Ni(Fe)DMOF/ mEB14,

The stability of an electrocatalyst determined by chronoamperometry is a key parame-
ter to evaluate the practical application of a material. A long-term stability measurement
was carried out by applying a potential to reach a constant current density of 50 mA em™2
for 30 h (Figure 7b). The applied potential could be gradually decreased during the
first 2.5 h, indicafing that the Ni-Fe catalyst was activated under the anodic potential in
1mol L-1 KOH electrolyte. After this time, the potential remained nearly unchanged during
the rest of the 30 h measurement. In contrast, the bare NF electrode showed an increasing
petential over time for delivering a current density of 50 mA em—2 due to the oxidation
of nickel, which occurs at the surface of the foam but can also reach its subsurface during
electrolysis under a high current density [30,104]. Pure NF also necessitates a much higher
potential at the current density of 50 mA cm~? than Ni{Fe)DMOF/ mKB14@NF during the
30 h of the chroncamperometry test. The catalyst derived from Ni(Fe)DMOF/mKB14 does
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not only have a robust stability, but also an outstanding activity to deliver a high current
density, which demonstrates that the Ni(Fe)DMOF/ mKB14 precursor has the potential to
serve as a good OER catalyst for practical applications.

400 20
| ——Bare Ni foam (NF) — Bare MNi foarm (NF) 50 mf cms
—— Ni{Fe)DMOF/mKB14 @NF —— NifFe)DMOEmKB14@NF
T a20] —— RuO.@NF
5
-
E 240
]
& 1604
a8 750 ma em2 )
110 ma em=
4 —
10 13 14 15 16 A7 “n 6 1@ 18 20 28 a0
E vs RHE [V} Time {h)

(a) (b)

Figure 7. {a) Linear sweep voltammetry (LSV) curves at a scan rate of 5 mV s~ 1 with iR correction
(b) Chrenopokentiometric curves for 30 h at a current density of 50 mA em ™2 of the NiFe-DMOF/mKE14
luaded on nickel foam (NF) and bare NF for comparison in a 1.0 mol L~ KOH solution.

In order to understand the transformation of the precursors Ni(Fe)DMOF and
Ni(Fe)DMOF/mKB14 in the alkaline electrolyte (1 mol L-! KOH), we reacted macro-
scopic amounts of these samples in 1 mol L~! KOH, followed by PXED, FTIR, SEM, and
N3z sorption measurements to mimic post-mortem experiments of the minuscule electrode
materials. The derived materials were collected by filtration after soaking Ni(Fe)DMOF
and Ni(Fe)DMOF,/mKE14 in 1 mol L~! KOH electrolyte for 24 h and were dried for
at least 12 h at 120 *C under vacuum {{10_2 mbar). The PXRD pattern of the derived-
Ni(Fe)DMOF,/mEB14 (Figure 8a) showed the disappearance of the crystalline MOF and
suggests the formation of a/ B-Ni(OH),, f~NiOOH, and v-NiCOOH from the reflections
assigned in Figure 8a based on the patterns of nickel{Il) hydroxides and nickel(III) oxide-
hydroxides. This implies the transformation from Ni{Fe)DMOF,/mKBE14 to nickel and
iron oxide-hydroxides under a strong alkaline environment (1 mol L~ KOH) [105), which
has also been ohserved by other researchers [106-110]. The FTIR of the derived-materials
(Figure 8b and Table 51) showed bwo broad bands at ~3400 and ~3600 cm !, which cor-
responded to the stretching vibrations of the adsorbed water molecules and to the O-H
stretching vibrations, as in Ni{OH},. At the same time, bands due to the asymmetric vibra-
Hon vag_.,mCDG‘ and the bending vibrations of the adsorbed water molecules of the §0-H
hydroxyl groups of the BDC phenyl ring at ~1600 and ~1570 cm -1, along with vgnCOO™ at
~1350 cm—1, decreased in intensity. New strong bands at 516 and 450 cm~! were attributed
to the Ni-OH bending vibrations in Ni{OH); and the oxide-hydroxides [111] Interestingly,
the morphology of Ni{Fe)DMOF,/ mKB14, as seen with SEM (Figure &c), did not change
profoundhy. The rod shape of Ni{Fe)DMOF was largely retained in the alkaline treatment.
Accordingly, N2 physisorption measurements at 77 K revealed a residual BET surface area
and micro-mesoporosity in the derived-MNi{Fe)DMOCF and derived-Ni(Fe)DMOF/mKB14
(Figure 8d}). The derived-Ni(Fe)DMOF displayed a Type IV isotherm with H2(b) hysteresis
(associated with pore blocking) [72] and a BET surface area of 222 m® g~!. The adsorp-
tion isotherm of the derived-Ni(Fe)DMOF/ mKB14 lacked the final saturation plateau of
a Type IV isotherm and appeared like a Type I isotherm with an H, hysteresis, which
would be given by a largely macroporous adsorbent. The pore size distribution curves
showed mostly mesopores (>2 nm) for the derived-Ni(Fe)DMOF and the coexistence of
micropores and mesopores for the derived-Ni(Fe)DMOF,/ mKB14 with micropores and
small mesopores due to the mKB part (the macropore size is not given by Nj sorption).
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Intenaity {au}

The BET surface area of the derived-Ni{Fe)DMOF/ mKE14 was 352 m? g‘l with the in-
crease over derived-Ni(Fe)DMOF coming from the mKB portion. Overall, a hierarchical
porous nature of derived-Ni(Fe)DMOF/ mKB14 was evidenced by its isotherm and hys-
teresis shape and the analysis of the pore size distribution. The decomposition of the
Ni-MOF precurser and transformation to Ni({OH);/ NiOOH was also observed in other
work [112-114]. The OER activity of the Ni{Fe)DMOF precursor is due to the in situ for-
mation of ot/ B-Ni{OH)z /FeOOH, followed by /v NiOOH under the oxidizing anodic
potential, which favars the kinetics of OER [43,44,115-117]. Furthermore, the degradation
of the micro-mesoporosity of Ni{Fe)DMOF in an alkaline environment provides a large
number of accessible active Ni (and promoter Fe) sites in the still porous hydroxides, which
show better electrochemical activities and longer cycle numbers than crystalline and dense
metal oxide catalysts [42,43,118-121]. In addition, a suitable amount of mKB {14 wt.%) in
the composites Prcw‘ides electrical conductivity with its small particle size, mixes well with
the Ni active sites, and avoids the carbon corrosion effect of carbon materials [59-56].
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Figure 8. (a) PXRD patterns of the experimental Ni(Fe)DMOF/ mKB14 and derived-Ni(Fe)DMOF/ mKB14
after 24 hin 1 mol L= KOH and simulated NiDMOF (OCDC N 802892), Reflectons from f-Ni(0OH)z
(= ICDD: 140117) o=MNiOH), & ICDC: 350715), A-MiOOH (#, ICDD: 06-0141), and y~MNi0OH
(¥, ICDLx 06-0075). {b) FTIR of Ni{Fe)DMOF and Ni{Fe)DMOF/mKB14 and its derived pmdu::ls in
1 mol L' KOH after 24 b (c) SEM images of the derived-Ni(Fe)DMOF/mKB14 material (lange image) and
meat NifFe)DMOF,/ mKB14 (small image). {d) Nibogen sorption isotherms at 77 K {filled symbols adsorp-
tion, emply sy mbols desorption isctherm) and pore size distribution (small graph) of derved-Ni{Fe)DMOF
and denved-Ni{Fe)DMOF/ mEB14 after 24 hin T mol L KOH
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3 Materials and Methods
21, Materials

Nickel(Il) nitrate hexahydrate (NI(NO;),-6H,0, Merck, Darmstadt, Germany), iron{II)
acetate (Fe{OAc);, 99.99%, Sigma-Aldrich, 5t Loius, MO, USA), ruthenium({IV) oxide
(Bulds, 99.9%, Sigma-Aldrich, 5t Loius, MO, USA), benzene-1,4-dicarboxylic acid (H:BDC,
98%, Alfa Aesar, Karlsruhe, Deutschland), 1 4-diazabicyelo[2.2.2joctane (DABCO, 98%,
Sigma-Aldrich, 5t Lodus, MO, USA), perfluorinated resin solution containing MNafion™
T100W {5 wt.% in lower aliphatic aleohols and water, Sigma-Aldrich, 5t Loius, MO, USA),
potassium hydroxide solution (KOH, 1 moel T 1 Carl Roth, Karlsruhe, Germany ), nitric
acid (HNO;, 65%, Sigma-Aldrich, Darmstadt, Gummn}-'j, NN-dimethylformamide (DME
99,99 %, Fisher, Schwerte, Germany), Ketenblack EC 600 I (AkzoNobel, Amsterdam,
The Netherlands), and methanol (MeOH, 99.98 %, Sigma-Aldrich, Darmstadt, Germany)
were purchased and used without further purification. Nickel foam (NF) was obtained
from Racemat BV (Dodewaard, The Netherlands), cleaned with 1 mol L HCl solution in
an ultrasound bath for 5 min to remove the surface nickel oxide layer of the NF and then
rinsed with Millipore water (residual conductivity 18.2 M{k-cm).

3.2, Synthesis of Modified Ketjenblack Carbon imKE)

The amount of 10 g KB was dispersed into 1 L of HNO; (20 wt.%) to form a homoge-
necus black dispersion that was heated to 80 °C under continuous stirring. After 3 h, the
product was separated by centrifugation (10,000 rpm, 10 min} and washed with deionized
water (500 mL) until the pH value was 7, Yield: 9.58 mg. This modified Ketjenblack carbon
was denotrd as mKB. Elemental analysis for Ketenblack carbon: € 97.91 (0O 2.91)% and
modified Ketjenblack carbon: € 87.93, H0.79 (O 11.28)%. IR (ATE, em—1); 3435 (vOH),
1740 (vC=0), 1550 (vz OCO ™ ), and 1181 (voC-00).

3.3. Synthess of NiDMOF

MNIPMOTF was synthesized by a solvothermal reaction according to the literature with a slight
modification [75) NN -6HR0 (18312 mg, 0,63 mumol), HaBOC (10466 myg, 0663 mumel), and
DABCO (3533 my, 0.32 munol) were added into 16 mL of N N-dimethylformamide (OMF). The
resulting shurry was stirmed overnight at room emperatune to obtain a homogeneous dispersion.
The clear solution was collected and transfermed into a Py tube and then heated at 120 °C
for 48 b After cooling to mom temperatune, the geen crystalline powder was separated by
centrifugation (10,000 rpm, 10 min) and washed three times with DMF (20 mL each). The
washing process was repeated three more Bimes with MeOH (20 mL each) and the product
collected by centrifugation (10,000 rpm, 10 min). The product was activated at 120 °C under
vacuum (<102 mbar) for at least 12 h and finally stored under nitrogen,

Yield: 200 mg (5% buaed o HzBDC), Blememital anabysis for [MNiz{CaHs Oy ){CeHia N2
A(H Oy s (MW 56679 ¢ mol 1), m]:ulnmd C 4662 H3.73, N 494, Ni 2071 %; [Niz{CeHy O e
(CsHizN2)-HaO (MW 57581 s mol 1), caleulated C 4589, H 3.85, N 4.87, Ni 20.39%; found C
4526 H361, N 494 Ni 2082%.

34. Synihess of NifFe)DMOF

The bimetallic Ni{Fe)DMOF was synthesized by a similar procedure to the monome tal-
lic NiDMOF. The amount of NifNOs )z H20 (177.65 my, 0.61 mmol), HoBODC (10466 mg,
0.63 mmol), and DABCO (36,33 my, 0.32 mmol) were dispersed into 11 mL of DME The
resulting shurry was stirned overnight at room temperature to cbtain a homogeneous dis-
persion. To this solution, 0.02 mmol of Fe{OAc); (3.32 mg) in 5 mL of DMF was added
dropwise: (for an intended molar Ni:Fe ratio of 32:1). After sonicating for 30 min, the
mixture was sealed into a Pyrex tube and heated at 120 °C for 48 h. After cooling to room
temperature, the palm-leaf crystalline powder was separated by centrifugation (10,000 rpm,
10 min} and washed three times with DMFE (20 mL each). The washing process was repeated
three more imes with MeOH (20 mL each) and the product collected by centrifugation
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(10,000 rpm, 10 min). The product was activated at 120 *C under vacuum {10~ mbar) for
at least 12 h and stored under nitrogen.

Yield: 191 mg (54% based on HaBDC). Elemental analysis for [MijesFeppe{CaHy Oyl
(CaH1zMNo)] (H2Oyp s (MW 566.61 g mol 1), calculated: C 46,63, H 374, N 494, Ni 20.10, Fe 0.5%;
[Niy aeFep pa(Ca Hy Oy )2(CeHypoN2) - (H20) (MW 573.88 g mol 1), calculated: C 4590, H 385,
N 487, Ni 1978, Fe 0.58%; found C 4635 H 3.57, N 501, Ni 20.85, Fe 0.66%.

3.5. Synthesis of NiDMOF/mKBx and Ni(Fe)DMOF/mKB14

The composites NIDMOF,/mEBx and Ni{Fe)DMOF/ mKB14 were synthesized ac-
cording to the above procedures described for NiDMOF and Ni(Fe)DMOFE except that
the modified Kefjenblack carbon (mKB) powder (12, 24, 40 and 66 mg) was dispersed
in 3 mL of DMF by sonication for 30 min in advance and then added into the metal
salt/HaBDC /DABCO/ DMF solution. In order to determine the MOF and mKEB content in
the final composite, the metal wt.% in the NiDMOF/mKBx composites was determined by
flame atomic absorption spectroscopy (A AS). From these metal wt.% of the AAS results,
the mass fractions of the MOF were calculated from which the mEB wt% in the composites
was taken as the difference to 100% (Table 52, Supplementary Materials).

The NiDMOF,/ mEBx composites had mKB contents of x =7, 14, 22, and 34 wt.%.
For Ni(Fe)DMOF, the mKB content in the composite was 14 wt.%. NIDMOF is a green
crystalline pow der, but its mKB composites had an increasing darker color with increasing
mEKB content.

Yields: 61% NiDMOF/mKB7, 65% NIDMOF/ mKB14, 70% NiDMOF/ mKB22, 76%
NIiDMOF /mKB34, 62% Ni(Fe)DMOF /mKB14, based on HBD(C.

3.6. Materials Characterization

Powder X-ray diffraction (PXRI}Y) data were collected with a Rigaku Miniflex 600 powder
diffractometer (Rigaku, Tokyo, Japan) using a low background silicon sample holder and
Cu-Kx irradiation (A= 1.54184 A). The measurements were conducted over a 28 = 2-100°
range with a scan speed of 1.5 deg min ! (600 W, 40 KV, 15 mA). The diffractograms were
analyzed using the software Match 3.1.0.

The Fourier transform infrared (FTIR) spectra of all the samples were recorded on
a Bruker FTIR Tensor 37 spectrometer (Bruker AXS5, Karlsruhe, Germany) in attenuated
total reflection (ATR) mode with a diamond crystal or as KBr pellets in the range of
400-4000 em L.

'H MNR measurements were performed with a Bruker Advance [TI-300 (Bruker,
Karlsruhe, Germany} operating at 300 MHz. Before dissolution under digestion for the
solution NMR measurement, the MOF samples were activated at 150 °C for at least 20 h
under vacuum f{'lﬂ_z mbar) in order to remove the residual solvent molecules. Then, the
amount of 5 mg of each activated sample was dissolved with decomposition in 0.8 mL
DMS0-dg, and 50 pL D,50,.

Mitrogen sorption isotherms were obtained with a Belsorp MAXII (Microtrac MRE,
Haan, Germany) high precision gas/vapor adsorption measurement instrument at 77 K and
evaluated with the BELMaster MAXII software (version 7.3.2.0). Prior to the measurement,
the materials were activated by degassing under vacuum {IIZII'2 mbar) at 120" C for 12 h.
Brunaver-Emmett-Teller (BET) surface areas were determined from the nitrogen adsorption
isotherms and the pore size distributions were derived by non-local density functional
theory (NLDFT) calculations based on the "nitrogen at 77 K with slit pores” method. The
total pore volumes were calculated from the adsorbed volume at p/pp = 0.95.

Elemental analysis (CHNS) was carried out using an Elementar Analysensysteme
vario MICRO cube instrument (Elementar Analysensysteme, Langenselbold, Germany).
The samples were dried at 150 “C under a vacuum (<1072 mbar) for at least 20 h prior
before the measurement

Flame atomic absorption spectroscopy (AAS) was conducted with a PinAAcle 900T
from PerkinElmer (Perkin Elmer LAS GmbH, Rodgau-Jigesheim, Germany). Exactly
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weighted samples (15-20 mg) were heated and stirred with concentrated hydrochloric acid
overnight. The solution was carefully filtered and diluted with Millipore water to a volume
of 25 mL and again by a factor of 1:50 for the AAS measurements.

Scanning electron microscopy (SEM) images were collected with a Jeol [SM-65 10 LV
(JSEM (Jeol, Akishima, Japan) advanced electron microscope with a LaBg cathode at 20 KV
equipped with a Bruker Xflash 410 {Bruker AXS, Karlsruhe, Germany) silicon drift detector
for energy-dispersive X-ray spectrometric (EDX) elemental composition analysis. The
signals of Cu, Zn, and Au in the EDX spectra originated from the sample holder and from
the sputtering of the sample with gold prior to the investigation.

X-ray photoelectron speciroscopy (XFP5) measurements were made using an ULVAC-
PHI VersaProbe [I microfocus X-ray photoelectron spectrometer (ULVAC-PHI, Chigasaki,
Japan} equipped with a pelychromatic aluminum Ka X-ray source (1486.8 ¢V ). Experimen-
tal XF spectra were fitted by the CasaXP5, version 2.3.19PR1.0 from Casa Software Ltd.
Program (Casa Software Ltd., Teignmouth, UK). A standard Shirley baseline with no offset
was used for the background correction. Binding energies were calibrated to the carbon
1s orbital with a binding energy of 284.5 eV In the case of the Fe 2p spectra, an additional
correction was necessary due to the presence of a Ni-LMM Auger peak

3.7. Electrochemical Measurements

Electrocatalytic measurements were carried out on an Interface 1010E potentiostat
from Gamry Instruments with an RRDE-3A station from ALS Japan using a three-electrode
configuration. The system consists of a coiled platinum wire as a counter electrode and a
reversible hydrogen electrode (RHE) from Gaskatel (Kassel, Deutschland) as a reference
electrode. Working electrodes were fabricated by depositing the prepared materials on a
rotating disc electrode (RDE, 5 mm diameter, 0.196 cm? area), here, a rotating disc glassy
carbon electrode (GCE, GC-RDE). The amount of 2.5 mg of MOF or MOF/mKE was
dispersed in methanol (0.5 mL) with 25 uL of Nafion {around 3% in a mixture of water and
lower aliphatic alcohols) as the binding agent. The suspension was sonicated for 30 min to
form a homogeneous ink. Then, 10 pL of the prepared ink was dropped onto the rotafing
disc electrode (loading 0.25 mg cm'Q} and dried at room temperature. As an electrolyte,
1 mol L! KOH solution {pH: 14} was used and nitrogen was purged for 10 min through
the cell to remove oxygen before the test. The working electrode was kept rotating at a rate
of 1600 rpm during the measurements. The electrode was pre-cycled for at least 20 cycles
at a sweep rate of 100 mV cm! between 1.0 and 1.7 V until reaching the steady state. All
linear scanning voltammetry (LSV) curves were collected by sweeping the potential from
0.5 to 1.7 V vs RHE with a scan rate of 5 mV s~ L Cyclic voltammetry (CV) measurements
were carried out in the potential range between 1.0 and 1.7 V vs. RHE with a scan rate of
100mV s~ L iR compensation was completely applied to the recorded data afterward, as
recommended in the literature [122] In all measurements, R, (uncompensated electrolyte
resistance) was measured by electrochemical impedance spectroscopy (EIS) at the open
circuit potential (OCP) and the iR, drop was compensated automatically by the R, value
using the software Gamry Echem Analyst, Version 7.8.2,

The overpotential nwas derived from the standard potential E vs. RHE using the formula:

n=ERHE — 123 V. &)

The Tafel slope b was obtained by fitting the linear portion of the Tafel plots, which
were derived from the LSV curves according to the Tafel equation:

n=a+b x log(j. )

where a is a constant and j represents the current density. Electrochemical impedance
spectroscopy (EIS) data were recorded with the frequency range of 0.1-10,000 Hz at the
potential of 1.5 V. To check the long-term stability of the best catalyst material at a constant
current by chronopotentiometry, a f\l{Fe}DMDF,-"mKE@'\JF electrode was fabricated by
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drop-casting the catalyst ink on the surface of pre-treated nickel foam and drying at room
temperature. The loading was around 1 mg cm 2 by weighing the electrode before and
after material deposition. The chronopotentiometry at 50 mA cm ~2 was carried out with
1 cm? of commercial nickel foam (NF) for 30 hin 1 mol L~! KOH electrolyte.

4, Conclusions

In summary, we successfully fabricated a series of novel DMOF /mKB composites
containing a bimetallic nickel-iron-based pillared MOF (DMOF) and modified Ketjienblack
carbon using a simple one-step hydrothermal procedure, which can be directly used as
efficient electrocatalysts in OER. The appropriate mass weight % of mKE in the composite
DMOF/ mKB is important for the fabrication of the optimum catalyst. Benefitting from
enhanced conductivity, remarkably high surface areas, and the high intrinsic catalytic
activity of mKB and the integration of Mi and Fe active sites from the MOF precursors,
the Ni(Fe )DMOF /mKB14 with 14 wt.% mKB exhibited superior OER performance, which
only needed a low overpotential of Z7% mV and a Tafel slope of 25 mV dec~! to reach
the current density of 10 mA cm 2 in 1 mol L—F of KOH electrolyte, outperforming the
benchmark Ru(: catalyst and many state-of-the art MOF-based and Ni-Fe-based OER
catalysts. For the practical application, the working electrode was fabricated by depositing
optimized Ni(Fe)DMOE,/ mKE14 electrocatalysts on commercial nickel foam, where the
current density at 10 and 50 mA cm™ 2 was realized at 247 and 291 mV, respectively, and
the activity was maintained for 30 h of applied bias. The superior OER performance
is associated with the transformation of Mi(Fe)DMOF into highly functionalized o/ -
Ni(OH)z/ B/ y-NiOOH and FeOOH inherited from the DMOF structure. The presented
DMOF/ mKEB material preparation strategy is applicable to the development of high-
performance electrode materials for other advanced energy storage systems.

Supplementary Materials: The following supporting information can be downloaded ak hitps:/ (v
mdpicom farticle/ 10,3390/ molecules281 14464/ 51, Sechon S1: 30 framework structure of NiDMOFE;
Sechon 52 Powder X-ray diffraction (PXED) measumements; Sechon 53 Fourier-transform inframed
(FTHR} spectroscopy; Section S4: NME spectroscopy; Section 55: Elemental analysis; Section 56 Nirogen
sorption experiments (T =77 K); Section 57 Scanning electron microscopy (SEM); Secton 58 N-ray
photoelectron spectra (XPSE Section 5% Electrochemical measunements, References [123-131] are cited
in the Supplementary Materials.
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Section S1: 3D framework structure of NiDMOF

1

(a)

ib) (c)
Figure 51. a) Secion of the 3D framework struchure of [Ni:(BDCRDABCO]-(DMF )+ (H20)s (NiDMOF),
b} and c) two presentations of the |Niz((0:C-k| paddle-wheel cluster also showing the penta-
coordination of the Ni centers by the nitrogen atoms from the DABCO ligand, Graphic produced with
the software Diamond [1] from the deposited cif-file for NiDMOF with CCDC number 802892 [2]
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Section 51: Powder X-ray diffraction (PXRD) measurements
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Figure 52. PXRED patterns of NiDMOF, its 7, 14, 22, 34 wt % mKB composites and mEB. The simulated
PXED pattern of NiDMOF was obtained from the deposited cif-file for NiDMOF with CCDC number
802892 [2] The first five reflexes at 20 =527, 9.4° 117" 12 4" and 16.6" correspond are the 100, 001, 110,

101 and 200 reflections.

Section 53: Fourier-transform infrared (FT-IR) spectroscopy

Iy | 1 o E. =
3 |y N 1) |
gr IH.\]I I ﬁh}ajhr'y ll\' 'lll ""u-lJ
E I| : : ::'JI : 'I
3 § IR
=W éiii |
.
VI ol |

; iy ;
4000 3500 300 2500 E{I'D'I} 15{H] 1|:||:|ﬂ 00
Wavenumbers {cm™}

Figure 53. FTIR spectra of modified Ketjenblack carbon (mKB) and pristine Ketjenblack carbon (EB).

Fourier-transform infrared (FT-IR) speciroscopy was used to confirm the existence and increase of
functional groups in mKB (Figure 53). The spedrum of mKE shows peaks at 3435, which could be
attributed to the v(O-H). The bands at 2921 and 2850 cm™ are assigned to the VasymC-H and vamC-H,

respectively. After modification, the mKE has additional bands at 1640 +5, 1550 + 5 and 1180 £ 5 am™,
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attributed to the VaamCOO~, 80-H, vamCO0O™ and vC-O, respectively.’ The oxygen containing groups

—0OH, -CO0O" and -C-0 can be obserbed in both KB and mEE, but the intensity in mED is much stronger

than in KB, indicating that oxidation with 20% HNO: increased the amount of oxygen confaining

functional groups.
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Figure 54. FI-IR specira of a) mEB, H:EDC, DABCO, NiDMOF and the Ni-DMOF/KEY composite; b)

NIDMOF and its 7, 14, 22, 34 wit.% mKB composites, Ni(Fe)DMOF and Ni(Fe)DMOF/mEKB14.

As shown in Figure 54a, NiDMOF and NiDMOF/ERY display the same characteristic bands in the

fingerprint region which are in a good agreement with the literature [2 4] The wide band at 22003400

cm™ are attributed to VasmC-H and vO-H of uncocrdinated water molecules. The strong bands at 1650-

1580 cm! and 1400-1350 am! were assigned to the VamCOO™ and vamTOO" vibrations of the COOr

groups. The bands at 1100 £ 5 em-? and 1055 £ 5 emy? could be due fo the vaC-I and vC-N vibrations

of DABCQ. The absorbance bands at 810 £ 5 an! and 750 £ 5 cm' correspond to the v{C-Char and B(C-

H)s vibrations, respectively, of the 1. 4-BDC ligand. The composite series DMOF/mEBx exhibit similar

bands as those in the parent DMOF, indicating that incorporation of mEE did not prevent the formation

of DMOF units. The results confirmed that mKB could be smoothly mixed with the DMOFs, in

agreement with the PXRED results.
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Table 51. Assignment of IR-bands of KB, mKB, NiDMOF and NiDMOF/mKB analogs (cm™).

vO-H vC-H VasymCOO/80-H | veymCOO- vsCO- vasC-N vC-Ca: / 8(C- vNi-O/
H)ar vN1/Fe-0,
KB 3435 2918 1641 - 1174 - 879 -
26844 1557 722
mKB 3435 2918 1645 - 1181 - -

2844 1554 875
782
722

NiDMOF 34006 2963 1602 1385 1147 1056 813 540
2887 1573 1010 737

NiDMOF/mKB 3430 2961 1611 1387 1144 1048 817 560
2895 1573 1005 715

Ni(Fe) DMOF 3408 2970 1615 1390 1150 1055 748 528
1568 1007 814

Ni(Fe)DMOF/mKB 3401 2918 1618 1390 1160 1053 748 527
2649 1572 1007 514

Derived- Ni(Fe)DMOF® 3637 - 1633 1347 - - - 517

3425 439

Derived- 3634 - 1641 1367 - - 516

Ni(Fe) DMOF/mKB? 3430 1570 450

3 v = stretching vibration (Vasym= asymmetric vibration, vsym=symmetric stretching vibration); 8 =bending vibration (p = in plane, ¥= out of plane vibration); ar = aromatic vibration.

b All major IR bands are listed for the decomposition product of Ni(Fe)DMOF and Ni(Fe)DMOF/mKB after 24 h in 1 mol L= KOH.
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Section 54: NMR spectroscopy

-

——

f1 (ppm)

Figure S5. Solution 'TH NMR spectra of digested NiDMOF [Niz(BDCRDABCO] in DMS0-ds (2.50 ppm).
The intergration ratio of H on 1 DABCO (CeHzNz) to H on 2 BDC (2 CiHo(COx7)z) matches the expected
1.5:1 ratio.
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Section 55: Elemental analysis
Table 5. Elemental analysis of DMOF samples and their composite series with mEB »

mEB
C H N Ni Fe from
Material
{wit. %) iwt.%al {wt. %) iwt. %) iwt.%a) AAS
{wrt.%a)
NiDMOF found 4526 36l 494 20.82 - -
NIiDMOF =
[N iz CsHaOu) o CeHizINz) 4662 373 494 2071 - -
JHH:O)os caloulated
[I12(CaEa Oy )2{ CelHiz
4589 385 4 87 20.39
N2)-H20 calculated
NiDMOF mEEB7 46.28 3.36 424 1949 - 7
NiDMOF/mEE14 43 84 319 418 1813 - 14
NiDMOF/mEB22 50.20 311 388 1o.44 - 22
NIiDMOF/mEB34 51.86 3.00 369 1398 - 34
20.85 .66
Ni(Fe)DMOF 46.35 357 501 -
355at% 0.118 at %
molar ratio WNi-Fe 30:1
Ni(Fe)DMOE=
[Ni1ssFenme CaHaO04)2( Ce do.63 374 494 20,10 0.59 -
Hi:Nz) |- (H2Oos cale
[MNirsaFeans CaHaO4)2(Cs
4590 385 4 87 19.78 0.58
HizINz)]-(H=O) cale.
18.11 057
Ni(Fe)DMOF/mKB14 4917 328 437 14
3086 at.% 0.102 at %
molar ratio Ni-Fe 30:1

# The samples were dried at 150 “C for at least 20 h under vacuum condition (< 107 mbar) before using
for the element analysis, in order to avoid the residual solvent molecules or re-adsorbed moisture
during storage and handling.

Ni wt.% (compuoaite)

& MOF wt. % in composite = 2071 Ni we (pure MOF)

- 100%; mEE wt.% = 100% — MOF wt %

5T
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Section 56: Nitrogen sorption experiments (T =77 K}
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Figure 56. a) Nitrogen sorption isotherms at 77 K (filled symbols adsorption; empty symbols
desorption) and b) pore size distribution of modified Ketjenblack carbon (mKE) and neat Ketjenblack
carbon (KB). ¢) Nifrogen sorption isotherms at 77 K (filled symbols adsorption; empty symbaols
desorption) and d) pore size distribution of NiDMOF, its ¥, 14, 22, 34 wit.% mEEB composites and mEB.
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Section S7: Scanning electron microscopy (SEM)

Figure 57. 5EM images of a) NiDMOF, b) NiDMOF/mKB? ¢) NiDMOF/mEB14 d} NiDMOF/mEBE22, &)
NIDMOF/mEB34, f) Ni(Fe)DMOF, g) Ni{Fe)DMOF/mEEBE14 and h) mKB. The scale bar is 10 pum except

for h) where it is 1 pm.

TR : \ 2 um

Figure 58. ED'X element mapping for nickel, iron, nitrogen and oxygen of Ni{Fe)DMOF.
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Figure 39. EDX spectra with the compaosition for aj Ni{Fe)DMOF in the selected area in Figure 58, b) for
Ni{Fe)DMOF/mEEB14 in the selected area in Figure 3 in the main text.

Table 53. SEM-EDX and AAS NiFe ratios of Ni(Fe)DMOF and Ni(Fe)DMOF /mKB14.

Material SEM-EDX AAS Synthesis
Molar Ni:Fe ratio
Ni(Fe)DMOF 31.5:1 30:1 32:1
Ni(Fe)DMOF/mKB14 311 30:1 321
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Section 58: X-ray photoelectron spectra (XPS)

=
& =
4
- - = _
s | © 222883 ° S
4 | =2
%‘ MifFelOMOFmEE T4 ="\ __ z ) aa
furmmercianrmit -4
2 ___,er.‘] l—~——t
T |NiiFeiDMOF m“"\-_\v—‘-——j__‘_«_
- _.__,;-1
e Y
NDMOF " ~_A
1000 800 600 400 0 0
Binding Energy (eV)
Figure 510. Full X-ray photoelectron specira (XP5) of NIDMOF, Ni(Fe)DMOF
MNi{Fe)DMOF/mKB14.
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The deconvolution of the carbon 1s spectrum (C 1s) can be fitted into five peaks with binding

energies of 284.3, 285.6, 286.7, 287.8 and 289.0 eV, which indicate the presence of C-CfC=C/C-

H, C-0/C-N, C-0-C, C=0 and O-C=0, respectively. The shallow broad peak at 291.1 eVisam

to ¥ shake-up satellite.[5] This implies the presence of terephthalate and the functional groups

of modified Ketjenblack carbon (mKB). Similarly, the oxygen spectrum (O 1s) can be

deconvoluted into two peaks positioned at 530.8 and 531.9 eV, which are related to typical M-

O-C bonds and C=0, respectively. The N ls spectrum consists of one peaks with a binding

energy of 400 eV which corresponds to the presence of tertiary N bonded to carbon (N-C5),[6,7]

as in DABCO. It should be noted that the Fe 2p peaks have a contribution from a Ni LMM

Auger peak (Figure 511).[8] Therefore, the weaker Fe 3p peak was used, instead, for the INi:Fe

ratio quantification. The Fe 3p XP5 region of Ni(Fe)DMOF/mKE shows one peak at 35 eV,

which confirms of the presence of Fe(II} (Figure 5114).[9,10]
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Section 59: Electrochemical measurements
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100 cyclic voltammetry (CV) scans were applied to explore the electrocatalyvtic behaviors and

their activation/deactivation profiles due to surface reconstruction. As shown in Figure 513,
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with mkB present in the composites, the Ni* to Ni* oxidation peak (at 1.35-1.45 V vs EHE)
became more noticeable and shifted into positive direction, indicating the synergetic effect of
mKB and NiDMOF on the oxidation of Ni*{OH): to Ni®OOH. Oxidation currents at higher
potentials are then due to the evolution of oxygen according to 40H" — Oz + 2H:0 + e,
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Figure 514. Comparison of CV curves collected after 100" cycle for mKE, NMiDMOF and its 7, 14, 22, 34

wt.% mKB composites.
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Figure 515. Companson of CV curves collected after 3+, 100% and 1000% cycle for a)

Ni(Fe)DMOF and b) Ni(Fe)DMOEF/mKE14,
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Figure 516. Equivalent circuit for the metal oxides catalyzing OER.

The Ra presents an electrolyte resistance, while Ca is an element model, which represents the

double layer capacitance of a solid electrode. The kinetic of Faradaic OER is determined by

these circuit parameters: By, R: and Ca. The polarization resistance (Rp) presents the total

charge transfer resistance of the multiple steps in OER, while R. is related to the rate of

production of surface intermediates during OER. In general, Ca is related to the changes in

charged surface species during the process of OER.[11,12,13]

Table 54. Overpotentials at 10 mA cm-2and Tafel slopes of NIiDMOF, Ni(Fe)DMOF and their

mKB composite series materials at 1.5 V vs. RHE.

Overpotential
at Tafel slope Ry R
Material
10 mA cm-? (mV dec) Q) (€2)
(mV)
Ketjenblack (mKB) 375 73 62 75
RuQ: 317 56 23 4
NiDMOF 315 55 21 7
NIiDMOF/mKB7 308 53 B 3
NIDMOF/mKB14 254 32 4 2
NiDMOF/mKB22 303 45 5 3
NIDMOF/mKB34 304 51 11 1
Ni(Fe)DMOF 301 40 6

Ni(Fe)DMOF/mKB14 279 24 4 2
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Figure 517. SEM images of (a) bare Ni foam (NF) and (b) Ni{Fe)DMOF/mKB14 loaded on nickel foam
for the chronopotentiometry (CF) test for 30 h.
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Table 55. Comparison of OER performance of published materials and m this work.

Electrolyte Ovwerpotential Tafel slope
Material * Substrate Ref.
b @ 10 mA cm™ im'V) imV dec?)
MNiDMOF/mEB14 EOH ® GCE 294 32 This work
Ni(Fe)DMOF/mEKE14
EOH GCE 279 25 This work
(14 wt.% mKE)
Ni(Fe)DMOF /mEKE14
KOH NF 247 This work
(14 wt % mKE)
Ni(Fe)-MOF-74/FB
EOH GCE 274 40 [14]
(48 wt % EB)
Ni(Fe)(OH):/KB
KOH GCE 265 35 [14]
(47 wt. %)
Nil0CoBTC/EB
EOH GCE 347 70 [15]
(33 wt% EB)
MNilOFeBTC KOH GCE 344 47 [15]
PB, pH=
2D-Ni-single-layer (Carbon
70(02 749 182 [18]
(Ni: BDC: DABCO) cloth
mol L)
PB pH=
2D-ColNi-single-laver (Carbon
70002 527 171 [16]
(NiCoBDC:DABCO) cloth
mol L)
HXPeMNCE00 EOH GCE 307 48 17
Fe-doped
KOH GCE 266 49 [17]
HXPaMNCs00
MisFe oxide EOH NE 291 58 [18]
B-Ni{OH): nanoburls KOH GCE 303 43 [19
o-INi{OH)z KOH GCE 387 53 [20]
o-NijOH)=-GO EOH GCE 356 50 [20]

» mKB: modified Ketjenblack carbon, KB: Kefjenblack carbon; NF: nickel foam, BDC: 1-4-
bezene dicarboxylate, TED = DABCO: triethylenediamine, HXP: hexagonal 2D
Ni(BDC)e(DABCO)-(DMF )s(H20)4, 1GO: reduced graphene oxade and PB: S5odium Phosphate
Buffer 0.2 mol L™ electrolyte, pH 7.0. — ® 1 mol L™ KOH electrolyte.
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Abstract:
In this study, we introduce two new semiconductive metal phosphonate frameworks, Co2[1,4-
NDPA] and Zn2[1,4-NDPA] (where 1,4-NDPA* represents 1,4-naphthalenediphosphonate).
These frameworks exhibit optical bandgaps of 1.7 eV and 2.5 eV, respectively, falling within
the semiconductive range. The electrocatalyst derived from Coz[1,4-NDPA] as a precursor
demonstrated a lower overpotential of 374 mV in the OER, with a Tafel slope of 43 mV dec™
at a current density of 10 mA cm=2 in an alkaline electrolyte (1 mol L-' KOH), indicative of
notably superior reaction kinetics. The OER performance of Co2[1,4-NDPA] materials as
precatalysts coupled with nickel foam (NF) revealed exceptional long-termstability ata current
density of 50 mA cm2 for water splitting compared to the state-of-the-art Pt/ C/RuO2@NF after
30 hours in 1 mol L' KOH. Furthermore, to gain insights into the OER mechanism, the
transformation of Coz[1,4-NDPA] into its electrocatalytical active species was investigated.
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¢ Planning ofthe research projectand carrying out the literature reviewwith support from
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Exceptionally Stable And Super-Efficient Electrocatalysts
Derived From Semiconducting Metal Phosphonate

Frameworks

Thi Hai Yen Beglau®,” Marcus N. A. Fetzer*,® Istvan Boldog,” Tobias Heinen,”! Markus Suta,™

Christoph Janiak,*® and Giindog Yiicesan*™

Two new isostructural semiconducting metal-phosphonate
frameworks are reported. Co,l14-NDPA] and Zn.[1.4-NDPA]
(1. 4-NDPA* is 14-naphthalenediphosphonate) have optical
bandoaps of 1.7 eV and 2.5 &V, respactively. The electrocatalyst
derived from Co,[1,4-NPDA] as a precatalyst generated a low
overpotential of 374 mV in the oxygen evolution reaction {OER)
with a Tafel slope of 43 mVdec™' at a current density of
1W0mAcan’ in alkaline electrolyte (1 molL-" KOH), which is

Introduction

During the last two decades, metal organic frameworks (MOFs)
have been ona of the most active research areas™® MOFs
provide rich structural diversity and reticular chemistry to
optimize pore sizes and surface areas in porous materials®®
Furthermore, MOF surface areas can be decorated with a large
variaty of organic functional groups via linker design as well as
post-synthetic medifications.™ ™ The rich structural diversity of
MOFs has been well reflectad in their potential application
areas such as small molecule capture™"™ small molecule
storage™® electrode materials,™'" electrochemical energy
storage™ magnetism™™" drug delivery™ ™ heterogeneous
catalysis,™ ™ electrocatalysis,™ etc. Among these applications,
electrocatalysis of the oxygen evolution reaction (OFER) is one of
the fundamental steps in elactrochemical systems such as water
splitting or zinc-air batteries. ™" Design and synthesis of novel
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indicative of remarkably superior reaction kinetics. Benchmark-
ing of the OER of Co 1 4-NPDA] materal as a precatalyst
coupled with nickel foam (NF) showed exceptional long-term
stability at a current density of 50 mAcm™ for water splitting
compared to the state-of-the-art PL/C/RuC.@NF after 30h in
Tmoll™! KOH. In order to further understand the OER
mechanism, the transformation of Co.[1.4-NMPDAI into s
alectrocatalytically active spacies was investigated.

OFER electrocatalysts with fast kinetics, excellent catalytic activity
and stahility has been axtensively studied during the last years.
Metal-based oxides such as IrD;, and RuQ, are the current
bench-mark materials for OER due to their low overpotential
and large current density ®® However, high cost, poor durability,
and low earth reserves of Ir0, and RuQ, hinder the feasibility of
these compounds for industrial applications.™ As an altemnative
to Ir0, and RuQ,, MOFs are recently emerging as precatalysts
for electrocatalysis of the hydrogen evolution (HER), oxygen
evolution {OFR), and oxygen reduction reactions (ORR)PHT
Such compounds could potentially provide more feasible and
environmentally friendlier options towards industrialization of
OFERs.5% |n the current state of the art, MOFs generally function
as precatalysts, undergoing a sequence of structural reconfigu-
rations, such as hydrolysis, metal ion leaching, and oxidation of
the metal ions in the alkaline medium to generata an active
catalyst such as IM{OH),-M{0),(OH),1.F*

One of the unaxplored material types in elactrocatalysis is
the use of recently emerging semiconducting metal-phospho-
nate frameworks. Hypothetically, the use of narrow band gap or
semiconducting MOFs might help improve QER kinetics, and
currently there is a limited number of narrow band gap MOFs in
the literature®™ Our research group has recently reported on
the electrical conductivity of microporous phosphonate MOFs
and layered metal phosphonates!™** The reported semi-
conducting phosphonate MOFs by our group have narrow
band gaps between 1.4 and 2.5 eV. We have previously shown
that changing the identity and coordination environmant of the
metal ions in isostructural MOFs and hydrogen-bonded organic
framework (HOFs) are important tools for fine band-gap tuning
of the framework*** The band gap of a compound might be
an indicator for the ease of an electron transfer step in
olectrocatalytic reactions™ ™ For example, the Co® /Co™
couple is cumently intensoly investigated for photocatalytic
water splitting because the respective reduction potential at

2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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pH=7 is E~+4+ 141V >+ 123V for the OER of pure water®
Furthermore, phosphonate-MOFs could exhibit exceptional
thermal stabilities above 400°C and chemical stabilitias
between pH =0 and 12459

In this work, we successfully synthesized two new dense
isostructural semiconducting metal phosphonate frameworks
namely Co,[1,4-NDPA] and Zn,[1,4-NDPA] {where T4-NDPA* s
1.4-naphthalencediphosphonate) by hydrothermal methods in
pure water. The structures were characterized by single crystal
¥-ray diffraction (XRD), powder-XRD, infrared (IR} and scanning
electron microscopy (SEM) with energy dispersive X-ray analysis
{EDX). Optical measurements wera carried out to determine the
absorption onset of the materials. The Co.[1.4-NDPA] and
Zra[1,4-MDPA] materials were used for OER on 2 glassy carbon
elactrode. Furthermore, the materials wera used as cathode and
anode on nickel foam (NF) and compared with commerdal
platinum on carbon (Pt/C) (cathode catalyst) and RuO, (anode
catalyst} couple for water splitting. The formation of the active
species derived from Cosl[1,4-NPDA] was investigated to under-
stand the OER mechanism.

Results and Discussion
Synthaesis

Chemicals were purchased from Aldrich, Alfa Aesar and TCI
chemicals, and used without further purification. 1.4-naphthale-
nediphosphonic acid, 1.4-NDPAH, was synthesized according to
the literature.™ A detailed description of the linker synthesis
can be found in the Supporting Information. Co,[1,4-NMDPA] and
Zna[14-NDPAY were synthesized under the same hydrothermal
reaction conditions. Co{MNO,),-6H.0 (273 mg, 0.93 mmol) or
Zn{NQ,);-6H,0 (276 mg, 0.93 mmol), 1.4-naphthalenadiphos-
phonic acd (100 mg, 0.34 mmol) and 4.4-bipyridine as a
modulator (40 mag, 0.25 mmol) and 10mL of ultrapure water

were placed in a Parr Teflon-lined autoclave. After brief mixing
of the reaction mixture, the autoclave was closed and heated to
200°C for 72 hours. Afterwards, the product was washed three
times with 10 mL of ultrapure water and one time with 10 mL
acetone prior to drying. The product was dried in air at room
temperature, yielding dark blue crystal plates of Co,[1.4-NDPA]
and white crystal plates of Zn,[1,4-NDPA].

Crystal structure description

The structures of Co,[14-NDPA] and Zn,[14-NDPA] were
determined and refined using single crystal ¥X-ray diffraction
methods. As depicted in Figure 1a, the two isostructural
compounds Co-[14-NDPA] and Zn.[1,4-MDPA] exhibit a pillared
layered mestal phosphonate network. The layered secondary
building unit (58U) is constructed from tetrahedrally coordi-
nated Co®™ or Zn** atoms and phosphonate groups (—P0y™)
from the fully deprotonated 1,4-NDPA* linkers, forming
isolated four-membered M-O-M-0 rings (M=Co or Zn)
surrounded by six eight-memberad M- 0-P-0-M--0-P-0 rings
to give a layered network of Co,[1,4-NDPAI and Zn,[1,4-NDPA]
(Figure 1a and 1h). The actual topology of the layered SBU of
Co,[14-NDPAl and Zns[1,4-NDPA] is unprecedsnted among
other layered metal phosphonate frameworks with a 3,3.4 L35
net typa (see Supporting Information for topological charactar-
ization). The layered SBUs are connected by aromatic
naphthalene units of 1.4-NDPA* to form the three-dimensional
framework (see Figure 1a and Supporting Information). The
analysis for purity of the single-crystalline phase was done by
PXRD. As shown in tha PXRD (Figura ), both Co,[1,4-NDPA] and
Zna[1 4-NDOPA] show good agreement with simulation and were
synthesized as single crystalline phases. As depicted in
Figures 51 to 53, the intercontroid distances batwoen the
naphthalene misieties for Co,[1,4-NDPA] and Zn,[1.4-NDPA] are,
respectively, 391 & and 397 A and shortest C-C distances

Figure 1. (a) Section of the packing diagram of the three-dimensional structure of CoJl14-MDPAL (b) Structure of the layered imorganic bullding unit of

Cio[1,4-NDPA] (isostrusctural to Zn,[1.4-NDIA];
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Figure 2. PXRD of the single-crystalline phase in agreement with the
simaulation from the structure of Zn,[1,4-NDPAL

340-348 & and 3.35-3.44 A, which are similar to interlayer
distances of graphite (for a more detailed description of the
crystal structure see Supporting Information).

Optical measurements

Based on the marked color difference of Co,[1.4-NDPA] and
Zn,[14-NDPA), diffuse reflectance spectra were measurad on
powdared samples of these two compounds in an integrating
sphare setup (Ulbricht sphere). If the thickness of the powder
slab is sufficiently high such that transmittance along tha layer
is neqligible, the absorbance A of the powder scales with the
Kubelka-Munk function K/S given by Equation (1)

K

5

(1-a)

=HE:)= T I

x A (m

with R, as the diffuse reflectance of the powder layer. Tha
Kubalka-Munk spectra of Co,[1,4-NDPA] and Zn,[1,4-MDPA] are
depicted in Figure 3. Both spectra show a strong increase
around 500 nm {~25¢V) and are very similar in that wave-
length range. This absorption iz assigned to an interband
transition, which is expectedly strongly localized at the
naphthalene moieties. The low onset energy (< 3 oV) for strong
absorption indicates a semiconducting behavior of tha two
compounds. The strong increase in absorption below 400 nm in
the ultraviolet (UV) range of Zn.[1,4-NDPA] explains why the
related powdered compound appears colorless under daylight.
The Kubelka-Munk spectrum of Co,[14-NDPA] reveals addi-
tional low-energetic broad absorption bands in the range
between 500 nm and 700 nm {onset of ~1.7 eV in the energy
domain}, which are absent in the Zn analogue and thus have to
be identified as localized transitions due to the presence of
tetrahedrally coordinated Co(il) in Co.[1.4-NDPAL The electronic
transitions of the tetrahedrally coordinated 3d” ion Co®* can be
in principle intarprated by means of the Tanabe-Sugano
diagram of an octahedrally coordinated d™~' = d* ion. Compar-
ison to other literature-reported examples of Co®+-doped puraly
inorganic oxides such as spinel-type MALO:Co™ (M=Zn,
Mgl willemite-type™  Zn,SiD,:Co™ or wurizite-type™
binary compounds M¥:Co™ (M=2Zn, X=0, 5 offering tetrahe-
drally coordinated sites for Co®™ allows the assignment to a
*A*F1—*T,(*P) ligand field transition of the observed absorption
bands in that wavelength range {see Figure 3}. The dark blue
color of Co,[1,4-MDPA] can be related to both the absorption in
the deep red to near infrared range {4 > 650 nm) on the ona
hand and the strong reflection of light in the blue ranga of the

EF eV

10

2 1.5

=/ I{Rac':l

K5

AL F = TPl

——— Co,[1,4-NDPA]
—— Zn,[1.4-NDPA]

2t 4
u 4
300 400 500 600 700 BOO

A nm

Figure 3. Optical Kubelka-Munk spectra of powdered Co[14-NDPA] fred) and In,[14-NDPA] (dark blus) obtained from diffuse reflectance spectra at room

temperature. The localized Cofll-based ligand field transition is denoted
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visible spectrum. Similar colors are known from the pigment
Thénard blue (CoAlQ,} with high concentrations of Co®*, which
crystallizes in a spinel-type structure and in which the Co™ ions
also occupy tetrahedrally coordinated sites.

Electrocatalytic performance of the OER

The electrochemical OER is an anodic half-cell reaction and
produces O, at a theoretical input of 1.23V (vs. reversible
hydrogen electrode (RHE)). We investigated the OER using
Co,[1.4-NDPA] and Zn,[14-NDPA] as precatalysts in a 1 molL-"
KOH dlectrolyte (pH=14} and the obtained results were
compared with commercial Rul,. We used a glassy carbon
rotating disk electrode (GC-RDE) with a geometric area of
0.1% cm™® at a rotating velocity of 1600 rpm in a standard
three-alectrode system. The mass loading of electrocatalysts on
the GC-RDE was quantified at' 0.23 mgom™? (see Supporting
Information for details). The polarization curves were generated
by the linear sweep voltammogram (L5V) of Co,[1,4-NDPA] and
Zn[1,4-NDPA] and are compared to P-Co(OH), a physical
mixture of f-Co{CH), and the ligand 14-NDPAH, and commer-
cial RuO, in the same Mafion ink (see Supporting Information
about how the ink for the electrode was prepared). The
synthesizad B-Co{OH), and physical mixture of f-Co(OH), and
the ligand 1,4-NDPAH, were used as reference catalysts.
Figure 4a prasents the polarization curvas of the samples after
20 oydic voltammetry (V) cydes of activation at a scan rate

=

—— Con {1 A-NDPAY biefore 1000 CVe
Cotng |1 A-MOPAY il 1000 GV

— Er (1 A-NOPA] bfors 1000 T |
Zn,{t AMOPA) ahar 1000 GV

—— Fius tesfore 1000 Ve
Ry, affer V0G0 Gy

—— |- o), bertore 1007 GVe
[i-ICo0H), sher 1050 Cié
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50 mvs~", in order to get a stable state of the catalysts on the
GC-RDE surface. The overpotentials of the various working
electrodes are determined to be 374 mV for Co,[14-MDPAL
380 mv for f-Co{OH), 392 mV for the physical mixture of f-
Co(0OH); and the ligand 1,4-MDPAH,, 408 mV for Zn,[1.4-NDPA]
and 318 mV for Rud; at the current density of 10 mAom™? (see
Figure 4a).

The Tafel plots are usually obtained in a potential range
where the current is predominantly controlled by catalysis
kinetics (non-mass-transfer restriction).®™ Therefore, we eval-
vated electrocatalytic kinetics for the OER of the precatalysts
Co,[14-NDPA] and Zn,[14-NDPA] by generating their corre-
sponding Tafel slopes. As sean in Figura 4b, the linear portion
of the Tafel plot was fitted using the equation 5=a + b x log
whare 5 and j represent the overpotential and the cument
density, respactivaly; b is the Tafel slope and o represents the
cathodic intercept that is related to the exchange oument
density.®™ The smaller Tafel slope often refers to more favorable
CER kinetics and a better alectrocatalytic activity. The OER is a
four-electron transfer reaction with a sequence of steps and
intermediates, such as MO, MOOH or physisortbed peroxide
species”™ One of the most accepted OER mechanisms is the
Krasil shchikow's pathway, given in Reactions (1)-{4) with their
corresponding Tafel slopes (b5

M+ OH SMOH+ e, b= 120mVdec™ (1

MOH + OH =MD~ + Hy0, b= 60 mvdac™’ (2

tl}u_.m .-_____,_.-"""'-
anE _____A_____——_,'_..—"--‘—-“-_
g
%u.sn ________.—--"'""'
g0.25
§D.2I = D! A-NOPANGGCE (43 m dac™)
T 1 A NOPWHTGEE (B2 v e
0.1 === WL (Y 3R
—— -} B2 i dac ')
.1 —— [ Caf DR+ A-MOFAH, 058 i des |
DZ 04 08 @8 10 12 14
Lag | (mA =m )
d
] Ca, {1, 4-NDPA] = -
134 Znglla-NDPA}
Rul, et
1w E-CofDHL
B-GolOH 1L+, A-NDPA-H,
& 8-
=
i
!
4+ —
2|
&4
5 10 15 0 =
Toasa 1)

Figure 4, 3) DER polarization curves before and after 1000 C¥sin 1.0 mof L7 KOH (pH= 14) b) OER Tafel plots obtained from the OER polarization curves ©)
comesponding cverpotentials (columns) before and after 1000 CVs at 10 mAcm™* and Tafef slopes (dark cyan dots). (d) raw data Myguist plots at 1.6V ve RHE
{symbiod} and fitting to an equivalent model (solid ling) from EES test of Co f14-MDPAL Zn,[1,4-NDPA]L, § -CofOH),, physical mbadure of B -CofOH), and ligand

TANDPAH, 2nd Rul; and benchmark material Ruly, on GC-ADE.
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MO~ — MO 42, b =45 mVdec’ i3

IMO —+ ZM + Oy, b= 19 mVdec' )

Based on the Krasil shchikov's pathway, a Tafel slope of b=
43 mV dec " to the OFR involving Co,[1,4-NDPA] comresponds to
reaction (3) as a rate determining step. The Tafel slope of
Zn.[14-NDPA] [b=82 mVdec™) falls in between the values of
the reaction (1) and (2). This can be attributed to stronger OH-
binding te Zn** ions that accelerates the rate of electron
transfer in Reaction (1) (Figure 4b). As presented in Table 56,
the Tafel slopa of the electrocatalysts derived from Co.[1.4-
NDPA] and Zn;[1.4-NDPA] is much lower than Rul,
(62 mvdec™"), B-Co(OHY, (52 mVdec”, the physical mixture of
f-Co{OH), and the ligand 1.4-NDPAH, (56 mVdec ") and other
Co-based catalysts in the literature,”® which suggest its superior
reaction kinetics. In addition, the stability of the elactrocatahysts
derived from Co,[1.4-MDPA] and Zn,[14-NDPA] was investi-
gated and compared with the commercial benchmark RuQ,
aftar 1000 continuous CVs. The electrocatabysts derived from
Co,[14-NDPA] and Zn,[14-NDPA] showed stronger durability
compared to B-Co(OH),, the physical mixture of B-Co(OH), and
the ligand 1.4-MDPAH, and Rul., as thay axhibited only minor
positive shifts of 2 and 8 mV, respectively. RuQ,, f-Co{OH),, and
the physical mixture of f-Co{OH), and the ligand 14-NDPAH,
showed an increase of the overpotential by 14, 4 and & mV,
respectively, at the current density of 10mAcm™? after
1000 CVs (see Figure 4c),

To better understand the OER kinetics, an electrochemical
impedance spectroscopy (EIS) measurements were camied out
at 16V in a frequency range of 0.1 Hz to 100 kHz in 1 molL™"
KOH. The semicircles in the high-frequency range of the Nyquist
plots are attributed to charge-transfer resistance, which is
equivalent for all catalysts. The Myquist plots of catalysts
Co;[14-NDPAL, ZnJ14-NDPA], B-Co(OH), and the physical
mixture of f-Co{OH), and ligand 14-NDPAH; and RuO, wera
curve-fitted to the model to evaluate the charge transfer

a)
200 | —— Cogl1 4-NOPAJENEICoy1. 4-NDPAJENF
e | Znal1 A-NOPAJENFIZN,{1.4-NOPAJENF
E %] — PHCENFRUO,ENF
'E 150 Blank MF/Blank MF
:2‘ 125
£ 00
a
E 75
E _ |somaem?
g =
|10 ma o
o
1.0 1.1 1.2 13 14 1.5 1.8 1.7
E vs RHE V)

resistance (Ay) (see Figure 4d). The small A, value indicates the
efficient electron transfer between the active sites of catalysts
derived from Co,[1,4-MDPA] and Zn.[1,4-NDPA] and the electro-
lyte ion during OER. Co,[1,4-NDPA] has the smallest A, value of
80, which is obviously smaller than that of B-Co(CH), (10 £,
the physical mixture of f-Co{CH); and the ligand 1.4-NDPAH,
{13 £, RuO, {16 £ and Zn,[1,4-NDPA] (21 O,

Overall electrochemical water splitting

The overall water splitting contains two half reactions, which
are the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). The Cos[1.4-NDPA] and Zn,[1.4-NDPA]
materials were coated on the surface of NF with a uniform thin
layar (see S| for experimental datails). Both the anode and
cathode was constructed by employing the Co,l1 4-NDPA] or
Fn,[14-MDPA] materials in the alkaline electrolyzer with
1 molL~" KOH. The integrated commercial platinum on carbon
(PL/C) (cathode catalyst) and RuQ, [anode catalyst) couple (Pt/
C@aNF/RuC.@NF) was also tested for comparison. As axpected,
the LSV curves in Figura 53 show that the Pt/CaNF/RuC.@NF
couple catalysed the water elactrolysis with an overpotential of
278 and 340 mV at a current density of 10 and 50 mAam™',
respactively. Therefore, the catalysts derived from Co,(14-
NDPAI@NF (312 mV) and Zn,[14-NDPAIENF (371 mV) show a
lower overpotential compared to the performance of the glassy
carbon electroda. Additionally, the activity of Co,[1.4-NDPAJ@NF
is highar than the benchmark RuQ.@NF, reaching a practical
current density of 200 mAcm-? at 163 V. The long-term stability
plays an important role to evaluate electrocatalysts for practical
water electrolysis.

The long-term’ stabilities of the catalysts derived from
Coy[14-NDPA] and Zng[14-NDPA] and the commercial PLC/
RuD, couple in 1moll™" KOH was further checked by a
chronopotentiometric test applying a constant current density
at 50mAcm™ continuously for 30 h. The potential of the
catalysts derived from Co.[14-NDPAJ@MF and Zn,[14-NDPAJ-

b)

16 = m _,-/
}.—-_—'_-_.____.:—:___‘____..,._

1.54

E 8 RHE (V]

—— Coy[1.4-NDPAENFCo 1 -NDPAJINF
—— Zny[1,4-NOPA|ENFZnz1 4-NDPAJEENF
—— PCENFRUl,ENF

0 5 10 15 20 a5 0
Time (k]

Figure 5. (a) Polarization curves and {b) the long-term stabilities in the electrolysis at a current density of 1= 350 mAcm™ by chronopotentiomeatric
measuramants of Co,[14-NDPAL Zn,[1.4-NDPA]L PLC/RED, on NF for overall water splitting in 1 mol L™ KOH.
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@NF remained nearly unchanged during the whole measure-
ment. In contrast, the commercial benchmark PL/CRuO.@MNF
couple showed an increasing working potential at the current
density of 50 mAcm~? owver 30 h. Consequently, the electro-
catalysts derived from Co:[1,4-NDPA] and Zn-[14-NDPA] ad-
herad weall on the surface of NF after the stability test, as proven
by SEM and element mapping (Figure 510 and Figura 511).

Zheng et al. point out that the metal-organic-framework
based catalysts are precatalysts, and change to active phases
during the electrochemical treatment under alkaline condition
{1 mol =" KOH).® Therefore, we tasted the chemical stability of
Co,[1 4-NDPA] by soaking the material in the alkaling slectrolyte
{1 mol " KOH) for 30 min and 24 h, in order to gain a better
understanding of the activation mechanism. The PXRD pattemn
of Co,[1,4-NDPA] after 24h in 1moll™" KOH revealed the
presence of cobalt hydroxide species (Figure 6). in the form of
a-Co(OH), (ICDD: 74-1057) and P-Co(CH), (ICDD: 30-0443). It
was indicated that the active sites in a/B-Co(OH); are respon-
sible for the excallent electrocatalyst performance /™5

Thermal stability

The thermal stabifity of the Co,[1.4-NDPAT and Zn,[1.4-NDPA]
was investigatad by thermogravimetric analysis (TGA) measure-
ments under a nitrogen atmosphere. Co,[1,4-NDPA] and
Zny[14-NDPA] show exceptional thermal stability where the
organic components start to decompose at ca. 650°C with
29.1% experimental waight loss (theoratical 30.9%) for Zn,[1,4-
MDPAL The TGA curve of Co,[14-NDPA] indicates a mere
gradual weight loss with a sharp mass decrease above 650°C
[see Figure 57

Ca1 4-MOPA) in 1 mel L' KOH

e i i e A e i in ]

afler 24 h

— after 30 min |

after 0 min

Intensity {(a.u)

Sim. [i-ColOH),
(HCDD-30-0443)
— Sam u—DD{'DH-h
(MCDD:74-1057)

50 60 70 80 00 100
2 Thats

0 20 30 40

Figure &. PXRD patterns of Co.[1,4-NDPA], after 30 min and 24 hin 1 moll™"
KOH: reflections from §-Co{OH), (ICDD0:30-0443) and a-CofOH), (ICDD: 74-
1057).
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Concluslons

Herein, we report the hydrothermal synthesis of the two new
semicenducting metal-phosphonate frameworks Co,[1,4-MNDPA]
and Zn.[14-NDPA]L, and we have shown that changing the
matal ions in isostructural samiconducting metal-phosphonate
frameworks can be used to tune band gap and semiconducting
properties. Both powdered compounds have absorption onsets
at around 500 nm (2.5 eV), derived from photoluminescence
optical Kubsalka-Munk spectra data. which are strongly localized
at the naphthalene moieties. Furtharmaore, Co,[1,4-NDPA] shows
a socond onset at 700 nm (1.7 eV} which has to be identified as
ligand-field transitions localized at the Co center with its low
energetic *A;("F)—*T,('P) ligand field transition of tetrahedrally
coordinated d’-Co(ll). We have furthermore used the new
semiconducting metal-phosphonate frameworks as pracatalysts
for the OER reaction. We have shown that both Co,[1,4-NDPA]
and Zn,[1,4-NDPA] are remarkable precatalysts for the OER
reaction in water splitting with overpotentials of 374 mV for
Co,[14-NDPA] and 40Bm\V for Zn.[14-NDPA] for a glassy
carbon rotating electrode system and 312 mV and 371 mV on
MF at a current density 10mAcm™. The Tafel slope of
43 mvdec " in 1 mol ™" KOH at a current density of 10 mAcm™
of the Co,[1,4-MDPA] precatalyst indicates its superior reaction
kinetics compared to the commercial benchmark material Ruc,
or other compound families like metal phosphides and some
reported MOFs in the literature. Besides, its good reaction
kinetics, elecirocatalyst derived from Co,[1,4-MDPA] alsc shows
remarkably improved activity, compared to RuD. on NF for
water splitting reaching a current density of 200 mAcm—* at
1.63 V. This work also demonstrated the exceptionally high
stability of the derived active species of B-Co{CH); and B
Co00OH catalysts by using Co,[1 4-NDPAI as a precatalyst in
1moll™" KOH for 30h at a constant current density of
50 mAcm. Several features may confribute to the excellent
OER performance of the catalyst derived from Co,[1.4-NDPA]
when compared to the concurrently studied RuQ,, f-Co(CH),
and physically mixed f-ColCH), with the ligand 1,4-NDPAH,. For
axampla, the Co.[14-MDPA] precatalyst might hypothatically
generate a more uniform distribution of a/f-Co{OH), and 14-
MNDPA-H, ligand on the surface of the glassy carbon electrode
creating superior OER activities compared to the concumently
studied systems. All these rasults demonstrate that both
materials, but especially the Co.[1,4-NDPA] are potential
candidates for industrial applications as pracatalysts for OER in
water electrolysis.

Supporting Information

Additional detailed experimental and characterization methods;
synthasis progress; crystallography information; FTIR measure-
ment; thermogravimetric analysis; electrochemical measure-
ment; SEM and SEM-EDX befora and after electrolysis; OER
performance comparison; and topological analysis.

Deposition Numbers 2235305 (for Co,[1,4-NDPAL), 2212083
{for Zn,[1.4-MOPAL contain the supplementary crystallographic
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1. Synthesis
1.1. Synthesis of tetraethyl naphthalene-1_4-diylbis(phosphonate)

0
Br B_o
A e e
' 160°C, 24h
~ neat
or 0-P-0
Y .

Under a mtrogen flow. 1.4-dibromonaphthalene (5.1 g. 17.8 mmeol) was placed in a three-neck
round-bottom flask equipped with a stirnng bar. The flask was heated to 160 °C to melt the
1.4-dibromonaphthalene. To the melted 1,4-dibromonaphthalene NiBr (0.5 g, 2.2 mmol) was
added. Finally. triethyl phosphite (7.8 2. 46 9 mmol) was added dropwise over apeniod of 7 h
The reaction was stirred at the same temperature for 24 h. The crude product, a dark brown to
orange oil, was purified by column chromatography using a mixture of EtOAc and EtOH
{9:1 v:v). The product was 1solated as a colorless o1l with a yield of 3.8 g (9.5 mmol. 53.3 %).

'H NMR (300 MHz. CDCL) & 8.63-8.59 (m, 2H). 8.29-8.22 (m_ 2H), 7.68-7.64 (m. 2H).
427407 (m. 8H), 1.32 (t. J= 7.1 Hz. 12H); ¥ 'P{'H} NMR (121 MHz, CDCl;) & 17.4 (s);
3¢ {'H} NMR (75 MHz. CDCl:) 5 132.9-132.4, 131.6 (d. J=3.6 Hz). 129.2 (d. /= 3.5 Hz).
127.6, 127.3. 62.5 (d. J=3.0 Hz), 16.3.

1.2. Synthesis of naphthalene-1_4-diphosphonic acid (1 4-NDPA-Hs)

0 o
b_P_o HO_p_OH
A
- e L
100 °C, 48 h
0_P_0 HO_P_OH
Ol 4

Tetraethyl naphthalene-1 4-diylbis(phosphonate) (3.8 g. 9.5 mmol) was muxed with 100 mL of
8 M hydrochloric acid and refluxed for 24 h. The white precipitate was filtered off and dried at

60 °C under reduced pressure to obtamn 2.5 g (vield: 95 %) of pure acid.

'H NMR (300 MHz. DMSO-d5) & 8.69-8.65 (m. 2H). 8.08-8.01 (m, 2H), 7.64 (dd. /=6.5. 3.4
Hz. 2H): *'P{’H} NMR (121 MHz. DMSO-ds) 5 11.0 (s);

3C{'H} NMR (75 MHz. DMSO-ds)6 135.6 (d). 132.4 (d). 130.3-129.9 (m). 127.8 (s), 126.4
(s).

[
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2. Crystallography

A sutable dark blue crystal of Co2[1 4-NDPA]. or white in the case of Zn2[1 4-NDPA] was
mounted on a microloop in a drop of immersion o1l. The measurement was performed using a
XtalLAB Synergy (Rigaku) single crystal diffractometer equipped with a PhotonJet microfocus
sealed tube X-ray source (Cu-Ka., L= 1.54184 A) at 100 K under a nitrogen gas stream (Oxford

Cryostream liquid nitrogen cooling system). The data collection calculation, data reduction and
adsorption correction were performed usmng CrysAlis PRO.! The structure was solved by

SHELX-2018.° and refined using Olex?

The structures were refined as inversion twins. The hydrogen atoms were placed geometrnically
and refined with Uiso(H) = 1.2 Ueq(C) thermal displacement parameters. The relevant crystal

and structure refinement data is collected 1n Table S1.

Figure S1. Presentation of m--- m interactions between the naphthalene moieties in
Coz[1.4-NDPA], 1. The longer-dash lines show the intercentroid distances between the face-
to-face interacting naphthalene moieties (3.97 A). while the shorter-dash lines the edge-to-face
ones (4.67 A, note the presence of contiguous chains sustained by either type of the

interactions.).



Figure S3 Presentation of m--- m interactions between the naphthalene moieties in
Zn2[1.4-NDPA]. The longer-dash lines shows the intercentroid distances between the face-to-
face interacting naphthalene moieties (3.91 A), while the shorter-dash lines the edge-to-face
ones (4.64 A, note the presence of contiguous chains sustained by either type of the

interactions.).
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Table 51 Crystal data and structure refinement for Coz[1.4-WDPA] and Zn:[1.4-NDPA]

Co2[1.4-NDPA]

' C1HsOsP-Co

Zn:[1.4-NDPA]

' CuHeOPZn

Empirical formula

M, /g mol™ 40195 41483

ITK 100(1) 1001}
Wavelength / A 154184 154184
Crystal system Orthorhombic Orthorhombic
Space group Prna2; (no. 33) Pna2y (no. 33)
alA 10.09806(17} 10.8927(4)
biA 5.63586(9) 5.3934(2)
c/A 19.0334(3) 19.0195(6)
VA3 1179.76(3) 1158.81(T)
z 4 4

Calc. density / g cm™® 2.263 2378

1/ mm-1 24 848 7.962

F(000) 792 816

Crystal size /mm’ 0.1x007 = 0.02 0.06x0.03=0.02

& range /[ 4646 to 78.573 4.65 to 79.00

Index ranges (hkl) [[13. 11]. [-6. 6]; [-23. 22] [-13. 13]. [-7. 6]. [-24. 22]
Reflections collected 7548 11741

Independent refl. (Riw) 2150 (0.0302) 2227 (0.068)
Completeness / % to 8~ 67.684 ooo

Data / restraints / parameters 2150/1 /182 2227 115:/182

Goodness-of-fit (GooF) 1.060 1.069

R[F*= 26(F%)]. wR2 ® 0.0264. 0.0718 0.0522, 0.1401

R1, wR2 (all data) 0.0274. 0.0722 0.0545, 0.1432
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Inversion twin compenent 0.336(6) 0.56(8)/0.44(8)

sizes
Largest diff peak and hole  0.538. -0428 2283.-1073

CCDC deposition number 2235305 2212088

DFull-matrix least-square refinement on F~ as implemented in SHELX. R1 = E||Fy| - |F¢||[/Z|Fo|:
WR2 = {Z[w(Fo -FA/E[w(Fa) 1} 1? where w! = [¢'(Fo’) + (aP)* + bP]. P= [2F" + Max(Fo.
0)] / 3. a and b are refined parameters; GooF = {Z[w(Fo"-F )]/ (np)}'"

PXRD pattern comparison and LeBail fitting for Coz[1.4-WDPA].

Experimental
)
S
Pl —
£ - =
ARERL
E
Simulated
] Ll | ~ ] L
20 40 B0 80

2 Theta, deg

Figure 54 Comparison of the background-subtracted experimental and simulated
PXRD patterns shown in a mirror-image like arrangement for Coa[1 4-NDPA]
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Figure S5. LeBail fitting of the experimental pattern of Coa[1,4-NDPA]. performed
by the software Jana-2006; the experumental pattern was collected at 295 K (LeBail
fit refines the cell parameter and tests the correctness of the chosen symmetry)*
The results of the fitting: Pna2;;a=11.00904 A b=5643041 A, ¢ =18.98074. R,
=121, GoF =3 .03. Only a mmor amount of impurities present.
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3. FT-IR spectroscopy

1509
Zn,[1,4-NDPA]
—— 1.4-H,NDPA

—— Co,[1,4-NDPA]

1155
1068

1600 1400 1200 1000 800 600
Wavenumber {cm™)
Figure 56.
The ATR-IR spectra of Coz(1.4-NDPA) and Zn2(1.4-NDPA) together with the pure linker.
Spectrum of the hinker 1 4-NDPA-Hs+ corresponds to M. J. Bialek, J. Janczak J Zon
CrystEngComm. 2013, 15, 390.
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4. Thermogravimetric analysis

100

95

504 —— Co[1.4-NDPA]
| ——Zn,1,4-NDPA]
85-

80+

Weight loss %

75

70+

65

T ! T H T 4 T ] 1
200 400 600 &00 1000
Temperature (°C)

Figure S7. TGA curves of Co:[1 4-NDPA] and Zn:[1 4-NDPA] under N; atmosphere with a

heating rate of 5 K/min.

The thermal stability of the Co:[1.4-WNDPA] and Zni[1 4-NDPA] were mnvestigated by
thermogravimetric amalysis (TGA) measurements under a mnitrogen atmosphere.
Co:[1.4-NDPA] and Zn:[1.4-NDPA] show exceptional thermal stability where the organic
components start to decompose at ca. 650 °C with 29% expenimental weight loss (theoretical
30.9 %) for Zna[1.4-NDPA]. TGA curve of Coz[1.4-NDPA] indicates a more gradual and broad
weight loss until 1000 2C (See Figure S7).
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5. Electrochemical measurement

All electrochemical experiments were performed by a Gamry Interace 1000 instrument in a
three-electrode cell system at room temperature using a rotating disk glassy-carbo electrode
(RD-GCE. 5 mm in diameter) at a rotation of 1600 rpm. 1.0 mol L} KOH (pH=14) solution
was used as electrolyte and nitrogen was purged through the cell to remove oxygen for 30 min
before the measurements. Samples were tested with the RD-GCE as working electrode, a
reversible hydrogen electrode (RHE) as a reference electrode and a Pt plate as a counter
electrode. 2.5 mg of pre-catalysts were dispersed in 250 uL ethanol + 250 pL DI water + 50
uL 5 wt % Nafion solution by sontcation for 30 min. Then. 10 pL of the well-dispersed pre-
catalysts (0.23 mg cm ™) were covered on the RD-GCE with drying at room temperature before
testing. All linear sweep voltammetry (LSV) curves were recorded by sweeping the potential
from 0.9 — 1.7 V vs RHE with scan rate 5 mV s\ Cyclic voltammetry (CV) measurements
were carried out in the potential range between 1.0 — 1.7 V (vs RHE) with a scan rate of 10 mV
57! Each measurement was repeated 5 times in order to avoid any incidental error. The
accelerated stability tests of the Coo[1.4-NDPA] and Zno[1.4-NDPA] precatalysts for OER
were performaned at room temperature by potential cyvcling for 1000 cycles at 100 mV s™1. At
the end of the cycling. the final catalyst formed on the working electrode was again subjected
to polarization measurements at the scan rate 5 mV 57> In all measurements. the iR drop was
compensated by the ohmuc resistance ansing from the electrolyte/contact resistance of the
setup. and measured by electrochemical impedance spectroscopy (EIS).

For overall water splitting (both HER and OER) tests, the pre-catalysts were coated on
commercial nickel foam (NF) which was used as both anode and cathode. The catalyst@NF
electrode was fabricated by drop—casting the catalyst ink on the surface of pre—treated N1 foam
which was dried at 60 °C under vacuum atmosphere. The loading was around 1 mg cm™ by
weighing the electrode before and after the catalyst deposition. The potential scan range was
from 0.8 —1.8 V. The stability tests were carried out using a controlled current electrolysis
where the potential was recorded at a constant current density of 50 mA cm™ over a period of

30 hin 1.0 mol L~! KOH electrolyte.

10
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6. SEM and SEM-EDX before and after electrolysis

Figure 58. a) and b) SEM 1mages of Zn»[1.4-NDPA] and the corresponding elemental mapping
ofc) Coand d) P.

= pm

Figure 59. a) and b) SEM images of Coz[1 4-NDPA] and the corresponding elemental mapping
of¢) Zn and d) P.

11
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Figure S10. a) SEM images of the Co;[1.4-NDPA]@NF electrode after 30 h of OER and

corresponding elemental mapping of b) Co, ¢} P and d) N1,

Figure 511. a) SEM image of Zm:[1.4-NDPA]@NF electrode after 30 h of OER and

corresponding elemental mapping of b) Zn, ¢) P and d) N1

12
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Table S5. SEM-EDX analvsis of the ratio between metal and phosphorus of Co2[1.4-NDPA]
and Zno[1 4-NDPA] (theor. 1:1) before and after 30 h of electrolysis in 1 mol L-! KOH

electrolyte.
Sample Molar ratio Before OER After OER
Metal P Mletal P Metal F
Co:[1.4-NDPA] 13 1 1.1 1 o9 1
Zn;[1.4-NDFA] 13 1 i1 1 3 1

Moreover. to further evaluate the OER activity of the Co:[1.4-NDPA] and Znz[1.4-NDPA]

precatalyst Table S6 compares the overpotentials and Tafel slopes at s current density of 10

mA cm™ with previously reported Co- and Zn- catalvsts. The Co2[1.4-NDPA] and Znz[1.4-

NDPA] precatalysts exhibit smaller or similar overpotentials and Tafel slopes at a current

density of 10 mA cm™. in line with their good OER catalytic activity.

7. PXRD of synthesised p—Co(OH): and physical mixing of p—Co(OH): and the ligand 1.4-
NDPA-Hs.

physicat mixing of
B-Co{OH), + 1 4-NDPA-H,

Intensity (a.u)

] | —— synthesised f-Co{OH),'*
L L

Sim. B—Co{OH])5
(ICOD-30-0443)

10 20 30 40 50 €0 70 8D S0 100
2 Theta /©

Figure 512. PXED of the p—Co(OH):, ligand 1.4-NDPA-H: and physical mixing of
f—Co(OH): and ligand 1 4-NDPA—H,4 and sumulation of f—Co(OH): (ICDD: 30-0443)

) The p~Co(OH): was used as a reference material for Coa[1.4-NDPA]. 653 mg Co (NOs)- 6 H:0
and 200 mg NaOH were added in 20 mL H-0 and ultrasonicated to homogenize. The solution was
transferred into 50 ml. Teflon line stainless-steel autoclave and put in oven at temperature of 180
"Cin 12 b followed by cooling to room temperature. The final products were obtained after washed

13
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several time with DI water and ethanol via centrifogation (10,000 rpm, 10 min), followed by drving

at 60 °C. The as-obtained powder was confirmed the structure by PXED and denoted as

B-Co(OH):.

8 OER performance comparison.

Table S6. Comparison of OER performance for several Co/Zn-based electrocatalysis.

Electrolyte Cverpotential v | Tafel slope (mV
Catalwst (mol 17! | Substrate (mV} at 10 mA | dec™®) at 10 mA | Reference

KOH) cm™ cm—
Co[1.4-NDPA] 1 GCE 374 43 This werk
Iny[1 4-NDPA] 1 GCE 408 a2 This werk
Co:[1.4-NDPA] 1 NF 312 - This work
Zny[1 4 NDPA] 1 NF in - This werk
Bulh 1 GCE 318 62 This werk
Co-MOF-74

1 GCE 377 193 5
Co-ZIF 67 01 mel L7

GCE 420 78 &

NaOH
Co-BTC 1 NFE 540 2a 7
CoP 1 NF 390 63 3
Co;0y 1 GCE 530 47 9
CoP 1 GCE 390 50 10

NF: Nickel Foam. GCE: Glassy Carbon Electrode

9. Topological Analysis

The nearly planar 2D mnorgamic SBU, {M(RPO:)}. (M =Co or Zn) 15 represented by a 3.3 4125

topology (short symbol: {4.5.6) {4.5%.6.7.8}{5%.6}). which 1s essentially a relatively simple

tiling of 4-. 5- 6- gons in a ratio of 1:2:1_ As the tiling could not be achieved using regular n-

gons, it 15 not particularly important. Yet, the Topos database lists more app. 50 occurrences of

different compounds with this topology. There are no strictly similar metal phosphonate layers.

14

91




References

k-
2:
i

10.

Rigaku. OD. Crysdlis PRO. Rigaku Oxford Diffraction Ltd. 2020. Yarnton. England
G. M. Sheldrick. Acta Crysr. Sect. C.2015. 71, 3-8.

O. V Dolomanov, L. J. Bourhis. B J. Gildea. J. A. K. Howard. and H. Puschmann. T.
Appl. Crystallogr.. 2009, 42, 339-341.

V. Petiicek, M. Dusek. and L. Palatinus, Crystallographic Computing System
JANA2006: General features. Zeitschrift Fiir Kristallographie - Crystalline Materials,
2014, 229(5). 345-352.

Z. Gao et al . Synthesis. Characterization. and Electrocatalytic Activity Exploration of
MOF-74: A Research-Style Laboratory Expeniment. Jowrnal of Chemical Education.
2021, 98, 3341-3347

S. Ghoshal et al . ZIF-67 Based Highly Active Electrocatalysts as Oxygen Electrodes
in Water Electrolyzer. 2018, ACS Appl. Energy Mater. 2, 5568

D H.Taffa. D Balkenhohl. M. Amuri M. Wark. Minireview: Ni-Fe and Ni—Co Metal—
Organic Frameworks for Electrocatalytic Water-Splitting Reactions. Small Structures
2022, 2200263

Z_Liet al . Fe—Co—Ni trimetallic organic framework chrysanthemum-like nanoflowers:
efficient and durable oxyvgen evolution electrocatalysts. Jowrnal of Materials Chemistry
A, 2022 10, 4230-4241

A J Esswem, D. G. Wocera, Hydrogen production by molecular photocatalysis. Chem.
fev. 2007, 107, 4022

A Dutta, A K. Samantara, 5. K. Dutta, B. K. Jena, N. Pradhan, Surface-Oxidized
Dicobalt Phosphide Nanoneedles as a Nonprecious. Durable, and Efficient OER
Catalyst. ACS Energy Lefters 2016_ 1, 169-174

92



3.3. Microwave-Assisted ultrafast Synthesis of Bimetallic Nickel-Cobalt M etal-Organic
Frameworks for Application in the Oxygen Evolution Reaction

Thi Hai Yen Beglau, Yanyan Fei, and Christoph Janiak®

Chem. Eur. J. 2024, e202401644.

DOI: 10.1002/chem.202401644

Abstract:

Bimetallic MOFs present enhanced opportunities for tailoring the properties of MOFs,
generating significant interest between pristine bimetallic MOFs and their derived metal
hydroxide electrocatalysts. Herein, a series of monometallic and bimetallic MOFs (M, M’: Ni,
Co, Zn) with tunable pillar linkers were prepared through a novel ultrafast microwave-assisted
thermal (MW) conversion synthesis method within only 12 min, which are selected
systematically to explore the catalytic-activity for OER. Remarkably, among all the bimetallic
MOF-derived catalysts, the NICoMOF exhibits superior catalytic activity for the OER with the
lowest overpotentials of 301 mV and Tafel slopes 0f42 mV dec™' on a glassy carbon electrode
(GCE) at a current density of 10 mA cm2, attributed to its unique structure and high valence
state of nickel. Electrochemical evaluations demonstrate that the pristine structure of MOFs
influences OER performance during extended alkali treatment, affecting the kinetics of
transformation from disordered a-Ni/Co(OH)2 to ordered [-Ni/Co(OH)2 under alkaline
conditions Compared to the TOF from p-M(OH)2 (0.002 s-'), our study demonstrates that a
bimetallic MOF improves the electrocatalytic performance of the derived catalyst by giving an
intimate and uniform mixture of the involved metals at the nanoscale. In addition, employing
the microwave (MW) synthesis method, NiCoMOF was grown on nickelfoam (NF) via a growth
approach, which provides more accessible active sites for electrocatalytic OER performance.
The optimized NiCoMOF grown on NF in just 25 min exhibits superior OER activity, requiring
overpotentials of 313 and 328 mV to achieve current densities of 50 and 300 mA cm™2 which
surpasses the state-of-the-art RuO2 and catalysts derived from MOFs for the OER. More
importantly, this newly developed bimetallic MOF family, characterized by its two kinds of
organicligands, is anticipated to function as a versatile assembly platform, providing extensive

opportunities for the practical use of MOFs in various energy storage applications.
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Microwave-Assisted Ultrafast Synthesis of Bimetallic Nickel-

Cobalt Metal-Organic Frameworks for Application in the

Oxygen Evolution Reaction

Thi Hal Yen Beglau,” Yanyan Fel,™ and Christoph Janiak*®

Herain, a series of monometaliic Ni-, Co- and Zn-MOFs and
bimetallic NiCo-, NEZn- and CoZn-MOFs of formula
My{BOCLOABCO and (MM{BDCLDABCO, respectively, (M,
M'=metal} with the same pillar and layer linkers 14
diazabicyclol2 2.2]octane (DABCO) and benzene-14-dicarboy-
late [BDC) were prepared through a Fast mi isted
thermal conversion synthesis method (MW) within only 12 min.
In the bimetallic MOFs the ratio M:M' was 4:1. The mono- and
bimetallic MOFs were selected to systematically explore the
catalytic-activity of their derived metal oxide/hydroxides for the
oxygen evelufion reaction (DER). Among all tested bimetallic
MOF-derived catalysts, the NiCoMOF exhibits superior catalytic
activity for the CER with the lowest overpotentials of 301 mV
and Tafel slopes of 42 mV dec’ on a rotating disk glassy carbon
electrode (RO-GCE} in 1 moll™" KOH electrolyte at 2 cument
density of 10 mAcm . In addition, NICOMOF was insitu. grown
in just 25 min by the MW synthesis on the surface of nickel

Introduction

The burning of fossil fuels, with its inherent problems such as
air pollution, CO; emission and global warming, prowvoke the
development and investigation of environmentally friendly and
renewable energy systems”™ The imminent shift towards
environmentally friendly and renewable energy sources, like
wind, sclar, and hydroelectric power, has put significant
attention on hydrogen produced through water electrolysis as a
promising energy camrier and storage medium 4 Overall water
splitting consists of two half-reactions, the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode™ It is qudal to note that the OER
is a four-electron-proton coupled process, while the HER
involves only a two-electron transfer. Consequently, OER
demands a higher energy input (higher owerpotential) to
summount its kinetic barmier™ In the past several decades, the
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foam (NF) with, for example, 3 mass loading of 166 mguee’ g
where overpotentials of 313 and 328 mV at current densities of
50 and 300 mAcm 7, respectively, were delivered and supesior
long-term stability for practical OER application. The low Tafel
slope of 27 mVdec™, as well 35 3 low reaction resistance from'
electrochemical impedance spactroscopy (EIS) measurement
(Rer=2 2}, confirm the excellent OER pedormance of this
NiCaMOF/NF compesite. During the electrocatalytic processes
or even befors upon KOH pre-treatment. the MOFs are trans-
formed to the mixed-metsl hydroxide phase o~F-M{OH); which
presents the active species in the reactions {turnover frequency
TOF=0.2525" at an overpotential of 320 mVy: Compared to
the TOF from B-M(CH. {0.002 57", our study demonstrates that
a bimetallic MOF improves the electrocatalytic pedformance of
the derived catalyst by giving an intimate and uniform mixture
of the involved metals at the nanoscale

electrocatalytic OER has been extensively studied and various
catalysts have been designed to improve electrode kinetics and
stability under different electrolyte environments. For instance,
state-of-the-art catalysts such as Ru-based or Ir-based oxides
demonstrate exceptional OER performance across a wide pH
range”™ However, the scarcity and high-cost of noble metals
greatly restrict their large-scale commercial application. There-
fore, electrocatalysts need to be developed that are mainly
composed of earth-abundant elements and are also easily
scalable, thereby promoting OFR in water electrolysis with an
alkaline electrolyte and at a lower cost.®™

Electrocatalysts obtained from bimetallic, mixed-metal or
multivariate metzl-organic frameworks (MOFs} are of interest
because the synergy of uniformly distributed two or more metal
ion types at tha nanoscale can avoid noble metals™ MOFs are
organic-inorganic hybrid materials with compositional tunabil-
ity, large nanoporosity and surface area, which are also
investigated as (precursors to) electrocatalytic materials 1213
Compared with monometallic MOFs, bimetallic MOFs like MiCo-
MOFs%" NiZn-MOFs %™ and CoZn-MOFs"" ganerally show
superior electrocatalytic activity for the OER due to the
synergistic effects exerted by the two metak. The MOF
[Mi,Fe){BDC),DABCO has been reported by us and was demon-
strated as a promising OFR pre-electrocatalyst (BDC=14-
benzenedicarboxylate, DABCO =14
diazabicyclo[2 2. Zjoctans).™ It is important to note that MOFs
are uwsuzlly not the actual electrocatalysts but precursor
materials to the catalytic species that form in the agueous
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acidic or alkaline medium whare many MOFs are of low
stability." The decomposition of MOFs, for example, in an
alkaline aqueous medivm transforms them inte metal oxides/
hydroxides %= Directly applied pristine MOFs in electro-
catalysis undergo dynamic reconstruction under the given
conditions to form mostly amorphous, yet active metal oxide/
hydroxides without other pre-treatments (e.g. pyrolysis or
calcination).**=" Carbouxylate-based MOFs are relatively unstable
under strongly zlkaline conditions, since OH- ions can split the
coordination bonds that hold the carboxylate ligands to the
metal sites, leading to the farmation of metal hydroxides. ™™
In-addition to the KOH pre-treatment, recently Fischer and co-
workers systematicafly studied the transformation process from
Mi-carboxylate-type  MOFs  inte  distinct  nickel hydroxide
phases ™ The PXRD and Raman spectroscopic results demon-
strated that the linker controks the transformation of NiMOFs to
a-Mi{OH}; and B-MiOH), which ocours gradually during the
alkaline treatment. Lee and co-workers studied the trans-
formation process of ZIF-67 under an alkaline condition during
both cyclic voltammetry and amperometry ™ Their in situ
spectroelectrochemistry results demonstrated that the strong
transformation of tetrahedral Co sites in ZIF-67 to tetrahedral e-
CofCH), and octahedral §-Cof0#H); occurs gradually during the
electrochemical treatment. These two studies indicate only the
formation of metal{il) hydroxides but gave no evidence for the
oxidation to metal{ll) oxide/hydroxide under the alkaline treat-
mient. The active centar for the ©ER then lies in Co00H spedies,
generated by the electrochemical oxidation of a/B-Co(OH):
MOFs are seen as good precursor materizls to active mixed-
metal oxide/hydroxide electrocatalysts as they allow to achieve
a defined mixed-metal composition with 2 uniform distribution
of the metals on the nano-level ! Due to these advantages,
MOFs provide unique design approaches for electrocatalyst
development. This is a different approach than the energy-
intensive carbonization (pyrolysis) pre-treatment of MOFs™ ™!

It is known that glassy carbon electrodes can only work
under a low current density (usually < 100 mAcm™) and are
unable to meet the requirements for practical applications,
which are often operated under high current densities
{usually =300 mAcm 1P The electrode materals grown
directly on conductive supports {e.g., Ni foam, Cu foam, carbon
cloth, metal plates ...) have been effective in preventing
catalyst aggregation and shedding, and can also exposs mare
active species and reduce the resistance to charge transfer,
which & beneficial for improving electrochemical
performance " Due to its metallic conductivity, high electro-
chemical accessible surface area and excellert mechanical
strength, nickel foam {NF) has been widely used as an slectrode
support for OERM*! Therefore, insite growth of MOFs on NF
presants an effective strategy for an electrocatalyst design of
highly efficient and durable electrodes for practical applica-
tions.

There are various methods for synthesizing MOFs, including
hydrothermal, room temperature, ultrasonic, microwave-assist-
ed heating (MW), mechanechemical, sonochemical, and electro-
chemical methods ! The MW synthesis has the advantages of
fast reaction. homogeneous nucleation, a substantial reduction
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in time, good reproducibility, morphology/size tuning, and
facile evaluation of reaction parameters.**™ MW synthesis is
based on the interaction of electromagnetic radiation with
electric charges, such as pelar lons, solvent molecules, or
electrons.™ In the fiquid phase, as the temperature increases,
the kinetic energy of the molecubes increases, leading to
increased collisions between polar molecules when frequency is
utilized in the electromagnetic fisld® Maniam ot al =
successfully synthesized Mi{BDCLDABCO, from NifMOs), -6H,0,
HEBDC and DABCO in dimethyiformamide (DMF) solution, by
using microwave heating at a temperature of 110°C. The
method reduced the synthesis time from 48 h for the traditional
solvothermal method, to a mere 2 h. However, the synthesis
scale was wery small (1-10 mi). Zou et al. described the MW
method at a larger batch scale (35ml) and an  efficient
approach for producing Ni;(BDCLDABCS within onby 12 min
The synthesis of insitu grown nanomaterials {but no MOFs) on
the surface of MF by the MW heating method has been
reported®™™ ™ and an insight into the growth mechanism has
been providedF® Therefore, the binder-free and homogenous
formation of MOFs on a NF electrode using microwave
irradiation may effectively improve its OFR perdformance for
electrocatalytic applications.

Herein, the mono- bimetallic MOFs MyBDCLDABCO and
(MM 1(BDCH,DABCO (M, M= Ni, Co, Zn; molar ratio MM =4:1)
were prepared through a facile and effective microwave
synthesis method in 2 short time (12 min), as pristine powders
and on WF. This work will be divided into (i) bulk MOFs as
precursors, and (i} MOF pre-electrocatalysts directly grown on
the conductive substrate NF. The pristine MOFs serve as
precursors for the formation of active mixed-metal hydroxide
species. The catalytic properties of derived materials from
monometallic Ni-, Co- and Zn-MOFs and bimetallic MiCo-, NiZn-
and CoZn-MOFs were investigated systematically in direct
comparison. To demonstrate the advantages of bimetallic MOFs
as OER precatalysts, the comparison of NiCoMOFs with B-
[Mi.CopOH)z nanoparticles and the physical mixture of NIMOF
and CoMOF [metal molar ratio 4:1) was investigated, A MOF
precatalyst nanosheet was for the first time cbtained on Mi
foam through the microwave-assisted heating growth ap-
proach, Our study demonstrated that mixed-metal MOFs offer 2
way to form OFER catalysts with uniformly distributed two or
maore metal ion types at the nano-level.

Results and Discussion
Characterization of MM MOFs

The metal nitrate salts and a2 mixture of the organic linkers
H,BOC and DABCO were reacted in DMF under microwave-
induced h=ating to form homogeneous bimetallic 30 MOFs of
formula (M.MBDCRLDABCO (M. M'=Ni, Co. Zn) hereafter
abbreviated as MM'MOF, as indicated in Scheme 1. The st MM’
ratic was 4:1. For comparson the monometallic
M3BDCHDABCD analogues, abbreviated as MMOF were pra-
pared by the same processes. The bimetallic MMMOFs were
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Scheme 1. Schematic lhestration of the microwave-heating process for the symithesis of bimetallic (M M7T/B0CHLDABCD and its appdication in an ink on a
rofating disk plassy carbon electrode (RD-GCE or In sty grown on nicks] foam (MF) for usa in the OER

alo grown on NF by the microwawve technigue and used
directly as & working electrode for OER. With the microwave
synthesis method, the deposited MOF mass loading on the NF
glectrode could be optimized by adjusting the synthesis time.
To reveal the influence of the second metal in the bimetallic
MOF precursors under an alkaline slectrolyte, the transforma-
ticn of the MOFs in KOH (! mell™") and under OER conditions
was investigated owver time. This study aims to understand the
synergistic effect of two metals in bimetalic MOF-derived
electrocatalysts on OFER wsing either a rotating disk glassy
carbon electrode (RD-GCE) or a MF electrode as the anode.

In addition, the monometaliic MMOFs M{BDC);DABCO (M:
Ni, Co, Zn), were synthesized for comparison, The powder X-ray
diffractograms  (PXRDs} of the monometallic MMOFs and
bimetallic MM'MOFs matched the simulated pattern of the
reported structure of NiBDC)zDABCO- (DMF)- (H:Ohs (CCDC
Mo, B02892) (Figure 1, Figure 51 and Scheme 5134 confirming
the isostructural nature of the monometallic and bimetallic
MOF series. Slight shifis in the position of the reflections are
attributed to the effect of the different metal atom radius, the

lattice distortion from the coordination of two metal fons
whereby the crystal structures of MOFs undergo subtle
changes®™ The wery similar FTIR spectra of the M- and
MM'MOFs in Figure 53, whare NiMOF, CoMOF, ZrMOF, NiCo-
MOF, NiZnMOF and CoZnMOF display the same characteristic
bands in the fingerprint regicn, are in good agreemeant with the
iterature® 'H MMA spectra of digested monometallic and
bimetallic MOFs confirmed a molar ratic near 2:1 of BDC to
DABCO ligands, which matched well with the formula of
MyBDCHLDABCO (Figure 54). The metal contents and metal
ratics of the samples were analyzed by energy-dispersive X-ray
spectroscopy (EDX), atomic absorption spectroscopy (AAS) and
%-ray photoelectron spectroscopy (XP3) (Figure 1b and Ta-
ble 54). The comtent of two metals was very close to the
intended molar ratic of 4:1 sat by the stoichiometric amounts
in the synthesis. The resufts confimed that the two metals
could be smaothly mixed within the MOFs and according to the
above results, the monometallic MBDCLDABCO and the
bimetallic (M.M);(BDC);DABCO MOF structures werg success-
fully obtained by a simple MW heating synthesis.
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Figure 1. PYAD pattems of as-synthestzed monometallic M,B0C,DWECD MMOF) and bimetallic (WM,BDC),DABCO (MM MOFL The simulitad PXRD pattem

af NI, iBDC),DARCO was oblaimed from CODC Mo, BO2892. by Metal composttion
stolchiometnic theoreticall ratho {see Table 54, 51 for specific values).
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The monometallic MMOFs exhibit the expected type |
isotherm based on the IUPAC dassification for MOFs with
microporous strectures (pore size < 2 nm) ™ For the bimetallic
MM MOFs, the isotherms are 3 compaosite of type | and probably
type Il with an H4 hysteresis loop. The pronounced uptake at
low relative pressure stems from the filling of the micropores.
The type Il branch is given by non- or macroporous adsorbants
and derives hera from the texture effect of the physisorption in
the meso- and macroporous voids of the aggregated crystal-
lites. The bimetallic MMMOFs give significantly smaller crystal-
lites than the monometallic MMOFs (Figure 32-f). A comparison
of BET surface areas and pore volumes for the MMOF and
MM'MOF materials is summarized in Table 53. The BET surface

areas of monometallic NiMOF, CoMOF, and ZnMOF wera 1856,
1838, and 1547 m'g™", respectively, in good agreement with
the literature values (also given in Table 53,55 |n addition,
the pore widths of all were evaluated to be around - 1.2 nm
microporas (Figure 2b).

Scanning efectron microscopy (SEM) of the monometallic
and bimetallic MMOFs and MM'MOFs showed ractangular
block-shaped microcrystals with smooth surfaces and block
lergths ranging from ~3 to 10 pm for the MM'MOFs and from
~5 to 20 um for the MMOFs (Figure 3a-f). The observed block-
shaped morphologies of MMOFs and MMMOF:s {Fgure 3 and
52) were in good agreement with the roported omes®9
Furthermaore, according to the element mapping from SEM-EDX
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Fligure 2. 3 Nitrogen sorption lsotherms (adsonptien: filfed symbuols: desorption: empty symbols; and by pore stze distribution curves of the MMOF and
MW MOF samples. BET surface areas and total pore volumes are given in Table 53,

Lol

Figure 3. SEM images of a) NIMOF, by Znds0F. ©) CoMOF, d) NICoMOF, &) NIZnMOF and fj CoZndsOF and SEM-EDK scanning element mappings of nickel

cobalt. zine and nitrogen of g) NCoMOF, hy HIZnMOF and i) CoZnMOF.
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in Figure 3g-i and Figure 55, both metals in the MM'MOFs are
homogeneousky distributed in the microcrystals.

The element species and chemical states in the bimetallic
MM MOFs and for comparison also in-the monometallic MMOFs
are further confrmed by X-ray photoelectron spectroscopy
{XP5) measurement. =7 As shown in Figure 4a, the correspond-
ing elements of Ni, Co, Zn, T O, and N were detected in the
survey XPS spectra. The Zn 2py; binding energy in the
monomaeataliic and bimetallic MOFs is almost the same, and has
a characteristic peak at arourd 1022 eV comesponding to the
In Ipy; of It ®® The Co 2p spectrum displayed the
contributions of Co 2py, (=781 eV} and Co 2py, (~796 &V) each
with shake-up satellite peaks (~786 and ~801 &V). The oxidation
state of cobalt cannot be unequivocally determined from the
binding energies of the peaks as the fitting of the main Co 2py;

contribution between 772-782 aV to two or three paaks does
not comelate with the oxidation states™ ™ Instead, cobaltilily
oxides ware distinguished from cobaltill) oxides by the absence
of the multielectron excitation sateflite at 785-786 eV to the Co
2Py line in the former. In Figure 4c the areas of the satellites
for MiCoMOF, CoZnMOF and CoMOF (blue curves) are betwesn
32-34% of the total Co 2py; line indicating the presence of
mainfy Co®t ™ The peak of Ni*+ at about 856 eV for Ni 2py
and 873-374 eV for Ni 2p,, together with two comesponding
satollite peaks originates from WNP+FT The results show that
metal ions remain in their divalent form in both the mono-
metallic and bimetallic MOFs and that the introduction of a
second metal does not alter the chemical state of the metal
ions™ Figure 56 in the Supporting Information (S5 presents
tha high-resolution ¥P5 of C 15,0 1sand N 15 of the MOFs.
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Figure 4. 3) Survey XFS specira of MMOF and MM MOF samples. Compartson of the high-resolution xP5 spectra of bj Zn 2py,. 0 Co 2p and d) NI 2p of the

MMOF and MM MOF samples.
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Characterization of MICoMOF/NF

The NF-supported bimetallic MOF was synthesized by immers-
ing MF (1cm=2cm; thickness: 1.6mm) in the mixture of
Mi{MO 3}, -6H.0, CofNOy),-6H0 (molar ratic 4:1), HBDC and
DABCO in DMF in a microwave tube through the MW synthesis
mathod (see details in SI). To measure the PXRD of the MOF
from the NiCoMOFNF sample, the MOF particles were carefully
scratched from the surface of the NF, collected and transferred
to tha sample holder. The PXRD of NiCoMOF/NF matched the
simulated pattern of NiEDC),DABCO-(DMF)-(H;0y . (CCDC:
Mo. 802892) (Figure 53, cf. Figure 1) indicating a well-crystallized
(M1, Co){BDCL,DABCS structure which was successfully grown

= |
El | )
% ‘ M1 metal

1
- O R N |
E NICoMOFINF
5 I Y S
Sim. NIMOF
5 10 15 20 25 30 35 40 45 KD

aj 2 theka (")

on NF in the MW synthesis. Additional diffraction reflaxes at
4537, 52.9° and 77.27 (Figure 53} are caused by elemental nickel
(ICDD: 040850 which was scraped off together with the MOF.
The homogensous growth of NiCoMOF on NF can be seen
optically and by SEM compared with bare NF (Figure 57 and
Figure 6). The element mapping by SEM-EDX (Figure sb) of
MNiCoMOF/NF demonstrated that Ni, Co, and N were homoge-
mieously distributed on the surface of the NF substrates.

The MiCoMOEMF corystallites, depicted in Fgure & (and
enlarged in Figure 57b—g), are of much smaller size and with no
clearly seen rod-shape morphology compared to MNiCoMOF
powder given in Figure 3). This can be attributed to the
microwave synthesis time. The NECoMOF powder was obtained

Figure 3. & PXAD of soatched-off (MI,CojBOC) DABCO from the NF substrate and simulation of MIMOF and M mefal b) SEM image and elemental mappings

of MICaROF /NF after 12 min wnder MW heating synthesls.

Figure 6. SEM Image of 3} bare NF, by NICOMOF/NF-4.5, ) NICOMOF/NF-126, dj NICoMOF/NF-15.0, ) NICoMOF/NF-16.6, f MICOMOF/NF-18.7 and gy MICOMOE/
NF-26.6. The number denotes the loading In MQu./G, and the sequence by to g) corefates with 120 135, 20, 25, 30 and 40 min, respectively, of synthests ttme.
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after 7omin of micowave synthesis with a well-defined
morphology. The NiCoMOFMNE size and morphology were
evaluated with a synthesis time, ranging from 12 to 40 minutas.

To determine if an interaction between the ligands with NF
during the microwave synthesis reaction can ocour, that is, if
the synthesis of the MNiCoMOF/NF can onginate from the NF
without metal salts, the synthesis of NiCoMOF/NF was carried
out according to the procedures described, except without
adding any metal salt. The NF was immersed in the mixture of
H.BDC and DABCO in 15mL of DMF in 2 30mlL microwave
tube. The reaction ran at 120°C for 40 min of heating time at a
microwave power of ~25-30W. The product was denoted as
BOC-DABCOVNF. SEM and SEM-EDX did neither indicate the
formation of any MOF pano-seeds on the surface of NF nor the
presence of nitrogen (from DABCO) (Figure 525b and dj. As
Figure 525, the SEM image of the cbtained product shows that
a vary small number of crystal seeds was distributed on the
surface MF to compare with bara NF,

Since the catalytic activity for OER can also be influenced by
the mass loading of the MOF on the WF substrate™ the
microwave-assisted synthesis method was used to control the
mass koading through the reaction time. The NiCoMOF samples
were grown on NF with different synthesis times of 12, 15, 20,
25, 30 and 40 min to investigate the OFER activity at different
amounts of MiCoMOF precursor on NF. The SEM images in
Figure & indicate that the MOF thickness on NF increased with
increased synthesis time. After 12 min, a small number of
nanorods appeared on the NF and the MOF did not cover the
NF completely. After 15 to 20 min of MW synthesis time, the
MOF crystalfites with a larger size and better coverage could be
observed on the NF substrate. The mass loading of NiCoMOF
increased with synthesis time from 4.5 ma’g (NF) at 12 min to
286 mg/g (MF) at 40 min as determined by the weighted mass
gain (Tabke 52 and Figure 58/

Electrochemical OER Performance of MMOF- and MM MOF-
Derived Electrocatalysts

MOF/RD-GCE Systems

The electrochemical OFER performance was tested across the
series of monometallic MMOF and bimetaliic MM MOF (M, M=
MNi, Co, Zn}. Synthesized MOF materials were coated on a
rotating disk glassy carbon electrode (RD-GCE) (mass koading -~
023mgom ¥ as a working electrode following a standard
drop-casting technique (Electrochemical measurements, 5. All
electrochemical measurements were referred to a reversible
hydrogen electrode (RHE} in KOH {1 molL™"), using Pt wira as a
counter alectrode, Typically, to obtain a stable activated state
for the OER, the samples were conditioned by cychic voltamme-
try (CV) from 7.0 to 1.6V vs RHE over 100 cycles with a scan
speed of 100 mV s, comasponding to ~20-22 min of condition-
ing time. In these polarization CW curves in Figure 511, the
anodic peaks in the potential region around 1.25 to 145V (vs
RHE) of the Mi-containing MOFs are due to the pre-OER Ni™* to
Mi** redox transition of the Ni centers™™ The intensity of this

Chem. Eur. £ 2024, eJ02800644 (7 of 16

pre-0ER redox peak increased substantially, indicating that the
Mi species were activated during long-term CV measurement.™
After obtzaining 2 stable activation CV state, the OER perform-
ance was investigated by recording lnear sweep voltammetry
(LSV) under a scan speed of SmVs (Figure 7a). The potential
at a current density of 10 mAcm* was deducted from 122V to
give the overpotential, Whereas the native RD-GCE had no DER
activity, the bimetallic CoZnMOF showed a better OER activity
judged by the lower overpotential compared to the monro-
metallic CoMOF and ZnMOF. On the RD-GCE the overpotential
of NiCoMOF (301mV) is significantly smaller than that of
MNiZnMOF (306 mV), CoZnMOF (342 mV), NiMOF (315 mV),
CoMOF (356 mV), ZnMOF (@65mV) and commercial Ru(,
(317 mV}, to reach a typical benchmarking current density of
10 macm-* {Figure 7ok

The catalytic OER activity by tuning the Ni:Co molar ratio
was investigated. Among all precatalysts with different molar
Ni:Co ratios from (Mi:Coj 4:1 to 1:4, NiCoMOF with a2 molar
metal ratio of 4:7 showed the highest OER activity (Figura 513
The same phenomenon was also found in other NiCoMOFs and
NiCo nanoparticles™*® Accordingly, the molar metal ratio of
4:1 was selected for further experiments.

Additionally, the kinetics of the derived catalysts on the RD-
GCE were investigated using Tafel plots which wera calculated
from the LSV curves. A smaller Tafel slope indicates a faster
increase in current density and a smaller variation in owver-
potential, suggesting a faster reaction rate constant and a
better electrocatalytic performance® On the RD-GCE the Tafal
slope of NiCoMOF is 42 mVdec™, which is significantly smafler
than that of MNIZnMOF @6mVdec®, and CoZnMOF
somVdec, MIMOF (s5mVdec™, CoMOF (57 mVdec™.
InMOF (61 mVdec™) and Ruls (91 mVdec™), which demon-
strates superior reaction kinetics for the catalyst derived from
NiCoMOF compared to the other samples (Figure 7b). The
results are consistent with the comesponding L5V curves for the
excellent OER activity of the NiCoMOF-derived catalyst

The Tafel skope provides crucial information on the rate-
determining step (RDS).5* It is generally accepted that the first
step of the OFR involves oxidation of the active metal site with
the binding of a hydroxide anion, that is, the formation of
adsorbed metal hydroxide species with the release of an
electron (M-+OH —M*-OH <2} which if it would be the rate-
determining step (RD5) would correspond to a Tafel slope of
120mVdec’. In the second step of the OER, this metal
hydroxide species reacts with a hydroxide anion to produce 2
water molecule and a metal oxide species with the release of a
second-electron  (MT-OH+-OH—M"-0+H,0+e), which as
RDS would give a Tafel stope of 60 mVdac™", The third step of
the OER involves the reaction of a hydroxide anion with the
metal oide species to produce a metal hydroperoxide with the
third-electron transfer {M* -0+ OH —M-00H 52, with a corre-
sponding Tafel slope of 40 mVdac-" as RDS. In the last step of
the OER, this metal hydroperoxide species reacts with an
additional hydroxide anion which leads to the regeneration of
the active metal site (M}, dicxygen and water and the release of
a fourth electron (M-OOH+0OH —-M+0,+H,04+e) and s
indicated as RDS with a Tafel slope of 15 mVdec " "= There-
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fore, the Tafal slope from 61 to 42 mWdec’ for the MOF-
derived catalysts suggests that the RDS involves the second 2nd
the third electron transfer steps. At the same time the
overpotential and Tafel slope of Ruly, for the OER, which was
measured here, is in good accordance with the fiteratura =

Electrochemical impedance spectroscopy (EIS) was em-
ployed to understand the electrode kinetics of the MOF/RD-GCE
systems during the OER electrocatalysis. The EIS data was fitted
by the equivalent electrical circuit model for OER catalysts
{Figure 7d; ™= C,, and R, are the doubla-ayer capacitance and
electrolyte resistance, respectively. The polarization resistance
(R} presents the total charge transfer resistance of the multiple
steps in the OER, while R, is related to the production rate of
surface intermediates during the OER. Together the two give
the Faradaic resistance of the catalyst, which is simply defined
a5 H,,,=P,+R,,”'°' Cy is related to the changes in charged
surface species during the process of OER®™™ The dater-
mined parameters from tha EIS fitting are lsted in Tabée 55 and
present 3 comparable trend to overpotentials and Tafal siopes.
Among the testad catalysts, NiCoMOF has the smallest value of
R (12.2 £ and the smallest semicircle diameter in the Myquist
plot, indicating the faster eleciron transport kinetics of this
NiCoMOF-derived catalyst which leads to the superior OER
alectrocatalysis. ™

Chem For. 4. 3024, e302407644 {8 of 16}

To comprehensively assess the intrinsic catalytic activity of
bimetallic MOFs on RD-GCE towards the OER the tumowver
frequency (TOF) was usad as a quantitative parameter to
indicate the amount of cxygen gas produced per undt of time at
a defined overpotantial ™™ As can be seen in Table 55, the
MiCoMOF has the highest TOF value (0.074 57", higher than the
other bimetallic MOF-derived catalysts NiZnMOF (0062 57"} and
CoZnMOF (0,009 577, at an overpotential of 320 mV. It is worth
mentioning, that the TOF value of NiCoMOF is 2 times and 26
times higher than in the monometzliic NiMOF and CoMOF,
respectively. This again demonstrated the strong effect of
introducing a second metal on optimizing the catalytic perform-
ance for OERL

Finaily, the durability of the bimetallic MM'MOF-derived
catalysts was investigatad by CV curves for 1000 cycles from 1.0
to 1.7V vs RHE at a scan rate of 100 mVs™" in 1 mol L' KOH
{Figure 512). The recorded polarization LSV curves of the MOF
series before and after 1000 Vs show 2 slight increase in the
overpotential of 10 mY for NiCoMOF, 17 mV for NiZnMOF and
19 mV for CoZnMOF. Interestingly, the overpotential of NiMOF
after 1000 CVs decreased by 16 mY, indicating the reorganiza-
fion of NiMOF at their interface to the electrolyta, while the
overpotential of CoMOF and ZnMOF increased 11 and 7 mV,
respectively. These observations indicate that each metal
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reconstructs differently to active species under OER conditions
(Figure 7c and Figure 512).

KOH Treatment and Transformation Investigation

A facile alkaline hydrolysis strategy is used to fabricate MOF-
derived OFR alactrocatalyvsts %9 The NiCoMOF transforma-
tion through the inherent reaction with KOH during the
alectrochemical measuremeants was investigated in 2 separate
KCOH treatmant. The MOF materials were dispersed in 1 moil™’
KOH ower a defined time (t=15, 30, 60 and 120 min). After
centrifuging. the materials were collected and washed three
times with 20 mL of doubly-ionized (D) water and dried at
£80°C overnight. The MiCoMOF reflections already disappeared
within 15 min of KOH treatment (Figure 83). At 15 min new
sharp reflaxes appeared at 9.3°, 13.0° 2607 328" and 3927
Ztheta which also became weaker owver time and almost
disappeared again at 120 min. These new reflexes are assigned
to the initial but also intermediate formation of 2 variant of
ZD-Ni-BDC (93" and e-{NiCogOH); (13.0° 26.0° 3287 and
302" (Figure 8b). i is noted that the reflection at 13.0° and
2607 of a4NLCo)OH),; are shifted to higher 2theta values than
the standard patterns 1CDD 38-0715 and ICDD 46-0605 (Fig-
ure 8b), indicating a decrease in the c-unit call parameter due

to differerces in the incorporated  interlayer spadng
species ™= ® Also new broad reflaxes are present after 15 min
at 192° 324", 387, 5157 59.1° and 63.0°, which grow in
intensity, sharpen and remain as dominant refiexes after
120 min of KOH treatment time. These reflexes are assigned to
B-{Mi,Co){OHy, (Figure 8b and Figure 514) and indicate the
conversion of the MOF to the o /B-phases of mixed-metal-
hydroxide. The results are in good agreement with the
literatura ™1

Notably, a higher abundanca of a-NijOH); resuits in a higher
catalytic activity in the OER™™ The reconstruction of
NiCoMOF in KOH starts with the formation of o-{Ni,CojOH).,
hence, after 15 min the best OER performance is seen (sea
betow). The metal oxidation state of the product after 120 min
of KOH treatment time was determined via XP5 measuremeant
and confirmed to be predominantly Ni** and Co®™ with only a
small contribution of Nit* (about 18%) and Co?t (see details in
Figure 516 and accompanying text,. The morphology of
MNiCoMOF after 120 min of KOH treatment time, as seen with
the SEM (Figure 510), did not change profoundly from the
pristine NiCoMOF morphology.

The reconstruction of NCoMOF with KOH over time was
followed by the electrochemical measwrements, that is, NiCo-
MOF and also NiMOF and CoMOF on the RD-GCE were pre-
treated with KOH (1 molL-") for 15, 30, 60 and 120 min without
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applving a potential. Afterwards, the OER testing was done
similarly to the senes of OER measurements described above,
which refers to a soaking time t,=0 min. The NiCoMORRD-GCE
system was chosen over MiCoMOF/NF (discussed bebow) as the
RD-GCE reduces the uncertzinty in spedfic surface area
daterminaticn which is a3 commonly expenienced disadvantage
when using nickel foam or carbon paper as the substrate ™

The influence of the KOH pre-treatment on the OER
performance is well reflected by the LSV curves in Figure 8¢,
where the change in OER properties is given in correlation with
the pre-treatment time. Particularly, the overpotential at
somAcm? decreases for NiCoMOF over the pra-treatment
time from 339mY (0 min) to 306 mV (15 miny and increases
again to 322mV  (30min), 339m¥ (G0min) and 348 mV
(120 min} {Figure 8dj. Additionally, the TOF values at an owver-
potential of 320 mV followed a similar trend, as for NiCoMOF
2fter 15 min of KOH pre-treatment the value (0.252 577 is highar
than that of pristine MiCoMOF (0,074 5 ") and decreases again
with extended soaking time (0.145-0.052 5=} (Figure 519). The
resufts underscore that the pristine MOFs are not the true
catalysts but merely precatalysts, due to the reorganization of
MOFs at thair interface with the electrolyte™™"

MWotably, the TOF value of NIiCoMOF after 15min of KOH
pre-treatment is much higher as comparad to previously
reported NiCo electrocatalysts: CoNi,, — MOFNs (TOF=01185"",
=350 MV NiCo-MOF/MNF (TOF=00112 577, n=2350 miy;"
NiCo-LDH (TOF=0.002 5", n=419 mV}7= Ni-Co.-MOF (TOF=
000455, n=400 mV}Z™ NiCoDHMNiCoS (TOF=01s", n=
320 mv).

Additionally, as shown in Figura 517, derved-NiMOF shows
the highest OER activity after a KOH-pre-treatment time of
120 min with 2 low overpotential of 347 mV at 50 maom™,
which is in good agreement with other literature (Fig-
ure 8d)."7 In contrast to NIMOF, the electrocatalytic activity
of CoMOF after KOH pre-treatment for different periods was
decreased significantly (Figure 517), consistent with previous
reports. 7%

The data show the salection of metal ion nodas of MOFs is 3
crucial determinant for the metal hydroxide species which are
obtained under alkaline treatment, and which affects the OFR
activity of tha derived matarials. The impact of introducing Co
anodes in bimetallic NiCoMOF is generally categorizad as (1) a
synergetic effect of the mixed metal complex at the nanoscale
and {2) while Co promotes the formation of high-valence Ni
owde’hydroxide in bimetallic MOFs, the transformation of both
Wi and Co modes from hydroxide to oxide/hydroxide then leads
to the best OER activity"™ ™™

After 120 min the B-{Mi,CoyOH)., which is formed from the
MOF decomposition of reconstruction, appears still largaly
amorphous. A much more oaystalline and phase-pure B-
[Mi,Co){OH); sample could be obtained by immersing 30 mg of
the NiCoMOF in 30 mL of KOH solution at 3 tempearature of
120°C for 24 h, which is denoted hera as (NiCo)yOHL-120°C 174
The PXRD pattemn of the obtained product in Figure 593 (after
washing, centrifugation and drying) shows only the haxagonal
phase of B-NifOH); (ICDD: 14-0117) andior B-CofCHy (ICDD-
30-0443) with sharp reflections. (NiCoyOH,-120°C has an

Them Eur. [ 2024, eJ02401644 (10 of 163

irregular shard-like morphology (Figure 510c), different from the
rod shape of the pristine NiCoMOF z2nd the material derived
after alkaline treatment at rocom temperature (cf. Figure S10a).
The metal contents and Mi:Co ratios {~4:1}) of the samples
were analyzed by energy-dispersive X-ray spectroscopy (EDX)
and atomic absorption spectroscopy (AAS) (Figure 5100,

In order to assess the effect of the second metal at the
nanoscale on the OER performance of bimetallic NiCoMOF, we
also comparad the activity for the efectrocatalyst derived from 2
physical mixture of NiMOF and CoMOF (molar Ni:Co ratio 4:1).

The electrocatalytic OER activity of (NIColOH):-120°C and
of the physical mixture of NiMOF+ CoMOF was evaluated, as
shown in Figure 518. Both (NiCo)(OH);-1207C and the physical
mixtire MiMOF <+ CoMOF axhibited poorer electrocatalyiic activ-
ity, manifested by high overpotentials of 376 and 342 mV as
wall as by TOFs of 0.002 and 0,016 5, respactively (Figura 519,
The amorphous phase of o/B-(Ni .CojOH); which is formed in
KOH at room temperature, without applying 2 potential, has a
higher number of randomly oriented unsaturated spedies,
which facilitates the adsorption of reactants, in comparison to
the crystalline form of B-(NiCojOHE in (NiCo)CH-120°C
Furthermore, the amorphous phase comprises numerouws local
structures that can be flexibly altered, thereby accelerating the
charge transfer betwean the active site and the intermediate. ™™
The cydic and reversible conversion of o- into B-Ni{OH); to B-
and then v-NiOOH during an OER process was described by
Boda (Figura 5200

The advantages of bimetallic NiCoMOFs for electrocatalysis
could be summarized as follows: (1) they can provide rich
catalytically active centers by promoting the transformation
from o-/B-NICo(OH); to B-v-NiCo0OH during the electrochem-
ical reaction; {2} the synergistic effect among two metals at the
nanoscale can improve OER performance; (3) the introduction
of two metal centers tunes the properties of the bimetallic
MOFs concemning crystal size, crystallinity, surface area and pare
volume 195

NICoMOF/NF System

MNiCoMOF samplas were grown on NF with different microwave
heating times of 12, 15, 20, 25, 30 and 40min to achieva a
different mass loading of 4.5, 126, 15.0, 166, 187 and 23.6
Mo O Fespectivaly (Table 52). Based on the LSV curves in
1 miol L' KOH (Figure 9a), the overpotential decreased from 450
to 313mV (at s0mAcm ) and the Tafel slope from 88 to
27mVdec’ when the loading increased from 45 to
16.6 MQue'Gse (Fegure b and ). Upon further increase of the
MOF loading up to 28,6 MOy~"0 the overpotential and the
Tafel slope increasad again The optimal sample of NiCoMOF/NF
with a loading of 166 MOy/Oy (named as NiCoMOF/NF-16.6)
with its overpotentizl of 313 mV at somAcm" or 328 mV at
300 mAcm~? is comparable with the best performing NiCo-
based OER catalysts (Tabla 57). A higher loading of the MOF up
10 16.6 MQuas'Oy leads to an increase in the number of active
species, which in turn enhanced the OFER performance™®
Further extending the loading then leads to aggregation of the
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Figure 9. The electrochemical OER performance for MICOMOF/NF with different mass loading of 4.5, 126, 15.0, 166, 167 and 28.6 mg of MOF per gram of NF
based on 2 the LSV polarization curves at a scan rate 5 mvs"; by the cormesponding Tafel plots: o comparison of overpotantial at current density of 50 and
300 mAcrm- and Tafel slope of the samples; dy the electrochemical iImpedance spectroscopy (E15) and its fitted curves based on the croutt modsl n 1 mol L
Ko solution. & Chroncamperomatry curves at 3 constant applied cument denstty of 50 ma om™ in 1 mol L' ®0H soluticn over 50 b of RICOMOF/IF-16.6
and NICoMOF-powderNF and i overpotential 3t 50 macm™ and synthests time compantson for differant MiCo-basad catalysts described In the notad

references.

MOF nanorods and an enhanced thickness (Figure 6fg and
Figure 57, which both reduce the gas diffusion rate and
increase the electrode resistance which dacreases the OER
Iﬁ"iit‘j'.rnn

Electrochemical impadance spectroscopy (EIS) and the semi-
circle diameter of the fitted curves alse show that NiCoMOF/NF-
16.5 had the best electrocatalytic performance for the OER with
the smallest semicircle diametar (R,=2 2 (Figure2d and
Figure 521), indicating the superior charge transfer rate and
oasier formation of active species which contribute to Bts
highest catalytic activity among the NiCoMOF/NF electrodes.

A faradaic efficiancy (FE. %) of oxygen generaticn s crucial
for assessing the OER activity of carbon-containing catalysts to
rule out carbon instead of water cxidation. The value for the FE
is obtzined by comparing the experimentally evolved quantity
of Oy with the theoretically calculated O, amount.”™ The anodic
oxygen evolution of the optimal sample NiCoMOF/NF-166 was
performad under the chronopotentiometry test at a constant
current density of 50 mAcm™ The quantitative measurement of
the generated O, shows that the faradaic efficiency for O
formation was nearly 94%, ruling out any significant other
oxdation processes (Fgure 523).

To assess the effect of in situ grown NiCoMOF on NF versus
the separately prepared and deposited MOF on NF, an ink of
MNIiCoMOF in Mafion was drop-casted on NF to give a mass
loading of 16.6 MOua"Tw. Also, commercial Rudy, was coated
on NF. The samples were named as MCoMOF-powder/NF and
Rul./NF, respectively, and were evaluated under the same
conditions as the in situ grown MiCoMOF/NF (Figure 522).

Chern Ear. 1. 2024, e2024T1E4 (1] of 16

At a cument density of 50mAcm™, the insitu grown
MNiCoMOF/MF-166 had a lower overpotential of 312 mV com-
pared to NiCoMOF-powder/NF and RuDy/NF with an owver-
potentizl of 341 and 360 mV, respectively (Figure 522). Such
increase is generalfly due to chemical binders such as Nafion o
polyreric binders which are required to glue the catalysts to a
substrate electrode. Consequently, the insulating binders can
reduce the contact area between the electroiyte and catalytic
active species and reduce the overall conductivity of the
working electrode.""™ Therefore, the high catalytic OER activity
of MNICoMOFRNF-166 is also achieved due to the intimate
substrate contact on 3 binder-free working electrode.

Additionally, the durability tests of NICoMOF/NF-16.6 and
NiCoMOF-powder/MNF through 2 50-h chronoamperometry test
at 3 current density of 50 macm— (Figure 90) indicate negli-
gible changes and thus a high OER stability for both derived
catalysts.

Thie MiCOMOF/NF-16.6 sample was znalyzed by PXRD, FTIR
and SEM-EDX (Figure524) which shows that the MOF is
degraded as noted above but the MOF-derived material still
adheres to NF after the OER process (from the Co and N
element mapping).

Remarkably, from the comparison of the owerpotential
values and synthesis times reported in the recent fiterature
{Figure o and Tabie 57) our use of microwave heating demon-
strates a significant reduction in synthesis time for MOF/NF pre-
catalysts with low overpotentials.
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Conclusions

In summary, a saries of bimetallic NiCo-, NiZn- and CoZn-MOFs
was succassfully prepared using a rapid microwave-heating
synthesis method with reaction times as low as 12 min. Thasae
bimetallic MOFs have the same NIMOF structure with dinuclear
[M;} handies as metal nodes which allows for the proximity of
the two different metals at the atomic scale. As expected, the
introduction of a second metal ion allows for the modification
of the intrinsic characteristics of the monometaflic MOFs,
preserving their initial morphology and pore structure, Notably,
among the tested systems the bimetallic NiCoMOF demon-
strates superior catalytic activity for the oxygen ewvolution
reaction (OER) in aguecus alkaline solution. The pristine
structure of the MOFs is clearly degraded through agueous
alkali treatment, which yielded for NiCoMOF a transformation
from disordered o- to ordered B-(NiCo}OHy, over the time
period of 2 hours. Moreover, taking advantage of the MW
synthesis method, the MiCoOMOFs were insitu grown on the
surface of nickel foam, NF. The OER efficency can be optimized
effectively by tuning the loading of the MOF on NF employing
different MW synthesis times. The NiCoMOFRNF with its loading
of 16.6 mg of MOF per gram of NF which was obtainad within
only 25 min of synthesis time showed superior OER activity with
required overpotentials of only 312 and 328 mV to achiove
cumrent densities of 50 and 300 mAcm, respectively, and
excellent stability after 50 h, which surpasses the state-of-the-
art Rul; and other MOF-derived catalysts for the OER. These
promising results not only prove that the properties of MOFs
can be tailored by the incorporation of a second metal into the
MOF structura but also that microwave heating presents a new
strategy for developing promising highly efficient afectrocata-
Iysts in practical applications. Further, this bimetallic MOF
family, characterized by its two kinds of organic linkars (BDC
and DABCO), is anticipated to function as 3 versatile assembly
platform, where also the DABCO pillars are customizable, 5o as
to- provide extensive opportunities for MOF precatalysts in
electrocatalytic applications.

Experimental Section

Materials

Mickelill} nitrate hexahydrate (NiMNO,),-6H,0), cobalt (I} nitrate
hexahydrate [CofNO,),-6H,0), zinc (I} mitrate hexahydrate (Zn-
(NO,Y, -6HD, ruthenium(lV) oxide (Ruly,), benzene-14-dicarboofic
acid (H,BDC), 1 4-diazabicyclol2.2 Foctane (DABCD), perfluorinated
resin solution contzining Nafion™ 1100 W (5 wi. % in lower aliphatic
alcohols and water), potassium hydroxide solution (KOH, 1 malL™),
N.M-dimethylformamide [DMF, 9999%), and methanol (MeOH,
90.08%) were purchased from Merck GmbH and used without
further purification. Mickel foam [MF) (thickness, 1.6 mm; average
wurface area density: 043 gom ") was obtained from Aacemat BV
and rinsed with doubly-ionized, DI water (residual conductivity
182 MO cm)

Doubly-ionized, DI water with a residual conductivity of
005 pSem™1 fat 25°C) was obtained from a MILLIPORE Synergy®
water treatment system.

Chern. Eur, J. 2024, 302400644 (12 of T6)

Methods

A Monowave 400 microwave reactor (Anton Paar GmbH, Graz,
Austria), with 3 masdmum power of 850 W, attained temperatures
up to 300°C and pressures up to 30 bar was used for all microwawve
reactions.

Powder X-ray diffraction [PXRD} data were collected with a Rigaku
Minifiex &00 powder diffractometer using a low background silicon
sample holder and Cu—Ka imadiation (L= 154184 A). The measure-
ments were conducted over a 28=2-100" range with a scan speed
of 1.5 degmin (600 W, 4D kV, 15 mA). The diffractograms were
analyred using the software Match 3.1.0.

M, sorption isotherms were obtained with a Belorp MAXI high-
precision gas/vapor adsorption measurement instrument at 77 K
and evaluated with the BELMaster MAXI software (version 7.32.0)
The materials were activated by degassing under a vacuum (~
107* mbar} at 150°C for 5 b Brunauer-Emmett-Teller (BET} surface
areas were determinad from the nitrogen adsorption isotherms and
the pore size distributions were derived by non-local density
functicnal theory (MLDFT) calculations based on the "N, at 77 K
with shit pores” method. The total pore volumes were calculated
from the adsorbed volume at p/p,=0.95.

'H NMR measurements in solution were performed with a Bruker
Advance II-300, operating at 300 MHz. Before dissolution under
digestion, the MOF samples were activated at 150°C for at beast
20 h under vacuum (< 1077 mbar) to remove the residual solvent
content. Then, 10 mg of each activated MOF sample was suspended
im 0.7 mL of DMS0-d, and digested by the addition of 20 pL of
0,50, (98 wt% in 0,0}

The Fourier transform infrared {FTIR) spectra of all the samples were
recorded on a Bruker FTIR Tensor 37 spectrometer (Bruker AXS,
Karlsruhe, Germany} in attenuatad total reflection (TR} mode with
a diamond crystal or as KBr pellets in the range of 400—4000 cm~",

Flame atomic absorption spectroscopy (AAS) was done with a
PinAAcle 900 T from PerkinElmer. For the AAS sample preparation,
the precisely weighted samples {in the range of 15-20 mg) were
heated and stired with concentrated HCI (35%) owvernight. The
soluticn was carefully filtered and diluted with Millipore water to a
volume of 50 mL in a volumetric flask and diluted again by a factor
of 1:50 for the AAS measurements.

Scanning electron microscopy [SEM) images were collected with a
Jeol JSM-55 10 LV OSEM advanced electron microscope with a Lag,
cathode at 20kV equipped with a Bruker Xflash 410 silicon drift
detector for energy-dispersive X-ray spectrometric (D) elemental
compositson analysis,

¥-ray photoslectron spectroscopy (XPS) measurements were made
on a ULVAC-PHI VersaProbe Il TM with a small minimum beam size
of 100 ym and a spectral resolution of 0.5 e¥. The spectra were
calibrated by the C 15 signal (at Z84.80 &V

Electrochemical Measurements

All efectrochemical measurements were carried out on a three-
glectrode system on an RRDE-3 A station from ALS lapan, which
included a platinum counter electrode, a rotating disk glassy carbon
glectrode (RD-GCE} as working electrode with a geometric area of
019 cm’ and 3 Gamry Interface 10W0E potentiostat [Gamry
Imstrument, Warminster, PA, USAL The system consists of 2 coiled
platinum wire as a counter electrode and a reversible hydrogen
glectrode (RHE) as a reference electrode. The oxygen concentration
during electrocatalysis was measured insitu by using an Ocean
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Optics NeoFOX sensing system equipped with a FOSPOR probe
{zee below for further details).

Working electrodes were fabricated by depositing the prepared
MOF materials on a2 rotating disc electrode (RD-GCE, 5mm
diameter, 0.196 cm” ar=a) or on nicke! foam, NF {~T cmx2 cm,
thickness: 1.6 mmj. The piece of NF is langer than the actual tested
area of ~1 cmx1 cm used for the measurement because a part of
the NF is connected with a copper wire of the Gamry Instruments,
such that the connection does not come into contact with the KOH
electrolyte to avoid any damage.

For the deposition on the RD-GCE, the amount of 2.5 mg of catalyst
was dispersed in 05mL of a 1:1 {vv) mixture of 8 water and
methanol with 50 ul of Nafon (around 5% in & midure of water
and lower zliphatic alcohols) as the binding zgent. The suspension
was sonicated for 30 min to form a homogeneous ink. Then, 10 uL
of the prepared ink was dropped onto the rotating disc electrode
Imass loading 0.23 mgom™) and dried at room temperature. As an
electrolyte 1 molL~" KOH solution (pH: 14) was used and nitrogen
was purged for 10 min through the cell to remove oxygen before
the electrochemical tests. The working electrode was kept rotating
at a rate of 1600 rpm during the measurements. The efectrode films
were pre-cycled for at least 100 cychic voltammetry (CV} cycles at a
sweep rate of 100 mVem™ between 1.0 and 1.7V (which ksted
about 20-22 min} to ensure a stable electrochemical performance
as an activation process. All linear sweep voltammetry (L5V) curves
were collected by sweeping the potential from 0.8 to 1.7 Vws RHE
with a scan rate of 5 mVs", All current densities were caloulated
based on the geometrical surface area of the electrodes. All LSV
curves were iR-corrected to compensate for the influence of the
solution resistance by the following Equation {1}

| —— L] i1

where i i the current (&) and R (£ i the electrolyte resistance
measurad by electrochemical impedance spectroscopy (EISL

The overpotential n was derived from the standard potential E vs
RHE wsing Equation (2k

= Eqe—123V i2)

The Tafel slope b was obtained by fitting the linear portion of the
Tafel plots, which were derived from the LSV curves according to
the Tafel Equation (3x:

fj=a+ b log(j) @

where a is 2 constant and j represents the current density.

Electrochemical impedance spectroscopy (EIS) data were recorded
with the frequency range of 0.1-100 kHz at the potential of 153 V
after activation. Chronopotentiometry tests were camried out at a
fixed current density of 50 mAcm™.

The tumover frequency (TOF) per maol of metal was calculated
using Equation (4

_ J=A 4
T AxnaxF (%)
where j is the current density (mA cm™ ) at an overpotential of
320 m¥, A is the surface area of the RD-GCE electrode (0.196 o),

F is the Faraday constant {36485z A mol™), n represents the
number of moles of all metal fons deposited on the RD-GCE

Chemn. Fur. 1. 2004, 30740644 {13 of 16

glectrode {mmoly, The method has alsc been used in the
literature**

Faradaic Effictency [FE%&)

The literature has been followsd to evaluate the faradaic efficiency
(FE®} towards oxygen production”™ The chronopotentiometry
test was camied out by applying a fixed current (50 mAcm™) while
the oxygen concentration in the headspace was measured insite by
using an Ocean Optics NeoFOX sensing system equipped with an
FOSPOR probe. The FOSPOR probe underwent calibration through
a two-point calibration process, fixing 0% O, under N, flow and
209% O, in air. To ensure optimal conditions, the sclution
underwent thorough de-asration by purging with M. for a
minimwm of 1hour before initiating the experiment. After the
purging with N, was stopped, a baseline for the molar O
background content (blind value) was recorded for 30 min before
starting the chrenoamperometry measurement.

The maoles of ©, gensrated during the electrochemical experiment
were calculated via the following Equation (5):

A0 oy = T Ozg % Progy % Vo s % BT 2 T-1/ 700 5

where % O, is given by the FOSPOR probe, P, is 1 atm, Vo, e L)
is measured for each experiment, R is the universal gas constant in
D032atm L K" mol™" and T is 293 K. The faradaic oxygen
production was caloulated wsing the charge data from the
chroncamperometry experiment, as described in the following
Equation (&)

M0 =Qx a7’ = F {6}

where Q (C) is the charge passed through the system, n, is the
number of mols of electrons in the water cxidation reaction to
generate one mol of oxygen (n,=4) and F is the Faraday constant
(96 485 Cmol™").

Then the faradaic efficiency (FE%| is calculated as follows from
Equation (7):

100 x N0y
R= g 1 @
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Characterization of monometallic M:BDC:DABCO and bimetallic (M,M"):BDC:DABCO

@ Ni/Co/Zn

> @O0
& c

W

N

Scheme $1. lllustration of the 3D framework structure of Niz{(BDCRDABCO (abbreviated here as NiMOF).
Graphic produced with the software Diamond [ from the deposited cif-file with CCDC number 802892 21
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Synthesis of monometallic Mz(BDC):DABCO (MMOF) and bimetallic (M,M")z{BDC):DABCO {(MM'MOF)
{M,M" = Ni, Co, Zn)

The Mz(BDC)}zDABCO was synthesized wa a microwave irradiation synthesis method (MW), similar fo the
literature Bl The bimetallic MOFs were synthesized by a similar procedure to the monometallic MOFs. The two
metal nitrate salts (combined 0.63 mmol), benzene-1 4-dicarboxylic acid (HzBDC) (104.7 mg, 0.63 mmol) and
4-diazabicyclo[2. 2 2]octane (DABCO) (359 mg, 0.32 mmol) were dispersed into 20 mL of DMF. After stiming

at room temperature, the solutions were placed into a microwave vessel (30 mL). The reaction was carried out

without stiming at 120 °C with preheating for 10 min and holding at this temperature for 2 h. After cooling to

room temperature, the crystalline powder was separated by centrifugation (10,000 rpm, 10 min) and washed
three times with DMF (20 mL each for 24 h). The washing process was continued thrice with MeOH (20 mL
each for 24 h) and the product was collected by centrifugation (10,000 rpm, 10 min). The product was activated

at 120 °C under vacuum (<1072 mbar) for at least 12 h and stored under vacuum. The yields are summarnzed

in Table 51.

Table $1. Summary of the synthetic conditions and yields for the monometallic and bimetallic MOFs.

M(NOs)-6H,0 M'(NO:)2-6H20 Molarratio | -y 14 (%)
Sample M: M:BDC:
(mag) (mg) DABCO after 2 h
NilIOF NiNO3):-6Hz0 (1832) - T60421 78
CoMOF Co(NOs); 6H:0 (1834) - 160421 64
ZnMOF Zn(NOa),-6H,0 (187.7) - 160421 68
NiCoMOF | Ni(NOs)z 6F:0 (146 6) Co(NO:)2 620 (36.4) 160421 65
NiZnMOF | Ni(NO3)z 6Fz0 (146.6) Zn(NO3)s 6770 (34.4) T60421 55
CoZnMOF | Co(NO: )z 6H:0 (146.7) Zn(NO3)z 6H;0 (34.5) 160421 72
52
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Synthesis of NiCoMOF/NF
Before preparation of NiCoMOF/NF, a piece of nickel foam, NF, of about 1 cm x 2 cm (thickness 1.6 mm;

surface area density, 0.43 g cm™) was cut from a larger part, cleaned first with acetone and Millipore water in
an ultrasonic bath to remove residual metal powder on the surface of the NF. The NF-supported bimetallic
MOF was synthesized by immersing NF in the mixture of Ni(NOz)z-6H:20, Co(NOs)-6H20 (molar ratio 4:1),
H:BDC and DABCO in 15 mL of DMF in a 30 mL microwave tube through the MW synthesis method. The
reaction was carmied out at 120 °C for 12, 15, 20, 25, 30 or 40 min of heating time at a power of ~25-30 W. The
NICoMOF/NF samples were dipped afterwards in DMF for a few seconds five times, repeatedly washed with
MeOH five times to remove residual MiCoMOF powder on the surface of NF and dried at 120 *C under
vacuum(<1072 mbar) for at least 12 h.

Table 82. Loading of the bimetallic NiCoMOF matenals on nickel foam (NF) after different synthesis times,

determined by mass gain and from AAS.

Sunthesis Mass loading of | Mass loading of mass

Sample 2 Tjn};e (min) MOF on NF from | MOF on NF by | NiCoMOF/mass (NF)
weight gain (mg)* AAS (mg)® (Mguor/gne) ©

MNICoMOF/NF-4.5 12 0.94 0.62 45
MICoMOF/NF-12.6 15 2.3 205 126
MNICoMOF/NF-15.0 20 3.12 268 15.0
MNICoMOF/NF-16.6 25 3.38 342 16.6
MICoMOF/NF-18.7 30 3.84 4.07 187
MICoMOF/NF-28.6 40 6.09 6.44 285

@ The mass of each piece of NF was slightly different. The mass of the ~1 cm x 2 cm NF piece was in the
range of 0.18-0.21 g. Here only the mass difference is given as determined by the weighted mass gain of NF
before and after the synthesis.

b For AAS, the exactly weighted NiCoMOF/MF composites were heated, stimed, and digested with
concentrated HCI (36 %) for 48 h. The mass loading of the MOF on NF was calculated using the determined
Co mass (as Niis present both in the MOF and in the NF).

& The value of mgmor/gur is derived from the value of the weighted mass gain in column 3.

Pre-treatment of NiCoMOF in KOH

The sample of pristine bimetallic NiCoMOF (30 mg) was immersad in 1 mol L= KOH solution {30 mL) and
stirred at different times (15, 30, 60, 120 min) dried at 80 °C overnight, to obtain homogeneous products. The
solid products were collected after washing several times with doubly-ionized (D) water (10 mL) by

centrifugation (10,000 rpm, 10 min) and were dried at room temperature. The products were noted as
NICoMOF-xmin { where x = 15, 30, 60, 120).
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Synthesis of (NiCo){OH)z at 120 °C

A mixture of NiCoMOF {30 mg) and 30 mL of 1 mol L' KOH solution was transferred into a 100 mL Teflon-
lined stainless-steel autoclave and put in an oven at a temperature of 120 °C for 24h. The products were
obtained after washing several times with D1 water (10 mL) by centrifugation (10,000 rpm, 10 min). The final
products were dried at 60 °C. The product was noted as (NiCo){OH)-120 °C and was used as a reference
material for electrocatalysis performance companson.

Fabrication of NiCoMOF-powder and commercial RuQ; powder on NF

3.38 mg of NiCoMOF powder, 0.5 mL of a 1:1 (v:v) mixture of DI water and methanol (0.5 mL) with 50 pL of
Mafion (around 5% in a mixture of water and lower aliphatic alcohols) as the binding agent was dispersed
under 30 min sonication to form a homogeneous suspension ink. Afterwards, the ink was coated on NF (the
mass of the ~1 cm x 2 em NF piece was about 0.2 g) using a drop-casting method. After the solution was
evaporated at room temperature, the NiCoMOF powder was loaded on NF with the prepared ink and named
as NiCoMOF-powder/NF. The mass loading of the NMiCoMOF-powder/NF was about 16.6 mgmor/gur. The
preparation method of commercial RuOz-loaded NF was similar to the fabrication of NiCoMOF powder on NF,
named RuQa/NF.
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Figure 81. Powder X-ray diffraction (PXRD) pattems of the of a) NiMOF, b) CoMOF, ¢} NiCoMOF under
different synthesis times such as 12, 20, 30, 40, 70 and 130 min. The simulated PXRD pattern of MIMOF was
obtained from the deposited cif-file for NIMOF with CCDC number 802892, The first five reflexes at 26 = 8 2°,

94° 11.7° 12.4° and 16.6° comespond to the 100, 001, 110, 101 and 200 reflections, respectively.
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NiCoMOF NiZnMOF CoZnMOF

Figure 82 The visual appearance of the vanous M- and MM'MOFs.
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Figure 83. FTIR specfra of a) monometallic and bimetallic MOFs, b) of H=BDC, DABCO, NiMOF, CoMOF and

NiCoMOF.

For the stretching vibration of —OH groups from adsorbed water, the absorption bands appear at 3400 cm™'. A
stronger absorption band appears at 1577 and 1381 cm™ which is assigned to the asymmetric and symmetric
vibration modes of the —COOH group; respectively. In addition, an absorption band at 1504 em™ is assigned
to the phenyl medes. The weaker bands at 1100 cm=' and 1055 cm' could be due to the vaC-N and vaC-N
vibrations of DABCO. The absorbance bands at 814 cm' and 750 e correspond to the v(C-Clar and 5(C-
H)ar vibrations, respectively, of the BDC ligand. Absorption bands at 530 cm~' are assigned to the M-0O

stretching vibration for the {MzOs} unit in SBU of Mz(BDC):DABCO.
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Digestion "H NMR spectra
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Figure S4a,b. Solution 'H NMR spectra (300 MHz) of digested a) NIMOF and b) CoMOF in DMS0-ds (2.50
ppm). The integration ratio of the H atoms on 1 DABCO (CeH:zNz) to the H atoms on 2 BDC {2 CeHs(CO:)z)
of 12:8 matches the expected ratio of 1.5:1. For the 'H-NMR expenments, 10 mg of the MOF samples were

suspended in 0.7 mL DMS0-dz and digested by the addition of 20 ul of D504 (98 wi % in D20).
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Figure S4c.d. Solution 'H NMR spectra (300 MHz) of digested c) ZnMOF and d) NiCoMOF in DMS0O-ds (2.50
ppm). The integration ratio of the H atorns on 1 DABCO (CeH:2M:) to the H atoms on 2 BDC {2 CeHa(COz))
of 12:8 matches the expected ratio of 1.5:1. For the "H-NMR experiments 10 mg of the MOF samples were
suspended in 0.7 mL DMSO-d; and digested by the addition of 20 plL of 02504 (98 wt.% in D20).
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MeZnMOF
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Figure Sde.f. Solution 'H NMR spectra (300 MHz) of digested &) NiZnMOF and f) CoZnMOF in DMSO-dg
{2.50 ppm). The integration ratio of the H atoms on 1 DABCO (CsHizNz) to the H atoms on 2 BDC (2
CsHs(CO27)z) of 12:8 matches the expected ratio of 1.5:1. For the 'TH-NMR experiments 10 mg of the MOF
samples were suspended in 0.7 mL DMS0-ds and digested by the addition of 20 ul of D250, {98 wt.% in
D=0).
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Table 83. BET-surface areas and total pore volumes of the M- and MM MOF samples.

Material BET surface area® Total pore volume ®
(m*g) (em? g7')
NIMOF 1856 0.85
NiIMOF-Literature! 1807 0.66
CoMOF 1838 0.76
CoMOF-Literaturel4 1501 070
ZnMOF 1547 057
ZnMOF-Literatural® 1523 056
MICoMOF 1611 0.66
MNiZnMOF 1213 053
CoZnMOF 1223 052

# BET surface area calculated at 0.002 < p/pg < 0.15 from the N: sorption isotherm 77 K with a standard
deviation £ 20 m* g~'. ® The total pore volumes were determined at p/po = 0.95 from the adsorption branch for

the pores = 25 nm.
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Figure 85. The energy dispersive X-ray spectra (SEM-EDX) and EDX scanning element mappings of a)
NiCoMOF, b) NiZnMOF and ¢} CoZnMOF in the selected area of the given SEM image. The samples were

gold-sputtered to ensure sufficient conductivity.
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Figure S6. High-resolution X-ray photoelectron spectra (XPS) of a) C 1s, b) O 1s and c) N 1s of the
monometallic and bimetallic MOFs.

The C s peaks observed at 284 3, 2856, 286.7, 287 .6, and 289.0 eV were related to C-C/C=CI/C-H, C-0IC-
N, C-0-C, C=0 and O-C=0, respectively, in BDC. The O 1s peaks were observad at 530.8 and 531 .9 eV, and

these peaks were related to typical M-0-C bonds and C=0, respectively. The N 1s spectrum consists of one
peak with a binding energy of 400 eV which corresponds to the presence of tertiary N, bonded to carbon (N-

Cs) 7 as in DABCO.

510

122



Table $4. The molar metal ratio of the bimetallic MM'MOF matenals according to SEM-EDX, AAS, XPS and
stoichiometnc (theorefical) ratio.

Sample * M:M SEM-EDX AAS XPS Theoretical
NICoMOF Ni:Co 40 40 39 40
NiZnMOF Ni:Zn 348 a7 b6 40
CoZnMOF CoZn 42 s | 40

MICoMOF/MF  NMCoMOFMFE - NIiCoMOF/NF - NiCoMOF/NF - MiCoMORNF - NiCoMOF/MNF
4.3 -12.6 -15.0 -16.8 -18.7 -28.8

. -""5' v

grown on NF with different
microwave heating times of 12, 15, 20, 25, 30 and 40 min corresponding to and yielding the different mass
loading of 4.5, 12.6, 15.0, 16.6, 18.7 and 286 mguos/gur, respectively. SEM image of b) NiCoMOF/NF-4 5, c)
NiCoMOF/MNF-12.65, d) NiCoMOF/NF-15.0, e) NiCoMOF/NF-16.8, f) NiCoMOF/NF-18.7 and g) NiCoMOF/NF-
28 6 with 10 pm scale bars. These images b)-g) are given here enlarged from the inset images in Figure 6 in
the main text.
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Figure 88. The curves of the massswcowos/massur (MOuor/gur) versus additional microwave heating time (12,
15, 20, 25, 30, 40 min of common heating time before) (cf. Table 52).

Phase-pure §-(Ni,Co){0OH): sample from NiCoMOF in KOH (1 mol L") at 120 °C, denoted {NiCo}{OH)2-
120 =C

(NIGa){OH),
= £l
2 =
=
= « [-MIfEHY 3
g l 11 B R __I - .:l'_ g
[=
! | |. | LY S—— -
B —— (NICo)OH)-120 °C |
i e B i e e Y,
0 @ 30 40 50 @ TO B0 B0 4000 3500 3000 2000 1500 1000 500
a) 2 Thata (7] b) Wavenumber jcm )

Figure $9. a) PXRD and b) FT-IR spectra of (NiCo){OH}z-120 °C. In the PXRD also the reflections from B—
Ni{OH)2 (ICDD 14-0117) and B-Co(OH}z (ICDD 30-0443) are included.

FTIR of the MOF-derived materials after thermal treatments (Figure 59b) shows two broad bands at ~3400
and ~3600 cm~' which comespond to the stretching vibrations of adsorbed water molecules and to O-H
stretching vibrations, as in metal hydroxide. The strong bands at 516 and 450 cm' are attnbuted to M-OH
bending vibrations in M{OH)z B
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Figure §10. a) SEM images of the NiCoMOF-120 min (large image) and pristine MiCoMOF (small insert image)
after 120 min of KOH treatment time at room temperature. b) SEM-EDX of NiCoMOF-120 min. c) SEM image,
d) EDX scanning element mappings and &) SEM-EDX of (NiCo){OH)z-120 =C in the selected area of the given
EDX mapping. The samples were routinely gold-sputtered.

The morphology of (NiCo){OH)z-120 *C wa scanning electron microscopy (SEM) is shown in Figure 510c. The
rod shape of NiCoMOF (Figure 2 and Figure 510a) was still retained after the alkaline but not after the

additional thermal treatment after which it changed into a shard-like topology in (NiCo){OH)=-120 *C (Figure
510c). The EDX scanning element mappings and SEM-EDX spectrum of (MiCo){OH)z-120 =C in Figure S10d,e
revealed the uniform distnbution of Ni, Co, and O throughout the derived particles. The molar ratio of NiiCo
ratio by SEM-EDX is: 3.9:1 which was also confirmed by an AAS measurement.
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Electrochemical characterization of bimetallic MM'MOFs
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Figure $11. Comparison of CV curves collected after the 1% and 100" CV cycle for a) NiCoMOF, NiZnMOF
and NiMOF and b) CoZnMOF, CoMOF and ZnMOF.

The polanzation curves of the Ni-based MOFs weare examined in 1 mol L' KOH at a scan rate of 10 mV s~
(Figure 511a). Anodic peaks cbserved within the potential range of 1.25-1.45V versus the reversible hydrogen
electrode {RHE) signify the oxidation of Ni*+ to Ni#+#+ 310 This process happens together with the formation
of the nickel surface (*) bound O*-radical (from a surface bound hydroxy radical, *OH) which is an essential

intermediate and couples sequentically with two OH™ groups fo generate the dioxygen, O: for the oxygen
evolution '

(active Ni** species on surface)* + OH- — Ni2*-OH* + e
NiZ+-OH* + OH- _» N*-O* + Hi0 + &

N0 + OH- » Ni*-O0H* + -

NiE+-OOH* + OH-— Ni#** + 02 + H:O + &

Motably, the Niz+ to Ni*t/+* peak potential in the bimetallic NiCoMOF and NiZnMOF is altered as the metal
atoms change from Co to Zn. This cbservation suggests that the two metals interact and this can effectively
requlate the surface oxidation process, thereby influencing the OER activity. The pair of redox peaks within
the potential region of ~1.1-1.2 V can be assigned to the Co®**/Co™ redox couple, whereas another pair of
redox peaks within the potential region of ~1.35-1.55 V can be attnbuted to those of Co™*/Co** (Figure
S11b)I'"12 Notably, the anodic peaks in the CoZnMOFs are more defined to compare with its counterparts
CoMOF and ZnMOF, indicating a significant active surface for electrocatalytic oxygen evolution '3
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Figure 812. Comparison of LSV curves collected initially and after 1000 CV cycles for a) NIMOF, b) CoMOF,
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Figure $13. LSV polarization curves of as-synthesized monometallic Ni-, Co- and bimetallic NiCo-MOF with
different Mi:Co molar ratios on RD-GCE at a scan rate of 5 mV s-1.

Turnover frequency, TOF determination

For preparation of the active materials on the RD-GC electrode, there are 4.5 x 10-2 mg of NIMOF on the RD-
GCE electrode with about 0.01 mg Ni element (n= 1.63 x 10~ mmol) on the RD-GCE electrode (Faraday
constant F = 96485 s A/mol).

The TOFs were determined using formula (4) which was already given above.

Taking the NiMOF as an example (equation (8)), the surface area of GC electrode (A) is 0.196 cm~ and the
current density (j) at an overpotential of 320 mV is 12.2 mA ecm™.

TOF = — —22%01% -1 _pg3g s (8)
4 x 1.63 ¥ 10~* x 96485

Table S5. Summarized electrochemical data of monometallic and bimetallic MOFs after the electrochemical

activation process.

Overpotential TOF (s™") atan
Tafel slope | R; _
Material (mV) (at 10 mA Rz (Q) | Rear (Q) | overpotential of
(mV dec™) | (0))
e 320 mvy
NiIMOF 315 55 7 21 28 0.038
CoMOF 356 57 - 187 187 0.002
ZnMOF 365 61 - 275 275 0.002
NiCoMOF 301 42 15 10.7 122 0.074
NiZnMOF 306 46 1.6 14.3 159 0.062
CoZnMOF 342 50 - 122 122 0.009
RuC: 315 91 - 23 23 -
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Figure $14. PXRED patterns of the expenmentally derved metal oxide/hydroxides from NiCoMOF after a) 30
min, b) 60 min and ¢) 120 min in 1 mol L™ KOH. For comparison the simulated diffractograms are given for
2D-NiBDC (CCDC Nr. 638866)1'1 o—Ni{OH): {ICDD: 38-0715), p—MNi{OH): (ICDD: 14-0117), o—Co{OH)z
(ICDD: 46-0605) and B-Co(OH)z (ICDD: 30-0443).
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Figure §15. a) Survey XPS spectra of pristine NiCoMOF, NiCoMOF-120 min and (NiCo){OH)z-120 samples.
b) Survey XPS spectrum of pristine NiCoMOF with quantitative contnbution analysis. ¢ Survey XPS spectrum
of NiCoMOF-120 min with quantifative contrbution analysis. For comparison with the parallel CHN analysis
the At% values in the diagrams were recalculated by assuming the presence of theoretical 3.61 at% H in b)
and 2.17 at% H in ¢} because the hydrogen content cannot principally detected by XPS.
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a)

c)

Figure 8$16. High-resolution XPS spectra of a) Ni 2p, b) Co 2p and c) Ols of NiCoMOF-120 min and
(NiCo){OH)z-120 °C samples. d) Ni and Co compeosition of the NICoMOF, NiCoMOF-120 min and (NiCo)(OH)e-
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The XP5 survey spectrum of NiColMOF-120 min and (NiCo){OH)z-120 °C in Figure 515 shows the presence
of Ni, Co, C and O elements. The Ni 2p spectrum of the (NiCo){OH)z-120 °C sample in Figure S16a consists
of two major peaks at ~855 eV (Ni 2paz) and ~872.5 eV (Ni 2p:z) comesponding fo Ni** and its shakeup
satellites (denoted as “Sat."). With the oxidation state of Ni** a binding energy region of 855.0 or 8553 eV is
obtained. In the sample NiCoMOF-120 min also a peak at 856.8 eV can be fitted which corresponds to Ni#* '3
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Apparently, the presence of oxygen in the air induces minor oxidation together with the alkaline hydrolysis.
However, upon subsequent thermal treatment, at 120 °C the Ni** is reduced again to Ni#* which is the sole
contribution fitted to the peak at 855.0 &\ 14

The Co 2p (Figure 516b) spectrum includes two contributes at ~781 eV (Co 2paz) and 796 &V (Co 2piz), each
with shake-up satellite peaks (~786 and ~801 V). As noted in the main text, the oxidation state of cobalt
cannot be unequivocally determined from the binding energies of the peaks. The fitting of the main Co 2paz
peak between 773-782 eV to two (or three) contributions cannot be assigned to the two oxidation states. [7.15.14]
Instead, cobalt(lll) oxides were distinguished from cobalt(ll) oxides by the absence of the multielectron
excitation satellite at 785-786 eV to the Co 2psz line in the former. In Figure 4c the areas of the satellites for
NICoMOF, CoZnMOF and CoMOF (green curves) are between 32-34 % of the total Co 2Zpzz line with
agreement with the presence of predominantly (if not solely) Co2= 113.1% For the sample of NiICoMOF-120 min
in Figure S16b the area of the satellite at 786 eV is only 22 % of the total Co 2pas line which upon comparison
indicates the presence of partial Co® ['59]in line with the Ni** found in the same sample. For (NiCo){OH)z-120
°C the satellite area at 785 eV is again 33% of the total Co 2paz line suggesting the presence of mainly Co®*
which agrees with the sole finding of Ni®* in this probe.

As shown in Figure 516¢, the O 1s spectral contributions at the binding energy of 531.0 eV are assigned to
metal hydroxide (M-O-H) in good agreement with PXRD results (Figure 59) and with previous results of
NiCo(OH)z.[20.21.22 The spectrum of O1s for the sample of NiCoMOF-120 can be de-conveluted into two peaks
at 531.1 and 531.8 eV, that is, a contribution of metal oxide (M-0) can be fitted to the broad O 1s signal which
is in agreement with the partial metal oxidation to Ni** and Co®, suggesting the presence of metal
oxide/hydroxides. Again, this contribution disappears upon thermal treatment concomitant with reduction to
Ni#* and Co?*

Furthermore, the Ni: Co atomic ratio of NiCoMOF, NiCoMOF-120min and (NiCo){OH)z-120 °C was detemined
using XP3, AAS and EDX. As shown in Figure 516d and Figure 510, the Ni:Co atomic ratio (~4:1) of NiCoMOF

before and after KOH treatment and after additional thermal treatment remained constant (cf. Table 56 and
Figure 510).
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Table $6. Element analysis of MICoMOF matenials before and after KOH treatment after 120 min (NiCoMOF-
120 min) at room temperature according to combustion CHM and XPS.

Elemental analysis .
(wt %) XPS (at %) Theoretical {at %)
After KOH
Elements Before After KOH Before
KOH treatment E‘ﬁf“re KEtH resment KOH | NigsCooz(OH)
treatment | (120 min, RT) € ( R'IIJ;I"‘ treatment
C 46.48 a 47.6 45 4711 a
H 3.55 3.98 n.a. n.a. 3.61 247
] 4.94 1 50 0 5.00 1
8] - - 227 33.2 22.95 34.52
Ni - - 16.9 47.1 16.8 50.6
Co - - 42 11.6 4.2 127
n.a. = not available as H cannot be detected by XPS.

The strong decrease of At% of carbon and nitrogen to zero in the CHN analysis after the KOH treatment

indicates the complete removal of the organic linkers from the derived metal hydroxide by dissolution into the

alkaline medium with 1 mol L7 KOH.

L O K OH- Orn
CobOF-KOH-15min
CobOF-KOH-30min
CobOF-KOH-60min
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Figure $17. Polarization curves of a) NIMOF and b) CoMOF-coated electrodes (RD-GCE) in the electrolyte
KOH (1 mol L") after different pre-treatment times of 0, 15, 30, 60 and 120 min without applying a potential.
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Figure $18. Polarization curves of the catalysts derved from NiCoMOF after 15 min in KOH 1 mol L~ at room
temperature, from a physical mixture of NIMOF+CoMOF (named as NiMOF+CoMOF) with Mi:Co molar ratio
4:1 and from (NiCo){OH):-120°C. The (NiCo){OH).-120°C was obtained by immersing 30 mg of the NiCoMOF
in 30 mL of 1 mol L™ KOH solufion at a temperature of 120 °C for 24 h (see above). All samples were

conditioned before the LSV measurement with the same pre-treatment time in KOH of 15 min and 100 CV's
for precatalytic activation.
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Figure $19. TOF values of the MOF-denived electrocatalysts at an overpotential of 320 mV of NiCoMOF after
pre-treatment imes in KOH of 0, 15, 30, 60 and 120 min, of (NiCo){OH)=-120°C and of the physical mixture of
NIMOF+CoMOF.
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Figure 820. Bode scheme for the transformation of Ni{OH)2/NiOOH

The Bode scheme ¥ describes the fransformations among the phases during the OER process, in which the
Ni oxidation state changes from Ni(ll) in Ni{fOH)z to Ni{lll) in NiCOH and back from NiCOH to Ni(OH)z in an
alkaline solution. For instance, when B-Mi{OH)z is oxidized it also loses a proton (H*) to become B-NiOOH. A
different situation occurs between o-Ni{OH)2 and y-NIiOOH, where o-Ni{OH)z endures an aging effect and
transforms info B-Mi(OH)z in alkaline solution. Under long-term overcharging, B-NiOOH is also transformed into

+-NiOOH.
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Electrochemical characterization NiCoMOF/NF
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Figure 821. Fitted values cf reﬁlstanoes of NiCoMOF/NF with different mass loading of 4.5, 12.6, 15.0, 16.6,
18.7 and 28 6 mg of MOF per g of NF
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Figure 822 The LSV polanzation curves of NiCoMOF/NF-16.6, NiCoMOF-powder/NF, RuC2/NF and bare NF.
MNiCoMOF powder and commercial RuO: coated on NF were named NMiCoMOF-powder™NF and RuC2/NF,

respectively. All electrodes had a similar loading on NF with 16.6 mguor/gne.
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Figure 823 a) Time evolution of produced oxygen in the headspace of NiCoMOF/NF-16.6 during a
chronopotentiometry at the constant current density of 50 m& cm~2?for 2 h and comparison to the theoretical
value when assuming 100% faradaic efficiency. b) The Oz production reached a steady state condition after
about 1 h of the chronopotentiometry test. This corresponds to a 94% faradaic efficiency.
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Figure 824_a) PXRD, b) FTIR of NiCoMOF powder, ¢) SEM images and d) EDX-mapping NiCoMOF/MNF-15
min. (e} SEM with EDX-mapping of NiCoMOF/carbon cloth after the chronopotentiometry (CP) test over 50 h.

The FTIR of the NiCoMOF after 50 h of chronopotentiometry (CP) test showed two broad bands at around
3400-3600 cm', which correspond to the stretching vibrations of the adsorbed water molecules and to the O-
H siretching vibrations as in (NiCo){OH)z. New absorption bands appear at 1635, 1460 and 1358 cm™ which
is assigned to the banding vibrations of the adsorbed water molecules of 30-H hydroxyl group. The bands at
1100 em™ and 1055 cm™ could be due to the va:C-N and va:C-N vibrations of DABCO virtually disappeared
as did the bands at 814 cn* and 750 e, which comrespond to the w(C-Clar and 5({C-H)ar vibrations of the
BOC linker, respectively. The absorption band at 570 cm™" are assigned fo the M-O stretching vibration for
due to the formation of metal oxide/hydroxides.
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Table $7. Comparison of NiCo-based electrocatalysts for OER.

Owverpotential

Catalysts a Substrate b S-ynthesis Ref.
{mV) time (h)

NiCoeMOF RD-GCE Hia: 301 0.2 This work
MNiCoMOF/NF-16.6 NF Nso: 313 0.42 This work
PVP4%-CoNi-MOF-74 GCE M- 310 0.3 e
NiCoMOF/CF-40L CF nso: 287 233 e
Mio.sCoos-MOF-74 RD-GCE nw: 270 3 >
NiCoMOF NF n: 316 12 o
NiCoBDC CF Mo 281 12
NiCoBDC-NH: CF nio: 281 12
MNiCoBTC CF Mo 245 12 -
NiCeMDC CF niwo: 288 12
MNiCo-DOBDC CF N 261 12
NiCoHYDC CF - 303 12
MinCoBTC GCE nw: 378 43 =
NiCoeMOF NF nso - 270 12 30
20-CoMi-single-layer
(NiCo).BDC:DABCO) ce fro- 825 48 B
MNiCoMOF/NF NF Nso: 339 24 =
NiCoP/NC-1:1 GCE M- 330 55 =
NiCoMOF NF na:425 3 3
NiCoMOF/CC cc nso: 325 4 =
MNiCo-MOF NF neo: 320 12 e
NiCoMOF/NF NF Nso:343 12 &
NiCoz0«/NF NF nso:332 8 ¥
MNiCoFe/Ni-BDC-NF NF neo:450 24 =
CoNig :sMOFCFP CFP Nso:296 12 40
Min.7Co1.4(SeresOn1s)s NF nso: 335 6 ol

3 RD-GCE: rotating disk glassy carbon electrode, GCE: Glassy carbon electrode, NF: nickel foam, CF: Cu
foam, CC: Carbon cloth, CFP: carbon fiber paper; CF: Carbon fiber, nz : at a current density of 50 mA cm?,

nie: at a current density of 10 mA cm™
Bin 1 mol L' KOH electrolyte.

138

526



wani. C notm. C Atom.
[Gew.%] [Cew.%] [Ar.%]
i 28 K-Serie BZ.Z5 89,
- & K-Serie 7.20 7
Piiku 73 L-Serie 2.6%9 2.52 0.68
o
0

_ @Co 27 K-Serie  0.02
M = 7 FK-Serie .00

afis, : :
Figure §25. SEM image of a) bare NF, b) BDC-DABCOINF and c) NiCoMOF/NF-4.5. d) SEM-EDX listing of
BDC-DABCO/NF. The synthesis time for BDC-DABCO/NF was 40 min at 120 °C. The samples were routinely
gold-sputtered. The carbon in BDC-DABCO/NF in the SEM-EDX listing results from the carbon-tape which
was used for sample deposition.
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3.4. Co-Author contributions
X-ray Photoelectron Spectroscopy (XPS) and SEM measurements were performed.

Metal-organic framework structures of fused hexagonal motifs with cuprophilic
interactions of a triangular Cu(i)3;(pyrazolate-benzoate) metallo-linker.

Saskia Menzel, Tobias Heinen, Ishtvan Boldog, Thi Hai Yen Beglau, Shanghua Xing, Alex
Spiel’, Dennis Woschko, Christoph Janiak. CrystEngComm 2022, 24, 3675-3691.

Summary:

In this work, the reaction of the N,O-heteroditopic bifunctional ligand 4-(3,5-dimethyl-1H-
pyrazol-4-yl)benzoic acid (Hz- mpba) with CulJNO3)2:2.5H0 and ZnlJNO3)2:4H0 or
ZnlJCH3COO)2:2H20 in DMF results in concomitant formation of three difference bimetallic
MOFs with open structures, [Me2NH:]ijZn4{Cul sldmpba)s}slJMe2NH)-(DMF)2] (1), [Zne{Cul
sldmpba)s}slUDMF)s]  (2) and  [Zn3{Cul sldmpba)s}2lJDMF)3-1JH20)]ijZn4lJus-O){Cul

sldmpba)s}2lJH20)4] (3). The in situ formed softer Cul atoms coordinate with the softer

pyrazolate nitrogen donor atoms of the pyrazolate—carboxylate ligand, leaving the carboxylate
groups for linking to the Zn atoms.

Own contribution to the publication:

e Performing XPS measurements
e Evaluation and interpretation of the XPS spectra with CasaXPS software
e Preparing graphs and literature research for the related XPS part in the manuscript

e Reviewing and correcting the final manuscriptas a co-author

Synthesis and Characterization of a Crystalline Imine-Based Covalent Organic
Framework with Triazine Node and Biphenyl Linker and Its Fluorinated Derivate for
CO2/CH4 Separation.

Stefanie Bugel, Malte Hahnel, Tom Kunde, Nader de Sousa Amadeu, Yangyang Sun, Alex
Spiel, Thi Hai Yen Beglau, Bernd M. Schmidt, Christoph Janiak. Materials 2022, 15, 2807 .

Summary:
A catalyst-free Schiff -Base- reactionwas used to synthesise two imine-linked covalent organic

frameworks (COFs). The condensation reaction of 1,3,5-tris-(4-aminophenyl)triazine (TAPT)
with 4,4'-biphenyldicarboxaldehyde led to the structure of HHU-COF-1 (HHU = Heinrich Heine
University). The fluorinated analogue HHU-COF-2 was obtained with 2,2',3,3',5,5',6,6-
octafluoro-4 4'-biphenyldicarboxaldehyde. Solid-state NMR, IR, XPS and elemental analysis
confirmed the successful formation of the two network structures. The crystalline materials are
characterised by high BET surface areas of 2352 m?/g for HHU-COF-1 and 1356 m?/g for HHU-
COF-2. The products of a larger-scale synthesis were used to produce mixed matrix

membranes (MMMs) with the polymer Matrimid. CO2/CHs4 permeation tests showed a

141



moderate increase in CO2 permeability with constant selectivity for HHU-COF-1 as the
dispersed phase, while the application of the fluorinated COF led to an increase in CO2/CHs
selectivity from 42 for the pure Matrimid membrane to 51 for 8 wt% HHU-COF-2 and an
increase in permeability from 6.8 to 13.0 Barrer for the 24 wt% MMM.

Own contribution to the publication:

e Performing XPS measurements
e Evaluation and interpretation of the XPS spectra with CasaXPS software
e Preparing graphs and literature research for the related XPS part in the manuscript

¢ Reviewing and correcting the final manuscriptas a co-author

Synthesis of tin nanoparticles on Ketjen Blackinionic liquidand waterfor the hydrogen
evolutionreaction.

Lars Rademacher, ThiHai Yen Beglau, Ozgiir Karakas, Alex Spiel, Dennis Woschko, Tobias
Heinen, Juri Barthel, Christoph Janiak. Electrochem. Comm. 2022, 136, 107243.

Summary:
This study examined the influence of various ionic liquids (ILs) on the synthesis of composite

materials consisting of metallic tin nanoparticles (Sn-NPs) and Ketjen Black (KB) carbon black,
as well asthe electrocatalytic properties of the produced materials. The imidazolium-based ILs
were employed as electrosteric stabilisers for the NPs formed during the reduction of tin(ll)
chloride with sodium borohydride. The synthesis of finely dispersed tin nanoparticles (Sn-NPs)
with a size range of 40-90 nm was achieved, which were embedded in larger KB
agglomerates. The use of imidazolium-based ILs resulted in different influences on the
chemical and structural properties of the composites compared to Sn/KB produced in HCI/H,O
(Sn/KB_H,0). In terms of the HER, the comparative sample Sn/KB_H20 exhibited superior
performance, with an overpotential of only 136 mV (Pt/C: 46 mV), in comparison to the
composites produced in ILs. Following electrochemical stability tests, the composites
synthesized in ILs demonstrated enhanced performance, with decreased overpotentials down
to 166 mV. In contrast, Sn/KB_H20 exhibited a decline in performance, with an overpotential
of 184 mV. The results indicated a stronger interaction of the IL residues with the surface of
the Sn-NPs and a release of IL-blocked active sites during the stability tests.

Own contribution to the publication:

e Performing SEM and SEM-EDX measurements

e Performing XPS measurements

e Evaluation and interpretation of the XPS spectra with CasaXPS software

e Preparing graphs and literature research for the related XPS part in the manuscript.

¢ Reviewing and correcting the final manuscriptas a co-author.
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Microwave-assisted synthesis of iridium oxide and palladium nanoparticles supported
on a nitrogen-rich covalent triazine framework as superior electrocatalysts for the
hydrogen evolution and oxygen reduction reaction.

Lars Rademacher, Thi Hai Yen Beglau, Tobias Heinen, Juri Barthel, Christoph Janiak.
Frontiers in Chemistry 2022, 10.

Summary:
In this work, iridium oxide (IrOx-NPs) and palladium nanoparticles (Pd-NPs) with sizes ranging

from 2 to 13 nm were immobilised onto a CTF, based on the 2,6-dicarbonitrilpyridine (DCP)
monomer, and tested for their potential application in the HER and ORR. In particular, CTFs
serve as promising support materials due to their structural diversity, high porosity, and
electrical conductivity. The properties of CTFs are significantly controlled by the chosen
monomer and the applied synthesis route. In this work, CTFs were synthesised through an
ionothermal process at temperature stages of 600 or 750°C in the presence of zinc chloride,
which acted as a catalyst and a pore-forming agent. The deposition of IrOx- or Pd-NPs on the
shard-like CTF particles was achieved through a microwave-assisted thermal decomposition
reaction in the IL [BMIm][NTf2] or in propylene carbonate (PC). The synthesis of the CTFs at
different temperatures resulted in varying influences on the properties of the CTFs and the
resulting composites. The composites exhibited excellent performance towards the HER with
low overpotentials ranging from 47 to 325 mV (standard material Pt/C: 46 mV) and towards
the ORR with high half-wave potentials between 810 and 872 mV (Pt/C: 884 mV). Notably, the
IrOx samples demonstrated high performance in the HER, whereas the Pd samples exhibited
superior performance in the ORR. These results highlight the promising properties of M-
NP/CTF composites, which may lead to the development of materials with high electrocatalytic
activity and stability.

Own contribution to the publication:

e Performing SEM, SEM-EDX, SEM-mapping measurements;

e Performing XPS measurements;

e Evaluation and interpretation of the XPS spectra with CasaXPS software;

e Preparing graphs and literature research for the related XPS part of the manuscript;

¢ Reviewing and correcting the final manuscriptas a co-author.
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Scalable synthesis of SWCNT via CH4/N2 gas: The effects of purification on
photocatalytic properties of CNT/TiO2 nanocomposite

Sakineh Ghasemzadeh, Hassan Hosseini-Monfared, Massomeh Ghorbanloo, Thi Hai Yen
Beglau, Lars Rademacher, Alex Spiel}, Dennis Woschko, Christoph Janiak. J. Environ. Chem.
Eng. 2022, 10, 108440.

Summary:

Single-walled carbon nanotubes (SWCNTs) were synthesised using a catalysed CVD method
over Mo-Fe-MgO and Mo-Fe-Al20s3 catalysts. A systematic investigation on the purification of
SWCNTs was carried out using 20 methods, applying different acids, acid concentrations,
temperatures and processing times. The method of consecutive HCI treatment, air oxidation
and second HCI treatment was successful for the purification of SWCNTs. The purification
process was effective in removing catalyst support materials, embedded metal catalysts and
carbon materials other than nanotubes from the synthesised SWCNTs. Subsequently, the
effects of SWCNT's purification on. the photocatalytic activity of CNTs-based nanocomposites
were investigated. A SWCNT/TiO2 composite with 15 wt% of purified SWCNTs was
synthesised, which showed the highest photocatalytic activity in decomposing the dye
rhodamine B under optimised conditions. The photocatalytic activity of the composite material
of purified SWCNT/TiO2 was significantly higher than that of non-purified SWCNT/TiO2 and
pure TiO2. Overall, this study elucidated the scalable synthesis of SWCNTs, an effective
purification method for CCVD-produced SWCNTs, and the effects of purification on the
photocatalytic activity of CNT-based nanocomposites for wastewater treatment.

Own contribution to the publication:

e Performing XPS measurements
e Evaluation and interpretation of the XPS spectra with CasaXPS software
e Preparing graphs and literature research for the related XPS part of the manuscript.

¢ Reviewing and correcting the final manuscriptas a co-author.

A New Family of Layered Metal-Organic Semiconductors: Cu/V-Organophosphonates
Patrik Tholen, Lukas Wagner, Jean G. A. Ruthes, Konrad Siemensmeyer, ThiHai Yen Beglau,
Dominik Muth, Yunus Zorlu, Mustafa Okutan, Jan Christoph Goldschmidt, Christoph Janiak,
Volker Presser, Ozgiir Yavuzgetin, Gliindog Yiicesan. Small 2023, 19 (47), 2304057.
Summary:

In this work, the layered redox-active, antiferromagnetic metal organic semiconductor crystals
with the chemical formula [Cu(H20)2V(u-O)(PPA)2], where PPA stands for phenylphosphonate,
thatwe designed and synthesized are describedin this paper. The phenyl groups of the phenyl

phosphonate linker serve to separate the metal phosphonate layers, as evidenced by the

crystal structure of [Cu(H20)2V(u-O)(PPA)2]. The diffuse reflectance spectra Tauc plot
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demonstrates an indirect band gap of 2.19 eV for [Cu(H20)2V(u-O)(PPA)2]. The
photoluminescence (PL) spectra display a complex landscape of energy levels, with peaks
observed at 1.8 and 2.2 eV. The hybrid ionic and electronic conductivity values of
[Cu(H20)2V(u-O)(PPA)2] have been calculated torange between0.13and 0.6 Sm-'. The short-
range antiferromagnetic order between the Cu(ll) and V(IV) ions is demonstrated by
[Cu(H,0),V(u-O)(PPA),] through temperature-dependent magnetisation measurements.
Furthermore, [Cu(H20)2V(u-O)(PPA)2] exhibits photoluminescence, with a photoluminescence
quantumyield of 0.02%. The high [Cu(H20)2V(u-O)(PPA)z] is demonstrated.

Own contribution for the publication:

e Reproduction and optimizing synthesis conditions of Cu/V-Organophosphonates

materials.

Iron-containing Nickel Cobalt Sulfides, Selenides and a Sulfoselenide as Active and
Stable Electrocatalysts for the Oxygen Evolution Reaction in Alkaline Solution

Soheil Abdpour, Lars Rademacher, Marcus. N. A. Fetzer, Thi Hai Yen Beglau, Christoph
Janiak, Solids 2023, 4, 181 - 200.

Summary:
Iron-containing nickel sulfides, selenides and sulfoselenides were synthesised via a simple

two-step hydrothermal reaction (temperature < 160 °C) for application as electrocatalysts in
the OER in alkaline solution (1 mol L-' KOH). The study showed that iron-containing nickel
cobalt sulfides and selenides exhibited better OER performance with lower overpotentials
compared to iron-free nickel cobalt sulfides and selenides, highlighting the significant role of
ironin improving the OER of nickel cobalt electrocatalysts. In addition, the ferrous nickel-cobalt
sulfoselenide Feo.sNi1.0C02.0(So0.57Se0.2500.18 4 exhibited exceptional OER performance with nso
= 277 mV, outperforming the benchmark RuOz2 electrode with nso = 299 mV. The superior
performance of the sulfoselenide was attributed to its low charge transfer resistance (Rct) of
0.8 Q at 1.5 V compared to the reversible hydrogen electrode (RHE). In addition, the
sulfoselenide showed remarkable stability with only a minimal increase in overpotential (nso)
from 277 mV to 279 mV after a 20h chronopotentiometric test.

Own contribution to the publication:

e Performing XPS measurements
e Evaluation and interpretation of the XPS spectra with CasaXPS software.
e Preparing graphs and literature research for the related XPS part of the manuscript.

e Reviewing and correcting the final manuscriptas a co-author.
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Impregnation of textile cotton material with Cymbopogon citratus-mediated silver
nanoparticles and investigations by light, electron and hyperspectral microscopies.
Jean Yves Sikapi Fouda, Agnes Antoinette Ntoumba, Philippe Belle Ebanda Kedi, Thi Hai Yen
Beglau, Marcus Fetzer, Till Strothmann, Tchangou Armel Florian, Sone Enone Bertin, Vandi
Deli, Emmanuel Jean Teinkela Mbosso, Gustave Leopold Lehman, Emmanuel Albert Mpondo
Mpondo, Gisele Etame Loe, Francois Eya’ane Meva and Christoph Janiak. Journal of
Pharmacognosy and Phytochemistry 2023, 12 (5), 135-146.

Summary:

The goal of this projectis to create an inexpensive, eco-friendly cotton fabric that has been
treated with green, synthetic silver nanoparticles derived from the leaves of Cymbopogon
citratus. PXRD and UVs were used to analyze the silver nanoparticles. The analytical
distinctions between cotton textiles that were impregnated and those that weren't were
evaluated using TEM and light. When used with emission spectroscopy to distinguish in situ
impregnated cotton material from cotton fabric, hyperspectral microscopy indicates the
presence of silver nanoparticles, providing information for material quality monitoring. The in
situ impregnated cotton material exhibits the lowest sizes, while the high-density dispersions
of silver nanoparticles within the cotton materials are displayed by TEM. The maximum
emission of the in situ nanomaterial differs from that of the cotton fabric, and dark field
microscopy may be used to see the particles. The cotton textiles' capacity to retain solutions
containing nanoparticles and water were ascertained. The results of the experiment indicate
that the cotton cloth that was impregnated in situ exhibited exceptional washing resistance.

Own contribution for the publication:

e Performing SEM, SEM-EDX, SEM-mapping measurements

e Reviewing and correcting the final manuscriptas a co-author

Anti-inflammation study of cellulose-chitosan biocomposite-based Tetrapleura
tetraptera(Taub) dried fruits aqueous e xtract
Jean Baptiste Hzounda Fokou' Annick Christianne Nsegbe, Beglau Thi Hai Yen, Marcus N. A.

Fetzer, Elise Nadia Mbogbe, Maeva Jenna Chameni Nkouankam Pamela Ngadie Mponge,
Marie Tryphene Magaly Ngo Yomkil Baleng, Sylvie Pascale Songue, Chris Rosaire Ninpa
Kuissi, Juliette Koube, Bertin Sone Enone, Agnes Antoinette Ntoumba, Francois Eya’ane
Meva, Christoph Janiak. BioNanoScience, 2024, S. 1-11

Summary:

In this work, Nanotechnology is making remarkable advances in the medical realm. The
discovery of innovative ways for delivering plant components has advantages such as
improved bioavailability, solubility, prolonged release, and potential. To the best of our
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knowledge, there has been no publication on nanocomposites derived from Tetrapleura
tetraptera, despite its several ethnopharmacological applications, including the treatment of
inflammatory ilinesses. The goal of this work was to create nanocomposites made of chitosan
and cellulose that have anti-inflammatory properties. The biocomposites demonstrated an
encapsulation effectiveness of 69.4%. UV-Vis revealed a peak at 290 nm, confirming their
creation. Infrared spectrophotometry confirmed the presence of a mixed polysaccharide and
polyphenol system. There were no indicators of toxicity or fatalities, hence the lethal dosage
50 (LD50) exceeds 2000 mg/kg. The biocomposite displays anti-inflammatory action in vitro
with a maximum inhibition of 99.5%, and in vivo with a maximum inhibition of 98.7% at a
dosage of 200 mg/kg. The manufactured biocomposites derived from the aqueous extract of
Tetrapleuratetraptera fruits show anti-inflammatory activity with satisfactory safety.

Own contribution for the publication:

e Performing SEM, SEM-EDX, SEM-mapping measurements

e Reviewing and correcting the final manuscriptas a co-author

Ruthenium nanoparticles on covalent triazine frameworks incorporating thiophene for
the electrocatalytic hydrogen evolution reaction.

Lars Rademacher, Thi Hai Yen Beglau, Bahia Ali, Linda Sondermann, Till Strothmann, Istvan
Boldog, Juri Barthel, Christoph Janiak, J. Mater. Chem. A2024, 12 (4), 2093-2109.

Summary:
In this work, The chemical, structural, and electrocatalytic characteristics of different

thiophene-based CTFs and composites containing ruthenium nanoparticles (Ru-NPs) were
examined. Rutheniumis of special importance due toits superior performance in the hydrogen
evolution process (HER) and much cheaper cost when compared to other noble metals. For
this objective, CTFs bridged by thiophene (Th-CTF), phenylthiophene (PhTh-CTF),
bithiophene (BTh-CTF), or quaterthiophene units (QTh-CTF) were synthesized by ionothermal
techniques at 400 or 600°C, and then decorated with Ru-NPs in a microwave process
employing PC. CTF-1, which is made up of bridging phenyl units, was employed as a
comparison material. The new composites with Ru-NPs ranging from 2 to 9 nm displayed
excellent electrocatalytic activity against the HER with low overpotentials, reaching 30 mV in
0.5 mol L-' HoSO4 (Pt/C: 9 mV) and 3 mV in 1 mol L' KOH (Pt/C: 26 mV).

Own contribution to the publication:

e Performing SEM, SEM-EDX, SEM-mapping measurements
e Performing XPS measurements.

¢ Reviewing and correcting the final manuscriptas a co-author.
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Bimetallic CPM-37(Ni,Fe) metal-organic framework: enhanced porosity, stability and
tunable composition.

Soheil Abdpour, Marcus NA Fetzer, Robert Oestreich, Thi Hai Yen Beglau, Istvan Boldog,

Christoph Janiak. Dalton Transactions 2024.

Summary:

In this work, a novel synthesis of mixed metal nickel-iron MOFs, specifically bimetallic CPM-
37(Ni,Fe)with varying iron content,was undertaken forthe first time as precursors for electrode
materials in OER. Notable high BET were exhibited by the bimetallic CPM-37(Ni,Fe) samples,
with values of 2039, 1955, and 2378 m? g-1 for CPM-37(Ni2zFe), CPM-37(NiFe), and CPM-
37(NiFe2), respectively. Conversely, the monometallic counterparts, CPM-37(Ni) and CPM-
37(Fe), exhibited markedly lower surface areas, with values of 87 and 368 m2 g-', respectively.
The mixed-phase nickel and iron hydroxide/oxides derived from bimetallic CPM-37(Ni,Fe)
samples during OER exhibited superior performance, with CPM-37(Ni2Fe) (Ni/Fe ~ 2)
emerging as the most promising catalyst. The catalyst exhibited a small overpotential of 290
mV at 50 mA cm?, along with a low Tafel slope of 39 mV dec' and good electrochemical
performance stability. This was demonstrated by an overpotential increase from 290 to 304
mV over 20 hours of chronopotentiometry. After 20 h of chronopotentiometry, the overpotential
was 304 mV at 50 mA cm?2, which outperformed the benchmark RuO: electrode, which

exhibited an overpotential increase from 300 to 386 mV after 20 h of chronopotentiometry.

Own contribution to the publication:

e Performing XPS measurements
e Supporting evaluation and interpretation of the XPS spectra with CasaXPS software

¢ Reviewing and correcting the final manuscriptas a co-author.

Mechanochemical synthesis and application of mixed-metal copper—ruthenium HKUST-
1 metal-organic frameworks in the electrocatalytic oxygen evolution reaction.

Sondermann, L.; Smith, Q.; Strothmann, T.; Vollrath, A.; Beglau, T. H. Y.; Janiak, C. RSC
Mechanochem. 2024. doi:10.1039/D4MR00021H.

New electrode materials for hydrogen generation are being studied to make expensive noble-
metal components more efficient. Here, different copper—rutheniumcombinations of the metal-
organic framework HKUST-1 were made through a mechanochemical method. This method
allowed for the mixed-metal MOFs to be made in an hour. Characterisation through X-ray
diffraction, Nz2-adsorption, SEM, TGA and FTIR confirmed the formation of a MOF with the
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HKUST-1 topology, but with lower porosity. The MOFs were tested as catalysts for the oxygen
evolution reaction (OER) and performed as well as the industry standard ruthenium oxide
(RuO,). An overpotential of 314 mV and a Tafel slope of 55 mV dec' were achieved, along
with a charge-transferresistance of 13.6 Q. RCT = 52.8 Q and FE = 70% (RuO2 FE = 66%)
show that the Cu10Ru-BTC catalyst is effective for the OER. All the catalysts showed good

stability in a chronopotentiometric measurement over 12 hours.

Own contribution to the publication:

e Performing XPS measurements

e Supporting evaluation and interpretation of the XPS spectra with CasaXPS software
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4. Overall Summary

The OER is considered the bottleneck of electrolytic water-splitting. Thus, there is a need for
the development of innovative, low-cost approaches to design active and durable
electrocatalysts based on abundant transition metal oxides. Although much effort has been
devoted to this goal, most materials reported with high catalytic activity require time and
energy-demanding, multi-step synthetic approaches. The most effective strategy would be the
one-step preparation of highly active electrocatalysts without any complicated templating and

energy-intensive calcination processes.

Herein, an iron-doped nickel-based MOF was prepared with a highly-conductive modified
Ketjenblack (mKB) support (denoted as Ni(Fe)-MOF/mKB) by a one-step solvothermal
method. The introduction of KB provided the true solution to overcoming the intrinsic
drawbacks of pristine MOFs and KB for electrocatalysis, in particular (i) a low electrical
conductivity, (ii) a predominant microporosity disturbing a permeability of electrolyte ions into
pores and a mass transfer of evolved gases frominner poresto bulk electrolyte, and (iii) a poor
wettability. The Ni-MOF/mKB14 composite (14 wt. % of mKB) demonstrated an overpotential
of 294 mV at a current density of 10 mA cm=2 and Tafel slope of 32 mV dec-!, which is
comparable with commercial RuO2 commonly used as a benchmark material for OER. The
Ni(Fe)MOF/mKB14 (0.57 wt.% Fe) had an even lower overpotential of 279 mV at a current
density of 10 mA cm=2. The low Tafel slope of 25 mV dec~" as well as a low reaction resistance
from electrochemical impedance spectroscopy (EIS) measurement confirm the excellent OER
performance of this composite. When the Ni(Fe)MOF/mKB14 electrocatalyst was impregnated
into commercial nickel foam (NF), overpotentials of 247 and 291 mV at current densities of 10
and 50 mA cm?, respectively, were realized with constant applied voltages for 30 h at the
current density of 50 mA cm2. The superior OER performance is associated with the
transformation of Ni(Fe)MOF into highly functionalized a./B-Ni(OH)2/p/y-NiOOH and FeOOH
inherited from the MOF structure. The demonstrated MOF/mKB material preparation strategy
is applied to develop of high-performance electrode materials for other advanced energy
storage systems. The simple synthetic conceptis very flexible and can be also extended to
various structured materials including different types of MOFs to be applied for water-splitting,
artificial photosynthesis, nitrogen fixation, etc., which has great potential for practical

commercialization of the process as well.

Herein, we report the hydrothermal synthesis of two new semiconductive metal phosphonate
frameworks namely Co2[1,4-NDPA] and Zn2[1,4-NDPA], and we have shown that alternating
the identity of metal ions in isostructural semiconductive metal phosphonate frameworks can
be used to tune band gap and semiconductive properties. Both powdered compounds have
absorption onsets at around 500 nm (2.5 eV), derived from photoluminescence optical
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Kubelka-Munk spectra data, which is strongly localized at the naphthalene moieties.
Furthermore Co2[1,4-NDPA] shows a second onset at 700 nm (1.7 eV) which has to be
identified as ligand-field transitions localized at the Co center with its low energetic 4A%(4F) —
4T1(4P) ligand field transition of tetrahedrally coordinated d7-Co(ll). We have furthermore
used the new semiconducting metal phosphonate frameworks as precatalysts for the OER
reaction. We have shown that both, Coz[1,4-NDPA] and Zn2[1,4-NDPA], are remarkable
precatalysts for the OER reaction in water splitting with overpotentials of 374 mV for Co2[1,4-
NDPA] and 408 mV for Zn2[1,4-NDPA] for a glassy carbon rotating electrode system and 312
mV and 371 mV on NF at a current density 10 mA cm2. The Tafel slope 0f 43 mV dec"in 1
mol L= KOH at a current density of 10 mA cm2of the Co2[1,4-NDPA] precatalyst indicates its
superior reaction kinetics compared to the commercial benchmark material RuO2 or other
compound families like metal phosphides and some reported MOFs in the literature. Besides,
its good reaction kinetics, electrocatalyst derived from Co2[1,4-NDPA] also shows remarkably
improved activity, compared to RuO2 on NF for water splitting reaching a current density of
200 mA cm= at 1.63 V. This work also demonstrated the exceptionally high stability of the
derived active species of B-Co(OH)z2 and -CoOOH catalysts by using Coz[1,4-NDPA] as a
precatalystin 1 mol L-' KOH for 30 h at a constant current density of 50 mA cm=2. Several
features may contribute to the excellent OER performance of the Co2[1,4-NDPA] compared to
the concurrently studied RuOz, B-Co(OH)2and physically mixed B-Co(OH)2 with the ligand 1,4-
NDPA-H4. For example, Coz[1,4-NDPA] precatalyst might hypothetically generate a more
uniform distribution of 3-Co(OH)2 and 1,4-NDPA-H4 ligand on the surface of the glassy carbon
electrode creating superior OER activities compared to the concurrently studied catalytically
active species. All these results demonstrate that both materials, but especially the Co2[1,4-
NDPA] are potential candidates for industrial applications as precatalysts for OER in water

electrolysis.

In summary, a new series of bimetallic MOFs was successfully prepared using a rapid
synthesis method within only 12 min. These bimetallic MOFs offer flexibility in adjusting the
molar ratio of metal nodes, which are uniformly distributed throughout the frameworks.
Furthermore, the pillars within this series of MOFs are customizable. As expected, the
introduction of a second metal ion allows for the modification of the intrinsic characteristics of
the original MOFs, preserving their initial morphology and pore structure. Notably, the
bimetallic NiCoMOF demonstrates superior catalytic activity for the OER. Electrochemical
assessments show that the pristine structure of MOFs can affect OER performance during
prolonged alkali treatment, impacting the kinetics of transformation from disordered o-
(NiCo)(OH)2 to ordered B-(NiCo)(OH)2 under alkaline conditions. Moreover, taking advantage
of the MW synthesis method, the NiCoMOFs were in situ grown on the surface of NF. The
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OER efficiency can be optimized effectively via tuning the thicknesses of MOFs on NF by
employing MW synthesis times. The NICoMOF/NF within only 25 min of synthesis time show
superior OER activity with required overpotentials of 313 and 328 mV to achieve current
densities of 50 and 300 mA cm2 and excellent stability after 50 h , which surpasses the state-
of-the-art RuO2and other MOF-derived catalysts for the OER. These promising results not only
prove that the properties of MOFs can be tailored by the incorporation of a second metal into
the MOF structure but also present a new strategy for developing promising highly efficient

electrocatalysts in practical applications.
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