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Kurzzusammenfassung

Die vorliegende Arbeit adressiert die begrenzte Langzeitstabilität vieler etablierter 
Elektrodenmaterialien in wässrigen Superkondensatoren. Besonders unter stark sauren oder stark 
alkalischen Bedingungen sowie in konzentrierten Salzlösungen begünstigen Auflösung, 
Oxidation, Quellung und strukturelle Degradation einen Leistungsabfall und erschweren die 
Interpretation von Alterungsmechanismen. Insbesondere konventionelle MOFs auf Basis von 
Carboxylat Linkern sind durch geringe intrinsische Leitfähigkeit und häufig unzureichende 
Hydrolysestabilität limitiert. Dadurch werden Ligandenaustausch, die Auflösung der 
Knotenpunkte und ein Kollabieren des Netzwerkes begünstigt.

Vor diesem Hintergrund verfolgt die Dissertation das Ziel, die Rolle phosphonatbasierter 
Koordinationsnetzwerke als hydrolytisch robuste und zugleich elektrochemisch abstimmbare 
Elektrodenmaterialien für die Energiespeicherung in wässrigen Elektrolyten weiter zu schärfen 
und durch belastbare Struktur-Eigenschafts-Beziehung zu untermauern. Der Ansatz beruht auf 
dem HSAB Konzept, das für harte und mittelharte Metalle starke Metall Sauerstoff Phosphor 
Bindungen mit Phosphonsäuren als Linkern vorhersagt. Dadurch können Hydrolyse, 
Ligandenaustausch und Metallauslösung im Vergleich zu vielen Carboxylat Netzwerken reduziert 
werden.

Im Rahmen dieser Arbeit wurden mehrere Projekte durchgeführt. Zunächst wurden Lanthanoid-
Phosphonate mit Diamantane-4,9-Diphosphonsäure als Materialien für Sensorik und potenziell 
protonenleitfähige Materialien synthetisiert. Da Reproduzierbarkeit und isolierte Ausbeuten nicht 
ausreichend waren, wurde dieser Strang nicht weiterverfolgt. Im Fokus standen anschließend 
redoxaktive Cu/V sowie Ni/V basierte Metallphosphonate. Beide wurden als hochkristalline 
Feststoffe unter hydrothermalen Bedingungen hergestellt und hinsichtlich chemischer Stabilität 
und elektrochemischer Aktivität untersucht. 

[Cu(2,2'-bpy)VO(O3PC6H5)2] zeigt, dass robuste Phosphonat-Netzwerke in neutralen, wässrigen 
Elektrolyten elektrochemisch aktiv bleiben, ohne auf stark konzentrierte Säuren oder Basen 
angewiesen zu sein. Unter mild sauren und mild alkalischen Bedingungen werden spezifische 
Kapazitäten von etwa 140 F g-1 bei 1 mV s-1 erreicht, während die Kinetik in neutralen 
Salzelektrolyten stärker limitiert ist und die reversible Redoxreaktion entsprechend langsamer 
verläuft. Gleichzeitig wurde die Bedeutung belastbarer Post-Cycling Charakterisierung 
hervorgehoben, da Aussagen zur Phasenstabilität deutlich belastbarer sind, wenn sie nicht nur 
über Morphologie, sondern zusätzlich über phasensensitive Methoden wie Pulver-
Röntgendiffraktometrie und Spektroskopie gestützt werden.

Im letzten Projekt wurde ein anionisches Vanadiumphosphonat-MOF, [Ni(2,2’-
bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O, synthetisiert, das redoxaktive 
Kationenkomplexe vom Typ [Ni(2,2‘-bpy)3]2+ enthält. Dadurch ließ sich die Dichte an 
redoxaktiven Stellen erhöhen, während die chemische Robustheit des Phosphonatrückgrats 
erhalten blieb. In 1 M Na2SO4 erreicht das Material in galvanostatischen Messungen 79 F g-1 bei 
1 A g-1, während zyklische Voltammetrie bei 1 mV s⁻¹ eine deutlich höhere integrierte Kapazität 
von etwa 300 F g-1 ergibt, was den starken Einfluss der Scan-Rate und der zugänglichen 
Redoxprozesse auf die scheinbare Kapazität unterstreicht. Nach einer kurzen Aktivierungsphase 
von etwa 200 Zyklen, in der der Kapazitätserhalt kontinuierlich ansteigt, erreicht er etwa 98% 
und bleibt über 10000 Zyklen im Wesentlichen konstant, ohne einen erkennbaren Abfall. Dies 
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weist auf eine sehr hohe Zyklenstabilität in 1 M Na2SO4 bei pH 7 hin. Darüber hinaus zeigt sich 
eine hohe chemische Stabilität in einem moderaten pH Bereich von 2 bis 10 über einen Zeitraum 
von mindestens einer Woche unter konstantem Rühren, bestätigt durch sowohl PXRD Messungen 
als auch REM Bilder mit EDX-Mapping. Damit wird demonstriert, dass mehrere redoxaktive 
Zentren in phosphonatbasierte Koordinationsnetzwerke integrierbar sind, ohne die 
Hydrolysestabilität zu verlieren. Die vorliegende Arbeit zeigt damit, dass Phosphonat-
Koordinationspolymeren und Phosphonat-MOFs vielversprechende, noch unzureichend 
untersuchte Materialien zur Energiespeicherung in wässrigen Medien darstellen.

Abstract

This thesis addresses the limited long-term stability of many established electrode materials in 
aqueous supercapacitors. Particularly under strongly acidic or strongly alkaline conditions and in 
concentrated salt solutions, dissolution, oxidation, swelling and structural degradation promote a 
drop in performance and make it difficult to interpret ageing mechanisms. Conventional MOFs 
based on carboxylate linkers are particularly limited by low intrinsic conductivity and often 
insufficient hydrolysis stability. This promotes ligand exchange, dissolution of the nodes and 
collapse of the network.

Against this background, the dissertation aims to further refine the role of phosphonate-based 
coordination networks as hydrolytically robust and simultaneously electrochemically tunable 
electrode materials for energy storage in aqueous electrolytes and to underpin this with robust 
structure-property relationships. The approach is based on the HSAB concept, which predicts 
strong metal-oxygen-phosphorus bonds with phosphonic acids as linkers for hard and medium-
hard metals. This reduces hydrolysis, ligand exchange and metal leaching compared to many 
carboxylate networks.

Several projects were carried out as part of this work. First, lanthanide phosphonates with 
diamantane-4,9-diphosphonic acid were synthesized as materials for sensor technology and 
potentially proton-conductive materials. As reproducibility and isolated yields were insufficient, 
this strand was not pursued further. The focus then shifted to redox-active Cu/V and Ni/V-based 
metal phosphonates. Both were produced as highly crystalline solids under hydrothermal 
conditions and investigated in terms of chemical stability and electrochemical activity. 

[Cu(2,2'-bpy)VO(O3PC6H5)2] shows that robust phosphonate networks remain electrochemically 
active in neutral aqueous electrolytes without relying on highly concentrated acids or bases. Under 
mildly acidic and mildly alkaline conditions, specific capacitances of about 140 F g-1 at 1 mV s-1 
are achieved, whereas kinetics in neutral salt electrolytes are more strongly limited and the 
reversible redox response is correspondingly slower. At the same time, the importance of robust 
post cycling characterisation was emphasized, as statements on phase stability are significantly 
more reliable when they are supported not only by morphology but also by phase sensitive 
methods such as powder X ray diffraction and spectroscopy.

In the last project, an anionic vanadium phosphonate MOF, [Ni(2,2’-bpy)3]2+ 

[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O, was synthesized, which contains redox-active 
cation complexes of the type [Ni(2,2'-bpy)3]2+. This increased the density of redox-active sites 
while maintaining the chemical robustness of the phosphonate backbone. In 1 M Na2SO4, the 
material achieves 79 F g-1 at 1 A g-1 in galvanostatic measurements, while cyclic voltammetry at 
1 mV s-1 yields a significantly higher integrated capacitance of approximately 300 F g-1, 
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underscoring the strong influence of the scan rate and accessible redox processes on the apparent 
capacity. After a short activation phase of about 200 cycles, during which the capacity retention 
increases continuously, it reaches about 98% and remains essentially constant over 10000 cycles 
without any noticeable decline. This indicates very high cycle stability in 1 M Na2SO4 at pH 7. In 
addition, high chemical stability is demonstrated in a moderate pH range of 2 to 10 over a period 
of at least one week under constant stirring, confirmed by both PXRD measurements and SEM 
images with EDX mapping. This demonstrates that multiple redox-active centres can be 
integrated into phosphonate-based coordination networks without losing hydrolysis stability. The 
present work thus shows that phosphonate coordination polymers and phosphonate MOFs are 
promising yet insufficiently investigated materials for energy storage in aqueous media.
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1

Chapter 1: Introduction 

1.1 The increasing demand for advanced energy storage systems 

Global energy demand keeps increasing, primarily due to population growth and because 
industrial production continues to rise. At the same time, anthropogenic climate change is linked 
to high greenhouse gas emissions from burning fossil fuels [0F ]. This makes a higher share of 
renewable energies in the energy supply necessary [1, 1F , 2F , 3F ]. In 2024, the global energy demand 
increased by 2.2%, nearly double the ten year average. A major part of this came from the 
electricity sector, where demand increased by 4.3%, reflecting the particularly strong growth in 
the power sector [2]. Important drivers were the increased use of air conditioning systems, the 
electrification of industry and transportation, and the fast growth of data centres and artificial 
intelligence (AI) related infrastructure [2, 4, 4F , 5F ]. As a result, investment in clean energy systems 
as an alternative to fossil fuels has become a strategic priority, supported by policy frameworks 
such as the European Green Deal [3, 6F , 7F ]. 

One problem of many renewable power sources is their intermittency. This leads to a temporal 
mismatch between energy generation and demand and therefore requires a significant energy 
storage capacity [8F ]. If the storage is not sufficient, fluctuations in supply can disturb stable grid 
operation, causing voltage deviations and inefficient balancing done by conventional power plants 
[ 9F , 10F ]. That is why energy storage systems (ESS) play an important role in bridging this gap, 
and contribute to enhanced flexibility, resilience, and reliability of modern electricity grids [11F , 
12F , 13F ]. In practice, integrating renewables in an efficient way usually needs a portfolio of 
different storage technologies, so that overall system efficiency improves [14F ]. Table 1 gives a 
comprehensive classification of ESS. In addition, the increasing electrification of industrial 
processes, heating, and transportation significantly amplifies the demand for rapidly available 
electrical energy [15F ].

Table 1. Classification of energy storage systems (ESS) [16F ].

−

−

−

−

−

−

−
−
−
−
−
−
−

−
−
−

−
−

As a result, research on advanced energy storage systems has increased strongly. Currently, 
rechargeable batteries are in a leading position because they offer relatively high energy density, 
they can easily be scaled from single cells to large packs, and industrial manufacturing lines 
already exist. Lithium ion (Li-ion) batteries have become the default choice in portable electronics 
and electric vehicles and are also becoming more important in stationary energy storage [17F ]. 
Even with their high energy density, the achievable power density is often restricted when long 
cycle life and safe operation are required. This is because high current rates increase polarization, 
side reactions, and heat generation, which speeds up ageing [18F , 19F ]. In grid applications, frequent 
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deep cycling, high current peaks, and elevated temperatures can accelerate battery degradation 
[ 20F ]. 

These limitations show that energy storage technologies, that offer rapid charge/discharge 
capabilities, high power density, and superior long term stability are needed. Batteries are good 
for applications requiring charge/discharge cycles ranging from minutes to hours, while 
conventional capacitors are optimised for very short cycles in the millisecond (ms) to microsecond 
(µs) range [21F , 22F ]. Supercapacitors (SCs), also referred to as ultracapacitors, are designed to 
bridge this gap [23F ]. In many applications, SCs can be charged and discharged very fast, typically 
within few seconds to around a minute [24F ]. This makes them suitable for short term high power 
tasks, such as regenerative breaking or car starters, peak power buffering and power quality 
support. Some SCs can reach very long cycle life between 10000 and 1000000 charge/discharge 
cycles, which is important for devices that need to last for a long time and that are cycled very 
often [25F , 26F ]. The Ragone plot (Figure 1a) shows that the power density of SCs can approach, 
or even overlap with, conventional electrolytic capacitors, while offering energy densities closer 
to those of batteries at the same time [22]. Although SCs remain more expensive than batteries, 
the demand for high power storage devices has strongly increased research activities in this area. 
This development is also connected to the search for electrode materials and new electrolytes that 
combine high performance with improved durability and cost efficiency [22, 27F , 28F ]. 

Figure 1. a) Ragone plot of electrical energy storage systems. Characteristic times correspond to lines with unity slope. Modified 
from Berrueta et al., IEEE Access 2019, 7, 50869–50896, licensed under CC BY 4.0 [22]. 

The position of supercapacitors between capacitors and batteries reflects their underlying charge 
storage mechanisms. Depending on device type, charge storage can happen by electric double 
layer formation, fast surface redox processes in pseudocapacitors, or by combining both in hybrid 
supercapacitors [29F ]. These mechanisms and their implications for materials design are discussed 
in the following section.

1.2 From Classical Capacitors to Electrochemical Supercapacitors

In a simple capacitor, energy is stored in the electric field between two metal plates. These plates 
are separated by a dielectric that prevents charge from flowing directly. When a voltage is applied, 
equal and opposite charges build up on the plate surfaces, so energy is stored purely physical 
(non-Faradaic) [30F ]. Batteries, on the other hand, store energy through Faradaic reactions. Charge 
storage is linked to electrochemical redox processes and goes together with chemical changes in 
the electrode materials. Dielectric capacitors rely on dielectric polarization to store electrical 
energy. Because they can provide very high power density and extremely fast discharge, they are 
widely used in pulsed power electronics. Still, their practical energy density remains limited [23]. 
Research on dielectric materials, including ceramic films, tries to improve energy density and 
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efficiency, but the limits of planar electrodes and finite dielectric thickness remain [31, 31F , 32F , 
33F , 34F ]. The basic concept is shown in Figure 2.

Figure 2. Schematic representation of a dielectric capacitor.

To avoid these geometric limits, supercapacitors (SCs) store charge at the electrode/electrolyte 
interface and can additionally use fast, near surface Faradaic processes, depending on the 
electrode chemistry [35F , 36F ]. Depending on the device design, charge storage is reached either by 
mainly non-Faradaic electric double layer formation (EDL), in which ions are physically adsorbed 
at the electrode surface, or by mainly Faradaic surface redox processes in pseudocapacitors, or by 
a combination of both mechanisms in hybrid supercapacitors [37]. This combination places SCs 
between traditional capacitors and batteries, offering higher energy densities than dielectric 
capacitors while maintaining high power density and excellent cycling stability [37F ]. An overview 
of the most important supercapacitor types, their charge storage mechanisms and representative 
electrode materials is presented in Figure 3.

Figure 3. Classification of supercapacitor types, charge storage mechanisms, and examples of electrode materials.

Structurally, a supercapacitor has the same basic design as a conventional electrochemical cell. It 
consists of a positive and a negative electrode with an ion permeable separator between them. The 
separator prevents electrical short circuits while enabling ionic transport. In symmetric SCs, the 
same active material is used at both electrodes, whereas asymmetric SCs employ different 
materials on the positive and negative sides to enlarge the operating voltage window and enhance 
energy density. In all cases, the active materials are typically coated onto metallic current 
collectors, which provide efficient electronic conduction to the external circuit [38F ]. In 
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electrochemical double layer capacitors, porous carbon materials are used to provide a large 
accessible surface area for charge storage, while pseudocapacitors typically use redox-active 
materials. In these materials, fast and reversible Faradaic redox reactions at or near the surface 
make an important contribution to the measured capacitance. Hybrid capacitors combine both 
types of electrodes to integrate double layer and pseudocapacitive contributions within a single 
device and thereby push the trade-off between energy and power to more favourable regimes [39F , 
40F ]. The electrolyte is another critical design parameter, as it controls ionic conductivity, the 
accessible potential window and interfacial stability. The electrolyte thus influences the 
achievable specific capacitance (Csp), the performance at high discharge rates, the electrochemical 
stability window, and the long term performance of supercapacitors [29, 41F ]. Electrolytes are 
generally categorized into liquid types, including aqueous (acidic, neutral, and alkaline), organic, 
and ionic liquids, as well as solid state and redox-active electrolytes [42F ]. Each class comes with 
their own trade-offs, for example, aqueous electrolytes are limited by a narrow potential window, 
while organic electrolytes often suffer from volatility and flammability concerns [41, 43, 43F , 44F ,].

Since both the electrolyte and electrode materials determine how ions and electrons are stored, 
the resulting charge storage mechanisms vary significantly depending on the device type [45F ]. 
These fundamental mechanisms are illustrated schematically in Figure 4.

Figure 4. Schematic illustration of the energy storage mechanisms of (a) EDLC, (b) Surface Redox Pseudocapacitor, (c) 
Intercalation Pseudocapacitor, (d) Battery-type Faradaic Reaction (Hybrid SC). Reproduced from Gao et al., Inorganics 2025, 13, 
49, licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [46]. 

1.2.1 Electric Double layer Capacitors (EDLCs)

EDLCs store electrical energy by electrostatic ion accumulation at the interface between the 
electrolyte and the electrode surface. When a voltage is applied, ions rearrange. Cations move to 
the negatively polarised electrode, and anions move to the positively polarised electrode. This 
forms two charge separated layers at the interface, one at the charged electrode surface and the 
other made of counter ions from the electrolyte [46F , 47F ]. In ideal EDLCs, no charge transfer takes 
place across the interface. Instead, energy is stored and released by physical adsorption and 
desorption of ions. Because adsorption and desorption are much faster than Faradaic redox 
reactions, EDLCs can charge and discharge fast and they also show excellent long term cycling 
stability [48F ]. Over the past decades, several models have been developed to describe the 
formation and structure of the electric double layer (EDL) at the electrode/electrolyte interface 
[ 49F ].

As a simple way to describe electric double layer charge storage in capacitors and supercapacitors, 
the Stern model is often used as a practical baseline [50F ]. It assumes a compact layer of counter 
ions close to the electrode, in series with a diffuse ion layer in the electrolyte, and it treats the 
interface in a simplified continuum picture with a mean field ion distribution [51F , 52F ]. In this 
model, the double layer capacitance is mainly influenced by the accessible surface area, the 
effective ion electrode separation and dielectric properties in the compact layer, and the ionic 

https://creativecommons.org/licenses/by/4.0/
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strength that sets the diffuse layer thickness. At the same time, specific adsorption and pore 
confinement can lead to deviations in real porous electrodes [52, 53F ].

Beyond the interfacial structure itself, the specific capacitance is also influenced by the nature 
and conductivity of the electrode material, the size and valence of the ions, and the pore structure 
and accessibility of the electrode [54F ]. When pore dimensions get close to the diameter of solvated 
ions, partial desolvation can occur when ions enter the confined pore space. This allows counter 
ions to approach the carbon surface more closely and can increase the local electric field. As a 
result, capacitance in sub nanometre pores can exceed values predicted by idealised Helmholtz 
Stern behaviour [54, 55F , 56F ]. This pore and solvation dependence provides a natural bridge to 
redox-active charge storage mechanisms, which can further increase the apparent capacitance 
beyond purely electrostatic double layer formation.

1.2.2 Pseudocapacitors

Unlike EDLCs, which store charge primarily through electrostatic ion adsorption at the 
electrolyte/electrode interface, pseudocapacitors store energy via fast and reversible Faradaic 
reactions. These processes take place at or near the electrode surface and, in some cases, within 
accessible lattice sites of the active material. By exploiting electron transfer reactions rather than 
purely dielectric polarization, pseudocapacitors can achieve specific capacitances significantly 
higher than those of typical carbon-based EDLCs.

It is important to note that despite the Faradaic nature of the underlying charge-storage 
mechanism, the electrochemical response of an ideal pseudocapacitor remains capacitive. The 
potential varies approximately linearly with the stored charge. Cyclic voltammograms (CV 
curves) display a quasi-rectangular shape, and galvanostatic charge-discharge curves are nearly 
linear in time. This is different from diffusion controlled battery-type behaviour, where phase 
transformations or slow solid state diffusion lead to clear plateaus and sharp redox features [57F , 
58F , 59F ]. Depending on the material and the physical process involved, pseudocapacitance is 
typically categorized into two main mechanisms, as shown schematically in Figure 4b and c [60F ].

1. Surface Redox Pseudocapacitance: In surface redox pseudocapacitors, ions from the 
electrolyte are electrochemically adsorbed on the electrode surface or within a near surface region, 
together with a Faradaic charge transfer step. Typical examples include the surface 
protonation/deprotonation or cation adsorption at transition metal oxides such as RuO2 or NiO or 
conducting polymers, such as polyaniline [61, 61F , 62F ]. Because these reactions are mainly limited 
to the surface (or a thin surface layer) and proceed without a clear bulk phase transformation, the 
electrode can show a capacitive-like response. The CV curves remain nearly rectangular, and the 
charge-discharge profiles are close to linear, even though the stored charge is associated with 
redox processes rather than pure double layer formation [63F ].

2. Intercalation Pseudocapacitance: Intercalation pseudocapacitance occurs when ions insert 
into crystallographic tunnels, interlayers, or other accessible lattice sites of a redox-active host, 
again together with electron transfer but without a two phase transition of the host structure [59, 
64F ]. In contrast to classical battery type intercalation, the insertion process is fast enough and 
sufficiently uniform that the electrode keeps a pseudocapacitive electrochemical signature. The 
potential varies roughly linearly with the state of charge, and the CV shows broad, featureless 
capacitive currents rather than sharp redox peaks. Importantly, distinct redox peaks do not 
automatically exclude pseudocapacitive charge storage. In many real materials, especially when 
multiple redox couples contribute or when insertion steps are limited to narrower potential 
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intervals, peak shaped CV features can coexist with mainly capacitive kinetics. The classification 
therefore depends on the rate determining kinetics and the absence of a diffusion limited two 
phase transformation, rather than on the complete absence of peaks [63, 65F , 66F ]. Prototypical 
materials include Nb2O5-based systems and several MXenes, in which cations can intercalate into 
layered or tunnel structures over a wide potential range at high rates [67F , 68F ].

These mechanistic archetypes are directly relevant for this thesis. Many coordination networks 
(CNs) and metal phosphonate frameworks combine redox-active metal centres with accessible 
channels, tunnels, or interlayer spaces. Such architectures can, hypothetically, support both 
surface confined redox pseudocapacitance and shallow intercalation type storage in aqueous 
electrolytes [69F ]. Establishing and using this behaviour in structurally robust, hydrolytically 
stable phosphonate-based networks is therefore a key motivation for the material developments 
presented in the later chapters of this work.

1.2.3 Hybrid Supercapacitors and Asymmetric Supercapacitors

Hybrid supercapacitors (HSCs) consist of two different electrodes, resulting in an asymmetric 
configuration. A typical example is the combination of an EDLC-type electrode, such as a porous 
carbon material serving as the negative electrode, with a battery-type positive electrode such as 
PbO2 or Ni(OH)2 [70F ]. This can allow a higher cell voltage and therefore a wider operating 
potential window of the device, which can increase device level energy density within the stability 
limits of aqueous electrolytes [71F , 72F ]. The term HSC is often used when the two electrodes 
operate by different charge storage mechanisms, while asymmetric supercapacitors (ASCs) are a 
broader descriptor that can also refer to cells with unequal mass loadings or different materials 
that do not necessarily combine distinct mechanisms. Following Brousse et al., ASC can be 
limited to systems in which at least one electrode shows capacitive or pseudocapacitive behaviour 
[71, 73F ]. The main goal of hybrid and asymmetric configurations is to combine high power 
capability and long cycling stability of EDLC electrodes with the higher energy density of battery-
type materials [74F ]. 

It is worth noting that phosphate and phosphonate-based electrodes are evaluated in asymmetric 
or hybrid configurations, where a pseudocapacitive positive electrode is paired with a 
carbonaceous negative electrode to exploit a wider cell voltage in aqueous electrolytes [75F , 76F ]. 
Reports on nickel phosphate or nickel organophosphonate positive electrodes combined with 
activated carbon can show higher device level energy density while maintaining good cycle 
stability, highlighting phosphonate derived frameworks as practical candidates for robust positive 
electrodes [77F ]. Metal phosphonate frameworks can link these design ideas in one material. Many 
of them have pores, channels, or layered spaces, so ions can move through the structure and reach 
more accessible surface area for charge storage. At the same time, the metal centres in the 
inorganic units, preferably transition metals, can act as redox sites and enable fast surface, or near 
surface, reactions, which adds a pseudocapacitive contribution on top of double layer charging 
[ 78F , 79F , 80F ]. Accordingly, both electrode roles are important with porous carbons as the EDLC 
benchmark and robust redox-active frameworks as pseudocapacitive positives, which motivates 
the broad material overview in the following section.

1.3 Electrode Materials for Supercapacitors

The electrochemical performance of supercapacitors is largely determined by the type and 
structure of their electrode materials. Current research distinguishes several main classes, 
including carbon materials, transition metal oxides and hydroxides, conducting polymers, 



7

MXenes, and coordination network materials such as MOFs and phosphonate frameworks. Each 
class shows its own characteristic charge storage behaviour and a specific ratio of accessible 
surface area, redox site density, electronic transport, ion transport, and processability. Together, 
these factors determine specific capacitance, rate capability, and device level energy and power.

For established electrode families, the main limitation in aqueous supercapacitors rarely lies in a 
single parameter, but rather in the way in which chemistry, structure and interfaces change during 
long term cycling. Typical failure mechanisms include hydrolysis or ligand exchange for 
coordination-based solids, metal leaching and phase reconstruction in redox-active oxides, carbon 
oxidation, gas evolution and wettability changes at positive potentials, and loss of contact due to 
swelling, restacking, delamination, or mechanical fatigue [ 81F , 82F ]. The following sections 
therefore discuss each material class with a focus on performance limiting degradation pathways 
under aqueous conditions, as the primary motivation for chemically robust phosphonate-based 
coordination networks.

1.3.1 Porous Carbon Materials

Porous carbon materials are among the most mature and widely used family of electrode materials 
for electric double layer capacitors (EDLCs) and hybrid supercapacitors, because they are low 
cost, have established processing routes, and tunable pore structure. Carbon-based electrodes 
store charge by the reversible adsorption of ions at the electrode/electrolyte interface rather than 
by Faradaic redox processes, showing an EDLC type behaviour. This charge storage mechanism 
enables excellent rate performance and long term cycling stability [83F , 84F , 85F , 86F ]. Still, the use 
of porous carbons is not without limitations, which must be considered when comparing them to 
emerging electrode material classes. In aqueous electrolytes, carbon electrodes are typically 
limited by the narrow thermodynamic stability window of water and by parasitic surface reactions 
that become increasingly relevant at elevated polarisation. This limits the usable cell voltage and 
therefore energy density even when rate capability and cycle life are excellent [82, 87F ]. Therefore, 
purely non-Faradaic EDLC carbons are a robust benchmark, but they do not directly solve the 
need for higher energy storage under aqueous cycling, which motivates the exploration of 
chemically robust, redox-active materials, including framework type materials [88F ]. Within this 
material class, activated carbon (AC), carbon nanotubes (CNTs, including multi-walled CNTs), 
and graphene (including graphene-based composites) are the three most representative materials 
used in commercial and research scale supercapacitors. Other carbon materials, such as carbon 
aerogels, carbide derived or onion like carbon materials are briefly mentioned here only for 
completeness [84, 89F ].

1.3.2 Activated Carbon

Activated carbons have long served as a benchmark electrode material for commercial EDLCs. 
Their high specific surface area (SSA), availability of cheap starting materials such as bio waste 
or plants, and mature activation technologies (chemical or physical) make them attractive 
materials for applications [90, 90F ]. Activated carbon is typically obtained by carbonisation of 
suitable precursors, followed by physical or chemical activation to generate micro and 
mesoporous structures. Chemical activation is widely used to maximise porosity and is commonly 
carried out with agents such as KOH, ZnCl2, or H3PO4, with the specific pore architecture 
depending on reagent choice and process conditions [91F , 92F ]. An overview of common production 
routes is shown in Figure 5.
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Figure 5. (a) Illustration of activated carbon production through physical versus chemical activation; (b) KOH activation mechanism. 
Reproduced from R. Blanchard and T. H. Mekonnen, RSC Appl. Polym., 2024, 2, 557 DOI: 10.1039/D4LP00016A, under the terms 
of the Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/) [93].

Literature comparisons shows that ZnCl2 or H3PO4 activation can provide higher carbon yields, 
whereas strong base activation, especially KOH, can yield among the reported highest SSA 
values, with reported values up to 4200 m2 g−1 [93F , 94F , 95F , 96F , 97F ]. Besides the total surface area, 
pore size distribution is also important. Narrow micropores, especially below 1 nm, can show a 
stronger than expected increase in capacitance when their size becomes similar to the size of the 
bare ion, which fits with partial desolvation effects discussed in Section 1.2.1 [54, 98F ]. In common 
electrolytes such as 6 M KOH, an almost linear correlation between capacitance and SSA is 
observed. For this, the narrow micropores of many ACs are especially helpful [99, 99F ]. 

A schematic comparison of the most important degradation processes is shown in Figure 6.

Figure 6. Gas evolution and electrochemical processes occurring on the activated carbon surface at different cell voltages in EDLCs 
with 1 mol L−1 Li2SO4 electrolyte (positively polarized electrode on the top). Reproduced from M. He et al., Energy Environ. Sci., 
2016, 9, 623, DOI: 10.1039/C5EE02875B, under the terms of the Creative Commons Attribution–NonCommercial 3.0 License 
(https://creativecommons.org/licenses/by-nc/3.0/) [82].

Several limitations arise in practical electrochemical environments. The inherently hydrophobic 
surface of many carbons hinders electrolyte wetting and ion transport, particularly in aqueous 
systems, thereby reducing effective capacitance [84, 90, 100F ]. In addition, aggressive activation 
chemistries and high processing temperatures can increase environmental burden, and 
overactivation may introduce defects or surface functionalities that compromise long term 
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electrochemical stability [100, 101F ]. He et al. investigated the behaviour of carbon-based EDLCs 
in high-voltage aqueous supercapacitors by in situ gas analysis using different neutral salt 
solutions (pH 6–7) [82]. 

They identified four categories of degradation processes. These are the decomposition of 
functional groups on the carbon surface, water splitting (HER and OER), carbon corrosion, and 
chemical or electrochemical gas consumption. These processes are central to long term 
performance and safety [82, 83]. Despite these limiting factors, carbon electrodes still have a good 
sustainability profile, because they can be produced from renewable or waste precursors and rely 
on comparatively scalable processing, while delivering excellent cycling stability [102F , 103F ]. 

In summary, activated carbon is a very successful and robust electrode material for commercial 
supercapacitors, but its performance in aqueous electrolytes is still constrained by surface 
reactions and gas formation at elevated cell voltages [83]. Accelerated ageing studies under high-
voltage floating and cycling further show that electrolyte decomposition, irreversible gas 
evolution, pore blocking and progressive resistance increase can be main factors for long term 
performance limits in aqueous carbon/carbon devices [83, 104F ]. These limitations motivate the 
development of redox-active electrode materials that remain stable at the electrode-electrolyte 
interface in aqueous media and additionally enable pseudocapacitive charge storage, rather than 
relying solely on non-Faraday electric double layer capacitors (EDLCs). This draws attention to 
metal-phosphonate coordination networks, as strong metal-oxygen-phosphorus bonds can 
improve chemical stability in water, and transition metal centres provide redox sites for rapid and 
largely reversible charge storage, often supported by nanostructures or conductive composites 
[ 105F , 106F , 107F ]. 

1.3.3 Graphene-based derivatives

Carbon nanotubes (CNTs) and graphene-based carbons, including graphene oxide (GO) and 
reduced graphene oxide (rGO) (Figure 7), are widely studied electrode materials for 
supercapacitors because they combine high electrical conductivity with a large, potentially 
accessible surface area [50, 89, 108F , 109F , 110F ]. 

Figure 7. Graphene and its derivatives. Reproduced from S. Kumar et al., Catalysts 2023, 13, 111, under the terms of the Creative 
Commons Attribution (CC BY 4.0) [111F ].
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Graphene is a single layer of sp2-hybridised carbon atoms arranged in a two-dimensional (2D) 
hexagonal network. Strong in plane σ-bonding provides a rigid scaffold, while delocalised 
π-electrons enable high electronic conductivity [ 112F , 113F ]. Graphene exhibits an high thermal 
conductivity, an electrical conductivity around 1×105 S m-1 and theoretical SSA of about 2630 
m2 g-1 [109, 113, 114F , 115F ]. Due to π-π and VdW interactions between its layers and poor 
solubility of graphene in most solvents, restacking of graphene sheets into graphite like stacks is 
a common problem, and can drastically reduce the effective SSA [ 116F , 117F ]. Restacking also 
reduces ion mobility, which decreases the theoretical maximum capacitance [118, 118F , 119F ]. 
Because pristine graphene and graphene derivatives such as GO and rGO, as well as carbon 
nanotubes, remain difficult and expensive to produce at scale, rGO, heteroatom doped graphene, 
and other readily processable carbon architectures are more practical for real supercapacitor 
applications [110, 120F , 121F ]. 

A key advantage of rGO, especially in engineered three-dimensional (3D) structures and 
composites, is reduced sheet restacking. This helps to preserves electrochemically accessible 
surface area and improves ion transport, often yielding specific capacitances around 200 to about 
350 F g⁻¹ [129, 122F , 123F , 124F ]. A practical advantage of GO and rGO is their scalable synthesis 
from abundant graphite via oxidative exfoliation, followed by controlled reduction of GO to rGO 
[114, 125F , 126F ]. Conventional oxidation often relies on concentrated acids and strong oxidants, 
which can generate hazardous byproducts and raises safety and sustainability concerns. In 
addition, carbon electrode processing may involve hazardous activating agents and potential 
nanomaterial toxicity, so modified and greener protocols have been developed to improve safety 
and reduce harmful byproducts [127F , 128F , 129F ]. In supercapacitors, graphene derived carbons 
typically provide EDLC charge storage at the electrode/electrolyte interface. In composite 
systems, the rGO framework, which shows EDLC-type behaviour, ensures good electrical 
conductivity and structural integrity, while the secondary component contributes 
pseudocapacitance, prevents aggregation, and supplies additional redox-active sites [130F , 131F , 
132F ]. This synergistic design can significantly enhance both, energy and power density, and 
improve cycling stability, making rGO composite electrodes among the most widely used and 
often competitive carbon-based materials for supercapacitor applications [123, 133F , 134F ]. Still, 
rGO is not ideal in isolation. Residual oxygen functionalities and structural defects lower 
conductivity compared with pristine graphene, and higher defect density and oxygen 
functionalisation can increase resistance. This becomes increasingly important at high current 
densities, because partial restacking can occur again during cycling, thereby reducing surface 
accessibility and ion transport [118, 119, 123, 135F ]. For this reason, many high performance 
composites employ rGO as a conductive and flexible matrix to improve transport and stabilise the 
electrode architecture [55, 123, 131, 136F ]. 

Carbon nanotubes, CNTs, are one-dimensional (1D) sp2-carbon nanostructures. They have the 
same graphitic bonding as graphene, but they form tubes that can connect sheet-based scaffolds 
[ 137F , 138F ]. SWCNTs can be described as rolled graphene sheets, whereas MWCNTs consist of 
several concentric cylinders. SWCNTs show a relatively high surface area of up to roughly 
1600 m2 g-1 and well-defined electronic properties as well as high chemical stability due to the 
nature of the covalent sp2 bonds within the graphitic lattice [111, 139F , 140F , 141F ]. MWCNTs show 
lower porosity up to approximately 430 m2 g-1, and the mechanical stability is additionally 
influenced by the number of sidewalls [142F , 143F ]. When used as the sole active material, CNT 
electrodes store charge mainly like electric double layer capacitor (EDLC), through reversible, 
non-Faradaic adsorption of electrolyte ions on the accessible surface area [144]. Reported 
capacitance values depend strongly on nanotube type, packing density, alignment, and surface 
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functionalisation, and modest pseudocapacitive contributions may arise from heteroatom groups 
introduced during purification or oxidation [144, 144F , 145F ]. In practice, the electrochemically 
accessible surface area is frequently reduced by CNT bundling and entanglement, which increase 
tortuosity and limit ion access to internal surfaces, so that neat CNT electrodes often deliver only 
moderate EDLC capacitance despite excellent conductivity [144, 146F , 147F ]. In addition, CNT 
materials and their processing typically remain costly relative to activated carbon, which limits 
their attractiveness as a scalable standalone active material [122, 148F ]. 

In summary, activated carbon remains a leading commercial choice due to its low cost and 
scalable production, while graphene derivatives are most valuable as conductive scaffolds in 
composite electrodes, but also come at a higher cost [89, 149F , 150F ]. In modern supercapacitor 
design, graphene and its derivatives are therefore mainly used in hybrid and composite electrodes 
as a conductive and mechanically stable scaffold [ 151F , 152F ]. A redox-active phase is then 
deposited on this scaffold, for example transition metal oxides or hydroxides such as MnO2 or 
Ni(OH)2, or conducting polymers [ 153F , 154F , 155F ]. In such composites, the carbon scaffold 
provides EDLC type charge storage and efficient electron transport, while the coating adds 
Faradaic redox reactions. This mixed EDLC and pseudocapacitive behaviour can lead to higher 
specific capacitances than neat carbon electrodes. Values of up to around 950 F g⁻1 have been 
reported for MnO2/CNT, RuO2/graphene foam and RuO2/CNT composites under the reported 
conditions [156, 156F , 157F , 158F ]. The conductive backbone also buffers mechanical strain and 
improves rate capability and cycling stability compared with the corresponding pure oxide or 
polymer electrodes [155, 159F , 160F ]. During long term cycling, performance loss is often linked 
to changes in the redox-active phase, such as dissolution, cracking, or loss of electrical contact, 
whereas the carbon framework is usually more stable [83, 161F , 162F , 163F ]. Consequently, CNTs 
are most relevant as supporting components in composite architectures that target higher 
performance and improved long term stability [ 164F ]. Accordingly, carbon scaffolds mainly 
address electronic transport, whereas higher energy storage under aqueous cycling requires 
intrinsically redox-active and chemically robust active phases, which motivates metal 
phosphonate coordination networks as pseudocapacitive components with high structural stability 
and electrochemical reversibility in supercapacitor electrodes [107, 165F ].

In many composite electrodes, a carbon additive is used to form conductive pathways and lower 
the internal resistance, especially when the active material is poorly conductive [166F , 167F ]. In this 
thesis, the metal phosphonate network is the main redox-active cathode material, and carbon is 
used mainly as a conductive additive. MXenes similarly show how high conductivity and tuneable 
surface chemistry can expand the design possibilities for high performance supercapacitor 
electrodes. Therefore, these are introduced beforehand.

1.3.4 MXenes 

MXenes are two-dimensional early transition metal carbides and carbonitrides that have attracted 
interest as supercapacitor electrodes because they combine high electronic conductivity with 
redox-active, termination rich surfaces [168F , 169F ]. The first member of this class, Ti3C2Tx, was 
reported by Naguib et al. in 2011 [170F ]. They have the general formula Mn+1XnTx (Figure 8), 
where M is an early transition metal, such as Ti, Zr, V or Mo, X is carbon and/or nitrogen, Tx 
represent terminal surface groups such as O-, OH-, F- or Cl-, and n typically takes values between 
1 and 3 and can reach 4 in some systems [171F ]. MXenes originate from layered ternary carbides 
and nitrides that are known as MAX phases (Mn+1AXn), by selective removal of the A element 
from the parent MAX phase with fluorine containing etchants. Commonly used etchants are 
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hydrofluoric acid or LiF and HCl that generate HF in situ and favour intercalation and 
delamination [170, 171, 172F ]. MXenes consist of close packed layers of transition metal atoms 
with X atoms occupying the octahedral sites between adjacent M layers, forming a hexagonal 
lattice [171, 173F ]. The resulting nanosheets show high conductivity and tunable surface chemistry, 
but their stability in humid air and aqueous media can be limited due to progressive oxidation 
[ 174F , 175F , 176F , 177F ].

Figure 8. Schematic illustration of the MXene structures and compositional variants. MXenes follow a general formula Mn+1XnTx, 
where M is an early transition metal, X is C and/or N, and Tx denotes surface terminations, with n typically 1–3 ( in some systems up 
to 4). The M sublattice can form solid solutions or ordered variants, including in plane ordered i-MXenes, vacancy ordered phases, 
and out of plane ordered o-MXenes. Adapted from A. VahidMohammadi et al., Science 2021, 372, eabf1581. 
DOI:10.1126/science.abf1581. Reprinted with permission from AAAS [ 178F ].

Their two-dimensional morphology enables short ion diffusion paths and good electrolyte access, 
while the tunable surface chemistry allows control of hydrophilicity and electrochemical activity. 
MXenes, and Ti3C2Tx in particular, show an unusual combination of double layer and 
pseudocapacitive charge storage, which leads to high gravimetric and also volumetric 
capacitances [175, 176]. Delaminated Ti3C2Tx films typically deliver around 100–350 F g-1 at low 
current densities in aqueous electrolytes, while volumetric capacitances above 1000 F cm-3 have 
been reported, exceeding conventional porous carbons that often show 100–200 F g-1 and often 
suffer from lower packing densities [179F ]. However, as with 2D carbons, restacking and 
aggregation can reduce the accessible surface area and hinder ion transport, so keeping open 
architectures is essential [180F ]. 

MXene composites with porous carbons can combine MXene conductivity and redox activity 
with the surface accessibility and structural stability of the carbon host, and specific capacitances 
above 500 F g−1 with excellent rate performance have been reported for Ti3C2Tx, carbon nanofiber 
and related architectures (Figure 9) [180]. Compared with transition metal oxides such as MnO2 
or NiCo2O4, which can show very high gravimetric capacitances but often suffer from poor 
electrical conductivity and limited rate capability, MXene/oxide hybrids use the MXene sheets as 
highly conductive current collectors and mechanical buffers, enabling synergistic capacitances a 
broad range of 300–1600 F g-1 depending on composition and test conditions [181F , 182F ].
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Figure 9. Enhancing the capacitance of Ti3C2Tx as electrode materials of supercapacitors. a Structure of Ti3C2Tx. b N-doped 
Ti3C2Tx. c Ti3C2Tx/layered metallic double hydroxides. d Ti3C2Tx/conductive polymers. e Carbon-intercalated Ti3C2Tx composite 
paper. f WO3/Ti3C2Tx composite paper. g 3D Ti3C2Tx aerogels. Reproduced from X. Zang et al., Nano-Micro Lett. 2020, 12, 77. DOI: 
10.1007/s40820-020-0415-5, licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [180].

MXene performance can be limited by processing and stability issues. Fluorine etching raises 
safety and environmental concerns and often yields O- ,OH- ,F- terminations that are difficult to 
control. This can influence electrochemical behaviour and reproducibility, motivating fluorine 
free and scalable routes [183F , 184F ]. MXenes such as Ti3C2Tx are sensitive to oxidation in humid 
air and aqueous media. Oxidation gradually lowers capacitance and changes the structure of the 
material [185F ]. Strategies such as surface functionalisation, protective coatings, or non aqueous 
electrolytes can slow oxidation, but they may also reduce ion mobility and usable capacity [186F ]. 
Doo et al. reported that oxidation of aqueous Ti3C2Tx suspensions is accelerated under acidic 
conditions and retarded under basic conditions (Figure 10) [187F , 188F ]. Finally, the restacking 
tendency of MXene sheets, mentioned above, continues to restrict ion accessibility and active 
surface area. The development of three-dimensional or composite architectures helps to reduce 
this problem and maintain high performance [184, 189F ]. 

Figure 10. (a) Proposed Mechanism of the Oxidation Reaction of Ti3C2Tx Colloids under (b) Acidic and (c) Basic Conditions. 
Reproduced with permission from S. Doo et al., ACS Appl. Mater. Interfaces 2021, 13 (19). Copyright © 2021, American Chemical 
Society [188]. 

https://creativecommons.org/licenses/by/4.0/
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For aqueous cathodes, these limits show that high conductivity alone is not enough if the active 
material changes during cycling, for example by termination drift, oxidation, or structural 
reconstruction. The key requirement is therefore chemical and structural stability in water, in 
addition to electronic transport. The following section summarises transition metal oxides as 
benchmark pseudocapacitive cathodes and outlines their main degradation mechanisms in 
aqueous electrolytes.

1.3.5 Metal Oxides

Transition metal oxides and hydroxides are widely investigated for supercapacitor electrodes as 
pseudocapacitive materials, because their multivalent cations enable fast, reversible surface or 
near surface redox reactions in aqueous electrolytes [59, 190F , 191F ]. Their practical behaviour is 
determined by the oxide structure and oxidation state, which control electronic transport and ion 
access at the electrode/electrolyte interface [192, 192F ]. 

In aqueous supercapacitors, multivalent oxides and hydroxides, for example based on Mn, Ni, 
Co, V, Fe, or Ru, can provide pseudocapacitive charge storage via rapid and reversible surface or 
near surface redox [191]. RuO2∙xH2O established an early benchmark for high pseudocapacitance 
(around 1000 F g-1), whereas MnO2 (theoretically up to 1370 F g-1) became a widely used 
prototype due to low cost and favourable environmental considerations relative to Ru-based 
materials [193F , 194F , 195F , 196F , 197F , 198F ]. Mixed metal oxides, such as NiCo2O4, ZnCo2O4, and 
MnCo2O4 have attracted growing attention because multiple redox-active centres can improve 
capacitance and conductivity compared with binary analogues and sometimes even the stability 
[ 199F , 200F , 201F ]. 

The performance of metal oxides in supercapacitor electrodes is strongly influenced by their 
crystal structure because it defines the available pathways for electronic transport and ion 
movement. Spinel type (transition) metal oxides with the general composition AB2O4 (e.g. A = 
Ni2+, Zn2+, Mn2+; B = Co3+, Fe3+) are widely studied, because their three-dimensional (3D) 
networks of corner-sharing octahedra and tetrahedra enables efficient electron conduction and 
mechanical robustness during redox cycling [202F , 203F ]. The ternary spinel NiCo2O4 is a well-
studied example of this family, as it allows for multiple redox states, resulting in higher electrical 
conductivity and specific capacitance compared to those of the corresponding binary oxides NiO 
or Co3O4 [200, 203, 204F ]. Perovskite type oxides (ABO3) combine tunable electronic structure 
with intrinsic conductivity and redox-active B-site cations, making them attractive 
pseudocapacitor electrodes, especially in nanostructured or composite architectures [205F , 206F , 
207F , 208F ]. Layered and tunnel structured MnO2 polymorphs allow ion diffusion through tunnels 
or interlayer galleries. In δ-MnO2, interlayer water or preinserted cations can widen the layer 
spacing and make ion insertion easier. This can improve rate capability and cycling stability in 
aqueous electrolytes compared with denser polymorphs [209F , 210F ]. Figure 11 shows the crystal 
structures of these common transition metal oxides.
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Figure 11. Crystal structure of common transition metal oxides used in electrochemical applications: (a) perovskite, (b) spinel, and 
(c) layered double hydroxides. Reproduced with permission [ 211F ]. Copyright © The Royal Society of Chemistry 2021. 

Charge storage in many transition metal oxides comes from fast and reversible redox reactions at, 
or close to, the surface. This results in more pseudocapacitive behaviour rather than purely 
diffusion controlled storage [58]. Among transition metal oxides, RuO2 and MnO2 are established 
pseudocapacitive references, showing highly reversible proton or cation coupled surface redox. 
Beyond these classical systems, intercalation type pseudocapacitance has been reported for oxides 
such as Nb2O5 and MoO2, where cations insert into near surface lattice sites without a phase 
transformation [65, 212F , 213F , 214F , 215F ]. In real electrodes, most transition metal oxides show 
mixed charge storage behaviour combining EDLC, pseudocapacitive and diffusion controlled 
processes [216F ]. The distinction between true pseudocapacitance and double layer charging on 
redox activated surfaces requires kinetic analysis [63, 71]. Understanding these mechanistic 
differences is important for correctly interpreting the electrochemical response of redox-active 
frameworks such as phosphonate-based coordination networks discussed in later sections. 

Composite structures are often used to overcome the limitations of oxides, especially their poor 
conductivity and mechanical degradation. To accomplish this, pseudocapacitive oxides are 
combined with conductive or structurally supportive components such as porous carbons, 
conductive polymers, or Mxenes [217F , 218F , 219F , 220F , 221F ]. 

Despite high redox activity, many metal oxides are limited by poor intrinsic electrical conductivity 
and by degradation during cycling, so conductive additives and careful electrode design are 
usually needed [222F ]. Under aqueous cycling, repeated ion insertion and extraction can cause 
structural strain, volume changes, and loss of electrical contact, while chemical instability can 
lead to dissolution or conversion into hydroxide like species, causing progressive capacity fading 
[83, 223, 223F ]. Especially Mn and Ru-based oxides can undergo metal dissolution and hydroxide 
like phase reconstruction, which reduces active sites and increases internal resistance. At high 
potentials, oxygen evolution and proton insertion can further destabilize the lattice, for example 
MnO2 → γ-HxMnO2 → MnOOH + Mn(OH)2 and RuO2 → Ru(OH)3 transformations [83, 224F ]. 
Additional degradation can involve reduction to soluble cations, followed by re oxidation and 
surface deposition at high anodic potentials [225, 225F ]. 

Practical use of some oxide electrodes is additionally limited by cost, scarcity, and supply chain 
considerations, especially for Ru-based systems and for Co and Ni-based materials [59, 226F , 227F , 
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228F ]. Taken together, limited long term stability in water, poor intrinsic conductivity, and 
materials availability restrict the use of many metal oxides in practical supercapacitor devices 
[ 229F , 230F ]. These limitations motivate coordination networks, where multidentate ligands can 
immobilise redox-active metal centres and, in principle, mitigate dissolution and reconstruction 
in aqueous electrolytes, which forms the basis for the concepts discussed in the following sections.

Activated carbon remains the most robust commercial EDLC benchmark, but in aqueous 
electrolytes its usable cell voltage and energy density are constrained by surface reactions and gas 
evolution, while hydrophobic surfaces and pore accessibility effects can limit wetting and rate 
performance in practice [82, 83, 84, 88, 105]. Graphene, GO and rGO offer high theoretical 
specific surface area, but practical electrodes often suffer from sheet restacking, low packing 
density and contact resistances that reduce electrochemically accessible area and ion transport, 
while GO is intrinsically insulating and rGO can retain defects and oxygen functionalities that 
compromise conductivity and stability at high rates [110, 114, 117, 118, 119]. CNTs primarily 
improve electronic transport and mechanical integrity as conductive scaffolds, yet bundling and 
limited intrinsic charge storage mean that overall performance is often governed by the stability 
and utilisation of the coupled redox-active phase rather than the carbon backbone itself [83, 160, 
161, 165]. MXenes combine high conductivity with termination rich surfaces and mixed double 
layer and pseudocapacitive storage, but fluorine-based etching and termination control complicate 
processing, and restacking plus progressive oxidation can reduce accessible active sites and long 
term stability [170, 171, 175, 178, 181]. Metal oxides can reach high pseudocapacitance but are 
often limited by poor intrinsic conductivity and by dissolution or hydroxide like reconstruction 
under aqueous cycling. This motivates the construction of composites using conductive materials 
and more chemically robust redox-active frameworks [83, 217, 223, 224, 231]. In this context, 
MOFs are viewed as a possible next generation supercapacitor material, because their modular 
node and linker design enables tunable surface area, pore size, pore geometry and pore polarity, 
as well as tuneable surface functionality via linker choice, defects and post-synthetic modification 
[ 231F , 232F , 233F ]. This way wetting and ion mobility can be optimised in ordered pores or channels 
while enabling a rational balance of EDLC and fast Faradaic charge storage [70]. Special 
framework designs even allow for intrinsically conductive MOF electrodes [ 234F , 235F , 236F ].

1.3.6 Metal-organic frameworks (MOFs) 

Coordination polymers (CPs) comprise a broad and structurally diverse class of solid state 
materials. The term is commonly traced back to Bailar in 1964 [237F ]. Intentionally designed three-
dimensional coordination polymers were reported by Hoskins and Robson in 1989, and the 
concept of crystal “tectonics” in metal-organic systems was further developed by Mann in 1993 
[ 238F , 239F ]. In 1995, Yaghi and co-workers introduced the term “Metal-organic framework” 
(MOF) for open 3D metal-organic structures [240F ]. In 1997, Kitagawa and co-workers showed 
reversible gas adsorption in porous coordination polymers, establishing MOFs as relevant 
materials for gas adsorption and separation [241F , 242F ].

According to IUPAC (International Union of Pure and Applied Chemistry ), coordination 
networks are a subclass of coordination polymers in which coordination entities extend 
periodically in two or three dimensions to form a crosslinked framework [243F , 244F ]. Metal-
organic frameworks are coordination networks with organic ligands containing potential voids 
[ 245F ]. They are built from metal ions or metal oxo clusters, termed secondary building units 
(SBUs), that are connected by polytopic organic linkers, as shown in Figure 12 [246F ].
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Figure 12. Scheme of coordination polymers based on metal centres (connectors) and linear ditopic ligands (linkers) featuring 
different structural dimensionalities. Illustration created based on Janiak et al. [247].

The properties of MOFs can be tailored to applications by selecting a suitable combination of 
secondary building unit and organic linker, and by adjusting synthesis conditions that control 
connectivity and porosity [243, 247F , 248F ]. This structural diversity is also important for creating 
optimizable surfaces for electrochemical applications [70, 235]. Even with the same linker, 
changes in reaction conditions and SBUs can yield different topologies and pore architectures, as 
illustrated in Figure 13 [107, 248, 249F ]. 

Figure 13. PCN-221, MOF-525, and PCN-224 built of Tetrakis(4-carboxyphenyl)porphyrin (TCPP) linkers and Zr-cluster (teal) with 
unit cells highlighted, viewed along the c-axis, and their corresponding Zr8O6, straight Zr6O4(OH)4, and tilted Zr6O4(OH)4 cluster, 
respectively. Reproduced from C. Koschnick et al., Nat. Commun. 2021, 12, 3099, licensed under CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0/ [250F ].

Isoreticular chemistry, on the other hand, allows systematic variation of linker length or non-
coordinating functionality while retaining topology [248]. A typical example is provided by the 
Zr-based UiO (UiO = Universitetet i Oslo) series, in which terephthalate 
(1,4-benzenedicarboxylate, BDC), 4,4′-biphenyldicarboxylate (BPDC) and 
4,4′′-terphenyldicarboxylate (TPDC) construct the isoreticular frameworks UiO-66, UiO-67 and 
UiO-68, respectively. All these materials adopt the same fcu topology while exhibiting 
progressively larger pores [251F ]. By adjusting the linker length, the distance between SBUs and 
thus the pore size can be controlled. According to IUPAC, porous solids are classified by pore 
width into microporous (pore widths < 2 nm), mesoporous (2–50 nm) and macroporous (> 50 nm) 
materials [252F ]. While some MOFs are purely microporous, many also exhibit a mixture of micro 
and mesopores, so that they are hierarchically porous [253F , 254F ]. Such variability can also affect 
chemical stability in water, because defects in the crystal and extremely high surface areas, 
making the labile coordination sites available to ligand exchange and metal leaching [ 255F , 256F , 

https://creativecommons.org/licenses/by/4.0/
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257F ]. Again, the UiO series is a good example for this. While UiO-66 shows water stability for 
several weeks, UiO-67 and UiO-68 dissolve in pure water in a shorter time period [258F ]. The 
stability in aqueous buffers is even worse than in plain water as studies of Demel et al. showed. 
UiO-66 was systematically studied in different buffers (0.1 to 1M) and 1 M sodium hydroxide 
solution. The compound dissolved within less than 30 minutes in many of these medias while not 
being long term stable in any buffer that was tested, primarily to release of the terephthalate linker 
[ 259F ].

The pore size has a big impact on the accessible surface area and adsorption behaviour. The 
surface area is usually determined by nitrogen or argon physisorption at their cryogenic boiling 
points of 77 K and 87 K, respectively. Subsequently, a Brunauer-Emmett-Teller (BET) analysis 
is performed for microporous materials. Pore size distributions, total pore volume and information 
about the pore shape can be calculated from the same data, with advanced models giving 
additional structural information [254, 260F , 261F ]. These properties enable their use in adsorption 
and separation applications. They also affect electrochemical performance, because accessible 
pores improve ion transport and can increase the usable capacitance [65, 262F , 263F , 264F ]. Beyond 
adsorption and energy storage, coordination polymers and MOFs have been explored in water 
treatment, catalysis, sensing and biomedical applications [265F , 266F , 267F , 268F ]. In electrodes, 
microporosity increases the density of accessible surface sites and can enhance surface redox-
based pseudocapacitance when these sites are ion accessible, while mesopores and interconnected 
channels minimise transport limitations and improve rate performance [269F ]. Longer ligands 
typically enlarge MOF pores without changing topology, improving ion access and double layer 
contributions, but they lower the volumetric and often gravimetric density of redox-active sites, 
so smaller ligands generally give higher capacity when those sites remain accessible [70]. 

Most reported MOFs rely on aryl carboxylates or azolates, whereas phosphonate and phosphinate 
linkers form a smaller but growing class. These linkers are attractive because stronger metal-
oxygen-phosphorus coordination can improve chemical and hydrolytic stability by reducing the 
rate of hydrolysis and ligand exchange [249, 270F ]. Representative examples of common linker 
families are shown in Figure 14. 

Figure 14. Common organic linker molecules used for MOF synthesis in their protonated forms.

Carboxylate MOFs remain the most widely studied framework class, yet their applicability in 
electrochemical energy storage faces intrinsic limitations due to the hydrolysis susceptibility of 
the M-O-C(O) linkage. Many carboxylate representatives lose their crystallinity and porosity in 
acidic or basic aqueous media due to ligand protonation, competitive coordination of H2O or OH- 
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and gradual metal or linker leaching [ 271F , 272F ]. Even frameworks with high valent metal clusters 
can decompose under strongly acidic or basic conditions or during prolonged electrochemical 
cycling [273, 273F ]. Under alkaline operations, redox-active frameworks often transform into 
mixed metal (oxy)hydroxides, so the MOF acts as a sacrificial precursor rather than a long term 
electrode material [274F , 275F , 276F ].

Imidazolate MOFs, e. g. ZIFs (ZIF = Zeolitic imidazolate frameworks), and related azolate 
frameworks were developed to enhance chemical stability through strong M-N coordination and 
zeolite-like topologies [277F ]. They are generally more resistant to short term exposure to water 
and basic solutions than carboxylate MOFs, although detailed studies reveal pronounced pH 
dependent degradation. Zn-based ZIFs often gradually dissolve in neutral water and rapidly 
decompose under acidic conditions, whereas Co-based ZIFs frequently reconstruct into mixed 
metal (oxy)hydroxides under alkaline electrochemical operation [277, 278, 278F , 279F , 280F ]. 
Consequently, intact imidazolate frameworks only rarely serve as stable, long term electrode 
materials and are more commonly employed as precursors for N-doped carbons or nanostructured 
metal (oxy)hydroxides rather than as active MOFs in energy storage devices [281F , 282F , 283F ]. 

Pyrazolate MOFs occupy an intermediate position between carboxylate and imidazolate systems. 
Their chelating M–N bonds can yield frameworks that retain crystallinity and porosity across a 
broad pH range, including strongly basic conditions relevant for harsh aqueous electrolytes [284F , 
285F , 286F ]. However, their intrinsic electronic conductivity remains low and only a limited number 
of pyrazolate frameworks have been evaluated as supercapacitor electrodes, typically requiring 
conductive additives to achieve competitive rate performance [282, 287F ].

Taken together, carboxylate, imidazolate and pyrazolate MOFs illustrate the versatility of 
coordination networks, but they also highlight two recurring limitations for direct use as 
supercapacitor electrodes. Insufficient stability in strongly acidic or basic aqueous media, and low 
intrinsic electronic conductivity remain dominant constraints [272, 273, 274]. Consequently, 
many MOFs are primarily employed as precursors for MOF derived carbons or metal 
oxyhydroxides, or as porous scaffolds in composite electrodes. This reflects a central trade-off 
between chemical robustness, accessible porosity, and electronic conductivity in MOF-based 
electrodes. Conductive MOF electrodes show that, in selected designs, electronic transport can be 
integrated into the framework itself, enabling supercapacitor electrodes without conductive 
additives, and motivating industrial translation including a joint patent granted and assigned to 
Massachusetts Institute of Technology and Automobili Lamborghini S.p.A [288F ]. Ji et al. report 
that 2D MOFs based on transition metals, such as Ni and Cu, can show favourable properties for 
electrochemical energy storage applications. They state that 2D MOFs offer superior 
electrochemical performance compared to their 3D counterparts because their ultrathin structure 
maximizes the exposure of active sites and facilitates ion transport, thereby reducing the energy 
barriers for redox reactions [235]. [Ni3(HITP)2] shows a very high bulk conductivity of 
5000 S m-1, surpassing many carbon materials, while maintaining a substantial surface area of 
630 m2 g-1. This performance is attributed to its π-conjugated 2D layers permeated by 1D 
cylindrical channels (~1.5 nm), an architecture that simultaneously ensures high conductivity and 
a large accessible surface area for electric double layer capacitance [289F ]. However, these 
examples do not remove the broader need to demonstrate long term structural persistence under 
aqueous polarisation, because many coordination frameworks remain susceptible to hydrolysis, 
ligand exchange, and node dissolution in water. This motivates alternative linker chemistries, 
most notably phosphonates, that retain MOF designability while strengthening metal ligand 
bonding, thereby improving hydrolytic stability and reducing metal leaching in water, consistent 
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with hard acid, hard base considerations and the strong metal-oxygen-phosphorus bonding motif 
[ 290F , 291F ].

1.3.7 Metal phosphonates and phosphonate MOFs 

Metal phosphonates and phosphonate MOFs form the central materials class of this thesis. In the 
following, their historical development, structural chemistry, and bonding characteristics are 
explained, with emphasis on features that underpin hydrolytic and chemical robustness and make 
them promising candidates for electrochemical energy storage. Although phosphonates are known 
to be exceptionally stable, limited long term studies have been conducted. Also, the synthesis of 
microporous phosphonates is very limited in the literature [107]. 

Crystalline metal phosphonates as a distinct class can be traced to Clearfield’s work in the 1960s 
on layered zirconium phosphates such as α-Zr(HPO4)2·H2O, focused on ion exchange and 
intercalation [292F , 293F ]. In 1969, the crystal structure of Zr(HPO4)2·H2O was elucidated and has 
since served as a prototype for layered architectures in zirconium phosphates and many metal 
phosphonates [294F ]. These insights enabled synthetic protocols for high valent metal phosphates, 
primarily based on Zr4+, Ti4+, and Sn4+, with tunable interlayer chemistry, which later inspired 
analogous strategies for organophosphonate derived metal phosphonates [295F , 296F ].

In 1978, Alberti and co-workers reported the first genuine metal-organophosphonate frameworks, 
Zr(HOCH2PO3)2·H2O, Zr(C6H5PO3)2 and Zr(C2H5OPO3)2, which adopt layered structures closely 
related to the zirconium phosphate prototype [297F ]. These materials were initially regarded as 
non-porous inorganic organic hybrids but were later recognized as precursors to open-framework 
and microporous materials [ 298F , 299F ]. Despite the early work on phosphonates in the 1980s and 
1990s, not much progress in the synthesis of phosphonate-based frameworks has been made. This 
is largely because phosphonates often form dense, non porous layered solids and tend to 
precipitate as poorly crystalline phases due to their low solubility. In addition, their flexible 
coordination and deprotonation behaviour limits the formation of well defined SBUs, which 
makes rational design and single crystal structure determination difficult, so many studies rely on 
PXRD [107, 291]. Early porous phosphonates derived from phosphonic and diphosphonic acids 
were subsequently reported by several groups [298, 300, 300F , 301F ]. A schematic representation 
of layered metal phosphonate motifs can be found in Figure 15.

Figure 15. Scheme of layered metal phosphonates. The first traditional layered phosphates (e. g. Clearfield et al.) were synthesized 
without an organic spacer (“pillar”) between P-functionalities [294]. Later, organophosphonates were used to introduce “pillars” 
between the inorganic layers to introduce porosity [298]. In advanced materials, functional groups attached to the organic portion of 
the pillar can further tune the properties of the framework [302F ]. 
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Extension of these concepts to permanently microporous frameworks and MOF like architectures 
occurred later than for carboxylate MOFs. Early porous phosphonate MOFs include MIL-58 (MIL 
= Materials Institute Lavoisier), MIL-91(Ti and Al) and STA-12(Ni) (STA = St. Andrews). Their 
structures are built from edge- or corner-sharing chains of metal polyhedra that are linked by 
organodiphosphonate linker, thereby forming microporous channels below 2 nm in diameter [303F , 
304F , 305F ]. In 2011, isoreticular expansion of STA-12 by elongating the organic linker yielded 
STA-16. It was one of the first phosphonate networks to approach the mesoporous regime, with a 
pore diameter ranging from 1.8 nm (STA-16(Ni)) up to 2.15 nm for (STA-16(Co)) [306F ]. Since 
then, MOF design strategies such as isoreticular or mixed linkers, and higher linker connectivity 
(including tritopic up to hexatopic) have been transferred to phosphonate systems [307F , 308F , 309F , 
310F , 311F ]. Notably, CAU-29(Mn, Co, Ni, Cd) (CAU = Christian-Albrechts-Universität zu Kiel) 
and CAU-30(Zr, Hf) based on tetrakis(4-phosphonophenyl)porphyrin combine high porosity with 
stability from pH 2–12, supporting their potential as future candidates for aqueous supercapacitor 
electrodes [312F , 313F ].

The phosphonic acid group, R–P(=O)(OH)2, is highly versatile and occurs in structurally diverse 
molecules, including metal phosphonate frameworks [291, 314F , 315F ]. Phenylphosphonic acid is 
a simple representative of aromatic phosphonic acids and illustrates the distorted tetrahedral 
geometry at phosphorus, in contrast to the near trigonal planar geometry of carboxylate groups in 
benzene 1,4 dicarboxylic acid [316F , 317F ]. This geometric difference between tetrahedral 
phosphonate and planar carboxylate units has important consequences for framework 
connectivity and dimensionality. 

Phosphonic acids (R-PO3H2) are phosphorus(V) oxoacids that behave as diprotic Brønsted acids, 
undergoing stepwise deprotonation to give the monoanionic hydrogen phosphonate R-PO3H- and 
the dianionic phosphonate R-PO3

2- species in aqueous solution. For most aromatic phosphonic 
acids, literature values for the first pKa lies between 1.1 and 2.3, whereas the second pKa is 
usually found between about 5.3 and 7.2, with the exact values depending on the substituents on 
the aromatic ring [316]. Electron withdrawing groups lower both pKa values, whereas electron 
donating groups increase them [316, 318F , 319F ]. This behaviour is highly relevant for solvothermal 
synthesis of metal phosphonates and phosphonate MOFs, because the building species can span 
neutral R-PO3H2, mono deprotonated R–PO3H- and fully deprotonated R-PO3

2-, depending on 
solution pH and modulators [291]. In addition, phosphonic acids often show lower logP values 
and increased polarity which is often accompanied with higher water solubility compared to the 
corresponding carboxylic acids, facilitating solution-based synthesis [320].

According to Pearson’s hard-soft acid-base (HSAB) concept, phosphonate ligands act as hard 
bases. Their donor atoms are oxygen atoms bound to a high-valent P(V) centre, resulting in a 
highly localized negative charge and low polarizability [320F , 321F , 322F ]. Consequently, they 
preferentially coordinate to hard or borderline hard metal cations with high formal charge and 
significant oxophilicity, such as Zr4+, Ti4+, Al3+, Fe3+, V5+ and many rare-earth ions, as well as to 
some borderline first row transition metals including Ni2+ or Co2+ [305, 310, 314, 323F ]. In 
contrast, carboxylate linkers (R–COO-) are typically less acidic with slightly softer oxygen 
donors, whereas azolate linkers provide nitrogen donor sites that are more polarizable and 
therefore better matched to borderline or softer late transition metals such as Zn2+, Cu2+, Co2+ or 
Ni2+ [279, 291, 324F , 325F ]. 

The higher acidity and charge density of phosphonate ligands generally translate into stronger and 
more ionic metal-oxygen bonds than those formed by analogous carboxylates [326F ]. In fully 
deprotonated phosphonate groups (PO3

2-), the -2 charge is delocalized over three oxygen donors, 
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whereas in carboxylates (CO2-) it is shared between only two O atoms. According to HSAB, 
deprotonation of the more acidic R-PO3H2 group therefore produces harder and more strongly 
binding oxygen donors than deprotonation of R-CO2H [321]. Consistent with this, comparisons 
of isostructural structures show that M-O(P) bonds are often shorter than the corresponding 
M-O(COO) bonds for a given metal ion and coordination number, which is in line with stronger, 
more electrostatic metal-ligand interactions and higher bond dissociation energies [107, 291, 327F , 
328F ]. This effect is particularly pronounced for early transition metals and high valent main group 
cations such as Zr4+, Ti4+, Sn4+ and Hf4+, where hard/hard matching, combined with the higher 
charge and the larger number of oxygen donors on the phosphonate, results in strong and often 
directional M–O(P) linkages [329F ]. In phosphonate MOFs and related frameworks based on Zr4+, 
Hf4+ or trivalent rare earth nodes, these connections frequently assemble into characteristic eight-
membered M2P2O4 rings (M-O-P-O-)2 that propagate into one-dimensional inorganic building 
units. Such chains (sometimes double chains) can act as persistent SBUs that underpin both 
rigidity and designability [271, 314, 324]. As a result, phosphonate frameworks can remain intact 
under conditions that readily cleave analogous M-O(COO) bonds in carboxylate MOFs [330F ]. 

Despite their favourable bonding characteristics, phosphonate MOFs still face significant 
challenges. Crystallisation often occurs by rapid precipitation and produces nanocrystalline 
powders or poorly crystallised solids, which makes reliable structure determination and 
topological analysis difficult [106, 291, 331F ]. In addition, phase control and predictable 
framework formation remain challenging in metal-organophosphonates, because diverse 
phosphonate binding modes can lead to competing connectivities and low synthetic designability 
[ 332F ]. Additionally, most MOFs are intrinsically insulating, so electrochemical operation often 
requires conductive composites or post-synthetic modification to enable efficient charge transport 
[ 333F ]. At the same time, phosphonate MOFs often have high lattice charge density and frequently 
show hydrolytic stability across broad pH ranges and at high ionic strength which distinguishes 
phosphonate frameworks from carboxylate, imidazolate and pyrazolate MOFs. This makes them 
interesting candidates for electrochemical applications that need to have long term stability in 
harsh, often aqueous environments [166, 272, 325, 331]. 

1.3.8 Phosphonate coordination networks and their derivatives as supercapacitor electrodes

As outlined in Section 1.3.7, metal phosphonates and phosphonate MOFs combine strong M-O-P-
bonds with high anionic lattice charge density in chain and layer type architectures, often featuring 
eight-membered M2P2O4 ring motifs. An increasing number of three-dimensional frameworks has 
been reported in the past years [271, 291, 334F ]. These bonding patterns can translate into 
exceptional hydrolytic robustness across a wide pH range and high ionic strength, in sharp 
contrast to many archetypal carboxylate MOFs that often degrade rapidly in aqueous electrolytes 
[273, 313, 335, 335F ]. In this work, this robustness motivates phosphonate-based coordination 
networks as a platform for long term stable supercapacitor electrodes in aqueous media.

From an electrochemical design perspective, the stepwise deprotonation of phosphonic acids fixes 
the framework charge and distribution and density of anionic sites, thereby tuning the interaction 
with charge compensating ions [331, 336F ]. In layered metal phosphonates this ranges from charge 
neutral, hydrogen bonded layers to negatively charged sheets separated by counter cations or polar 
molecules, whereas phosphonate-based coordination networks, such as MOFs, can provide 
interconnected micro- and/or mesopores that reduce tortuosity and facilitate ion access [331, 337F , 
338F ]. Charge storage is commonly governed by fast Faradaic redox at transition metal centres 
coupled to uptake and release of H+, OH- or other ions. In many layered phosphonates this appears 
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as surface redox plus shallow interlayer insertion (intercalation pseudocapacitance), kinetically 
distinct from the slow bulk intercalation of classical battery electrodes [339F , 340F , 341F ]. Because 
most phosphonate frameworks are only moderately conductive, electrodes typically require 
intrinsic semiconductivity in selected phosphonate MOFs or composites with conductive 
scaffolds that provide percolation and additional double layer capacitance [70, 342F , 343F , 344F ]. In 
contrast, phosphonate-derived metal phosphates obtained by thermal treatment can store charge 
via deeper, diffusion-controlled ion insertion and multielectron redox reactions, which leads to 
more battery-like or “supercapattery” behaviour. This shows that phosphonate coordination 
networks can be tuned from predominantly pseudocapacitive to more intercalation-type 
electrodes [345F , 346F ]. 

Phosphonate coordination networks and phosphonate MOFs have therefore been proposed as a 
chemically resilient platform for aqueous supercapacitor electrodes, but translating this general 
promise into reproducible device-level performance is not straightforward [331]. In aqueous 
media, reported capacitances and cycling stabilities can depend strongly on the potential window, 
the electrolyte composition and on electrode formulation parameters such as conductive additive 
fraction and mass loading. Mechanistic interpretation therefore requires evidence that the intact 
phosphonate framework remains the dominant electrochemically addressed phase, rather than 
being masked by reconstructed surface layers or leached species [29, 347F ].

Electronic transport is a second practical constraint. Many phosphonate frameworks are insulating 
or only weakly semiconducting, so composites are often required to achieve high rate 
performance and reduce ohmic losses [331, 343, 348F ]. Conductive phosphonate MOFs have 
nevertheless been reported, including Cu phosphonate systems such as TUB75 and TUB40, 
indicating that charge transport can in selected motifs be improved within the phosphonate MOF 
family itself [344, 349F ]. This motivates two complementary strategies that guide the following 
overview, first, identifying phosphonate networks that remain intact and electrochemically 
addressable in different media, espeicailly in aqueous media, and second, discussing how 
composite electrode design compensates for insufficient intrinsic electronic conductivity [331, 
350F ].

The following subsection therefore focuses on supercapacitor studies in which phosphonate 
coordination networks or phosphonate MOFs are employed as the uncalcined electrode material, 
either as a standalone phase or as the defined redox-active component in a composite. These are 
separated from reports that mainly use phosphonate solids as precursors for conversion into other 
inorganic phases [346, 351F ].

Many studies on uncalcined metal phosphonate electrodes in aqueous electrolytes investigate 
materials with layer motifs and, less frequently, frameworks with microporous channels, as ion-
accessible pathways such as interlayer galleries or channels can shorten transport distances 
compared to dense bulk phases. In these systems, the response is often interpreted as mainly 
surface controlled redox processes with possible shallow insertion into near surface interlayer 
regions, while more diffusion limited contributions may arise when transport proceeds through 
narrower channels, defects, or poorly wetted domains. These motifs are commonly realised in Ni, 
Co, Mn-based structures where fast metal centred redox can enable faster uptake and release of 
charge compensating ions [78, 341, 342, 352F ]. Electrolyte choice also strongly influences 
supercapacitor performance [55, 353F ]. Alkaline electrolytes, typically KOH-based, often increase 
apparent capacitance because metal redox couples are more accessible and hydroxide can 
participate in charge compensation, whereas neutral salts can reduce driving forces and narrow 
the usable window, but can simplify stability interpretation by reducing corrosion and parasitic 
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reactions [29, 354F ]. Meaningful comparisons therefore require explicit reporting of potential 
windows, reference electrodes, and electrode formulation parameters such as mass loading and 
conductive additive fraction [341, 355F ].

Many transition metal phosphonates crystallise in layered motifs, where inorganic metal, oxygen, 
phosphorus sheets alternate with organic groups at surfaces or in interlayers. Such lamellar 
architectures are attractive for aqueous supercapacitors because redox-active sites are near the 
electrode electrolyte interface and ion transport distances to accessible galleries can be short 
[ 356F ]. For example, nickel phenylphosphonate-based hierarchical microspheres in 3 M KOH 
deliver 500.8 F g-1 at low current density (0.5 A g-1), and retain 305.5 F g-1 (61%) after 1000 cycles 
under the reported conditions [78]. Even higher capacitance and cycle stability was achieved with 
spherical Ni phosphonate particles based on Ni2+ and the linker 1,1′-binaphthyl-2,2′-diyl 
hydrogenphosphate [343]. Mohanty et al. investigated layered monometallic and bimetallic Ni 
and Co phosphonate networks based on the linker 1,1′-binaphthyl-2,2′-diyl hydrogenphosphate 
in 6 M KOH at 2 A g-1 [341]. A strong composition dependent effect was observed, with 883 F g-1 
for the Co framework, 2119 F g-1 for the Ni framework, and 3537 F g-1 for the mixed metal 
analogue. This enhancement was attributed to synergistic Ni and Co redox chemistry and 
improved charge transport in thin layered morphologies with accessible porosity. Importantly, the 
bimetallic framework retained 87.6% of its capacitance after 2000 cycles and still delivered 
574 F g-1 in a coin cell configuration, supporting relevance beyond idealised three-electrode 
testing [341]. 

A layered Mn phosphonate is built from a mixed linker system comprising 
[1,4-phenylenebis(hydroxymethylene)]bis(phosphonic acid) and 1,10-phenanthroline. The 
structure contains two crystallographically independent Mn(II) centres, which are coordinated by 
phosphonate groups in different protonation states together with the 1,10-phenanthroline co-
ligand [357F ]. These coordination units form zig zag one-dimensional chains that further assemble 
into a three-dimensional supramolecular architecture and is reported to be stable between pH 2 
and 12. Although evaluated as an oxygen evolution reaction catalyst rather than a supercapacitor 
electrode, it illustrates that phosphonate lattices can combine ion accessible motifs with broad pH 
robustness, while electrode design must still address limited intrinsic conductivity [358].

Besides layered motifs, an increasingly important subset of metal phosphonates and phosphonate-
based frameworks exhibits permanent micro or mesoporosity that can, in principle, be accessible 
to electrolyte ions. Such porosity is difficult to realise because strong M-O-P bonding and high 
connectivity favour dense, charge rich lattices. Advances in the design of multitopic ligands and 
in structure controlling synthesis have expanded the accessible open architectures at the interface 
between coordination polymers and porous MOFs [79, 350, 358F ].

Rom et al. reported three zinc phosphonate compounds based on 1-hydroxyethane-1,1-
diphosphonic acid (H4HEDP) together with different co-ligands and evaluated their 
electrochemical behaviour. The network connectivities are shown in Figure 16 [359F ]. 
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Figure 16. Node connectivity of the three zinc and diphosphonate units in (a) compound 1, (b) compound 2 and (c) compound 3. 
Cyan colour represents zinc atoms and violet colour represents the diphosphonate units. Adapted from Ref. [360], with permission 
from Elsevier, Copyright © 2022.

Notably, compound 3 (Figure 16c), which consists of interconnected zig zag chains, shows the 
highest specific capacitance within this series at 216 F g⁻¹ and a cycle stability of 79.6% over 
5000 cycles in 6 M KOH at a current density of 1 A g⁻¹. Both the capacitance and the cycle 
stability exceed those of compound 1 and 2 (Figure 16a and b) under same test conditions. This 
has been attributed to its interconnected zig zag chain motif with multiple accessible channels, 
which increases the density of electrochemically addressable sites and can reduce hydroxide 
driven structural degradation during cycling [360]. 

A permanently porous Ti-phosphonate MOF with a BET surface area of 382 m2 g-1 was 
investigated for sensing and supercapacitor performance by Chakraborty et al. In an asymmetric 
device configuration, an areal capacitance of 14.96 F cm-2 was reported at 1 mA cm-2 using 1 M 
TEABF4 in DMSO as the electrolyte, with about 75% capacitance retention after 5000 cycles 
[351]. Notably, an initial decrease of roughly 10% occurred early in cycling, consistent with a 
gradual activation and concurrent evolution of the electrode surface. The authors attributed this 
behaviour to slow framework degradation accompanied by TiO2 formation, which was suggested 
to contribute only marginally to the measured capacitance [351, 360F ]. Although this example uses 
a non-aqueous electrolyte, it shows that metal phosphonate frameworks can achieve device 
relevant areal performance and maintain long term cycling stability. At the same time, it highlights 
degradation processes that could also become important in aqueous electrolytes. Table 2 provides 
an overview of selected electrode materials tested in aqueous electrolytes. To enable a meaningful 
comparison across material classes, the benchmark table includes only literature reports that 
clearly specify the electrolyte composition, the applied rate metric, and the cycling protocol. 
Gravimetric capacitance values are interpreted cautiously when mass loading, electrode 
formulation, or the fraction of conductive additive and binder are not reported, since these 
parameters can dominate the apparent performance. If key details are unavailable, the entry is 
retained and flagged as not reported to minimise selection bias.

Table 2. Comparison of the electrochemical performances of various supercapacitor electrodes in aqueous electrolytes.

125 @ 0.2 A g⁻¹
⁻

206.7 @ 1 A g⁻¹

270 @ 1 A g⁻¹
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1711 @ 1 A g⁻¹

0.5 A g⁻¹
2 A g⁻¹

1 A g⁻¹

0.5 A g⁻¹
586.2 @ 0.5 A g⁻¹

1 A g⁻¹
1 A g⁻¹
1 A g⁻¹

ε

319 @ 0.2 A g⁻¹
1 A g⁻¹
1 A g⁻¹

5 A g⁻¹

*1 HITP = 2,3,6,7,10,11-hexaaminotriphenylene, *2 HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene, *3 PANI = Polyaniline, *4 PEDOT = poly(3,4-ethylenedioxythiophene), 
*5 The structure remained intact, *6 OFG = oxygen functional groups: -OH, =O, CHO.

Direct benchmarking remains difficult because performance metrics and test protocols are not 
uniformly specified, and incomplete reporting of cell configuration, two-electrode versus three-
electrode testing, mass loading, electrode composition, and rate definitions can distort apparent 
performance [66, 356]. In addition, many metal phosphonates, especially phosphonate-based 
coordination networks, are obtained only as microcrystalline or nanocrystalline solids, so single 
crystal structures are often unavailable [331]. Without a clear structural model, it becomes 
difficult to assign ion transport pathways, redox environments, and storage mechanisms, and 
structure-performance relationships can remain speculative unless supported by post-mortem, in 
situ, or operando characterisation [ 380F ]. Another critical problem is that the materials used (the 
active phase) are often only checked to a limited extent after the electrochemical measurements. 
In many studies, structural and chemical analysis after cycling is restricted to morphology, 
whereas diffraction and spectroscopy-based checks of phase integrity are less frequently reported. 
As a result, apparent stability and performance in concentrated electrolytes can be overestimated, 
because many electrode materials can reconstruct under operation and should be regarded as 
precursors to the true electrochemically active phase [ 381F , 382F ]. Community guidelines therefore 
emphasise transparent reporting of metrics, test configurations, and calculation methods to enable 
meaningful comparison [66, 356]. Overall, these findings highlight metal phosphonate networks 
as a promising but still underexplored platform that combines chemical robustness and structural 
diversity with competitive electrochemical performance. In practice, limited intrinsic 
conductivity is typically addressed by conductive additives that establish a percolating electron 
transport network, while selected phosphonate motifs can also offer intrinsic conductivity.
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2. Motivation

Established electrode families exhibit characteristic failure modes in aqueous supercapacitors, 
particularly under strongly acidic or strongly alkaline conditions or in concentrated salt solutions, 
where dissolution, oxidation, swelling, and structural degradation determine long term behaviour. 
Activated carbon is relatively robust, but surface reactions can drive carbon oxidation, self-
discharge, and wettability drift. Graphene, CNTs, and MXenes provide high conductivity, yet 
electrode architectures can evolve during processing and cycling through restacking, swelling, 
and contact loss, reducing accessible surface area and compromising electron pathways. 
Transition metal oxides and hydroxides often deliver high initial pseudocapacitance, but cycling 
can induce metal leaching, phase reconstruction, and loss of electrical contact. Conventional 
MOFs face further limitations because they are usually poorly conductive and often not stable 
against hydrolysis, so ligand exchange, node dissolution, and framework collapse can occur. 
Together, these constraints motivate phosphonate coordination networks, where hard oxygen 
donor ligands can form strong bonds to hard metal centres and thereby reduce the rate of 
hydrolysis and metal leaching while retaining tunable redox chemistry.

The motivation behind this work is to establish phosphonate coordination polymers and 
phosphonate MOFs as hydrolytically robust yet electrochemically tunable electrode materials for 
energy storage in aqueous electrolytes. This choice follows HSAB considerations and the 
typically strong M-O-P bonding motif, which can reduce hydrolysis, ligand exchange, and metal 
leaching compared with many carboxylate-based frameworks under harsh aqueous conditions. 
The central goal is to derive design principles that connect i) framework chemistry and hydrolytic 
robustness, ii) mixed valence and redox site density as the origin of pseudocapacitance, iii) pore 
and channel accessibility as the kinetic constraint, and iv) electrode architecture and conductive 
networking as the prerequisite for practical rate capability and long lifetime. This includes 
distinguishing intrinsic framework related charge storage from surface reconstruction by 
combining electrochemical analysis with phase sensitive, post-mortem characterisation, and by 
critically benchmarking two-electrode versus three-electrode configurations where relevant. This 
also includes translating chemical robustness into functional electrodes by integrating 
phosphonate phases into electronically percolated carbon scaffolds where required.

In order to establish phosphonate coordination networks as stable and functional materials, this 
work pursues a multi-stage strategy. It separates structural chemistry and electrochemical 
applications. In the first project, lanthanide-based coordination networks are being developed 
with diamantane-4,9-bis(hydrogenphosphonate) as the linker and Eu3+, Er3+ and Gd3+ as metal 
centres. Phosphonate ligands enable potentially robust metal-oxygen-phosphorus bonds. 
Lanthanide ions also offer a variety of coordination modes. This allows the creation of networks 
with well defined connectivity that may be relevant for sensor technology and good proton 
transport, among other things. The linker is produced in situ from a dichlorophosphoryl precursor 
under hydrothermal conditions. Smaller amounts of other monophosphonic acids, such as 
p-ethylphosphonic acid, and base additives, such as DABCO or bipyridine derivatives, serve as 
modulators. They control phosphonate deprotonation and help to build the coordination network. 
Controlling the synthesis is a key challenge in the production of phosphonate frameworks. The 
initial project also highlights a practical bottleneck. The purity of the precursor and batch 
variability influence phase purity and isolated yield. This makes scaling of the desired product 
difficult and can lead to fluctuating test results between batches or the selection of test methods 
based on the material available within a batch. These limitations directly led to a subsequent focus 
on redox-active Cu, Ni and V phosphonate frameworks. Here, the stability of the networks in 
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aqueous electrolytes can be directly linked to capacitive and pseudocapacitive charge storage. 
This shift enables a direct correlation between structure, stability and performance under 
electrochemical bias in aqueous media. The materials are systematically evaluated under defined 
aqueous electrolyte conditions.

In the second project, mechanically flexible Cu/V phosphonate single crystals were obtained 
under solvothermal conditions using a slightly modified method from Yücesan et al. [ 383F ]. The 
material class was chosen to test whether strong M-O-P binding motifs can suppress hydrolysis 
and metal leaching while maintaining accessible redox-active sites for pseudocapacitive charge 
storage. A further objective was to examine whether structural stability and crystal flexibility can 
mitigate mechanical stress during cycling and support long term electrochemical stability. Finally, 
the project aimed to translate intrinsic framework robustness into functional composite electrodes 
by ensuring electronic percolation through conductive carbon scaffolds where required.

The aim of the final project of this thesis was to increase the density of redox-active sites in a 
hydrolytically robust phosphonate framework by combining a layered anionic vanadium 
phosphonate scaffold with an additional, well defined redox active cationic complex. By 
embedding [Ni(2,2′-bpy)3]2+ species within the vanadium phosphonate layers, the work targeted 
a hybrid electrode concept in which chemical robustness, mixed valence redox chemistry, and ion 
accessible charge storage sites can be addressed simultaneously under aqueous conditions. A 
central objective was to demonstrate operation in practically relevant, mild aqueous electrolytes, 
including neutral salt electrolytes, while maintaining phase integrity during long term cycling. In 
addition, the project was designed to separate intrinsic framework related charge storage from 
electrolyte driven surface reconstruction by pairing electrochemical testing with phase sensitive 
post-mortem verification.
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3. Cumulative part

Sections 3.1 to 3.3 present three publications for which I am first author. These articles have either 
been published in peer reviewed journals or are currently under review. Each publication is listed 
separately and in chronological order by publication date. Each article is accompanied by a brief 
summary and a description of the contributions of all authors.

3.1 Lanthanide Coordination Networks Based on Diamantane-4,9-Diphosphonic Acid
Tim Müller, Peter Ferber, Philipp M. Roos, Nabil Assahub, Christoph Janiak

Z. Anorg. Allg. Chem. 2025, 00, e202500158. DOI: 10.1002/zaac.202500158, Ref. [324].

This chapter reproduces the article published as Ref. [324]. © 2025 The Author(s). Zeitschrift für 
anorganische und allgemeine Chemie published by Wiley-VCH GmbH. Distributed under the 
terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0).

Abstract: 

Four new Ln-based (Ln = Eu, Gd, Er) coordination networks, {[EuL1.5(H2O)4]·H2O}n and 
{[LnL1.5(H2O)]·H2O}n (Ln = Eu, Gd, Er), were synthesized using the precursor diamantane-4,9-
bis(dichlorophosphoryl) (Diam(POCl2)2) to form in situ the linker diamantane-4,9-
bis(hydrogenphosphonate) (L = Diam(PO3H)2

2–) with singly deprotonated phosphonate groups. 
These coordination networks represent the first reported examples of diamantane-phosphonate 
networks. The combination of Ln3+ ions and Diam(PO3H)2

2– resulted in the formation of doubly 
-PO3H– bridged Ln chains. These chains are interconnected by the diamantane moiety of the 
diamantane-4,9-bis(hydrogenphosphonate) linker, forming 2D (Eu) or 3D (Eu, Gd, Er) networks. 
In the 3D networks, Eu3+, Gd3+, and Er3+ exhibit an uncommon coordination number of 6, from 
five phosphonate groups and one aqua ligand. This may be due to the constraints of the 3D 
network but at the same time shows the adaptability of Ln3+ ions to coordination constraints 
crucial for the formation of the 3D phosphonate frameworks.

Author’s contribution to the publication:

• Dr. István Boldog provided the first batch of the linker precursor Diam(POCl2)2.

• Tim Müller was responsible for literature research and planning of the research project. 

• Method transfer to other Ln3+ ions with experimental support of Philipp M. Roos.

• Synthesis of Diam(POCl2)2 and hydrolysis study with the support of Philipp M. Roos.

• Measurement of all single crystals using single crystal X-Ray diffraction (SCXRD) and 

determination of single crystal structures by Peter Ferber.

• Resynthesis, upscaling and characterization of the Ln coordination networks using 

powder X-Ray diffraction (PXRD) with the support of Philipp M. Roos. 

• Thermogravimetric analysis, measured by Nabil Assahub and evaluated by Tim Müller.

• Illustrations of the structures and the structural descriptions were provided by Prof. Dr. 

Christoph Janiak.

• Tim Müller was responsible for revising the manuscript and supporting information with 

the support from Peter Ferber and Prof. Dr. Christoph Janiak. 
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3.2 Where Most Frameworks Degrade: Flexible Bimetallic Phosphonate Crystals as pH-
Universal Supercapacitor Electrodes

Tim Müller, Jean G. A. Ruthes, Biswajit Battacharya, Dorothee Silbernagl, Patrik Tholen, 
Aysenur Limon, Gülsüm Kinik, Christoph Janiak, Markus Suta, Franziska Emmerling, Volker 
Presser, Gündoğ Yücesan 

Adv. Funct. Mater. 2026, 0:e00026. DOI: 10.1002/adfm.202600026

This chapter reproduces the article published as Ref. [ 384F ]. © 2026 The Author(s). Advanced 
Functional Materials published by Wiley-VCH GmbH. Distributed under the terms of the 
Creative Commons Attribution 4.0 International License (CC BY 4.0).

Abstract: 

Herein, we report the charge storage and plastic properties of the redox-active, bimetallic metal 
phosphonate framework of [Cu(2,2'-bpy)VO(O3PC6H5)2]. The flexible crystals of [Cu(2,2'-
bpy)VO(O3PC6H5)2] combine semiconducting behavior with mechanical flexibility on the same 
platform, which is an unusual and significant property that is not observed in traditional rigid 
layered electrode materials. In contrast to RuO2, graphene, or MXenes, which prefer concentrated 
acidic or basic electrolytes to operate effectively as electrodes, [Cu(2,2'-bpy)VO(O3PC6H5)2] 
works between sustainable pH values of 4 and 10 while reaching a specific capacitance of about 
140 F/g in H3PO4 at pH 4 and in NaOH at pH 10 at 1 mV/s. It also demonstrates high chemical 
and electrochemical stability between pH 2 and pH 12 and in lithium hexafluorophosphate for 
extended periods. The use of [Cu(2,2'-bpy)VO(O3PC6H5)2] as electrodes eliminates the need for 
harsh chemical environments, generating more sustainable and environmentally friendly energy 
storage solutions, and [Cu(2,2'-bpy)VO(O3PC6H5)2] can be synthesized in water at mild 
temperatures. The combination of chemical stability, mechanical flexibility of [Cu(2,2'-
bpy)VO(O3PC6H5)2], and compatibility with mild electrolytes makes [Cu(2,2'-
bpy)VO(O3PC6H5)2] a more sustainable alternative to conventional metal oxides, MXenes, and 
carbon-based electrodes in next-generation supercapacitors and battery technologies.

Author’s contribution to the publication:

• T.M. reproduced the compound, optimized the synthesis, calculated the band gap 
measurements with the help of G.K. and M.S., and performed stability tests.

• J.G.A.R. performed the electrochemical characterization, Raman spectroscopy, SEM, and 
XRD characterization of the electrodes, and wrote the corresponding section.

• B.B. wrote the section about the mechanical properties and created the crystal structure 
pictures and videos.

• D.S. performed the AFM experiments and calculated the mechanical properties.
• A.L. performed SEM, and P. T. reproduced the compound for mechanical testing.
• F.E. supervised the mechanical flexibility work.
• V.P. supervised the supercapacitor and battery work, critically read and revised the 

manuscript.
• G.Y. synthesized the first batch of the compound, created the hypothesis, wrote the 

manuscript, and supervised the work.
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3.3 A pH-Tolerant Nickel–Vanadium Phosphonate Metal-Organic Framework for Stable 
Aqueous Supercapacitor Cycling

Tim Müller, Jean G. A. Ruthes, Lukas Wagner, Antje Quade, Yunus Zorlu, Aysenur Limon, Jan 

Christoph Goldschmidt, Oliver Janka, Ralf Feyerherm, Gabriel Hanna, Volker Presser, Gündoğ 

Yücesan

This chapter reproduces a manuscript submitted for publication as: T. Müller et al., ACS Nano, 
submitted (2026). Unpublished work copyright © 2026 American Chemical Society. This 
manuscript is currently under peer review. The final published version may differ from the version 
presented here.

Abstract: 

We report a hybrid layered luminescent metal-organic framework (MOF), [Ni(2,2’-
bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O, in which redox-active [Ni(2,2’-bpy)3]2+ 

cations are embedded between anionic vanadium phosphonate layers [(VO(H2O))2(VO)4(µ-
O)2(C6H5PO3)6]2- with 2,2’-bpy = 2,2’-bipyridine). X-ray photoelectron spectroscopy suggests 
coexisting Ni2+, V2+, V3+, V4+/V5+ species on the surface of the crystals, indicating a highly 
dynamic redox system. The material exhibits photoluminescence peaks at 1.7 eV and 2.25 eV, 
respectively, consistent with semiconductor materials. Magnetic measurements reveal strong 
short-range antiferromagnetic interactions between the V4+ centers. Electrochemical 
characterization in aqueous media yields capacitances of 79 F/g in Na2SO4 (pH 7) and 43 F/g in 
H3PO4 (pH 4) at 1 A/g. In Na2SO4 (pH 7), the material reaches ≈300 F/g at a scan rate of 1 mV/s 
and retains its capacity for more than 10,000 cycles. The crystals remain chemically stable 
between pH 2 and pH 10 for at least one week. The combination of sustainable synthesis, robust 
redox activity, high capacitance, long cycle stability, and broad pH tolerance make these hybrid 
MOF crystals promising candidates for next-generation aqueous energy-storage applications.

Author contributions

• T.M. synthesized the compound, optimized the synthesis conditions for large-scale and 

single-phase production, obtained suitable crystals for structural analysis, and performed 

stability tests.

• J.G.A.R. performed the electrochemical characterization, Raman spectroscopy, and XRD 

characterization of the electrodes, and wrote the corresponding section.

• L.W. and J.C.G. carried out sample preparation, characterization, and analysis for optical 

measurements (reflectance/transmittance measurements for Tauc plots; 

photoluminescence spectra), conductivity measurements, created visualizations, and 

wrote the corresponding sections.

• O. J. performed the temperature-variable XRD studies.

• A.Q. performed the XPS experiments.

• Y.Z. performed the refinement of the crystal structure, prepared the crystallographic 

tables and wrote the corresponding section.

• A.L. took the SEM pictures

• R.F. performed magnetization measurements.
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• G.H. critically read and revised the entire manuscript.

• V.P. supervised the supercapacitor and battery work, and critically read and revised the 

manuscript.

• G.Y. created the hypothesis, synthesized the first batch of the crystals, wrote the 

manuscript, supervised the work, arranged the collaborations, and provided the necessary 

funding, enabling the project to be hosted by the department.
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Abstract: We report a hybrid layered luminescing metal-organic framework (MOF), [Ni(2,2’-

bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O, in which redox-active [(Ni(2,2’-bpy)3)]2+ cations 

are embedded between anionic vanadium phosphonate layers [(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- with 

2,2’-bpy = 2,2’-bipyridine). X-ray photoelectron spectroscopy suggests coexisting Ni2+, V2+, V3+, and 

V4+/V5+ species on the surface of the crystals, indicating a highly dynamic redox system. The material 

exhibits a main photoluminescence peak at  2.25 eV, consistent with semiconductor materials. Magnetic 

measurements reveal strong short-range antiferromagnetic interactions between the V4+ centers. 

Electrochemical characterization in aqueous media yields capacitances of 79 F/g in Na2SO4 (pH 7) and 

43 F/g in H3PO4 (pH 4) at 1 A/g. In Na2SO4 (pH 7), the material reaches ≈300 F/g at a scan rate of 1 mV/s 

and retains capacity over more than 10,000 cycles. The crystals remain chemically stable between pH 2 and 

pH 10 for at least one week. Combined sustainable synthesis, robust redox activity, high capacitance, long 

cycle stability, and broad pH tolerance make these hybrid MOF crystals promising candidates for next-

generation aqueous energy-storage applications.

Keywords:

chemically stable MOFs; magnetic materials; redox active complexes; sustainable energy storage
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Introduction: Metal-organic frameworks (MOFs) and metal complexes are well-established classes of 

compounds, each offering tunable properties for diverse applications.1,2 Integrating metal complexes into 

bimetallic MOF platforms represents a promising hybrid strategy that combines the functionalities of both 

systems on a single scaffold. This approach has been explored in the development of novel microporous 

materials for sensing applications. For example, spin-active metallofullerene complexes have been 

incorporated into porous covalent-organic frameworks (COFs) to enable real-time monitoring of gas 

adsorption via spin-state switching.3 Similarly, spin crossover cages confined within MOF MIL-101 have 

been used to create colorimetric sensors for gas detection,4 while spin crossover complexes embedded in 

magnetic MOFs have shown potential for achieving long-range magnetic ordering.5

Hybrid systems that integrate MOFs with redox-active metal complexes can produce dynamic, multi-center 

redox activity and enable pseudocapacitive energy storage, features especially valuable for alkaline 

batteries and supercapacitors. However, to date, such redox-active complexes have typically been 

introduced into MOFs via post-synthetic modification. In this work, for the first time, we report a one-pot 

hydrothermal synthesis that directly incorporates redox-active complexes into anionic MOFs, and we 

characterize the resulting materials’ electrochemical, luminescence, and magnetic properties.

We recently showed that bimetallic Cu-V phosphonates can form semiconducting materials with high 

structural diversity.6 Vanadium oxides are established semiconductors with notable pseudocapacitive 

behavior;7 but many metal-oxide electrodes suffer from limited chemical stability in aqueous 

environments.8 Durable electrodes that operate long-term in aqueous electrolytes remain non-existent, 

motivating the development of stable, water-compatible materials for sustainable supercapacitors. 

Phosphonate ligands differ from conventional metal-binding groups by their strong affinity for metal ions 

and by bearing a doubly negative charge per unit, which facilitates incorporation of additional metal centers, 

mixed-valence chemistry, and multiple redox sites. 9-11 We have previously shown that phosphonate 

oxygens also carry enhanced negative charge through P→O electron delocalization,12,13 contributing to 

improved hydrolytic stability of phosphonate-based MOFs in both acidic and basic media14,15. These 

features make phosphonate MOFs attractive candidates for aqueous energy-storage applications.

A key advantage of phosphonic acid linkers in MOF chemistry is their ability to form water-insoluble 

secondary building units (SBUs) that resist hydrolysis in aqueous media.16 This contrasts with conventional 

MOFs, which often contain water-soluble metal carboxylate SBUs, and metal oxides that degrade in water 

and electrolytes due to interactions with strongly coordinating Lewis bases.17,18 Thus, integrating 

phosphonic acids into vanadium oxides could potentially enhance the chemical stability, surface area, and 

structural diversity of the resulting MOFs, while optimizing their semiconducting and energy storage 

properties. Prior work by Zubieta on hydrothermally synthesized vanadium phosphonates further supports 

the intrinsic thermal and chemical stability of these materials.19

Despite the high surface areas MOFs can provide, their application in supercapacitor electrodes has been 

limited due to their typically insulating nature and low chemical stability in aqueous media.20-22 Alternative 

electrode materials such as MXenes, graphene, and RuO2 often require harsh synthesis conditions, namely 
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extremely acidic/basic electrolytes (e.g., up to 6 M KOH or H2SO4) and high temperatures, limiting their 

scalability.23-25 In contrast, our approach focuses on the sustainable hydrothermal synthesis of vanadium 

phosphonate MOFs in water, incorporating redox-active complexes into their framework to create a redox-

active, chemically robust, and thermally stable material. The resulting hybrid system enables tunable 

magnetic, electrocatalytic, and charge storage properties by modulating the oxidation states of the metal 

centers. Our prior unsuccessful attempts to synthesize Ni/V bimetallic MOFs revealed that nickel 

preferentially coordinates with nitrogen-donating ligands rather than participating in bimetallic oxide 

oligomerization with vanadium phosphonates.6,26 This observation guided our strategy to selectively 

incorporate redox-active nickel complexes into vanadium phosphonate MOFs instead of relying on direct 

bimetallic bonding.

In this study, for the first time, we report for the first time the synthesis of layered anionic vanadium 

phosphonate MOFs embedded with redox-active [Ni(2,2’-bpy)3]2+ complexes. We developed reproducible 

hydrothermal synthesis conditions that sustainably generate the [Ni(2,2’-bpy)3]2+ species during the 

synthesis. Electrochemical characterization confirms the presence of reversible redox behavior. Our 

measurements further demonstrate that [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O can 

store energy through multiple mechanisms. The incorporation of phosphonate ligands significantly 

enhances chemical stability in acids and bases over 10000 cycles without compromising the chemical 

structure of the material, marking a promising step forward in the design of stable and semiconducting 

MOF-based energy storage platforms. 

Synthesis and characterization: As shown in Figure 1, [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O was synthesized hydrothermally by combining 93 mg (0.35 mmol) NiSO4·6H2O, 

78 mg (0.42 mmol) Na3VO4, 99.8 mg (0.64 mmol) 2,2’-bipyridine, and 400 mg (2.53 mmol) 

phenylphosphonic acid in a 23 mL polytetrafluoroethylene-lined Parr acid digestion vessel. After adding 

10 mL of ultrapure water, the mixture was stirred for 2 min and then placed in a synthesis oven. The 

temperature was gradually increased to 190 °C over 12 h (at a rate of ~14 K/h), held at this temperature for 

48 h, and then cooled to room temperature over 2 h. After cooling, the resulting mixture was transferred to 

a 50 mL centrifuge tube, thoroughly washed with ultrapure water, and dried overnight at 60 °C in a vacuum 

drying oven.

Dark green, rod-shaped crystals up to 0.5 cm long were obtained in high visual purity, as seen in Figure 1. 

Single-crystal X-ray diffraction provided the crystal structure shown in Figure 2. Phase purity was 

confirmed by powder X-ray diffraction and inductively coupled plasma optical emission spectroscopy 

(ICP-OES), which together give a consistent molar ratio Ni:V = 1:(5.93 ± 0.06) across five measurements 

(Supplementary Information, Table S1). The chemical formula reported here is based on the single-crystal 

structure, the ICP-OES composition, and the electrochemical data, and assumes two V+5 ions coordinated 

to water and four V+4 ions; the magnetic measurements are consistent with this assignment. However, 

because the material exhibits dynamic redox behavior, alternative formulas with different vanadium 

oxidation state distributions may also be consistent. For example, one alternative formula could be based 
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on vanadium ions, V+4 ions, resulting in protonated water of crystallization and yielding the formula 

[Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]4- · 2H3O+. This formula also suggests the presence 

of additional redox pathways. We prefer the formula [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O, as [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]4- · 2H3O+ has a more 

anionic framework with reactive H3O+ species and thus may be less stable. Another possible formula that 

assumes all V+4 ions is [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-OH)2(C6H5PO3)6]2- · 2H2O. This formula 

suggests a potentially less stable form, as protonation of the bridging oxygen atoms across the network may 

reduce overall structural stability.

In addition to ICP-OES, we collected XPS data to confirm the elemental composition and surface oxidation 

states. The survey scan shows the expected elements (V, Ni, O, C, N, P). High-resolution V and Ni spectra 

indicate multiple vanadium oxidation states, predominantly V4+, V3+, V+2 and traces of V+5 (less than 2%), 

and Ni+2. While XPS provides valuable information on surface speciation, it is inherently surface-sensitive 

and does not unambiguously report bulk oxidation states in these large crystals. X-ray irradiation can also 

induce redox changes that alter the observed vanadium speciation. Nonetheless, the XPS evidence for 

multiple vanadium valences, taken together with the crystal structure, ICP-OES stoichiometry, magnetic 

data, and electrochemistry, supports the assignment of a dynamic, mixed-valence redox system that 

distinguishes this material from typical MOFs.

The heating and cooling of the hydrothermal reaction vessels significantly influenced the final crystal 

morphology and structure. We hypothesize that placing the reaction vessel in a preheated oven suppressed 

the formation of the [Ni(2,2’-bpy)3]2+ complex at lower temperatures, resulting in alternative products. 

Likewise, rapid cooling led to the formation of a glassy-looking phase, reminiscent of Prince Rupert’s 

drops, as illustrated in Figure 1. We hypothesize that the slow heating of the hydrothermal reaction mixture 

first forms the soluble [Ni(2,2’-bpy)3]2+ complex at lower temperatures, and that at higher temperatures 

[Ni(2,2’-bpy)3]2+ templates the assembly of the layered vanadium phosphonate [(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- yielding the redox active hybrid MOF [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O.

Structure: The compound [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O is composed of 

anionic layers of [(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-, within which the [Ni(2,2’-bpy)3]2+ complexes are 

located in the interlayer spaces. These cationic species both balance the framework charge and help template 

the structure during the hydrothermal synthesis, as illustrated in Figure 2. The anionic layers consist of 

mixed-valence vanadium oxide units, including two [VO(H2O)]2 moieties and four VO moieties. Vanadium 

centers adopt distorted square planar geometries. The cationic component, [Ni(2,2′-bpy)3]2+, features a Ni2+ 

ion octahedrally coordinated by six nitrogen atoms from three chelating 2,2′-bipyridine ligands (Figure 2). 

[Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O has large void channels with diameters of 

16.1 Å and 9.2 Å accommodating the [(Ni(2,2’-bpy)3)]2+ cations and two additional waters of 

crystallization. Weaker non-covalent interactions between the alternating phenyl groups of 



129

phenylphosphonic acids further stabilize the framework structure. A similar structural organization is also 

seen in phospholipid bilayers. 

Tauc plots: To estimate the optical band gap of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 

2H2O, diffuse reflectance spectroscopy was performed, followed by Tauc analysis.27-29 Transmission and 

reflection spectra of the powdered sample, clamped between two glass plates, were recorded using a 

PerkinElmer Lambda 1050 spectrophotometer. From these measurements, the absorbance spectrum was 

calculated and used to construct a Tauc plot (Figure 3). By applying a linear fit to the absorption edge of 

the Tauc plot, we obtain an optical band gap of 2.44 eV (508 nm), consistent with semiconducting behavior 

(band gaps that are narrower than 2.5 eV are generally considered to be semiconductors).

Photoluminescence spectrum: The photoluminescence (PL) spectrum of the sample was recorded using 

a Cicci Research photospectrometer with a 405 nm excitation laser. The spectrum revealed a prominent 

peak with a shoulder extending toward longer wavelengths (Figure 4). To analyze the emission features, 

the data were first background-corrected by subtracting a constant offset, calculated as the average signal 

intensity within 850-1100 nm. The corrected spectrum was then fitted using a sum of three Gaussian 

functions. The first Gaussian, fixed at 405 nm, corresponds to the excitation laser. The positions and widths 

of the remaining two Gaussians were optimized via non-linear least-squares fitting. After fitting, the 

background offset was re-added to the individual Gaussians and the combined fit for comparison with the 

measured data. This procedure yielded a major PL peak at 552 nm (2.25 eV) and a weaker, broader emission 

at 728 nm (1.70 eV) (Supplementary Information, Figure S5). In semiconductors, PL peaks typically 

reflect the electronic band structure, with emission energies approximating the band gap. The observed PL 

maximum is consistent with the optical band gap derived from the Tauc plot. However, it is red-shifted by 

approximately 50 nm, a common feature attributed to relaxation processes before recombination.

Conductivity measurements: 
To evaluate the electrical conductivity along the long axis of the crystals, individual needle-shaped single 

crystals were mounted onto a glass plate using conductive silver paint (Plano) applied at both ends. Care 

was taken to prevent the silver paint from spreading along the crystal surface (Supplementary Information, 

Figure S6). Electrical contacts were then connected to the silver droplets, and current-voltage (I-V) 

characteristics were measured using a four-point probe configuration. The setup was validated using a 

control crystal thinly coated with silver paint to bridge the two contacts, which yielded an ohmic I-V 

response. Measurements on pristine crystals showed no detectable current even at the maximum applied 

voltage of 60 V. Given the instrument’s current detection threshold of 0.1 nA (Cicci Research), the 

corresponding resistance along the crystal needle exceeds 6 × 1011 Ω. With an electrode spacing of 

approximately 1.5 mm and a crystal diameter of approximately 0.1 mm, the calculated resistivity is greater 

than 3·106 Ω m, indicating a conductivity below 3·10-7 S/m. This result only reflects the electrical 
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conductivity along the length of the needle-shaped crystal structure. The electrical conductivity can be 

different along the sides of the needle-shaped crystals.

Magnetization: Magnetization (M) measurements were conducted using a Quantum Design Magnetic 

Properties Measurement System (MPMS). A 2.37 mg sample was placed in a plastic capsule and mounted 

on a brass holder. Magnetic susceptibility, χ = M/H, was recorded from 1.8 K to 320 K under an applied 

field of μ0H = 1 T. Field-dependent magnetization was measured at 1.8 K up to 7 T. Figure 5 displays the 

inverse susceptibility (𝜒-1) as a function of temperature, along with a fit to the following function:𝜒(𝑇)=𝐶/(𝑇-𝛩)+𝜒𝑜, (1)

where 𝜒𝑜 is the temperature-independent diamagnetic contribution from the large number of nonmagnetic 

constituents, C is the Curie constant, and 𝛩 is the Curie-Weiss temperature. The fit results in 𝜒𝑜 = 

1.68(1)·10-3 emu/mol, C = 2.532(2) emu·K/mol, and 𝛩 = - 9.8(1) K. Figure 5 also shows the inverse 

susceptibility after subtraction of 𝜒𝑜, together with a linear extrapolation corresponding to the Curie-Weiss 

law.

The negative value of 𝛩 indicates small antiferromagnetic interactions between the magnetic centers. From 

the value of C, we infer an effective moment of 𝜇𝑒𝑓𝑓 = 4.50 𝜇𝐵. Note that, since 𝜒 ∝ (𝜇𝑒𝑓𝑓)², for a mixture 

of different magnetic species with individual effective moments 𝜇𝑒𝑓𝑓,𝑖, we get (𝜇𝑒𝑓𝑓)² = ∑ (𝜇𝑒𝑓𝑓,𝑖)²𝑖 . With 

the spin-only values  𝜇𝑒𝑓𝑓,𝑁𝑖(𝐼𝐼) = 2.83 𝜇𝐵 and  𝜇𝑒𝑓𝑓,𝑉(𝐼𝑉) = 1.73 𝜇𝐵 we expect 𝜇𝑒𝑓𝑓 = 5.10 𝜇𝐵, assuming 

all six V ions to be tetravalent. Additional small orbital contributions would enhance this value. The 

discrepancy from the observed value suggests that a fraction of V ions is not contributing to the magnetic 

moment, hence being in the V5+ state. Assuming four V4+ per f.u., a total 𝜇𝑒𝑓𝑓 = 4.47 𝜇𝐵 is calculated to 

be close to the observed value.

Below 50 K, (𝜒 − 𝜒𝑜)−1 deviates from the high-T Curie-Weiss extrapolation, with a marked increase of 

the slope below ~12 K (inset in Figure 5). This feature can be explained assuming that the magnetic 

interaction between a pair of Ni2+ ions is very small, such that their susceptibility follows a Curie law 𝜒𝑁𝑖 ∝1/𝑇, leading to a steep increase of 𝜒 at low T. Accordingly, we fitted a modified equation (Eq. 2) to the T 

dependence of the susceptibility:𝜒(𝑇)=𝐶𝑉/(𝑇-𝛩𝑉)+𝐶Ni/𝑇+𝜒𝑜 (2)

This fit is shown in the insert of Figure 5A. Given the limited validity of the Curie-Weiss extrapolation to 

the region 𝑇 <  𝛩𝑉, we consider the agreement to be good. The fit gives CV = 1.564(2) emu·K/mol, 𝛩𝑉 = - 22.5(5) K, and CNi = 1.043(2) emu·K/mol. This results in  𝜇𝑒𝑓𝑓,𝑉 = 3.54 𝜇𝐵 and  𝜇𝑒𝑓𝑓,𝑁𝑖 = 2.89 𝜇𝐵, 

again consistent with four V4+ and one Ni2+ per formula unit. The large value of 𝛩𝑉 demonstrates significant 

antiferromagnetic interactions between the V4+ ions.

Figure 5B shows the magnetization curve measured at 1.8 K. We observe a magnetic moment of 2.76 μB 

per formula unit at 7 T, where saturation is not yet reached. We assume that the Ni2+ moment is almost 

saturated at 7 T, and the residual moment stems from V4+ moments that are relatively weakly polarized due 

to their significant antiferromagnetic interactions. By modeling M(H) for Ni2+ with an ideal Brillouin 
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function for S = 1, we can subtract the Ni2+ contribution from the measured values and thus estimate M(H) 

for the sum of the V4+ ions, as shown in Figure 5B.

Thermal stability: The thermal stability of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 

2H2O was examined by thermogravimetric analysis (TGA) under both synthetic air and nitrogen 

atmospheres (Figure 6). The compound exhibits high thermal stability up to approximately 400 °C, with a 

minor mass loss of ~1.2% between 190 °C and 290 °C, attributed to the release of water molecules. In air, 

a significant mass loss of ~21% occurs between 400 °C and 460 °C, corresponding to the decomposition of 

the 2,2′-bipyridine ligands. A second mass loss step of ~25% is observed between 470 °C and 610 °C, 

associated with the breakdown of the phenylphosphonic acid (PPA) linkers. Under a nitrogen atmosphere, 

the initial mass loss of ~1.7% between 150 °C and 290 °C is attributed to the loss of water of crystallization. 

Decomposition of the framework begins around 400 °C but proceeds more gradually and without distinct 

stepwise losses. The final residue stabilizes at ~50% under air and at ~48% under nitrogen, consistent with 

reduced oxidation under inert conditions. 

Temperature-variable X-ray diffraction: We further assessed the thermal stability of the compound using 

temperature-variable in situ X-ray diffraction (XRD) up to 450 °C (Supplementary Information, 

Figure S7). The crystal structure remained stable up to 200 °C, after which the intensities of the observed 

Bragg reflections gradually decreased until 300 °C, indicating partial loss of order. Complete loss of 

crystallinity was observed around 350 °C. The presence of brown residues at 450 °C is consistent with 

thermal decomposition beginning around 400 °C. Temperature-variable XRD confirmed the absence of any 

phase transformation products, instead revealing a gradual loss of crystallinity while retaining the original 

diffraction positions. Supplementary Information, Figure S7 shows X-ray diffractograms with increasing 

temperature.

Chemical stability: Although MOF research has grown into one of the largest areas in materials chemistry, 

only a limited number of MOFs exhibit sufficient stability to withstand aqueous environments. This 

limitation is primarily due to the widespread use of water-soluble metal-carboxylate SBUs, which often 

lead to structural decomposition under humid conditions. In contrast, phosphonate linkers offer 

significantly stronger metal-binding affinity than carboxylates, making them promising candidates for 

improving MOF stability. Thus, we tested the chemical stability of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O. This compound was synthesized hydrothermally at 190 °C under strongly acidic 

conditions (pH 2), already suggesting a degree of intrinsic chemical stability. 

We first investigated the effect of pH on the structure and morphology of the material. The compound was 

exposed to various chemical environments by dispersing small amounts of the material in 20 mL glass vials 

containing aqueous solutions of varying pH (adjusted using HCl and KOH), as well as in ethanol and glacial 

acetic acid. The suspensions were stirred for one week. XRD was then used to evaluate structural integrity. 

Afterward, the samples were dried under vacuum at 60 °C for 24 h and analyzed by scanning electron 

microscopy combined with energy-dispersive X-ray spectroscopy (EDX) to investigate morphological and 

elemental changes. The micrographs in Figure 7 show a homogeneous distribution of all elements in the 
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sample, localized exclusively to the areas where the sample is present. These results indicate that the 

structure remains fully intact after one week of stirring under the tested conditions. This is a promising 

finding, as [(Ni(2,2’-bpy)3)]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O appears to be a redox-active 

MOF with high chemical stability. Long-term stability studies are currently underway to assess the 

structural integrity of the crystals over the course of a year.

We also tested the stability in aqueous media at specific pH values. Solutions at pH 2, pH 3, and pH 4 were 

prepared by diluting 1 mol/L HCl and checking the pH with a pH electrode. Upon stirring, the material 

exhibited no visible changes in crystal size, color, or morphology. At pH 2, after stirring for 1 min, the 

crystals of [(Ni(2,2’-bpy)3)]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O settled at the bottom of the vial, 

leaving the supernatant clear. After one week of stirring, no signs of deformations or dissolution patterns 

were observed on the crystals, as seen in Figure 8A. Similar tests were conducted at pH 10 and pH 12 (by 

dilution with a 1 mol/L KOH solution, analogous to the previous procedure). While the material remained 

visually unchanged at pH 10 for one week, increasing the pH to 12 resulted in complete dissolution of the 

crystals, yielding a precipitate-free solution.

X-ray diffractograms (Figure 9) demonstrate that the structural integrity of the MOF is preserved upon 

exposure to mildly acidic and basic environments (pH 2 to pH 10) after one week, as indicated by the close 

match between the experimental and simulated diffraction patterns. Mechanical treatment by mortar 

grinding for one week and prolonged exposure to glacial acetic acid do not induce noticeable changes in 

the diffraction pattern, indicating that the framework retains its crystallinity under moderate mechanical 

and chemical stress. These results highlight the high stability of the material across a broad pH range, with 

only extreme acidic and basic conditions compromising its structural integrity. The material retains 

structural integrity after being mortared, indicating that [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O can be processed into pellets, thin films, and membranes. It also forms slurries 

suitable for electrode fabrication, suggesting potential applicability in Li-ion battery electrodes.

Diffractograms of the electrodes used in the electrochemical characterization were recorded using a D8 

Discover diffractometer (Bruker AXS) with a copper X-ray source (Cu-Kα, λ = 1.5406 Å, 40 kV, 40 mA), 

a Göbel mirror, and a 1 mm point focus. The samples were fixed to a glass sample holder in the desired 

amount for preparation. Another glass substrate was gently pressed onto the sample to ensure homogeneity, 

and the excess sample was removed from the glass substrate.

Electrochemistry: The electrodes used in the electrochemical testing were prepared using [(Ni(2,2’-

bpy)3)]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O as active material, which was finely ground and 

mixed with conductive carbon black (C65, IMERYS Graphite&Carbon) and binder poly(vinylidene 

fluoride) (PVDF, Sigma-Aldrich) in a mass ratio of 7:2:1. PVDF was first dissolved in N-methyl-2-

pyrrolidone (NMP) with a mass ratio of 1:9 and stirred until it became homogeneous, and then added to the 

mixture of active material and conductive carbon. The consistency of the slurry was controlled by adding 

NMP and mixing in a speed mixer (DAC150.1 FVZ Hauschild). Subsequently, a small volume of NMP 

was added to produce a thick paste, and the mixture was mixed at 1000 rpm for 2 min, followed by 
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2500 rpm for 2 min. A mixture of 10 mass% PVDF in NMP was added to the paste and stirred at 800 rpm 

for 6 min. A small amount of NMP was added and speed-mixed at 800 rpm for 2 min until a uniform mixture 

was achieved. The coating was applied using the doctor blade method with an automatic coater (MTI Mini 

Cast Coater MSK-AFA-HC100) to achieve a wet thickness of 200 µm over copper and graphite foil. The 

coated electrodes were dried overnight at 85 °C in a vacuum oven. The roll-pressed foil was then punched 

into circles with a diameter of 10 mm, ready to use. The electrodes were individually weighed with a 

precision of 0.01 mg. The mass was normalized by the active material content (i.e., 70%), and only 

electrodes containing more than 1 mg of active material were used in electrochemical testing to ensure 

reliable measurements. 

To confirm that the active material did not degrade during electrode preparation, Raman analysis was done 

using a Renishaw InVia microscope with an excitation laser of 532 nm and a power of 87 µW. The spectra 

were obtained from 10 points with a 10 s exposure time and accumulated five times, then treated for cosmic 

ray removal and normalization. 

For the electrochemical characterization experiments, three-electrode polyethylene-ether-ketone (PEEK) 

cells equipped with spring-loaded graphite pistons were used.30 The electrochemical cells were assembled 

using a glass microfiber membrane (GF/A, Whatman) as a separator sandwiched between the working 

electrode of the active material and the counter-electrode prepared using YP-80F (Kuraray). The aqueous 

electrolytes consisted of phosphoric acid 0.1 mM (Sigma Aldrich 99%) with pH 4, sodium sulfate 1 M 

(Sigma Aldrich 99%) with pH 7, and sodium hydroxide 0.1 mM (Sigma Aldrich 99%) with pH 10. The 

electrochemical behavior of the active material was initially investigated using electrochemical impedance 

spectroscopy, performed from 100 kHz to 10 mHz at an open circuit potential of +0.406 V vs. Ag/AgCl 

(3 M) for pH 2, +0.350 V vs. Ag/AgCl (3 M) for pH 7, and -0.826 V vs. Ag/AgCl (3 M) for pH 10, all 

measured for 1 h prior to analysis. Next, cyclic voltammetry was performed at different scan rates (1-

100 mV/s) in a potential window of -0.8 V to +0.8 V vs. Ag/AgCl (3 M). The electrochemical stability and 

specific capacitance of the active material were investigated using galvanostatic cycling with potential 

limitation (GCPL, at a high rate of 1 A/g) in a potential window of 0 V to +0.8 V vs. Ag/AgCl (3 M), where 

the specific capacitance (CS in F/g) was calculated from each cycle discharge with constant current 

according to:𝐶𝑠= 𝑖 ∙∆𝑡𝑚∙∆𝐸 (3)∆𝑡 𝑚∆𝐸

The effects of the electrode preparation on the morphology and structure of [Ni(2,2’-

bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O were characterized by XRD, as shown in 
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Supplementary Information, Figure S8A-B. The diffractogram of the electrode displays the characteristic 

reflections of the material at 6.72° 2θ, 13.54° 2θ, and 20.38° 2θ, suggesting no significant changes in the 

material’s structure. However, the intensity is suppressed by the copper current collector 50.34° 2θ, 

confirming the structural stability of the active material during electrode preparation.

Raman spectroscopy was used to investigate the electrode preparation and its impact on the chemical 

stability of the material, as presented in the Supplementary Information, Figure S8C-D. Overall, there are 

no significant changes in the spectra from the pristine material to the electrode, except for the contribution 

from the carbon additive. Moreover, the spectra further highlight the presence of a metallic center as shown 

by the shifts in 182 cm-1 related to the V-O-P lattice mode, the presence of two signals at 1028 and 1065 cm-

1, which can be associated with an M(Ni,V)-O-P stretching vibration.31,32 The bands around 969 cm-1 and 

998 cm-1 are associated with the symmetric and asymmetric stretches of P-O bonds.33 Moreover, it is also 

possible to observe the bands corresponding to the O-V-O bonds in the range of 338 cm-1 to 472 cm-1, 

symmetric stretching characteristic signals of O-V-O are present at 723 cm-1 and 771 cm-1, along with a 

stretching vibration with a frequency of 855 cm-1.34 At higher frequencies, the C-H and ring deformation of 

bipyridine molecules are much more prominent, with the characteristic sharp bands displaying at 3061 cm-

1 and 3080 cm-1.35,36 These results further corroborate with the observation of chemical stability of the 

material during electrode preparation. 

[Ni(2,2’

[Ni(2,2’

[Ni(2,2’

To further study the electrochemical behavior [Ni(2,2’
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[Ni(2,2’

To evaluate competing energy storage mechanisms, b-values were extracted from the scan rate dependence 

of the cyclic voltammogram peak currents (𝑖𝑝𝑒𝑎𝑘 = 𝑎 ∙ 𝜈𝑏);45,46 results are shown in Supplementary 

Information, Figure S10A. b-values ranging from 0.5 to 1 indicate a transition from diffusion-controlled 

processes (present in battery materials) to non-diffusion-controlled processes limited to electrode surfaces 

(present in capacitive/pseudocapacitive materials).46-48 The fitted b-values are 0.84 (pH 7), 0.64 (pH 4), and 

0.52 (pH 10), indicating a higher non-diffusion-controlled contribution at neutral pH, a mixed mechanism 

at pH 4, and largely diffusion-limited behavior at pH 10. These results imply that electrochemical charge 

storage occurs primarily within the near-surface volume, with a stronger pseudocapacitive component 

under neutral conditions. An analysis of diffusion- and non-diffusion-controlled contributions 

(Supplementary Information, Figure S10B-D) shows that the relative diffusion contribution increases with 

scan rate and depends on electrolyte.

further demonstrate that the system’s mechanism and kinetics are closely linked to the interactions 

[Ni(2,2’

Ω at 

Ω at pH Ω at pH

The electrochemical stability of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O was 

further investigated over 10,000 charge-discharge cycles using GCPL at a current density of 1000 mA/g 
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within a 0 to 0.8 V vs. Ag/AgCl potential window, under various electrolyte conditions, as shown in 

Figure 10D. The highest specific capacitance was observed under neutral conditions, reaching 79 F/g at a 

specific current of 1 A/g. This performance is comparable to values reported in the literature, which are 

typically achieved using more aggressive electrolytes.38,39,50 In the pH 4 electrolyte, the material exhibited 

a stable specific capacitance of 43 F/g, while at pH 10, it retained only a low and stable value of 0.1 F/g. 

This difference highlights the relationship between electrochemical stability and charge storage 

performance under different protonation conditions. The electrochemical stability was also investigated at 

slower specific currents to probe kinetic effects and handling robustness (Supplementary Information, 

Figure S10E, pH 7; Supplementary Information, Figure S10F, pH 4, 10-500 mA/g). Under pH-neutral 

conditions, the material showed good stability, delivering an initial specific capacity of 46 mAh/g (101 F/g), 

while under acidic conditions, the initial specific capacity dropped to 16 mAh/g (36 F/g) at 10 mA/g. Upon 

increasing the specific current to 500 mA/g, the capacity dropped to 10 mAh/g (23 F/g) at pH 7 and 

2 mAh/g (5 F/g) at pH 4. When the current was returned to 10 mA/g, the capacity recovered, indicating 

reversible behavior. For comparison, considering the Ni(II) ⇄ Ni(III) and V(IV) ⇄ V(V) redox couples 

(seven electrons total) yields a theoretical capacity of 96 mAh/g. 

A recent review by Walsh and Forse provides a comprehensive summary of the top-performing MOFs used 

as electrode materials for supercapacitors.51 Among them, Ni3(HITP)2 stands out, achieving a specific 

capacitance of 84 F/g at a scan rate of 5 mV/s in a [BF4] ionic liquid electrolyte. Despite its high capacitance 

and use of a relatively mild electrolyte, Ni3(HITP)2 suffers from limited long-term stability.51 Many MOF-

based electrodes exhibit rapid degradation after the initial cycles and are generally less stable in water and 

aqueous environments. The review highlights several key challenges in the field, including narrow voltage 

stability windows, poor rate performance, and low cycling durability. As MOF-based supercapacitors 

remain an emerging research area, only a limited number of MOFs have been investigated for such 

applications.

To our knowledge, no previously reported MOFs combine long-term stability in aqueous electrolytes with 

sustained electrochemical performance. Our hybrid material, [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O, retains its capacitance after 10,000 cycles in pH 4, pH 7, and pH 10 electrolytes. 

Its retained charge-storage performance in these media is superior to benchmark materials such as MXenes 

under similar conditions.52 In terms of shelf stability, commonly cited robust MOFs (e.g., UiO-66) remain 

intact for only a few months in air; by contrast, the first batch of our material, synthesized a year ago, shows 

no visible degradation, indicating substantially improved long-term stability.

Surface area measurements: We measured surface area and water sorption to probe how water interacts 

with the framework and its ability to transport water into the lattice. As shown in Supplementary 

Information, Figure S11, water of crystallization can be removed and subsequently re-adsorbed without 

loss of the [Ni(2,2’-bpy)3]2+ complexes, confirming an ultramicroporous structure. The reversible uptake 

(12 mg/g) agrees well with the theoretical value (16 mg/g).
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Conclusions: Unlike many conventional MOF electrodes, the nickel-vanadium phosphonate MOF reported 

here exhibits exceptional hydrolytic stability in both acidic and basic media. In neutral Na2SO4 (pH 7) at a 

scan rate of 1 mV/s, the material attains a specific capacitance of 300 F/g. Under practical current loading 

(1 A/g), it delivers stable specific capacitances of ≈80 F/g in neutral Na2SO4 and ≈43 F/g in acidic H3PO4, 

retaining performance over 10,000 cycles without measurable degradation (Figure 10D). Although the 

absolute capacitance is lower than some alkaline-optimized systems, the combination of broad pH stability 

(pH 2-10) and robust charge storage in environmentally benign electrolytes is exceptional.

These properties arise from the strong phosphonate backbone and layered vanadium phosphonate 

architecture, which confer enhanced hydrolytic resistance relative to carboxylate- or imidazolate-based 

MOFs.53,54 The one-pot, aqueous, low-temperature hydrothermal synthesis is in line with efforts toward 

more sustainable MOF preparation strategies.55 Structural and spectroscopic characterization indicate a 

mixed-valence vanadium network (V4+/V5+) with embedded redox-active [Ni(2,2’-bpy)3]2+ complexes, 

producing dynamic redox behavior. Magnetic data support the proposed V4+/V5+and Ni2+ assignments, and 

temperature-variable XRD shows the primary diffraction features persist to 300 °C. Electrical conductivity 

along the needle axis is low (<3 × 10-7 S/m), indicating charge storage proceeds via surface and redox 

processes rather than bulk electrical conduction.

Overall, this vanadium phosphonate MOF expands the scope of MOF-based electrode materials by 

demonstrating stable, high-performance charge storage in aqueous environments. Its durable chemistry, 

sustainable synthesis, and demonstrated electrochemical resilience make it a promising candidate for next-

generation aqueous energy-storage applications and motivate further exploration of phosphonate-based 

frameworks for practical devices.
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Figures

Figure 1. Synthesis of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O (top) and 

production of non-crystalline material during fast heating and cooling (bottom).
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Figure 2. a) Representation of crystal structure of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- 

· 2H2O b) representation of the layered [(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- motif. c) Visualization of 

pore channels showing the embedding of [Ni(2,2’-bpy)3]2+ complexes within the interlayer spaces of the 

anionic [(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- layers, highlighting potential pore sites. D) Visualization of 

the [(Ni(2,2’-bpy)3)]2+ complexes within the pores of [(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·



144

Figure 3. Tauc plot derived from reflection and transmission spectra measured on a sample of crystal 

powder clamped between two glass plates.
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Figure 4. Photoluminescence spectrum of the crystal powder (black), cleaved between two glass plates. 

The sample was excited with a 405 nm laser. The grey Gaussian function indicates the traces of the 

excitation light source. The two blue Gaussian curves were fitted to the data, optimized to yield a maximum 

agreement between the sum of the three Gaussians (blue dashed line) and the measured data points.
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Figure 5. A) Inverse magnetic susceptibility as a function of temperature. Raw data (upper curve) together 

with a fit (red line) to Eq. (1) and the same data corrected for the diamagnetic contribution (lower curve) 

together with the Curie-Weiss extrapolation (red dotted line). The insert shows a blow-up of the low-T 

region, highlighting a marked increase of slope below ~12 K. Here, the blue line shows the fit to Eq. (2) 

that ascribes the increased slope to the Curie term from Ni2+ ions. B) Field dependence of the magnetization 

measured at 1.8 K, suggesting a saturation magnetization of ~3 μB at this temperature. Modelling M(H) for 

Ni2+
 with an ideal Brillouin function for S = 1 (red line), the Ni2+

 contribution is subtracted from the 

measured values (full circles), resulting in an estimate of M(H) for the sum of the V4+ ions (open circles).
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Figure 6. Thermogravimetric analysis of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O 

under nitrogen (blue curve) and synthetic air (black curve).
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Figure 7: Scanning electron micrographs of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 

2H2O after stirring in ethanol (A) or glacial acetic acid (B) for one week (green = nickel, purple = vanadium, 

red = phosphorus).
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Figure 8. Scanning electron micrographs of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 

2H2O after stirring for one week in aqueous solution at pH 2 (A), pH 3 (B), pH 4 (C), and pH 10 (D).
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Figure 9: X-ray diffractograms of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O. (A) 

Comparison of the simulated pattern (based on the single-crystal structure) with experimental patterns of 

crystals after washing with water and ethanol, both before and after mortaring, as well as after stirring in 

concentrated acetic acid for one week. (B) Comparison of the simulated pattern with experimental patterns 

of samples stirred in aqueous solutions at pH 2, pH 3, pH 4, and pH 10 for one week. All samples were 

measured in transmission mode without further treatment.
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Figure 10. A) Cyclic voltammograms of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O 

in different pH electrolytes. B) Cyclic voltammograms of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-

O)2(C6H5PO3)6]2- · 2H2O at different scan rates in pH 7. C) Electrochemical impedance spectra of [Ni(2,2’-

bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O at different pH values. Inset: Equivalent circuit used 

for data analysis. D) Capacitance retention analysis at 1 A/g for 10000 cycles of [Ni(2,2’-

bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O in different pH electrolytes.
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Inductively coupled plasma optical emission spectroscopy (ICP-OES): Inductively coupled plasma 

optical emission spectroscopy (ICP-OES) was performed to confirm the molar ratio of Ni and V in the 

crystal structure. 

Approximately 1 mg of the solid compound was weighed onto a PTFE weighing boat and transferred to a 

digestion tube before 2 mL of ultrapure nitric acid (w = 0.67) was added to it. The samples were digested 

using the MARSXpress 2.0 microwave (CEM). For this purpose, the samples were heated to 200 °C within 

25 min at 7.2 °C/min and the temperature was held at 200 °C for 30 min. The clear solution was made up 

to a volume of 50 mL in a volumetric flask and measured using an Agilent ICP-OES 5800 connected to an 

Agilent SPS 4 Autosampler. For the measurement of the nickel content the wavelengths 222 nm and 232 nm 

were used while 292 nm, 309 nm, and 313 nm were used to determine the vanadium content. 

Table S1. ICP–OES-derived Ni and V contents and calculated Ni:V ratios for [Ni(2,2’-
bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O. 

Sample Ni (µg/mg) V (µg/mg) Ni:V (molar) Ratio (calc.)

1 28.9 147.3 0.17 1:5.85

2 27.6 139.8 0.17 1:5.88

3 29.3 149.7 0.17 1:5.92

4 27.9 142.4 0.17 1:6.02

5 28.2 143.3 0.17 1:5.99

Elemental analysis of nickel and vanadium was performed in five independent ICP-OES measurements 

after external calibration for each element with R-values of 0.9999 to 1.000. The results were normalized 

to the sample mass and converted to molar amounts to determine the metal stoichiometry. The five 

measurements yield a consistent molar ratio of Ni:V = 1 : (5.93 ± 0.06). The small standard deviation 

demonstrates the high reproducibility of the analysis and confirms the expected stoichiometry of the 

compound. 
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Figure S1. X-ray photoelectron survey scan of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 
2H2O. 

Figure S2. X-ray photoelectron elemental fractions.
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Figure S3. X-ray photoelectron O 1s - V 2p spectrum including the combined fitting of the V 2p and the O 
1s signal and indicates the presence of several oxidized vanadium species.

Figure S4. X-ray photoelectron spectrum. The shape of the highly resolved measured Ni 2p peak indicates 
the presence of Ni2+.
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Figure S5. Photoluminescence spectrum of the crystal powder (black), as displayed in Figure 4 in the 
manuscript, but plotted as a function of photon energy instead of wavelength.

Figure S6. Four crystal needles fixed with conductive silver paint on both ends onto a glass substrate paint. 
Glass dimensions are approximately 25x25 mm2. The red scale bar indicates a length of approximately 
1.5 mm.
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Sample preparation for PL spectrum: To fix the crystals in a plane, crystal powder was spread on the 
center of a glass slide (25x25 mm²). The edge of the glass slide was coated with ultraviolet (UV) curable 
glue (Delo), onto which a second glass slide was applied. The glue was then cured with UV light, avoiding 
exposure of the powder to UV light.

Figure S7. Temperature dependent X-ray diffraction data of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-
O)2(C6H5PO3)6]2- · 2H2O (a.u. is arbitrary units).
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Figure S8. A-B) Raman spectra and C-D) X-ray diffractograms of [(Ni(2,2’-bpy)3)]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2-·2H2O 
pristine sample and prepared electrode, respectively.
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Figure S9. Cyclic voltammetry of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O for 
different scan rates from 0.1 mV/s to 10 mV/s in A-B) pH 7 electrolyte (1 M Na2SO4), C-D) pH 4 
electrolyte (0.001 M H3PO4) and E-F) pH 10 electrolyte (0.1 mM NaOH).
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Figure S10. A) b-value analysis of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O in 
different electrolytes. B) Current contribution at pH 7 electrolyte (1 M Na2SO4). C) Current contribution at 
pH 4 electrolyte (0.001 M H3PO4). D) Current contribution at pH 10 electrolyte (0.1 mM NaOH). Rate 
handling experiments at E) pH 7 electrolyte (1 M Na2SO4) and F) pH 4 electrolyte (0.001 M H3PO4).
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XPS analyses: XPS analyses were carried out using a Kratos Axis Supra (Kratos Analytical Ltd., 
Manchester, UK) spectrometer with a monochromatic Al Kα source (10 mA, 15 kV). The Kratos charge 
neutralization system was applied during the acquisition. The survey scan was performed with an analysis 
area of 300 x 700 µm and a pass energy of 160 eV. The high-resolution analyses of Ni 2p and O 1s/V 2p 
regions were performed at 15 mA and 15 kV and with a pass energy of 10 eV. All spectra were charge-
corrected to the O-lattice component in the O 1s signal to 530.0 eV. A standard Shirley background was 
used for all spectra. The spectra were analyzed using CasaXPS software (version 2.3.15). 

Table S2. Nyquist equivalent circuit fitting

(Ω) (Ω)
(Ω)

2.48∙10 1.03∙10
8.67∙10 2.22∙10
7.55∙10 2.37∙10

Single-crystal X-ray crystallography: Intensity data of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-
O)2(C6H5PO3)6]2- · 2H2O were collected at 100 K on a Bruker Venture D8 diffractometer with graphite-
monochromated Mo-K (0.7107 Å) radiation. All structures were solved by direct methods and refined 
based on F2 by use of the SHELX program package as implemented in OLEX 2 version 1.5.[1-3] All non-
hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms attached to 
carbon atoms were included in geometrically calculated positions using a riding model. Graphics were 
drawn with the program Mercury 2025.3.3 [4]. Crystal data and structure refinement for Vanadium-
Phosphonate-MOF are given in Table S3. The CCDC number is 2479918 respectively, and contain the 
supplementary crystallographic data reported in this paper. These data can be obtained free of charge from 
the Cambridge Crystallographic Data Centre (CCDC) via www.ccdc.cam.ac.uk/data_request/cif.

http://www.ccdc.cam.ac.uk/data_request/cif
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Table S3. Crystal data and structure refinement.

[Ni(2,2’

α/°
β/°
γ/°

ρ
μ/mm

a (λ=0.71073 Å)
2Θ range for data collection/°

−33≤ ≤33,−28≤ ≤30,−12≤ ≤

σ

X-ray diffractograms of [Ni(2,2’-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2- · 2H2O elevated 
temperatures were recorded on a D8-A25-Advance diffractometer (Bruker AXS) in Bragg-Brentano θ-θ-
geometry (goniometer radius 280 mm) with Cu Kα-radiation (λ = 154.0596 pm) using a XRK 900 (Anton 
Paar GmbH) reactor chamber. The samples were prepared on Si zero-background sample holders and 
investigated in air in the temperature range of 50 °C to 450 °C with intervals of 100 °C with heating rates 
of 10 K/min, respectively. A 12 µm Ni foil working as Kβ filter and a variable divergence slit were mounted 
at the primary beam side. The secondary beam side was equipped with a LYNXEYE detector (192 
channels). Diffraction patterns were recorded between 6° and 60° 2θ with a step size of 0.013° and a total 
scan time of 1 h for each temperature. The thermal expansion of the reaction chamber and sample holder 
was determined using elemental Si (NIST Standard reference material 640f, a = 5.4311(1) nm). The 
obtained data was refined using the Bruker TOPAS 5.0 software package,[5] keeping the lattice parameter 
of Si fixed while refining the height displacement. This was conducted for different temperatures from 
which a linear regression was determined. For the subsequent measurements, the z-height was modified by 
the previously determined values as a function of the temperature used.
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Water Adsorption: All sorption measurements were done on the BELSorp-max II by MicrotracBEL 
Corporation. 

Figure S11. Water sorption isotherm in mg/g at 293 K (filled adsorption, empty desorption).

Water sorption isotherm at 293 K (Figure S11) was measured with clearly detectable adsorption and a 
hysteresis over the whole measurement range. The adsorption isotherm most closely resembles Type II of 
the IUPAC classification which indicates relatively strong water-surface interactions of a hydrophilic 
material. [6] The high slope in the intermediate pressure range and the pronounced hysteresis point to 
additional adsorption in very narrow, water accessible domains that are not detected in nitrogen sorption 
but become available after removal of water of crystallization. This interpretation is also in line with the 
crystal structure.
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3.4 Co-Author contributions

Metal–Organic Azolate Frameworks with an Acetylene-bis-pyrazolate Linker: Assessing 
the Role of the Triple-Bond Spacer in Gas and Vapor Sorption

Dustin N. Jordan, Tim Müller, Robert Oestreich, Till Strothmann, István Boldog, Christoph 
Janiak

Cryst. Growth Des. 2024, 24, 3837–3854. DOI: 10.1021/acs.cgd.4c00165

Abstract: 

The reaction of the diprotonated linker precursor in the form of the salt [H4bpe2+](TFA–)2 (H2bpe 
= 1,2-bis(1H-pyrazol-4-yl)ethyne; HTFA = trifluoroacetic acid) with Zn(NO3)2·4H2O in DMF at 
75 °C for 9 days led to single crystals of the metal–organic framework (MOF) [Zn(bpe)]·1.8DMF 
(ortho-1·1.8DMF) (HHUD-5). The compounds crystallize in the orthorhombic space group Fddd 
with rhombic channels, and is a polymorph of the previously reported structure of 
[Zn(bpe)]·1.2DMF (tetra-1·1.2DMF) that crystallizes in the tetragonal space group P42/mmc and 
features square channels as established from powder X-ray diffraction (PXRD) data. Microporous 
ortho-1 and tetra-1 demonstrate similar porosities with surface areas (pore volumes) of 2135 m2/g 
(0.77 cm3/g at p/p0 = 0.95) and 1904 m2/g (0.73 cm3/g at p/p0 = 0.95) when an optimized activation 
is employed (1380 m2/g was reported previously for tetra-1). Reaction of the boc-protected linker 
precursor Boc2bpe with Ni(OAc)2·4H2O in DMF/water under reflux yielded the MOF 
[Ni8(OH)4(H2O)2(bpe)6]·nSolv (2·nSolv, HHUD-6), which crystallized in the cubic space group 𝐹𝑚3̅𝑚 established from PXRD. Compound 2 is the newest member of the isoreticular series of 
[Ni8(OH)4(H2O)2L6] (L = bis-pyrazolate or carboxylate-pyrazolate) and exhibits a surface area of 
1415 m2/g and a pore volume of 0.78 cm3/g at p/p0 = 0.80. The CO2 uptake at 273 K and 1 bar 
was 3.99 mmol/g for ortho-1 and 5.84 mmol/g for 2; the CH4 uptake was 1.11 mmol/g for ortho-
1 and 1.64 mmol/g for 2, all in line with the higher heat of adsorption of the gases in 2, where 
open metal sites are possible after activation. Above 2 bar for CO2, and above 6 bar for CH4, the 
uptake in ortho-1 surpasses that in 2 due to the higher surface area of ortho-1. Both MOFs show 
high H2 uptakes of 11.6 mmol/g for ortho-1 and 8.7 mmol/g for 2 at 77 K and 1 bar. Comparison 
to the CO2, CH4, and H2 uptake in the analogous MOFs with the slightly longer 4,4′-(1,4-
phenylene)bis(pyrazolate) linker (having phenylene instead of acetylene spacer) suggests an 
advantage of the −C≡C– triple bond. Vapor adsorption experiments with volatile organic 
compounds at 293 K for ortho-1 yielded uptakes of 8.2 mmol/g for benzene, 6.6 mmol/g for 
cyclohexane, and 5.7 mmol/g for n-hexane with type I isotherms. Compound 2 gave uptakes of 
10.4 mmol/g for benzene, 10.7 mmol/g for cyclohexane, and 8.8 mmol/g for n-hexane with type 
II isotherms. Both MOFs are water stable as indicated by water vapor sorption and stability tests 
which also show a hydrophobicity of the bpe2– linker.

Contributions to the publication:

• Conducted vapor sorption isotherm measurements for various volatile organic 
compounds (VOCs).

• Review and correction of the final manuscript as co-author
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4. Summary

The goal of this work was to establish stable metal phosphonates and phosphonate-based 
coordination networks as electrode materials for aqueous electrolytes. The materials should 
operate reliably while still offering tunable redox chemistry. A key objective was to identify 
framework motifs that remain intact across a broad pH range and in concentrated salt solutions. 
The work also examined how ion accessibility and redox site density control the pseudocapacitive 
response. Another aim was to translate chemical robustness into practical electrodes. Where 
needed, phosphonate phases were embedded in a conductive carbon scaffold to ensure electronic 
percolation. The contribution of conductive additives was kept as low as possible. To attribute 
charge storage to the framework, additive blank values were measured and subtracted. 
Electrochemical testing was combined with phase sensitive post-mortem characterisation 
whenever feasible.

In the first project, lanthanide-based phosphonate coordination networks were explored using 
Eu3+, Er3+ and Gd3+ together with diamantane-4,9-bis(hydrogenphosphonate) as a linker. The 
work shows that crystalline and structurally well-defined metal phosphonates can be obtained 
from this linker class under hydrothermal conditions, and it highlights key challenges that are 
characteristic for phosphonate chemistry, in particular controlled deprotonation and structure 
directing effects during framework formation. At the same time, the study revealed a practical 
limitation. Reproducibility, phase purity and scalability were not sufficiently robust to enable 
systematic functional measurements in the targeted directions of sensing and proton conduction. 
Nevertheless, the project provided an important methodological outcome. It identified critical 
synthetic parameters and bottlenecks that govern the transition from structural chemistry to 
reliable application testing. Based on these insights, the thesis then shifted to redox active Cu, Ni 
and V phosphonate frameworks, where robustness and function could be evaluated directly as 
electrode materials for aqueous supercapacitors.

The Cu/V compound, [Cu(2,2′-bpy)VO(O3PC6H5)2], demonstrates that phosphonate frameworks 
can be both robust and electrochemically active over a broad, practically relevant pH range. The 
material does not require highly concentrated acid or base to operate. Notably, the solvothermally 
obtained crystals exhibit unusual mechanical compliance and can exfoliate into thin crystalline 
sheets while retaining structural integrity upon bending. In mild aqueous electrolytes, the material 
reaches about 140 F g-1 at 1 mV s-1 under mildly acidic and mildly alkaline conditions, while 
charge storage in near neutral electrolyte is kinetically slower, consistent with increased diffusion 
contributions, as also reflected by impedance analysis. Here, chemical stability refers to phase 
retention in stirring tests, whereas electrochemical stability is assessed by phase-sensitive post-
mortem analyses after cycling under the respective electrolyte conditions. Importantly, this work 
shows that meaningful stability claims require verification beyond morphology. After extended 
cycling up to 10000 cycles, Raman spectroscopy, PXRD and SEM-EDX confirm no evidence for 
major loss of phase identity and elemental distribution, with characteristic diffraction features 
preserved after cycling at pH 7 and pH 10, supporting genuine phase integrity under these 
conditions. Complementary stirring tests further support chemical robustness over a wide pH 
window, with phase purity maintained from pH 2 to pH 12.

In the final work, a new hybrid MOF, [Ni(2,2′-bpy)3]2+[(VO(H2O))2(VO)4(µ-O)2(C6H5PO3)6]2−

·2H2O, was obtained via a reproducible one pot hydrothermal synthesis. The redox active 
[Ni(2,2′-bpy)3]2+ complex forms in situ and is incorporated between anionic vanadium 
phosphonate layers. This was confirmed by comprehensive analyses using SCXRD, PXRD, XPS, 
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ICP-OES and measurement of magnetic properties. Temperature dependent PXRD indicates high 
thermal robustness, with the main reflections retained up to about 300 °C. In aqueous 
supercapacitor tests, the material delivers competitive capacitance in neutral Na2SO4 (pH 7) and 
acidic H3PO4 (pH 4). It maintains stable performance beyond 10000 cycles. The crystals also 
remain chemically stable for at least one week between pH 2 and pH 10, confirmed by PXRD. 
Kinetic analysis and impedance spectroscopy reveal a pronounced electrolyte dependence. 
Charge transfer is most facile in neutral electrolyte. The response is also more surface controlled 
under these conditions. In acidic and alkaline media, diffusion contributions become more 
dominant. Interfacial kinetics are more hindered. Overall, these results demonstrate that 
phosphonate backbones can expand the operational window of MOF like electrodes in water. 
They also show that electrolyte dependent interfacial kinetics must be addressed through electrode 
architecture and conductive composites to fully exploit the advantages of the high density of redox 
active metal centres. Preliminary Li-ion battery tests indicate additional potential of this material, 
but these results are outside the scope of the present thesis and will be reported separately.

In summary, these results support three conclusions. First, phosphonate coordination networks in 
aqueous media can combine chemical robustness with tunable redox behaviour. This also applies 
to nearly neutral salt electrolytes as well as moderately acidic and basic electrolytes, in which 
many coordination networks and MOFs rapidly decompose or achieve only limited capacity. 
Second, electrode architecture is crucial for performance. Many phosphonate networks have low 
intrinsic conductivity, so a conductive carbon framework is often needed to improve charge 
transport. Future work should therefore focus on developing intrinsically conductive phosphonate 
MOFs to reduce or completely eliminate the need for conductive additives. Third, reliable 
statements on stability and mechanism require phase-sensitive testing after measuring a sufficient 
number of charge/discharge cycles. Whenever possible, Raman spectroscopy, PXRD and/or 
related methods should be used after measurement, as morphology alone can easily lead to 
misinterpretation of the active phase.

Overall, this work supports the thesis that phosphonate coordination polymers and phosphonate 
MOFs are a promising, yet under-explored family of electrodes for supercapacitors with aqueous 
electrolytes. In particular, it demonstrates their potential in salt solutions and in mildly acidic or 
basic media. At the same time, it supports more sustainable device concepts because it reduces 
dependence on highly corrosive acids, bases or organic electrolytes, thereby also increasing safety 
in applications. Finally, it formulates practical design rules for converting robust crystals into 
reproducible, device-relevant composite electrodes.



168

5. References

 IPCC, 2023: Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland.
DOI: 10.59327/IPCC/AR6-9789291691647.

 International Energy Agency (IEA), Global Energy Review 2025: Key findings, 2025. 
https://www.iea.org/reports/global-energy-review-2025/key-findings (accessed: 23.12.2025)
J. Casey, Ember: World surpasses 40% clean power as renewables see record rise, Energy Global, 2025.
https://www.energyglobal.com/special-reports/09042025/ember-world-surpasses-40-clean-power-as-renewables-see-record-rise/
(accessed: 23.12.2025)

 E. Graham, N. Fulghum, K. Altieri, Global Electricity Review 2025, Ember, 2025.
https://ember-energy.org/latest-insights/global-electricity-review-2025/ (accessed: 23.12.2025)
A. Gurzu, The U.S. and China drive data centre power consumption, Cipher, 2023.
https://www.ciphernews.com/articles/the-u-s-and-china-drive-data-centre-power-consumption/ (accessed: 23.12.2025)

 International Energy Agency (IEA), Energy and AI, 2025
https://iea.blob.core.windows.net/assets/601eaec9-ba91-4623-819b-4ded331ec9e8/EnergyandAI.pdf (accessed: 28.12.2025)
International Energy Agency (IEA), Renewables 2024, 2024. https://www.iea.org/reports/renewables-2024 
(accessed: 23.12.2025)
European Commission, The European Green Deal, 2024. 
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en (accessed: 23.12.2025)

 E. E. Che, K. R. Abeng, C. D. Iweh, G. J. Tsekouras, A. Fopah-Lele, Energies 2025, 18, 689. DOI: 10.3390/en18030689
 H. Zsiborács, N. H. Baranyai, A. Vincze, L. Zentkó, Z. Birkner, K. Máté, G. Pintér, Electronics 2019, 8, 729. 
DOI: 10.3390/electronics8070729
 S. Ludig, M. Haller, E. Schmid, N. Bauer, Energy 2011, 36, 6674–6685. DOI: 10.1016/j.energy.2011.08.021
 A. J. Cavallo, J. Sol. Energy Eng. 2001, 123, 387–389. DOI: 10.1115/1.1409556
 S. K. Suraparaju, M. Samykano, J. R. Vennapusa, R. K. Rajamony, D. Balasubramanian, Z. Said, A. K. Pandey, J. Energy Storage 
2025, 125, 116923. DOI: 10.1016/j.est.2025.116923
M. Kolaczkowski, World Economic Forum, Explainer: The role of energy storage technologies in the energy transition, 2024.
https://www.weforum.org/stories/2024/11/the-role-of-energy-storage-technologies-in-the-energy-transition/ 
(accessed: 23.12.2025)

 I. E. Atawi, A. Q. Al-Shetwi, A. M. Magableh, O. H. Albalawi, Batteries 2023, 9, 29. DOI: 10.3390/batteries9010029
 C. K. Das, O. Bass, G. Kothapalli, T. S. Mahmoud, D. Habibi, Renew. Sustain. Energy Rev. 2018, 91, 1205–1230. 
DOI: 10.1016/j.rser.2018.03.068

 A. A. Kebede, T. Kalogiannis, J. V. Mierlo, M. Berecibar, Renew. Sustain. Energy Rev. 2022, 159, 112213. 
DOI: 10.1016/j.rser.2022.112213

 X. Luo, J. Wang, M. Dooner, J. Clarke, Appl. Energy 2015, 137, 511–536. DOI: 10.1016/j.apenergy.2014.09.081
 P. Parvizi, M. Jalilian, A. M. Amidi, M. R. Zangeneh, J.-R. Riba, Micromachines 2025, 16, 194. DOI: 10.3390/mi16020194
 S. S. Madani, Y. Shabeer, F. Allard, M. Fowler, C. Ziebert, Z. Wang, S. Panchal, H. Chaoui, S. Mekhilef, S. X. Dou, K. See, K. 
Khalilpour, Batteries 2025, 11, 127. DOI: 10.3390/batteries11040127

 J. Xu, H. Li, S. Hua, H. Wang, Front. Energy Res. 2025, 13, 1528691. DOI: 10.3389/fenrg.2025.1528691
 A. Berrueta, A. Ursúa, I. S. Martín, A. Eftekhari, P. Sanchis, IEEE Access 2019, 7, 50869–50896. 
DOI: 10.1109/ACCESS.2019.2908558

 G. Wang, Z. Lu, Y. Li, L. Li, H. Ji, A. Feteira, D. Zhou, D. Wang, S. Zhang, I. M. Reaney, Chem. Rev. 2021, 121, 6124–6172. 
DOI: 10.1021/acs.chemrev.0c01264

 R. Kötz, M. Carlen, Electrochim. Acta 2000, 45, 2483–2498. DOI: 10.1016/S0013-4686(00)00354-6
 F. Rafik, H. Gualous, R. Gallay, A. Crausaz, A. Berthon, J. Power Sources 2007, 165, 928–934. 
DOI: 10.1016/j.jpowsour.2006.12.021

 K. Breitsprecher, C. Holm, S. Kondrat, ACS Nano 2018, 12, 9733–9741. DOI: 10.1021/acsnano.8b04785
 M. E. Şahin, F. Blaabjerg, A. Sangwongwanich, Energies 2022, 15, 674. DOI: 10.3390/en15030674
 V. Durvasulu, R. C. Koripella, T. Mosier, Technology Strategy Assessment: Findings from Storage Innovations 2030 
Supercapacitors, U.S. Department of Energy, Washington, DC, USA, 2023. 
https://www.energy.gov/sites/default/files/2024-02/10_Technology%20Strategy%20Assessment%20-
%20%2310%20Supercapacitors_508_rev.pdf (accessed: 28.12.2025)

 B. Pal, S. Yang, S. Ramesh, V. Thangadurai, R. Jose, Nanoscale Adv. 2019, 1, 3807–3835. DOI: 10.1039/C9NA00374F
 J. Zhang, M. Gu, X. Chen, Micro Nano Eng. 2023, 21, 100229. DOI: 10.1016/j.mne.2023.100229
 W. Liu, X. Sun, X. Yan, Y. Gao, X. Zhang, K. Wang, Y. Ma, Batteries 2024, 10, 271. DOI: 10.3390/batteries10080271
 O. G. Gnonhoue, A. Velazquez-Salazar, E. David, I. Preda, Polymers 2021, 13, 766. DOI: 10.3390/polym13050766 
 H. Zhang, F. Lu, H. Hofmann, W. Liu, C. C. Mi, IEEE Trans. Power Electron. 2018, 33, 665–675. 
DOI: 10.1109/TPEL.2017.2662583

 K. H. Yi, IEEE Wireless Power Transfer Conf., 2016, 1–3. DOI: 10.1109/WPT.2016.7498857
 H. Palneedi, M. Peddigari, G.-T. Hwang, D.-Y. Jeong, J. Ryu, Adv. Funct. Mater. 2018, 28, 1803665. DOI: 10.1002/adfm.201803665
 J. M. Lim, Y. S. Jang, H. V. T. Nguyen, J. S. Kim, Y. Yoon, B. J. Park, D. H. Seo, K.-K. Lee, Z. Han, K. Ostrikov, S. G. Doo, 
Nanoscale Adv. 2023, 5, 615–626. DOI: 10.1039/D2NA00863G

 K. Dissanayake, D. Kularatna-Abeywardana, J. Energy Storage 2024, 96, 112563. DOI: 10.1016/j.est.2024.112563
 M. F. Iqbal, F. Nasir, F. Shabbir, Z. U. D. Babar, M. F. Saleem, K. Ullah, N. Sun, F. Ali, Adv. Energy Sustain. Res. 2025, 6, 2400412. 
DOI: 10.1002/aesr.202400412

 A. Abdisattar, M. Yeleuov, C. Daulbayev, K. Askaruly, A. Tolynbekov, A. Taurbekov, N. Prikhodko, Electrochem. Commun. 2022, 
142, 107373. DOI: 10.1016/j.elecom.2022.107373

 G. J. Navathe, S. R. Prasad, A. M. Mane, S. H. Barge, T. D. Dongale, V. Shaikh, M. M. Karanjkar, S. B. Teli, P. S. Patil, N. R. 
Prasad, ES Energy Environ. 2022, 17, 11–32. DOI: 10.30919/esee8c739

 A. Patel, S. K. Patel, R. S. Singh, R. P. Patel, Discov. Nano 2024, 19, 188. DOI: 10.1186/s11671-024-04053-1
 P. Ruschhaupt, S. Pohlmann, A. Varzi, S. Passerini, Batter. Supercaps 2020, 3, 698–707. DOI: 10.1002/batt.202000009
 A. Acharjee, B. Saha, J. Mol. Liq. 2024, 400, 124487. DOI: 10.1016/j.molliq.2024.124487
 T. S. Bhat, P. S. Patil, R. B. Rakhi, J. Energy Storage 2022, 50, 104222. DOI: 10.1016/j.est.2022.104222



169

 Z. Wang, H. Li, Z. Tang, Z. Liu, Z. Ruan, L. Ma, Q. Yang, D. Wang, C. Zhi, Adv. Funct. Mater. 2018, 28, 1804560. 
DOI: 10.1002/adfm.201804560

 L. Gao, F. Liu, J. Qi, W. Gao, G. Xu, Inorganics 2025, 13, 49. DOI: 10.3390/inorganics13020049
 P. Simon, Y. Gogotsi, B. Dunn, Science 2014, 343, 1210–1211. DOI: 10.1126/science.1249625
 R. Burt, G. Birkett, X. S. Zhao, Phys. Chem. Chem. Phys. 2014, 16, 6519–6538. DOI: 10.1039/C3CP55186E
 G. Jeanmairet, B. Rotenberg, M. Salanne, Chem. Rev. 2022, 122, 10860–10898. DOI: 10.1021/acs.chemrev.1c00925
 L. L. Zhang, X. S. Zhao, Chem. Soc. Rev. 2009, 38, 2520–2531. DOI: 10.1039/B813846J
 O. Stern, Z. Elektrochem. 1924, 30, 508–516. DOI: 10.1002/bbpc.192400182
 H. Shao, Y.-C. Wu, Z. Lin, P.-L. Taberna, P. Simon, Chem. Soc. Rev. 2020, 49, 3005–3039. DOI: 10.1039/D0CS00059K
 W. Schmickler, ChemElectroChem 2021, 8, 4218–4222. DOI: 10.1002/celc.202100842
 J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon, P. L. Taberna, Science 2006, 313, 1760–1763. DOI: 10.1126/science.1132195
 C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, Chem. Soc. Rev. 2015, 44, 7484–7539. DOI: 10.1039/C5CS00303B
 F. Liu, S. Yang, X. Zhang, S. Tang, S. Wei, Coatings 2023, 13, 1384. DOI: 10.3390/coatings13081384
 C. Largeot, C. Portet, J. Chmiola, P.-L. Taberna, Y. Gogotsi, P. Simon, J. Am. Chem. Soc. 2008, 130, 9, 2730–2731.
DOI: 10.1021/ja7106178
B. E. Conway, Electrochemical Supercapacitors: Scientific Fundamentals and Technological Applications, Kluwer 
Academic/Plenum, New York, 1999. DOI: 10.1007/978-1-4757-3058-6

 V. Augustyn, P. Simon, B. Dunn, Energy Environ. Sci. 2014, 7, 1597–1614. DOI: 10.1039/C3EE44164D
 S. Rajagopal, R. P. Vallikkattil, M. M. Ibrahim, D. G. Velev, Condens. Matter 2022, 7, 6. DOI: 10.3390/condmat7010006
 B. E. Conway, J. Electrochem. Soc. 1991, 138, 1539–1548. DOI: 10.1149/1.2085829 
 C. Costentin, T. R. Porter, J.-M. Savéant, ACS Appl. Mater. Interfaces 2017, 9, 8649–8658. DOI: 10.1021/acsami.6b14100
 C. Costentin, J.-M. Savéant, Chem. Sci. 2019, 10, 5656–5666. DOI: 10.1039/C9SC01662G
 Y. Jiang, J. Liu, Energy Environ. Mater. 2019, 2, 30–37. DOI: 10.1002/eem2.12028
 V. Augustyn, J. Come, M. A. Lowe, J. W. Kim, P.-L. Taberna, S. H. Tolbert, H. D. Abruña, P. Simon, B. Dunn, Nat. Mater. 2013, 
12, 518–522. DOI: 10.1038/nmat3601

 T. S. Mathis, N. Kurra, X. Wang, D. Pinto, P. Simon, Y. Gogotsi, Adv. Energy Mater. 2019, 9, 1902007. 
DOI: 10.1002/aenm.201902007

 J. B. Cook, T. C. Lin, H.-S. Kim, A. Siordia, B. S. Dunn, S. H. Tolbert, ACS Nano 2019, 13, 1223–1231. 
DOI: 10.1021/acsnano.8b06381

 W. van den Bergh, H. N. Lokupitiya, N. A. Vest, B. Reid, S. Guldin, M. Stefik, Adv. Funct. Mater 2021, 31, 2007826.
DOI: 10.1002/adfm.202007826

 X. Mu, D. Wang, F. Du, G. Chen, C. Wang, Y. Wei, Y. Gogotsi, Y. Gao, Y. Dall'Agnese, Adv. Funct. Mater. 2019, 29, 1902953. 
DOI: 10.1002/adfm.201902953

 C. N. Hong, A. B. Crom, J. I. Feldblyum, M. R. Lukatskaya, Chem 2023, 9, 798–822. DOI: 10.1016/j.chempr.2023.02.016
 T. Brousse, D. Bélanger, J. W. Long, J. Electrochem. Soc. 2015, 162, A5185–A5189. DOI: 10.1149/2.0201505jes
 J. P. Zheng, J. Electrochem. Soc. 2003, 150, A484–A492. DOI: 10.1149/1.1559067
 W. G. Pell, B. E. Conway, J. Power Sources 2004, 136, 334–345. DOI: 10.1016/j.jpowsour.2004.03.021
 N. R. Chodankar, H. D. Pham, A. K. Nanjundan, J. F. S. Fernando, K. Jayaramulu, D. Golberg, Y.-K. Han, D. P. Dubal, Small 2020, 
16, 2002806. DOI: 10.1002/smll.202002806

 D. P. Dubal, O. Ayyad, V. Ruiz, P. Gómez-Romero, Chem. Soc. Rev. 2015, 44, 1777–1790. DOI: 10.1039/C4CS00266K
 T. A. Raja, P. Vickraman, V. K. Ravi, Energy Storage 2024, 6, e495. DOI: 10.1002/est2.495
 J. Huang, K. Yuan, Y. Chen, Adv. Funct. Mater. 2022, 32, 2108107. DOI: 10.1002/adfm.202108107
 F. Zhang, Y. Bao, S. Ma, L. Liu, X. Shi, J. Mater. Chem. A 2017, 5, 7474–7481. DOI: 10.1039/C7TA00775B
 X.-W. Lv, C.-C. Wenig, Y.-P. Zhu, Z.-Y. Yuan, Small 2021, 17, 2005304. DOI: 10.1002/smll.202005304
 S. Radhakrishnan, S. C. Selvaraj, B.-S. Kim, Appl. Surf. Sci. 2022, 605, 154691. DOI: 10.1016/j.apsusc.2022.154691
 Y.-P. Zhu, Z.-Y. Yuan, H. N. Alshareef, ACS Mater. Lett. 2020, 2, 582–594. DOI: 10.1021/acsmaterialslett.0c00095
 M. He, K. Fic, E. Frackowiak, P. Novák, E. J. Berg, Energy Environ. Sci. 2016, 9, 623–633. DOI: 10.1039/C5EE02875B
 E. Pameté, L. Köps, F. A. Kreth, S. Pohlmann, A. Varzi, T. Brousse, A. Balducci, V. Presser, Adv. Energy Mater. 2023, 13, 2301008. 
DOI: 10.1002/aenm.202301008

 Z. Zhai, L. Zhang, T. Du, B. Ren, Y. Xu, S. Wang, J. Miao, Z. Liu, Mater. Des. 2022, 221, 111017. 
DOI: 10.1016/j.matdes.2022.111017

 B. Li, H. Xiong, Y. Xiao, Int. J. Electrochem. Sci. 2020, 15, 1363–1377. DOI: 10.20964/2020.02.04
 S. Mehdipour-Ataei, E. Aram, Catalysts 2023, 13, 2. DOI: 10.3390/catal13010002
 A. G. Pandolfo, A. F. Hollenkampf, J. Power Sources 2006, 157, 11–27. DOI: 10.1016/j.jpowsour.2006.02.065
 C. Zhao, W. Zheng, Front. Energy Res. 2015, 3, 23. DOI: 10.3389/fenrg.2015.00023
 P. Simon, Y. Gogotsi, Nat. Mater. 2008, 7, 845–854. DOI: 10.1038/nmat2297
 A. G. Olabi, Q. Abbas, M. A. Abdelkareem, A. H. Alami, M. Mirzaeian, E. T. Sayed, Batteries 2023, 9, 19. 
DOI: 10.3390/batteries9010019

 N. Z. Mohd Azmi, A. Buthiyappan, A. A. A. Raman, M. F. A. Patah, S. Sufian, J. Ind. Eng. Chem. 2022, 116, 1–20. 
DOI: 10.1016/j.jiec.2022.08.021

 R. Blanchard, T. H. Mekonnen, Sep. Purif. Technol. 2023, 326, 124755. DOI: 10.1016/j.seppur.2023.124755
 R. Blanchard, T. H. Mekonnen, RSC Appl. Polym. 2024, 2, 557–582. DOI: 10.1039/D4LP00016A
 Y. Gao, Q. Yue, B. Gao, A. Li, Sci. Total Environ. 2020, 746, 141094. DOI: 10.1016/j.scitotenv.2020.141094
 H. Javed, D. X. Luong, C.-G. Lee, D. Zhang, J. M. Tour, P. J. J. Alvarez, Carbon 2018, 140, 441–448. 
DOI: 10.1016/j.carbon.2018.08.038

 A. S. Jalilov, Y. Li, J. Tian, J. M. Tour, Adv. Energy Mater. 2017, 7, 1600693. DOI: 10.1002/aenm.201600693 
 A. Kumar, H. M. Jena, J. Environ. Chem. Eng. 2017, 5, 2032–2041. DOI: 10.1016/j.jece.2017.03.035 
 Y.-H. Chiu, L.-Y. Lin, J. Taiwan Inst. Chem. Eng. 2019, 101, 177–185. DOI: 10.1016/j.jtice.2019.04.050
 R. Heimböckel, F. Hoffmann, M. Fröba, Phys. Chem. Chem. Phys. 2019, 21, 3122–3133. DOI: 10.1039/C8CP06443A
 E. Raymundo-Piñero, K. Kierzek, J. Machnikowski, F. Béguin, Carbon 2006, 44, 2498–2507. DOI: 10.1016/j.carbon.2006.05.022
 Y. Lv, J. Wang, D. Ji, J. Li, S. Zhao, Y. Zhao, Z. Cai, X. He, X. Sun, Front. Energy Res. 2023, 10, 957032.
DOI: 10.3389/fenrg.2022.957032

 T. M. Alslaibi, I. Abustan, M. A. Ahmad, A. A. Foul, J. Chem. Technol. Biotechnol. 2013, 88, 1183–1190. DOI: 10.1002/jctb.4028
 P. Dzikunu, E. S. Appiah, E. K. Arthur, S. O. Akinwamide, E. Gikunoo, E. A. K. Fangnon, K. Mensah-Darkwa, A. Andrews, P. 
Vilaça, Mater. Renew. Sustain. Energy 2025, 14, 8. DOI: 10.1007/s40243-024-00285-4

 B. K. Biswal, R. Balasubramanian, Carbon 2026, 246, 120931. DOI: 10.1016/j.carbon.2025.120931



170

 P. Ratajczak, K. Jurewicz, F. Béguin, J. Appl. Electrochem. 2014, 44, 475–480. DOI: 10.1007/s10800-013-0644-0
 A. G. Temam, A. Alshoaibi, S. A. Getaneh, C. Awada, A. C. Nwanya, P. M. Ejikeme, F. I. Ezem, Results Surf. Interfaces 2023, 13, 
100154. DOI: 10.1016/j.rsurfi.2023.100154
 T. Zheng, W. Tan, L.-M. Zheng, Acc. Chem. Res. 2024, 57, 2973–2984. DOI: 10.1021/acs.accounts.4c00337
 X. Chen, Y. Peng, X. Han, Y. Liu, X. Lin, Y. Cui, Nat. Commun. 2017, 8, 2171. DOI: 10.1038/s41467-017-02335-0
 M. D. Stoller, S. Park, Y. Zhu, J. An, R. S. Ruoff, Nano Lett. 2008, 8, 3498–3502. DOI: 10.1021/nl802558y
 T. U. Malik, A. Sarker, S. M. S. M. Rahat, S. B. Shuchi, Mater. Today Commun. 2021, 28, 102685. 
DOI: 10.1016/j.mtcomm.2021.102685

 S. Mishra, L. Pradhan, B. K. Jena, Energy Fuels 2025, 39, 13151–13182. DOI: 10.1021/acs.energyfuels.5c01207
 S. Kumar, Himanshi, J. Prakash, A. Verma, Suman, R. Jasrotia, A. Kandwal, R. Verma, S. K. Godara, M. A. M. Khan, S. M. 
Alshehri, J. Ahmed, Catalysts 2023, 13, 111. DOI: 10.3390/catal13010111

 M. J. Allen, V. C. Tung, R. B. Kaner, Chem. Rev. 2010, 110, 132–145. DOI: 10.1021/cr900070d
 G. Yang, L. Li, W. B. Lee, M. C. Ng, Sci. Technol. Adv. Mater. 2018, 19, 613–648. DOI: 10.1080/14686996.2018.1494493
 A. Alofi, G. P. Srivastava, Phys. Rev. B 2013, 87, 115421. DOI: 10.1103/PhysRevB.87.115421
 F. Zhang, K. Yang, G. Liu, Y. Chen, M. Wang, S. Li, R. Li, Compos. Part A Appl. Sci. Manuf. 2022, 160, 107051. 
DOI: 10.1016/j.compositesa.2022.107051

 Y. Fang, B. Luo, Y. Jia, X. Li, B. Wang, Q. Song, F. Kang, L. Zhi, Adv. Mater. 2012, 24, 6348–6355. DOI: 10.1002/adma.201202774
 L. W. Le Fevre, J. Cao, I. A. Kinloch, A. J. Forsyth, R. A. W. Dryfe, ChemistryOpen 2019, 8, 418–428. 
DOI: 10.1002/open.201900004

 J. Li, M. Östling, Crystals 2013, 3, 163–190. DOI: 10.3390/cryst3010163
 A. Razaq, F. Bibi, X. Zheng, R. Papadakis, S. H. M. Jafri, H. Li, Materials 2022, 15, 1012. DOI: 10.3390/ma15031012
 R. Naraprawatphong, C. Chokradjaroen, S. Thiangtham, L. Yang, N. Saito, Mater. Today Adv. 2022, 16, 100290. 
DOI: 10.1016/j.mtadv.2022.100290

 M. F. L. de Volder, S. H. Tawfick, R. H. Baughman, A. J. Hart, Science 2013, 339, 535–539. DOI: 10.1126/science.1222453
 J. H. Lee, N. Park, B. G. Kim, D. S. Jung, K. Im, J. Hur, J. W. Choi, ACS Nano 2013, 7, 9366–9374. DOI: 10.1021/nn4040734
 S. Mao, G. Lu, J. Chen, Nanoscale 2015, 7, 6924–6943. DOI: 10.1039/C4NR06609J
 Y. Ma, Y. Chen, Nat. Sci. Rev. 2015, 2, 40–53. DOI: 10.1093/nsr/nwu072
 T. Tene, G. T. Usca, M. Guevara, R. Molina, F. Veltri, M. Arias, L. S. Caputi, C. V. Gomez, Nanomaterials 2020, 10, 279.
DOI: 10.3390/nano10020279

 D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L. B. Alemany, W. Lu, J. M. Tour, ACS Nano 2010, 
4, 4806–4814. DOI: 10.1021/nn1006368

 R. K. Singh, R. Kumar, D. P. Singh, RSC Adv. 2016, 6, 64993–65011. DOI: 10.1039/C6RA07626B
 Q. Ke, J. Wang, J. Materiomics 2016, 2, 37–54. DOI: 10.1016/j.jmat.2016.01.001
 L. Peng, Z. Xu, Z. Liu, Y. Wei, H. Sun, Z. Li, X. Zhao, C. Gao, Nat. Commun. 2015, 6, 5716. DOI: 10.1038/ncomms6716
 Q. Li, M. Horn, Y. Wang, J. MacLeod, N. Motta, J. Liu, Materials 2019, 12, 703. DOI: 10.3390/ma12050703
 S. Tamang, S. Rai, R. Bhujel, N. K. Bhattacharyya, B. P. Swain, J. Biswas, J. Alloys Compd. 2023, 947, 169588. 
DOI: 10.1016/j.jallcom.2023.169588

 M. Pathak, S. M. Jeong, C. S. Rout, Chem. Commun. 2025, 61, 8803–8829. DOI: 10.1039/D4CC06809B
 S. Veleva, D. Marinova, S. Harizanova, V. Koleva, E. Lefterova, M. Shipochka, O. Dimitrov, A. Stoyanova, R. Stoyanova, Materials 
2025, 18, 2460. DOI: 10.3390/ma18112460
 X. Tian, X. Cheng, S. Liao, J. Chen, P. Lv, Q. Wei, ACS Appl. Mater. Interfaces 2023, 15, 52415–52426. 
DOI: 10.1021/acsami.3c10671

 I. Jung, D. A. Dikin, R. D. Piner, R. S. Ruoff, Nano Lett. 2008, 8, 4283–4287. DOI: 10.1021/nl8019938
 B. Rajagopalan, J. S. Chung, Nanoscale Res. Lett. 2014, 9, 535. DOI: 10.1186/1556-276X-9-535
 S. Iijima, Nature 1991, 354, 56–58. DOI: 10.1038/354056a0
 D. S. Bethune, Nature 1993, 363, 605–607. DOI: 10.1038/363605a0
 M. Calvaresi, M. Quintana, P. Rudolf, F. Zerbetto, M. Prato, ChemPhysChem 2013, 14, 3447–3453. DOI: 10.1002/cphc.201300337
 I. A. A. C. Esteves, F. J. A. L. Cruz, E. A. Müller, S. Agnithotri, J. P. B. Mota, Carbon 2009, 47, 948–956.
DOI: 10.1016/j.carbon.2008.11.044

 M. Cinke, J. Li, B. Chen, A. Cassel, L. Delzeit, J. Han, M. Meyyappan, Chem. Phys. Lett. 2002, 365, 69–74.
DOI: 10.1016/S0009-2614(02)01420-3

 A. Peigney, Ch. Laurent, E. Flahaut, R. R. Bacsa, A. Rousset, Carbon 2001, 39, 507–514. DOI: 10.1016/S0008-6223(00)00155-X
 H. Pan, J. Li, Y. P. Feng, Nanoscale Res. Lett. 2010, 5, 654–668. DOI: 10.1007/s11671-009-9508-2
 J. H. Noh, J. Choi, H. Seo, J. Kim, C. Choi, Nanomaterials 2023, 13, 2814. DOI: 10.3390/nano13202814
 Y. Wang, L. Zhang, H. Hou, W. Xu, G. Duan, S. He, K. Liu, S. Jiang, J. Mater. Sci. 2021, 56, 173–200. 
DOI: 10.1007/s10853-020-05157-6

 C. Choi, T. G. Yun, B. Hwang, Inorganics 2023, 11, 383. DOI: 10.3390/inorganics11100383
 P. Sirisinudomkit, E. Senokos, N. Rubio, M. S. P. Shaffer, Mater. Adv. 2021, 2, 1981–1992. DOI: 10.1039/D0MA00898B
 C. Zheng, W. Qian, C. Cui, G. Xu, M. Zhao, G. Tian, F. Wei, J. Nat. Gas Chem. 2012, 21, 233–240. 
DOI: 10.1016/S1003-9953(11)60358-7

 L. Miao, Z. Song, D. Zhu, L. Li, L. Gan, M. Liu, Mater. Adv. 2020, 1, 945–966. DOI: 10.1039/D0MA00384K
 T. A. Manfo, H. Laaksonen, New Carbon Mater. 2025, 40, 81–110. DOI: 10.1016/S1872-5805(25)60943-7
 C. Xiong, B. Li, X. Lin, H. Liu, Y. Xu, J. Mao, C. Duan, T. Li, Y. Ni, Compos. Part B Eng. 2019, 165, 10–46. 
DOI: 10.1016/j.compositesb.2018.11.085

 Z. Yang, S. Chabi, Y. Xia, Y. Zhu, Prog. Nat. Sci.: Mater. Int. 2015, 25, 554–562. DOI: 10.1016/j.pnsc.2015.11.010
 N. Kumar, S.-B. Kum, S. Y. Lee, S. J. Park, Nanomaterials 2022, 12, 3708. DOI: 10.3390/nano12203708
 Y. Han, H. Ha, C. Choi, H. Yoon, P. Matteini, J. Y. Cheong, B. Hwang, Appl. Sci. 2023, 13, 3290. DOI: 10.3390/app13053290
 G. B. Pour, H. Ashourifar, L. F. Aval, S. Solaymani, Symmetry 2023, 15, 1179. DOI: 10.3390/sym15061179
 K. Wang, S. Gao, Z. Du, A. Yuan, W. Lu, L. Chen, J. Power Sources 2016, 305, 30–36. DOI: 10.1016/j.jpowsour.2015.11.064
 R.-R. Bi, X.-L. Wu, F.-F. Cao, L.-Y. Jiang, Y.-G. Guo, L.-J. Wan, J. Phys. Chem. C 2010, 114, 2448–2451. DOI: 10.1021/jp9116563
 W. Wang, S. Guo, I. Lee, K. Ahmed, J. Zhong, Z. Favors, F. Zaera, M. Ozkan, C. S. Ozkan, Sci. Rep. 2014, 4, 4452.
DOI: 10.1038/srep04452

 H. Zhou, L. Zhang, D. Zhang, S. Chen, P. R. Coxon, X. He, M. Coto, H.-K. Kim, K. Xi, S. Ding, Sci. Rep. 2016, 6, 37752. 
DOI: 10.1038/srep37752

 B. Q. Wang, S. H. Gong, Q. S. Sun, F. Liu, X. C. Wang, J. P. Cheng, Electrochim. Acta 2022, 402, 139575. 
DOI: 10.1016/j.electacta.2021.139575



171

 M. Nepal, G. S. Gudavalli, T. P. Dhakal, ACS Omega 2025, 10, 3439–3448. DOI: 10.1021/acsomega.4c07287
 W. Wei, X. Cui, W. Chen, D. G. Ivey, J. Power Sources 2009, 186, 543–550. DOI: 10.1016/j.jpowsour.2008.10.058
 S. Wu, K. S. Hui, K. N. Hui, Carbon 2018, 132, 776–784. DOI: 10.1016/j.carbon.2017.12.051
 Y. Li, F.-G. Zhao, L.-N. Liu, Z.-W. Xu, G. Xie, J. Li, T. Gao, W. Li, W.-S. Li, Adv. Energy Sustain. Res. 2023, 4, 2200152.
DOI: 10.1002/aesr.202200152

 N. Jabeen, A. Hussain, J. Ali in: Metal Phosphates and Phosphonates: Fundamental to Advanced Emerging Applications (Ed.: 
R.K. Gupta), Springer International Publishing, Cham, 2023, pp. 245–266.

 M. Zhong, M. Zhang, X. Li, Carbon Energy 2022, 4, 950–985. DOI: 10.1002/cey2.219
 A. Borenstein, O. Hanna, R. Attias, S. Luski, T. Brousse, D. Aurbach, J. Mater. Chem. A 2017, 5, 12653–12672.
DOI: 10.1039/C7TA00863E
 S. Liu, H. Zhang, J. Chen, X. Peng, Y. Chai, X. Shao, Y. He, X. Wang, B. Ding, Energies 2025, 18, 1223.
DOI: 10.3390/en18051223
 B. Anasori, M. R. Lukatskaya, Y. Gogotsi, Nat. Rev. Mater. 2017, 2, 16098. DOI: 10.1038/natrevmats.2016.98
 M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi, M. W. Barsoum, Adv. Mater. 2011, 23, 
4248–4253. DOI: 10.1002/adma.201102306
 K. Wasnik, M. D. Pawar, L. R. Raphael, A. Pullanchiyodan, M. V. Shelke, P. Raghavan, J. Mater. Res. 2022, 37, 3865–3889. 
DOI: 10.1557/s43578-022-00770-4

 T. Zhang, L. Pan, H. Tang, F. Du, Y. Guo, T. Qiu, J. Yang, J. Alloys Compd. 2017, 695, 818–826. 
DOI: 10.1016/j.jallcom.2016.10.127
 M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu, L. Hultman, Y. Gogotsi, M. W. Barsoum, ACS Nano 2012, 6, 1322–1331. 
DOI: 10.1021/nn204153h
 M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y. Dall’Agnese, P. Rozier, P. L. Taberna, M. Naguib, P. Simon, M. W. Barsoum, Y. 
Gogotsi, Science 2013, 341, 1502–1505. DOI: 10.1126/science.1241488 
 S. Nahirniak, A. Ray, B. Saruhan, Batteries 2023, 9, 126. DOI: 10.3390/batteries9020126
 C. J. Zhang, M. P. Kremer, A. Seral-Ascaso, S.-H. Park, N. McEvoy, B. Anasori, Y. Gogotsi, V. Nicolosi, Adv. Funct. Mater. 2018, 
28, 1705506. DOI: 10.1002/adfm.201705506
 T. Habib, X. Zhao, S. A. Shah, Y. Chen, W. Sun, H. An, J. L. Lutkenhaus, M. Radovic, M. J. Green, npj 2D Mater. Appl. 2019, 3, 8. 
DOI: 10.1038/s41699-019-0089-3
 A. VahidMohammadi, J. Rosen, Y. Gogotsi, Science 2021, 372, eabf1581. DOI: 10.1126/science.abf1581
 X. Zang, J. Wang, Y. Qin, T. Wang, C. He, Q. Shao, H. Zhu, N. Cao, Nano-Micro Lett. 2020, 12, 77. 
DOI: 10.1007/s40820-020-0415-5
 P. N. K. Siddu, S. M. Jeong, C. S. Rout, Energy Adv. 2024, 3, 341–365. DOI: 10.1039/D3YA00502J
 J. Zhou, K. Yang, Q. Kang, C. Liu, X. Li, N. Chen, C. Lu, X. Wang, L. Peng, X. Guo, W. Ding, W. Hou, J. Electroanal. Chem. 
2023, 928, 117034. DOI: 10.1016/j.jelechem.2022.117034
 A. J. Khan, H. Ding, Y. Zhang, D. Zhang, L. Gao, G. Zhao, Chem. Eng. J. 2025, 506, 160287. DOI: 10.1016/j.cej.2025.160287
 F. Han, S. Luo, L. Xie, J. Zhu, W. Wei, X. Chen, F. Liu, W. Chen, J. Zhao, L. Dong, K. Yiu, X. Zeng, F. Rao, L. Wang, Y. Huang, 
ACS Appl. Mater. Interfaces 2019, 11, 8443–8452. DOI: 10.1021/acsami.8b22339 
 C. Wang, H. Shou, S. Chen, S. Wei, Y. Lin, P. Zhang, Z. Liu, K. Zhu, X. Guo, X. Wu, Adv. Mater. 2021, 33, 2101015.
DOI: 10.1002/adma.202101015

 Y. Guo, T. Chen, Y. Zou, Materials 2023, 16, 1643. DOI: 10.3390/ma16041643
 J. L. Hart, K. Hantanasirisakul, A. C. Lang, B. Anasori, D. Pinto, Y. Pivak, J. T. van Omme, S. J. May, Y. Gogotsi, M. L. Taheri, 
Nat. Commun. 2019, 10, 522. DOI: 10.1038/s41467-018-08169-8
 S. Doo, A. Chae, D. Kim, T. Oh, T. Y. Ko, S. J. Kim, D.-Y. Koh, C. M. Koo, ACS Appl. Mater. Interfaces 2021, 13, 22855–22865. 
DOI: 10.1021/acsami.1c04663
 M. Naguib, O. Mashtalir, M. R. Lukatskaya, B. Dyatkin, C. Zhang, V. Presser, Y. Gogotsi, M. W. Barsoum, Chem. Commun. 2014, 
50, 7420–7423. DOI: 10.1039/C4CC01646G
 S. Yi, L. Wang, X. Zhang, C. Li, Y. Xu, K. Wang, X. Sun, Y. Ma, Nanotechnology 2023, 34, 432001.
DOI: 10.1088/1361-6528/ace8a0
 S. Sahoo, K. Y. Wickramathilaka, E. Njeri, D. Silva, S. L. Suib, Front. Chem. 2024, 12, 1374878. 
DOI: 10.3389/fchem.2024.1374878
 T. Nguyen, M. F. Montemor, Adv. Sci. 2019, 6, 1801797. DOI: 10.1002/advs.201801797
 H. Batool, A. Majid, S. Ahmad, A. Mubeen, M. Alkhedher, W. S. Saeed, A. A. Al-Owais, A. Afzal, ACS Omega 2024, 9, 
2457–2467. DOI: 10.1021/acsomega.3c06913
 J. P. Zheng, P. J. Cygan, T. R. Jow, J. Electrochem. Soc. 1995, 142, 2699–2703. DOI: 10.1149/1.2050077
 Y.-Z. Zheng, H.-Y. Ding, M.-L. Zhang, Thin Solid Films 2008, 516, 7381–7385. DOI: 10.1016/j.tsf.2008.02.022
 T. P. Gujar, W.-Y. Kim, I. Puspitasari, K.-D. Jung, O.-S. Joo, Int. J. Electrochem. Sci. 2007, 2, 666–673. 
DOI: 10.1016/S1452-3981(23)17102-1
 X. Gu, J. Yue, L. Li, H. Xue, J. Yang, X. Zhao, Electrochim. Acta 2015, 184, 250–256. DOI: 10.1016/j.electacta.2015.10.037
 M. N. Patel, X. Wang, B. Wilson, D. A. Ferrer, S. Dai, K. J. Stevenson, K. P. Johnston, J. Mater. Chem. 2010, 20, 390–398. 
DOI: 10.1039/B915370E
 J.-G. Wang, F. Kang, B. Wei, Prog. Mater. Sci. 2015, 74, 51–124. DOI: 10.1016/j.pmatsci.2015.04.003
 Y. Zhu, X. Ji, Z. Wu, W. Song, H. Hou, Z. Wu, X. He, Q. Chen, C. E. Banks, J. Power Sources 2014, 267, 888–900. 
DOI: 10.1016/j.jpowsour.2014.05.134
 S. Suganya, G. Maheshwaran, M. R. Prabhu, P. Devendran, M. K. Kumar, S. Sudhahar, J. Energy Storage 2022, 56, 106057. 
DOI: 10.1016/j.est.2022.106057 
 T. H. Dolla, I. A. Lawal, G. W. Kifle, S. C. Jikamo, T. Matthews, N. W. Maxakato, X. Liu, M. Mathe, D. G. Billing, P. Ndungu, 
Sci. Rep. 2024, 14, 11420. DOI: 10.1038/s41598-024-58822-0
 X. Zhao, L. Mao, Q. Cheng, J. Li, F. Liao, G. Yang, L. Xie, C. Zhao, L. Chen, Chem. Eng. J. 2020, 387, 124081.
DOI: 10.1016/j.cej.2020.124081

 D. P. Dubal, P. Gomez-Romero, B. R. Sankapal, R. Holze, Nano Energy 2015, 11, 377–399. DOI: 10.1016/j.nanoen.2014.11.013
 C. Hao, S. Zhou, J. Wang, X. Wang, H. Gao, C. Ge, Ind. Eng. Chem. Res. 2018, 57, 2517–2525. DOI: 10.1021/acs.iecr.7b04412
 Y. Cao, J. Liang, X. Li, L. Yue, Q. Liu, S. Lu, A. M. Asiri, J. Hu, Y. Luo, X. Sun, Chem. Commun. 2021, 57, 2343–2355. 
DOI: 10.1039/D0CC07970G
 J. T. Mefford, W. G. Hardin, S. Dai, K. P. Johnston, K. J. Stevenson, Nat. Mater. 2014, 13, 726–732. DOI: 10.1038/nmat4000
 A. Gupta, V. Kushwaha, R. Mondal, A. N. Singh, R. Prakash, K. D. Mandal, P. Singh, Phys. Chem. Chem. Phys. 2022, 24, 
11066–11078. DOI: 10.1039/D1CP04751E



172

 M. M. Alanazi, S. A. M. Abdelmohsen, T. M. A. Bahlool, T. Ahmad, H. M. T. Farid, M. Imran, M. Abdullah, Chem. Phys. 2025, 
598, 112813. DOI: 10.1016/j.chemphys.2025.112813

 M. A. Desai, A. Kulkarni, G. Gund, S. D. Sartale, Energy Fuels 2021, 35, 4577–4586. DOI: 10.1021/acs.energyfuels.0c04252
 E. A. Arkhipova, A. S. Ivanov, K. I. Maslakov, R. Y. Novotortsev, S. V. Savilov, H. Xia, A. V. Desyatov, S. M. Aldoshin, Ionics 
2022, 28, 3501–3509. DOI: 10.1007/s11581-022-04562-y

 H. Wang, K. H. L. Zhang, J. P. Hofmann, V. A. d. l. P. O’Shea, F. E. Oropeza, J. Mater. Chem. A 2021, 9, 19465–19488. 
DOI: 10.1039/D1TA03732C
 R. B. Patil, A. D. Yadav, C. M. Kanamadi, S. P. Patil, Ionics 2025, 31, 1203–1231. DOI: 10.1007/s11581-024-06003-4
 L. Kong, C. Zhang, J. Wang, W. Qiao, L. Ling, D. Long, Sci. Rep. 2016, 6, 21177. DOI: 10.1038/srep21177
 X. Zhang, Z. Hou, X. Li, J. Liang, Y. Zhu, Y. Qian, Electrochim. Acta 2016, 213, 416–422. DOI: 10.1016/j.electacta.2016.07.134
 X. Zhang, Z. Hou, X. Li, J. Liang, Y. Zhu, Y. Qian, Electrochim. Acta 2016, 213, 416–422. DOI: 10.1016/j.electacta.2016.07.134
 M. F. Dupont, S. W. Donne, J. Electrochem. Soc. 2016, 163, A888–A896. DOI: 10.1149/2.0401606jes
 A. Kumar, H. K. Rathore, D. Sarkar, A. Shukla, Electrochem. Sci. Adv. 2021, e2100187. DOI: 10.1002/elsa.202100187
 M. Kandasamy, S. Sahoo, S. K. Nayak, B. Chakraborty, C. S. Rout, J. Mater. Chem. A 2021, 9, 17643–17700. 
DOI: 10.1039/D1TA03857E
 S. Deka, Dalton Trans. 2023, 52, 839–856. DOI: 10.1039/D2DT02733J
 G. Wang, L. Zhang, J. Zhang, Chem. Soc. Rev. 2012, 41, 797–828. DOI: 10.1039/C1CS15060J
 Q. X. Xia, J. Fu, J. M. Yun, R. S. Mane, K. H. Kim, RSC Adv. 2017, 7, 11000–11011. DOI: 10.1039/C6RA27880A
 C. An, Y. Zhang, H. Guo, Y. Wang, Nanoscale Adv. 2019, 1, 4644–4658. DOI: 10.1039/C9NA00543A
 R. Liang, Y. Du, P. Xiao, J. Cheng, S. Yuan, Y. Chen, J. Yuan, J. Chen, Nanomaterials 2021, 11, 1248. DOI: 10.3390/nano11051248
 J. Shin, J. K. Seo, R. Yaylian, A. Huang, Y. S. Meng, Int. Mater. Rev. 2020, 65, 356–387. DOI: 10.1080/09506608.2019.1653520
 S. Trasatti, G. Buzzanca, J. Electroanal. Chem. Interfacial Electrochem. 1971, 29, A1–A5. DOI: 10.1016/S0022-0728(71)80111-0
 N. Nitta, F. Wu, J. T. Lee, G. Yushin, Mater. Today 2015, 18, 252–264. DOI: 10.1016/j.mattod.2014.10.040
 S. van den Brink, R. Kleijn, B. Sprecher, A. Tukker, Resour. Conserv. Recycl. 2020, 156, 104743. 
DOI: 10.1016/j.resconrec.2020.104743
 C. Helbig, A. M. Bradshaw, L. Wietschel, A. Thorenz, A. Tuma, J. Clean Prod. 2018, 172, 274–286. 
DOI: 10.1016/j.jclepro.2017.10.122

 Y. Cao, Y. He, H. Gang, B. Wu, L. Yan, D. Wie, H. Wang, J. Power Sources 2023, 560, 232710. 
DOI: 10.1016/j.jpowsour.2023.232710
 Y. Wang, J. Li, Z. Wei, J. Mater. Chem. A 2018, 6, 8194–8209. DOI: 10.1039/C8TA01321G
 W. Lu, Z. Wei, Z.-Y. Gu, T.-F. Liu, J. Park, J. Park, J. Tian, M. Zhang, Q. Zhang, T. Gentle, M. Bosch, H.-C. Zhou, Chem. Soc. Rev. 
2014, 43, 5561–5593. DOI: 10.1039/C4CS00003J

 Z. Han, Y. Yang, J. Rushlow, J. Huo, Z. Liu, Y.-C. Hsu, R. Yin, M. Wang, R. Liang, K.-Y. Wang, H.-C. Zhou, Chem. Soc. Rev. 2025, 
54, 367–395. DOI: 10.1039/D4CS00432A

 M. Kalaj, S. M. Cohen, ACS Cent. Sci. 2020, 6, 1046–1057. DOI: 10.1021/acscentsci.0c00690
 D. Xiong, X. Deng, Z. Cao, S. Tao, Z. Song, X. Xiao, W. Deng, H. Hou, G. Zou, X. Ji, Energy Environ. Mater. 2022, 6, e12521.
DOI: 10.1002/eem2.12521
 V. V. Torbina, Y. A. Belik, O. V. Vodyankina, React. Chem. Eng. 2025, 10, 1197–1215. DOI: 10.1039/D4RE00570H
 D. Feng, T. Lei, M. R. Lukatskaya, J. Park, Z. Huang, M. Lee, L. Shaw, S. Chen, A. A. Yakovenko, A. Kulkarni, J. Xiao, K. 
Fredrickson, J. B. Tok, X. Zou, Y. Cui, Z. Bao, Nat. Energy 2018, 3, 30–36. DOI: 10.1038/s41560-017-0044-5

 J. C. Bailar, W. L. Jolly, Preparative Inorganic Reactions, Vol. 1, Interscience, New York, 1964.
 B. F. Hoskins, R. Robson, J. Am. Chem. Soc. 1989, 111, 5962–5964. DOI: 10.1021/ja00197a079
 S. Mann, Nature 1993, 365, 499–505. DOI: 10.1038/365499a0
 O. M. Yaghi, H. Li, J. Am. Chem. Soc. 1995, 117, 10401–10402. DOI: 10.1021/ja00146a033
 M. Kondo, T. Yoshitomi, H. Matsuzaka, S. Kitagawa, K. Seki, Angew. Chem. Int. Ed. Engl. 1997, 36, 1725–1727. 
DOI: 10.1002/anie.199717251
 S. Kitagawa, R. Kitaura, S.-I. Noro, Angew. Chem. Int. Ed. 2004, 43, 2334–2375. DOI: 10.1002/anie.200300610
 N. G. Connelly, T. Damhus, R. M. Hartshorn, A. T. Hutton, Nomenclature of Inorganic Chemistry: IUPAC Recommendations, 
RSC Publishing, Cambridge, UK, 2005. ISBN: 0-85404-438-8
 J. Fonseca, T. Gong, L. Jiao, H.-L. Jiang, J. Mater. Chem. A 2021, 9, 10562–10611. DOI: 10.1039/D1TA01043C
 S. R. Batten, N. R. Champness, X.-M. Chen, J. Garcia-Martinez, S. Kitagawa, L. Öhrström, M. O’Keeffe, M. P. Suh, J. Reedijk, 
Pure Appl. Chem. 2013, 85, 1715–1724. DOI: 10.1351/PAC-REC-12-11-20
 C. Janiak, J. K. Vieth, New J. Chem. 2010, 34, 2366–2388. DOI: 10.1039/C0NJ00275E
 O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J. Kim, Nature 2003, 423, 705–714. 
DOI: 10.1038/nature01650
 H. Furukawa, K. E. Cordova, M. O’Keeffe, O. M. Yaghi, Science 2013, 341, 1230444. DOI: 10.1126/science.1230444
 C. Janiak, Dalton Trans. 2003, 2781–2804. DOI: 10.1039/B305705B
 C. Koschnick, R. Stäglich, T. Scholz, M. W. Terban, A. von Mankowski, G. Savasci, F. Binder, A. Schökel, M. Etter, J. Nuss, R. 
Siegel, L. S. Germann, C. Ochsenfeld, R. E. Dinnebier, J. Senker, B. V. Lotsch, Nat. Commun. 2021, 12, 3099. 
DOI: 10.1038/s41467-021-23348-w
 J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti, S. Bordiga, K. P. Lillerud, J. Am. Chem. Soc. 2008, 130, 
13850–13851. DOI: 10.1021/ja8057953
 M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J. Rouquerol, K. S. W. Sing, Pure Appl. Chem. 2015, 
87, 1051–1069. DOI: 10.1515/pac-2014-1117

 M. Thommes, C. Schlumberger, Annu. Rev. Chem. Biomol. Eng. 2021, 12, 137–162. 
DOI: 10.1146/annurev-chembioeng-061720-081242

 Q. Xiong, Y. Chen, D. Yang, K. Wang, Y. Wang, J. Yang, L. Li, J. Li, Mater. Chem. Front. 2022, 6, 2944–2967. 
DOI: 10.1039/D2QM00557C
 A. J. Rieth, A. M. Wright, M. Dincă, Nat. Rev. Mater. 2019, 4, 708–725. DOI: 10.1038/s41578-019-0140-1 
 G. Mouchaham, F. S. Cui, F. Nouar, V. Pimenta, J.-S. Chang, C. Serre, Trends Chem. 2020, 2, 990–1003. 
DOI: 10.1016/j.trechm.2020.09.004
 W. Zheng, L. Y. S. Lee, ACS Energy Lett. 2021, 6, 2838–2843. DOI: 10.1021/acsenergylett.1c01350
 A. K. Yadav, M. S. Kenny, E. N. Musa, T. J. Walz, A. Gladysiak, K. C. Stylianou, Chem. Mater. 2025, 37, 9965–9984.
DOI: 10.1021/acs.chemmater.5c02564
 D. Bůžek, S. Adamec, K. Lang, J. Demel, Inorg. Chem. Front. 2021, 8, 720–734. DOI: 10.1039/D0QI00973C
 J. Söllner, A. V. Neimark, M. Thommes, Langmuir 2024, 40, 23146–23168. DOI: 10.1021/acs.langmuir.4c01042



173

 S. Brunauer, P. H. Emmett, E. Teller, J. Am. Chem. Soc. 1938, 60, 309–319. DOI: 10.1021/ja01269a023
 C. Largeot, C. Portet, J. Chmiola, P.-L. Taberna, Y. Gogotsi, P. Simon, J. Am. Chem. Soc. 2008, 130, 2730–2731. 
DOI: 10.1021/ja7106178
 Y. Liu, S. P. Jiang, Z. Shao, Mater. Today Adv. 2020, 7, 100072. DOI: 10.1016/j.mtadv.2020.100072
 S.-J. Shin, J. W. Gittins, C. J. Balhatchet, A. Walsh, A. C. Forse, Adv. Funct. Mater. 2024, 34, 2308497. 
DOI: 10.1002/adfm.202308497

 W. Wang, D. Chen, F. Li, X. Xiao, Q. Xu, Chem 2024, 10, 86–133. DOI: 10.1016/j.chempr.2023.09.009
 L. Jiao, Y. Wang, H.-L. Jiang, Q. Xu, Adv. Mater. 2018, 30, 1703663. DOI: 10.1002/adma.201703663
 Y. Shen, A. Tissot, C. Serre, Chem. Sci. 2022, 13, 13978–14007. DOI: 10.1039/D2SC04314A
 Q. Gao, Q. Bai, C. Zheng, N. Sun, J. Liu, W. Chen, F. Hu, T. Lu, Biomolecules 2022, 12, 1240. DOI: 10.3390/biom12091240
 Z. Cao, R. Momen, S. Tao, D. Xiong, Z. Song, X. Xiao, W. Deng, H. Hou, S. Yasar, S. Altin, F. Bulut, G. Zou, X. Ji, Nano-Micro 
Lett. 2022, 14, 181. DOI: 10.1007/s40820-022-00910-9

 P. Tholen, Y. Zorlu, J. Beckmann, G. Yücesan, Eur. J. Inorg. Chem. 2020, 2020, 1542–1554. DOI: 10.1002/ejic.201901291
 N. C. Burtch, H. Jasuja, K. S. Walton, Chem. Rev. 2014, 114, 10575–10612. DOI: 10.1021/cr5002589
K. Leus, T. Bogaerts, J. De Decker, H. Depauw, K. Hendrickx, H. Vrielinck, V. Van Speybroeck, P. Van Der Voort, Microporous 
Mesoporous Mater. 2016, 226, 110–116. DOI: 10.1016/j.micromeso.2015.11.055

 T. He, X.-J. Kong, J.-R. Li, Acc. Chem. Res. 2021, 54, 3083–3094. DOI: 10.1021/acs.accounts.1c00280
 T. H. Y. Beglau, L. Rademacher, R. Oestreich, C. Janiak, Molecules 2023, 28, 4464. DOI: 10.3390/molecules28114464
 M. Chettri, N. Diyali, B. Biswas, Dalton Trans. 2026, 55, 1548–1583. DOI: 10.1039/D5DT01557J
 H.-F. Wang, L. Chen, H. Pang, S. Kaskel, Q. Xu, Chem. Soc. Rev. 2020, 49, 1414–1448. DOI: 10.1039/C9CS00906J
 K. S. Park, Z. Ni, A. P. Côté, J. Yong-Choi, R. Huang, F. J. Uribe-Romo, H. K. Chae, M. O’Keeffe, O. M. Yaghi, Proc. Natl. Acad. 
Sci. U.S.A. 2006, 103, 10186–10191. DOI: 10.1073/pnas.0602439103
 H. Zhang, M. Zhao, Y. S. Lin, Microporous Mesoporous Mater. 2019, 279, 201–210. DOI: 10.1016/j.micromeso.2018.12.035
 M. de J. Velásquez-Hernández, R. Ricco, F. Carraro, F. T. Limpoco, M. Linares-Moreau, E. Leitner, H. Wiltsche, J. Rattenberger, 
H. Schröttner, P. Frühwirt, E. M. Stadler, G. Gescheidt, H. Amenitsch, C. J. Doonan, P. Falcaro, CrystEngComm 2019, 21, 4538–
4544. DOI: 10.1039/C9CE00757A

 Z. Lei, X. Jin, J. Li, Y. Liu, J. Liu, S. Jiao, R. Cao, J. Energy Chem. 2022, 65, 505–513. DOI: 10.1016/j.jechem.2021.06.019
 S. Huang, X.-R. Shi, C. Sun, Z. Duan, P. Ma, S. Xu, Nanomaterials 2020, 10, 2268. DOI: 10.3390/nano10112268
 S. D. Worrall, H. Mann, A. Rogers, M. A. Bissett, M. P. Attfield, R. A. W. Dryfe, Electrochim. Acta 2016, 197, 228–240. 
DOI: 10.1016/j.electacta.2016.02.145

 R. Ahmad, U. A. Khan, N. Iqbal, T. Noor, RSC Adv. 2020, 10, 43733–43750. DOI: 10.1039/d0ra08560j
 M. Ding, X. Cai, H.-L. Jiang, Chem. Sci. 2019, 10, 10209–10230. DOI: 10.1039/C9SC03916C
 D. N. Jordan, T. Müller, R. Oestreich, T. Strothmann, I. Boldog, C. Janiak, Cryst. Growth Des. 2024, 24, 3837–3854.
DOI: 10.1021/acs.cgd.4c00165

 K. Wang, X.-L. Lv, D. Feng, J. Li, S. Chen, J. Sun, L. Song, Y. Xie, J.-R. Li, H.-C. Zhou, J. Am. Chem. Soc. 2016, 138, 914–919.
DOI: 10.1021/jacs.5b10881

 L. S. Xie, G. Skorupskii, M. Dincă, Chem. Rev. 2020, 120, 8536–8580. DOI: 10.1021/acs.chemrev.9b00766
 M. Dincă, J. Dou, M. Borysiewicz, R. Parenti, H. Banda, Patent US11424083B2, 2022.
 D. Sheberla, J. C. Bachman, J. S. Elias, C.-J. Sun, Y. Shao-Horn, M. Dincă, Nat. Mater. 2017, 16, 220–224. DOI: 10.1038/nmat4766
 K. J. Gagnon, H. P. Perry, A. Clearfield, Chem. Rev. 2012, 112, 1034–1054. DOI: 10.1021/cr2002257
 P. Mei, J. Kim, N. A. Kumar, M. Pramanik, N. Kobayashi, Y. Sugahara, Y. Yamauchi, Joule 2018, 2, 2289–2306.
DOI: 10.1016/j.joule.2018.08.001

 A. Clearfield, J. A. Stynes, J. Inorg. Nucl. Chem. 1964, 26, 117–129. DOI: 10.1016/0022-1902(64)80238-4
 A. Clearfield, D. S. Thakur, Appl. Catal. 1986, 26, 1–26. DOI: 10.1016/S0166-9834(00)82538-5
 A. Clearfield, G. D. Smith, Inorg. Chem. 1969, 8, 431–436. DOI: 10.1021/ic50073a005
 A. A. Anillo, M. A. Villa-García, R. Llavona, M. Suárez, J. Rodríguez, Mater. Res. Bull. 1999, 34, 627–640.
DOI: 10.1016/S0025-5408(99)00037-9

 M. E. Medeiros, O. L. Alves, J. Mater. Chem. 1992, 2, 1075–1078. DOI: 10.1039/JM9920201075
 G. Alberti, U. Costantino, S. Allulli, N. Tomassini, J. Inorg. Nucl. Chem. 1978, 40, 1113–1117. 
DOI: 10.1016/0022-1902(78)80520-X

 M. B. Dines, R. E. Cooksey, P. C. Griffith, R. H. Lane, Inorg. Chem. 1983, 22, 1003–1004. DOI: 10.1021/ic00148a036
 J. Le Bideau, C. Payer, P. Palvadeau, B. Bujoli, Inorg. Chem. 1994, 33, 4885–4890. DOI: 10.1021/ic00100a011
 K. Maeda, J. Akimoto, Y. Kiyozumi, F. Mizukami, Angew. Chem. Int. Ed. 1995, 34, 1199–1201. DOI: 10.1002/anie.199511991
 G. Alberti, F. Marmottini, S. Murcia-Mascarós, R. Vivani, Angew. Chem. Int. Ed. 1994, 33, 1594–1597.
DOI: 10.1002/anie.199415941

 S. Begum, Z. Wang, A. Donnadio, F. Costantino, M. Casciola, R. Valiullin, C. Chmelik, M. Bertmer, J. Kärger, J. Haase, H. 
Krautscheid, Chem. Eur. J. 2014, 20, 8862–8866. DOI: 10.1002/chem.201402886
 K. Barthelet, D. Rious, G. Férey, Solid State Sci. 2002, 4, 841–844. DOI: 10.1016/S1293-2558(02)01331-6
 C. Serre, J. A. Groves, P. Lightfoot, A. M. Z. Slawin, P. A. Wright, N. Stock, T. Bein, M. Haouas, F. Taulelle, G. Férey, Chem. 
Mater. 2006, 18, 1451–1457. DOI: 10.1021/cm052149l

 S. R. Miller, G. M. Pearce, P. A. Wright, F. Bonino, S. Chavan, S. Bordiga, I. Margiolaki, N. Guillou, G. Férey, S. Bourrelly, P. L. 
Llewellyn, J. Am. Chem. Soc. 2008, 130, 15967–15981. DOI: 10.1021/ja804936z

 M. T. Wharmby, J. P. S. Mowat, S. P. Thompson, P. A. Wright, J. Am. Chem. Soc. 2011, 133, 1266–1269. DOI: 10.1021/ja1097995
 M. Taddei, F. Costantino, F. Marmottini, A. Comotti, P. Sozzani, R. Vivani, Chem. Commun. 2014, 50, 14831–14834.
DOI: 10.1039/C4CC06223J

 M. Taddei, F. Costantino, R. Vivani, Eur. J. Inorg. Chem. 2016, 4300–4309. DOI: 10.1002/ejic.201600207
 T. Rhauderwiek, K. Wolkersdörfer, S. Øien-Ødegaard, K. P. Lillerud, M. Wark, N. Stock, Inorg. Chem. 2017, 56, 2270–2277.
DOI: 10.1021/acs.inorgchem.6b02969

 F. Steinke, T. Otto, S. Ito, S. Wöhlbrandt, N. Stock, Eur. J. Inorg. Chem. 2022, e202200562. DOI: 10.1002/ejic.202200562
 C. Wehmeyer, M. Schrader, D. Andrienko, D. Sebastiani, J. Phys. Chem. C 2013, 117, 12366–12372. DOI: 10.1021/jp4035024
 T. Rhauderwiek, K. Wolkersdörfer, S. Øien-Ødegaard, K. P. Lillerud, M. Wark, N. Stock, Chem. Commun. 2018, 54, 389–392.
DOI: 10.1039/C7CC07766A

 T. Rhauderwiek, H. Zhao, P. Hirschle, M. Döblinger, B. Bueken, H. Reinsch, D. de Vos, S. Wuttke, U. Kolb, N. Stock, Chem. 
Sci. 2018, 9, 5467–5478. DOI: 10.1039/C8SC01533C

 C. S. Demmer, N. Krogsgaard-Larsen, L. Bunch, Chem. Rev. 2011, 111, 7981–8006. DOI: 10.1021/cr2002646
 C. M. Sevrain, M. Berchel, H. Couthon, P.-A. Jaffrès, Beilstein J. Org. Chem. 2017, 13, 2186–2213. DOI: 10.3762/bjoc.13.219



174

 A. H. Mahmoudkhani, V. Langer, J. Mol. Struct. 2002, 609, 97–108. DOI: 10.1016/S0022-2860(01)00954-1
 M. Śledź, J. Janczak, R. Kubiak, J. Mol. Struct. 2001, 595, 77–82. DOI: 10.1016/S0022-2860(01)00493-8
 R. Bouaddi, A. Fatni, L. El Maimouni, A. El Hammadi, Int. J. Eng. Appl. Phys. 2023, 3, 843–857. 
https://ijeap.org/ijeap/article/view/159 (accessed: 23.12.2025)
 R. G. Franz, AAPS PharmSci 2001, 3, 10. DOI: 10.1208/ps030210
 R. G. Pearson, J. Am. Chem. Soc. 1963, 85, 3533–3539. DOI: 10.1021/ja00905a001
 R. G. Pearson, J. Chem. Educ. 1968, 45, 581–587. DOI: 10.1021/ed045p581
 R. G. Pearson, J. Chem. Educ. 1968, 45, 643–648. DOI: 10.1021/ed045p643
 T. Müller, P. Ferber, P. M. Roos, N. Assahub, C. Janiak, Z. Anorg. Allg. Chem. 2025, e202500158. 
DOI: 10.1002/zaac.202500158

 R. P. S. Huynh, D. R. Evans, J. X. Lian, D. Spasyuk, S. Siahrostrami, G. K. H. Shimizu, J. Am. Chem. Soc. 2023, 145, 
21263–21272. DOI: 10.1021/jacs.3c05279

 J.-P. Zhang, Y.-B. Zhang, J.-B. Lin, X.-M. Chen, Chem. Rev. 2012, 112, 1001–1033. DOI: 10.1021/cr200139g
 A. D. G. Firmino, F. Figueira, J. P. C. Tomé, F. A. A. Paz, J. Rocha, Coord. Chem. Rev. 2018, 355, 133–149. 
DOI: 10.1016/j.ccr.2017.08.001
 K. Maeda, Microporous Mesoporous Mater. 2004, 73, 47–55. DOI: 10.1016/j.micromeso.2003.10.018
 S.-S. Bao, G. K. H. Shimizu, L.-M. Zheng, Coord. Chem. Rev. 2019, 378, 577–594. DOI: 10.1016/j.ccr.2017.11.029
 K. D. Demadis, P. Lykoudis, R. G. Raptis, G. Mezei, Cryst. Growth Des. 2006, 6, 1064–1067. DOI: 10.1021/cg050620h
 S. J. I. Shearan, N. Stock, F. Emmerling, J. Demel, P. A. Wright, K. D. Demadis, M. Vassaki, F. Costantino, R. Vivani, S. Sallard, 
I. R. Selcedo, A. Cabeza, M. Taddei, Crystals 2019, 9, 270. DOI: 10.3390/cryst9050270

 T. Zheng, Z. Yang, D. Gui, Z. Liu, X. Wang, X. Dai, S. Liu, L. Zhang, Y. Gao, L. Chen, D. Sheng, Y. Wang, J. Diwu, J. Wang, R. 
Zhou, Z. Chai, T. E. Albrecht-Schmitt, S. Wang, Nat. Commun. 2017, 8, 15369. DOI: 10.1038/ncomms15369

 G. Yücesan, Y. Zorlu, M. Stricker, J. Beckmann, Coord. Chem. Rev. 2018, 369, 105–122. DOI: 10.1016/j.ccr.2018.05.002
 A. E. Baumann, D. A. Burns, B. Liu, V. S. Thoi, Commun. Chem. 2019, 2, 86. DOI: 10.1038/s42004-019-0184-6
 B. M. Ramesha, V. Meynen, Materials 2020, 13, 5366. DOI: 10.3390/ma13235366
 B. S. Gelfand, G. K. H. Shimizu, Dalton Trans. 2016, 45, 3668–3678. DOI: 10.1039/C5DT04049C
 A. Clearfield, Curr. Opin. Solid State Mater. Sci. 1996, 1, 268–278. DOI: 10.1016/S1359-0286(96)80094-5
 G. Cao, H. G. Hong, T. E. Mallouk, Acc. Chem. Res. 1992, 25, 420–427. DOI: 10.1021/ar00021a007
 G. Alberti, M. Casciola, Solid State Ionics 1997, 97, 177–186. DOI: 10.1016/S0167-2738(97)00070-2
 P. Mei, M. Pramanik, C. Young, Z. Huang, S. A. Hossain, Y. Sugahara, Y. Yamauchi, J. Mater. Chem. A 2017, 5, 23259–23266.
DOI: 10.1039/C7TA07034A
 R. I. Mohanty, A. Mukherjee, P. Bhanja, B. K. Jena, J. Power Sources 2024, 596, 234080. DOI: 10.1016/j.jpowsour.2024.234080
 R. I. Mohanty, A. Mukherjee, P. Bhanja, B. K. Jena, J. Mater. Chem. A 2024, 12, 28447–28458. DOI: 10.1039/D4TA04778H
 L. Pradhan, B. Nayak, A. Mukherjee, S. Basu, B. K. Jena, ACS Appl. Energy Mater. 2023, 6, 3347–3356. 
DOI: 10.1021/acsaem.2c04057
 C. A. Peeples, D. Kober, F.-J. Schmitt, P. Tholen, K. Siemensmeyer, Q. Halldorson, B. Çoşut, A. Gurlo, A. O. Yazaydin, G. Hanna, 
G. Yücesan, Adv. Funct. Mater. 2021, 31, 2007294. DOI: 10.1002/adfm.202007294
 D. K. Singha, R. I. Mohanty, P. Bhanja, B. K. Jena, Mater. Adv. 2023, 4, 4679–4706. DOI: 10.1039/D3MA00523B
 M. Pramanik, R. R. Salunkhe, M. Imura, Y. Yamauchi, ACS Appl. Mater. Interfaces 2016, 8, 9790–9797.
DOI: 10.1021/acsami.6b01012
 T. Kgwadibane, N. W. Hlongwa, X. G. Fuku, M. J. Madito, J. Energy Storage 2025, 139, 118782. DOI: 10.1016/j.est.2025.118782
 T. Rom, A. Agrawal, R. Biswas, K. K. Haldar, A. K. Paul, ACS Appl. Mater. Interfaces 2024, 16, 17797–17811.
DOI: 10.1021/acsami.3c19079
 P. Tholen, L. Wagner, J. G. A. Ruthes, K. Siemensmeyer, T. H. Y. Beglau, D. Muth, Y. Zorlu, M. Okutan, J. C. Goldschmidt, C. 
Janiak, V. Presser, Ö. Yavuzçetin, G. Yücesan, Small 2023, 19, 2304057. DOI: 10.1002/smll.202304057
 K. Siemensmeyer, C. A. Peeples, P. Tholen, F.-J. Schmitt, B. Çoşut, G. Hanna, G. Yücesan, Adv. Mater. 2020, 32, 2000474.
DOI: 10.1002/adma.202000474
 D. Chakraborty, S. Bey, S. Sahoo, S. Chongdar, A. Ghosh, P. Banerjee, A. Bhaumik, ACS Sustainable Chem. Eng. 2021, 9, 
14224–14237. DOI: 10.1021/acssuschemeng.1c04877
 R. I. Mohanty, A. Mukherjee, P. Bhanja, B. K. Jena, J. Energy Storage 2024, 80, 110313. DOI: 10.1016/j.est.2023.110313
 R. I. Mohanty, A. Mukherjee, P. Bhanja, B. K. Jena, ACS Appl. Energy Mater. 2024, 7, 7373–7383. DOI: 10.1021/acsaem.4c01573
 J. W. Gittins, K. Ge, C. J. Balhatchet, P.-L. Taberna, P. Simon, A. C. Forse, J. Am. Chem. Soc. 2024, 146, 12473–12484.
DOI: 10.1021/jacs.4c00508

 T. P. Mofokeng, S. Shabalala, A. B. Haruna, P. V. Mwonga, Z. N. Tetana, K. I. Ozoemena, J. Electroanal. Chem. 2023, 948, 117809.
DOI: 10.1016/j.jelechem.2023.117809

 C. Arbizzani, Y. Yu, J. Li, J. Xiao, Y.-Y. Xia, Y. Yang, C. Santato, R. Raccichini, S. Passerini, J. Power Sources 2020, 450, 227636.
DOI: 10.1016/j.jpowsour.2019.227636
 M. Shao, R. Zhang, Z. Li, M. Wei, D. G. Evans, X. Duan, Chem. Commun. 2015, 51, 15880–15893. DOI: 10.1039/C5CC07296D
 M.-S. Xu, L.-W. Wang, B. Wang, X. Xu, Q. Ma, S.-F. Tang, J. Mol. Struct. 2025, 1342, 142791. 
DOI: 10.1016/j.molstruc.2025.142791
 T.-Y. Ma, Z.-Y. Yuan, ChemSusChem 2011, 4, 1407–1419. DOI: 10.1002/cssc.201100050
 T. Rom, N. Kumar, A. Agrawal, A. Gaur, A. K. Paul, J. Mol. Struct. 2022, 1263, 133087. DOI: 10.1016/j.molstruc.2022.133087
 Q. Wang, M. Li, Z. Wang, RSC Adv. 2019, 9, 7811–7817. DOI: 10.1039/C8RA10671A
 M. K. Sahoo, P. Mane, B. Chakraborty, J. N. Behera, Inorg. Chem. 2024, 63, 6383–6395. DOI: 10.1021/acs.inorgchem.4c00144
 D. K. Nguyen, I. M. Schepisi, F. Z. Amir, Chem. Eng. J. 2019, 378, 122150. DOI: 10.1016/j.cej.2019.122150
 X. Du, J. Zhang, H. Wang, Z. Huang, A. Guo, L. Zhao, Y. Niu, X. Li, B. Wu, Y. Liu, Mater. Chem. Front. 2020, 4, 243–251.
DOI: 10.1039/C9QM00527G
 Y. Gao, J. Wu, W. Zhang, Y. Tan, J. Gao, J. Zhao, B. Tang, New J. Chem. 2015, 39, 94–97. DOI: 10.1039/C4NJ01719F
 E. A. Jafari, M. Moradi, S. Borhani, H. Bigdeli, S. Hajati, Phys. E: Low-Dimens. Syst. Nanostructures 2018, 99, 16–23.
DOI: 10.1016/j.physe.2018.01.007
 D. Mohanadas, M. A. A. M. Abdah, N. H. B. Azman, T. B. S. A. Ravoof, Y. Sulaiman, Sci. Rep. 2021, 11, 11747.
DOI: 10.1038/s41598-021-91100-x
 A. H. Anwer, M. M. Zubair, F. Mashkoor, A. Benamor, I. Hasan, M. Shoeb, C. Jeong, J. Alloys Compd. 2024, 970, 172512.
DOI: 10.1016/j.jallcom.2023.172512
 R. Vinodh, R. S. Babu, R. Atchudan, H.-J. Kim, M. Yi, L. M. Samyn, A. L. F. de Barros, Catalysts 2022, 12, 375.
DOI: 10.3390/catal12040375



175

 L. Niu, Z. Li, Y. Xu, J. Sun, W. Hong, X. Liu, J. Wang, S. Yang, ACS Appl. Mater. Interfaces 2013, 5, 8044–8052.
DOI: 10.1021/am402127u
 W. Chen, D. Gui, J. Liu, Electrochim. Acta 2016, 222, 1424–1429. DOI: 10.1016/j.electacta.2016.11.120
 H. Aydin, U. Kurtan, M. Demir, S. Karakuş, Energy Fuels 2022, 36, 2212–2219. DOI: 10.1021/acs.energyfuels.1c04208
 H. Peçenek, F. K. Dokan, M. S. Onses, E. Yılmaz, E. Sahmetlioglu, Mater. Res. Bull. 2022, 149, 111745.
DOI: 10.1016/j.materresbull.2022.111745
 L. Ma, T. Zhao, F. Xu, T. You, X. Zhang, Chem. Eng. J. 2021, 405, 126694. DOI: 10.1016/j.cej.2020.126694
 B. Yao, M. Li, J. Zhang, L. Zhang, Y. Song, W. Xiao, A. Cruz, Y. Tong, Y. Li, Nano-Micro Lett. 2019, 12, 3.
DOI: 10.1007/s40820-019-0340-7
 R. B. Rakhi, B. Ahmed, D. Anjum, H. N. Alshareef, ACS Appl. Mater. Interfaces 2016, 8, 18806–18814. 
DOI: 10.1021/acsami.6b04481
 D. Xu, Y. Su, S. Zhang, Y. Xiong, Energy Sources Part A: Recovery Util. Environ. Eff. 2020, 42, 1797–1807. 
DOI: 10.1080/15567036.2019.1604890

 X.-R. Li, Y.-H. Jiang, P.-Z. Wang, Y. Mo, W.-D. Lai, Z.-J. Li, R.-J. Yu, Y.-T. Du, X.-R. Zhang, Y. Chen, New Carbon Mater. 2020, 
35, 232–243. DOI: 10.1016/S1872-5805(20)60487-5
 A. Elmouwahidi, J. Castelo-Quibén, J. F. Vivo-Vilches, A. F. Pérez-Cadenas, F. J. Maldonado-Hódar, F. Carrasco-Marín, Chem. 
Eng. J. 2018, 334, 1835–1841. DOI: 10.1016/j.cej.2017.11.141
 A. Ariharan, K. Ramesh, R. Vinayagamoorthi, M. S. Rani, B. Viswanathan, S. Ramaprabhu, V. Nandhakumar, J. Energy Storage 
2021, 35, 102185. DOI: 10.1016/j.est.2020.102185
 A. Prajapati, C. Hahn, I. M. Weidinger, Y. Shi, Y. Lee, A. N. Alexandrova, D. Thompson, S. R. Bare, S. Chen, S. Yan, N. Kornienko, 
Nat. Commun. 2025, 16, 2593. DOI: 10.1038/s41467-025-57563-6
 Z. Huang, D. Eder, Commun. Chem. 2025, 8, 359. DOI: 10.1038/s42004-025-01747-0
 R. Zhang, S. M. El-Refaei, P. A. Russo, N. Pinna, J. Nanopart. Res. 2018, 20, 146. DOI: 10.1007/s11051-018-4246-y
 G. Yücesan, W. Ouellette, V. Golub, C. J. O'Connor, J. Zubieta, Solid State Sci. 2005, 7, 445–458. 
DOI: 10.1016/j.solidstatesciences.2005.01.009

 T. Müller, J. G. A. Ruthes, B. Battacharya, D. Silbernagl, P. Tholen, A. Limon, G. Kinik, C. Janiak, M. Suta, F. Emmerling, V. 
Presser, G. Yücesan, Adv. Funct. Mater. 2026, 0:e00026. DOI: 10.1002/adfm.202600026


