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PREFACE

This volume presents the Book of Abstracts of the 10th International Conference on Novel
Materials Fundamentals and Applications (NFA 2026), to be held on 24-27 May 2026 at the
Grandhotel Praha in Tatranskd Lomnica, situated in the High Tatras, Slovakia. The conference
is organized by Pavol Jozef Safarik University in KoSice in cooperation with the Slovak

Academy of Sciences and the Slovak Battery Alliance.

The year 2026 marks a distinguished milestone - the tenth anniversary of the NFA conference
series. Over the past decade, this conference has steadily grown into a respected international
forum, bringing together leading scientists, early-career researchers, and industry experts in the
rapidly evolving field of advanced materials. This jubilee edition stands as both a reflection of
the conference’s enduring legacy and a celebration of its continued growth, scientific

excellence, and international impact.

NFA 2026 continues its tradition of fostering interdisciplinary dialogue and collaboration,
providing a platform for the presentation of novel research, the exchange of ideas, and the
exploration of emerging directions in materials science. The contributions collected in this
Book of Abstracts, encompassing both oral and poster presentations, reflect the diversity, depth,

and dynamism of the topics addressed during the conference.

We extend our sincere and heartfelt appreciation to all contributing authors for their high-
quality submissions and to the reviewers for their careful and dedicated work. Our special
thanks also go to the organizing committee for their commitment and tireless efforts in
preparing this anniversary event. Furthermore, we gratefully acknowledge the support of

funding agencies and research initiatives that have made the presented work possible.

It is our firm belief that this special tenth anniversary edition of NFA will not only provide an
inspiring setting for scientific exchange, but will also strengthen existing collaborations and
spark new partnerships across the international research community, contributing to the

advancement of materials science in the years to come.

Ivana SiSolakova
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Artificial-Intelligence Driven Platforms for the Discovery and Optimization of Catalytic
Reactors for Continuous-flow Sustainable Transformations

C. Tinajero®, M. Zanatta®®, J. E. Sanchez-Velandia?, E. Garcia-Verdugo®, V. Sans®*
2 Institute of Advanced Materials (INAM), Univesitat Jaume I, Avda Sos Baynat s/n, 12071, Castellén, Spain
®Departamento de Quimica Inorganica y Orgénica, Jaume I, E-12071 Castellén, Spain
*sans@uji.es

Keywords: artificial intelligence, self-driving laboratories, additive manufacturing, process intensification,
sustainability

Additive manufacturing (AM) is redefining reactor engineering by unlocking complex geometries that surpass the
mass- and heat-transfer limits of conventional packed beds.[1] Structured 3D-printed reactors offer tunable flow
regimes and precise interfacial control, leading to marked gains in catalytic performance for CO: capture and
conversion. In particular, polymeric and ionic-liquid-functionalized AM reactors, in which catalytic sites are
embedded within high-resolution epoxy-functionalized matrices, have demonstrated enhanced activity, selectivity,
and operational stability in the cycloaddition of CO: to epoxides.[2—4] Yet exploiting the vast design space opened
by AM demands new tools capable of navigating geometry, chemistry, and process variables simultaneously.

To address this challenge, we introduce Reac-Discovery, a digital and autonomous platform that integrates reactor
topology design, additive manufacturing, and self-driving experimentation in a single closed loop.[5] Its three
modules, namely Reac-Gen, Reac-Fab, and Reac-Eval combine parametric geometry generation, high-resolution
fabrication, and in-line NMR-guided optimization under Al orchestration. Applied to multiphase hydrogenation
and CO: valorization, Reac-Discovery delivered record space-time yields and uncovered previously hidden
structure—performance relationships for the cycloaddition of CO:2 to epoxides. By coupling AM, automation, and
artificial intelligence, this approach establishes a new paradigm in which reactor geometry and catalysis co-evolve,
paving the way toward intelligent, sustainable continuous-flow technologies.
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Rational Design and Biomedical Applications of Biomimetic Micro/nanomotors

L. Wang**
2School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150001, China
*leiwang_chem@hit.edu.cn

Artificial-cell-based micromotors are new intelligent biomimetic materials based on multidisciplinary knowledge
of chemistry, physics, synthetic biology, materials science, fluid mechanics and life science. Based on the "bottom-
up" concept, through the rational design and integration of a variety of building elements, such as inorganic
nanomaterials, functional polymers, biomaterials, etc., the multifunctional and multi-responsive micromotors can
be realized, and the function and behavior of natural cells can be further simulated and studied; in the meanwhile,
the artificial-cell-based micromotors can also be used as an intelligent building block to realize hierarchical
assembly, so as to build advanced functional materials such as micro-scale or macro-scale artificial actuator and
artificial tissue, etc. Therefore, in-depth study of the structure, properties and functions of artificial cell models can
not only lay the foundation for simulating natural cellular functions, but also provide new ideas and new platforms
for the design of new bionic materials.

From the perspective of fundamental cellular functions, motility behavior is not only a key attribute of living cells
but also a critical criterion for evaluating the synergy between internal and external cellular functions. However,
at the micro/nanoscale, the effective design and construction of artificial-cell-based micromotors with controllable
motility, through the integration of multidisciplinary knowledge, remains a scientific challenge across various
fields. To address this important issue, this report presents the latest research progress from our team on the
construction of artificial-cell-based micromotors and their life-like behaviors for biomedical applications[1-10].
We outline the design principles and control strategies for artificial cell motility, and reveal the dynamic laws
governing the motion of these micromotors in the context of life science and synthetic biology. Furthermore, we
discuss how such motility behaviors influence multiple life functions and serve as a therapeutic strategy, thereby
offering a new research paradigm for understanding the motile behavior of artificial cells, as well as the rapid
proliferation mechanisms and treatment approaches for malignant cells such as tumors.

Acknowledgements

L. Wang would like to appreciate the funding support from NSFC (52473109, 52530002), the High-level Talent
programme of Heilongjiang Province, and the China-Bulgaria Mobility Project.
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Probing structure-property relationships in nanocomposites using X-ray techniques

J. Bednarcik®*
* Institute of Physics, Faculty of Science, Pavol Jozef Safarik University in Kosice
Park Angelinum 9, 040 01 KoSice
*jozef.bednarcik@upjs.sk

Establishing a robust link between microscopic architecture and macroscopic performance is a central challenge
in materials science. X-ray scattering and spectroscopy serve as indispensable tools in this pursuit, offering non-
destructive, high-penetration probes capable of resolving structural features from the atomic to the mesoscale. The
advent of synchrotron radiation facilities has revolutionized this domain, providing the high brilliance and energy
tunability required for sophisticated in-situ and operando experiments. Unlike laboratory-scale instruments,
synchrotrons allow for the real-time observation of material evolution under external stimuli including thermal
cycling, high pressure, and mechanical deformation.

A defining strength of the modern synchrotron is its inherent multimodality. By integrating diverse techniques,
such as Small-Angle and Wide-Angle X-ray Scattering (SAXS/WAXS), X-ray Absorption Spectroscopy (XAS),
and nano-computed tomography - researchers can capture a holistic view of material response. This multimodal
approach enables the observation of structural dynamics across broad spatial and temporal scales, providing the
critical insights necessary to engineer the next generation of high-performance nanocomposites.

In the present study, the influence of wet mechanical alloying (MA) on the glass-forming ability of Co-based alloys
was systematically investigated. To track structural evolution, a multi-analytical approach was employed,
integrating high-energy X-ray diffraction (HEXRD), X-ray absorption spectroscopy (XAS), and high-resolution
transmission electron microscopy (HRTEM), alongside vibrating sample magnetometry (VSM) and
thermomagnetic measurements to assess magnetic properties. Specifically, pair distribution function (PDF)
analysis and extended X-ray absorption fine structure (EXAFS) spectroscopy were utilized to resolve the local
atomic architecture at successive stages of the milling process.

In the closing segment of the talk, emphasis will be placed on complementary laboratory-based X-ray methods
such as XRD, SAXS/WAXS, and XAS. These techniques are currently being established and refined within the
framework of the ongoing MASS PRAM project (Multimodal Approach to Study Structure-Property Relationships
in Advanced Materials). The aim of this project is to link synchrotron and in-house experimental approaches by
combining multiple methodologies, creating a more systematic and accessible way to explore structure-property
relationships in advanced and functional materials. By merging synchrotron and laboratory capabilities, this
approach demonstrates the powerful synergy of multimodal X-ray techniques in resolving complex structural
questions in contemporary materials science.
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Biocompatibility of Nanocellulose-Based Formulations: Differential Responses in
Fibroblast (CV-1) and Epithelial (A549) Cell Lines

E. Bencurova®*, E. Ekrami®, E. M. Othman®, T. Dandekar®*
2 Julius Maximilian University of Wuerzburg, Department of Bioinformatics, Wuerzburg, Germany
b Cancer Therapy Research Center (CTRC), Department of Biochemistry-I, Biocenter, University of Wuerzburg,
Wuerzburg, Germany
¢ European Molecular Biology Laboratory, Heidelberg, Germany
*elena.bencurova@uni-wuerzburg.de

Introduction

Nanocellulose has emerged as a promising biomaterial for skin rejuvenation and wound healing applications due
to its high water retention capacity, mechanical strength, and biocompatibility [1,2]. However, the cellular and
molecular responses to nanocellulose-based formulations, particularly when combined with emollients such as
plant oils, remain incompletely characterized. This study evaluates the biocompatibility of nanocellulose alone
and in combination with different concentrations of raps oil (12.5%, 25%, 37.5% V/V) in two distinct cell lines:
CV-1 (fibroblast-like, derived from monkey kidney) and A549 (human alveolar epithelial carcinoma). Fibroblasts
are key players in dermal aging and extracellular matrix remodeling, while A549 cells serve as a model for
epidermal barrier function [3,4].

Methods

Cells were treated with nanocellulose alone ("NC only") or nanocellulose supplemented with 12.5%, 25%, or
37.5% V/V oil for 24 hours, for the MTT assay, 50% concentration was tested in addition. Cell viability was
assessed using the MTT assay [Sigma-Aldrich]. Gene expression changes in selected markers — EGR1 (early
growth response, cellular stress), CCL2 (inflammation), MMP10 (matrix remodeling), SMAD3 (TGF-f signaling),
and TGFB1 (growth factor) were quantified by qRT-PCR [StepOne, Thermo Fisher using PerfeCTa SYBR®
Green FastMixes™ with ROX reference dye, Quanta Bio]. Fold changes were calculated using the 2(—AACT)
method with B-actin as reference control.

Results

MTT viability assays revealed that nanocellulose alone reduced viability to 55% in CV-1 cells and approximately
70-80% in A549 cells, suggesting cell-type-specific sensitivity. Oil addition partially rescued viability in CV-1
cells (75-85% of control) but had minimal effect in A549 cells. These results indicate that nanocellulose exhibits
moderate cytotoxicity that can be mitigated by emollient co-formulation, particularly in fibroblast-like cells.
Gene expression analysis revealed striking differences between the two cell lines. In A549 cells, nanocellulose
alone strongly upregulated MMP10 (69.6-fold), EGR1 (4.5-fold), TGFBI1 (2.25-fold), and SMAD3 (2.16-fold),
indicating activation of matrix remodeling and TGF-f signaling pathways. Oil addition at 12.5% and 25% further
increased EGR1 expression (6.3- and 6.2-fold, respectively) while reducing MMP10 to 43.9- and 16.2-fold.
Notably, CCL2 was downregulated at higher oil concentrations (0.59- and 0.82-fold at 25% and 37.5%),
suggesting an anti-inflammatory effect of the oil component.

In CV-1 cells, a contrasting pattern emerged. Nanocellulose alone upregulated MMP10 (7.2-fold) and CCL2 (2.6-
fold) but downregulated SMAD?3 (0.86-fold, i.e., —1.16 in log2). The addition of 12.5% oil dramatically increased
CCL2 expression (16-fold) and further enhanced MMP10 (11.1-fold), while 25% oil reduced these effects.

The differential responses between CV-1 and A549 cells highlight the importance of cell-type specificity in
evaluating nanocellulose biocompatibility. CV-1 cells, representing dermal fibroblasts (normal cells, without
pathogenic features), showed moderate viability reduction and strong induction of inflammatory (CCL2) and
matrix-remodeling (MMP10) genes, particularly at 12.5% oil. This suggests that nanocellulose with low oil content
may activate fibroblast-mediated tissue repair pathways. In contrast, A549 epithelial cells (cancer cells) exhibited
a more robust stress response (EGR1, MMP10, TGFB1) but lower sensitivity to oil rescue.

The biphasic dose-response of several genes peaking at 12.5% oil and declining at higher concentrations may
indicate an optimal oil concentration for bioactivity, beyond which cytotoxic or saturating effects occur.

14



10t International Conference on Novel Materials: Fundamentals and Applications 2026
High Tatras, 24.05.-27.05.2026

A = 151 C
E 75
-~ 70 -
o 65
by 60
P
& 1.0 55
£ 50
it 45 _
—: 40 MNC only
= 3/ - NC+12,5% oil
< 054 o .
= WNC+25% oil
= 25
= 20 | mNC+37,5% oil
- 15
ﬁ 10 |
~ 0.0- : _ .
N & & e . N R N
L o & o & 0 - — —— ——
o ‘;\o o\e oo 00 s |
c A\ U Ad a0 L EGR1 ccL2 MMP10 SMAD3 TGFB1
® < ®
¥ - O
< <
15
B D -
- 17
: I
-
s -
re 14
< -
; = MNC only
=11 " =
£ - NC+12,5% oil
E
S ; mNC+25% oil
—_
= 7 mNC+37,5%oil
by :
E 2
kS 2
= , o [ |
1 ] | []
&) 4 =
5 EGR1 ccL2 MMP10 SMAD3 TGFB1

Figure 1 Cell viability and gene expression responses of CV-1 and A549 cells to nanocellulose (NC) with
different oil concentrations.

CV-1 cells (A, C) and A549 cells (B, D). Cells were treated with nanocellulose alone (NC only) or nanocellulose
supplemented with 12.5%, 25%, or 37.5% rapeseed oil. Control cells received no treatment and NC. Cell viability
was assessed by MTT assay and is shown as fold change relative to control (A, B). Gene expression of EGR1,
CCL2, MMP10, SMAD3, and TGFB1 was quantified by qRT-PCR and is presented as fold change (log: scale)
relative to control (C, D, Y axis represent fold change of gene expression compare to non-treated cells). Error bars
represent standard deviation from three independent replicates.

Conclusion

Nanocellulose exhibits cell-type-dependent biocompatibility, with moderate cytotoxicity mitigated by oil co-
formulation. The strong induction of MMP10 and CCL2 in CV-1 fibroblasts at 12.5% oil suggests potential pro-
regenerative effects, while the downregulation of inflammatory markers in A549 cells at higher oil concentrations
points to anti-inflammatory properties. These findings support the development of nanocellulose-oil formulations
for skin rejuvenation, with optimal oil concentration around 12.5%. Further studies should investigate long-term
effects, in vivo skin models, and the molecular mechanisms underlying the observed dose-dependent responses.
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Introduction

Thrombotic disorders remain a serious clinical problem, and their treatment is still largely based on systemic
administration of antithrombotic drugs. Although these drugs are clinically effective, systemic delivery is
associated with limited site selectivity, repeated dosing requirements, and an increased risk of adverse effects,
particularly bleeding complications. Nanoparticle-based drug delivery systems offer a promising strategy to
overcome these limitations by enabling controlled and potentially localised drug administration directly at the
thrombotic site [1], [2], [3].

In our previous experiments with spherical mesoporous silica nanoparticles, SMS-60, we demonstrated that silica-
based carriers can prolong the release of apixaban. This sustained release may potentially extend the biological
effect of apixaban in the body and reduce dosing frequency, for example, from the current twice-daily
administration to once every three days. Although these results are preliminary and require further biological
verification, they indicate that silica-based nanocarriers could contribute to more controlled and prolonged
antithrombotic therapy.

In parallel, our group has developed magnetic Fe;04@SiO, nanoparticles that have already been successfully
applied to SARS-CoV-2 RNA isolation and detection [4]. In the present work, these magnetic nanoparticles are
further investigated as potential carriers for local antithrombotic treatment of blood clots. The Fe304 core provides
magnetic responsiveness, while the SiO, shell offers chemical stability, biocompatibility, and the possibility of
drug loading or further surface modification. Apixaban, a direct factor Xa inhibitor, was selected as a model
antithrombotic drug.

Aim of the Study

The main objective of this study was to determine whether Fe304@SiO2 nanoparticles can be magnetically
accumulated near a model blood clot and whether contact with apixaban-loaded nanoparticles induces observable
changes in clot morphology. Since direct proof of clot dissolution remains financially challenging at this stage,
scanning electron microscopy was used as the primary method to indirectly assess structural changes in the fibrin
network and to identify nanoparticles on the clot surface.

Materials and Methods

To simulate targeted delivery under dynamic physiological conditions, experiments were performed in a model
circulation system containing a blood clot in physiological medium. A pump drove circulation, while an external
magnet positioned near the clot retained magnetic nanoparticles within the clot. In the absence of the magnet, the
nanoparticles circulated freely in the system. This setup allowed us to evaluate whether magnetic guidance can
promote the accumulation of Fe304@SiO; nanoparticles near thrombotic material (Figure 1).
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Figure 1 Simulated blood circulation model for magnetic targeting of Fe304@SiO, nanoparticles toward a blood
clot. The setup shows a model clot in physiological medium, circulation of magnetic nanoparticles through the
system, and their accumulation near the clot under the influence of an external magnet.

SEM samples were prepared from model blood clots incubated under several conditions: untreated clot in
physiological medium, clot exposed to different concentrations of apixaban solution, clot treated with blank
Fe304@SiO2 nanoparticles, and clot treated with apixaban-loaded Fe304@SiO2 nanoparticles. After incubation,
the clot samples were fixed, dehydrated, dried, and prepared for SEM imaging.

Results and Discussion

SEM analysis revealed clear differences in the fibrin network under different treatment conditions. The untreated
control clot showed a relatively compact fibrin structure with dense fibre arrangement. Clots incubated with
apixaban solutions exhibited concentration-dependent morphological changes, including partial disruption of the
fibrin mesh, thinning of fibrin fibres, and increased pore size within the network. These changes were more
pronounced after longer incubation times and at higher apixaban concentrations, suggesting that apixaban exposure
affects clot morphology under in vitro conditions.

In samples treated with blank Fe;04@SiO- nanoparticles, the fibrin network remained more like the control clot,
although nanoparticle aggregates were identified on the clot surface. This confirmed that the magnetic
nanoparticles could interact with and adhere to thrombotic material. In clots treated with apixaban-loaded
Fe;04@Si0; nanoparticles, SEM images showed both the presence of nanoparticles on the clot surface and visible
changes in fibrin architecture. Compared with blank nanoparticle-treated samples, the fibrin network appeared less
compact and showed signs of structural disruption. These observations suggest that apixaban-loaded magnetic
nanoparticles may influence clot morphology through localised contact with the drug-loaded carrier.

Additional preliminary experiments were performed to investigate whether variation of the magnetic field could
promote nanoparticle penetration into the clot interior (Figure 2). Magnetic hyperthermia was considered an
indirect method for detecting nanoparticles within the clot. However, Fe;O4-based nanoparticles did not generate
sufficient heat under the applied conditions, unlike materials with higher heating efficiency, such as cobalt ferrite-
based nanoparticles. Therefore, this approach did not provide conclusive evidence. Selected clot samples were
subsequently embedded in resin, sectioned, and are currently being prepared for transmission electron microscopy
analysis to evaluate nanoparticle distribution inside the clot.

Conclusion and Outlook

Overall, this study highlights the potential of Fe304@SiO2 magnetic nanoparticles as carriers for localised
antithrombotic treatment. SEM imaging provided indirect evidence that contact with apixaban-loaded magnetic
nanoparticles is associated with changes in fibrin morphology and confirmed the presence of nanoparticles on the
clot surface. Future work will focus on optimising drug loading into magnetic nanocarriers, quantifying apixaban
release under dynamic physiological conditions, and verifying nanoparticle penetration into clot cross-sections by
TEM. Importantly, the next step will be to evaluate clot dissolution using D-dimer quantification, enabling a more
reliable, quantitative assessment of the antithrombotic effect induced by locally delivered apixaban.

18



10t International Conference on Novel Materials: Fundamentals and Applications 2026
High Tatras, 24.05.-27.05.2026

Figure 2 Experimental setup designed to investigate deeper penetration of Fe304@SiO, nanoparticles into a
blood clot under the influence of an alternating magnetic field. The setup included a coil system for modulation
of the magnetic field strength. A model blood clot was placed in physiological medium inside the experimental
vessel, in the presence of a magnet. Magnetic nanoparticles accumulated in the clot region, while the alternating

magnetic field was intended to promote oscillation of the magnetic cores and facilitate deeper nanoparticle
penetration into the clot structure.
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Multiphase electric charge conductors composed of materials with various properties are widely utilized in
technical, as well as research practice. These composite materials include porous electrodes and other components
utilized mainly in the fuel cell and battery technologies. In this study, a novel equivalent electronic circuit (EEC)
network model is presented allowing for accurate prediction of the electrical properties of such materials without
time-consuming experimental determination [1]. The distinct attribute of this EEC network model is the fact, it
requires only easily obtainable data as input parameters: phase composition, porosity and bulk electrical
conductivity of individual constituents. The model generates a large number of cubic artificial specimens based
on random distribution of individual phases according to the input composition. Each of the generated specimens
is substituted with corresponding EEC network. The EEC networks are solved using the Kirchhoff’s laws resulting
in impedance response simulation for composite conductivity value prediction. Unlike similar models, the EEC
network model is able to account for morphological phenomena such as tortuosity, for more than two present
phases in the system and for the interface phenomena. The EEC network model was validated using the lanthanum
strontium manganite mixed with yttria-stabilized zirconia. Excellent agreement between the experimentally
determined and calculated electrical conductivity for the sample porosity of 0 to 60 % was obtained. The
phenomena observed were explained in terms of percolation theory and proven by microscopic observations.
Due to its variability, the EEC network model can be suitable for a wide range of practical applications. This
approach has thus high potential to save enormous amount of experimental effort, while maintaining sufficient
accuracy, when designing corresponding multiphase electrode structures.
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Drug release is the process by which an active pharmaceutical compound is released from a carrier system and
becomes available at the target site. Achieving effective therapy depends not only on the presence of the drug, but
also on its concentration, duration of action, and ability to reach specific tissues. Therefore, controlled drug
delivery systems have been developed to regulate the rate and extent of drug release, enabling sustained therapeutic
levels and targeted delivery [1]. Controlled drug delivery systems can be classified according to their release
mechanisms into dissolution controlled, diffusion controlled, osmotic and swelling driven, chemically controlled,
and nanoparticle-based systems. Among these, chemically controlled systems based on biodegradable polymers
are of particular interest, as they rely on structural changes of the carrier material and degrade under physiological
conditions without the need for removal [2], [3].

In polymer-based delivery systems, the active compound is incorporated within a polymer matrix and released as
the polymer gradually degrades. Polylactic acid (PLA), a biodegradable and biocompatible aliphatic polyester, is
widely used for such applications due to its hydrolytic degradation into lactic acid and its tuneable physicochemical
properties [4]. The incorporation of acetylsalicylic acid (ASA), a non-steroidal anti-inflammatory drug, provides
additional therapeutic benefits. ASA is widely used in clinical practice due to its anti-inflammatory, analgesic, and
anti-coagulant effects. Beyond these conventional roles, some studies indicate that ASA can modulate bone
remodelling. It has also been shown to promote angiogenesis by enhancing endothelial cell migration and vascular
formation, which are essential processes in bone regeneration and healing. These combined effects make ASA a
promising candidate for incorporation into polymer-based delivery systems aimed at improving regenerative
outcomes [5], [6], [7]

In this study, a polymer solution composed of 5 wt. % PLA and 5 wt. % ASA (relative to the dry polymer mass)
was prepared and applied as a coating onto a zinc substrate. However, to assess the intrinsic degradation behaviour
and drug release independent of substrate effects, the system was investigated under simplified conditions using a
glass as a substrate. The polymer solution was therefore deposited onto a glass substrate and dried at 37° C to form
a dry polymer film. The resulting coating was subsequently immersed in distilled water and incubated at 37° C for
12 and 24 hours in order to monitor the release of ASA.

The release of ASA was determined using an indirect colorimetric UV-VIS method based on the quantification of
salicylic acid (SA) using iron (III) chloride (FeCls) as a complexing agent. FeCls reacts with the phenolic hydroxyl
group of SA to form a violet coloured tetraaquasalicylic iron (III) complex, which was measured
spectrophotometrically at 530 nm. The concentration of SA is directly proportional to the concentration of ASA.
The concentration curves obtained after 12 and 24 hours are presented in Figure 1.

a) b)
104 tetraaquasalicylic ion(ll1) complex 12h 10 1 tetraaquasalicylic iron (Ill) complex 24h
' Linear Fit of B ' Linear Fit of B
1 |Equation v=a+b'x Equation v=a+bx
Plot B |Plot B
0.8 { |Intercent -0.13428 % 0.073 0.8 4 |Intercent 0.06935 £ 0.011
Slope 25979.26727 £ 2 |Slope 20988.6386 £ 4
o ] |Residual Sum 0.00366 |Residual Sumo 4.16324E-4
o Pearson's r o Pearson's r 0.99952
c R-Sauare (COD ‘é |R-Sauare (COD 0.99904
© 0.6 4 |Adj.R-S @ 0.6 - j. R-
£ o
2 o
2 2
0.4 <044
0.2 4 0.2
0.0 0.0

T T T T T T T T T T
0000008 0000018 0000027  0.000036  0.000045  0.000000 0.000009 0.000018 0.000027 0.000036 0.000045
Concentration (mol/dm?®) Concentration (mol/dm?3)

Figure 3 Calibration curves obtained after 12 a) and 24 b) hours.
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The calibration curves exhibited excellent linearity (R2 = 0.990 for 12 h and 0.999 for 24 h), ensuring reliable
quantification. The concentration of released ASA reached 1.13 x 10-5 mol/dm3 (11.3 uM) after 12 h and 3.65 x
10-5 mol/dm3 (36.5 uM) after 24 h, corresponding to approximately 6.8 % and 22.1 % of the theoretically available
ASA, respectively. These findings demonstrate a controlled and sustained release profile of ASA from the PLA
matrix and confirm the suitability of the proposed system for future applications in biodegradable zinc-based
implant materials.
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Introduction

The commercialization of lithium—sulfur (Li—S) batteries is limited not only by electrochemical instability but also
by safety concerns associated with flammable liquid electrolytes [1], [2]. Ether-based systems exhibit high
volatility and poor thermal stability, increasing the risk of thermal runaway. In addition, polysulfide dissolution
leads to shuttle effects, self-discharge, and capacity fading [2]. Polymer electrolytes represent a promising strategy
to mitigate these issues by combining reduced flammability with suppression of polysulfide transport and
improved interfacial stability [2].
Recent research highlights the importance of multifunctional additives capable of simultaneously improving safety
and electrochemical performance, particularly phosphorus-containing compounds that influence interphase
formation and redox chemistry [3].

Experimental

In the SUNFLOWERS project, DOPO-based flame-retardant additives are synthesized via a solvent-free
mechanochemical reaction with glycidyl methacrylate, enabling a sustainable and scalable synthesis route.
Mechanochemical synthesis conditions (30-90 min milling) directly influence molecular structure and additive
dispersion.

The synthesized additives are incorporated into PVDF-HFP-based polymer electrolyte membranes containing
LiTFSI. The polymer matrix provides mechanical stability and enables electrolyte uptake, while limiting
polysulfide diffusion. Electrochemical characterization includes CV, EIS, and galvanostatic cycling,
complemented by thermal and structural analysis.

Results and Discussion

DOPO-derived additives introduce both chemical and physical stabilization mechanisms. Phosphorus functional
groups interact with polysulfides, reducing their mobility and suppressing shuttle effects [3]. This interaction
improves Coulombic efficiency and  stabilizes intermediate species during cycling.
Simultaneously, the polymer matrix provides physical confinement, limiting diffusion of soluble species and
enhancing redox reversibility. The combination of chemical interaction and physical trapping leads to improved
cycling stability and reduced capacity fading, consistent with observations in polymer-based Li-S systems [2].
From an interfacial perspective, DOPO-based additives promote formation of stable cathode electrolyte
interphases, reducing parasitic reactions and improving charge-transfer kinetics. These interphases influence
impedance evolution and facilitate more uniform LiS deposition.
Mechanochemical synthesis plays a key role in determining additive dispersion and reactivity. Improved
dispersion enhances interfacial interactions and leads to more homogeneous electrochemical behavior.
Additionally, incorporation of phosphorus-based compounds significantly improves thermal stability and reduces
flammability, addressing key safety limitations of conventional electrolytes.

Conclusion

This study demonstrates that mechanochemically synthesized DOPO-based additives provide a multifunctional
approach to improving both safety and electrochemical performance of Li—S batteries. The integration of polymer
electrolytes and phosphorus-based flame retardants enables suppression of polysulfide shuttle, stabilization of
interfaces, and enhanced thermal stability, supporting the development of safer and more sustainable Li—S systems
within the SUNFLOWERS project.
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The European Union has set ambitious climate targets, including achieving climate neutrality by 2050 and
substantially reducing greenhouse gas emissions by 2030, which necessitates the transition to low-carbon energy
systems. In this context, hydrogen is increasingly recognized as a key energy carrier within the emerging hydrogen
economy, enabling efficient energy storage and sector coupling. Among available production methods, water
electrolysis plays a central role, particularly proton exchange membrane (PEM) electrolysis, which offers high
current densities, rapid response to fluctuating renewable energy inputs, and the production of high-purity
hydrogen. These advantages make PEM systems especially suitable for integration with intermittent renewable
energy sources such as wind and solar power, thereby supporting grid stability and sustainable energy conversion.
Despite these advantages, the widespread deployment of PEM electrolysis is still limited by material-related
challenges, especially under the harsh acidic conditions required for operation.

The performance and durability of PEM electrolyzers strongly depend on the electrocatalysts used for the
hydrogen-evolution and oxygen-evolution reactions. Currently, platinum group metals (PGM), particularly
platinum, are considered the most effective catalysts for the hydrogen-evolution reaction (HER) due to their
optimal hydrogen adsorption properties and high stability in acidic environments. However, their high cost and
limited availability hinder large-scale implementation. As a result, significant research efforts are focused on
developing alternative materials with comparable activity and stability, with high-entropy materials (HEM)
emerging as promising candidates to replace PGM-based catalysts.

HEMs are multicomponent systems typically containing four or more elements with comparable atomic radii. This
approach promotes the formation of stable single-phase solid materials and leads to properties distinct from those
of the individual constituents. High-entropy carbides (HEC), formed by two interpenetrating sublattices of
transition metals and carbon, are characterized by high hardness and good electrical conductivity. Their wide
distribution of hydrogen adsorption energies enables access to a catalytic “sweet spot” consistent with the Sabatier
principle, making them promising materials for HER.

Composite ceramic nanofibers based on TiZrHfNbTaC HEC were prepared from fibres containing the individual
components. Nb, Ta, and Hf chlorides with titanium isopropoxide and zirconium propoxide served as ceramic
precursors, while polyacrylonitrile acted as the carrier polymer. The fibres were subsequently pyrolyzed in the
temperature range of 1100-2100 °C with 200 °C difference for 15 minutes — each temperature represents one
sample — producing fibrous ceramic structures. Their phase composition and morphology were analyzed using
XRD and SEM/EDS techniques. The electrochemical performance toward HER was investigated in an acidic
environment using a three-electrode setup, and the samples were also assessed in terms of long-term stability and
electrical conductivity.

An increase in pyrolysis temperature led to gradual carbothermal reduction and enhanced crystallization of the
HEC phase. At lower temperatures, XRD patterns showed broad reflections along with residual HfO,, indicating
incomplete phase formation. In contrast, samples treated at temperatures >1900 °C exhibited well-defined carbide
reflections and the disappearance of oxide phases. Concurrently, the initially amorphous carbon matrix
transformed into a more ordered graphitic structure with improved alignment of carbon layers. This structural
evolution contributed to higher electrical conductivity and a marked a significant improvement in HER activity in
the acidic environment to values overpotential ca. —40 mV.
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Introduction

The evolution of energy storage technologies, specifically lithium-ion (LIB) and redox flow batteries (RFBs) is a
key factor of the global transition to renewable energy. Current research prioritizes the development of advanced
materials, high-fidelity modeling, and rigorous empirical testing to enhance performance, safety, and economic
feasibility. A critical component of widespread adoption is long-term durability and the integration of ethically
sourced materials to minimize environmental impact. To support a circular economy, it is essential that these
systems are designed for efficient recycling or repurposing at the end of their lifecycle [1].

While lithium-ion batteries currently dominate the market across electric mobility and stationary storage due to
their high energy density, continuous innovation in electrode chemistry and cell architecture remains necessary.
Simultaneously, RFBs have emerged as a premier solution for grid-scale storage, offering long-duration discharge,
rapid response times, and extended operational lifespans. In these systems, the selection of redox couples and
electrolyte compositions is fundamental to determining energy density and cost. This study integrates
computational modeling with laboratory validation to develop novel components for both Li-S and redox flow
technologies.

The operational efficiency of RFBs is governed by complex electrochemical and mass transport phenomena.
Performance degradation is primarily driven by ohmic resistance, a major component of total internal
overpotential. This resistance is a multifaceted parameter involving:

e Jonic resistance of the ion-exchange membrane.
e  Electronic resistance of bipolar plates and porous carbon electrodes.
e  Contact resistance at material interfaces.

In high-performance systems, membrane ionic conductivity often acts as the primary bottleneck. Maximizing the
mobility of charge-carrying species (e.g., protons in vanadium systems) while maintaining low crossover rates is
vital to preventing self-discharge. During charging, an external power source drives the redox reactions, converting
electrical energy into chemical potential stored in external tanks. During discharge, ions flow through the
membrane while electrons move through the external circuit. Efficiency is hindered by the ohmic drop (V = IR),
which causes a linear deviation from the theoretical Nernstian potential, reducing voltage efficiency at high current
densities. To address this, advanced diagnostics like Electrochemical Impedance Spectroscopy (EIS) are used to
decouple ohmic losses from activation and mass-transport polarizations.

Computational Modelling in Battery Research

Advanced numerical simulations accelerate the discovery of next-generation materials by deciphering
electrochemical performance. For Li-ion systems, atomistic tools allow for the precise engineering of cathode,
anode, and electrolyte architectures, reducing R&D costs. In the RFB domain, the synergy between Machine
Learning (ML) and High-Throughput Computational Screening (HTCS) enables the rapid identification of redox-
active species. Current research is increasingly focused on non-aqueous RFBs, which offer broader voltage
windows. For example, a recent prototype achieved discharge voltages between 2.25 V and 1.9 V [2]. To assess
scalability, a 2D time-transient reactive transport model was developed to predict voltage and ion transport
dynamics.

The model distinguishes between laminar flow in open channels and porous media flow in felt regions. Findings
suggest that traditional definitions, such as the Kozeny-Carman equation, may be inadequate for these unique
setups, necessitating alternative governing equations. Precise calibration of electrolyte permeability using either
experimental validation or inlet pressure data is essential for refining these simulations (Figure 1).
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Figure 1 Simulations on velocity in redox flow battery system.

Conclusion

The advancement of RFB technology is a critical milestone for sustainable, grid-scale energy storage. This research
highlights that the integration of atomistic modeling and high-throughput screening is vital for overcoming
material limitations. By combining simulations with laboratory validation, we have identified new redox-active
species that improve both energy density and economic viability.

Key focus areas included:

e Mitigating Ohmic Resistance: Optimizing membrane conductivity and interface architecture to maintain

high voltage efficiency.

e Refining Transport Models: Identifying the limitations of the Kozeny-Carman equation in 2D reactive

transport models.

e Scalability: Emphasizing the need for precise permeability calibration and refined fluid dynamics.
Ultimately, the transition from theoretical models to industrial prototypes confirms that RFBs are a robust and
sustainable alternative to traditional chemistries. By prioritizing ethical sourcing and recyclability, this work
ensures that future storage systems are as environmentally responsible as they are technically efficient.
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Introduction

The global push towards carbon neutrality necessitates the advancement of diverse, high-performance
electrochemical energy storage systems (EESS). Lithium-Sulfur (Li-S) and Redox Flow Batteries (RFBs) have
emerged as leading candidates, offering distinct yet complementary strengths. This work examines the strategic
synergy between these technologies, focusing on their integrated roles in meeting the multi-scale demands of
modern power grids and electric mobility.

Li-S batteries represent the frontier of high-energy-density storage, with a theoretical capacity of $2600 Wh/kg far
exceeding conventional lithium-ion systems. However, commercialization is currently limited by the "shuttle
effect" of soluble polysulfides and significant volume expansion. In contrast, RFBs particularly vanadium and
non-aqueous organic systems are ideal for grid-scale storage due to their decoupled energy and power scaling,
exceptional cycle life, and inherent safety [1]. The synergy between these two systems is rooted in shared
electrochemical principles and innovations in materials science.

Advancements in polysulfide chemistry for Li-S cathodes directly inform the development of high-capacity redox-
active species for RFBs. By utilizing advanced atomistic modelling and high-throughput computational screening
(HTCS), we have identified novel electrolyte additives and membrane coatings that mitigate parasitic crossover in
both technologies. Additionally, the implementation of 2D time-transient reactive transport models enables precise
simulation of ion migration and fluid dynamics, creating a unified framework to optimize electrode porosity and
minimize ohmic resistance.

A primary objective of this synergistic approach is the development of Hybrid Energy Storage Systems (HESS).
These systems combine the rapid response and high density of Li-S cells [2] with the long-duration stability of
RFBs, using advanced power electronics to buffer peak loads while maintaining grid stability. By prioritizing
ethically sourced materials and circular economy principles, this research ensures the lifecycles of both Li-S and
RFB technologies align with global sustainability goals. The convergence of these fields supported by operando
diagnostics and real-time data monitoring establishes a robust pathway for the next generation of scalable, cost-
effective, and environmentally responsible energy storage.

Figure 1 Li-S battery prototypes, cathode coated on Al foil and testing of pouch cells.
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Results and Discussion

The electrochemical evaluation of the fabricated pouch cells yielded significant results. By optimizing the
electrode architecture, the active surface area of the cathodes was increased approximately 30-fold. The capacities
and cycling stability observed in these pouch cells are comparable to results previously obtained in smaller testing
formats, such as El-cells and coin cells. To date, the prepared pouch cells have achieved an average lifespan of
200 cycles. Long-term measurements for several units remain ongoing, and the current performance trajectory is
promising (Figure 1). The primary objective of this development phase is to achieve 500 cycles with a minimum
specific capacity of 400 mAh/g.

A comprehensive safety evaluation was conducted, encompassing both electrochemical and physical stress tests.
Several protocols, including overcharging and over-discharging, were successfully performed at room
temperature. Destructive nail penetration tests were also carried out under standard laboratory conditions. Notably,
no significant heat generation or thermal runaway was observed during these tests, indicating a high degree of
inherent safety. During the electrochemical overcharge tests, the pouch cells exhibited significant swelling, which
resulted in the interruption of contact between the electrodes effectively acting as a passive safety mechanism.

Conclusion

This research highlights the strategic integration of Lithium-Sulfur (Li-S) and Redox Flow Battery (RFB)
technologies as a vital approach to achieving global carbon neutrality. By combining the high energy density of
Li-S chemistry with the long-duration stability and inherent safety of RFBs, this study provides a comprehensive
framework for both grid-scale storage and electric mobility. The experimental results demonstrate that optimizing
electrode architecture to achieve a 30-fold increase in cathode surface area allows pouch cells to match the
performance of laboratory-scale testing formats.

The synergy between these two technologies, driven by advanced atomistic modeling and 2D reactive transport
simulations, facilitates the rapid identification of novel materials and electrolyte additives. By prioritizing ethically
sourced materials and circular economy principles, this work establishes a robust, scalable, and environmentally
responsible pathway for the next generation of hybrid energy storage systems.
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Bioactive surfaces providing controlled immobilization of functional proteins such as enzymes, antibodies, and
extracellular matrix (EMC) proteins are widely used in biosensing, cell culture, or tissue engineering applications.
The immobilization process should allow control over the amount of protein, minimize nonspecific adsorption,
and ensure the preservation of the biological activity of functional proteins. Substrates modification with polymer
brushes, by polymer grafting, is a versatile approach for tailoring the physicochemical properties of the material
and providing the necessary conditions for protein immobilization. For bioactive surfaces, stable covalent
immobilization of protein is preferred, which can be easily achieved for polymer brushes by incorporation of the
protein-reactive side chain functional groups. In turn, anti-fouling properties can be provided by the hydrophilic
polymer chain, which are additionally advantageous for preserving the biological activity of immobilized proteins.
Therefore, the fabrication of copolymer brush coating is a promising approach combining antifouling properties
with high-capacity covalent protein binding [1][2].

In this work [3], we report the fabrication and comprehensive characterization of novel copolymer brush coatings
based on 2-(2-methoxyethoxy)ethyl methacrylate (OEGMA) and methacrylic acid (MAA) for controlled protein
immobilization. Random P(OEGMA -co-MAA) copolymer brushes were synthesized from silicon substrates using
atom transfer radical polymerization (ATRP). Different proportions of OEGMA and MAA monomers are applied
to optimize the balance between the antifouling properties of OEGMA and the density of the protein coupling
species provided by MAA carboxyl groups after activation with EDC/NHS chemistry. X-ray photoelectron
spectroscopy (XPS) and Time-of-flight Secondary Ton Mass Spectrometry (Tof-SIMS) were applied to evaluate
the copolymer brush composition. The protein immobilization capacity of EDC/NHS activated brushes was
examined for the immunoglobulin IgG antibody for different brush composition and protein solution
concentrations. Additionally, nonspecific adsorption was determined for nonactivated brushes. Furthermore, the
Tof-SIMS technique was applied for comprehensive characterization of the antibody functionalized copolymer
brush coatings. Tof-SIMS depth profiling was applied for the first time to evaluate protein distribution through
brush thickness and estimate protein loads per brush volume. The interfacial state of IgG molecules [4], involving
dominant orientation and residue involvement in the coupling with MAA segments was investigated with PCA
analysis of Tof-SIMS data.
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Figure 1 ToF-SIMS depth profiles of P(OEGMA-co-MAA) brush coatings followed by covalent immobilization
of the IgG antibody enabled by the EDC/NHS activation of MAA segments. The plotted negative ions are
characteristic for the silicon substrate (Si™, black), OEGMA (C4HsO>", pink) and MAA (C4H, green) segments
of the copolymer brush and the IgG protein (CNO", blue).
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XPS and Tof-SIMS analysis of PFOEGMA-co-MAA) coating revealed the molar MAA fraction in the copolymer
brush equal to that of the reaction mixture and a uniform composition through the brush, confirming a success
random copolymerization. An amount of IgG protein covalently attached to EDC/NHS activated brushes and
physical adsorbed to nonactivated brushes was compared for different PCOOEGMA -co-MAA) composition with
fluorescence microscopy and ToF-SIMS, revealing that a 0.25 molar fraction of MAA is optimal with the maximal
load of the immobilized IgG antibody, while maintaining low fouling properties. Additionally, ToF-SIMS depth
profiling clearly showed a uniform IgG distribution through the brush thickness and provided a total IgG mass per
brush volume, reaching ~ 0.4 g/cm3 which is nine times higher than for IgG monolayer. Moreover, an amount of
immobilized protein can be controlled by the brush composition and the applied concentration of protein solutions.
The interfacial state of antibody was compared for the P(OEGMA-co-MAA) and PMAA brushes with PCA
analysis of ToF-SIMS data to explain the enhanced antigen binding ratio for copolymer brush. The third principal
component PC3 differentiated [gG-functionalized P(OEGMA-co-MAA) and PMAA brushes in terms of the
surface composition of reactive and nonreactive to the EDC/NHS activated MAA segments amino acids, reflecting
differences in the MAA segments density. In turn, the fourth principal component PC4 described the dominant
antibody orientation, revealing the higher proportion of molecules in active tail-on orientation on copolymer brush,
which is related to electrostatic interaction with IgG domain with negatively charged MAA segments. Finally, the
biocompatibility of P(OEGMA-co-MAA) brush coatings was demonstrated for human fibroblast cell culture,
further promoted by coatings functionalization with fibronectin.
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Additively manufactured tool steels represent a technologically important class of materials in which the final
performance is strongly governed by the phase composition, microstructural refinement and possible spatial
heterogeneity introduced during rapid solidification [1]. In this work, the structure of a high-alloyed high-speed
tool steel with the nominal composition Fe—Cr4—Mo1-V1-W8-C1 (wt.%) produced by powder bed fusion (PBF)
was investigated using a combination of synchrotron X-ray diffraction, absorption X-ray tomography, X-ray
diffraction computed tomography (XRD-CT) and transmission electron microscopy (TEM). The aim was to
identify the dominant and minor phases, evaluate their spatial distribution in the cylindrical sample and assess the
applicability of tomographic methods for phase-sensitive characterization of a fine PBF microstructure.

Experimental procedure

The studied material was prepared from gas-atomized powder in an argon atmosphere. The powder fraction used
for PBF processing had a particle size of 20—63 pm. The cylindrical sample, with dimensions of approximately 2
mm in diameter and 6 mm in length, was manufactured using an SLM250HL system with a laser power of 150 W,
a scanning speed of 400 mm s—1, a hatch spacing of 40 um and a layer thickness of 60 um. Synchrotron
measurements were performed at the [12-JEEP beamline of Diamond Light Source using an X-ray energy of
109.28 keV, corresponding to a wavelength of 0.0113456 nm. Absorption tomography was carried out in
transmission geometry using 2400 projections over 180°. XRD-CT was performed with a 50 x 50 um? incident
beam and a translation step of 0.05 mm; more than 11 000 diffraction patterns were collected in a quasi fly-scan
mode. Selected diffraction patterns were evaluated by Rietveld refinement, while the tomographic reconstructions
were complemented by TEM imaging, selected-area electron diffraction and SEM-EDS line analysis.

Results and discussion

A) Rietveld analysis confirmed that the PBF-processed steel is dominated by two crystalline phases: retained
austenite with a FCC lattice and martensite with a BCC lattice. Across 7 representative positions selected along
the sample cross-section, the austenite fraction ranged from 51.3 to 73.5 vol.%, whereas martensite was present in
the range of 26.5 to 48.7 vol.%. No clear systematic radial gradient in the phase composition was observed. A
particularly important result was that the martensitic phase did not exhibit a measurable tetragonal distortion [2].

B) Absorption tomography provided a reliable reconstruction of the macroscopic cylindrical geometry and
revealed surface particles attached to the sample, most likely originating from partially fused powder. However,
no direct contrast between austenite and martensite was observed (Figure 1). This behaviour is consistent with the
calculated attenuation contrast at 109.28 keV. The linear attenuation coefficients were estimated as approximately
4.96 cm—1 for austenite and 4.82 cm—1 for martensite, corresponding to a relative difference of only about 3%.
For a material path length of 1 mm, the absolute difference in transmittance was only about 0.009. Therefore,
absorption tomography is suitable for visualizing the sample morphology and larger heterogeneities, but not for
directly distinguishing the two structurally different yet chemically similar matrix phases [2
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Figure 1 Selected slices from the reconstructed model of the sample volume segment, showing regions beneath
the surface (107) and within the central area (376).
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C) XRD-CT provided phase-sensitive diffraction information; however, its quantitative interpretation was limited
by the overlap of austenite and martensite reflections, absorption effects, and the spatial averaging caused by the
50 x 50 um? beam size. Initially, the tomographic reconstruction was carried out using the complete diffraction
profiles. Although this approach preserved the overall diffraction response of the irradiated volume, it did not
prove to be suitable for distinguishing subtle spatial variations in the phase-related signal, most likely due to the
superposition of multiple diffraction contributions within the reconstructed intensity. A more meaningful
indication was obtained by reconstructing the signal from selected diffraction peaks, specifically the austenite
(200) reflection and the martensite (211) reflection. These peak-based reconstructions showed enhanced
reconstructed intensity near the sample edges and revealed a weak indication of a changed relative contribution of
the two phases in the radial direction. However, the semiquantitative analysis of masked central and edge regions
indicated only a very small difference in the relative phase-related signal. The estimated austenite/martensite signal
contribution was approximately 49.3/50.7% in the centre and 48.5/51.5% near the edge. These values should be
interpreted only as relative reconstructed diffraction signal contributions rather than absolute phase fractions. The
reconstructed intensity is influenced not only by the amount of the corresponding phase, but also by the selected
reflections, structure factors, multiplicity, local texture, absorption effects, spatial averaging, and possible
reconstruction artefacts. Therefore, the observed radial variation should be considered as a qualitative to
semiquantitative indication of a slight change in the austenite/martensite-related diffraction response, rather than
as a direct quantitative determination of the local phase fractions [2].
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Figure 2 Reconstruction of 2D cross-sections of the investigated sample using one diffraction peak from each
phase (left), together with their 3D representation, in which the Z-axis represents image intensity (right).

D) TEM analysis confirmed the coexistence of austenite and martensite and revealed a strongly refined
microstructure. Although the initial powder particles had sizes of 30-60 pum, the final microstructure contained
polyhedral grains with an average size of approximately 1 um (Figure 3). Martensite occurred as lath-like and
plate-like features inside prior austenitic grains. In the central part of the sample, coarser martensitic plates were
observed, whereas near-surface regions contained finer and more densely distributed martensitic features,
including locally observed burst-type athermal martensite (Figure 4). These morphological differences indicate a
thermal gradient during solidification and cooling. Electron diffraction and SEM-EDS further showed the presence
of minor carbide precipitates located preferentially at grain boundaries (Figure 5). These precipitates were
interpreted as (W,Mo0)6C and VC carbides, supporting the interpretation of weak unidentified reflections observed
in the synchrotron diffraction patterns. Sporadic square plate-like amorphous features, shown on Figure 6, were
also observed, although their chemical composition could not be determined [2].

Figure 3 Typical microstructure of the analysed sample, showing austenitic grains containing martensitic plates.
The grain boundaries are decorated by carbide phases, namely (W,Mo)sC and VC.
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Figure 4 Characteristic microstructure observed in the centre of the sample (left) and near the edge (right). In the
central region, the martensite plates (M) are thicker, whereas near the edge they become narrower and athermal
martensite (aM) is also observed.

Steel grain 1

Sleel grain 2

Figure 5 Detailed view of the grain boundaries. The nanoprecipitates were identified by electron diffraction. A -
(W,Mo)sC and B — VC phases.

Figure 6 Unidentified amorphous plate-like features occasionally observed within the sample microstructure.

Conclusions

The combined use of synchrotron diffraction, X-ray tomography and TEM demonstrated that PBF processing of
the investigated high-speed tool steel results in a complex, strongly refined, multiphase microstructure.
Synchrotron diffraction confirmed austenite and martensite as the dominant phases, while TEM identified
additional carbide precipitates of the (W,Mo)sC and VC types, as well as unidentified amorphous phase.
Absorption tomography was effective for morphological inspection but insufficient for direct phase discrimination
because of the weak attenuation contrast between the two main phases. XRD-CT provided spatially resolved
phase-related information, although the present experimental configuration did not allow fully quantitative phase
mapping due to peak overlap and spatial averaging. The results show that correlative characterization combining
bulk synchrotron methods with local TEM analysis is essential for understanding the microstructure formation of
PBF-processed tool steels.
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Zinc-based biodegradable materials represent a promising class of next-generation biomaterials due to their
balanced corrosion behavior for temporary biomedical applications [1,2]. Their controlled degradation rate and
essential physiological role of zinc make them particularly attractive for use in bioresorbable implants and tissue
engineering [3]. Despite these advantages, the physical-chemical and biological properties of zinc-based
biodegradable materials are still not fully optimal for all clinical applications, as they may exhibit insufficient
mechanical strength, non-uniform degradation, or initial toxicity [4]. Therefore, surface and structural
modifications are often required to enhance their performance, with ceramic coatings representing an effective
strategy to improve corrosion resistance, biocompatibility, and overall functional stability. Calcium phosphates
are particularly suitable coating materials due to their excellent biocompatibility, osteoconductivity, and chemical
similarity to natural bone tissue, making them highly effective for improving the biological and protective
performance of zinc-based biodegradable implants. Moreover, calcium phosphate coatings can be prepared
biomimetically under mild conditions, enabling the formation of bone-like mineral layers that closely mimic
natural biological processes and enhance surface integration [5].

The aim of this work was to biomimetically coat zinc powders with calcium phosphate layers and optimize the
preparation methodology in order to obtain surface-modified powders suitable for subsequent use as precursor
materials in the fabrication of biodegradable composites. Hydroxyapatite (HAp) layers were biomimetically
deposited on zinc powders under controlled pH conditions (Figure 1) to promote uniform surface mineralization,
followed by SEM and EDX analyses to verify the morphology, composition, and successful formation of the
calcium phosphate coating (Figure 1b,c). The results demonstrated the successful preparation of particles with a
homogeneously deposited coating layer on individual zinc grains, while EDX analysis confirmed the presence and
uniform distribution of the calcium phosphate phase on the powder surface. Moreover, corrosion behavior of cold-
pressed samples prepared from previously obtained powders was sutdied using potentiodynamic polarization
method at constant temperature (37° Celsius) and pH (7.4) at Hank’s balanced salt solution. Corrosion rates of the
samples was calculated using Tafel extrapolation method (Figure 1d).
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Figure 1 Biommimetic preparation of ceramic-coated zinc powder (a). Zinc powder with ceramic layer mostl
found on the outer perifery (b,c). Corrosion rate comparison of pure Zn and Zn-ceramic cold-pressed samples
obtained from PDP measurements (d).
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Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are the two key half-reactions in water
electrolysis, offering a clean and sustainable pathway for hydrogen production. However, the widespread
deployment of electrolyzers is hindered by the high cost and scarcity of precious metal catalysts such as Pt, Ru,
and Ir [1], which exhibit the best activity and stability [2]. Consequently, significant research efforts have been
devoted to developing efficient and durable alternatives based on earth-abundant transition metals [3].

Among non-noble metal catalysts, Ni-Mo compounds have emerged as highly efficient materials for water splitting
due to their synergistic electronic interactions and structural versatility [4], [5].

In this work, a MoNiP catalyst was synthesized via a simple citric-acid assisted sol-gel route (complexation)
followed by controlled calcination and reduction. It was systematically investigated as a non-precious
electrocatalyst for HER and OER with a focus on its electrolyte-dependent electrochemical behaviour. Structural
characterization confirmed the formation of the phosphide phase along with a minor contribution of molybdenum
dioxide species. The catalyst was deposited on a glassy carbon electrode, and electrochemical measurements were
carried out in acidic (0.5 M H»SOs, pH 0.3), neutral (0.5 M Na,SOs, pH 6), and alkaline media (0.1 M and 1 M
KOH, pH 13 and 14 respectively).

The HER activity (Figure 1b) of the catalyst exhibited a strong dependence on the electrolyte. The highest
performance was observed in acidic media, followed by alkaline conditions, while significantly lower activity was
obtained in neutral electrolyte and diluted alkaline solution. This behaviour reflects the distinct mechanistic
requirements of HER across different pH environments and highlights the role of electrolyte composition in
governing hydrogen evolution kinetics. In contrast, the OER performance (Figure 1c) revealed a markedly
different trend, with significant catalytic activity observed exclusively in alkaline media.
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Figure 4 a) Structural representation of the MoNiP catalyst. b) linear sweep voltammetry (LSV) curves for HER,
and c) LSV curves for OER in 0.5 M H,SO4 (pH 0.3), 0.5 M Na,SOs4 (pH 6), 0.1 M KOH (pH 13),and 1 M
KOH (pH 14).

Cyclic voltammetry (CV) provided key insights into the underlying processes (Figure 2). In KOH, the initial cycle
exhibited broad oxidation features accompanied by elevated current densities indicative of irreversible surface
processes and catalyst activation. In subsequent cycles, well-defined and reversible redox peaks emerged,
corresponding to the Ni?*/Ni*" transition. These features are attributed to the formation of a NiOOH-like phase,
which is widely recognized as the active species for OER in Ni-based systems. The stabilization of these redox
peaks upon cycling confirms the establishment of a stable electrochemically active surface.

In neutral and acidic media, only large oxidation currents were observed during the initial cycle, followed by a
rapid decrease in current and the absence of distinct redox features in subsequent scans. This indicates that the
processes are predominantly irreversible and do not result in the formation of a stable redox-active phase. In acidic
conditions, this behaviour can be associated with the dissolution of Ni species, while in neutral media the limited
availability of hydroxide ions inhibits the formation of the NiOOH active phase. Differences in the observed
capacitive current between different electrolytes are attributed to variations in double-layer structure arising from
electrolyte composition, including ion identity, specific adsorption effects, and differences in surface chemistry.
These results demonstrate that MoNiP acts as a precatalyst, undergoing in situ surface reconstruction in alkaline
media to form a NiOOH-based active phase responsible for OER activity. While the electrochemical response is
dominated by nickel redox transitions, the presence of molybdenum, including minor oxide contributions, is
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expected to influence the electronic structure and facilitate charge transfer, thereby contributing indirectly to
catalytic performance.
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Figure 5 a) OER CV curves recorded in different electrolytes. Dashed lines correspond to the first cycle, while
solid line represent the third cycle, b) enlarged CV curves of 3rd cycle in the OER region highlighting the
appearance of readox peaks corresponding to Ni**/Ni** redox transitition, indicative of in situ surface
reconstruction into a NiOOH-like active phase c)CVs in 1 M KOH over three consecutive cycles. The inset
highlights the second and third cycle.

In situ Raman spectroscopy (Figure 3) revealed progressive surface reconstruction during the first cycle,
characterized by the emergence of NiOOH bands (~495 and ~568 cm™), Mo-O vibrations (~745 cm™), and
increased low-frequency intensity associated with Ni-O lattice formation. In the second cycle, the reconstructed
surface persists and exhibits enhanced Raman intensity predominantly during the reduction sweep, indicating
continued structural reorganization. By the third cycle, the catalyst reaches a stable state, with Raman activity
localized in the oxidation region, corresponding to reversible Ni>*/Ni** redox transitions.
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Figure 3 Heatmaps of in situ Raman spectra collected over three cycles, illustrating catalyst activation in the
first cycle and the transition to stable redox behavior in subsequent cycles.

Overall, this study highlights the electrolyte-dependent dual functionality of MoNiP, combining efficient HER
activity with a reconstruction-driven OER mechanism. The findings emphasize the critical role of in situ
transformation in determining catalytic behaviour and provide insights into the rational design of transition metal
phosphide-based electrocatalysts for water splitting. Ongoing operando spectroscopic studies aim to directly probe
the formation of the active phase under reaction conditions and further elucidate the reconstruction mechanism.
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Lithium-ion batteries have dominated the portable electronics and electric vehicle markets for decades because of
their high energy density, long cycle life, and mature manufacturing infrastructure. However, conventional
intercalation-based lithium-ion chemistries are approaching practical limits in gravimetric and volumetric energy
density, creating the need for alternative electrochemical storage systems capable of meeting future demands in
transportation, grid storage, and high-performance portable devices. Among the most promising post-lithium-ion
technologies, lithium—sulfur (Li—S) batteries have attracted sustained attention due to their exceptionally high
theoretical specific capacity and energy density, low material cost, and the natural abundance of sulfur [1,2].
Li—S batteries employ a metallic lithium anode and a sulfur-based cathode operating through multistep conversion
reactions involving soluble lithium polysulfide intermediates. Sulfur offers a theoretical specific capacity of 1675
mAh g, while lithium metal provides 3860 mAh g™!, enabling projected energy densities substantially higher than
those of state-of-the-art lithium-ion systems. In addition to their electrochemical advantages, sulfur is inexpensive,
widely available, and environmentally benign, which makes Li—S technology particularly attractive for large-scale
and sustainable energy storage applications [3.,4].

Despite these advantages, the practical deployment of Li—S batteries remains constrained by several fundamental
materials and interfacial challenges. The intrinsically low electronic conductivity of sulfur and its final discharge
products (Li2S/Li>S>) limits active material utilization and rate capability. A major issue is the polysulfide shuttle
effect, caused by dissolution of long-chain lithium polysulfides into the electrolyte and their migration between
electrodes, resulting in active material loss, low coulombic efficiency, and rapid capacity fading. Furthermore,
sulfur undergoes significant volume expansion during lithiation, which can compromise cathode structural
integrity and electrode contact. On the anode side, lithium dendrite growth and unstable solid-electrolyte interphase
formation create substantial safety risks and shorten cell lifetime [1,5].

Addressing obstacles requires integrated materials engineering strategies targeting both electrodes and the
electrolyte. Considerable attention has been directed toward conductive and polar sulfur host matrices, porous
carbon architectures, catalytic additives, separator modifications, and multifunctional interlayers capable of
physically confining and chemically adsorbing polysulfides. In parallel, electrocatalytically active materials can
accelerate the redox conversion of sulfur species, reducing polarization and improving sulfur utilization. Advanced
electrolyte formulations, including high-concentration electrolytes, localized high-concentration systems, and
solid-state or quasi-solid-state electrolytes, also represent promising routes for suppressing shuttle phenomena
while enhancing interfacial stability [6,7,8].

Future progress in Li—S batteries will likely depend on synergistic optimization of cathode architecture, lithium
metal protection strategies, electrolyte chemistry, and scalable manufacturing approaches. With continued
advances in interfacial science and functional materials design, Li—S technology remains a strong candidate for
next-generation rechargeable batteries with significantly enhanced energy-storage capability [9].

However, several key challenges still need to be addressed before widespread commercialization, such as the
inherent electrical insulating nature of sulfur and its discharge products, significant volume changes during cycling,
and the notorious "shuttle effect" of lithium polysulfides [10]. These issues contribute to low active material
utilization, rapid capacity decay, and safety concerns, hindering the practical application of liquid electrolyte-based
Li-S batteries [11].
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Introduction

Vancomycin (VAN) has been used for several decades in the treatment of severe bacterial infections, during which
a gradual selection of resistant bacterial strains has been observed in clinical practice [1]. For this reason,
therapeutic drug monitoring of vancomycin plasma concentrations is essential, primarily for two key reasons: (i)
prevention of adverse toxic effects in patients and (ii) minimisation of the risk of emergence and spread of
antimicrobial resistance [2].

In recent years, considerable research attention has been devoted to the development of electrochemical biosensors
based on molecularly imprinted polymers (MIP), which represent a promising platform for rapid, cost-effective,
and highly selective detection of vancomycin. MIP systems exhibit significant potential due to their ability to
selectively rebind target molecules that serve as templates during their synthesis [2, 3, 4]. This characteristic makes
them suitable for analytical applications requiring high selectivity in complex biological matrices.

Experiment

A Metrohm DropSens SPCE was functionalized with a polypyrrole-based MIP layer prepared via in situ
electropolymerization. The precursor solution consisted of pyrrole (0.2 M; 2.5 mL) and vancomycin (0.016 g)
dissolved in 7.5 mL acetate buffer. Electropolymerization was carried out using cyclic voltammetry in the potential
range of — 0.1 to 1.2 V at a scan rate of 50 mV-s™ for 25 cycles.

Template removal was achieved by controlled overoxidation in 0.1 M NaOH (- 1.3 V to +1.2 V; 100 mV-s™; 20
cycles), resulting in the formation of specific binding cavities complementary to the vancomycin molecule. In
parallel, a non-imprinted polymer (NIP) was prepared under identical conditions but in the absence of the template
molecule to evaluate the selectivity of the imprinting process.

Electrochemical response was evaluated in phosphate-buffered saline (PBS), adjusted with 1 M NaOH, within a
potential window of —0.6 to 1.0 V at concentrations of 500, 250, and 125 uM.

Results and discussion

The electrochemical response of molecularly imprinted polymer (MIP) and non-imprinted polymer (NIP) sensors
toward VAN shows clear differences in the low-potential region around E = 0.15 V. In this region, a weak but
reproducible signal is observed, which is significantly more pronounced and concentration-dependent for the MIP
sensor compared to the NIP control. For the MIP, the current increases systematically with increasing VAN
concentration (125-500 uM), indicating preferential analyte binding within the imprinted sites.

This response occurs before the onset of dominant faradaic processes at higher potentials, suggesting that the signal
is primarily governed by interfacial effects associated with molecular recognition. In contrast, the NIP sensor
exhibits only a weak and poorly defined response, comparable to the blank electrolyte (NaOH/PBS), reflecting the
absence of specific binding sites.

The distinct behaviour of MIP and NIP sensors in this low-potential region identifies E =~ 0.15 V as a sensitive
window for detecting imprinting effects. In this regime, the signal arises mainly from interfacial capacitive
contributions rather than direct analyte oxidation, enabling efficient transduction of binding events into measurable
electrochemical responses [5].

Overall, these results demonstrate that molecular imprinting enhances both the selectivity and sensitivity of the
sensor and allows reliable discrimination between different analyte concentrations. The observed differences
between MIP and NIP systems confirm the successful formation of functional binding sites essential for
vancomycin detection.
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Figure 1 Electrochemical response of NIP and MIP sensors toward vancomycin.
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Introduction

Calcium phosphate bone cements (CPCs) are widely used as biomaterials for bone defect filling due to their
biocompatibility and osteoconductive properties [1], [2]. Their clinical usefulness, however, is limited by relatively
slow remodeling in vivo, making modification of their composition desirable to promote faster mineral conversion
and a more favorable cellular response [1]. In the present work, a composite setting paste (CSP) containing
octacalcium phosphate (OCP) [3], lecithin-modified nanohydroxyapatite [4,5], and a methacrylate derivative of 4-
aminosalicylic acid (PHMA) [6,7] was developed. OCP can act as a precursor of apatite calcium phosphates under
physiological conditions [3], while lecithin-modified nHAp may improve the biological activity of the CSP [4],
[5]. In turn, the PHMA composite additive may interact with Ca®* ions and facilitate apatite nucleation through
complexation phenomena [6], [7] and improve the washout resistance of the CSP. The proposed formulation was
evaluated with respect to phase evolution, osteogenic gene expression, and mineralization potential.

Materials and methods

CSP formulations were allowed to set for 72 h in PBS (37 °C, with daily medium exchange). After rinsing with
distilled water and ethanol, the samples were dried and ground into powder. Phase composition was analyzed by
powder X-ray diffraction (XRD). The effect of 10% cement extracts on osteogenic response was investigated in
MG-63 cells after 10 days of exposure by quantitative PCR. Expression of osteonectin, osteocalcin, osterix,
RUNX2, BMP4, and BMP7 was normalized to reference genes. Mineralization potential was assessed in Saos-2
cells using Alizarin Red S staining to detect calcium-rich deposits and quantify the progression of mineral
formation. The effect of PHMA polymer addition on washout resistance of the CSP was evaluated by measuring
the static and dynamic disintegration coefficients (according to ISO/DIS 18531).

Results and discussion

XRD analysis demonstrated progressive phase transformation of CPS toward a hydroxyapatite-dominated
structure during incubation under physiological conditions (37 °C, PBS), consistent with a dissolution—
reprecipitation maturation pathway. This behavior indicates that the designed formulation remains chemically
active under physiological conditions and evolves toward a more stable apatite phase. (Figure 1).
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Figure 1 Example diffractogram of a CSP sample after 72 hours of incubation in PBS (37°C).

In MG-63 cells cultured with cement extracts, the expression of osteogenic markers remained comparable to the
control, indicating no inhibitory effect on osteogenic activity. A trend toward higher expression of osteonectin,
RUNX2, and BMP4 was observed for the formulation containing lecithin-modified nanohydroxyapatite compared
with the corresponding formulation without lecithin. Mineralization assays further demonstrated enhanced calcium
deposition in Saos-2 cultures exposed to CSP extracts relative to control conditions and reference hydroxyapatite
bone cement with chitosan (Reference material 2), which supports the pro-mineralizing character of the composite
system (Figure 2).
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Figure 2 Effect of 10% CP cement extracts on the mineralization of Saos-2 cells after 14 and 21 days of
incubation. Results presented as absorbance normalized to DNA quantity.

Washout test showed that composite setting paste with PHMA (CSP_PHMA) exhibit a lower static disintegration
coefficient and a higher dynamic disintegration coefficient compared to composition without PHMA (CSP) and
two reference cements: hydroxyapatite bone cement (Reference material 1) and hydroxyapatite bone cement with
chitosan (Reference material 2). The obtained results indicate that the cement containing PHMA essentially did
not undergo disintegration under the test conditions (Figure 3).
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Figure 3 Static (Psd) and dynamic (Pdd) disintegration coefficients of tested Composite Setting Pastes with
PHMA (CSP_PHMA), without PHMA (CSP), and reference cements.

Conclusions

The developed composite setting paste undergoes controlled phase transformation toward a hydroxyapatite-
dominated structure under physiological conditions, confirming its chemically active and metastable character.
The incorporation of lecithin-modified nanohydroxyapatite was associated with a tendency toward enhanced
expression of selected osteogenic markers, indicating modulation of cell-material interactions. In parallel, the
composite system promoted mineral deposition and exhibited high resistance to disintegration in the presence of
PHMA, demonstrating the role of compositional design in tuning both physicochemical stability and biological
response. These findings highlight the potential of engineered calcium phosphate composites as multifunctional
materials with controllable phase evolution and bioactivity.

The solution described in the abstract is part of a patent application PL P.448989.
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Metal-organic frameworks (MOFs) are a versatile class of crystalline porous materials formed by the coordination
of metal ions or clusters with multifunctional organic ligands. Their high surface area, tunable porosity, and
chemical versatility make them attractive for applications in catalysis, sensing, energy storage, and biomedicine
[1]. In electrochemical sensing, MOFs are particularly promising due to their accessible active sites and ability to
promote selective host—guest interactions, which can significantly enhance detection performance [2].

In this work, a porphyrin-based MOF, GaTCPP, was synthesized and further modified via post-synthetic
metalation to obtain M(II)-functionalized materials (M = Cu, Zn, Co). The parent framework, constructed from
Ga(III) ions and tetrakis(4-carboxyphenyl)porphyrin (HsTCPP), was prepared solvothermally and structurally
confirmed by SC-XRD. Subsequent incorporation of transition metal ions into the porphyrin core was achieved
under controlled conditions, yielding stable microporous materials.

Comprehensive characterization by PXRD, FTIR, XPS, microscopy, and gas adsorption confirmed the
preservation of structural integrity and porosity after post-synthetic modification, together with homogeneous
metal distribution. Cyclic voltammetric measurements showed that post-synthetic metalation changes the
electrochemical response of GaTCPP-MOF in PBS and in the presence of ciprofloxacin.
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Figure 6 Cyclic voltammograms of GaTCPP-MOF and post-synthetically metal-modified analogues recorded in
PBS (left) and in the presence of ciprofloxacin (right), showing the effect of metalation on the electrochemical
response of the framework.

In PBS, the parent GaTCPP-MOF showed a much higher current response than the post-synthetically metalated
analogues and also displayed a visible reductive peak. This suggests that the non-metalated framework contains
electroactive sites that become partly occupied or affected after metalation, which changes its original
electrochemical response. In the presence of ciprofloxacin, the voltammetric response showed two peaks. First
around 0.75 V, related mainly to the MOF framework, and second around 0.95 V, related to the ciprofloxacin
oxidation. In this region, the Zn-functionalized material showed the highest response, suggesting that Zn
modification improves the sensing performance toward ciprofloxacin.
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Metal-organic frameworks (MOFs) represent a versatile class of crystalline porous materials composed of metal
nodes interconnected by organic linkers, characterized by high surface areas, tunable pore architectures, and
adjustable chemical functionalities. Among these, MIL-101(Cr), a chromium(III)-based MOF constructed from
terephthalate ligands, is one of the most extensively investigated systems due to its outstanding physicochemical
properties. It exhibits an exceptionally high specific surface area (often exceeding 3000 m?-g™!), large mesoporous
cages, and excellent thermal, chemical, and hydrolytic stability, making it suitable for a wide range of applications.
In recent years, MIL-101(Cr) has attracted increasing attention in sensing applications, particularly for the
detection of environmental pollutants, biomolecules, and pharmaceutical compounds. Its stability in aqueous
environments, high porosity, and compatibility with electrode materials make it especially promising for
electrochemical sensing, enabling high sensitivity, selectivity, and long-term operational stability [1,2].

In this work, MIL-101(Cr) was synthesized via a solvothermal method using chromium(IIl) nitrate nonahydrate
and terephthalic acid (H-BDC) as precursors. The organic linker was initially dissolved in an alkaline medium
containing tetramethylammonium hydroxide (TMAOH) under ambient conditions, followed by the addition of the
chromium salt. The pH of the reaction mixture was adjusted to 6.0—6.5, and the resulting solution was transferred
into a Teflon-lined autoclave and heated at 453 K (180 °C) for 24 h. After gradual cooling to room temperature,
the resulting green solid was collected by centrifugation, thoroughly washed with distilled water, and dried at
ambient conditions, yielding the product with high efficiency (~88% based on chromium content).
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Figure 7 Differential pulse voltammograms of gentamicin (200—1000 uM) recorded at the
CrMOF/MWCNTs/Nafion:ethanol (1:4, v/v)/SPCE in PBS (pH = 7.4). The calibration plot was constructed from
the blank-corrected current response measured at 1.30 V; error bars represent standard deviations obtained from
three independent series.

The SPCE working electrode was modified by drop-casting a dispersion of MIL-101(Cr) and MWCNTs prepared
in Nafion:ethanol (1:4, v/v). To evaluate the relationship between the current response and gentamicin
concentration, differential pulse voltammetry was performed in gentamicin solutions prepared in phosphate-
buffered saline (PBS, pH = 7.4) using the modified electrode. The blank-corrected current response at 1.30 V
increased with increasing gentamicin concentration in the range of 200—1000 uM, yielding a calibration plot with
moderate linearity (R = 0.94), a sensitivity of 0.060 pA pM™, and a limit of detection (LOD) of 87 uM. These
findings highlight the potential of the developed electrode as a promising platform for gentamicin sensing.
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Introduction

The transition towards renewable energy sources, electrified transport, and distributed energy-storage systems
requires increasingly efficient power-electronic converters capable of managing energy flow among generation
units, storage devices, and electrical loads [1]. In these systems, passive magnetic components, particularly
inductors, transformers, and chokes, are essential for energy transfer, voltage conversion, filtering, and
electromagnetic interference suppression. Their efficiency, power density, thermal stability, and operating-
frequency range are strongly governed by the properties of the soft magnetic core material.

Soft magnetic composites (SMCs) are a promising class of magnetic core materials for electromagnetic energy-
conversion applications. They typically consist of ferromagnetic powder particles electrically insulated by thin
interparticle layers. This microstructural design combines high magnetic response with increased electrical
resistivity, thereby suppressing eddy-current losses and improving the frequency stability of magnetic properties
[2]. Compared with conventional laminated steels, SMCs also offer nearly isotropic magnetic behaviour and enable
the fabrication of complex three-dimensional magnetic circuits via powder-metallurgical processing. These
features make them attractive for compact, high-frequency inductive components used in power converters,
electric drives and power-electronic interfaces connected to energy-storage systems [2,3].

A critical aspect in the development of Fe-based SMCs is the formation of a continuous, stable insulating phase
on the surface of iron particles while maintaining sufficient compressibility, densification, and magnetic
permeability after compaction. The balance among electrical insulation, particle deformation, interparticle
magnetic coupling, and final compact density is therefore decisive for achieving favourable functional properties.
Natural or ceramic insulating phases, such as mica-based minerals, may offer an effective way to increase
interparticle electrical resistance while preserving the advantages of Fe-based powder cores.

In this work, Fe-based soft magnetic composites containing biotite as an insulating phase were prepared by
Resonant Acoustic Mixing, followed by high-pressure uniaxial compaction. The study examines how biotite
content and processing time influence powder compressibility, compact formation and complex permeability
spectra. By correlating processing conditions with the magnetic response of green compacts, the work aims to
clarify the role of the insulating-phase distribution in tailoring Fe-based SMCs for electromagnetic energy-
conversion applications.

Materials and Methods

The starting material was a water-atomized iron powder ABC 100.30 (Hogands AB, Sweden). Prior to further
processing, the powder was sieved and only the particle size fraction above 45 um was selected for the
experiments. As an insulating phase, a high-purity biotite powder (99.999%, US Research Nanomaterials) with
particle size below 45 um was used. The morphology of the initial powders, including iron particles and biotite, is
illustrated in Figure 1. The biotite was added to the iron powder in amounts ranging from 1 to 5 wt.%, and the
mixtures were processed using a LabRAM mixer. Two different processing regimes were applied, namely short-
term mixing for 15 minutes and extended processing corresponding to 24 hours of self-milling [4].
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Figure 1 SEM images of ABC 100.30 powder (fraction >45 um) and biotite particles.

The prepared powder mixtures were subsequently compacted using a uniaxial hydraulic press (LabTest 5.600 ZL).
For all experiments, a constant powder volume of 0.5 cm?® was used and pressed in a cylindrical die under a
maximum pressure of 2000 MPa with a holding time of 15 s at peak pressure. A punch displacement rate of 1
mm/min was applied for all samples to ensure consistent compaction conditions. To evaluate the magnetic
properties, samples with appropriate geometries were prepared. Ring-shaped specimens with an outer diameter of
24 mm and an inner diameter of 13.5 mm were used for magnetic measurements. The morphology of the powder
mixtures was analyzed using scanning electron microscopy (SEM) with a TESCAN Vega3 LMU microscope
(TESCAN Brno, Czech Republic). The powders were mounted on aluminium holders using double-sided carbon
tape and examined in high vacuum mode (< 0.018 Pa) at an accelerating voltage of 15 kV. Data acquisition and
processing were carried out using Esprit 1.9 software (Bruker Nano GmbH, Berlin, Germany). The complex
permeability (1’ and p") was measured using an impedance analyzer HP4194A in the frequency range from 500
Hz to 40 MHz.

Results and Discussion

The results presented in Figure 2 show that both the biotite content and the RAM processing time have a clear
influence on the compressibility of the investigated powder mixtures.
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Figure 2 Compaction curves of Fe/biotite powder mixtures RAM mixed for 15 min (left) and for 24 h (right).

With increasing biotite content, a gradual decrease in compressibility is observed, which indicates that the presence
of the insulating phase limits particle rearrangement and plastic deformation during pressing. This behavior can
be explained by the fact that biotite particles form a non-metallic layer on the surface of iron particles, which
reduces direct contact between them and thus increases resistance to compaction. As a result, the powders require
higher pressure to achieve the same level of densification, and their overall compressibility decreases. At the same
time, the effect of processing time is also noticeable. Samples subjected to longer RAM processing time 24 h
generally show a better compaction compared to short-term processing 15 min. This can be attributed to a more
uniform distribution of biotite on the particle surfaces, which reduces local agglomeration and allows more
homogeneous deformation during pressing. However, this effect is strongly dependent on the biotite content. At
lower concentrations, longer processing can slightly improve compressibility, while at higher contents the
insulating phase becomes dominant, limiting particle deformation and leading to reduced overall compaction
efficiency.
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Magnetic Properties

In order the differences in magnetic properties between the materials and the compaction pressures to be best
visible, the complex relative permeability spectra vs. magnetizing frequency of green samples with the lowest (1
wt.%) and the highest (5 wt.%) content of biotite are shown in Figure 3 and Figure 4, respectively, for RAM
mixing for 15 min and 24 h. The complex permeability has the real and the imaginary part, and is used to evaluate
the dynamic magnetization process [2,5]. We can see a quite high frequency stability of the real parts in case of
all green compacts, together with their relatively high initial values. The real permeability reflects the domain wall
movability and hence depends on number of any structural defects hindering the domain wall motion, but on the
other hand, it is also significantly dependent on inner demagnetizing fields, arising from the interrupted magnetic
flux causing free magnetic charges at the surfaces of insulated ferromagnetic particles in case of composite
materials [2,3]. Therefore, we see higher values of the initial real parts for 1 % of mica compared to 5 %, as well
as slightly higher for 15 min RAM mixing time, indicating that Fe particles in samples with 5% are covered with
thicker non-ferromagnetic (biotite) coating layers interrupting the magnetic flux and weakening magnetic
interactions between particles, making the magnetization process more difficult [2]. Similarly, the magnetic
response is lower for longer 24 h RAM mixing, indicating better quality of mica coating layer, i.e. better insulation
of Fe particles from each other and elimination of electrical contacts between them. Although this has a negative
effect on real parts values, the good insulation of particles is required for the frequency stability enhancement and
eddy currents elimination [2,5].

We see that samples of 5% biotite and 24 h RAM exhibit higher resonant frequencies than 1% and 15 min samples.
The tendency of lower real part permeability with higher frequency stability for lower pressing pressures is
approximately obeyed, due to the higher amount of air gaps (porosity) acting also as a non-ferromagnetic
component diluting the magnetic filler content and weaking magnetic interactions between particles [2].
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Figure 3 Complex relative permeability spectra vs. magnetizing frequency of green soft magnetic composite
samples Fe@mica-biotite (1 wt.%), RAM mixed for 15 min (left) and for 24 h (right), compacted at different
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Figure 4 Complex relative permeability spectra vs. magnetizing frequency of green soft magnetic composite
samples Fe@mica-biotite (5 wt.%), RAM mixed for 15 min (left) and for 24 h (right), compacted at different
pressures.
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Conclusions

Fe-based soft magnetic composites with biotite as the insulating phase were successfully prepared by Resonant
Acoustic Mixing and high-pressure compaction. The results show that both biotite content and processing time
significantly affect powder compressibility and the magnetic response of green compacts. Increasing the biotite
content reduces compressibility and the real part of the complex permeability but improves particle insulation and
improves the frequency stability of magnetic response. Longer RAM processing promotes a more uniform
distribution of the insulating phase, leading to better electrical separation of Fe particles and higher resonant
frequencies. These findings indicate that Fe/biotite composites are promising candidates for high-frequency
magnetic cores in electromagnetic energy-conversion applications.
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Laryngotracheal injuries represent a relatively rare yet potentially life-threatening clinical entity in small animal
practice. This report describes a complex case of a chronic ventral tracheal defect associated with persistent
contamination by multidrug-resistant (MDR) bacterial pathogens, significantly compromising the patient’s
prognosis and survival.

Microbiological analysis revealed a polymicrobial infection involving Klebsiella pneumoniae, Staphylococcus
intermedius, and Staphylococcus haemolyticus. All isolates exhibited extensive antimicrobial resistance profiles
consistent with chronic wound colonisation. The formation of a structured, multilayered biofilm likely contributed
to impaired antibiotic penetration, perpetuation of chronic inflammation, and delayed epithelialisation.

Initial surgical management, performed at a referring private practice, consisted of layered closure of the ventral
cervical soft tissues. However, due to the absence of tracheal annular support (tracheal rings), complete defect
closure was not achievable, resulting in persistent respiratory compromise. Tracheal tissue demonstrates limited
regenerative capacity, primarily due to the avascular nature of hyaline cartilage. Furthermore, continuous
biomechanical stress associated with respiratory motion (cyclic distension and collapse) contributes to instability
of defect margins, favouring chronicity, necrosis, impaired perfusion, and failure to progress to the proliferative
phase of wound healing.

Considering increasing interest in biodegradable biomaterials as adjuncts in regenerative medicine, a decision was
made to utilise polydioxanone (PDO) as a synthetic, resorbable scaffold to bridge the tracheal defect. A patient-
specific, three-dimensional (3D)-printed implant was designed and applied directly to the defect site.

The implant was secured using simple interrupted sutures placed through both the implant material and the adjacent
tracheal cartilaginous structures, achieving complete mechanical bridging of the defect. Postoperative management
focused primarily on close monitoring of respiratory function and early detection of potential complications.
Long-term observations of biodegradable polymers commonly used in tissue engineering, such as
polycaprolactone (PCL) and polylactic acid (PLA), indicate that PDO exhibits distinct advantages in terms of
degradation kinetics, modulation of the inflammatory response, and integration within host tissue.

Macroscopic evaluation of the implant site was performed from the intraluminal perspective at 1, 5, and 12 months
postoperatively. Clinical assessment included continuous monitoring of respiratory function, auscultation for
pathological sounds, radiographic imaging, and endoscopic examination.

The most significant epithelial ingrowth through the PDO scaffold was observed between days 30 and 90 post-
implantation. By this stage, the implant was fully covered by newly formed epithelium, with minimal inflammatory
response and negligible scar tissue formation. Progressive resorption of the implant occurred over the subsequent
60 days, with near-complete degradation corresponding to the absence of native tracheal rings.

During the follow-up period, normal respiratory function was restored, and spontaneous resolution of bacterial
contamination was observed without the need for prolonged antimicrobial therapy. The targeted application of a
PDO-based implant enabled rapid defect closure, restoration of tracheal integrity, resolution of clinical signs
(including coughing), and an optimal cosmetic outcome.

Polydioxanone proved to be a rapidly resorbable material providing sufficient temporary mechanical support while
facilitating effective tissue integration. Complete degradation occurred within approximately 180-210 days,
eliminating the need for secondary implant removal.

This clinical case highlights the potential of customised biodegradable implants in the management of complex
tracheal defects involving loss of structural support. The findings support the role of PDO as a promising material
in regenerative surgical approaches following traumatic tissue loss.
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Introduction

Lithium—sulfur (Li—S) batteries are considered one of the most promising next-generation electrochemical energy
storage systems due to their high theoretical specific capacity (1675 mAh g') and energy density. Despite these
advantages, their practical implementation is limited by fundamental physicochemical challenges, including
polysulfide dissolution, non-ideal electrolyte thermodynamics, and unstable electrode—electrolyte interfaces
[11,[2]. The redox mechanism of sulfur involves multiple electron-transfer steps coupled with dissolution and
precipitation reactions, where the distribution of polysulfide species (Li2Sy) is strongly dependent on the solvation
environment and ionic interactions in the electrolyte [1], [3].

In conventional ether-based electrolytes, Li* ions are solvated by DOL/DME molecules, forming dynamic
solvation shells that influence ionic conductivity, viscosity, and redox kinetics. Deviations from ideal solution
behavior become significant at higher salt concentrations or in the presence of strongly interacting species,
requiring consideration of activity coefficients rather than simple concentration-based descriptions. These non-
idealities directly affect electrode potentials, polarization, and charge-transfer kinetics, making electrolyte design
a key factor in controlling overall battery performance.

Experimental

Within the SUNFLOWERS project, a systematic electrolyte engineering strategy is implemented based on
LiTFSI/LiNOs in DOL:DME, modified by pyrrolidinium-based ionic liquids and dual-salt systems. Ionic liquid
concentration is varied in the range of 5-20 vol%, enabling controlled transition from dilute to quasi-concentrated
electrolyte regimes. In parallel, dual-salt formulations combining LiTFSI and LiFSI are investigated to modify Li*
coordination structures and improve transport properties.
LiBOB is introduced as a functional additive to promote early-stage SEI/CEI formation and stabilize electrode
interfaces, consistent with strategies described in advanced electrolyte design frameworks. Electrochemical
characterization includes cyclic voltammetry, galvanostatic cycling, and electrochemical impedance spectroscopy,
enabling separation of bulk resistance, charge-transfer resistance, and diffusion contributions.

Results and Discussion

The incorporation of ionic liquids significantly alters the electrolyte structure by enhancing ion—ion interactions
and modifying Li* solvation shells. As ionic liquid content increases, the system transitions toward a regime
characterized by ion aggregates and reduced solvent-separated ion pairs, leading to decreased polysulfide solubility
and suppression of shuttle processes [3], [4]. These observations are consistent with experimentally observed
relationships between electrolyte composition and electrochemical response in Li—S systems .

From a thermodynamic perspective, increased ionic strength leads to deviations of activity coefficients from unity,
affecting the effective electrochemical potential of reacting species. As shown in previous studies, activity-
controlled behavior becomes dominant in concentrated systems, influencing both plateau potentials and
polarization behavior .

Dual-salt systems further enhance performance by modifying Li* coordination and promoting formation of
inorganic-rich SEI layers (e.g., LiF), which reduce interfacial resistance and improve mechanical stability [5]. The
addition of LiBOB supports formation of stable interphases, reducing electrolyte decomposition and enhancing
Coulombic efficiency [6].

Electrochemical impedance spectroscopy can be used to assess the influence of electrolyte composition on charge-
transfer resistance, while cyclic voltammetry may provide insight into the reversibility of sulfur redox reactions.
Such an approach enables discussion of the interplay between ion transport, interfacial kinetics, and electrolyte
non-ideality.

Conclusion

This work provides a comprehensive framework linking electrolyte molecular design with thermodynamic,
transport, and interfacial phenomena in Li-S batteries. By integrating ionic liquid modification, dual-salt
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strategies, and functional additives, a pathway toward stable, high-performance, and safer Li-S systems is
established, fully aligned with the SUNFLOWERS project objectives.
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Porous substances occur in many areas of chemical technology, most often as catalysts, membranes, adsorbents.
Clay minerals can also be considered porous materials and therefore the knowledge of textural properties is one of
the important characteristics of these materials. Clay materials are divided into several groups, which differ in their
structure and also have different textural properties. Therefore, the knowledge of the basic textural characteristics
of these substances, such as the shape, width, pores volume and classification, porosity, specific surface area
(Sger), true and apparent density, as well as the appropriate methods for their determination are necessary for the
processing and use of clay materials. The methods for examining porous materials vary according to the size of
the pores. The adsorption methods are preferably used for micro and mesoporous materials, while the Hg-
porosimetry for macroporous materials. The methods of studying the structure of solids are mostly based on
adsorption phenomenon. The goal of all adsorption theories is to predict the amount of adsorbate needed to
covering the surface with the monolayer of gas molecules and to determine the area required to the adsorption of
one molecule of adsorbate. From the number of theories the “BET” isotherm is currently used to the Sger
calculation. As the example of clays characterization, the determination of structural characteristics of kaolinite,
bentonite, montmorillonite and rehydroxylated kaolinites using the adsorption methods. The adsorption isotherms
were measured on an 3Flex surface analyser (Micromeritics, Norcross, GA, USA) using the gas sorption technique
(N2 at 77 K). These adsorption isotherms were fitted according the Brunauer-Emmett-Teller (Sger) method and t-
plot method (Sepior) for specific surface area, the micropore volume by the t-plot method and the pore-size
distribution by the Barrett-Joyner-Halenda (BJH) method and Density Functional Theory (DFT) method. In
addition, the scanning adsorption isotherms of all the mentioned samples were measured. Scanning isotherms
provide important information about the pore network geometry, including its connectivity and pore size
distribution, which cannot be revealed from the main adsorption and desorption isotherms.

In this study, results concerning complex clay textural analysis were obtained. In conclusion, although there is a
wide variety of methods applicable to the clay texture characterization, each method has the limitations, which
must be taken into account when evaluating the results.
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Ceramic materials like hydroxyapatite (HAp) are widely used in biomedical applications due to their excellent
biocompatibility, osteoconductive properties, and chemical similarity to the inorganic components of human bone.
Hydroxyapatite has been widely applied as bone fillers, tissue engineering scaffolds, drug delivery systems, and
bioactive coatings for metallic implants [1]. Synthetic hydroxyapatite is one of the most used coatings on
implantable metallic prostheses to improve the biological response of the host’s surrounding tissue. Previous
studies have demonstrated that HAp coatings can significantly enhance implant stability, promote osseointegration
and accelerate osteogenesis directly at the bone-implant interface [2]. Stoichiometric HAp, with chemical formula
of Caio(PO4)s(OH), and a Ca/P ratio of 1.67, represents one of the most stable calcium phosphate salts across a
wide pH range (4-12) at room temperature. Its stability arises from its molecular framework, which consists of a
phosphate tetrahedral network held together by a distributed calcium ions [1]. However, the hydroxyapatite in the
human body is not stoichiometric and Ca®" ions are substituted by other ions present in the body fluids.

Ion doping is also often preferred in the biological application research of HAp. Numerous studies have
demonstrated that the incorporation of ions such as Cu?’, Ag* and Zn?', into the hydroxyapatite lattice can
effectively modulate its biological and physicochemical properties. Among these, silver ion substitution is
particularly attractive, as it enhances the material’s properties while providing strong antimicrobial activity.
Hydroxyapatite is suitable host matrix for such modification due to its ability to accommodate ionic substitutions
without significant structural disruption [3].

Silver-doped hydroxyapatite coatings have been fabricated using various techniques, including wet chemical
precipitation followed by coating deposition, hydrothermal processing, plasma spraying, sol-gel methods, and
electrochemical deposition. Among these approaches, electrochemical deposition (ED) has emerged as a
particularly promising method due to its relatively mild processing conditions, low cost, and ability to produce
coatings with controlled thickness, morphology, and composition on substrates with complex geometries. In
contrast to high-temperature techniques such as plasma spraying and hydrothermal processing, electrochemical
deposition minimizes the risk of thermal degradation, thermomechanical mismatch, and undesirable modifications
of the substrate surface. ED allows to deposition of ceramic coatings on wide range of inert metallic substrates like
titanium or degradable metal like zinc [4].

The ED of silver-doped hydroxyapatite (HAp-Ag) coatings is commonly performed using a three-electrode system
operated under galvanostatic or potentiostatic conditions. During the deposition process, cathodic reactions
occurring at the surface of the working electrode led to a local increase in pH in the vicinity of the substrate. This
localized alkalization promotes the precipitation of calcium phosphate species and the subsequent formation of
hydroxyapatite directly on the metallic surface. Simultaneously, silver ions present in the electrolyte can be
incorporated into the growing HAp structure through partial substitution of Ca?" ions (Figure 1) [5].
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Figure 1 Electrochemical deposition of Ag*-substituted hydroxyapatite coating on a metallic substrate [Al
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The incorporation of dopant ions into the HAp structure can induce some changes in the phase composition and
crystal structure of the resulting coating, depending on the chemical nature and concentration of the incorporated
dopants. These modifications are often reflected in X-ray diffraction (XRD) patterns as shifts of the characteristic
HAp diffraction peaks toward lower or higher diffraction angles, corresponding to expansion or contraction of the
HAp unit cell. Whether the dopant ions induce lattice expansion or contraction depends primarily on their ionic
radius relative to that of Ca2+. For example, ions with smaller ionic radii than Ca2+, such as Zn2+, may lead to
contraction of the HAp lattice following substitution within the crystal structure [5]. In contrast, due to the larger
ionic radius of Ag+ compared to Ca2+, the substitution of calcium ions by silver ions within the HAp lattice may
result in lattice expansion and corresponding shifts in diffraction peaks toward lower diffraction angles (Figure 2)
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Figure 2 Comparison of X-ray diffraction patterns between HAp and HAp-Ag [6].

In addition to structural modifications, silver incorporation may also influence the electrochemical and protective
properties of hydroxyapatite coatings. Several studies have suggested that ion-doped HAp coatings can enhance
the corrosion resistance of metallic substrates through the formation of denser and more homogeneous coating
structures, thereby limiting ionic diffusion toward the substrate surface. Furthermore, changes in grain size and
surface passivation behaviour induced by ionic substitution may contribute to improved surface stability and
enhanced protective performance of the coating. However, excessive dopant incorporation may adversely affect
coating properties by increasing porosity and promoting the formation of structural defects within the deposited
layer [5].

The combination of the bioactive properties of hydroxyapatite with the antimicrobial activity of silver represents
a promising strategy for the development of multifunctional biomedical coatings. Electrochemical deposition
offers significant potential for the fabrication of Ag-doped HAp coatings due to its low processing temperature,
versatility, and ability to control coating composition and morphology. Furthermore, this method enables the
deposition of bioactive coatings on various metallic substrates. Such coatings may contribute to improved implant
performance by promoting osseointegration while simultaneously reducing the risk of implant-associated
infections
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Water electrolysis enables the electrochemical splitting of water into hydrogen and oxygen, with overall efficiency
governed by the activity and durability of electrocatalysts for the hydrogen evolution reaction (HER) at the cathode
and the oxygen evolution reaction (OER) at the anode. For large-scale hydrogen production, it is essential to
develop efficient, earth-abundant catalysts that can be synthesized rapidly and in a cost-effective manner.

In this work, we present a rapid and environmentally benign mechanochemical route for the synthesis of transition
metal sulfide catalysts. This approach enables the direct formation of Ni—Co sulfide materials from elemental
precursors within seconds, eliminating the need for high-temperature processing or solvent-based synthesis. As a
result, the method significantly lowers the carbon footprint and aligns with the principles of green chemistry.
Evaluation of ignition across different Ni:Co:S ratios indicated that mechanochemical reactivity is highly
dependent on the initial particle size of Ni and Co and increases with higher Co content.

By tuning the Ni-to-Co ratio, a series of compositions with distinct catalytic properties were obtained. The
structural and morphological characterization was performed using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and high-resolution transmission electron microscopy
(HR-TEM). Samples with intermediate Co content exhibited diffraction patterns indicative of a multiphase system
composed of CogSg-, CoS-, and NigSg-type structures. Considering the cation substitution behavior observed at
both low and high Co concentrations, these phases are more appropriately described as mixed Ni—Co sulfides
rather than distinct Co and Ni sulfide phases.

Electrochemical performance was done in tree-electrode set up in 1M KOH condition. The optimized ternary
sulfide system exhibited superior HER performance in alkaline media, characterized by low overpotential,
excellent stability, and sustained long-term activity. The enhanced catalytic behavior is attributed to synergistic
interactions between multiple sulfide phases and the optimized metal composition, which collectively improve
electronic conductivity, increase active surface area, and promote a favorable balance between water dissociation
and hydrogen adsorption steps.

The combination of rapid, scalable synthesis, environmentally friendly processing, and strong electrocatalytic
performance highlights the potential of these materials for practical application in cost-effective alkaline water
electrolysis systems.
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Introduction

The increasing penetration of renewable energy sources into modern energy systems has intensified the demand
for efficient and scalable energy storage technologies [1]. Among the available solutions, redox flow batteries
(RFBs) have emerged as promising candidates for large-scale applications due to their flexible architecture,
decoupled energy and power capacities, and long operational lifetime [2]. In recent years, organic redox flow
batteries (ORFBs), employing redox-active organic molecules as electrochemical charge carriers, have attracted
significant attention. Their appeal lies in the abundance of organic materials, potential cost-effectiveness, and the
high degree of structural tunability, which enables precise control over electrochemical properties such as redox
potential, solubility, and stability [3]. In particular, aqueous organic redox flow batteries have been widely explored
as environmentally friendly and safe alternatives for grid-scale energy storage [1]. The overall performance of
ORFBs is strongly governed by the physicochemical and electrochemical characteristics of the redox-active
species. Key parameters include redox kinetics, diffusion coefficients, and chemical stability, which collectively
determine the efficiency, energy density, and cycling stability of the system [4]. Despite considerable advances in
molecular design, challenges such as limited reaction kinetics, mass transport constraints, and degradation
mechanisms continue to restrict the practical deployment of organic electrolytes [1], [3]. A detailed understanding
of the interplay between electron transfer kinetics and mass transport processes is therefore essential for optimizing
the performance of organic redox systems. Electrochemical characterization techniques provide valuable insight
into these processes and enable the establishment of structure—property relationships critical for the rational design
of advanced materials.

In our study, we specifically target two well-established classes of organic molecules—anthraquinones and
viologens—which represent archetypal systems for multi-electron and single-electron redox processes,
respectively. Rather than treating these systems separately, we approach them comparatively, with the aim of
identifying how their intrinsic differences translate into electrochemical performance under identical experimental
conditions.

Experimental Approach

In order to systematically evaluate the electrochemical behavior of selected organic electrolytes, we employed
cyclic voltammetry (CV) as our primary characterization technique. All measurements were performed in a
conventional three-electrode configuration consisting of a glassy carbon working electrode, a platinum counter
electrode, and an Ag/AgCl reference electrode. Particular attention was paid to electrode preparation, as
reproducibility of surface conditions proved to be critical for obtaining reliable kinetic parameters. The
investigated compounds were dissolved in an aqueous supporting electrolyte (1 M NH4Cl), chosen to ensure
sufficient ionic conductivity while maintaining compatibility with both quinone- and viologen-based systems.
Prior to each measurement, the electrolyte solutions were thoroughly deaerated with high-purity argon in order to
eliminate interference from dissolved oxygen. Our experimental workflow was designed in two steps. First, wide-
range voltammograms were recorded to identify the electrochemically active regions of each molecule.
Subsequently, detailed measurements were performed at varying scan rates (5-500 mV-s™"), allowing us to assess
both the reversibility of the redox processes and the dominant mass transport regime. This approach enabled us to
directly compare electron-transfer kinetics and diffusion behavior across the studied systems.
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Figure 8 Electrochemical characterization of the investigated organic redox-active molecules. (a) Comparison of
cyclic voltammograms of He.VBr: (red) and DPivOHQ (blue) recorded at a scan rate of 500 mV-s™. (b) Cyclic
voltammograms of He:VBr: recorded at different scan rates (5—500 mV-s™). (¢) Dependence of anodic and
cathodic peak current densities on the square root of the scan rate for He2VBr, indicating diffusion-controlled
behavior. (d) Cyclic voltammograms of DPivOHQ at different scan rates (5—500 mV-s™). (e) Corresponding
linear dependence of peak current densities on the square root of the scan rate for DPivOHQ.

Results and Discussion

The cyclic voltammetric response of the investigated systems clearly reflects the fundamental differences between
anthraquinone and viologen derivatives. The anthraquinone-based molecule exhibits a characteristic two-electron
redox process corresponding to the quinone/hydroquinone transformation. This multi-electron transfer is
advantageous from the perspective of charge storage, as it enables higher theoretical capacity. However, in our
measurements, this process was accompanied by broader peaks and increased peak-to-peak separation, indicating
somewhat slower electron-transfer kinetics. In contrast, the viologen derivative displays a well-defined and highly
reversible one-electron reduction to the radical cation. The corresponding voltammograms are characterized by
sharp peaks and minimal peak separation, suggesting fast electron-transfer kinetics and good electrochemical
reversibility.

A key aspect of our analysis was the dependence of peak current on the square root of the scan rate. For both
systems, a linear relationship was observed, indicating that the redox processes are predominantly diffusion-
controlled. Using the Randles—Sevéik relationship, we estimated diffusion coefficients on the order of 10 cm?-s™!
for the viologen derivative, which is in excellent agreement with literature values. The anthraquinone derivative
exhibited slightly lower and less symmetric diffusion behavior, likely reflecting the more complex nature of its
two-electron redox mechanism. From a practical perspective, these results highlight the complementary
advantages of the two molecular systems. The viologen derivative combines fast kinetics with favorable transport
properties, making it particularly suitable for neutral aqueous electrolytes. On the other hand, the anthraquinone
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derivative offers higher charge density due to its multi-electron redox process, although at the cost of slower
kinetics and increased susceptibility to side reactions, especially under neutral conditions.

Perspective and Ongoing Work

Building on these findings, our ongoing work is focused on targeted structural modifications aimed at improving
the stability of both molecular systems without compromising their electrochemical performance. In the case of
anthraquinones, we are exploring the introduction of sterically hindering substituents to suppress nucleophilic
attack and enhance chemical robustness. For viologens, our efforts are directed toward increasing molecular size
and introducing charged functional groups in order to reduce membrane crossover, which remains a critical
challenge in practical RFB operation. At the same time, we are expanding our experimental methodology to
include long-term cycling tests and complementary analytical techniques, such as UV—-Vis spectroscopy, in order
to better understand degradation mechanisms at the molecular level. We believe that combining detailed
electrochemical analysis with rational molecular design will be essential for advancing organic RFB systems
toward real-world applications.

Conclusion

In this work, we have demonstrated that anthraquinone and viologen derivatives represent two fundamentally
different, yet complementary approaches to organic redox-active electrolytes for aqueous flow batteries. Through
systematic electrochemical characterization, we have shown that viologens provide fast and reversible redox
behavior with excellent transport properties, while anthraquinones offer higher charge storage capacity through
multi-electron processes. Rather than identifying a single “optimal” system, our results emphasize the importance
of matching molecular properties to the intended operating conditions. This perspective will guide our future
research, which aims to bridge the gap between molecular design and practical battery performance.
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Introduction

Metal-organic frameworks (MOFs) have recently emerged as one of the most dynamic and promising fields within
materials science, with over 100,000 structures reported to date. Their exceptional properties, including high
specific surface area, tunable pore dimensions, and remarkable structural diversity, make them highly attractive
for a broad range of applications such as gas adsorption, catalysis, sensing, and energy-related technologies [1]. In
recent years, increasing attention has been directed toward the use of MOFs in photovoltaic systems and solar
energy conversion. The hybrid nature of MOFs, combining inorganic nodes with organic linkers, enables fine-
tuning of their electronic band structure, which is crucial for optimizing light-harvesting properties. Among the
various MOF classes, materials incorporating azo-carboxylate ligands have shown particular promise in
photovoltaic applications. The presence of azo linkages allows reversible trans—cis photoisomerization, enabling
dynamic modulation of both the structural geometry and electronic properties of the framework in response to
light stimuli. Furthermore, multidentate azo-based ligands facilitate the formation of extended coordination
networks with enhanced stability and unique optoelectronic characteristics. These features position azo-
functionalized MOFs as promising candidates for next-generation photovoltaic materials, where controlled light—
matter interactions can be effectively translated into improved energy conversion efficiency [2].

Experimental

In this work, we report the synthesis and comprehensive characterization of a series of fourteen lanthanide-based
metal-organic frameworks. The coordination polymers were synthesized via a solvothermal approach involving
the tetratopic organic linker H4AMTA [3] (0.09 mmol) and lanthanide nitrate precursors Ln(NO3)3-xH20 (0.045
mmol) in a mixed solvent system of N,N"-dimethylformamide and water (6:1, v/v) at 80 °C for seven days. This
synthetic protocol enabled the formation of a complete and structurally stable series of LnMTA frameworks
spanning the entire range of stable lanthanide elements.

Result and discussion

The LnMTA (Ln= Ln** lanthanide cations) materials were characterized using infrared infrared spectroscopy,
CHN elemental analysis, thermogravimetric analysis (TGA), powder X-ray diffraction (PXRD), and single-crystal
X-ray diffraction (SC-XRD). Both single-crystal and powder diffraction analyses confirmed that all synthesized
frameworks are isostructural and crystallize in an orthorhombic system. The presence of accessible cavities within
the structures motivated further investigation of their gas adsorption properties. The sorption behaviour of LanMTA
frameworks was evaluated by CO2 adsorption measurements conducted at 1 bar and temperatures of 0 °C and 20
°C, revealing a high affinity toward CO2 across all samples. Among the studied materials, HoMTA,
{[Ho4(MTA)3]-13DMF-14H20}n, exhibited the highest uptake under low-pressure conditions, reaching 3.98
mmol-g' at 1 bar and 0 °C. In addition, PrMTA ({[Pr4(MTA)3]-13DMF-14H20}n) and GdMTA
({{[Gd4(MTA)3]-13DMF-14H20}n) were further investigated under high pressures measurements to 40 bar and
at temperatures of 0 °C, 10 °C, and 25 °C (Figure 1). The maximum adsorption capacities were observed at 0 °C
and 21 bar, where PrMTA and GdAMTA adsorbed 3.31 and 4.38 mmol-g! of CO., respectively.
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Figure 1 CO, adsorption isotherms of GAMTA (a) and PrMTA (b).

To preliminarily evaluate the applicability of the prepared materials in photovoltaic-related systems, the GAMTA
material was subjected to chronoamperometric measurements of current response as a function of time, as shown
in Figure 2. The obtained curves reveal a pronounced change in current response upon illumination of the electrode,
manifested by distinct current increases at defined time intervals. Compared to the reference SPCE electrodes
(dark/light), the MOF-modified electrodes exhibit significantly enhanced responses, confirming the photoactivity
of the prepared material. With respect to the deposited amount, the most pronounced effect was observed for a
loading of 4 pL, representing an optimal balance between the density of photoactive sites and efficient charge
transport. A further increase to 5 pL resulted in a decreased response, which can be attributed to increased layer
resistance due to the intrinsically low conductivity of the MOF material. Overall, the results demonstrate that the
prepared MOF exhibits a measurable photoelectrochemical response and shows promise for applications in light-
activated sensing platforms, although further optimization of the immobilization strategy will be required to
improve stability and reproducibility.
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Figure 2 Chronoamperometric response of bare and GAMTA -modified SPCE electrodes under illumination.
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Introduction

The Slovak energy sector is undergoing a transformation driven by the rise of renewable energy sources (RES)
and the need for greater grid flexibility. Electricity storage systems (ESS) play a pivotal role in this modernization.
To meet climate targets and reduce fossil fuel dependency, the EU will require over 100 GW of battery storage
capacity by 2030. In Slovakia, the need for ESS is increasingly urgent due to the boom in photovoltaics,
characterized by intermittent generation. Without effective storage, the resulting imbalance between production
and consumption threatens grid stability. Battery storage addresses this by balancing supply fluctuations and
providing essential ancillary services, such as frequency regulation. Integrating ESS is also financially viable. By
optimizing consumption and supporting the transmission system, these assets generate significant cost savings and
positive cash flow. The strategic importance of smart storage is further underscored by the Slovak Recovery and
Resilience Plan, which aims to reach 68 MW of storage capacity by 2026 [1].

Legislative Framework

Directive (EU) 2019/944 of 5 June 2019 on common rules for the internal market for electricity and amending
Directive 2012/27/EU - 1t defines the term "energy storage" as a standalone activity, allowing battery systems to
be operated as independent sources, separate from generation and distribution. It ensures that ESS have equal
opportunities to participate in the market for ancillary services.

Directive (EU) 2024/1711 of 13 June 2024 amending Directives (EU) 2018/2001 and (EU) 2019/944 - 1t addresses
the improvement of the Union’s electricity market design.

Regulation (EU) 2019/943 on the internal market for electricity - It regulates the principles of electricity market
operation, including the integration of energy storage; ESS (Energy Storage Systems) can provide flexibility and
ancillary services and participate in balancing markets.

Act No. 251/2012 Coll. on Energy and on amendments to certain acts, as amended - It governs the definition of
terms, conditions for obtaining a permit or confirmation of notification requirements for electricity storage
activities, and the obligations of such license holders.

Decree of the Regulatory Office for Network Industries (URSO) No. 207/2023 Coll., laying down rules for the
operation of the internal electricity market, the content of the operational rules of the system operator and the
short-term electricity market organizer, and the scope of commercial terms within the system operator’s rules. - It
provides further details concerning new market participants, including holders of electricity storage licenses.
Decree of the Regulatory Office for Network Industries (URSO) No. 154/2024 Coll., laying down price regulation
in the electricity sector and certain conditions for performing regulated activities in the electricity sector. - It
regulates price control in the energy sector and includes provisions related to energy storage facilities.

Current State in Slovakia

In the context of the ongoing energy transition, Slovakia, like many other European Union countries, is intensively
focusing on energy transformation and increasing the flexibility of its power system. Battery storage systems play
a key role in this process. Their ability to respond rapidly to fluctuations in electricity supply and demand makes
them a vital tool for integrating RES and ensuring grid stability.

According to the Slovak Electricity Transmission System (SEPS), the installed capacity of battery storage is
expected to reach approximately 250 MW by 2030 and nearly 700 MW by 2040. This growth is anticipated
primarily in connection with the development of solar power plants and the overall trend of increasing the share
of RES in the country's energy mix [2].

Ancillary Services (AS) are services procured by SEPS to ensure the provision of system services necessary for
maintaining supply quality and operational reliability. Their activation results in the delivery of balancing energy.
To guarantee technical compliance, every providing facility must hold a valid certificate for each specific ancillary
service. Ancillary services provided by certified facilities include:

e Frequency Containment Reserve (FCR): Provides an immediate, automatic response to frequency deviations.
Its primary purpose is to stabilize the frequency and maintain the balance between generation and demand
within the synchronous area.
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e Automatic Frequency Restoration Reserve (aFRR+): Activated automatically via dispatch instructions to
restore the system balance and release FCR reserves. It typically reacts within minutes of a frequency deviation
to bring the frequency back to its nominal value.

e Manual Frequency Restoration Reserve (mFRR+): Activated manually by the TSO to address larger or longer-
term imbalances, such as generation outages or significant demand surges. Its role is to restore the frequency
and free up the automatic reserves (aFRR) [3].

To provide ancillary services, the ESS must be certified for the respective service. Most ESS units providing
ancillary services are certified for FCR and aFRR+, while some are also certified for mFRR=+.

Since 2023, there has been a growing interest in providing FCR services from battery storage systems. This has
been positively reflected in the procurement of sufficient FCR volumes between 2023 and 2025, with minimal
instances where availability dropped below 80% of the required FCR capacity. Below this threshold, SEPS is
mandated, under the rules of the European Awareness System (EAS), to indicate a shortage of FCR regulatory
resources.

The current technical conditions of SEPS do not allow ancillary service providers to aggregate ESS for the
provision of aFRR (also applicable to mFRR) in various combinations with generation or load facilities [2].
Following the study "Impact of ESS-type Battery Facilities on the Provision of aFRR and mFRR Ancillary
Services for SEPS" [4] and its results published on the SEPS website on 30 April 2025, SEPS is currently preparing
amendments to the technical conditions and requirements. These will establish rules for battery storage technology
and its combination with other technologies [2]. The study concludes that the currently set rules for the provision
of FCR ancillary services are sufficient and in line with European Network of Transmission System Operators for
Electricity (ENTSO-E) methodologies. Furthermore, the study states that if FCR-type ancillary services were not
also provided by operators of Energy Limited Resources (ELR), which include ESS, the total procurement cost
for this type of ancillary service would be higher.

The study primarily focused on the provision of FRR services by ESS and the impact of utilizing ESS facilities
for SEPS requirements in the following configurations:

e Standalone ESS;

e ESS plus another power source (synchronous generator/load), where AS are provided by the ESS;

e ESS plus another power source (synchronous generator/load), where services are primarily provided by the
rotating source and the ESS serves only to maintain the regulation quality of the respective ancillary service
(booster).

The conclusions of the study [4] for SEPS resulted in recommendations regarding the expansion of procurement
and volumes of FRR services from ESS:

o In the case of standalone ESS: based on analyses of the Intraday Market (IDM) for 2023 and 2024 for 60-
minute and 15-minute products, it is impossible to continuously procure power on the IDM for periods longer
than 4 hours. This may change with the introduction of 15-minute IDM products; therefore, the study
recommends re-analysing the fulfilment of buy and sell orders on the IDM 12 months after the introduction of
15-minute products across all profiles in the region. Based on this, a recommendation to approve or reject
standalone ESS for FRR provision can be made.

e The volume of services procured from ESS should not exceed 15% of the total required volume of ancillary
services for any FRR-type service. This is due to the need to verify FRR provision from "ESS plus another
power source" without risking grid security, significantly deteriorating regulation quality, or negatively
impacting current IDM trading trends.

e Following a minimum one-year period of experience with FRR provision from ESS, SEPS should conduct an
analysis of FRR delivery quality and IDM trading possibilities. Subsequently, based on these findings, SEPS
should re-evaluate the volumes of FRR procured from ESS.

o Legislation should establish clear certification rules and define the scope of these services, including penalties
for rule violations—not only regarding charging strategies but also for failures in service delivery.

The implementation of ESS for the provision of FRR-type ancillary services within the transmission system will

also impact the regulatory framework of the Slovak Republic, primarily in the following areas:

e Legislative Area: This involves amending Acts No. 250/2012 Coll. and 251/2012 Coll., Decrees No. 154/2024
Coll. and 207/2023 Coll., and the SEPS Operational Rules (Grid Code) to explicitly include and define ESS as
potential ancillary service providers. These amendments should define ESS facilities, their technical
requirements, conditions for ESS certification as AS providers, and their participation in the ancillary services
market. Furthermore, they should define the rights and obligations of ESS operators and establish the
Authority's jurisdiction in this field.

e Regulatory Approach of the Authority: This entails accounting for the specific characteristics of ESS,
primarily by adjusting the methods for determining AS prices and tariffs and creating new regulatory tools for
ESS monitoring.

70



10t International Conference on Novel Materials: Fundamentals and Applications 2026
High Tatras, 24.05.-27.05.2026

e Economic Area: Given the financial impact of providing ancillary services via ESS, it will be necessary to re-
evaluate remuneration mechanisms for AS provision. Additionally, the methodology for calculating the costs
of providing ancillary services, which serve as the basis for calculating end-user tariffs, must be adjusted.

In Slovakia, ESS operators primarily utilize energy storage facilities to provide ancillary services for the
transmission system, which include system stabilization, frequency stability maintenance, and rapid response to
demand fluctuations. Furthermore, they provide backup power during outages, peak shaving (reduction of reserved
capacity), energy arbitrage, imbalance optimization at the balance group level, self-consumption, and sales on the
spot market.

One example of battery storage utilization is cost-saving on imbalances at a delivery point where the BESS is
installed directly on-site. In this scenario, the storage operator installs the entire system, including the battery and
control software, at their own expense to optimize imbalance management at the given delivery point based on
their own dispatch instructions rather than the requirements of the delivery point itself. Any evaluated profit from
the financial settlement of the optimized imbalance remains with the storage operator, who in turn pays the owner
of the delivery point a fixed fee for the right to use their premises.

Based on the ownership data provided by the surveyed operators, market participants can be categorized into two
groups: owner-operators and those utilizing lease-based models.

The cost of leasing Battery Energy Storage Systems (BESS) and associated services fluctuates significantly based
on capacity, lease duration, and the scope of the service package. These systems are highly versatile, serving
applications ranging from microgrids to industrial consumption optimization; their pricing directly reflects this
modularity and the inclusion of comprehensive support services. For utility-scale or industrial BESS, lease terms
vary from several weeks to several years. Due to the highly customizable nature of these solutions, specific pricing
is rarely disclosed publicly, and quotes are typically tailored to the individual technical requirements of each client.
The majority of ESS operators primarily leverage battery storage to provide ancillary services for SEPS, manage
self-consumption, and optimize imbalances at the balance group level, as well as to capitalize on spot market
volatility during peak price periods. Currently, six operators utilize BESS assets owned by third parties under
formal lease agreements. Monthly lease payments range from approximately €1,478 to €33,000, or are structured
as a profit-sharing model based on the revenue generated from ancillary services.

These lease rates are contingent upon the system's technical specifications, its operational mode, and the contract
duration. When normalized against the installed capacity of the facility, the average lease rate stands at
approximately €18,500/MW/month.

Conclusions

Driven by the national Recovery and Resilience Plan and the growing need for grid flexibility, Slovakia’s ESS
capacity for ancillary services is projected to reach 250 MW by 2030 and 700 MW by 2040. This rapid expansion
positions ESS as a primary economic stimulus and a key provider of FCR and aFRR services, with operators
increasingly scaling into secondary and tertiary control. Ultimately, energy storage serves as a cornerstone of
modern infrastructure, enabling seamless RES integration and flexible grid management tailored to the specific
operational requirements of the Slovak transmission system operator.
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Introduction

Renewable energy’s transition to a global reality is powered by a cross-sector shift toward sustainable consumption
and carbon reduction targets initiated by international agreements in the 1990s. Solar-photovoltaic (PV) and wind
are the leading clean energy sources, yet their intermittency, driven by weather variability, requires integration
with battery energy storage systems (BESS). This hybridization, supported by research and market trends, ensures
a stable supply that mimics the reliability of synchronous generators like hydroelectric power plants (HPP) and
thermoelectric power plants (TPP) [1]. BESS, demand-side management (DSM), vehicle-to-grid (V2G) strategies,
and combined heat and power (CH&P) plants are classified as renewable energy resources (RER) rather than
primary sources, as they facilitate bidirectional energy flow between load and source [2]. Global regulatory
frameworks often lag in BESS integration due to a lack of technical clarity. While BESS acts as a load when
charging, it is a distinct asset class. Effective regulation requires acknowledging its specific power electronics and
bidirectional dynamics to move beyond legacy energy definitions. Europe’s experience with battery regulation is
a blueprint for establishing robust green hydrogen frameworks under the Renewable Energy Directive [3]. By
aligning these regulatory environments, the EU can foster an integrated storage ecosystem that enhances the overall
effectiveness of the "Fit for 55" objectives [4]. Drawing on scientific research and international distributed energy
resources (DER) legislation, this study identifies best practices for BESS hybridization to support European
countries in their transition toward advanced renewable integration.

European Regulatory Framework for Clean Energy

Europe is consolidating energy storage system (ESS) regulatory guidelines through initiatives like the STORE
Project, the "Clean Energy for All Europeans" package, the Green Deal, and the 2020 Climate Law [5-9]. While
these have reshaped national regulations, barriers such as inadequate project support and undefined regulatory
frameworks persist.

The EU electricity sector is driven by normative instruments, such as European Parliament Directives and
Communications, which establish renewable energy targets and implementation mechanisms. Key initiatives
shaping this landscape include Energy 2020, the 2050 Roadmap, the Clean Energy Package, and the European
Green Deal, supported by specific directives like (EU)2018/2001 and (EU)2019/944 [10—12]. To advance its
renewable energy and efficiency goals, the EU (2020) published a study on energy storage, identifying critical
barriers to both behind-the-meter (BTM) and front-of-the-meter (FTM) solutions. These include a lack of clear
definitions, legal provisions for hybridization, and policy coherence among Member States. The report outlines
best practices and regulatory status across the EU, covering market access, grid connection, and taxation [13].

National Case Studies: Implementation and Obstacles

Spain is aggressively targeting storage, planning for 6 GW of capacity (3.5 GW pumped hydro, 2.5 GW batteries).
While the government recently instituted a "Regulatory Sandbox" (May 2023) to foster BESS innovation, the
sector faces a major hurdle: double charging. Because the framework does not distinguish storage from traditional
generation or consumption, ESS owners are often charged network access tariffs twice, once when buying energy
to charge and again when selling it back to the grid.

The UK has led the way by explicitly amending its regulatory framework to include legal definitions for "energy
storage" and "energy storage facilities." This provides much-needed clarity for license applications. Furthermore,
the "Storage at Scale" competition has successfully funded innovative lithium-ion and sodium-sulphur projects.
However, loopholes regarding double charging for final consumption fees persist, and the role of network operators
in owning storage remains a point of debate.

Faced with high renewable penetration, Greece authorized a complete regulatory framework in 2020. It has
launched a robust auction scheme aiming to award 1000 MW of capacity by 2025. Greece is a prime example of
market-driven storage, where participation in the Frequency Containment Reserve (FCR) can yield significant
revenue (approx. €100,000/MW/year), incentivizing utility-scale BESS.

Finland utilizes its "Energy Aid" program to co-finance battery facilities, provided costs do not exceed 50% of the
total investment. While Finland allows BESS to provide FCR services, it lacks specific storage-only regulations,
often requiring large-scale projects to undergo complex public licensing. Similarly, Denmark and Norway focus

72



10t International Conference on Novel Materials: Fundamentals and Applications 2026
High Tatras, 24.05.-27.05.2026

on short-term heat storage and gas coupling, though they still treat ESS agents as "ordinary consumers" regarding
taxes.

Germany focuses on avoiding renewable curtailment by integrating ESS directly into power plants. The updated
Federal Battery Law and modern building codes have simplified the installation of local storage. This is
particularly evident in the residential sector, where low feed-in tariffs have driven users to combine PV with BESS,
increasing self-consumption (autarky) from 30% to 80%.

Ireland utilizes a Capacity Remuneration Mechanism (CRM) to support storage based on its operational timing.
While they have successfully launched pilot schemes for home-BESS, the regulatory environment is still evolving.
Like its peers, Ireland struggles with a lack of legal distinction between generation and storage, hindering the

transition to a fully decarbonized supply.

Table 1 Summarization of the regulatory environment of the selected European countries [2].

Country | Regulatory Market Specific Challenges Strengths Weaknesses
Framework | Participation | And Initiatives

Spain Lacks ESS Limited by | Ministry instituted Potential for Current double
regulation. double regulatory sandbox regulatory charging issue;

charging. environment in 2023 | improvement and | regulatory
for research and innovation; uncertainty.
innovation; aims to increasing
address regulatory research
gaps. and development
opportunities.

UK Clear Well-defined | “Storage at Scale” Regulatory Licensing
regulatory regulations. contest funded clarity; support for | requirements for
framework. innovative large-scale | large-scale ESS large-scale projects;

ESS projects; | projects; no exemption from
addresses competitive taxes and fees.
licensing and funding

operational issues. opportunities.

Greece New Voluntary Market includes Regulatory Voluntary
regulatory participation. | various balancing framework for | participation in the
framework. capacity products; ESS; market; potential

emphasizes co- | opportunities for | need for clearer
location with PV for | diverse energy incentives.
energy storage storage projects.

projects.

Finland Regulatory Limited by | Energy Aid program | Financial support | Double charging
framework double offers co-financing; for clean energy issue; complex
not specific. | charging. regulatory framework | projects; potential | licensing process

for large-scale | for innovative for large-scale
projects involves | solutions. projects.
public audiences.

Denmark | ESS in | Ordinary Funding for ESS Integration into No tax exemption

and expansion consumers development; specific | expansion for ESS

Norway | planning. with no tax | grid codes for battery | planning; funding | applications;

exemption. connection and | support; clear limited regulatory
access. grid codes. incentives.

Ireland Evolving Participation | Supports small-scale | Evolving Lack of distinction
regulation. depending on | BTM ESS; trends regulatory between

technology toward legal certainty | framework; generation
used. for end consumers | support for technologies and
and transition to a small-scale ESS; ESS; ongoing
decarbonized supply. | transition to regulatory
decarbonized development.
supply.

Germany | Strengthened | Various Germany integrates Integration into Limited primary

regulation. market ESS into renewable renewable energy | frequency control
participation. | energy plants; market | systems; market for BESS; complex
incentive programs; incentives; regulatory
participation in the participation in landscape.
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| | | | frequency market. | frequency market. | |

Table 1 summarizes the regulatory status, market participation, challenges, and institutional initiatives of the
European countries analysed in this study. While European nations are aligned on climate neutrality, the practical
deployment of BESS is hindered by antiquated classification. Most frameworks still struggle to treat BESS as a
unique "third resource," leading to:

e Financial Penalties: Double charging remains the most common and counterproductive obstacle.

e  Market Restrictions: Limited participation in secondary ancillary services (like FRR) for battery assets.

e Technical Lag: Regulation is often slower to evolve than the power electronics and control systems that
define modern BESS performance.

Conclusions

The study highlights the importance of ESS, particularly BESS, as critical power system components. Defined by
advanced power electronics and control systems, BESS exhibits a dualistic behaviour during charge and discharge.
This versatility defies traditional classification as either a load or a generator, establishing BESS as a distinct third
resource. Experiences from pioneering storage markets offer critical best practices for mitigating business risks in
emerging clean-technology sectors.

Current regulations that fail to recognize this dualistic behaviour (charging and discharging) result in financial
penalties that undermine the business case for green hydrogen and battery projects. For the "Fit for 55" objectives
to succeed, these nations must harmonize their definitions to allow ESS to function as a versatile, integrated
element of the modern power grid.
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Electrochemical sensors represent an important class of analytical devices widely used for the detection of
chemical and biological species due to their high sensitivity, rapid response, and potential for miniaturization.
Among various electrode materials, carbon-based systems, particularly carbon paste electrodes (CPEs), have
attracted considerable attention owing to their low cost, ease of preparation, and versatile surface modification
possibilities [1]. In recent years, increasing emphasis has been placed on the use of recycled carbon materials as
sustainable alternatives to conventional commercial sources, in line with the principles of the circular economy
[2]. However, the broader application of recycled materials in electrochemical sensing is often limited by concerns
related to variability and reproducibility, which are critical parameters determining the reliability of analytical
measurements.

In this work the reproducibility of carbon paste electrodes (CPEs) prepared from commercial (samples KG and
SP) and recycled graphite (samples A and B) was evaluated using cyclic voltammetry in the ferri/ferrocyanide
redox system (Figure 1).
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Figure 2 Schematic overview of the experimental workflow used for the evaluation of reproducibility of carbon
paste electrodes (CPEs) prepared from commercial and recycled graphite materials (samples A, B, SP, and KG).

While commercial graphite exhibited the lowest variability, selected recycled samples showed comparable
reproducibility. In particular, recycled sample B demonstrated a favorable balance between electrochemical
performance and measurement consistency, highlighting its potential as a sustainable alternative electrode
material. The cyclic voltammograms recorded for individual samples (A, B, SP, KG) in Figure 2 show clear
differences in both signal intensity and reproducibility. For each material, three independently prepared electrodes
were measured. Sample A exhibits relatively high peak currents but noticeable variability between replicates,
particularly in the cathodic branch. Sample B shows significantly better overlap of curves, indicating improved
reproducibility. In contrast, sample SP demonstrates the largest deviations between individual measurements,
confirming poor reproducibility. Commercial graphite (KG) shows highly consistent responses with minimal
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variation between curves. The comparison of peak-to-peak separation (AE) reveals increasing variability in the
order KG < B = A << SP. The highest relative standard deviation (RSD = 72%) was observed for SP, indicating
significant instability. In contrast, KG exhibits the lowest variability (~6.6%), confirming high reproducibility.
Recycled samples A and B show moderate variability (~18-17%), suggesting partial preservation of
electrochemical consistency. The anodic peak current analysis indicates that sample A provides the highest current
response, suggesting the largest electroactive surface area; however, this is accompanied by relatively high
variability (~12%). Sample B shows slightly lower current but significantly improved reproducibility (~7%).
Sample SP again exhibits high variability (~18%), while KG demonstrates the lowest current but also the highest
stability (~6%). The ratio of anodic to cathodic peak currents provides insight into electrochemical reversibility.
Sample SP shows values closest to unity, indicating favorable electrochemical behavior, but this is accompanied
by high variability (~19%). Conversely, KG exhibits the most stable ratio (~6%) but deviates more from ideal
reversibility. Recycled samples A and B again show intermediate behavior, with sample B achieving the best
compromise between reproducibility (~6.8%) and electrochemical performance.
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)4 v ¥ 4o > v v -1 05 5
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Figure 3 Cyclic voltammograms recorded in 5 mM [Fe(CN)s]*/[Fe(CN)s]* and 1 M KCl solution at carbon
paste electrodes (CPEs) prepared from samples A, B, SP, and KG. Each measurement was performed three times
using independently prepared electrodes.

Overall, the results clearly demonstrate that reproducibility is strongly dependent on material structure and
homogeneity. Commercial graphite provides the most stable and reproducible response across all evaluated
parameters; however, among recycled materials, sample B shows comparable reproducibility while maintaining
relatively high electrochemical activity. These findings confirm that recycled graphite materials can be
successfully applied in carbon paste electrodes, with performance approaching that of commercial standards, and
highlight their potential for sustainable electrochemical sensor development.
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Conductive polymers (CPs), have emerged as highly promising materials for electrochemical biosensing due to
their tunable electrical properties, structural versatility, and ability to undergo doping processes in response to
analyte interactions [1]. These features make them attractive candidates for the development of sensitive, selective,
and flexible sensor platforms, with growing interest in medical diagnostics and wearable technologies [2].
However, the sensing performance of CP-based interfaces is often limited by surface inertness, insufficient surface
functionality, suboptimal wettability, and poorly controlled interfacial morphology, all of which hinder efficient
biomolecule immobilization and electron transfer. Therefore, precise surface engineering is essential to improve
interfacial properties and enhance overall sensing performance.

In this study, a comparative plasma-activation strategy for PANI films is being carried out using direct current
(DC), alternating current (AC), and microwave (MW) plasma sources. The effects of plasma type, input power,
and treatment duration are being systematically investigated in order to optimize surface properties relevant to
bioanalyte sensing. Particular attention is being paid to the relationship between plasma conditions and the
resulting physicochemical characteristics of the polymer surface.

Surface modification is being evaluated through contact angle measurements and surface energy analysis, while
the evolution of morphology and surface topography is being examined using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). In parallel, Fourier-transform infrared spectroscopy (FTIR) is being used to
monitor plasma-induced chemical changes, especially the formation of oxygen-containing functional groups such
as hydroxyl (—OH) moieties. Preliminary observations indicate that plasma treatment can significantly alter the
surface of PANI by increasing wettability, modifying roughness and effective surface area, and introducing
reactive functionalities that are expected to improve interfacial biointeractions.

In addition to surface characterization, the influence of plasma activation on the electrochemical behavior of PANI-
based interfaces is under investigation in order to establish process—structure—property relationships relevant to
biosensing. The comparative evaluation of DC, AC, and MW plasma is expected to identify optimal activation
conditions for constructing more efficient and tunable sensing surfaces for bioanalyte detection.
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Hydrogen is widely regarded as a promising alternative to fossil fuels due to its potential as a clean and sustainable
energy carrier. It can be efficiently produced via water electrolysis powered by renewable energy sources, offering
a pathway toward carbon-neutral energy systems. However, the practical implementation of water electrolysis is
still hindered by several challenges, including the sluggish kinetics of the hydrogen evolution reaction (HER) in
alkaline media and the dependence on expensive platinum-based catalysts under acidic conditions. Consequently,
the development of cost-effective, highly active, and durable electrocatalysts remains a critical research objective.

In recent years, significant attention has been devoted to research of non-precious metal-based catalysts,
particularly those containing transition metals such as Mn, Fe, Co, and Ni. These materials have been explored in
various forms, including oxides, (oxy)hydroxides, phosphides, nitrides, and selenides. Among them, bi- and
trimetallic transition-metal phosphides stand out due to their near-platinum-like HER activity and their ability to
operate efficiently in both acidic and alkaline environments. Their enhanced performance is commonly attributed
to the synergistic interactions between metal and phosphorus species. The incorporation of phosphorus leads to
the formation of polarized metal-phosphorous bonds, where phosphorus sites facilitate hydrogen adsorption in
acidic media, while in alkaline conditions they contribute to weakening the O—H bond and promoting water
dissociation. Despite these advantages, phosphide catalysts are typically synthesized in powder form and require
deposition onto conductive substrates, which can introduce additional interfacial resistance and negatively affect
catalytic performance.

In this work, flexible, free-standing fibrous C/MoNiFeP electrodes were fabricated via electrospinning, providing
a binder-free and conductive architecture. The electrochemical performance was evaluated in both 0.5 M H,SO4
and 1 M KOH using a standard three-electrode configuration. The prepared electrodes demonstrated good catalytic
activity, achieving overpotentials of 10 = —344 mV in acidic and 1m0 = —223 mV in alkaline media. Stability
investigations revealed significant dissolution of catalyst particles under acidic conditions. In alkaline media
pronounced surface reconstruction was also observed. The particles, as well as the carbon matrix, dissolute, and
transformation of highly active phosphide phase to phosphate happens.

Acknowledgements

This work was funded by the EU Next Generation EU through the Recovery and Resilience Plan for Slovakia
under the project No 09104-03-V02-00006.

78



10t International Conference on Novel Materials: Fundamentals and Applications 2026
High Tatras, 24.05.-27.05.2026

From Atoms to Applications: Multiscale Modeling of Electrochemical Systems

N. Podrojkova®, A. Guboova®, M. Streckova®, R. Orinakova?, A. Fedorkova®
¢ Department of Physical Chemistry, Institute of Chemistry, Pavol Jozef Safarik University in Kogice,
Moyzesova 11, 041 54 Kosice, Slovak Republic
b Department of Energy and Environmental Materials, SANKEN, Osaka University,
Mihogaoka 8-1, Ibaraki, Osaka 567-0047, Japan
¢ Institute of Materials Research, Watsonova 47, 040 01 KoSice, Slovakia
*natalia.podrojkova@upijs.sk

The global transition toward sustainable energy solutions has intensified the demand for high-performance
electrochemical devices, including advanced water electrolyzers and large-scale energy storage systems. However,
the efficiency of these technologies is fundamentally governed by complex, coupled phenomena that span multiple
orders of spatial and temporal magnitude—from the quantum mechanical behavior of single atoms at the catalyst
interface to the macroscopic fluid dynamics within device architectures. Bridging these distinct scales remains a
critical challenge for the predictive design of next-generation materials. This contribution presents a
comprehensive dual modeling approach that integrates high-level quantum mechanical calculations with
continuum-level multiphysics simulations. By linking atomistic descriptors with macroscopic transport
phenomena, this framework provides a robust methodology to characterize and optimize key electrochemical
systems, such as transition-metal-based hydrogen evolution catalysts and redox flow batteries (RFBs), while
offering significant potential for applications in electrochemical sensing and corrosion protection of biodegradable
materials.

The first part of the work focuses on Density Functional Theory (DFT) calculations used to evaluate adsorption
energetics and catalytic activity. Case studies include transition metal phosphides (MoP, CoP, FeP) for the
hydrogen evolution reaction (HER) [1-3] and metal-doped graphene surfaces (Bi, Sn, Pb, Ti) for RFB applications
using Quantum ESPRESSO distribution [4, 5]. Additionally, we examine the fundamental interactions between
graphene and organic electrolyte molecules. These examples illustrate how atomistic modeling can rationalize
material behavior, with analogous workflows being applicable to the study of electrochemical sensors or corrosion
processes.

Multiscale Modeling in Electrochemical Research
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Figure 1 Multiscale modeling framework for electrochemical systems, linking density functional theory (DFT)

with continuum approaches (FEM/CFD).
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The second part transitions to continuum-level modeling using the Finite Element Method (FEM). Utilizing
COMSOL Multiphysics [6], we analyze fluid dynamics and mass transport within RFB geometries to determine
hydraulic resistance parameters essential for stack-level scaling. Beyond redox flow batteries, the versatility of the
FEM approach is demonstrated through its application in modeling water electrolyzers, where gas-liquid transport
is critical, and in electrochemical sensor design, where geometry optimization directly impacts sensitivity.
Furthermore, the framework enables the simulation of local corrosion environments, accounting for ion
concentration gradients and potential distributions.

By presenting these two modeling pillars, the work highlights a comprehensive toolkit for characterizing
electrochemical systems. The integration of DFT-derived insights with engineering-scale simulations provides a
robust, predictive pathway applicable across various domains—from optimizing catalyst surfaces to the structural
design of sensors and energy conversion devices.
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Carbon paste electrodes (CPEs) represent a low-cost and versatile platform for electrochemical sensing, with
growing interest in the use of sustainable materials [1]. In this study, recycled graphite obtained from waste sources
was evaluated as an alternative to commercial carbon materials for electrode fabrication. The paste composition
was optimized using coconut oil as a binder, with the optimal ratio determined as 1 mL per 5 g of graphite powder.
Significant differences among recycled graphite samples (A—F) were evident both visually and electrochemically
(Figure 1). Samples A, C, D, and F exhibited black coloration, while samples B and E were grey with a metallic
luster; impurities were observed in sample F. The prepared pastes showed varying consistencies, with sample A
being the most homogeneous and samples D—F the most granular.

Figure 9 Carbon pastes prepared from samples of recycled graphite (A—F).

Electrochemical characterization using cyclic voltammetry in the [Fe(CN)s]*/[Fe(CN)s]*>~ redox system revealed
that only samples A and B exhibited well-defined and characteristic voltammetric responses. Other samples
showed additional peaks, increased capacitive currents, or absence of distinct redox peaks, indicating inferior
electrochemical behavior.

Long-term stability tests demonstrated a general decrease in current response and an increase in peak separation
after two months (Figure 2). Sample B showed more stable peak potentials over time, while sample A exhibited
initially better kinetics. After three months, white crystalline deposits appeared on the paste surface, likely due to
coconut oil migration, leading to reduced homogeneity; however, partial regeneration was possible by re-
homogenization.
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Figure 10 Cyclic voltammograms recorded in a 5 mM [Fe(CN)s]*/[Fe(CN)s]*~ and 1 M KCl solution at
CPEs made from samples of recycled graphite (A—F), measured immediately after preparation (a, b) and
two months after preparation (c, d).

Based on the overall comparison, recycled graphite samples A and B demonstrated the most promising
performance. These results confirm that recycled graphite can serve as a viable and sustainable alternative to
commercial materials in carbon paste electrodes, with sample B representing the best compromise between
electrochemical performance and stability.
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Electrochemical methods represent a powerful and versatile tool for the characterization of carbon-based materials,
widely applied in sensing, energy storage, and environmental technologies. The electrochemical performance of
these materials is strongly influenced by their surface chemistry, structural properties, and interactions with the
electrolyte. Among the key factors, pH plays a crucial role, as it affects electrode kinetics, stability, and the onset
of parasitic processes such as hydrogen evolution and the oxygen evolution reaction. Understanding pH-dependent
behavior is therefore essential for evaluating the applicability of electrode materials under different operating
conditions [1, 2]. Commercial carbon materials, such as Super P conductive carbon black and graphite powders,
are widely used due to their good conductivity and relatively wide potential window [3]. However, increasing
emphasis is being placed on sustainable alternatives, including recycled carbon materials. These materials present
an environmentally friendly option, but their electrochemical stability and performance must be systematically
compared with conventional commercial standards.

In this work, commercial materials (Super P and graphite powder) were compared with recycled graphite samples
supplied by Fecupral, labeled A and B. The study focuses on evaluating the influence of pH over a wide range
(=1-13), with the aim of assessing electrochemical stability, identifying potential side reactions, and determining
the suitability of recycled materials for practical applications.

The results show that samples A and commercial graphite exhibited no significant faradaic peaks within the
potential window from —0.5 V to 1.0 V (Figure 1), indicating low background activity. At more positive potentials,
the current increased, with a more pronounced rise at higher pH values and an onset around 1.25 V, corresponding
to the oxygen evolution reaction. At negative potentials, the observed decrease in current was associated with
hydrogen evolution.

Sample B displayed oxidation peaks at high pH, likely related to surface processes or trace impurities. The Super
P electrode exhibited both oxidation and reduction peaks, particularly under extreme pH conditions. Interestingly,
similar electrochemical features were observed at both highly acidic and highly alkaline environments, suggesting
reduced stability of this material at extreme pH values. In contrast, oxidation features observed for samples A and
commercial graphite were limited to the oxygen evolution region, confirming their higher stability.

All studied electrodes showed low background currents outside the regions of hydrogen and oxygen evolution,
with only minor baseline shifts as a function of pH. An exception was Super P, which exhibited additional
reduction features near +1 V under extreme pH conditions.

Overall, recycled graphite samples demonstrated comparable or improved stability relative to commercial
materials, particularly in neutral and mildly acidic or alkaline environments. Sample A proved to be the most
stable, with a usable potential window of approximately —1.0 V to 1.25 V. Sample B showed moderate instability,
while Super P was the most susceptible to side reactions, especially at extreme pH.
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Figure 11 Cyclic voltammograms recorded in PBS solutions with varying pH values using carbon paste
electrodes (CPEs) prepared from samples A, B, SP, and KG.

In conclusion, the results confirm that pH significantly affects the electrochemical response and stability of carbon-
based electrodes, primarily through its influence on hydrogen and oxygen evolution processes. Recycled graphite
materials from Fecupral, especially sample A, exhibit high stability and represent promising, sustainable
alternatives to conventional materials. Their practical application is most suitable in neutral and moderately acidic
or alkaline conditions, while extreme pH environments may lead to increased occurrence of parasitic reactions and
reduced electrode stability.
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Introduction

The monitoring of blood glucose levels is a cornerstone of modern clinical diagnostics, particularly for the
management of diabetes mellitus. Traditionally, enzymatic glucose sensors, utilizing glucose oxidase (GOx) or
glucose dehydrogenase, have dominated the market due to their high selectivity. However, these biological sensors
suffer from inherent limitations, including poor long-term stability, sensitivity to environmental conditions
(temperature, pH, and humidity), and high production costs [1]. Consequently, there is a burgeoning research
interest in non-enzymatic glucose sensors (NEGS), which rely on the direct electrocatalytic oxidation of glucose
on the electrode surface, offering superior stability, reproducibility, and ease of fabrication [2].

Among the various materials explored for NEGS, titanium dioxide (TiO,) has emerged as a promising candidate.
While TiO; is a wide-bandgap semiconductor typically requiring UV excitation for activation, recent
advancements have focused on its ability to form surface complexes with organic molecules. A critical
breakthrough in this field is the utilization of the Ligand-to-Metal Charge Transfer (LMCT) complex. The
formation of a specific chemical bond between the hydroxyl groups of glucose and the Ti(IV) sites on the TiO»
surface enables the detection of glucose under visible light or specific electrochemical conditions. This LMCT
interaction is significant because it shifts the optical response of TiO, into the visible region and facilitates electron
transfer, which is essential for sensitive electrochemical sensing [3].

Furthermore, the trend in biosensing is shifting towards non-invasive detection in alternative fluids such as saliva
and tears. Non-enzymatic sensors based on metal oxides like TiO; are particularly suited for these applications due
to their robustness in complex biological matrices where enzymes might be inhibited by endogenous substances.

Experimental Section and Results

In this study, an Indium Tin Oxide (ITO) electrode was modified with TiO» nanoparticles (size 100 nm) to evaluate
its performance as a non-enzymatic glucose sensing platform. The electrochemical behaviour was characterized
using chronoamperometry, a technique where a constant potential is applied and the resulting current is monitored
as a function of time upon the successive addition of glucose.

The experimental data illustrates the current-time (/-f) response of the TiO»/ITO electrode (Figure 1). Upon each
incremental addition of glucose into the electrolyte solution, a rapid and well-defined step-increase in the anodic
current was observed. This current response is directly attributed to the catalytic oxidation of glucose facilitated
by the TiO; nanostructures. The sharp rise to a steady-state current within seconds indicates a fast diffusion process
and high catalytic activity of the modified electrode surface. A critical observation was made when the sample was
irradiated with a halogen lamp after 30 seconds of measurement to monitor the signal change under illumination.
A subsequent decrease in the reduction current was recorded, which serves as a strong indication of the formation
of the LMCT complex. This phenomenon suggests that the current flows more efficiently following irradiation
due to the significantly enhanced charge transfer at the TiO»/glucose interface.
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Figure 1 Chronoamperometric response for TiO2/ITO electrode measured in glucose/PBS solution.

The magnitude of the current increase is proportional to the concentration of glucose added. The clear distinction
between the current steps for different concentrations demonstrates the high sensitivity of the sensor. The stability
of the baseline current between additions suggests that the TiO2 layer remains robustly attached to the ITO
substrate and that the LMCT-driven process is reproducible. This linear relationship between current density and
glucose concentration confirms the viability of TiO, nanoparticles on ITO for quantitative glucose analysis.

Conclusion

The integration of TiO nanoparticles on ITO electrodes provides a highly effective platform for non-enzymatic
glucose sensing. By leveraging the unique LMCT complex formation between TiO2 and glucose, the sensor
overcomes the stability issues associated with enzymatic systems. Experimental chronoamperometric results
confirm that the sensor exhibits a rapid response time and a clear dependence on glucose concentration. This study
reinforces the potential of metal-oxide-based LMCT complexes in developing the next generation of stable, low-
cost, and non-invasive electrochemical biosensors.

Acknowledgements

This work was funded by the EU NextGenerationEU through the Recovery and Resilience Plan of the Slovak
Republic under project no. 09-105-03-V02-00047.

References

[1] J. Liu, J. Shen, S. Ji, Q. Zhang, and W. Zhao, "Research progress of electrode materials for non-enzymatic
glucose electrochemical sensors," Sens. Diagn., vol. 2, pp. 36-45, 2023, doi: 10.1039/D2SD00165A.

[2] K. V. Jarnda, D. Wang, Qurrat-Ul-Ain, R. Anaman, V. E. Johnson, G. P. Roberts, P. S. Johnson, B. W.
Jallawide, T. Kai and P. Ding,, "Recent advances in electrochemical non-enzymatic glucose sensor for the
detection of glucose in tears and saliva: A Review," Sensors & Actuators: A. Physical, vol. 363, pp. 114778, Dec.
2023, doi: 10.1016/j.sna.2023.114778.

[3] J. Hovancova, 1. Sigoldkova, P. Vanysek, R. Orifiakova, I. Shepa, M. Katiuchové, N. Kiraly, M. Vojtko, P.
Cudek and A. Orifak,, "Ligand-to-metal charge transfer (LMCT) complex: New approach to non-enzymatic
glucose sensors based on TiO»," Journal of Electroanalytical Chemistry, vol. 878, pp. 114589, Dec. 2020, doi:
10.1016/j.jelechem.2020.114589.

86



10t International Conference on Novel Materials: Fundamentals and Applications 2026
High Tatras, 24.05.-27.05.2026

Electrochemical Detection of Gentamicin Using Metal-Organic Framework (GATCPP)
Modified Screen-Printed Carbon Electrodes

J. Shepa®*, J. Demeterova®, N. Kiraly®, P. Obsatnik®, I. Sisolakova?, D. Volavka®

M. Almasi®, P. Jarcuska®, R. Orinakova?, V. Zelenak®
@ Department of Physical Chemistry, Institute of Chemistry, Pavol Jozef Safarik University in Kogice,
Moyzesova 11, 041 54 Kosice, Slovak Republic
b Department of Inorganic Chemistry, Institute of Chemistry, Pavol Jozef Safarik University in Kosice,
Moyzesova 11, 041 54 Kosice, Slovak Republic
¢ Department of Condensed Matter Physics, Pavol Jozef Saférik University in Kosice, Jesenna 9, 041 54 Kosice,
Slovak Republic
d Department of Infectology and Travel Medicine, Pavol Jozef Safarik University in Kogice, Srobarova 2, 041 54
Kosice, Slovak Republic
*jana.shepa@upjs.sk

Introduction

The rising concern regarding antibiotic resistance have necessitated the development of advanced diagnostic tools.
The monitoring of aminoglycoside antibiotics, such as gentamicin, is critical due to their potential nephrotoxic and
ototoxic side effects when present in excessive concentrations. Traditional analytical techniques for gentamicin
detection, such as liquid chromatography often face challenges including low efficiency of stationary phases and
the requirement for complex mobile phases containing non-volatile salts [1]. Moreover, liquid chromatography
represents robust, expensive technique required trained staff. To overcome these limitations, electrochemical
sensing technology has emerged as a transformative domain. These sensors offer significant advantages, including
simplicity, rapidity, high sensitivity, and cost-effectiveness [2]. Most importantly, electrochemical platforms are
uniquely suited for point-of-care (POC) applications, enabling decentralized testing and real-time monitoring
without the need for bulky instrumentation. The integration of functional nanomaterials, particularly metal-organic
frameworks (MOFs), has further enhanced electrode performance by providing high surface areas and tuneable
porosity. Recent studies have demonstrated that combining carbon-based materials like reduced graphene oxide
(rGO) with metal oxides or MOFs can significantly improve electrocatalytic activity for gentamicin detection [3].

Experimental Results and Discussion

In this study, a Screen-Printed Carbon Electrode (SPCE) was modified with a GATCPP to evaluate its sensing
capabilities toward gentamicin. The electrochemical behaviour was characterized using cyclic voltammetry in a
suitable electrolyte medium 600 uM gentamicin in phosphate buffered saline (PBS) to simulate body fluids
conditions (Figure 1). The modification of the SPCE with GATCPP facilitates enhanced electron transfer kinetics
and provides specific active sites for the interaction with the analyte.
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Figure 1 Cyclic voltammograms for 600 uM gentamicin/PBS solution on SPCE/GaTCPP (red curve),
SPCE/GaTCPP(Co) (blue curve), SPCE/GaTCPP(Cu) (yellow curve), and SPCE/GaTCPP(Zn) (green curve).

Analysis of the cyclic voltammograms reveals distinct electrochemical signatures. Two prominent anodic peaks
are observed during the potential scan. The first peak, appearing at a lower potential, corresponds to the intrinsic
redox activity of the GATCPP framework itself, indicating successful immobilization and stability of the MOF on
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the electrode surface. Upon the addition of gentamicin, a second, well-defined oxidation peak emerges at a higher
potential. This peak is attributed to the electro-oxidation of gentamicin facilitated by the catalytic environment of
the MOF. The separation between the MOF's intrinsic peak and the gentamicin oxidation peak allows for clear
discrimination and quantification of the antibiotic. The shift toward higher potentials for gentamicin oxidation is
consistent with the energy requirements for the transformation of its amino and hydroxyl functional groups on the
modified surface.

Conclusion

The GATCPP-modified SPCE demonstrates robust performance for the electrochemical detection of gentamicin.
By leveraging the high surface area of the MOF and the portability of screen-printed electrodes, this platform
provides a promising pathway for POC diagnostics. The dual-peak response ensures high selectivity,
distinguishing the framework's signal from the analyte's oxidation. Future work will focus on optimizing the MOF
composition and scaling the sensor for complex biological matrices, aiming to mitigate the risks associated with
antibiotic over-consumption and enhance patient safety in clinical settings.
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Introduction

Electrochemical sensors represent a promising tool for the rapid, sensitive, and selective detection of biologically
active compounds, including antibiotics [1]. In recent years, increasing attention has been paid to the use of screen-
printed carbon electrodes (SPCE), which enable miniaturization, low cost, and easy surface modification [2]. These
properties make them suitable for applications in environmental analysis and pharmaceutical monitoring [1, 2].
Among the huge amount of pharmaceutical compounds, the determination of aminoglycoside antibiotics, such as
gentamicin, is important for monitoring their concentrations in both biological and environmental samples, given
their potential toxicity and the risk of antibiotic resistance [3]. To enhance the sensitivity and selectivity of
electrochemical sensors, advanced nanomaterials are employed, including metal-organic frameworks (MOFs),
which are characterized by high surface area and porous architectures suitable for immobilizing active molecules
[4]. In this context, cytochrome ¢ plays an important role as a redox-active biomolecule that mediates electron
transfer, thereby enhancing the system's electrochemical response [5]. The combination of SPCE and MIL-
101(Cr)@CytC thus represents an innovative approach to developing an efficient sensor for gentamicin
determination.

Experiment and measurements

Electrochemical measurements were performed to evaluate the response of the prepared sensors: bare SPCE, SPCE
modified with MOF MIL-101(Cr) (SPCE/CtMOF), and SPCE modified with MIL-101(Cr)@CytC (SPCE/Cr-
MOF/Cyt C). Measurements were carried out in phosphate-buffered saline (PBS), as well as in PBS containing
600 pM gentamicin. To investigate the electrochemical behavior of the prepared sensor configurations, cyclic
voltammetry (CV) was used at a scan rate of 100 mV.s!, within the potential window from 0 to 1.5 V.

Results and discussion

To study the electrochemical behavior of the prepared sensors, cyclic voltammetry measurements were performed
in PBS (Figure 1A) and PBS containing gentamicin (Figure 1B). The results demonstrate clear differences between
the individual electrode configurations. In PBS (Figure 1A), all electrodes exhibited similar voltammetric profiles
without a noticeable oxidation peak. Differences in current response were observed between the prepared
electrodes. The highest current was recorded for the SPCE/CrMOF/CytC electrode, followed by the bare SPCE,
while the SPCE/CrMOF electrode showed the lowest response. Based on these results, several facts can be stated.
First, MOF materials are generally relatively poorly conductive compared to standard electrode materials, so it is
important to dope them to increase their conductivity. In this case, cytochrome C served as a suitable candidate,
which clearly improved the current response of the studied material. Although the current response is at the level
of a bare electrode, this material provides more active sites for the binding of the studied molecule due to the
functional groups that act catalytically on the electrochemical oxidation of some molecules.

In the presence of gentamicin (Figure 1B), all electrodes showed an increase in current response and an oxidation
peak at approximately 1.3 V, which is attributed to the oxidation of gentamicin. The highest current response was
again observed for SPCE/CrMOF/CytC. The SPCE/CrMOF electrode showed a lower response, while the bare
SPCE exhibited the lowest signal. Based on the measurements, the resulting determination is not only influenced
by the conductivity of the given electrode material, but also by other properties such as the presence of suitable
functional groups, which ultimately improve electrochemical oxidation and increase the current response, became
apparent.
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Figure 12 Cyclic voltammograms of SPCE, SPCE/CrMOF, and SPCE/CrMOF/CytC in PBS (A) and PBS
containing 600 uM gentamicin (B).

Conclusions

The obtained results demonstrate that electrode surface modification significantly influences the electrochemical
response toward gentamicin. Among the investigated configurations, the SPCE/CrMOF/CytC electrode exhibited
the highest current response and the most pronounced oxidation peak at approximately 1.3 V, indicating superior
analytical performance. The incorporation of MIL-101(Cr) contributed to an increased active surface area, while
the presence of cytochrome c further enhanced electron transfer processes. Their combined effect resulted in
improved sensitivity compared to the bare and MOF-modified electrodes. These findings confirm that the
SPCE/CrMOF/CytC platform represents a promising approach for the electrochemical detection of gentamicin
and highlight the potential of combining MOF materials with redox-active biomolecules in sensor development.
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Biopolymers, alongside metals and ceramics, represent one of the fundamental classes of materials used in
biomedical applications, including tissue engineering, regenerative medicine, gene therapy, and controlled drug
delivery. Polymers containing ester bonds are particularly attractive in biomedical research, as they are
biocompatible and also exhibit biodegradability and bioresorbability, enabling their use across a wide range of
therapeutic and regenerative applications [1].

Typical representatives of aliphatic polyesters include polyhydroxybutyrates (PHBs), poly(lactic acid; PLA),
poly(glycolic acid; PGA), poly(e-caprolactone; PCL), and their copolymers. These materials are generally
hydrophobic, thermally processable, and mechanically robust, making them suitable for fabricating 3D scaffolding
systems while also allowing for chemical modification and tailoring of degradation rates. However, despite their
widespread use, conventional aliphatic polyesters often face limitations such as relatively slow degradation rates,
limited surface functionality, and the generation of acidic by-products during hydrolysis, which can affect local
tissue responses and reduce bioactivity [2].

On the other hand, citrate-based polyesters represent another class of biodegradable polymers characterized by
unique multifunctional properties, offering enhanced chemical versatility, tunable degradation rates, and the ability
to incorporate various functional groups capable of modulating physicochemical and biological performance [3].
These polyesters are typically synthesized via polycondensation of multifunctional citric acid with diols (C2—C12)
or polyols, either in the presence of a catalyst or through catalyst-free reactions, yielding cost effective polyesters
with improved processability and tunable mechanical and degradation properties compared to their thermoplastic
counterparts [3]. The first generation of citrate-based polyesters primarily comprises relatively simple
formulations, among which poly(1,8-octanediol citrate; POC) represents a well-established example. POC exhibits
elastomeric behavior with tensile strength and Young’s modulus comparable to those of elastin from bovine
ligaments, as well as elongation at break similar to that of native arteries and veins, while maintaining gradual
biodegradation within approximately one year. Despite these favorable characteristics, conventional POC is water-
insoluble and offers a relatively narrow range of mechanical properties and intrinsic bioactivity, which may limit
its broader biomedical applicability. Consequently, various functionalization strategies have been explored to
expand its structural versatility and enhance its biological and mechanical performance. Building on these initial
citrate ester networks, various functionalization strategies have been developed to extend their performance,
including urethane-doping to enhance mechanical strength, incorporation of unsaturated monomers for
photocrosslinking, development of thermoresponsive hydrogels with controlled release, integration of bioactive
inorganic components such as silica or hydroxyapatite for improved osteogenesis, and grafting of fluorescent
moieties for imaging applications etc (Figure 1). Although POC-based polyesters have been widely utilized, they
remain relatively hydrophobic, which can limit their interactions in aqueous biological environments. In contrast,
glycerol-based polyesters represent another class of citrate-derived materials, featuring a more hydrophilic
character due to the presence of three hydroxyl groups per monomer and generally shorter chain lengths, which
provide additional sites for crosslinking and functionalization [4]. Despite the growing interest in glycerol-citrate
systems, poly(glycerol citrate; GCA) has not yet been systematically studied or functionalized to the same extent
as POC, leaving significant opportunities for tailoring its chemical and biological properties for advanced
biomedical applications.

Based on this rationale, we investigated the functionalization of poly(glycerol citrate; GCA) with tannic acid (TA)
and boric acid (B) to generate multifunctional, crosslinked polyester networks [5]. TA, a naturally derived
polyphenolic biomolecule rich in hydroxyl groups, provides multiple reactive sites and intrinsic antioxidant and
antibacterial properties, while boric acid represents a well-known inorganic crosslinking agent capable of forming
reversible borate ester bonds and coordinated boron species within the polymer matrix. It was hypothesized that
even low concentrations (1-2 wt%) of both additives would induce structural modifications within the GCA
network, potentially modulating degradation behavior, mechanical performance, and bioactivity while maintaining
antibacterial functionality [5] . A comprehensive characterization was performed using solid-state '*C and ''B
NMR spectroscopy to confirm chemical incorporation and boron coordination environments, supported by
thermal, mechanical, and physicochemical analyses to evaluate the structure—property relationships of the
modified systems. The results demonstrate that tailored functionalization of glycerol-based citrate polyesters
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represents a promising strategy for designing bioactive, degradable polymer networks for advanced biomedical
applications.
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Figure 1 Overview of functionalization pathways in polyol—citrate thermoset networks.
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This paper presents the development of a specialized software application within the S2D (Bridging Sensors to
Digits) project, serving as the essential interface for a novel, portable electrochemical diagnostic platform. The
primary objective is to transform complex electrical responses from a multisensor array into comprehensible health
data, facilitating the simultanecous measurement of bioanalytes such as insulin, glucose, cholesterol, and ascorbic
acid, with the potential to include COVID-19 and other analytes in the near future.

The development process is governed by the Scrum agile framework, integrating rigorous Quality Assurance (QA)
procedures to ensure a secure, robust, and intuitive user experience. This methodology enables the seamless
translation of raw chemical signals into actionable results in under 15 seconds. By prioritizing high-quality
software architecture, the project enables rapid on-site analysis that can be operated effectively without the need
for extensive specialized training.

From an architectural standpoint, the system employs a component-based design that harmonizes high analytical
precision with the strict requirements of mobility and data sovereignty. A key feature is the implementation of an
edge computing model, which allows the platform to operate independently of internet connectivity, ensuring
maximum privacy and GDPR compliance. The architecture further prioritizes a multi-tier security framework,
utilizing offline role-based access control and localized data management, making it equally suitable for clinical
environments and remote field settings.

This Proof of Concept demonstrates a synergistic bridge between low-cost sensing hardware and modern IT
solutions. By managing the entire data lifecycle—from acquisition and validation to longitudinal visualization, the
S2D platform simplifies complex medical procedures. By offering a scalable, secure, and modular framework that
allows for seamless integration with artificial intelligence and cloud connectivity, the system democratizes access
to professional diagnostics, empowering both patients and healthcare providers with autonomous diagnostic
capabilities.
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This paper presents a comprehensive framework that integrates technical hardware solutions, advanced
nanomaterial research, and the development of a specialized software application into a unified diagnostic
platform. The project aims to revolutionize diagnostics by transitioning from bulky, laboratory-bound equipment
to a fully integrated, on-site detection system. By combining high-performance screen-printed electrodes (SPEs),
advanced nanomaterial engineering, and a dedicated software interface, the platform provides a seamless, real-
time diagnostic solution tailored for high-stakes environments.

Hardware Innovation and Field Stability

The foundation of this framework rests upon the implementation of SPEs, which offer a rapid, sensitive, and cost-
effective alternative to conventional analytical methods. Ongoing research enhances sensor performance through
high-stability non-enzymatic sensing, utilizing nickel and gold nanoparticles to replace traditional, temperature-
sensitive enzymes. This innovation ensures that diagnostic kits remain operational in extreme field conditions
where biological reagents would typically degrade. Furthermore, by utilizing electrochemical aptasensors, these
devices can capture specific targets—such as viral spike proteins or health biomarkers—delivering a definitive
electrical signal within minutes.

Software-Driven Analytics and Interface

To bridge the gap between complex electrochemical data and actionable field intelligence, the project incorporates
a specialized software application. Serving as the essential interface for the portable platform, the software
transforms complex electrical responses from a multisensor array into comprehensible health data in under 15
seconds.

o Real-Time Interpretation: The software utilizes standardized methodological protocols to interpret data
instantly, eliminating the requirement for a trained laboratory analyst.

e Data Protection: The platform implements robust security measures to protect results, guaranteeing that
data collected in the field remain secure and personalized.

e User Interface: Specifically engineered for military and emergency medical personnel, the software
provides a simplified visual output to facilitate rapid, evidence-based medical decision-making on-site.

Miniaturization and Future Scalability

Through advanced nanomaterial engineering—specifically the synergy between conductive polymers and carbon
nanotubes—sensors have been miniaturized to a level compatible with handheld measuring devices. The platform
manages the entire data lifecycle, from initial acquisition to longitudinal visualization. By offering a scalable and
modular framework that allows for the future integration of artificial intelligence and cloud connectivity, this
system democratizes access to professional diagnostics, empowering both patients and healthcare providers with
autonomous diagnostic capabilities.
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Catalytic micro/nanomotors (MNMs) are able to convert chemical energy into mechanical motion and possess
autonomous motility capability, which hold great promise as intelligent devices across diverse fields, with their
motion largely governed by the structure[1, 2]. Nevertheless, real-time regulation and programming of structure
remained a critical challenge for motion control[3, 4]. To address this constraint, we incorporated polymer flexible
materials sequestering cascade enzymes as a building block and constructed rigid-flexible micromotors (RFMMs),
where their structure can be dynamically tuned in response to the solution environment. In addition, we employed
the concept to quantitatively define the structural characteristics of RFMMs. Their structure was modulated
through the ionic concentration, ionic type, and pH of the solution, which tuned the interfacial interaction between
polymer flexible materials and rigid chassis, enabling a wide structure regulation, experimentally. We further
established a structure—effect relationship linking structure to self-diffusiophoretic force, thereby achieving
regulation of motility behavior (motion speed and mode) (Figure 1). This work overcomes the longstanding
challenge of real-time structure control of MNMs and reveals how structure governs motility behavior via self-
diffusiophoretic forces, offering a versatile strategy for motion regulation in precision micro/nano devices.
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Figure 1 Schematic showing the motility behavior regulation process of rigid-flexible micromotors.
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Artificial micro/nanomotors have attracted increasing attention due to their ability to convert external energy into
autonomous motion, offering promising opportunities in precision medicine, environmental remediation, and
microscale engineering [1, 2]. Considerable progress has been made in improving propulsion efficiency,
directional control, and cargo transport [3, 4]. However, in fluidic environments, gravity, sedimentation, and
buoyancy mismatch often constrain the vertical mobility and spatial distribution of micro/nanomotors, limiting
their ability to actively explore three-dimensional space. Therefore, the development of micro/nanomotors capable
of controllable vertical migration and adaptive spatial regulation is highly desirable for operation in complex
aquatic environments.

Inspired by density regulation in plankton, we reported a bioinspired micromotor capable of adaptive vertical
motion through reversible buoyancy regulation. The micromotor integrates a thermally responsive buoyancy-
regulating wax matrix with a photothermal conversion component, enabling remote light-triggered actuation. Upon
near-infrared irradiation, the micromotor undergoes reversible density modulation and consequent buoyancy
switching, which drives cyclic vertical motion and adaptive redistribution within the fluidic environment (Figure
1). We systematically investigated the design principle, buoyancy-regulation mechanism, and photothermally
responsive motion behaviour of the micromotors. Benefiting from this adaptive vertical motion, the micromotors
can redistribute across different spatial regions, demonstrating their potential for programmable operation in
complex fluidic environments. This study provides a bioinspired strategy for developing intelligent micromotors
with adaptive motion behaviours, and may inspire future designs of fuel-free micromotor systems for three-
dimensional navigation, adaptive environmental remediation, and programmable matter transport.
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Figure 1 Schematic diagram of regulated buoyancy switching in bioinspired micromotors.
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