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Preface 

 

The 9th International Symposium on Materials for Energy Storage and Conversion (mESC-IS 2025) took 

place from September 01-04, 2025, at the Kocaeli Congress Center. As an annual gathering, this meeting 

has once again proven its strategic importance as a premier forum bringing together global scientists, 

researchers, and industry professionals to discuss the latest developments and future strategies for materials 

of energy storage and conversion technologies. The mESC-IS symposium series had humble beginnings in 

Ankara in 2015 and has quickly gained a respectable place in the international scientific community. Over 

the years, our symposium has significantly expanded its geographical reach, welcoming participants from 

Europe, the Caucasus, the Middle East, the Mediterranean basin, and Africa. It has also become a platform 

for global dialogue with researchers from North America and the broader Eurasian geography, including 

India, China, Korea, and Japan. This global dialogue fosters a rich exchange of ideas by bringing together 

diverse research priorities, thereby creating a truly global innovation ecosystem. Building upon this deep-

rooted history, this year’s symposium has carried its thematic focus even further by embracing new research 

areas that respond to the dynamic nature of the field while preserving its traditional themes. 

While continuing its tradition of addressing the most critical issues in energy storage and conversion, 

mESC-IS 2025 has dynamically expanded its scope to reflect new research horizons. This adaptability in 

keeping pace with scientific progress and opening space for emerging disciplines ensures that the 

symposium maintains its relevance and value for the scientific community. Our program this year was 

structured around four main activity areas that constitute the pillars of the field and cover the latest 

developments: batteries and supercapacitors, renewable  hydrogen and hydrogen production, fuel and 

electrolytic cells, and hydrogen for energy storage and conversion. A significant innovation this year was 

the "Spin-Off Poster and Exhibition Session." This special session was designed to bridge the gap between 

academic research and commercial application, offering start-ups, university spin-offs, and entrepreneurial 

teams the opportunity to showcase their prototypes, products, and technology-driven solutions directly and 

to meet with potential investors and industry leaders. This enriched thematic structure set the stage for the 

high-quality academic work presented throughout the symposium and summarized in this book. 

The academic richness and scientific depth of the symposium were evident at every stage of the program. 

The true value of the event comes from the high-quality contributions presented in various formats, such 

as plenary speeches, parallel sessions, and poster presentations. Collectively, these presentations offer a 

comprehensive snapshot of the current state of the field of materials for energy storage and conversion. In 

this ninth symposium, a total of 90 presentations were successfully delivered, comprising 15  plenary, 6 

parallel, and 37 poster sessions. Our symposium's commitment to the dissemination of knowledge is not 

limited to presentations. Contributions presented in the symposium will be available as book of 

abstracts/proceedings in mESC-IS web site. Distinguished papers selected by our publication committee 

will also be published in leading journals of the field, including the International Journal of Hydrogen 

Energy, Materials Research Bulletin, and the Turkish Journal of Chemistry, following a rigorous peer-

review process. These publication opportunities ensure that the valuable research shared at the symposium 

reaches a wider audience and makes lasting contributions to the field. Ensuring the dissemination of current 

research is only half of our mission; investing in the cultivation of the next generation of scientists who will 

build upon these findings is equally vital. 

One of the core missions of our symposium is to support and encourage the young talent that will shape the 

future of the field. The integration of students and early-career researchers into the scientific community is 

vital for the long-term health, dynamism, and innovation of our field. Accordingly, various platforms have 

been established for young researchers. Foremost among these is the four-day  "mESC-School" held 

immediately prior to the symposium. This intensive summer school plays a complementary role by offering 

https://mesc-is.org/proceedings-mesc-is-2025/
https://mesc-is.org/mesc-school-25/
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participants overviews on selected topics, future perspectives, and hands-on experience in 

material/electrochemical characterization techniques.  

The poster session, one of the central and most dynamic components of the symposium, provided a vibrant 

environment where early-career researchers presented their work and engaged in productive one-on-one 

discussions with experienced members of the community. Following evaluations by session chairs and 

senior members of mESC-IS community, "Best Poster/Young Researcher" awards were presented to  Ilgar 

Ayyubov, Zhansaya Bakthytzanova, Tuana Bal , Mukhammed Kenzhebek, and Hakan Yüce,  We 

congradulate them all for their success.   

Planning and successfully executing an international symposium of this scale would not have been possible 

without the dedicated efforts and support of numerous individuals and institutions. We would like to express 

our sincere thanks to everyone who contributed to the realization of mESC-IS 2025. We gratefully 

acknowledge the support of TÜBİTAK through the program BİDEB 2223-B. We also extend our deepest 

gratitude to our host, Kocaeli University, as well as to Boğaziçi University, ENDAM, Gebze Technical 

University, Koç University, Middle East Technical University, Sabancı University. The symposium 

was held in Kocaeli Congress Center  for which we  express our gratitude to Kocaeli Metropolitan 

Municipality. As a host institution, the generous support  of  Tüpraş  is gratefully acknowledged.     

Referans Kimya  was with us, as always  from the beginning of mESC-IS series of symposia.   

Finally, we thank all session chairs, authors, and participants for their esteemed contributions that ensured 

the scientific quality and success of our event. Together, we have created a productive environment for 

information exchange in the field of energy storage and conversion. We hope to meet again at future 

symposiums. 

 

Ramiz Gültekin AKAY 

mESC-IS 2025 Chair 

. 
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 Monday, 01   September 2025  

 Kocaeli Congress Center 

  Registration  8:30 -18:30 

 
Introductory Session  
Karamürsel Alp Hall 

  

09:30 
10:00 

Ramiz Gültekin Akay 
Tayfur Öztürk 

  Nuh Zafer Cantürk    

 

  

  
Chair: Tayfur Öztürk 

Opening Session 
Karamürsel Alp Hall 

  

10:00 
10:30 

NiMH batteries will outperform Li batteries by utilizing H2 and O2 gas reactions combined with an α/ϒ- Ni(OH)/NiOOH-electrode  
250 

Dag Noreus  

10:30 
11:00 

Enhancing the utilization efficacy of noble metal(0) nanocatalysts in hydrogen generation from the hydrolysis of ammonia borane  
206  

Saim Ozkar 

11:00 
11:30 

Addressing Materials Challenges for Fuel Cells and Electrolyzer Technologies: Membrane and Catalyst Innovations  
50 

Selmiye Alkan Gürsel   

11:30-11:50   Tea Break 

 

 Chair: Çiğdem Toparlı 
Karamürsel Alp Hall  

Parallel Session-I 

Chair: Meltem Yıldız 
Selim Sırrı Paşa Hall 
Parallel Session -II 

   
11:50 
12:15 

Influence of Charge–Discharge Ratios on EDLC 
Performance Using Plasticized 2-HEC/B₂CaO₄ Electrolytes 

56 
Siti Rohana Majid and Ranaa M. Almarshedy 

 

La(OH)3 and La2O3 Nanowires as Efficient Catalysts for Hydrogen 
Production via Sodium Borohydride Metanolysis 

98 
Emel Engintepe, Sibel Duman and Ayşe Nilgün Akın 

12:15 
12:35 

Effect of Metal–Organic Framework (MOF) Additives on 
LMFP Cathode Performance in Lithium-Ion Batteries  

67  
İlayda Kunan and Umut Savacı 

Syngas production via optimized oxidative reforming of model biogas 
100 

Orhan Özcan, Merve Doğan Özcan and Ayşe Nilgün Akın 

12:35 
12:55 

Electrochemical Performance of Deep Discharged 
Li₄Ti₅O₁₂ Anode Material for Lithium-Ion Batteries  

101  
Halil Şahan, Yusuf Taş and Şaban Patat  

Igneous Rocks in the Methanolysis of Sodium Borohydride 
104 

Aslıhan Erdoğan, Beray Alyakut, Derya Yıldız, Özgür Karaoğlu, Hüseyin 
Sendir, 

Emre Kırhan and Hilal Demir Kivrak 

12:55 - 
14:50  

Lunch Break ( Palmiye Restaurant, SEKA Park) 

 
 

 Chair:Burak Aktekin 
Karamürsel Alp Hall  
Parallel Session -III 

Chair:Fatih Pişkin 
Selim Sırrı Paşa Hall 
Parallel Session -IV 

   

14:50 
15:15 

Microwave-assisted synthesis of SnS and SnS/MWCNT 
anodes for sodiumion batteries 

20 
Mehbare Dogrusoz, Ali Ş. Ahsen and Rezan Demir-Cakan 

Photochemical properties of cobalt phthalocyanine pigment for the of solar 
cells 
21 

Khayit Turaev, Sherzod Kasimov, Dilmurod Shukurov, Panji Tojiyev, Olim 
Ruzimuradov 

mESC-IS 2025 
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15:15 
15:35 

Gel Polymer Electrolyte for Flexible Lithium-ion Batteries 
for Wearable Applications 

86 
Baidaa Alkhateab and Serap Hayat Soytas 

Synthesis of reduced graphene oxide using copper (I) oxide nanoparticles 
75 

Makhfuza Jumayeva, Rustam Khasanov, Olim Ruzimuradov and Shavkat 
Mamatkulov 

15:35 
15:55 

Developing High-Performance Anode Composites for 
Sodium-Ion Batteries 

from Hard Carbon and Graphene Mixtures 
90 

Bongani Hadebe 

Electrochemical Properties of Ag and Ni Coated TiO2 Nanotubes 
60 

Dilshod Boyqobilov, F.Nurullayev, X.Musayev Olim Ruzimuradov 

15:55 
16:15 

Tea break 

 
 

 Monday, 01   September 2025 

 

 
 Chairs: Saim Özkar 

Joint Session-II 
Karamürsel Alp Hall  

16:15 
16:45 

  Unraveling the Impact of Charge Carrier Trapping on Photoelectrode Performance 
120 

Sarp Kaya 

16:45 
17:15 

Development of palladium based alloys for hydrogen separation membranes 
121 

Fatih Pişkin 

  

 Tuesday, 02  September  2025  
 

 
Chair: Selmiye Alkan Gürsel 

Joint Session-III 
Karamürsel Alp Hall  

  

09:00 
09:30 

From Sulfur to Selenium: Bridging Concepts in Lithium Battery Design 
202 

Rezan Demir-Cakan 

09:30 
10:00 

A novel electrochemical approach for quantitative characterization of side reactions on lithium metal anodes: CTTA 
200 

Burak Aktekin 

10:00 
10:30 

EIS and NMR Characterization of Storage & Degradation Mechanisms in Sodium Batteries 
209 

Mohammed Ahmed Zabara 

10:30-11:50  Tea  Break 

 

 Chair:Muhammed Ahmed Zabara 
Parallel Session -III 

Karamürsel Alp Hall  

Chair: Aligül Büyükaksoy 
Parallel Session -IV 
Selim Sırrı Paşa Hall 

   
10:50 
11:15 

Mill scale-derived hematite as a low-cost supercapacitor 
electrode material 

110 
Ozan Aydin, Metin Gençten, Burak Birol 

Microwave Assisted Synthesis of Graphene Supported PtCo Alloys as 
Efficient Cathode Electrocatalysts for PEM Fuel Cells 

107 
Çiğdem Karadağ 

11:15 
11:35 

Re-synthesis of Nickel Manganese Cobalt Oxide Cathode 
Material from Black Mass Waste via Hydrometallurgical 

Processes 
112 

Berk Çoban, Burak Birol, Ozan Aydın and Metin Gençten 

Fabrication and Characterization of SPEEK Proton Exchange 
Membranes (PEM)for Fuel Cells by Electro-spinning and Solution 

Casting Methods 
55 

Akbar Khoshnoudi, Sema Samatya Yılmaz, Ramiz Gültekin Akay and 
Ayşe Aytaç 

11:35 
11:55 

Metal Recovery from Spent NMC811 Li-Ion Batteries Using 
Perchloric Acid 

102 
Tuğçe Günşen and Meltem Yıldız 

Directions for Solving Design and Long-Term Operation Problems of 
Solid Oxide Fuel Cell Installations 

69 
Ramiz Hasanov, Riad Naghiyev and Saida Musevi 

 



 Tuesday, 02  September  2025  

 

13: 15- 15:45 Lunch break (Foyer) and Poster Session 

 Poster Session 

Chairs: Çiğdem Toparlı, Burak Aktekin and Berke Pişkin, Serap Hayat Soytaş 
Foyer 

 
 

g-C3N4-based Z-Scheme Ternary Heterostructures for Photocatalytic Hydrogen Production 
3 

Mehmet Poyraz and Fatih Pişkin 

Effect of HNT surface modification on photocatalytic hydrogen production of HNT/g-C3N4 
6 

Mehmet Poyraz and Fatih Pişkin 

LSMA-LCMF Dual Perovskite Oxides for Hydrogen Production 
5 

Seyfettin Berk Şanlı, Gülhan Çakmak, Fatih Pişkin and Berke Pişkin 

 

The influence of the composition of Ni-P thin films on their electrocatalytic properties. 
8 

Aygun Zeynalova , Ulviyya Gurbanova, Natavan Soltanova, Ruhangiz Huseynova, Akif Aliyev and Dilgam Tagiyev 

Subproducts of Ammonia Borane in First Step Release with Principal Components Analysis 
24 

Roberto Hinojosa, E.V. Mejía-Uriarte and R.Y. Sato-Berrú 

  Development of a CrMnFeCoNi/NF electrocatalyst for enhanced hydrogen production 
26 

Mariya Pecherskaya, F. Hoshimov, D. Akhmedova, Kh. Butanov, O. Ruzimuradov and Sh. Mamatkulov 

Zn Doped Silicon Oxycarbide (SiOC) as Efficient Catalysts for Vinylation of Aromatic Carboxylic Acids 
48 

Askar Parmanov , Suvankul Nurmanov, Wilamowska Monika, Dilshod Boykobilov and Olim Ruzimuradov 

 . Applıcatıon of the Digital Vısualızatıon Method in the Reactıon of Producing Hydrogen From Hydrides by Hydrolysis 
 52  

 Chimnaz Shabanova, Mirsalim Asadov and Dilqam  Tagiyev 

MXene based electrodes for efficient water splitting 
53 

Javlonbek Mamanazirov, Shavkat Mamatkulov, Olim Ruzimuradov 

Synthesis of Metal/C electrocatalysts for seawater electrolysis 
123 

Dzhamal Uzun, Ognian Dimitrov, Mariela Dimitrova, Adriana Gigova and Ivelina Tsacheva 

Design of Co/BaTiO3@Vulcan XC-72 R with application in electrolysis of seawater 
124 

Ivelina Tsacheva, Mihaela Aleksandrova, Vladimir Petkov, Mariela Dimitrova, Adriana Gigova , Ognian Dimitrov , Shaban Uzun 
and Dzhamal Uzun 

 Enhanced Electrochemically Active Surface Area of CoFeNi-MF/NF Electrocatalyst for Efficient HER and OER in Alkaline 
Medium 

62 
Farhodjon Hoshimov, Khakimjan Butanov, Shavkat Mamatkulov and Olim Ruzimuradov 

          Farhodjon Hoshimov, Khakimjan Butanov, Shavkat Mamatkulov and Olim Ruzimuradov 

Obtaining Bi2O3 via electrochemical method for Solar to Hydrogen processes 
17 

Vusala Majidzade, Sevinj Javadova, Samira Jafarova, Nazakat Aliyeva Mammadova and Akif Aliyev 

Hydrogen Production from Sodium Borohydride Using La₂O₃ Nanoparticles: A Promising Catalytic Approach 
99 

Emel Engintepe, Sibel Duman and Ayşe Nilgün Akın 

Investigation of the Effect of Air Flow Rate on PEM Fuel Cell Performance and Comparison with an Alternative Membrane 
Prepared with Hygroscopic Additive to Reduce Drying Effect 

42 
Zeynep Dere and Ramiz Gültekin AKAY 

Improving Zinc Anode Stability and Efficiency in Alkaline Rechargeable Batteries 
127 

Beyzanur Acar, A. Engin Serin and A. Gul Ozturk, Ozgur Darıcıoglu and Tayfur Ozturk 

Graphene derived materials as carbon component of composite supported platinum catalyst for polymer electrolyte 
membrane fuel cells (PEMFCs) 

74 
Ilgar Ayyubov, Emília Tálas, Irina Borbáth, Zoltán Pászti, László Trif, Ágnes Szegedi, Tamás Szabó, Erzsébet Dodony and András 

Tompos 

3D-structured nanoporous SnO2 thin-film anodes for lithium-ion microbatteries 
54 

Yerkem Kanatbekkyzy, Yessimzhan Raiymbekov, Zhumabay Bakenov and Aliya Mukanova 
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Design and Development of 3D Zn/ZnO-C Architectures for Advanced Battery Electrodes 
45 

Yerzhigit Serik, Moldir Arkharbekova, Aliya Mukanova and Arailym Nurpeissova 
 

Study of LATP ceramics for subsequent fabrication of thin film electrolytes 
58 

Ayazhan Bekmakhanova, Zhansaya Bakhytzhanova, Mukagali Yegamkulov, Zhumabay Bakenov and Aliya Mukanova 

Engineering artificial solid electrolyte interface via carbon coating and VC additive for SnO2 thin-film lithium-ion anodes 
59 

Zhansaya Bakhytzhanova, Ayazhan Bekmakhanova, Mukagali Yegamkulov, Zhumabay Bakenov and Aliya Mukanova 

Exploring TiV-based alloys as potential anode materials for high-capacity NiMH batteries 
126 

Hakan Yüce , Berke Pişkin, Fatih Pişkin and Gülhan Çakmak 

   From Waste to Resource: Engineering End-of-Life Graphite Anodes for Solid-State Hydrogen Storage 
7 

Mukhammed Kenzhebek, Fayil Sultanov and Almagul Mentbaeyva 

Preparation and Characterization of Fish Scale-Based Carbon Nanosheets for Bromine Redox Reactions in Flow Battery 
Systems 

84 
Bilge Bilgin Fıçıcılar, Pınar Aydın, Koray Korkmaz and Berker Fıçıclar 

A Comparative Study of A-site Deficient and Heterostructured La₀.₆Ca₀.₄CoO₃ Electrodes for Durable SOFCs 
78 

Hatice Demirbas, Onur Alp Aksan, Seda Kol and Mehmet Sezer 

MgO-Doped CaO-Stabilized Zirconia: A Promising Earth-Abundant Electrolyte for Next-Generation Solid Oxide Cells 
79 

Canan Ekinci, Mehmet Sezer, Aligül Büyükaksoy 

  
Enhancing the Long-Term Stability of La0.6Ca0.4CoO3 Cathodes for Solid Oxide Fuel Cells via Surface Modification with 

Constituent Cation Oxides 
80 

Süleyman Enes Acar, Onur Alp Aksan, Seda Kol and Mehmet Sezer 

 Lowering the Supply Risk of Raw Electrolyte Materials by Developing Ca and Mn Co-doped ZrO2 Electrolytes for Solid Oxide 
Fuel Cells 

82 
Tuana Bal , Mehmet Sezer and Aligül Büyükaksoy 

Development of a flexible lithium-ion battery and integration of a triboelectric nanogenerator for self-charging energy 
systems 

92 
Kaan Yapıcı, Baidaa Alkhateab, Serap Hayat Soytaş 

 Polyacrylic Acid-Based Gel Polymer Electrolyte Coated Ni/NiO Foam Anode for Enhanced Lithium-Ion Battery Performance 
46 

Moldir Arkharbekova, Yerzhigit Serik, Aliya Mukanova and Arailym Nurpeissova 

Upcycling High-Density Polyethylene into Carbon Anode Materials for Sustainable Energy Storage Systems 
122 

Kuanysh Kurtibay and Arailym Nurpeissova 

PET-Derived Nitrogen-Doped Hard Carbon as a Sustainable Anode for Sodium-Ion Batteries 
106 

Aizhuz Sarsengaliyeva and Arailym Nupeissova 

Sustainable Carbon Anode Materials Derived from Polypropylene via Eco-Friendly Pretreatment and Carbonization 
105 

Yryszhan Tashenova and Arailym Nurpeissova 

Synthesis and characterization a novel polythiourethanes as candidate materials for supercapacitor applications 
108 

Laya Zarei-Gharehbaba, Reza Najjar and Pariya YardaniSefidi 

Poly(4-vinylpyridine)/NiCo2S4/polyaniline nanocomposites as supercapacitor electrode materials in alkaline media 
114 

Mohyaddin Gholizadeh Ghaleh-Aziz, Reza Najjar and Mir Ghasem Hosseini 

Fe2O3 based supercapacitors derived from electric arc furnace dust 
109 

Ozan Aydin, Koray B. Donmez, Metin Gencten and Burak Birol 

Recovery of Nickel-Based Materials from Ni-Ti Alloys for Application as Electrode Materials in Supercapacitors 
111 

Berk Çoban, Mert Zoraga, Burak Birol and Metin Gençten 

Electrochemical Characterization of Cobalt Hydroxide Based Materials 
97 

Caner Korkmaz, Berk Çoban, Ayşe Hacınecipoğlu and Metin Gençten 

5:45 – 16:00   Tea break 
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 Tuesday, 02  September  2025  

 Chair: Dag Noreus 
Joint Session-IV 

Karamürsel Alp Hall  

16:0016:3
0 

 Design of TiFe-based alloys via substitutional elements for tailored equilibrium pressure and easy activation 
119 

Mohammad Faisal,  

16:30 
17:00 

Synergistic Dual Doping of Graphene Oxide: A New Route to High-Capacity Anodes for Sodium-Ion Batteries 
118 

Metin Gencten 

17:00 
17:30 

Nanoscale Electrodes for Solid Oxide Cells: Fabrication, Microstructure and Stability 
201 

Aligül Büyükaksoy 

 

 Wednesday, 03 September 2025  

 
Chair:Apurba Ray 

Parallel Session -VII 
Karamürsel Alp Hall  

 Chair: Çiğdem Karadağ 
Parallel Session -VIII 
Selim Sırrı Paşa Hall 

09:00 
09:25 

Suppressing Dendrite Formation in Zinc–Air Batteries via Bi₂O₃-
Modified Zinc Powder Anodes with Bio-Derived Binders 

115 
Tuncay Erdil and Cigdem Toparli 

Dynamic Analysis of Vanadium Redox Flow Cell System Integrated 
Into Solar Power Plant in Türkiye 

19 
Batuhan Laçinkaya, Mert Taş and Gülşah Elden 

09:25 
09:45 

Dual Bi/Cu Pre-Intercalation Strategy for High-Performance δ-
MnO₂ Cathodes in Zinc-ion Batteries 

1 
Engin Serin and Tayfur Ozturk 

Parametric Study and Microstructural Characterization of YSZ 
Electrolytes for 

Reversible Solid Oxide Cells 
25 

Ahmed Emin Kilic, Meryem Sena Akkus, Selahattin Celik, Cihangir 
Duran and Erol 
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  A novel electrochemical approach for quantitative characterization of side 
reactions on lithium metal anodes: CTTA     

 
  Burak Aktekin     

   Institute of Physical Chemistry & Center for Materials Research, Justus-Liebig-Universität Giessen, Germany   

 

Lithium-ion batteries (LiBs) have become a critical component 

of countless devices we use in our daily life, and they are 

predicted to play a pivotal role in electrification of transport 

(and grid energy storage) in the near future. In order to enable 

a widespread energy transition, the development of advanced 

battery technologies is crucial. Ideally, electrode materials 

should have high specific charge capacities, enable high cell 

voltages and allow fast charge and discharge kinetics. In this 

sense, the most promising anode active material would be 

lithium metal since it has a specific charge capacity of 3860 

mAh g−1 and operates at the lowest electrode potential 

possible (i.e., 0 V vs. Li+/Li, or  –3.04 V vs. the standard 

hydrogen electrode). All-solid-state batteries (ASSBs) are 

quite promising to enable the use of lithium metal anodes due 

to their projected safety characteristics (e.g., non-flammable 

components, mechanical rigidity, very high transference 

numbers). Unfortunately, most solid electrolytes have a 

narrow electrochemical stability window (ESW) and thus are 

subject to parasitic side reactions with lithium metal resulting 

in accelerated cell failure. It is essential to understand the 

chemical and quantitative nature of such reactions (and their 

kinetics) to design better performing battery systems. In this 

talk, it will be presented how the use of electrochemical 

methods (such as the novel CTTA method) and advanced 

analytical characterization methods (e.g., XPS, ToF-SIMS, 

FIB-SEM, operando HAXPES, etc.) can be used to obtain 

fundamental understanding of degradation reactions occurring 

at the interface between lithium metal and solid electrolyte in 

all-solid state batteries (with a particular focus on argyrodite-

type sulfide-based solid electrolytes). 
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EIS and NMR Characterization of Storage & Degradation Mechanisms in 
Sodium Batteries 

 
Mohammed A. Zabara, Jeongjae Lee, Christopher A. O'Keefe, Svetlana Menkin, Clare P. Grey 

Yusuf Hamied Department of Chemistry, University of Cambridge 

Lensfield Road, Cambridge, CB2 1EW 

 
Sodium batteries have emerged as a leading candidate to 

reduce dependence on lithium-based systems for sustainable 

energy storage. Their development in multiple 

configurations—such as metal oxide cathodes with hard 

carbon anodes, as well as anode-free architectures—has 

attracted growing interest due to sodium’s abundance and cost 

advantages. Despite these benefits, large-scale 

commercialization remains constrained by limited specific 

capacity and poor cycle life. Overcoming these barriers 

requires a mechanistic understanding of sodium storage 

dynamics and the physicochemical origins of electrode 

degradation. Integrating electrochemical characterization with 

advanced structural probes is therefore essential for revealing 

the processes that govern performance. 

In this work, we employ a combined electrochemical 

impedance spectroscopy (EIS) and 23Na solid-state nuclear 

magnetic resonance (NMR) spectroscopy methodology to 

investigate sodium storage behavior and degradation pathways 

in sodium batteries. EIS enables quantification of interfacial 

resistances and charge-transfer kinetics [1], exemplified in 

Figure 1(a) for a representative hard carbon anode. 

Complementarily, NMR provides atomic-scale insights into 

the local coordination environments of sodium ions, as 

illustrated in Figure 1(b) for distinct sodium species in hard 

carbon [2]. 

Figure 1. a) Nyquist plot of EIS response of hard carbon 

symmetric cell demonstrating SEI and charge transfer 

response, b) Solid state NMR spectra of different Na local 

environments in hard carbon. 

 

We systematically examine the influence of electrolyte 

composition, electrode material, and state of charge on storage 

mechanisms and degradation pathways. EIS measurements 

performed under varying conditions—including temperature, 

cell geometry, and state of charge—enable precise evaluation 

of charge transfer processes and interfacial phenomena. Local 

structural changes during electrochemical cycling are 

monitored using a combination of in situ and ex situ NMR 

spectroscopy. Our results reveal critical correlations between 

structural evolution and electrochemical performance, 

providing design principles for improved material 

architectures. 

In addition, we investigate interfacial behavior and 

plating/stripping characteristics of metallic sodium electrodes 

in anode-free cell configurations. Figure 2 presents the 

impedance response of a Cu||Na cell in different electrolyte 

environments. A two-order-of-magnitude decrease in 

impedance is observed when transitioning from carbonate-

based to ether-based electrolytes, indicating the high reactivity 

of sodium and the associated formation of thick, 

heterogeneous SEI in carbonate systems. Ether-based 

electrolytes demonstrate better compatibility with sodium 

anodes, highlighting their potential for enabling stable and 

efficient Na anode-free designs. 

Figure 2. Nyquist plot of EIS response and fitted SEI resistance 

values of Na||Cu cell at different electrolyte enviorenments 

 

These insights inform the design of optimized materials and 

cell architectures capable of delivering both high capacity and 

extended cycle life in sodium batteries. 
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  From Sulfur to Selenium: Bridging Concepts in Lithium Battery Design   
 

   Rezan Demir-Cakan     

  Department of Chemical Engineering, Gebze technical University  

 
 To satisfy the growing energy demands of modern 

applications, research efforts have traditionally centered 

around sulfur-based battery chemistries, owing to sulfur’s high 

theoretical energy density and cost-effectiveness. Despite 

these advantages, the commercialization of Li–S batteries has 

been limited by persistent challenges such as drastic 

volumetric expansion during cycling, poor electrical and ionic 

conductivities of sulfur and its discharge products, and the 

sluggish redox kinetics of intermediate polysulfides. These 

limitations often result in poor cycling stability, irreversible 

loss of active material, and the formation of passivating layers 

that hinder performance.  

In recent years, lithium–selenium batteries have gained 

attention as a promising alternative among chalcogen-based 

systems. Selenium offers a higher volumetric capacity and 

much better intrinsic conductivity compared to sulfur. 

Nevertheless, Li–Se batteries still face critical hurdles, 

particularly large volume fluctuations during charge and 

discharge, as well as uncontrolled accumulation of Li 2 Se on 

the electrode surface. Building on the knowledge gained from 

Li–S battery research, our work focuses on addressing these 

challenges by studying the reversible conversion reactions and 

tackling capacity loss caused by imperfect re-oxidation of 

Li₂Se. In this presentation, we will first review the progress 

made with sulfur-based batteries, then explore strategies to 

enhance the performance of Li–Se systems. Special attention 

will be given to the use of electrocatalysts that improve Li 2 

Se conversion and increase active material utilization. 
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NiMH batteries will outperform Li batteries by utilizing H2 and O2 gas reactions 
combined with an α/ϒ- Ni(OH)/NiOOH-electrode  

 
 Dag Noréus1 and Weikang Hu2 
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2 Chilwee Power Co., Ltd., Changxing 313100, Zhejiang, China 

 

  

Rechargeable electrochemical cells and the resulting batteries 

are complicated and development is slow as rechargeable 

batteries form chaotic systems as they undergo charge-

discharge cycling. All reactions (including parasitic side 

reactions) occurring in both electrodes must be as reversible as 

possible, else the battery will derail upon cycling. Although 

several thousand of redox reactions have been characterized 

and described in various tables and chemical textbooks very 

few redox reactions have been realized in rechargeable 

batteries. Lead acid-, NiCd-, NiMH- and Li-ion batteries are 

still the dominating rechargeable battery chemistries.  

Nickel-hydrogen batteries (NiH2) combine a nickel hydroxide 

electrode with a hydrogen electrode. They have the longest 

cycle life of all batteries and are used in space application. In 

a NiMH battery a metal hydride is both a hydrogen electrode 

and a solid-state hydrogen storage leading to a significantly 

better volumetric capacity.  

The charge carrier hydrogen is shuttled between the electrodes 

by water molecules during charge and discharge. The NiMH 

battery can also be charged and discharge by gaseous additions 

of H2 and O2 respectively.1 These gaseous additions can be 

used to mitigate performance deterioration by electrolyte dry 

out by replenishing the amount of water in the electrolyte and 

also rebalance the electrode capacities. 2 This mitigates 

pressure, build ups during overcharge and overdischarge states 

that in practical battery packs can be difficult to avoid. 

Improved understanding of the reaction kinetics at the metal 

hydride surfaces have thus led to NiMH-batteries with the 

largest capacity-throughput of all present battery chemistries. 

(Capacity-throughput = cycle life*cell capacity) as the gas 

additions will significantly increase the cycle life. The cell 

capacity, however, remains the same.  

From these findings we could also collude that the MH-alloy 

powder in spent NiMH batteries can be used to make new 

batteries if the corroded surface is cleaned from Mm(OH)3 

corrosion products. This cleaning can be made by a simple 

grinding process where the Mm(OH)3 corrosion products are 

washed away. NiMH cells made by using such treated and 

reconditioned MH-powders showed superior reaction kinetics 

as well as longer life time as the reconditioned powder are 

already activated and covered by an active as well as protective 

surface.3,4 

A way to increase the cell capacity is to utilize the α/γ Ni(OH)2 

/Ni(III)OOH redox couple for the Ni-electrode. Commercial 

Ni-electrodes presently use the β/Ni(II)(OH)2 + OH-  ↔  

Al stabilized Ni-hydroxide                     Al. stabilized Ni-electrode 

β/Ni(III)OOH + H2O + e- redox reaction. This corresponds to 

a capacity of 289 mAh/gram.5 

An interesting aspect of the nickel oxidation state in the α/γ 

Ni(OH)2 /Ni(III)OOH redox couple can possibly reach 3.67 

upon charging. This would correspond to a capacity increase 

to 482 mAh/gram. If this can be implemented as a stable redox 

couple NiMH batteries will reach the capacity of Li-ion 

batteries. 

The α/γ Ni(OH)2 /Ni(3.67?)OOH0.33? redox couple is possible 

to stabilize via intercalation of anions such as OH-, NO3-, 

CO3
2- as well as cations Al3+, Co2+, Fe3+.6  

The problem with a Ni-electrode based on the α/γ redox couple 

is that has been shown to be unstable and reverts back to the 

β/β redox couple.  This makes it difficult to build battery packs 

as the cells in the pack can get different capacities in the battery 

string. Work is underway to address these issues.    

[1] Ye, Z.; Noréus, D. Oxygen and hydrogen gas recombination in NiMH cell, 

Journal of Power Sources, 2012, 208, 232–236 

[2] Shen, Y.; Noréus, D.; Starborg, S. Increasing NiMH battery cycle life with 

oxygen. Int. J. Hydrog. Energy 2018, 43C 18626–18631. 

[3] Shen, Y.; Peng, F.S.; Kontos, S.; Noréus, D. Improved NiMH performance 

by a surface treatment that creates magnetic Ni-clusters. Int. J. Hydrog. Energy 

2016, 41, 9933–9938.  

[4] Shen, Y.; Svensson-Grape, E.; Noréus, D.; Widenkvist, E.; Starborg, S. 

Upcycling of Spent NiMH Battery Material-Reconditioned Battery Alloys Show 

Faster Activation and Reaction Kinetics than Pristine Alloys. Molecules 2020, 

25, 2338.  

[5] Zhou, F.; Wu, M.; Hu, W-K; Jiang, Z-G.; Noréus, D. Alpha nickel hydroxide 

electrodes improve aqueous rechargeable batteries capacity, Materials Research 

Bulletin, 2024, 179, 112967- 

[6] Lskavian, D. N.; Diakonov, A.K.; Sinitsyn P.A.; Kokin, A. A.; 

Levin E.E.;  Nikitina V.A. Quantifying polarization losses in undoped and Co-

doped Ni(OH)2 electrodeposits. Electrochimica Acta, 2026, 545, 147736-48. 
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Ionic liquid integrated high-voltage polymer gel electrolyte to improve the 
capacitance and cyclic stability of supercapacitors 

 
Apurba Ray, and Bilge Saruhan  

German Aerospace Center (DLR), Institute for Frontier Materials on Earth and in Space, 51147 Cologne, Germany  

 
With the rapidly increasing demand for the most promising 

electrical energy storage devices, supercapacitors (SCs) have 

attracted widespread interest due to their high capacity, 

specific power density and long cyclic performance. To date, 

symmetric electrodes made of various types of porous carbons 

such as activated carbon (AC), carbon nanofibers, carbon 

nanotubes (CNT), and graphene/reduced graphene oxide 

(rGO) are commonly used for commercial electrical double 

layer capacitors (EDLCs) or supercapacitors [1]. Electrolytes 

also play an important role for supercapacitor devices through 

their physical, thermal and electrochemical properties. 

Because of high ionic conductivity, simple processing, low 

cost and good interfacial (electrode/electrolyte) properties of 

aqueous electrolytes and organic liquid-based electrolytes 

have been widely used for SCs. However, lower voltage 

windows, lower cycle life, corrosion, leakage problem, 

flammability and safety issues limit their commercialization 

[2]. 

To address the above-mentioned issues, ionic liquids (ILs) 

integrated solid/semi-solid polymer electrolytes have attracted 

wide interest as an alternative electrolyte in electrochemical 

energy storage due to their wide potential windows (≥3V), 

high ionic conductivity (10−4Ω−1cm−1), leakage free, low 

flammability, good thermal stability, flexibility, tunable 

chemical functionalities and self-healing capabilities [3,4]. 

Significant efforts have also been devoted to integrating 

various ionic liquids (ILs) into solid/semi-solid polymer 

electrolytes for emerging SCs. In this work, 1-Ethyl-3- 

Methylimidazolium bis(trifluoromethylsulfonyl)imide 

[EMIM][TFSI] ionic liquid embedded in Polypropylene 

Carbonate (PPC) and Polycarbonate (PC) based polymer gel 

electrolyte has been developed by entrapping the IL in the 

polymer network for activated carbon (AC) electrode-based 

pouch cell SC and laser induced graphene (LIG) electrode 

micro-supercapacitors (MSCs) applications. The 

electrochemical performance of this [EMIM][TFSI]/ PPC/PC 

polymer gel electrolyte has been evaluated by cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD) 

(Figure 1a), electrochemical impedance spectroscopy (EIS) 

and long cycle charge-discharge (CCD) analysis. Relying on 

the combined effect of IL, this novel semi-solid electrolyte 

improves the capacitance (0.94 mF/cm2 @ 2V), 

electrode/electrolyte interface compatibility, voltage windows 

(≥2.0V), ionic conductivity and long cycle stability (≥ 50000 

cycles) making it a potential electrolyte for next-generation 

supercapacitors. 
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Figure 1. Galvanostatic charge-discharge (GCD) 
curves of [EMIM][TFSI] /PPC/PC polymer 
electrolyte integrated–laser induced graphene (LIG) 

electrode micro-supercapacitor (MSC). 
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 Unraveling the Impact of Charge Carrier Trapping on Photoelectrode 
Performance 

 
  Sarp Kaya  

  Department of Chemistry, Koç University    

 
Photoelectrochemical water splitting is a promising approach 

for converting solar energy into chemical energy stored in 

molecular hydrogen and oxygen. However, the efficiency of 

this process strongly depends on the properties of the 

photoelectrode materials. Metal oxide semiconductors are 

commonly employed as photoelectrodes, but their poor 

charge transport properties and limited surface catalytic 

activity can significantly constrain overall performance. In 

particular, charged defect sites, both in the bulk and on the 

surface of oxide semiconductors, can trap charge carriers and 

slow down interfacial kinetics. In this talk, I will present the 

time-evolution of interfacial charge trapping and transfer 

processes in BiVO4 photoanodes and CuBi2O4 

photocathodes. 
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Enhancing the utilization efficacy of noble metal(0) nanocatalysts in hydrogen 
generation from the hydrolysis of ammonia borane  
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The growing concern on global warming [1] and the 

increasing worry on the depletion of fossil energy reserves 

[2] appeal the replacing fossil fuels with the renewable 

energy sources for a sustainable energy policy in the 

future [3]. As environmentally benign energy carrier 

hydrogen will play key role in such a transition on the way 

towards a sustainable green future [4,5]. Main hindrances 

in using H2 as green energy vector are essentially resulting 

from the difficulties in its safe and efficient storage [6]. 

New materials have been persistently developed for storing 

hydrogen safely and efficiently [7,8,9]. One of the promising 

candidates for storing hydrogen safely and efficiently is 

ammonia borane (H3NBH3, AB) [10]. Its hydrolysis is the best 

way of releasing hydrogen gas (Equation 1) [11]. 

H3NBH3(aq) + 2H2O(l) → NH4
+(aq) + BO2

-(aq) + 3H2(g)         (1) 

However, this reaction takes place at appreciable rate under 

ambient conditions only in the presence of suitable catalysts 

[12]. Transition metal nanoparticles are known to be efficient 

catalysts in hydrogen generation from the hydrolysis of AB 

[13]. The noble metals such as platinum [14], rhodium [15], 

palladium [16] or ruthenium [17] show much higher catalytic 

activity than the non-noble metals in this reaction. However, 

precious metals have very high price which prevents their 

employment in this dehydrogenation reaction. Furthermore, 

the principles of green chemistry require the amount of non-

reagent metal to be minimized [18]. Therefore, it is mandatory 

to keep the metal content of catalyst as low as possible to 

increase the utilization efficacy of the metal catalyst. Using a 

minimum catalyst to substrate ratio is another target for 

developing efficient catalyst. Here, an obvious challenge is to 

[1]  B. Demirel, N. Bicakcioglu et al. Int. J. Global Warming 18 
(2019) 385.  

[2]  P. Nejat, F. Jomehzadeh, et al. Renewable Sustainable Energy 
Rev 2015, 43, 843-862.  

[3]  T.R. Anderson, E. Hawkins, P.D. Jones. Endeavour, 40 (2016) 
178.  

[4] T. Uyar, D. Besiķci. Int. J. Hydrogen Energy, 42 (2017) 
2453−2456.  

[5]  M. R. Usman. Renew Sustain Energy Rev. 167 (2022) 112743. 
[6]  D. Zivar, S. Kumar, J. Foroozesh. Int J Hydrogen Energy 2021, 

46, 23436-23462.  
[7] E. Boateng, A. Chen. Materials today Adv. 2020, 6, 100022.  
[8]  N. A. Ali, N. A. Sazelee, M. Ismail. Int. J. Hydrogen Energy 46 

(2021) 31674.  
[9] T. He, P. Pachfule, H. Wu, Q. Xu, P. Chen. Nat. Rev. Mater. 1 

(2016) 1.  
[10] U. B. Demirci. Int. J. Hydrogen Energy 42 (2017) 9978.  
[11] M. Chandra, Q. Xu. J. Power Sources 156 (2006) 190.  
[12] M. Zahmakıran, S. Özkar. Topics in Catal., 56 (2013) 1171.  

develop nanocatalysts of noble metals which have outstanding 

catalytic activity, long lifetime and exceptionally high 

reusability for the complete release of 3 equivalent H2 per mole 

of ammonia borane under ambient conditions. The existing 

literature will be reviewed to find out all the available methods 

to increase catalytic efficiency of noble metal nanocatalysts in 

hydrogen generation from the hydrolysis of AB.  

Although colloidal nanoparticles of noble metals can provide 

high catalytic activity, they are unstable against 

agglomeration. Supporting nanoparticles on the surface of 

carbonaceous materials with large surface area such as 

activated carbon, graphene, nitrogen-doped graphene, carbon 

nanotubes can provide some escalation in catalytic activity 

[19]. Since the noble metals are not tightly bound to the surface 

of carbonaceous materials, they undergo leaching during the 

catalysis and have short life and low reusability. The use of 

oxide supports for the noble metal(0) nanoparticles escalate 

their catalytic activity in the hydrolysis of AB. Particularly, the 

reducible oxides such as titania, ceria, tungsten(VI) oxide, 

cobalt(II,III) oxide provide high activity and long lifetime for 

the supported rhodium(0) [20], ruthenium(0) [17], 

palladium(0) [21] and platinum(0) [22] nanoparticles. Using 

the magnetic powders as support for noble metal(0) 

nanoparticles makes them magnetically separable provided 

that nanoparticles are tightly bound on the surface of magnetic 

powder. Thus, magnetically isolable ruthenium(0) [23], 

palladium(0) [24], rhodium(0) [20] and platinum(0) [25] 

nanocatalysts have outstanding catalytic activity, long lifetime 

and exceptionally high reusability in hydrogen generation 

from the from the hydrolysis of AB at room temperature. 

[13] S. Akbayrak, S. Özkar, Int. J. Hydrogen Energy 43 (2018) 18592. 
[14] S. Özkar. Int. J. Energy Res., 46 (2022) 22089.  
[15] S. Özkar. Int. J. Hydrogen Energy, 54 (2024) 54, 327.  
[16] L. Zhang, et al. J. Zhu. Nano Research 15 (2022) 3034.  
[17] S. Akbayrak, Y. Tonbul, S. Özkar. Turk. J. Chem. 47 (2023) 1224.  
[18]M. Poliakoff, J. M. Fitzpatrick,et al. Science 2002, 297, 807-810.  
[19]S. Akbayrak, S.Özkar, ACS Appl.Mater. Interfaces 4 (2012) 6302. 
[20]Y. Tonbul, S. Akbayrak, S. Özkar, ACS Sustainable Chem. Eng. 

8 (2020) 4216. 
[21]S. Akbayrak, S. Özkar, J. Colloid Interface Sci. 626 (2022) 752. 
[22] S. Akbayrak, S. Özkar. ACS Appl. Mater. Interfaces 13 (2021) 

34341 
[23]S. Akbayrak, G. Çakmak, T. Öztürk, S. Özkar, Int. J. Hydrogen 
Energy 46 (2021) 13548. 
[24]S. Akbayrak, G. Çakmak, T. Öztürk, S. Özkar. J. Alloys 

Compounds, (2024) 175199. 

[25]S. Akbayrak, S. Özkar, J. Colloid Interface Sci. 596 (2021) 100. 
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The transition to sustainable hydrogen economies faces 

fundamental materials limitations across the polymer electrolyte 

membrane (PEM) electrolyzer and fuel cell value chain. Despite 

enabling carbon-free power generation through fuel cells, green 

hydrogen production via electrolysis and its conversion in fuel 

cells remain constrained by performance limitations, efficiency 

losses, and durability challenges. Other key challenges include 

reliance on perfluorosulfonic acid membranes with high cost, 

and hydration-dependent performance; gas crossover 

phenomena compromising efficiency and safety; catalyst 

systems dominated by platinum-group metals (PGMs), notably 

Pt cathodes for oxygen reduction reaction (ORR) in fuel cells 

and Ir anodes for oxygen evolution reaction (OER) in acidic 

electrolyzers in which scarcity and high cost.  

To address membrane limitations, our group focuses on 

alternative and cost-effective solutions [1,2]. We develop ion-

conducting membranes via radiation-induced graft 

polymerization of vinyl monomers onto various base polymers. 

These radiation-grafted membranes offer distinct advantages 

including utilization of commercial base polymers, precise 

control, spatially resolved functionalization and intrinsic 

avoidance of solution-processing steps. Our group utilizes 

electrospinning as well to fabricate composite and hybrid 

membranes. These approaches enable membranes with tunable 

ion exchange capacity, water uptake and ionic conductivity. We 

achieved the development of new generation asymmetric 

membranes and bipolar membranes as well. Moreover, for PEM 

electrolyzers, we embedded recombination catalysts within thin 

membranes mitigate hydrogen crossover, eliminating auxiliary 

layers while maintaining efficiency.  

Our complementary catalyst innovations target PGM reduction 

and activity enhancement to reduce cost and enhance 

performance [3-6]. For ORR in fuel cells, Pt nanoparticles (2–3 

nm) on functionalized graphene supports (nanoplatelets, rGO, 

hybrids) reduce Pt consumption while enhancing activity. These 

catalysts are synthesized by impregnation-reduction, 

microwave-assisted deposition, photocatalytic deposition, and 

electrophoretic deposition.  

Moreover, we develop transition metal-doped iridium oxide 

catalysts (Mn, Ni, Ti) for acidic OER in PEM electrolyzers.  Our 

work engineers Mn-, Ni-, and Co doped IrO₂ systems via sol-gel 

synthesis, where dopant integration induces significant electronic 

modulation that optimizes reaction energetics. This reduces OER 

activation barriers, enhances exothermic behavior, and improves 

catalytic efficiency. Specifically, Mn-doped variants achieve 

substantial reductions in noble metal loading while delivering 

significantly lower overpotentials compared to pure IrO₂, 

attributed to Mn redox cycling facilitating lattice-oxygen-

mediated pathways. To further boost stability, we leverage 

anodized TiO₂ nanotube arrays on titanium mesh substrates, 

providing high-surface-area supports that enhance catalyst 

anchoring and mitigate dissolution through synergistic charge 

transfer. These advances enable high-performance, durable 

electrodes with reduced precious metal reliance, and advancing 

scalable hydrogen technologies toward commercial viability. 

In this presentation, we contextualize these material innovations 

within global efforts to overcome fuel cell and electrolyzer 

limitations. We highlight key projects including Graphene 

Flagship, HYSouthMarmara Hydrogen Shore (Turkiye’s first 

hydrogen valley initiative) and other projects. 
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  Gebze Technbical University  

 
Solid oxide cells (SOCs) are high-temperature (600-800 °C) 

electrochemical devices that can both convert electricity and 

water to hydrogen and oxygen hydrogen and vice versa – a trait 

that can address the intermittency problem of renewables. The 

combination of these two technologies can address the carbon 

emission issues we are facing today. SOCs are associated with 

challenges, including insufficient electrochemical 

performance and degradation of microstructures and materials 

chemistries upon long-term exposure to operating conditions. 

For example, SOC electrodes fabricated by conventional 

powder-based methods are short of electrochemically active 

electrocatalyst-ionic conductor-gas triple phase boundaries 

(TPBs), their electrocatalysts undergo agglomeration and 

diminish TPBs, and Sr segregates to the surfaces of (La, 

Sr)(Co/Fe/Mn)O 3 -type perovskite oxygen electrocatalysts to 

finally deactivate them. Changing the electrode fabrication 

approach from a powder sintering-based route into a liquid 

precursor-based one generates several opportunities to address 

these challenges. First, it enables the fabrication of nanoscale 

composites from a single precursor, to form electrocatalyst and 

ionic conductor phases via self-assembly, which yields 

extremely long TPBs. Second, the layer-by layer nature of this 

approach enables the application of multiple interlayers, which 

can be tailored to mechanically constrain electrocatalyst 

agglomeration, reverse the concentration gradients to avoid 

cation segregation or generate desired interfaces for 

synergistic other synergistic effects, thereby addressing many 

challenges SOCs are facing. In this talk, microstructure – 

electrochemical performance relationships in 

nanoscalecomposite SOC electrodes will be elaborated. 

Impact of the introduction of multiplenanolayers on the 

structural and chemical stability of electrodes is discussed. 
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As a major enabler for most of human activities from food and 

fresh water production to transportation, telecommunication 

and healthcare, the energy is a critical ingredient for a 

sustainable future. While UN Sustainable Development Goal 

7 (SDG 7) directly aims to “ensure access to affordable, 

reliable, sustainable and modern energy for all”, most of 169 

targets stated under the all of 17 SDGs are also involved with 

energy production or utilization. Machine learning (ML), as 

another enabler technology of recent years, has been employed 

in most of the activities in SDGs as well as the implementation 

projects and programs to attain SDGs through data collection, 

monitoring and analysis. ML also frequently used in 

sustainable energy production and storage technologies 

including the search and design of new materials. In this 

presentation, the potential roles of ML for the sustainable 

energy future, will be discussed. First, the basic principles and 

more recent developments will be summarized Then the use of 

ML in energy production and storage will be discussed in 

detailed examples together with a perspective on the 

challenges and opportunities for the future. 
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 The growing demand for sustainable and high-performance 

energy technologies has accelerated interest in two-

dimensional (2D) materials. Among them, transition metal 

borides—MBenes—represent a promising class due to their 

high electrical conductivity, mechanical robustness, and 

tunable surface chemistry. As boron-containing analogs of 

MXenes, MBenes offer distinct advantages for energy storage 

and conversion applications.  

This talk presents recent progress in MBene synthesis, 

functionalization, and application in supercapacitors, batteries, 

and electrocatalytic systems such as HER, OER, and ORR. We 

explore how boron-metal bonding, layer structure, and surface 

modifications influence electrochemical performance. 

Advances in molten salt synthesis and hybrid nanocomposite 

design have led to MBenes with excellent pseudocapacitive 

behavior, fast charge–discharge rates, and high energy density.  

By bridging fundamental materials chemistry with practical 

device engineering, this presentation aims to shed light on the 

transformative potential of 2D MBenes in advancing 

sustainable energy conversion and storage technologies.  
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Synergistic Dual Doping of Graphene Oxide: A New Route to High-Capacity 
Anodes for Sodium-Ion Batteries 
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Sodium-ion batteries (NIBs) have emerged as promising 

alternatives to lithium-ion batteries (LIBs) for large-scale 

energy storage systems, owing to the abundance, low cost, and 

geographic availability of sodium [1]. Despite these 

advantages, the relatively large ionic radius of Na⁺ and its 

weak interaction with the graphite lattice hinder its 

intercalation, rendering conventional graphite anodes nearly 

inactive in NIB systems. This fundamental limitation is 

primarily due to the insufficient interlayer spacing in graphite, 

which fails to accommodate Na⁺ ions effectively. To address 

this challenge, various carbonaceous materials—such as 

amorphous carbon, hard carbon, and doped graphene 

derivatives—have been explored [2]. These materials possess 

high electronic conductivity, tunable pore structures, and 

chemical stability, making them suitable hosts for sodium 

storage. Among them, heteroatom-doped graphene-based 

materials have shown considerable potential due to their 

enhanced Na⁺ adsorption sites, expanded interlayer distances, 

and defect-rich structures that facilitate ion transport [3,4]. 

Dual doping, in particular, has gained attention as a strategy to 

synergistically tailor the electronic structure and surface 

chemistry of graphene. Nitrogen atoms can introduce active 

sites and improve electronic conductivity, while sulfur doping 

can enlarge the interlayer spacing and enhance Na⁺ binding 

through polar interactions. Together, these dopants can 

promote reversible sodium storage by stabilizing intermediate 

states and reducing energy barriers for ion insertion and 

extraction. Additionally, the choice of electrolyte plays a 

critical role in enabling effective Na⁺ intercalation. Ether-

based electrolytes such as diglyme have been reported to 

facilitate the co-intercalation of solvated Na⁺ ions into carbon 

matrices, a process not feasible with conventional carbonate-

based systems. This co-intercalation mechanism can mitigate 

structural degradation and improve the long-term stability of 

the anode. 

In this study, we investigate nitrogen-sulfur dual-doped 

graphene oxide (N-S-GO) as a standalone anode material for 

NIBs, in combination with an ether-based (diglyme) 

electrolyte. Without requiring additional conductive additives 

or composite components, N-S-GO exhibits stable cycling 

performance, enhanced sodium-ion diffusion, and improved 

reversibility. The structural advantages provided by dual 

doping, combined with the favorable ion transport properties 

of the ether-based electrolyte, make this approach a promising 

candidate for future sodium-ion battery technologies. To the 

best of our knowledge, this is the first report demonstrating the 

direct use of N-S dual-doped graphene oxide with an ether-

based electrolyte system for sodium-ion batteries. This work 

contributes to the development of high-performance, scalable, 

and cost-effective anode materials for next-generation energy 

storage systems. 
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Microwave-assisted synthesis of SnS and SnS/MWCNT anodes for sodium-ion 
batteries 
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Sodium ion battery system is based on the migration of sodium 

ions through the electrolyte between the anode and cathode 

structures. This mechanism is analogues to that of a lithium 

ion battery system due to the similar physical and chemical 

properties of lithium and sodium metal as is well- known. 

Sodium ion battery system stands out because of the 

abundance and parallely cost advantage of sodium. Hence, the 

availability of various battery systems will be able to support 

the utilisation of renewable energy as well as powering mobile 

systems, including electric vehicles [1]. 

Several anode candidates have been studied in order to develop 

the sodium ion battery system with the highest accessible 

energy density. The following criteria are significant for 

designing anode materials: i) cheap and abundant starting 

materials; ii) lower redox potentials and stable working 

potentials; iii) high sodium storage capability; iv) high initial 

coulombic efficiency. Consequently, the hard carbon anode is 

the most powerful anode candidate for commercial SIBs due 

to its low redox potentials, high sodium storage capacity, and 

stable cycle life [2]. However, despite the intense study of hard 

carbon anodes, their theoretical capacity is around 300 mAh·g-

1 and their initial coulombic efficiency ranges from 20–90% 

[3]. To overcome these challenges, other candidates have also 

been investigated. Among these, tin (Sn) and tin disulphide 

(SnS) have a relatively high specific capacity against sodium 

metal (Sn: 847 mAh·g-1, SnS: 1022 mAh·g-1) [4, 5].  Despite 

their high theoretical capacity, pulverisation occurs during the 

charge/discharge process due to volume expansion. 

Herein, SnS and SnS/MWCNT anodes were synthesised via a 

microwave-assisted method in a short time of around 45 

minutes. The influence of the microwave reaction time and the 

amount of MWCNTs added on the electrochemical 

performance of SnS and SnS/MWCNT anode samples for 

sodium ion batteries was investigated. Based on the test 

results, reaction durations of 15, 30 and 45 minutes were 

investigated and 45 minutes was determined to be sufficient 

for the intended outcome. Following this finding, the amount 

of MWCNTs was optimised. The results were evaluated in 

terms of reaction time, capacity retention and initial coulombic 

efficiency values. Figure 1 depicts the discharge capacity 

results for all samples.  

Looking at the galvanostatic charge/discharge test results, 

SnS-1 and SnS-2 samples which are synthesized by 15 min and 

30 min., respectively, showed poor cycling performance and 

the capacity decreased rapidly. SnS-3 sample provided the 

more stable cycling performance and its capacity was 200 

mAh·g-1 at 100th cycle.  

Figure 1. Discharge capacity comparison of the a) SnS-1 

(15min), SnS-2 (30 min), SnS-3 (45 min), b) SnS/C 33 (3mg 

MWCNT addition), SnS/C 35 (5mg MWCNT addition), 

SnS/C 310 ( 10 mg MWCNT addition) at 36 mA·g-1 current 

density. Electrolyte: 1M NaClO4 in PC- 5% FEC, Binder : Na-

alginate.  

To improve the capacity, MWCNT was added by certain 

amount varying with 3 mg, 5mg and 10mg to SnS-3 sample. 

MWCNT addition enhanced the obtained capacity due to the 

inreased electrical conductivity and surface area. Although the 

SnS/C-310 sample exhibited the highest capacity, its intial 

colombic efficiency was relatively low at 57 % . Thus, taking 

into consideration of initial colombic efficiency, the SnS/C-35 

sample, with a values of 60 %, was regarded as the best 

performing sample overall.  
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The growing demand for energy storage and the rising cost and 

limited availability of lithium have prompted the exploration 

of alternative battery technologies. Sodium-ion batteries 

(SIBs) have emerged as a promising substitute due to sodium's 

natural abundance, low cost, and similar chemical properties 

to lithium [1]. Concurrently, the global plastic crisis driven by 

rapidly growing polyethylene terephthalate (PET) production 

and consumption calls for sustainable recycling strategies. 

Recent studies suggest that recycled PET can serve as a viable 

precursor for carbon materials in SIB anodes, offering high 

structural stability, conductivity, and surface area [2]. 

However, challenges remain in optimizing synthesis processes 

and ensuring the long-term electrochemical performance of 

such materials, necessitating further innovation in material 

design and processing. 

In this study, nitrogen-doped hard carbon (N-HC) was 

synthesized via direct pyrolysis of PET waste in the presence 

of a nitrogen source, aiming to introduce structural defects and 

heteroatom functionalities to enhance sodium storage 

capability. The resulting carbon was thoroughly characterized 

using Fourier-transform infrared spectroscopy (FTIR), 

thermogravimetric analysis (TGA), X-ray diffraction (XRD), 

Raman spectroscopy and scanning electron microscopy (SEM) 

to investigate its structural and morphological features.  

Electrochemical performance was evaluated through 

galvanostatic charge–discharge tests and cyclic voltammetry 

(CV). The nitrogen doping was found to significantly improve 

electrical conductivity, provide additional active sites, and 

enhance sodium-ion intercalation behavior compared to non-

doped carbon materials. 
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Lithium titanate (Li₄Ti₅O₁₂, LTO) is considered a promising 
anode material for next-generation lithium-ion batteries due to 
its excellent thermal stability, long cycle life, and intrinsic 
safety [1]. Its “zero-strain” property during Li⁺ 
intercalation/deintercalation minimizes volume change and 
ensures outstanding structural stability [2]. The relatively high 
voltage plateau (~1.55 V vs. Li/Li⁺) suppresses lithium 
dendrite formation, providing superior safety compared with 
graphite anodes [3]. The spinel structure of LTO offers 
abundant Li-ion sites, allowing a theoretical capacity of 293 
mAh g⁻¹ when Ti⁴⁺ is fully reduced to Ti³⁺ under deep-
discharge conditions near 0 V [4]. However, most studies have 
examined the 1.0–3.0 V range, with limited attention to 
performance below 1.0 V [4]. To improve conductivity and Li⁺ 
diffusivity, doping at Ti or Li sites and in situ or ex situ carbon 
coating are effective strategies that enhance electrochemical 
performance and rate capability [5].  

In the present work, we investigate the electrochemical 
behavior of Na- and Yb-co-doped, carbon-coated LTO anodes 
under deep-discharge conditions at room temperature. Pristine 
Li₄Ti₅O₁₂ (LTO) and Li₃.₉₈Na₀.₀₂Ti₄.₉₈Yb₀.₀₂O₁₂ (LTO–
Na–Yb), along with their carbon-coated derivatives (LTO@C 
and LTO–Na–Yb@C), were synthesized via a conventional 
solid-state reaction method. The carbon-coated variants were 
further prepared through an ex situ pyrolysis process using 
organic carbon precursors. Galvanostatic charge–discharge 
tests were conducted within the potential range of 3.0–0.01 V 
at current densities of 30, 300, and 500 mA g⁻¹, respectively. 
Structural, morphological, and electrochemical properties 
were comprehensively characterized using X-ray diffraction 
(XRD), field-emission scanning electron microscopy 
(FESEM), galvanostatic cycling, cyclic voltammetry (CV), 
and electrochemical impedance spectroscopy (EIS). 

 

 

 

 

Fig.1. XRD patterns 
of the pristine LTO and LTO-Na-Yb, LTO@C, LTO-Na-
Yb@C. 

The phase purity was analyzed by XRD (PANalytical 
Empyrean, Cu–Kα, 2θ = 10–90°). As shown in Fig. 1, both 
LTO and doped-coated anodes exhibit diffraction peaks 

consistent with the cubic spinel structure (JCPDS No. 72-
0426). All diffraction peaks correspond to pure cubic LTO, 
and the refined lattice parameter of pristine LTO and LTO–
Na–Yb materials were determined as 8.357 Å and 8.359 Å, 
respectively. 

Fig 2. The charge-discharge profiles of LTO and LTO-Na-
Yb@C anodes at 30 mA/g in the range of 0.02–3 V (vs. Li/Li+) 

Fig. 3. Rate capabilities of LTO and LTO-Na-Yb, LTO@C, 
LTO-Na-Yb@C anode materials 

As can be seen in Figs. 2 and 3, among all the as-prepared 
composite anodes, LTO–Na–Yb@C delivers the highest initial 
discharge capacity across various current densities. 
Furthermore, it exhibits superior rate capability compared with 
pristine LTO, LTO–Na–Yb, and LTO@C at 30, 300, and 500 
mA /g. 
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The growing demand for compact energy storage 

in micro- and nanoscale devices requires high-

capacity anodes with outstanding cycling stability. 

Traditional thin-film SnO2 anodes suffer from 

rapid capacity fade due to large volume changes 

during cycling, limiting their long-term reliability. 

 

In this work, we present a novel three-dimensional 

(3D) SnO2 anode architecture, fabricated using 

self-assembled polystyrene (PS) microspheres as a 

sacrificial template. This bottom-up method allows 

precise control over pore size and distribution, 

resulting in a uniform, interconnected porous 

network unattainable by conventional deposition 

techniques. SnO2 thin films were deposited by RF 

magnetron sputtering, followed by thermal 

annealing to remove the PS template. 

 

Electrochemical evaluation revealed that the 3D-

structured anodes deliver significantly enhanced 

performance compared to planar counterparts. At a 

current density of 0.5C, the electrodes retained a 

capacity of ~600 mAh g⁻¹ after 400 cycles, 

demonstrating excellent stability and improved Li⁺ 

transport due to the porous architecture. 
 

 

 Fig. 1. SEM images of 3D nanoporous SnO2 (100 nm): 
(a) As-prepared with PS template (b) After 620°C/N2 
annealing, showing enhanced crystallinity and intact 
porous structure.   

Comprehensive materials characterization and 

electrochemical results will be presented and 

discussed at the conference.  

The proposed 3D SnO2 architecture offers a 

promising pathway toward high-performance 

lithium-ion microbatteries for wearable electronics 

and IoT devices, where compactness and durability 

are essential. 
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In recent years, solid lithium-ion batteries (SLIBs) have 

attracted increased interest due to their safety, high energy 

efficiency, and wide range of applications, from portable 

electronics to electric vehicles. One of the key components of 

such batteries is a solid electrolyte, which provides reliable and 

stable conductivity of lithium ions, as well as stability at the 

interface with the electrodes [1]. 

 

Among the many solid electrolytes studied, special attention is 

paid to materials with a NASICON-like structure, in particular 

lithium-aluminum-titanium-phosphate (LATP) compounds. 

These materials have a number of valuable characteristics, 

including high ionic conductivity, chemical inertness, and 

thermal stability, which makes them promising for use in 

modern SLIBs [2–3]. 

 

This study investigates the influence of different lithium 

concentrations in LATP on its structural and electrochemical 

properties, synthesized using the molten flux method.  

 

To evaluate the ionic conductivity and study the effect of 

composition on the transport properties of LATP, studies were 

carried out using the electrochemical impedance spectroscopy 

(EIS) method. Measurements were performed in the frequency 

range from 1 MHz to 1 Hz with an amplitude of 0.01 V at 

temperatures of 25°C and 85°C for samples with different 

lithium content (Li1.3, Li1.4, Li1.5).  

 

X-ray diffraction (XRD) analysis confirmed the formation of 

the main phase LATP in all the studied samples. However, 

with increasing lithium content, the formation of secondary 

phases (Li4P2O7, TiP2O7, AlPO4), was observed, which can 

potentially reduce the ionic conductivity of the material. These 

structural changes are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 
Figure 1. XRD patterns of LATP  

 

Extensive characterization of the materials and corresponding 

electrochemical performance will be presented and discussed 

at the conference. 

 

In a broader sense, precise selection of the composition of 

ceramic electrolytes is important to ensure stable ionic 

conductivity and can be further used to obtain thin-film 

electrolyte for microbatteries. 
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Lithium-ion batteries (LIBs) are among the most widely used 

energy storage technologies, powering portable electronics, 
electric vehicles, and renewable energy systems due to their 
high energy density, long cycle life, and reliable performance. 
However, their further development is often hindered by 
challenges such as structural degradation of electrode 
materials, limited ion transport in conventional two-
dimensional architectures, and unstable electrode–electrolyte 
interfaces, all of which contribute to capacity fading and 

reduced cycling stability [1]. 

Lithium-ion batteries with traditional flat, two-dimensional 
architectures face inherent limitations in achieving high energy 
output per unit area and in utilizing internal volume efficiently. 
The planar configuration of these electrodes restricts the 

loading of active material and extends the pathways for both 
lithium-ion and electron transport. Consequently, such 
structural constraints negatively impact electrochemical 
performance, leading to slower charge–discharge rates and 
reduced overall energy storage capacity. 

A promising strategy to address the limitations of conventional 

battery designs is the development of three-dimensional (3D) 
electrode architectures. These advanced structures provide a 
larger surface area, enable greater loading of active materials, 
and reduce the diffusion paths for both ions and electrons. As 
a result, they facilitate faster electrochemical processes and 
significantly improve energy storage capability. Incorporating 
3D frameworks into LIBs holds great potential for building 
compact, high-performance systems that meet the demands of 

modern, energy-intensive technologies [2]. 

Nickel foams are highly promising 3D electrode architectures 
for lithium-ion batteries due to their dual role as conductive 
current collectors and mechanically stable frameworks. Their 
porous, interconnected structure offers large surface area, 

uniform active material distribution, and efficient electron 
transport, while the open-cell design improves electrolyte 
infiltration and ion diffusion. With excellent chemical 
stability, catalytic activity, and mechanical resilience, Ni 
foams support high mass loading without structural failure, 
resulting in enhanced capacity, faster charge/discharge rates, 
and improved cycling stability, making them ideal candidates 
for advanced LIB anodes. 

Ni/NiO foam is a promising anode material for lithium-ion 

batteries due to its high surface area, conductivity, and porous 
3D framework, but its practical performance is limited by 
severe volume fluctuations during lithiation/delithiation and 
unstable electrode–electrolyte interfaces, which lead to 
capacity fading and poor cycling stability. To overcome these 
challenges, a polyacrylic acid (PAA)-based gel polymer 
electrolyte (GPE) coating can be employed, providing a 
flexible and adhesive layer that buffers mechanical stress, 

improves interfacial contact, and enhances electrode 
wettability. The gel structure of PAA accommodates liquid 
electrolyte, offering efficient lithium-ion conduction while 
simultaneously stabilizing the solid–electrolyte interphase and 
suppressing side reactions. As a result, the incorporation of 
PAA-based GPE with Ni/NiO foam electrodes significantly 
improves reversible capacity, rate capability, and long-term 
cycling performance, making this hybrid system a promising 

candidate for next-generation lithium-ion batteries. 

In this work, a Ni/NiO foam-based anode was coated with 
polyacrylic acid (PAA) to address the challenges of volume 
expansion and unstable electrode–electrolyte interfaces. The 
PAA-based gel polymer electrolyte not only enhanced 
mechanical stability and ionic conductivity but also improved 

interfacial contact, resulting in higher reversible capacity, 
superior rate performance, and prolonged cycling stability. 
This strategy demonstrates the effectiveness of polymer-
assisted interface engineering for advancing Ni/NiO foam 
electrodes in next-generation lithium-ion batteries. 
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In the context of sustainable development and the transition 
toward a circular economy, the conversion of polymer waste 
into high–value-added materials for energy storage systems 

represents a significant scientific and technological challenge 
[1]. This study investigates the transformation of high-density 
polyethylene (HDPE) into carbon anode materials for lithium-
ion batteries (LIBs) through a multistep process comprising 
sulfonation (crosslinking), preliminary carbonization at 350 
°C, and final carbonization at temperatures ranging from 600 
to 1300 °C. 
Treatment with concentrated sulfuric acid (98%) initiates a 

sulfonation reaction accompanied by the substitution of 
hydrogen atoms with sulfonic groups (–SO₃H). Owing to its 
pronounced dehydrating and acidic properties, sulfuric acid 
promotes the formation of a dense crosslinked polymer 
network [2]. Crosslinking of HDPE at 170 °C for 6 h results in 
a mass increase of 2.7%, indicating a relatively limited degree 
of chemical modification, attributed to the high crystallinity of 
the material, which hinders deep acid diffusion. Following 

sulfonation, the polymer turns black while retaining its shape, 
but macrocracks appear on its surface. 
Final carbonization in an argon atmosphere, after intermediate 
heating at 350 °C, improves the properties of the resulting 
carbon—specifically, increasing the specific surface area and 
porosity, and potentially facilitating heteroatom incorporation. 
Scanning electron microscopy revealed that with increasing 
carbonization temperature, the morphology evolves from 

dense agglomerates with limited porosity (600 °C) to highly 
porous nanoparticle-based structures (700–900 °C), and 
subsequently to more ordered, densely packed graphite-like 
spheres (1100–1300 °C). X-ray diffraction (XRD) patterns 
display broad (002) and (100) peaks characteristic of 
turbostratic carbon, with the interlayer spacing (d₀₀₂) 
decreasing as the temperature rises, indicating an increase in 
the degree of layer ordering. Raman spectroscopy further 
shows that the G-band shifts toward higher frequencies with 

increasing temperature, providing additional evidence of 
enhanced structural ordering. 
 
 
 
 
 
 

 
 
 

These structural improvements lead to superior 
electrochemical performance of the anode materials, 
particularly in terms of specific capacity and cycling stability 

[3]. The effectiveness of the proposed method is confirmed 
through comprehensive physicochemical characterization and 
electrochemical testing, including cyclic voltammetry, 
galvanostatic charge–discharge cycling, and performance 
evaluation. 
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Waste polypropylene (PP) poses significant environmental 

challenges due to its non-degradability and common disposal 

methods such as incineration or landfilling [1]. Converting PP 

into carbon materials for lithium-ion battery (LIB) anodes 

offers a sustainable alternative [2] but typically involves harsh 

chemical treatments to improve thermal stability and carbon 

yield. This study introduces a novel, eco-friendly method that 

utilizes a bio-derived additive—composed of chitosan, 

montmorillonite, and sodium phytate—to enhance the thermal 

resistance of PP during carbonization. The additive, 

incorporated at 5 wt% through ball milling, effectively 

suppresses PP decomposition above 400 °C and increases 

residual carbon retention. The resulting carbon materials were 

characterized by Fourier-transform infrared spectroscopy 

(FTIR), thermogravimetric analysis (TGA), X-ray diffraction 

(XRD), Raman spectroscopy, scanning electron microscopy 

(SEM), and transmission electron microscopy (TEM) to 

investigate their structural and morphological features. 

Electrochemical performance was evaluated using 

galvanostatic charge–discharge, cyclic voltammetry, and 

electrochemical impedance spectroscopy, demonstrating the 

material’s potential as a viable anode in LIBs. These findings 

highlight a promising pathway for sustainable plastic waste 

valorization through green chemistry and energy storage 

innovation. 

 

Keywords: Waste polypropylene, lithium-ion batteries, anode 

material, upcycling, plastic recycling, sustainable energy 

storage, carbonization. 

 

 

Figure 1. A schematic representation of the eco-friendly 

upcycling process that converts polypropylene (PP) waste 

into carbon anode material for lithium-ion batteries. 
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In recent years, solid lithium-ion batteries (SLIBs) have 

attracted increased interest due to their safety, high energy 

efficiency, and wide range of applications, from portable 

electronics to electric vehicles. One of the key components of 

such batteries is a solid electrolyte, which provides reliable and 

stable conductivity of lithium ions, as well as stability at the 

interface with the electrodes [1]. 

 

Among the many solid electrolytes studied, special attention is 

paid to materials with a NASICON-like structure, in particular 

lithium-aluminum-titanium-phosphate (LATP) compounds. 

These materials have a number of valuable characteristics, 

including high ionic conductivity, chemical inertness, and 

thermal stability, which makes them promising for use in 

modern SLIBs [2–3]. 

 

This study investigates the influence of different lithium 

concentrations in LATP on its structural and electrochemical 

properties, synthesized using the molten flux method.  

 

To evaluate the ionic conductivity and study the effect of 

composition on the transport properties of LATP, studies were 

carried out using the electrochemical impedance spectroscopy 

(EIS) method. Measurements were performed in the frequency 

range from 1 MHz to 1 Hz with an amplitude of 0.01 V at 

temperatures of 25°C and 85°C for samples with different 

lithium content (Li1.3, Li1.4, Li1.5).  

 

X-ray diffraction (XRD) analysis confirmed the formation of 

the main phase LATP in all the studied samples. However, 

with increasing lithium content, the formation of secondary 

phases (Li4P2O7, TiP2O7, AlPO4), was observed, which can 

potentially reduce the ionic conductivity of the material. These 

structural changes are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 
Figure 1. XRD patterns of LATP  

 

Extensive characterization of the materials and corresponding 

electrochemical performance will be presented and discussed 

at the conference. 

 

In a broader sense, precise selection of the composition of 

ceramic electrolytes is important to ensure stable ionic 

conductivity and can be further used to obtain thin-film 

electrolyte for microbatteries. 
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Lithium-ion batteries (LIBs), recognized as one of the most 

advanced rechargeable power sources, have garnered 

considerable interest over the past few decades. Today, they 

are the primary energy solution for portable electronic devices, 

including smartphones and laptops. Since their commercial 

debut around twenty years ago, LIBs have played a pivotal role 

in powering the personal digital electronics revolution. [1]. 

A major drawback of traditional two-dimensional (2D) LIBs 

is their limited areal energy density and poor space utilization, 

primarily due to their flat electrode design. This planar 

structure restricts the amount of active material that can be 

incorporated and extends the pathways for ion and electron 

transport, ultimately leading to lower electrochemical 

efficiency and slower charge/discharge capabilities. 

To address these limitations, the advancement of three-

dimensional (3D) structured electrodes has gained attention as 

an effective strategy. The 3D architecture provides a larger 

surface area, greater active material loading, and reduced 

diffusion distances, which collectively enhance rate capability 

and overall energy storage performance. Integrating 3D 

designs into LIB systems holds significant potential for the 

development of next-generation, high-performance energy 

storage solutions tailored for compact and high-demand 

applications. [2]. 

Metal foam-based 3D architectures present notable benefits as 

current collectors and structural frameworks in LIB electrodes. 

Their porous, interconnected networks offer a high surface 

area that promotes uniform active material distribution and 

efficient electron transport. The open-cell design enables 

effective electrolyte infiltration, minimizing ion diffusion 

resistance and enhancing electrochemical kinetics. Metals like 

zinc and nickel, commonly used in such foams, provide 

excellent mechanical strength and electrical conductivity, 

supporting high active material loading without compromising 

structural stability. Altogether, these features contribute to 

enhanced areal capacity, improved rate performance, and 

greater cycling stability in advanced battery systems. 

To mitigate the volume expansion typically seen in metal 

oxide-based electrodes during repeated lithiation and 

delithiation, a promising approach involves polymer coating 

followed by carbonization. Applying a polymer layer such as 

polyethylene oxide (PEO) creates a conformal coating that 

serves as a mechanical buffer, helping to absorb stress and 

prevent particle fracture. When this polymer is carbonized 

under an inert atmosphere, it transforms into a conductive 

carbon shell that enhances electrical conductivity and 

reinforces the structural stability of the electrode. This carbon 

layer not only maintains the integrity of the active material 

throughout cycling but also boosts electrochemical 

performance by accelerating charge transfer and reducing 

capacity degradation. 

The primary objective of this study was to enhance the 

electrochemical performance of pure Zn/ZnO foam through 
the carbonization of a polymer coating. SEM-EDS analysis 
confirmed that the carbon formed a uniform layer on the ZnO 
surface. In addition, electrochemical tests demonstrated that 
the specific capacity of the polymer-coated Zn/ZnO foam 
remained around 260 mAh/g after 100 cycles, compared to 
approximately 100 mAh/g for the uncoated foam. The carbon 
layer contributed to performance improvement by increasing 

electronic conductivity and shielding the ZnO surface from 
mechanical degradation throughout the cycling process. 
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Lithium-ion batteries have become an indispensable 

component of modern energy storage systems, but 

cathode materials often limit their performance, 

especially in terms of energy density and cycle stability. 

LiFe0.3Mn0.7PO4 (LMFP) is a promising olivine-type 

phosphate cathode with increased voltage (4.1 V), 

thermal stability, and cost-effective synthesis compared 

to LiFePO4. However, its intrinsically low electrical 

conductivity and lithium-ion diffusion coefficients pose 

serious limitations for high-current applications. In the 

literature, various methods such as carbon coating and 

doping were applied to improve the performance of 

LMFP cathodes. In recent years, the incorporation of 

metal-organic framework (MOF) particles into cathode 

materials has attracted considerable research interest due 

to their potential to enhance electrochemical performance 

due to their Li-ion conducting nano porous structure. In 

the literature, it was shown that the performance of 

LiFePO4 was successfully improved by the incorporation 

of MOF particles [1].  

In this study, we introduce Zeolitic Imidazolate (ZIF-8) 

MOF nano particles with varying concentrations as a 

surface addition to LMFP to improve charge transport 

through the electrode interface. ZIF-8 was synthesized as 

a surface dopant on LMFP and tested for the effect of 

doping concentrations on electrochemical performance at 

different weight ratios (1%, 3%, 5%, 7%, 10%). The 

cathode slurries were prepared in 8:1:1 LMFP: carbon 

black (C45): PVDF binder (N-methyl-2pyrrolidone), 

then coated with aluminum foil, and dried. The electrodes 

were assembled into a coin cell with a lithium metal as a 

counter electrode, and a Celgard separator with EC:DMC 

electrolyte. The cells have been fully tested in 

electrochemical tests, including electrochemical 

impedance spectroscopy (EIS), rate capability, and cycle 

stability of 100 cycles in conditions of C/10 and 1C. 

Electrochemical analyses showed that the addition of 

MOF particles to the LMFP cathode reduces the surface 

resistance depending on its ratio. EIS results showed that 

5% of ZIF-8 doping yielded the lowest surface resistance 

in Fig. 1 (a), which confirmed effective surface changes 

and improved charge transfer. Rate discharge capacity 

tests showed that small amounts of additives successfully  

 

 

improved the discharge capacity while high MOF 

concentration reduces the discharge capacity 

dramatically as shown in Fig. 1(b).   

  

  
    (a)                                             (b)  

Figure 1. (a) Nyquist plots and (b) rate discharge capacity 

profiles at C-rates of C/10 to 4C of the undoped LMFP cathode 

and ZIF-8 doped cathodes.   

  

Additionally, the 1% doped sample showed superior cycle 

stability over 100 cycles, surpassing both the undoped 

electrodes and the strongest doped electrodes. On the other 

hand, 10% doping caused significant degradation, probably 

due to excessive MOF coverage, which blocks the pathway of 

lithium ions and obscures conductive carbon additives. Surface 

characteristics by scanning electron microscopy (SEM) 

confirmed the coatings of MOF particles at surface LMFP 

particles as well as agglomerations at high MOF ratios. The X-

ray diffraction (XRD) patterns showed the presence of ZIF-8 

particles.   

In this presentation, the effects of ZIF-8 additives on the 

microstructure and electrochemical performance of LMFP 

cathodes will be discussed, focusing particularly on how 

surface saturation and pore blocking at high MOF 

concentrations can counteract the gains in conductivity.   
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The increasing environmental damage caused by 

fossil fuel consumption has prompted significant research into 

alternative and more environmentally friendly energy storage 

systems. Among these, supercapacitors have attracted 

considerable attention due to their high power density and 

specific capacitance. The choice of electrode material plays a 

critical role in determining the electrochemical performance of 

supercapacitors [1]. Commonly used electrode materials 

include carbon-based materials, conductive polymers, and 

various metal oxides. Among the metal oxides, ruthenium 

oxide exhibits superior electrochemical properties; however, 

its high cost and toxicity associated with production limit its 

widespread application [2]. In this regard, cobalt-based 

materials, particularly cobalt oxide and cobalt hydroxide, 

emerge as promising alternatives due to their specific 

capacitance values that are comparable to those of ruthenium 

oxide.  

In this study, to address the aforementioned 

limitation, cobalt oxide and cobalt hydroxide materials with a 

nanoflower-like morphology were synthesized via an 

electrodeposition method using cobalt nitrate and potassium 

chloride as precursor components. The electrodeposition 

process, monitored using cyclic voltammetry, is illustrated in 

Figure 1. 

 

Figure 1: Cyclic voltammogram of Pt electrode in the cobalt 

nitrate solution in the potential range of -1.8 V to 1.6 V vs. 

Ag/AgCl (in 3 M KCl) 

Comprehensive characterization was performed 

through XRD, SEM, XPS, and BET analyses, all of which 

confirmed the desirable morphological and structural features 

of the synthesized materials. Figure 2 shows the SEM picture 

of synthesized cobalt hydroxide. Nonetheless, a major 

drawback of cobalt-based materials is that their morphological 

characteristics—illustrated in Figure 2—typically require 

complex synthesis methods to be effectively controlled [3]. 

Additionally, electrochemical performance was evaluated 

using cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and galvanostatic charge-discharge 

(GCD) tests, yielding promising results. Due to their high 

capacity and specific capacitance over extended cycling, 

cobalt oxide materials with a nanoflower-like structure are 

considered strong candidates for next-generation 

supercapacitor electrode materials. 

 

 

Figure 2: FESEM Analysis of Cobalt Hydroxide at 200,000× 

Magnification 
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The growing demand for efficient and sustainable energy 

storage systems has increased interest in advanced electrode 

materials for rechargeable batteries. Nickel-metal hydride (Ni-

MH) batteries remain attractive due to their favorable energy 

density, long cycle life, and lower environmental impact 

compared to other chemistries [1].Recently, TiV-based 

multicomponent alloys have drawn attention as potential 

anode materials for Ni-MH batteries. These alloys tend to form 

body-centered cubic (BCC) structures, which provide 

abundant interstitial sites and efficient hydrogen diffusion 

pathways, enhancing storage capacity and kinetics. In 

addition, alloying elements such as Ti, V, Zr, and Nb improve 

mechanical stability and corrosion resistance, both of which 

are critical for long-term performance.. 

This study focuses on the synthesis of TiV-based 

multicomponent alloys via arc melting and the investigation of 

their structural, morphological, and electrochemical 

properties, with particular emphasis on BCC phase 

stabilization and hydrogen storage behavior. Specifically, Ti-

V-La-Ni-x (x = Fe, Zr, Mn) alloys are developed, where each 

alloying element is introduced to optimize mechanical 

stability, electrochemical capacity, and reaction kinetics for 

improved Ni-MH battery performance.. 

 

 

 

 

 

High-purity metal powders will be pelleted in stoichiometric 

ratios determined beforehand. The pellet will be melted 

multiple times using a turbomolecular vacuum arc melting 

device until a homogeneous alloy is obtained. The resulting 

alloy will then be ground to 45 microns using a ball mill. After 

pulverization, crystal structure analysis will be conducted with 

X-ray diffraction (XRD). The microstructure will be examined 

using a field emission scanning electron microscope (FE-

SEM) with an acceleration voltage of 15 kV. 

Negative electrodes for electrochemical testing will be 

prepared by mixing 0.25 g of the alloy powder with 0.75 g of 

high-purity nickel powder (99.999%). The electrolyte solution 

will be 6 M KOH, while NiOOH/Ni(OH)₂ and Hg/HgO will 

be used as the positive and reference electrodes, respectively. 

Electrochemical properties will be measured using a Bio-

Logic SP-300 electrochemical workstation. Experimental 

studies on TiV-based multicomponent alloys are still ongoing, 

with the primary objective of synthesizing alloys exhibiting a 

BCC crystal structure through arc melting. The results 

revealed the formation of a dual-phase BCC structure. The 

formation of such a structure is considered an important 

finding, since the presence of even a single BCC phase is 

regarded as sufficient for achieving favorable hydrogen 

storage characteristics. 

Following synthesis, comprehensive characterizations will be 

conducted, including XRD for phase analysis and FE-SEM for 

microstructural examination, while electrochemical tests will 

be performed to evaluate hydrogen storage behavior and assess 

their potential as anode materials in Ni-MH batteries. The 

main goal of this study is to obtain high discharge capacity and 

stable electrochemical performance. The findings are expected 

to contribute to the design of durable, high-performance 

electrode materials for future energy storage applications. 
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Figure 1. Arc Melter System 

Figure 1. T-V-Ni-La-Fe XRD Figure 3. T-V-Ni-La-Mn XRD 
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Abstract: The MnO2 polymorph of birnessite considered as a promising and attractive cathode material for Zn-ion 

batteries. However, its rate performance and capacity contribution hindered by slow reaction kinetics, low conductivity 

and poor structural stability. Herein, multi-ion doping strategy conducted by facile co-precipitation route which can 

eliminate addressed issues.  Phase analysis showed that produced powders are δ-MnO2. Dopant elements are incorporated 

by using Cu(SO)4.H2O, Na2SO4 and Bi5O(OH)9(NO3)4  as a dopant precusors. The chemically synthesized powders as 

produced are used as active cathode material displayed a substantial capacity of 349 mAh/g at 0.1 C-rate which can be a 

competitive cathode material for developing high performance rechargeable Zn-MnO2 batteries. 

 

 
1.Introduction 
 

Zn-MnO2 batteries have attracted considerable attention 

due to their low cost as both Zn and Mn are quite 

abundant in earth crust. Moreover, it has high working 

potential and in terms of energy density with zinc 

delivering 820 mAh/g and MnO2 with two electron 

exchange delivering 616 mAh/g is quite exceptional [1]. 

The need for low-cost batteries in grid scale energy 

storage motivated interest in these batteries and means 
are sought to improve their rechargeability [2]. The 

primary alkaline Zn-MnO2 batteries have been widely 

used to power most handheld devices. However, the 

advancement of rechargeable aqueous Zn-MnO2 

batteries were hindered by their inferior cycling 

properties in alkaline electrolyte owing to the formation 

of irreversible by-products at neither the cathode 

(Mn(OH)2, etc.) nor anode (ZnO, Zn(OH)2, etc.)[3]. The 

first report of mildly acidic Zn/MnO2 battery were made 

by Yamamoto and Shoji in 1986 with some success [4].  

Pan et al. [2016] compared the cyclability of aqueous 

alkaline (KOH) and mildly acidic (ZnSO4+MnSO4) 
electrolyte and claimed that mildly acidic electrolyte 

showed better performance, lower polarization and 

stable behavior compared to alkaline counterparts. They 

also found that Zn anode in alkaline media permanently 

transformed to ZnO after few cycles, meanwhile, Zn in 

mildly acidic media survived over 400 hours without 

oxidation [5]. Therefore, the focus on Zn/MnO2 batteries 

has shifted to mildly acidic or neutral aqueous 

electrolyte. Another efforts to improve rechargeability, 

mainly focus on finding the suitable polymorph of 

cathode active material for Zn-ion batteries. There are 

many reports about H+/Zn+2 ion insertion/extraction 

kinetics for different types of MnO2 polymorphs such as 

α-MnO2, β-MnO2, γ-MnO2, δ-MnO2 and etc. [6]. 

Among them, -MnO2 has a layered structure which is 

considered to be more suitable for ion ingress/egress 

rather than the tunnel allotropes [7]. However, almost all 

types of MnO2 polymorphs undergo structural collapse 

and dissolution of Mn ions. Moreover, low conductivity 
and high charge transfer resistance of MnO2, restricting 

the rate capability and rechargeability [8-9]. Ion doping 

strategy is an effective way to hinder the structural 

breakdown of MnO2 and enhancing the charge transfer 

kinetics of the cathode [10]. Thus, ion pre-intercalation 

mostly conducted by simple hydrothermal method in the 

literature. For example, Xia et. al. modified the cathode 

by molybdenum doping, the capacity has reached 652 

mAh/g at 0.2 A/g, higher than theoretical capacity of 

MnO2 [11]. In another study, Sun et. al. doped the δ-

MnO2 with Bi-Cu dual ion pre-intercalation strategy by 
hydrothermal method, delivering a capacity of 412.3 

mAh/g at 0.1 A/g [12]. Dual ion doping strategy 

enhanced the structural stability, increased the intrinsic 

conductivity of the host material, also decreased the Zn+2 
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ion diffusion barrier. However, hydrothermal method 

requires high temperature and pressure environment, 

there is an urgent need for alternative production routes 

for low cost production alternatives. Yang et. al. 

synthesized Co-doped δ-MnO2 by co-precipitation route 

at room temperature, the total specific capacity has 

reached 408.9 mAh/g at a current denstiy of 0.1 A/g 

[13]. It is clear from the above that the potential of 

doped-MnO2 as cathode material can be improved quite 

substantially by systematic alteration of its chemistry. 
We therefore undertaken a program of study where 

MnO2 was modified by multi-ion doping operations, 

namely bismuth, copper and a sodium as a source via co-

precipitation synthesis. 
 
 
2. Experimental 
 

 

The spherical δ-MnO2 nanosheet structures were 

obtained through a simple chemical co-precipitation 

method described by Zhang et. al. with small 

modifications [14]. In a three-necked flask, KMnO4 

(2.016 g), MnSO4·H2O (0.654 g), and deionized water 

(100 mL) were added and continuously and 

mechanically stirred for 1 h. Then, 2.5 mL of 

concentrated sulfuric acid was gradually added, and the 

mixture was stirred for another hour. The mixture was 
heated to 80 °C in a water bath and vigorously stirred for 

an additional 1 h until the reaction was completed. The 

resulting solution was filtered and washed with 

deionized water until the pH of the filtrate reached 7, 

followed by drying the filter cake in an oven at 80 °C for 

24 h. For doped particles, same procedure was 

conducted with addition of precursors of Cu(SO)4.H2O 

and Bi5O(OH)9(NO3)4. In addition, Na ions are 

intercalated into the electrolyte via Na2SO4 as a source. 

Having doped the active materials, the cathode slurry 

was prepared by mixing the active ingredients with 

ketjen black and binder of selected proportions in DI 
water-ethanol (60:40) solution. First, the binder 

(dispersion PTFE) was dissolved in the solution for 15 

mins and then ketjen black was added and mixed for 30 

mins. Finally, active material was added and mixed for 

60 minutes. All mixing were carried out using magnetic 

stirrer. Ni foam was used as the current collector. The 

slurry was coated onto Ni foams by dipping it into the 

solution. Then nickel foam was dried overnight in an 

oven at 60℃. Before and after coating, the foam was 

weighed (Sartorius CPA225D-0.01 mg sensitivity) from 

which the quantity of the cathode was determined. Ni 

foam loaded with cathode material was then pressed 

under 20 MPa to increase the compaction of the whole 

assembly.  
 
 

Fig. 1. Schematic illustration of co-precipitation technique to 

obtain doped δ-MnO2. 

 

2.3. Electrochemical tests 
 

Cell used for electrochemical characterization was of 

Swagelok type(shown in Fig. 2). Conventionally 

prepared MnO2 based cathodes were loaded on Ni foams 

of 12.7 mm in diameter. Anode was Zn foil 300 µm thick 

(99.8 % pure). Separator was Freudenberg FS 2226. 
Electrolyte was 2M ZnSO4+0.1M MnSO4 and desired 

amount of Na2SO4 in DI water. Current collectors in the 

Swagelok cell were 12.9 mm diameter stainless steel 

rods. The Cell had a spring between the anode and the 

stainless-steel current collector which presses the cell 

assembly against the current collector on the cathode 

side. Spring was made of 1 mm stainless steel wire wound 

to a diameter of 12.4 mm with the length of 10.5 mm. 

Electrochemical measurements were made with 

BioLogic MPG2 multichannel battery testing system. 

Galvanostatic charge/discharge tests were conducted in 
the cut-off range of 0.8-1.9 V. 

 

 

 
Fig. 3. Schematic representation of Swagelok cell for two 

electrode configuration. 
 

 

3- Results and Discussion 

 

3.1. Morphological and structural properties of 
synthesized powders 

 

Particle morphology identified by scanning electron 

microscopy. On Figure 3(a), there are some 

agglomerations at low magnifications which are 

primarly composed of individual nanostructures. δ- 

MnO2 particles formed relatively uniform sphere-like 

nanoflowers with an approximate diameter of 0.5 μm, 

composed primarily of nanosheets, shown in Figure 

3(b). It is considered to be the spherical individual 
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nanostructures create electrochemically more active 

surface sites for rapid ion transport of H+/Zn+2 

diffusions.  

           

Figure 3. SEM images of synthesized δ-MnO2 particles under (a) x500 and (b) x5000 magnifications 

 

Table 1. 

EDX results of doped MnO2. 

Element Weight Conc. % Atomic Conc. % 

Mn 85.04 89.98 

Cu 4.54 4.15 

Bi 7.96 2.22 

K 2.46 3.65 

 

Energy dispersive X-ray analysis (EDX) carried out for 

elemental analysis. The EDX data provided in Table 1 

indicates that corresponding stoichiometry is 

K0.03Bi0.02Cu0.04Mn0.90Ox. The layered-MnO2 can 

accommodate K+ ions inside the interlayers due to 

KMnO4 is used as active material precursor. The 

results showed that Bi and Cu ions successfully doped 

with an amount of approximately 2.22 at. % and 4.15 

at. %, respectively. 

 

Figure 4.  XRD patterns of co-precipitated bare and doped δ-

MnO2 nanoflowers. 

 

 

 

 

On Figure 4, the diffraction peaks of doped and bare δ -

MnO2 peaks observed at 2θ = 12.3°, 24.9°, 37.1°, and 

66,1° corresponded to crystal planes of (001), (002), 

(006), and (119), respectively, which are associated 

with two-dimensional layered birnessite.  The weak 

intensity of (001) and (002) planes indicated a low 

degree of crystallinity for doped δ-MnO2 which may 

facilitate the diffusion of ions [15]. 

 

3.2. Electrochemical characterizations 

 

The cyclic voltammetry analysis of doped- δ-MnO2 at 

different scan rates shown in Fig. 5(a). There were two 

cathodic peaks around at 1.31V and 1.18V, which 

corresponded to H+/Zn+2 insertions and two anodic 

peaks around 1.6V and 1.69V at 0.1 mVs-1. However, 

the two well defined voltage peaks(in both 

anodic/cathodic), although their prominence increases 

with increasing scan rate, have become broader and 

merged into one in each cycle. The total current density 

intensified and the peak voltages of both 

cathodic/anodic shifted. 

 

Typically, the peak current (i) and scanning rate (υ) 

obey the following equation [16]: i = aυb, where a and 

b are two constants. The b value determines whether 

the electrochemical process is ion diffusion or 
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capacitive controlled. The b value changes between 0.5 

and 1.0. The electrochemical process is ion diffusion-

controlled when the b value is close to 0.5, while 

capacitive behavior is highly dominant when the b 

value approaches 1.0. The b values of doped δ-MnO2 

cathode are 0.6868 (peak 1), 0.5193 (peak 2) and 

0.4224 (peak 3), respectively.                                              

 

             

(a)                                   (b) 

                       

    (c)                                                                                                        (d) 

Figure 5. (a) Cyclic voltammogram of Bi/Cu co-doped δ-MnO2 at a scan rates of (0.1, 0.2, 0.4, 0.6, 0.8) mVs-1. (b) Plots of log (i) – 

log (υ) at the current peaks. (c) Galvanostatic charge-discharge profiles at 0.1 C-rate in initial five cycles. (d) Charge-discharge 

profiles of doped δ-MnO2 under cycling rates from 0.1 to 0.5 C-rate.

 

Plot of log(peak current) versus log(scan rate) shown in 

Fig. 5(b). These values of b close to 0.5 indicate that 

electrochemical reaction is dominantly ion diffusion 

controlled. 

 

Fig. 5(c) displays the galvanostatic electrochemical 

performance of doped δ-MnO2 at 0.1 C-rate in the initial 

five cycles. The total capacity increases from 330.6 

mAh/g to 336.6 mAh/g and 349 mAh/g in the first three 

cycle, then decreased to 322 mAh/g and 313 mAh/g, 

respectively. These results indicate that Bi-Cu co-

intercalation strategy improve the charge storage 

behaviour of the cathode, achieving higher than the first 

electron capacity of (308 mAh/g for first electron 

exchange) MnO2. The discharge curve consists of two 

distinct discharge plateus: an inclined plateu between 

1.45-1.32 V caused by the H+ insertion, almost flat 

plateu in the vicinity of 1.30 V attributed to the Zn+2 ion 

insertion, commonly reported in the literature [17]. 

The galvanostatic charge-discharge performance of 

doped δ-MnO2 cathodes were carried out at varied 

cycling rates from 0.1 C-rate to 0.5 C-rate and shown in 

Fig.5 (d). As the discharge rate increases, the Zn+2 ion 

storage capability decreases, which may be due to the H+ 

ions have high diffusion rates with smaller radius rather 

than Zn+2 ions, indicating the H+ storage is more 

prominent at high discharge rates. The maximum 
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discharge capacities are as follows: 349 mAh/g at a 0.1 

C-rate, 339 mAh/g at a 0.2 C-rate, 280 mAh/g at a 0.3 

C-rate, 294 mAh/g at a 0.4 C-rate, and 259 mAh/g at a 

0.5 C-rate, respectively. 

 

4. Conclusion  

 

In summary, the Bi-Cu co-doped δ-MnO2 as the cathode 

was produced via facile one step co-precipitation route. 

It was found that the capacity significantly improved 

compared to the conventional cathodes, higher than the 

one electron exchange of Mn+4/Mn+3 redox in MnO2. 

Production of sub-micron size with homogenous 

spherical particle morphology provides shorter ion 
diffusion lenght and more active surface area between 

electrode and electrolyte that exhibiting better 

electrochemical kinetics. Besides, it is clear to note that 

pre-intercalation of Bi/Cu ions among the interplanar 

spacing, which could manipulate the interlayers of the 

host material, enhancing the structural stability and 

possibly preventing the spinel lattice transformation. 

The cathode exhibits a superior specific capacity of 349 

mAh/g at 0.1 C-rate, surpassing the performance of 

alkaline counterparts reported in the literature. 

Lastly, it may be worth pointing out that the intrinsic 

conductivity is probably increased, however detailed 

characterization of the pure and Bi/Cu modified cathode 

by comparative impedance spectroscopy is required for 

further investigation. Moreover, rate performance tests 
are required for cycling stability of the cathode. 

Therefore, our research opens a new path for low-cost 

production techniques to solve unsatisfied energy 

density and reaction kinetics of manganese based 

cathodes in aqueous rechargeable zinc-ion batteries.  
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The title of  Escalating CO2 emissions from continued fossil-

fuel use intensify the urgency of shifting to renewable energy. 

Yet the intrinsic intermittency of solar and wind power 

demands large-capacity storage systems to smooth supply. 

Rechargeable zinc-air batteries (RZABs) are promising 

candidates, but their performance is limited by the sluggish 

four-electron oxygen evolution reaction (OER) [1,2]. 

Efficient, durable, and cost-effective bifunctional 

electrocatalysts are therefore essential. Conventional catalysts 

such as IrO2 and RuO2 offer acceptable overpotentials but are 

scarce, expensive, and degrade within only 2–4 h of 

operation[3]. 

 

Metal–organic frameworks (MOFs) provide a versatile 

platform for catalyst design. Constructed from metal nodes and 

organic linkers, MOFs form crystalline, highly porous 

networks with exceptionally large surface areas—traits that 

can be tuned for electrocatalysis. In this study, we rationally 

engineer MOFs to maximise catalytic activity and stability in 

alkaline media. Solvothermal, hydrothermal, and post-

synthetic modification routes are employed to incorporate a 

range of metal, metal-oxide, and metal-hydroxide nodes into 

the frameworks. 

 

The resulting materials are characterised by X-ray diffraction 

(XRD) for crystal structure, scanning electron microscopy 

(SEM) for morphology, and X-ray photoelectron spectroscopy 

(XPS) for electronic and chemical states. Electrochemical 

performance is then assessed in 1 M KOH using a rotating-

disk three-electrode configuration (glassy-carbon working 

electrode coated with the MOF, platinum counter electrode, 

and Ag/AgCl reference electrode). We evaluate OER and 

oxygen reduction reaction (ORR) kinetics, electrochemical 

impedance spectroscopy (EIS) behaviour, and long-term 

durability. Finally, the MOF catalysts are integrated as air 

cathodes in rechargeable aqueous zinc-air batteries to gauge 

practical battery performance. 
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Aqueous zinc batteries represent a promising option for energy 

storage and conversion technologies in the "post-lithium" era, 

owing to their elevated energy density, enhanced safety, and 

affordability. Rechargeable aqueous zinc ion batteries (RZBs) 

are recognized as promising alternatives to lithium-ion 

batteries due to their cost-effectiveness, safe-and-sustainable-

by-design, and scalability. Nonetheless, their performance is 

hindered by inadequate cyclability, which is attributed to 

dendrite formation and the hydrogen evolution reaction (HER) 

occurring at the zinc anode [1]. Such limitations demand the 

formulation of advanced electrolyte solutions to boost ZIB 

performance, concurrently prioritizing sustainability. The 

electrolyte is crucial in ZIBs, as it facilitates the ionic 

conductivity and ion transfer of the positive and negative 

electrodes. Natural materials and their derivatives, sourced 

from renewable and sustainable resources, may offer 

promising strategies to reduce both HER activity and dendrite 

formation [2]. Natural organic compounds, including proteins, 

amino acids, saccharides, and organic acids, have recently 

been demonstrated to influence the solvation structure of the 

electrolyte and to improve the electrode/electrolyte interface in 

ZIBs. These natural materials offer non-toxicity, excellent 

compatibility, biodegradability, and are abundant, aligning 

with the demand for safe-by-design, high-performance ZIBs. 

Chia seeds (CS) are a type of crop rich in protein, fatty acids, 

and carbohydrates. When these seeds are immersed in water, 

they generate a clear, adhesive gel that adheres to the seed coat 

[3].   

 

In this work, a sustainable gel electrolyte derived from chia 

seeds containing 2M ZnSO4 has been developed to improve 

the electrochemical stability of ZIBs. This electrolyte 

formulation aims to reduce the presence of free water 

molecules and alleviate the hydrogen evolution reaction 

(HER) as well as the formation of zinc dendrites. The results 

obtained indicate that the CS-based electrolyte significantly 

enhances the electrochemical stability and performance of 

ZIBs. The formulation of the CS-based electrolyte in 

symmetrical Zn║Zn cells demonstrates an impressive cycle 

life of 800 hours at a current density of 1.0 mA cm-2 (1.0 mAh 

cm-2), which significantly exceeds the longevity of traditional 

aqueous electrolytes used in ZIBs. Furthermore, the CS-based 

electrolyte, enriched with organic moiety, achieves a specific 

capacity of 250 mAh g-1 at 1.0 A g-1 for the V2O5 cathode in a 

fully assembled Zn║V2O5 cell. 
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Iron as anode in Fe-Air or Fe-Ni batteries are gainig 

considerable attention due to their safety, affordability, 

nontoxicity, and high energy density. Iron is cheap, highly 

abundant and environmentally friendly, making it an attractive 

alternative to other battery chemistries. Additionally, iron does 

not form dendrites during cycling, enhancing both the safety 

and long-term stability of the battery. With a high theoretical 

capacity of 960 mAhg⁻¹, iron-based batteries hold significant 

potential for large-scale energy storage systems, offering a 

sustainable and cost-effective solution.[1] However, 

challenges such as passivation and hydrogen evolution 

reaction hinder their electrochemical performance. This study 

aims to develop solutions to overcome these challenges. 

 

Passivation occurs when a non-conductive iron hydroxide 

layer forms on the surface of the iron anode, disrupting the 

contact between the anode and the electrolyte. We have used 

carbon coating as a way of providing solution for this 

passivation. 

 

Hydrogen gas evolution is a parasitic reaction that occurs 

during charging when iron oxide converts back to iron, 

negatively impacting the battery's efficiency. We have used 

additives such as sulfur and bismuth additives (Bi₂S₃, FeS, and 

Bi₂O₃) so as to control hydrogen evolution for the sake of 

improved effciency. 

 

Electrochemical tests were conducted in a Swagelok cell. The 

anode was prepared with 80 wt% active material as iron, 10 

wt% carbon black, and 10 wt% PTFE. PTFE and 4 ml of 

ethanol/water mixture were stirred for 10-15 minutes, 

followed by the addition of carbon black and iron powder for 

1 hour to form a slurry.Then, the slurry was applied onto Ni 

foam, dried at 60 °C overnight, and pressed at 20 MPa. 

Commercial Ni(OH)₂ electrodes used as cathodes, and 6 M 

KOH was used as the electrolyte with a PP cloth separator. 

 

For carbon coating, glucose is dissolved in ethanol, and 1 g of 

active material is added. After mixing for 1 hour and 

drying overnight at 60°C, the mixture is pyrolyzed in a tube 

furnace under nitrogen flow. 

 

Further improvement, many concentrations and combinations 

of Bi₂S₃, FeS, and Bi₂O₃ were used as additive to suppress 

hydrogen evolution. Preliminary results indicate that 10 wt% 

FeS and 5 wt% Bi₂S₃ yield the best performance. 

 

Recent studies have shown that with carbon coating and the 

addition of FeS and Bi₂S₃, the iron anode exhibits high 

capacity and improved stability.  

 

The effect of these sulfide additives will be evaluated through 

a series of experiments, where they will be added to the anode 

and electrolyte both separately and together to see their effects 

on suppressing hydrogen evolution, and the carbon coating 

procedure will be optimized for improved performance. 

 

Acknowledgment  

 

We acknowledge to the Scientific and Technological 

Research Council of Turkey (TÜBİTAK) 2247-C Intern 

Researcher Scholarship Program (STAR) in conjuction with 

TEYDEB 7230112. 

  

References 

[1] He et al. Materials Today Advances 11 (2021) 100156.

 

33



mESC-IS 2025 9th Int. Symposium on Materials for Energy Storage and Conversion  Kocaeli , Türkiye  

   

  

 

Tuncay Erdil completed his bachelor's  and master degree from Middle East Technical University at the 

Metallurgical and Materials Engineering Department. He is currently a PhD student and a research assistant in the 

same department working on developing bifunctional oxygen electrocatalysts in the Electrochemical Energy 

Materials Laboratory under the supervision of Dr.Cigdem Toparli. 

 

 

Presentating author: Tuncay Erdil, e-mail: tunerdil@metu.edu.tr tel: (0312)2105829 

  

Suppressing Dendrite Formation in Zinc–Air Batteries via Bi₂O₃-Modified Zinc 
Powder Anodes with Bio-Derived Binders 

 
Tuncay Erdil1 and Cigdem Toparli1 

1 Middle East Technical University, Faculty of Engineering, Department of Metallurgical and Materials Engineering, Ankara, Turkey 

 
Aqueous rechargeable zinc–air batteries (AZABs) have gained 

significant attention as next-generation green energy storage 

systems owing to their high theoretical specific capacity (~820 

mAh g⁻¹), large volumetric energy density, cost-effectiveness, 

and environmentally benign components. These features make 

them particularly attractive for grid-scale storage and portable 

electronic applications [1]. However, the widespread adoption 

of AZABs remains hindered by critical limitations associated 

with the zinc anode, such as hydrogen evolution reactions 

(HER), surface passivation due to the formation of insulating 

ZnO layers, morphological instability during cycling, and, 

most importantly, dendritic zinc growth that can lead to short 

circuits and rapid capacity fading. 

 

To address these challenges, considerable research has focused 

on replacing zinc foil with zinc powder-based anodes, which 

offer several advantages. The high surface area of zinc powder 

reduces local current density, thereby suppressing dendrite 

formation and decreasing overpotentials. Moreover, powder-

based electrodes enable better structural tunability and more 

uniform zinc utilization. However, simply using zinc powder 

is not sufficient. Additives that can improve charge transport, 

inhibit passivation, and regulate zinc deposition are crucial for 

achieving high performance and long-term reversibility [2-4]. 

 

In this study, we developed a tunable zinc powder anode 

incorporating functional additives and a bio-derived binder 

system aimed at enhancing the rechargeability and stability of 

AZABs. The anode composite consists of nanosized zinc 

powder as the active material, ZnO to assist in uniform zinc 

dissolution/deposition, Bi₂O₃ for dendrite suppression and 

passivation resistance, and carbon black to improve the 

electronic conductivity. A unique feature of this work is the 

use of natural gum as a green, cost-effective binder, replacing 

synthetic polymer matrices. This approach simplifies the 

electrode architecture and promotes sustainable materials 

design. 

 

The composite mixture was homogenized and thermally 

treated at 200 °C before being coated onto a steel mesh current 

collector. Structural characterization was performed using X-

ray diffraction (XRD) and scanning electron microscopy 

(SEM), while surface chemistry was examined through 

energy-dispersive X-ray spectroscopy (EDS), X-ray 

photoelectron spectroscopy (XPS), and Raman spectroscopy. 

These analyses confirmed the homogeneity of additive 

distribution and the morphological stability of the anode after 

cycling. 

 

Electrochemical performance was evaluated in a custom-built 

zinc–air battery configuration employing a 6 M KOH 

electrolyte and a bifunctional high-entropy perovskite oxide 

catalyst supported on carbon cloth as the air cathode. 

Compared to zinc foil-based cells, the zinc powder anode 

demonstrated significantly higher gravimetric power density 

and specific capacity. Charge-discharge profiles at both low 

(1 mA cm⁻²) and high (5 mA cm⁻²) current densities revealed 

enhanced cycling stability and reduced polarization. SEM 

images of cycled anodes showed markedly lower dendritic 

features in the Bi₂O₃-modified samples, supporting the 

effectiveness of bismuth pathways in mitigating uneven zinc 

deposition. 

 

These findings highlight a promising and scalable strategy for 

developing high-performance, environmentally friendly 

anodes for AZABs. Future work will focus on mechanistic 

studies of dendrite suppression, electrolyte optimization, and 

the integration of this system into flexible or hybrid battery 

architectures.  
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Climate change continues to pose a critical global threat, 

primarily driven by the extensive use of fossil fuels, while the 

world’s energy demand increases steadily. Although 

renewable energy sources such as solar and wind provide 

promising alternatives, their intermittent nature necessitates 

the development of reliable and efficient energy storage 

technologies to ensure a stable energy supply. Among various 

energy storage options, metal-air batteries, particularly zinc-

air batteries, have emerged as strong candidates due to their 

high specific energy, high volumetric energy density, 

environmental friendliness, and the abundance of zinc 

resources [1]. Despite these advantages, zinc-air batteries face 

significant challenges at the anode side, including zinc 

corrosion and hydrogen evolution [2]. These processes lead to 

the formation of electrochemically inactive products such as 

zinc oxide (ZnO), which reduces the active material utilization 

and overall battery performance. Furthermore, uneven zinc 

deposition during cycling results in dendritic growth, which 

can cause internal short circuits and compromise the long-term 

stability and safety of the battery.  

In this study, we introduce a novel strategy to address these 

limitations by engineering the zinc anode surface using laser-

patterned microstructures. By precisely altering the surface 

topology of zinc through laser processing, we aim to influence 

zinc nucleation behavior and guide uniform deposition, 

thereby suppressing dendritic growth. Various laser designs 

were applied and tested to determine the most effective surface 

configuration. The electrochemical performance of the laser-

structured zinc anodes was evaluated using symmetric cell 

tests and cyclic charge-discharge cycling at a current density 

of 5 mA cm⁻². Post-cycling morphology was examined via 

SEM to assess the impact of surface patterning on dendrite 

suppression.  
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Zn-Ni and Zn-air rechargeable batteries are seen as promising 

candidates for next-generation energy storage, providing 

benefits including safety, abundant resources, environmental 

friendliness, low-cost, and sufficient energy density. 

Nevertheless, their practical application remains limited due to 

the instability of Zn anodes, where dendrite formation and 

hydrogen evolution reaction (HER) dramatically compromise 

cyclic stability and performance of battery. [1] 

 

Zinc is highly susceptible to corrosion in alkaline electrolytes, 

leading to uneven surface morphology and the formation of 

insulating by-products such as ZnO and Zn(OH)₂. These 

passivation layers block active sites, lower Coulombic 

efficiency, and promote further surface degradation. Corrosion 

also drives inhomogeneous Zn dissolution and redeposition, 

which contributes to the shape change problem. 

 

Non-uniform deposition during repeated Zn plating and 

stripping causes the creation of needle-like dendritic 

structures. These dendrites continue to grow and finally reach 

the cathode, resulting in internal short circuits, dead zinc 

formation, and sudden capacity drop.  

 

The hydrogen evolution reaction takes place as an undesirable 

outcome of cycling, consuming electrolyte and generating gas 

bubbles. These bubbles block active sites, create internal 

pressure, and may cause swelling or bulging of cells. Local 

current density fluctuations resulting from gas evolution lead 

to non-uniform Zn deposition, accelerating dendritic growth 

and anode degradation. 

 

Electrochemical tests were conducted in a Swagelok cell. The 

anode was prepared using 80 wt% arc-sprayed Zn/ZnO 

powder (Zn core with a thin ZnO shell) produced in the lab, 10 

wt% carbon black, and 10 wt% PTFE. PTFE was first 

dispersed in 4 mL of an ethanol/water mixture and stirred for 

10–15 min, followed by the addition of carbon black and 

Zn/ZnO powder, and mixed for 1 h to form a slurry. The slurry 

was applied onto Cu foam, dried at 60 °C overnight, and 

pressed at 20 MPa. Commercial Ni(OH)₂ electrodes were used 

as cathodes. The electrolyte was 6 M KOH saturated with 0.35 

M ZnO, and a polypropylene (PP) cloth was used as the 

separator. 

 

Bare Zn/ZnO anode showed poor performance with rapid 

capacity fading and high HER. To suppress HER, Bi₂O₃ was 

introduced as an additive. Adding 3 wt% Bi₂O₃ increased the 

capacity from 15 to 300 mAh/g and partly suppressed HER. 

Furthermore, adding 0.5 M LiOH into the electrolyte improved 

cycle life and stability, while providing better HER control. 

 

For further improvement, carbon coating was applied. Glucose 

was dissolved in DI water and 1 g of active material was added. 

The mixture was stirred for 1 h, dried overnight at 60 °C, and 

then pyrolyzed in a tube furnace under nitrogen at 400 °C for 

2 h with a heating rate of 3.33 °C/min. The obtained powder 

was cooled and used for electrode preparation. 

 

Recent studies showed that carbon-coated Zn/ZnO anodes 

combined with these additives provide longer cycle life and 

higher capacity. As a result, HER was effectively suppressed 

and no significant capacity fading was observed up to the 50th 

cycle. 

 

The ongoing study aims to achieve further improvements in 

both capacity and stability. 
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The rapid advancement of technology increases energy 

demand, leading to natural resource depletion and 

environmental impact. Renewable energy offers an effective 

solution but suffers from intermittency issues, highlighting the 

need for energy storage systems. Valve-regulated lead-acid 

(VRLA) batteries are among the oldest, most cost-effective, 

maintenance-free, and recyclable storage options, widely used 

in emergency systems, telecommunications, and electric 

vehicles [1,2].  

AGM (absorbed glass mat) and gel-type VRLA batteries 

use immobilized gel electrolytes, where a 3D network forms 

through the hydrolysis of fumed silica with sulfuric acid, 

creating a highly thixotropic gel with good capacity and high 

solution resistance [3].  

Various additives have been developed to enhance gel 

resistance and charge transfer without compromising gel 

structure [4,5]. 

In this study, polyaniline (PANi) conductive polymer was 

incorporated as an additive in the preparation of gel 

electrolytes for VRLA batteries. PANi powder was 

synthesized through chemical oxidative polymerization in an 

aqueous solution, as illustrated in Fig. 1. Gel electrolyte were 

optimized using electrochemical analyses methode for charge-

discharge test. 

 

 
Fig.1. Synthesis of PANi conductive polymer 

 

The produced polyaniline was characterized using BET, 

SEM, FTIR, and electrical conductivity measurements to 

assess its surface area, morphology, chemical structure, and 

conductive properties. All electrochemical analyses were 

carried out using a Gamry potentiostat (INTERFACE1010B) 

and a NEWARE 4000 multichannel device. 

Electrochemical measurements, including cyclic 

voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), and Tafel extrapolation, were conducted to evaluate the 

performance of lead electrodes in fumed silica-based gel 

electrolytes, both with and without polyaniline (PANi) 

incorporation. The observed redox peaks were attributed to the 

reversible electrochemical reactions involving the formation 

of lead sulfate from metallic lead and its subsequent reduction 

back to elemental lead. The results demonstrated that the 

inclusion of the conductive polymer polyaniline significantly 

enhanced the electrochemical activity and stability of the lead 

electrodes. Specifically, PANi contributed to improved charge 

transfer kinetics and reduced interfacial resistance, indicating 

its potential as an effective additive for improving the 

performance of gelled electrolytes in lead-based 

electrochemical systems. 
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The rapid expansion of electric vehicles and portable 

electronics has driven a surge in lithium-ion battery (LIB) 

production, with global demand projected to surpass 

1100 GWh by 2025. As these batteries reach end-of-life, they 

generate significant waste-particularly graphite anodes, which 

constitute 12-21 wt% of LIBs and represent up to 15% of their 

economic value, yet are largely overlooked in recycling 

streams [1]. This work explores an upcycling strategy that 

transforms spent graphite anodes into functional materials for 

hydrogen storage. 

Graphite degrades during battery cycling due to lithium 

intercalation/deintercalation, increasing its interlayer spacing 

from 0.335 nm to over 0.370 nm and introducing defects such 

as cracking and SEI instability [2]. While detrimental for 

battery reuse, these structural changes enhance porosity and 

surface area-favorable for hydrogen adsorption, particularly 

via physisorption. Hydrogen uptake in carbon materials is 

strongly influenced by surface characteristics, with storage 

capacities reported up to 6.5 wt% for carbon nanofibers and 

4.48 wt% for graphite [3]. Functionalization methods, 

including doping and composite formation, further improve 

performance [4]. 

In this study, we introduce a selective binder-removal process 

that preserves intercalated lithium ions to facilitate 

chemisorption-based hydrogen storage. Spent LIB cells were 

carefully disassembled, and binder removal was performed via 

two methods: deionized (DI) water washing and heat treatment 

at 550 °C. Thermogravimetric analysis (TGA) showed similar 

overall weight loss (Fig 1.), but heat treatment more effectively 

removed binders while retaining lithium-offering a dual 

advantage: organic removal without lithium loss, enabling 

both physisorption and chemisorption of hydrogen. 

To enhance hydrogen uptake, the upcycled graphite anode is 

characterized by expanded interlayer distance (d-spacing), a 

result of lithium intercalation and structural distortion. This 

expanded spacing, combined with defect formation, promotes 

hydrogen sorption. Further modification through exfoliation 

increases specific surface area and porosity. Additionally, 

heteroatom doping and metal nanoparticle decoration tailor 

adsorption energy and introduce active sites, optimizing 

hydrogen storage behavior. These synergistic effects position 

spent graphite anodes as multifunctional, high-performance 

materials for solid-state hydrogen storage. 

 

 
Figure 1. TGA curves of graphite samples. 
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For nearly two decades, lithium-ion batteries (LIBs) have been 

essential to our lives. They power electric vehicles (EVs), 

electronic devices like cellphones and smartwatches, and serve 

as energy storage for renewable sources, among many other 

daily applications. This is especially relevant given the 

increasing need for renewable energy, driven by the finite 

nature of fossil fuel resources and their negative environmental 

impact [1]. Consequently, the demand for EVs, as the most 

viable alternative to vehicles with internal combustion 

engines, continues to rise. 

 

The primary limitation of LIBs is their cycle life, as a typical 

LIBs remains operational for approximately 5 to 10 years or 

1000 charge-discharge cycles [2]. Given the projected increase 

in demand for LIBs by 2030, it is anticipated that 1.22 million 

tons of LIBs will have reached the end of their cycle life and 

become waste [2]. If these batteries are not recycled and end 

up in landfills, they risk contaminating both the soil and 

underground water. Additionally, leakage from the cell case 

due to corrosion or impact can lead to the release of toxic gases 

like hydrogen fluoride [3]. To prevent the aforementioned 

issues and address the depletion of elements in the Earth's crust 

used in LIBs, recycling these batteries is essential [4].  

Figure 1. XRD analysis of the black mass 

 

Black mass, a composite of LIB waste, was subjected to 

leaching using organic acids. After leaching, nickel, 

manganese, and cobalt ions were co-precipitated. The 

precipitate was then calcined to produce nickel manganese 

cobalt oxide (NMC) cathode material. 

 

The black mass was studied using XRD analysis. Figure 1 

shows XRD results, indicating the material contains graphite, 

NMC, and LiCoO2 cathode material. In leaching processes, 

organic acids like citric acid, ascorbic acid, and acetic acid are 

used. Leaching parameters include a solid/liquid ratio of 50-

250 g/L, acid concentration of 0.5-3 M, temperature range of 

25-80°C, and time of 30-240 minutes. Each parameter is 

selected to improve leaching efficiency and achieve optimal 

dissolution rate. The Taguchi method was used to improve the 

process. After this, nickel, manganese, and cobalt ions were 

co-precipitated with oxalic acid. The precipitate was heated to 

get NMC cathode material. 
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The acceleration of scientific and technological advancements 

has led to a global increase in energy demand. This rise has 

further exacerbated environmental and socio-economic 

challenges such as climate change, global warming, and 

energy supply security[1].  Lithium-ion batteries have 

emerged as a key energy storage technology across various 

applications, from portable electronic devices to electric 

vehicles, due to their high energy density, long cycle life, fast-

charging capability, and wide operational temperature 

range[2,3]. 

Although the lifespan of electric vehicle batteries typically 

ranges from 8 to 10 years, it is of critical importance for 

Türkiye to establish a competitive position at the international 

level in battery recycling technologies. In this study, a widely 

adopted hydrometallurgical acid leaching process was 

employed to recover valuable metals from the cathode material 

of lithium-ion batteries. To date, both inorganic acids (such as 

hydrochloric, nitric, and sulfuric acids) and organic acids (such 

as lactic, malic, formic, and acetic acids) have been utilized in 

hydrometallurgical leaching processes. In contrast, this study 

introduces perchloric acid (HClO₄)—an acid not previously 

investigated for this purpose—as the leaching agent. 

 
Fig.1 . Percentage recovery efficiencies of metals depending 

on leaching temperature 

Based on previous studies involving perchloric acid leaching, 

the effects of temperature on the recovery efficiency of Li, Ni, 

Mn, and Co metals were investigated by keeping key 

parameters constant: acid concentration at 1.5 M, reaction time 

at 150 minutes, and solid-to-liquid ratio at 1:4. Experiments 

were conducted at temperatures of 25°C, 45°C, 65°C, 85°C, 

and 105°C.  Following the hydrometallurgical acid leaching 

process, the leachate was analyzed using ICP-OES to 

determine the recovery percentages of Li, Ni, Mn, and Co. The 

calculated with ICP-OES metal recovery efficiencies are 

presented in Figure 1. The results indicated that the optimum 

operating temperature for the leaching process was 85°C. At 

this temperature, the metal recovery efficiencies were as 

follows: Li: 81.28%, Ni: 72.80%, Co: 71.62%, and Mn: 

72.30%. Following the hydrometallurgical acid leaching 

process, cathode powder was synthesized from the leach 

solution using the sol-gel method in order to evaluate the 

effectiveness of the recovered material. The quality of the 

newly produced cathode powder was assessed through XRD 

and SEM characterizations. 

 
Fig.2 XRD and SEM analysis from perchloric acid leach 

solution via sol-gel method: (a) 10 µm, (b) 20 µm, (c) 100 

µm, (d) 200 µm 

SEM analysis revealed that the particles exhibited a compact 

and smooth surface, indicating homogeneous distribution in 

the sol-gel process and effective structural control during 

calcination. Particles appeared fused with more pronounced 

microstructural porosity. These pores likely enhance ionic 

conductivity and electrolyte penetration, providing the 

necessary porosity for ion transport in the electrode structure. 
XRD analysis shows medium-intensity peaks at 2θ ≈ 18°, 37°, 

44°, and 65°, corresponding to the (003), (101), (104), (018), 

and (110) planes, indicating a well-defined crystalline 

structure of the cathode sample. The most prominent peak at 

2θ ≈ 44.5°–45° corresponds to the (104) plane, providing 

insights into the Li/Ni mixing within the cathode structure. 

In conclusion, this study demonstrates that hydrometallurgical 

acid leaching using perchloric acid is an effective and 

successful approach for recycling used lithium-ion batteries. 

The results indicate that this method offers a promising 

strategy for metal recovery. 
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The development of efficient and environmentally friendly 

polymer electrolytes (PEs) is critical for advancing energy 

storage technologies such as electric double-layer capacitors 

(EDLCs). This study presents a systematic investigation of 

glycerol (GLY)-doped 2-hydroxyethyl cellulose (2-HEC) 

polymer electrolytes incorporating B₂CaO₄ as a calcium-based 

ionic dopant. The aim is to explore their structural, dielectric, 

ionic, and electrochemical properties for potential use in next-

generation EDLCs. Polymer electrolyte films were 

synthesized by incorporating varying concentrations of 

glycerol (0-0.45 wt.%) into a 2-HEC matrix doped with 0.15 

wt.% B₂CaO₄. 

 

XRD patterns revealed reduced crystallinity with increasing 

glycerol content, confirming the plasticizing effect of glycerol 

that enhances the amorphous phase in the polymer matrix. 

FTIR peak deconvolution in the 700 to 1200 cm⁻¹ and 1200 to 

1750 cm⁻¹ regions showed shifts in peaks corresponding to Ca-

O-Ca and C-O-C vibrations, indicating complexation and 

strong interactions among GLY, B₂CaO₄, and the 2-HEC 

chains. These interactions improved chain flexibility and ion 

transport. The highest ionic conductivity of 5 × 10⁻⁵ S·cm⁻¹ 

was recorded at 0.35 wt.% GLY, suggesting an optimal 

balance between polymer chain mobility and free volume. 

Temperature-dependent conductivity followed an Arrhenius 

trend, indicating thermally activated ion conduction. 
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Fig. 1. Temperature-dependent ionic conductivity for GLY-

doped 2-HEC-0.15 wt.% B₂CaO₄ polymer electrolytes 

 

The B5GLY7 sample exhibited superior electrochemical 

performance, with specific capacitance values of 4.17 F·g⁻¹ at 

1.0 V and 7.22 F·g⁻¹ at 1.5 V. It also maintained a wide 

electrochemical stability window from −2.25 V to +2.17 V. To 

improve capacitance under low initial values in symmetric 

conditions, a modified GCD approach was adopted using fixed 

charging (0.002 A·g⁻¹) and decreasing discharge currents. This 

method significantly increased specific capacitance, reaching 

up to 149.86 F·g⁻¹ at 1.5 V. The enhancement is attributed to 

the limited diffusion of Ca²⁺ ions in the polymer matrix, which 

is alleviated at lower discharge currents due to extended ion 

redistribution time. The B5GLY5 composition demonstrated 

robust stability with 90% capacitance retention after 1000 

cycles at 1.0 V, confirming its potential for long-term EDLC 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (a) Specific capacitance vs. discharge current density at 

1.0 V and 1.5 V for CN0.3IL5 PE; (b) Cycling stability over 

1000 cycles at 1.0 V and 1.5 V with a charge-to-discharge ratio 

of 1:0.12. 
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Energy has become an increasingly critical need in modern 

societies. Sectors such as industry, transportation, agriculture, 

and healthcare rely on a continuous power supply, making 

energy production and management a strategic priority. In this 

context, the efficient storage and reuse of energy through high-

performance storage systems have gained great importance 

[1]. 

 

Due to the limitations of conventional storage systems like 

lithium-ion and lead-acid batteries, supercapacitors have 

attracted growing interest as next-generation electrochemical 

energy storage devices. Their key advantages include long 

cycle life (>1000 cycles), lightweight structure, fast charge-

discharge capability, and reliable operation over a wide 

temperature range [2]. Transition metal oxides are commonly 

used as electrode materials in supercapacitors because their 

multiple oxidation states enable redox reactions that enhance 

specific capacitance and energy density [3]. However, their 

high production cost limits commercial use. Utilizing recycled 

waste-derived materials as electrodes offers a cost-effective 

and environmentally sustainable alternative [4,5]. 

 

Mill scale is a brittle layer of iron oxide formed on steel 

surfaces during high-temperature processes such as hot rolling 

or heat treatment. It mainly consists of FeO, Fe₃O₄, and Fe₂O₃, 

depending on the processing conditions [6]. Although often 

treated as waste, its high iron oxide content makes it a 

promising low-cost electrode material for energy storage 

applications. 

 

In the present study, mill scale was subjected to chemical 

treatment using sulfuric acid (H₂SO₄) solutions to leach iron 

ions. The pH of the resulting solution was carefully adjusted 

to facilitate the precipitation of iron hydroxide. Subsequently, 

a thermal treatment was applied to convert the precipitate into 

hematite (Fe₂O₃). The structural and morphological properties 

of the synthesized Fe₂O₃ were characterized using X-ray 

diffraction (XRD) and scanning electron microscopy (SEM) 

analyses, which provided insights into its crystallographic 

phases and surface morphology, respectively. The obtained 

Fe₂O₃ was then utilized as an active electrode material in the 

fabrication of asymmetric coin-cell supercapacitors. The 

electrochemical performance of the assembled supercapacitors 

was systematically evaluated through a series of 

electrochemical techniques, including cyclic voltammetry 

(CV), electrochemical impedance spectroscopy (EIS), and 

galvanostatic charge-discharge (GCD) measurements. These 

analyses were employed to assess key performance metrics 

such as specific capacitance, charge-discharge capability, and 

the cycling stability of the Fe₂O₃-based supercapacitors. 
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Abstract 
Sulfur-containing polymers are interesting materials for the next generation of functional materials. 
These polymers are mainly composed of aliphatic and aromatic copolymers with various functional 

groups such as phenyl, amine, and N-heterocycles. Polythiourethanes are polymers that contain sulfur 

and have not been extensively researched regarding their synthesis and applications. The use of various 

dithiols and diisocyanates is a common method for synthesizing these polymers in theory. In practical, 

there are certain limitations for synthesis, including the type of catalyst used, the catalyst's percentage, 

the suitable solubility of the isocyanate monomer, and the low efficiency of the reaction, which pose 

challenges in the synthesis of polythiourethanes. In this study, a new polythiourethane was synthesized 

using toluene diisocyanate and 1,2-ethane dithiol. FT-IR, 1HNMR and EDAX analyses were used to 

confirm the synthesis. The melting point and glass transition temperature for the polymer were obtained 

135 and 120 °C, respectively.The FE-SEM images revealed a sheet-like structure for the polymer.  The 

supercapacitive behavior of the neat polymer and its nanocomposites will be investigated by 

electrochemical analyses of cyclic voltammetry (CV), charge/discharge (GCD) and electrochemical 

impedance (EIS). 

 

 
1.Introduction 
The incorporation of heteroatoms (such as S and N) into closed 

polymer structures, as functional groups, can give these 

materials special properties. These characteristics encompass 

enhanced thermal and mechanical properties, resulting in 

greater thermal stability of the polymer [1-3], improved metal 

adsorption capacity [4-6], self-healing or reprocessing abilities 

[86-91], as well as crystalline and optical attributes [7-8]. 
Polythiourethanes are widely recognized heteroatom-

containing polymers characterized by the presence of sulfur 

(S) and nitrogen (N) atoms within their structure. In contrast 

to their oxygen analogues, polyurethanes, comprehensive 

research on the synthesis of polythiourethanes remains limited 

[9-10]. Polythiourethanes are used in optical materials, 

coatings, and medical technology due to their improved 

properties such as refractive index, adhesion strength, 

biocompatibility, and mechanical properties [9-11]. The facile 

addition of thiols to isocyanates for the synthesis of the 

thiourethane functional group was reported in 1960 by Dyer 

and co-workers [12] to produce alkyl thiourethane without side 

products. The efficiency and absence of by-products have been 

confirmed for both syntheses of small thiourethane and 

polythiurethane molecules [13-14]. The kinetics of the base-

catalyzed reaction involving primary and secondary thiols with 

phenyl isocyanate suggest a rapid reaction, whereas the rate is 

significantly slower in the case of non-aromatic isocyanates. 
Despite the much higher efficiency of thiol-isocyanate 

reactions using mild catalysts at low concentrations compared 

to alcohol-isocyanate reactions, chemists' interest was minimal 

for almost half a century. Since the late 1980s, the use of 

amines as catalysts has led to the synthesis of a wide range of 

polythiourethanes by the reaction of dithiols and diisocyanates 

for applications as high-refractive index materials. This 

approach has continued to expand due to the successful 

industrial and commercial applications that have emerged for 

optical materials based on polythiourethane [15-16]. 

In this research, poly(ethylene 2,4-toluene dithiocarbamate) 

(PETDTC) was synthesized as a sulfur-containing polymer 

and its structure was investigated by various methods such as 

FT-IR and 1HNMR and thermal analysis of the polymer by 

differential scanning calorimetry (DSC). The morphology of 

the synthesized polymer was investigated by FE-SEM images. 

 

2.1 Materials Toluene diisocyanate, 1,2-ethanedithiol,  

triethylamine and acetone  were purchased from Merck and 

used without any further purification.  

 

2.2- . Preparation of poly(ethylene 2,4-toluene 
dithiocarbamate)(PETDTC) 

To synthesize polythiourethane, toluene diisocyanate was 

stirred in acetone solvent until a clear solution was obtained. 

Then, the second monomer, ethane dithiol, was added to the 

solution in a molar ratio of 1 to 1 with the initial monomer. In 

this reaction, triethylamine was used as a catalyst. The reaction 

mixture was placed under argon gas for an appropriate time 

and under stirring conditions until the reaction was complete. 

The obtained precipitate was dried in a vacuum after washing 

several times at 60 ° C. The reaction yield was 54%. 

 

3- Results and Discussions 
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PETDTC identification was done by FT-IR, 1HNMR and DSC 

analysis. Fig. 1 shows FT-IR analysis. The absorption band 

associated with the stretching vibrations of the aromatic -C-H 

bonds in the ring and the –N-H bond of the amide group 

appeared at 3070 and 3274 cm-1, respectively, while the 

stretching vibrations of the aliphatic -C-H bonds were 

observed in the range of 2927-2954 cm-1.The peaks associated 

with the stretching vibrations of the carbonyl group are noted 

at 1711 and 1643 cm-1, respectively. The absorption bands 

resulting from the stretching vibrations of the -C=C- bonds 

related to the aromatic ring are found at 1598 and 1448 cm-1, 

along with the bending vibration of the -N-H bonds at 1547 

cm-1. The peak corresponding to the stretching vibrations of 

the -S-H bond is detected in 2532 cm-1. The peak observed at 

1417 cm-1 is attributed to the -C-S- in the -S-CH2- group, 

while the absorption peak for the stretching vibrations of the -

C-C- bond can be seen at 1218 cm-1. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The FTIR spectrum of PETDTC 

 

According to the 1HNMR spectrum in Fig. 2., the peaks 

corresponding to the -S-H and -S-CH2- protons (f and e) 

appeared at 1.65 ppm, 2.89 ppm, and 2.96 ppm, respectively.  

The peaks corresponding to the protons of the aromatic ring 

and the peak of the protons of the methyl group of the ring are 

visible at 7.26 ppm, 8.02 ppm, 6.91 ppm and 2.17 ppm, 

respectively. The proton of the amide group appears at 3.53 

ppm. This spectrum was taken in CDCl3 solvent. 

 

 

 

 

 

 

 

 

 

Fig. 2. 1H NMR spectrum of PETBTC polymer 

 

The peaks corresponding to the protons of the aromatic ring 

and the peak of the protons of the methyl group of the ring are 

visible at 7.26 ppm, 8.02 ppm, 6.91 ppm and 2.17 ppm, 

respectively. The proton of the amide group appears at 3.53 

ppm. 

Fig. 3. illustrates the DSC analysis of PETDTC. The findings 

from this analysis are compiled in Table 1. The analysis was 

conducted at a scanning rate of 5 °C/min in a nitrogen 

environment. 

 

    

 

 

 

 

 

 

 

Fig. 3. DSC thermogram of PETDTC polymer 

 

Table 1 

Data extracted from DSC thermograms of PET DTC 

 

Tm (C) Melting temperature 135 

∆Hm (J. g-1) Enthalpy of melting 19.09 

Tc (C( 
Crystallization 

temperature 
100 

∆Hc (J. g-1) Enthalpy of crystallization -25.71             

Tg (C)  
Glass transition 

temperature 
120 

 

According to the FE-SEM image (Fig. 4) at a scale of 1, 2 and 

5 μm, the pristine PETDTC displays a nearly sheet-like 

configuration that is interconnected and shows a certain level 

of porosity. 

 

 

 

 

 

 

Fig. 4. FE-SEM image of PETDTC at the scale of 1, 2 and 5 

μm. 
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The EDAX spectrum of the polymer is shown in Fig. 5. Based 

on the spectrum, the presence of C, O, N, and S atoms confirms 

the successful synthesis of the polymer. 

 

 

 

 

 

 

 

 

 

 

Fig. 5. EDAX spectrum of PETDTC 

 

Electrochemical measurements 

To prepare the sample for studying the supercapacitive 

behavior, first pure polythiourethane is completely dispersed 

in DMF solvent. Then, 6μl were placed on a glassy carbon 

electrode with a surface area of 0.1256 cm2 as the working 

electrode. After evaporation of the solvent, their 

electrochemical behavior was carried out by cyclic 

voltammetry, charge/discharge and electrochemical 

impedance spectroscopy techniques in 0.5 M aqueous sodium 

sulfate electrolyte in a three-electrode system with a calomel 

electrode as the reference electrode and a 2*1cm2 platinum 

sheet electrode as the auxiliary electrode. In the next step, 

Polymer nanocomposite was prepared with multi-walled 

carbon nanotubes in a ratio of 1 to 0.5 and the addition of 3% 

nickel cobalt hexacyanoferrate Ni2CoHCF synthesized [17] 

nanoparticles and electrochemical analyses were performed 

under the same conditions as before. 

Fig. 6A-6B. shows the CV curve of pure PETDTC.The quasi-

rectangular shape of the graph shows the non-Faradic behavior 

of the electrode. In the presence of Ni2CoHCF nanoparticles 

(Fig. 6B), the shape of the graphs of these electrodes is outside 

the ideal rectangular shape, and the oxidation and reduction 

peaks that appear are related to the FeII/III redox reaction, which 

appears at a potential of 400 mV. The change in the shape of 

the graphs from rectangular indicates the Faradaic behavior of 

the electrodes. The charge and discharge diagrams are shown 

in Fig. 6C-6D. The shape of the curve for the neat polymer 

Fig. 6C is a symmetrical triangle, indicating the reversibility 

of the charging and discharging process. 

For the electrodes containing nanoparticles (Fig. 6D), the 

shape of the curves is non-linear and due to the Faradaic 

behavior of Ni2CoHCF, the curves do not follow the ideal 

linearity. The synergistic effect and interaction between the 

constituent materials creates a proper connection between the 

electrolyte ions and the electrode, increasing the charge and 

discharge time of PETDTC/MWCNT+3%Ni2CoHCF 

composite. Electrochemical impedance spectroscopy (EIS) 

has been used to further investigate the electrodes. A critical 

factor influencing the analysis of electrode behavior, which 

can be investigated using electrochemical impedance 

spectroscopy, is the charge transfer resistance (Rct). The 

Nyquist plots of the electrodes are shown in Fig. 7 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Fig. 6. CV curve of A) PETDTC B)   PETDTC/MWCNT 

composite(1:0.5)+3% Ni2CoHCF . Charge/discharge curve of 

C) PETDTC D) PETDTC/MWCNT composite(1:0.5)+3% 

Ni2CoHCF . 

 

The equivalent circuit in Figure where R1, CPE1, R2, and W1 

are the solution resistance, the electric double layer constant 

phase element, the charge transfer resistance, and the Warburg 

element, respectively, aligns closely with the experimental 

data. In Table 2 as the data show , the electrodes containing 

Ni2CoHCF nanoparticles have much lower charge transfer 

resistance and the charge transfer resistance for these 

electrodes is also significantly lower than that of pure 

PETDTC. The low charge transfer and mass transfer resistance 

of these nanocomposites is due to the faradaic processes of the 

nanoparticles and the synergistic effect of the nanoparticles 

with MWCNT, which leads to increased ionic conductivity 

and CPE. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 7. Nyquist diagram of PETDTC and its composites as 

electrode material and equivalent circuit for fitting 

experimental impedance data of electrodes, Nyquist diagram 

of equivalent circuit for fitting experimental impedance data 

of various supercapacitor electrode made by various materials: 

) PETDTC ) PETDTC/MWCNT+3%Ni2CoHCF. 
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Table 2 

Equivalent circuit element values with experimental data of 

impedance diagrams obtained from Fig. 7 

 

 Values of equivalent circuit elements 

Electrode material 

R1 

(Ω) 

CPE-T 

(Ω-1cm-2s CPE-P) 

CPE-P 

R2 

(Ωcm2) 

W-R 

(Ωs-0.5) 

PETDTC 13.92 0.0004117 0.57 16.15 1577 

PETDTC/MWCNT + 3% 

Ni2CoHCF 
4.11 0.0002199 0.93 3.62 72.36 

 

 

 

 

4- Conclusions  

In this work, poly(ethylene 2,4-toluene dithiocarbamate) was 

synthesized. Polymer identification was investigated by FT-IR  

and 1HNMR. Based on the DSC analysis of polymer  melting 

points  was 135 °C. Also, the morphology of the polymer 

showed a sheet-like structure. The quasi-rectangular shape of 

the CV diagram and the symmetrical triangular shape in the 

charge-discharge analysis show non-Fardaic behavior for this 

polymer as an electrode. The use of Ni2CoHCF cubic 

nanoparticles to prepare nanocomposites has changed the 

behavior of supercapacitor to Faradaic, and the morphology of 

these nanoparticles has caused the rapid migration of ions and 

increased the ionic conductivity. 
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Abstract 

Nanocomposites composed of poly(4-vinylpyridine) (P4VPy), NiCo₂S₄ (NCS), and polyaniline (PAni) were 

synthesized and examined as promising electrode materials for supercapacitors. The hydrothermally prepared NCS 

formed a well-connected network structure, which contributed to an increased number of electroactive sites and 

improved charge transfer, leading to enhanced supercapacitor performance. The chemical characteristics of the 

nanocomposites were analyzed using FT-IR and EDX techniques, while their crystal structure and surface morphology 

were studied through XRD and FE-SEM, respectively. Electrochemical behavior was assessed using electrochemical 

impedance spectroscopy (EIS), galvanostatic charge–discharge (GCD), and cyclic voltammetry (CV). At a scan rate of 

90 mV/s, the P4VPy/NCS/PAni nanocomposite demonstrated a specific capacitance of 347.3 F/g (from CV data). GCD 

analysis at a current density of 0.20 mA/g also showed that the nanocomposite had a capacitance of 95.82 F/g—nearly 

three times greater than that of pure P4VPy. This improvement is attributed to fast faradaic redox interactions between 

the conductive components and NCS, which created a strong synergistic effect, boosting energy storage capacity. These 

findings highlight the potential of heterogeneous nanomaterials in advancing energy storage technologies.  

 

 
1.Introduction 
Renewable energy sources require efficient electrical energy 

storage for use in everyday devices such as electric vehicles 

and smartphones [1, 2, 3]. Supercapacitors, compared to 

batteries, offer faster charge/discharge rates, flexibility, wide 

operating temperature, light weight, and simple maintenance 

[4, 5, 6]. Improving supercapacitor performance largely 

depends on developing high-performance electrode materials 

[7, 8, 9, 10]. Metal oxides (e.g., RuO₂, V₂O₅, MnO₂) [11] and 

mixed metal oxides have been widely studied for their fast 

redox reactions and multiple oxidation states [9, 12]. Recently, 

mixed metal sulfides like NiCo₂S₄ (NCS) have gained 

attention due to better electrochemical properties and 

conductivity [13]. Nanostructured metal sulfides show unique 

performances owing to their special crystal structures and 

rapid redox behavior. Conductive polymers such as 

polyaniline (PAni), with tunable conductivity and low cost, are 

promising for composite electrodes [14]. Their π-conjugated 

systems enhance charge transfer, especially when combined 

with metal oxides or sulfides [15]. Non-conductive polymers 

containing heteroatoms can also improve dispersion and 

conductivity of nanoparticles [16]. This study focuses on 

poly(4-vinylpyridine) (P4VPy), a polymer with nitrogen-

containing side groups capable of coordinating with metal 

atoms, as a matrix to fabricate nanocomposites with NCS and 

PAni (P4VPy/NCS/PAni). The effect of incorporating 

hydrothermally synthesized NCS and PAni nanoparticles on 

supercapacitive performance is evaluated and compared to 

similar literature reports. 

 

2.1 Materials  
High purity grade nickel (II) nitrate (Ni(NO3)2·6H2O), cobalt 

(II) nitrate (Co(NO3)2)·6H2O, potassium peroxydisulfate 

(K2S2O8, KPS) and N-methylformamide (NMF) were obtained 

from Merck, Germany. Poly(2-vinylpyrrolidone) (P4VPy) and 

thioacetamide were from Sigma-Aldrich. Aniline (from 

Merck, Germany) was distillated under vacuum used as fresh 

for polymerization. Aniline was oxidatively polymerized by 

using KPS as oxidant/initiator in the hydrochloric acid 

(Merck) solution to obtain PAni. Urea was from Pardis 

Petrochemical Company, Iran. Deionized (DI) water was used 

in whole experiments.  

 
2.2- Synthesis of NiCo2S4 
Nickel cobalt sulfide (NiCo₂S₄, NCS) was prepared via a 

hydrothermal synthesis method. Initially, 1.454 g (5 mmol) of 

Ni(NO₃)₂·6H₂O and 2.91 g (16 mmol) of Co(NO₃)₂·6H₂O were 

dissolved in 30 ml of deionized (DI) water with magnetic 

stirring. Separately, a solution of 3 g (50 mmol) urea in 30 ml 

DI water was prepared and then added to the nickel and cobalt 

solution while stirring. Subsequently, 1.65 g (22 mmol) of 

thioacetamide was introduced to the mixture and stirred for 30 

minutes. The resulting solution was transferred into an 80 ml 

Teflon-lined autoclave, which was sealed and heated in an 

oven at 180 °C for 12 hours to complete the reaction. After 

cooling to room temperature, the product was filtered using a 

Buchner funnel under vacuum, then washed with ethanol and 

DI water to remove residual reactants. The collected 
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precipitate was air-dried and further dried in a vacuum oven at 

80 °C for 6 hours, yielding 1.32 g of product with an 86% 

yield. 

 

2.3. Synthesis of P4VPy/NCS/PAni 
nanocomposite 
  
Adequate amounts of the PAni, NCS and P4VPy were 

weighed into a mortar and mechanically blended to prepare a 

homogeneous P4VPy/NCS/PAni nanocomposites. The 

nanocomposites were then annealed at 80 °C for up to 25 h. 

The schematic representation of the detailed steps for 

preparation of the P4VPy/NCS/PAni nanocomposites are 

illustrated in Fig. 1. The relative weight ratios of P4VPy to 

NCS and PAni was varied and their effect on the performance 

of the nanocomposites was studied.  

 

 

 

 

 

 

 

Fig. 1. the style to be used for graphs. 

 

2.4. Characterizations 
The SEM images and elemental analysis of the samples were 

obtained using a field emission scanning electron microscope 

(FE-SEM), specifically the Tescan MIRA3 FEG-SEM model 

from the Czech Republic, equipped with an energy dispersive 

X-ray spectroscopy (EDS) system. X-ray diffraction (XRD) 

patterns were recorded using a MAC Science M18XHFSRA 

instrument with CuKα radiation as the X-ray source. Fourier 

transform infrared (FT-IR) spectra were collected with a 

Perkin Elmer Spectrum One System spectrometer from the 

USA. The NCS samples underwent calcination in a tube 

furnace manufactured by Nabertherm, Germany. 

 

2.5. Electrochemical measurements   
An Origa Flex-OGF 01 A potentiostat-galvanostat 

electrochemical workstation (France), connected to a 

computer, was utilized to perform electrochemical 

measurements including electrochemical impedance 

spectroscopy (EIS), galvanostatic charge/discharge (GCD), 

and cyclic voltammetry (CV). The working electrode was 

prepared by coating the active electrode material onto a glassy 

carbon electrode. A platinum wire served as the counter 

electrode, and all measurements were conducted against an 

Ag/AgCl reference electrode. A 1 M H2SO4 solution was used 

as both the electrolyte and analysis medium. The active 

materials—P4VPy, P4VPy/NCS, and P4VPy/NCS/PAni—

were each dispersed in N-methylformamide (NMF) and 

sonicated in an ultrasonic bath until a uniform slurry was 

formed. A suitable amount of this slurry was then evenly 

applied onto a cleaned glassy carbon electrode (0.4 cm 

diameter, approximately 0.126 cm² active area) to fabricate the 

working electrode, which was subsequently dried in an oven 

at 80 °C for around 4 hours. 

The CV curves which were recorded at varying potential scan 

rates, and Eq. 1 were used to estimate the specific capacitance 

(Csp) of the fabricated electrodes. 

 

𝐶𝑠𝑝 =  
1

𝐴 𝑣 𝛥ᴠ
∫ 𝐼𝑑𝑉

𝑉𝑓

𝑉𝑖
                    Eq. 1 

 

In Eq. 1, Csp denotes the specific capacitance (F g–1), I 

represents the current (A), A shows the active surface area of 

electrode (cm2), 𝒗 = scan rate (mV s–1) and the observed 

potential window (V) is denoted with ∆V. 

Also the GCD test results measured at varying constant current 

densities were utilized to estimate Csp of electrodes by using 

Eq. 2. 

𝐶𝑠𝑝 =  
𝐼 ∆𝑡

𝐴 ∆𝑣
                             Eq. 2 

where I represents the constant current (A), ∆t denotes 

discharging time (s), A is active area of electrode (cm2), and 

∆V represents the observed potential window (V). 

 

3. Results and discussion 
FT-IR spectra of P4VPy, P4VPy/NCS, and P4VPy/NCS/PAni 

are shown in Fig. 2. The addition of NCS nanoparticles to 

P4VPy introduces a strong absorption band around 664 cm⁻¹, 

related to NiS and CoS bonds. However, NCS nanoparticles 

do not cause disappearance or significant shifts in the polymer 

absorption bands, indicating no strong interactions between 

polymers and NCS. The main difference is the reduced relative 

intensity of polymer peaks due to the strong NCS bands. 

 

 

Fig. 2. The FT-IR spectra of: a) P4VPy, b) P4VPy/NCS and 

c) P4VPy/NCS/PAni samples measured as KBr disc. 

 

The surface morphology of P4VPy/NCS/PAni sample was 

characterized via SEM micrographs and exhibited in Fig. 3. 

The SEM micrographs of the optimized P4VPy/NCS/PAni 

nanocomposite have revealed a very microporous structure for 

this sample. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. SEM images of P4VPy/NCS/PAni nanocomposite 

with magnifications of 50 K. 
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The porous structure can significantly boost the specific 

capacitance (Csp) of the nanocomposite by enabling better 

electrolyte ion diffusion and providing a larger surface area for 

charge storage. EDX mapping (Fig. 4) confirmed uniform 

distribution of elements (C, N, O, Ni, Co, S) in the NiCo₂S₄ 

and P4VPy/NCS/PAni samples, indicating efficient mixing 

without noticeable agglomeration of NCS or PAni particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The EDX mappings of the A) NiCo2S4 and B) 

P4VP/NCS/PAni nanocomposite samples. 

 

The atomic ratio of Co to Ni in the P4VPy/NCS/PAni 

nanocomposite is 63.74% to 36.26%. Its flower-like 

morphology enhances charge transfer. The unique 

arrangement of benzene rings in PAni chains enables trapping 

of sulfide and oxide groups, leading to chain expansion and 

improved ion accessibility. Thus, PAni’s structure promotes 

better interaction between electrolyte ions and active electrode 

sites compared to other electroactive materials. 

 

3.2 Electrochemical investigations 
CV curves of electrodes made with different materials were 

recorded between -0.4 V and 0.4 V at scan rates of 10, 30, 60, 

and 90 mV/s (Fig. 5). The curves show a quasi-rectangular, 

symmetrical shape, indicating fast, reversible Faradaic 

reactions and ideal capacitor behavior. Higher scan rates 

improve the rectangular shape, reflecting enhanced capacitive 

performance. 
Table 1 

The Csp values calculated by using Eq. 1 from CV curves for 
electrodes prepared by using P4VPy, P4VPy/NCS and 

P4VPy/NCS/PAni at different potential scan rates in acidic 
media. 

Electorde 
Cs (F g-1), Scan Rate (mV s-1) 

10 30 60 90 

P4VPy 184.08 132.44 107.28 94.53 

NiCo2S4/P4VPy 350.39 240.03 192.38 172.24 

PAni/NiCo2S4/P4VPy     482.22 362.20 295.24 261.76 

 

3.3 GCD characteristics 
The GCD performance of electrodes was evaluated at varying 
current densities (0.05–0.20 mA·cm⁻²). As shown in Fig. 6, all 

electrodes demonstrated Faradaic behavior, with the 
P4VPy/NCS/PAni-based electrode exhibiting the longest 
discharge time. Specific capacitance (Csp) values, calculated 
from GCD data (Eq. 2, Table 2), decreased with increasing 
current density. At 0.20 mA·cm⁻², Csp values for P4VPy, 
P4VPy/NCS, and P4VPy/NCS/PAni were 18.33, 40.57, and 
64.58 F·g⁻¹, respectively. The superior performance of 
P4VPy/NCS/PAni is attributed to its porous structure, which 

enhances ion diffusion and charge storage, as well as the 
synergistic effect of NCS and PAni that improves conductivity 
and promotes faster redox reactions. 

 

 

 

 

Fig. 5. CV curves for electrodes prepared by using A) 

P4VPy, B) P4VPy/NCS and C) P4VPy/NCS/PAni and 

measured at different potential scan rates in alkaline media. 

 

Table 2 

The Csp values for electrodes prepared by using P4VPy, 

P4VPy/NCS, and P4VPy/NCS/PAni as electroactive 

materials, calculated via Eq. 2 and data extracted from GCD 

curves measured in different constant current densities in 

alkaline media. 

. Electorde 
Cs (F g-1), Current (mA) 

0.05 0.1 0.15 0.2 

PVP 35.41 24.16 21.12 18.33 

NiCo2S4/PVP 113.46 61.63 63.31 40.57 

PA/ NiCo2S4/PVP 182.86 104.16 109.21 64.58 
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Fig. 6. GCD curves for A) P4VPy, B) P4VPy/NCS, C) 

P4VPy/NCS/PAni electrodes in different constant current 

densities in alkaline media 

 

 

4- Conclusions  

The PAni and NCS nanoparticles, synthesized via a simple 

hydrothermal method, were uniformly dispersed in the P4VPy 

matrix to form P4VPy/NCS/PAni nanocomposites. SEM and 

EDX analyses confirmed the homogeneous distribution of the 

mixed transition metal sulfide and conductive polymer 

nanoparticles. The synergistic effects of these components 

enhanced ionic conductivity by increasing the number of 

electroactive sites. This increase in active surface area 

provided additional pathways for efficient electron transfer 

and electrolyte ion diffusion, facilitating redox reactions. 

Ultimately, the optimized nanocomposite exhibited a 

maximum specific capacitance of 347.3 F/g at a scan rate of 

90 mV/s and 95.82 F/g from GCD tests at 0.20 mA, 

demonstrating its potential as a high-performance electrode 

material for advanced supercapacitors. 
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The increasing global energy demand—driven by population 

growth, industrialization, and the shift toward sustainable 

technologies—has emphasized the need for energy storage 

systems that are both efficient and reliable [1]. In this regard, 

supercapacitors have attracted significant interest as next-

generation energy storage devices due to their superior cycle 

life, low weight, high power density, and stable operation over 

a wide temperature range [2]. 

 

Transition metal oxides are among the most promising 

electrode materials for supercapacitors owing to their high 

specific capacitance and wide electrochemical windows. Their 

charge storage is primarily based on pseudocapacitive 

mechanisms involving fast and reversible redox reactions both 

on the surface and within the bulk of the material [3]. 

However, conventional synthesis methods for metal oxides 

often require high temperatures, controlled environments, or 

complex procedures, increasing energy use and production 

costs. 

 

To address these challenges, the use of recycled waste-derived 

materials as electrodes has gained attention, offering both cost 

reduction and environmental benefits [4,5]. Electric arc 

furnace dust (EAFD), a byproduct of steelmaking, is rich in 

metal oxides formed by the condensation of volatilized metals 

in exhaust filters [6]. Its composition makes it a promising 

low-cost and energy-efficient raw material for the fabrication 

of metal oxide-based supercapacitor electrodes. 

 

In the current study, EAFD was subjected to an acid leaching 

process using H₂SO₄ solutions to extract iron and other metal 

ions into solution. The resulting leach liquor was subsequently 

treated through a jarosite precipitation process to selectively 

remove iron in the form of jarosite. The obtained jarosite phase 

was then thermally decomposed via calcination to produce 

Fe₂O₃ particles. The structural and morphological properties of 

the synthesized Fe₂O₃ were thoroughly characterized by X-ray 

diffraction (XRD) to identify its crystalline phases, and by 

scanning electron microscopy (SEM) to examine its surface 

morphology and particle size distribution. The synthesized 

Fe₂O₃ was further utilized as an electrode material for the 

fabrication of asymmetric coin-cell supercapacitors. The 

electrochemical performance of the assembled devices was 

systematically evaluated using a combination of cyclic 

voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), and galvanostatic charge-discharge (GCD) techniques. 

These electrochemical analyses provided insights into the 

specific capacitance, charge–discharge behavior, and cycling 

stability of the Fe₂O₃-based supercapacitors, highlighting the 

material’s potential for use in energy storage applications. 
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The demand for fossil fuels has led to several issues, 
including rising fuel costs, global warming, population 
growth, and geopolitical tensions [1-4]. Addressing these 
challenges requires enhancing alternative energy sources, 
such as renewable energy, and improving energy storage 
solutions. Supercapacitors have emerged as a significant 
alternative due to their high power densities and extended 
charge-discharge cycle lifespans [5]. 
 

Ni-Ti is extensively utilized in industry, yet there is no 
recycling process for products at the end of their life cycle 
due to the challenging conditions involved in manufacturing 
the alloy. Since Ni-Ti is frequently employed as a 
biomaterial, its production process is subject to stringent 
restrictions, as even minimal impurities can significantly 
degrade its properties [6]. 

 

In this study, an endodontic waste Ni-Ti rotary files were 

leached through a hydrometallurgical route to obtain the 

metallic values. The recovered values then were precipitated 

via pH adjustment and with the introduction of sulfur ions into 

the leach solution. From the precipitate an asymmetric type 

supercapacitor was produced successfully. 

 

Waste Ni-Ti files underwent characterization using XRF 

analysis, with the findings presented in Table 1. The analysis 

revealed that the material primarily consists of nickel and 

titanium, with negligible impurities. Following 

characterization, the material was cut into small pieces and 

subjected to leaching in H2SO4. Various temperatures (55-

85°C), solid-to-liquid ratios (1/10-1/50), and H2SO4 

concentrations (1-5 M) were tested to determine the optimal 

conditions. Once the material was successfully leached, the 

leach liquor was separated from the solid residue. By adjusting 

the pH of the leach liquor using a NaOH solution, the metallic 

values were precipitated individually. Nickel ions were 

precipitated at pH=5 in the presence of NaS2. The precipitated 

material was then used to produce an asymmetric type 

supercapacitor, which was characterized through cyclic 

voltammetry (CV), galvanostatic charge-discharge and 

electrochemical impedance spectroscopy. 

 

Table 1. XRF analysis of the Ni-Ti rotary files (wt%) 

Ni Ti Zn Fe Au 

56.62 43.19 0.13 0.05 0.01 
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Abstract 
Sulfur, as a mineral element, plays an important role in the synthesis of organic compounds and polymer 

chemistry. Due to its reactivity, it produces a wide range of compounds with specific functional groups 

that have diverse physical and chemical properties. Polythioesters are a group of polymers with a sulfur-

containing functional group that, unlike polyesters, has been less studied. 

Polythioesters usually have high melting points and thermal stability, and low solubility in organic 

solvents.However, the reaction temperature, type of monomers, and polymerization methods affect the 

specific properties of the product. Various methods for synthesizing these polymers have been 

mentioned in the literature, but the use of succinic anhydride monomer has been investigated for the 

first time in this study for the synthesis of poly(ethylene thiosuccinate) (PETS) as polythioester in the 

presence of 1,2-ethanedithiol monomer without the presence of a catalyst. Identification of the polymer 

by FT-IR, 1HNMR and EDAX analyses confirm its successful synthesis. Also, the melting point and 

glass transition temperature of the polymer by DSC analysis are 142 and 88, respectively.  FE-SEM 

images show amorphous morphology for the polymer. Cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques were 

investigated for neat PETS and its nanocomposite with multi-walled carbon nanotubes and nickel(Ⅱ) 

cobalt hexacyanoferrate (PETS/MWCNT + 5% Ni2CoHCF). 

 

 
1.Introduction 
The thioester bond is a common functional group, especially 

in biological molecules, that has interesting properties and 

serves as a key component in biological systems. Unlike 

thioesters, esters are stabilized by resonance structures. The 

non-bonding pair of electrons on the oxygen atom attached to 

the carbonyl group resonates with the double bond electrons of 

the carbonyl group, forming a partial double bond that 

prevents rotation about the C-O single bond [1]. A similar 

resonance structure can be considered for thioesters, however, 

this resonance structure does not have much effect on the 

stability of thioesters because the overlap of the sulfur p3 

orbitals with the carbon p2 orbitals is weak. Therefore, 

thioesters are very electrophilic and are more susceptible to 

attack by nucleophiles [2]. This makes them excellent acyl 

transfer agents, which nature has exploited. As acetyl-CoA 

acts as an acetylating reagent in the metabolism of cellular 

components such as peptides, fatty acids, terpenes, porphyrins, 

and lipids. In addition, the thiolate and thiol anions are good 

leaving groups due to their high polarizability and low degree 

of dipole [3]. The replacement of sulfur atoms with oxygen 

atoms in the polymer chain of polythioesters enhances their 

electrical, mechanical, optical, and thermal characteristics, in 

addition to their chemical resistance [4]. The chemical 

synthesis of polythioesters was first reported in 1951. 
However, the relatively complex and inefficient processes that 

require toxic and very expensive reagents are not suitable for 

commercialization [5]. In general, the synthesis of 

polythioesters is carried out by 1) addition polymerization of 

dithiol acids to non conjugatediolefins, 2) condensation 

reactions of dithiols with diacids or their derivatives such as 

diacid chlorides [6], 3) addition polymerization of bicyclic 

thioethers (e.g., tyranes) with active diacid derivatives [7], 4) 

ring-opening polymerization [8], and 5) microbial synthesis 

[9-11]. The first studies on the synthesis of polythioesters, 

carried out in the 1950s, were carried out using aliphatic 

dithiols and aliphatic or aromatic dichloroacids without 

solvent or with benzene solvent in the presence of pyridine. 
The low intrinsic viscosity of the obtained polymers indicates 

that only polymers with low molecular weight are synthesized. 
Polymerization using aromatic and aliphatic-aromatic dithiols 

carried out in the presence of NaOH as a hydrochloride 

acceptor gives high molecular weight polythioesters [12]. 
Ring-opening polymerization is another method for the 

synthesis of polythioesters, which uses specific monomers and 

was first performed in 1968 by Wise and Overberger [13-14]. 
The general reaction mechanism in this method is carried out 

in the presence of cationic and anionic initiators. 

In this research, poly(ethylene thiosuccinate) (PETS) was 

synthesized with succinic anhydride and 1,2-ethanedithiol 

monomers and its structure was investigated by various 

methods such as FT-IR and 1HNMR and thermal analysis of 
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the polymer by differential scanning calorimetry (DSC). Also, 

the morphology of the polymer was investigated by FE-SEM 

analysis. 

 

2.1 Materials succinic anhydride, 1,2-ethanedithiol,  

triethylamine and N,N- dimethylformamide were purchased 

from Merck and used without any further purification.  

 

2.2 . Preparation of poly(ethylene thiosuccinate) 
(PETS) 

An appropriate molar amount of succinic anhydride was 

completely dissolved in dry DMF solvent. Then, 1,2-

ethanedithiol was added to the reaction mixture at a molar ratio 

of 1:1 with succinic anhydride monomer and stirred under an 

argon atmosphere at room temperature. The reaction mixture 

was then heated to 80 °C in an oil bath under stirring and argon 

gas for 24 h until it turned from colorless to yellow. After that, 

the reaction temperature was increased to 100 °C and the 

reaction was continued for a certain period of time under the 

same previous conditions. Then a white precipitate was 

formed, which was separated by filtration and washed several 

times with distilled water, then dried in a vacuum oven at 60 °C 

for 12 hours. The reaction yield was 60%. 

 

3- Results and Discussions 

The FT-IR spectrum of PETS polymer is shown in Fig. 1. The 

absorption bands appearing in the range of 3031-2922 cm-1 are 

attributed to the stretching vibrations of aliphatic C-H bonds. 

The broad absorption band in the range of 2400 cm-1 to 3435 

cm-1 is related to the stretching vibrations of the O-H bond in 

the possible carboxylic acid present in the polymer chain. The 

absorption bands due to the stretching vibrations of the S-H 

bonds remaining at the ends of the PETS chains are observed 

at 2552 cm-1 and 2680 cm-1. The absorption band at 1687 cm-

1 is assigned to the stretching vibrations of the C=O bonds in 

the thioester groups. The bands appearing at 1367 cm-1 and 

1406 cm-1 are assigned to the bending vibrations of the C-S 

bonds in the –S-CH2- and –S-CO- groups. The stretching 

vibrations of the C-C bonds are observed at 1247-1128 cm-1. 

 

 

 

 

 

 

 

 

 

Fig. 1. The FTIR spectrum of PETS 

 

Fig. 2. shows the 1HNMR spectrum of the PETS polymer. This 

spectrum was taken in CDCl3 solvent. The triplet peak 

appearing at 2.2 ppm chemical shift is due to the protons of (a) 

-S- CH2- and the triplet peak at 1.5 ppm is due to the protons 

of (b) -CO-CH2- carbon. The peak corresponding to the -S-H 

proton appeared at 1.2 ppm. The peak at 7.25 ppm is related to 

the deuterated protons in chloroform. Due to the small number 

of acidic functional groups in the polymer, the probability of 

the appearance of the absorption peak corresponding to the 

acidic proton was very low and did not appear. 

 

 

 

 

 

 

 

 

Fig. 2. 1H NMR spectrum of PETSpolymer 

 

Differential scanning calorimetry (DSC) is a method for 

studying polymers in which important information about the 

glass transition temperature, melting point, and crystallization 

temperature is obtained by heating and cooling the material. 
Fig. 3. shows the graph of the DSC analysis of the PETS 

polymer. The results obtained are summarized in Table 1. The 

analysis was performed at a scan rate of 5 °C/min under a 

nitrogen atmosphere. 

    

 

 

 

 

 

 

 

 

 

Fig. 3. DSC thermogram of PETS polymer 

 

Table 1 

Data extracted from DSC thermograms of PET DTC 

Tm (C) Melting temperature 142 

∆Hm (J. g-1) Enthalpy of melting 86 

Tc (C( 
Crystallization 

temperature 
87 

∆Hc (J. g-1) Enthalpy of crystallization -47             

Tg (C)  
Glass transition 

temperature 
88 
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Fig. 4. shows FE-SEM images of PETS polymer at 5 and 10 

μm scales. The images show an amorphous structure and 

morphology without distinct particles for the polymer. 

 

 

 

 

 

 

 

 

 

Fig. 4. FE-SEM image of PETS at the scale of 5 and 10 μm. 

 

The EDAX spectrum of the polymer is shown in Fig. 5. 
According to the EDAX spectrum, the presence of C, O, and 

S atoms confirms the successful synthesis of the polymer.  

 

 

 

 

 

 

 

 

 

 

Fig. 5. EDAX spectrum of PETDTC 

 

Electrochemical measurements 

 

The electrochemical behavior of polymer nanocomposite with 

multiwall nanotubes at a ratio of 1:1 and the addition of 5% 

synthesized nickel(Ⅱ)cobalt hexacyanoferrate Ni2CoHCF [15] 

nanoparticles was investigated using cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS) techniques. 
Electrochemical behavior of nanocomposite in three-electrode 

system was used in 0.5 M sodium sulfate as electrolyte. 
Saturated calomel electrode (SCE) was used as reference 

electrode and a platinum sheet (1 cm × cm 2) was used as 

auxiliary electrode. 10% Nafion solution in isopropanol was 

used as electrode material binder. Fully dispersed electrode 

material was coated on glassy carbon as working electrode 

with area of 0.1256 cm 2 in amount of 10 μl. After the solvent 

evaporated, electrochemical analyses were performed. Fig. 6. 

shows the CV curves of neat PETS polymer and its 

nanocomposite at different scan rates from 10-80 mV.s -1 . 
According to the curves, the current density increases with 

increasing scan rate and the shape of the curves does not 

change, indicating the good performance of these electrodes at 

high scan rates. The CV curve of the PETS in Fig. 6A-6B 

shows an ideal quasi-rectangular shape, which can be 

attributed to the non-Faradic charge storage mechanism at the 

interface between the electrode and the electrolyte. In the 

presence of Ni2CoHCF nanoparticles (Fig. 6B), in addition to 

improving the current density, oxidation and reduction peaks 

related to the FeII/III redox reaction appeared at a potential of 

near 400 mV. Fig. 6C-6D shows the charge-discharge curves 

of the electrodes at different current densities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. CV curve of A) PETS B) PETS/MWCNT 

composite(1:1)+5% Ni2CoHCF . Charge/discharge curve of 

D) PETS E) PETS/MWCNT composite(1:1)+5% Ni2CoHCF . 

 

 

The general shape of these graphs at different current densities 

confirms the good behavior of the supercapacitor material over 

a wide current range in sodium sulfate electrolyte. The charge-

discharge curves for the PETS electrode are approximately 

symmetrical triangle-shaped, indicating the reversibility of the 

discharge process for the electrode. The nonlinear of the curve 

for the nanocomposite (Fig. 6D) is related to the Faradaic 

reactions of the Ni2CoHCF nanoparticles. The long discharge 

time of the electrode with the nanocomposites compared to the 

neat polymer electrode indicates its high specific capacity, 

which is mainly due to the synergistic effects of the Ni2CoHCF 

nanoparticles and the carbon nanotubes. Electrochemical 

impedance spectroscopy technique is used to study the 

capacitive behavior of electrodes. Charge transfer resistance 

(Rct) is a parameter obtained by this method and its low value 

indicates easier charge transfer process in these electrodes. The 

Nyquist curves for the prepared electrodes are shown in Fig. 

7. The equivalent circuit in Fig. 7. is in perfect agreement with 

the experimental impedance data. In this circuit, R1, CPE1, R2, 

and W1 are the solution resistance, the electric double layer 

constant phase element, the charge transfer resistance, and the 

Warburg element, respectively. The parameters of this 

equivalent circuit are shown in Table 2. According to the 

obtained data, the Faradaic reaction of Ni2CoHCF 

nanoparticles in the nanocomposite at the interface of the 

electrode and electrolyte increased the ionic conductivity and 

the amount of the CPE element increased, resulting in a 

decrease in the charge transfer resistance (R2). 
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Fig. 5. Nyquist diagram of PETS and its composites as 

electrode material and equivalent circuit for fitting 

experimental impedance data of electrodes, Nyquist diagram 

of equivalent circuit for fitting experimental impedance data 

of various supercapacitor electrode made by various materials: 

) PETS ) PETS/MWCNT+5%Ni2CoHCF. 

 

 

Table 2 

Equivalent circuit element values with experimental data of 

impedance diagrams obtained from Fig. 7. 

 

 
 Values of equivalent circuit elements 

Electrode material 

R1 

(Ω) 

CPE-T 

(Ω-1cm-2s CPE-P) 

CPE-P 

R2 

(Ωcm2) 

W-R 

(Ωs-0.5) 

PETS 0.93 0.001056 0.70 6.98 1269 

PETS/MWCNT + 5% Ni2CoHCF 3.31 0.008426 0.89 4.62 203 

 
 

 

4- Conclusions  

poly(ethylene thiosuccinate) (PETS) was synthesized with 

succinic anhydride and 1,2-ethanedithiol monomers and its 

structure was investigated by FT-IR and 1HNMR. DSC 

analysis show a glass transition temperature of 88 °C for the 

polymer. Amorphous morphology is visible based on FE-SEM 

images for the synthesized polymer. Electrochemical analyses 

showed improved behavior for the nanocomposite. Also, the 

Faradaic behavior in the presence of nanoparticles was 

observed in CV and charge /discharge curves. The charge 

transfer resistance for the nanocomposite was lower than that 

of the neat polymer due to the synergistic effect of carbon 

nanotubes and nanoparticles. 
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Hydrogen is industrially produced by several methods such as 

natural gas reforming, coal gasification, and electrolysis of 

water [1]. Among them, natural gas reforming and coal 

gasification, causing fossil fuel-dependent hydrogen, are the 

current dominant production methods. Therefore, the 

utilization of production methods relying on renewable 

hydrogen sources is of great importance to achieve sustainable 

hydrogen production. 

 

Photocatalytic hydrogen production is one of the promising 

methods since it only requires solar energy and water with the 

use of semi-conducting catalysts. However, the photocatalysts 

in question suffer from several problems such as chemical 

instability, low electron conductivity, covering a limited 

portion of the solar spectrum, electron-hole pair 

recombination, etc. [2]. These problems result in low quantum 

efficiencies in photocatalytic water splitting. That’s why, there 

are some strategies to improve catalysts’ efficiencies such as 

doping, surface decoration, and formation of heterojunctions 

(Type-I, Type-II, Type-III, or Z-Scheme) [3,4]. Among them, 

the Z-Scheme heterojunction strategy might be an effective 

way to suppress the electron-hole pairs recombination which 

has a critical role in the catalyst efficiency. 

 

In the current work, dual Z-Scheme heterojunctions composed 

of g-C3N4, α-Fe2O3, and α-MnO2 were systematically 

investigated to reveal their photocatalytic activity for hydrogen 

production. We performed a sequential synthesis for ternary 

heterostructure where α-Fe2O3 and α-MnO2 were co-deposited 

onto g-C3N4 nanosheets. 

 

Structural, chemical, optical, and morphological investigations 

were carried out to identify the ternary catalyst system. 

Following the material characterizations, 50 mg of g-C3N4, α-

Fe2O3, and α-MnO2 ternary heterostructure with a mole ratio 

of 5:1:1 was added into a 50 ml aqueous solution of 0.5 M 

Na2S/Na2SO3 without the use of any noble metal. 

Photocatalytic water splitting tests were performed under UV 

(250-385 nm) and visible (385-740 nm) lights generated by 

Asahi Spectra MAX-350300W Xenon light source equipped 

with a mirror system to isolate the desired range of 

wavelengths. Gases released as a result of photocatalytic water 

splitting were analyzed and monitored by an online gas 

analyzer (Hiden Analytical QGA). Photocatalytic water 

splitting results indicated that the hydrogen production of the 

ternary heterostructure exceeds 500 μmol/g in an hour under 

UV light. 
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Photocatalytic water splitting is a promising method enabling 

environmentally friendly hydrogen production. In recent 

years, a large number of materials such as TiO2 [1], ZnO [2], 

CdS [3], g-C3N4 [4], and Fe2O3 [5] have been studied to 

develop an efficient photocatalyst for photocatalytic water 

splitting. Among them, metal-free g-C3N4 takes considerable 

attention due to its chemical stability, suitable band gap (2.7 

eV) allowing absorption of visible light, tunable electronic 

properties, and low cost [6]. However, it suffers from 

photoinduced charge recombination, which leads to inefficient 

water splitting and hence hydrogen production [7]. There are, 

therefore some strategies such as doping and the formation of 

heterojunction to overcome charge recombination issues [8]. 

Another critical problem is the strong agglomeration of g-C3N4 

catalysts causing a reduction in the effective surface area and 

hence photocatalytic activity. This is typically due to the 

utilization of high-temperature synthesis routes [6]. 

Employment of substrate material and synthesizing g-C3N4 on 

the substrate is one of the effective approaches to prevent 

agglomeration of g-C3N4 [9]. 

 

In the current work, halloysite nanotubes (HNT) were 

employed as a substrate material in order to reduce the g-C3N4 

agglomeration and extend the effective surface area of g-C3N4, 

which leads to strengthening of the pathways of charge transfer 

and prolonging the lifetimes of photoexcited carriers. In the 

study, the HNT surface was also chemically modified using 

both acidic (H2SO4) and alkali (NaOH) solutions to create 

defects on the HNT surface and unzip the HNT spiral structure 

[10]. This approach also results in the formation of hydroxyl 

groups on the surface of HNTs, allowing for better dispersion 

of the HNT in water, and hence better dispersion of g-C3N4 

photocatalysts. 

 

g-C3N4 synthesized on the HNTs were chemically and 

structurally characterized. Following the material 

characterizations, g-C3N4/HNT photocatalysts were subjected 

to photocatalytic water splitting tests to identify the effect of 

HNT surface modification on the photocatalytic activity of g-

C3N4 photocatalysts. Water splitting tests were performed 

under UV (250-385 nm) and visible (385-740 nm) lights 

generated by the Asahi Spectra MAX-350 300W Xenon light 

source. The gases produced as a result of photocatalytic water 

splitting were analyzed and monitored by an online gas 

analyzer (Hiden Analytical QGA). 
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Perovskite oxides are attracting attention as they can be used 

in thermochemical water splitting (TWS) reactions because 

they allow compositional diversity and provide higher 

structural stability. However, they need improvement in 

terms of structural stability, high reaction kinetics, and high 

stability during the thermal cycles [1]. 

 

For this purpose, it was aimed to improve the hydrogen 

production rate (>80%) with the existence of hetero-

interfaces and preserve stability during the redox cycles. It is 

known that the hydrogen production capacity of perovskite 

oxides decreases dramatically (40%-80 %) in initial cycles 

[2]. 

 

In this study, La0.6Sr0.4Mn0.6Al0.4O3-LSMA6464 perovskite 

oxide and La1-xCaxMnyFe1-yO3-LCMF (Ca=0.4-0.8, Al=0.4-

0.8) families were selected for the dual-perovskites where 

LSMA6464 perovskite oxide is already one of the promising 

compositions for the TWS [3]. A total of 3 perovskite oxides, 

LCMF6482, LCMF6464, and LCMF6446, were selected 

from the LCMF family to create a hetero-interface. These 

compositions were then evaluated in thermochemical redox 

reactions (Tred=~1400 °C, Tox=~800 °C). The H2 production 

curves obtained from LSMA6464-LCMx compositions are 

given in Figure 1 and the calculated H2 production rates and 

capacities are shown in Table 1. 

Figure 1. H2 production curves obtained at 800 °C from dual 

perovskites of LCMF6482, LCMF6464, LCMF6446 with 

LSMA6464. 

 

LSMA6464 has the highest hydrogen production with a first-

cycle production value of 257.18 µmol/g. LCMF6482, 

LCMAF6464, and LCMF6446 had the hydrogen production 

rate with a value of 39.09 µmol/g, 37.21 µmol/g, and 59.51 

µmol/g, respectively. 

Table 1. H2 production values obtained from compositions in 

the LSMA6464-LCMx oxide family in the water splitting test 

at 800 °C. 

 

LSMA6464-

LCMx 

Highest H2 

production 

rate 

(µmol/g.s) 

Time to reach 

the highest H2 

production 

(min) 

Total H2 

production 

(µmol/g) 

LSMA6464-
LCMF6482 

0.0232 28 83.92 

LSMA6464-
LCMF6464 

0.0291 27 93.98 

LSMA6464-
LCMF6446 

0.0164 27 53.49 

 

Among the dual-perovskite, LSMA6464-LCM.F6464 was the 

composition with the highest hydrogen production, with a 

first cycle production value of 93.98 µmol/g. It was followed 

by LSMA6464-LCMF6482 and LSMA6464-LCMF6446 

with 83.92 µmol/g and 53.49 µmol/g, respectively.  

 

Although there was an improvement in the individual 

hydrogen production capacity of LCMF perovskite oxides, it 

was still insufficient to be able to use in TWS. The hydrogen 

production was not sufficient. Here, it can be commented that 

the hetero-interface approach has an effect on hydrogen 

production. 
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In recent years, Bi-based catalysts have been studied many 

times due to their low cost, environmental friendliness, high 

electrochemical activity and high electrocatalytic efficiency 

for water splitting [1-2]. Bismuth (III) oxide is a 

semiconductor with excellent physical properties, especially 

optical and electrical properties, such as a wide energy gap, 

contributing to the very good photocatalytic properties, high 

refractive index and permittivity, very good 

photoconductivity and luminescence properties [6]. Bismuth 

oxide has six crystallographic structures, designated as α-

Bi2O3 (monoclinic) [7], β-Bi2O3 (tetragonal) [8], δ-Bi2O3 

(face-centered cubic) [9], γ-Bi2O3 (body-centered cubic) [10], 

ε-Bi2O3 (orthorhombic) [11], and ῳ-Bi2O3 (triclinic), 

respectively [12]. Bismuth-based mixed oxides exhibit 

predominantly n-type semiconductivity and therefore 

function as photoanodes in photoelectrochemical water 

splitting process. They exhibit low catalytic activity for 

oxygen evolution, resulting in hole accumulation at the 

electrode/electrolyte interface. 

The aim of this work is to create corrosion-resistant 

semiconductor electrode materials that are sensitive to the 

visible region of the solar spectrum. 

To obtain Bi2O3, metallic Bi was deposited on nickel 
electrodes by an electrochemical method. In this case, 
Bi(NO3)3 was used as a precursor and dissolved in ethylene 
glycol. The polarization curve of the process electroreduction 
bismuth ions shown Fig. 1.  

 

Fig.1. The polarization curve of the process electroreduction 

bismuth ions. 
 

 
 

Fig. 2. Results of X-ray phase analysis for Bi2O3 obtaining 
via electrochemical method. 
 

The electroreduction of bismuth ions occurs the potential 

range -0.25 - (-0.65) V. Starting from -0.25 V, to -0.65 V 

occurs electroreduction bismuth ions with this reaction: 

 

Bi3+ + 3e = Bi0    

Further, with of the electrode surface passivation (here the 

electrode surface is completely covered with an bismuth 

film), the current spent on the process is stabilized. Starting 

from -0.85 V, with an increase in potential, there is also an 

increase in current.           

After electrodeposition Bi thin films on the Ni electrode, they 

had been annealid at the 8500C for obtaining Bi2O3. Getting 

of Bi2O3 had been comformed with X-ray analysis. 
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Hydrogen has emerged as a promising energy carrier due to its 
high energy density and environmentally friendly nature, 
making it a key component in the transition to sustainable 
energy systems. Among various hydrogen production 

methods, the methanolysis of sodium borohydride (NaBH₄) 
has attracted significant attention due to its ability to generate 

hydrogen efficiently under mild conditions. NaBH₄ is a well-
known chemical hydrogen storage material with a high 
hydrogen content and stability, enabling hydrogen release 
through catalytic decomposition. 

Recent studies have focused on developing efficient catalysts 

to enhance hydrogen production via NaBH₄ methanolysis. 
Various transition metal-based catalysts, including noble 
metals such as Pt, Ru, and Pd, have demonstrated high 
catalytic activity [1]. However, the high cost and scarcity of 
these metals have driven research toward alternative catalyst 

materials. Despite extensive research on NaBH₄ methanolysis, 
no studies in the literature have specifically investigated the 

catalytic behavior of La₂O₃. This study aims to address this 

gap by synthesizing and characterizing La₂O₃ nanoparticle 

catalyst for hydrogen production via NaBH₄ methanolysis.  

 

 

 
 
 

Figure 1. XRD pattern of La2O3 nanoparticle. 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

Figure 2. a) XRD b) FTIR spektrum of La2O3 catalysts after 

NaBH₄ methanolysis. 

Figure 1 presents the XRD patterns of the synthesized La₂O₃ 
catalysts. In Figure 2, The XRD and FTIR spectra of La2O3 
catalyst is given after the reaction. The several characteristic 
peaks, which are indicative of the borate species formed during 

the methanolysis reaction. The broad O–H band at 3345 cm⁻¹ 
indicates hydroxyl groups and water, confirming the hydrated 

nature of the borates. Peaks at 1428 cm⁻¹ and 1341 cm⁻¹ are 

attributed to B–O⁻ and asymmetric borate ring stretching, 

while the 1200–800 cm⁻¹ region reflects B–O stretches in 

tetra-coordinated B units. The band at 943 cm⁻¹ suggests loose 

diborate rings, and peaks between 800–600 cm⁻¹ correspond to 
B–O–B bending [2]. These spectral features, supported by 
XRD, confirm the formation of borax and tincalconite as 
reaction products. 
 

The activation energy of the NaBH₄ methanolysis reaction was 

determined using the catalytic activity of La₂O₃ nanoparticle 
catalyst. To investigate the effect of temperature and to 
calculate kinetic parameters such as activation energy (Ea), 
activation enthalpy (ΔH), and activation entropy (ΔS), 

temperature-dependent experiments were conducted. In this 

context, methanolysis of 2.0 mmol NaBH₄ was carried out in 

the presence of 4.06 mM La₂O₃ nanoparticle catalyst within 
the temperature range of 20–40 °C. 
 

This study is the first to explore the use of nanoparticle La₂O₃ 
catalysts for facilitating both the hydrolysis and methanolysis 

of NaBH₄ under controlled conditions at 25.0±0.1°C. It was 
found that NaBH4 has much higher catalytic activity and 
stability in methanolysis than in its hydrolysis. The 
dependence of the rate of hydrogen production from NaBH4 

methanolysis on the amount of La₂O₃ was investigated by 
performing a series of catalytic reactions using different 

amounts of La₂O₃.  
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Hydrogen is a clean energy carrier with high energy density, 

making it an attractive fuel option. Among various production 

methods, sodium borohydride (NaBH₄) methanolysis stands 
out for its safety, fast kinetics, and high hydrogen yield [1]. In 

this reaction, NaBH₄ reacts with methanol (CH₃OH) to 
produce hydrogen gas and sodium tetramethoxyborate 

(NaB(OCH₃)₄): 

NaBH₄ + 4CH₃OH → NaB(OCH₃)₄ + 4H₂  (1) 

NaBH₄ is also non-toxic and non-flammable, enhancing its 
suitability for portable hydrogen systems. While many 

catalysts have been tested for this reaction, La(OH)₃ and 
La₂O₃ have not yet been studied. Given their catalytic 
potential, this work investigates hydrothermally synthesized 

La(OH)₃ and La₂O₃ nanowires as novel catalysts for NaBH₄ 
methanolysis, aiming to support sustainable hydrogen 
generation. The catalysts were characterized using XRD for 
phase identification, BET for surface area analysis, and FE-
SEM for morphological examination. These techniques 
confirmed the structural and textural properties of the 

synthesized La(OH)₃ and La₂O₃ nanowire catalysts.  

 

 

 

 

 

 

 

 

 

Figure 1. XRD patterns of La(OH)3 and La2O3 nanowires. 

 

 

 

 

 

 

 

 

 

 

Figure 2. FE-SEM images of (a) La(OH)₃ (b) La₂O₃ 
nanowires. 

 
Figure 1 demonstrates the formation of lanthanum oxides 
(La2O3) catalysts, while Figure 2 illustrate the FE-SEM images 

of the prepared La(OH)₃ and La₂O₃ nanowire catalysts. The 
specific surface area and total pore volume of the catalysts, as 

summarized in Table 1, show a significant decrease during the 

phase transformation from La(OH)₃ to La₂O₃. 
 

Table 1. Specific surface area, and total pore volume. 

Sample name Specific surface 

area (m2/g) 

Total pore 

volume (cm3/g) 

La(OH)3 35.4 0.190 

La2O3 26.6 0.139 

 

The experimental setup for NaBH₄ methanolysis and 
hydrogen gas measurement comprised a 50 mL jacketed 
reaction flask equipped with a Teflon-coated stir bar and 
placed on a magnetic stirrer. Temperature regulation was 
maintained by circulating water through the reactor jacket 
from a constant-temperature bath (PolyScience water bath). 
The evolved hydrogen gas was quantified using a graduated 
glass tube (50 cm in height, 2.5 cm in diameter) filled with 

water, which was connected to the reaction flask. Additionally, 
a thermocouple inserted into the reactor ensured precise 
temperature monitoring [2]. 

In this work, the catalytic performances of La(OH)₃ and La₂O₃ 
nanowires are systematically evaluated in terms of hydrogen 
yield, reaction kinetics, and stability under various operating 
conditions. The findings of this study provide valuable insights 

into the design of cost-effective and efficient catalysts for 
hydrogen generation, contributing to the advancement of clean 
energy technologies. 
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Biogas, produced through the anaerobic digestion of organic 

matter, is gaining attention as a clean and renewable energy 

source. It primarily comprises methane (CH4) and carbon 

dioxide (CO2), with composition varying based on the 

feedstock [1]. Oxidative reforming (OR) of biogas has been 

widely studied as a method for hydrogen and syngas 

production. These processes are valuable not only for energy 

generation but also for reducing greenhouse gases, as both 

methane and carbon dioxide are consumed. A key advantage 

of oxidative reforming of biogas lies in the exothermic 

catalytic partial oxidation (CPO) of methane, which lowers 

energy requirements. When CPO is combined with the 

endothermic dry reforming (DR) process, a thermoneutral 

condition can be achieved by adjusting the CH4/CO2/O2 ratios. 

Moreover, the presence of oxygen at high temperatures 

mitigates carbon deposition on catalyst surfaces, thereby 

enhancing long-term efficiency [2,3]. 

 

Catalysts are crucial in reforming reactions. While noble 

metals exhibit high activity, their high cost limits large-scale 

application. Nickel-based catalysts, when supported on metal 

oxides, provide a cost-effective alternative but suffer from 

deactivation [4]. To improve their stability, redox-active 

supports such as cerium oxide and hydrotalcite-derived mixed 

oxides are employed, offering enhanced performance across 

various reforming systems [5,6]. 

 

In this study, Mg-Al mixed oxide supports were synthesized 

from hydrotalcite via co-precipitation, followed by sequential 

impregnation with Ni and Ce. The resulting catalyst (10 wt% 

Ni and 5 wt% Ce on a Mg-Al (3:1) support) was evaluated for 

syngas production through oxidative reforming of model 

biogas. The effect of feed ratios (O2/CH4 and CO2/CH4) and 

reaction conditions (temperature and space velocity) on 

reactivity and product distribution were analyzed in relation to 

catalyst structure and texture.  

 

Process parameters for the oxidative reforming of biogas were 

optimized using response surface methodology (RSM) with 

Design-Expert software. A total of 30 experimental runs were 

designed using a three-level approach and conducted in 

random order to evaluate the effects of independent variables 

on response outputs. 

 

The effects of the independent variables (Table 1) was 

investigated within their respective operating ranges to 

identify optimal feed ratios and reaction conditions in the OR 

of biogas.  

 
Table 1. Independent variables and responses studied in 
oxidative reforming of biogas. 

Factors Range Responses 

CO2/CH4 0.3-1 CH4 conversion 

O2/CH4 0-0.5 CO2 conversion 

Temperature (℃) 600-800 H2/CO ratio 

Space velocity 

(mL/gcat.h) 

45,000-90,000 H2 yield 

 

The results indicate that increasing CO2/CH4 and O2/CH4 

ratios enhances CH4 conversion and H2 yield. However, higher 

O2 levels reduce CO2 conversion due to CH4 combustion and 

CO oxidation. Temperature positively influences CH4 and CO2 

conversions by promoting endothermic reactions such as dry 

reforming, but it lowers the H2/CO ratio owing to the reverse 

water-gas shift reaction. Variations in space velocity exhibited 

minimal impact on reaction performance, suggesting that 

temperature and feed composition are the primary factors 

influencing reactivity. 
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A material that receive a lot of attention due to his higt 

capacity to store hydrogen is ammonia borane (AB) with 

19.6% wt. It is a white powder stable at room presure and 

temperature [1], making it easy to handle. Three steps are 

know in the release of hydrogen from ammonia borane as a 

temperature function. AB releases about 1mol of H2 in each 

release step and loses approximately 6.5 wt% [3]. The first 

release step occurs around of 100 and 130 °C; hydrogen and 

a few gaseous residues are released such as diborane (B2H6), 

borazine (B3N3H6), and NH2BH2 [2]. The second release step 

take place of 130 to 200 oC, release a little more than 1 mol 

of hydrogen for mol of AB, at this point, the main residue is 

borazine (B3N3H6) and complex solid residues of type 

[BNHx]n (with x less that 2) is also formed [3]. The last step 

occurs above 500 oC releasing residual hydrogen [4]. 

 

 

Figure 1. Raman spectra sequence to heating rate of 2 °C 

/min in regios corresponding to NH3 and BH3 (left) and BH 

(right). The appearance of bands related to subprodutc that 

have NH2 and BHNH bonds is observed (du, umbrella, ds, 

scissors, and st,sthrech). 

 

The firs step release was analyzed for Raman spectroscopy 

(Raman TriVista 557) in two spectral regions, that understand 

the vibrational modes du, ds and st, corresponding to bonds 

BH3 and NH3, and BH respectively. The first step release was 

analized in the range of 70-130°C, every 5°C for the four 

heating rates 1, 2(figure1), 10 and 30 °C /min. Data analysis 

was carried out on the MATLAB platform, based on a 

principal components analysis (PCA). The changes between 

the shapes of the Raman spectra were recorded in the PCAs 

with the highest percentage weight.as seen in figure 2. 

 

 

 

Figure 2. Principal Components Analysis of region 

corresponding to BH bonds, in the first release step, for the 

four heating rates(each pointrepresents a Raman spectrum). 

In this case the vibrational modes are represented in principal 

components PC1 and PC2. Points within the dotted ellipse 

indicate spectra after release (AR), and the points outside  

before release (BR), represent the Raman spectra obtained 

from room teperature (RT, full points) until the moments 

when the hydrogen release begins (95 oC). 

 

The scattering of piont (spectra) in figure 2 are relationed 

with subproducts formation acording to PC1 that represente 

the aparence of new bands, in this case for compomts with 

NH2 and poliimonoboranes (BHNH)n. PC2 is related to the 

shifting of the bands. The scattering in general is related to a 

process of molecular rearrangement that can contribute to 

formation of subproducts. 
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Titanium iron (TiFe) alloy is a room-temperature hydrogen-

storage material, and it absorbs hydrogen via a two-step 

process to form TiFeH and then TiFeH2. The effect of V 

addition in TiFe alloy was recently elucidated. The V 

substitution for Ti sublattice lowers P2/P1 ratio, 

where P1 and P2 are the equilibrium plateau pressure for 

TiFe/TiFeH and TiFeH/TiFeH2, respectively, and thus restricts 

the two-step hydrogenation within a narrow pressure range. 

The focus of the present investigation was to optimize the V 

content such that maximum usable storage capacity can be 

achieved for the target pressure range: 1 MPa for absorption 

and 0.1 MPa for desorption. The effect of V substitution at 

selective Ti or Fe sublattices was closely analyzed, and the 

alloy composition Ti46Fe47.5V6.5 displayed the best 

performance with ca. 1.5 wt.% of usable capacity within the 

target pressure range. At the same time, another issue in TiFe-

based alloys, which is a difficulty in activation at room 

temperature, was solved by Ce addition. It was shown that 3 

wt.% Ce dispersion in TiFe alloy imparted to it easy room-

temperature (RT) activation properties. 

Titanium iron (TiFe) alloy is a room-temperature hydrogen-

storage material that absorbs hydrogen through a two-step 

process, forming TiFeH and TiFeH2. Recent studies have 

shown that vanadium (V) substitution in TiFe alloy lowers the 

P2/P1 ratio (where P1 and P2 are equilibrium plateau pressures 

for TiFe/TiFeH and TiFeH/TiFeH2, respectively), restricting 

hydrogenation within a narrow pressure range. This 

investigation aimed to optimize V content to achieve 

maximum usable storage capacity within the target pressure 

range of 1 MPa for absorption and 0.1 MPa for desorption. The 

Ti46Fe47.5V6.5 alloy composition demonstrated the best 

performance, achieving approximately 1.5 wt.% usable 

capacity within the target pressure range. Additionally, the 

study addressed the challenge of room-temperature activation 

in TiFe-based alloys by adding 3 wt.% Ce, which facilitated 

easy activation. 

The current investigation discusses the design and 

optimization of V-substituted TiFe-based alloys for hydrogen 

storage applications, focusing on achieving a target pressure 

range (0.1–1 MPa) and easy room-temperature activation. Key 

findings and methodologies include: 

Optimal Composition: The alloy composition Ti46Fe47.5V6.5 

demonstrated the best performance, achieving a usable 

hydrogen-storage capacity of 1.5 wt.% within the target 

pressure range.  V substitution at Fe sublattice lowered P2, 

while substitution at Ti sublattice raised P1, optimizing the 

pressure range. 

Activation Improvement: Adding 3 wt.% Ce to TiFe alloys 

improved room-temperature activation and suppressed the 

formation of Ti4Fe2O1−x suboxide, ensuring better control of 

the TiFe phase composition.  

Sample Preparation: Binary Ti-Fe and ternary Ti-Fe-V 

alloys with Ce addition were synthesized via arc melting and 

annealed at 1000°C.  Structural analysis confirmed the 

presence of TiFe (B2 structure) as the main phase, along with 

Ce and CeO2. 

Hydrogen Sorption Testing: Pressure-composition isotherm 

(PCI) measurements showed that Ti46Fe47.5V6.5 had closely 

positioned P1 and P2, forming a single plateau and 

maximizing usable capacity. 

Conclusion: The study successfully designed a TiFe-based 

alloy with enhanced hydrogen-storage capacity and easy 

activation, making it a promising candidate for room-

temperature hydrogen storage applications.  
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The need for hydrogen separation membranes has augmented 

over the years and it appears that it will continue augmenting 

further in coming decades. Instead of classical approach of 

addressing the need for hydrogen separation in centralized 

syngas facilities, it appears that there will be widespread need 

of relatively small scale installments either for feeding the 

hydrogen into storage system or taking the hydrogen from it 

wherever it is needed. The storage system in question could 

cover a number of alternatives, the most important is the 

network of natural gas pipeline which appears to be the 

emerging storage medium for hydrogen. It is thus timely to 

have a look at cost reduction strategies that can be employed 

in fabrication of separation membranes. The basis is 

commonly used separation membrane with composition of Pd-

23%Ag.  Two strategies may be employed; one to follow the 

basic strategy reflected by Pd- 23 %Ag, i.e. f.c.c. membranes 

that are ductile and can be processed metallurgically  into 

capillary tube or foil so that useful separation devices can be 

fabricated. Here there are two issues to be addressed; one how 

to reduce Pd content in order to make it cost effective, the 

second how to reduce the operating temperature which are 

traditionally targeted to syngas generation down to the much 

lower temperatures needed for  the present or future needs. The 

second strategy would address the same but not via 

metallurgical processing of selected alloys but to direct 

fabrication of separation membranes via thin film deposition. 

In this paper, we investigate cost effective membranes in 

ternary alloys based on Pd-Ag-Ti, Pd-Ag-Ni, Pd-Ag-Mn and 

Pd-Nb-Ti using an efficient search methodology based on 

combinatorial material chemistry.  
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Ti6Al4V is widely used in aerospace, biomedical, and other 

industries due to itshigh strength-to-weight ratio, corrosion 

resistance, and high-temperature performance. Additive 

manufacturing (AM) enables near-net-shape production with 

significantly reduced waste. Among AM techniques, selective 

laser melting (SLM) is the most widely used for Ti6Al4V, and 

it requires fine (15–53 µm) spherical powders.This study 

investigates a recycling route to produce such powders from 

Ti6Al4V shavings. In this route, cleaned chips are 

hydrogenated, milled, and plasma spheroidized into spherical 

powders. To determine conditions of hydriding, chips were 

hydrided isothermally for a fixed duration at temperatures 

from 450 to 650 °C. This showed that the amount of hydrogen 

absorbed increased with increasing temperature. Then, 

pressure-controlled experiments were carried out. This was 

challenging since hydrogen absorption leads to an 

uncontrolled rise in temperature. Hydriding, therefore, was 

carried out with flow-controlled delivery. This showed that 

chips can be hydrided to 3.3 wt.% at 400 °C for a duration of 

5 hours. The hydrided chips were milled with a tumbling ball- 

mill, which resulted in powders of irregular shape (<53µm) 

due to their brittleness.  

Iregularly shaped fine powders were sphereoidized in RF 

thermal plasma  25 kW. The powders were fed into the torch 

from 15 to 5 g/min. 10 g/min provided the best balance 

between spheroidization and process efficiency. 

It is concluded that direct spheroidization of hydrided powders 

in the plasma reactor results in desorption of hydrogen which 

adversely affact the temperature distribution in the reactor. 

Possible routes  for succesful processing of plasma 

sphereoidization  are discussed  

 

Motivation is to recycle contaminated turnings into 
fine Grade 3 spherical powders(<53 m) 

 

Equipment used  for hydrogen processing of the  
turnings . The reactor where turnings are treated is 
inside the split furnace  The equipment is a PCT 
apparatus (house built and impeoved over  aperiod of 
10 years).aapted for the purpose    
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Polybenzimidazole (PBI)-based membranes have emerged as 

promising candidates for high-temperature proton exchange 

membrane fuel cells due to their exceptional thermal and 

chemical stability, as well as their ability to maintain proton 

conductivity under anhydrous conditions. [1],[2] To improve 

the properties of PBI membranes, researchers have 

concentrated on incorporating inorganic nanofillers. 

Functionalized boron nitride (BN) nanosheets are particularly 

promising as reinforcing additives because of their high 

thermal conductivity, chemical inertness, and capacity to form 

additional proton transport pathways within the polymer 

matrix. [2],[6] The purpose of using functionalized boron 

nitride (BN) in proton exchange membranes is to increase the 

performance of PEM fuel cells and reduce material 

costs.[4],[5] The superior thermal and mechanical stability and 

high proton conductivity of boron nitride play an important 

role in improving the poor thermal and mechanical properties 

of Polybenzimidazole (PBI) membranes.[2],[3] The main aim 

to this study provide valuable insights into the evaluation and 

optimization of novel PBI-based composite membranes for 

high-temperature fuel cell system. In this context, the addition 

of BN provides a lower cost and environmentally friendly 

alternative compared to existing per fluorinated membranes, 

providing a wider potential for use in energy applications. In 

this study, polybenzimidazole was successfully synthesized 

via condensation polymerization in polyphosphoric acid 

(PPA) at a temperature range of 150–230°C and the 

functionalization of hexagonal boron nitride (h-BN) with 

amine groups (NH₂) was carried out to enhance its chemical 

properties and compatibility with various applications. A 

novel PBI membranes containing functionalized BN fillers 

were synthesized and systematically characterized to assess 

their potential for HT-PEMFC applications. FTIR  

 

spectroscopy was performed to confirm the structural features 

of the polymers. The FTIR spectra show key differences 

confirming BN incorporation into the Py-PBI matrix. Pure Py-

PBI exhibits peaks at 2924 and 2855 cm⁻¹ (C–H stretching), 

1738 and 1598 cm⁻¹ (C=N, C=C stretching), and distinct bands 

between 1434–742 cm⁻¹ (ring vibrations) 

In the composite membrane, new peaks appear at 1266, 962, 

and 903 cm⁻¹, indicating B–N and B–N–H bonds. The shift 

from 2924 to 3062 cm⁻¹ and enhanced intensity at 1372 cm⁻¹ 

confirm strong interaction and successful composite 

formation. 

The polymer exhibited an intrinsic viscosity of 1.51 dL/g and 

an average molecular weight of 70,999 Da 

The XRD pattern of pyridine-PBI shows a broad peak around 

25°, indicating its amorphous nature with low crystallinity 

Electrochemical impedance spectroscopy (EIS) was 
performed using a Gamry Instrument 3000 Reference over a 
frequency range of 1 MHz to 1 Hz The proton conductivity 

was then calculated based on the following Equation. 

𝜎(𝑠 𝑐𝑚) =
𝐿

𝑅∗𝑤∗𝑡
⁄                                                 [1]                                                                                            

Proton conductivity reached 0.224 S/cm at 180°C, and making 

py-PBI suitable for moderate-temperature applications, though 

its performance declined at higher temperatures due to 

dehydration and structural changes. Thermal stability was 

assessed in an air environment with a heating rate of 10 

°C/min. Initial minor loss (65.93–118.23 °C) Major 

degradation begins at 385.73 °C and continues beyond 

749.81 °C, indicating high thermal stability. The TGA results 

for the synthesized Py-PBI indicated a weight loss of 58% at 

900 °C. 

Overall, these studies provided insights into the structural 

integrity, of the synthesized PBI/functionalized membranes, 

supporting their suitability for high -temperature PEMFC fuel 

cell development. 
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Abstract 

In this study, graphene supported PtCo electrocatalysts were synthesized via microwave assisted polyol reduction 

method with varying irradiation temperatures and their performance were evaluated as cathode electrodes in polymer 

electrolyte membrane fuel cells (PEMFCs). The impact of microwave irradiation temperature on the structural, 

morphological, and electrochemical properties of the catalysts was systematically investigated. Among the synthesized 

catalysts, the sample prepared at 170 °C (PtCo/G-170) exhibited the highest performance, acheiving a peak power 

density of approximately 520 mW/cm² and an ECSA value of 87.3 cm²/g. These results demonstrate that the 

microwave-assisted synthesis method yields a more effective nanoparticle dispersion compared to conventional heating 

method, significantly enhancing the electrocatalyst's efficiency.  
 

 
1.Introduction 

The important characteristics of polymer electrolyte 
membrane fuel cells (PEMFC) like high energy efficiency, low 
temperature operation and zero emission make them promising 
clean energy devices [1–3]. The problems that are encountered 

in their widespread commercialization is the high cost due to 
the use of precious metal electrocatalysts and limited 
durability, due to sluggish kinetics of oxygen reduction 
reaction (ORR) [4,5]. There are tremendous research on 
overcoming these limitations, i.e. alloying Pt with transition 
metals (Co, Ni, etc.) for enhancement of ORR characteristics 
and decreasing the cost with the reduction of noble metal 
amount [6–8]. PtCo alloys exhibit high catalytic activity and 
stability under acidic PEMFC conditions [9], where the 

activity and durability are affected not only by the morphology 
of the catalyst but also the nature of the support material. 

Graphene is denoted as an ideal support for noble metal 
electrocatalysts with its large specific surface area, excellent 
electrical conductivity, mechanical strength, and chemical 

stability [10–12]. Due to increased metal-support interaction 
and uniform distribution, there is an enhancement in the 
catalytic activity where graphene is used as a support.  
Moreover, the catalyst preparation method has a significant 
impact on morphology and catalytic activity. Conventional 
synthesis methods, such as chemical reduction under reflux, 
often lead to particle aggregation, broad size distribution, and 
incomplete alloy formation, limiting the catalyst’s efficiency. 

Microwave-assisted synthesis has recently gained attention as 
an efficient and sustainable alternative due to its rapid 
volumetric heating, reduced reaction times, and improved 
control over nanoparticle growth [13–15]. By providing 

homogeneous thermal energy, microwave irradiation 
promotes uniform nucleation and prevents excessive particle 
growth, enabling the formation of finely dispersed and well-
alloyed nanoparticles on graphene supports. 

In this study, we report the synthesis of PtCo/graphene 
composite electrocatalysts via a microwave-assisted polyol 
method and evaluate their performance as cathode catalysts in 
PEMFCs. The effects of synthesis temperature on the 
structural, morphological, and electrochemical properties of 
the catalysts are systematically investigated. The results 
demonstrate that the microwave-assisted approach not only 

enhances nanoparticle dispersion and alloy formation but also 
significantly improves fuel cell performance compared to 
conventional methods. This work highlights the potential of 
microwave-assisted synthesis in designing high-performance, 
graphene-supported electrocatalysts for next-generation 
PEMFC applications. 

2.Experimental  

Graphene samples were obtained from CealTech (Norway). 

Chloroplatinic acid hexahydrate (H₂PtCl₆·6H₂O, ≥99.9%), 
cobalt(II) chloride hexahydrate (CoCl₂·6H₂O, ≥98%), ethylene 
glycol (EG, ≥99%), Nafion® solution (5 wt%), and 
isopropanol (≥99.5%) were purchased from Sigma-Aldrich 
and used without further purification. Ultrapure water 
(resistivity 18.2 MΩ·cm) was used throughout all experiments. 
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2.1 Synthesis of PtCo/Graphene Catalysts 

PtCo/graphene catalysts were synthesized using a microwave-
assisted polyol reduction method. First, 160 mg of graphene 
was dispersed in 10 mL of ethylene glycol (EG) via 
ultrasonication for 1 h to ensure homogeneous suspension. In 
a separate container, 79 mg of H₂PtCl₆·6H₂O and 20 mg of 
CoCl₂·6H₂O were dissolved in 1 mL of EG under 

ultrasonication for 10 min. The metal precursor solution was 
then added dropwise to the graphene suspension under 
magnetic stirring. The resulting mixture was transferred into 
Monowave 400 microwave reactor (Anton Paar) and heated to 

90 C under continuous stirring. After the reaction, the product 
was cooled to room temperature, filtered, and washed 
thoroughly with ethanol and deionized water. The obtained 
black powder was dried under vacuum at 80 °C overnight. For 
comparison, additional samples were synthesized at 110 °C 

and 170 °C, and a control sample was prepared using a 
conventional reflux method at 170 °C for 8 hours.  

The morphology and particle size of the catalysts were 
analyzed using transmission electron microscopy (TEM, 
JEOL JEM-2100F). X-ray diffraction (XRD) patterns were 
recorded on a Rigaku Miniflex 600 diffractometer using Cu 

Kα radiation (λ = 1.5406 Å) to confirm alloy formation. 
Elemental mapping and compositional analysis were 
performed using energy-dispersive X-ray spectroscopy (EDS) 
coupled with scanning electron microscopy (SEM, Phenom 
XL).  

The electrochemical analysis was performed on the Fuel Cell 
Test Station (Scribner Associates). Cathode electrodes were 
prepared by spraying the catalyst ink onto the gas diffusion 
layer (GDL, Sigracet 29 BC) till 0,2 mg/cm2 loading was 
achieved (Fig. 1). For the anode side, 0,6 mg/cm2 of %20 Pt/C 
was coated on the gas diffusion layer (Sigracet 29 BC). The 
membrane electrode assembly was prepaed by hot pressing the 
anode and cathode electrodes with the membrane (Nafion XL).  

      

Fig 1. The prepared electrocatalyst and coated gas 

diffusion layer 

3. Results and Discussion  

The SEM and TEM images of the graphene support before 

catalyts preparation step is shown in Fig 2.    

        

     Fig 2. The SEM and TEM images of graphene support 

Graphene-supported PtCo catalysts were synthesized via 

microwave-assisted processing at sequential temperatures of 

90 °C, 110 °C, and 170 °C to investigate the effect of synthesis 

temperature on catalyst properties. Moreover, the polyol 

reduction with conventional reflux method was applied, to 

investigate the effect of microwave heating. The EDS analysis 

of the graphene-supported PtCo catalyst is presented in Fig. 3. 

The EDS spectrum confirms a Pt:Co atomic ratio of 

approximately 1:1 and a homogeneous distribution of both 

elements on the graphene support 

 

Fig 3. EDS sprectrum of graphene supported PtCo catalysts 

The XRD patterns of the catalysts synthesized via 

conventional reflux and microwave-assisted polyol methods at 

different temperatures (90 °C, 110 °C, and 170 °C) shows that 

all samples exhibit diffraction peaks characteristic of face-

centered cubic (fcc) Pt, indicating the formation of Pt-based 

alloy structures. Notably, samples synthesized at higher 

microwave irradiation temperatures (170 °C) demonstrate 

slight peak shifts compared to those produced under reflux 

conditions, suggesting lattice contraction due to cobalt 

incorporation into the Pt lattice. This structural modification, 

typically associated with PtCo alloy formation, was further 

supported by the calculated lattice parameters, which were 

lower than that of pure Pt (3.92 Å) and consistent with reported 

values for PtCo alloys (3.85–3.89 Å). These findings confirm 

that microwave-assisted synthesis at elevated temperatures 

promotes alloying and produces well-dispersed nanoparticles 

on the graphene support.            

The TEM images of graphene supported catalysts prepared by 

microwave sysnthesis at 90, 110 and 170 C and conventional 

reflux method are shown in Figure 5.  

Fig 5. TEM images of the catalysts prepared at 90, 110. 170C 

by microwave irradiation and conventional reflux, 

respectively.  

The microstructural evidence indicates that microwave 

irradiation facilitates uniform nucleation and controlled 

growth kinetics, resulting in a homogeneous dispersion of 

catalyst nanoparticles on the support, whereas conventional 

reflux heating leads to non-uniform thermal gradients and 

pronounced particle agglomeration. 

The electrochemical specific surface area (ESCA) of the 

prepared electrocatalysts by conventional reflux method and 

microwave assisted synthesis at 90, 110 and 170 C are 

calculated from the cyclic voltammograms reported at 60 and 

80 C are listed in Table 1.  
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Table 1. The electrochemical specific surface area (ESCA) 

values of the electrocatalysts.  

 

Fuel cell performance tests of the prepared electrocatalysts 

were performed under H2/O2 gases with 1.2:2.0 stoichiometric 

ratio, under humidified conditions at 80 C. Fig 6, represents 

the polarization curves of the catalyts prepared by microwave 

assisted synthesis at 90, 110, 170 C and conventional reflux 

method. 

Fig 6. Polarization curves of graphene supported PtCo 

electrocatalysts 

According to the polarization and power density curves, the 

PtCo/G-170 catalyst exhibited the highest cell performance, 
delivering a peak power density of 520 mW cm⁻², while 
PtCo/G-110 reached 410 mW cm⁻². In contrast, the PtCo/G-

90 and conventionally synthesized PtCo/G-Reflux catalysts 
exhibited significantly lower power densities of approximately 
330 mW cm⁻² and 230 mW cm⁻², respectively. A direct 
comparison between the Reflux-derived catalyst and the 
microwave-synthesized PtCo/G-170 clearly indicates a 
substantial improvement (>500 mW cm⁻²) in the latter, 

particularly in the mid-to-high current density region of the 
polarization curve. This demonstrates the superior catalytic 
activity and enhanced efficiency of the microwave-assisted 
PtCo/Graphene catalyst relative to its conventionally prepared 
counterpart. 

In terms of high-current-density operation, PtCo/G-170 
maintained a power density of approximately 520 mW cm⁻² 

even at 1.3 A cm⁻², confirming its excellent electrochemical 

stability under heavy load conditions. 

From an electrochemical perspective, the improved 
performance is attributed to the synergistic effects of the PtCo 

alloy and the graphene support. The incorporation of Co 
enhances oxygen reduction reaction (ORR) kinetics by 
modifying the Pt electronic structure, while the graphene 

support improves electron conductivity, suppresses 
nanoparticle agglomeration, and mitigates corrosion-related 
degradation. Consequently, the catalyst exhibits stable 
performance at high current densities, indicating 
homogeneous nanoparticle dispersion, strong structural 
integrity, and sustained catalytic activity over extended 
operation. These findings demonstrate that the microwave-
assisted synthesis route yields a high-performance and durable 

PtCo/Graphene catalyst, outperforming conventionally 
synthesized materials in terms of power density, stability, and 
ORR activity. 

4- Conclusions  

This study has demonstrated that the production of 

PtCo/graphene-based cathode catalysts via a microwave-

assisted synthesis method offers significant technical and 

economic advantages over conventional methods. Microwave 

irradiation enables rapid and uniform heating without the need 

for high temperatures or prolonged processing, thereby 

substantially reducing synthesis time, lowering energy 

consumption, and minimizing production costs. Furthermore, 

the catalysts produced using this method exhibit enhanced 

electrochemical performance due to characteristics such as 

smaller particle size, uniform metal dispersion, and well-

defined crystal structure. However, for the widespread 

commercialization of such high-performance systems, cost-

effective production processes must be scalable and applicable 

at the industrial level. 
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Abstract 
The intensive use of fossil fuels has led to serious environmental and political problems in the last century. Therefore, sustainable and 

efficient energy solutions are needed. While renewable energy sources offer solutions to this problem, Polymer Electrolyte Membrane 

Fuel Cells (PEMFCs), which convert chemical energy directly into electrical energy, stand out with their high efficiency and low 

emissions. However, perfluorinated sulfuric acid (PFSA)-based membranes commonly used in PEMFCs have been criticized for their 

high costs and environmental impacts. In this context, alternative fluorine-free hydrocarbon-based membranes are being investigated. 

This project aims to develop membranes based on sulfonated polyether ether ketone (SPEEK) derived from PEEK derivatives. SPEEK 

offers advantages such as tunable proton conductivity, high thermal stability, and low methanol permeability as a low-cost and 

environmentally friendly alternative. 

 

1.Introduction 
Global efforts to meet the increasing energy demand have 

prompted researchers to develop innovative technologies that 

ensure high reliability and low emissions [1]. In this regard, 

hydrogen energy has emerged as a promising and sustainable 

alternative to conventional energy sources. Among various 

conversion technologies, fuel cells represent one of the most 

efficient methods for transforming hydrogen energy into 

electricity [2][3]. In particular, proton exchange membranes 

(PEMs) have attracted significant attention in recent years due 

to their high energy efficiency, elevated power density, zero 

greenhouse gas emissions, and relatively low operating 

temperatures. [4]. Owing to these characteristics, PEMs have 

found widespread application in advanced technological 

fields, including stationary power generation, residential 

energy systems, the automotive industry, and portable 

electronic devices [5][6][7]. With an operational temperature 

range of 25–120 °C and an efficiency reaching up to 65%, 

PEMs stand out as a promising technology for future 

sustainable energy systems [8]. 

2.Expremental 

In the experiments to be carried out at Kocaeli University, 

SPEEK will be synthesized by sulfonation at different 

PEEK/acid ratios, and the relationships between the degree of 

sulfonation, molecular weight, and proton conductivity will be 

investigated.  The obtained SPEEK membranes will be 

produced by both methods, and their mechanical and chemical 

resistance be tested. The surface morphology of the 

membranes analyzed by SEM, and water uptake, swelling 

ratio, and ion exchange capacities will be evaluated. Proton 

conductivity will be measured by EIS and compared with 

commercial Nafion membranes. In addition, thermal stability 

will be analyzed by DSC and TGA, and chemical resistance in 

different media will be analyzed. FTIR spectra were used to 

confirm the chemical structures of SPEEK membranes. As 

shown in figure1. 

3.Results and Discussion 

FTIR spectroscopy FTIR spectrum of pure SPEEK membrane 

is shown in Figure 1 (Supplementary Information). The 

hydroxyl (–OH) groups are represented by a characteristic 

broad absorption band in the FTIR spectra, which appears 

around 3300–3500 cm-1. Furthermore, the frequency ranges of 

1050 cm-1, 1250 cm-1, and 1465 cm-1 exhibit three distinct 

absorption bands of the –SO3H groups. These absorption 

bands can be ascribed to the S = O stretching, the asymmetric 

O = S = O stretching, and the symmetric stretching vibration 

of O = S = O, respectively [9]. Table 1 shows the analysis data 

of SPEEK membrane samples. The data obtained reveal that 

the DS increases as the concentration decreases, while the 

molecular weight (Mw) decreases and the ionic conductivity 

(σ) increases significantly. It was observed that sulfonation 

conditions at low concentrations resulted in a deeper and more 

widespread sulfonic group insertion into the polymer chain, 

which increased the DS (%) and improved the proton 

conductivity. 

 

 
Fig. 1.  FTIR of SPEEK sampales  
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However, the high degree of sulfonation also caused partial 

distortion of the polymer chain and a decrease in chain length, 

resulting in a decrease in molecular weight and increase in DS 

(%) and proton conductivity. According to the data obtained 

from the results of this study, it was reported that the sPPEK12 

membrane with a low sulfonation degree and high molecular 

weight can be used instead of Nafion 115, and the sPPEK4 

membrane with high DS and low Mw can be used instead of 

Nafion 212. 

Table 1 

Data obtained from some analysis results 

Samples 
(Mw) 

(g/mol) 

DS 

(%) 
IEC 

Conductivity 

(𝛿) ms/cm 

PEEK 29345.33  0.067 - 

sPEEK38 25565.52 38.2 1.20 21.7 

sPEEK40 22976.06 40.3 1.23 28.2 

sPEEK45 20671.50 45.6 1.35 33.4 

sPEEK66 16944.19 66.1 1.94 45.6 

sPEEK73 15496.30 72.9 2.21 56.3 

Nafion 

115 
- 21.3 0.70 21.5 

Nafion 

212 
- 26.5 0.78 36.7 

As DS increases in SPEEK, the SO₃H density and 

consequently the IEC increase; this increase generally 

enhances proton conductivity while also increasing water 

uptake and swelling. Therefore, DS is the main tuning 

parameter in the conductivity–dimensional stability trade-off. 

The literature shows that with very high DS (high 

hydrophilicity), mechanical weakening and the risk of 

excessive swelling/dissolution increase; whereas a more 

balanced performance is achieved in the medium DS range. 

Nafion-class PFSA membranes offer high hydrated 

conductivity due to distinct nano-phase separation and 

continuous hydrophilic channels, whereas in SPEEK, phase 

separation may be weaker, leading to a noticeable decrease in 

conductivity, especially at low relative humidity[10]. Table 2 

shown Nafion™ NR212 is a commercially available PEM 

based on a chemically stabilized PFSA/PTFE copolymer, 

approximately 50.8 µm thick, in acid form. Manufacturer 

bulletins report typical values for NR212 of a total acid 

capacity in the range of 0.95–1.01 meq·g⁻¹; and tensile 

strength of ~32 MPa. In contrast, the IEC value for SPEEK 

membranes can be designed over a wide range depending on 

the DS; fuel permeability is reported to be lower than Nafion 

in most studies; however, proton conductivity and water 

management are strongly dependent on the DS and 

morphology[11].  

 

 

Table 2 

SPEEK and Nafion212 properties 

Parameter SPEEK  Nafion™ NR212  

Thickness 20–100 µm  ≈50.8 µm 

Total acid 

capacity / IEC 

≈1.0–2.5 meq·g⁻¹ 

(tunable via DS) 
0.95–1.01 meq·g⁻¹ 

Water uptake ≈20–70% 
≈50% ±5  

(100 °C, 1 h) 

Proton 

conductivity 80 

°C 

≈0.03–0.12 S·cm⁻¹  

80 °C / 100% RH 

0.036 S·cm⁻¹ under 

80 °C / 100% RH  

Methanol 

permeability 

Generally, ~1–2 

orders of magnitude 

lower than Nafion 

Relatively high 

(disadvantage in 

DMFC) 

Proton Conductivity, hydration and moisture dependence 

SPEEK's proton conductivity is fundamentally dependent on 

(i) –SO₃H density (IEC/DS), (ii) water content and water states 

(bound/free), (iii) continuity of the hydrophilic phase, and (iv) 

measurement geometry. Under fully hydrated conditions, it 

has been reported that SPEEK membranes can achieve 

conductivities approaching those of Nafion with appropriate 

DS selection. However, due to the limited morphological 

phase separation and stronger water binding, SPEEK may be 

more susceptible to conductivity loss at low relative humidity; 

this becomes particularly evident in the 40–100% RH range. 

Figure 2. Shown proton conductivities of membranes. 

Fig.2. Proton conductivities of membranes at various 

temperatures. 

Thermal Stability, SPEEK's PEEK-based aromatic backbone 

provides high Tg and thermal stability advantages in 

hydrocarbon-based PEMs. While TGA studies typically show 

two-step mass loss (–SO₃H decomposition and backbone 
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degradation), membranes in the medium DS range can remain 

dimensionally more stable up to 150–200 °C. Mechanically, as 

DS increases, a tendency toward decreased modulus/tensile 

values may be observed due to hydrophilization and 

plasticization. Nafion NR212, on the other hand, offers strong 

chemical resistance and industrial maturity thanks to its 

perfluorinated backbone; however, disadvantages such as cost 

and fuel transfer make fluorine-free alternatives like SPEEK 

attractive. Fig 3 shown TGA and DSC curve of SPEEK 

samples. 

 

Fig. 3. TGA (A) and DSC (B) curves of the SPEEK 

membranes 

 
In SPEEK, Tg increases with increasing sulfonation degree 

and water content, as clearly observed in Speek73 and 

sPEEK66 membranes  [12].   In the 318–260 °C range (peak 

Tₚ₃ ≈ 330 °C) a predominantly endothermic peak, occasionally 

exhibiting shoulders, is observed, corresponding to the initial 

pyrolytic steps of –SO₃H functional groups, including early 

desulfurization, dehydration, formation of SO₃-, H₂O-, or SO₂-

related volatile species, and/or rearrangement of acidic groups; 

this region correlates with the second mass-loss band (180–

350 °C) in TGA [13] [14].  

 

 

 

 
 

4. Conclusions and Recommendations 

SPEEK is a hydrocarbon PEM that can be synthesized 

relatively simply using a post-sulfonation approach with 

concentrated H₂SO₄ and whose properties can be widely 

adjusted via DS/IEC. The literature indicates that SPEEK 

offers a strong alternative to Nafion in DMFC applications, 

particularly due to its suppression of methanol permeability; 

however, its proton conductivity and low moisture 

performance may be more sensitive to morphology/hydration 

management. While Nafion™ NR212 is a strong reference in 

terms of industrial maturity and stability, limitations such as 

cost and fuel crossover continue to drive the search for 

alternative membranes. For future work, it is recommended to 

(i) ensure dimensional stability through DS/IEC optimization, 

(ii) develop design strategies that enhance phase separation, 

and (iii) report long-term durability using standardized metrics 

through accelerated aging tests (chemical/mechanical). 
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Abstract 
The thermo-mechanical analytical model proposed for different   solid oxide fuel cell (SOFC) designs 

addresses the deformation behavior and mechanical stability of SOFCs at various thermal stresses, specifically 

the creep resistance and the long-term endurance beyond the elastic limit. 

The model considers the deformation of multi-layer SOFC in the temperature  range of 600–800°C and presents 

the combination of the correlated parameters for SOFC performance evaluation, stability and long-term 

endurance under realistic operating conditions and temperature gradients. The numerical analysis of the 

thermo-mechanical properties of the SOFC materials is presented in terms of mechanical behavior at failure 

conditions and the influence of rheological and structural properties on SOFC long-term endurance. The SOFC 

thermal behavior, creep parameters of the SOFC materials and long-term stability are analyzed in    terms of 

stresses, deformations and displacements. 

Keywords: modelling, materials, performances, operating temperature, design of compatibility, porous, 

plasticity, state of equilibrium, thermal strain stresses. 

 

1.Introduction 
Conventional energy sources such as gasoline (diesel), coal and 

hydro source are the main sources for power generation. 

However, these conventional energy sources are being depleted, 

and are also unfriendly to the environment. Alternative energy 

sources such as renewable energy (RE) systems are becoming 

more popular in power generation applications. RE sources 

include solar energy, wind energy, photovoltaic (PV) cell 

energy, fuel cell etc which are very effective in reducing the 

green house gas emissions. In the near future, large portions of 

increase in electrical energy demand will be met through 

widespread installation of distributed generation (DG). Many 

advantages are considered for application of DG, i.e., increased 

service reliability, reduction of the need for grid reinforcement, 

generation expansion and power factor correction. Furthermore, 

it is possible to improve voltage regulation and local power 

quality more precisely using DGs in comparison to conventional 

centralized generators. DG sources comprise of direct energy 

conversion sources producing DC voltages or currents such as 

fuel cells and photovoltaic sources, high-frequency sources such 

as micro turbines, and variable frequency sources such as wind 

energy. Power generation from solar energy sources and wind 

energy sources is unpredictable, because solar power depends on 

the availability of sun light and wind energy system depends on 

the wind. Since fuel cells have no geographical limitations, they 

are preferred for small scale power generation. Power generation 

in fuel cells depends on the hydrogen input which is available in 

abundance. Further, fuel cells are known for their low to zero 

emissions, high efficiency (35-60%) and high reliability because 

of the absence of moving parts. Fuel cells are static energy 

conversion devices that partially convert the chemical energy of 

fuels directly into electrical energy and produces water as its 

byproduct.  

The successful utilization of materials requires that they satisfy 

a set of properties. These properties can be classified into 

thermal, optical, mechanical, physical, chemical, and nuclear,  

promise of an efficient, low pollution technology for production 

of electricity and efficient use of waste heat including low 

 

and they are intimately connected to the structure of materials. The 

structure, in its turn, is the result of synthesis and processing. A 

schematic framework that explains the complex relationships in 

the field of the mechanical behavior of materials, shown in Figure 

1, is Thomas’s iterative tetrahedron, which contains four principal 

elements: mechanical properties, characterization, theory, and 

processing.  Interrelationships among structure, properties, and 

processing methods, the most important theoretical approaches, 

and the most-used characterization techniques in materials science 

today. 

 

 

                                         

                                          

 

                                           

 

 

 

 

                                   

 

         Fig.1 Tetrahedron, which contains four principle elements 

 

Clean and sufficient energy is an important precondition for the 

continued growth in global wealth. Solutions must be found to 

utilize the remaining fossil fuels more efficiently and also to 

ensure that new environmentally friendly fuels can secure power 

production in the post-fossil fuel era. This is the essence of the 

global energy challenge. Fuel cells hold the promise of an 

efficient, low pollution technology for production of electricity. 
Because fuel cells rely on electrochemical rather than thermo-

mechanical processes in the conversion of fuel into electricity, the 

fuel cell is not limited by the Carnot efficiency as is the case for 

conventional generators. High-temperature fuel cells hold the 

conversion of fuel to power. The only rotating parts in the system 

are a fuel pump and a small air blower. Accordingly, maintenance 
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transmission losses. Scalability, decentralization, and load 

following capabilities are major advantages that can play an 

effective role in future power grids and power supply. 

Solid oxide fuel cells offer the potential of high volumetric 

power density, cost efficiency, and fuel flexibility, and 

significant progress has been made during the last 5 years in 

bringing SOFC technology closer to commercialization. 

This entry will endeavor to answer the question whether SOFC 

technology is now ready for the market or perhaps put in another 

way: Is the market ready for SOFC technology and which 

challenges still need to be addressed? Requirements to SOFC 

design: There are six main types of fuel cell: alkaline fuel cell 

(AFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel 

cell (MCFC), polymer electrolyte membrane fuel cell (PEMFC) 

and direct methanol fuel cell (DMFC), solid oxide fuel cell 

(SOFC). The entry will describe how SOFC technology can 

contribute to solving the energy challenges in the future. The 

current status of the SOFC technology and industry will be 

briefly discussed and the possible markets described. Three main 

challenges on the road to competiveness – life- time, reliability, 

and cost – are addressed. Techno-economic studies of the 

different market segments are used to define the threshold for 

market entry. The entry ends by looking ahead and concluding 

that the SOFC technology is ready for the market with respect to 

the projected cost and lifetimes, but that reliability under real-

life conditions still remains to be demonstrated. The learning 

investments needed, however, do not appear to be prohibitive 

considering the benefits which this game - changing technology 

has to offer. Among different types and scale power generation 

systems, fuel cells have received more attention, because they 

can provide also both heat and power. Advantages of SOFC Fuel 

Cells are: 

 

      - Higher electrical efficiency. The SOFC technology will be 

able to provide an electrical efficiency of up to 60%. This 

efficiency is very high compared to worldwide power plants 

operating at average electric efficiencies of 30–35% and to 

existing decentralized, smaller power generation equipment 

(engines and generators) operating at as low as 5–10% for 

engines and 15–25% for generators. Application of SOFC units 

with higher electrical efficiency will result in substantial savings 

in fuel and money, and for operation on fossil fuels also in a 

proportional reduction in CO2 emissions; 

 

- High efficiency for all capacities. The SOFC technology is 

scalable and can cover the complete range from 1 kW to 1 MW, 

or even higher, with almost no loss of efficiency. The technology 

offers a very competitive output per weight or volume compared 

to power plants. Because of this, the SOFC technology addresses 

a wide range of applications and finds use both in urban and 

remote areas and both for stationary and mobile purposes; 

 

      - Fuel flexibility. The SOFC technology is (together with 

MCFC) the only technology among the different fuel cell 

technologies which is able to effectively generate power directly 

based on the fossil fuels in use today, and at the same time, the 
technology has a clear path to renewables and CO2-neutral 

energy systems. This is due to the higher operating temperatures 

and the superior ability of the SOFC to convert hydrocarbon in 

the fuel cell stack. - Lower maintenance cost. The SOFC system 

provides a highly effective and direct electrochemical  
  

 

costs are expected to be substantially lower, and operating periods 

between overhauls are substantially longer than conventional 

technologies. 

 

 

 

 

 

                               

                                  

 

                                

 

                      

Fig. 2.  SOFC compared with other power production technologies 

(illustrative figures) 

 

2. Experimental 
 

Materials and Methods: 

 

 

 

 

 

 

 

 

 

 

   

 

Fig. 3. Characterization of SOFC material support. (Yokokawa,H. 

2003) 

 

Structural strength of materials – a set of mechanical properties 

that ensure reliable and long-term operation of the material under 

operating conditions depend on a number of factors (fig.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Factors define reliable and long-term operation of the 

material 

 

According to the work is planned to study ma-terials of different 

structural content exposed to operating temperature during the 

operation of the facility, namely (Figure 5): 

 

1. Dense structure, based on zirconium (Zr); 2. Porous structure, 

based on titanium (TI); 3. Materials based on transition metals, so-

called Max Phase in different chemical composition. 

Structural elements of operating process equipment in a 

deformable state especially for long-term operation that exist 
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                 Fig.5. Used Material structure type 

       

Creation of materials with given and desired properties to ensure 

a higher consumer quality of devices by synthesizing compatible 

combinations of the indicated disciplining factors and structural 

properties of materials [7, 8] 

 

 

 

 

 

 

 

 

           
                   
 
Figure 6. Creation of materials with given and desired properties 

 

The structural properties of the materials used for SOFC 

elements (mainly their porosity) significantly affect their 

operational performance and are associated with their 

deformation behavior, which is accompanied by structural 

variability. These processes are also associated with the 

structural variants of the elements and the device in general. 

Thus, the study of the structural changes associated with the 

material supply of its elements (Fig. 7, 8) is an area of research 

that attracts attention, in which the operational processes of the 

structural operation of the device built on various elements are 

noted. 

 

 

 

        

 

 

 

 

                            

    Fiq. 7. Schematic view of a two layer porous composite anode                                   

    (Zenga, S., 2017)     

 

 

 

 

 

                                               

 

 

                                       

                                                                                        

       Fig.8. Sample of obtaining the porous structure   

the Young's modulus of the skeleton and the medium that fills 

the pores under compression. During operation, the porous 

structure is also deformed under the influence of external factors. 

under high operating performances and in the course of activity are 

exposed to strong deformations. In the past, of these elements 

deformations, material of which characterized by a nonlinear 

character have been extensively investigated (Antman S.(2005) - 

Vasilev A.,1989). Importantly, these studies of various 

deformation processes in element’s material allowed to predict the 

corresponding impacts of the deformation processes to the 

operating efficiency. In this regard, the numeric study of inelastic 

deformations under different conditions in porous structural 

elements during different stages of their exploitation and under 

non-equiaxial loading (Hasanov, 2011) has been performed.  

Furthermore, (Holm B., 2010) new experimental data has been 

generated on the strain hardening behavior in samples under 

operating conditions. 

 

2.1 Influence of the elements surface  
 

Influence of the elements surface on the stability of the SOFC 

design: 

 

The third direction of work – to study of porous materials for use 

in the practice of designing a device as a whole and their elements. 

This issue has been discussed many times with project partners. 

With his great support and faith in the possibility of application in 

the practice of creating devices, the following task has been set and 

solved: 

 

Development goal – the study of the deformation behavior of 

porous structure and the determination of an adequate deformation 

model for this behavior, taking into account mass transfer 

processes in a dynamic model for planning and effective 

implementation of various measures aimed at designing devices  

using of a similar material structure. 

 
Task content: 

 

1. The problem of determining a mathematical model of 

deformation behavior and studying, on this basis, the stress-strain 

state of porous structure under quasi-static and dynamic loading is 

being solved. 

2. The presence of mass transfer during loading, etc. the dynamism 

of porous structure distinguishes and is decisive for choosing their 

equations of state. 

 

Problem solution: 

 

The mathematical model of deformation behavior for studying the 

stress-strain state of any medium with a porous structure includes 

21 equations, of which:  

- 9 equations of the form ε= ε(u) define geometric ratios; 

- 9 equations of the form σ= σ(ε) define physical ratios; 

- 3 equilibrium equations (or equations of motion if dynamic 

loading is considered). 

 

Source dependencies: 

1. A porous structure is considered, inclu ding a solid phase from 

the skeleton of the structure and a phase of the filling pore. 

2. Reduced modulus of elasticity porous structure is defined as [1] 

 
                      , where Epr is the 

reduced modulus of elasticity; m, ms, mg are, respectively  

describe both plastic and nonlinear elastic deformation of a body 

with a porous structure. 
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This contributes to the migration of the medium filling the pores 

in the direction of the pressure gradient - P in the pores, as a 

result of which the volume of the medium filling the pores 

changes, i.e. as a view from (1) Epr is a function of time and 

therefore: 

 

 

 

 

         
Under quasi-static loading, which provokes a slow change in the 

stress state of the porous structure due to displacement, the mass 

of the medium filling the pores mg decreases (how many this is 

also question and must be defined!! This task is currently being 

studied) 

Dependency analysis for Epr: 

1. It is assumed that only mg changes with time, i.e. mg < 0;         

2. For most porous structures Eg < Es; 

3. Then from (2) due to the fact that ms(Еg − Es) < 0 and mg < 

0, then Epr > 0, which means that over time the reduced modulus 

of elasticity for a porous structure, containing a certain medium 

in the pores increases, i.e. the tension diagram between the 

normal stress "σ" and the relative strain ε for uniaxial tension in 

various modes (see Figure 9) will have the form (see Figure 10). 

 

 

 

 

 

                                  

Figure 9. Tension diagram of a porous and non-porous structure, 

the pores of  are   filled with a medium, where Ϭm, Ɛm are  the    

maximum   values, respectively, of stress and strain.  

 

 

 

 

 

 

                              
 
Figure 10. Tension diagram of a porous structure, the pores of 

which  are filled with a medium (high-speed loading). 

 

Thus, we can conclude that when the stress-strain state of a 

porous structure is studied, depending on the loading rate, 

different equations of state should be used, i.e.: 

 

1. With dynamic processes, i.e. under impulse loads, the 

dependence σ = σ(ε) is represented by a straight curve, as a result 

of which the equation of state can be expressed by the Hook law. 

 

2. Under quasi-static loading, i.e. for time-distributed loads, the 

application of the HUK law can lead to large inaccuracies (up to 

80%). This is especially true for porous structures, in which the 

loading process is characterized by the presence of mass transfer 

and which have deformation characteristics that coincide with 

the characteristics for elastic-nonlinear bodies.  

 

Thus, the equation σ = f(ε) of the load diagram branches can  

Hence, to obtain the equation of state for porous body, the equation 

of state for structures with an elastic-plastic characteristic can be 

used. 

Consequently, as a result of the analysis of the dependence that 

determines the change in one of the mechanical indicators - the 

reduced modulus of elasticity for the porous structure, two 

possible variants of its loading, different in terms of deformation 

behavior, have been established, namely: 

 

1. Quasi-static (the reduced modulus of elasticity Epr increases);  

2. Speed loading (the reduced modulus of elasticity Epr remains 

permanent). 

As the initial equation, the functional dependence for elastic media 

in the form of the stress tensor σij on the components of the strain 

tensor ԑij , the components of the metric tensor gij and external 

disturbances (temperature, pressure and  radiation dose) in various 

combinations is used, which is represented by the dependence 

below: 

 

 

 

                     

To determine the equation of state for elastic and elastic-plastic 

structures in a general form, the method of expansion in a Taylor 

series of the original above equation was used to study the 

functional dependence σij and ԑij at T, P = constants, D = 0, which 

is presented both for stresses and for deformations: 

 

 

 

                             

where P, Q, R are functions of the invariants of the strain tensor 

and the stress tensor . In a particular case, it is assumed that P = lq, 

Q = 2m, R = 0, l, m – Lame coefficients; q = eij gij – relative 

volume change or the first strain invariant 

To describe the deformation behavior of elastic-plastic structure, 

an analogy was used between the deformation characteristics of 

elastic and plastic structures in the processes of loading and 

unloading, which is based on the assumption that there are no 

constant values of the elastic modulus and yield strength for 

deformable porous structures. 

After carrying out a number of mathematical calculations, the 

equations of state of porous structures were obtained for the 

variants of their loading, respectively, by quasi static and dynamic 

loads: 

 

 

 

 

                         

Influence of the elements surface on the stability of the SOFC 

design: 

 

 

 

 

 

 

                 

             

              Figure 18. The relationship between porosity and  TEC  

5. At the initial stage of operation of a body made of a porous 

material, a decrease in pressure and saturation with environmental 
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                                    Table 1                                                

 

 

In all models the most commonly used materials were studied to 

analyze the distribution of thermal stress. The mechanic  

properties of materials were listed in Table 1 taken from Refs.   

[8,23]. It should be noted that the material was assumed as linear 

elastic and isotropic. Fig. 18 showed the anode's coefficient of 

thermal expansion, which was a function of its porosity. 

Moreover, the Young's modulus (GPa) and shear modulus (GPa) 

was a function of porosity, which was the main point all of  

investigations and could be calculated from the used for that 

experimentally obtained  equations. 

The thermal strain stress was enhanced when the temperature 

increased, which resulted in a thermal expansion, which was 

different for each material (see table 1). The thermal stress was 

proportional to the coefficient of thermal expansion (a) and the 

difference of the temperature distribution (T) and the reference 

temperature (Tref ). The reference temperature was the sintered 

temperature for the cell's materials and it was set as 800oC, i.e., 

the thermal strain stress only emerged when the temperature was 

higher than 800oC. 

 

3. Results and Discussion 
 
Basing on the received results it is possible to draw following 

results: 

 

1. The relaxation time of the porosity of a porous medium in 

individual dimensional ratios has a different effect on its 

deformation behavior.  

 

2. The most appreciable influence renders relaxation time on 

character of change of the porous body layers porosity. In bodies 

with it nonlinear elastic the deformable behavior porosity 

decreases more slowly than in mediums with pronounced 

relaxation character, and with increase in time of a relaxation 

rate of decrease in porosity is slows down. 

 

3.  In media with a high initial operating pressure, porosity can 

decrease in layers both in the nonlinear-elastically deformable 

mode and during relaxation and occurs faster than in media with 

a low initial pressure of the medium. 

 

4. The pressure in the porous medium and their saturation with 

environmental products contribute to the relaxation process 

decreasing faster than in media with nonlinear elastic 

deformation behavior, and with increasing relaxation time the 

rate of their decrease intensifies. 
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10.3 

12.3 

products with a nonlinear-elastic deformable characteristic and 

with relaxation occurs under the same law, and subsequently, as 

the object is used, starting from a certain point in time in bodies 

with a nonlinear-elastic deformable medium and with relaxation 

there is a slower decrease in pressure and saturation than in bodies 

with a relaxation environment. 

 

6. As the value of the initial pressure increases, the difference 

between the corresponding values of pressure and saturation in the 

case of a medium with relaxation and nonlinear elastic 

deformation behavior becomes more noticeable: an increase in the 

initial pressure increases the influence of relaxation processes on 

the determined values of body pressure and saturation. 

 

7. To maintain stability the deformation behavior of a porous 

medium in bodies with a relaxation performances is greater than 

in media with a nonlinear elastic deformable characteristic, and the 

difference between their values is more significant in the case of 

media with a high initial saturation pressure. 

 

8. It was found that increasing the operating (pressure) and design 

(decreasing the porosity and the tortuosity) conditions of the 

porous layers increase the cell performance. 

 

The calculation results show that, taking into account relaxation 

processes in porous bodies, its highest values are observed in 

bodies with a high operating parameters. In other words, it is 

necessary to take into account the main parameters of the 

deformation behavior of porous bodies at high operating 

parameters, which confirms the high effect of relaxation of bodies. 

 

Problems and requirements to fuel elements’ production: 

 

1.Two problems are of primary importance in the development of 

fuel cells, namely a. mechanical and materials science and b. 

electrochemical. Moreover, the main ones are studies in the field 

of “a” – MM. 

 

2.It is necessary not to predict mechanical behavior during long-

term operation, but to maintain such mechanical behavior that 

would support the duration of operation; 

 

3.It is necessary not to develop analytical models of deformation 

and fractal behavior, but to study the deformation behavior of 

models of solid layered composite bodies with different creep 

cores and the structure of execution of similar SOFC elements and 

SOFC as a whole, taking into account the impact of factors in the 

processes of their production and operation and the oppressive 

factors accompanying these processes. This means that it is 

necessary to synthesize materials with structures that have the 

required creep core, i.e. to study the change in the creep core model 

during operation under the influence of operating temperatures. 

Namely, to study the kinetics of the change in the creep core (creep 

core) during operation (solve the inverse problem to achieve the 

required service life); 

 

4.Ionic conductivity is good when the thickness is small and the 

temperature is low. Both of these factors limit the mechanical 

properties; A stable structure is: 

a. High temperature – there is low porosity; 

b. Low strength – there is high porosity. 
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v.  The higher the temperature, the lower the porosity 

d. The lower the porosity, the lower the strength 

e. The higher the porosity, the higher the polarization. 

 

5.To assess the influence of various factors on the deformation 

behavior of SOFC studies beyond the elastic limit of loading 

under the influence of operating temperatures, taking into 

account the design (porous substrate) and structural (pressure in 

pores) factors; 

 

6.There is no need to predict the service life of the SOFC, but it 

is necessary to set the service life and solve the problem of 

reserving the design of the elements and the SOFC itself and 

increasing reliability; 

 

7.There are two structural levels: Microstructure (grains and 

boundaries) and Macrostructure (SOFC elements themselves). 

Each macrostructure, presented as a laminated composite 

design, has structural and chemical homogeneity (SCH): 

 

 

 

 

 

 

                             

 

 
4. Conclusions 
 
1. An algorithm has been developed for the synthesis of dense 

structure materials based on zirconium with properties that are 

compatible combinations with the operating temperature, shape 

and metric characteristics of devices from these materials; 

2. It has been proven that porous structures are characterized by 

nonlinear elastic behavior under quasi-static loadings 

developing in time; 

3. The equations of state are obtained and a mathematical model 

of the deformation behavior of porous structures is formulated 

to study their stress-strain state, taking into account the 

corresponding loading modes 

4. It has been established that when Hooke's law is used as an 

equation of state to describe the deformation behavior of porous 

structures under quasi-static, i.e. loads distributed in time can 

contribute to 80% distortion of their stress-strain state. 

5. The expansion in Taylor series of the original functional 

dependence was used, which determines the physical and 

geometric relationships in deformation behavior and, as a result, 

equations of state were obtained in general form for structure  

with elastic, elastic-plastic and nonlinear-elastic deformation 

character rustics. 

6. The obtained dependences allow us to investigate various 

problems of studying the stress-strain state of porous structures 

under various loadings, determined taking into account  

implemented technological measures in the process of 

generating electricity by fuel cells on an anode substrate. 
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The most important point for the production of hydrogen from 

seawater electrolysis was to find highly efficient and 

corrosion-resistant catalysts [1]. 

For the synthesis of transition metal catalysts such as 

manganese, cobalt, and their oxides supported on Vulcan XC-

72 carbon black, the microwave technique was used in 

combination with thermal methods [2]. The aim of the study 

was to apply green synthesis, such as the microwave-assisted 

method, and to obtain spherical nanoparticles. 

In this work, we considered the method and idea for green 

synthesis of electrocatalysts, improving the performance of 

Mn- and Co-based materials for OER stability in seawater, and 

focusing on their electrochemical characteristics. Mn- and Co-

based electrocatalysts, which are cost-effective in terms of 

conductivity and corrosion resistance, are promising catalysts 

for industrial hydrogen production from seawater. 

 

 Table 1. The size of the crystallite. 

Sample Phase 
Main direction  Crystallite 

size (nm) o2θ hkl 

1 Mn3O4 36.09 (211) 14 

2 Co(OH)2 
37.91 (101) 10 

3 MnCo2O4 35.90o (311) 8 
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Fig. 1. XRD patern of catalysts synthesis of Carbon(/Vulcan 

XC-72R)/transition metal. 

 

The electrocatalysts were characterized by X-ray diffraction, 

energy-dispersive X-ray spectroscopy with scanning electron 

microscopy, BET surface area, and pore size distribution.  

 

Table 2. BET surface area of Metal oxide/Vulcan XC-72R 

nanocomposite. 

Characteristics 1 2 3 

Surface Area 

(BET), m
2
/g 

1128 553 856 

Average Pore 
Diameter,(4V/S), 
nm 

4.9 6.4 5.5 

 

Mn and Co nanoparticles were uniformly dispersed on the 

surface of Vulcan XC-72R. From the newly obtained 

electrocatalysts, doubly coated electrodes on a nickel mesh 

were prepared by pressing and heating at 300°C. The 

fabricated electrodes had a geometric area of 2.5 cm
2
.  
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The design of novel electrocatalysts for seawater electrolysis 

is an important milestone for the development of sustainable 

technologies through the integration of renewable energy 

sources. Here, we present the design of an electrocatalyst and 

the initial results of its application in seawater electrolysis. 

The rapid rise in energy consumption in the last few years and 

low emission requirements have inspired many researchers to 

develop highly efficient, environment-friendly green energy 

sources. A high energy density system coupled with large 

energy efficiency is an effective way to store the energy 

produced from various renewable sources. BaTiO3-based 

dielectric/ferroelectric materials have attracted much attention 

for energy storage applications in the past decade due to their 

improved dielectric, ferroelectric, and breakdown strength 

properties [1]. 

Barium titanate (BaTiO3) (Figure 1) is the most successful 

ferroelectric material in the world in the production of thin 

films, ceramics, and composites. It was first discovered in 

1944 during the Second World War in Japan, Russia, and the 

United States.  First, it is chemically and mechanically very 

stable; second, it exhibits ferroelectric properties at room 

temperature and above; and third, it is easy to fabricate and 

apply in the form of polycrystalline ceramic samples. It is the 

world’s first ferroelectric ceramic and a suitable candidate for 

several high-performance applications due to its excellent 

dielectric, ferroelectric, and piezoelectric  properties. Because 

of its large dielectric constant and extremely low losses, 

barium titanate has been used in applications such as 

capacitors and actuators, transducers, and nanogenerators [2]. 
  

 

 

 

 

 

 

 

 

 

The nanocomposite of BaTiO3 on Vulcan XC72R was 

obtained by microwave-assited technique. The use of 

microwave technique has a number of advantages related to 

better reaction control, improved reaction reproducibility, etc. 

With the addition of Co(CH3COO)2 to the obtained 

nanocomposites (Table 1), it is possible to investigate their 

application as alternative catalysts in the electrolysis of 

seawater. 

Table 1. Content of the studied compound. 

Sample code Vulcan 

XC72R, 

g 

BaTiO3, 

 

g 

Co(CH3COO)2, 

 

g 

Co/BaTiO3@ 
VulcanXC72R 

 
1 

 
2 

 
2 

 

The synthesized composite materials, using the microwave 

technique, could be candidates for cathode materials in 

seawater electrolysis, considering the electrochemical 

properties of Vulcan XC-72 R and transition metal (Co) in 

combination with the electric properties of BaTiO3 they can be 

good electrocatalysts for the application of seawater splitting. 
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Due to the excessive consumption of fossil fuels worldwide 

and the accompanying environmental problems, research has 

increasingly focused on sustainable energy sources. Among 

these technologies, fuel cell systems have emerged as a 

prominent solution. Fuel cells are devices that convert 

chemical energy directly into electrical energy. In this study, 

one of the fuel cell types, the Proton Exchange Membrane Fuel 

Cell (PEMFC), was used. PEM fuel cells operate using 

hydrogen and oxygen/air as feed gases and produce only water 

as a byproduct. This study investigates the effect of air flow 

rate on the performance of a PEM fuel cell and aims to prevent 

membrane dehydration that may occur at low current densities. 

To address this issue, performance tests were first conducted 

using a commercial Nafion membrane under various air flow 

rates. Subsequently, a composite membrane containing 

SPEEK/TiO₂ was fabricated in the laboratory and 

characterized. Performance tests were also carried out with this 

membrane, and a comparison was made between the results. 

In parallel, a SPEEK membrane was prepared by dissolving 2 

grams of PEEK in 40 mL of sulfuric acid under magnetic 

stirring at room temperature. After mixing, the solution was 

placed in an ice bath and stirred at room temperature for 

approximately 24 hours. The resulting sulfonated PEEK was 

then washed and dried in an oven at 50°C for 24 hours. The 

membrane was characterized through tests including water 

uptake, Degree of Sulfonation (DS%), Ion Exchange Capacity, 

and conductivity. 

Following this, a SPEEK/TiO₂ composite membrane 

containing 1 wt% TiO₂ was prepared and subjected to the same 

characterization tests. Performance tests will also carried out 

on the composite membrane, and the results were compared to 

those of the pristine SPEEK membrane.  

%DS value of the SPEEK was found with H-NMR at Middle 

East Technical University. According to H-NMR results, %DS 

value of SPEEK was found from the following equation. 

  

 

 

 

According to this equation, %DS value of SPEEK is calculated 

as %64. 

 

Ion exchange capacity (IEC) was found by making titration. In 

titration, 0.01M NaOH and 2M NaCl was used. To calculate 

the IEC, following equation was used. 

IEC =  
CNaOH(

mol

L
)×VNaOH(L)

mdry membrane(g)
                                                           [2] 

According to this equation, IEC of SPEEK membrane and IEC 

of SPEEK/TiO2 membrane was found 1.0295 meqv/g  and 

1.372  meqv/g , respectively. 
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The Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are 

efficient, compact, and environmentally friendly energy 

conversion devices that generate electricity directly from 

hydrogen through electrochemical redox reactions. However, 

their widespread application is hindered by the high cost and 

limited durability of the platinum-based electrocatalysts, 

typically supported on carbon (Pt/C), which are prone to 

degradation and CO poisoning under operating conditions. 

To address these challenges, recent research has focused on 

developing more stable and efficient catalyst supports. One 

promising approach involves composite materials that 

integrate the corrosion resistance and nanoparticle-stabilizing 

ability of TiO2 with the co-catalytic properties of molybdenum 

and the high surface area and conductivity of carbon-based 

nanomaterials. Our previous studies demonstrated that Pt 

catalysts supported on Ti(1-x)MoxO2-C composite supports (C 

= carbonaceous materials) exhibit superior electrochemical 

stability and enhanced CO electrooxidation activity compared 

to commercial Pt/C catalysts [1]. 

Building on this concept, the current work explores the use of 

advanced carbon materials, graphite oxide (GO) and graphene 

nanoplatelets (GNP) mixtures, as the carbon component of the 

Ti(1-x)MoxO2-C composites. These materials are engineered via 

a sol-gel synthesis followed by high-temperature treatment to 

incorporate Mo into the rutile titania lattice and facilitate 

further crystallisation. By partially substituting costly GO with 

GNP, we also aim to reduce production costs while 

maintaining or improving conductivity and electrocatalytic 

performance. The resulting electrocatalysts are systematically 

characterized to assess their structural, electrical, and 

electrochemical properties, offering new insights into durable 

and cost-effective materials for PEMFC applications. 

20wt%Pt/75wt%Ti0.8Mo0.2O2-25wt%GNPx-GO(1-x) (x= 0.25, 

0.5, 0.75, 1) catalysts were produced either by use of GNP or 

GNP-GO carbon mixture with different GNP to GO ratios 

named as Pt/25GNP, Pt/50GNP, Pt/75GNP, Pt/100GNP. The 

electroconductivities of the GNP-GO mixed carbon containing 

catalysts increased as the GNP content increased. However, 

the GNP-only composite (Pt/100GNP) exhibited the lowest 

conductivity (see Figure 1A). Although GNPs possess high 

intrinsic conductivity, their strong tendency to agglomerate 

and restack in the absence of functional groups may lead to a 

poorly connected and discontinuous conductive network, 

resulting in significant electron transport resistance. In 

contrast, introducing GO into the GNP matrix improved the 

support morphology reducing GNP stacking, and providing 

better anchoring sites for the oxide particles [2]. The resulting 

composites show improved oxide dispersion, more effective 

carbon-oxide interfacial contact, and formation of continuous 

percolation networks, all of which contribute to higher overall 

conductivity. However, at high GO content the intrinsic 

resistivity of GO began to dominate, causing a drop in 

conductivity. 

 

Figure 1. Electroconductivities (A) and electrochemical 

stabilities (B) of synthesized and reference (Pt/C) catalysts 

In a long-term stability test of 10,000 polarization cycles, 

Pt/50GNP catalyst showed remarkable stability with an ECSA 

loss of 25.3%, while all synthesized electrocatalysts 

outperformed Pt/C (see Figure 1B). In addition, it possessed 

higher ECSA and ORR activity compared to its analogues.  
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The development of economically viable solid oxide fuel cells 

(SOFCs) is critically dependent on improving the long-term 

performance stability of cathode components. While thin film 

La0.6Ca0.4CoO3 (LCC) electrodes exhibit excellent initial 

electrochemical activity, they suffer from severe degradation 

at operating temperatures due to detrimental changes in 

surface chemistry, primarily cation segregation. 

To address this critical stability issue, this study explores the 

strategic use of A-site deficient LCC (def-LCC) compositions. 

These materials are hypothesized to offer a dual benefit: (i) an 

abundance of oxygen vacancies to promote faster oxygen 

reduction kinetics, and (ii) slower cation diffusion to enhance 

surface chemical stability against segregation. 

In this work, we aim to develop and systematically compare 

various electrode architectures to identify the optimal balance 

of performance and stability. The investigation will include 

def-LCC electrode and two distinct heterogeneous bilayer 

configurations: an LCC film with a def-LCC overlayer, and a 

def-LCC film with an LCC overlayer. All layers will be 

fabricated by spin coating at 3000 rpm to ensure 

morphological consistency. 

The initial electrochemical performance and long-term 

stability of each electrode configuration will be thoroughly 

evaluated using Electrochemical Impedance Spectroscopy 

(EIS) on symmetrical half-cells at 700 °C. To uncover the 

underlying mechanisms responsible for any stability 

enhancements, X-ray Photoelectron Spectroscopy (XPS) will 

be employed to probe the surface chemistry. This comparative 

study is expected to reveal a viable materials engineering 

strategy for creating highly active and robust perovskite 

cathodes for next-generation SOFCs. 
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The advancement of solid oxide cells (SOCs) for clean 

energy applications relies heavily on the development of 

high-performance, durable, and sustainable electrolyte 

materials. While yttria-stabilized zirconia (YSZ) is the 

conventional choice, the supply risk and cost associated with 

yttrium necessitate the exploration of alternative 

compositions based on more abundant elements. 

In this study, we systematically investigate the potential of a 

sustainable electrolyte system by synthesizing CaO-stabilized 

zirconia (CSZ) co-doped with varying concentrations of MgO 

(1, 2, 3, and 4 mol%). The primary objective was to enhance 

the ionic conductivity and thermochemical stability required 

for SOC operating conditions while eliminating the 

dependence on critical raw materials. The electrolyte 

powders were synthesized and subsequently characterized 

through a comprehensive suite of techniques. X-ray 

diffraction (XRD) was employed to analyze the crystal 

structure and phase purity, while scanning electron 

microscopy (SEM) was used to examine the microstructural 

morphology of the sintered pellets. The crucial electrical 

properties were determined via electrochemical impedance 

spectroscopy (EIS) to quantify the ionic conductivity. Finally, 

the practical viability of these materials as SOC electrolytes 

was validated by measuring the open circuit voltage (OCV) 

of fabricated cells. 
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La0.6Ca0.4CoO3 (LCC) is a promising cathode material for 

Solid Oxide Fuel Cells (SOFCs), but its long-term stability is 

limited by performance degradation at high temperatures. This 

degradation stems from the surface segregation of secondary 

phases like CaO and La₂O₃. 

In this work, we improved the stability of LCC cathodes by 

applying thin surface overlayers of their own constituent 

cation oxides (La₂O₃, CaO, and CoOₓ). The goal was to 

suppress this detrimental segregation by stabilizing the 

electrode's surface chemistry. To ensure a direct comparison 

with our recent results, all cathodes were fabricated using an 

identical 3000 rpm spin-coating speed.  

The long-term performance of the modified electrodes was 

evaluated at 700 °C using Electrochemical Impedance 

Spectroscopy (EIS), while X-ray Photoelectron Spectroscopy 

(XPS) was used to analyze the initial and post-operation 

surface chemistry. X-ray Diffraction (XRD) was employed to 

confirm the phase purity of the perovskite structure, while 

Scanning Electron Microscopy (SEM) was used to analyze the 

microstructure and surface morphology of the films before and 

after exposure to heat treatment for 100 hours in air. The 

results confirmed that the surface modification successfully 

mitigated degradation by preserving a more stable surface 

composition. This study demonstrates an effective strategy for 

engineering stable and high-performance perovskite cathodes 

for next-generation SOFCs. 
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Solid oxide fuel cells (SOFCs) are environmentally friendly 

electrochemical energy conversion devices that convert 

chemical energy directly into electricity using hydrogen as 

fuel. SOFCs work at high temperatures, between 500-800 ºC, 

to allow faster reaction kinetics and lower thermodynamic 

barriers to achieve high-efficiency rates (up to 90%) [1]. These 

systems are composed of porous, ionically and electronically 

conductive electrodes, and gas-tight and highly ionically 

conductive ceramic electrolyte membranes. The state-of-the-

art electrolyte membrane is known as rare earth metal (Y, Sc, 

Gd, Ce) doped ZrO2 [2]. Rare earth metal doping into zirconia-

based electrolytes provides both high ionic conductivity with 

increased oxygen vacancies and thermal stability at operating 

temperatures for SOFCs. Although some rare earth elements 

are geologically abundant, their extraction is complex, and 

global supply chains are concentrated, leading to high supply 

risk and cost [3].  

To address this problem, this study mostly focused on 

developing doped ZrO2-based electrolytes without using high-

supply risk raw materials. By finding an alternative material 

with a lower supply risk score, which shows similar ionic 

conductivity, chemical stability, and mechanical strength 

comparable to yttria-stabilized zirconia (YSZ) or scandia-

stabilized zirconia (ScSZ), the sustainability can be enhanced. 

One choice as an alternative material is CaO-stabilized ZrO2 

(CSZ) due to its high thermal stability. Using Ca2+ (0.99 Å) 

creates a larger difference in ionic radii between Zr4+ (0.79 Å) 

than Y3+ (0.93 Å). While this difference contributes to the 

thermal stability, retainment of the purely cubic phase at SOFC 

operating temperatures is doubtful and the achieved 

conductivities are somewhat lower than those achieved in 

YSZ. As a result, lowering the ionic conductivity of CSZ. To 

help stabilization, the effect of additives like MnO/MnO2 or 

MgO has been researched [4]. 

 
Table 1: Supply risk of related raw materials [3]. 

In this study, Ca and Mn co-doped ZrO2 electrolytes were 

investigated by alternating Mn amount in Zr0.83Ca0.17-xMnxO2 

(0.01 ≤ x ≤ 0.04). CSZ powders doped with 1, 2, 3, and 4 mol% 

Mn were synthesized by the modified Pechini method and 

calcined at 800 ºC for 3 hours. Later, these powders were 

consolidated using uniaxial die pressing under ca. 50 MPa 

pressure and were further compacted using a cold isostatic 

press. Consolidated powders were sintered at 1400 ºC for 4 

hours to obtain dense ceramic pellets.  

Structural investigation of Zr0.83Ca0.17O2 and Zr0.83Ca0.17-

xMnxO2 powders were carried out after calcination at 800 °C, 

using X-ray diffraction (XRD), which revealed that the desired 

crystal structure was successfully obtained. Electrical 

conductivity measurements of fabricated dense CSZ ceramics 

were carried out using electrochemical impedance 

spectroscopy (EIS), under stagnant air, by applying a silver 

current collector on both sides of the electrolyte membranes to 

provide electrical contact.   
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Mixed ionic-electronic conducting (MIEC) perovskites are 

critical materials for high-temperature applications such as 

oxygen separation membranes and cathodes for solid oxide 

fuel cells (SOFCs), operating between 700-900 °C. The long-

term operational stability of these materials is often 

compromised by structural, microstructural, and chemical 

degradation. A primary failure mechanism in conventionally 

used perovskites like LaₓSr₁-ₓFeO₃ (LSF) is the surface 

segregation of the A-site dopant, strontium (Sr). This 

phenomenon, driven by lattice strain and electrostatic 

attraction to surface oxygen vacancies, leads to the formation 

of an insulating SrO/Sr(OH)₂ layer, which passivates the 

electrocatalytically active surface and severely hinders oxygen 

exchange reactions, thus degrading performance. 

This study re-evaluates the conventional approach of A-site 

doping by investigating a simplified, Sr-free material 

chemistry aimed at preventing surface segregation. While Sr-

doping is known to create charge-compensating defects (Vₒ.. 

and h. ) that initially boost performance, this work explores the 

potential for undoped perovskites to exhibit superior long-term 

stability. By maintaining a clean, active surface free from SrO 

passivation, the sustained performance of the Sr-free material 

could ultimately match or exceed that of the doped material. 

In this work, Sr-doped and undoped LaFeO₃ powders, as well 

as their composites with Gadolinium-Doped Ceria (GDC), 

were synthesized using the Pechini method. The 

microstructure and phase composition were analyzed using 

Scanning Electron Microscopy (SEM) and X-ray Diffraction 

(XRD) on the as-prepared samples and after prolonged thermal 

exposure at 700°C. Furthermore, the evolution of ionic 

conductivity and the surface oxygen exchange coefficient was 

tracked by conducting Electrochemical Impedance 

Spectroscopy (EIS) and Electrical Conductivity Relaxation 

(ECR) measurements at 10-hour intervals throughout a 100-

hour heat treatment at 700°C. 
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PEM fuel cells are recognized as one of the cleanest energy 
conversion technologies, operating by combining hydrogen 
and oxygen to generate electricity, with water and heat as the 
only products. In recent years, they have become a practical 
and viable solution, particularly due to their successful 
integration into various sectors—most notably the automotive 
industry—where they contribute significantly to 
environmental sustainability and a cleaner future. Despite 

these advancements, PEM fuel cells still face challenges to 
widespread adoption and the replacement of conventional 
combustion engines, primarily due to the high cost of key 
components, especially membranes and electrodes, and 
concerns about their long-term durability. 1,2   

Nafion® is the mostly widely used membrane material in these 
systems which plays several critical roles in overall fuel cell 
performance, including proton conduction, gas separation, and 
water management. However, these costly membranes are 
suffering from several critical drawbacks such as highly water 
reliable conductivity and environmental concerns. Therefore, 
the development of new membrane materials has become a 
major research focus aiming to overcome their limitations.3 

To this end, our approach involves designing either completely 
Nafion®-free composite membranes or tailoring membrane 
properties through the partial substitution of Nafion®, thereby 
creating more durable and cost-effective alternatives using 
electrospinning method.3 This study presents the development 
of two types of electrospun composite membranes. In the first 

method, membranes were fabricated using P(VDF-TrFE) or 
PVDF as carrier polymers, incorporating synthesized 
sulfonated silica (S-SiO₂) nanoparticles known for their 
excellent water retention and ability to provide proton 
conductivity.4 To assess the influence of S-SiO₂ content on 
membrane performance, samples were prepared with three 
different S-SiO₂/polymer ratios. As the second strategy, a dual 
electrospinning technique was used to produce Nafion®-based 

composite membranes composed of sulfonated silica, Nafion®, 
and either PVDF or P(VDF-TrFE) as the carrier polymers. 
This approach enabled the creation of dual-fiber structured 

mats.⁵ As shown in Figure 1, a homogeneous and bead-free 
electrospun mat was obtained through this process. Following 
electrospinning, all fiber mats were converted into compact 
membranes through a hot-pressing process. Once the compact 
membranes were obtained, a comprehensive set of 
characterization techniques was employed to characterize their 
morphological, physical and electrochemical properties, 
including FTIR, XPS, SEM, TEM, and electrochemical 

impedance spectroscopy (EIS), along with measuring their 
exchange capacity (IEC), water uptake, and mechanical 
strength. 

 

Figure 1. The SEM microgrph of SEM the electrospun mat 
(a) before and (b) after hotpressing pocess. 

Finally, membrane-electrode assemblies (MEAs) were 
fabricated using these composite electrospun membranes, and 

fuel cell performance tests were conducted. The results 
demonstrated an improvement via incorporating sulfonated 
silica into the composite membranes, particularly under low-
humidity conditions. 
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Thermal, Chemical, and Electrochemical Insights  
Ali Hassen Ali1, Ramiz Gultekin AKAY 1  
1Kocaeli University, Chemical Engineering Department 

                    

Abstract 

Pyridine-, meta-, and para-polybenzimidazole membranes were synthesized via polyphosphoric acid-mediated condensation 

polymerization and evaluated for high-temperature proton exchange membrane fuel cells. Molecular weight analysis confirmed 

successful polymerization, with para-PBI exhibiting the highest chain length. Thermal and oxidative stability tests revealed superior 

durability for para-PBI, while meta- and pyridine-PBI showed higher proton conductivity due to greater phosphoric acid uptake. 

Electrochemical impedance spectroscopy indicated lower activation energy for para-PBI, reflecting more stable proton conduction 

pathways. The comparative results elucidate the influence of backbone orientation and heteroatom incorporation on membrane 

performance, providing valuable guidance for the rational design of advanced HT-PEM electrolytes. 

 
1.Introduction 
High-temperature proton exchange membrane fuel cells (HT-

PEMFCs), typically operated in the 120–200 °C range, are 

attractive for stationary and mobility power systems because 

elevated temperature accelerates electrode kinetics, simplifies 

water/thermal management, and improves tolerance to fuel 

impurities such as CO relative to low-temperature PFSA-

based PEMFCs. In this context, phosphoric-acid (PA) doped 

polybenzimidazole (PBI) membranes have become the 

benchmark electrolyte platform due to their intrinsic 

thermal/oxidative robustness, low gas permeability, and the 

ability to sustain high proton conductivity without external 

humidification.[1-3] 

Despite their maturity, PA-doped PBI membranes still face 

well-recognized durability bottlenecks that directly constrain 

long-term HT-PEMFC performance: (i) phosphoric acid 

migration and leaching under load, (ii) mechanical 

creep/relaxation at high temperature (especially under 

compression in the membrane electrode assembly), and (iii) 

changes in acid speciation and distribution that couple 

conductivity to degradation. Recent literature therefore 

emphasizes that the “membrane problem” in HT-PEMFCs is 

not simply achieving high conductivity, but achieving 

conductivity together with acid retention and mechanical 

stability under realistic thermal and electrochemical 

stressors[4-6]. 

A central molecular-design lever for PBI electrolytes is the 

polymer backbone architecture, which governs chain packing, 

free volume, density of basic sites, and the hydrogen-bonding 

landscape available for PA coordination and proton transport. 

While “classic” AB-PBI-type backbones are widely used, 

contemporary work increasingly explores how structural 

isomerism and heteroatom incorporation can tune the balance 

among acid uptake (often expressed as acid doping level, 

ADL), segmental rigidity, and the formation of continuous 

proton-conducting pathways[7]. In particular, the comparison 

of meta- versus para-oriented PBI backbones (commonly 

derived from isophthalic versus terephthalic connectivity) is 

compelling because positional orientation influences chain 

linearity and packing efficiency: para-linked structures tend to 

promote more linear, tightly packed chains (often improving 

mechanical integrity but potentially limiting free volume for 

acid uptake), whereas meta-linked structures can introduce 

kinks that disrupt packing (often increasing acid uptake and 

mobility, but sometimes at the expense of dimensional 

stability). Studies leveraging meta-PBI specifically for 

mechanical integrity in PA-doped systems illustrate how 

backbone topology can be used as a structural scaffold while 

other components enhance conductivity[8] 

In parallel, pyridine-containing PBI analogues (often denoted 

Py-PBI or related pyridine-bridged/oxypolybenzimidazole 

structures) introduce additional basic nitrogen sites and 

modified local polarity. The pyridine unit can strengthen acid–

base interactions with PA, alter acid clustering, and increase 

the density of proton-accepting sites that participate in 

hydrogen-bond networks-mechanistic features that are 

frequently associated with improved high-temperature 

conductivity and/or improved acid utilization efficiency (i.e., 

higher conductivity at comparable or lower free-acid content). 

For example, pyridine-bridged PBI architectures have been 

investigated as promising HT-PEM candidates precisely 

because they couple high thermal stability with acid-mediated 

proton conduction, while offering an expanded chemical 

design space for controlling PA uptake and retention[9-10]. 

However, optimizing HT-PEM performance requires moving 

beyond a single-variable “maximize ADL” approach. 

Although increased ADL generally raises conductivity, excess 

free acid can plasticize the polymer, increase swelling, 

promote leaching, and accelerate mechanical creep-

particularly under compression and thermal cycling. Recent 

assessments of PA-doped PBI systems therefore stress trade-

offs among conductivity, dimensional stability, and durability, 

and motivate the need for membrane designs that immobilize 

acid or maintain a favorable acid distribution within 

mechanically resilient matrices.[1],[4,5] 

Accordingly, the field has advanced several stabilization 

strategies-acid-base blending, inorganic/organic nanofillers, 

covalent or ionic crosslinking, and engineered polymer 
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morphologies-to mitigate acid loss and mechanical relaxation 

while maintaining fast proton transport. Acid-base blend 

membranes have demonstrated that it is possible to reach 

practical HT-PEMFC performance with substantially reduced 

acid uptake by engineering favorable acid-polymer 

interactions and transport pathways[7] 

More recently, structural concepts such as gel-state and multi-

crosslinked PBI networks have been reported to enable stable 

operation at temperatures approaching or exceeding 200 °C by 

suppressing membrane creep and limiting detrimental acid 

migration/evaporation phenomena[6].[11] 

Within this broader landscape, a systematic comparison of 

pyridine-, meta-, and para-oriented PBI membranes evaluated 

under a common framework of thermal, chemical, and 

electrochemical characterization provides a direct route to 

linking molecular structure acid interaction/retention transport 

and stability. 

 

.2.1 Experimental work 
2.2.1 Synthesis of Polybenzimidazole Polymer     

Under this study, three polybenzimidazoles have been 

synthesized, namely, meta-PBI, pyridine-, and para-PBI. The 

specific details of the synthesis procedure are as follows. For-

meta-PBI, the technique was PPA 148.9 g and DAB (3.2650) 

added to a 2000-mL Pyrex® Resin reaction vessel, and the 

temperature was set between 150 and 168 °C during the course 

of 80 min. This temperature was then steadily increased to 

230 °C. When the temperature reached 230 ℃, 4.495 g, P2O5, 

0.0587 g TPP, and 2.5300 g (0.015 mol) IPA were added to 

the flask, respectively. Polymerization was carried out at 230-

238℃ for 24 h. After polymerization, the mixture was placed 

into distilled water with vigorous stirring, and then the mixture 

was immersed in water for 3 days. The bulk was rinsed with 

distilled water three times, neutralized with NaHCO3, and 

immersed in a 5% NaHCO3 solution for more than 24 h. Then, 

the PBI resin was pulverized and dried on a hot plate for 4 h at 

200 °C to obtain the PBI powder[12-13]. 

The procedure of para-PBI Membrane Preparation was the 

same as meta-PBI except the monomers molar concentration 

difference 4.08g of DAB, 3.1635 g of terephthalic acid (TA) 

and 200g of polyphosphoric acid (PPA) and 0.0587g of TPP 

were put in a 2000-mL Pyrex® Resin reaction vessel equipped 

with a nitrogen flow[13] 

For the synthesis of Pyridine PBI, the polymerization 

conditions, covering monomer concentration, reaction 

temperature, reaction duration, and solvent type, were taken 

from the literature with some adjustments to the specific 

numerical values. [14][15]. Py-PBI was therefore synthesized 

by a condensation polymerization procedure at 200 °C in 300 

g PPA solvent. Typically, in a 2000-mL Pyrex® Resin reaction 

vessel containing 300 g PPA, TAB was added. The solution 

was then stirred and heated at 157.2 to 164.6 °C under a N2 

atmosphere for 2 h to eliminate the produced hydrochloric 

acid. A 5.0136 g amount of 2,5-Pyridinedicarboxylic acid was 

then added, and the mixture was agitated until a homogenous 

solution was obtained. The reaction temperature was then 

escalated to 166.5 °C to initiate the polymerization process, 

which proceeded for some hour, and then the temperature 

increased to 231.7℃ with mechanical stirring. Next, the 

resulting polymer solution was put into a beaker containing 

water as a poor solvent to precipitate the Py-PBI polymer. The 

polymer was steeped in distilled water with slight agitation for  

24 hours and then soaked in 2% NaHCO3 for 24 hours. The 

last phase was the same as the procedure of m-PBI 

synthesis.[14 

 

 

 

 

 

 

 

 

Figure 1: A simple PBI synthesis flow diagram on a laboratory 

scale 
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3.Results and Discussions 

3.1 Molecular Weight and Inherent Viscosity 
Determination of the Synthesized PBI Polymer 

To prepare a polybenzimidazole (PBI) polymer solution, the 

PBI polymer was dissolved in concentrated sulfuric acid (96 

wt%) to achieve a concentration of 1.0 g/dL. Subsequently, 

four solutions were formulated at concentrations of 0.25 g/dL, 

0.5 g/dL, 0.75 g/dL, and 1.0 g/dL. Each solution was then 

introduced into an Ubbelohde viscometer, where the flow time 

of the PBI polymer solution between the calibrated points of 

the viscometer was measured across three trials. The average 

flow time was calculated and utilized in the equation below to 

determine the reduced viscosity( η red). 

The table illustrates the inherent viscosities (expressed in 

dL/g) and average molecular weights (MW, in Da) of each 

polymer. For the Bipy-PBI polymers with varied MWs that 

ranged from 48 to 141 kDa, corresponding to inherent 

viscosities of 1.05–2.85 dL/g, was reported by Harilal et 

al.[14] In fact, the monomer was 2,2′-bipyridine-4,4′-

dicarboxylic acid (BPDCA), instead of 2,5’-

Pyridinedicarboxylic acid and also the molar concentration 

was different from the one synthesized in this study, i.e., 30 

mmol. Under this study, the Py-PBI exhibits an intrinsic 

viscosity of 1.51 dL/g and a molecular weight of 70,999 Da. 

M-PBI displays a slightly higher viscosity of 1.52 dL/g and a 

molecular weight of 71,510 Da. It was reported by Aili et al. 

the commercial m-PBI (Celazole®) revealed a low to medium 

molecular weight of 23,000–37,000 g /mol, leading to an IV in 

the range of 0.55–0.80 dL/g. but in this analysis the molecular 

weight is twice as high as the commercial.[16] In contrast, P-

PBI possesses the highest inherent viscosity at 1.855 dL/g and 

the greatest molecular weight of 88,796 Da, indicating a longer 

polymer chain length or a higher degree of polymerization. 

Table 1: Inherent Viscosity and Average molecular wight of 

py- PBI,p-PBI and m-PBI 

 

 3.2 Thermal stability 

These tests were conducted under an air environment to 

evaluate the thermal stability of the synthesized PBI 

membranes, using a heating rate of 10 °C/min across a 

temperature range of 25–900 °C. 

As the temperature increases, the weight loss continues, 

indicating thermal decomposition of the polymer backbones. 

At the final temperature (around 900 °C), the residual weights 

are approximately 55% for m-PBI, 58% for Py-PBI, and 61% 

for P-PBI. This shows that P-PBI exhibits the highest thermal 

stability, retaining the greatest amount of mass, while m-PBI 

shows the lowest, with the most degradation under high-

temperature conditions. For the synthesized Py-PBI, the TGA 

result in this study showed a weight loss of 58%. However, in 

another study, the weight losses under inert gas and air were 

reported as 70% and 10%, respectively.[16] [15]. 

 

 

 

 

 

 

 

 

 

Figure 3 :TGA graph under an air environment for the 

synthesized PBI polymers. 

3.3 EIS Analysis of PBI membranes 

m-PBI membranes demonstrate good conductivity, ranging 

from approximately 202 to 214 mS/cm at temperatures 

between 180 and 200 °C.[23] However, their higher activation 

energy indicates the energy required for proton transport, 

which is often attributed to less organized acid channels.[24] 

The elevated acid leaching rate of approximately 66% is 

consistent with existing literature, which suggests that meta-

linkages enhance acid uptake while lacking robust 

anchorage.[25]  P-PBI demonstrates a more rigid structure, 

which restricts acid uptake to less than 15% and results in 

conductivity values of approximately 0.15–0.18 S/cm at 

temperatures ranging from 180 to 200°C. However, this 

rigidity leads to reduced activation energies, approximately 5 

kJ/mol, attributed to the stability of the acid–polymer proton 

pathways.[24][23] 

Table 2: Proton Conductivity, and Activation Energy Results 

Polymer 

Membrane 

Types 

Proton conductivity 

(mS/cm) 

Activation 

Energy 

160℃ 180℃ 200℃ KJ/mol 

P-PBI 145 163 180 4.98 

m-PBI 183 202 214 7.26 

Py-PBI 184 212 224 6.45 

 

3.4 Chemical stability  and Acid leaching  

The fig.4 showed the oxidation stability of p-PBI, m-PBI, and 

py-PBI over 216 hours. p-PBI exhibits the highest stability, 

retaining about 82% of its weight. m-PBI shows moderate 

stability with around 77% remaining, while py-PBI has the 

lowest, retaining only 73%. The superior performance of p-

PBI may result from its linear structure and strong chain 

interactions. or both p-PBI and m-PBI, the results were 

consistent with previous studies reported in the literature. 

Specifically, findings by Chen et al. and Rajab et al. indicated 

that the residual weight after exposure to the Fenton solution 

ranged from 93.5% to 72.5%.[26], [27] In contrast, py-PBI 

Polymer  inherent 

viscosities𝜼𝒅𝑳 𝒈⁄  

Average 

Molecular 

Weight, 

MW (Da)  

Py-PBI  1.51 70,999 

M-PBI  1.52 71,510 

P-PBI  1.855 88,796 
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degrades more rapidly, likely due to the electron-withdrawing 

effect of the pyridine ring.[28] It is also important to note that 

the current study was conducted over a duration of 216 hours, 

whereas Berber et al. reported the oxidation stability of py-PBI 

over a shorter period of 192 hours. 

 

 

 

 

 

 

 

 

Figure 4 Oxidation Stability of the Synthesized PBI  

Membrane in Fenton’s Reagent at 70 ℃ 

4. Conclusion  

Para-PBI exhibited the highest molecular weight, superior 

thermal stability, and excellent oxidative resistance, attributed 

to its linear and rigid backbone structure. Pyridne PBI and 

pyridine-PBI demonstrated higher proton conductivity due to 

enhanced phosphoric acid uptake; however, this benefit was 

accompanied by increased acid leaching and reduced chemical 

stability. Electrochemical analysis revealed lower activation 

energy for para-PBI, indicating more stable proton-transport 

pathways. Overall, the study establishes clear structure–

property relationships and highlights backbone orientation as 

a critical design parameter for durable HT-PEM membranes. 
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Fabrication of LSC Cathodes for Intermediate-Temperature SOFCs via Spray 
Pyrolysis 
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The increasing global demand for energy and the depletion of 

fossil fuel resources have intensified the pursuit of alternative, 

efficient energy conversion technologies. Solid oxide fuel cells 

(SOFCs) are highly promising candidates, offering direct 

chemical-to-electrical energy conversion with efficiencies 

reaching 40–50%, which can be further enhanced through 

cogeneration systems. These attributes make SOFCs 

particularly advantageous for stationary power applications. 

 

A significant challenge in advancing SOFC technology lies in 

the development of cathode materials that exhibit low 

electrochemical resistance, particularly at intermediate 

operating temperatures (500–700°C). Traditional fabrication 

methods such as sol-gel synthesis and magnetron sputtering 

have shown some success but still present limitations in 

achieving optimal cathode performance. Notably, LSC-based 

cathodes produced by magnetron sputtering have 

demonstrated promising results, particularly when 

compositions such as LSC113 and LSC214 are strategically 

combined. 

 

This study explores the spray pyrolysis technique as an 

alternative approach for the fabrication of LSC cathodes. 

Spray pyrolysis offers distinct advantages, including better 

control over composition, morphology, and scalability 

compared to conventional techniques. In this work, LSC 

cathodes were synthesized using spray pyrolysis, and their 

structural and electrochemical characteristics are being 

systematically evaluated. Emphasis is placed on assessing the 

morphological features and the electrochemical performance, 

specifically the area-specific resistance at intermediate 

temperatures. 

 

Preliminary findings will be benchmarked against LSC 

cathodes fabricated by other methods, such as magnetron 

sputtering, to critically assess the potential of spray pyrolysis 

as a viable, cost-effective route for high-performance IT-

SOFC cathodes. The outcomes of this study are expected to 

contribute to the advancement of scalable and efficient cathode 

production strategies for intermediate-temperature SOFC 

applications. 
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Transition metal dichalcogenides (TMDs), especially 
molybdenum disulfide (MoS₂), are promising electrocatalysts 
for the hydrogen evolution reaction (HER) due to their 
abundant active sites and earth-abundant composition. 
However, their low conductivity and limited edge sites restrict 

performance. Combining MoS₂ with porous materials like 
metal–organic frameworks (MOFs) enhances charge transfer 
and exposure of active sites [1]. Among them, ZIF-67 offers 
high surface area, tunable porosity, and chemical stability. 
MoS₂/ZIF-67 composites show enhanced HER activity due to 
synergistic effects, though optimization of MoS₂ content and 
electrode design remains essential [2].  
 
MoS₂/ZIF-67 hybrid catalysts containing 5, 8, 10, 12 and 20 

wt% MoS₂ were synthesized via a hydrothermal method and 
processed into catalyst inks [1]. The inks were prepared by 
dispersing 20 mg of catalyst powder in 0.5 mL deionized water 
and adding 3 μL Nafion solution. Subsequently, 7 μL of the 
ink was drop-cast onto a 0.3 × 0.3 cm² area of carbon cloth 
substrate and dried at 120 °C for 30 minutes to form flexible 
electrodes for electrochemical measurement applications [3].  

For comparison, electrodes coated with pristine MoS₂ was also 

prepared using the same procedure. Electrochemical 

measurements were performed in a three-electrode cell under 

N₂ atmosphere using a platinum wire as the counter electrode, 

a saturated calomel electrode (SCE) as the reference, and the 

prepared carbon cloth electrodes as working electrodes.  

Fig.1. Polarization curves of catalysts 

 

Linear sweep voltammetry (LSV) was conducted to evaluate 

the HER performance, and the resulting polarization curves 

(Fig. 1) illustrate the electrocatalytic behavior of MoS₂–MOF 

composites with varying MoS₂ loadings in comparison to 

pristine MoS₂, MOF, and carbon cloth electrodes. Among all 

samples, the 12 wt% MoS₂–MOF electrode exhibits the lowest 

overpotential (η = 78 mV at 10 mA cm⁻²), demonstrating the 

highest catalytic activity toward the hydrogen evolution 

reaction. This enhancement can be attributed to the synergistic 

coupling between MoS₂ nanosheets and the porous ZIF-67 

matrix, which provides efficient electron transport pathways 

and a higher density of exposed active edge sites, facilitating 

proton reduction. 

 
Fig.2. Tafel slopes of catalysts 

 
The Tafel plots shown in Fig. 2 further confirm the improved 
reaction kinetics of the MoS₂–MOF composites. The 
optimized 12 wt% MoS₂–MOF sample delivers a Tafel slope 
of 48 mV dec⁻¹, approaching that of Pt/C (42 mV dec⁻¹), 
indicating a favorable Volmer–Heyrovsky mechanism for 
hydrogen evolution.  

 
These findings demonstrate that proper integration and 
composition control of MoS₂ within the MOF framework 
significantly enhance the HER efficiency, providing a 
promising pathway for developing cost-effective and high-
performance electrocatalysts. 
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Abstract 
Direct Liquid Fuel Cells (DLFCs) represent a promising class of electrochemical energy conversion systems due to 
their ability to directly utilize liquid fuels, thereby avoiding the challenges associated with hydrogen storage and 
transportation. Among DLFC technologies, Direct Methanol Fuel Cells (DMFCs), Direct Ethanol Fuel Cells (DEFCs), 
and Direct Glycerol Fuel Cells (DGFCs) have attracted increasing attention for portable, stationary, and decentralized 
power applications because of their high theoretical energy densities and operational simplicity. This study provides a 
comparative assessment of recent advancements in DMFC, DEFC, and DGFC technologies, with particular emphasis 
on electrocatalyst development, membrane engineering, electrochemical performance, and fuel crossover behavior. 
DMFCs are the most mature DLFC technology and exhibit relatively fast oxidation kinetics; however, their 
performance is significantly limited by severe methanol crossover through proton exchange membranes, which leads 
to voltage losses and reduced fuel utilization efficiency. DEFCs offer advantages in terms of lower toxicity and the use 
of renewable bioethanol, but their electrooxidation is kinetically hindered by complex reaction pathways and 
incomplete carbon–carbon bond cleavage. DGFCs, utilizing glycerol as a fuel, demonstrate the highest theoretical 
energy density and significantly reduced fuel crossover due to the larger molecular size of glycerol, although their 
electrochemical oxidation involves multiple intermediates that require advanced catalyst formulations. Recent progress 
in nanostructured and alloy-based electrocatalysts, including platinum- and palladium-based systems combined with 
secondary metals and metal oxides, has resulted in improved catalytic activity, enhanced tolerance to poisoning species, 
and increased durability. Additionally, alternative membrane materials such as sulfonated aromatic polymers and 
alkaline anion exchange membranes have shown promise in mitigating fuel crossover and improving overall cell 
efficiency. The comparative analysis presented in this work highlights the current technological status, key limitations, 
and future research directions necessary to advance DLFC systems toward practical and commercial implementation. 

 
1.Introduction 
 
The transition toward sustainable and low-emission energy 
systems has intensified global interest in electrochemical 
energy conversion technologies capable of efficiently utilizing 
alternative fuels. Fuel cells are widely regarded as one of the 
most promising solutions, as they enable the direct conversion 
of chemical energy into electrical energy with high efficiency 
and minimal environmental impact [1,2]. In particular, low-
temperature polymer electrolyte fuel cells have attracted 
significant attention for portable and decentralized power 
applications due to their compact design, rapid start-up, and 
flexible operational characteristics [3]. 
 
Conventional hydrogen fuel cells, despite their advanced 
technological maturity, continue to face practical challenges 
related to hydrogen production, storage, distribution, and 
safety. These limitations have motivated extensive research 
into Direct Liquid Fuel Cells (DLFCs), which operate using 

liquid fuels directly supplied to the anode, thereby eliminating 
the need for external fuel reforming [4]. Liquid fuels such as 
methanol, ethanol, and glycerol offer high volumetric energy 
density, simplified storage, and compatibility with existing 
fuel-handling infrastructure, making DLFCs attractive 
candidates for small-scale, mobile, and backup power systems 
[5]. 
 
Among DLFC technologies, Direct Methanol Fuel Cells 
(DMFCs), Direct Ethanol Fuel Cells (DEFCs), and Direct 
Glycerol Fuel Cells (DGFCs) have been widely investigated. 
DMFCs are the most established systems and exhibit relatively 
fast oxidation kinetics; however, their performance is 
significantly constrained by methanol crossover through 
polymer electrolyte membranes, which leads to reduced cell 
voltage, lower fuel utilization efficiency, and long-term 
durability issues [1,6]. DEFCs have gained increasing 
attention due to the renewable nature and lower toxicity of 
ethanol, yet their practical performance remains limited by 
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sluggish electrooxidation kinetics and incomplete carbon–
carbon bond cleavage, resulting in the formation of partially 
oxidized intermediates [7,8]. 
 
More recently, DGFCs have emerged as a promising 
alternative DLFC technology, driven by the availability of 
glycerol as a low-cost by-product of biodiesel production and 
its high theoretical energy density [9]. In addition, glycerol 
exhibits significantly lower crossover compared to methanol 
and ethanol due to its larger molecular size. Nevertheless, the 
complex multi-electron oxidation pathways of glycerol present 
substantial challenges in catalyst design and reaction 
selectivity, requiring advanced catalytic materials to achieve 
efficient and stable operation [10]. 
 
Recent research efforts have therefore focused on improving 
DLFC performance through the development of advanced 
electrocatalysts, including alloy and nanostructured systems, 
as well as membrane materials with reduced fuel permeability 
and enhanced stability [6–10]. Within this context, the present 
work provides a comparative overview of methanol-, ethanol-, 
and glycerol-based fuel cells, highlighting their current 
performance levels, key limitations, and future prospects. The 
objective of this study is to contribute to a clearer 
understanding of the relative advantages and challenges of 
each DLFC system and to support ongoing research toward 
their practical implementation. 
 
2. Eperimental  
 
The electrochemical performances of Direct Methanol Fuel 
Cell (DMFC), Direct Ethanol Fuel Cell (DEFC), and Direct 
Glycerol Fuel Cell (DGFC) systems were comparatively 
investigated under identical experimental conditions to ensure 
reliable performance evaluation. All experimental procedures 
were carried out in a chemical engineering laboratory in 
accordance with standard fuel cell fabrication and 
electrochemical testing protocols reported in the literature 
[1,2]. 
 
Platinum–ruthenium supported on carbon (PtRu/C, 50 wt.%) 
and platinum supported on carbon (Pt/C, 20 wt.%) catalysts 
were employed as the anode and cathode catalysts, 
respectively, due to their well-established activity for alcohol 
oxidation and oxygen reduction reactions [3,4]. Catalyst inks 
were prepared by dispersing the catalyst powders in a mixed 
solvent of 2-propanol and deionized water, with liquid Nafion 
solution used as the ionomer binder. The suspensions were 
first homogenized by magnetic stirring and subsequently 
ultrasonicated to achieve uniform dispersion and prevent 
agglomeration, following commonly adopted procedures for 
membrane–electrode assembly (MEA) preparation [5]. 
 
The prepared catalyst inks were deposited onto carbon-based 
gas diffusion layers (GDLs), cut to an active area of 2.5 × 2.5 
cm², using an air-assisted spray-coating technique. A catalyst 
loading of 1 mg cm⁻² was applied to both the anode and 
cathode electrodes. After deposition, the electrodes were dried 
at room temperature and subsequently heat-treated at 60 °C to 
ensure solvent removal and adhesion stability. 
 
Sulfonated poly(ether ether ketone) (SPEEK) membranes 
were used as the electrolyte due to their favorable proton 

conductivity and reduced alcohol permeability compared to 
conventional Nafion membranes [6,7]. Prior to MEA 
fabrication, the membranes were pretreated in 1 M H₂SO₄, 
rinsed with deionized water until neutral pH was achieved, and 
dried at ambient temperature. The MEAs were fabricated by 
hot-pressing the anode and cathode electrodes onto opposite 
sides of the SPEEK membrane at 80 °C under approximately 
500 bar for 15 minutes. 
 
The assembled MEAs were integrated into single-cell fuel cell 
hardware equipped with graphite bipolar plates featuring 
serpentine flow channels. Silicone gaskets were used to ensure 
leak-tight sealing, and uniform compression was applied 
during cell assembly. Methanol (2 M), ethanol (2 M), and 
glycerol (1 M) aqueous solutions were supplied to the anode 
compartment for DMFC, DEFC, and DGFC systems, 
respectively, consistent with optimized concentrations 
reported in recent studies [8–10]. Compressed air was supplied 
to the cathode at a flow rate of 200 mL min⁻¹ using a mass flow 
controller. No external humidification was applied, as ambient 
humidity was sufficient to maintain membrane hydration. 
 
Electrochemical measurements were initiated after achieving 
steady-state operation. Polarization and power density curves 
were recorded to evaluate cell performance, while long-term 
stability tests under constant current conditions were 
conducted to assess MEA durability. The comparative 
evaluation focused on electrochemical performance, fuel 
utilization efficiency, operational stability, and practical 
applicability of the three direct liquid fuel cell systems. 
 
 
 
 
 
 
 
 
 

Fig. 1. Fuel cell device 
 
 
3- Results and Discussions 

The performance of Direct Liquid Fuel Cells (DLFCs) is 
governed by the intrinsic physicochemical properties of the 
fuel, electrocatalyst activity, membrane transport 
characteristics, and operating conditions. In this section, the 
electrochemical behavior of Direct Methanol Fuel Cells 
(DMFCs), Direct Ethanol Fuel Cells (DEFCs), and Direct 
Glycerol Fuel Cells (DGFCs) is comparatively discussed 
based on polarization behavior, power density output, fuel 
crossover tendencies, and durability considerations, drawing 
on both the present experimental framework and recent 
literature data [1–3]. 
 
3.1 Performance Characteristics of DMFC, DEFC, and 
DGFC 
 
Among the investigated systems, DMFCs generally exhibit the 
highest peak power densities, typically reported in the range of 
60–120 mW cm⁻² under operating temperatures between 60 
and 90 °C, depending on catalyst loading and membrane type 
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[4,5]. The relatively simple molecular structure of methanol 
and its favorable electrooxidation kinetics on PtRu-based 
catalysts contribute to higher current densities and lower 
activation losses. However, polarization curves commonly 
show a pronounced voltage drop at elevated current densities, 
which is primarily attributed to methanol crossover through 
proton exchange membranes. Methanol crossover induces 
mixed potentials at the cathode, resulting in reduced open-
circuit voltage (OCV) and lower overall fuel efficiency [6]. 
 
DEFCs typically deliver lower peak power densities, often 
reported between 20 and 60 mW cm⁻² under comparable 
conditions [7]. The electrooxidation of ethanol involves a 
complex multi-electron reaction pathway requiring carbon–
carbon bond cleavage, which significantly slows reaction 
kinetics and leads to the formation of intermediate products 
such as acetaldehyde and acetic acid. These intermediates 
partially block active sites on the catalyst surface, increasing 
activation and concentration overpotentials. Nevertheless, 
ethanol crossover rates are substantially lower than those of 
methanol, resulting in higher OCV values (commonly >0.75 
V) and improved fuel utilization efficiency [8]. 
 
DGFCs represent an emerging class of DLFCs with distinctive 
performance characteristics. Although reported peak power 
densities are currently lower, typically below 20–40 mW cm⁻², 
DGFCs benefit from extremely low fuel crossover due to the 
larger molecular size and lower diffusivity of glycerol [9,10]. 
This reduced crossover translates into enhanced voltage 
stability during operation and higher theoretical fuel 
utilization. The primary performance limitation arises from the 
highly complex oxidation mechanism of glycerol, which 
involves multiple parallel reaction pathways and generates a 
wide range of intermediate products, necessitating advanced 
catalyst design for efficient and selective oxidation. 
 
3.2 Effect of Catalyst Composition and Structure 
 
Catalyst composition remains a critical determinant of DLFC 
performance. In DMFCs, PtRu/C catalysts continue to serve as 
the benchmark anode materials due to their superior tolerance 
to carbon monoxide poisoning and enhanced methanol 
oxidation activity via the bifunctional mechanism [4,11]. 
Reported studies indicate that PtRu catalysts can reduce CO 
adsorption energy by up to 30% compared to pure Pt, 
significantly improving sustained current output. 
 
For DEFCs, catalyst modification through the incorporation of 
secondary metals such as Sn, Pd, or Ni has been shown to 
enhance ethanol oxidation activity by facilitating the oxidative 
removal of adsorbed intermediates [12]. PtSn- and Pd-based 
catalysts, in particular, promote partial C–C bond cleavage and 
improve reaction selectivity, leading to increased current 
densities and improved stability. 
 
DGFC performance benefits from palladium-based and 
bimetallic catalysts, which demonstrate higher glycerol 
oxidation activity and improved resistance to surface 
poisoning [13]. Additionally, the use of nanostructured 
catalyst supports, such as carbon nanotubes and graphene-
derived materials, increases the electrochemically active 
surface area and improves electron transport. These structural 
advancements have been shown to increase peak power 

density by 20–40% compared to conventional carbon black 
supports [14]. 
 
3.3 Membrane Effects and Durability Considerations 
 
Membrane properties critically influence fuel crossover, ionic 
conductivity, and long-term durability. Nafion-based 
membranes, while offering high proton conductivity (>0.08 S 
cm⁻¹ at 80 °C), exhibit significant permeability to methanol 
and ethanol, leading to efficiency losses in DMFCs and 
DEFCs [6]. In contrast, alternative membranes such as 
sulfonated aromatic polymers (e.g., SPEEK) and alkaline 
anion exchange membranes demonstrate reduced fuel 
crossover and improved chemical stability [15]. 
 
Durability studies reported in the literature indicate that fuel 
crossover-induced cathode degradation and catalyst poisoning 
remain the dominant degradation mechanisms during long-
term operation. DMFCs are particularly susceptible to 
performance decay due to methanol-induced cathode flooding, 
whereas DEFCs and DGFCs show improved voltage retention 
over extended operation times exceeding 100 h under constant 
load conditions [16]. These findings highlight the importance 
of membrane–catalyst compatibility and optimized operating 
conditions for achieving stable and durable DLFC 
performance. 

 
3.4 Discussion and Comparative Assessment 
 
Overall, DMFCs offer superior performance but suffer from 
efficiency losses due to crossover. DEFCs represent a balance 
between sustainability and performance, while DGFCs show 
strong long-term potential due to low crossover and high 
theoretical efficiency. Continued progress in catalyst design 
and membrane engineering is expected to further enhance the 
performance and applicability of DLFC technologies. 
 
4- Conclusions  
This work provided a comparative analysis of Direct 
Methanol, Direct Ethanol, and Direct Glycerol Fuel Cells with 
respect to electrochemical performance, fuel crossover, and 
operational stability. The results indicate that DMFCs deliver 
the highest power densities but suffer from significant 
efficiency losses due to methanol crossover and durability 
limitations. DEFCs exhibit moderate performance with 
improved open-circuit voltage and reduced crossover, though 
their practical efficiency remains constrained by slow 
oxidation kinetics and incomplete fuel utilization. DGFCs, 
while currently achieving lower power output, demonstrate 
superior fuel utilization, minimal crossover, and enhanced 
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voltage stability, highlighting their strong potential for long-
term and sustainable energy applications. These findings 
emphasize the critical role of catalyst and membrane 
development in balancing power output, efficiency, and 
durability for the advancement of direct liquid fuel cell 
technologies. 
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Microbial fuel cells (MFCs) are bio-electrochemical systems 

that can generate energy from organic waste [1]. MFCs are 

among the promising technologies for environmentally 

friendly and renewable energy production. In recent years, 

intensive research has been conducted in various areas, 

including the improvement of electrode materials, 

optimization of microbial consortia, selection of suitable 

substrates, and development of low-cost proton exchange 

membranes, to enhance the performance and economic 

viability of MFC systems. 

 

Proton exchange membranes (PEMs), one of the critical 

components in these systems, directly affect system 

performance in terms of ion conduction and gas separation 

between compartments. While commercial PEMs offer high 

performance, they are disadvantageous in terms of 

sustainability due to their environmentally persistent nature 

and high cost. In this study, environmentally friendly 

composite membranes were developed by reinforcing reduced 

graphene oxide (rGO) into poly(3-hydroxybutyrate-co-4-

hydroxybutyrate) (P34HB) matrix, a biodegradable polyester, 

and their use in microbial fuel cells was evaluated. 

 

 

 

 

 

 

 

 

 

Figure 1. Pure P34HB (a) and P34HB reinforced with 

different ratios of rGO: 1wt.% rGO (b); 3wt.% rGO (c); 

5wt.% rGO (d) 

P34HB/rGO composite membranes were prepared by the 

solution casting method. Solutions containing pure P34HB and 

rGO at ratios of 1, 3, and 5% were dissolved in 95/5% 

chloroform/DMF solvent and homogenized in a magnetic 

stirrer, then poured into glass petri dishes and dried at room 

temperature. The resulting films were then placed in an oven 

at 60 °C to remove solvent residues. Three replicates were 

performed for each additive ratio, and membranes with 

homogeneous surfaces and a thickness of approximately 130 

± 5 µm were obtained. Figure 1 shows images of pure P34HB 

and its composites with rGO. The fabricated membranes were 

named according to the rGO ratio (e.g., 1 rGO; the membrane 

with 1wt.% additive). 

 

The fabricated membranes were characterised in detail in 

terms of thermal properties, mechanical strength, hydrophilic 

properties, electrochemical performance, and fuel cell 

performance. 

 

Proton conductivity measurements were performed using 

electrochemical impedance spectroscopy (EIS) at 100% 

relative humidity and the temperature range of 30-80 °C. The 

oxygen diffusion coefficient was calculated by measuring 

dissolved oxygen levels in the dual-chamber microbial fuel 

cell assemblies. 

 

This study demonstrates that membranes developed with rGO 

reinforcement in biodegradable P34HB matrix can offer a 

sustainable and effective proton exchange membrane 

alternative in microbial fuel cell systems with their high proton 

conductivity, low oxygen permeability, and environmentally 

friendly structure. In addition, these membranes are considered 

to have a wide potential for use in energy generation 

applications from decentralized wastewater sources. 
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Solar energy is the most attractive way to obtain 

environmentally friendly energy. As you know, during the 

process of obtaining energy from silicon-based solar panels, 

silicon molecules are doped with atoms of elements of the third 

and fifth groups and are divided into the process of forming p-

n junctions. This process is very complex and requires a lot of 

energy, so the use of semiconductor pigments sensitive to 

sunlight can significantly increase the efficiency of this 

process [1]. 

Research is often carried out in the field of synthesizing metal 

phthalocyanines as sensitizing dyes in semiconductor pigment 

materials. In particular, cobalt phthalocyanine (C32H16CoN8) 

[2] is a semiconductor pigment material that has been studied 

as a potential semiconductor dye pigment for electron charge 

evolution in the process of obtaining solar cells. The 

voltammetric properties of C32H16CoN8 semiconductor 

sunlight-sensitizing dyes in dye-sensitized solar cells have 

been investigated in several studies. These studies showed that 

C32H16CoN8 exhibits good photochemical activity in the 

electron charge evolution reaction (DSSC). The researchers 

attributed this activity to the high conductivity and good 

stability of the C32H16CoN8 film. 

 
Fig.1 . Raman spectrum analysis of the PcCo pigment  

 

In general, the electrocatalytic properties of PcMe 

semiconductor dye materials in solar cell production open up 

prospects for the development of efficient and stable anode 

materials by improving p and n junctions.  

For the study of the photochemical properties a sensitive PcCo 

semiconductor pigment was synthesized by solid-phase 
deposition at high temperature in the presence of cobalt(II) 
sulfate, urea, phthalic anhydride, a catalyst, and concentrated 
sulfuric acid. The synthesized samples were deposited on a 
glass substrate with a size of 4×4 cm². The Raman spectrum 
analysis of the PcCo pigment is presented in Figure 1. 
The following conclusions were drawn from the Raman 

spectroscopy analysis conducted to study the composition of 

the semiconductor pigment. The presence of an aromatic group 

in the benzene ring is determined by the absorption line at 

3140.62 cm-1. The valence vibration regions at 3237.60 cm-1 

belong to O-H bonds. The valence and intensive vibration 

spectra are observed at 1864.96 cm-1 belong to C=O bonds, 

and the N-H bond spectra with differential vibrations are 

observed at 1584.42 cm-1. The spectra in the 1400.09 cm-1 

region belong to C-H bonds, and the differential bond spectra 

at 886.23 cm-1 belong to Me–N bonds. (EDX-8100 energy 

dispersive X-ray fluorescence spectrometer). 

 
Fig.2 Optical absorption analysis of cobalt phthalocyanine 

pigment. 

To study the photodynamic properties of cobalt-containing 

phthalocyanine dyes, it is necessary to analyze their spectral 

absorption characteristics. In particular, in the absorption 

spectrum of the cobalt phthalocyanine complex dissolved in 

N-methylpyrrolidone, a Q-band at 716 nm and B-bands in the 

range of 315–362 nm are observed. This makes them worthy 

of attention as a promising material for studying photovoltaic 

processes and for use in solar cells. 
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The critical point concept, in classical thermodynamics, was 

first defined along temperature, pressure, and density (Tcr, Pcr, 

ρcr) values, which belong to the end of the liquid-vapor 

equilibrium curve [1,2] and were supported by Van der Waals' 

theory [3]. However, this classical approach asserts that only 

temperature reaches the critical value while pressure and 

density change depending on it. This study aims to reevaluate 

critical parameters of pure substances by going beyond the 

limits of classical approaches [4]. 

The results of analyses with the method of thermo-axiomatic 

geometry and high-pressure experiments on benzene and 

benzonitrile derivatives show that the liquid-vapor critical 

pressure is much higher than the classical value. For instance, 

the experimental critical pressure of benzene was determined 

as Pcr ≈ 2229 bar, and this state was explained by the system’s 

transition to the metastable region [5]. This condition can not 

be explained with classical theories. 

 

Figure 1 P-V-T Phase Diagram of Hydrogen 

With these, for a comprehensive understanding of phase 

transitions, a three-dimensional P-V-T phase diagram was 

created, and the plasma phase was also integrated into this 

structure as shown in Fig. 1. This new diagram, by going 

beyond two-dimensional P-T representations, facilitates 

multidimensional and topological analyses of energy systems, 

material technologies, and high-pressure environments. In 

this study, the determination of the critical pressure of 

hydrogen on the liquid-solid boundary curve and three-

dimensional P-V-T phase diagram has been addressed [7]. 
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Countries increasingly favor renewable energy over 

conventional sources due to concerns about energy security, 

environmental sustainability, and zero-emission targets. 

However, the inherent variability and fluctuation of renewable 

energy source supply can cause grid power and frequency 

instabilities.To address this, battery energy storage systems are 

commonly integrated with renewable energy systems, and 

Vanadium Redox Flow Batteries (VRFB) stand out due to their 

long cycle life, deep discharge tolerance, and advanced 

controllability. Qazi et al. (2024) studied a VRFB system 

connected to an 11 kV grid stabilized frequency deviations 

from 50.1 Hz to nominal levels during load increases [1]. 

Similarly, Foles et al. (2022) demonstrated that VRFB can 

reduce sudden solar output drops with ±300 kW interventions 

and take down inverter ramp rates from 1 MW/min to 0.2 

MW/min [2]. These findings highlight VRFBs’ role in 

enhancing grid stability when integrated with renewable 

energy. Fares et al. (2014) demonstrated that a 1 MW/250 kWh 

VRFB system could respond within less than 0.5 seconds, 

successfully regulating frequency deviations within ±0.05 Hz 

under ERCOT grid simulations [3].  

In this study, dynamic analysis of vanadium redox flow battery 

system integrated into solar power plant in Turkey was 

modeled and analyzed in MATLAB. The system parameters 

used in the model were obtained from commercial battery 

specifications and relevant literature. The open-circuit voltage 

(Voc) of the battery is calculated using the Nernst equation, 

based on the concentrations of the redox couples: 

𝑉𝑜𝑐 = 𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝑆𝑜𝐶

1− 𝑆𝑜𝐶
) 

According to this equation, redox couple concentrations are 

determined based on the State of Charge (SOC) and 

incorporated into the model. At each step, the terminal voltage 

(Vt) is calculated iteratively by considering internal resistance 

and current. 

𝑉𝑇 = 𝑉𝑜𝑐 − 𝐼. 𝑅𝑖𝑛𝑡  

The State of Charge (SOC) is updated over time by 

considering the coulombic efficiency (𝜂): 

𝑆𝑜𝐶𝑘 = 𝑆𝑜𝐶𝑘−1 +
𝐼. ∆𝑡
𝑄𝑡𝑜𝑡𝑎𝑙

∙ 𝜂 

To evaluate grid impact, a frequency response model was 

added. Deviations were calculated with and without VRFB 

using a sensitivity coefficient (Kfreq). 

Without VRFB:                  ∆𝑓= 𝐾𝑓𝑟𝑒𝑞 ∙ 𝑃𝑛𝑒𝑡 

With VRFB:           ∆𝑓𝑉𝑅𝐹𝐵= 𝐾𝑓𝑟𝑒𝑞 ∙ (𝑃𝑛𝑒𝑡 − 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦) 

These deviations were added to the nominal grid frequency of 

50 Hz to generate dynamic frequency profiles for both cases. 

The model evaluates the VRFB system’s charge-discharge 

behavior, terminal voltage (Vt), SOC evolution, pump power 

consumption, and grid frequency response hourly, driven by 

the net power difference between solar generation and load. 

All system dynamics, including the effects of frequency 

stabilizing on the VRFB, are illustrated in detail in Figure 1. 

 

Figure 1. VRFB system impact: PV, load, and battery power 

 

As shown in Figure 1, the VRFB system charges during 

generation surplus and discharges during deficits, effectively 

balancing the grid load. Battery current reached ±2000 A, and 

terminal voltage ranged between 500–560 V. The power 

difference between PV and load varied from +200 kWh to –

150 kWh. Also, in this study, grid frequency remained near the 

nominal 50 Hz while with VRFB active. These findings 

confirm that the VRFB system enhances both energy balance 

and frequency stability in renewable-integrated grids. 
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Lithium-ion batteries (LIBs) are extensively used in portable 

electronic devices due to their high energy density and 

theoretical specific capacity. However, conventional LIBs 

employing liquid electrolytes pose safety risks – particularly 

leakage and flammability – limiting their suitability for 

wearable and flexible devices. Gel polymer electrolytes 

(GPEs) offer a promising alternative, providing enhanced 

electrochemical stability and safety. By blending acrylate 

monomers with diverse side chains and carefully tuning their 

stoichiometry, we tailor the polymer microstructure to enhance 

Li⁺ mobility and mechanical elasticity. 

 

While efforts focused on improving ionic conductivity of 

GPEs, achieving sufficient flexibility remains a challenge, 

especially for stretchable or wearable energy storage systems. 

In this study, we present a UV-curable GPE system that 

achieves both high conductivity and mechanical compliance. 

By blending acrylate monomers with diverse side chains and 

carefully tuning their stoichiometry, we tailor the polymer 

microstructure to enhance Li⁺ mobility and mechanical 

elasticity. The GPEs were synthesized via UV curing of 

acrylate monomer blends mixed with LiPF₆ or LiTFSI. Key 

parameters, such as the Li+: monomer ratio, curing time, and 

UV exposure distance, were systematically optimized. FTIR 

spectroscopy confirmed successful polymerization.  

 

As shown in Figure 1, the FTIR spectrum of the monomer 

mixture exhibits peaks at 1620 cm⁻¹ and 1635 cm⁻¹, 

corresponding to the stretching vibrations of the C=C bonds. 

After exposure to UV light these peaks disappeared, indicating 

successful photopolymerization and complete monomer 

consumption.  

 

 

Figure 1. FTIR spectra of monomers and cured gels. 

To measure compression strain of cured gels, specimens were 

prepared in a cylindrical shape with a diameter of 20 mm and 

a height of 5 mm, and tested in compression using a TA.XT 

Texture Analyzer at a rate of 0.02 mm/min. Figure 2a 
represents the compressive stress curves of two types of GPEs. 

Gel 2 exhibits excellent mechanical performance up to 0.27 

MPa compressive stress at maximum load, which is almost 10 

times higher than 0.028 MPa of Gel 1, with up to 30% strain 

at maximum load. 

 

The ionic conductivity of GPEs was tested using 
electrochemical impedance spectroscopy (EIS) using a 

blocking symmetric steel//GPE//steel cell from 1 MHz to 100 

mHz with an amplitude of 5 mV. In the EIS, the Z0 intercept 

of the straight line on the real axis is related to the bulk 

resistance of GPEs. It can be seen from the inset of Figure 2b 

that Gel 2 exhibits much lower bulk resistance compared to 

Gel 1, meaning that its ionic conductivity is higher. Ionic 

conductivity was calculated by the following formula: 

 = d / Rb·S, where d, S, and Rb are the thickness, area, and 

bulk resistance, respectively. The results of Gel 2 revealed that 

it has an impressive ionic conductivity of 4 mS·cm⁻¹. 

 

  

Figure 2. (a) Compression stress-strain curves, and (b) Nyquist 

plots for cured gels. 

 

This work demonstrates a fast, scalable, and cost-effective 

approach to fabricating UV-curable GPEs with the dual 

advantage of high ionic conductivity and mechanical 

flexibility, paving the way for safer and more adaptable 

lithium-ion batteries in flexible electronics. 
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The growing demand for wearable electronics has highlighted 

the need for lightweight, flexible, and autonomous energy 

systems. Conventional lithium-ion batteries, though effective 

in energy density and stability, lack the mechanical 

adaptability and self-sufficiency required for next-generation 

wearable devices. To address these challenges, this study 

proposes the development of a self-charging energy platform 

that integrates a flexible lithium-ion battery with a triboelectric 

nanogenerator (TENG) into a unified, stretchable architecture. 

While TENGs and flexible batteries have been studied 

individually, their combination remains largely unexplored. 

The proposed system aims to achieve continuous energy 

harvesting, high cycling stability, and practical usability in 

wearable electronics. 

 

The flexible battery is fabricated on elastomeric substrates, 

ensuring conformability and durability under motion. 

Nanostructured conductive coatings are used to enhance 

electrical conductivity while preserving stretchability. A 

custom-developed gel polymer electrolyte is used to replace 

conventional liquid electrolytes, offering improved safety, 

leakage resistance, and mechanical compatibility with flexible 

form factors. The electrolyte exhibits high ionic conductivity 

and strong interfacial adhesion to electrode layers, ensuring 

stable electrochemical performance under deformation. The 

battery design is optimized for stable operation under bending, 

stretching, and repetitive mechanical stress conditions typical 

of wearable applications.  

 

Simultaneously, the TENG is fabricated using electrospun 

nanofiber layers with high triboelectric polarity. These high-

surface-area membranes harvest biomechanical energy from 

movements like walking or fabric deformation. The system 

includes custom energy conditioning circuits to convert the 

pulsed AC output of the TENG into a regulated form suitable 

for real-time battery charging. 
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