Streszczenie pracy doktorskiej

Badania nad zastosowaniem materialéw weglowych i ich hybryd w elektrochemii
mgr inzZ. Krzysztof Sielicki
promotor: prof. dr hab. Ewa Mijowska

promotor pomocniczy: dr hab. Xuecheng Chen, prof. ZUT

Niniejsza praca doktorska przedstawia wprowadzenie do procesu produkcji wodoru
roznymi metody. Na poczatku skupia si¢ na energetycznych wyzwaniach, przed ktérymi stoi
swiat. Nastepnie opisuje szereg metod produkeji wodoru, z naciskiem na elektrochemiczne
rozszczepianie wody. Szczeg6towo omawia reakcje tworzenia tlenu (OER) i reakcje tworzenia
wodoru (HER), a takze powszechnie stosowane katalizatory w tych procesach. Sekcja
eksperymentalna skupia si¢ na syntezie i funkcjonalizacji struktur metaloorganicznych na bazie
glinu  (Al-MOF) do elektrochemicznego rozszczepiania wody, ze szczegdlnym
uwzglednieniem OER i HER. Badania obejmujg synteze i modyfikacje struktur Al-MOF,
proces karbonizacji w celu rozwoju katalizatoréw oraz wprowadzenie kobaltu i fosforu do
struktury poprzez jej funkcjonalizacje. Ponadto, w pracy szczegblowo przeanalizowano role
glinu w poprawie wiasciwosci elektrochemicznych badanych katalizatoréw. Praca w pierwszej
czgsci skupia sig na optymalizacji procesu karbonizacji AI-MOF, w wyniku czego ustalono, ze
temperatura 750°C jest optymalng do uzyskania wysoko aktywnej i o najwiekszej liczbie
defektow platformy weglowej. Nastepna czes¢ badan skupiona byta na karbonizowanym Al-
MOF (CMOF), na ktéry naniesiono kobalt (Co), co doprowadzito do powstania Co-
sfunkcjonalizowanego CMOF (Co-CMOF). Charakterystyka elektrochemiczna Co-CMOF
wykazuje nadpotencjat wynoszacy 380 mV i nachylenie Tafela wynoszace 75 mV/dec, co
Swiadezy o znakomitych wiasciwosciach elektrochemicznych i zdolnosci do rywalizacji =z
komercyjnym katalizatorem, tlenkiem rutenu (RuQz), w procesie OER. Kolejna cze¢é¢ badan
skupiona byla na wprowadzeniu fosforu (P) do struktury AlI-MOF. P-domieszkowany CMOF
(P-CMOF) wykazuje istotne polepszenie wiasciwosei elektrochemicznych w poréwnaniu z
RuOz, z nadpotencjatem wynoszacym 390 mV i nachyleniem Tafela wynoszacym 103 mV/dec.
Dodatek fosforu nie tylko poprawia wlasciwosci elektrochemiczne, ale takze przyczynia sie do
naprawy macierzy weglowej, co w nastepstwie poprawia stabilno$é katalizatora. Ostatecznie
badania mechanizméw reakcji pozwalaja zrozumie¢ powstawanie czynnych sktadnikow

podcezas polaryzacji w warunkach OER. Analiza TEM ujawnia powstawanie nowych struktur



na powierzchni Co-CMOF o odstgpach migdzywarstwowych wynoszacych 0,24 nm, co wynika
z reakcji kobaltu ze stopu Co-Al, prowadzacej do powstania CoOOH. Analiza XPS potwierdza
zanikanie wigzan Co-Al i obecno$¢ form CoOOH. Podobnie, analiza TEM i XPS dla P-
CMOF(AI) wykazuje powstawanie struktur metalicznych, tlenku glinu (Al,O3). Tlenek glinu
stabilizuje strukture i obniza rezystancje katalizatora. Mimo ze w pracy doktorskiej badano
takze funkcjonalizacje niklem (Ni) struktur CMOF w reakcji HER, wyniki wskazuja, ze
konieczne s3 dalsze badania, aby przewyzszy¢ wydajno$é katalizatoréw platynowych (Pt),
ktore obecnie wykazujg znacznie lepsza wydajnosé w HER. Przyszie perspektywy tej pracy
skupiajg si¢ na optymalizacji procesu, wyjasnianiu mechanizméw reakcji, inzynierii
katalizatorow i ich skalowalnosci i badaniach nad szerszym zastosowaniem poza
rozszczepianiem wody. Wysitki te maja na celu poprawe wydajnosci i stabilnosci
funkcjonalizowanych katalizatorow AI-MOF oraz poszerzenie ich potencjatu w réznych
zastosowaniach elektrochemicznych. Podsumowujac, niniejsza praca doktorska udowadnia
skuteczng  funkcjonalizacjg AI-MOF do elektrochemicznego rozszczepiania wody,
podkreslajagc doskonate wlasciwosci elektrochemiczne Co-CMOF(Al) i P-CMOF(AL).
Obecnos¢ glinu odgrywa kluczowa role zaréwno w procesie funkcjonalizacji, jak i w OER,
prowadzgc do powstania elektroaktywnych substancji i poprawy wydajnosci katalizatora.
Wyniki przyczyniajg si¢ do rozwoju zréwnowazonych technologii energetycznych i otwieraja

obiecujace mozliwosci rozwoju wydajnych i trwatych elektrokatalizatorow.

Stowa kluczowe: sieci metalicznoorganiczne na bazie glinu, elektrochemiczne rozszczepianie
wody, funkcjonalizacja, reakcja wydzielania tlenu, reakcja wydzielania wodoru
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PhD thesis abstract

Study on application of carbon materials and its hybrids in electrochemistry
supervisor: prof. dr hab. Ewa Mijowska

assistant supervisor: dr hab. Xuecheng Chen, prof. ZUT

This thesis provides an in-depth exploration of hydrogen production processes. It begins
by addressing the energy challenges faced by the world and subsequently delves into a range
of hydrogen production methods, with a particular emphasis on electrochemical water splitting.
The thesis offers a comprehensive explanation of the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), as well as the catalysts commonly employed in these
processes. The experimental section of the thesis focuses on the synthesis and functionalization
of aluminium-based metal-organic frameworks (Al-MOF) for electrochemical water splitting,
with specific attention given to OER and HER. The research encompasses the synthesis and
modification of AI-MOF structures, carbonization processes for catalyst development, and the
introduction of cobalt and phosphorus for functionalization. Furthermore, the role of aluminium
in enhancing the electrochemical performance of the catalysts is thoroughly explored. The
thesis begins by optimizing the carbonization process of AI-MOF, identifying the temperature
of 750°C as the optimal condition for obtaining a highly active and structurally defective carbon
platform. Cobalt (Co) is then deposited on the carbonized AI-MOF (CMOF), resulting in the
formation of a Co-functionalized CMOF (Co-CMOF). The electrochemical characterization of
Co-CMOF reveals an overpotential of 380 mV and a Tafel slope of 75 mV/dec, demonstrating
its remarkable electrochemical properties and its ability to compete with the commercial
catalyst ruthenium oxide (RuO2) in OER. In addition to cobalt functionalization, the thesis
explores the introduction of phosphorus (P) into the AI-MOF structure. The P-doped CMOF
(P-CMOF) exhibits significant improvements in electrochemical performance compared to
RuQ», with an overpotential of 390 mV and a Tafel slope of 103 mV/dec. Phosphorus doping
not only enhances the electrochemical properties but also contributes to the healing of the
carbon matrix, further improving the catalyst's stability. Mechanistic investigations shed light
on the active species formed during polarization at OER potential. TEM analysis reveals the
formation of crystalline structures with a d-spacing of 0.24 nm on the surface of Co-CMOF,
attributed to the reaction of cobalt from the Co-Al alloy, resulting in the formation of CoOOH
species. XPS analysis confirms the disappearance of Co-Al bonds and CoOOH species.

Similarly, TEM and XPS analysis of P-CMOF(AI) shows the formation of metallic structures,



aluminium oxide (Al203), and PH3 gas. Aluminium oxide stabilizes the structure and lowers
the catalyst resistance. Although the thesis explores nickel (Ni) functionalization for HER, the
results indicate that further advancements are required to surpass platinum (Pt) catalysts, which
currently demonstrate superior performance in HER. This research includes process
optimization, mechanistic elucidation, catalyst engineering, scalability, device integration, and
the exploration of broader applications beyond water splitting. These studies aim to enhance
the efficiency and stability of functionalized Al-MOF catalysts and expand their potential in
various electrochemical applications. Overall, this thesis demonstrates the successful
functionalization of AI-MOF for electrochemical water splitting, highlighting the excellent
clectrochemical properties of Co-CMOF(Al) and P-CMOF(Al). The presence of aluminium
plays a crucial role in both functionalization and OER, leading to the formation of active species
and improving catalyst performance. These findings contribute to the advancement of
sustainable energy technologies and offer promising opportunities for the development of

efficient and durable electrocatalysts.

Keywords: aluminium-based metal-organic frameworks, electrochemical water splitting,

functionalization, oxygen evolution reaction, hydrogen evolution reaction
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DISSERTATION REVIEW REPORT

It is an honour for me to serve on the PhD committee of the candidate Mr. Krzysztof Sielicki. | have not
been involved in the scientific work and have based my judgement reflected in this report solely on the
written thesis. This report was prepared in response to the letter of prof. dr hab. inz Mirostawa El Fray,
Chairwoman of the Discipline Council of Materials Engineering of West Pomeranian University of
Technology in Szczecin, from 5" September 2023.

Thesis title: Study on application of carbon materials and its hybrids in electrochemistry
PhD Candidate: Krzysztof Sielicki

Supervisor: prof. dr. hab. Ewa Mijowska

Assisstant supervisor: dr. hab. Xuecheng Chen (prof. ZUT)

GENERAL EVALUATION
Originality of dissertation topic, relevance to the field, and possible applications

The urgent need for new energy sources arises from both environmental concerns and the
growing scarcity of fossil fuels, highlighting the necessity for sustainable alternatives. This thesis
thoroughly investigates hydrogen production methods, with a focus on electrochemical water
splitting. It addresses energy challenges and discusses oxygen and hydrogen evolution reactions
(OER and HER) along with catalysts. A doctoral dissertation written by Krzysztof Sielicki was
submitted in the form of a classical PhD thesis. It was correctly assigned to the discipline of
Materials Engineering (according to the Regulation of the Minister of Education and Science of 1
Oct. 2022 on the fields of science and scientific disciplines and artistic disciplines, Journal of
Laws of 2022, pos. 2202, from 1 Oct. 2022). In his thesis, Krzysztof Sielicki discusses aluminum-
based metal-organic frameworks (Al-MOFs) for water splitting, covering synthesis, carbonization,
cobalt and phosphorus functionalization, and aluminum's role in enhancing performance.
Optimizing carbonization at 750°C, cobalt-functionalized CMOF (Co-CMOF) competes with
commercial catalysts in OER. Phosphorus-doped CMOF (P-CMOF) outperforms platinum in HER,
with improved stability. Mechanistic investigations reveal active species formation. While Ni
functionalization for HER requires further development, this research contributes to efficient, stable
electrocatalysts for sustainable energy applications.
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Detailed assessment of the scientific content, chapter-wise

Chapter 1 provides a comprehensive overview of the context and motivation for the thesis.
It highlights the rapid development of technology and the increasing need for better energy
sources and storage methods. The chapter emphasizes the importance of renewable energy
sources and hydrogen as an eco-friendly fuel, while also addressing the challenges associated
with hydrogen production and storage. It introduces the concept of electrochemical water splitting
and the role of electrocatalysts, discussing the limitations of current catalysts and the need for
more efficient alternatives. The chapter also underscores the global energy demand, the shift
towards renewable energy sources, and the importance of addressing environmental concerns.
Finally, it outlines the thesis's objectives, which involve the design and synthesis of efficient
electrocatalysts, and the scope, which includes various modifications and analyses of metal-
organic frameworks (MOFs) and carbonized MOF structures to enhance electrochemical
properties.

Chapter 2 delves into various methods and technologies for hydrogen generation,
encompassing natural gas reforming, biomass gasification, supercritical water gasification,
water photolysis, and water electrolysis. It also explores the principles of water splitting,
including electrolyzers like Proton Exchange Membrane (PEM) electrolysis, Anion Exchange
Membrane (AEM) electrolysis, alkaline electrolyzers (AEL), and solid oxide electrolysis cells
(SOEC). The chapter extends to hydrogen fuel cells (HFC), categorizing them into Proton
Exchange Membrane Fuel Cells (PEMFC), Alkaline Fuel Cells (AFC), and Solid Oxide Fuel Cells
(SOFC). Additionally, it delves into the Hydrogen Evolution Reaction (HER) and HER catalysts,
both noble and non-noble metals, as well as non-metallic catalysts. Furthermore, it discusses the
Oxygen Evolution Reaction (OER) as a pivotal step in water splitting, covering mechanisms like
the adsorbate evolution mechanism and the lattice oxygen mechanism, along with catalysts for
OER, including those based on noble metals, non-noble metals, and non-metallic catalysts.

In Chapter 3 introduces Metal-Organic Frameworks (MOFs) and their applications in the
Oxygen Evolution Reaction (OER). It begins with an overview of MOFs and then delves into the
synthesis of aluminium-based MOFs. The chapter focuses on the utilization of MOF-based
structures as catalysts for the OER, exploring both MOFs for OER and carbonized MOFs for OER,
highlighting their potential in catalyzing this important reaction.

In Chapter 4 outlines the experimental methods employed in the study. It begins with a
description of the synthesis methods, specifically focusing on the synthesis of aluminium-based
MOFs (AI-MOF) and the subsequent thermal treatment of AI-MOF, which includes functionalization
processes. The chapter then discusses the characterization techniques applied to MOF and
carbonized MOF (CMOF) structures. Finally, it details the electrochemical testing methods utilized
for evaluating MOF-based materials, encompassing measurements and techniques such as Open
Circuit Voltage, Ohmic Drop Compensation (potentiostatic Electrochemical Impedance
Spectroscopy), Cyclic Voltammetry, Linear Sweep Voltammetry, Electrochemical Impedance
Spectroscopy, Tafel Slope Measurement, and Stability Measurement.
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In Chapter 5, presents the results and discussions of the study and it is divided in three
sections. It begins with the physicochemical characterization of AI-MOF synthesized through the
solvothermal method. Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) confirm the porous structure of AI-MOF. The PhD candidate then explores the carbonization
process of AI-MOF at different temperatures (CMOF), highlighting structural changes, Raman
spectra variations, and pore development. The PhD candidate concludes that AI-MOF carbonized
at 750°C offers optimal properties for further electrochemical work. In-situ functionalization with
nickel and cobalt and ex-situ functionalization with nickel, cobalt, and phosphorus of AI-MOF are
then performed. Notably, the cobalt content within the material is significantly enhanced through
ex-situ cobalt functionalization in the presence of aluminum. Phosphorus functionalization, aimed
at improving electrochemical properties, effectively transformed the AI-MOF framework, resulting
in a carbon matrix devoid of AI-MOF pores.

The second part of the chapter focuses on assessing the performance of various materials
in both the HER and the OER. In the context of the HER, it became evident that Ni-functionalized
AI-MOF structures face the challenge of reaching performance levels comparable to platinum.
Several optimization strategies are explored by the PhD candidate, including nitrogen enrichment
and altering the source of nickel. Although improvements are observed, they do not reach the
level of performance achieved by platinum-based catalysts. Similarly, cobalt-functionalized Al-
MOFs demonstrate reduced overpotentials but exhibit kinetics that are less favourable. For OER,
the PhD candidate observes that in-situ nickel and cobalt-functionalized composites exhibited
higher overpotentials compared to the reference material, RuO,, indicating inferior OER
performance. The investigation of ex-situ cobalt functionalization after carbonization highlights the
importance of temperature, cobalt concentration, and aluminium presence for achieving a
performance comparable to ruthenium oxide. Furthermore, the excellent performance of
phosphorus-doped CMOF with aluminium in the OER is noteworthy, as it closely resembles the
performance of RuO,, underscoring the pivotal role of aluminium in augmenting electrochemical
characteristics for OER applications.

The chapter concludes by offering insights into the mechanism of OER catalysis by MOF,
providing a comprehensive analysis of the experimental findings and their implications. For
CMOF-Co(Al), active species formation is observed during OER polarization, supporting its
stability and durability as a catalyst. Similarly, P-doped Al-MOF-based structures exhibit structural
changes and the formation of metallic structures during OER, with aluminium playing a crucial role
in functionalization processes and OER mechanisms. Aluminium’s presence contributes to active
species formation, structure stabilization, and improved kinetics, emphasizing its significance in
designing efficient and durable electrocatalysts for OER applications.

The responsibilities of a reviewer also encompass identifying any inaccuracies, incorrect
wording, or typographical errors in the manuscript. The manuscript has undergone thorough
editing, and aside from a few minor errors, | did not come across any significant issues. The
following is a list of questions that could be discussed during the public defence of the PhD thesis:

[0  Among the different functionalization strategies that the PhD candidate explored it seems
that in-situ was not very promising for any of the metal ions studied. Perhaps ex-situ
functionalization should be considered for nickel. What other strategies would the PhD candidate
explore?
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[1 Has the PhD candidate considered the functionalization of AI-MOF with more than one
element?

L One aspect that was not really covered during the PhD thesis is how the functionalization
of AI-MOF affects to the overall porosity. Could the PhD candidate provide some insights on that?
Would it be critical for the HER/OER performance?

[l The PhD candidate provided a concise overview of the functionalization of Al-MOF with
platinum, which yielded encouraging outcomes. Nevertheless, the PhD candidate suggested that,
owing to the substantial cost associated with platinum, it would be more prudent to enhance the
performance of Ni-CMOF. Could you please specify the quantity of platinum per gram of MOF?

Writing quality and clarity

The entire doctoral thesis stands out for its clear and high-quality writing quality. It is
notably devoid of typographical mistakes, featuring succinct and readily understandable
sentences. The introduction and the examination of the current state of the field are grounded in
valuable and current scholarly works. The research aims and consequent objectives are clearly
articulated. The drawn conclusions are not only noteworthy but also logically deduced and
essential. The elucidations are founded on extensive research and thorough analyses. The figures
and tables are thoughtfully presented and adequately elucidated.

Concluding remarks

The doctoral dissertation prepared by PhD candidate Krzysztof Sielicki is of very high
quality. It unveils valuable findings achieved through meticulous experimental endeavours. The
carefully crafted objectives have been met and cogently justified. This original work represents
advancements in the field of electrochemical water splitting, particularly in the utilization of Al-
MOF (aluminium-based metal-organic framework) as an electrocatalyst for the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER). Starting from the synthesis process, the
optimization of carbonization conditions, the introduction of various ions during functionalization,
the exploration of aluminum's role, and the understanding of the OER catalysis mechanism, these
collective developments significantly contribute to the creation of electrocatalysts that are both
effective and economically viable. This progress plays a pivotal role in advancing the development
of electrocatalysts for water splitting, a critical step in the generation and storage of clean energy.

Altogether, | asses the doctoral dissertation, prepared by Krzysztof Sielicki, a PhD
candidate supervised by prof. dr. hab. Ewa Mijowska and co-supervised by dr. hab. Xuecheng
Chen. Therefore, | conclude that it fulfils all the provisions specified in Act of 20 July 2018 "Law on
higher education and sciencé', Journal of Laws 2021, pos. 478, with further changes (Ustawa z
dnia 20 lipca 2018 r "Prawo o szkolnictwie wyzszym i nauce' Dziennik Ustaw 2021, poz. 478 z
podzniejszymi zmianami). Hence, | strongly recommend it for presentation before the relevant
committee.

The doctoral dissertation exhibits a commendable level of technical excellence in its
writing. It is skilfully composed, rendering the content accessible to both professionals and the
general readership. Notably, the introduction and discussion sections are meticulously crafted
and indispensable. The execution of experiments and measurement techniques is both accurate
and well-organized. The devised experiments are compelling and substantiate the acquired
results, which are comprehensively elucidated. The PhD candidate has also demonstrated
adeptness in interpreting outcomes obtained through diverse methodologies. The provided
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descriptions and conclusions are praiseworthy, coherent, and pivotal, grounded in valuable
research and conducted with the utmost scientific rigor.

The PhD candidate has already gained considerable scientific achievements. The results
discussed in doctoral dissertation were published in high- and medium-tier peer-reviewed journals
with an average (over 11 published articles) IF of 8.08 (and MNiISW points of 113, yet those are
irrelevant outside of Poland). 5 more manuscripts are being prepared by the candidate.
Unfortunately, no information is given on the oral dissemination activities of the candidate, which
is certainly the only weak point in his CV.
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Evaluation of the PhD thesis of MSc Eng. Krzysztof Sielicki, entitled:
“Study on application of carbon materials and its hybrids in electrochemistry”

The thesis of Mr Krzysztof Sielicki was submitted on September 5, 2023 to the
Scientific Council of the Discipline of Materials Engineering at the West
Pomeranian University of Technology in the procedure for promotion to Doctor of
Philosophy degree in the field of Engineering and Technology. The thesis was
prepared under the supervision of prof. dr hab. Ewa Mijowska together with prof.

ZUT, dr hab. Xuecheng Chen who served as assistant supervisor.

Substance of the work

The dissertation addresses a very important and current problem of hydrogen
production in the process of water electrolysis. The work was focused on the
preparation and physicochemical characterization of several variants of Metal-
Organic Framework derived (MOF-derived) electrode materials, acting as HER
(Hydrogen Evolution Reaction) and OER (Oxygen Evolution Reaction) catalyst. The
author puts forward an ambitious hypothesis that carbon materials functionalized
with non-metals (nitrogen, phosphorus) or non-noble metals (aluminum, nickel,
cobalt) may have catalytic properties towards electrochemical water splitting,
which are comparable to commonly used rare metals (e.g. platinum and rhodium).
The origin MOF materials were synthesized by the author using a well-known and
easy-to-implement solvothermal method (at atmospheric pressure) followed by a
number of labor-intensive, independently developed physicochemical
modification. Structural changes of the material were reported by number of
analytical techniques (X-ray diffraction - XRD, transmission electron microscopy -
TEM, X-ray photoelectron spectroscopy - XPS). The catalytic properties were
verified by dedicated electrochemical techniques.

Some of the reported electrochemical results have high application value and
may contribute to the manufacturing of low-cost devices for water splitting in the

near future.
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Moreover, the mechanism of OER catalysis of Al/Co/P-doped CMOF (Carbonized MOF)) proposed
in the final chapter seems to be a good guideline for further scientific research on the described

issue.

Formal aspects of the PhD dissertation

The work has been written in the form of a traditional dissertation divided into a literature
part, a discussion of the results with a short summary. The manuscript contains 102 pages, which
is divided into 6 main chapters. The thesis includes also 2-page abstract in English and Polish,
table of contents, list of abbreviations, list of used 102 references and, finally, list of 16 original
publications in which Mr. Sielicki is a co-author. The layout of the dissertation is clear, coherent
and with logical order of the presentation. The thesis starts with the introduction in Chapter 1,
giving general understanding scientific issue and scope of the work. It also briefly introduces
content of the next chapters. Chapter 2 describes actual technology of hydrogen production and
utilization with stress on water electrolysis and energy recovery in a fuel cell. Chapter 3 gives very
concise overview about different techniques MOF preparation and the applications of these
materials as a catalyst in HER and OER. Chapters 4 and 5 consist original research part of the
thesis describing experimental methods and results. The work is closed with an extended
summary (4 pages) containing conclusions and directions for further research.

Unfortunately, the author made some editorial mistakes. The table of contents is missing
paragraph 2.1.1 from page 72 and paragraph 1.1.1 from page 42. Moreover, the numbering of
paragraph 2.2.1 in chapter 2 is duplicated - both in the manuscript and in the table of contents.
This was probably due to the rush in editing the work. Fortunately, the above defects do not

affect the readability and coherence of the dissertation.

Comments and questions to PhD student
| found several shortcomings and potential errors in the work that should be discussed during
the public defense.

Review of the literature:

1. Only figures 9 and 13 have referred origin indicated in the caption or in the text of the
manuscript. Does it mean that the remaining graphics were created by the author of the
dissertation?

2. Page 9: HER and OER (alkaline electrolytes) reactions are unbalanced.

3. Fig. 11 (right-top corner): The presented molecule is a carboxylic acid and not an aldehyde.

Experimental methods:

4. Page 46: What does it mean that “The measurements were compensated at 85%”7?
5. Page 48: The author declared the intentional use of a wide voltage range from -10V to 10V.
Meanwhile, in all reported electrochemical measurement the measured potential does not

exceed the range from -2.5 to 2.5V. What was the reason for this procedure? It should be
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noted that wider voltage range involved an automatic reduction in the resolution of the
recorded potentials from 100 to ~305 pV.
Page 49: The use of galvanostatic electrochemical impedance spectroscopy (GEIS) at applied

constant current of #+10 mA and amplitude perturbation (Va = 10 mV) was stated.

Meanwhile, this technique uses current perturbation. Is it a unit error or maybe the PEIS

technique was used with a potential perturbation imposed on the constant voltage?
Page 50 (end of page): Chronopotentiometry is galvanostatic technique — not

“potentiostatic”.

Results and Discussion:

8.

10.

11.

12.

Fig. 25: XRD spectra appears to be inconsistent with Raman spectra. The results of the Raman
analysis indicate a systematic ordering of the carbon phases up to temperature of 950°C, as
the author confirmed on page 56. Meanwhile, the diffractogram for the material obtained
at 950°C is almost flat without a visible doo2 peak (interlayer spacing), which suggests the
absence of the carbon phase or its amorphic nature. Please comment on this fact.

Fig. 34: It is a mistake to assume that the percentage residue in a TGA analysis is the content
of elemental aluminum and cobalt in the tested material. Under the analysis conditions (air),
the residue is in the form of oxides. The real metal content in MOF should be much lower.
Thanks to XPS analysis, the author proved the complex physicochemical structure of the
synthesized materials (different oxidation states, alloy formation, etc.). However, there is a
lack of basic information about the general elemental composition in the dissertation. Can
the author quote the content of individual elements (at%), especially Al, Co, Ni, N and P, in
selected materials analyzed using the XPS technique?

Fig. 40: Comparing catalytic properties on substrates of such highly different morphology is
risky. How was the surface area of the carbon foam calculated? Was it justa 1 cm x 1 cm
square, like in the case of graphite foil? Due to the highly porous nature of the foam, its real
contact surface with the electrolyte is much larger and cause the shape of LSV curve.

Fig. 41 and 44: The impact of different nickel and platinum salts on HER performance has
been discussed too briefly. Does the author have any hypothesis that could explain how
changing the anion in the salt added at the early stage of MOF synthesis may affect the

electrochemical properties of the final electrode material?

General comment:

13.

In my opinion, the title of the thesis is a bit imprecise. The author considers in his research
only the process of electrochemical water splitting, which is only a small part of

"electrochemistry".

Final remarks

Despite the numerous comments mentioned above, the scientific and technological value of

the work should be assessed quite high. In chapter 5, paragraph 2.2, the author showed that the

P-CMOF(AIl) material is characterized by catalytic activity in OER comparable to reference RuO;
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and with even better durability in prolonged water splitting. However, all prepared catalysts had
HER activity much lower than the reference, commercially available platinum on a carbon
substrate. For this reason, the hypothesis announced in the dissertation can be considered
partially confirmed.
There are two significant achievements of the work:
1) Development the electrode material not-containing noble metals of catalytic activity in
OER comparable to RuO,.
2) Explanation of mechanism of OER catalysis by carbons derived from Co- and P-doped Al-
MOF.

In the years 2019 to 2023, Mr. Sielicki was a co-author of 16 publications in reputable
journals, such as “Applied Catalyst B: Environmental” (IF=24.2) or “ACS Applied Materials &
Interfaces” (IF=10.4). However, it should be noted that only 2 papers are stricte related to the
doctoral thesis. One work was published in "Materials & Design" (IF=9.4) and the second one in
“Journal of Alloys and Compounds” (IF=6.2).

In my opinion the PhD work of Mr. Sielicki contributes significantly to the development of
scientific discipline of Materials Engineering and demonstrates the necessary knowledge and

skills to obtain degree of doctor.

In conclusion, | therefore state that doctoral dissertation of Mr. Krzysztof Sielicki meets all

statutory criteria for doctoral theses (art. 187 ustawy z dnia 20 lipca 2018 r. Prawo o szkolnictwie
wyzszym i nauce (Dz. U. 2018 poz. 1668 z pdzn. zm.)).
Therefore, | submit to the High Council of the Discipline of Materials Engineering at the West
Pomeranian University of Technology a request for acceptance the thesis and | support the
application to confer on Mr. Krzysztof Sielicki the PhD degree in the field of Engineering and
Technology, in the discipline of Materials Engineering.

Finally, taking into account the high scientific value of the presented results, confirmed by

publications, | suggest honoring the dissertation.

40412

(prof. PWr, dr hab. Krzysztof Kierzek)
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Doctoral thesis of Krzysztof Sielicki
"Study on application of carbon materials and its hybrids in
electrochemistry”
Supervised by prof. dr hab. Ewa Mijowska
and
dr hab. Xuecheng Chen, prof. ZUT (Assistant supervisor)

Department of Nanomaterials Physicochemistry
Faculty of Chemical Technology and Engineering
West Pomeranian University of Technology, Szczecin

Referee
dr hab. inz. Wojciech Konicki, prof. PM
Department of Environmental Protection and Commodity Science

Maritime University of Szczecin

Base of eleboration
The basis for the review of the doctoral thesis is a letter of 5 September 2023
(ZUT/RDIMat/14/2023) from the prof. dr. hab. inz. Mirostawy El Fray, Chair of the Materials
Science and Engineering Research Council Faculty of Chemical Technology and Engineering,

West Pomeranian University of Technology in Szczecin.

Thesis assessment
The research work of Krzysztof Sielicki was done in the Department of Nanomaterials
Physicochemistry of Faculty of Chemical Technology and Engineering, at West Pomeranian
University of Technology in Szczecin, Poland. His work was supervised by prof. dr. hab. Ewa

Mijowska, a recognized expert in the field of nanotechnology.
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The thesis was written in English and comprises 102 pages, contains 32 graphs and 24
illustrations. The work has a classic layout and it is divided into six distinct chapters,
consisting of introduction, background informations on water splitting and metal-organic
frameworks materials, experimental section, results and discussion, and conclusions with
future work. The work is supplemented with information about the author scientific
achievements in the form of a list of publications. The thesis is well balanced and shows a
good distribution of pages for each chapter. It is written in correct English with appropriate
use of thematic nomenclature. The graphic design of the work is on a very high standard.
Illustrations are made carefully in color, preserving graphic details and providing additional
descriptions that allow for the provision of information in an accessible way. In terms of
editing, the work was done carefully, with well-selected font size, line spacing, justification

and break the text into paragraphs.

At the beginning of the Ph.D. thesis, the author included the abstracts of the research
in English and Polish. This is a very valuable and worth continuing idea, because the every

reader can get essential informations about the scope of research, right at the beginning.

An introduction to the subject of the Ph.D. thesis is in the Chapter I, which includes
information regarding the objective and scope of the thesis and motivation for choose a given
research topic. One of the biggest challenges of the 21st century for people is to ensure that
development and growth production, and energy consumption are achieved without
environmental degradation. However, the largest source of greenhouse gas (GHG) emissions
from human activities is still from burning fossil fuels based on carbon for electricity, heat,
and transportation. One of the most effective strategies for reducing GHG emissions is to
switch from conventional fuels to alternative fuels. Amongst the potential alternative energy
sources, hydrogen is considered a promising fuel especially because of its environmental
impact. Has an energy density of approximately 120 MJ/kg, almost three times more than
diesel or gasoline, and when it burns it has zero carbon emission, therefore hydrogen is one of

the most desirable eco-friendly fuel.
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Taking into account the constantly growing demand for energy in the world, the
possibilities of obtaining and the properties of hydrogen, the author undertakes research on
the synthesis of aluminium-based metal-organic frameworks (Al-MOF) for electrochemical
water splitting. Simultaneously, the research included modification of AI-MOF structure by
the introduction of cobalt and phosphorus for functionalization. Therefore, in my opinion, the
adopted direction and scope of research presented in the thesis completely fits into its subject
matter and constitutes a significant contribution to the development and extension of
knowledge in this field.

In Chapter II, a description of the different methods and technologies for hydrogen
generation, principles of water splitting, Hydrogen Evolution Reaction (HER) and Oxygen
Evolution Reaction (OER) as a critical step in water splitting are presented. Beyond
discussion of the different methods and technologies for hydrogen generation as natural gas
reforming, biomass gasification, supercritical water gasification, water photolysis and
electrolysis, autor paid special attention to water splitting by electric potential in electrolyzers.
Simultaneously, the author presented composition and the principle of operation Hydrogen
Fuel Cells (HFC) such as Proton Exchange Membrane Fuel Cells (PEMFC), Alkaline Fuel
Cells (AFC) and Solid Oxide Fuel Cells (SOFC). These informations are important, especially
with the rapid development of hydrogen fuel cell technology, where hydrogen can be
efficiently turned into electricity, and can be used in vehicle or portable power plants.
Additionally, in this part of the work discussed the processes of Hydrogen Evolution Reaction
(HER) and Oxygen Evolution Reaction (OER), occurring as half-reactions for overall water
splitting in the presence of catalysts (based on noble, non-noble metals and non-metallic),

which also described.

In Chapter 111, author presented the possibility of obtaining by various methods Metal-
organic frameworks (MOF) and in the context of research strategy for this dissertation,
synthesis of aluminium-based MOF. In the process of synthesizing aluminum-based MOF,
the influence of parameters such as pH, type of solvent, temperature, process time, addition of
other metals and change of organic linkers, which significantly affect the final structure, was

described in details. Taking into account the specific physico-chemical and structural
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properties presented in Chapter 11, aluminium metal-organic framework (Al-MOF) was the
starting material for obtaining catalysts used in electrochemical tests.

The first three chapters of the work, concerning the theoretical part, are based on 95

important publications (all publications 102).

The experimental part of the work consists of two next chapters, Experimental
Methods (1V) and Results and Discussion (V). In Chapter 1V, a detailed description of the
aluminium metal-organic framework (Al-MOF) synthesis and modification are presented. The
modification of the basic structure consisted in a carbonization process, functionalization of
AI-MOF (In-situ functionalization) and CMOF (Ex-situ functionalization) with nickel and
cobalt, functionalization of Al-MOF with phosphorus, application of different Ni salts and
investigating the impact of N-doping the catalyst, and functionalization of AI-MOF with
platinum. Additionally, the chapter presents a detailed description of the measurement system
of the tested MOF and CMOF structures for processes of hydrogen evolution reaction and
oxygen evolution reaction. The description of the measurement system is complemented by
information about the measurements and techniques that were used in the electrochemical
research, such as cyclic and linear sweep voltammetry, electrochemical impedance

spectroscopy, Tafel slope measurement and stability measurement.

In the first part of Chapter V, the author presented the physicochemical
characterization of the tested materials. AI-MOF and CMOF structure was investigated in
thesis by various techniques as Raman, XRD, BET, TGA, SEM and TEM. The obtained Al-
MOF was characterized by a porous-flake structure with the specific surface area equal 35
m?2/g. Based on thermal gravimetric analysis (TGA) it was found that AI-MOF structure
exhibits limited thermal stability to 550°C. In order to obtain the optimal structure, the Al-
MOF sample was carbonized (CMOF) in the temperature range from 350 to 950°C. The
analysis showed that the optimal structure, which is a compromise between porosity
(mesoporous porosity), surface size and degree of graphitization (structure without core
shells), was obtained at temperature of 750°C.

The author also examined the morphology of CMOF structures with the addition of
nickel and cobalt, in different ratios Ni/Co to aluminium, obtained by in-situ functionalization

4
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process. Simultaneously, the structures of CMOF with cobalt, obtained by ex-situ
functionalization, were examined. Ex-situ functionalization consisted on embedding Co by
directly impregnation of CMOF structure and CMOF without aluminum (CMOF was treated
with HCI to remove Al). The presence of cobalt and presence/absence of aluminum in both
structures was confirmed by energy-dispersive X-ray (EDS) mapping. Additionally, in the
work taking into account the possibility of improving the electrochemical properties by
enriched AI-MOF structure with nitrogen and phosphorus. For this purpose Al-MOF was
immersed in an ethanol solution containing diphenyl chlorophosphate at various
concentrations, and next was carbonized to obtain phosphorus-doped nitrogen-rich carbon
structures. TEM and Raman analysis showed that the incorporation of phosphorus to the Al-
MOF led to the reconstruction of the porous structure and modified the morphology of the

original AI-MOF framework.

In the second part of Chapter V obtained structures were investigated for their
electrochemical properties in the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER).

For the hydrogen evolution reaction (HER), Ni, Co and Pt-functionalized CMOF were
investigated based on linear sweep voltammetry (LSV) and Tafel slope analysis, compared to

a commercial catalyst (platinum deposited on carbon).

On the basis of the LSV plots for Ni-CMOF and Co-CMOF, it was found that as the
amount of Ni and Co decreases, the overpotential also decreases. Simultaneously, the cobalt-
based structures exhibited lower overpotential values than their nickel-containing
counterparts. However, the obtained overpotential values for Co-CMOF and Ni-CMOF, even
at their highest performance, did not reach the levels achieved by commercial Pt catalyst. It
was found, on the basis Tafel curve slope analysis, that the efficiency of electrochemical
processes increases as nickel concentration decreases. However, the lowest obtained value of
315 (mV/dec) for Ni-CMOF, is significantly higher compared with commercial catalyst (115
mV/dec). In the case of cobalt-based structures (Co-CMOF), the Tafel curve slope analysis
revealed, that as in nickel, the efficiency of electrochemical processes increases as cobalt

concentration decreases. However, nickel-based structures exhibit better kinetics in

5



1
dzdi’_ﬂ? % WYDZIAL INZYNIERYJNO-EKONOMICZNY TRANSPORTU 3»‘2‘;!!;44;0
& Pm e, KATEDRA OCHRONY SRODOWISKA | TOWAROZNAWSTWA %
g _' » POLITECHNIKA MORSKA W SZCZECINIE = 4", =
e J > ul. H. Poboznego 11 70-507 Szczecin Copppe
'wv . telefon (+48 91) 480 96 40 o
?C‘zeﬁ‘é www.pm.szczecin.pl  e-mail:kosit@pm.szczecin.pl INEYNIERVINO-EKONOMICZNY

POLITECHNIKA MORSKA W SZCZECINIE WYDZIAL INZYNIERYJNO-EKONOMICZNY TRANSPORTU

comparison to cobalt-based structures.

Electrochemical properties in the hydrogen evolution reaction for Pt-functionalized
CMOF were studied for structures with two different Pt sources, chloroplatinic acid H2PtCls
and platinum(1l) acetylacetonate Pt(acac).. On the basis of the LSV plots for both structures,
an identical overpotential of 527 mV, was obtained which is five times higher than that
observed with commercial catalyst. However, the Tafel curves slope for both Pt-CMOF
structures were lower than for commercial catalyst, and equal 66 (mV/dec) for Pt(acac).-
CMOF and 70 (mV/dec) for H2PtCls-CMOF, which indicates smoother process kinetics for

these materials.

For the oxygen evolution reaction (OER), in-situ cobalt and nickel functionalized Al-

MOF-based structures and ex-situ cobalt functionalized CMOF structures were investigated.

It was found that, all in-situ functionalized materials display considerably higher
overpotential values compared to the reference material, ruthenium oxide RuO2, which
showed an overpotential of 350 mV. Simultaneously, research showed that the in-situ nickel
functionalized Al-MOF structures exhibit higher overpotentials than the cobalt-functionalized.
Whereas, the Tafel slope analysis showed, that most favorable kinetics is for Al-MOF
structure cobalt-functionalized Co(1)-CMOF, where the slope value was 418 (mV/dec).
However, compared to the value for ruthenium oxide (120 mV/dec) obtained value for Co(1)-

CMOF, is still significantly higher.

In case of ex-situ cobalt functionalized CMOF structures, initially the impact of the
thermal treatment on the electrochemical properties obtained structures were investigated. The
lowest overpotential value (380 mV) was obtained for structure Co-CMOF carbonized at
750°C. Simultaneously, it was found, that selecting the appropriate temperature for cobalt salt
reduction in the hydrogen atmosphere allows to reduce overpotential. The optimal cobalt
concentration was also determined in Co-CMOF composite based on linear sweep
voltammetry (LSV), which amounted to 1 mM (380 mV). To elucidate low overpotential, a
comparative analysis was conducted between the structure with aluminum CMOF-Co(Al) and
without aluminum CMOF-Co. Linear sweep voltammetry LSV and Tafel slope analysis
showed, that the presence of aluminum allows to reduce of overpotential, and also improves

6
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kinetics of the OER.

Additionally, the author also investigated the influence of phosphorus on oxygen
evolution reaction (OER) for phosphorus-doped CMOF with aluminum P-CMOF(AI) and
phosphorus-doped CMOF without aluminum P-CMOF. It turned out, that phosphorus-doped
CMOF with aluminum displayed a significantly lower overpotential of 390 mV, compared to
CMOF without aluminum of 510 mV, and closer to overpotential of ruthenium oxide (350
mV) as reference material. Simultaneously, it was found that phosphorus-doped CMOF with
aluminum showed better kinetics of the OER compared to CMOF without aluminum,
however both structures achieved higher values Tafel slope than reference material (RuOy).
So, despite everything, structures CMOF doped by phosphorus have less favorable kinetics of
the OER compared to RuOx.

In the third part of Chapter V the author explain the mechanism of OER catalysis,
stating that a key element is the present of aluminum in the CMOF structures, which has
significant importance in the functionalization processes and electrochemical performance of

catalysts.

Finally, the main conclusions and future directions for research are summarized in the
Chapter VI of the thesis.

In my opinion the scope of the Ph.D. thesis was achieved since synthesis of aluminum-
based metal-organic frameworks (Al-MOF), their carbonization process and functionalization
of Ni, Co, Pt and P, allowed to obtain materials show promising electrochemical properties
for Hydrogen Evolution Reaction and Oxygen Evolution Reaction. Simultaneously, the
obtained results allowed for the examination of the impact of carbonization and
functionalization to optimize the process to obtain electrocatalysts for OER and HER. | also
believe that this work has remarkable novelty and its original input to the field will have a
strong contribution to the knowledge of aluminum-based metal-organic frameworks for

application in Hydrogen Evolution Reaction and Oxygen Evolution Reaction.

However, as a Referee | have a number of comments and questions that I would like to

discuss with the candidate as follows:
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1. Chapter I should also to include, in form of sub-chapters, the Chapter Il (Water Splitting)
and Chapter Il (Metal-Organic Framework Structures, Modifications and Application in
OER).

N

There is no sub-chapter 1.1.1 (AI-MOF modifications), located on page 42, in the table of

contents.

3. There is no sub-chapter 1.3.2 (Ex-situ functionalization), located on page 61, in the table of

contents.

4. There is no sub-chapter 2.1.1 (In-situ functionalized CMOF), located on page 72, in the

table of contents.

5. There is no sub-chapter 2.1.3 (P-doped CMOF), located on page 79, in the table of

contents.

6. Incorrect numbering of sub-chapters in sub-chapter 2.2 (OER). It should be 2.2.1, 2.2.2.
and 2.2.3 (there is 2.1.1, 2.1.2 and 2.1.3).

~

What are the coefficients of determination R?, for linear regression model used in Tafel

slope analysis?

8. Did the electrochemical measurements were repeated for obtained catalysts?

To sum up, the manuscript is nicely organized, written in a good English level with a
significant number of graphs and illustrations which generate an enjoyable thesis to read. The
thesis starts and finishes in a smooth way by having a concise but complete abstract and
conclusion and perspectives, which provides a nice summary of the work carried out during
the preparation of dissertation. In between those two sections are individual chapters with the

well-illustrated and correctly discussed the results.

A clearly defined goal of the work, planning and implementation of experiments, as
well as substantive analysis and discussion of the obtained results prove the high scientific
and research competences of Krzysztof Sielicki. | would like also to highlight the list of
publications of author. He is an co-author of 11 scientific publications in international
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journals (as first author in the 3 publications) with a high impact factors. Additionally, 2

publications are under review, and 3 are submitted.

The doctoral thesis of Krzysztof Sielicki presents a significant amount of original
and innovative work. Therefore, I suggest the admission of Krzysztof Sielicki to the next
stage which is the public defence of his doctoral thesis. | formally declare that | accept

the thesis as it is.
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nr 130 Senatu ZUT z dnia 29 maja 2023 r. (z pézn. zm.) w sprawie okreslenia sposobu postepowania w
sprawie nadania stopnia doktora przez Rady Dyscyplin Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie uchwala sig, co nastepuje:
§1.

Rada Dyscypliny Inzynieria Materiatowa ZUT nadaje mgr. inz. Krzysztofowi Sielickiemu stopier doktora
w dziedzinie nauk inzynieryjno-technicznych, w dyscyplinie inzynieria materiatowa.

§2.

Uchwata wchodzi w zycie z dniem podjecia.

W zastepstwie Przewodniczgcej Rady Dyscypliny
Iniyn?ria Materiatowa
J/

1@ { \

prof. dr hal?'. inz. Jolanta Baranowska

(



UCHWALA NR 14

Rady Dyscypliny Inzynieria Materiatowa
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie
z dnia 16 stycznia 2024 r.

w sprawie wyrdznienia rozprawy doktorskiej mgra inz. Krzysztofa Sielickiego

Na podstawie § 17b ust. 1 pkt 2 Statutu ZUT (uchwata nr 75 Senatu ZUT z dnia 28 czerwca 2019 r., z pdzn.
zm.) w zwigzku z § 3 pkt 4 rozporzadzenia Prezesa Rady Ministréw z dnia 21 maja 2019 r. w sprawie
kryteridw i trybu przyznawania nagréd Prezesa Rady Ministréw oraz wzoru wniosku o ich przyznanie
(Dz. U. poz. 976, z p6in. zm.) oraz § 14 uchwaty nr 130 Senatu ZUT z dnia 29 maja 2023 r. (z p6zn. zm.)
w sprawie okreslenia sposobu postepowania w sprawie nadania stopnia doktora przez Rady Dyscyplin
Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie uchwala sie, co nastepuje:
§1.

Rada Dyscypliny Inzynieria Chemiczna ZUT postanawia wyrdznic¢ rozprawe doktorska mgra inz. Krzysztofa
Sielickiego na temat: ,,Badania nad zastosowaniem materiatéw weglowych i ich hybryd w elektrochemii”
("Study on application of carbon materials and its hybrids in electrochemistry").

§2.

Uchwata wchodzi w zycie z dniem podjecia.

W zastepstwie Przewodniczgcej Rady Dyscypliny
InZyniZVia Materiatowa

1 u( \

prof. dr hab/ inz. Jolanta Baranowska
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