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The thesis deals with preparation, charactetization and festing of thin films based on tungsten
oxide for application in hydrogen gas sensdrs. The importanes of the iaicnfz, felates fo the
growing role of hydrogen as a green soutce of energy.

The work has been carried out in a systematic way, with saitable methods, the aims are
clearly stated,

The results of the thesis bring new knowledge concerninig the composition of sensing thin
tavers for hydrogen and improvement of preparation and testing techniques. The results were
veported in four peer-reviewed papers, which confirm their originality.

The structure o the thesis is clear; it consisis of thres maln parts. tn the introduotion a briet
averview of a3 sensors principles and so far used matetials Is given, It is rather
encytlopaedic Set of facts missing sufficient consistensy. In the wethodology part the
principles of preparation and characterization methods are described. The main part consists

of five original papers (one under roview) with a brief introductory overvisw connesting the
papers,

The thesis brings a lot of innovative resuits. T would appreciate mainly the use of the high-
power Enpulse magnetroh sputiering tochnique, which enabled preparation of sensing filnds
with various stoichiometry and structure and highly improved their sensing properties. Also,
the idea of Pd deposition on top of @ sensing layer 10 redves humidity interference is & i’;ig}}
importance.

There ars a few formal mistakes, such as repeating sentences {page 2, par. 1.2 at the
beginning; page 3, par. 1.3 below the middle}, edit remarks (page 18, at the bottom; page 21,
a1 the bottorn) and typos, nevertheless the thesis reads well

“The list of publications is missing, but papers, which are part of the theses, confirm good
publivation gutput.

Exgept-for the publication € and Iy, it Is not clear what the author’s contributicn was, but I
assume itds on a similar fevel.




Cuestions and comments:

f.

Is it possible to eompare the sensing parameters of the studied layers presented in this
thests with tesults published in Hterature (based on tungsten mtde} or witls

commercial hy&a‘(ﬁgm sensors? .

tn the publication €, which iz under review, there is rather speculative interpretation of
the composition and mworphology of the deposited Pd addiayets. It is a pily, that the
author didn’t use seme surface sensitive technigue, especialty photoeleetron.
spectroseopy, which could bring inforimation about the chemical staté of Pd, The

conclusions are based on the results obtained on thick Pd layer, which could

significantly differ from the simatl deposited amount. The small amount of Pd, which
was used in the tested sensing layers, could be sither highly dispersive {ag the

substrate has grain morphology with a large surface area) or amorphous. Also, the
interaction of Pd with the substrate canvnot be excluded, n the interpretation of seasing
operiies, 1 miss the ;}{)b‘%ib]h‘t}! of a Pdcatalytie offect, Please, could you comment

o irs?

Overall, the work is very solid and in my opinion Mr. Nimral Kumar bas fulfilled all the
necessary requirements for granting a PhDD. Degree according to the applicable taws. [ would
therefore recommend that the work should be accepiad for the defence,

Praha 28.11.2021

Katetina Veltruskd
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| find the main merit of the work in presenting the new system for sensing measurements and
in the successful synthesis of materials with stabilised sensing response under a wide humidity
range and at relatively low temperatures.

In conclusion, the submitted theasis fulfilling all the requirements for doctoral theses in the field
and the author has shown his ability to independenily work in the field of science. Therefore, |
do recommend the submitted thesis for defence.

i do have several questions about the thesis:

1. Can the author elaborate on his tasks and results in papers A and D? Especially the
HiPIMS model is a little bit different from the rest of the results focussed on the
coatings themselves.

2. The student introduces several ways how to enhance sensing properties. One of
theme is to prepare porous films. This should be relatively easy to explore in
magnetron sputtering by pressure changes. Could the author elaborate on this option?

3. How were the sputter yields in the HiPIMS models calculated? Could you please
elaborate?

4. The tuhgsten target during the tungsten oxide depositions was DC powered. Were
there no arcing problems?

In Brno, December 5, 2021

doc. Mgr. Pavel Soucek, Ph.D.
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Assessment of the doctoral thesis by Nirmal Kumar

Tungsten Oxide-Based Hydrogen Gas Sensors Prepared by
Advanced Reactive Magnetron Sputtering Technique

The submitted doctoral thesis reports on the research of new materials for thin film-based
hydrogen gas sensors and the investigation of hydrogen gas sensing properties of such
materials. The thesis first introduces a gas sensitivity measuring system developed by the
author. Then it shows several different ways to enhance gas sensing thin films, including control
of their crystalline structure, stoichiometry, their decoration by noble metal nanostructures and
their multilayering. After these studies, two more gas sensor challenges are tackled — lowering
the sensor's operating temperature and their independence of the humidity of the analysed gas
admixture. The problem investigated in the thesis is very up-to-date and important in the field
as is dictated by the shift from dirty to clean energy production. Hydrogen fuel cells are probably
the most promising new technology to fulfil this goal. Unfortunately, working with hydrogen is
difficult due to its wide explosive mix range, lack of visibility, smell or taste and even hydrogen
flame is clear and nearly invisible. Therefore, hydrogen sensors are crucial for the future.

The thesis is a commented compendium of the author's papers (five in total — four published
and one submitted). It is written in English and covers 89 numbered pages and 10 front-matter
pages. It is divided into 6 sections. The first section Introduction succinctly describes the
background in the workings of gas sensors and presents the current challenges and strategies
to overcome them. The chapter also contains more than 100 references documenting the
author’'s wide insight into the topic. Chapter 2 Methodology describes the deposition process
and introduces the used analytical techniques. It also focuses on the developed system for the
sensing properties. Chapter 3 Research objectives clearly states the objectives of the thesis.
Chapter four Results consists of the individual author's papers— one paper per objective.
Chapter 5 Conclusions comments on fulfilling the objectives, and chapter 6 summarizes the
author’s conference contributions.

The thesis is easy to follow and has an excellent graphical level. The structure is very clear. The
thesis does contain some typos and errors, such as repeated sentences near the beginning of
subsection 1.2 or a missing reference in subsection 2.1 o name the most obvious. However,
these minor flaws do not undermine the overall very good level of the thesis itself.

The methods used to meet the proposed objectives are well chosen. The results are clear, and
all the objectives of the thesis were successfully met. The results are internationally recognised,
as can be seen by publishing them in impacted and respected journals.

The author presents five publications. Two were published in the International Journal of
Hydrogen Energy, one in Journal of Physics D: Applied Physics, one in Materials and one for
submission to Nanomaterials. The author also gave 5 oral and 4 poster presentations at different
conferences. These show the high scientific quality of the author.



