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RESEARCH CONCEPT GUIDELINES

Description of the topic:

Metal-organic frameworks (MOFs) are among the most promising materials in the development
of porous structures and gas sensors due to their modular nature which facilitates the incorporation
of specific functional groups for the customization of the structure of MOFs and the presence of
flexible cavities which allows molecules of specific size to pass through due to the molecular
sieving effect [1,2]. As the Nobel Prize foundation highlighted in 2025, designing and synthesis
of materials at the molecular level (such as MOFs) is essential for addressing global challenges,
from extracting CO; to extracting drinking water from desert air [3]. A continuous decline in the
environmental quality can be observed due to a combination of human activities, wars and natural
factors. To tackle this issue, researchers have been developing novel materials and studying their
properties to employ them in the field of gas sensing and the development of porous frameworks
for cabon dioxide capture. Continuous monitoring using MOFs is necessary to control and limit
emissions of volatile organic compound (VOC). Real-time monitoring of VOCs-exposure to each
individual, spatial environmental monitoring and scientific research can help mitigate their
harmful effects. However, in the ambient environment, the simultaneous presence of 50-300 VOCs
[4], as well as extreme humidity variations, and temperature variations make accurate detection of
target gas very challenging. Bare metal oxide-based gas sensors have limitations such as high
operating temperature, poor selectivity, etc. The development of hybrid materials can improve the
issue of selectivity and endurance against humidity. MOFs are porous framework materials that
possess properties such as ultra-high specific surface area, preferential interaction sites, and
structural flexibility. When used as an additional layer, they can act as concentrators, providing
selective diffusion pathways that facilitate the transport of specific analytes to the sensing
interface. Furthermore, with advances in technology and data analytics, different VOCs can be
differentiated through the simultaneous or sequential detection of responses from individual
sensors in sensor arrays. Thus, the synergistic effect of metal oxides and MOFs or other
functionalized materials synthesized and deposited by the different techniques contribute to the
development of more sensitive and selective materials, with high stability even under adverse
environmental conditions.

The importance of the addressed problem:

The advancements in material design by employing hybrids combining metal oxides and
zeolitic imidazolate frameworks (ZIFs), a special class of MOFs, for their synergistic effect has
revolutionized modern materials science. The synergistic interaction between the metal oxide and
MOF components in hybrid structures significantly enhances sensing performance by integrating
the complementary properties of each component and mitigating the limitations associated with
bare metal oxide-based sensors. The development of robust hybrid structures based on metal-
organic frameworks-metal oxide systems is of great significance in the field of gas sensing [1,5—
7]. Numerous gas-sensing materials have been employed in the field of gas sensing, including
Zn0, CuO, mixed oxides such as tetrapodal ZnO (t-ZnO) and CuO nanostructures, etc [8,9]. The
primary limitations of metal-oxide-based gas sensors are non-withstanding against humidity, poor
selectivity, and signal drift, etc [9]. An additional coating layer of hydrophobic MOFs on top of
metal oxides can solve these issues of selectivity, stability, and humidity immunity by providing
preferential interaction sites for the target analyte, utilizing the molecular sieving effect, or through



the doping or functionalization of an appropriate material. The hydrophobic properties, as the
name suggests keep the sample stable even in high humidity conditions. There are lot of other
factors that influence the sensing properties such as the morphology, porosity, specific surface
area, and particle size of the sensing material. The doping concentration influences both the optical
and the electrical properties of the sensing material by altering the charge carrier concentration,
modifying absorption efficiency, and by introducing new energy levels within the band structure.
Partial surface conversion of metal oxides creates additional active sites at the interface for
interaction with target analytes, thereby enhancing sensing performance. For example, complete
coverage of CuO nanoplatelets on a single t-ZnO microrod provides preferential interaction sites
for hydrogen molecules, while the branched arms of the t-ZnO microrods hinder the diffusion of
large VOC molecules, limiting their interaction at the interface [9].

Sequential detection of target analytes using a sensor array enables the differentiation of
multiple gases (multicomponent detection) by analysing various output parameters, such as the
sensing response, response time, recovery time, and optimum operating temperature. By
incorporating diverse tools such as principal component analysis (PCA), the classification of
analytes into distinct groups becomes more reliable based on differences in their principal
component scores.

The goal and objectives of the research:

The doctoral thesis aims to: (i) synthesize advanced hybrid materials based on metal-organic
frameworks (MOF/ZIF) and nanostructured metal oxides (MOx), specifically MOF/MOX
architectures; (ii) develop and optimize high-performance hybrid sensors based on ZIF-
71/Cu0O:Al, ZIF-8/CuO:Al, ZIF-67/Zn0O, ZIF-7/Zn0O, ZIF-71/Zn0O, and ZIF-8/ZnO structures
capable of ensuring selective and stable detection of hydrogen and volatile organic compounds
(VOCs) under variable environmental conditions; and (iii) elucidate the physicochemical
mechanisms governing gas-surface interactions to establish a predictive framework for the
detection and discrimination of these analytes.

Proposed research objectives:

e Development of hybrid structures based on combinations of ZIF (ZIF-67, -7, -71, -8) and
metal oxides (CuO:Al, ZnO:Cd) using a simple and cost-effective approaches, such as synthesis
from chemical solutions (SCS) for oxides and room-temperature drop-casting of MOFs for the
assembly of sensing structures.

e Advanced evaluation of the physicochemical properties of ZIF-8/CuO:Al hybrid structures
and correlate them with sensing performance (sensitivity and selectivity) towards hydrogen and n-
butanol (among VOCs), under adverse environmental conditions over an extended period.

e Comprehensive investigation of the physicochemical properties of ZIF-71/CuO:Al
structures and establishment of structure-property-sensing performance correlations toward
hydrogen and n-butanol at different operating temperatures over an extended period.

e Achieving selective detection and discrimination of various analytes (VOCs and hydrogen
gas) with distinct sensitivity profiles, achieved through sequential detection using ZIF-67/Zn0O,
ZIF-7/Zn0O, ZIF-8/Zn0 si ZIF-71/ZnO-based sensor platforms.

e FElucidation of gas-surface interaction mechanisms was proposed by integrating
ionosorption model, transport physics, and electronic-structure parameters (polarizability and



dipole moments) to establish a predictive framework for the selective recognition of analytes using
ZIF/metal-oxide hybrid structures.

Scientific research methodology:

To achieve the objectives of this work, the following technological and scientific research
methods were employed:

e 7n0O, CuO, Cd-doped ZnO, and Al-doped CuO were synthesized using a SCS approach,
followed by heat treatment via conventional thermal annealing or rapid thermal annealing in air.

e ZIFs were synthesized at room temperature, and dispersions of ZIF particles were prepared
in methanol/2-propanol. Subsequently, hybrid metal-organic framework/metal oxide (MOF/MO)
structures, namely ZIF/ZnO- or ZIF/CuO-based hybrid structures were fabricated using a simple
and cost-effective SCS technique followed by drop-casting.

e The morphology, grain size, and distribution of the synthesized metal oxides, as well as the
distribution of ZIFs on the metal oxide surfaces, were investigated using scanning electron
microscopy (SEM).

e The structural properties, phase transitions, phase transformations, and crystallinity of the
developed hybrid materials were analyzed using X-ray diffraction (XRD) or temperature-
dependent in-situ X-ray diffraction.

e Phonon modes associated with the different components of the hybrid materials were
investigated using micro-Raman spectroscopy to elucidate their vibrational characteristics and
structural interactions.

e Energy dispersive X-ray (EDX) and X-ray photoelectron spectroscopy (XPS) were used to
determine the chemical composition, oxidation states, and bonding interactions of the different
components of the developed MOF/MO hybrid material.

e The Keithley 2400 SourceMeter unit, controlled via a programable LabVIEW interface
(National Instruments), was used to precisely characterize the electrical properties of the devices
using a two-point probe configuration under different chemical environments for the evaluation of
their sensing performance.

e Sensor characterization was performed using a custom-built apparatus integrated with a
computer-controlled source meter (Keithley 2400 and 2450, Keithley, OH, USA). The gas-sensing
performance was evaluated across various operating temperatures (OPTs). During the testing
cycle, diverse analytes including hydrogen, n-butanol, 2-propanol, ethanol, acetone, ammonia,
carbon dioxide, and methane were introduced into the test chamber at a fixed concentration of 100
ppm and different relative humidities.

Novelty of the obtained scientific results:

This work presents the development of hybrid materials based on nanostructured and
microstructured metal-organic framework-metal oxide systems (MOF/MO), especially ZIF/ZnO
and ZIF/CuO, were developed using a simple and cost-effective approach. The innovative
contribution to the scientific community consists in the detailed investigation of the
physicochemical properties of these hybrids and in the establishment of a rigorous methodology
for correlating the structure-property-performance relationship for the selective detection of
hydrogen and VOCs under adverse environmental conditions. (i) ZIF-8/CuO:Al-based hybrid
structures are selective for hydrogen (>4 times) over other tested analytes (acetone, 2-propanol, n-
butanol, and ethanol) at 350 °C. ZIF-8/Cu0O:Al-based hybrid structures exhibited an appreciable



response (75%) to 100 ppm hydrogen even at a high relative humidity of 81%, enabling their
application under adverse humid conditions even for long periods of time. The developed hybrid
structures demonstrated temporal stability and retains notable sensing performance for a long
period of time, even after four weeks from the initial measurements. Furthermore, a very low
detection limit of 402 ppb was achieved. (ii) ZIF-71/CuQO:Al-based hybrid structures exhibited
selectivity towards n-butanol at 200 °C, with the sensing response being approximately four times
higher than the response to hydrogen gas and approximately five times higher than the response
to acetone during the initial measurements. The developed hybrid sensor exhibited dual gas
sensing (n-butanol and hydrogen) at different operating temperatures (200 °C and 250 °C,
respectively), which can be attributed to the synergistic effect of ZIF-71 and CuO:Al. (iii)
Temperature dependent in-situ XRD invesigation on four different ZIFs, including ZIF-n (n=67,
7, 71, and 8), provided detailed insights about the phase transitions, thermal degradation, and the
transformation of ZIFs into their corresponding metal oxides (ZnO or Co304) at specific
temperatures. The implementation of sequential gas detection of four studied ZIFs/ZnO hybrids
and its Cd-doped ZnO counterparts demonstrated selectivity and optimal responses to 2-propanol,
ethanol, n-butanol, and hydrogen under different operating conditions.

The scientific research problem solved:

The problem addressed in this work is to overcome the limitations of classical metal oxide-
based sensors by developing advanced metal-organic framework/metal oxide (MOF/MO) hybrid
materials. The synthesized hybrid materials-based on MOF/MO systems, including
microstructures, nanostructures of metal oxides and ZIF-based hybrid structures, detect hydrogen,
n-butanol, and 2-propanol under adverse environmental conditions. A fundamental understanding
of the thermal degradation and phase transition mechanisms of the investigated ZIF-based MOFs
was achieved by determining their thermal stability ranges, confirming stable operations of ZIF-
67, ZIF-7, ZIF-71, and ZIF-8 structures. The ZIF-8/CuO:Al and ZIF-71/CuO:Al hybrid structure
exhibited selectivity towards hydrogen gas even in the presence of extreme humidity conditions
(RH 81%), with long-term temporal stability and detection of n-butanol and hydrogen at different
operating temperatures. By combining in-situ analysis with sequential multi-sensor detection, the
work established rigorous structure-property-performance correlations, enabling differentiation of
analytes based on their distinct response signatures.

The theoretical significance:

The theoretical significance lies in establishing structure-property-performance relationships
by determining the thermal stability ranges and oxidative transformation pathways of developed
hybrid materials. These systems, based on ZIF-type metal-organic frameworks (ZIF-n (n=67, 7,
71, and 8)) and metal oxides through in-sifu structural analysis, thus defining their fundamental
operational limits and mechanistic contributions in gas sensing. Similarly, this work brings a
critical understanding of the radiolytic stability of halogenated MOFs by identifying X-ray-
induced degradation in ZIF-71, thus elucidating how specific functional groups dictate structural
integrity under ionizing radiation and defining the thresholds necessary for non-destructive
characterization. Furthermore, physicochemical models were developed to explain the gas-sensing
mechanisms, incorporating concepts such as adsorption/desorption, activation energy, modulation
of the potential barrier at the heterojunction interface, analyte’s electronic polarizability, dipole
moment of analyte, transport physics, and molecular sieving effect through ZIF pores, for VOCs
and hydrogen at the interface of the ZIF/CuO:Al hybrid structures. Consequently, these findings



provide an underlying physical understanding of charge transport and molecular interactions at the
hybrid interface, establishing a predictive framework for the optimization of selectivity in high-
performance sensor technology. The work elucidates the role of charge transfer at the interface of
heterostructures formed between metal oxides and ZIF phases, demonstrating how the modulation
of the potential barrier and the depletion region contribute decisively to the sensor signal in the
presence of target analytes.

The applicative values of the thesis consist of the following:

e The comparative analysis of thermal stability provided a fundamental roadmap for the
thermal degradation of ZIFs within MOF/MOx systems, offering essential data for their integration
into gas sensing devices. The research confirms the reliability of the materials by establishing safe
operational limits: 250 °C (ZIF-67), 375 °C (ZIF-7), 350 °C (ZIF-71 and ZIF-8).

e The development of hybrid structures based on ZIF-8/CuO:Al, which demonstrated
selective hydrogen gas detection with an extremely low limit of detection of approximately 402
ppb. This performance is essential for critical applications, such as detecting very small hydrogen
leaks in energy infrastructures.

e The implementation of dual detection capability using ZIF-71/CuO:Al-based hybrid
structures, which allow for the selective monitoring of n-butanol and hydrogen by modulating the
operating temperature (200 °C and 250 °C, respectively). At 200 °C, the sensor exhibits a response
to n-butanol four times higher than that for hydrogen gas, ensuring efficient discrimination of these
analytes.

e The demonstration of the specific selectivity of the ZIF-67/ZnO hybrid sensor toward
ethanol at 250 °C, whereas selectivity to hydrogen was observed for the other three hybrid
structures: ZIF-7/Zn0, ZIF-71/Zn0O, and ZIF-8/Zn0.

e The development and scalable fabrication of MOx and MOF/MOx systems based on
synthesis from chemical solutions (SCS) and microdrop-casting techniques at room temperature,
which requires low energy consumption and production cost compared to conventional methods,
facilitating the integration of hybrid sensors into wearable devices.

Scientific thesis submitted for defense:

e Determination of the structural robustness, localization of defect states, and chemical
configuration of metal organic frameworks ZIF-67, -7, -71, and -8 across various operating
temperatures, achieved through complex characterization of the structural electrical, and chemical
properties of the hybrid materials developed in this work.

e Establishment of the fundamental mechanisms of thermal degradation and phase transition
for ZIF/MOx hybrids (ZIF-67, -7, -71, and -8 combined with ZnO:Cd) using in situ temperature-
dependent XRD. This investigation identified thermal stability intervals and highlighted the
transformation processes from ZIF-67, -7, -71, and -8 into their corresponding metal oxides (ZnO
or Co304), confirming the viability of these materials for safe operation in sensory devices.

e Elucidation of the structural and physicochemical properties of ZIF-71/CuO:Al hybrid
materials, correlated with the explanation of sensing mechanisms and underlying interfacial
physical phenomena.

e Demonstration of the decisive role of hybridizing CuO:Al nanomaterials with ZIF-71
frameworks—forming the ZIF-71/CuQ:Al structure—in enhancing dual-gas detection capabilities
at different operating temperatures (200°C and 250°C). This phenomenon is attributed to the



synergistic effect between these materials; specifically, selectivity toward n-butanol at 200°C is
dictated by high polarizability, while at 250°C, the heterostructure exhibits superior hydrogen
selectivity due to facilitated diffusion through the framework pores.

e Substantiation of selective hydrogen gas detection using ZIF-8/CuO:Al-based hybrid
materials, a process governed by the molecular sieving effect. It was established that, among the
tested analytes, n-butanol exhibits increased sensitivity due to superior electronic polarizability
compared to acetone or ethanol.

The scientific results were partially obtained at the Technical University of Moldova (UTM),
Moldova, and at Kiel University, Germany within the framework of HORIZON SENNET project.
Based on the obtained results and patent application, it is possible to further implement innovative
research activities at UTM.

Approval of scientific results:

The basic results of the doctoral thesis were discussed and presented at the half-yearly and
annual meetings at the Department of Microelectronics and Biomedical Engineering of Technical
University of Moldova (2023-2026); periodic SENNET consortium meetings twice a year under
HORIZON Europe project (2023-2026); scientific seminars of the Department of Microelectronics
and Biomedical Engineering of Technical University of Moldova (2025, 2026); disseminating and
presented among a wider audience in 4 national and international scientific conferences, including:
International fair of innovation and creative education for youth (ICE-USV) Suceava, Romania,
July 2023; MOFSIM 2024, Montpellier, France, April 2024; IEEE 15" International Conference
on “Nanomaterials: Applications & Properties”, Bratislava, Slovakia, Sept. 7-12, 2025, E-Health
and Bioengineering Conference (EHB), Iasi, Romania, 2024; and International Conference on
Nanotechnologies and Biomedical Engineering (ICNBME), 2025, Republic of Moldova.

The investigations in the thesis fall in the priority research and development directions of
Europe including Moldova:

European Union’s EU Framework Programme for Research and Innovation, Horizon Europe,
under Grant Agreement No. 101072845.

Publications related to the subject of the thesis

The obtained results were published in 25 scientific publications, 14 of which are directly
related to the topic of the thesis. Scientific papers on the topic of the thesis includes 1 patent
application; 6 peer-reviewed articles in international journals indexed in major academic databases
such as SCOPUS and Web of Science (ISI). All scientific papers were published in peer-reviewed
journals with a journal impact factor exceeding 3. One article was published in journals from the
National Register of specialized journals (JES- Journal of Engineering Science), and six
papers/posters were presented or published in National and International Conference Proceedings.
A complete list of publications is listed at the end of the thesis.

h-index=5+; i-10 index=3+. Number of citations on Google Scholar=67+; SCOPUS=45+, 12
ISI papers in Scopus, Scopus ID: 59194131400, Web of Science Researcher ID: KPA-8644-2024.

Thesis volume and structure:

A joint doctorate thesis consists of an introduction, five chapters containing 104 pages of basic
text, 40 figures, 7 tables, and 37 equations, general conclusions and recommendations, 4
annexures, and bibliography with 273 references.

Keywords: MOFs, ZIFs, ZnO, synergistic, CuO, mechanism, molecular sieving effect, hybrid
materials, MOF/MO, hybrids, sensor.



The basic content of the paper:

The Introduction substantiates the research topic, the problem addressed, and the importance
to develop new MOF/MO heterostructured systems. It provides an analysis of the current state of
research on the subject, defines the purpose and objectives of the study, and outlines its scientific
novelty. The introduction also summarizes the primary scientific thesis and supporting research
for defense, justifies the reliability of the results, and lists the scientific conferences attended at
which the principal findings of the conducted research on the topic of thesis were disseminated
through oral presentations, poster presentations, and scientific discussions, gaining approval from
the scientific community.

Chapter 1 includes possible approaches to overcome the limitations of metal oxides and their
applications in the sensing field by employing a variety of concepts, specifically metal-
oxide/metal-organic framework or MOF/MO-based hybrid sensors. This is followed by the
detailed discussion on the stability of MOFs and key factors affecting their structural phases and
the corresponding structure property relationship. Theoretical concepts of characterizations tools,
such as X-ray photoelectron spectroscopy, scanning electron microscopy, X-ray diffraction, and
Raman spectroscopy, are also discussed in detail. In the final section of this chapter, the
applications of hybrid materials for the sensing of volatile organic compounds and hydrogen are
discussed thoroughly using recently published literature.

Chapter 2 outlines the experimental approaches, including the simple and cost-effective
synthesis methods employed for the growth of metal oxides (ZnO, CuO, or ZnO:Cd, CuO:Al), the
synthesis of zeolitic-imidazolate frameworks, and the development of corresponding MOF/MO
heterostructured systems, namely ZIFs/ZnO and ZIFs/CuO-based hybrid materials. This is
followed by the section including the experimental methods used for the material, thermal,
sorption, and electrical characterization of the hybrid materials.

Chapter 3 presents a detailed discussion on the physicochemical properties of MOF-metal
oxide (MOF/MO) systems (ZIF-8/CuO:Al) hybrid structures. This is followed by an elucidation
of the surface and interfacial characteristics of the developed hybrids, as well as an evaluation of
their electronic and charge-transport properties in the presence of tested gas molecules.

Figure 1(a) shows SEM images of the ZIF-8/Cu0O:Al-based MOF/MO hybrid structures. The
SEM images of the CuO:Al film prior to the ZIF-8 coating exhibit intergranular structures and
reveal triangular shaped CuO:Al grains within an approximate size range of 130 nm to 200 nm,
distributed randomly without any orientation. It was observed that the CuO:Al grains are
homogeneously interconnected, which can be attributed to the thermal treatment (600 °C, 60 s).
Following the deposition of ZIF-8 particles on top of the CuO:Al film, the particles uniformly
cover almost the whole CuO:Al surface, as shown in Figure 1(a). The SEM image reveals the
rhombic-dodecahedral morphology of the ZIF-8 particles, with an estimated particle size of 70
nm. The structural features of the ZIF-8/CuO:Al hybrid structures were investigated using XRD.
The XRD pattern of the investigated sample exhibits two primary peaks corresponding to CuO at
20 angles of 38.8° and 35.56°, which correspond to the (1 1 1) and (1 1 1) lattice planes of the
monoloclinic phase of CuO. This can be confirmed with a reference using pdf map 1526990. There
are several other peaks present in the diffractogram that correspond to electrical Au connections,
marked by #, as shown in Figure 1(b). The peaks corresponding to Au were confirmed using
reference pdf map no. 1100138. At a lower 20-range from 7° to 32°, multiple peaks were present
which correspond to ZIF-8. The most dominant peak with highest intensity was observed at 26



=7.20°, which corresponds to the (0 1 1) plane of ZIF-8. The position of all ZIF-8 peaks was
confirmed using a simulated reference pattern obtained from a crystallographic information file
[10]. The presence of Al is not confirmed by XRD, which can be attributed to its low concentration.
No Aluminium phase was observed during XRD analysis of the ZIF-8/CuQO:Al-based MOF/MO
hybrid structures, though it was confirmed in the EDX composition analysis of the studied film.
The vibrational states of the CuO:Al structures and the ZIF-8/CuO:Al hybrid structures were
studied using the Raman spectrum (Figure 1(c)). The spectrum of the CuO:Al structures exhibit a
monoclinic phase and display three Raman active modes A, (286 cm™), Bé (327 ecm™), and Bé
(614 cm™), which can be confirmed using the reported literature [11]. Similarly, the Raman
spectrum of the ZIF-8/CuQ:Al hybrid structures was tested in the range of 100 to 3500 cm™'. The
Raman shifts observed below 200 cm™ (100.4 cm™, 146.2 cm™, and 186.6 cm™) can be attributed
to the lattice framework of ZIF-8. Other Raman shifts observed at higher wavenumbers, such as
296.3 cm!, 688 cm!, 1146 cm™!, and 1458 cm!, can be attributed to the stretching (v) of Zn-N
bonds, the out-of-plane bending vibration of the imidazolate ring, the bending vibration of the Cs-
N bond, and the methyl bending vibration, respectively. The assignment of Raman shifts can be
confirmed by comparing the values for these vibrations with the reported literature [12],

specifically at 278 cm™, 686 cm™, 1146 cm™!, and 1458 cm’!, respectively.
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Fig. 1. (a) SEM image of the ZIF-8/CuQO:Al hybrid structures. (b) XRD reflection of the
ZIF-8/CuO:Al hybrid structures. (c) Raman spectra of the ZIF-8/CuQO:Al and CuO:Al
structures. (d) TGA profile for ZIF-8 weight decomposition in the synthetic air. (e) N

adsorption-desorption isotherm curve of the ZIF-8 nanoparticles. (f) Arrhenius plot of In

(I) vs 1/T with the corresponding linear fit for the calculation of activation energy of the

ZIF-8/CuQO:Al hybrid structures.

All the compared vibrational modes were confirmed except the one at 296.3 cm™!, which
shows a blue shift in the Zn-N vibrational mode. This can be attributed to the localized defects,
such as missing linker or uncoordinated metal sites [13]. Two additional modes were observed at
2932 cm™ and 3135 cm™. This can be attributed to the antisymmetric stretching vibration (v)

10



modes of C-H in the methyl group and imidazolate ring [14,15]. All observations and the studied
implications confirm that the ZIF-8 retains its structure after deposition on the CuO:Al structures.

The thermal stability tests conducted on the ZIF-8 powder under the flow of synthetic air (50
ml/min) showed negligible weight loss up to 380 °C, indicating the absence of physiosorbed
solvents or moisture content and confirming the structural integrity of the framework within the
temperature range of 20 °C to 380 °C (Figure 1(d)). Subsequently, by further increasing the
temperature to 640 °C, a gradual weight loss of about 65.1% was observed, which can be attributed
to the subsequent collapse of the organic framework and the decomposition of the 2-
methylimidazolate linkers [16].

Furthermore, by increasing the temperature to 800 °C, a relatively stable plateau was
observed, which can be attributed to the transformation of ZIF-8 into thermally stable ZnO; this is
consistent with previously reported literature [17]. To further probe the surface area of ZIF-8
nanoparticles, N2 adsorption-desorption isotherm measurements were undertaken at 77 K, with the
results depicted in Figure 1(e). Intriguingly, the ZIF-8 isotherm displayed Type-I behavior,
indicating a microporous structure. The obtained BET (Brunauer-Emmet-Teller) surface area was
quantified to be 1647 m?/g, which is in good agreement with the literature [18]. To investigate the
position of the defect states above the valence band, the activation energy (E,) of the ZIF-8/CuO:Al
hybrid structures was evaluated by measuring the current (I) in an ambient environment across a
temperature range from room temperature (25 °C) to 350 °C. The slope of the linear regression
can be calculated using a plot of In(I) against 1/T (as shown in Figure 1(f)), which relates to the
activation energy (£,) divided by the Boltzmann constant (kp) in accordance with the Arrhenius
Equation [19]. The slope of the plotted curve is approximately—2.4 x 10° K, leading to an estimated
activation energy of around 0.2 eV from the valence band to the defect state. This activation energy
aligns with the trap levels or defect states (Vc,) reported in the literature [20]. These trap levels
serve as acceptor states and are integral to the p-type conductivity exhibited by CuO. Positioned
just above the valence band, these shallow trap levels facilitate the thermal excitation of electrons
from the valence band to the acceptor level, subsequently generating holes in the valence band that
contribute to hole conduction.

XPS of the samples—CuO:Al (reference), partially covered ZIF-8/CuO:Al (low coverage),
and almost fully covered ZIF-8/CuO:Al (high coverage)—was conducted to analyze the surface
chemistry of all the three samples. The survey spectra of all the three samples, with their respective
photoemission lines corresponding to each species, are given in Figure 2(a). Low-resolution survey
scan spectra of the CuO:Al film (reference) and ZIF-8/CuO:Al hybrid structures (low coverage)
exhibited a small signal from Na 1s, which may attribute to residual Na from the precursor solution
(sodium thiosulfate pentahydrate) used in the synthesis process. For the CuO:Al (reference)
sample, the photoelectron lines were observed from Cu, O, and C (Figure 2(a) (iii)). Moreover, the
ZIF-8 covered CuO:Al (low coverage) sample exhibited Zn 2p, N 1s, and C 1s photoelectron lines
(Figure 2(a) (ii)) similar to the ZIF-8/CuO:Al (high coverage) structures (Figure 2(a) (1)).
Additionally, Cu related photoelectron lines were observed for the ZIF-8 covered CuO:Al (low
coverage) sample due to incomplete coverage of the CuO:Al film by ZIF-8. Though, the Cu related
photoelectron line was not observed in the ZIF-8/CuQ:Al (high coverage) structures. In contrast,
high-resolution spectra provide detailed information about chemical states and the bonding of
elements by focussing on core-level electrons, which is not achievable using survey spectra alone.
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High-resolution spectra for the ZIF-8/CuO:Al (high coverage) structures are illustrated in
Figure 2(b-c). It demonstrated the chemical environment of core levels of present elements using
deconvoluted components to derive the bonding information.
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Fig. 2. XPS spectra of selected CuO:Al samples: (a) labeled survey spectra of: (i) ZIF-
8/CuO:Al (high coverage), the spectrum shows the ZIF-8 characteristic XPS lines of Zn, N
and C indicating complete coverage of the substrate. (ii) ZIF-8/CuQ:Al (low coverage), the
Cu specific substrate lines are still visible, and (iii) CuO:Al reference sample. (b — ¢) High-

resolution spectra of the ZIF-8/CuO:Al (high coverage) sample: (b) Zn 2p and (c¢) N 1s.

The deconvoluted components (Zn 2p32 and Zn 2p1,2) of the Zn 2p spectrum (Figure 2(b))
are observed at 1021.7 eV and 1044.7 eV, respectively. The difference in the binding energies of
these two lines is approximately 23 eV, which corresponds to the +2-oxidation state of Zn present
in ZIF-8 [21]. Furthermore, the photoelectron line corresponding to the N 1s spectra can be
deconvoluted into two components, N 1 and N 2, as shown in Figure 2(c). The more intense
component, N 1, is observed at 400.1 eV, which can be assigned to the nitrogen atom linked in the
imidazolate ligand to the Zn®" in the ZIF-8 framework. On the other hand, the less intense
component, N 2, is observed at 398.2 eV, which can be assigned to the uncoordinated 2-
methyimidazolate linker.

Figure 3(a) depicts the gas sensing behavior of the bare CuO:Al and ZIF-8/CuO:Al-based
MOF/MO hybrid sensor toward 100 ppm of a series of relevant reducing gases: hydrogen, n-
butanol, 2-propanol, ethanol, acetone, and ammonia, at operating temperatures ranging from 250
to 350 °C. By increasing the temperature from 250 °C to 350 °C, the hydrogen response steadily
increased, a maximum response of 170% at 350°C was observed. Conversely, other gases
exhibited bell-shaped response curves with maxima at 250 °C, followed by a decline in sensing
response at higher temperatures due to accelerated desorption [22]. Among the ABE (acetone-
butanol-ethanol) molecules, the strongest response was observed for n-butanol across all tested
operating temperatures, indicating a greater adsorption affinity than acetone and ethanol, in
accordance with competitive adsorption isotherms in ternary ABE systems [23]. The prepared
sensor demonstrated approximately 1.3- and 1.6-times higher selectivity toward n-butanol relative
to ethanol and acetone, respectively. The hydrogen response at 350 °C exceeded those of the other
gases by a factor greater than four. The theoretical lowest detection limit (LDL = (3 Xrmsnoise)/slope
of linear fit) of the sensor is defined as the minimal concentration of an analyte that can be reliably
detected. Figure 3(b) illustrates the relationship between the gas sensing response () and hydrogen
concentration.
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The rmsnoise 1s determined to be 0.18%, and the slope (s) of the sensing response as a
function of analyte concentration is 1.34%/ppm. Consequently, the LDL for the ZIF-8/CuO:Al-
based MOF/MO hybrid sensor is approximately 402 ppb.
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Fig. 3. (a) Comparative gas sensing characteristics of the bare CuO:Al and ZIF-8/CuO:Al-
based hybrid sensors at different operating temperatures. (b) Sensing response (%) of the
ZIF-8/CuQ:Al hybrid sensor as a function of the hydrogen concentration. Gas response of
the ZIF-8/CuQ:Al based hybrid sensor to different hydrogen concentrations and RH values

(¢) RH 11%, and (d) RH 81%.

The gas response characteristics of the ZIF-8/CuO:Al hybrid structures were evaluated
upon exposure to varying hydrogen concentrations ranging from 10 to 1000 ppm, under operating
conditions of RH 11% at 350°C (Figure 3(c)). The sensor demonstrates the capability to detect
hydrogen concentrations as low as 10 ppm, yielding a response of approximately 50%. As the
hydrogen concentration increases, a corresponding rise in response is observed, attaining nearly
400% at 1000 ppm. Furthermore, an increase in relative humidity to 81% results in a decrease in
the gas sensing response to about 75% at a concentration of 100 ppm, as depicted in Figure 3(d).

The hybrid structures were employed in gas-sensing studies of the target analytes, and the
corresponding sensing mechanisms were discussed based on the molecular sieving effect. The gas
sensing mechanism and selectivity for target analytes can be understood using different models.
The high selectivity for hydrogen can be attributed to the molecular sieving effect, which allows
small hydrogen molcules to pass through the pores of ZIF-8. The presence of the ZIF-8 layer
enabled the diffusion of the target analytes through the pore via the Knudsen diffusion regime.
Upon reaching to the ZIF-8 and CuO:Al interface, the sensing mechanism can be understood using
the ionosorption model.

Chapter 4 presents the physical and chemical properties of ZIF-71/CuQO:Al-based
MOEF/MO hybrid structures, followed by an analysis of the thermal and sorption properties of the
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ZIF-71 particles. Initial investigations into the surface morphology of the CuO:Al structures and
the ZIF-71/CuO:Al composite-based hybrid structures were conducted using SEM. The SEM
image in Figure 4(a) revealed a uniform covering of ZIF-71 patticles on the intergranular structures

of the CuO:Al structures covering the entire glass slide substrate.

— cuo | {c) zIF.-71 lattice — CuQ
1200em’ — ZIF-71
~

o
~—
BT

{(111)
*
>
=

’ 1530 cm™!

Intensity (a.u.)
Intensity (a.u.)

10 20 30 40 50 60 70 80 90 300 600 900 1200 11500 180
2-Theta (degrees) Raman Shift (cm™)

(d) (e)g (f)

140 —Mass 5300 < Adsorption 7 JE——Y
o * Desorptiol s —— Linear fit|
120+ DT - AAEEREPRD AP B RRTES: 8+
-
100+ .E-.E_,zuu-fg', &
-]
g0 %B =0 S
w 5 5~0
I ~= £
g 60+ 0o 11
= 81004
a0 o8 12
=
20+ -0 5 134
=
0 : : : S0 A
200 400 600 glo g 00 0.2 04 08 0.8 1.0 16 1.8 20 22 24 26 28 3D 32 34
Temperature (°C) pip® () 1/T (mK*)

Fig. 4. (a) SEM image of the ZIF-71/CuQ:Al structures. (b) XRD reflections of the ZIF-
71/CuQ:Al structures with Au IDEs. (c) Raman spectra the ZIF-71/CuQO:Al structures. (d)
Thermal stability test of the ZIF-71/CuO:Al structures using TGA. (e) Nitrogen-sorption
isotherm of the ZIF-71/CuO:Al structures. (f) The Arrhenius plot of In (I) vs 1/T for the
calculation of activation energy.

CuO:Al grains exhibited random orientations, indicative of isotropic growth during the
annealing process [24]. In addition, SEM analysis of the ZIF-71/CuO:Al-based MOF/MO hybrid
structures displayed almost complete coverage of the CuO:Al surface with ZIF-71 particles, which
exhibited a thombic dodecahedron morphology following the deposition of 100 puL of the ZIF-71
dispersion. This image facilitates a preliminary particle size assessment, estimating sizes in the
range of 500 nm to 750 nm. The labelled XRD pattern of the ZIF-71/CuO:Al-based MOF/MO
hybrid structures is depicted in Figure 4(b). Prominent reflections of CuO were detected at 38.83°
and 35.67°, corresponding to the (1 1 1) and (1 1 1) lattice planes of CuO (PDF card no. 1526990).
Well-resolved Bragg reflections throughout the measurement range of 20 (2 “to 90°) were labelled,
which can be attributed to CuO (PDF card no. 1526990), Au (PDF card no. 1100138), and ZIF-71
[25]. Additional significant reflections associated with Au, evident in Figure 4(b), arise from the
Au interdigitated electrodes (IDEs) utilized for electrical characterization. Figure 4(c) presents the
Raman spectrum of the ZIF-71/CuO:Al film, revealing several characteristic peaks that indicate
the structural integrity of the ZIF-71 framework is preserved. Peaks below 200 cm™! are assigned
to the ZIF-71 lattice framework, aligning with prior studies [26]. The peak at 443 cm™! corresponds
to the stretching vibration of the Zn-N bond [27]. Peaks at 667 cm™, 1009 cm™, and 1063 cm™! are
associated with the in-plane deformation of the imidazolate ligand linker rings, as previously
reported [28]. In addition, peaks near 295 cm™, 343 cm™, and 629 cm™ correspond to the A, Bg,

and Bé vibrational modes of the CuO film, respectively [29]. The Raman bands at 1290 cm™ and
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1240 cm™! are due to C-H vibrations, while the peak at 1331 cm™' is associated with C=N stretching
within the imidazolate ring, as verified by earlier investigations [30].

The thermal stability of ZIF-71 particles was assessed using TGA. The weight loss (TG)
and the DTG are illustrated in Figure 4(d), demonstrating negligible weight loss up to 400°C,
confirming that ZIF-71 is thermally stable in that temperature range. A significant weight loss
around 415°C is attributed to the decomposition of the ZIF-71 structure, leading to the formation
of ZnO. The total weight loss observed from 400°C to 700°C was 88%, exceeding the theoretical
mass loss of 76% expected when ZIF-71 converts to ZnO. This discrepancy between theoretical
and experimental weight loss may be explained by the presence of 4,5-dichloroimidazole linkers
coordinated to terminal zinc atoms at the crystal surface [31]. The surface area and pore size
distribution of the ZIF-71 particles were analyzed by measuring a nitrogen adsorption-desorption
isotherm at 77 K. The isotherm presented in Figure 4(e) displays a distinct inflection at low relative
pressures (P/Po < 0.1), characteristic of a Type I isotherm according to IUPAC classification,
confirming a microporous structure with pore diameters less than 2 nm. Figure 4.2(d) illustrates
the BET pore size distribution, revealing a calculated surface area of 969.9 + 6.3 m?/g with an
average pore size of 16.3 A, which is in accordance with literature [32].

The location of the defect states can be determined using the Arrhenius plot by calculating
the corresponding activation energy (E,). The activation energy (E,) of the CuO:Al film was
assessed by plotting the logarithmic current (In I) measurements in relation to the inverse of the
corresponding temperature (1/T) (Figure 4(f)). The slope of the plotted curve comes out to be
approximately 3.32 * 10° K. The activation energy (E,) was calculated to be approximately 0.28
eV. The determined activation energy (£,) corresponds to defect level or hole trap states (Vcw)
[33]. Specifically, it corresponds to the copper shallow acceptor states, compared to deep acceptor
states observed in other metal oxides (e.g., MgO) [34].

The surface chemistry of the ZIF-71/CuO:Al structures, including elemental chemical
states and bonding environments, was characterized using XPS. The survey spectrum in Figure
5(a) reveals signals attributed to carbon and nitrogen from imidazolate units, zinc cations, and
chlorine anions from the organic ligand.
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Fig. 5. XPS spectra of the ZIF-71/CuQ:Al structures: (a) survey spectra showing XPS lines
of all elements present. High-resolution (b) Zn 2p region. (c) CI 2p region.

The absence of copper and aluminum signals confirms near-complete surface coverage by
ZIF-71. A minor O 1s peak suggests minimal surface oxidation, despite the sample's prolonged air
storage prior to measurement. High-resolution XPS spectra, presented in Figures 5(b)—(c), provide
detailed insights. The Zn 2p spectrum (Figure 5(b)) exhibits characteristic spin-orbit split peaks at
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1021.7 eV (Zn 2p3/2) and 1044.7 eV (Zn 2p1/2) with a 23.0 eV splitting [35], indicative of a single
zinc species. The higher binding energy component aligns with previous synchrotron X-ray studies
revealing ZIF-71 degradation [36], while the Zn 2p remained stable, validating its role as a binding
energy reference. The Cl 2p region (Figure 5(c)) displays four peaks corresponding to two spin-
orbit doublets: CI 2 and CI 2" at 201.3 and 202.9 eV assigned to C-Cl bonds [37], and Cl 1 and Cl
1" at 199.1 and 200.7 eV [36], respectively, associated with Zn-Cl bonds formed during X-ray-
induced degradation [36]. The C-Cl doublets constitute 71% of Cl intensity, whereas Zn-Cl
degradation products represent 21%. The C 1 species at 285.2 eV is thus linked to degradation
products characterized by C-C or C-H bonds not bonded to chlorine or nitrogen.

The ZIF-71/CuO:Al-based MOF/MO hybrid material demonstrates a synergistic effect of
its individual components, enabling effective sensing of n-butanol and hydrogen at different
operating temperatures. Comparative gas sensing results at low (10%) and high (50%) RH,
measured 21 days after the initial measurements, are demonstrated in Figures 6(a) and (b).

Figure 6(a) presents the gas sensing response (S) of the ZIF-71/CuO:Al hybrid sensor at
10% RH, demonstrating a maximum response for n-butanol at 200°C, whereas at 250°C, all test
gases exhibited enhanced responses, especially hydrogen. Figure 6(b) illustrates the sensor’s
response to various target analytes at 50% relative humidity. As the temperature increased from
200°C to 250°C, the sensor demonstrated increased selectivity toward 100 ppm hydrogen gas.
Comparing Figures 6(a) and 6(b) highlights the effect of humidity: increasing RH from 10% to
50% substantially degraded the sensor’s response to n-butanol across all operating temperatures.
This behavior is attributed to incomplete ZIF-71 surface coverage and competitive adsorption
between hydroxyl ions and oxygen species.
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Fig. 6. Gas response to a series of gases with concentration of 100 ppm at different
operating temperature for the ZIF-71/CuQO:Al hybrid sensor at (a) low relative humidty
(10%) and (b) high relative humidty (50%).

The corresponding sensing mechanisms, based on ionosorption and transport physics, are
discussed to explain the observed results and the underlying physical processes. The adsorption of
oxygen ions on the sensor surface via surface traps creates a high potential barrier and a hole
accumulation layer, causing upward band bending and a consequent decrease in the resistance of
the accumulation layer. Upon exposure to n-butanol at 200°C, the corresponding adsorbed oxygen
species react with the analyte, releasing electrons that recombine with holes in the bulk material.
This recombination leads to a decrease in the hole concentration in the accumulation layer,
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resulting in downward band bending (qAV = A®) and an increase in the resistance of the
accumulation layer [8].

According to the diffusion model, the Knudsen number (K,) was calculated for n-butanol
and hydrogen at two different operating temperatures (200°C and 250°C) where temperature-
dependent selectivity was observed. The calculated values at 200 °C (n-butanol: 122 and hydrogen:
267) and 250 °C (n-butanol: 135 and hydrogen: 294) clearly indicate that both gases at both
temperatures fall within the Knudsen diffusion regime (K, > 10). However, the ZIF-71 film is not
entirely free of pinhole defects. Transport through grain boundaries and other minor defects may
locally decrease the Knudsen number (K,) in certain areas. Therefore, it can be concluded that the
intrinsic transport of n-butanol and hydrogen through the ZIF-71 pores at both temperatures
predominantly occurs via Knudsen diffusion, although localized contributions from transitional or
molecular diffusion may arise at grain boundaries and defects. The molecular sizes of n-butanol,
acetone, and 2-propanol are comparable to the pore size, facilitating access via a molecular sieving
effect. Though, n-butanol shows a stronger affinity for ZIF-71 adsorption sites compared to
smaller molecules like acetone and 2-propanol due to its longer carbon chain, which enhances van
der Waals interactions within the ZIF-71 framework [38].

Chapter 5 is dedicated to a comprehensive discussion of the material, physicochemical,
and sensing properties of ZIFs/ZnO-based hybrid structures. Figure 7(a) to (d) illustrate the SEM
images of four hybrid sensors, including ZIF-67/Zn0O, ZIF-7/Zn0, ZIF-71/Zn0, and ZIF-8/Zn0O-
based hybrid structures, respectively.
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Fig. 7. SEM micrographs of (a) ZIF-67/Zn0, (b) ZIF-7/Zn0O, (¢) ZIF-71/Zn0, and (d) ZIF-
8/Zn0O-based hybrid structures. XRD of series of samples: (¢) M0, M1, M2, M3, and M4. (f)
comparison of 0A and M0 sample to show the crystallographic peak shift due to Cd doping.

The surface morphology of the hybrid structures was investigated using SEM. SEM
micrographs of the ZIF-67/ZnO and ZIF-7/Zn0O structures revealed a dodecahedral morphology
with ZIF particle sizes of 200 nm for both ZIFs in their respective images (Figures 7(a) and (b)).
Furthermore, SEM micrographs corresponding to ZIF-71/Zn0O and ZIF-8/ZnO structures revealed
particle sizes in the range of 500 to 700 nm and approximately 70 nm, respectively (Figures 7(c)
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and (d)). Moreover, the ZIF-71 and ZIF-8 particles also exhibited a dodecahedral morphology. To
study the structural properties of the prepared samples, an XRD investigation was carried out.

The discussion on two series requires repeating similar names multiple times. To avoid this
repetition, codification scheme is proposed: ZnO (0A), ZIF-67/Zn0O (1A), ZIF-7/Zn0O (2A), ZIF-
71/Zn0O (3A), ZIF-8/Zn0O (4A), Cd-doped ZnO (MO), ZIF-67/Cd-doped ZnO (M1), ZIF-7/Cd-
doped ZnO (M2), ZIF-71/Cd-doped ZnO (M3), and ZIF-8/Cd-doped ZnO (M4).

The structural features of the sample series were examined using XRD. Structural
investigations of all the studied hybrid structures elucidate distinct diffraction peaks indicating
high crystallinity (Figure 7(e) and (f)). The XRD pattern corresponding to ZnO:Cd matches the
hexagonal wurtzite structure (PDF 2300112). In ZnO:Cd, the dominant reflection was observed at
34.34°, which correspond to the (0 0 2) plane, indicating preferential growth along the c-axis,
perpendicular to the substrate. The presence of highly crystalline reflections, corresponding to ZIF-
67 [39], ZIF-7 [40], ZIF-71 [41], and ZIF-8 [42], has been marked, as shown in Figure 7(e). It was
revealed that the dominant reflection from all ZIFs corresponds to the {1 1 0} family of planes.
By comparing the XRD reflections of 0A and M0 samples, a clear shift of approximately 0.12°can
be observed for the (1 0 1) plane (Figure 7(f)). Au IDEs were used for making electrical contacts,
and their observed reflections matched those of Au (PDF 1100138). Similarly, after Cd doping, a
shift in the Au (1 1 1) reflection to lower 20 values was observed (Figure 7(f)). Cd incorporation
leads to shift in lower 20 values has also been reported in previous studies [43]. This can be
attributed to the larger ionic radius of Cd** (~0.92 A) substituting for Zn** ions (~0.74 A) at
crystallographic positions [44].

Particular emphasis is placed on temperature-dependent in-situ X-ray diffraction analysis
of ZIF-n (n=67, 7, 71, and 8), which provided insights into thermal degradation, phase transition,
and structural transformations of ZIFs into the corresponding metal oxides. This correlates the
structure-property-performance relationships in the resulting hybrid materials. An [In-situ
temperature dependent XRD measurements were carried within a temperature range of 30 °C to
>500 °C for all studied ZIF-based samples (Figure 8(a)-(f)).

For ZIF-67, by spanning the temperature increment from 30 °C to 250 °C, it was observed
that the spectral intensity of XRD reflections diminished, indicating a loss in crystallinity of the
ZIF-67 framework (Figure 8(a)), which can be attributed to thermal stress. By increasing the
temperature to higher temperatures (500 °C), complete transformation of ZIF-67 framework into
Co304 was observed. At 250 °C, the coexistence of both ZIF-67 and transformed Co3O4 reflections
was noted. XRD investigations on ZIF-7 demonstrated a phase change as the temperature
increased from 50 to 100 °C. At lower temperatures (30 °C and 50 °C), the diffraction reflections
correspond to phase I. At 100 °C, significant changes were observed: an emerging reflection at 26
= 6.77° accompanying by a slight shift in some other peaks at lower angles (Figure 8(b)). These
changes result in the transformation of the initial phase (phase-I) into phase-1I, which may be
attributed to the release of synthesis or dispersion solvent molecules (DMF or methanol), followed
by the rearrangement of the ZIF-7 framework. A further increase in temperature to 325 °C resulted
in the loss of diffraction intensity for the main reflection at 20 (8.36°), as shown in Figure 8(c).
This revealed slow decomposition and a loss of crystallinity in phase-II, attributed to the thermal
stress. Transitioning from phase-I to phase-II resulted in a loss of symmetry in the crystal structure.
At 325 °C or higher, an incremental loss of long-range order of Miller indices (h k 1) was observed
at 20 > 10°. Moreover, the transformation of ZIF-7 into ZnO began at 375 °C, where both phases
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co-exist, followed by complete dissociation of the ZIF-7 framework at 400 °C. The effect of
increasing temperature was also clearly observed in the diffraction intensity of ZIF-71 (Figure
8(d)). From 30 °C to 325 °C, gradual loss in crystallinity and sluggish decomposition of the ZIF-
71 framework occurred due to the thermal stress. Increasing the temperature to 350 °C led to the
emergence of ZnO reflections and the almost diminished intensity of ZIF-71 reflections. For ZIF-
8, a gradual loss in diffraction intensity and sluggish decomposition were observed from 30 °C to
300 °C. At 325 °C, an incremental loss of long-range order for Miller indices above 13°(20) was
observed, along with the coexistence of ZIF-8 and ZnO reflections. Additionally, the increase in
temperature from 30°C to 325°C affected the FWHM of the XRD peaks. Complete transformation
of ZIF-8 into ZnO was observed at 350 °C; further heating to 500 °C improved crystallinity and
decreased peak broadening. Furthermore, the temperature increases to 325 °C caused a slight shift
(~0.12° in diffraction peaks toward higher 20 angles (Figure 8(e)), indicating shrinkage of the
ZIF-8 framework due to the release of guest molecules. Heating from 400 °C to 800 °C shifted the
XRD peaks by 0.2° toward higher 20 angles (Figure 8(f)). In-situ temperature-dependent XRD
results revealed that the ZIF-8 framework deteriorates at a higher temperature (325 °C) compared
to ZIF-67 (250 °C), which cannot be understood only by considering the bond energy concept
alone. Diving deeper into the realm of coordination chemistry of Co and Zn with N provides some
significant insights: Zn (3di04s2) has a completely filled outermost shell, whereas Co (3d74s2) is
incomplete. Thus, Zn forms saturated coordination with N, whereas Co forms unsaturated
coordination, making it prone to oxygenation. This results in the faster thermal decomposition of
ZIF-67 at 250 °C. A fundamental understanding of these mechanisms confirmed that ZIF-67, ZIF-
7, ZIF-71, and ZIF-8 are stable up to 250 °C, 375 °C, 350 °C, and 350 °C, respectively.
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Fig. 8. In-situ temperature dependent XRD study of all the four studied ZIFs: (a) ZIF-67,
(b, ¢) ZIF-7, (d) ZIF-71, and (e, f) ZIF-8 particles.

The Raman spectra of the ZnO based samples (1A, 2A, 3A, and 4A) with four different
ZIF coatings—ZIF-n (n=67, 7, 71, and 8), respectively—were investigated in detail. In sample 1A,
the vibrational modes corresponding to the ZnO and ZIF-67 framework were observed (Figure
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9(a)). Specifically, vibrational modes corresponding to the ZIF-67 framework were observed at
120, 171, 256, 281, 419, 679, 1110, and 1452 cm™'. These correspond to its lattice vibrations, N-
Co-N bending, linker vibrations, N-Co-N bending, N-Co-N bending, linker vibrations, v-Cs-N
stretching, and methyl bending vibrations, respectively, as corroborated by previously published
results [15]. For sample 2A, the vibrational modes corresponding to the ZIF-7 framework were
observed at 83.9, 121.6, 547.3, 644.3, and 1345 cm™! (Figure 9(b)).
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Fig. 9. Raman spectra of the ZIF/ZnO samples: (a) 1A, (b) 2A, (c) 3A, and (d) 4A.

These are associated with the lattice framework (83.9 and 121.6 cm™") and bond stretching
in the benzimidazolate (Bz) and imidazolate (Im) linker rings (547.3 and 1345 cm™), respectively
[45]. Furthermore, the phonon modes corresponding to the ZIF-71 framework were observed at
84, 169.7, 183.9, 266.6, 422.3, 660.9, 1011.3, 1054.9, 1209.4, 1236, 1288, and 1328 cm™' (Figure
9(c)). These modes are associated with the ZIF-71 lattice framework (84, 169.7, and 183.9 cm™)
[26], the tetrahedra configuration of ZnN4 (266.6 cm™) [26], Zn-N bond stretching (422.3 cm™)
[26], in-plane dichloroimidazolate ring deformation (660.9, 1011.3, and 1054.9 cm™") [28], and C-
H and C=N bending and stretching vibrations (1209.4, 1236, 1288, and 1328 cm™) [26],
respectively. Moreover, the phonon modes corresponding to the ZIF-8 lattice framework were
observed at 82, 135, and 179 cm™!, which corroborated well with prior published results [15]. These
observed modes can be attributed to structural changes and phase transitions in the ZIF-8 lattice
framework [15]. Other phonon modes were observed at 285, 1025, 1146, and 1512 cm™!, which
can be assigned to the stretching of Zn-N, Cs-N, Cs-N, and C4=Cs in the imidazolate ring,
respectively [12]. Rest of the observed phonon modes correspond to in-plane or out-of-plane
bending vibrations (Figure 9(d)). A comparative study of sample M1 and 1A (1C) (Figure 10(a))
demonstrated the Raman shift spectral range of both samples within a range 0-1600 cm™’. A clear
shift in the corresponding phonon modes can be attributed to the large ionic radius of Cd compared
to Zn ion in the ZnO lattice, leading to increased lattice stress, this provides insights into electron-

phonon interactions.
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The thermal stability profile was evaluated for all four ZIFs using TGA (Figure 10(b)). It
demonstrated the thermal stability of ZIF-n (n=67, 7, 71, and 8) particles until reaching 330, 480,
410, and 370 °C, respectively, at which point weight reduction increases up to 360, 540, 580, and
610 °C.
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Fig. 10. (a) Comparative study of sample M1 and 1A and (b) Thermal stability test
of all four ZIFs using TGA.

At a final temperature of 800 °C, the remaining mass residues were 34.5%, 34.1%, and
25.6% for ZIF-67, ZIF-7, and ZIF-8, respectively. These values corroborate the theoretical residue
masses of 36.3%, 35.4%, and 25.4%, which correspond to the formation of the respective metal
oxides, Co304 for ZIF-67 and ZnO for ZIF-7 and ZIF-8. On the contrary, the residue mass for ZIF-
71 was observed to be 5.2%, which is significantly less than the theoretical mass residue of 23.4%.

To examine the surface chemistry of the developed ZIF-coated Cd-doped ZnO-based
hybrid structures, XPS measurements—a surface-sensitive technique—were performed on the M1 —
M4 sample set. As inferred from the survey scan spectra of the measured samples (Figure 11), the
photoelectron lines and Auger electron peaks were labelled from the core-levels and LMM levels,
respectively. All sample spectrum contain core-levels lines, such as C 1s, N 1s, O 1s, and Zn 2p,
confirming the presence of C, N, O, and Zn in each measured sample. Moreover, the presence of
Co 2p core level was observed in the M1 sample, which correspond to the central metal of ZIF-67
[46]. In sample M3, the presence of Cl was confirmed by two distinct photoelectron lines from CI
2s and Cl 2p, associated with the presence of dichloroimidazolate linker in the ZIF-71 framework
[35]. The presence of the Zn 2p core level in samples M2-M4 was expected due to the presence of
Zn as the central metal in the framework [47]. However, Zn 2p core levels (low intensity) were
also observed in sample M1; these are not present in ZIF-67 but originate from the ZnO. This
indicates that the ZIF-67 does not cover the whole ZnO surface, which can be attributed to
inhomogeneous thickness and the presence of potential voids resulted from the drop-casting
approach. Moreover, the influence of substrate was also observed in sample M3, where a distinct
side peak of the Zn 2p signal was noted, associated with the ZnO surface at a different surface
charge. The effect of doping—i.e. the presence of Cd—was not observed in the survey spectra of any
sample due to the low doping concentration in ZnO.
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Gas-sensing results were evaluated for all merasured samples in series 1A-4A (Figure
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Fig. 12. Gas sensing results of sample series (a) 1A, (b) 2A, (c¢) 3A, and (d) 4A.

The gas-sensing results of the developed hybrid sensors exhibited appreciable selectivity
for ethanol (using sample 1A), 2-propanol and n-butanol (using samples M1, 1A, 4A, M2, and
M4), and hydrogen (using samples 2A, 3A, 4A, M2, M3, and M4). The effect of Cd doping was
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observed in the gas sensing results; samples in the M-series exhibited selectivity toward n-butanol
and hydrogen at 150 and 300 °C, respectively. The transport mechanism demonstrated that
predominantly passage of tested analytes followed Knudsen diffusion regime, although due to the
presence of pinholes and grain boundaries, molecular flow and transitional flow also contributed
in localized regions.

This chapter also addresses the application of these hybrid structures in gas-sensing devices
and explains the corresponding sensing mechanisms using appropriate models, including the p-n
heterostructure effect, ionosorption model, transport physics, and others.

It was observed that, for all the studied samples, sensing responses occured in the
temperature range of 150-300 °C, which clearly indicated the dominance of monoionic oxygen
species (O) [48]. The trapping of electrons from the ZnO conduction band by adsorbed monoionic
oxygen species resulted in an increase in the surface work function and upward band bending in
ZnO (Figure 13). This, in turn, led to an increase in the electrical resistance of ZnO. Following
exposure to reducing gases (n-butanol, ethanol, 2-propanol, hydrogen, and acetone), the trapped
electrons were released back into the ZnO conduction band [8], contributing to a decrease in the
electrical resistance of ZnO. This led to a reduction of the upward band bending (g4V = gqV;- gV>),
and the EDL became thinner.
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Fig. 13. Proposed gas sensing mechanism of C0304-ZnO heterostructures (a) in air
and (b) in ethanol. (¢) Schematic of the gas sensing mechanism of ZIF-coated ZnO,
illustrating energy band diagrams upon exposure to reducing gases (VOCs and H>).

Each chapter of the thesis ends with the research conclusions of research and a summary
of the main results obtained. The final conclusions and recommendations express the main results
published in journals, which justify the practical applications of the research on the developed
hybrid structures.
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GENERAL CONCLUSIONS AND RECOMMENDATIONS
The proposed research aimed to develop hybrid structures, namely nanostructured and

microstructured Metal-Organic Framework (MOF)-metal oxide systems, based on ZIF/CuO:Al or

ZIF/ZnO for the enhancement of functionality. They were accompanied by an advanced
characterization for their structural and chemical analysis, in order to correlate the
physicochemical properties with sensing mechanisms under adverse environmental conditions.
Through the synergistic integration of ZIF metal-organic networks with doped metal oxides,
hybrid sensors with high thermal stability and superior performance of selective detection of
hydrogen and VOCs have been developed, demonstrating a remarkable potential for
environmental monitoring under extreme humidity conditions. Thus, based on the obtained results,
the following general conclusions can be formulated:

1.

A fundamental understanding of the thermal degradation and phase transition mechanisms
of the investigated ZIF-based MOFs was achieved by determining their thermal stability
ranges, confirming stable operations of ZIF-67, ZIF-7, ZIF-71, and ZIF-8 up to 250 °C,
375 °C, 350 °C, and 350 °C, respectively [5] [6] [49].

The ZIF-8/Cu0O:Al-based hybrid sensor exhibited well defined structural integrity, high
surface area, and stable morphology, with strong confirmation from XRD, SEM, XPS,
Raman, and BET analysis. Thermal stability up to 380 °C and selective gas sensing
performance, particularly for hydrogen and n-butanol, highlight their application potential
[5].

The ZIF-71/CuO:Al-based hybrid sensor demonstrated a stable monoclinic CuO structure
with uniform ZIF-71 deposition, as confirmed by XRD, SEM, XPS, and Raman analysis.
The films exhibited nanoscale crystallite size (approx. 57 nm) with larger dimensions (500-
700 nm), reflecting coherent growth and surface uniformity [6].

ZIFs/ZnO-based study confirmed preferential crystallographic orientations and nanoscale
crystallite sizes of all ZIFs (ZIF-67, ZIF-7, ZIF-71, and ZIF-8), with in-situ temperature
dependent XRD and TGA revealing thermal stability and phase transformations into
corresponding oxides. Raman spectroscopy provided detailed vibrational insights, while
Cd doping in ZnO induced lattice stress evidenced by Raman peak shifts. Sequential gas-
sensing demonstrated selective responses toward alcohols and hydrogen gas,
recommending further optimization of doping levels and film architecture for enhanced
sensitivity and long-term stability [5] [6] [49].

The ZIF-8/CuO:Al-based hybrid sensor exhibited appreciable sensitivity (75%) for 100
ppm hydrogen gas even at a high relative humidity of 81%, enabling its application under
adverse conditions. Furthermore, a very low detection limit of 402 ppb was achieved,
which is advantageous for various applications, including the detection of very small
amount of hydrogen leaks [5,7].

The ZIF-8/CuO:Al-based hybrid sensor exhibited appreciable selectivity to hydrogen (>4
times) over other tested analytes such as acetone, 2-propanol, n-butanol, and ethanol at
higher temperature (350 °C) [5,7].

ZIF-71/CuO:Al-based hybrid sensor exhibited the selectivity for n-butanol at 200 °C,
which was approximately four times higher than hydrogen gas and about five times higher
than acetone during the initial measurements [6].
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8.

Dual gas sensing (n-butanol and hydrogen) at different operating temperatures (200 °C and
250 °C) exhibited by ZIF-71/Cu0O:Al can be attributed to the synergistic effect of ZIF-71
and CuO:Al. At lower temperatures (200 °C), n-butanol selectivity over other tested
analytes was observed due to the high polarizability of n-butanol as compared to acetone,
it affects the strength of interaction of tested analyte with the ZIF-71 framework. At higher
temperatures, hydrogen can easily diffuse through pores and shows higher selectivity at
250 °C. Further optimization of coating thickness, and device-label testing are
recommended to enhance practical sensing performance [6].

Based on the obtained general conclusions, following recommendations can be

formulated:

1.

In order to prevent thermal degradation and phase transitions in ZIF-based MOFs and
MOF-metal oxide hybrid structures, operation must be maintained below their respective
thermal stability limits: 250 °C (ZIF-67), 375 °C (ZIF-7), 350 °C (ZIF-7), and 350 °C (ZIF-
8).

It is recommended to use simple and cost-effective techniques, such as SCS and microdrop-
casting to obtain hybrid structures of ZIF/ZnO or ZIF/CuO.

It is recommended to comprehensively characterize material and other physicochemical
properties of ZIF-based hybrid structures for their employment in adverse environmental
conditions. Thermal test and sorption tests of ZIF-8 particles exhibited its thermal stability
up to 380 °C and microporous structure, which is advantageous for sensing applications.
XPS analysis revealed an intactness of ZIF-8 layer on CuO:Al film, which confirms a
successful development of hybrid structures.

Hydrophobic nature and thermal stability of ZIF-8 retains its structural framework in
adverse environmental conditions. ZIF-8/CuO:Al-based hybrid sensor exhibited
appreciable sensitivity (75%) toward 100 ppm hydrogen even at a relative humidity of 81%
at 350 °C. This configuration of hybrid sensor exhibited >4 times hydrogen selectivity
compared to other tested analytes, including VOCs (ethanol, acetone, 2-propanol, and n-
butanol).

It is recommended that uniformly complete coverage of ZIF-71 or ZIF-8 particles on ZnO
or CuO enables the employment of hybrid structures in sensing applications. ZIF-
71/CuO:Al-based hybrid sensor exhibited four-times higher sensitivity for n-butanol
compared to hydrogen and five-times compared to acetone at 200 °C. At higher
temperature (250 °C), hydrogen selectivity was observed for ZIF-71/CuO:Al-based hybrid
Sensor.

It is recommended to tune the selectivity of alcohol series using an appropriate doping (Cd)
in ZIF-67/Zn0O based hybrid sensors. ZIF-67/Zn0O exhibited higher sensitivity for ethanol
compared to other alcohols, but in case of ZIF-67/Zn0O:Cd hybrid structures, highest
sensitivity was observed for n-butanol or 2-propanol at 250 or 300 °C.
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ABSTRACT

In the Ph.D. thesis entitled ,,Porous Networks of Nanostructured Hybrid Materials”, submitted by Rajat, for
conferring the scientific joint doctoral degree in physical sciences at Technical University of Moldova (UTM), in the
speciality 134.03 ,,Physics of nanosystems and nanotechnologies”, and in engineering at Kiel University, Germany.

Structure of the thesis: The thesis was carried out jointly at the UTM, Department of Microelectronics and
Biomedical Engineering, Center for Nanotechnology and Nanosensors and Kiel University, Faculty of Engineering,
Chair for Functional Nanomaterials, Germany. The thesis is written in English language and consists of an
introduction, five chapters, general conclusions and recommendations, bibliography with 273 references, 104 pages
of basic text, 40 figures, 7 tables, and 37 equations. The research results obtained were published in 25 scientific
publications, 14 of which are directly related to the topic of the thesis, including one patent application; six peer-
reviewed articles in international journals indexed in the ISI, WoS, and SCOPUS databases. All peer-reviewed articles
were published open-access in journals with an impact factor greater than 3. One article in JES (Journal of Engineering
Sciences) and six works were presented and published at National and International Conferences after review.

Keywords: MOFs, ZIFs, ZnO, CuO, synergistic, molecular sieving effect, hybrid materials, MOF/MO, sensor.

Research purpose: This PhD thesis aims to develop hybrid materials/systems based on metal-organic
frameworks/metal oxide (MOF/MO) for improved functionality, advanced characterization for detailed investigation
of their physicochemical properties and establishing their correlation with sensing performance. The main objectives
include evaluating the performance of the developed MOF/MO hybrid systems and sensors for selective detection of
target analytes (hydrogen and volatile organic compounds) under adverse environmental conditions, elucidating the
corresponding detection mechanism and enabling differentiation of analytes.

Objectives: An extensive investigation of physicochemical properties of the ZIF/ZnO and ZIF/CuO based
MOEF/MO hybrid structures and their employment for gas sensing applications based on metal-organic framework
(MOF)-metal oxide (MOF/MO) systems: (i) ZIF-71/CuO:Al, for the detection of hydrogen and n-butanol at different
operating temperatures; (ii) ZIF-8/CuO:Al hybrid structures for hydrogen and VOCs sensing under adverse
environmental conditions; (iii) development of multi-sensors arrays for complex analyte differentiation using
ZIFs/ZnO and ZIFs/Cd-doped ZnO based MOF/MO hybrid structures.

Scientific originality and the novelty of the research: Hybrid structures based on metal-organic framework
(MOF)-metal oxide (MOF/MO) systems, namely ZIF/ZnO structures, were developed using a simple and cost-
effective approach. A detailed investigation of physicochemical properties of the ZIFs/ZnO and ZIFs/CuO-based
hybrid materials and the establishment of a methodology to correlate structure-property-performance relationship for
the selective detection of tested analytes, including volatile compounds VOCs and hydrogen gas in adverse
environmental conditions is novel which makes it interesting for the scientific community. A methodology combining
in-situ analysis at different temperatures with sequential detection for comprehensive gas differentiation using
multiple sensors was established. The ZIF-8/CuQO:Al-based hybrid structures exhibited appreciable gas response
(75%) to 100 ppm hydrogen, even at a relative humidity of RH 81%, enabling their applications under adverse humid
conditions for extended periods of investigations. The developed ZIF-71/CuO:Al hybrid sensor exhibited dual gas
sensing for n-butanol and hydrogen at different operating temperatures of 200 °C and 250 °C, respectively.

The scientific problem addressed: The research work established structure-property-performance correlations of
hybrid structures based on metal-organic framework (MOF)-metal oxide (MOF/MO) systems—for example, ZIF-n (n
=67, 7, 71, 8) combined with metal oxides such as ZnO:Cd and CuO:Al. The synergistic effect of different metal
oxides with MOFs on their gas sensing performance to VOCs and hydrogen under adverse conditions was identified.
Highly sensitive and selective hydrogen gas detection, even in high-humidity conditions and at low detection limits,
opens up new areas of applicability.

The theoretical significance and applications of the work: The theoretical significance lies in establishing
structure-property-performance relationships by determining the thermal stability ranges and oxidative transformation
pathways of metal-organic frameworks ZIF-n (n = 67, 7, 71, 8) and metal oxides (C0304/Zn0O) through in-situ
structural analysis at different temperatures, thus defining their fundamental operational limits and mechanistic
contributions in gas sensing. Establishing a critical understanding of the radiolytic stability of halogenated MOFs by
identifying X-ray-induced degradation in ZIF-71, thus elucidating how specific functional groups dictate structural
integrity under ionizing radiation and defining the thresholds necessary for non-destructive characterization. The ZIF-
8/CuO:Al-based hybrid structures exhibited selective detection of hydrogen compared to other tested analytes and a
low detection limit of ~402 ppb was achieved, which is advantageous for various applications, including the detection
of very small amounts of hydrogen gas leaks. ZIF-71/CuQ:Al-based hybrid structures exhibited dual gas sensing
performance for n-butanol and hydrogen at 200 °C and 250 °C, respectively, where n-butanol sensing response at
200 °C is four times higher than response to hydrogen gas. ZIF-67/Zn0O hybrid sensor exhibited ethanol selectivity at
250 °C, where as selectivity to hydrogen was observed for other three hybrid structures (ZIF-7/Zn0O, ZIF-71/Zn0O, and
ZIF-8/Zn0). The practical applications of the presented work in wearable device applications for the effective sensing
performance of hydrogen and different VOCs in indoor and outdoor environment and possible radiolytic detection.

Implementation of scientific results: The obtained scientific results were partially implemented within the
DMIB-FCIM at the UTM, as well as one patent application.
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ADNOTARE

la teza de doctorat intitulatd ,,Retele Poroase de Materiale Hibride Nanostructurate®, prezentata de Rajat,
pentru conferirea titlului stiintific de doctor 1n stiinte fizice la Universitatea Tehnica a Moldovei (UTM), specialitatea
134.03 ,,Fizica nanosistemelor si nanotehnologiilor si in inginerie la Universitatea din Kiel (in cotutela).

Structura tezei: Teza a fost realizata in comun la UTM, Centrul de Nanotehnologii si Nanosenzori, Departamentul
Microelectronica si Inginerie Biomedicald si Universitatea din Kiel, Facultatea de Inginerie, Catedra Nanomateriale
Functionale, Germania (in cotuteld). Teza este scrisa in limba engleza si consta dintr-o introducere, cinci capitole,
concluzii generale si recomandari, o bibliografie cu 273 de referinte, 104 pagini de text de baza, 40 de figuri, 7 tabele
si 37 de ecuatii. Rezultatele obtinute au fost diseminate in 25 lucrari stiintifice, dintre care 14 sunt direct corelate cu
tema tezei, incluzand: o cerere de brevet de inventie; 6 articole recenzate in reviste internationale indexate in bazele
de date ISI, Web of Science si Scopus. Toate articolele recenzate au fost publicate Open Access in reviste cu un factor
de impact mai mare de 3, iar un articol in revista JES si 6 lucrari prezentate si publicate la conferinte.

Cuvinte-cheie: MOF, ZIF, ZnO, CuO, sinergic, efect de cernere moleculard, materiale hibride, MOF/MO, senzor.

Scopul cercetirii: Tezd de doctorat isi propune sd dezvolte sisteme hibride de tip oxid metalic-retea metalo-
organica (MOF/MO) pentru o caracterizare avansatd a proprietatilor fizico-chimice si stabilirea corelatiei acestora cu
performanta si functionalitate Tmbunitatitd de detectie a gazelor (compusilor organici volatili (COV) si hidrogen).
Evaluarea fizico-chimica avansata a sistemelor hibride oxid metalic-retea metal-organica si a senzorilor pentru
detectarea selectiva a analitilor (hidrogen si COV) in diverse conditii de mediu, elucidarea mecanismului de detectare
corespunzator pe baza raspunsurilor utilizand senzori multipli din MOF/MOx.

Obiective: O investigatie extinsad a proprietatilor fizico-chimice ale structurilor hibride pe bazd de ZIF/ZnO sau
ZIF/CuO si utilizarea acestora in aplicatii de senzor pe baza sistemelor de oxid metalic-retele metalo-organice
(MOF/MO): (i) ZIF-71/CuO:Al, pentru detectia hidrogenului si a n-butanolului la diferite temperaturi de operare; (ii)
structuri hibride de tip ZIF-8/CuO:Al pentru detectarea hidrogenului si a COV in diverse medii; (iii) dezvoltarea
matricelor multisenzori utilizand structuri hibride MOF/MO, 1n particular ZIFs/ZnO si ZIFs/ZnO:Cd.

Originalitate stiintifica si noutatea cercetarii: Structurile hibride MOF/MO bazate pe retele metalo-organice
(MOF)-oxid metalic, si anume heterostructuri ZIF/ZnO. O investigatie detaliatd a proprietatilor fizico-chimice ale
materialelor hibride pe baza de ZIF/ZnO si ZIF/CuO si stabilirea unei metodologii pentru corelarea relatiei structura-
proprietate-performanta pentru detectarea selectivd a compusilor organici volatili COV si hidrogen, reprezintd o
noutate pentru comunitatea stiintificd. A fost stabilitd o metodologie care combina analiza in-situ cu detectarea
secventiald pentru diferentierea completa a analitilor de test utilizand senzori multipli pe baza de MOF/MO. Structurile
hibride pe baza de ZIF-8/CuO:Al au prezentat un raspuns inalt (75%) fata de 100 ppm hidrogen chiar si la o umiditate
relativa ridicatd de 81%, permitand aplicatiile acestora in conditii de umiditate pentru perioade lungi de timp. Senzorul
hibrid pe bazd de ZIF-71/CuO:Al dezvoltat a demonstrat o detectie duala a gazelor (n-butanol si hidrogen) la
temperaturi de operare diferite, 200°C si 250°C, respectiv.

Problema stiintifici abordatia: Lucrarea a stabilit corelatii structura-proprietati-performanta ale structurilor
hibride bazate pe retele MOF/MO. A fost identificat efectul sinergic al diferitilor oxizi metalici cu MOF asupra
performantei lor de detectie a COV si a Hy. Detectarea H» cu raspuns si selectivitate ridicata, chiar si in conditii de
umiditate inalta si limite de detectie scazute, deschide noi domenii de aplicabilitate.

Semnificatia teoretica si aplicatiile lucririi: Semnificatia teoreticd rezidd in stabilirea relatiilor structura-
proprietate-performanta prin determinarea intervalelor de stabilitate termica si a cdilor de transformare oxidativa ale
retelelor metalo-organice de tip ZIF (ZIF-67, ZIF-7, ZIF-71 si ZIF-8) si a oxizilor metalici dopati prin analiza
structurala in-situ, definind astfel limitele operationale fundamentale si contributiile la mecanismul senzor. Intelegerea
stabilitatii radiolitice a MOF prin identificarea degradarii induse de razele X in ZIF-71, elucidand astfel modul in care
grupele functionale specifice dicteaza integritatea structurala sub actiunea radiatiilor ionizante si definind pragurile
necesare pentru o caracterizare non-distructiva. Structurile hibride pe baza de ZIF-8/CuQ:Al au prezentat o detectare
selectivd a H, In comparatie cu alti analiti testati si s-a atins o limitd de detectie de doar ~402 ppb, ceea ce este
avantajos pentru diverse aplicatii, inclusiv detectarea unor cantitati foarte mici de scurgeri incipiente de H,. Structurile
hibride pe baza de ZIF-71/CuO:Al au prezentat performante duale de detectare a gazelor pentru n-butanol si H, gaz
la 200 °C si respectiv 250 °C, unde raspunsul de detectare a n-butanol la 200 °C este de patru ori mai mare decat
raspunsul la Hj gazos. Senzorul hibrid ZIF-67/ZnO a prezentat selectivitate pentru etanol la 250 °C, in timp ce
selectivitatea fatd de H, a fost observata pentru alte structuri hibride (ZIF-7/ZnO, ZIF-71/ZnO si ZIF-8/Zn0O).
Aplicatiile practice pot fi pentru detectare eficientd a H» si a diferitilor analiti (COV) in medii interioare si exterioare
si detectie radiolitica.

Implementarea rezultatelor stiintifice: Rezultatele stiintifice obtinute au fost implementate partial In cadrul
DMIB-FCIM din cadrul UTM, fiind depusa, de asemenea, o cerere de brevet de inventie.
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KURZFASSUNG

In der Dissertation mit dem Titel ,,Porous Networks of Nanostructured Hybrid Materials“, eingereicht von Rajat
zur Erlangung des gemeinsamen akademischen Grades eines Doktors der Naturwissenschaften an der Technischen
Universitdt Moldau (UTM) im Fachbereich 134.03 ,,Physik von Nanosystemen und Nanotechnologien“ sowie des Grades
eines Doktors der Ingenieurwissenschaften an der Universitit zu Kiel.

Struktur der Dissertation: Die Dissertation wurde gemeinsam an der UTM, DMBE, Zentrum fiir Nanotechnologie und
Nanosensoren und der Universitét zu Kiel, Technische Fakultdt, Lehrstuhl fiir Funktionale Nanomaterialien. Die Arbeit ist
in englischer Sprache verfasst und gliedert sich in eine Einleitung, fiinf Kapitel, allgemeine Schlussfolgerungen und
Empfehlungen, ein Literaturverzeichnis mit 273 Quellen, 104 Seiten Haupttext, 40 Abbildungen, 7 Tabellen und 37
Gleichungen. Die erzielten Ergebnisse wurden in 25 wissenschaftlichen Publikationen verdffentlicht, von denen 14 einen
direkten Bezug zum Thema der Dissertation aufweisen. Dazu gehoren: eine Patentanmeldung, 6 begutachtete Artikel (Peer-
Review) in internationalen Fachzeitschriften, die in den Datenbanken ISI und Scopus indexiert sind. Sadmtliche
begutachteten Artikel wurden als Open-Access-Publikationen verdffentlicht. Zudem wurden ein Artikel im JES publiziert
und 6 Beitrdge auf nationalen sowie internationalen Konferenzen présentiert.

Schliisselworter: MOFs, ZIFs, ZnO, CuO, Synergie, Molekularsiebeffekt, Hybridmaterialien, MOF/MO, der Sensor.

Forschungsziel: Diese Dissertation zielt auf die Entwicklung von Hybridsystemen auf Basis von Metalloxiden und
MOFs zur Verbesserung der Funktionalitdt, die Anwendung fortschrittlicher Charakterisierungsmethoden zur detaillierten
Untersuchung ihrer physikalisch-chemischen Eigenschaften sowie die Etablierung ihrer Korrelation mit den
Detektionsmechanismen ab. Zu den Hauptzielen gehoren die Leistungsbewertung der entwickelten Hybridsysteme und
Sensoren zur selektiven Detektion von Zielanalyt-Gasen (Wasserstoff und VOCs) unter widrigen Umweltbedingungen, die
Aufkldrung der entsprechenden Detektionsmechanismen.

Zielsetzung: Eine umfassende Untersuchung der physikalisch-chemischen Eigenschaften von ZIF/ZnO- oder ZIF/CuO-
Hybridstrukturen und deren Einsatz fiir Sensoranwendungen basierend auf: (i) ZIF-71/CuO:Al zur Detektion von
Wasserstoff und n-Butanol bei verschiedenen Betriebstemperaturen; (ii) ZIF-8/CuO:Al-Hybridstrukturen fiir die
Wasserstoff- und VOC-Sensorik unter widrigen Umweltbedingungen; (iii) Entwicklung von Multisensor-Arrays zur
Differenzierung komplexer Analyten unter Verwendung von ZIFs/ZnO-Hybridstrukturen.

Wissenschaftliche Originalitit und Neuheit der Forschung: Hybride Strukturen auf Basis von MOF-Metalloxid-
Systemen, insbesondere ZIF/ZnO-Strukturen, wurden mittels eines einfachen und kostengiinstigen Ansatzes entwickelt.
Eine detaillierte Untersuchung der physikalisch-chemischen Eigenschaften der Hybridmaterialien auf ZIFs/ZnO- und
ZIFs/CuO-Basis sowie die Etablierung einer Methodik zur Korrelation der Struktur-Eigenschaft-Leistungs-Beziehung fiir
den selektiven Nachweis der getesteten Analyten — einschlieflich VOCs und Wasserstoff unter widrigen
Umweltbedingungen—stellt eine wissenschaftliche Neuerung dar, die fiir die Fachwelt von grolem Interesse ist. Es wurde
eine Methodik etabliert, die /n-situ-Analysen mit sequenzieller Detektion zur umfassenden Gasdifferenzierung mittels
mehrerer Sensoren kombiniert. Die Hybridstrukturen auf ZIF-8/CuO:Al-Basis zeigten eine beachtliche Sensitivitit (75%)
gegeniiber 100 ppm Wasserstoff, selbst bei einer relativen Luftfeuchtigkeit von 81 %, was ihren Einsatz unter widrigen,
feuchten Bedingungen iiber ldngere Zeitrdume ermdglicht. Der entwickelte ZIF-71/CuO:Al-Hybridsensor wies eine duale
Gasdetektion (n-Butanol und Wasserstoff) bei unterschiedlichen Betriebstemperaturen (200°C und 250°C) auf.

Die untersuchte wissenschaftliche Fragestellung: Die Forschungsarbeit etablierte Struktur-Eigenschaft-Leistungs-
Korrelationen fiir Hybridstrukturen auf der Basis von metall-organischen Geriistverbindungen (MOF) und Metalloxid-
Systemen (MOF/MO), wie zum Beispiel ZIF-n (n=67,7, 71, 8) in Kombination mit Metalloxiden wie ZnO:Cd und CuO:Al.
Dabei wurde der synergetische Effekt verschiedener Metalloxide in Kombination mit MOFs auf deren
Gasdetektionsleistung gegeniiber VOCs und Wasserstoff unter widrigen Bedingungen identifiziert. Die hochempfindliche
und selektive Wasserstoffdetektion, selbst unter Bedingungen hoher Luftfeuchtigkeit und bei niedrigen Nachweisgrenzen,
erdffnet neue Anwendungsbereiche.

Die theoretische Bedeutung und die Anwendungsgebiete der Arbeit: Die theoretische Bedeutung liegt in der
Etablierung von Struktur-Eigenschaft-Leistungs-Beziehungen durch die Bestimmung der thermischen Stabilitdtsbereiche
und oxidativen Transformationspfade von metallorganischen ZIF-Geriistverbindungen (ZIF-67, ZIF-7, ZIF-71 und ZIF-8)
sowie Metalloxiden mittels /n-situ-Strukturanalyse, wodurch deren fundamentale Betriebsgrenzen und mechanistische
Beitrdge zur Gassensorik definiert werden. Ebenso wurde ein kritisches Verstindnis der radiolytischen
Stabilitdt halogenierter MOFs durch die Identifizierung der rontgeninduzierten Degradation in ZIF-71 erarbeitet, wodurch
aufgeklart wurde, wie spezifische funktionelle Gruppen die strukturelle Integritdt unter ionisierender Strahlung diktieren
und welche Schwellenwerte fiir eine zerstorungsfreie Charakterisierung notwendig sind. Die Hybridstrukturen auf ZIF-
8/Cu0:Al-Basis zeigten eine selektive Detektion von Wasserstoff im Vergleich zu anderen getesteten Analyten, wobei eine
niedrige Nachweisgrenze von ~402 ppb erreicht wurde, was fiir verschiedene Anwendungen, einschlielich der Detektion
kleinster Wasserstoffleckagen, vorteilhaft ist. Hybridstrukturen auf ZIF-71/CuO:Al-Basis wiesen eine duale
Gasdetektionsleistung fiir n-Butanol und Wasserstoff bei 200°C bzw. 250°C auf, wobei das Ansprechverhalten auf n-
Butanol bei 200 °C viermal hdher ist als auf Wasserstoffgas. Der ZIF-67/ZnO-Hybridsensor zeigte eine Ethanol-Selektivitét
bei 250°C, wihrend bei den anderen drei Hybridstrukturen (ZIF-7/ZnO, ZIF-71/Zn0O und ZIF-8/Zn0O) eine Selektivitdt
gegeniiber Wasserstoff beobachtet wurde. Die praktischen Anwendungen der vorgestellten Arbeit liegen im Bereich
der Wearable-Devices fiir die effektive Detektion von Wasserstoff und verschiedenen VOCs in Innen- und Auflenbereichen
und radiolytischer Detektion.

Umsetzung der wissenschaftlichen Ergebnisse: Die erzielten wissenschaftlichen Ergebnisse wurden teilweise am
DMIB-FCIM der UTM implementiert; zudem wurde eine Patentanmeldung eingereicht.
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